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PREFACE
The international workshop in Obninsk was the 14-th of
the series of meetings on Physics of Nuclear Fission, which
started in 70-th. It took place from 12-15 October 1998
and was organized by Institute of Physics and Power
Engineering named after acad. A. I. Leipunsky in
cooperation with MINATOM and RFBR. More than 100
scientists participated in this workshop including more than
20 young specialists and students.
The aim of the Workshop was to present and discuss main
new both theoretical and experimental results obtained in
the area of nuclear fission, its dynamical feature, properties
of fission fragments and complementary radiations. As
usual, the program of the Workshop was designed to cover
a wide range of physical phenomena - from low energy
and spontaneous fission to fission of hot rotating nuclei
and multifragmentation at intermediate and high energies.
Reaction induced by slow and fast neutrons, light and heavy
ions were discussed. In addition, nuclear data associated
with nuclear fission process were in focus of interest.
B.Fursov
A. Goverdovski
V.Ketlerov
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Abstract
In the beginning of 1998 three experiments, devoted to the investigation of the P-odd and P-even
interference effects in the fission products angular distributions, were performed in parallel way on the cold
polarized
neutron beam of ILL high llux reactor. Preliminary experimental results, obtained in ihese
investigations are as follows :
• in the fission of237 Np, 245 Cm and M9 Cf the PNC asymmetry coefficients of the light fragment emission
were found to be : (0.86+-0.42) x 10 -•, (-0.26 + - 0.06) x 10-•and (0.13+ -0.13) x 10 -1 respectively,
• in the 233U fission llie fragment mass-energy dependence of PNC effect was measured with mus-s
resolution aboul 2 amu . Results of the off-line calculations will be published anywhere soon,
• unexpectedly large left-right asymmetry of the long range alpha-particles emission relative to the plane,
formed by the vectors of the neutron spin and light fragment momentum was observed with asymmetry
coefficient equal to (- 4.1 + - 0.1) x 10 - J .
In this report we'll describe the latest experiment and the experimental result will be discussed in connection
with possible violatiou of Time Reversal Invariance (TR1).

The violation of TRI in some hypothetic interaction follows from the observed
CP violated asymmetry in K° meson decay in the assumption of the validity of CPT
theorem. During more than 30 years many unsuccessful attempts were performed to find
some indication on TRI violation in any nuclear processes or reactions. In many of them
the T-odd correlation was searched. The simplest correlation, for example, in radiative
capture of polarized thermal neutrons /I/ is :
W = Const.(l + D S [ K , x K 2 ] ) ,
(1)
where D - correlation coefficient, S - the unit vector in the direction of the neutron
polarization, Ki and K2 are the unit vectors in the directions of two gamma - quanta of
the cascade decay of exited nucleus. The first transition in the cascade should have
mixed multipolarity and if TRI is violated then the phase between two multipoles must
differ from 0° or 90 u .
The sa: kind of the correlation has been searched for in polari?- J neutron decay 111:
W = Const.(l + D S [ P e x P a ] ) ,
(2)
here P e and P a are the unit vectors in the direction of emission electron and neutrino
respectively.
In all cases there is some probability to find such correlation which may arise due to
interactions in the final state even when TRI takes place because the «T-odd»
correlations are forbiden only in the first order approximation of the perturbation theory. But
never such effect has been observed before.
1. Supported by the RFBR (grant 96-02-17152) and Program "Fundamental Nuclear Physics"
2. Supported by the BMBF, Bonn, under contract number 06Tu669
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We decided to search for such correlation in ternary fission of 233 U induced by polarized
slow neutrons:
W = Const.(l + D S [Pf x P.]) = Const. (1 + DB ).
(3)
where P. and Pr are the unit vectors in the directions of alpha-particle and light fragment
momenta respectively and
B= Sx[PfxPJ
(4)
The proposal of such experiment has been published many years ago /3/.
The schematic draft of the detectors layout for TRI experiment is shown on the Fig. 1.
I'IN-dUxtcs
criury |>anicliai

I'IN-iiiodex
icraury policies

Fig.l. The schematic view of the detector system for measurements the left-right
asymmetry of the alpha particle emission in ternary fission of 2 " U induced by polarized
neutrons.
Longitudinally polarized cold neutrons (<£> ,»i = 6 x 10 8 n/(cm 2 . s) ; P = 95% ) hit the
thin 233 U target (0.1 mg/cm 2 ) evaporated onto a titanium foil with diameter 80 mm and
thickness 0.12 mg/cm 2 situated along the neutron beam. Complementary fission
fragments detected by two multiwire proportional counters (MWPC) , placed at right
angles to the beam in a horizontal plane at the equal distance from the target ; the ternary
alpha-particles were detected by two arrays of PIN-diodes in the up and down direction
respective centra! horizontal plane.
In the expression (3) P t ( by convention introduced in /4/) is the momentum of the
light fragment. To distinguish between light and heavy fragments the "time-of-flight
difference" methods were used. The coincidence of light fragment pulse from left or right
MWPC's with pulse of "up" or "down" alpha-particle detectors are counted separately.
Asymmetry has been defined by measurements of the appropriate counts rates for two
opposite directions of neutron polarization :

where N i'- the count rates of i-th mode of coincidence at positive heiicity of the neutrons,
N i" - the same at negative heiicity. The polarization direction of the neutron beam was
reversed every second using well-known spin flip technique without changing other beam
parameters. The symmetry of the geometry of detectors system makes it possible for us to
measure four combinations of coincidence and hence four independent values of
coefficient D :

G. V.Danilyan, A. M. Cagarski, P. Geltenbort et al.
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Table I. Signs of B for different mode of light fragment-alpha coincidence
U direction of the emission of light fragment direction of the emission of alpha's sign of B j
1. light fragment is going to the left MWPC ,
2. ."-»-"right -"3. .».
.».
.».
left
-"•
4.-"-"-"right
-B,'

alpha-particle is going
-"-"-"-"-"-"-"-"-"-

up
up
down
down

+

+

Hence the average value of D will be defined by :
<DB> = ( DBi - DB2 - DB3 + DB 4 ) / 4
and
'
(6)
<D> = <DB > / (<B><P n >),
where <B> is the average absolute value of B for our geometry of the measurements.
MC calculations gave <B> = 0.71; <PO > = 0.95 the average value of the neutron beam
polarization.
The signs correlation observed in the experiment according to Table 1 is an evidence in
favour of correct operation of the set-up.
There is additional possibility to check the contribution of the systematic errors in values
of <D>. Reversing the guide magnetic field without changing other parameters of
measurements we can exclude the possible asymmetry effect arising due to the linear time
alteration of the neutron intensity.
Of course, the main test experiment is the same measurements on unpolarized
(depolarized) beam. In the case of absence of any apparatus asymmetry the coefficient D
should be equal zero. The preliminary results of measurements are shown in Table 2 .
Table 2. Observed values for DB i for longitudinally polarized and depolarized neutron
beams
mode of the
coincidence

guiding field

guiding field

depolarized beam
( guiding field +)

1

(-2.62 + -0.1 l).10 J

(-2.74 + - 0.13). 10 3

(+- 0.38 + -0.51). 10 3

2

(+2.93+ -0.11). 10-3

(+2.41 ^--O.2O).IO-3

(-0.14+ -0.38). 10 '

3

(+2.81 +-O.O9).1O-3

(+2.85 •(--0.13).10-3

(-0.21 + - 0.41). 10 3

4

(- 2.84 + -0.15).10

3

(-2.34 HH-O.16).1O-3

(+0.17 + - 0.36). 10 -•

The average value of measured asymmetry is :
<DB> = (-2.76 +-0.06). 10 3
and according to (6),
(7)
<D> = (-4.1 +-- 0.10).IO-3
Thus such kind of interference effect has been observed for the first time. It can be
considered as evidence that TRI is violated, but more probably that it is the interference
effect in final states interactions (strong or Coulomb). To disinguish between these two
possible explanations ( TRI violation or final state interactions) it's necessary to evaluate
possible effects of the final state interactions. But because of the complexity of final states
in fission process it is not easy to do that. Obviously, it's necessary to obtain more
detailed data such as dependence of the correlation coefficient D on the mass and energy
of fragments and on the energy of alpha-particle.

4
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Bimodality in macroscopic dynamics of nuclear fission
S.I. Bastrukov, V.S. Salamatin, O.I. Streltsova, I.V. Molodtsova and D.V. Podgainy
Joint Institute for Nuclear Research, 141980 Dubna, Russia
Abstract
The elastodynamic collective model of nuclear fission is outlined whose underlying idea is
that the stiff structure of nuclear shells imparts to nucleus properties typical of a small piece
of an elastic solid. Emphasis is placed on the macroscopic dynamics of nuclear deformations
resulting in fission by two energetically different modes. The low-energy S-mode is the fission
due to disruption of elongated quadrupole spheroidal shape. The characteristic feature of
the high-energy T-mode of division by means of torsional shear deformations is the compact
scission configuration. Analytic and numerical estimates for the macroscopic fission-barrier
heights are presented, followed by discussion of fingerprints of the above dynamical bimodality in the available data.

1

Introduction

The underlying assumption of macroscopic treatment of nuclear fission within the framework of
liquid drop model (LDM) is that a heavy nucleus can be though of as a small piece of highly
incompressible matter governed by equations of hydrodynamics
dp
dVi
dVi dP
dUc „ dP 5
Hereafter p is the bulk density. Vj - the velocity, P - the pressure, Uc stands for the Coulomb
potential inside sphere uniformly charged with the density pz. The nuclear fission is considered
to be dominated by forces of Coulomb repulsion and cohesive surface tension which contribute to
the total binding energy of nucleus with comparable amounts [1-3]. One of the basic predictions
of LDM is the frequency of electro-capillary vibrations [2]

^-5^A(A-l)(A + 2 ) [ l - ( 2 A + ^ A + 2 ) ] .

(1.2)

Hereafter by uit\ is denoted the natural unit of frequency and x stands for the parameter of
nuclear fissility

»» =m? x = k E>=4™R2

S-IIT'

M mA

=

(L3)

where Q = Ze and M are the total charge and mass of nucleus, R = TQA^-'3 is the nucleus radius,
Es and Ec are the equilibrium surface and Coulomb energies. The instability of quadrupole
vibration is regarded as a signature of the commencement of the fission process. The fissionbarrier height predicted by LDM reads [4]
no

^

x

)

3

.

(1.4)
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It worth noticing that hydrodynamic description implies the absence of any intrinsic ordering of
nucleons inside the nucleus. In the meantime, the stiff internal shell structure of single-particle
orbitals clearly indicates that the nuclear mean field imparts to nucleus the rigidity typical of a
fine peace of an elastic solid. Therefore, it seems to be highly desirable to compare predictions
of the elastic globe model (EGM), relayed on the concept of solid like behavior of nuclear matter
with those inferred from the liquid drop model based on the assumption that continuous nuclear
matter is governed by equations of hydrodynamics (1-1).

2 Elastodynamic treatment of nuclear collective dynamics
Studying of the nuclear collective dynamics on the basis of model of an elastic sphere has been
initiated in Ref.[5] after the discovery of giant multjpole resonances with A > 2. Modelling a
heavy nucleus by a small particle of an elastic Fermi-continuum it has been found, that the
collective dynamics of nucleons accompanying the giant-resonance response can be adequately
described in terms of eigevibrations of an elastic sphere. This approach rests on the statement
that the motions of macroscopic nuclear matter subject to the equations of elastodynamics.

0

,23)

Based on these equations the nuclear vibrations have been studied in Refs.[6, 7] with the restoring
force dominated by quadrupole deformations of the nuclear Fermi-surface (originating from
coherent distortions of shells without spoiling the initial ordering of single particle orbitals).

Figure 1: Geometrical picture of spheroidal and torsional quadrupole vibrations
It has been found the giant electric (EX) and the giant magnetic (Af A) modes can be interpreted as manifestation of spheroidal and torsional vibrations (see Fig.l) of a heavy nucleus
modelled by a spherical mass of an elastic Fermi-solid. Analytic estimates for the energy of

S.I.Bastmkov, V.S.Salamatin, O.I.Streltsova et al.
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the nuclear giant electric [6] and giant magnetic [7-9] resonances with X > 2 computed in the
elastodynamic nuclear model are given by
[2
i1/2
|(2A + 1)(A-1)

ri
i
E{M\) = hu>F -(2A + 3)(A - 1)

(2.4)

where u> = «;?/£ is the natural unit of resonant frequency, vp is the Fermi-velocity (radius of the
Fermi-sphere in the momentum space) and R is the nucleus radius. The resultant general trends
for the energy, spread width and total excitation strength are found to be in fairly reasonable
agreement with data throughout the periodic table (see for instance [8] and references therein).

Giant MS resonance

Giant E2 resoaan.ce
2G0

Figure 2: Energy vs mass number of the giant quadrupole electric and magnetic resonances
computed on the basis of elastodynamic nuclear model, eqs.(2.4).
With this in mind, one can expect that the elasticity of nuclear matter revealed in the
resonance nuclear response should be traced in the macroscopic dynamics of nuclear fission,
too. Guided by this motivation, in Refs. [10-14] the elastodynamic model of nuclear fission has
been developed as a counterpart of liquid drop model. Here we report some latest calculation
of macroscopic barriers of nuclear fission accentuating the dynamical bimodality of the fission
process coming from the model.

3

Nuclear fission in the elastic globe model

In the elastic globe model a heavy nucleus is thought of as a small uniformly charged particle of
an elastic solid governed by equations of elastodynamics (2.1)-(2.3). Taking into account that
the fission process is dominated by cohesive surface and disruptive electric forces, in Ref.[12],
Hamiltonian of electro-elastic vibrations

Ma2

Kc?

(3.5)
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has been derived. The elastic displacements a axe found as the solutions to the vector Laplace's
equation: A a(r) = 0, div a(r) = 0: the poloidal ap corresponding to spheroidal vibrations
and the toroidal field a* describing torsional vibrations
at = Ntrotrrx Px{n).

^

(3.7)

Hereafter P\[p) is the Legendre polynomial of the multipole order A and \i — cos 9. The
frequency of spheroidal and torsional electro-elastic modes computed within the EGM [12,13]
are given by
.

[ ^

?

]

3)(A -

It is remarkable that in contrast to LDM, the EGM permits two kind of collective motions
resulting in fission. Regarding the low-energy S-mode, EGM leads to the conclusions very
similar to those inferred in LDM. In particular, both EGM and LDM predict onset of instability
of quadrupole spheroidal vibration when i = 1. The capability of supporting torsional vibrations
accompanied by magnetic 7-radiation is the major feature distinguishing nuclear oscillatory
dynamics in the elastic globe model from that in the liquid drop model [9]. The instability
of nucleus with respect to torsional electro-elastic quadrupole deformation resulting from the
condition tut(X = 2) = 0 is characterized by x = 7/5. The macroscopic energy of elastic
deformation is given by

The latter equation can be represented as a sum of the surface Es and the Coulomb Ec energies
E = ES+EC. Es^PtJuijZidSj^PsJuijUijdV
S

V

Ec = -JpcuijuijdV.
V

Both spheroidal and torsional deformations are computed on equals footings.
3.1

Spheroidal mode of fission

We confine our analysis to spheroidal deformations of the form R{ct2,az) = R[l + 0:
<*3 -FMAO]- For the poloidal displacements
a* = - ^
A(2A

(3.8)

S.I.Bastrukov, V.S.Salamatin, O.l.Streltsova et al.
calculation of the energy of elastic deformation yields

144

2871 /

18890

This function is pictured in Fig.3 for U234 with the set of parameters borrowed from [19] (see
also [13]).

0,0

0,6

a
Figure 3: The fission valley and its landscape for two heavy nuclei in accordance with predictions
of equation (3.10).
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= R[l + c*2 iMp)]> t n e above equation for the energy of

For quadrupole deformation Rfa)

elastic spheroidal deformations is replaced by [13]

E(a2) = l

1(3 -

B s

(3.11)

The fission-barrier height for the S-mode is given by
(3.12)

20
In Fig.4, theoretical predictions of (3.12) are compared with data taken from [16, 17, 18].

...
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Figure 4: Comparison of EGM computed barriers (lines) with data.
The basic conclusion is that the elastic globe model recovers all the prediction of the liquid
drop model regarding the macroscopic characteristics of nuclear fission by means of disruption
of quadrupole spheroidal configurations'

Torsional m o d e of fission

N

To get a feeling about fission in torsional channel we consider a highly ideilized deformation,
pictured in Fig.5., given by equation
dfi

(3.13)

J

The energy of quadrupole torsional deformation computed with the toroidal field of shear
displacements
a? = Ntx rot r rx Px(

fr-l

(3.14)
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Figure 5: Schematic illustration of the scission configuration in the torsional mode of fission.
is given by

E(<h) = 1$ [(1 - \

(3.15)

For the fission-barrier height we obtain
""

(3.16)

ffl"'(5te-21)-

Comparison of the EGM computed fission-barrier heights with macroscopic experimental barriers is presented in Fig.6.
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Figure G: EGM computed macroscopic fission-barrier heights (curves) and experimental macroscopic barriers (symbols).
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Summary

Thus, the EGM predicts dynamical bimodality of nuclear fission in two energetically different
channels. The fission-barrier height for T-mode is higher than for S-mode. Since the torsional
mode is characterized by compact scission shape (Fig.5), one can expect that the total kinetic
energy of outgoing fragments must be higher as compared to that for s-mode. The signatures of
such a behavior of TKE have been disclosed in experiments on fission of uranium isotopes by fast
neutrons, reported in [20]. Prom comparison general trends in data and theoretical predictions
of the EGM plotted in Fig.6 one can conclude that the macroscopic dynamics of fission of the
middle weight nuclei (with mass numbers 170 < A < 210) is dominated by torsional mechanism
of disintegration whereas the low-energy fission of the heavy and superheavy elements is governed
by spheroidal deformation.
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New Calculations of Excited Nucleus Fission Characteristics
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Over the past 10-15 years Langevin's equations [1] have become quite a powerful
tool for studying the dynamics of fusion-fission reactions. However, as a rule, the
researches performed were restricted' to studying individual characteristics of the
reaction: the kinetic energy of the fission fragments and the dispersion of its
distribution [2], the multiplicity of the prefission neutrons, and the fission probability
[3], the calculations involved being only done up to the moment the nucleus divides
in fragments. In our work [4], we considered the evaporation of particles from the
fission fragments of nuclei. Then we decided to simultaneously calculate as many
characteristics of fission as possible.
Model
In our calculations, we combined the dynamic and statistical approaches. The
evolution of the fissioning system at the first stage (from the groundstate to the
moment the system reaches the barrier), was described within the framework of the
statistical model from work [5], when the system happened to divide, the descent of
the system from the saddle point to the scission was described with the help of the
dynamic approach using Langevin's equations.

•

1

dfijk ' dV

2
d
dq,
ddqi
Here q and p are the vectors of the collective coordinates and their conjugate
momenta, F(q, 1) is the potential energy, ||Uij ||=||mjj||"1 , m,j, YJJ are the inertial and
friction tensors and ri=C0j9jj - stochastic force with the folloving statistical properties
<(Oj>=0, <G>i(ti)co j(t2)>=5jj5C11-12) The amplitudes of the stochastic force give are
related to the diffision tensor Dy = 9ik 9kj. This tensor in turn satisfies the Einsteir
relation Dy = T yy. Here T is temperature connected with the internal excitation energy
Eint and determined from the Fermi gas model T = (Eint/a)"2 To describe the shape of
the nucleus, we used the {c, h, a}-parametrisation [6].
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Results of the calculations
We calculated the total multiplicity of the neutrons and light charged particles for
the reactions a + 232Th and a + 238U. The energy of the a-particles was varied from
45 to 220 MeV. The results of the calculations are presented in Figs. 1-3. Our
calculations adequately reproduce the experimental [7] dependence of the total
multiplicity of the neutrons on the energy of the bombarding particles (Fig. 1). Fig. 2
shows how the total multiplicity is distributed over the stages of the reactions. As
seen, it consists of the multiplicity of the neutrons emitted before the barrier, at the
descending stage and the multiplicity of the neutrons emitted from the accelerated
fragments, the latter multiplicity being almost independent of the energy of the
bombarding particles. However, from this fact it does not follow at all that at the
moment the nucleus comes to the scission point its excitation energy is of the same
value. As the energy of the bombarding particles increases, the temperature of the
nucleus at the scission point increases constantly (Fig. 3 a), the additional excitation
energy being carried away by the charged particles (Figs. 3b, 3c). It is this fact that, in
our opinion, accounts for the multiplicity of the neutrons emitted from the fragments
remaining practically constant. Our calculations allowed us to simultaneously obtain
the value of the average kinetic energy, its dispersion as well as an estimate of the
average descending time of the system from the barrier to the scission point (Table).
Eub, MeV

TKE, MeV

er2

47
60
75
80
97
220

176
177
176
177
178
175

92
102
112
138
188
308

MeV2

Tsc, MeV

Tsc, 10 2l s

1.23
1.35
1.47
1.50
1.61
2.06

42.8
39.3
37.6
37.8
36.5
30.9

Unfortunately, we failed to calculate the mass distribution of the fission fragments
because the parametrisation used gives non-physical forms (the radius of the nucleus
becomes negative) as the parameter of asymmetry a increases. Therefore, in studying
the mass distributions of the fission fragments, we used an alternative parametrisation
of the shape of the nucleus [8]. The calculations were done for the wide range of the
nuclei from 105Ag to 249Fm. In doing this, we used two models to calculate the
potential energy of the fissioning nucleus: the standard model of a liquid-drop with a
sharp boundary [9] and the model of a liquid drop with a diffuse boundary [10].The
calculated mass distributions are presented in Figs. 4 and 5. The calculations using
those models give results that are quite close to each other in the case of heavy nuclei
and differ in the case of light nuclei. The simple liquid-drop model is more
illuminating to reproduce the passage through the Businaro-Galone point. The
calculated value for the Businaro-Galone point is close to the experimental value [11].

G.l.Kosenko, D. V. Vanan, G.D.Adeev
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The results of the calculations for both models are shown in Fig. 6, in which the
experimental data are also presented for comparison.
Those calculations of the mass distributions were done for the angular momentum
equal to zero. Later calculations are to take account of the angular momentum and the
evaporation of particles from the fissioning nucleus, which is likely to provide better
agreement with experimental data in the region of very light nuclei.
Conclusions
We have presented the results of calculations of the characteristics of the fission
fragments for excited nuclei. The calculations were done using Langevin's equations.
We succeeded in simultaneously adequately reproducing a few fission characteristics,
which points to the fact that this approach to the description of the fission of nuclei is
promising. However, in order to perform massed calculations, here is a need for a
parametrisation of the shape of the fissioning nucleus that would be more handy and
simple as far as possible.
This investigation was supported with grant INTAS-93-1560.
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EVIDENCE OF PAIR CORRELATIONS IN
ACTINIDE NEUTRON-INDUCED FISSION CROSS
SECTIONS
V.M. Maslov
Radiation Physics and Chemistry Problems Institute,
220109, Minsk-Sosny, Belarus
Abstract
It is shown that irregularities in fission cross sections in ~MeV incident neutron
energy region conkl be attributed to the interplay of few-quasiparticle excitations
in the level density of the fissioning and residual nuclei. We suggest the intrinsic quasiparticle state density modelling approach both at stable and saddle-point
deformations. The experimental manifestation of few-quasiparticle irregularities in
the level density depends on the fission barrier structure and internal excitation
energy at the saddle point, corresponding to the higher barrier hump. The explicit
evidence is observed in case of fissile and non-fissile target nuclides.

1

Introduction

The pair correlation effects in fission are well-known in case of even-even fissioning nuclei
[lj. Step-like structure of the K^ parameter, defining the angular anisotropy of fission
fragments was interpreted tu be due to few-quasiparticle excitations at saddle deformations. Few-quasiparticle effects which are due to pairing correlations are essential for
state density calculation at low intrinsic excitation energies. There exist also a lot of
irregularities in measured neutron-induced cross section data either for even-even, evenodd and odd-odd target nuclei. These structures are much more sensitive to the detailed
fission level density shape, than Kj; parameter. Basically those are steps or resonance-like
structures well-above fission threshold in case uf Z—even, N—even targets or step-like
structures in case of Z—even (Z—odd), jV—odd targets [2, 3). We will demonstrate below
that observed irregularities in neutron-induced fission cross section data for actinide target
nuclei with various parity of neutrons and protons, could be attributed to the interplay
of few-quasiparticle excitations in the level density of fissioning and residual nuclei.

2

Statistical model

Average fission cross sections are treated within Hauser-Feshbach-Moldauer theory [4, 5],
coupled channel optical model and double humped fission barrier model [6]. The deformed
optical potential is employed. For even-even target nuclei we employed optical potential
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parameters, defined by fitting total cross section data, angular distributions and 3—wave
strength function for 238U [7]. The quadrupole 02 an<-^ hexadecapole /34 deformation
parameter values were obtained by fitting respective 5—wave neutron strength function
(So) values for relevant nucleus. In a double humped fission barrier model [6], neutroninduced fission process can be viewed as a two-step process, i.e. a successive crossing over
the inner hump A and over the outer hump B. Hence, the transmission coefficient of the
fission channel Tj11 (U) can be represented as

T

,

The transmission coefficient Tf?(U) is defined by the transition states and level density
pfi{c. J, 7r) of the fissioning nucleus at the inner and outer humps (i = A,B> respectively).

2.1

Level Density-

Level density is the main ingredient of statistical model calculations. In adiabatic approximation the total nuclear level density p(U, J, 7r) could be represented as the factorized
contribution of quasiparticle and collective states':
p{U, J, TT) = KTOt(U, J)Kvib(U)Pqp(U,

J, jr),

(2)

where pqp(U, J.TT) is the quasiparticle level density at excitation energy U, spin / and
parity ir. KTot{U. J) and Kvn,(br) are factors of rotational and vibrational enhancement of
the level density ^8'. Shell and pairing effects influence mainly quasiparticle level density.
The collective contribution to the level density of deformed nucleus is defined by the
nucleaT deformation order of symmetry [9j. The actinide nuclei equilibrium deformation
is axially symmetric. The order of symmetry of nuclear shape at inner and outer saddles
we adopted from SCM calculations by Howard & Moller [10]. For axially symmetric and
axially asymmetric deformations, which are characteristic for equilibrium (outer saddle)
and inner saddle deformations of actinide nuclei factors of rotational enhancement could
be represented as [9] :

=

Zexpi-K'/K!)

« o\ = Fxt,

(3)

K=-J

where <r± and <7|j are the angular momentum distribution parameters, K is the spin
J projection on the symmetry axis, t is the thermodynamic temperature. The mass
asymmetry at outer saddle doubles the K^{,™(ll) factor as defined by Eq. 3.
Few-quasiparticle effects are essential for state density calculation at low intrinsic
excitation energies. An evidence of few-quasiparticle effects at stable deformations in
neutron-induced reactions was revealed recently. The step-like structure in 239 Pu(n,2n)
reaction cross section was shown to be a consequence of threshold excitation of twoquasiparticle configurations in residual even-even nuclide l238Pu [11] above a pairing gap.
The same effect is pronounced in 238 U(n ; 7) data description through (n,7n') reaction
competition |12]. The perturbations of the level density by pair correlations was directly
evidenced in statistical 7—decay spectra of even rare-earth nuclei [13, 14j.
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The estimate of quasiparticle level density pqp{U,J,it) or intrinsic quasiparticle state
density to^U), could be obtained using Bose-gas model prescriptions [11, 15, 16]. The
intrinsic state density of quasiparticle excitations ujqp(U) could be represented as a sum
of n—quasiparticle state densities 'jjnqp(U):
(«>

where g = 6aCT/7r2 is a single-particle state density at the Fermi surface, n is the number
of quasiparticles. This equation would reproduce a step-like structure of state density
at low excitation energies either for even and odd nuclei. Partial n—quasiparticle state
densities u>nqp{U) depend critically on the threshold values Un for excitation of the nquasiparticle configurations, n = 1,3... for odd-A nuclei and n — 2,4... for even-even
or. odd-odd nuclei. The discrete character of few-quasiparticle excitations is virtually
unimportant only in case of odd-odd nuclei. The values of Un are defined as proposed by
Pu [16]. They depend on shell correction values for saddle and stable deformations and
correlation function A !3).
Flexible semi-empirical estimate of intrinsic state density ai9p([/) could be obtained
with what we would call "modified Constant Temperature Model (CTM) approach". In
this approach the modelling of total level density
p(U) = K:TiU)K,lih{U)~^-

= T- 1 exp((t/ - Uo)/T)

(5)

where Uo ^ — mA, m = 0, 1, 2 for even, odd and odd-odd nuclei, respectively, looks like a
simple renormalization of quasiparticle state density ujqp(U) at excitation energies U < Uc.
Spin distribution parameter <r;| = F:]t = 6/7r2{m2)(l - 2/3e)t, where {m2} = 0.24A2/3
is the average value of the squared projection of the angular momentum of the singleparticle states, and £ is quadrupole deformation parameter. Constant temperature model
parameters were obtained for equilibrium deformations by fitting cumulative number of
low-lying levels [17j. Constant temperature model parameters for fission level density
might be adopted after following assumptions. The respective constant temperature parameters for fissioning nucleus, namely, nuclear temperature Tj and excitation energy
shift Uof, are defined at the matching energy Ucj = {/,., which is adopted to be the same
as for equilibrium deformation. That is a fair approximation because for ground state
deformations the U,. value is not very much sensitive to the a -parameter value. After
that the effects of non-axiaiity and mass asymmetry are included. At excitation energies
above Ucf the continuum part of the transition state spectrum is represented with the
GSM model [8].
The respective level density parameters for inner(outer) saddle and equilibrium deformations: shell correction SW, pairing correlation function A, quadrupole deformation
c, and momentum of inertia at zero temperature Fojh2. Shell correction values at inner
and outer saddle deformations 5Wj
are adopted following the comprehensive review
by Bjornholm and Lynn [181. For ground state deformations the shell corrections were
calculated as SW = M f l p - MMS, where MMS denotes liquid drop mass (LDM), calculated with Myers-Swiatecki parameters [19], and Mexp is the experimental nuclear mass.
We assume that asymptotic value of main level density parameter o is independent on
the deformation of the nucleus, i.e. we use the same values for nuclei at saddle and equilibrium deformations. Note that shell correction is negative at ground state and positive
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at saddles, consequently a-parameter values at low excitation energies would be rather
different. The values of the main a—parameter of the model, a and a^., at high excitations
and at excitation energy U = UiT, respectively, are defined by fitting neutron resonance
spacing [17].
We will illustrate few-quasiparticle effects in level density of actinide nuclei for 239 Pu
and 234U fissioning nuclides, which fit relevant measured data. We will reproduce structures in fission cross section data by modelling steps in level density with semi-empirical
CTM parameters.

3

Fission Cross Section Calculation

Approach adopted here to model level density at equilibrium and saddle deformations
was used to describe available neutron-induced fission cross section data for actinide
nuclei up to emissive fission threshold. Above ~2.5 MeV incident neutron energy fission
cross section data were fitted by slight increase of pairing correlation function value A / .
Actually the amount of this increase depends on the ratio of a—parameters at saddle and
equilibrium deformations, which, in turn, is a function of {SWf
— 5W). It might be
anticipated that value of the parameter <5 = (A/ — A) contains lumped effect of pairing
and shell effects differences at saddle and equilibrium deformations.

3.1

Z-even, N-odd fissioning nuclei

In case of Z-even, iV-even targets fission cross section data for U (A > 234), Pu (A >
238) and Cm target, nuclei exhibit almost classic threshold shape. In case of 232TJ and
236
Pu target nuclides there is a non-threshold behavior in contrast with other Af-even
isotopes. SCM calculations by Howard & Moller [10] predicted axial symmetry of inner
fission barrier, while E/A < Ejg, for neutron-deficient odd uranium and plutonium nuclei
with A < 235 and A < 237, respectively. This helps to correlate this non-threshold
behavior with theoretical fission barrier parameter trends [20]. In case of other plutonium
and curium targets neutron-induced fission the step-like and resonance-like structures,
respectively, are observed above fission threshold, actually in a region traditionally called
'first plateau'. They are supposed to be due to interplay of one-quasiparticle excitations
in the level density of odd fissioning nucleus and two-quasiparticle excitation in even
residual nucleus [3j. Step, evident in 238 Pu(n,f) measured data (see Fig. 1) would be used
to extract fission level density parameters for 239 Pu.
In odd nuclei "blocking" of pairing by unpaired particle is roughly taken into account
by excitation energy shift. The level density of the fissioning nuclide 239 Pu could be calculated with equations (2,5), introducing odd-even excitation energy shift: U = U + A,
where A is the correlation function for the saddle point deformations. At lower energies the energy behavior of level density,is strongly dependent on the number of excited
quasiparticles. Pairing is weakened by excitation of few-quasiparticle states, virtually
only lowest quasiparticle number states lead to pronounced stnicture in level density of
actinide nuclei. In case of even-odd fissioning nuclide M 9 Pu the partial contributions
unqp{U) of n—quasiparticle states to the total intrinsic state density w^U) produce
"shoulder" below three-quasiparticle state excitation threshold. For the lowest number
of quasiparticles n —\ intrinsic state density uij ~ g, there is no explicit excitation energy dependence within Bose-gas model approximation. One-quasiparticle state density
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defines the step-like trend of fission cross section up to the incident neutron energy of
E3 = U3 + E/A - B ~1.25 MeV, where B is the neutron binding energy, EfA is the inner
saddle height, which corresponds to three-quasiparticle state excitation threshold U3 at
the inner saddle deformation. At higher incident neutron energies the three-quasiparticle
state excitations with intrinsic excitation state density UJ3 ~ g3U2 came into play. Hence,
the fission cross section starts to increase once again above three-quasiparticle state excitation threshold (see Fig. 1).
,
In this excitation energy region we will model the level density as

p(U) - Tj\l + S10(U - 0.5f/3)) exp((C/3 +
~ T^exP({Af-Uo)/Tf).

Af-Uo(6)

Using this equation we could fit measured fission cross section data trend using parameters
Si = 1.25 MeV and £10 = 2 MeV. One- and three-quasiparticle states level density of evenodd fissioning nucleus 239 Pu defines the fission cross section shape at incident neutron
energies below ~2.5 MeV (see Fig. 1). For excitation energies below five-quasiparticle and
above three-quasiparticle states excitation threshold the level density is slightly increased
as compared with constant temperature model approximation:
(7)
where parameter £3 = 0.145 MeV was defined by fitting fission cross section data. Level
density of fissioning nuclide 23S Pu at inner saddle, triaxiality effects being included, is
shown on Fig. 2. Calc\ilated level density is compared with constant temperature approximation and ''scaled" Bose-gas model, which also fits fission data. The arrows on
the horizontal axis of Fig. 2 indicate the excitation thresholds of odd n—quasiparticle
configurations.
Fission cross section data of 238U exhibits almost classic threshold shape, since vibrational resonance at ~1.15 MeV is rather weak, while "cusp" in fission cross section
around 3.3 MeV incident neutron energy [7] might be correlated with excitation of threequasiparticle states in fissioning nuclide 239U above 2.4 MeV. At this high energy influence
of one-quasiparticle states on calculated fission cross section starts to diminish. There are
some peculiarities in fission cross section data of 236U and ^ U below ~2 MeV incident neutron energies, besides strong vibrational resonances at ~0.93 MeV in 236U(n,f)
and 0.78 MeV in 234 U(n,f). Adopted level density description allows to fit subthreshold
cross section shape of 236U(n,f) and - 34 U(n,f). Note that for M7 U and 239U fissioning
nuclides EfA > EfB, while for 235U and 233U EJA < EJB- Incident neutron energies
E3 = f/3 4- EfA(B) — B correspondent to excitation of three-quasiparticle states are: ~
2.3 MeV for ^ U ^ n i ) , ~1.S MeV for 236 U(n,f), ~1.2 MeV for 234U(n,f) and ~0.7 MeV
for 232 U(n,f). Approximately at these energies abrupt changes in cross section shapes are
observed.
In this section sensitivity of calculated fission cross section to one- and three-quasiparticle
state density of fissioning nucleus was estimated by changing values of i^j and \S3\ by 0.1
MeV. Dashed and short-dashed curves on Figs. 1, 3, 4, 5, 6 show the sensitivity of calculated fission cross section to one- and three-quasiparticle excitations in fissioning nuclide.
In case of 238 U(n,f) reaction above ~2.2 MeV incident neutron energy three-quasiparticle
excitations occur (see Fig. 3), but calculated fission cross section is much more sensitive
to one-quasiparticle state density variation in fissioning nuclide 239 U.
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Excitation of three-quasiparticle states in fissioning nucleus is more pronounced for
neutron-induced reactions on Pu target nuclei. Dashed and dot-dashed curves of Fig. 1
show the sensitivity of calculated fission cross section to the level density of 2 M Pu fissioning
nuclide at excitation energies lower than three-quasiparticle excitation threshold. For
dashed curve, in fact, one-quasiparticle state density is varied, i.e. level density p{U) is
calculated with <5] = 1.35 MeV (see equation (6)), while for solid curve 6] = 1.25 MeV.
Calculated fission cross section appears to be slightly sensitive to one-quasiparticle state
density below 1 MeV incident neutron energy, while it is very sensitive above 1 MeV up
to 3 MeV.
Fission cross section of 240 Pu also exhibits step-like irregularity above ~ 1 MeV incident neutron energy. Incident neutron energies E3 ~1.5 MeV for 24o Pu(n.f). for other
plutonium targets they are: ~ 1.25 MeV for 238 Pu(n,f), ~1.6 MeV for 242 Pu(n,f) and
-1.7 MeV for 244 ?u(n,f).
Quasi-resonance structure is evident in fission cross section data by Fursov et al. [21],
Moore et al. [22] and Fomushkin et al. [23, 24] for 244Cm(n,f)! 246Cm(n,f), 248Cm(n,f)
reaction cross sections, although there are a systematic discrepancies evident in data
sets as regards either data shapes and absolute values. Broad quasi-resonance structure
around 1.2 MeV neutron energy, evident in measured data by Moore et al. [22] and by
Fomushkin et al. [23] for 244Crn(n,f) reaction (see Fig. 4). Data by Fursov et al.[21] for
2M
Cm(n.f) appear to be shifted to higher values, however there is also quasi-resonance
structure around 1 MeV. These data could be described in the same manner as those for
Pu even-even target nuclei. Figure 4. 5 and 6 shows the sensitivity of calculated fission
cross section to one- and r.hree-quasiparticle state density. Fission cross section shape
up to 2.5 MeV neutron energy is controlled mainly by one-quasiparticle state density,
while three-quasiparticle state density is important in the energy range of 2-3.5 MeV.
Figure 4 shows fits of data by Fursov et al.[21], which were obtained by decreasing inner
and outer fission barrier humps by 0.1 MeV and 0.25 MeV, respectively, so that one
obtains Ef_.\ — 6.325 MeV and E!A — 5.35 MeV. other fission barrier and level density
parameters being unchanged. It seems that data by Fursov et al.[21] are incompatible
with deep-subthreshold data by Maguire et al. [25].
In case of 246Cm(n,f) reaction measured data are more compatible, than in case of
244
Cm(n,f) fission data (see Fig. 5). Here, in case of even-odd fissioning nuclide 247 Cm
partial contributions wnqp(U) of n—quasi-particle states to the total intrinsic state density
u}qp(U) produce "jumps" again only for n =1 and n =3 (see Fig. 5). We suppose that
242,244,24«,248(--irn f-,argej- c.xoss section magnitude are governed by the inner fission barrier,
parameters of which are fixed by fission data fit for incident neutron energy above ~10
keV. One-quasiparticle state excitation define the decreasing trend of fission cross section
above fission barrier up to the incident neutron energy of E3 = U3 + EfA — B.
In case of M8 Cm(n,f) reaction there is a systematic discrepancy between data by
Fomushkin et al. [24], Moore et. al. [22] and data by Fursov et al. [21]. Structure in fission
cross section data above ~1 MeV is much less pronounced than in case of 244Cm(n,f) and
246
Cm(n,f) reactions. Data by Fursov et al. [21] could be described consistently with
deep sub-threshold data by Maguire et al. [25] decreasing inner and outer fission barrier
heights and inner barrier curvature {EfA. — 5.85 MeV. E/B = 5.3 MeV, KU/A = 0.9 MeV),
as compared with those, fitting data by Fomushkin et al. [24], Moore et al. [22].
The modelling of the intrinsic state density structure of fissioning and residual nuclei has enabled the qualitative analysis of the quasi-resonance structure in 244 Cm(n,f),
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Cm(n,f), M*Cm(n,f) measured data well-above fission threshold. This irregularity is the
consequence of threshold excitation of three-quasiparticle configurations. The excitation
threshold is consistent with measured data below fission threshold.
Plotting values of E/^^) + U?, — Bn, three-quasiparticle excitation threshold in neutron energy scale as a function fissioning nucleus mass A, one may notice that they are
correlated with evidence of two-quasiparticle effects in U, Pu and Cm neutron-induced
fission cross sections.
,
The one-quasiparticle neutron states of even-odd fissioning nuclide, lying below the
three-quasiparticle states excitation threshold define the shape of fission cross section
below incident neutron energy of E < EfA(B) + &3 ~ Bn. At higher excitation energies
three-quasiparticle states are excited. Two-quasiparticle states in even residual nucleus
could be excited at incident neutron energies E > 11%. Relative position of U3 and Ui
excitation thresholds in fissioning and residual nuclei, respectively, might influence fission
cross section shape below ~ 3 MeV incident neutron energy.
Adopting structureless constant, temperature approximation of level density one could
describe the fission cross section data only above 3-4 MeV incident neutron energy and
deep below fission threshold, when fission transmission coefficient is defined mainly by
discrete fission transition states. At intermediate incident neutron energy, that is the
energy range where excitation of few-quasiparticle states at the inner saddle is of primary
importance, structureless constant temperature approximation fails.

3.2

Z-even, N-even fissioning nuclei

In case of .Z-even, iV-odd fissile targets the step-like irregularities in fission cross section
data shapes are supposed to be due to interplay of two-quasiparticle excitations in the level
density of even-even fissioning nucleus and one-quasiparticle excitation in odd residual
nucleus. The collective levels of even fissioning nuclei, lying within pairing gap. define the
fission cross section below incident neutron energy of E < £/.,I(B) + f-'-j — Bn, where EfA(B)
is the higher of the barrier humps. At excitation energies U > U2, i.e. above the pairing
gap, level density of axially symmetric fissioning nucleus is calculated as described below.
After that the effects of mass asymmetry at the outer saddle are included.
The roost, distinct evidence of pair correlation effects is observed in case of 233U(n,f)
(see Fig. 7) and Z!s U(n,f) reactions. SCM calculations by Howard & Moller ilOj predicted
that inner fission barrier for uranium nuclei with A < 236 is axially symmetric while
Ef.\ < Efs- In case of Pu and Cm nuclei addressed here the higher barrier is the inner
one. The two-quasiparticle excitations in 234U at the outer saddle deformations occur
at intrinsic excitation energy, correspondent to E > 0.1 MeV, they explain the step-like
behavior of 233U(n.f) data shape above 0.1 MeV up to 2 MeV.
3.2.1

^ U level density

In case of even-even nuclides the partial contributions of u>nqP(U) of n—quasi-particle
states to the total intrinsic state density ui^U) produce "jumps" only for n — 2 and n =
4 configurations (see Fig. 8). The arrows on the horizontal axis of Fig. 8 indicate the
excitation thresholds of even n—quasiparticle configurations. The intrinsic state density
ti/2(f/) for the residual nuclide 234U could be represented by equation, modifying Bose-gas
approximation of ^{U) = gl{U — Vi) with a Woods-Saxon expression at excitations below
four-quasiparticle excitation threshold:
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u2(U) = g2(U4 - U2 - 0.35)(l + exp((t/ 2 - U + 0.1)/0.1))" 1 .

(8)

Almost the same estimate of two-quasiparticle states u>2(U) was obtained by modelling the
structure of 238 Pu intrinsic state density to interpret the step-like structure in 239 Pu(n,2n)
reaction data near threshold [11]. We model here the nuclear level density p{U) in the
same manner as for 239 Pu nuclide. Above the pairing gap £/2 up to the four-quasiparticle
excitation threshold U4, level density is approximated as
p(U) = p(Ut - fc)/(l + exp(C/2 -U + Sa)/6,),

(9)

here 52 ~ 0.5({/4 — [72). Two-quasiparticle states level density of even-even residual nuclide 234U influences the fission cross section shape at incident neutron energies above ~0.1
MeV. Parameters <52 = 0-°5 MeV, 6a = 6S = 0.1 MeV values were extracted by fitting
measured fission data shape. Calculated level density is compared with constant temperature approximation and "scaled" Bose-gas model (see Fig. 8). Present and Bose-gas
approximation are consistent at low excitation energies, while they start to be discrepant
around 5 MeV excitation energy.
In this section sensitivity of calculated fission cross section to two- and four-quasiparticle
state density of fissioning nucleus was estimated by changing j£2| and |Ai| by 0.2 MeV.
Dashed and short-dashed curves on Fig. 7 show the sensitivity of calculated fission cross
section to two-and four-quasiparticle excitations in fissioning nuclide 234 U. Above ~0.9
MeV incident neutron energy four-quasiparticle excitations occur (see Fig. 7), but calculated fission cross section is much less sensitive to relevant state density variation. At
intrinsic excitation energies higher than four-quasiparticle excitation threshold C/4 level
density p(U) was estimated as
p(U) = I}" 1 exp((r/6 - U, - 64)/T,),

(10)

where UQ is six-quasiparticle excitation threshold, 64 — 0.2 MeV. Fission level density
of 234U is shown on Fig. 8. The arrows on the horizontal axis of Fig. 8 indicate the
excitation thresholds of even n—quasiparticle configurations.
In case of 235U(n.f) cross section two-quasiparticle states at outer saddle of 236 U fissioning nuclide are excited at higher incident neutron energies, as compared with respective
excitation threshold in 233U(n,f) reaction. It corresponds to E > 0.6 MeV, here also a
step-like behavior of data shape is observed [2j. Above ~ L 4 MeV incident neutron energy
four-quasiparticle excitations occur, calculated fission cross section here is more sensitive
to relevant four-quasiparticle state density variation. That is due to higher fission threshold of 236U as compared with fission threshold of 234 U.
Values of <52 and 84 parameter values fluctuate only .slightly for various U, Pu and
Cm nuclei. Adopting structureless constant temperature approximation of fission level
density one fails to describe fission cross section of /?-even, iV-odd fissile targets exactly
in the neutron energy range up to ~2-3 MeV incident neutron energy. Evidence of fewquasiparticle excitation depends on the fission barrier value in the neutron energy scale.
At intrinsic excitation energies U > t/6 fission level density is almost perfectly smooth.
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Z-odd, N-even fissioning nuclei 242m Am,
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In case of the only available Z-odd, N-odd target 242m Am the effect of Z-odd, N-even
fissioning nucleus level density is evidenced as a step-like shape of fission cross section
data. The one-quasiparticle neutron states of odd-even 243Am fissioning nuclide define
the shape of 242m Am(n,f) fission cross section below incident neutron energy of ~ 1 MeV.
Specifically, the step-like shape of fission cross section around 0.1 - 0.4 MeV [15]. At
higher incident neutron energies three-quasiparticle states could be excited in fissioning
nucleus 243 Am at deformations of inner fission barrier hump. They define the fission cross
section shape around 1 - 2.5 MeV incident neutron energy. There is virtually no stepwise structure in level density of odd-odd residual nuclide 242Am. Calculated fission cross
section appears to be less sensitive to one-quasiparticle state density, than fission cross
section of Z-even, N-even targets, because of high fissility of243Am nuclide.

4

Conclusions

The manifestation of few-quasiparticle effects in fission cross section for particular nuclide
depends on the structure of fission barrier of compound nucleus, i.e. on the relative heights
of inner E/A and outer E / B fission barrier humps. The internal excitation energy at the
saddle point corresponding to the higher barrier hump EJA(B) is important, basically the
value of (Bn + E — EJA(B)) matters. We argue that to probe fission level density at low
intrinsic excitation energy neutron-induced fission cross section data at low energies for
even-even and even-odd target nuclei, typically below ~ 2 MeV incident neutron energy,
are of primary value.
The sophistication of the level density model, as compared with various options of
Fermi-gas closed-form expressions, although it still remains rather crude, seems to be
unavoidable, since it is backed by a lot of experimental data. That is the shortest way to
consistent modelling of fission cross section data behavior and extracting reasonable level
density and fission barrier parameter values.
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Abstract
A comparison is presented of the fine structure (FS) of the both energy-mass
and energy-charge distributions of the fission fragments of thermal neutron
induced fission of Uranium in the data obtained at different spectrometers.
Some peculiarities of the FS observed can be treated as a manifestation of
two different types of collective vibrations of the fissioning system on its
way to scission.

Introduction
In the refs.[l,2] were stated for the first time about the revealing of the fine
structure being different from that produced by the proton odd-even effect in the
mass-energy(M-E) spectra of the fission fragments (FF) from the 233U(n,h,f) reaction.
The detail description of the data processing is presented in ref. [3]. The present work
is devoted to a comparison of the FS obtained using experimental data from three
different spectrometers and discussing the FS origin.
Experiment
The experimental data were obtained predominantly at two time-of-flight
spectrometers: at the MEPhI reactor [4] and Cosi-Fun-Tutte [5] (Grenobl, France).
The first spectrometer was situated on a vertical experimental port in a thermal
column of the research MEPhI reactor. The mass of fragment was obtained by FF
time-of-flight of a predetermined distance between two microchannel plate of time
pick-off detectors. Their kinetic energy was measured by surface-barrier
semiconductor detector. The study of (nth,f) reactions with high statistics is carried out
having a target location near the reactor core and an electrostatic particle guide
system installed that to increase the efficiency ratio of the spectrometer by a factor of
50. A special procedure proposed in [6] was used to calibrate spectrometer. The
second spectrometer was installed in the high flux reactor at ILL (Grenoble, France).
This spectrometer has a double arm configuration. One arm was used to measure the
velocity, kinetic energy and nuclear charge of the fission fragments. The other arm
was only used to measure the kinetic energy and charge of the fragment.
The velocity measurements were carried out by two pick up detectors on
microchannel plates. The kinetic energy and nuclear charge of FF were measured by
the ionization chamber [7]. From the kinetic energy and velocity , the mass M of the
fragment was deduced. The resolution of the kinetic energy and velocity
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measurements was good enough to obtain mass resolution better then 1 arau. Nuclear
charge measurements were performed by the method proposed in [8]. The achieved
resolution is about lch.u. The time-of-flight spectrometer drawback is the presume of
the false events which result from the scattering of FF on the supporting grid of the
entrance window to the chamber. To eliminate this effect, the selection procedure
was used. Due to this procedure only those events were selected where the mass of
fragment deduced from the energy - time-of-flight measurements and the fragment
mass obtained within double energy method using the energy signal from the second
arm of spectrometer differ not more then 15 amu. This selection mechanism was
specially tested to avoid the distortion of the mass and energy distributions. A
number of events in light mass-peak is 810 s after data processing by procedure
described. Only part of the results obtained will be discussed below. For the others
we refer to Ref. [9,10].
Comparative analysis of the FS of two-dimensional FF distributions
The task of the FS revealing one can set leaning upon the following examples. As
known the yield Y(M|E) of the FF with mass M at fixed value of E (a kinetic energy
of the light fragment EL or a total kinetic energy TKE ) is equal to the following sum
Y(M!E) = SY(M|Z,E),
where Y(M|Z,E) is an isotope distribution at fixed E. The latter distribution has
approximately Gaussian shape. The spectrum Y(M|E) shows up as a smooth curve
with local peaks on it being linked with the tops of the isotopes distributions for even
charges (Fig. la).
• (100 5 +/-0.5) MeV
2=40

85

90

95

100

105

fragment mats |imu)

Fig.l. The cut of the P(M, EL) distribution at EL= 100.5 MeV. The isotopic distributions are
shown by dashed line (a). Manifestation of the proton odd-even effect at the EL-M plane (b)
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On the EL-M plane the fine structure produced mainly by proton odd-even effect
looks like the sequence of ridges going approximately perpendicular to the mass-axis
(Fig.lb). Similar structures were demonstrated for the first time in Ref. [11]. By
definition the local areas of the two-dimensional distribution with increased yields of
the FF in respect to ones, supplied by the smoothed global distribution (Fig.lb), will
be treated as fine structure. In the example under discussion the fine structure
indicates the presence of poor resolved spectral components which constitute the E-M
distribution.
The decomposition of the M-E distribution given above is not unique. Really, if
the low energy fission prove to be a multimodal process, which is - with out any
doubt, the FF E-M distribution should be the sum of the components being an image
of the appropriate fission mode into the space of the E-M observables each. One can
expect that the modal structure will manifest itself as FS too, for instance in the E-M
distribution. Such structure being completely different from that produced by the oddeven effect have been revealed with a help of the data processing methods described
in ref.[3]. It is displayed in the fig.2. Every curve presented in the figure constitutes a
host of points of locally enhanced yields (peaks) in the E-M matrix. A tipical cut of
the E-M matrix where such peacs are seen is shown in Fig.3a. There is a good
agreement between the locations of the peacs obtained by the processing of the data
measured at the MEPhI and Cosi-Fan-Tutte spectrometers (Fig.3a,b).
210

130
60 ' 8 2

66

88 90 92 94 96 98 100 102 104 106
fragment mass (amu)

Fig.2. Fine structure of the TKE-M FF distribution. Curves 1 ^correspond to the maxima
of the local peaks being different from that produced by the proton odd-even effect
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Fig.3. Comparison of the data obtained at Cosi-Fun-Tutte (left axis) and MEPhI (right axis)
spectrometers: a) TKE spectra; b) first derivatives of TKE spectra; c) first derivatives of
amplitude (raw data) and energy spectra for fragment mass 93 amu
High mass resolution of the Cosi-Fan-Tutte spectrometer permitted to compare
the fine structures in the amplitude distribution (before any mathematical
transformations - "raw data") and in the energy distributions for the fixed mass line.
It is seen from Fig.3c, that the calibration procedure does not distort the structures,
which attend in the initial "raw" data.
It should be stressed that the local peacs in MEPhI data have in everage larger
amplitudes than those in Cosi-data. This tendency is tipical for all cuts M=const. The
nature of the difference mentioned will be discussed below. We failed to extract the
FS in E-M spectrum obtained at Cosi-Fun-Tutte spectrometer as contrast as in the
MEPhI data owing to both the less level of statistics (roughly by one order of
magnitude) and less amplitude of the FS effect under discussion. At the same time the
most pronounced structures depicted in Fig.2 are revealed well in the TKE-Z
spectrum where Z is a nuclear charge of the fragment (Fig.4). To compare Fig. 3 and
4, one should resort to the dependence of the mean nuclear charge on the FF energy
taken from ref. [ 12] (Fig.5).
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One more correlation in the data presented in Fig.6 seem to be of great interest.
The yield of the electrons of the internal conversion (k-electrons) as a function of the
TKE is shown in Fig.6a. The data are taken from ref.[13] for the reaction 235U(nth,f).
In fig.6b the second derivative of the spectrum multiplied by "-1" (after rejection of
the negative part (W(TKE)) is depicted.
The peaks in this figure show up the FS in a more pronounced manner. Also,
good agreement is observed between Fig.6b and 6c where the same functions
W(TKE) are shown calculated for the cut M=104 amu of the E-M spectra obtained
for the reaction 233U(nth,f) at the MEPhI and Cosi-Fun-Tutte spectrometers. So, there
is a conelation (coincidence) in the FS peaks location on the TKE axis for the FF
yields, on the one hand, and k-electrons yields, on the other hand. As is known, larger
FF yields correspond to a larger density of the final states (a higher excitation energy
E*) of the fissioning nucleus before scission. The k-electrons yield in a function of
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the TKE is proportional to the FF excitation energy as well [13]. A common nature of
FS in the FF and k-electrons yields is the existence of peaks of E*, and it suggests
how to explain the difference in the amplitudes of the FS peaks in the MEPhI and
Cosi-Fun-Tutte data.The reason could be the following. The FF registration efficiency
•q(M.E) for the MEPhI spectrometer depends on the ionic charge of the fragment q.
The smooth trend of the efficiency in the functions of M and E is taken into account
by a special calibration procedure [4]. The local peaks of the ri(M,E) function due to
the enhanced values of q(M,E) produced by the enhanced k-electrons yield stay
uncompensated. This is the reason for the effective amplification of FS under
discussion.
Summarizing, one can conclude that owing to the electrostatic guide system and
the data handling procedure with the use of the MEPhI spectrometer, an enhanced
sensitivity is observed to the local variation of E* of the fissioning system at scission.
Discussion
In Ref,[l] the attention was attracted to the resemblance of curves 1,3 (Fig.2) and
the shape of the nucleus-nucleus potential as a function of the distance between the
centers of the nuclei involved. The dicluster model of fission modes [14,15,2] gives a
qualitative insight into the nature of this resemblance. Withing the model, the distinct
fission mode is specific due to the preformation of two clusters (magic nuclei) in the
frame of a unitary fissioning system at the early phase of its elongation. The clusters
keep unchanged their shape and composition along all the descents to the scission.
The nucleons beyond the clusters form a neck which evolves under the influence of
the Coulomb and nuclear fields of the clusters. The structures shown in Fig.2 provide
additional evidence of the validity of basic points of the model. At first, one should
pay attention to the "twofold structure" of practically all the most pronounced curves
presented. We mean that the pairs of curves with similar shapes go almost equidistant.
(Fig.2). One can suggest that p-vibrations of the clusters give rize to that effect. In
terms of this hypothesis, curve lb, b' corresponds to the ground state of Te and Ge
nuclei being "modeforming" clusters for the fission mode manifesting itself as the
curve at hand in the space of E and M experimental observables. The second curve
la,a' is connected with the first excited level of the (i-vibrations of the clusters
mentioned. The distance along the E axis between the curves of the pair agrees with
the estimations of the energy of the P-vibrations for nuclei-clusters [16].
Another type of collective vibrations seems to manifest itself via parts 2a' and 2a"
of curve 2a. Their shapes and relative location are similar to those of the dependence
of the interaction energy between two deformed nuclei on the distance between their
centers for two orientations: "nose to nose" and when the big axes of the spheroids
describing the shape of the nuclei form some angle not equal to zero (Fig.7).
The first orientation corresponds to the ground state the second one is appropriate
to the first excited state of the butterfly-like vibrations. The typical assessment of
such a vibration energy given in Ref.[17] does not contradict the maximum distance
between curves 2a, 2a" along the E axis.
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Conclusions
1. The comparison of the fine structure of the FF mass-energy and nuclear chargeenergy spectra measured at three different spectrometers let us to conclude on their
objective origin.
2. Due to the electrostatic guide system and data handling procedure with the use
of the MEPhI spectrometer, an enhanced sensitivity is observed to the local variations
of the excitation energy of a fissioning system at the scission point.
3. The peculiarities of the fine structure of the FF TKE-M and TKE-Z spectra let
us to treat them as a manifestation of collective vibrations (P and butterfly-like types)
of a fissioning system at the descent from the fission barrier. In other words, the
system at the descent looks like a molecule.
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Systematic of Delayed Neutron Parameters
S.G. Isaev, V.M. Piksaikin
Institute of Physics and Power Engineering, Obninsk, Russia

Abstract
The experimental studies of the energy dependence of the delayed neutron
parameters for various fissioning systems has shown that the behavior of a
some combination of delayed neutron parameters has a similar features. On
the basis of this findings the systematics of delayed neutron experimental
data for thorium, uranium, plutonium and americium isotopes have been
investigated with the purpose to find a correlation of DN parameters with
characteristics of fissioning system as well as a correlation between the
delayed neutron parameters themselves. Below we will present the
preliminary results which were obtained during this study omitting the
physics interpretation of the results.
Introduction
The knowledge of the time dependence of P-delayed neutron emission is of great
importance for the development of reliable data base required both for reactor-physics
analysis and for the investigation of nuclei which are far from the valley of stability.
Since discovery of delayed neutrons the time dependence of delayed neutron emission
from neutron induced fission was studied in more than 238 experiments [1]. In
parallel to the experimental studies of aggregate DN emission from neutron induced
fission the group parameters of delayed neutron emission were calculated using
microscopic approach (summation technique) [2]. These calculations are based on the
knowledge of the emission probabilities values Pn, half-life values and yields of
individual precursors of delayed neutrons [3].
One of the main results of the aggregate DN decay curve measurements was that
the group periods (or decay constants) for various fissioning systems for fast neutrons
induced fission do not differ from each other [4]. But one should take into account
that possible differences in the group decay constants are difficult to be observed
because of the strong cross-correlation between DN group parameters and
background intensity values in the process of least-squares fitting (LSF) analysis of
composite decay curve [5,6]. The time dependence of DN emission is governed not
only by half-life of DN precursors. The relative abundances of DN are also important
in forming the DN decay curve of the concrete fissioning system. Until now there are
difficulties in choosing the consistent set of DN parameters even for the most studied
nuclides. Set of DN parameters in ENDF/B-VI file is based on the data obtained in
the frame of the microscopic approach [2]. But reactor experiments [5,7] have shown
inconsistency of this set and appropriate experimental data based on the aggregate
DN decay data.
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With the purpose to find the criteria for choosing the best set of DN parameters
for various fissioning systems the work was done on the investigation of systematics
and correlation properties of delayed neutrons from fast neutron induced fission.
Correlations between delayed neutron parameters
for fast neutron induced fission of Th, U, Pu and Am
During our experimental studies of the energy dependence of the delayed neutron
parameters for various fissioning systems it was found that the behavior of a some
combination of delayed neutron parameters (group relative abundances a,- and half
lives T-, ) has a similar features. On the basis of this findings the systematics of
delayed neutron experimental data for thorium, uranium, plutonium and americium
isotopes have been investigated with the purpose to find a correlation of DN
parameters with characteristics of fissioning system as well as a correlation between
the delayed neutron parameters themselves . Below we will present the preliminary
results which were obtained during this study omitting the physics interpretation of
the results.
It is difficult to hope that comparison of DN group parameters a, and T( separately
will be successful because of their strong cross-correlation resulting from the LSF
procedure used in processing of the aggregate DN decay data and other reasons [5,6].
Therefore the delayed neutron parameters under investigations are the following: 1)
the average half-life of delayed neutron precursors

<0= ('zV/)'
1=1

where a, and 7} - relative abundance and half-life of /-th group of delayed neutrons
respectively in the six group presentations. (The average half life value for the
exponential distribution of the precursors' life times fully determines the above
distribution); 2) total delayed neutron yield vd.
For the purpose of easy comparison of the present results with existing
systematics a parameter P which characterizes the fissioning nucleus was chosen as in
the Turtle's evaluation [8]

P=

-(AC-3Z)-AC/Z,

where Ac and Z - mass number and atomic number of compound nucleus respectively.
In general the Z2/A parameter can be taken as well as having the same scaling factor.
In the analysis only experimental data (vd, a, and Tt) were used (exception - the
Waldo's delayed neutron data for 240Pu [9]). In the first approximation the authors of
the present work took the data which have been obtained preferably at one
experimental set-up and included the wide range of investigated nuclides. The
experimental data under investigations are presented in the Table 1. It should be noted
that the fast neutron induced fission were considered in the analysis and only for the
rare measured isotopes such as 229Th (Gudkov's et al. data [10]) and 243Am (the
Saleh's et al. data [11]) the thermal (229Th) or close to thermal (243Am) data were
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taken into consideration. But according to our estimations this exception does not
change the obtained results.
The uncertainties of the average half-life values are not accounted for the
correlations which exist between the relative abundances and periods values obtained
on the basis of the aggregate DN activities data and the LSF procedure.
Table 1. Experimental delayed neutron p a r a m e t e r s
-(Ac-3*Z)*Ac/Z
229

Th
Th
232
Th
232
U
232

233
233 u
233u
u
235
235u
235u
235u

u

236
238 u
238u
238u

u

238

Pu
238
Pu
239p u
239p u
239

Pu

240p u
240

Pu
Pu
! ™Pu
240

241

Pu
Pu
24, p u
241

242

Pu
Am
241
Am
241

241

Am

241

Am
Am
243
Am

242m

102.2222
95.7889
95.7889
108.9022
106.8261
106.8261
106.8261
102.6087
102.6087
102.6087
102.6087
100.4674
96.1196
96.1196
96.1196
109.3298
109.3298
107.2340
107.2340
107.2340
105.1170
105.1170
105.1170
105.1170
102.9787
102.9787
102.9787
100.8192
109.5368
109.5368
109.5368
109.5368
107.4316
105.3053

Average
half-life,s
16.187 ± 1 . 7 4 3
7.072 ± 0.407
6.978 ± 0 . 5 9 0
14.371 ±1.382
12.285 ± 2 . 6 6 8
12.396 ± 0.993
12.157 ± 1 . 5 2 8
8.501 ±0.241
8.827 ± 0 . 6 0 0 "
8.837 ± 0 . 9 5 7
8.776 ±1.944
7.347 ± 1 . 1 8 4
5.240 ± 0 . 5 4 7
5.319 ± 0 . 3 5 9
5.491 ±0.449
11.587 ±2.714
11.246 ± 1.433
9.962 ± 1 . 1 1 0
10.154 ± 0 . 5 6 5
10.350 ±1.311
9.046 ± 3.396
9.329 ± 0 . 8 6 9
9.767 ± 0 . 8 1 5
8.394 ±1.653

Total DN
yield, %
1.73 ± 0 . 1 3
5.27 ± 0.40
4.96 ± 0 . 2 0
0.44 ± 0.03
0.74 ± 0.04
0.70 ± 0.04
0.78 ± 0.04
1.67 ± 0 . 0 7
1.65 ± 0 . 0 5
1.64 ± 0 . 0 6
1.59 ± 0 . 0 4
2.24 ± 0 . 2 3
4.60 ± 0.25
4.12 ± 0 . 1 7
4.39 ± 0 . 1 7
0.46 ± 0.07
0.41+0.02
0.65 ± 0.05
0.63 ±0.03
0.60 ± 0.02
0.88 ± 0.06
0.88 ± 0.06
0.91 ±0.04
0.88 ± 0.09

Gudkov(th.)
Waldo
Keepin
Waldo
Waldo
Keepin
Benedetti
Waldo
Keepin
Besant
Saleh
Gudkov
Waldo
Keepin
Besant
Waldo
Benedetti
Waldo
Keepin
Besant
Waldo(rec.)
Keepin
Benedetti
Gudkov

7.590 ± 0 . 7 4 0
7.729 ± 0.708
7.850 ± 0.864

1.57 ±0.15
1.150 ±0.09
1.59 + 0.14

Waldo
Benedetti
Gudkov

6.509 ±2.112
10.522 ±1.3794
11.283 ±1.5397

1.86 ±0.09
0.44 ± 0.05
0.39 ± 0.02

Waldo '
Waldo
Benedetti

10.859 ±1.1322

0.49 ± 0.02

Saleh

9.975 ±1.3831
10.034 ±0.9304
10.064 ±1.3730

0.69 + 0.05
0.84 ± 0.04

Reference

Gudkov
Waldo
Salch
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Systematics of the average half-life of delayed
neutron precursors for different fissioning systems

It was found that the average half-life of delayed neutron precursors <t> for the
isotopes of thorium, uranium, plutonium and americium can be presented by the
following expression
<*,) = «„ •exp[(a2i(-(Ac-3Z)-Ac/Z)],
(1)
where index i is related to the certain fissioning systems (thorium, uranium etc.).
The above expression (1) was presented in the form
o3l= I n l and the appropriate delayed neutron data from the Table 1 were analyzed for
obtaining the values a3i and a2i on the basis of the LSF procedure. The results of the
LSF procedure (solid lines) and original experimental data from the Table 1 are
shown in Fig.l. The obtained a3j and a2i values for each considered element are
presented in Table 2. It is seen from the Fig.l that the average half life values for each
considered element can be presented by the expression (2). The best approximation
was obtained for uranium isotopes. This can be explained by the quality of the data
for uranium isotopes as being the most investigated nuclides.
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Table 2. Results of approximation of experimental average DN half life
dependence on parameter p = -(Ac - 3Z) • Ac IZ
a2. * (xlO2)
-10.44 ±0.24
12.94 ±0.24
92U
-5.69 + 0.21
7.65 ± 0.20
94PU
-4.21 ±0.60
6.10 ±0.57
95Am
0.38 + 1.26
1.81 + 1.17
*) the coefficient of the equation !„«,.)) = flj, + «,2.[_ ( 4 . -3Z)AC/Z]
Isotopes of
90Th

Correlation of the total delayed neutron yields and
the average half-life of delayed neutron precursors
It was found that the total delayed neutron yields vd and the average half-life of
delayed neutron precursors < / > for the definite fissioning system, can be presented
by the following expression
v i d =c li -<t i > C2 ',

(3)

where index 1 is related to the definite fissioning systems (thorium, uranium etc.)
The expression (3) was presented in the following form
(4)
c 3 ,=ln C l j .
with the purpose to obtain the c?,and c?, values for each considered fissioning systems
(thorium, uranium etc.). In the LSF analysis of the equation (4) the uncertainty of the
average half life value for the definite fissioning system were taken as it was equal for
all authors. The magnitude of this uncertainty was equal to the average value over all
data related to the given fissioning system. The obtained results of the LSF procedure
(solid lines) and the original experimental data from the Table 1 are shown in Figs.2,
3, 4 and 5. The appropriate c2l and c3i values for each fissioning system under
consideration are presented in Table 3. It is seen from the Figs. 2, 3,4, 5 that the data
on the total delayed yields follow the dependence determined by the expression (4).
In the present analysis the each Vj value corresponds to the < t > value from the
same work. But the analysis could be done using < t > values which are obtained by
preliminary averaging over appropriate experimental data or can be taken from the
evaluation according to expression (1).
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Table 3. Results of approximation of total DN yield dependence
on average DN half life parameter
Isotopes of
9oTh

c2i*
-1.27 ±0.09
-2.16 ±0.07
-2.74 ± 0.25
-6.05 ±1.18

C3i*

6.39 + 0.19
7.44 + 0.15
8.22 ± 0.56
16.02 ±2.77:

92U

94P11
95 Am

*) the coefficients of the equation \n(vd) = cv +c2i • ln((f,-)) (Per 1000 fissions)
Total delayed neutron yields from fast neutron
induced fission of isotopes of Th, U, Pu, and Am
The expressions (1) and (3) can be used for obtaining the values of total delayed
neutron yields for any isotope of Th, U, Pu and Am elements on the basis of the
following expression obtained by simple derivations

(5)

vd=duexp[d2i(-(Ac-3Z)Ac/Z)]

The obtained dependence of the total delayed neutron yields on the parameter
-(Ac-3Z)Ac/Z was presented in the logarithmic form for each fissioning system i

In vd = dit + d2i(-(Ac - 3 Z ) 4 / Z),
d

C

C

a

d

3i ~ 3i + 2i 3i > 2i =

a

(6)

c

2i 2i

with the purpose of easy comparison with the Turtle's equation [8]
In vd = 13.81 + 0.1754(4 - 3 Z ) ( 4 IZ) (per 1 fission).
It must be noted that the expression (6) obtained in the present work is
independent from the Turtle's one and based on the systematics < t > from 4 / Z and
correlation between vd and < t > values derived from experimental data. The
comparison of the total delayed neutron yield values obtained on the basis of the

systematics (ti) = au-exp[(a2i(-(Ac-3Z)-Ac/Z)]^d

correlations between the

delayed neutron parameters v'd = cu••{/,)C2' in the present studies with the
appropriate data of the Turtle's evaluation is presented in Fig. 6 where the Turtle's
data are presented by a dash line. Numerical values of d3i and d2i parameters are
presented in Table 4.
According to the present systematics the following vd dependencies were obtained
for the considered elements
In vd = 12.7479 + 0.1644(4 - 3Z)(^ C / Z) (per 1 fission) for thorium isotopes,
In vd = 12.7887 + 0.1648(4 - 3Z)(AC IZ) (per 1 fission) for uranium isotopes,
In vd = 12.8389 + 0.1669(4 - 3 Z ) ( 4 / Z) (per 1 fission) for plutonium isotopes,
In vd = 6.8201 + 0.1097(4 - 3 Z ) ( 4 / Z) (per 1 fission) for americium isotopes.
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Table 4. Results of approximation of the dependence of total DN yields on
parameterp = -(Ac-3Z)-Ac /Z
Isotopes of
90 Th

d 3i *
19.65563
19.69643
19.74662
13.72786

92U
94P11

d2i*
-0.16438
-0.16483
-0.16688
-0.10972

9sAm
*) the coefficients of the equation (per 1000 fissions)

]nvid=d3i+d2i(-(Ac-3Z)AcfZ),
d

2i ~ C 3. + C2iali'
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Fig.6. Dependence of the total DN yields on parameter p - _( A - 3Z) • A IZ •
Points connected by solid lines - present systematics, dach line-Tuttle's equation [8]
It is seen from Fig. 6 that the whole" set of the total delayed neutron yields data
can not be presented by only one equation as it was done before and each element
(isotopes of definite element) has its own dependence of vd on parameter
-(AC-3Z)A</Z. The thorium and uranium isotopes have a similar dependence. The
dependence vd for Pu has the same slope as in the case of U and Th elements but has a
parallel shift relative to U and Th data. The dependence of vd on parameter
-(Ac-iZ)AJZ for the americium isotopes has significantly different character.
Therefore according to these preliminary studies the attempts to introduce more
complicated parameters with the purpose to get better agreement with all
experimental data is doubtful.

S.G.Isaev, V.M.Piksaikin

49

Analysis of ENDF/B-VI delayed neutron data
The ENDF/B-VI data was presented in the form of equation (2) and the
comparison was made with the appropriate systematics data. The results of
comparison were presented in fig.7. The systematics data are presented by solid lines.
The ENDF/B-VI data are presented by the separate points. It is seen from the fig.7
that the average half life values for uranium has approximately the same overall
dependence as it is in the systematics data. But it is important to note that the most
studied isotope 235U (having the best known fission yield data) is outside of the
systematics dependence. The discrepancy in the time dependence of DN emission for
235
U were observed in the reactor based experiments. The dependencies of < t >
values for Pu and Am elements obtained from ENDF/B-VI data base are significantly
defer from the appropriate systematics dependencies obtained in the present work.
And as in the case of U isotope the < / > value for well studied Pu isotope is
significantly deferent from the systematics value. The reason of the observed
discrepancies must be carefully investigated.
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Fig. 7. Dependence of the average half life of DN precursors on parameter -(Ac-3Z)Ac/Z.
Solid lines - present systcmatics (see Fig.l), points - the ENDF/B-VI data
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Conclusion

On the basis of the analysis of DN experimental data it was shown that the
average half-life of DN precursors for Th, U, Pu, Am elements can be presented by
the exponential dependence on the fissioning nucleus parameter -(AC-3Z)AJZ within
experimental uncertainties. It was shown that the total delayed neutron yield values
for each considered elements correlate with the appropriate values of the average half
life of DN precursors. These properties of delayed neutrons allowed to obtain the
independent systematics of the total DN yields for Th, U, Pu and Am elements.
According to this systematics it was shown that the well known dependence of Vd on
-(Ac-3Z)Ac/Z parameter has a more complex structure than it was assumed until now
[8] - each of the considered element has its own vj dependence on this parameter.
Preliminary analysis of ENDF/B-VI delayed neutron data on the basis of the
present systematics showed that the DN parameters a, and T, obtained by the
summation method must be carefully checked with the purpose to find the source of
their disagreement with experimental data.
As a result of the present findings some of the possible application of the reported
results are the following. The obtained sistematics of DN parameters can be used
for testing of DN measurement techniques and the LSF procedures;
for testing the existing DN parameters data base;
as a criteria for testing the summation calculation procedure and appropriate input
data (Pn and fission yields as well as the distribution of precursors between the DN
groups). Preliminary analysis of ENDF/B-VI data showed that the relative
abundances and half lives data for the most studied in respect to fission yield data
(fission yield is believed the main source of uncertainties in the summation method)
239Pu and 235U isotopes according to the present systematics are not correct;
for the prediction of the DN parameters for elements for which there is no
experimental data;
- for the evaluation of the DN parameters. The total delayed yields can be
calculated on the basis of expression (5) and numerical values of the coefficients
from the table 4 for the thorium, uranium, plutonium and americium isotopes.
Appropriate data for neptunium and protactinium isotopes can be obtained in the
first approximation by the linear interpolation of the dependence of d3i and d2i
coefficients (see table 4) on the atomic number of fissioning nucleus.
The present systematics gives the possibility to improve the total delayed neutron
data v</through performing the measurements of the aggregate DN decay curves only.
It should be noted that in the present analysis only the restricted part of the
available experimental information on the DN parameters were used. The
uncertainties of the average half life values must be calculated using the information
on the correlation between the DN group parameters [6]. Therefore the obtained
results (the coefficients in the tables) should be considered as preliminary data. The
authors understand that the work must be continued with analysis of all available
experimental information on the DN parameters.
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Abstract
The multiplicity an.i the energy of prompt neutrons from the fragments for 233U(n,j,,f) were measured as
functions of fragment mass and total kinetic energy. Average neutron energy against the fragment mass showed
a nearly symmetric distribution about the haif mass division with two valleys at 98 and 145 u. This shape
formed a contrast wich a saw-tooth distribution of the average neutron multiplicity. It indicates :hat the shellsffects, which are pronounced for the fragments having the proton number or the neutron number ciose to the
magic-number of 50 or 82, affected the neutron emission process. The slope of the neutron multiplicity with
total kinetic energy depended on the fragment mass and showed the minimum at about L30 u. The obtained
neutron data were applied to determine !he total excitation energy of the system, and :he resulting value in the
typical asymmetric fission lied between 22 and 25 MeV. The excitation energy agreed with ihat determined by
subtracting the total kinetic energy from the Q-value within 1 MeV, thus satisfied the energy conservation. • In
the symmetric fission, where the mass yield was drastically suppressed, the total excitation energy is
significantly large and reaches to about 40 MeV, suggesting that fragment pairs are preferentially formed in a
compact configuration at the scission point.

Introduction
Simultaneous measurement of the multiplicity and the energy of prompt neutrons together with fission
fragments supplies important information :o understand the nuclear fission process. It is assumed chat the
excitation energy of a fully accelerated fission fragment has its origin in the deformation energy at the
scission point. As the excitation energy is dissipated largely by neutrons, the measurement of its
multiplicity and energy allows us to determine the scission configuration for a given mass division when the
total kinetic energy is incorporated in the analysis to fix the charge-center distance.
Many data concerning the dependence of the average neutron multiplicity on fragment mass, v{m"), are
now available for the spontaneous fission(s.f) of 252Cf and a few thermal neutron induced fissions <IW8>. But
the data on the average neution energy in the center-of-mass (cm.) system, rj(m'), measured with high
quality are very scarce except the reactions, 252Cf(s.f)(1)(6) and ^^UOwf) m. We can obtain an insight into
the fission mechanism more deeply when the neutron multiplicity is investigated as functions of not only
the fragment mass but also the total kinetic energy, y(m',TKE) (6)(8X9). However such data are limited only
to the two reactions, " 2 Cf(si) 'lX6>(s) and ^ U ^ . f ) (9). Furthermore, the neutron energy gated by the
fragment mass and kinetic energy, r\(m',TKE), is not reported until now for thermal neutron induced
fission. Therefore, in the present work, the neutron multiplicity and the energy have been investigated as
functions of m and TKE for the reaction of 233U(nlh,f) with the system reported previously 'ma>.
In the thermal neutron fission or spontaneous 'fission, the existence of pre-scission neutrons which are
emitted from the fissioning nucleus, is in question (6) (r). In this work, we assume that all of the prompt
neutrons are emitted isotropically from the fully accelerated fragments.
The distribution of v(/n) for low energy fissions shows a so-called saw-tooth trend with the minimum
value around the double magic-number, 132 u. On the contrary, the average neutron energy versus mass,
r?(/n'), measured for a2Cf(s.f)(6) and 33 U(n m ,f) w , forms approximately symmetric distribution about tie
equal mass division and shows a contrast with the v(m') shape. Considering that the level density
parameter is phenomenologicaliy expressed by the shell-energy correction'"', we can explain the difference
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between rj(m') and v ( m ' ) by the shell-effects of the fragments'121, which is especially pronounced
around 132 u.
In this work, we also determine the average value of the total excitation energy, TXE, which the fragments
hold when they are fully accelerated, from the present neutron data. In this determination, the energy
emission by v-rays from the fragments is considered. The energy conservation requires that TXE obtained
in this manner should be equal to the value determined by subtracting the average total kinetic energy from
the Q-value. These calculations are important not only for checking the reliability of the neutron data and
the assumed y-ray energy, but also for investigating the fission mechanism. We do also remark the
correlation between the mass yield probability and the system excitation energy. As an obvious
phenomenon in the low energy fission, the symmetric mass division is strongly suppressed. It may be
correlated with the marked increase of the total excitation energy predicted by the total kinetic energy
measurement(u)(14). The present neutron data should provide the distinctive correlation between the mass
yield and the scission configuration.
Experimental arrangement and data analysis
Experimental setup
The experimental arrangement is described elsewhere mi0), and hence only the essence is given here. The
experiment was performed using thermal neutrons at the Super Mirror Neutron Guide Tube Facility<I5) of
Kyoto University Reactor. The system used in this measurement is shown in Fig.i. The 233U target was
fabricated by the eiectrodeposition of UO2(NO3)2 on a 90 ug/cm2 thick nickel foil, and the target thickness
was about 30 ug233U/cm:. The enrichment of the ^'U was about 99.5%. On both sides of the target, a
silicon surface barrier detector (SSBD) having a sensitive area of 900 mm', and a position sensitive parallel
plate avalanche counter (PPAC) with an active diameter of 22 cm were mounted :o detect the fission
fragments. By recording the pulse height induced by the fission fragment 1 (FF1) and the time difference
between the signals from both detectors, the mass and energy of ;he fragments were determined. The
incident position of FF2 on PPAC determines the fission fragment direction, d, relative to the axis of the
apparatus, which is equivalent to the emission angle of the neutron from FF1.
Fission neutrons were detected with a liquid organic scintillator (NE213) in a container of 12.8 cm in
diameter and 5 cm thick. The neutron energy was determined with the time-of-fligot technique over a flight
path of 76.5 cm. The Stan time was triggered by FFl. The neutron bias levei was set at 0.3 MeV using the
V-rays from a a N a source. The pulse-height spectrum for the = Na source agreed with that by Verbinski e: ai.
" 6) , and it gives a good reason for using their neutron response functions to determine the neutron detection
efficiency of the present detector. The pulse-shape signal was recorded to separate neutrons from
background v-rays. The pulse height signal was also recorded to check the gain stability of the neutron
detector. The signals were stored in a data acquisition computer in a list mode for off-line analysis.

76.5

31.9
PPAC
S3D

NS213

Prompt Neutron

U-233 T a r g e t
Fig.l Experimental arrangement for the simultaneous measurement of neutrons and
fission fragments for ^Ufeh.f). The distance is designated with cm unit.
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Data analysis
The mass and energy of fission fragments were determined by an iterative method. The details of the
procedure are given in the previous paper(I0). The kinetic energy of the FF1 was determined by employing
the formula of Schmitt et al.(17), with the calibration constants lIS) determined from the light and heavy
fragment peaks in the pulse height spectrum. The following corrections were applied in the time analysis to
determine the velocity of FF2. (1) The flight path length of the FF2 was determined by the position
response of the PPAC. (2) The time shift due to the flight time of FF1 over the target-SSBD distancs was
taken into account. (3) The correction for the plasma delay in the SSBD was made(9>. The correction for
the number of neutrons emitted from FF1 was made iteratively using the present v(m',TKE) data. The
energy loss of FF2 in the nickel foil was considered using the data of Ziegler et al.(19) The resulting average
masses and kinetic energies of the fragments before neutron emission were (mL,m'H) = (95-5,138.5) u and
{E'L,E'H) = (101.7, 70.4) MeV, respectively, which agree with those in ref.(18). The present mass yield
curve is compared with that in ref. (18) broadened with a mass resolution, from which the present mass
resolution was determined to be 6 u (FWHM). The time zero channel in the neutron TOF spectrum was
determined by referring the fission v-peak position and the time scale obtained by the time calibrator. The
time shift due to the FF1 flight over the target-SSBD distance was aiso corrected. The efficiency of the
neutron event selection in the pulse-shape discrimination process, which depends on the detected neutron
energy, was included in the analysis (2U). The recoil of FF1 due to neutron emission was considered<21). To
obtain the neutron energy spectrum in the cm. system, only the events satisfying Vn > Ven / c o s 8 were
used, where Vn is the measured neutron velocity and VfFy is the FF1 velocity. All the neutron events were
used to determine the neutron multiplicity. The neutron detection efficiency due to fragment motion was
calculated using a Monte Carlo method and corrected for in the analysis (9X!0). In this calculation, we
confirmed that the contamination of neutrons from FF2 was 2 to 3 % at most even in the worst condition.
Thus the assumption that all of the detected neutrons came from FF1 was appropriate.
The neutron energy was transformed to the cm. system of the respective fragment in a conventional manner
using the fragment velocity and the neutron emission angle, 6. The neutron multiplicity versus m * and
TKE was obtained from the ratio of the number of the fragment-neutron coincidences to that of the twofragment coincidences with a normalization of 2.495 per fission(22>.
•
Experimental results and discussion
Fragment mass and total kinetic energy
The obtained fission yield as functions of the fragment mass and the total kinetic energy, are shown in Fig.2.
The average value of the total kinetic energy, TKE(m), is shown with error bars associated with the
counting statistics and compared with the corresponding data in ref. (18). These two data agree well with
each other except the region of 122 < m'H < 128 u, but this discrepancy is not important for the following
discussion. Both data show a dip in the symmetric fission region and the maximum value around m'H =128 ~
132u. In Fig.2 the Q-value, Qra!lx(tfi'), for the a3U(nfcf) system is shown for the following discussions. In
the value of Qmal(m'), the excitation energy of the compound nucleus is included. The Q-value depends
on the charges of the fragments. In the present analysis, the QmlI is set to the highest Q-value in the three
charge-splits around the most probable charge division, by referring to the mass table in ref.(23). The
Qaax (m) curve bas the maximum values at m'H - 105 and 132 and the localized minima at the symmetric
fission.

Neutron Energy
The neutron energy spectrum in the cm. system 0(T}) is shown by the Maxwellian shapelV) of
(£(77) - const.rj1'2 exp(- r? / T+ ) ,

(1)
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Fig.2

Two dimensional yield of fission events plotted as functions of fragment mass and
total kinetic energy. Points with larger area show higher fission probability. The
solid curve is the average total kinetic energy plotted as a function of fragment mass,
and the statistical error bars are shown. Average total kinetic energy taken from ref.
(18) is shown by the dotted curve. Maximum Q-value, Qmax , determined by using the
mass table in ref. (23) is also shown by the dashed curve.
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Fig.3 Average neutron energy in the center-of-mass system, r\, for ^^(Eih.f) as a function
of fragment mass. The present results are indicated by solid circles with statistical
error bars. Open circles are the results by Milton and Fraser l2). Open squares
connected with the dashed line represent the mass yield obtained in the present
measurement (see ordinate in right hand side).
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is the effective nuclear temperature.

It is found that this equation provides, a good

representation of the measured values for 17 < 3 MeV. The mean values of the neutron energy, r), calculated
from the experimental data are plotted as a function of fragment mass in Fig.3, together with the mass yield.
The average energies for the light and heavy fragment groups are 1.29 and 1.28 MeV, respectively, and
almost the same. It is evident from Fig.3 that (1) r](m') shows neariy symmetric distribution about the
equal-mass division of the fissioning nucleus, and the minimum values appear at 98 and 145 u, and (2) the
neutron energies in the symmetric fission and very asymmetric fission reach about 1.8 MeV. Milton and
Fraser;2) obtained r)(m") but their data scatter greatly. The present measurement with higher statistical
accuracy can clearly reveal the structure of r](m'). The shape of r)(m') is similar to those in 2s5U(n,b.f) m
and 2J2Cf(s.f){S>. Especially, the pronounced minimum neutron energy at 145 u is seen through these three
reactions. The minimum position in the light fragment region is seen at 98 u, which is larger than the
minimum position of 90 u observed for ^5U(na,f){9). The striking feature seen in Fig.4 is the increase of the
neutron energy in the very light side (m* < 83 u). With decreasing mass number from S3 u to 75 u, on the
contrary, the multiplicity falls as shown in Fig. 4(a) later. The behavior in the very light region could be
attributed to the shell-effects, since the fragments in this mass region are close to the nuclei with the magic
number of N = 50. Such data of r)(m') in m < 89 u are not reported for ^CfXs.f)t4).
Neutron Multiplicity
The average neutron multiplicity for each fission fragment is shown in Fig.4 (a) as a function of the
fragment mass together with statistical error bars. Tne neutron multiplicities for the light and heavy
fragment groups are 1.49 and 1.01, respectively, meaning that about 60 % of the fission neutrons have their
origin in the light fragments. This value is very close to 58 % for a3U(nuuf) (9\ In the same figure, the
corresponding data by Milton and Fraser p) and Apalin et al.m are shown for comparison. The present data
as well as the other two show a 'step' at 100 to 105 u. In the heavy fragment region, the pronounced
minimum at m = 129 u is observed in the present measurement, which is similar to that in ref. (3). A
'bending' of v(m') at 140 is seen in our data and ref.(2), although the data in ref.(3) do not show the trend
but increase linearly with mass.
The average total neutron multiplicity, v™ (m'), which is the sum of neutrons from both fragments, is
plotted in Fig.4 (b). The data in ref.(3) are also shown for comparison. The followings are pointed out; (1)
the present v"* in 125 < m'H < 150 u lies between 2J2 and 2.6, and (2) the minimum value appears around
130 u. The present data points of m'H =158 u and 120 u deviate from the other data but are not considered to
be significant The minimum position is close to 132 u seen in ref.(3), however our data in the typical mass
region disagrees with their results showing that the total multiplicity increases with increasing mass
asymmetry. The interesting aspect of the data is the enhanced neutron emission in the symmetric fission.
The current data indicate that the symmetric fission system emits about 1.5 times more neutrons than the
typical asymmetric fission. This suggests that the system around the symmetric fission has a considerably
large total deformation energy a: the scission point. Paying attention to the very asymmetric fission, the
present data sharply increase for mH > 154 u, for which most of the neutrons have their origin in the heavy
fragment. •-.
The neutron multiplicity per fission is shown in Fig.5 as a function of the total kinetic energy. This is the
first result for 2MU(n,a,f). The plots reveal a linear, dependence of v"" on TKE in the range of TKE >160
MeV. The data in this region are fitted to a linear function and the inverse of slope, -dTKEIdv**,
is
obtained to be 13.6 MeV/neutron. For TKE <160 MeV, the neutron emission deviates from the linear
relation and levels off at a value of around 4. Such a non-linearity is also observed in ^UCnaJ)1<X9>. The
reason of this phenomenon has not been explained yet.
In every fragment mass bin, the linear relation is observed between v and TKE, and the slope,
-dv idTKE , is plotted against the fragment mass as shown in Fig.6. The slope is approximately constant
in the light fragment group except the region of m' <90u, where the slight increase is observed with the mass
number. Tne slope increases with mass in the heavy fragment group of m < 145 u and seems to have the
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Fig.6 Slope of neutron multiplicity with TKE plotted as a function of fragment mass.
minimum around 130 u. The minimum at 130 u is also observed for the reactions of ^L^n^f) i9) and
Cf(s.f)(6). The slope reflects the scission configuration as follows. If two deformed fission fragments are
nearly touching at the scission point, the total kinetic energy can be calculated from the charge-center
distance (CCD) between the two fragments. The deformation energy of the fragment at the scission point,
which is the energy difference against the ground state shape, is transformed into excitation energy when the
fragments are fully accelerated. Hence, the deformation energy is directly coupled into the neutron
multiplicity. For a particular mass division, the change of TKE is brought by the shift of charge-center
distance, and the shift caused by elongation or shrinkage of both fragments on their center axis. Paying
attention to the near symmetric fission region {mL/mH — 104 / 130 u ), the data in Fig.6 suggest that the
large part of the change of the CCD is caused by the light fragment deformation.
2i2

System excitation energy
to the following, the average total excitation energy, TXE, is determined by using the present neutron data.
Then the energy conservation expressed by

is discussed, where TKE is the measured average total kinetic energy .The average excitation energy of
fragment can be estimated by
i

EJm) = v(m'){ r](m) + B. (
where Bn(m)

(3)

is the effective neutron binding energy, and Er (m") is the energy dissipated by y-rays. For

E7 (m*), the 50 % value of Bn(m')

is occasionally applied(6). However, in the present analysis, the 60 %

value of Sn(/?i") is used, because this value satisfies the energy conservation of eq. (2) better than 50 %.
The effective neutron binding energy is calculated by using the mass table in ref. (23). For the calculation,
the fragment with the most probable atomic number is assumed, and the average neutron multiplicity from
the fragment is considered (see Fig.6 (a) ), since the binding energy varies for every neutron emission. The
7j(/n') and v ( m ' ) values in eq.(3) are taken from Fig.3 and Fig.4 (a), respectively. Then, the total
excitation energy for a mass division becomes
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where y4 is the mass of the compound nucleus. In Fig.7, the calculated TXE{m ) in this manner is shown
with statistical error bars. Here, errors of the binding energy, thus also y-rays energy, are not considered. It
is evident that TXE(m') in 128 < mH < 152 u is between 22 and 25 MeV. On the contrary, in the
symmetric fission, the system holds remarkably high excitation of about 40 MeV. In Fig. 7, the difference,
Q (m')-TKE(m'),
is also plotted. The errors in these values are shown only in the heavy fragment
side. The solid curve with statistical error bars shows the results determined by using the present TKE(m )
and the dotted curve by using the data in ref.(18). In this process, a properly broadened QmK(m') is
applied in order to wash out the odd-even effects. In the region of typical asymmetric fission, 130 <m'H<
150 u, TXE from the neutron data agrees with that determined by the kinetic energy data within about 1
MeV. In the symmetric fission, although statistical error is large, the TXE value determined from the two
methods agree with each other and show quite high. The high values should be due to the substantial total
deformation energy of the fragments at the scission points and also cause the marked dip in TKE{m ) as
shown in Fig.2. Another idea that the initial kinetic energies are extremely low for the symmetric fragments,
compared to the typical asymmetric fragments, is not necessary to explain the experimental evidence. In the
photofission of MSU<::5', the increase in the total excitation energy for the symmetric fission is also observed
from the kinetic energy measurement.

80

100

120

140

160

Fragment Mass [u]
Fig.7 Total excitation energy determined from the neutron data (solid circles with statistical
error bars). The solid curve with statistical error bars (thin bars indicated only in the
heavy fragment region) is the Q^m'^-TKEim)
calculated by using the present
total kinetic energy. The corresponding value determined by using the total kinetic
energy in ref.(18) is shown by the dotted curve. Open circles connected with the
dashed curve represent the mass yield obtained in the present measurement (see
ordinate on right hand side).
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In the very asymmetric fission with m'H >154 u, the average total excitation energies determined by these
two methods do not agree, and the neutron data predict a steep rise of the system excitation snergy. This
steep rise is mainly due to the neutrons from the heavy fragments, since the number of neutrons from the
complementary fragments is less than 1. As the velocity of the very heavy fragment is low, the detected
neutron energy from a very heavy fragment is low in average. Thus the systematic errors arising from the
uncertainty of the neutron detection efficiency may increase with mass. We should note that the neutron
multiplicity data in m'H > 154 may have much larger systematic errors which are not included in the error
bars.
In Fig.7, the mass yield obtained in the present measurement is indicated and compared with TXE{m').
Here, the region of m >154 u and m" < 80 u should be excluded in discussion because this region of
neutron data may contain much systematic errors as discussed before. It is clear that the mass yield is'
enhanced ir. the region with low TXE. In other words, the symmetric fission having high TXE value is
forbidden. Figure 7 suggests that, at the exit of the potential surface of the fissioning nucleus, the nascent
fragments are preferentially formed so as to have a compact configuration at the scission point.

Conclusions
The multiplicity and energy of neutrons have been measured as functions of fragment mass and total kinetic
energy for 33U(n,j,,f). The spectra of neutrons emitted from the specified fragment follow the Maxwellian
shape below 3 MeV. The average neutron energy in the cm. system for each fragment mass has nearly the
symmetrical shape centered about the equal mass division, which forms a contrast with the saw-tooth shape
of v(m ). This shape difference suggests the shell-effects of the fragments. Especially the fragments close
to the double-magic numbers (N =82, Z =50) as well as the neutron magic-number N =50 emit a small
number of neutrons, but with high energy. The total neutron multiplicity decreases linearly with increasing
total kinetic energy in TKE > 260 MeV, from which -dTKE Idv"* = 13.6 MeV/neutron was obtained.
The slope of v versus TKE as a function of fragment mass increases with heavy fragment mass with the
minimum at about 130 u, whereas those in the light fragment are almost constant in mL > 90 u.
The total excitation energy determined from the neutron data agrees with Qm^(ni')~ TKE(m') within 1
MeV in the mass range of 130 < m'H < 150 u, meaning that the energy conservation was fulfilled. The
neutron data suggested that the symmetric fission system has significant high total excitation energy of
about 40 MeV. This value of the excitation energy agreed with that determined from the total kinetic tne.tz,y
data, indicating that the large amount of total deformation energy is stored at the scission point and that the
fission mechanism can be explained without taking into account the initial kinetic energy of the fragments.
The mass yield is clearly enhanced in the range that the system has small excitation energy, suggesting that
fragment pairs are preferentially formed in a compact configuration at the scission point.
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Abstract
An attempt was made to calculate and interpret the prompt neutron spectra of 23SPu(sf), 24OPu(sf), 242Pu(sf) and 239Pu(n,f) on the basis of the multimodal fission model within the framework of the Madland-Nix model with some
modifications. The spectra of neutrons emitted from average fission fragments of each mode (Standard-1, -2, -3) were calculated independently and
the total spectra were synthesized. It was found that the partial spectrum for
Standard-2 mode is harder than that for Standard-1 due to higher maximum
nuclear temperature for Standard-2 mode. Different mode branching ratios
resulted in different total spectra for the three even-mass isotopes. It was also
found that consideration of difference in the multiplicity of neutrons from
light and heavy fragments was important, because the spectra of neutrons
from the light fragment was harder due to greater velocity of light fragments
compared with the heavy ones. The calculated total spectra well represented
the experimental data.

1. Introduction
Extended burnup of fuels and recycled utilization of plutonium in light-water reactors require more detailed knowledge of nuclear data of plutonium isotopes, because shielding design and criticality safety analysis of reprocessing facilities necessitate accurate neutron data for the isotopes.
From nuclear physics point of view, it has been known from experiments [1] that
the mass and total kinetic energy (TKE) distributions of fission fragments of plutonium isotopes show systematic change, which has been interpreted as due to systematic change in branching ratios to different modes in the fission process (Fig. 1). This
fact, in turn, has been considered as a supporting evidence that the multimodal concept of fission [2] is a valid tool, at least in an approximate sense, of interpreting the
mass and TKE distributions of fission fragments of many fissioning systems.
' E-mail: ohsawa@mvg.biglobe.ne.jp
Present address: Graduate School of Energy Science, Kyoto University, Yoshida, Sakyo-ku,
Kyoto 606-8501.
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Fig. 1. Mass and total kinetic energy distributions for 238Pu(sf), 24OPu(sf) and 242Pu(sf)
deconvoluted into Standard-I and Standard-II fission modes (taken from Ref. [1])
One of the crucial points in calculating the prompt neutron spectrum is how to
treat the neutron emission from wide variety of fission fragments with wide variety of
excitation energy. From theoretical point of view, a complete Hauser-Feshbach or
cascade evaporation calculation of neutron emission from primary fission fragments
with distributed excitation energy would be desirable. However this is a too cumbersome task for practical purposes. Madland and Nix [3] proposed a simplified model in
which a triangular distribution function was assumed for the fragment nuclear tern-
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One of the crucial points in calculating the prompt neutron spectrum is how to
treat the neutron emission from wide variety of fission fragments with wide variety of
excitation energy. From theoretical point of view, a complete Hauser-Feshbach or
cascade evaporation calculation of neutron emission from primary fissiosi fragments
with distributed excitation energy would be desirable. However this is a loo cumbersome task for practical purposes. Madland and Nix [3] proposed a simplified model in
which a triangular distribution function was assumed for the fragment nuclear temperature distribution after neutron emission. This assumption made the calculation
much easier. In the original Madland-Nix model (abbreviated as MN model hereafter), neutron emission from a pair of average light and heavy fragments was considered. Later, the MN model was extended so as to include calculations over the entire
fragment distribution [4]. This, however, again introduced complications, because
calculations had to be repeated for many pairs of fission fragments with a distribution
of mass and charge. The multimodal fission model presents another approach to treat
the variety in mass and energy partition between fission fragments. If scission takes
place at several distinct prescission shapes (or modes), the prompt neutron spectra for
each mode should be different for each mode, because the energy partition and nuclear properties of the primary fragments are different for each mode. Thus we divided the entire fission fragments into a few groups, each represented by modal average masses and TKE, and calculated the prompt neutron spectrum for each mode
(called 'modal spectrum') independently using available empirical data. The total
neutron spectrum was obtained by superposition of the modal spectra weighted with
respective probability of occurrence multiplied with the prompt neutron multiplicity
for each mode ( see eq.(2) below). This approach brings about a possibility of understanding systematic change of the prompt neutron spectra for actinide nuclei in conjunction with the change in the number of modes and in the branching ratios to fission
modes, without too much complications.
In our previous paper [5], we reported results of analyses of prompt neutron spectra for 237Np(n,f) for incident energies 0.3 to 5.5 MeV with the multimodal MN model
using the data of Siegler et al. [6, 7]. In this paper we report results of multimodal
analysis of prompt neutron spectra for spontaneous fission of even-mass plutonium
isotopes of 23SPu, 240Pu, 242Pu, and for neutron-induced fission of 239Pu. Madland [8]
published results of calculation of prompt neutron spectra for even-mass isotopes of
plutonium using the experimental data of Geel group [9] for the mass and TKE distributions of fission fragments. It is interesting to compare the present results where
each mode was treated independently and Madland's results where several fission
modes were collapsed into single average fragment pair.
2. Method
Schillebeeckx et al. [1] found that orderly changes observed in mass and total kinetic energy distributions in 238Pu(sf), 24oPu(sf), 242Pu(sf) and 239Pu(n,f) were interpreted
as due to a systematic change in the branching ratios to Standard 1 (SI), Standard 2
(S2) and Standard 3 (S3) modes during fission process according to the mass number of
the fissioning nuclei. These data were adopted as the basis of the present analysis.
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Another change introduced was that account was taken of different number of
neutrons emitted from light (LF) and heavy fragments (HF). In the original MN
model, an implicit assumption was made that an equal number of neutrons was emitted from the two fragments. However, it has been known that more neutrons are emitted from LF than from HF in low-energy-neutron-induced fission and this tendency is
inverted at higher incident energies for 235U(n,f) and 237Np(n,f) [12, 13]. For
239
Pu(nth,f)> the measured average numbers of neutrons emitted from LF and HF were
vt^l.56 and vtf=1.36, respectively [14]. This is an important fact to notice because
the laboratory-system spectra of neutrons emitted from LF are considerably harder
than those from HF because of the larger velocity of LF (the measured average velocities are vL=1.41 cm/ns and vH=1.02 cm/ns for 239Pu(nth,f) [15]). This was confirmed in our calculation (Fig. 2) and also in an experiment [14]. We therefore used
the following formula:
X ^ ) = [V,LX-L(^)+V,HX-H(^)]/(V<L+V(H)

(1)

to synthesize the modal spectra X/C^n) from laboratory-system spectra XiiX^n), X<HC£B)
of the two fragments, where the subscript i stands for a fission mode (/=S1, S2 or S3).
According to the multimodal model, the mass distributions of fission fragments
were represented as a sum of several pairs of Gaussian functions, each pair corresponding to a fission mode. Thus by applying the prescription of the MN model to
each mode, we were able to obtain the prompt neutron spectrum for each mode. The
optical model potential of Becchetti and Greenlees [16] were used to generate the inverse reaction cross sections for the fission fragments. The total energy release for
each mode was calculated using the TUYY mass formula [17]. The same code system
as the one reported before [11] was used with some modifications.
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Fig. 2. Comparison of calculated spectra of prompt neutrons emitted from
light and heavy fragments in the laboratory system
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3. Results
5. / Basic data for mPu(sJ), 24OPu(sj),242Pu(sf) and 239Pu(nJ)
a) Fragment mass distributions: The pre-neutron-emission fragment mass distributions were decomposed into four Gaussian functions corresponding to SI- and S2modes for even-mass isotopes, and six Gaussians with inclusion of S3-mode for
239
Pu(n,f) [1]. It was observed that, as the mass number of the fissioning nucleus increased, the contribution of SI-mode (associated with the spherical 82N shell) increased, while that of S2-mode (deformed 88N subshell) decreased, that of S3-mode
(50N shell and 97N subshell; identified only in 239Pu(n,f)) remaining small.
b) Total kinetic energy: The average TKE of fragments was found to be larger by
-17 MeV for SI- than for S2-mode (see Table 1 below), reflecting the difference in
the charge-center distance between the two fragments at scission for the two modes
[1, 2]. The deviation of the average TKE from systematics by Viola et a/.[18] and
Unik et al. [19] as a function of the Coulomb parameter was also interpreted in terms
of multimodal model [1].
c) Prompt neutron multiplicity: The total average prompt neutron multiplicity v} for
mode i was obtained from the calculations of Fan et al. [20] with some interpolations.
The calculated values of yt were renormalized to experimental data in order to consider
a possible ambiguity in the calculation. These values were used to give a weighting to
partial spectrum in constructing the total spectrum with the following formula:
w v

i iXi(£ n ) / ( £ W I V J )

J

(2)

i

where w, is the branching ratio to mode /.
d) Total energy release: The total energy release ER was calculated with the
TUYY mass formula [17] using the seven-point approximation [3] for each mode. It
was found that ER was the highest for SI-mode, because the HF in this mode lay close
to the double-magic number region with A~\ 32.
3.2 Comparison of partial spectra in fission ofplutonium isotopes
The calculated modal and total spectra for 238Pu(sf), 24OPu(sf), 242Pu(sf) are compared in Fig. 3 and those for 239Pu(n,f) is shown in Fig. 4. The energy partition for the
two cases are summarized in Table 1. It was observed that the SI-modal spectrum
was softer than that for S2-mode for all the cases analyzed. From Table 1 we can interpret this as follows: although ER is larger for SI-mode, the TKE is also higher due
to small charge-center distance for SI-mode, so that the total excitation energy E* is
small; thus the maximum nuclear temperature Tm is lower for SI- than for S2-mode.
The nuclear temperature distribution for 238Pu(sf) is shown in Fig. 5. This tendency is
exactly the same as for 237Np(n,f) in our previous analysis [3].
The results for S3-modal spectra are rather ambiguous, because of larger uncertainty in associated quantities due to difficulty in separating small contribution
(-1.0%) from the total. The measured average TKE for S3-mode in 239Pu(n,f) is
164.2 MeV [1], while the corresponding quantity for 237Np(n,f) is 152.19 MeV at in-
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cident energy 5 MeV [6, 7]. This prominent difference of 12 MeV in TKE is a reason
that the S3-modal spectrum is much softer for 239Pu(n,f) unlike for 237Np(n,f)- However, the effect of this difference to the total spectrum is almost negligible due to
small branching to this mode.
Comparing the three spectra in Fig. 3 we see that the total spectrum is determined
by combination of the two components SI and S2. For 238Pu(sf), S2-mode (with
harder spectrum) accounts for 90.3% of the total fission process, thus the resulting
total spectrum is hardest among the three isotopes. In contrast, for 242Pu(sf), the
branching ratio to S2-mode decreases down to 69.3%, thus resulting in softest total
spectrum among the tree isotopes. The average energies of prompt neutrons are:
2.005 MeV, 1.977 MeV, 1.973 MeV. for 238Pu(sf), 24OPu(sf) and 242Pu(sf), respectively. This can clearly be seen in Fig. 6, where the four spectra were compared. This
should be compared with previous results of calculation by Madland [8] that the softest spectrum is that of 242Pu(sf) whereas the hardest spectrum is that of 24OPu(sf)
among the even-mass plutonium isotopes.
Table 1. Branching ratios and energy partition in ^PuCsf), 24DPu(sf), 242Pu(sf) and 239Pu(n,f).
The data of the mode branching ratio and TKE were taken from Schillebeeckx et al. [1]
Modes
Branching ratio
W,

Average
fragments
£«(MeV)

TKE (MeV)

E' (MeV)

r«(MeV)

SI
S2
S3
SI
S2
S3
SI
S2
S3
SI
S2
S3
SI
S2
S3
SI
S2
S3

238

Pu(sf)

24O

Pu(sf)

Pu(sf)

30.7%
69.3%
—

239

Pu(n,f)

24.8%
74.2%
1.0%
Mo-105,Te-133 Mo-106,Te-134 Mo-107, Te-135 Mo-105, Te-135
Y-98,Cs-140 Y-99, Cs-141 Zr-103,Xe-139 Y-99, Cs-141
—
—
—
As-83, Pm-157
205.44
206.11
205.56
205.40
198.61
198.37
196.28
199.81
—
—
—
182.12
190.4
192.7
192.2
191.9
174.2
175.1
174.8
175.8
—
—
....
164.2
13.41
13.54
13.36
21.53
22.57
28.61
23.51
23.01
—
—
—
24.46
1.017
0.798
0.811
0.803
0.986
1.095
1.001
0.990
—
—
—
1.032
9.7%
90.3%
—

26.2%
73.8%
—

242
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Fig. 3. Modal and total spectra of prompt neutrons in 238Pu(sf), 24OPu(sf) and 24 Pu(sf).
Experimental data were taken from Aleksandrova et al. [21] for 24OPu(sf) and
from Belov et al. [22] for 242Pu(sf)
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Fig. 4. Modal and total spectra for prompt neutrons in 239Pu(n,f). The experimental data were
taken from Johansson et al. [23]

Fig. 5. Nuclear temperature distribution
of residual fission fragments for 238Pu(sf)
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Fig. 6. Comparison of the total prompt neutron spectra for
24O
Pu(sf), 242Pu(sf) and 239Pu(n,f)

238

Pu(sf),

3.3 Comparison of the total spectra with experiments
There are only scarce experimental data for (sf) of even-mass isotopes of plutonium. The data available to us [21-23] were plotted in Figs.3 and 4. It is seen that the
present calculation agrees quite well with experiments for 24OPu(sf) and 239Pu(n,f). For
Pu(sf), there is a discrepancy between the calculated and experimental data of Belov et al. [22], the shape of the latter being apparently different from those of other
isotopes.
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3.4 Comparison of total spectra for

Pu(nJ) and

Pu(sj)

It is interesting to compare the neutron spectra for 239Pu(n,f) and 24OPu(sf), for
which the fissioning nucleus is the same. From Table 1 we see that the mode branching ratios, ER and TKE are more or less similar for the two cases, the only difference
being the addition of neutron binding energy of 6.534 MeV for 239Pu(n,f). Thus the
explanation to the harder spectrum of 239Pu(n,f) compared with that for 24OPu(sf) (see
Fig.6) is exclusively due to higher total excitation energy of the fission fragments by
the amount of neutron binding energy.
3.5 Comparison of single-mode and multimodal calculations
It is also interesting to compare the results of conventional (referred to as "singlemode") and the multimodal MN model. Figure 7 compares the results of calculations
with the two methods and experimental data [23]. The multimodal calculation is seen
to show closer agreement with the experiment. This is because the contribution of the
SI-component with softer spectrum softens the total spectrum, though the branching
ratio to SI-mode is only 24.8% for this case.
In our previous analysis [5] of the prompt neutron spectra for 237Np(n,f), the multimodal calculation was found to reflected the variation in the incident neutron energy
more sensitively than the conventional single-mode method. This is because not only
the increase in the excitation energy E of the compound nucleus, but also the growth
of S2-mode (with higher Tm) with increasing incident energy were considered in this
approach. Therefore the advantage of the multimodal MN-model becomes more evident when it is applied to cases where there are contributions of several different
modes or considerable modal changes.
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4. Conclusion
A systematic analysis of prompt neutron spectra for plutonium isotopes in terms of
the multimodal MN model was made. It was found that the partial spectra associated with
SI-mode were softer than those with S2-mode, and that the total spectra were determined
by combination of the two components. The total spectrum for 238Pu(sf), for which S2component accounted for 90.3%, was the hardest, while that for 242Pu(sf), for which S2component accounted for 69.3%, was the softest among the even-mass isotopes.
The multimodal approach yielded the total spectra that showed better agreement
with experiments. This is because the energy partition during fission process is treated
in a realistic way in the multimodal fission model, leading to automatic consideration
of the variation of Tm with the fragment mass regions
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Features of the Neutron Spectra Accompanying
the Fission of Actinide Nuclei
G.N. Lovchikova*, A.M. Trufanov*, M.I. Svirin*, A.V. Polyakov*,
V.A. Vinogradov*, V.D. Dmitriev**, G.S. Boykov** .
institute of Physics and Power Engineering, Obninsk, Russia
**Khlopin Radium Institute, St. Petersburg, Russia
Abstract. The spectra of fission neutrons from 238U are measured by the
time-of-flight technique at incident-neutron energies £",,=5.0 and 13.2 MeV.
The data jre compared with those obtained in the previous studies for 232Th,
232
235,238^ ;.3?Np a t £^29
Th at £,,=14.6 and 17.7 MeV;
a n d 14.7 MeV; for
238
for U at 16.0 and 17.7 MeV. An excess of soft neutrons, which is observed •
in comparing experimental spectra for £,=13.2, 14.7, 16.0, and 17.7 MeV
with the results of traditional theoretical calculations, is reproduced fairly
well under the assumption that, at high excitation energies of a compound
system, some part of postfission neutrons can be emitted by nonaccelerated
fragments.

Introduction
A scientific aspect of the investigated problems is connected with the appearance
of unknown features (or maybe features that have not received sufficient attention) in
the distributions of neutrons as the energy of the bombarding (primary) neutrons En is
raising above the threshold of the reaction when nuclear fission becomes an emission
process. Neutron emission and fission are the dominating types of decay of excited
heavy nuclei. When the excitation energy U= En+Bn of the initial compound nucleus
A satisfies the condition
^ ^ '

Uy

(1)

the fission of its lighter isotopes A-v i.e., of the residual nuclei after the emission of v
neutrons, becomes energetically possible. The quantities Ef and Bn in (1) are,
respectively, the height of fission barrier and neutron binding energy for the nuclei.
The superscripts are the mass numbers of the nuclei. The entire right side in the case
v=\, i.e., £/, = E*~l + B*, is the threshold for emission fission.
The most available data in the region of excitation energy U<U\ (first plateau of
fission cross sections) do not contradict a hypothesis of the neutron emission from
fully accelerated fragments and the neutron-emission process by the evaporation
mechanism. This is supported by experimental data on spontaneous nuclear fission
and thermal neutron-induced fission. The contribution of other possible mechanisms
(such as so-called "scission" neutrons, neutrons emitted during fission fragment
acceleration, etc.) is not significant. Although the analysis of numerous experiments
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has shown that neither Maxwell nor Watt type distributions do not provide the
absolutely accurate reproducing of experimental spectra, the deviations are not so
remarkable and both of them are commonly used to describe and compare the fission
neutron spectra parameters and their behaviour via incident-neutron energy. These
deviations do not radically change the effects under discussion.
Initially, these features were observed in comparing the measured spectra of
neutrons at two characteristic energies of En=2.9 and 14.7 MeV for the target nuclei
232Th> 233. 238^ 237 Np j- ^

fa

^

first

^ ^ ^

exdtation energy of

JJ=2.9 MeV+5 n

is below the energy thresholds U\ for (n,n'f) reactions, and secondary neutrons are
emitted from exited fission fragments of compound nuclei. In the second case the
excitation energy of £7=14.7 MeV+Z?n lies much higher than the thresholds U\ for
(n,n'f) reactions, and fission process has of an emission character- that is, the fission
of the residual nuclei A-\ and/i-2 formed after the emission of one or two neutrons is
energetically possible. Under such conditions, not only fission fragments but also the
fissile nuclei A and A-\ become sources of neutrons. According to the generally
adopted terminology, neutrons emitted prior to the fission of A-v{v=\, 2,...) nuclei
are referred to as prefission neutrons, whereas emission neutrons from excited fission
fragments of A-v (v=0, 1, ...) nuclei are called postfission neutrons. It is usually
assumed that postfission neutrons are emitted by fully accelerated fragments.
The measurements performed at En=2.9 and 14.7 MeV made it possible to
compare in one experiment pure spectra of neutrons from fission fragments (Maxwell
type distribution) and spectra involving both pre- and postfission neutrons. The
spectra of neutrons at 2.9 MeV served as a background (it is to say a standard of
spectrum shape) against which effects associated with emission of prefission neutrons
manifested themselves. Experimental results show that the energy distributions at
isn=14.7 MeV are different in shape from the analogous distributions at £,,=2.9 MeV.
Additional experimental information obtained for a 232Th target at £,,=14.6 and
17.7 MeV [4], for a 238U target at £n=16.0 and 17.7 MeV [5] display that the newly
measured spectra always differ in shape from the spectra corresponding to
En-2.9 MeV. In this paper we report the results of our neutron spectra measurements
for the target nucleus 238U at the energies of primary neutrons En=5.0 and 13.2 MeV
and explain the observed change in the shape of neutron spectrum with primaryneutron energy. By way of example, our analysis is performed for the reaction
™\3(n,xn'f) at£ n =2.9, 5.0, 13.2, 14.7, 16.0, and 17.7 MeV.
Experiment
The first series of measurements (£,=2.9 and 14.7 MeV) was made at a setup of
the Radium Institute (RI) [1,2]. The following researches (£,,=5.0, 13.2, 16.0, and
17.7 MeV) were done at the Institute of Physics and Power Engineering (IPPE) by
using a continuous beam from a KG-2.5 neutron generator [4,5]. Background
conditions in experimental hall were also different. Neutrons with energies 2.9, 5
MeV and 13.2, 14.7, 16.0, 17.7 MeV were obtained in reactions D(d,nfHe and
3

4
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Energy spectra of neutrons were measured with a time-of-flight spectrometer in
coincidence with fission fragments in the energy range 0.25-12 MeV. The
measurements were carried out with respect to well-known prompt neutrons spectrum
from spontaneous fission of 252Cf, moreover, the investigated Ni(E,En) and standard
Ncj(E) spectra were studied simultaneously. The experimental setup included the
fission fragment detector (ionization chamber), a neutron detector with shielding and
instrumentation providing for data acquisition and preliminary experimental data
sorting.
The detector of fission fragments was constructed as a four-sectional multilayer
ionization chamber, each sections being connected with a separate time-of-flight
channel. Three sections of the chamber contained an isotope under investigation with
12 layers per section. The layers of fissile material (2 mg/cm2 in thickness, 100 mm in
diameter) were applied on both sides of aluminum foil backing 0.05 mm in thickness.
The total weight of the isotope under investigation in each sections was 1.87 g. The
fourth "monitor" section contained two unilateral targets made of the isotope under
analysis of the same thickness, with the isotope 252Cf uniformly embedded in them.
The identity of all sections for count and amplitude characteristics was tested by
measuring fission fragment spectra.
The detector of neutrons consisted of a stilbene crystal 63 mm in diameter and 39
mm in height coupled to fast photomultiplier tube FEU-30. The characteristics of the
detector were as follows: the threshold for neutron detection (with the n-ycompensation circuit) was equal to 250 keV, and absolute efficiency of neutron
detection was about 30% (the latter was determined by measuring the spectrum of
prompt neutrons from 252Cf spontaneous fission with the simultaneous detection of
fission fragments). The detailed description of the experimental arrangement was
presented earlier [1,2].
Experimental results and analysis
Comparison
of
experimental
data
represented
as
the
ratios
R,{E,En)=Nj(E,En)/Nc/(E) of normalized (to unity) spectra of neutrons from the nuclei
1= 232Th, 235U, 238U, 237Np to the corresponding spectra as measured for the
spontaneous fission of 252Cf revealed [1-3], as it may be seen in Fig.l, that these ratios
at £n=14.7 MeV are totally different in shape from the analogous ratios at
En=2.9 MeV. In the latter case Rt{E,En) is close to linear function. This means that the
shape of the distributions observed at En=2.9 MeV corresponds to the evaporation
mechanism of neutron emission from fully accelerated fragments. The Maxwell
distribution NM(E,T) for the spectrum of postfission neutrons was used in our analysis
of experimental data. The slope of calculated ratios (dashed curves in Fig.l for
£n=2.9 MeV)

R' ( £ , £ ) =

M{

' f) = (Tc, IT, fn exp — 2
NM{EJCf)
V'

E

(2)

G.N.Lovchikova, A.M.Trufanov, V.D.Dmitriev, G.S.Boykovetal.

75

are determined by temperature difference TC/ - 7",, where TCf and Tt are the
temperatures of the spectra of fission from
Cf and from the nucleus under
investigation. The corresponding values of temperature Tt are shown in Table (the
reference value 7c/=1.42 MeV).
Table. Temperature values of the fission neutron spectra of the nuclei under investigation
233
239
239
; 236 U
Primary compound
Th
U
Np
nucleus
Th MeV
1.285±0.018 1.344±0.015 1.332±0.016
1.369±0.015
The observed R,{E,En) and approximating /?, c (E,E n ) distributions as functions of
E reveal small deviations from linear dependencies and approach linear dependencies
more closely with decreasing temperature difference TCf - T{ which quantity
determines the tangent of the angle between the dashed curves and the abscissa.
In the case of £ n =14.7 MeV incident neutron energy (Fig.l) the ratios R,{E,En) are
also very similar. The contribution of prefission neutrons is clearly identified by the
deviation from the Maxwell type distribution corresponding to neutron emission from
excited fission fragments. There are some features in the experimental ratios. The
maximum at Emax^S.5 MeV as it will be easily understood is connected with the
nonequilibrium hard (high energy) component of prefission neutron spectrum. Its
right slope of the maximum corresponds to the cut-off in nonequilibrium spectrum by
the fission threshold of the residual nuclear A - \ formed after emission of the first
neutron. The spectrum has a cut-off at the neutron energy

E^^E.-E}-*.

(3)

For E>Emix, the spectrum of fission neutrons is determined exclusively by postfission
neutrons. The effect under discussion could not be observed if the emission of first
neutrons were determined only by the equilibrium mechanism characterized by a soft
evaporation spectrum such that the yield of neutrons with energies in the vicinity of
E*Emax is small for the En values considered here. An admixture of a hard component
due to the nonequilibrium mechanism producing neutron with a yield that is greater
than that for the evaporation mechanism by several orders of magnitude makes it
possible to observe visually the effect associated with the fact that the spectrum of
first neutrons is limited by the (n,n'f) threshold. An ascending character of the
spectrum with decreasing secondary-neutron energy in the region E<2 MeV was
tentatively attributed to the evaporation component of prefission neutrons. As can be
seen in Fig.l, our data are in a good agreement with previous measurements [6]
carried out for the energy range E^i.3-5 MeV at the incident neutron energy
£,,=14.3 MeV.
Under the assumption of two sources of neutrons (nuclei undergoing fission for
prefission neutrons and fully accelerated fragments for postfission neutrons), the
traditional statistical description that takes into account the contribution of
nonequilibrium neutrons according to the exciton model of preequilibrium decay can
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reproduce the shape of the observed distributions at £n=14.7 MeV only in the region
of secondary neutrons £>2 MeV [2,7]. In the low-energy region (£<2 MeV),
experimental spectra show an anomalously large yield of soft neutrons in relation to
the results of the calculations. There is a clear tendency toward a decrease in the yield
of the anomalous soft component in the spectra of fission neutrons with increasing
fissility of nuclei.
The discovery of the anomalous soft component in the spectra of neutrons
accompanying the fission of heavy nuclei at £n=14.7 MeV required further studies.
As can be seen from Fig.2(a) the second series of measurements [4] carried out at a
setup of IPPE showed that the newly measured spectrum for a 232Th target at £,,=14.6
MeV is in a good agreements with the result of the first series of measurements made
at a equipment of RI. Taking into account the scientific and practical significance of
the studied effects, we considered it necessary to investigate experimentally the
spectra of neutrons from emission fission at higher energies of incident neutrons. It
makes possible to establish that anomalously soft neutrons are observed at other
excitation energies of the initial fissile nucleus and to carry out a global statistical
analysis in order to clarify the physical origin of these neutrons.
As seen in Fig.2(b) the experimental distribution R{E,En) measured for the 232Th
target nucleus at primary neutron energy £,,=17.7 MeV is also similar in shape to
analogous ratios at £n=14.7 MeV showed in Figs.l, and 2(a). The spectra of fission
neutrons were now measured primarily for the 238U target nucleus. Firstly the
measurements were carried out for £,,=16.0 and 17.7 MeV [5] after that for
£,,=13.2 MeV and finally for £n=5.0 MeV. Of the four nuclei studied previously, we
chose 238U because the attainment of statistical accuracy necessary for observing the
above effect (the maximum effect was observed for 232Th and 238U) requires a much
less operating time of the accelerator than in experiments with 232Th. This is
especially important for long-term measurements. The more detailed picture of the
changes in shape of the experimental distributions obtained in researches for the
23S
U+n system at energy values £n=2.9, 5.0, 13.2, 14.7, 16.0, and 17.7 MeV are
shown in Fig.3.
For £n=5.0 MeV, the excitation energy U=En+Bn is below the energy threshold U\
for 238U(n,n'f) reaction and secondary neutrons originate only from excited fission
fragments of compound nucleus 239U. As in case of £n=2.9 MeV the observed /?(£,£„)
and approximating Rc(E,En) (2) distributions for £n=5.0 MeV (see Fig.3) as functions
of £ reveal small deviations from linear dependence. The shape of newly measured
spectrum of postfission neutrons is close to Maxwell type distribution.
The shape of the experimental distributions R(E,En) in Fig.3 at £n=13.2, 14.7,
16.0, and 17.7 MeV displays special features mentioned above that clearly distinguish
these distributions from a nearly linear dependence for £,,=2.9 and 5.0 MeV.
A statistical description that is based on the postulate of two sources of neutrons
(the compound system for prefission neutrons and the fully accelerated fission
fragments for postfission neutrons) and which takes into account the contribution of
prefission neutrons from nonequilibrium decay satisfactory reproduces the shape of
the observed distributions (curve 1 in Fig.3) over a larger part of the energy region
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(E22 MeV), demonstrating that this interpretation of the features associated with
nonequilibrium neutron emission is qualitatively correct. However in the soft section
of spectra R(E,En) (E<2 MeV) the calculated curves 1 are considerably lower than
experimental values.
To explain the excess of soft neutrons in the spectra corresponding to the
emission fission of nuclei it is assumed that the mechanism according to which
postfission neutron emission occurs only from fully accelerated fragments requires
refinement. Following [8] we consider fragments at the instant of separation as a twobody system in which the interaction potential involves repulsive Coulomb
interaction and attractive nuclear forces. It is also assumed that in this system all
degrees of freedom are in statistical equilibrium and its lifetime is such that
nonaccelerated fragments may emit neutrons if this is energetically possible. Let
Uo=Uoi+Uo2 is the total excitation energy of internal degrees of freedom (thermal
energy) of the complementary fragments that is due to transition of nucleus
undergoing fission to the configuration of the fragments in touch. With the excitation
energy Um 0=1,2) we associate neutron emission from nonaccelerated fragments
under condition Uoi>B*' (B*1 is the neutron binding energy in the fragment Ai) and
attribute the above low energy anomaly in the spectra to this emission.
The absence of extra neutrons at £,,=2.9 and 5.0 MeV and their appearance at the
higher energies of £n>13 MeV indicate that £/0, depends on the energy of bombarding
neutrons and, hence, on the excitation energy of an initial compound nucleus. To
simplify the problem we assume that this dependence is linear and that the excitation
energy is distributed between two fragments in proportion to their masses:
Uo,=C(En+B?)A/A

(4)

The factor C shows what fraction of the excitation energy of a compound nucleus
has been transferred to the intrinsic degrees of freedom of fragments at the instant of
their separation. In estimating the neutron spectrum from nonaccelerated fragments
the distribution of the excitation energy for an individual fragment is assumed to have
a Gaussian form with mean value (Uot) according to (4). The factor C affects the
hardness of the spectrum and the yield of neutrons from nonaccelerated fragments.
All the details of this theoretical approach were presented in [9].
To describe the spectra of pre- and postfission neutrons the observed fission cross
section of{En)

was represented as the sum af{En)=

2l<?f A.V(E n) of partial
v=0

components O/ A.v(En) [2, 9] for a chain of the fissile nuclei A, A-\, ..., A-vmax
corresponding to v=0, 1, ..., vmax(En) neutrons emitted prior to fission. Isolating the
contributions of prefission neutrons, neutrons from nonaccelerated fragments, and
neutrons from fully accelerated fragments the calculated spectrum can be represented as
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where a is a constant introduced to fit experimental data and to compensate for
inevitable uncertainties in describing Vj-A_v on the basis of extrapolating the
systematics of vf(En)

from [10] to the region £ n >6 MeV. Similar uncertainties are

inherent in using the systematics of T\En) from [11]; because of this, the quantities Tv
were varied within 3% with the aid of the constant p.
By varying the fitting parameter C there was achieved a correct description of the
experimental spectra in the low-energy region £<2 MeV. The calculated neutron
spectrum (5) with parameters fitted to experimental data corresponds to the calculated
ratio Rc(E,En)= ^AE'EJ/dE
. At one value of the coefficient C ( 0 0 . 5 3 ) the
v(E9)Nu{EJv)
shape of neutron distributions observed at £,,=13.2, 14.7, 16.0, and 17.7 MeV is
satisfactorily reproduced by the results of the calculations (curve 2 in Fig.3 ) over the
entire range of measured secondary neutron energies including the low-energy section
E<2 MeV.
Conclusion
The experimental ratios R(E,En) of the spectra N(E,En) of prompt neutrons for
U fission induced by neutrons with energies of £,,=5.0 and 13.2 MeV to the
spectrum //cf(£) for the spontaneous fission of 2i2Cf were measured. At least in the
measured energy range of secondary neutrons 0.25-12 MeV for the reaction (n,f)
induced by primary neutrons of energy £n=5.0 MeV the behaviour of experimental
distribution shape was found to be analogous to those for neutrons from the induced
fission of 238U at £n=2.9 MeV and the spontaneous fission of 252Cf. As well as the
well-studied spectrum of spontaneous fission of 252Cf spectra N(E,En) at £,,=2.9 and
5 MeV are close to Maxwell distribution 7VM(£, T) with an accuracy of the correction
which takes into account some small deviations from Nu{E,T) [12].
At £n=13.2, 14.7, 16.0, and 17.7 MeV the distributions have a maximum at
E=Emax (3) and rise with decreasing energy £ in the region £<2 MeV. Undef the
assumption of two sources of neutrons (nuclei undergoing fission for prefission
neutrons and fully accelerated fragments for postfission neutrons) the results of
calculations can reproduce the shape of the observed distributions only in the region
£> 2 MeV. In the low-energy region (£<2 MeV) the experimental spectra display an
anomalously large yield of soft neutrons in relation to the results of calculations. If
the third source of neutron emission from nonaccelerated fragments is incorporated
into the model calculations the results agree well with experimental data over entire
range of measured secondary neutron energies, including the anomalous region
£<2 MeV.
Further experiments to study this effect are necessary for obtaining deeper insight
into the mechanism that is responsible for the emergence of soft neutrons. It should be
noted that the additional experimental information about the neutron distributions
especially in the low-energy region 10 keV-2 MeV would be useful.
238
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Fig. 1. Ratios of the energy distributions of fission neutrons RifE.EJ for target nuclei i =232Th,
235.238y^ a n ( j 237jsfp versus energy E for £n=2.9 MeV (left-hand column) and £n=14.7 MeV
(right-hand column); the closed points are our experimental values. The open points are the
results obtained in [6]; dashed curves show the ratios of the Maxwell distribution with
temperatures Tt presented in Table to one with r C /=1.42 MeV; the solid curves are the results
of the calculations for £.=14.7 MeV
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Fig. 2. Exsperimental ratios RfE.EJ for target nucleus 232Th versus energy E for
£n=14.6 MeV (a) and £n=17.7 MeV (b). Closed points - IPPE experiment,
open points - RI experiment £,,=14.7 MeV
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Fig. 3. Ratios R(E,EJ of the spectra of fission neutrons from the reaction 238U(n,xn'f) to the
spectrum of neutrons from the spontaneous fission of 252Cf: (points -solid circles [1-3], - open
squares [4]) experimental values, (solid curves 1) results of the calculation without allowance
for the contribution of neutrons from nonaccelerated fragments, (solid curves 2) results of the
calculation with allowance for the contribution of neutrons from nonaccelerated fragments,
and (dashed lines) ratios of Maxwell distributions with temperatures 7t/=1.332 MeV for
£B=2.9 MeV, 7V=1.353 MeV for £,=5.0 MeV and TCj=\A2 MeV
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Exotic Ternary Decay Modes in the 248Cm and 252Cf Nuclei
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Abstract
Of the events due to the spontaneous decay of the 248Cm and 252Cf nuclei
some events with a yeild ~10"s-10"* have been detected for which the total
mass of two complimentary fragments is about 30% smaller than the mass of
the fissioning nuclei. The events under discussion are connnected with the
clusters being crucial for fission mode formation. The preliminary results
presented seem to be an indication of the multicluster decay of heavy actinide
nuclei.

Introduction
Our experiments were initiated as a result of investigations of heavy ion
radioactivity [1] and bimodal fission of nuclei lying in the vicinity of Fm [2], which
are characterized by an extremly narrow distribution of fission fragments in mass in
the frame of one of the modes. This fact is due to the specific manifestation of shell
effects, namely the presence of a highly bonded (magic) integration of nucleons
(clusters by definition) at some stage of the evolution of a nuclear system. In terms of
the number of clusters involved heavy ion radioactivity is a "single-cluster" decay
because the double magic nucleus of 2O8Pb appears to be one of the daughter products
("Pb-radioactivity"). It is likely that cold fission involving also double magic I32Sn
nucleus is an example of single-cluster decay ("Sn-radioactivity") [3]. If one follows
such a classification the bimodal fission of 2i8Fm which decays into two Sn nuclei is a
"di-cluster" decay. Now the question arises as to whether there exist multicluster
decays of higher, triple multiplicity? The nucleus of 246Cm which is equivalent to
three 82Ge nuclei in composition could be a good candidate for searching for the
decay in question. The less rare isotope 248Cm was investigated in our work. The
results presented below include some data on 252Cf as well. [4]
Experiments and results
The experiments were performed at the 4-pi spectrometer of the charged
fragments, FOBOS, installed at the the Flerov Laboratory of Nuclear Reactions of the
Joint Institute for Nuclear Research, Dubna[5]. Each of the 30 spectrometer modules
includes a position-sensitive double-grid avalanche counter (DGAC) and a Bragg
ionisation chamber (BIC). The velocity of the fission fragments (FF) was determined
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by a parallel-plate avalanche counter (PAC) or a microchannelplate start detector (in
the Cm and Cf experiments respectively) and by the DGAC's which provide stop
signals. From the velocity and energy measurements the mass (the "V-E" method)
and momentum (as a vector) have been deduced for both fragments of each pair.
An analysis of triple coincidence events does not reveal any true ternary fission
events of the ~106 binary fissions of 248Cm nucleus. However, this fact does not imply
their absence at all. If a prescission shape looks like a chain consisting of three
fragments and two fragments being at the extreme left and extreme right positions fly
apart along the chain axis the middle fragment can stay in rest. Such a case has been
investigated earliar in order to analyse the disintegration of the 238U nucleus induced
by relativistic protons [6]. Special observerbls should be used in searching for the
mentioned ever.ts, namely, the masses M, and Mb of the FF detected by the "V-E"
method in coincidence in the two arms ("a" and "b") of the spectrometer. When a
middle fragment is really in rest the momenta of the fragments flying apart have to be
equal: Pa=Pt>. Due to this fact the proximity of the momentum of the complementary
fragments can be a rejection criterion for faulty events. The main part of them is
connected with scattering of the FF on the grids of the DGAC's and BIC's. The
selection rule is illustrated in Fig. 1.
The yield matrix Y(Ma,Mb) of the 252Cf FF pairs satisfying the selection rule is
presented in Fig.3.
The beak-like structures marked by dot-lines to guide the eye are vividly seen.
The bases of the "beaks" approach to the straight lines Ma,b=const: (96, 88, 82, 72)
amu asymptotically. The loci of points (N and G) are situated in the sharp part of
structures 3 and 4 (Fig.2) The results for 252Cf(sf) have been obtained in a similar
way. The momentum selection window chosen to obtain Fig.3 a is twice as larger as
that taken for Fig.3b. In the figures one can reveal a beak-like structure located along
the straight lines Ma,b~72 amu and a locus around the point with Ma~50 amu,
Mb~70 amu as a center. It should be noted that the structures discussed are not quite
correct from the following point of vew. Distribution Y(Ma,Mb) has to be symmetric
with respect to the diagonal Ma=Mb due to the isotropy of the FF emitted in
spontaneous fission. We believe that the true structures without calibration shifts
should look like those shown in Fig.4.
To summarize the above-said we emphasize that of the spontaneous fission
events observed some events have been detected (~10'5-10'6 for Cm and Cf nuclei
respectevely) for which the total mass of two complimentary fragments is about 30%
smaller than the mass of the fissioning nuclei.
•
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' Discussion
It seems reasonable to relate the structures under discussion to magic fragments
(clusters) of spherical 82Ge, 72"76Ni, 48Ca and deformed 96Sr, 108Mo, 83Kr(Se) nuclei. In
the framework of the di-cluster model of fission modes [7], these clusters are crucial
for fission modes formation. Among other modes there are some based on two
clusters of similar composition. Special features should be expected, for instance, in
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the sense of mode population for modes in which the fissioning nucleus is completely
clusterized, i.e. it constitutes the sum of three or more clusters. The :48Cm nucleus is
consistent by composition to five such modes, namely, 282Ge +84Ge, 288Kr+72Ni,
296Sr+56Ca, 274Ni+100Zr, 274'76Ni+25(M8Ca. The structures observed (Figs. 2,3)
apparently owe their origin to fission via very deformed states in the modes
mentioned. The excitation energy at the scission point in the process ranges from 80
to 110 MeV. Alongside with the events detected in the vicinity of the diagonal
Mj,=Mb, in particular, the locus G in Fig.2 consists of the events which are
presumably a true ternary decay of Cm nucleus to three Ge nuclei. In addition, there
are others events seen on the bases of the "beaks". These events may be products of
the sequentional disintegration of residual after separation of one of the clusters being
at the extreme position in the chain.
For the 25 Cf nucleus the following completely clusterized states are possible in
principle:72Ni+48Ca+132Sn, 82Ge+74Ni+96Sr, 272Ni+l08Mo. The latter mode manifests
most distinctly. It is conceivable that the other modes give rise to the loci marked by
the numbered arrows: Jfsl - (Sn-Ni), W°2 - (Mo-Ni), Jfe3 - (Sr-Ni), Jfe4 - (Ge-Ni),
•Ni>5 - (Ca-Ni), Jfe6 - (NI-Ni) in Fig.3a.
The preliminary results presented seem to be an indication of the multicluster
decay of heavy actinide nuclei.
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Abstract
The simultaneous emission of two light charged particles p, t, a in the
spontaneous fission of 252Cf and 248Cm (quaternary fission ) was investigated.
The idertification of the charged particles, emitted with relative a angle range of
=90-180° was performed by the pulse shape analysis method, using twin CsI(Tl)
counters. For research in the =18-32° range a dE-E telescope with an array of 6
semiconductor detectors for energy measurements and an ionisation chamber for
energy loss measurements was used. The emission probabilities for two light
charged particles per binary fission for these nuclei were determined. The
energy spectra the of alpha particles emitted in quaternary fission were
compared with the alpha particle spectra in ternary fission
INTRODUCTION
Relatively rare modes of low energy and spontaneous heavy-nucleus fission
which are accompanied by the emission of a third light charged particle (LCP) have
been the subject of intensive experimental and theoretical investigations [1] since
their discovery because these investigations may be viewed as one of the main
sources of information about the last stage of the fission process. The probability of
ternary fission is not high - about 2 - 3 counts per 103 acts of binary fission. Ternary
fission with the emission of long range alpha particles (LRA) with average energy of
=16 MeV is well studied because the LRA emission probability is about 90 % of the
total LCP yield.
New important information can be extracted from investigation of the fission
accompanied by the simultaneous emission of two light charged particles (quaternary
fission). Two experimental studies are known on this topic. The first evidence was
found in the thermal-neutron induced fission of 235U [2]. Detailed experimental
investigations into this phenomenon with a 252Cf source were carried out in [3]. In
both the cases of the thermal-neutron-induced fission of 235U and spontaneous fission
of 252Cf the probability of the simultaneous emission of two light charged particles
was measured to be about one per million binary fission events. It was found [3] that
the a-a coincidences were «80% and a-t «16% of the total yield of the quaternary
fission.
To provide additional information on the emission of these particles in 252Cf and
248
Cm spontaneous fission, this paper reports the results of a study of the probability
of the simultaneous emission and energy distributions of two light charged particles
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with a relative emission angle of «90-180°. A twin CsI(Tl) cristall scintillation
spectrometer was used for this purpose. The preliminary report of this experiment was
published in [4,5].
Also reported are the results of a study of the emission of two light charged
particles emission with a relative angle of =18-32° in 248Cm spontaneous fission,
using a telescope consisting of an array of six semiconductor E-detectors and an
fonisation chamber as a dE-detector.
'
APPARATUS AND EXPERIMENTAL PROCEDURE
The CsI(Tl) cristall apparatus used to study the simultaneous emission of two
light charged particles with a relative angle of «90-180° in fission is illustrated in
Fig.l. Two identical detectors on the basis of CsI(Tl), 20 mm in diameter and 0.5 mm
in thickness (Harshaw Chemical Company) and a FEU-176 photomultiplier
(Novosibirsk, Russia) with a photocathode with a diameter of 44 mm and the spectral
range of 300-850 nm were used. They were positioned at a distance of 4 mm on the
opposite sides of the source. The total geometry efficiency of the experimental set-up
was about 60 %.

CsI(Tl) $20x0.5 mm1

1000
L(T.) [a.u.J
500
Fig.l (a,b). Scheme of the experimental set-up and an identification plot ofLCP in the ternary
fission of752Cfand the calibration spectrum from a ThC source obtained by a CsI(Tl) counter
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The scintillator's thickness of 0.5 mm was chosen to detect LRA with energies of
<35 MeV and to provide a low sensitivity to the neutron and gamma-ray background
with intensity of about 104 per second. Both crystals, optically connected to the
photomultipliers, had a 2.5 urn aluminized mylar reflector on the front polished
surface. Al foils of 27 um thickness were installed in front of the scintillation counters
to absorb natural alpha- activity and the fission fragments. The spontaneous fission
source of 252Cf, which had a diameter of 6 mm and intensity of about 103 fissions per
second, had a 50 ug/cm2 A12O3 support, the 248Cm source, which had a diameter of
10 mm, had a Ti support of 1.5 um thickness. Reliable particle identification by the
pulse shape analysis method [5] was reached at the energy EICP>\ AMeV. The
selected integration gates Tl (0; 0.4 us) and T2 (1.5; 2.0 us) provided both the
suitable energy and particle resolution. As a result of this, a two dimensional plot of
the light outputs L(T1) versus L(T2) obtained for the ternary fission of 252Cf, is shown
in Fig.la. The energy resolution of each detector (Ea = 8.78 MeV) at Tl gate was
equal to 2.8%. The coincidence scheme for simultaneous detection of two LCP had a
gate duration of 2 us. The data acquisition system provided measurement of the LCP
emission in ternary fission, i.e. when each counter independently detected the LCP,
and also when the simultaneous emission of two LCP was detected during a
coincidence time of 2 us. A more detailed description can be found in [5].
In the studding of the simultaneous emission of two light charged particles with a
relative angle of al8-32° in 248Cm fission the dE-E method was used (Fig.2a). The
telescope consisted of an axial parallel-plate Frish-grid ionisation chamber for energy
loss (dE) measurement and an array of six silicon ion-implanted detectors mounted on
the cathode of the ionisation chamber for energy (E) measurement. The anode and
cathode of the chamber were separated by 60 mm. The grid manufactured from 20 JI
tungstan wires with a 1 mm step, was positioned at a distance of 16 mm from the
anode. The 248Cm source, which had «104 fissions per second and was covered with a
7.6 mg/cm2 Al foil, was placed at the anode. Each detector of the array had a
rectangular form of 2x2 cm2 with a separation distance of about 2 mm between
adjacent detectors. The measurements were carried out in a vessel filled with a
methane gas at a 0.3 atm gas pressure. The data acquisition system provided
registration of LCP from each detector of the array, using an "OR" scheme, and
measurement of the energy losses from the ionisation chamber. The time of
coincidence for simultaneous detection of two LCP was 1 us. The d E - E plot for
LRA particles is shown in Fig.2b.
An event of the simultaneous emission of two alpha particles is identified as a
point on dE-E diagrams of two semiconductor detectors above the LRA locus. The
ordinate of this point is equal to the sum energy losses of (dEl + dE2) of the two
alpha particles of this event, the abscissa, to the energy loss of every particle in the
semiconductor detector. It served as the criterion for selection of quaternary fission
events and allowed one to determine the energies of separated alpha-particles with an
accuracy equal to the energy width of the LRA locus in this place.
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RESULTS AND DISCUSSION
Our main task in measurement with a twin CsI(Tl) spectrometer was to compare
the LCP emission probabilities in the ternary and quaternary fission of 248Cm and
252
Cf under the same experimental conditions. The experimental results are shown in
Figs.3 (a, b) and in Table 1. The LRA energy spectra in the ternary and quaternary
fission of 248Cm and 252Cf are plotted in Figs 3a and«3b respectively. The LRA spectra
do not strongly depend on the angular distribution and it is difficult to calculate the
real energy spectrum without angular measurements. However, our results have the
same relative error, which gives the possibility of <ELRA> comparison in ternary and
quaternary fission. Tentative analysis of the data shows that the energy spectra of
alpha particles in quaternary fission are shifted by 2 MeV toward the lower energies
relative to the ternary fission alpha particle spectra. This difference is more evident
for the 252Cf source (Fig.3a). The same result for 252Cf was obtained earlier by Kataria
et al. [3].
The intensities of LRA particles in the ternary fission of
Cf and
Cm
measured by each detector were equal to 0.85 and 0.90 particles per second
respectively. Hence, the number of random a - a and a -1 coincidences in the ternary
fission must not be higher than 10% of the registered coincidences in the quaternary
fission. The increase in the a - p random yield of = 15% was obtained because of the
high intensity of the low energy protons [5]. The experimental results presented in
Table 1 are given without random coincidence corrections.
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Table 1. Experimental results of Cf and Cm quaternary fission
Method
Source
cc-a yields
Time [h]
a-t yields
twin CsI(Tl)

252cf

twin CsI(Tl)

248

dE-E

248

a-p yields

209

57

9

4

Cm

214

43

7

5

Cm

192

6

-

-

The LRA emission probabilities per binary fission obtained for the spontaneous
ternary fission of 248 Cm [6] and 252 Cf [7] are (2.3±0.3)xl(r 3 and (3.2±0.5)xl0' 3 ,
respectively. With regard to these values and the total count of ternary LRA particles
in both CsI(Tl) counters during the total time of the measurement we extracted the
probabilities of the simultaneous emission of two alpha particles in spontaneous
fission (Table 2). The probabilities were found to be about 5 times smaller than - in
Ref.[3] for 252Cf. The discrepancy can be explained by the different experimental
geometry. Besides, we did not take into account of the registration efficiences of pairs
of alpha particles in the twin CsI(Tl) counter. Nevertheless, it is interesting to note
that the measured probability of the simultaneous emission of two LRA particles for
248,

252,

Cm (Z7A = 37.16) is about two times smaller than for " t f (Z7A = 38.11). The
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same tendency in the dependence of the LRA emission probability on the fissility
parameter Z 2 /A was determined for ternary fission [1].
The experimental results on quaternary fission obtained with the dE-E method
presented in Table 1. The probability of the simultaneous emission of two alpha
particles per binary fission in this angular range presented in Table 2. This probability
was calculated using the total count of single (ternary) alpha-particles and their
emission probability per binary fission without taking into account the registration
efficiences of pairs of alpha-particles in the semiconductor detector array. The
probability for quaternary fission in the given angular range is obtained for the first
time. In Kataria's experiment [3] the measurements were performed with relative
angles no less than 35°. The energy distribution of LRA particles of quaternary fission
registered in «18°- 32° angle range is shown in Fig.3b.
Table 2. The probabilities of quaternary fission (per binary fission)
252

Cf

Pa-a(252Cf) = (2,9±0.6)xl0" 7

248

Cm

Pa.a(248Cm) = (1.4±0.3)xl(r7

248

Cm

Pa.o(248Cm) = (0.7±0.3)xl0"7

0*90-180°

0*18-32°
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Abstract
We investigate the superheavy nucleus formation in heavy-ion induced reactions by observing
the evaporation residue (ER) production and we study the mechanism of fusion-fission reactions
leading to the massive nuclei.
The study of the entrance channel dynamics allows us to determine the beam energy window
that is favorable to the fusion, while the dynamic evolution of the compound nucleus on the shell
correction to the fission barrier and the dissipative effects influence the fission evaporation competition in order to observe the residue nuclei from the superheavy nucleus formation close to the
Z=114 stability island. We investigate the 6<Ni + M 8 Pb, 4S Ca + 23S U, T0Zn -f 2 0 S Pb and 6«'roZn
•f 208 Bi reactions that lead to the formation of the Z=110, 112 and 113 compound nuclei. We
analize the ratio between the evaporation residue formation and the fusion cross section at different
energies.

PACS 25.70.-z, 25.70.Jj, 27.90.+b

1 Introduction
The synthesis of superheavy nuclei is an interesting research field [1-6) is known that the cross
sections for the production of heavy elements by fusion reaction and using Pb, U and Bi targets
decrease down to a value of about 10 pb or lower for the 109 element formation. In the last
four years new experiments [1-4] were carried out (by increasing both the efficiencies of the
experimental set-up and the beam current intensity) in order to produce the 2=110-113 heavy
elements in the cold fusion reactions at GSI^ by observing the evaporation residues (ER) after
1, 2 neutron emission, or in hot fusion reactions at Dubna, after 3n, 4n, on from the compound
nucleus. In addition to the experimental difficulties for the low cross section production (about
few pb), another problem arises about the fusion calculation and the de-excitation cascade in
order to analyze the experimental data of the evaporation residues. It is impossible to reach an
agreement with the experimental data if one does not include the quasifission contribution in
competition with complete fusion in order to describe the entrance channel dynamics. According to the dinuclear system (DNS)- concept the fusion of nuclei is considered as a two stage
process: the first stage is capture (formation of the DNS after dissipation of part of the relative
kinetic energy and orbita] angular momentum); the second stage is fusion (transformation of
the dinuclear system in a compound nucleus by a continuous multinucleon transfer from a light
nucleus to the heavy one, retaining the individuality of nuclei having a shell structure). In this
second stage, fusion is in competition with quasifission, that is, the decay of the dinuclear system
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in two fragments before formation of the compound nucleus. Thus, fusion is treated as a motion
in the charge (mass) asymmetry variable, and capture and quasifission are a consequence of
the relative motion of nuclei in DNS. Use of the optical model does not allow one to study the
dynamics of capture.
After fusion, the de-excitation cascade of the compound nucleus was analyzed in detail in
the framework of the advanced statistical model (ASM) approximation [7]. With this model
it is possible to trace the Tn/Ttot values at each step of the de-excitation cascade and to have
information on the consequences for the fission process dynamics. The model allows us to consider the influence of the nuclear viscosity and the dynamical dependence of the shell correction
to the fission barrier on the calculated ER cross sections. The angular-momentum dependence
of the shell correction to the fission barrier, and the effects of the nuclear viscosity and dynamical deformation for these fissile excited nuclei are considered. Particular attention is devoted
to the determination of the level densities. These are caculated in the non-adiabatic approach
allowing for the rotational and vibrational enhancements. These collective effects are gradually
removed above a certain energy. In the case of the rotational enhancement this energy is related
to the Coriolis force wich couples intrinsic and collective motions. Our level densities acquire a
dynamic aspects through the dipendence of the Coriolis force and of the rotational enhancement
of the nuclear shape, which is, in turn, obtained form the classical model of the rotating liquid
drop. Intrinsic level densities are calculated using the Ignatyuk approach [8], which takes into
account shell-structure effets and pairing correlations. Use of the correct level densities is of
fundamental importance for this analysis as they determine the phase space available for each
channel, it is essentially this that governs any statistical decay. In the case of the ER production one should also carefully consider the low-energy level densities since this is the energy
interval in which most of the ERs are formed. That is why we use the superfluid model of the
nucleus [9] in our calculations with the standard value of pairing correction A = 1 2 / V A - The
yrast lines are automatically included in our calculations by the requirement that the total excitation energy should be higher than the rotational one, otherwise the level density is set to zero.

2 General remarks on the formalism
The role of the entrance channel in the fusion-fission reactions leading to nearly the same compound nucleus was studied in several experiments [10-12] but the fusion mechanism has not
been fully understood yet. This fact is very significant for the fusion of massive nuclei where
there are large and qualitative differences between capture and fusion processes. We study
the precompound nucleus dynamics through the evolution of DNS (after capture) to complete
fusion (that is in competition with the quasifission process). The precompound emission of the
gamma-rays, neutrons, protons and alpha particles is not considered in this paper; this effect
will be the subject of a future work. The excited compound nucleus can undergo fission or
emit particles before the reaction products (evaporation residues, or fission fragments, or light
particles) are detected.
In the suggested model [13], the relevant variables are energies and occupation numbers of
single-particle states of nucleons in nuclei (the intrinsic degrees of freedom), the relative motion
of nuclei at the first (capture stage), and the mass (charge) asymmetry degrees of freedom at
the second (fusion) stage. The competition between complete fusion and quasifission of the
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dinuclear system formed after capture, under further evolution, is taken into account by the
comparison between the phase spaces of the initial and final states. In contrast to [14], the
capture probability T^aptur'(E, I) is estimated in a dynamic approach, considering the evolution
of the coupling between the relative motion of nuclei and intrinsic motion of their nucleons.
In the capture stage the system is trapped in a potential wall due to the dissipation of the
initial kinetic energy. The formed DNS lives for long enough (several 10"21 s) to evolute from
the projectile- and target-like configuration to become mononucleus (compound nucleus). This
evolution corresponds to the motion on the mass (charge) asymmetry axis.
Note that for massive nuclei, a barrier could arjse on the mass asymmetry axis on the way
to fusion. This barrier was called an intrinsic fusion barrier in [14]. It is connected with the
mass asymmetry degree of freedom. It is equal to the difference between the bottom of the
potential surface corresponding to the initial charge asymmetry and its value on the highest
saddle point (similar to the Businaro-Gallone point; see Fig. lb,c) which is at smaller values of
mass (charge) asymmetry. The height of this barrier and the wall depth of the nucleus-nucleus
potential (see Fig. 2) determine the competition between quasifission and complete fusion at a
given excitation energy of the dinuclear system.
The evaporation residue cross section is related to the partial fusion cross section crf^lB, /),
as well as to the probability Wlrtr(E, I) that the compound nucleus survives fission during the
de-excitation cascade at the bombarding energy E:
.
(1)
t=o

where the partial capture cross section is crfap(£7) = £(2/-+-l)2f pUir'{E,l). and factor PCN{E, I)
is used to take into account the decrease of the fusion probability due to dinuclear system breakup competing with fusion.
Knowing the intrinsic fusion barrier B'lu3 versus the mass asymmetry axis (see Fig.l) and
the depth of the potential pocket Bqj versus the radial distance axis R (see Fig.2) from the
driving potential we can calculate the competition between fusion and quasifission. The driving
potential, playing the main role in fusion dynamics, was calculated as follows:
U(Z, A; l,Rm) = B^Z; A) + B2(ZP + ZT - Z; AP + AT - A) + V(Z, A; I, ft.) - BOl

(2)

where B\ and Bj are the binding energies of the nuclei in a dinuclear system, V(Rm) =
V(Z, A, Rm) is the minimum value of the nucleus-nucleus interaction potential at the bottom of
the pocket; Bo is the binding energy of the compound nucleus. For the given total charge and
mass numbers, Ztot = Zp + ZT and A(ot = Ap + Ax, the^A/Z ratio of considered fragment was
determined from the minimum value of U(Z, A; I, Rm).
The dynamics of the capture is sensitive to the nucleus-nucleus potential
M,(R) = VC(R) + Kuc/(R) + Vrot{R),

(3)

where Vc(R), ^ . ^ ( R ) , and Kot(R) are the Coulomb, nuclear and rotational potentials, respectively. The nuclear shape is important to calculate the Coulomb and nuclear interaction between
colliding nuclei.
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Fig. 1: The driving potential (dashed curves) of compound nucleus 126Ba calculated for different values of
angular momentum: 1=0 (a), l=20h (b), and l=30h (c). The different values of the entrance mass asymmetry
are shown by arrows (Zj=9 and 14). 0"fm and Bf21^ are intrinsic barriers in the way to fusion for the
19
F+107Ag and 2sSi+9SMo reactions, respectively

15

Pig. 2: The nucleus-nucleus potential U(R) calculated for the 23Si+9SMo (solid curve) and 19F+107Ag (dashed
curve) reactions as a function of internuclear distance. For an easier comparison of two pockets (in width and
depth) the dashed curve is shifted (dotted curve) up to overlapping with the solid curve. B(llqr and n are
quasifission barriers for the corresponding reactions
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The atomic number for every intermediate charge asymmetry of the DNS nuclei was fixed
from the minimum of the potential energy surface, the latter being considered as a function of
Ai = Atot ~ Ai.

Taking the deformation of colliding nuclei into account means using the nucleus-nucleus
potential depending on the mutual orientations of the symmetry axes of the colliding nuclei.
As a result the value and position of the entrance barrier and the pocket size in potential are
dependent on the relative orientation of the symmetry axes of colliding nuclei. The final fusion
cross section is obtained after averaging v\(E) over all orientations. These effects are very
important to interpret the results obtained at subbarrier energies for all nuclei.
By our ASM was possible to take into account the dynamical aspect of the compound nucleus
evolution on the fission-evaporation competition along the de-excitation cascade. As far as the
fission barriers are concerned, we use the rotating droplet model predictions (angular momentum
dependent) as parameterized by Sierk [15] and allow for angular momentum and temperature
fade-out of the shell corrections [16]. It is expressed by the formula for the actual fission barrier
used in our calculations:
Bfi3(J, T) = c BJit(J) - f{T) g(J) SW,

(4)

with
1
Arexp (-roT)
and

'

T< 1.65 MeV
T > 1.65 MeV,
' .

where Bfis(J) is the parametrized macroscopic fission barrier [15] depending on J angular
momentum, SW = SW^t — SWgs ~ — 5Wg, is the microscopic (shell) correction to the fission
barrier taken from the tables [17] and the constants for the macroscopic fission barrier scaling,
temperature and angular momentum dependencies of the microscopic correction are chosen to
be as follows: c = 1.0, k — 5.809, m. = 1.066 MeV"1, J ^ = 24A (for nuclei with an A mass
number of about 210) and AJ = 3h. These constants were obtained as the result of analysis
of a large set of the data on the fissility of nuclei in the Lu-At range obtained in the reactions
induced by light (p, t and a) and heavy (1SC and 18O) projectiles [16]. This makes our shell
corrections become dynamical quantities too. The J1/2 parameter slowly decreases increasing
the A mass number. For nuclei with A > 250 we use J1/3 = 20ft.
Dissipation effects, which delay fission, are treated according to [18,19]. These include
Kramer's stationary limit and an exponential factor applied to Kramer's fission width to account
for the transient time, after which the statistical regime is reached. The systematics obtained
by Bnattacharya et al. [20] gives the possibility of taking into account the incident energy per
nucleon e and compound nucleus mass Am dependencies of the reduced dissipation coefficient
/? (the ratio between the 7 friction coefficient describing the coupling to the fission degree of
freedom and the m reduced mass of the system; this ratio characterizes the dissipative and
diffusion motion equation) in the calculations making use of the simple form:
f3(e,Am) = at + bAm.

(5)

We use the same set of parameters for all superheavy nuclei and there are not free parameters
ic our calculations. By this model it is possible to trace the Tn/Ttot values at each step of the
de-excitation cascade.
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3 Result and discussion
We present tte results of the investigation on massive systems that lead to the formation of the
Z=110, 112 and 113 superheavy elements, and we compare our calculation with the available
experimental data.
Figure 3 shows the fusion cross section (full line) for the MNi + 208 Pb reaction that forms
the 2r2110 excited compound nucleus by a cold fusion reaction. In the same figure we report
the quasifission contribution (dotted-dashed line), the evaporation residue cross-section (dashed
line) after 1 neutron emission from the excited compound nucleus, and the fission barrier (dotted
liae). In this figure we also report the experimental data [1] of the evaporation residues. We can
observe the full agreement between experimental data and calculation. It is possible to analyze
the ratio (10~7 — 2 x 10~4) between the complete fusion and quasifission, and the ratio (2 x 10~3
— 10~s) between the evaporation residue production and fusion. At low beam energies (lower
than 307 MeV) the evaporation residue (ER) cross section is limited by the low value of the
fusion formation. At high beam energies (higher than 313 MeV) the ER production decreases
because the fission process strongly increases. This last effect is related to the fade-out of the
fission barrier, due to the damping of the shell correction.
Figure 4 shows the results obtained for the "^Ca + 238U reaction that lead to the 286112 excited
compound nucleus. From this figure one can observe the beam energy window (£"(,„„, ~ 218
— 262 MeV, corresponding to about E" = 21 — 58 MeV) that allows for the complete fusion
formation (> 1 nb). In this energy interval and for the above-mentioned hot fusion reaction.
the ratio between fusion and quasifission is about 10~8 — 2 x 10~4 and the ratio between the
evaporation residue cross section and complete fusion is about IO~4 — ox 10~8. At lower beam
energies the ER production is limited by the fusion formation, at higher beam energies the ER
cross section is limited by both the low fusion formation and the fade-out of the fission barrier
(Bfi, < 0.12 MeV) that strongly increases the fission process.
In Fig. 5 we report the excitation functions for the 48Ca (238U, xn) 5 S 6 - I n H2 reaction after
the x (x=2,3,4) neutron emission from the excited compound nucleus. In this figure we also
report the experimental ER cross section [21] obtained by the 286 - 3n H2 spontaneous fission
events. For the 2 8 6 - 4 n il2 residual nucleus the experimental estimation of the upper limit is
reported. The agreement between the calculation and experimental data is very good, even if
until now only partial experimental mearurements are known.
In Fig. 6 we report the U(Z, A; 1, Rm) driving potential against the mass asymmetry
parameter, for the Z=112 composite system. If we use an asymmetric entrance channel (for
example the 4SCa + 238U system) we observe a B'ful intrinsic fusion barrier of about 13.5 MeV
in order to overcome (by changing mass (charge) between the two nuclei of DNS, as a motion
in the mass (charge) asymmetry variable) the top point of the driving potential (corresponding
to smaller values of mass (charge) asymmetry), and the dinuclear system to go to the complete
fusion. If we use a more symmetric entrance channel (for example 130Sn -I- 158Sm) there is a
B'jua intrinsic fusion barrier of about 48 MeV to reach the fusion. Therefore, in the 48Ca +
238
U case and an excitation energy of DNS lower than 13.5 MeV the composite system evolves
(moving the asymmetry mass parameter along the direction where the driving potential is lower)
through a quasifission process producing symmetric fragments, but at such an excitation energy
the yield is very low. For higher DNS excitation energies the process can lead to the complete
fusion, in competition with the quasifission process. In this last case the quasifission is due to
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Fig. 3: The results for the "Ni+^'Pb reaction that leads to the 272110 compound nucleus. The Hnes
represent the fusion cross section (full line), the quasifission contribution (dotted-dashed line), the ER
production (dashed line) after 1 neutron emission from the compound nucleus. Squares are the experimental
points [1J. Dotted line represents the BK, fission barrier.
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Fig. 4: As Fig. 3, but for the ^ C a + ^ U reaction that leads to the 286112 compound nucleus. The lines
represent our calculation: dashed-dotted line is the capture cross section, full line is the fusion cross section,
dashed line is the total ER production after 2, 3 and 4 neutron emission, dotted line is the fission barrier for
the compound nucleus. The symbols are the experimental data: open squares and open circles represent
(22) the capture cross section and fusion-fission process respectively; full squares and full circles represent
[21] the capture cross section and the symmetric fragment production respectively. Triangle and diamond
are experimental data [21] of the ER cross section after 3n and 4n emission respectively.
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both symmetric and asymmetric contributions, but with a ratio between the two contributions
depending on the DNS excitation energy.
In addition, in Fig. 4 the experimental data of capture cross section [21, 22], the symmetric
fragment cross section [21], the ER production [21] after 3n and 4n emission and the fusion-fission
production [22] for the reaction induced by '"Ca (where an intrinsic fusion barrier B'SuM ~ 13.5
MeV exists) are also reported. In the same figure we report, for comparison, our capture
cross section calculation (dotted-dashed line), fusion cross section (full line) and the total ER
production (dashed line) after 2, 3 and 4 neutron emission from the excited 286112 compound
nucleus. As one can see, the capture cross section calculation and the total ER calculation are
in agreement with the experimental data of [21, 22], whereas the fusion cross section calculation
is lower than the symmetric fragment production [21] and the fusion cross section [22] extracted
from the experimental fragment production. Therefore, the fragment production should be
mainly contributed from the quasifission process, whereas the fission products after fusion at
the various beam energies can reach the fusion cross section value. In fact, for the beam energy
range correspondent to the experimental data of ER, the ratio between our ER calculation
and the fusion cross section calculation is about 10~° — 10~6, whereas the ratio between the
experimental ER production and the experimental symmetric fragment production is about
5 x 10"8 — 5 x 10~9 (corresponding to a very small ER value, considering that the B/u fission
barrier is about 1 MeV).
Figure 7 shows the results for the 70Zn +2O8Pb reactions that leads to the 278112 compound
nucleus. For the above-mentioned reaction induced by 70Zn, the intrinsic fusion barrier is
B'tu, oz 16 MeV (see Fig. 6). In this figure we report the calculation for an energy range
around the experimental point (only one at E' = 10 MeV) obtained at GSI [1]. In the explored
energy range and for the above-mentioned cold fusion reaction the ratio between the fusion and
capture cross section calculation is about 1.5 x 10~7. This value is lower than lO"4 — 10~°
(corresponding to the experimental ER data) of the reaction induced by 48Ca. This result is
due to the fact that for the cold fusion reaction (induced by 70Zn) the excitation energy is close
to (or lower than) the intrinsic fusion barrier, whereas for the hot fusion reaction (induced by
<8
Ca) the excitation energy is higher than the intrinsic fusion barrier. The ratio between the ER
cross section and fusion calculation is about 3 x 10"2 (for the reaction induced by 70Zn). This
value is much higher than 10~s for the reaction induced by 48Ca. This is because the fission
barrier is Bji, ~ 3.6 MeV (for the compound nucleus obtained by the 70Zn beam), while the
fission barrier is B/u cz 1 MeV for the reaction induced by 48Ca. Our ER calculation agrees
well with the experimental ER production [1].
From these considerations it is possible to affirm that by cold fusion reactions it is very
difficult to synthesize superheavy elements (and to observe the evaporation residue products)
because the excitation energy of the composite system is generally lower than (or close to) the
intrinsic fusion barrier, while by hot fusion reactions the excitation energy is higher than the
intrinsic fusion barrier.
In Fig. 8 we report the calculation for the 70Zn +209Bi -» 279 113 reaction, while in Fig. 9 we
report the results for the MZn +209Bi —•J7r 113 reaction. By comparing the ER cross sections
for the two above-mentioned reactions, it is possible to observe the effect due to the isotopic
effects of the beam.
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In Fig. 10 we present the systematics of the r n /r e o , ratio, at first step of the de-excitation
cascade of the compound nucleus, for reactions that lead to heavy and superheavy nuclei with
Z=102-114. This figure shows the trend r n /r, o < ratio against E'/B/it for many reactions at
different energies. As one can see the rn/Tu,t ratio is strongly correlated (within a factor.2) to
the E'/B/u ratio. It is to be noted that the emission of the gamma rays, neutrons, protons and
alpha particles is not considered in the present model. This effect (that will be the subject of a
future work) can be relevant at higher energies, and can significantly change the F n /r to * trend at
higher E'/Bji, values. Therefore, the trend of the ER production versus the excitation energy
(in comparison with the effective fission barrier) has the same behaviour for all investigated
reactions This means that the ratio between the ER production and fusion cross section is
mainly related (for all reactions) to the E* jB^, value, while the absolute ER value is related to
the competition between the fusion and quasifission during the evolution of the dinuclear system
(after capture) in the entrance channel. Therefore, the ER production (normalized to the fusion
cross section) for the heavy and superheavy nuclei is mainly dependent on the E'/B/i, ratio,
while the fusion process is related to the dynamic effect (the ratio between the intrinsic fusion
barrier and the quasifission barrier) in the entrance channel.
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Abstract
The excitation functions of fusion and evaporation residue were calculated for the
Ca-^23SU reaction. The role of quasifission In the formation of fragments and its dependence on excitation energy are analysed. The yield of quasifission fragments were
calculated and compared with the experimental data. It was shown the quasifi&sion fragments are similar to the products of fission of the compound nucleus and the extraction
of fusion cross section from the latter may be confused.
18

1

Introduction

The new superheavy elements with Z = 110 [1], Z = 111 [2], and Z = 112 [3] were synthesized
and unambiguously identified in the experiments of GSI (Darmstadt) in the "cold" fusion
reactions. In the Flerov Laboratory of Nuclear Reaction (FLNR), the heavest isotope of the
new element Z = 110 [4] was obtained in the "hot" fusion reaction. The measured cross
sections were order of pb. This drastic decrease of cross sections was explained by increase of
the quasifission in competition with complete fusion [5]. One. of the main problems in these
experiments is to identify the formed compound nucleus from the reaction products. It is well
known that the way of the reconstruction of information on the compound nucleus from the
fission fragments is ambiguous. The role of quasifission in the formation of massive nucleus
and usual fission in the48Ca-f238U reaction are subject of this paper. In the experiments
performed in FLNR, the symmetrical fission fragments of the compound nucleus Z = 112 were
analysed to extract the fusion cross section in the ^Ca-t-238!) reaction. It is interesting to study
the origination of the observed yield of the fragments. Are they products from fission of the
compound nucleus Z = 112 or from quasifission of dinuclear system (DNS) formed at initial
stage of collision?The DNS-concept [6, 7] is suitable to analyse the mechanism of compound nucleus formation.
According to the DNS concept the fusion is considered as a two stage process: the first stage
is the capture - a formation of the DNS after dissipation some part of relative kinetic energy
and orbital angular momentum; the second stage is fusion - transformation of the DNS into
the compound nucleus by multinucleon transfer from light nucleus to heavy one in competition
with quasifission which is a decay of the DNS. The individuality of the nuclei in the DNS is
assumed to be retain. The fusion is considered as a motion in the charge (mass) asymmetry
variable, and the capture and quasifission are considered as a relative motion of nuclei in DNS.
In the suggested model, the relevant variables are energies and occupation numbers of singleparticle states of nudeons in nuclei (the intrinsic degrees of freedom) and relative motion of
nuclei at the first-capture stage, and the mass (charge) asymmetry degrees of freedom at the
second stage of fusion. The competition between complete fusion and quasiftssion of the DNS
formed after capture at its further evolution is taken into account by the statistical theory
of level densities on the intrinsic fusion barrier which is on the charge asymmetry axe and
quasifission barrier which is on relative distance as in [7].
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Basic formalism

2.1 Capture and fusion cross sections
The capture probability Tfaf"'r''(E,l) was calculated in a dynamic approach [8], considering
the evolution of Che coupling term between the relative motion of nuclei and intrinsic motion of
their nucleons. In the capture stage the system is trapped into potential wall due Co dissipacion
of initial kinetic energy. It was realized by the self-consistent solution of the equations of the
intrinsic degrees of freedom and relative distance [8, 9]. The DNS lives for a long enough
time (several 10~21 s) to evolute from the projectile- and target-like configuration to become a
compound nucleus. This evolution corresponds to the motion on the mass (charge) asymmetry
axe. The barrier arising on the mass asymmetry axe in the way to fusion is equal to the
difference between the values of potential surface on the bottom corresponding to the initial
charge asymmetry and its value on the highest saddle point (similar to the Businaro-Gallone
point) which is on the side of small values of mass (charge asymmetry) [7]. The height of this
barrier and the deepness of the wall of the nucleus-nucleus potential determine competition
between quasifission and complete fusion at given excitation energy of DNS.
According to the DNS-concept the evaporation residue cross section is related to the partial
fusion cross section <rju'{E.l), as well as to the probability W^"](E,l) that the compound
nucleus survives fission during the de-excitation i n cascade at the bombarding energy E:
\E,l),

of"

= *?>(E)PCN(E,l)

(1)

(2)

where

af(E) = ^(2/ + VTr^iEJ).

(3)

Here A is a wavelength,
recaptures r\ i\
T
=

'

^

*-, II

I \ *CT

\ o , if

)

i>icr

(where lcr is determined from the equations of motion for the intemuclear distance and orbital
angular momentum), while the factor PCN(E-I) is used to take into account the decrease of
the fusion probability due to the break-up of DNS competing with fusion. At first this factor
was determined in [7], It will be discussed later.
The factor Tfar>t"rc{E,l) was determined from the equation of motion
A«(R(r))R +

7R[R(f)]R(J)

^

= -aV^(<)1,

(*#,/-ft*?.//-*»*&,/)

(4)

(5)

where R(t) is the relative distance, R(f) is the corresponding velocity; 0, 8X and 92 are angular
velocities of DNS and its fragments, respectively;
R + Rl +

Ri

where Rt and Ri are radii of nuclei. The friction coefficients ~/R and "/g, a change <JV(R) of the
nucleus-nucleus potential during interaction of nuclei,
V[R(t)\ = V'u[R(f)] + SV(R),

(6)
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and the dynamic contribution Jju(R) to the reduced mass
= mATAP/(AT

+ AP) + 6fi(R)

(7)

are calculated from the estimation of the coupling term between relative motion of nuclei and
intrinsic excitation of nucleons in them [8J.
The nucleus-nucleus potential Vo(ii) was calculated by taking into account of the nuclear
shape deformation which was considered as the low energy collective first 2 + state of nuclei. The
quadrupole deformation parameter /?2 w a s obtained from the experimental B(E2) values [10]. It
was assumed that these states are easily populated at near barrier energies and are not damped
during the considered charge asymmetry of DNS- Because the decay time of these degrees
of freedom is of order 10~J2 s [10], most larger than relaxation time of relative motion and
evolution of the mass asymmetry. In calculation of the driving potential the shape parameter
B[ ' of the nuclei of DNSs was changed as function of Z and was obtained from table in [10].
The available difference between the capture and fusion cross sections was required to introduce PCN(E, I) as measure of the competition between complete fusion and quasifission processes. The calculation of PCN{E, I) can be done according to principles of statistical theory of
level densities based on comparison phase space on the top saddle point of the V(Z. A; I, Rm)
driving potential in the to fusion with the level density to the bottom of the pocket of the
exit barrier in the V(Z. A; I, R) internuclear potential. Because if the DNS has been formed
and lives enough long time Pcs c*"1 b* calculate using the driving potential of this system.
Analytically this appears as follows:

where
i,K(£T - BK(Rm,l))

a
= —?=-

exp
2TTVJg(E"
- BK(R,a, t))/6J
P1
JV
,,

•

(9)

Here E" = E — V(Rm, I) is the excitation energy of the DNS, at the relative distance Rm where
an adiabatic nucleus-nucleus potential V(Rm,l) has a minimum; g = (rjj -f <j2)/2, and g\ and
^2 are the level densities of single particle states near the Fermi surface; Bju$ and Bgj are the
intrinsic fusion and quasifission barriers, respectively.
The driving potential was calculated as follows:

U(Z,A;l,Rm) = B1(Z;A) + B2(ZP + ZT- Z;AP +AT- A) + V{Z,A:l,Rm)-

Bo, (10)

where B! and B2 are the binding energies [11, 12] of the nuclei in a DNS, V(ii ra ) = V{Z,A,Rm)
is the minimum value of the wall in the nucleus-nucleus interaction potential; Bo is the binding
energy of the compound nucleus. For che given values of the total charge and mass numbers,
Ztot — Zx + Zi and Alot = A\ + A-z, the A/Z ratio of considered fragment was determined from
the minimum value of U(Z, A] i, Rm). •

2.2

Yield of reaction products

On the macroscopic level, the master equation for Yz(Ey,t) has the following form [13]:
~Yz(ETj,t)

= A!£llYz+l(E},t) + Az+2lYz-1{E},t)
-(A1^

^ ^+)) Yz(Ej,t).,

(11)
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where transition probabilities are defined as

The expressions (11) and (12) were obtained in [13]. Matrix elements gpr = KPJT describe a
nucleon exchange between nuclei of DNS and were calculated as in [13] and are taken between
single-particle states of the projectile-like (P) and target-like (T) nuclei in the DNS and include
both the nuclear and Coulomb (for protons) mean-field potentials. Since only the motion in
charge (mass) asymmetry is considered in this subsection, we take R = Rmin, where Rmia
corresponds to the minimum of the wall of nucleus-nucleus potential, to calculate gp? for each
Z. In (12) we use At — 10~ i2 s< tint- The single-particle occupation numbers np(Qp) and
TIT(&T) depend on the thermodynamical temperatures Qp and ©T in the projectile-like and
target-like nuclei, respectively.
Solving (11) with (12) at the initial conditions YZ(E", 0) = 8z,zP and E* = E*{ J, Ekin), the
primary isotope distributions are found for the certain interaction time i, n |.

3

Results and discussion

The capture and fusion cross sections for the 48Ca + 238U reaction were calculated in the
presented model using (1) and (3). A role of the competition between quasifission and complete
fusion can be seen as a difference

„«'"• = af p (£) - <Jfr.

(13)

In the Fig. 1, the calculated excitation functions of capture and fusion are compared with
the results extracted from experimental data presented in Refs. [14. 15]. The capture cross
sections obtained in [14] and [15] were presented by the open circles and triangles connected
with dashed curves, respectively; the corresponded fusion cross sections were shown by the solid
circles and triangles connected by dashed curves.
Our results for tho capture and fusion cross sections are presented by the dashed-dotted
and solid curves, respectively, and are in good agreement with the experimental data. The
difference between the theoretical results and the extracted from the experimental data for the
fusion cross sections can be explained by the increasing role of quasifission in this reaction.
The theoretical results for the o/' u and W^x")sur(E,l) (the surviving probability of compound
nucleus after evaporation x neutrons) calculated by G. Giardina using the advanced statistical
model [16] were used to estimate rr[f>(E') - the excitation functions of the •!3)iU(48Ca,xn)
286 xn
~ 112 reaction by (1). In Fig. 2, these results are compared with the experimental data for
the 238UC8Ca,3n) 283112 reaction [17]. The increase of the difference between theoretical and
extracted values of a/UJ by the excitation energy can be interpreted by the population the more
higher values of I. The quasiiission barrier, Bqji, is equal 4 MeV at I = 0 decreases by increase
of I. But the intrinsic fusion barrier B^UJ is equal 12 McV at I = 0 increases by orbital angular
momentum. Due to the rotational potential included to (10) B^ua inreases and B,,/;, decreases
by increase of orbital angular momentum. As a result the PCN decreases by increase of the
DNS excitation energy. This is one of reasons of the appearance of asymmetric fragments in the
reaction mass distribution.lt means that the evolution of the DNS, transforming in compound
nucleus by transfering nucleons from light partner in heavy one, can be accompanied by its
break down into two fragments having the mass (charge) values corresponding between the
mass (charge) of initial light nucleus and one of compound nucleus.
The other reason of the formation of fragments similarly in fission of compound nucleus is
an evolution of DNS to mass-symmetric direction: it takes place when nucleons transfer from
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heavy partner in light one. This process also induces products which are alike to ones forming
at normal fission of compound nucleus. These processes can be accompanied by break down
of DNS as the relative radial motion of partners. They are products of quasifission process.
Notice the binary fission products are alike them. The problem is to distinguish these products
coming from the different reaction channels experimentally.
An increase of the beam energy leads to increasing of the yield of quasifission fragments
which could have mass numbers from Ap up to (Ap + AT)/2 units. These quasifission products
can be form due to evolution of the DNS charge (mass) asymmetry from the initial point
to its symmetrical values. IS the formed DNS in 48Ca+238U reaction has long life time this
kind of quasifission products it is very difficult to differ them from the fission products of
compound nucleus. It means that yield of symmetrical reaction products could not be prove
that compound nucleus was formed in the reaction.
The potential energy (10) effects on yield products in deep-inelastic collisions, quasifission
and fission reaction channels, in Fig. 3, it is presented as a function of the relative distance
R and fragment mass number for the reaction under consideration. The bumps, which were
observed in the experiment on 4SCa-f 2MU [15] (Fig. 4), at the near Coulomb barrier energies
in the mass distribution of reaction fragments around the mass values -4=80 and A=120,
shown the effect of shell structure in the reaction. These are connected with the closed proton
Z=82 and neutron JV=126 shells in the heavy partner and with the proton shell Z—50 in the
light fragment. These experimental yields can be explained by the minima of the potential
energy surface calculated as a function of the mass number and relative distance between of
the fragments. We shown that symmetrical yield and the bumps observed in the experiments
can be formed in the deep inelastic or quasifission processes.
To demonstrate the possibility of the yield of this kind of products in the deep inelastic
collisions or/and quasi-fission processes the evolution of DNS was analysed as a diffusion process
in the transport theory, namely, by solution of the master equation (11) [13]. Its coefficients
were calculated microscopically (12) and contain information on the shell structure (singleparticle energies, moments and the nucleon separation energies) of the interacting nuclei. The
results for the two values of excitation energies, £"=6 MeV and 26 MeV, are shown in Figs. 5
and 6. In the upper, middle and lower panels of Fig. 5. the results obtained for the life-time of
DNS *,„, = 3 • 10~21s, 12 • 10~21s, and 50 • 10~21s respectively, are shown. If the DNS is existent
during the indicated life-times the formed reaction products are very similar to the observed
mass distributions in the experiment. Since the interaction time is a function of orbital angular
momentum, the observed yield of reaction products is superposition of yield at the different
partial wave results. The DNS spends more time in the deep valleys of potential energy surface
and the yield of binary products, one or both of which has the neutron or proton numbers
corresponding to the closed shells, dominates in the mass distribution. In Fig. 6, the results
obtained for the other value of DNS excitation energy E* = 26 MeV for the three life-time of
DNS: tint = 6 • 10~2ls (upper panel), 20 • 10"21s (middle jjanel), and 100 • 10~21s (lower panel).
The long interaction time allows the system to reach symmetrical mass distribution. This is in
qualitative agreement with the observed yield of reaction products (Fig. 4). The origination
of these products can be experimentally established by registration of the emitted 7-rays or
a-partides which carry information ou the formation of compound nucleus in coincidence with
them.

4

Conclusion

The role of quasifission in formation of the compound nucleus in the the 48Ca+238U reaction
was analysed. It can be quantitatively established as a difference between capture and fusion
cross sections. To show this, thf calculated fusion and capture cross sections were compared
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with the values which were extracted from the measured reaction products in experiments in
[14, 15].
The agreement between our results and measured data for capture fusion cross sections
is well. The difference observed in comparison theoretical results with the results extracted
from the experimental data for the fusion cross sections can be interpreted as a overestimation
of fusion cross section at the extraction procedure: the quasifission fragments were assumed
to be considered as the fission fragments of compound nucleus. The possible origin of the
observed yield of products in the experiments was discussed. It was shown that the symmetrical
fragments can be formed in the quasifission process and mixed with the fission fragments of the
compound nucleus Z = 112 at the excitation energies higher than E* = 21 MeV. The origin of
the fission products from compound nucleus can be established by registration of the emitted
7-rays or a-particles which carry information on the formed compound nucleus, in coincidence
with them.
The authors thank Profs. R.V. Jolos, W. Scheid and V.V. Volkov and Drs. N.V. Antonenko
and E.A. Cherepanov for the fruitful discussions. This work was particularly supported by the
DFG of Germany, the Russian Fund for the Basic Research Grant 97-02-16030 and Grant of
GKNT of Uzbekistan. The authors (G.G.A. and A.K.N) would like to express their gratitude
for the warm hospitality during their stay at the Institut fur Theoretische Physik der JustusLiebig-Universitat in Giessen.
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FISSION LIFETIMES OF HEAVY NUCLEI AS
PROBE OF THE SHELL EFFECTS
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The crystal blocking technique has been used to measure delay times in the fission channel for excited nuclei produced in the 2*Si +natPt reaction. Experimental results range from
10~17 to 10"18 s at bombarding energies from 140 to 170 MeV. It is shown that fission barriers
keep their double-humped structure in the range of excitation energies here considered (40 - 70
MeV), and that the lifetimes of exciced states in the second potential well contribute essentially
to the observed delay times in the fission channel.

The potential energy surfaces of heavy nuclei display two minima, whose nature is connected with the existence of shells even at anomalously large deformations [1]. As a consequence, the fission barrier of heavy nuclei is double-humped.
At excitation energies near the barrier, the crossing of nuclei through the second minimum is noticeably influenced by the transitional states in the second
potential well. However, by increasing excitation energy the penetrability of the
fission barrier approaches unity and the sensitivity of fission cross-sections to
the structure of second-well states decreases. The increase of excitation energy
leads also to decreasing shell corrections, so that the double-humped structure
of the fission barrier tends to transform into a single-humped one and only one
class of excited states survives, under equilibrium deformation.
The experimental investigation about the energy dependence of the shell
effects and fission barrier structure is possible measuring the lifetimes of excited
states in the second well. So in Ref. [2] it was shown that the existence of quasistationary transitional states in the second well of heavy nuclei manifests itself
in the dynamics of induced fission. It was demonstrated in Refs. [3] that the
existence of two classes of excited states in heavy nuclei is reflected in different
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time dependences of the decay yields for different channels. In particular, fission
exhibits an additional time delay, absent in any other decay channel.
In the present work, the crystal blocking technique has been used to measure
fission delay times of excited nuclei produced in the ^Si +natPt reaction at
beam energies from 140 to 170 MeV. Experimental data have been compared
with statistical model calculations that take into account excited states in both
potential wells. The aim was to find evidence of additional time delays in
the fission channel, induced by the lifetime of the excited states in the second
well, and to check whether the fission barrier keeps or loses its double-humped
structure at the excitation energies considered here.
Measurements were done with Tandem-XTU accelerator at LNL Laboratories (Padova, Italy) using thin (~ 0.5 /im), self-sustaining and large-area
(diameter « 5 mm) natPt < 100 > single crystal targets.
Reaction products were observed at #;„;, = 25° using a detector telescope
made of a multiwire gas proportional chamber followed by an axial Bragg chamber. The multiwire detector, 10 • 10 cm2 area, was a two-sector gas proportional
counter with a common cathode (1 ^m thick) and two wire anodes, mounted
at opposite sides of the cathode. The distance between two adiacent anodic
wires (20 fxm diameter) was 1 mm. To have both the X and Y coordinates of
the impinging ion position, the anodes were mounted so that the direction of
the first anode wires was at 90 degrees with respect to the wires of the second
anode. The filling gas was isobutane at 14 mbar, under continuous flow. The
Bragg chamber was an axial-field ionization chamber operated with CF4 so that
reaction products with atomic number Z > 12 were fully stopped in the chamber. The multiwire detector had a 1 mm spatial resolution and was placed at
60 cm from the target, thus resulting in a A6 = 1.667 mrad angular resolution.
Events were defined by the X and Y spatial coordinates of the ion from the
multiwire and by kinetic energy E and charge Z from the Bragg chamber.
The deduced delay times in the fission channel (see Figure 1) are much longer
than what expected from standard statistical calculations for the lifetimes of
initial compound nuclei produced in the reaction under study. These delays
range from ~ 7 • 10~18 s at 140 MeV to ~ 4 • 10~18 s at 150 MeV and go below
measurable values at 160 MeV.
The fission of compound nuclei having two classes of excited states in the
first and second potential well was described in Ref. [2] in the framework of the
statistical model. It was demonstrated that the mean delay times depend from
the reaction channel, viz :
T =
1

Jj±J2

and

il^ — F12F21 Fi,T2 4- F2iF
It should be noted that expression (1) is valid only if populating the second
well states takes place with a high probability, due to the damping of the col-
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lective motion [6]. In order to estimate this probability, we used the diffusion
model for fission [7], that permits to take into account both the thermal fluctuations in the fission mode, and the nuclear dissipation phenomenon. The basic
equations of this model are described in [6].
The probabilities of populating the second well states versus the /3 reduced
dissipation coefficient, calculated for the 224U nucleus (chosen as an example)
are shown in Fig. 2 at various excitation energies within the range achieved in
the experiment. In this figure, very quick saturation with increasing f3 attracts
attention. It can be seen that the probability has become close to unity at
very low (3 values, consistent with underdamped collective motion. It should
be noted that at present all evaluations of dissipation coefficients are consistent
with an overdamped motion ( / ? > 2 x 1021 s"1) of the fissioning nucleus [8]. It
is significant that our estimates, when using the larger value for the reduced
dissipation coefficient, lead only to a probability increase.
Figure 2 shows the dependence of the probability on the difference between
the minimal barrier and the second well depth (rnin(Efi, Ef%) — E2) at different
excitation energies and 0 = 0.5 X 1021 s~1. It is seen that with very shallow
second well (min(Ef\y Epi) — E2) — 2 MeV, the probability remains sufficiently
large (> 0.8). This fact is probably due to a small increase of the fission kinetic
energy during the evolution from the first saddle point to the second well.
To conclude, our calculations indicate that the probability of populating
the second well remains close to unity for the excitation energies used in the
present experiments, even for considerable small value of the reduced dissipation
coefficient and for very shallow second well. Therefore it is necessary to consider
delay times due to the second well states when analyzing fission reactions for
heavy nuclei in the present excitation energies.
The experimental delays in the fission channel observed in our reaction are
displayed in Figure 1. They cover a range from 10~17 to 10~18 s, depending on
the projectile energy. The analysis of these data was done with reference to
the statistical theory of nuclear reactions and taking into account the natural
mixture of isotopes in the target nuclei.
In order to consider an angular momentum dependence of the double-humped
fission barrier we used the predictions of the advanced rotating liquid drop
model of Sierk [9], corrected for shell effects: Bf(J) = Bid{J) + SWuM , where
Bid{J) is the liquid drop part of the fission barrier, and SWoM is the adiabatic
value of shell correction at the corresponding point of fission barrier.
The level density at the extremal points of the fission barrier was calculated
in the framework of the phenomenological model [11]. The model includes
collective excitations, correlation effects of the superconducting type and shell
effects.
In Figure 1 we show the calculated times in the fission channel, averaged over
the isotopic composition of compound nuclei produced in the present reaction
(222U, 223U, and 224(7). As one can see, a simple calculation in the framework of the advanced rotating liquid drop model [9] , and taking into account
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only lifetimes of excited states under equilibrium deformation, underestimates
experimental data by approximately three orders of magnitude.
Introducing the double-humped model for fission with allowance for the lifetimes of excited states in the second and first potential well [3] essentially improves the fit to experimental data. The solid lines in Figure 1 present delay" •
times in the fission channel calculated within the double-humped fission barrier
model and taking into account all possible fission chances, each one weighted
with its probabilities of occurrence.
The solid curve 1 in Figure 1 was calculated neglecting the damping of shell
effects with increasing nuclear temperature. One sees that this curve overestimates the experimental r/ values. To take into account the decreasing shell
correction part (8W) of the fission barrier parameters (heights of the inner and
outer fission barrier, and second well depth) with increasing nuclear temperature we use SW = 8WgsF, where F is the universal damping function of Fermi
type F{T) [12]:
F(T) =

(3)
l + exp((T-To)/d)
'
where d — 0.2 MeV is the rate of disappearance of the shell corrections with
temperature, and TQ is an adjustable parameter. The best fit to experimental
data was achieved using To = 1.85 MeV (see Figure 4).
Compound nuclear fission also has two dynamical time scales: the time to
build up the fission flux at the saddle point (r^), and the time for the system
to move from saddle to scission (rM).
The saddle-scission time, in presence of dissipation, is given by the equation:

(4)

where if, = (3 x 10-21)s [8, 13].
Usually, to estimate rBCj the next relations are used [14]:

JLln(WBf/T)

= ^-ln(10Bf/T)

rsd = hn(10Bf/T) = -±-ln(10Bf/T)
p

(5)

.

(6)

^l^gs

In equations (4) - (6), the parameter 7 = /?/2u>SJ, is the normalized friction
coefficient, /? is the reduced dissipation coefficient, and hugs provides a characteristic energy in the local potential surface near the ground state.
It should be noted that rsd plays an important role in compound nuclear
decay, since this time delay might strongly change the competition between
decay channels in the early stages of nuclear evolution.
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The estimated rsci and T3S values are presented in Figure 4 as a function of the
normalized friction coefficient 7. It should be noted that for such estimates we
varied the 7 values within the range proposed in the [8]. Here, all available data
on the dissipation coefficient, obtained from observables in heavy ion induced
reactions, are presented. One sees that these time scales are very short if
compared to those observed in the present experiment.
We have measured delay times of induced fission in nuclei produced by the
^Si +nat Pt reaction at bombarding energies from 140 to 170 MeV. Delay
times induced in the fission channel by the CN (U isotopes with initial excitation energies from 40 to 70 MeV) vary from 10~ ir to 10~18 s. This excitation
energy range is very interesting because here we can expect (from the energy
dependence of the mass-energy distributions of fission fragments [15] and other
experimental data) that the influence of the nuclear shell structure on the deformation energy of fissionable nuclei begins to decrease, and the double-humped
fission barrier tends to transform into a single-humped one, so nuclei have only
one class of excited states.
The main goal of our investigations was to find the energy range where the
shell effects totally disappear. The result was that the experimental data can
be understood only allowing for a time delay in the second well. In this case,
they are successfully described by taking into account the damping of shell
effects with increasing nuclear temperature. A phenomenological description of
the temperature dependent shell correction was found using the temperature
parameter of the damping factor F, where F = 1/2 at T = To = 1.85 MeV. This
contradicts some previous results (see, for example, [16]), that suggested a much
faster decrease and from a smaller starting energy. Theoretical considerations
by Bohr and Mottelson [17] also predict that shell effects should disappear at
much lower temperatures. However, our results are very similar to the data of
Ref. [18], where a semi-empirical analysis was done of temperature and spin
dependence of shell corrections.
To end with we have shown that fission barriers keep their double humped
structure in the excitation energy range considered here, and that the times in
the second potential well essentially contribute to the total observed delay time
in the fission channel. This means that shell corrections are important up to
excitation energies of about 70 MeV.
This work was supported in part by the Istituto Nazionale di Fisica Nucleare
and the Ministero dell'Universita e della Ricerca Scientifica e Tecnologica, and
by the grant of Russian Foundation of Fundamental Research N° 98-02-16911
and grant of the "Russian Universities" program N° 5335.
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Figure 1.
Summary of the present experiment: delay times in the fission channel due to
nuclei produced in the 28 5i+ 196 Pt reaction at different beam energies. Dots are
experimental data. Dashed lines do not contain effects of neutron evaporation
cascade. In detail, 1 and 2 (short and long dashed curves) allow for (1) and not
(2) delay times introduced by the excited states in the second potential well.
The solid curves are the results of calculations allowing for the delay due to excited states in the first and second potential well and also for all possible fission
chances. The solid curves were calculated taking into account the temperature
dependence of shell corrections with different values of the temperature parameter To: co (1); 2.00 MeV (2); 1.85 MeV (3); and 1.75 MeV (4), respectively.
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Satellite Fission Processes in Heavy Nuclei
G.E. Solyakin and A.V. Kravtsov
B.P.Konstantinov Nuclear Physics Institute of Russian Academy of Sciences,
188350 Gatchina, Leningrad district, Russia

Abstract
Two- and three-body disintegrations of heavy nuclei could be considered as different
types of a single process M" Zo -> MiZi -rM» Z3 + M-Z2. The basic binary process
should be accompanied by satellite processes, the main features of which are determined
by the charge Zz of the third inner fragment. The rapidity of the separation of the outer
fragments turns out to be an important characteristic for the occurrence of the slowly
moving nuclear fragments in many-body decays of heavy nuclei.

Possible generalization of the nuclear fission concept
Unexpected discovery of radioactive nuclei sfiBa instead of the searched ssR-a. when 92U
was irradiated by neutrons gave start for systematic investigation of the nuclear fission
process [1]. Using chemical symbols, one may write down the result of the experiment [1]
as a reaction
(1)
92U + n-> ^Ba+xKr,
which has rather high probability, and which was observed instead of the expected
3 2 r/-fn—

s»Ra + 2a.

(2)

The formation of the two moving fragments has been confirmed reliably in numerous
further experiments, and as a result the concept of nuclear fission process has appeared,
based upon the two-body kinematics and connected since then with the names of L. Meitner, 0 . Frisch and N. Bohr. It is known, that even earlier I. Noddack suggested [2] that
several fragments could appear when uranium nucleus disintegrates being bombarded by
neutrons. Comparing the Noddack's suggestion with the concept of the two-body decay,
one can see, that they may be described as reactions
M

°Z0 -t M > Zx +M> Zz + M ' Z2

(3)

with Zz 7^ 0 for Noddack's mechanism, and
M

°Z0 -*M> Zv + M i Zj

•

(4)

with Z3 = 0 and M3 = 0 for Meituer-Frisch- Bohr (MFB) reaction. For both types of the
reaction the conservation laws for mass and charge lead to the requirements
Mo — StM,

and

ZQ = E,Zi,

where Mo and Zo are the mass and the charge of the fissioning nucleus.

(5)

G.E.SoIyakin. A. V.Kravtsov

127

Both mechanisms lead to similar experimental consequences, and it is difficult to
distinguish between the different mechanisms, if the fragment M* Zs in reaction (3) is at
rest. Two collinearly moving fragments, separating under the Coulomb repulsion, will
have similar momenta in both cases and can be registered by the proper detectors. For
example, hypothetic reaction (2) could be a result of the incomplete fission
92(7 + n ~* a +88 Ra + a,

(6)

in which the two a-particles separate into opposite directions and the asRa nucleus remains
at rest.
Recent simple kinematical analysis [31 has shown, that while there is no restriction
upon the masses and charges of the moving fragments in reaction (4), in reaction (3) the
fragment M*Zz will be at rest if only the condition
.\/i/M 2 = yJZtjZx

(7)

is fulfilled. This condition prevents reaction (3) to occur if the masses of the moving
fragments are different (Mi ^ M2), but for symmetric case Zi — Zi and M\ = M2 it
becomes possible. The form (3) of the fission reaction is more general, so that reaction
(4) is a special case of (3), when M3 = 0 and Z3 = 0. There is not a least, base to ignore
reaction (3), however the most of the existing experimental works which deal with nuclear
fission process suppose that the fission obeys two-body kinematics.
Earlier we have made an attempt [3] to use forms (3) and (4) of the fission reaction in
order to analyze the disintegration of the ijS\J nucleus induced by relativistic protons. It
turned out that both reactions (3) and (4) were observed, the process (3) being a satellite
with respect to process (4). The notion "satellite process" means that it proceeds only
when the main process of the nuclear fission, satisfying the two-body kinematics, takes
place. Its probability is always lower than that, of the main one. It was noted before [3,4],
that sometimes an ambiguity of the interpretation ot experimental data arises both for
accelerator experiments and for experiments on the nuclear fission induced by neutrons,
as well as for the spontaneous fission of heavy nuclei. In the present paper we are going
to analyze in more detail the satellite processes, which turn out, to be possible side by
side with the two-body fission in disintegrations of heavy nuclei, basing on the simple
considerations of the Coulomb potential energy of the charged fragments.

Three-body nuclear disintegrations
In all the nuclear reactions which lead to the destruction of the initial nucleus, there is
always a Coulomb stage of the interaction of the fragments produced. In particular it is
well known that just the Coulomb repulsion is responsible for the kinetic energy of both
fission fragments. This allows one to determine the initial distance Di between the two
fragments if one knows their total kinetic energy TKE:
D7 = e2ZiZ7/TKE.

(8)

When deriving formula (8) one uses the expression for the Coulomb potential energy of
the charged fragments

Ut{r) = - g p = -£- • ^ p

(9)
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For three fragments the Coulomb potential energy under the condition of the third
fragment being at rest is a little bit more complicated
-y).

(10)

Like D2, the value Dz is the initial distance between the centers of the charges of the
two detected fragments. A new parameter y = Z3/Z0 varying in the rauge (0, 1) characterizes the mechanisms of different satellite processes. Besides, each type of the satellite
processes has its own initial distance D3. The available experimental data allow one to
distinguish several types of the satellite fission processes. The process of the collinear
tripartition of the 23STJ nuclei induced by relativistic protons has been discussed in paper
[3]. The probabilit}' of this process increases with the beam energy, amounting to about
few percents of the probability of the main process. The charges and masses of all three
fragments turn out to be comparable, so the ^-parameter varies from 0.2 to 0.5. In papers
[3,4] it was noted that the known anomalous characteristics of the spontaneous fission of
super-heavy nuclei, e.g. 258 Fm. could be easily connected with a satellite fission process
with the small value of the y-parameter.
In the present paper we consider two more types of the satellite processes, which were
not discussed in [3.-1]. These are processes with y > 0.6 and y = 0. It is reasonable to
consider the first of them as the incomplete fission process, since the two moving fragments
which separate coilinearly, have charges and masses much smaller than those of their third
not moving partner.
Just such a consideration can explain the details of experiments [5-7] on the disintegration of 238U and 232Th nuclei induced by ''He and "'He ions in the energy range of
(20-120) MeV. Using Ihe radiochemical method, the authors measured ilie cross sections
for the formation of nuclei 21Na; 28Mg, 31Si, 3S S,56Mn and ^Ni at the level of lO" 6 of the
cross section of the main binary fission process. The character of the. mass dependence of
the yield of the mentioned nuclei shows r5] that there is a difference between the binary
and three-body processes, the transition region being located near M = 47 u. The corresponding upper limits for the formation of the 199Au, 2U9Pb and 2 l 2 Pb nuclei testify for
the absence of the binary partners for the first four of the registered uuclides. It is almost
obvious that the three-body satellite fission reaction (3) might be a possible explanation
of the experimental data:

^U +$ He(T = 39MeV) -

?2Mg +1%*-* Yb + f2 Mg + K.

(11)

Here K denotes a number of nucleons, most probably neutrons, emitted before the nucleus
decay and compensated the initial momentum of the incident a-particle. The collinearity
of separation of the fragments in the three-body satellite process is an important feature
of the nuclear reaction, which is easier to provide for heavy.target nuclei at rest. As an
example one may calculate the energy balance for the collinear tripartition (11) for /c=6;

J?17 +J Ht{T = 39AfeV) - f2Mg + £ ° Yb +f2 Mg + 6n.

(12)

Using the data of ref.[8], one can get for the energy yield in reaction (12) the value
Q = 75.7 MeV. As follows from the kinematic condition for the compensation of the
incident a-particle momentum, only one third of its kinetic energy could be added to the
Q-vaiue when estimating the kinetic energy of the 28Mg fragment, so
2
6
which is in a good agreement with the experimentally measured value.
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The satellite process of the formation of the third neutral (y = 0) or low-charge
fragment was discussed in [9] for the process of the spontaneous fission of 252Cf nuclei.
The estimates give the value at the level of 1% of the probability of the main binary fission
process. The measured energy spectra of neutrons, accompanying the fission of the 252Cf
nuclei, allow to localize the neutron energy region, where the experimental distributions
differ from those when the neutrons were emitted by moving fragments. According to
ref.[9], this peculiarity of the neutron spectrum testify the formation of the slowly moving
( 0.15 MeV/nucleon) satellite droplet, accompanying the two massive fission fragments.
Surely not all the attempts to discover new types of the satellite processes are successful. For example, when considering the experimental data on the 238U decay induced by
1 GeV protons [3], we failed to observe an event which could be interpreted as a decay
into four fragments of comparable masses and charges. The upper limit for the probability of such events was estimated at the level of 10~6 of the main binary fission process.
When studying the calibration spectra from the spontaneous fission of a52Cf nuclei, only
upper limit for the satellite collinear tripartition process for A/3 > 32 u was obtained
at the level of 10~5 of the main fission process. Among all these hypothetical processes
of collinear tripartition the most fundamental is the pion production in the spontaneous
decays of heavy nuclei, predicted in paper [10]. Experimental upper limit for the neutral
pion production is as low as 10~ n for the spontaneous decay of 2S2Cf [I L].
As follows from eq.(10), the satellite three-body processes are possible not only for positive charge Z3 of the third slowly moving fragment. Indeed, the condition foi the Coulomb
separation of the two outermost fragments in the three-body configuration should be the
non-negative value of the potential Coulomb energy f/3(r, y) > 0. Taking r = 1 as a most
realistic symmetric case, one obtains the equation
U

3(i,y) = - ^ ( i - » ) ( i + 7y) = o ,

(H)

which has roots y\ = 1 and 2/2 = —1/7. The second root corresponds to the negative charge
of the third fragment, which could be formed in some hypothetical nuclear process, that
may occur similarly to the colliuear tripartition of the heavy nucleus. Up till now there is
no experimental data which could be interpreted as a manifestation of such a process. All
known processes of nuclear disintegrations deal as yet with the several positively charged
fragments only. Such a process, usually called multifragmentation, is as a rule opposed
to the process of nuclear fission. It is possible, however, to consider both processes as
co-existing in the same nuclear reaction [12]. The stage of the Coulomb separation of
the fragments is always present, independently of the number of the fragments. However,
some features of the reaction could depend on the number of the fragments formed. The
most important could be the potential Coulomb energy of the fragments, and hence the
total kinetic energy of the fragments. It seems interesting therefore to analyze the manybody disintegrations in the same manner as it was performed for the satellite nuclear
fission processes.

Many-body nuclear disintegrations
Developing the idea of I. Noddack on nuclear disintegrations [2] one may consider the
formation of several fragments, n > 3. The analytic result can be obtained for n = 3, 4, 6,
8,12 and 20, if the fragments have equal masses and charges, and the initial conditions are
symmetric. The latter means that the fragments are located symmetrically on the sphere
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of a radius Iio and have only radial equal initial velocities. In this case the symmetry
of the initial condition will be kept during the following motion, and actually in this
problem there is only one variable: the radius of the sphere R, which depends ou time.
Here we consider the identical fragments located at the vertexes of regular polyhedrons.
The example shown in Fig.l corresponds to the initial configuration, where the 20 similar
fragments are located in the vertexes of the dodecahedron.
Obviously, the problem in which the satellite charge Zns is located in the center of
the sphere, is also solvable for n moving bodies with equal charges Z, = (ZQ — Zns)/n.
Such a problem for a fixed :i value is of importance when considering the experimental
data with certain multiplicity of the fragments. In this paper we confine ourselves to
the calculation of some important characteristics of the many-body Coulomb problem,
for example the Coulomb energy Un of the symmetrically located charged fragments, as
well as two specific values of the relative charge Zns/Z0 of the slowly moving satellite
fragment. One o!. them corresponds to the maximum of Uns. the other is the limit of the
negative charge —(Zns/Zo)i,m of the satellite fragment. The results of calculations axe
given in Table 1 for n symmetric, fragments, where n=2, 3 : 4, 6, 8, 12 and 20, as well as
for continuous charge distribution on the sphere.
Table 1.

1

n

2

3

VnRIJZl = 0
(Zns/Zo)mix
— {ZnS.IZo)l,m

0.125
0.429
0.143

0.192
0.381
0.238

n

8

12

20

0.308
0.277
0.446

0.341
0.241
0.518

0.380
0.194
0.612

4

|

6

J

0.230 | 0.277
0.350 ! 0.308
0.298 j 0.384
Sphere |

{Zns/Zti)mnx
~\l"nSI Zojlim

i»-»c»i
0.500
0
1

These results are important when considering the experimental data which may have
various interpretations. As an example one can present Fig.2 with a nuclear emulsion
microphotograph of the three-prong nuclear process induced by a 1 GeV proton in the
^ U nucleus [12]. Such a symmetric separation of the three nuclear fragments may take
place both at three- and four-body disintegrations of the initial nucleus. In the latter case
the fourth fragment has no visible track in the emulsion being practically at rest. For the
three-body symmetric disintegration the Coulomb potential energy can be written as
1

(15)

3>/3

where i?o is radius of the sphere, on which the fragments were initially located at the
distance a = Ro\ft. The coefficient ,/3 = (3v/3)~1=0.192 in the first row of Table 1
corresponds to n = 3.
If one takes into consideration the fourth satellite fragment in the center of the sphere,
the Coulomb energy becomes

Zy/3

(Zo - Z3S)-

(16)
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Fig.l Symmetric initial configurations for three (left) and twenty (right) separating
charged fragments with one fragment in the center (0).

Fig.2 Three-prong event of the disintegration of a 238U nucleus induced by a 1 GeV proton.

The same measured kinetic energy (TKE) wiil result in different radii of the initial spheres
if one uses formula (15) or (16).
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Slowly moving fragments in many-body nuclear disintegrations
The equation of mot.ion of the two fragments separating under the Coulomb repulsion
forces can be written as follows

with initial conditions x\t-o = D = 2RQ, i|(=o = Vo. As in the all previous formulas,
e is the elementary charge. Z\c and Z2e are the charges, (i - {MiM2/(M\ -*• M2) is the
reduced mass and x is the distance between the separating fragments. The initial relative
velocity VQ as well as the initial distance between the fragments D are of importance for
the solution of the equation

/
<=

i>y V / 2 [ i ,

H2yVZ^J

i+ ( i -

l2 l n T ^ T T
+-^(1 ~ D/-jx)1/2\ - to,

(18)

where

(19)
The value of the dimensionless parameter 7 can be expressed as

In all the cases it is close to one because the possible kinetic energy f.iV^/2 is always much
smaller than the Coulomb energy U = eiZiZ-t/D. Later we shall give the estimate for
the initial kinetic energy and now just note that for 7 = 1 one has to = 0. The expression
in the parentheses is dimensionless, and the factor T in front of it has a dimension of
the time and can be taken as the time parameter, which determines the rapidity, of the.
separation of the fragments formed.
Our purpose is to estimate the dependence of the time parameter rH on the number n
of the fragments with masses M, located on the sphere of the. time-dependent radius R.
The equation of motion for every fragment becomes
MR=--gradUn. ,
(21)
n
Using the value j3 for numerical coefficients from the first row of Table 1 and Ao — M • n
for the total mass of the disintegrating nucleus, one can transform eq.(21) to

or

A0R = l3e2Z*/R2

(22)

RR2 = 3c2ZllAo,

(23)
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which formally coincides with eq.(17). Its solution is similar to eq.(18), the time parameter
is written in a similar way talcing into account 7 = 1
1/2

(24)

In Table 2 the values of the time parameter are given in units
number of the fragments.
;

^

AQ/CZO
A

for various

Table 2.
I Sphere
12
20 j n-> co
r n | 2.00 1 1.61 | 1.48 | 1.34 | 1.27 | 1.21 | 1.15 | LOO j|
The process of the separation turns out to be faster for large numbers of the fragments
formed. The rapidity of the separation of the fragments is important when answering the
question whether the satellite fragment with the charge Zns and mass Afns will be at rest.
Being initially localized inside the sphere of radius Ro, it should be determined by the
time dependent wave function. The dissipation of the wave function is characterized by
the time parameter T = R\Mnsf1i. The presence of the satellite fragment in the center
of the sphere with the radius RQ will change expression (24) for the time parameter rnS
of the separation of the n fragments on the surface of the sphere. It is convenient to use
for Tns the form

where Uns ls the Coulomb potential energy for n + 1 charged bodies. We are analyzing
the situation when the central fragment is being localized inside the sphere of the radius
i?o, remaining at rest, (which corresponds to large T values), while other n fragments
leave quickly the initial region (which corresponds to small T,.S). The probability of such
a situation increases with increasing ratio T/rns, i-e. for
T

RoMnS (

Wr.s

Ao-

1/2

> I.

(26)

The analysis of inequality (26) shows that one should expect the enhancement of the
probability for massive satellite fragments and for large Ro values. Every case of the
experimental observation of n charged separating fragments should be analyzed in detail to find slowly moving fragments. It might be promising to use the solution of the
time-dependent Schrodinger equation for understanding the problem. Recently published
quantum mechanical treatment of a-particle emission during fission [13] can be considered as a first approximation for the theoretical study of the formation of slowly moving
fragments.
The above mentioned considerations can be used when analyzing the, concrete result.
Experimental investigation [14] of the many-body fission of 252Cf showed a 3.35 MeV peak
in the 7-spectrum in coincidence with two massive fragments and 1QBe nucleus emission.
The peak is obviously not affected by Doppler broadening. This unexpected observation
may be interpreted as a nuclear many-body disintegration with a. satellite fragment at
rest
Be' +1,0 Be +\?? Zr + n.
(27)
98

134

XIV International Workshop on Nuclear Fission Physics

An excited up to 3.37 MeV 4°Be* nucleus remains al rest while the second 4°Be nucleus
is accelerated by mutual Coulomb repulsion together with two massive fragments. In
this example the measured kinetic energy of the two fragments amounted to 160 MeV
and the energy of the moving ]°Be to 26 MeV, so t.he average total kinetic energy of the
three moving bodies <TKE> was equal to 186 MeV. This value may be used to obtain
the initial distances D-ts for the three-body and D^s — 2iZo for four-body disintegration.
Though the case in question is obviously not symmetric, one can guess that the formulas
for symmetric cases allow t,o estimate the initial distance. For three-body estimate we
take Z\ = 50, Zi — 40 and £? = 8, considering two \°Be nuclei as a separate system.
Then
_
D2S = AZXZ2 + Zsiy/Zi + v%) 2 ]/ < TKE >= 26.6/m.
(28)
The estimate for four-body case can be obtained from eq.(16) by inserting Z^s—k.

J Z o + ( 3 V 3 l ) Z 3 S ] Zo - Z:iS
D3S = 2Ro = 2e [
^
J • <TRE>
= 32.3/r*.

(29)

One may hope that the real distance D could be between these two estimates
i

26.6/m < D < 32.2/m.

(30)

Actually the fragment 4°Be* localized in the given limits will have the momentum not
less than h/D = 197.3/26.6 = 7.4 MeV/c, which corresponds to the dissipation time
T ~ 3.3- l C / m / c . The estimate obtained earlier [15] for r,he separation lime of the fission
fragments of the heavy nuclei gave for r the value of 200-300 fm/c, so the inequality (26)
is fulfilled rather well for the case in question.
The proposed version of t.he spontaneous decay of the iwlQl nucleus (27) can be checked
by calculating the energy yield 0 using known nuclear mass values [8]. It was found to be
Q = 195.1 MeV, which is distributed between the average kinetic energy of the two massive
fragments (160 MeV), kinetic energy of the moving 10Bc nucleus (> 26 MeV), neutron
kinetic energy ( 1 - 2 MeV). and the 7-line energy (3.1 MeV). One should note that the
authors of |14] ascribe the observed 7-line to the transition in the ^°Bc nucleus, referring
to compilation [16], which gives for the transition energy and the lifetime the values
E, = 3368.0±0.2 keV and t = (1.30±0.17)xl0~ 13 5, respectively. In the same compilation
one can find however one more transition in the 10C nucleus with £-, = 3350.8 ± 0.9 and
t — (1.55±0-25) x 10~135. So both nuclei 10Be and l0 C should be considered as candidates
to the slowly moving fragment in the many-body spontaneous decay of the 252Cf nucleus.
One more example was given in [3] when it was proposed to explain the increase of
the <TKE> value for 2S8Pm from 205 to 232 MeV by the formation of the slowly moving
a-particles or other nuclei of helium isotopes. The estimate of T for a-particle decreases
here by a factor of 10, but inequality (26) is still fulfilled.
Estimates of the separation times, and hence eq. (26), may change if the fragments
have non-zero initial velocities. At present it seems impossible to separate experimentally
the component of the <TKE> corresponding to this initial velocity from that obtained
owing the Coulomb acceleration of the fragments. Nevertheless one can estimate the
upper limit for the initial kinetic energy of the fragment, based on the properties of the
inter-nuclear motion of nucleons.
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Inherent constituent motion as a source of the initial TKE distribution for two fission fragments
The simplest case of the collective motion of the system constituents is a decay of the
system into two complementary subsystems. The translational motion of these two subsystems is described by a certain momentum distribution. The analytical expression for
this distribution can be obtained in the case of the random choice of the constituents in
the two subsystems.
,'
Let the primary system which has No constituents, obeying the condition
Wo

undergoes a decay into two subsystems of iVt and N-z constituents so that

Both subsystems should move with corresponding linear momenta P t and Pi, where

A = £ft

and

£ = !£#•

(33)

It is implied that constituent momenta pj of the primary system are randomly distributed
between the two final subsystems. However the following condition should be satisfied for
the real process:
Pi -r- Pi = 0,
which means

iAl = |A| = P

(34)

For iVj ^> 1 all required expressions for the probabilities of the random summation can
be written according to paper [17]. The probability WyL{P)dP that the final vector P will
be found in the interval {P,P + dP) after the N\ random summations of pj constituent
vectors is given by

where q is a r.m.s. momentum of the constituent distribution. The similar expression for
the random summation of A'2 momenta pi reads as

The differential probability of the random summation of iV0 = N\ + N% momenta p,- into
the zero final momentum is
Wivo(O) = (2n-iV()92/3)~3/2.

(37)

We suppose that the constituent momentum q is the same in the primary and two secondary systems. Of course this is not exactly so, however the difference is negligible, so
such an approximation can help to obtain the fragment momentum distribution of the
binary disintegration. Finally for the probability of the formation of two subsystems with
the resulting absolute value of the momentum P one has
W(P)dPxdPvdP, = *N'\P}

] AP]

'^

dPsdPydPz.

(38)
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For the isotropic orientation of the momentum vector this gives a MaxweLlian distribution:

exp{-aPP2)dP,

(39)

2

where ap = (3/2g ) • (N0/N1N2). At low excitation energies a heavy fissioning nucleus
may be considered as a primary system, two fission fragments as emerging subsystems
and nudeons as constituents.
For the kinetic energy of the translational collective motion
P2
£=

27

=

P2N0

2r^V^

.

(4°)

one has then
where at = 3m/q2 and m is the nucleon mass. The average kinetic energy < e > follows
from (41)3 . q2
Our aim is to divide the measured <TKE> into two parts: Coulomb potential energy
and average initial eneTgy of the fragments
< IKE > = £/*c+ < £ > = Uc + q2/2m,

(43)

so the average initial kinetic energy of the fragments is equal to the average kinetic energy
of a single constituent of the primary system. It, is known that the r.m.s. momentum q in
heavy nuclei amounts to (201±4) MeV/c, and the corresponding average nucleon kinetic
energy < e > = q2f2m - (21.8 ± 0.8) MeV. Thus for the spontaneous fission of 258Fm
nuclei with <TKE>=232 McV the value of the 7-parameter in (20) differs from unity
only by ~10%.

Conclusions
The present analysis of the separation of severa.1 charged fragments shows that the idea of
Noddack. uttered as early as in 1934, continues to be plausible nowadays when considering
the satellite fission processes. Though the analytic formulas for the Coulomb energy of
the n charged bodies are obtained only for the symmetric initial conditions and identical
fragments, one can use them to compare such processes as fission and multifragmentation
of nuclei. These processes, used to be considered as different from the modern point of
view, might be connected with each other, and the satellite processes might be the link.
One should make additional efforts to study them experimentally. In particular, it would
be interesting to complete the study of the collinear tripartition (6), which was started
in [1]. Table 3 contains calculated energy yields for three possible reactions induced by
neutrons in natural isotopes of uranium.
Table 3.
1

Process

Energy yield Q, MeV
according to [8]
7
14.2
g^U+n - a+g Ra + a
jjl*U+n -* a+jf'Ra + a
15.2
5f U+n -+ a + ^ r U + a
12.1
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One should note that the a-particles might be replaced in Table 3 by other light nuclei,
including the lightest fragment of the binary fission.
The present analysis shoW3 that the process of the destruction of the nucleus, looking
for medium nuclei as a spherical separation of fragments, at the increasing of the mass
of the nucleus transforms into the collinear process with the formation of two or three
fragments. In the latter case the third fragment turns out to be slowly moving. Such a
string ternary decay is of importance in nuclear physics for generalization of the concept
of the nuclear disintegration.
•
i
The authors are grateful to Yu.A. Aristov for useful discussions.

References

%

1. O. Hahn and F. Strassmann, Nafcurwissenschaft, 27 (1939) 11.
2. I. Noddack, Angewandte Chemie, 47, G53 (1934).
3. G.E. Solyakin and A.V. Kravtsov, Phys.Rev. C54 (1996) 1798.
4. G.E. Solyakin, Yad.Fiz., 60 (1997) 35 [Sov.J.Nuci.Phys. 60 (1997) 30].
5. R.H. Iyer and J.W. Cobble. Phys.Rev.172 (1968) 1186.
6. K.W. MacMurdo and .J.W. Cobble, Phys.Rev.182 (1969) 1303.
7. T.C. Roginski, M.E. Davis and J.W. Cobble, Phys.Rev.C4 (1971) 1361.
8. G. Audi. A.II. Wapst.ra, Nucl. Phys. A 595 (1995) 109.
9. TJ. Brosa and H.H. Knitter, Zs.Phys. A 343 (1992) 39.
10. D.B. Ion, M. Ivascu and R. Ion-Mihai, Ann. Pliys. 171 (1986) 237.
11. -I.N. Knudson, CL. Morris, J.D. Bowman, W.C. Sailor. S..J. Seestrom, I. Supek.
H.E. Sadler and L.D. Isenhower, Phys. Rev. C 44 (1991) 2809.
12. A.A. Zhdanov, A.I. Obukhov and G.E. Solyakin, Yad.Fiz. 57, 1210 (1994).
13. R. Schafer, T. Flkssbach, J. Phys. G 21 (1995) 861.
14.M. Mutterer M. el, al. Invited paper presented at the International Conference on
Fission and Properties of Neutron Rich Nuclei, November 10-15, 1997, Sanibel Island.
Florida, USA.
15. A.V. Kravtsov. G.E. Solyakin, Pis'ma ZhETF, 53 (1991) 385.
16. F. Ajzenberg-Seluva Xucl. Phys. A 133 (1979) 1.
17. S. Chandrasekhar, Rev. Mod. Phys. 15 (1943) 1.

RU0110998
138

XIV International Workshop on Nuclear Fission Physics

NUCLEON-INDUCED FISSION CROSS SECTIONS
OF URANIUMS UP TO 40 MeV
V.M. Maslov
Radiation Physics & Chemistry Problems Institute, 220109,
Minsk-Sosny, Belarus
Abstract
Statistical theory of nuclear reactions is applied for ^ U and 238U neutroninduccd and 238U proton-induced fission data analysis up to ~40 MeV. It is shown
that measured data could be reproduced. Chance structure of measured fission cross
section is provided, it's validity is supported by description of data for competing
(n,xn)-reactions. Role of fissility of target nucleus as well as incident particle on
emissive fission contribution to the total fission cross section is addressed.

1

Introduction

•.-.•:..:,

' Previously we have developed a statistical model description of neutron-induced reactions
for 238U and 235U up to 20 MeV incident neutron energies. Statistical theory of nuclear
reactions consistently reproduces fission and (n.xn) reaction data below 20 MeV[lj. The
problem we face at higher energies is as follows. Calculated fission cross section is a
complex function of reaction cross section, pre-equilibrium emission of secondary neutrons
and fission probability of nuclei, contributing to total fission cross section. It is rather
difficult to disentangle the influence of these three factors on calculated fission cross
section. In other words, increased pre-equilibrium emission might influence on fission
cross section in the same way as decreased fission probability. Fortunately, consistent
description of fission and competing (n,xn) reaction data up to 20 MeV helps to estimate
both factors more definitely. Fission probability depends on fission barrier parameters
and fission level densities, i.e. on quasiparticle state densities and collective level density
enhancement at equilibrium and saddle deformations. At still higher energies another
problem may arise. Actually we are talking about possible hindrance of fission motion or
fission probability and consequently increased soft neutron emission[2]. Note, that only
pre-saddle neutron emission might be of any consequence for fission probability. Due to
emissive nature of fission process of heavy actinides these effects are not very important
at a later stages of emissive cascades. In this respect only non-emissive fission or firstchance fission might be important. However, the contribution of first-chance fission to
total fission cross section of actinides is decreasing with incident neutron energy due to
strong pre-equilibrium emission of first neutron. Consequently, relevant fission dynamics
effects also would not be much pronounced in neutron-induced fission of actinides.
There are data available on proton-induced fission cross section of 238 U target nuclide.
Data on competing (p,xn) reactions (x=l,3), coupled with fission barrier parameters for
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Np nuclei might be of value to check the influence of entrance channel on calculated total
fission cross section. Fission barrier parameters for some of Np nuclei could be fixed by
237
Np(nff) data analysis.

2 THE MODEL
Hauser-Feshbach statistical model code STAPRE[3] was used for nucleon-induced fission
data analysis after some modifications. For calculations to be accomplished, the following
procedure should be pursued. First, level density parameters are defined, using neutron
resonance spacing (Doiw) estimates for ^ U , 237U, 236U, 235 U, 234U, ""U, 232U.. and ^ N p ,
238
Np1 237 Np, 236 Np, 235 Xp, 234 Np... target nuclides. Constant temperature level density
parameters To, Eo, Uc are defined by fitting cumulative number of low-lying levels[4].
Then neutron-induced fission cross sections of 232U, M U ,234U, 235U, 236 U, W U ,238U and
238
Np, 2 3 7 Np target nuclides should be calculated up to emissive fission threshold or higher
to extract fission barrier parameters. After that total, reaction and direct excitation cross
sections of ground state band levels up to 40 MeV are calculated, meanwhile, neutron
transmission coefficients Ti(E) for the code STAPR.E are obtained. At last, cross sections
up to 40 MeV are calculated. Basically that is just extension of traditional statistical
approach u p to 40 MeV.

2.1

Optical model

A coupled channels optical model is adopted for calculation of the reaction cross section
of target nuclide 238 U. We ignored the direct excitation of levels other than ground state
band levels above 20 MeV [5]. The direct excitation of ground state rotational band
levels 0 + -2 + -4 + -6 + was estimated within rigid rotator model using the following optical
potential parameters:

{

VR = 46.29 - 0.3£, McV,rR = 1.26 fm,aR = 0.63 fm
2.92 4- 0.4E, MeV,
E < 10MeV,rD = 1.26 fm,aD = 0.52 fm

6.92 MeV,
E > 10 MeV
6.92 - 0.046(£ - 20), MeV
E > 20 MeV
Vso = 6.2 MeV rso = 1.12 fm, aso = 0.47 fm. '
This potential parameters were obtained from the analysis of neutron total cross section data, angular distribution data up to 20 MeV incident neutron energy and neutron
strength functions. In the optical potential, proposed by Young [6] there is a relatively
small volume absorption term. It influences total cross section data fit, but changes
drastically the reaction cross section shape above ~10 MeV. We argue that adding volume absorption term one faces severe problems with consistent description of fission and
(n,xn) reaction cross section data just above 10 MeV incident neutron energy. To follow
the fission data trend above 20 MeV, we should introduce instead additional decrease of
imaginary potential term WQ.

2.2

Fission Channel

We proceed within double-humped fission barrier model. The detailed description of the
statistical model involved is given elsewhere[l, 7]. Analyzing nucleon-induced fission data
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in a double humped fission barrier model, fission process can be viewed as a two-step
process, i.e. a successive crossing over the inner hump A and over the outer hump B.
Hence, the transmission coefficient of the fission channel Tj* (U) can be represented as

The transmission coefficient Tj*(U) is defined by the level density pfi(s,J.ir) of the
fissioning nucleus at the inner and outer humps (i = A.B, respectively). The total level
density P/i(e, J, n) as well as collective states spectra of the fissioning nucleus is determined
by the order of symmetry of nuclear saddle deformation.
Inner and outer fission barrier heights and curvatures as well as level densities at both
saddles are the model parameters. They are defined by fitting fission cross section data at
incident neutron energies below emissive fission threshold. Fission barrier height values
and saddle order of symmetry are strongly interdependent. The order of symmetry of
nuclear shape at saddles was defined by Howard k. Moller[8] within shell correction method
(SCM) calculation. We adopt the saddle point asymmetries from SCM calculations. These
saddle asymmetries depend on Z and N of the fissioning nucleus. According to shell
correction method {SCM) calculations of Howard and Moller [8] the inner barrier was
assumed axially symmetric in case of U compound systems with A < 236 and asymmetric
for A > 236. This helps to interpret the non-threshold fission cross section behavior
of 232U(n,f) [9] assuming a lowered height of axially symmetric inner hump of ^ U . as
anticipated by Howard & Moller[8] with SCM calculations. Outer barrier for uranium
nuclei is assumed mass-asymmetric. In case of Np nuclei, those with A > 238 were
assumed asymmetric, while lighter ones - symmetric.

2.3

Level Density

The total nuclear level density is represented as the factorized contribution of quasiparticle
and collective states. The collective contribution of the level density of deformed nuclei at
saddles and ground state deformations is denned by the deformation order of symmetry.
Once again, we adopt the saddle point asymmetries from SCM calculations by Howard &
Moller [8], while ground state deformations are assumed f.o be quadrupole.
Level densities were calculated with a phenomenological model by Ignatyuk et al. [10],
which takes into account the shell, pairing and collective effects in a consistent way
p(U: J, TT) = Krat{U, TIK^MPJJJ,

J, TV),

(2)

where Pjp(U, J,TT) is the quasiparticle level density and Krot(U, J) and Kmi{U) are factors
of rotational and vibrational enhancement of the level density. The relation (2) holds in
an adiabatic approximation, when collective and intrinsic excitation contributions to the
total level density p(U, J, TT) factorize.'
Fission and (n,xn) reaction cross section description near thresholds needs a modification of level density at low excitation energies. The modelling of total level density at
low excitation energies in a constant temperature approximation
p(U) = Krot(U)Kvib(U)^^

= T'1 exP((J7 - Uo)/T)

(3)
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looks like a simple renormalization of quasi-particle state density uj^iU). Here, a2 = F\t
is the spin distribution parameter, t is thermodynamic temperature, F\\ = 6/TT2 < rriz >
(1 — 2/3e), where < m2 > is the average value of the squared projection of the angular
momentum of the single-particle states, and e is quadrupole deformation parameter.
For deformed axially symmetric nucleus we assume
Krot{U) = a\ = Fj,

(4)

where a\ is the spin cutoff parameter, F± is the nuclear momentum of inertia (perpendicular to the symmetry axis), which equals the rigid-body value at high excitation energies,
where the pairing correlations are destroyed, experimental value at zero temperature and
is interpolated in between fusing the pairing model.
For triaxially asymmetric nuclides the rotational enhancement factor is
Krot(U) = 2V2ira2±a .

(5)

The closed-form expressions for thermodynamic temperature and other relevant equations which one needs to calculate p(77, .7,7r) are provided by Ignatyuk et al. model [10].
The problem of possible washing out of collective enhancement seems to be rather important, Lestone and Gavron [11] have used single particle levels directly from appropriate
deformed shell model to estimate intrinsic state density. They have discovered strong
washing out of tiiaxial level density enhancement factor at excitation energies as low
as ~ 7 MeV. As will be shown below, that conclusion severely contradicts to present results. We assume no washing out of collective density enhancement, since extension of
calculations above emissive fission threshold does not imply that.
The shell correction dependence of a—parameter is defined using the following equation
[10]:
....
'

v

f 5(l-f- SWfiU - Er.md)/(U - B,.ond)),
\ a(UCT) = <!„.

U > Ucr = 0.47a,TA2 - m A
U < Ucr = 0.47aCTA2 - m A ,

,_.
v

here m = 0,1,2 for even-even, odd-A and odd-odd nuclei, respectively; J(x) = 1 —
exp(— *vx), is the dimensionless function, defining the shell effects dumping; condensation energy Errmd = 0.152a,TA2, where A is the correlation function, a is the asymptotic
a-parameter value at high excitation energies. We assume that a-values for equilibrium
and saddle deformations are equal. That means, that a f /a^ ratio of fissioning and residual
nuclei is solely dependent upon respective shell correction values of SW.
The parameters of the level density model for inner and outer saddles and equilibrium
deformations are as follows: shell correction SW, pairing correlation functions A and A / ,
at equilibrium deformations A =12/\/A, quadrupole deformation s and momentum of
inertia at zero temperature Fu/ti2. For ground state deformations the shell corrections
were calculated as SW — M'^v — MMS, where MMS denotes liquid drop mass (LDM),
calculated with Myers-Swiatecki parameters [12], and M e r p is the experimental nuclear
mass.

3

Data analysis

At incident neutron energies higher than ~5-7 MeV, when fission reaction of A, A-l,
... compound nuclei, where A is the mass number of target nucleus, is possible after
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emission of 1,2, ...x neutrons, the observed fission cross section is a superposition of xchance fission contributions. These contributions are weighted with a probability of 1,2,
...x neutron emission before fission. The fission cross section of (A+l) compound nucleus
is called first-chance fission. For fixed statistical model parameters of residual nuclei A,
A — 1...fissioning in (n,nf), (n, 2nf) ... reactions, the behavior of the first-chance fission
cross section <jfi should make it possible to reproduce the measured fission cross section
a/. A consistent description of a most complete set of measured data on the (n. / ) , {n, 2n)
and (n, 3n) reaction cross sections for the 238U target nuclide up to 22 MeV enables one to
consider the estimates of Cfj\ and of the fission probability of the initial compound nuclei
^ ' U as fairly realistic.
Fission cross section of 238 U, shown on the Fig. 1 demonstrates a step-like structure,
relevant to contribution of (n,xnf) reactions to total fission cross sections for x=l,2,3.4. At
higher energies this kind of structure appears to be smeared out. contribution of (n,5nf)
reaction being relatively small. However, observed fission cross section remains lower
than reaction cross section by ~15%. That means neutron emission competition is strong
enough even at that high incident neutron energies.
Fission cross section of 235 U. shown on the Fig. 2 demonstrates a step-like structure,
relevant to contribution of (n,xnf) reactions to total fission cross sections only for x =
1,2.3. In other words, with increasing fissility of target nucleus the smearing of step-like
structure occurs at lower incident neutron energies. At 40 MeV incident neutron energy
fission cross section of 235U almost approaches reaction cross section value, estimated
mainly with 2"S8L" scattering data.
In calculations with LAHET code system [131 fission cross sections ratio of 238 U/ 23S U
is underestimated below 40-50 MeV incident neutron energy. For still lower fissility target nuclide 2:j2Th, the consistency of measured and calculated ratios of 232 Th/ 235 U is
rather poor over the incident neutron energy region of 15-400 MeV. As regards 23SU fission cross section itself, it is largely underestimated below 100 MeV in calculations with
LAHET. quoted by Lisowski et al. [14]. The discrepancies might be due to usage of
Bertini Intranuclear Cascade Model, used in LAHET, while it is known that at low energies statistical model codes with preequilibrium emission included, are more justified.
A significant difference as compared with STAPRE [3] calculations may arise also due
to inconsistent modelling of fission/neutron competition at the evaporation stage of the
interaction. Preequilibrium emission, which was not included into LAHET [13] at the
time being, also may contribute to the mentioned discrepancies with measured data.

4

Shell effects in first chance fission cross section

First chance fission contribution to the total fission cross section is a decreasing function
of excitation energy above ~15 MeV (see Figs. 1, 2). The behavior of the first-chance
fission cross section O/i is obviously related with the energy dependence of the first-chance
fission probability of the A T 1 nucleus Pf\'
on=

<rc{l-q{E))Pn.

(7)

Once the pre-equilibrium emission fraction q{E) value is fixed, the first-chance fission
probability Pj] of the compound nucleus depends only on the level density parameters
of fissioning and residual nuclei. That is the ratio of shell correction values &WjA(B) and
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5Wn. The results of different theoretical calculations of the shell corrections as well as
of the fission barriers vary by 1 ~ 2 MeV. The same is true for the experimental shell
corrections, which are calculated with a smooth component of potential energy chosen
according to the liquid-drop or droplet model. However, the isotopic changes of SWfA(B)
and SWn [15] are such that Pjx as a function of the difference (6WfA(B) ~ $Wn) ig virtually
independent on the choice of smooth component of potential energy. In addition, existing
calculations of the shell corrections do not allow for the influence of the asymmetric
deformations on the smooth component of potential energy. Therefore we shall consider
the adopted 6WfA(B) estimates to be effective [?], provided that 6Wn are obtained with
the liquid drop model. The trend of the first-chance fission cross section <Jj\ shown on
Figs. 1. 2 could be treated as a manifestation of the shell effects in first-chance fission
probability. So it can be stated safely that we have got effective estimates of aj\ which
corresponds to best fit of (n, 2n), (n,3n) and (n, 3n) reaction cross sections.

4.1

Proton-induced fission

It might be assumed that proton-induced fission is not much different from that of neutroninduced fission at projectile energies up to ~ 40 MeV. However, above emissive fission
threshold relative contribution of non-emissive fission to total fission cross section should
be taken into account. Figure 3 shows first chance fission contribution to the observed fission cross section. Description of charge exchange reaction 238 U(p,n) and 238U(n,3n)236aNp
cross sections might be considered as a validation of the consistency of the statistical approach employed. It turns out that pre-equilibrium emission is much lower than in case
of neutron-induced reactions. We can compare the contributions of first chance fission to
the measured fission cross section of compound nuclide 239 Np for proton- and neutroninduced fission. Fission barriers of Np nuclei were obtained by fitting 237Np(n,f) data
up to 20 MeV incident neutron energy. Figure 4 shows that in case of proton-induced
fission contribution of non-emissive fission to total fission cross section is much higher
than in case of neutron-induced fission. Specifically, above (n,2nf) reaction threshold difference amounts to ~50%. That means that at the same excitation energies the ratios
of symmetric to asymmetric fission yields V5/K4 would be rather different. That should
be obviously taken into account when using proton-induced fission yields for "extracting'
neutron-induced fission yields. First, chance fission contribution for 238U(n.f) reaction is
not much different from that of 23TNp(n,f) reaction. That means it is more sensitive to
entrance channel, than fission probabilities of involved nuclei.

4.2

Pre-equilibrium contribution of secondary neutron spectra

The hard component of neutron scattering spectra and high energy tail of M8 U(n, 2n)
reaction cross section are interpreted as being due to the pre-equilibrium evaporation of
neutrons. This feature is parameterized within a conventional exciton model, used in
STAPRE code. By fitting the spectra for En = 6— 14.7 MeV we get the main parameter
of the exciton model, that is the matrix element M2 = 10/A'!, at En > 20 MeV we assume
M 2 = 250/(EAs). Note that, when calculating the exciton state density, the odd-even
back-shift is introduced: U ~ U — A(2 — n). The charge conservation and transition rates
renormalization were also employed. With all that in mind and in the STAPRE code a
pre-equilibrium emission fraction q{E) leading to depletion of compound nucleus states
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population is obtained, which approaches ~0.95 at En = 40 MeV. Largely by diminishing
the odd-even dependence of q(E) we can fit the 235 U fission data with the same M2
value. These reasonable model fits give rather strong grounds to consider the estimate of
contribution of first neutron pre-equilibrium emission q(E) as fairly realistic. They were
used also for interpreting the experimental evidence of preequilibrium neutron emission
prior to fission, induced by 14.7 MeV neutrons[16]. In case of proton-induced reactions
Ep > 20 MeV we assume M 2 = 1100/(.B.i43). That leads to much softer secondary neutron
spectrum.

5

Conclusions

The statistical Hauser-Feshbach model calculations of neutron- and proton-induced reaction for 238U and 235U target nuclides show the fair description of available data base on
fission and neutron emission cross sections. The rigid rotator coupled channel model gives
fair description of total cross section data up to 30 MeV incident neutron energy. It was
observed that contribution of non-emissive fission to the total fission cross section depends
on fissility of target nucleus and incident particle. The statistical Hauser-Feshbach model
provides fair description of available fission cross section data base for uranium nuclei up
to En ~40 MeV. In other words, evaporation/fission mechanism is valid in this excitation
energy range. With increasing fissility of target nucleus the smearing of step-like structure
occurs at lower incident neutron energies En.

6
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The 234U Neutron Induced Fission Cross-Section
Near the Thermal Point
M.Florek l}, V.Yu.Konovalov, L.B.Pikelner,
Yu.S.Zamyatnin, Sh.S.Zeinalov
Joint Institute for Nuclear Research, Dubna, Russia
IjBratislava University, Bratislava, Slovak Respublic

Abstract. The results of the new analysis of the measurements of neutron induced fission cross-section of U near the thermal point are presented. The deviation from 1/v law was observed that could describe the contradiction between
existing data.

INTRODUCTION
The 234U, like other odd isotopes of the uranium, have a threshold-type energy
dependence of the fission cross-section, and therefore, small cross-section of the
thermal point. There exist only two papers: by C. Wagemans and co-autors [1] and
our one [2]. Both of these papers were presented on IInd International Workshop on
Nuclear Fission Physics and Fission Products Spectroscopy, 22-26 April, 1998, Seyssins, France. Measurements described in the paper [1] were carried out on the ILL
high-flux reactor on the neutron beam having Maxwellian spectrum with average energy 11 meV and gives the value of aIh=300±20 mb. Our value, 140±45 mb, was obtained by averaging of TOF spectrum over energy interval 14-37 meV. The discrepance of these values initiate us to re-analyse our data to extract the energy dependence
of the fission cross-section near the thermal point.
EXPERIMENT AND DATA PROCESSING
Measurements were carried out by the time-of-flight (TOF) technique on the IBR30 booster in Dubna. Flight path was 15.2 m. For the pulse repetition rate 100 s"1, the
lower boundary of neutron energy is 0.0146 eV at such distance.Fission fragments
were detected by multisectional ionization chamber containing 98.8 mg of 234U and
25.2 mg of 235U used for neutron flux determination and energy calibration. Background was measured with 0.5 mm thick cadmium filter in the neutron beam. Measurement time for each spectra (effect and background) was 15 h. These spectra are
shown in the Fig. 1.
In spite of a low 235U content in the 234U sample, the fission of nuclei of ^ U supplies at least the half of the fission events in the vicinity of the thermal point. The
contribution of 235U was calculated using simultaniously measured 235U spectra that
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were normalised on samples mass ratio and content of U in the U sample. An
235T
excess of the number of fission events over the U contribution is related to ~* U
fission.
The content of 235U in the 234U sample should be determined as accurate, as possible. The value Cu~235=0.082±0.008% obtained by a-spectrometry method was not satisfactory because the 10% uncertainity of this value leads to 20-100% error in determination of 234U cross-section.
.
The 235U concentration was calculate on the basis of the TOF spectrum of fission
measured with the same sample on the flight path 58.4 m during 600 h. This spectrum
was fitted using resonance parameters of 234U and 235U and concentration was set as
free parameter. Obtained value Cu'23V0.078±0.001% have much smaller error and
gives us possibility to determine energy dependence of the 234U fission cross-section
with reliable accuracy.
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RESULTS AND DISCUSSION
The obtained energy dependence of 234U fission cross-section is shown on Fig. 2.
One could see that this dependence do not follow the 1/v law that is plotted by dashed
line. It is probably caused by negative resonance, observed also in the total crosssection by and McCallum [3]. Results of [1] and [2] also plotted on Fig. 2. Value of
[1], corrected on difference between mean energy of used cold beam (11 meV) and
thermal one, is in a good agreement with our data.
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Fig, 2. 234 U fission cross-section. Data from [1], corrected on 1/v dependence,
are shown by open diamond
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Measurements of Energy Dependencies of Photofission Cross
Sections of Actinide Nuclei by Relative Method on
Bremsstrahlung in Energy Region 5-10 MeV
A.S.Soldatov
Institute of Physics and Power Engineering, Obninsk, Russia

INTRODUCTION
Gamma rays with energy E>5 MeV provide one way to excite the fission reaction,
which continues to hold interest because of its unique properties, such as the simplicity
of the spectrum of angular moment transferred to the nucleus. Nevertheless, in terms of
the status of many experimental pieces of evidence, the (y,f) reaction lags behind these
other excitation mechanisms. For example, for the subject in which we are interested
here - the cross section af{E) for y-induced fission in the region of the so-called first
fission plateau (E<12 MeV) - a scatter by factor of 1.5 or 2 in the data typical. The
situation is even worse in the sub-barrier region (E<6 MeV).
The factors responsible for these differences in the status of the experimental
information are as follows. First, the cross section for the (y,f) and, for example, (n,f)
reactions differ by up to two orders of magnitude, in favor of the latter, in the region
of excitation energies of interest here. Second, sources of monoenergetic neutrons are
far more intense than the corresponding y-ray sources, and the situation is aggravated
further by the relatively small cross sections for photonuclear reactions in comparison
with the cross sections for neutron reactions.
One methodological approach for making some progress toward a systematically
study is to use a relative measurement method: to carry out measurements with
respect to a cross section which is known better than others and which is adopted as a
standard. This approach can be taken in studying the photofission cross section as a
function of the excitation energy and the nucleon composition of the nuclei. The
effectiveness of this approach has been demonstrated convincingly in research on
neutron cross sections.
Steps were taken in Refs.1-6 to switch to a relative method for measuring the
yield and cross section for photofission in bremsstrahlung beams. In the present study
we have used a relative method to determine the photofission cross section for nuclei
232
Th [7,8], 23IPa [9], 233U [10], 234U [11], 235U [10], 236U [7], 237Np [10,12], 238Pu
[present work], 239Pu [10], 340Pu [p. w.], 241Pu [10], 242Pu [p.w.], 241Am [10, p.m.],
242m
Am [p.m.], 243Am [p.m.] in the region E=5-10 MeV. The cross section for
photofission of 238U was used as standard for almost named nuclei, as it was in our
measurements of this sort and also in studies by other investigations. We made a
special effort to evaluate this cross section in the present study. In the measurements
for 240Pu and 242Pu the photofission cross section for 237Np was used as standard.
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EXPERIMENTAL PROCEDURE AND RESULTS

The measurements were carried out in an extracted beam from a 17-MeV
microtron (Institute for Physical Problems, Moscow) and 30-MeV microtron (SSC RF
IPPE, Obninsk). The bremsstrahlung target was a water-cooled device consisting of a
tungsten disk 1 mm thick and an aluminum electron absorber 12 mm thick. The
fission fragments were detected with mica detectors. The fissile targets with an
isotopic purity better than 93%, consisted of oxide film 10 mm in diameter on an
aluminum substrate. The detector system, in the form of a cassette with identical cells
for the layers of the studied isotopes and for the standard (238U), along with the
detectors, made it possible to carry out simultaneous irradiation of these targets at
definite distances from the bremsstrahlung target (20-70 mm). The assembly of fissile
layers and mica detectors was rigidly connected to the tungsten target. • •
The beam of bremsstrahlung photons has a continuous energy spectrum with
endpoint energy Ems*. Therefore, the quantity measured in such experiments is not the
photofission cross section a<(E), but the reaction yield

Y(EmM) = C(Emax) Jvf(E)N(E,Emm)dE

(1)

o
were N(E,E mM ) is the spectrum of bremsstrahlung photons, while the factor CXE,™*)
depend on the normalization of the spectrum, on the total number of fissile nuclei,
and on the total flux of incident photons.
<} •
In the relative approach, the measured quantity is the ratio
R(E max ) = Y(E max )/Y 0 (E max ),
(2)
where Y(E max ) and Y 0 (E max ) are the yields from the photofission of, respectively, the
under investigation and the reference nucleus. For example, the measured energy
dependencies R(E max ) of the yields from the photofission of 241> 242m- 243 Am and 238 U
are illustrated in Fig. 1. The quoted error AR(Emax) includes the statistical uncertainty
in the number of detected tracks and systematic uncertainties from imperfect scanning
of under a microscope (amounting to some 0,5%) and from correcting the ratio for the
angular distributions of 238U photofission fragments WtG.Emax). The latter uncertainty
amounts to some 0.5-0.7%.
The error bars AR(Emax) do not include the systematic error, estimated at 15%.
This takes into account the error stemming from the uncertainty in ratio of
the effective numbers of the investigated nucleus and nucleus-standard in the fissile
targets. The latter ratio was measured by irradiating the same assembly of fissile
targets by monochromatic neutrons. This dedicated experiment in neutron beam had
statistical accuracy of ~ 3 % . The uncertainties in angular distributions and in the total
cross sections for the neutron-inducted fission of the investigated nucleus and
nucleus-standard contribute some 6% to the total systematic error in R(E max ). The
some details of the detector system increases the total systematic error in R(E max ) to
nearly 15%.
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The photofission cross section for the investigated nucleus was derived as a
solution to the integral equation (1). For this, the equation was solved by Tarasko's
method of minimizing directional discrepancies [13]. To obtain the quantity on the
left-hand side of equation (1) from the measured ratio RCE^,*) [see (2)], we multiplied
this ratio by the integral Yo (Emax) of the reference cross section for the nucleusstandard:
Y(Emax) = R(Emax)Y0(Emax),

(3)

were

Y0(Emax) = C(E^){a f °(E)N(E ( E max )dE.

-

(4)

o,
In computing the integral (4), the uncertainties in reference cross section aj 1 (E) were
not taken into account.
The uncertainty in af{E) was estimated as the spread of the solutions to equation
(1), where the expression on the left-hand side was distributed at random according to
the uncertainty AY(Emax), which was derived from AR(Emax) by using a relation
analogous to (3). In further detail, problems associated with extracting the values of
the cross section <7f(E) from the yields Y(EmaX) are described in [10, 12].
The energy dependencies of cross sections for nuclei 232Th [7,8], 231Pa [9], 233U
[10],234U [11],235U [10],236U [7], 237Np [10,12], 239Pu [10], 24!Pu [10], 241Am [10] can
see in original work. In this work the unpublished photofission cross sections for
238,24o,242pu a r e i l l u s t r a t e d i n F i g 2 . The photofission cross sections for 24U42[I ^ 43 Am
yet are in work.
In Fig.2 the photofission cross sections for 238-240-242pu a r e compare with results of
published works [14-17] for this nuclei. In measurements for 240>242pu the 237Np was
used as standard.
EVALUATES OF THE PHOTOFISSION CROSS SECTIONS FOR
NUCLEI-STANDARDS - U-238 AND Np-237
The evaluation "of the photofission cross section-standard cr° (E) is a fundamental
step in the calculation of the photofission cross section for nucleus under
investigation from the measuered energy dependence R(Emax) [See (2)]. The
photofission cross section for 238U as a standard was evaluated in [10]. Here we shall
do some comments. First, this standard was have tested in the detailed measurements
of the photofission cross section for nucleus 232Th [8]. The our results of measuring
sow a good agreement with the results of measurements with quasimonochromatic
y-rays [14]. Second, in the measurements of the photofission cross section for nucleus
234
U [11] with the same standard we can see very similar resonance structures at
excitation energy below the threshold as in the energy dependence of fissilities of
234
U in (d,pf) reaction [15].
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Fig.2. (a) - The energy dependence of the photofission cross section for
Pu. The
experimental data: O - our data, • - data from [17], the solid line - the data from [18]. (b) - The
same for 240Pu. The experimental data: O - our data, • - data from [19], the solid line - the data
from [18]. (c) The same for 242Pu. The experimental data: O-our data, • - data from [20], the
solid line - the data from [18]
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In this work for measuring the photofission cross sections for 24° mi 242Pu we are
using the photofission cross sections for 237Np as standard, which is more smooth in
subbarrier region. In energy region E<7 MeV the photofission cross section for 237Np
[12] was used as standard, and in region >7 MeV the photofission cross section for
Np [16] was used. In the present measurements we can use the 238U standard for
measuring of the photofission cross sections for 240Pu, too. The results of the both
measurements display satisfactory agreement. This agreement is a some test for the
photofission cross sections for Np as standard. The photofission cross sections for
Th too was measured with using both standard. And in this case the results of the
both measurements display satisfactory agreement
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Proton Induced Fission Cross Sections for Heavy Nuclei in
the Energy Range 200 -1000 MeV
V.G.Vovchenko, A.A.Kotov, L.A.Vaishnens, Yu.A.Chestnov
Petersburg Nuclear Physics Institute of Russian Academy of Sciences,
188350 Catchina, Leningrad District, Russia

Abstract
The main purpose of this project is the measurements of fission cross
sections of n"Pb, 209Bi, 232Th,233'23-5- 238U, 237Np and 239Pu induced by protons
with energies from 200 to 1000 MeV. Experiments are planned to be carried
out at the external proton beam of the 1 GeV PNPI synchrocyclotron. Fission
fragments will be detected in coincidence by two parallel plate avalanche
counters placed directly in the incident proton beam providing a solid angle
acceptance of nearly 4;t at 100% registration efficiency. The detection of both
fission fragments and beam protons will be performed by direct experimental
method, providing an accuracy of the determination of fission cross sections
better than 10%.
The need for information concerning fission reactions induced in heavy nuclei by
intermediate energy projectiles (a main channel of decay of heavy nuclei) has been
obvious for a long time. The interest in this process emerges from both fundamental
and applied problems of nuclear physics. In spite of extensive experimental efforts,
the fission process of nuclei induced by intermediate energy projectiles remains
insufficiently understood in many aspects. The proposed measurements of the energy
dependence of total fission cross sections of heavy nuclei induced by intermediate
energy protons will add to our understanding of the fission process in terms of nuclear
properties of highly excited nuclei, such as temperature dependence of level density
and fission barriers of excited nuclei. For physics applications the nuclear data are
required for new energy production concepts with the help of accelerator driven
systems (ADS), for nuclear waste transmutation technologies, for accelerator and
cosmic device radiation shields as well as for applications in juedicine and solid state
investigations. Moreover, total fission cross section values are needed for the creation
of monitoring standards for moderate energy proton beams. All the above mentioned
problems require fission cross section data with high accuracy and reliability.
However, the determination of absolute total cross sections for nuclear fission
induced by intermediate energy protons is not an easy problem because of
experimental difficulties. The main difficulty consists in the elimination of the
different nuclear background reactions, which may accompany the nuclear fission.
Present threshold methods for the detection of a single fission fragment are not
capable to provide the necessary discrimination from background reactions with the
proper accuracy. That is why systematic experimental measurements of the fission
cross sections with high accuracy are very scarce. As a rule the available

156

XIV International Workshop on Nuclear Fission Physics

experimental data have been obtained at different proton beam energies using
different experimental methods [1]. The development of new electronic methods for
two fission fragment detection in coincidence with high efficiency will enable us to
undertake systematic experimental investigations of the fission cross sections over a
wide energy range and to measure them with high accuracy
Absolute total fission cross sections of natPb, 209Bi, 232Th,233> 235> 238U, 237Np and
239
Pu nuclei will be measured with an accuracy of 5-10% at proton beam energies
from 200 to 1000 MeV at intervals of 100 MeV. Measured total fission cross sections
will be compared with model calculated values.
Experimental measurements will be carried out with the proton beams of the
PNPI synchrocyclotron in Gatchina with the help of equipment which was already
used for the total fission cross section measurement of Th and 238U with a 1 GeV
proton beam [2]. The present arrangement will be modernized by the PNPI and
Institute of Physics and Power Engineering scientists for experiments with actinide
nuclei in the proton energy range from 200 to 1000 MeV. The targets will be prepared
by members of IPPE and PNPI.
Proton beams in the energy range 200-900 MeV will be obtained by decreasing
the energy of the primary 1 GeV proton beam by suitable absorbers as well as by
secondary beam production in thick copper targets. Overview of the experimental area
showing the proton spectrometer providing the protons (200-900 MeV) and the location
of the installation for fission cross section measurements is given in Fig. 1. The system
for transportation and formation of the external proton beam, consisting of a bending
magnet and quadrupole magnetic lenses, represents a magnetic spectrometer with an
energy resolution of 30 MeV in the energy range 200-1000 MeV.
crThe schematic drawing of the installation for fission cross section measurements
is shown in Fig.2. Both fission fragments produced in a thin target by the proton
beam will be detected in coincidence by two parallel plate avalanche counters located
at a short distance at opposite sides of tie investigated target. The good timing
properties of parallel plate detectors and the possibility to discriminate particles with
low energy losses allow us to use this device directly in the incident proton beam,
providing a solid angle acceptance of nearly 4rc and 100 % detection efficiency. The
proton beam with a diameter of 1-2 cm and an intensity of K^-IO6 protons per second
after traversing the target will be monitored by a telescope of scintillation counters.
The composition of the incident beam will be determined by two methods - using
time-of-flight measurements and dE/dx method. The detection of both fission
fragments and beam protons will be performed by direct absolute experimental
methods thus providing a high degree of accuracy of the total fission cross section
measurements.
'
An analysis of all existing experimental fission cross section data will be made
and comparisons with theoretical calculations will be done. With this purpose the
results of intranuclear cascade model calculations with the inclusion of direct and
preequilibrium processes will be used as input data for calculations of fission cross
sections.
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Energy range - 200-1000 MeV, step - 100 MeV
Beam momentum resolution - dP/P <, 0,02
Intensity-105-106prot/s
Beam spot - 10x15 mm2

Fig. 1. Experimental set-up. 1 - 1 GeV proton synchrocyclotron, 2 - absorber,
3 - collimator, 4 - quadrupole lenses, 5 - bending nu gnet, 6 - concrete wall,
7 - installation for fission cross-section measurements

S5

Pumping

Gas

Fig. 2. Installation for fission cross-section measurements.
1 - vacuum chamber, 2 - gas volume, 3 - thin entrance windows, 4 - PPACs,
5 - target on thin supporting foil, 6 - system of the gas filling and the pressure control,
S1-S5 - scintillation counters
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Investigation of the CsI(Tl) Scintillator Proporties for
Registration Low-Energy Charge Particles
V.A. Khriachkov, M.V.Dunaev, V.V.Ketlerov,
N.N.Semenova, M.Z.Tarasko
Institute of Physics and Power Engineering, Obninsk, Russia

Abstract
The CsI(Tl) crystal (thickness of 3 mm) was used for charge particles
registration. Photomultipliers signals were digitized by Waveform Digitizer.
The particle energy was estimate with accuracy -180 keV. Each signal was
described AS a sum of three exponential curves using the least squares
method. This approach allowed us to create a method for pulses shape
identification of the charged particles. In addition, this method may be used
for pull-up rejection. The main luminescence properties (light yield, rise time,
decay time) for verious particles were investigated. Is was shown that
electrons, protons and the alpha-particles with energy up to 1 MeV can be
effectively separated.

The detectors of charged particles on the basis of crystals CsI(Tl) are widely used
in heavy ions physics [1-3]. The purpose of this work was to study CsI(Tl) scintillator
properties for charged particles of small energy identification. In the experiment a
crystal with the diameter of 13 mm and thickness of 3 mm and the photomultiplier
PM-118 were used. The spectrometric 226Ra layer served as a source of a-particles,
p-particles and y-rays. A polyethylene film, irradiated by fast neutrons from Pu-Be
source (see fig.l) served as a source of protons.
Pulses of a current from the photomultiplier anode were digitized by Waveform
Digitizer (WFD) with the sampling time of 12.5 ns. Each signal was described as a
sum of two exponential curves using the least squares method.
where 5>aj, and SSiow - are the area of fast and slow components, respectively;
tpast and TSiow - are the decay time of fast and slow component, respectively;
t - is the current time; To- the time of the particle birth.
On the first step of processing all parameters are varied. Examples of the
description of a and P-particles signals by two exponential curves are shown in fig.2.
The two-dimensional spectra: decay time - anode pulse area (ASA) for electrons and
a - particles are shown in fig.3. It is seen that only discrete set of decay times exists.
Common Ts/ov. (see Fig.3) component is available both for a-particles and electrons.
The analysis shows that for a - particles with energy to 6 MeV average value
TF<W=357 ns and Ts/Ol,.=1287 ns (see fig.4). The two-dimensional spectrum: the area (in
a window of 400 ns) in the beginning of current anode pulse - ASA (method similar
traditional) is shown in fig.5. On the second step we fixed zFast and zsio* parameters
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and varied only yield of this components. The two-dimensional spectrum: area of fast
components (taken from fitting procedure) - ASA is shown in figure 6. The
comparison of resolution of these two particles identification methods (fig. 5 and 6)
for a-particles and protons of different energy is shown in fig. 7. As criterion of
resolution, we used the parameter defined as
R={*a+ap)/{Pa-Pp)
(2)
where <ja and a p - are the width of a and p peaks; P a axid Pp - are the distance
between a and proton peaks.
It is seen, that the method using the fast component area has the better resolution
by a factor of 1.5 - 2.
'

Conclusion

The main luminescence properties of CsI(Tl) (light yield, rise time, decay time)
for various particles were investigated. It was shown that electrons, protons and the
alpha-particles with energy up to 1 MeV can be effectively separated.
Pu-Be
neutron
source

polyethylene
radiator
226Ra source

Fig.1 Scheme of detector block.
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Fig. 6. Two-dimensional spectra: area of fast component-anode pulse area
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Abstract
The spectra of the neutrons produced through the bombardment of tritiumtitanium-molybdenum target by protons with energies 4 to 9 MeV have been
measured by time-of-flight technique at different angles. It was found that,
besides the T(p,n) neutrons, there are low energy neutrons, which contribute
4 to 3000% compare to the main monoenergetic neutrons. The theoretical
analyses have shown that there are two physical reasons of these low energy
neutrons: neutron scattering on the target assembly and the (p,n) reactions on
titanium and molybdenum. Besides on the way to the detector the part of the
T(p,n) neutrons inelastically scatters on the detector shielding (collimator).
The corresponding calculations made with Monte-Carlo and HauserFeschbach codes quantitatively reproduced the spectra observed in the experiment. The approach tested in the present work could be used for estimation of the nonmonoenergetic neutrons contribution for other neutron producing reactions and target assemblies.
1. Introduction
The accurate measurements of neutron-nuclei interaction cross sections needs exact knowledge of the parameters of neutron source used in experiment. In precision
measurements usually mono-energetic neutron sources are used for generation of the
neutrons with specific and well-defined neutron energy. Typically the T(p,n), Li(p,n),
T(d,n) reactions are used for production mono-energetic neutrons in keV - MeV energy range [1]. Even in this case, the source will inevitably produce the neutrons (we
will designate them as "nonmonoenergetic") with energies usually less the energy of
the neutrons from main reaction. It is rather important to know the absolute yield and
energy distribution of these neutrons to be able to estimate their influence on the
measured cross sections.
In the present work we experimentally and theoretically investigated the contribution of the nonmonoenergetic neutrons from the solid tritium-titanium-molybdenum
target under the bombardment of the proton beam with energy varied from 4 to 9 eV.
The present research is the continuation of our studies of the parameters of the neutron sources, based on the T(p,n), T(d,n) reactions and gaseous tritium targets [2, 3]
and the T(d,n) reaction and solid target [4].
The interest was also caused by the results of the work [5], in which the spectrum
of the neutron from the TiT on the Cu backing under the bombardment by 1.8 MeV
protons was studied. The authors have concluded that about 18% of tritium have to be
included in the target backing to describe measured source spectrum. This additional
tritium prodiced 8% of the total neutron yield.
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2. Experiment
The measurements of neutron spectra from tritium solid target have been made by
time of flight technique at fast neutron spectrometer [6] based on tandem accelerator
EGP-10M [7] of IPPE. The arrangement of the spectrometer is shown in Fig. 1. The
accelerator produced pulsed proton beam with following parameters: proton bursts
time width - 1.5 ns; repetition frequency - 5 MHz; mean current - 1 \iA; proton energy stability, measured by reaction thresholds method, - 0.06% [8]. The proton beam
passed through carbon diaphragm with 0 6 mm hole and struck the air-cooled tritium
target. Before diaphragm there was a cylindrical pick-up electrode, which gave the
"stop" pulses for time of flight analyses.
The solid target, as specified by manufacture, was a titanium layer (011 mm by
0.96 mg/cm2 or 2.1 um thickness) on molybdenum backing (011 by 0.3 mm thickness), the ratio of absorbed tritium to titanium atoms - 1.97. The target was housed in
stainless holder with wall thickness of 0.3 - 0.5 mm (Fig. 1). To reduce the material
amount the sealing vacuum resin, flange and nut were shifted from the target at the distance of 10 cm. The target holder was electrically isolated from the ground, so the total
charge of the protons, reached the TTi target, was measured by the charge integrator.
The neutrons produced in the target was measured by scintillator detector [6] consisted of stilben crystal (063x39 mm) and photomultiplier FEU-30. Detector's anode
and last dynode signals were used to receive the "start" pulse for time of flight analyses and for y-rays suppression by pulse-shape technique. Detector neutron threshold
was 0.5 MeV, its time resolution - 3 ns. The detector was housed in the massive
shield consisted of 6LiH-paraffin mixture, iron, copper and lead. The shield could be
rotated around the TiT-target, making possible the measurement of neutron spectra at
different angles 0 to 150° in 15° step. Detector efficiency was obiained from the
measurements of the 252Cf-fission neutron spectrum, which is known with accuracy of
less then 2% [9] in the energy range of interest.
The time of flight spectra of the source neutrons were measured at four incident
proton energies 4, 6, 8 and 9 MeV and at 11 angles for each energy. The time of flight
spectra were transformed to energy ones and then were absolutely normalized to one
titanium nucleus in the T-Ti layer (using manufacture's information on Ti layer
thickness) and to one incident proton (using total collected beam charge).
3. Analysis of experimental results
3.1. Experimental results and T(p,n)-neutrons yield
The experimental energy spectra for four proton energies Ep and emission (detector) angle ©D = 0° are shown in Fig. 2. The main neutron peak from the T(p,n) reaction is clearly visible, its mean energy increases, but maximum decreases as proton
energy increases. The visible width of the T(p,n)-peak (FWHM = 350 keV for
Ep = 4 MeV) is defined by spectrometer resolution, whereas the real energy resolution
of the neutron flux emitted in forward direction is equal to the proton energy loss in
the Ti layer (64 keV).
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The Fig. 2 shows that besides main neutron peak from the T(p,n) reaction there is
also a low energy tail, which considerably increases with increasing of incident proton energy. The integral contribution of these tail neutrons (ratio of the areas under
the tail and main peak) is shown in Fig. 3. It shows that the contribution increases
from 4 to 3000 % as proton energy varies from 4 to 9 MeV.
For Ep = 4 MeV the measured yields of the main (integral under the spectrum
from 2.5 to 4 MeV) and nonmonoenergetic (from 0.6 to 2.5 MeV) neutrons are listed
in the Table 1. We also calculated the yield of the T(p,n) neutrons taking into the account the parameters of the target as specified by manufacture. It should be noted that
the measurements were performed 2 years and 4 month later of the date of the target
manufacturing. Due to the radioactive decay of the tritium (T1/2 = 12.4 years), its
amount decreased by 12%, so tritium to titanium ratio T/Ti at the date of the measurement was 1.73. The calculated T(p,n) neutron yield with updated T/Ti ratio agrees
very well with measured one (see Table 1).
Table 1. The absolute and relative (to the main T(p,n) reaction) yields of the neutrons
from different sources at incident proton energy Ep=4.0 MeV and detector
angle 0 D = 0°
NN Source of Neutrons
Yield, mb/sr
Relative Yield, %
1

2
3
4
2-4
5
6
7
5-7
8
2-8
2-8

Main N e u t r o n Source (2.5 MeV < E n < 4.0 MeV)
T(p,n)
100 %
(163± 10) Exp
Cal
T(p,n), calculated at the measurement date
166
Secondary Neutron Sources (0.0 MeV < E n < 2.5 M e V )
the (p,n) reactions on the target materials
U
0.014 CaI
C(p,n)
0.01 %
w
Ti(p,n)
1.8TNU
1.1 %
Mo(p,n)
3.1 C a l
1.9%
Sum of the (p,n) contributions
4.9
3.0%
Scattering of the T(p,n) neutrons on the target assembly
Scattering on TiT layer
0.016 M C N P
0.01 %
097MCNP
Scattering on Mo backing
0.60 %
Q Q2MCNi>
Scattering on Target Steal-Holder
0.56 %
y QMCNP
Sum of the Target Scattering
1.23%
Interaction of the T(p,n) neutrons with collimator
2 -jMCNP
Collimator inelastic scattering
1.41 %
Sum of all secondary neutron sources
Sum obtained from above analyses
9.2
5.6%
(0.0 MeV <En< 2.5 MeV)
Sum obtained from above analyses
6.1
3.7%
(0.6 MeV <En<2.5 MeV, except Mo(p,n))
Sum obtained from measured spectrum
(4.0±0.4)Exp
(2.5 ±0.3)%
(0.6MeV< En < 2.5 MeV)

-

Comments for the Table 1. The superscripts mean: Exp - measured in the present experiment, MCNP - calculated by MCNP code, TNG - calculated by TNG code, Cal - calculated using the experimental data of other works as described in the text.
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3.2. Analysis of the contribution of the (p,n) reactions on target materials
One of the possible reason of the low energy neutrons could be the (p,n) reactions
on the titanium and molybdenum isotopes. The corresponding thresholds and isotope
abundance are shown in the Fig. 3. It is seen that the thresholds of the (p,n) reaction
for the 49Ti and 97Mo is very close to the T(p,n) reaction threshold. It means that titanium absorber and molybdenum backing are the source of the neutrons practically in
the same proton energy range as T(p,n) reaction. To estimate their contribution we
calculated the neutron yield produced by titanium and molybdenum as a function of
the proton energy. The thickness and the number of nuclei were taken those as specified by manufacture for the target. Since the thickness of the molybdenum backing is
much larger then proton stopping range, the total neutron yield was calculated by integration over the thickness, taking into account the degradation of proton energy and
energy dependence of the Mo(p,n) reaction excitation function. The experimental data
for the (p,n) reaction cross section were taken from the experimental works [10-13]
and was supplemented by evaluated data from the library MENDL-2P [14] for isotopes and proton energy range, where experimental data were not measured. All
yields were normalized to mb/sr units, dividing by the number of titanium nuclei per
square centimeter and 4rc. Relative yield was obtained by normalization to the T(p,n)
reaction cross section at 0° [15], taking into account that the ratio T/Ti was 1.73 at the
date of measurement (see chapter 2.1).
The results of evaluation of the yield of neutrons from the Ti(p,n) and Mo(p,n) reactions are shown in the Fig. 3 and Table 1. It is seen that the calculated energy dependence of contribution of the low energy nonmonoenergetic neutrons from Ti(p,n)
and Mo(p,n) reactions explains the tendency of the experimental results. The underestimation for the energies higher then 8 MeV could be explained by the tritium
breakup reaction T(p,n)dp (threshold E,h = 8.35 MeV) [1], and/or (p,2n) reaction on
Ti and Mo, which was not included in present analysis.
It is well known that during the proton irradiation, the carbon layer could be deposited on the surface of the tritium target. This carbon could be also the source of the neutrons due to 13C(p,n) reaction which has the threshold E^= 3.24 MeV. According to the
experimental study performed in work [16], the thickness of the carbon layer varied
from 20 to 200 fig/cm2, depending on the cooling of the target, accelerator vacuum system etc. We estimated neutron yield for 100 ug/cm2 carbon layer, taking the cross section for the 13C(p,n) reaction from the work [17]. Fig. 2 shows that contribution of the
neutrons from the carbon, deposited on the target during the proton irradiation, is negligibly small. Let us notice that 4 MeV protons lose 8.4 keV in such carbon layer.
The Fig. 2 shows that the appearance of the low energy "tail" of the neutron spectra measured at the Ep = 4 MeV differs from ones measured at higher energies: it
demonstrates different energy dependence with bump like structure. This is why we
paid more attention to this incident energy.
We calculated the energy spectra of the secondary neutrons (energy differential
cross section) from 49Ti(p,n)49V reaction at 3.97 MeV (mean energy of protons in TiT
layer). The calculations were made with TNG code [18], which based on the statisti-
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cal model of Hauser and Feshbach theory including width fluctuation corrections. The
competition in between of the energetically opened (p,n), (p,p'), (p,y) and (p,a) channels were regarded. The transmission coefficients were calculated with spherical optical model parameters of Bechetti and Greenlees for protons [19], Wilmore and Hodgson for neutrons [20], Huizenga and Igo for a-particies [21]. The excitation energies,
spins and parities of excited levels in residual nucleus were taken from the Table of
Isotopes [22]. At Ep = 4 MeV the maximum excitation energy of the residual nucleus
49
V equals 2.6 MeV, since the Q value of reaction is -1.384 MeV. We regarded
20 discrete states up to excitation energy 2.26 MeV, and level density function with
parameters of Dilg et al. [23] for higher energies. With these model parameters our
calculations reasonably reproduced the experimental data of the work [10], in which
the 49Ti(p,n)49V reaction cross section was measured up to Ep = 3.25 MeV. For example, at Ep = 3.0 MeV, the experimental cross section c pn = 118 mb [10], whereas TNG
calculation predicts 119 mb.
The calculated energy-differential cross sections (spectra) of the neutrons from
49
Ti(p,n)49V reaction at 4 MeV proton energy are shown in Fig. 4 for three detector
angles. The spectra were folded with the spectrometer response function, which was
assumed has a Gauss shape with FWHM estimated from time resolution and flight
path uncertainty of the spectrometer. It is seen that spectra have resonance like structure due to low density of excited discrete states in residual nucleus 49V. This structure agrees well with experimental one, especially at detector angles 75 and 120°,
where the bumps correspond the excitation of the first levels in 49V are clearly visible
in the experiment.
The Table 1 shows that the Mo(p,n) reaction contributes approximately the same
number of the low energy neutrons^ as Ti(p,n). But the energy distribution of these
neutrons will have smooth shape with the maximum located below detector threshold,
since proton beam loses its total energy in the molybdenum backing. The maximum
neutron energy is expected from the 97Mo(p,n) reaction, which has the lowest value of
Q =-1.10 MeV.
3.3. Analysis of neutron scattering on the target assembly
The one of the possible reason of secondary neutrons may be the inelastic scattering
of the T(p,n) neutrons by target assembly materials. We have investigated these processes by the three-dimensional-Monte Carlo technique, code MCNP-4.a [24]. The geometry and material composition of the target assembly (see Fig. 1) were exactly modeled. The neutron source was assumed to be 0 6 mm disc in the center of the TiT layer.
The angular-energy distribution of the source neutrons, originated from the T(p,n) reaction, was taken from database DROSGr96 [15]. The nuclear data for the "neutron-nuclei
interactions were taken from the Fusion Evaluated Nuclear Data Library FENDL-1
[25]. Several detectors (tallies), discs 63 mm in diameter, were located at distance of
2 m from the target at different angles. The calculated energy spectra were nonnalized
per one incident proton and per number of titanium atoms in the TiT target.
The calculation made have shown that neutron scattering on the materials located
at distance larger then 5 cm (nuts, isolator, flange etc., see Fig. 1) has no any signifi-

S.P.Simakov, G.N.Lovchikova, AM Trufanov et aJ.

169

cant effect in the detector. The scattering on titanium and tritium contributes only
0.01% of main T(p,n) neutrons due to very small thickness (2.1 urn) of titanium absorber. Whereas the scattering on Mo backing and bottom of stainless steel (SS) tube,
in which target is hosted, does have certain effect. The calculated energy spectra of
the neutron scattered on the Mo and SS tube is shown in Fig. 5. They demonstrate the
rather sharp peaks with energies 1.4 and 0.65 MeV.
For understanding the origin of these peaks we have calculated by MCNP the angular dependence of the neutron yield around the target assembly relative to the direction of the incident proton beam, Fig. 6. The ratio of this yield to the T(p,n) reaction
angular differential cross sections gives the transmission of the neutrons through the
target assembly. The Fig. 6 shows that it is lower then 100% only in the angle range
80 to 90°, since in this direction neutrons pass through the largest thickness
( 5 - 7 mm) of the molybdenum backing and stainless steel bottom of the holder. But
the neutrons emitted at these angles have the energy around 1.4 MeV (see Fig. 6). The
elastic and inelastic scattering of 1.4 MeV by Mo and Fe (main component of the
stainless steel) nuclei gives the secondary neutrons with energies of 1.4 and
0.65 MeV. The elastically scattered neutrons have to have relatively larger yield at
detector angle 0 D =75°, whereas inelastically scattered neutrons - practically isotropic
angular distribution.
The comparison of the calculated spectra with measured ones, shown in the Fig. 4
and 5, demonstrates rather good agreement both for absolute value and for the spectral distribution. The energy-integrated yields of the target-scattered neutrons are
listed in the Table 1. It shows that molybdenum backing and the target holder gives
practically equal contribution (around 1%) of the nonmonoenergetic neutrons. The
proton energy dependence of the target assembly scattered neutrons is shown in the
Fig. 3. It demonstrates that total target scattered neutrons has the value of the 2% in
wide energy range of incoming protons, with slightly increasing up to 3% as proton
energy approaches to the T(p,n) reaction threshold.
Similar effect of target neutron scattering, but for the case of Li(p,n) target, has
been investigated in the work [26]. This reaction was used for production the
monoenergetic neutrons with the energy 144 keV. There was found that the relative
contribution of the target-scattered neutrons has the order of several percent depending on target backing thickness and chamber construction.
3.4. Analysis of the neutron interaction with detector shielding
Above we have analyzed the reasons of the secondary neutrons produced in the
target itself and in the target holder. But the neutrons, mainly from the T(p,n), on the
way from the source to the detector will interact with detector shielding; e.g. will
scatter on the collimator walls. These processes will soft energy spectrum of neutrons
registered by the detector. Of course, the neutron-collimator scattering does not affect
on the neutron source spectrum itself, but for the sake of the correct comparison of
the calculated and measured results we have to take the later effect into account.
The neutron interaction with shielding was studied by Monte Carlo code
MCNP 4.a, as described in previous chapter. Additionally, the detector shielding was
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implemented in the calculations, with exact geometry and material specification as
shown in Fig. 1. For the modeling the time of flight method of the measurement, it
was assumed that the neutron source has Gauss-type time distribution width
FWHM =3.6 ns, equal to the spectrometer time resolution. The time of flight spectrum collected in the detector (time tally) was then transformed to energy spectrum
and normalized as experimental one.
The energy distribution of the neutrons scattered by collimator is shown in Fig. 5.
It is seen that collimator produces the neutrons with energies mainly below 2 MeV.
As Fig. 4 and 5 show, there is still discrepancy at the detector angle 0° in the neutron energy range 1.8 - 2.8 MeV. The measured spectral distribution of the T(p,n)
neutrons is asymmetric with a long tail on low energy side. The Gauss response function, which was used for the folding of the results of the calculations, is symmetric
and thus underestimates the value of this tail. The underestimation relative to the
T(p,n) neutrons has a value of 3%. The similar discrepancy we have noticed in the
experiments with the monoenergetic neutrons in the energy range 5 — 8 MeV [27, 28]
(T(p,n) reaction, gas tritium target) and at 14 MeV [4] (T(d,n) reaction, solid tritium
target). The same effect was found with the Li(p,n) neutron source at 144 keV neutron energy [26]. This underestimation could be resulted from the neutron scattering
on the materials surrounding the detector (crystal scintillator) itself, which was not
taken into account in the present calculations. The analysis of reasons influencing on
the shape of spectrometer response function is underway now.
*
4. Conclusion
The analysis of reasons and the value of the contributions of the low energy neutrons in the case of the source based on solid TiT- Mo target has shown:
- for the incident proton energy above 4 MeV the main sources of the nonmonoencrgetic neutrons are (p,n) reactions on the molybdenum backing and titanium
layer. The value of the contribution is increasing from a few percents up to thousands
percents as proton energy is reaching 9 MeV energy.
- for the incident proton energy below 4 MeV the main source of the nonmonoenergetic neutrons is the scattering of the T(p,n) neutrons on the target itself and
target holder. The relative contribution (in our case about 2 -3 %) depends on the target assembly configuration (mass, sizes etc.) and does not strongly depend on the
neutron source energy.
- at the proton incident energies around 4 MeV it turns out that all these reasons
contribute approximately equally.
- there is no need in the implementation of the additional sources of the neutrons,
e.g. the tritium in the target backing as it was done in [5], to predict measured neutron
yield and spectra.
Finally we would like notice that our study of the parameters of the gas tritium
target as a neutron source [2, 3] has shown that the contribution of nonmonoenergetic
neutrons does not exceed 1% even at proton energy 9.3 MeV (neutron energy 8 MeV
in forward direction).
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Neutron Energy, M e V
Fig. 2. Measured neutron energy differential cross-sections from TiT-Mo target at 0°
detector angle for four incident proton energies
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Fig. 6. Dependence of the yield and energy of the neutrons from the T(p,n) reaction as
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Low Energy Neutron Induced Fission of
the Aligned 235U Target
D.I.Tambovtsev1, L.K.KozIovsky', N.N.Gonin1, W.I.Furman2,
Yu.N.Kopach2, A.B.Popov2, J.Klirnan2'3
' SSC RF Institute of Physics and Power Engineering, Obninsk, Russia
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Joint Institute for Nuclear Research, Dubna, Russia
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Experimental and theoretical insight into the quantum mechanical aspects of the
nuclear fission process can be acquired through the analysis of the variation of the
fission fragment angular anisotropy as a function of the incident neutron energy. Such
investigations are carried out by united efforts of the Obninsk, Dubna and Bratislava
groups.
The experiment is being performed at the booster IBR-30+LEA-40 and is a development of the technique used by Pattenden and Postma [1]. The description of the
experimental set-up used into first stage investigations can be found in [3]. Later on,
the experimental equipment was upgraded substantially. The new 3He-4He dilution
refrigerator having "cold plate" instead of an ordinary 1K bath was installed. This
plate is cooled to 1.2-1.3 K by the pumping of the helium vapors from the serpentine
mounted on the plate. The continuous flow of liquid helium comes from 4K. bath to
the entrance of the serpentine via the specially designed thin capillary. Such system
can maintain the orientation of the target nuclei for a time as long as the capillary will
be clear (practically, more than two weeks instead.of two days for the older refrigerator). One of the two 235U mosaic single crystal samples was replace by a new thinner
one. Besides, the silicon surface barrier semiconductor detectors were replaced by
more reliable silicon planar detectors specially designed and developed for operation
at temperature about IK. As the result of this experimental modernization, more than
double increase of the accumulated statistics during past two years of measurements
was achieved. A new improved data processing algorithm was applied [4]. The statistical accuracy of the fission fragments angular anisotropy coefficient A2(E) data obtained in the neutron energy range 0.05 - 20 eV with energy bins 0.05 eV is about
2-3% for strong neutron resonances and 10-15% for inter-resonance intervals.
Fig. 1 shows our A2(E) data. The errors are mainly statistical ones. The systematical error of the whole data set is mainly due to the uncertainty of the electric hyperfine coupling constant P/k for 235U nuclei in the uranyl-rubidium single crystal and is
estimated as -20%. In the same picture the squares and triangles represent the data of
Pattenden and Postma [1,2] obtained in the resonances and in the valleys between
them. One can see that both energy dependence of Ai and the absolute values are in
good agreement.
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Neutron energy [eV]

Fig. 1. The experimental data of energy dependence of fission fragments angular
anisotropy coefficient A2(E): circles - present work, squares and triangles - the data of
Pattenden and Postma [1,2]
For the analysis of the A2(E) dependence we used the microscopic description of
the fission process developed by Barabanov and Furman [5] which accounts for the
interference between s-wave resonances with different spins. The A2(E) data were
analyzed together with total neutron [6], total and spin-separated fission cross sections [7, 8] in order to obtain a set of resonance parameters for 235U. For this joint
analysis an original code A2FIT [4] was developed in FLNP, JINR on the basis of a
standard minimization procedure FUMILI.
In parallel, the same kind analysis was performed using the standard code
SAMMY [9] supplemented by the A2(E) evaluation procedure [4]. Both codes are
identical in the R-matrix formalism in multilevel many-channel approximation of the
description of the cross-sections, but differ in the minimization procedure. The
A2FIT code uses usual least squares method and fits all data sets simultaneously
while SAMMY uses Bayes' method and performs sequential analyses of different
data sets keeping the covariance matrix from the previous fit. Testing calculations
demonstrate the equivalence of the arithmetic of both codes, but the results of the fittings may differ. We included three fission channels for the spin group /=3 (AH), 1,2)
and two for the spin group J=4 (AT=1,2). The interference between resonances with
different spins was also taken into account. Partial fission amplitudes y/K (y/=± T//2)
were defined by the angles of orientation of the total fission amplitude yf in the threedimensional space for J=3 and two-dimensional space for 7=4. The main formulae
and the description of the fitting procedure can be found in [4].
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For the description of A:(E) and spin-separated fission cross section we didn't take
into account the Doppler broadening, because these data were obtained at low temperatures. All other cross sections were evaluated with Doppler broadening according to the
temperature of the sample. We used the realistic resolution function of the IBR-30 reactor [10] for the A2(E) dependence. For all cross sections the resolution function was not
taken into account since they were measured with much better resolution.
A typical fitting result is presented in Figs. 2a-e. To describe the ArfE) dependence properly it was necessary to include several weak resonances in the regions
where the behavior of the Az(E) could not be reproduced otherwise. It must be note
the ENDF/B-VI parameter set [11] obtained in two fission channel approximation
reproduce all cross-sections quit well but can not describe the Ai(E) behavior. In spite
of the good present fit to all data, the problem of unambiguous choice of resonance
parameters in the considered energy interval still remains open. Different fits (depending on. the initial conditions of the fit) resulted in different parameter sets with
close values of the x2- Although the positions, neutron and total fission widths of
strong resonances are close in all parameter sets, the partial fission widths as well as
the parameters of weak resonances may vary significantly. To solve this problem it is
necessary to make the accuracy of all experimental data consistent and decrease the
experimental errors at least of the spin-separated cross-sections and A2(E) in interresonance regions where they still large.
Figure 3 shows the comparison of energy behavior of the spin-separated fission
cross section and "spin-separated" A2. One can see that the energy behavior of the
anisotropy coefficient for a given spin is essentially different from that of the corresponding fission cross section. It may change in energy even within an "isolated"
resonance due to the presence of strong inter-resonance interference. Thus, one can
conclude that the approximation of isolated resonances used in [1] is not justified and
can't be used for a quantitative analysis.
The relative contribution of .//'-interference term in A2 is presented in Fig. 4. This
picture demonstrates that the JJ' interference plays an essential role, especially in regions between resonances and can not be disregarded.
It is interesting to extract contributions of separate JK-components for different
fission characteristics involved in this analysis. The relative contributions of the
K-components to the spin-separated'fission cross section for the most interesting case
of J=3 is shown in Fig. 5. The figure demonstrates a strong K-channel mixture caused
by Porter-Thomas fluctuations of the partial fission widths. One can note that the K=0
channel predominates in some energy regions.
As it was mentioned before, the systematical error of the absolute A2 value is
fairly large. We performed a qualitative study of the influence of the systematical error of A2 on the average contributions and energy dependence of separate
K-components. It was done by multiplication of our experimental A2 data by coefficients 0.85 and 1.15 with subsequent fits of the new A2 values. Figure 6 demonstrates
the variations of the K-components of the total fission cross section depending on
different A2 normalizations. One can see that the most sensitive is Ihe K=0 component, all others vary insignificantly.
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Although such a small energy interval doesn't permit one to analyze carefully the
statistical and integral properties of resonances, some definite conclusions can be
drawn. The average contributions of the .//'-interference term and of the
K-components in A2 are listed in Tab. I. One can see that with the variation of the
absolute A2 value by ±15% the weights of different K-components do not change significantly while the average contribution of the JJ '-interference term appears to be
more sensitive. The situation is different for the spin separated fission cross sections,
what is demonstrated in Tab. II. The relative weights of the K channels vary much
stronger than in the case of A2. The most sensitive is again the K=0 channel.
Table I. Relative average contributions of the A2 different components
SAMMY
JJ'
K=0
K=l
K=2
Fit. variant
C=0.85
0.22
0.14
0.65
0.21
C=L00
0.15
0.15
0.64
0.21
C=1.15
0.12
0.15
0.63
0.22
The data in Fig. 6 and Tab. II show the importance of decreasing the systematical
error of the A2 value and demonstrate that the contribution of the K=0 channel is
rather essential. It is not as large as it was assumed by A.Bohr's theory, but on the
other hand it can not be neglected as it was supposed by Moore [12].
Table II. Relative contributions of K-components in spin-separated
fission cross-section 235U
Of1

a-'-'

K=0

K= l

K>2

0.17
0.23
0.30

0.43
0.42
0.39
0.50
0.55
0.60

0.40
0.35
0.31
0.50
0.45
0.40

SAMMY
Fit. variant
C = 0.85
C=1.00
C= 1.15
C = 0.85
C = 1.00
C= 1.15

To summarize, the main results are:
1. The angular anisotropy of fission fragments produced in the resonance-neutroninduced fission of aligned 235U nuclei was measured as a function of neutron energy. The statistical accuracy is about 3-15 for the energy bins 0.05eV and neutron energy range 0.05 - 20 eV.
2. An original code A2FIT was developed and the well-known code SAMMY was
modified for the simultaneous analysis of the obtained values of fission fragment
angular anisotropy coefficient A2(E) together with the total neutron, total fission
and spin-separated fission cross sections in dependence on neutron energy. Both
codes based on the R-matrix formalism and the new theoretical description of the
fission process and take into account the interference between s-wave neutron
resonances with different spins, but differ in the used fitting procedure.
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3. The strict analysis of the experimental data in the framework of the multilevel
many channel approach allowed us to deduce contributions of different JK components in the fission cross sections and A2(E). These components have complicated energy structure caused by the effects of inter-resonance interference.
4. The contribution of the K=0 channel is essential, and one has to take it into account for the interpretation of the present experimental data.
5. The //'-interference term gives an appreciable contribution both in the absolute
value of the anisotropy coefficient and in its energy dependence.
6. The present accuracy of the experimental data is not sufficient to obtain an unambiguous resonance parameter set. To solve this problem one needs to obtain more
precise data on spin-separated fission cross section and to measure A2(E) in a
wider energy interval and with higher accuracy. Both tasks nowadays are very
difficult experimental problems.
This.work was performed within Russian State Program "Fundamental Nuclear
Physics" under support by the Russian Foundation for Basic Research (project 96-0218108a).
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Abstract
An analysis of fragment mass distributions in the low-energy fission of nuclei from 187Ir to 2I3At has shown that shell effects in symmetric mode fragment mass yields of these nuclei could be interpreted as an influence of two
strongly deformed neutron shells in arising fragments with neutron numbers
Ni « 52 and N2 « 68. A new method has been proposed for quantitative describing the mass distributions of a symmetric fission mode for pre-actinides
with A =180*220.

1. INTRODUCTION
Experimental investigations of fragment spectra in the low-energy fission of preactinide nuclei with atomic numbers A = 187 - 213 initiated by Prof. G.N. Smirenkin
during the last decade [1-6] have shown that mass and energy distributions (MED) of
fragments from the fission of these nuclei are modulated by sharply expressed irregularities conditioned by the influence of shell structure on the process of fragment
formation. A very interesting manifestation of these effects takes place in a range of
masses close to A/2.
However, these investigations did not answer the question about the nature of the
shells-correction origin, particularly the question about the role played by the numbers of neutrons N and protons Z for the formation of these s'.iell effects in a fissioning nucleus and in arising fragments, and what "magic" numbers Z and N are responsible for these shell corrections.
In order to clear the question up we have performed a combined analysis of all
available experimental data on the MED of pre-actinide nuclei. In the course of this,
the following problems were solved simultaneously:
1. The determination of shell-correction characteristics ("magic" values N and Z,
typical deformation, and amplitude) which are responsible for the shell effects in the
fragment yields of the symmetric fission mode for pre-actinide nuclei.
2. The development of a semicmpirical method for describing symmetric mode
mass yields in a range of nuclei with A » 180 - 220.
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2. QUANTITATIVE CONSIDERATION
As it was outlined in investigations of fission-fragment angular distributions [8],
pre-actinides have very large deformations of nuclei in the transition states. According to calculations within different versions of the liquid-drop model [9-11], configurations and potential energies at the saddle are close to those in the scission point.
Proceeding from this, we suppose that the influence of dynamic effects on the descent
from fission barrier to scission point is comparatively small, and therefore, the formation of the MED is generally defined by deformation potential energy landscape in
the vicinity of the saddle point. As an evidence in favour of this hypothesis one can
point out the investigations [3, 12] of mass-distribution dispersions - c 2 m and the
successful application of the transition-state method to describe fragment mass yields
[2, 13].
Thus, we further suppose that the dependencies Y(m), Ek(m) and cr^Cm) for preactinide nuclei directly reflect the dependencies of potential energy and deformation on
mass-asymmetric coordinate of a fissioning nucleus. The manifestation of shell effects
in the MED of pre-actinide nuclei is demonstrated in fig. 1, where the distributions
Y(m), Ek(m) and cr^m) are shown for nuclei from 187Ir to 2I3At at an excitation energy
U « 10 MeV (U = E*-Bf- is the excitation energy above the fission barrier Bf).
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This figure shows that the MED for 207Bi and 213At at m > 127 have sharply expressed irregularities, This phenomenon has been studied in detail in Refs. [1-3],
where it was demonstrated that for nuclei heavier than 2O1T1 the distributions Y(m),
Ek(m) and cr2E(m) consist of the MED of three independent fission modes:
1. The symmetric fission mode due to strongly elongated shapes of the fissioning
nucleus throughout the trajectory of descent from fission barrier to scission
point and comparatively low values of the fragment kinetic energies.
2. The asymmetric mode (Standard I, in terms of Ref. [7]), conditioned by shells
in the heavy fragments with deformations close to spherical ones and with
masses close to 132.
3. A second asymmetric mode (Standard II), formed by shell effects in heavy
fragments with Comparatively small deformation and with masses close to 138.
In low-energy fission of pre-actinide nuclei, as it becomes clear from fig. 1, the
shapes of the Y(m)-distribution in the symmetric mode strongly depend on the nucleon
composition of the fissioning nuclei and deviate significantly from Gaussian distributions predicted by the liquid-drop model. At the same time, at excitation energies
U>25 MeV, the mass-distribution Y(m) for pre-actinide nuclei like 2OIT1 (solid curves)
becomes close to the Gaussian shape. Such behaviour of Y(m) could be explained by
the contribution of shell conections to the potential energy of the saddle configurations
and their influence on the arising fragments [4]. With increasing energy the influence of
shell effects decreases, and Y(m) goes toward the liquid-drop limit.
One should note that, generally speaking, it is necessary to consider the shell
structure of a nucleus as a whole. But, the calculations within framework of the shell
correction method [14, 15] and properties of heavy fragments of transactinide nuclei
show that the shell structure of the whole nucleus in pre-scission configurations is
essentially determined by shells in the arising fragments.
In contrast to Y(m), the dependencies of Ek(m) and a2E(m) in the symmetric mode
conserve smooth liquid-drop behaviour at all excitation energies. Taking into account
the direct connection between the energy distributions and the configurations of the
fissioning nuclei, one can consider this circumstance as an argument that the deformations corresponding to these shells are close to the large deformations which are optimal
for liquid-drop fission. Therefore, the shell effects in the fission of pre-actinide nuclei
are conditioned by strongly deformed shells. This conclusion is supported by a good
agreement between liquid-drop momenta of inertia and experimental ones [16].
In order to clear up the question about the influence of proton number Z and neutron number N on the shell effects in the symmetric fission of pre-actinides let us look
at fig. 2 which presents the data on Y(m) for fissioning nuclei with Z=83 -r- 85 and
N=124+128atU«10MeV.
One can see that at coinciding N and different Z the shapes of the distributions are
practically the same (pairs 207Bi - 208Po, 212Po - 2U At), but at coinciding Z and different N the shapes change very fast (208Po, 210Po, 2l2Po). So, we suppose that namely
the neutron number N in the arising light and heavy fragments plays a predominant
role in the formation of shell effects. An analogous situation arises in the fission of
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Fig. 2. Experimental relative yields Y versus fragment mass for nuclei from
207
Bi to 213At at an excitation energy U « 10 MeV

heavier nuclei [17, 18], where a strong N-dependence of the shapes of the Y(m) distributions is also observed. These experimental data have been explained within the
shell-correction method, which demonstrates that for heavy nuclei the values of neutron shell corrections exceed those of the protons by a factor of two and even more.
Taking the above-mentioned properties of the symmetric fission mode as a basis,
one can attempt to explain the alteration of Y(m)-distribution shapes, presented in
fig. 1, by the existence of two strongly deformed neutron shells with "magic" values
Ni<110/2 and N2>128/2, considering .that 187Ir has 110 neutrons and 213At has
128 neutrons. In this case, for 187Ir at m « A/2, the numbers of neutrons in the light
and the heavy fragments are approximately equal (NL « N H * 55), and the Ni-shells in
the light and the heavy fragments add up. This increases the relative yield of fragments with nv»A/2. At the same time.the influence of the N2-shell on Y(m) is weaker,
it just increases the yields in the tails of the distributions for heavy fragments with
m > 109. In the fission of 213At, the situation is reflecting, the N^-shell enhances the
yield of fragments with m « A/2, and the Ni -shell favours those of light fragments
with m < 91. The appearance of sharply expressed two-humped distribution in the
fission of 2OIT1 could be explained within this approach in the following way. The
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N2-shell enhances the yield of heavy fragments in the vicinity of masses mn ~ N2 A/N,
and the Ni -shell supports the yield of complementary light fragments with masses
IHL - (A - m) a NiA/N, i.e. the shells Ni and N2 are located at approximately equal
distances from A/2. This circumstance, altogether with relative symmetry of Y(m)shapes for nuclei around 201Tl observed in fig. 1, allows to assume that there is a connection between Ni and N2, namely Ni + N2 « 120, where 120 is the total number of
neutrons in 2O1T1.
The hypothesis about existence of two strongly deformed neutron shells and the
direct connection of the deformation potential energy of nuclei at the saddle point
with Y(m)-distribution became a basis of the proposed method for describing mass
yields in the symmetric mode fission in the region of pre-actinides.
3. ANALYSIS METHOD
In order to describe the mass distributions we used the method outlined in the
works of Moretto and co-workers [13, 19] and in our previous publications [2-6].
According to this approach, the yield of fragments with mass m is defined by the
probability to overcome the conditional fission barrier Bf{m) corresponding to this
mass. Following the Bohr-Wheler formula [20] and the approximation proposed by
Moretto [19], one can evaluate relative fragment yields normalised to 200% by:
Y(m)/200% * exp[Sf (m)]/ £exp[S f (m)].

(1)

/ m=0

Here S f = 2vaU = 2a0 is the entropy of the fissioning nucleus;
9 = iJ[E - B f (m)]/a - temperature of the fissioning nucleus; E - the excitation energy; a- the level density parameter in the transition state calculated according to
[21,22].
The height of the conditional fission barrier B((m) is defined as the difference between the potential energies of the nucleus at the ground and at the transition state,
and within the shell correction method could be evaluated as [23]:
B f (m) = (B f L D -W g ) + - ^ ( m - ^ ) 2 + W f (m).

(2)

Here B^D - liquid-drop fission barriers Wf(m) and Wg are the shell corrections in
transition state (f) and ground state (g); q - the stiffness parameter of the liquid drop
with respect to mass-asymmetric variations of the saddle shape.
Liquid-drop fission barriers BfD and shell-correction values Wg were taken from
the calculations of Myers and Swiatecki [9]. One should note that the calculated
heights of fission barriers B f = BfD - Wg are in a good agreement with the experimental values Bf [8].
In our approach, the shell correction Wf is defined as the sum of shell corrections
in the light and the heavy fragments:
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W f (m)

W H ( m^^ ) + W L ( N m ^ ) W H (N
NL).
(3)
A
A
The connection between NH, Hi.and "magic" numbers of shells Ni, N2 was established as:
W H (N H ) = MIN[F,(N H ,N 1 ),F 2 (N H ,N 2 )]
W L (N L ) = MIN[F,(N L) N 1 ),F 2 (N L ,N 2 )] '
where the function MIN selects the minimum value of Fi and F2. The functions Fj
(i = 1, 2) which describe the dependencies of correction amplitudes on the number of
neutrons in the fragment were parametrised by the simplest parabolic equations:

So, the Eqs. (1) - (5) show that in order to describe the Y(m)-distributions, it is
necessary to find a method to determine the values of the liquid-drop stiffness parameter q for a given nucleus and the shell parameters N;, cij and Pi (i = 1,2) which
are common for all pre-actinide nuclei.
With this aim we have analysed 30 experimental Y(m)-distributions for fissioning
nuclei from 187Ir to 213At in a range of excitation energies U = 7 -e- 25 MeV. These data
were described with Eqs. (1) - (5), and values of above-mentioned description parameters were determined within the least squares' method (the %2 - method) using the
code MINUIT [24]. The evaluation of these distributions was constrained so that the
parameters N;, a ; and Pi are common for all distributions, and the parameter q can
change for different nuclei. It should be noted that q is characteristic for the liquiddrop potential of a given nucleus and does not depend on an excitation energy U.
Nevertheless, in our analysis of Y(m)-distributions measured for the same nucleus at
different excitation energies we allowed the parameter q to change within limits of
±5 %. These variations enable to take into account possible experimental errors of
experimental data which, for the values a ^ ~ 1/q, amount to about 5 % [3,25].
4. RESULTS AND DISCUSSION
The resulting descriptions of the Y(m)-distributions for 9 nuclei at U « 10 MeV
are presented in fig. 3 where calculations are shown by solid curves, and experimental
data correspond to open circles. From this figure one can see that the proposed approach allows to reproduce the sharp alterations of the individual shapes of the distributions at different nucleon compositions of the fissioning nuclei. Local distinctions
between the experimental results and their description in Y(m) do not exceed two
standard deviations.
Taking into account the very simplified parametrization of Fj(N, Nj), the neglection of the proton shell contributions, and other approximations of the method, one
should admit that the quality of the mass yield description in dependence on Z and N
of the fissioning nuclei is astonishing enough.
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The description of the U-dependence of mass yields Y(m) is shown in fig. 4 for
T1, for example. This figure demonstrates that the achieved description of temperature damping of the shells allows to reproduce the gradual transition of the experimental mass yields Y(m) to Gaussion-like distributions at U > 25 MeV.
As it was pointed out above, one of the objectives of our work is to design a method
for determining the dependence of the liquid-drop stiffness parameter q on the nucleon composition of a given fissioning nucleus. With this aim, the optimal values
q = A 2 /16-d 2 v/dr| 2 found in the analysis are presented in fig. 5 (closed circles) in
their dependence on the fissility parameter Z2/A. Open circles show the data on
d2 V/dr)2 obtained by another independent method. Namely on the base of the analysis of mass dispersions o^m measured in the high-energy fission induced by light
charged particles and heavy ions [25]. This figure demonstrates that within limits of
experimental scattering of the data both sets of data on d 2 v/drj 2 (Z 2 /A) coincide.
This is a good agreement in favour of the method proposed in the present work. So,
we recommend to use the smooth description (solid curve in fig. 5) of the dependence
d 2 V/dr| 2 (Z 2 /A) obtained by Rusanov and co-workers [25].
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The shell parameters used for the description of the experimental data of fig. 3 are
represented in table 1:
Table 1. Parameters of the shell description
N,
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8.1
-0.37
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-0.19
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Fig. 4. Relative yields Y, their description, calculated potential energy and its constituents
versus fragment mass for 20lTl at different excitation energies. Part "A"; (o) the experimental
yields Y and (—) the proposed description in a linear scale; part "B": (o) the experimental
yields Y and (—) the proposed description in a logarithmic scale; part "C": full (—) and liquid-drop (—) potential energies; part "D": calculated shell corrections in the light fragment
group WL (—), in the heavy fragment group WH (
), and for the whole nucleus Wf (—)
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The fragment-mass dependencies of the liquid-drop (dashed curves) and full
(solid curves) deformation potential energies calculated with these parameters for the
nucleus 2O1T1 are shown in part "C" in fig. 4. Part "D" in this figure demonstrates the
dependencies WL(m) and WH(m) for light (dashed curve) and heavy (dashed-dotted
curve) fragments, respectively, and also the dependencies of Wf(m) for a nucleus as a
whole (solid curve). One can see that, though the contribution of shell constituents to
the full potential energy of a nucleus is comparatively small, it visibly influences on
the shapes of the Y(m)-distributions.
Coming back to table 1, we should note that the extracted "magic" neutron numbers Ni and N2 are close to the neutron shells N = 52 and N « 68 appearing at very
large deformations in the calculations of neutron shell corrections performed by Wilkins and co-workers [26] (P~l) and by Moreau and co-workers [27] (e=0.9). On the
other hand, these shells are not observed in the calculations carried out by Ragnarsson
and Sheline [28]. Unfortunately, one could not expect something certain from the
direct comparison of our results with the existing theoretical systematics of shell corrections, since having considered the average total kinetic energies and the effective
momenta of inertia, one can judge only about the deformation of a nucleus as a
whole, but not about the shapes of arising fragments taken separately, because of the
same kinetic energies and momenta of inertia could be provided by essentially different combinations of shapes of the arising fragments and the length of the neck be-
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tween them. However, it is clear that "effective" deformation of these shells essentially exceeds the deformations of the shells which are responsible for Standard I and
Standard II and is close to the liquid-drop one.
An additional evidence of the existence of the shells with Ni«52 and N2«68 was
obtained in describing Y(m) within the least squares' method by means of more flexible poly-parametric functions for Fj(N, Nj) like Sharlie distributions or asymmetric
functions mathematically similar to Woods-Saxon potential, for example. This calculations showed that the parameters Ni, N2 and q extracted by using the abovementioned functions practically coincide with those found for parabolic dependencies.
At the same time, effective parameters of shell amplitudes and widths (analogous
to the parameters a and {5 for a parabola) visibly (up to 20 %) differed from each
other and from the values given in table 1. These distinctions point out that our analysis does not allow to make decisive conclusions about details of the functions
Fi(N, N;). This limits the predictive power of the proposed approach to the description
of Y(m)-distributions. Taking this limitation into consideration, we recommend to use
the parameters of table 1 for the description of the symmetric fission mode only for
nuclei within the limits A « 180 -s- 220.
5. CONCLUSIONS
Shell effects in the symmetric mode of fragment mass yields from the fission of
pre-actinide nuclei from 187Ir to 213At could be explained and described if one assumes
the existence of two strongly deformed neutron shells in the arising fragments with
neutron numbers Ni a 52 and N 2 « 68.
A new method has been proposed for quantitative describing the mass distributions Y(m) of the symmetric mode in the fission of pre-actinides with A « 180 -5- 220.
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The Emission of High Energy Gamma-Rays and
Bremsstrahlung Photons in Spontaneous Fission of
Heavy Nuclei
N.V.Eremin3), G.Giardina b), D.A.Smirnov, E.V.Tkalyaa)
b>

"' Institute of Nuclear Physics, Moscow State University, 119899 Moscow, Russia
Istituto Nazionale di Fisica Nucleare, Sezione di Catania, and Dipartimento di Fisica
dell'Universitd di Messina, 98166 Messina, Italy
High energy bremsstrahlung emission during fission fragment acceleration is
observed for the spontaneous fission of 252Cf. The y-rays with energies up to
100 MeV have been measured (using a BGO detector) in coincidence with
the fission fragments detected by a silicon surface barrier detector. The
analysis of experimental data in the framework of a quantized field theory
shows the existence of interference effects in the emission of coherent
bremsstrahlung quanta (due to the nucleus - nucleus collective motion)
related to the distance between the centres of the two fragments of the
fissioning system. The results are discussed with regard to the study of the
multifragmentation reaction mechanism.

In recent years many attempts have been made to study the nature of high energy
y-emission in heavy ion collisions at intermediate energies. Well-determined
components of this emission usually exist: i) incoherent bremsstrahlung
accompanying collisions of nucleon - nucleon pairs in the hot - spot region of the
composite nuclear system and ii) coherent nucleus - nucleus bremsstrahlung
It was suggested that the best conditions for investigation of nucleus - nucleus
bremsstrahlung mechanism occur in the case of spontaneous fission of heavy nuclei
and the first experimental evidence was obtained for isotope 252Cf 1. Since then only
three attempts have been made in order to repeat the result of Ref. [1], one was
successful 2 and others were not [3, 4].
The aim of this work is to obtain reliable experimental data on bremsstrahlung
emission accompanying the spontaneous fission of 252Cf at photon energies well over
50 MeV and to observe for the first time the structure of the energy spectrum of the
coherent bremsstrahlung component caused by the interference of the electromagnetic
waves emitted from the two moving fission fragments.
The source was obtained by evaporating 252Cf onto 1.5 cm diameter Ni foil and
was put into a vacuum chamber. The activity of this source was about 3X1O3 fission
events/sec. The fission fragments (ff) were detected by a silicon surface barrier
detector (1 cm in diameter) which had been mounted on the bottom of the chamber at
0.5 cm from the open side of the radioactive target. The diameter of the radioactive
spot on the target was about 0.5 cm, therefore we used a diaphragm of diameter
0.5 cm on the fission fragment detector. The y-ray spectra were measured by a BGO
detector (~ 40 mm diameter and 15 cm thick) which had been placed on top of the
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vacuum chamber at a distance of ~ 4 cm from the target). Therefore the effective
range of photon angular detection in this experimental condition was # r =170 - 180°.
The last dynode of the photomultiplier was used for the spectrometer measurements
and the anode as a timing output. The energy calibration and the efficiency of the
BGO detector were the same as the ones described in [5] and accomplished by using a
Pu-Be neutron source and the discrete spectrum of y-lines . y-rays of energies up to
20MeV were produced by the reactions of 1 - 2 MeV protons on 7Li, U B, I9F and
27
Al targets at the electrostatic accelerator of Moscow State University. The
calibration was linearly extrapolated up to the 100 MeV region. The analysis of the
additional experimental data, when the distance between the 252Ci source and the
BGO detector was chosen as about i m, showed that the neutrons accompanying
fission contributed to the energy spectrum of y-rays only up to 8 MeV, due to the
radiative neutron capture reaction on 16O nuclei. The events of high energy y-ray
emission in spontaneous fission of the 252Cf nucleus were identified by fast - slow
fragment-gamma coincidence apparatus by the off-line analysis of the fragment and
the y-radiation spectra. The time resolution of the experimental apparatus was about
10 ns. The measurements were collected in 4 runs of ~ 100 hours each, and no
background coincidence events were measured in the 30 - 100 MeV region for an
additional run (~100 hours in duration) without the source for the same positions of yand ff-detectors.
The high energy cosmic muons may produce the coincidences which will be
realized as "real coincidences" between gamma- and ff-detectors. Because the energy
losses of muons in the BGO-material are 9.2 MeV/cm and for current geometry of
experiment the peak of ionisation losses will be expected at 138 MeV, we estimated
the influence of quasi-real coincidence events by measuring the a-particles emitted
from the 226Ra source in coincidence with cosmic rays. The intensity of the a-source
was the same as the one of the 252Cf target and the time of the measurement was 100
hours too. The traces of coincidence events in the Ey > 30 MeV energy region did not
observe and this is due to use of thin silicon detector for fission fragments.
Fig.l shows the measured y-ray emission probability for a fission event (full
points) for correlation angle between ff and y-rays ~ 90°. This probability is
experimentally obtained taking the efficiency and the response function of the BGO
detector. The details of this procedure are described in [5]. As one can see in Fig. 1,
there is a minimum of emission probability in the energy region Ey = 55 MeV. This
minimum assumes a value that scatters more than the statistical errors of the
neighbouring points and it is repeated in each run.
To investigate the nature of the observed minimum in the energy spectrum of
y-rays we assumed that the origin of high energy y-emission was the bremsstrahlung
radiation of the two accelerated fragments after the scission of the fissioning system.
At first we used the classic bremsstrahlung theory 6 for the description of this
phenomenon, but the general assumption of this theory is that the energy of emitted
photons must be lower than the kinetic energy of interacting charged particles.
Therefore the use of this theory in our case is under serious criticism.
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Bearing this in mind, in our calculations we used the theory of quantized fields 7.
In the framework of this theory in the first approximation the emission of
bremsstrahlung in spontaneous fission is described by two Feyman's diagrams:

where p, p\^ are the four - vectors of momenta of the compound nucleus and fission
fragments, respectively, k is the four-vector of the bremsstrahlung photon momentum.
We suggested that the particles are spinless and are described by scalar functions
of field.
For the diagram a) the Lagrangians of the interaction in points X and Y are
defined as
(1)
where <p~',q>Z are the field functions,

j"(Y)=iZi

is the four-vector current, g is the strong interaction constant, Z\ is the charge of
particle emitting a bremsstrahlung photon, e - ^AnjYil and An{Y) is the four-vector
of electromagnetic field potential.
The matrix element, which describes the bremsstrahlung emission process for
spontaneous fission phenomenon, consists of two terms :

where

F{pl,p2,k,p) = fl(pl,p2fk,p)e-'u+f2(pl,p2,k,p)
\

,

(2)

We suggest that there is an initial distance d between the positions of the fragment
mass centres at t = 0 when the neck of the fissioning system is broken. The value of
this distance may be estimated as

)(

)

(3)
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where Rt = r0A^ is the radius of the /-fragment, ro=1.2 fin is the interaction radius,
St is deformation parameter of/-fragment, ^neCk is length of the neck .
In the case of the most probable 252Cf emitted fragments (Ai=109, Zi=43 and
A2=143, Z2=55), the distance d is evaluated to be ~ 22 fm.
After finding the matrix element square FF' , summarizing and averaging on
the bremsstrahlung photon polarization directions e, we obtain the expression for the
probability of bremsstrahlung emission :

*p22 sin2 02
2

^

M

^ Plp2 sinfl sin£ 2 cos??
2

'

(P.*XP,*)

In the case of non-relativistic particle velocities, expression (4) is in agreement
with one calculated in the framework of classical electrodynamics 8.
As is shown from formulae (2) and (4) the interference effects in the energy
spectrum of photons is due to the phase shift factor between two amplitudes.
The results of bremsstrahlung calculations averaging for the experimental angular
range are shown in Fig. 1. The position of minimum intensity of the photons is in
good agreement with the experimental data. Its value Eymn is related with the angle 0r
by means of the well-known formula

dcosOy
££

n x u 2n L;

nc

2 2

(5)

The theoretical predictions of bremsstrahlung emission probability overestimate
the experimental data. To understand this situation we show in Fig. 1 the results of
our early calculations [6] in the framework of the classic electrodynamic model in
two extreme cases sudden acceleration model (SA) and Coulomb acceleration model
(CA). The SA-model suggests that the fission fragments are instantaneously produced
at their final kinetic energies, while in the CA model the fragments are accelerated in
the Coulomb field assuming that initial velocities are zero. As one can observe, the
SA model (dashed line) overestimates and the CA model (dotted line) underestimates
the value of the bremsstrahlung yield of a factor- 10 with respect to the experimental
data. As expected, our Quantized Field (QF) model results are near the SA
predictions. At low energies of photons the data at SA and QE models are the same
and when the energy E,. increases, the discrepancy between these two approaches
begins to increase (see dashed and full lines in Fig. 1), and arrives up to one order of
difference at E/=135 MeV.
On the basis of the classic eiectrodynamic theory, we developed an intermediate
approach (IA) between the SA and CA model. In LA it is supposed that the fission
fragments have some pre-scission kinetic energy. The physical origin of this
phenomenon lies in the formation of fragments at the pre-scission stage of the fission
process [9-11]. After scission the fragments move on classical Coulomb trajectories.
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The energy spectrum of bremsstrahlung by intermediate approach and for an
initial kinetic energy of both fragments equal to 20 MeV is also shown in Fig. 1. In
this case the agreement between the theoretical calculations and the experimental data
is better. Therefore we believe that including the idea of pre-scission kinetic energy of
fission fragments into the scheme of QF model will produce the same result.
The appropriate determination of the pre-scission kinetic energy is important in
order to understand the dynamics of the 252Cf spontaneous fission considering that
kinetic energy is related to the distance d between the centres of the two fragments, to
the energy dissipation due to nuclear viscosity, to the neck radius and the internal
excitation energy for which only an upper bound of 10 MeV has been evaluated
[12, 13] in the spontaneous fission of 252Cf.
In our opinion, the reasons why this interference minimum was not observed by other
authors (who used large size detectors of BaF2, Nal and NE213 scintillator) are
i) the use of y-y coincidence method 1,
ii) experimental conditions for which it was not possible to determine the direction of
y-quantum emission with respect to the fission axis 3,
Hi) the upper limit of measured y-ray spectrum is not high enough [2,4] to observe the
interference minimum.
We test the relation (5) by calculations of bremsstrahlung spectra for different
angles 6r = 30, 45 and 60° (see Fig. 2) .If the correlation angle is changed on 15° - the
position of minimum E/""1 is shifted up to 20 MeV. Of cause, .the interference
phenomenon must be absent if the correlation angle 0r= 90°.
Moreover, we believe that by means of bremsstrahlung emission in the
multifragmentation in heavy-ion collisions it is possible to distinguish between two
competing mechanisms - the prompt decay of the composite nuclear system in some
intermediate mass fragments and the sequential binary decay - because in the latter
case the characteristic oscillations in the energy spectrum of bremsstrahlung were
found to have a period corresponding to the lifetime or space dimension of the
decaying system.
In future we will try to obtain a clear evidence of the existence of interference
phenomenon by observing the angular dependence of interference minimum together
with the analysis of correlations between fission fragment kinetic energy EJJ and
energy Er of bremsstrahlung photon (so-called conservation energy law
Ef+Eff=E°ff,
where the last is the initial kinetic energy), as we observed in our
investigations of bremsstrahlung emission in a-decay of heavy nuclei 14.
It was a pleasure for us to know that there is an additional mechanism of high
energy radiation in spontaneous fission (the emission of P-particles with energies Ee
from 20 MeV up to 100 MeV), but the relative probability of this process is 5-10"9
p-emission/fission event 15. Therefore this process has one order of intensity lower
than bremsstrahlung emission. The distinction between these two processes may be
produced if we place a thin AE detector in coincidence with a BGO scintillator (E
detector).
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Investigation of the Resonance Self-Shielding Effect in
thea-Vahieof 239 Pu
Yu.V.Grigoriev, V.Ya.Kitaev, K.V.Moiseev
Institute of Physics and Power Engeneering .Obninsk, Russia
Ts.Ts.Panteleev, rt.Faikov-Stanchik
Joint Institute for Nuclear Research, Dubna, Russia
Abstract: Gamma-spectra from 1'to 15 multiplicities were measured on
122 m flight path of the IBR-30 pulsed neutron booster using a 16-section
liquid scintillation detector of a total volume of 80 1 for two thin metallic
radiator-samples of 239Pu in the presence of a filter-samples with four
thicknesses: 0.3, 0.5, 1 and 2.3 mm in the neutron beam and without them.
The multiplicity distribution spectra, the average multiplicities and the alpha
value a = aT /a f for 27 resonances in the energy region 7-170 eV and for the
energy group in the region 4.65-2150 eV with and without filter-samples of
239
Pu in the beam were obtained. The self-shielding effect in the alpha value
and the average multiplicity in limits 5-40% of experimental value is
observed.

Introduction
The measurements of multiplicity spectra for 239Pu have been performed in the
resonance energy region by G.V.Muradyan et al., [1,2] and ourselves [3,4] to
determine the value of ct=a-/af. These measurements have shown that using of the
multiplicity radiation spectrometry method results in lower methodical errors
connected with the background and normalization to the supportable values. The
positive peculiarity of this method is the possibility of simultaneous registration of
several processes of nucleus interaction with neutrons (fission, radiative capture and
scattering of neutrons).
The correct calculation of the nuclear fuel accumulation in reactors needs the
knowledge not only the alpha values, but its resonance self-shielding also.
Early, the one experimental work was carried out [5] to study this effect, which
shown that the self-shielding in alpha value of 239Pu can be significant. So, the alpha
value decreases twice in the wide energy region (at the average energy of 100 eV) at
the installation of 239Pu sample in reactor with 0.5mm thickness instead of a thin one
— 0.2 mg weight. The measurement of alpha was carried out by radiochemical method
by the way of accumulation 240Pu, 89Sr, 95Zr, 137Cs, 144Ce.
In present work, the multiplicity spectrometry of radiation (creating in the process of
absorption resonance neutrons by 23QPu nuclei) and the TOF-method are used to study
the self-shielding effect in alpha value, which makes possible to obtain the differential
and integral information in the energy region from a few eV to tens keV.
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Experimental technique

Gamma-spectra from 1-rt to 15-th multiplicities of coincidence gamma-ray in the
process of the absorption resonance neutrons with 239Pu nuclei were measured on
122 m flight path of the IBR-30 pulsed neutron booster using a 16-section liquid
scintillation detector of a total volume of 80 litres. The scintillation liquid was the
solution from 100 g scintillating components, 11 1 trimathilborate enriched with 10B to
94% and 69 1 tholoul. The detector had two 40 1 tanks each consisting of eight
sections separated from each other the aluminum light protection partitions. Each tank
was an aluminum cylinder 40 cm in diameter, 40 cm length and 2 mm thick of Al
walls. The tanks had a through perforation 11cm in diameter. Each section was
viewed by FEU-110 photomultiplier at directness contact of the photocathode with
liquid. The general scheme of experimental set-up is presented in Fig.l
The IBR-30 pulsed neutron booster at the mean power of 10 kW, neutron pulse
repetition rate of 100 Hz and the pulse duration at half-height of 4fisec was used as
the source of neutrons. The metallic plutonium discs 80 mm and 40 mm in diameter
and 0.3 mm, 0.5 mm thick respectively were served as samples-radiators contained
99.9% of plutonium-239. Its were packed in a stainless steel container made of a 0.06
mm thick foil. The samples-radiators were positioned in the center of the (n,y)detector. The filters-samples were fixed in front of (n,y)-detector on 7 m distance
from it. In the measurements of the self-shielding effect in alpha value, the filtersamples with 0.3 mm, 0.5 mm, 1 mm and 2.3 mm in thickness were used. First three
thickness of filters-samples were obtained using the described higher pure samplesradiators. The sample 2.3mm thick is metallic disc 48 mm in diameter in a stainless
steel hermetic envelope with a 0.3 mm thick walls.

.

C 6 H5CH3

} B(OCH 3 ),

FEU-110

Fig.l. The general view of the experimental set-up; 1 - monitor; 2,4, 8 - collimators;
3 - sample -filter; 5 - lead shielding of (n,y) detector; 6 - 16-section liquid (n,y) detector;
7 - sample - radiator; 9 - neutron detector
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The B4C and Na filters were placed in the beam to remove the background of
recycled neutrons and monitore stable work of the detector equipment. Moreover, to
determine background components in time-of-flight spectra, resonance filtres from
Al, Mn, Co and In were installed in the neutron beam.
The apparatus for the sorting and the storage of the information from the detector
was made in CAMAC standard. The analog signals have come from each detector
section from the FEU-110 anodes to an independent spectrometry channel. The
signals with the 30 nsec length after FEU-110 were amplified on the fast current
amplifiers with the amplification coefficient k = 70.
The amplitude of signals on sections was adjusted with high voltage at gamma lines
of Co-60 and Cs-137. After linear ampllifiers the analog fast signals went in parallel to
integral discriminators and two linear summators each with nine entrances. On output
the double summator there was integral fast discriminator, which discriminates the
signals below 600 keV. The discrimination threshold in each detector channel
corresponded to the energy emission of 100 keV. The selection of the information
according to the multiplicity of coincident pulses was made with the help of the speedcoding system of the coincidences. The standard pulses 100 ns length input from 16 fast
discriminators on 16 inputs of the multiplicity coincidence speed-coding system, a
gating signal was coming from the discriminator after linear summator. The speedcoding system of multiplicity formed at the output the 5-digital kod, which entered the
block of digital windows for the forming time-of-fligth spectra.

t 52.52 eV

44.42 eV

•-

600

620

41.38 eV

- without self-shielding
- filter thickness- 0.3 mm
- 0.5 mm

640
660
Channel number

Fig.2. Gamma-ray coincidence time-of-flight spectra of the 3-rd and 6-th multiplicities
of 239Pu for open beam and for the filter-samples with different thickness
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The information in the form of 16 time-of-flight spectra covering the neutron
energy range of 2.15 eV - 10 MeV was accumulated in the intermediate memory of
the measuring module with a PC VANG.
The typical apparatus time-of-flight spectra of different multiplicities for first
three thickness of filter-samples after the substracting the backgrounds without the
monitor correcting are presented in Figs.2.
Results of measurements
The coincidence multiplicity spectra from first to fifteenth multiplicity at
presence the radiator-sample of plutonium-239 in (n,y)-detector for open neutron
beam and for four thickness of plutonium-239 filter-samples (0.3, 0.5, 1 and
2.3 mm) in beam were measured. The background measurements were carried out
also. The coincidence multiplicity spectra from first to fifteenth multiplicity were
obtained from the experimental time-of-flight spectra after substracting background
components in energy group of energy region E=4.65-2150 eV and for
27 resonances in energy region E = 7-170 eV. Then they were normalized to unity.
The form of multiplicity spectra with small fission widths (Fig. 3) is essentially
different from the form of the spectra with a large fission width (Fig. 3). So, in the
case open beam the resonance at energy 52.52 and 164.33 eV with small fission
width Ff=9 and 8 meV have average multiplicity <K>=3.66 and 4.04, and the
resonances with energy 47.5 and 156.9 eV resonances, and the other ones are the
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fission with large fission widths 17= 248 and 537 meV respectively have average
multiplicity <K> = 5.15 and 5.13, thus, the first resonances are radiative capture
resonances. These resonances were used to divide the initial multiplicity spectra of
other resonances and energy groups in two components of the fission and radiative
capture processes. At dividing initial multiplicity spectra for filters-samples of
difference thickness, the resonance at the same energy were used.
For fixing the standard spectra to initial multiplicity spectra first and second
multiplicities were used for forming capture specrum, where fission does not actually
manifest itself. To obtain the fission part of the spectrum, higher than sixth
multiplicities were used, where the radiative capture is absent.
The resonances with large fission widths and average multiplicities have usually
spin J=0, so the spin dependence of multiplicity spectra form and average
multiplicities are observed.
Dividing of the total multiplicity spectra in two parts makes it possible to
determine the alpha value by the formula:
a = or/Gf = Nref/Nfer
= A IKir/IKif
(1)
where a r , Of are the radiative capture and fission cross-sections; Nr, Nf - the total number
of counts of capture and fission gamma-quanta and Kjy, K,f are the i-st multiplicity
radiative capture and fission. Assuming that the efficiencies (£y,£f) of gamma-quanta
registration do not depend on the energy, one can determine the value A=cp (£f/&y) by
normalizing to the alpha value, obtained in the precision measurements in [2]. The
errors in the alpha value are determined mainly by the errors in the decomposition of
the total multiplicity spectra into components from the fission events and the radiative
capture events. The errors caused by uncertainties in the efficiency of gamma-quanta
registration are considerably smaller, because the value A is close to unity.
The experimental alpha values in groups for open beam and at present in the beam
filters-samples Pu-239 lmm thick, and the calculated ones obtaining by V.V.Sinitsa
by the GRUCON [6] code using the BROND-2 [7], ENDF/B-6 [8], and JEDLN-3 [9]
evaluated data libraries are shown in Table 1. The experimental data alpha value in
resonances for open beam and first three thickness of filter-samples are shown in
Fig.4.
TABLE 1. The experimental and calculated alpha values (a= cr/Of) for
plutonium-239 in energy group
E,!m(eV)
P.w., a s ,(lmm)
P.work, a
BNAB [221
BROND-2 17]
ENDF/B-6 [81
JENDL-3 [91

4.65-10 10-21.5 21.5-46.5 46.5-100
0.88
0.85
0.30
0.48
0.47

0.57
0.60
0.68
0.57
0.84
0.80

1.07
1.45
1.07
1.04
1.54
1.48

0.35
0.52
0.57
0.44
0.50
0.48

100-215
0.53
0.80
0.87
0.61
0.71
0.68

215465
0.56
0.93
0.84
0.82
0.79

4651000
0.59
0.80
0.83
0.97
0.88
0.87

10002150
0.69
0.72
0.89
0.93
1.00
1.10
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Fig. 4. TTie dependence of the alpha-value on fission widths of the resonances

As it be seen from Table 1, the calculated alpha data of different libraries differ by
5-150%, what apparently reflects differences of experimental data of various works.
The experimental errors of alpha values in the present work are 5-10%. The effect
decreasing alpha on 5-40% by means of resonance self-shielding are observed, what
can be explained by more strong resonance self-shielding on narrow resonances with
spins J=l with large alpha value compared with the wide fission resonances with spin
J=0 and small alpha value. The effect of resonance self-shielding leads also to change
of average multiplicity of the coincidence gamma-rays in resonances and energy
groups (see Table 2).
TABLE 2. The experimental average multiplicities of the initial multiplicity spectra
for different thickness of plutonium-239 filter-samples
E,im(eV)
K.v(Omm)
K, v (0.3mm)
K , v ( l mm)
K,y (2.3 mm)
2150-1000
1000-465
465-215
215-100
100-46,5
46,5-21,5
21,5-10,0
10,0-4,65

4,13±0,04
4,81 ±0,05
4,68+0,05
4,61±0,05
4,82±0,05
4,17±0,04
4,72±0,05
4,51±0,05

4,41 ±0,04
5,O8±O,O5
4,89+0,05
4,85+0,05
5,12±0,05
4,13+0,04
4,79±0,05
4,34±0,04

4,94±0,05
5,29+0,05
5,30±0,05
5,36±0,06
5,66±0,06
4,71 ±0,05
5,27±0,05
4,12+0,04

5,52±0,06
5,89±0,06
5,65±0,06
5,28±0,05
5,27±0,05
4,10±0,04
4,65±0,05
4,52±0,05

54,1-51,0
48,6-46,2

3,68±0,04
5,13±0,O5

3,91 ±0,04
5,22±0,05

4,41+0,04
5,75±0,06

4,02±0,04
5,16±0,05
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As can be seen from Table 2, in the 215eV-2150 energy region the average
multiplicities with increasing of the filter-samples thickness smoothly increasing to
20-35% on maximum thickness, but in the region low energy after some thickness
there is some decrease. This kind behavior of average multiplicities can be explained,
that effect of resonance self-shielding on large thickness for resonances with different
spins should be smooth itself.
The dependence of the average multiplicities of the filters-sample thickness for
capture resonance at energy 52.45 eV with spin J=l and fission resonance at energy
47.51 eV with spin J=0 confirms fact of stronger self-shielding in narrow resonances
with spin J=l compared with wide resonances with spin J=0. Thus, the difference in
the increase of the average multiplicities on thickness lmm make up about 6.5%. The
increasing of the average multiplicities in resonances with increasing of the filterssample thickness is clear visible on Fig. 5
To determine the coefficient of resonance self-shielding alpha is necessary to
carry out longer measurements on wide set of the filters-sample thickness with good
statistical accuracy. The coefficient of resonance self-shielding alpha and it
temperature dependence one can determine by formula:

= ccfa=afr

ff=a

j Tf (x, E, 0 )dx

\crfe

dEdx

(2)

where /„ ff, fa- coefficients of resonance self-shielding in the capture and fission
cross-section and alpha value; x - the filter-samples thickness; TrTr- selfindication
functions in radiative capture and fission, a - the alpha value at the absence of filtersample in neutron beam, 9 - temperature of filter-sample.
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Conclusions

In this way, the multisection liquid scintillation detector of gamma-rays made
possible to measure the multiplicity spectra in energy groups and in resolved
resonances of 239Pu for different filter-samples thickness in open beam, which gives
the possibility of investigation of the coefficient of resonance self-shielding in the
alpha value and the average multiplicities. The effect of resonance self-shielding leads
to alpha value decrease in energy groups in the energy region 4.65-2150 eV on 5-40%
and the increase of the average multiplicities on 10-35%.
In the future, one presuppose to continue the investigation of the resonance selfshielding effect and the Doppler-effect in the alpha value for 239Pu and other
fissionable isotopes. In these measurements the ionization fission chamber should be
used as radiator-samples, what permits more reliable to determine the multiplicity
spectra in fission.
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MEASUREMENTS OF THE PHOTOFISSION CROSS SECTION FOR CF-249 NUCLEI
IN THE GIANT DIPOLE RESONACE RANGE
N.I. Tarantin, Kim Su Men
Joint Institute for Nuclear Research, Dubna, Russia
Abstract
Measurement was carried out of the energy dependence of the photofission yield and
photofission cross section in the range of the giant dipole resonance for Cf-249, for
which no literature data were available up till now. The whole bremsstrahlung
spectrum of the electrons accelerated at the LNR JINR microtron was used. The
induced fission events were registered by mylar track detectors.
1. Introduction
This work was performed in the mid-1980 s in connection with search for possible
superheavy transuranium elements (SHE) in the nature that was undertaken by academician G.N.
Flerov (see, for example, [1]). One of methods of identification of trace amounts of SHE in
natural objects is based on electromagnetic mass separation of the nuclides [2]. The separated
nuclides were detected by registering the fragments of the fission induced by the bremsstrahlung.
The method allows one to identify the mass separated species with the ionic charge of two and
the mass number of A=300 as SHE in spite of the presence of thorium and uranium molecular
heavy compounds (ThO2 , ThS2 , UO2 , US, UO3, UOS, UO4, UO2S, US2) in the initial sample.
In a special ion source two-charged molecular ions were broken up by electron impact.
The measurements of the giant dipole resonance (GDR) energy of the mass separated
nuclidcs could be a complementary tool to confirm the identity of SHE. The GDR energy could
be determined by the photofission yield. This energy has different values for the nuclei of
thorium, uranium and elements with Z=114 and As300. Measurement of the energy dependence
ol" the photofission yield and photofission cross section in the range of the GDR for Th-232, U238 and Cf-249 was carried out. But the sensibility and reliability of this method was found to
be insufficient to allow one to find SHE in natural samples for the expected content of SHE
equal to 10"12 g of hemically concentrated SHE in 1 g of a specimen.
Side by side with this, the investigation of the photofission of californium nuclei have
independent significance, for example, to make clear details concerning the GDR in heavy nuclei
and the fission of heavy nuclei with a great parameter of fissility. It should be noted that the
heaviest nucleus about whose photofission information is available is Cm-248 [3].
The present paper gives the experimental dependencies of the photofission yield on the
electron energy and calculated dependencies of the photofission cross section on the photon
energy for the nuclei of Cf-249 in the GDR range and also for Th -232 and U-238, used as
reference nuclei.
2. Experimental
The source of bremsstrahlung with a wide spectrum was the microtron MT-22 at the
Laboratory of Nuclear Reactions JINR with the largest electron energy equal to 21 MeV [4].
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Used as the brcmsstralung target was a tungsten disk 2 mm thick cooled by water. The electric
current at the target was measured by an electric charge integrator with an error =5% and
usually was equal to 10 (lA. The energy of the accelerated electrons was measured by means the
measurement of the magnetic induction between the microtron poles and of the frequency of the
accelerating voltage. The nonstability of the energy in the experiment was no more than 50 kcV.
The energy step was changed from 0.5 to 2 MeV.
The targets were made from natural thorium (Th-232 content -100%), natural uranium
(U-238 content-99.275%) and technogenic californium Cf-249 accumulated as a result of a betadecay of Bk-249 in a chemically isolated fraction of the berkelium produced in a nuclear reactor.
The final content of Cf-249 in the target was equal to 98.50%. The admixtures, which equaled
1.57o of the substance, were non decayed initial berkelium and other products of radioactive
decay. The quantity of Cf-249 on the target was determined from the intensity of the alphaparticles and was equal to 0.9O+O.02 ng [5]. The quantity of the thorium and uranium were
determined from the volume of the evaporated solution of a known concentration. The angular
acceptance of the target relative to the source of bremsstrahlung was 0.5-0.8 msr.
The induced fission events were registered by myiar (polyethylencterephthalate) track
detectors. The efficiency of the registration was equal to 0.82 when the mylar film was in direct
contact with the thorium or uranium and was equal to 0.75 when the film was placed placed at
some distance from the high radioactive Cf-249. The efficiency at some distance from the highradioactive Cf-249. The efficiency of the fission fragment registration was determined in special
experiments with using the fission fragments of the spontaneous fission of Cm-244 [5]. To
prevent the destruction of the mylar detector by the electrons that had passed through the
tungsten target a stopper 30 mm thick made of aluminium was placed behind the target. The
track of the fission fragments in the mylar film after the development were visually counted
with the help of a microscope.
3. Results of the experimental measurement
In the experiments the total yield Y(Ee) of photofission due to the bremsstrahlung in the
whole broad energy spectrum was measured for the given electron energy Ec and for a thin
target with a small solid angle
Y(Ee)=N(Ee)/nit QB,
(1),
where N(Ee) is the number of the fission fragment tracks registered in the mylar film; n is the
number of the nuclei of fission substance on the unity square of the target; i is the electron
beam current; t is the duration of the irradiation; o is the angular acceptance of the target of
fission material relative to the bremsstrahlung beam; e is the efficiency of the registration of the
fission fragments by the detector. The yield Y(Ee) (1) from the photofission is the integral Er
L d o(E c )dE ph da> of the double difference cross section of the photofission related to one
electron with the whole spectrum of the bremsstrahlung in the unit of the solid angle along the
electron beam.
The experimental values of the photofission yields as a function of the electron energy
are shown in fig. 1 and fig. 2 for Th-232, U-238 and Cf-249. The errors indicated in the figures
reflect the statistic fluctuations of the numbers of the registered fission fragment tracks, the
uncertainty in the measurements of the electron current, of the target thickness, of the angular
acceptance and of the efficiency of fission fragment detection.
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Fig. 1.

Experimental values of the yields Y of Th-232 (circles) and U-238 (scwares)
photofission as a function of energy of electrons Ee bombarding a W-target.
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Experimental values of the yield Y of photofission Cf-249 (circles) as a function of
energy of electrons Ec bombarding a W-target.
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The obtained experimental value of the photofission yeld of uranium was used recently
for calculating the possibilities of using the microtron with a uranium target as a source of the
fission fragments for producing a radioactive nuclear beam in the LNR JINR.
4. Analysis of the experimental results
The physical value a(Eph) - the photofission cross section for bremsstrahlung photons with an
energy EPh was determined from experimental data on the yield of photofission on the basis of
the known Frcdholm's integral equation of the first kind with the kernel d2 N(EC ,EPh)dEpi, da the distribution function of photons with energy in the interval dEPb al the electron energy Ee
and in the solid angle dm directed forward. Of the few known ways of solving this so-called
non-correct problem we chose a method using iteration of the initially chosen conditional
solution (taken in the form of a sines) for bringing it closer to the experimental data [6]. For the
equation kernel d N(E«, EPh)dEPh do the polynomial, fended in paper [7], was used as special
polynomial taking into account the electron scattering and the other factor for the target used in
the present experiments. The discrepancy between the calculated and experimental values
approximated by polynomial of a third power, which is presented in fig. 1 and fig. 2 by solid
curves, was determined by the root mean square relative deviation Q. To satisfy the requirement
Q<0.005, which means that error for the photofission cross section is smaller than 7%, it was
necessary to do 45, 22 and 18 iterations when processing the experimental data for Th-232, U238 and Cf-249.
The procedure of minimization of discrepancy the between the experimental and
extracted data was described in more detail in the paper [8].
The reproduction of the Th-232, U-238 and Cf-249 photofission cross sections as a
function of the photon energy EPh are shown in fig. 3 by dots. As it can be seen, the
photofission cross section in the region of the GDR can be described by curves having one
broad maximum similarly to the other well known results of experiments of the same type.
5. Discussion of the experimental results
The cross section maxima lie at energies of 13.8+0.1, 13.5±0.1 and 13.1+0.1 MeV for
Th-232, U-238 and Cf-249. This is in a good agreement with the well known empirical formula
derived from data on more than 60 nuclei [9]:
Em =77.9 A"1'3 [l-exp(-A/238)]+34.5 A""6 cxp(-A/238>.
(2),
where Em is the photon energy in MeV conforming to the maximum of the photoabsorption
cross section. According to formula (2) the energies in the maxima of the photoabsorption cross
sections are equal to 13.15, 13.05 and 12,85 MeV for the Th-232, U-238 and Cf-249. The most
probably value Em from formula (2) for a possible double magic superheavy nucleus with Z=114
and A=298 must be equal to 12.15 MeV.This value differ from analogous values for Th-232
and U-238 by about 1 MeV. That Em decreases as the atomic number of nuclei increases
reflects the fact that the rigidness of the dipolc nuclear oscillations decreases with the increasing
number of protons and neutrons in the nucleus.
The maximum value of the photofission cross section for Cf-249, which has been
obtained in the present work for the first time, amounts to 310 mb. This value of the photo
fission cross section is larger than those for thorium and uranium according to the tendency for
the fission cross section to increase with increasing the fissility parameter Z IA', which is equal
to 34.9, 35.6 and 38.6 for Th-232, U-238 and Cf-249 accordingly.
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Let's compare the fission of Cf-249 by small spin (L=l h) and low energy photons (Eph
= 13 MeV) of bremsstrahlung with the fission of the same nucleus by heavy ions introducing in
the compound nucleus large a angular moment and high an excitation energy. The fission and
neutron emission are the predominant channels of the decay of an exited heavy nucleus. When
excited energy exceeds the neutron binding energy the reaction of emissive photofission (y ,nf)
become possible. In this case the experimental value of the photofission cross section is
determined by the formula
/
or = o-abs [Tt /(ft +r n )+r n r f /(r f +r n )] 2 = a abs [i-(r n /r,) 2 +...],
0),
where a^s is the total photoabsorption cross section, which is equal to the sum of the
photofission cross section cff and the cross section of the neutron evaporation o n ; Ff and F n are
the probabilities of the fission and the neutron evaporation from excited nucleus, (Fn/Ff)<l. As it
follows from [10] the maximum value of the absorption cross sectionCTabsfor thorium and
uranium is equal to 480 mb. Most probably that the total photoabsorption cross section for
californium will have the same value. Consequently, from formula (3) it is follows that the value
of the ratio of the probabilities of the fission and neutron emission Ff/Tn for Cf-249 will
amount to 1.7. This value is two times smaller than the similar value for the intermediate
nucleus of Cf-249 in the nuclear reaction 238U (13C, 5n) 246Cf [11] at energy of C-13 ions equal
to 80 MeV. In the latter reaction the intermediate nucleus of Cf-249 has the angular momentum
L=45 h and the excitation energy E =40 MeV.

X3

Fig. 3.
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MeV

Restored photofission cross sections a as a function of the energy of bremsstrahlung
photons Eph. The points denote the values obtained as a result of solving the integral
equation.
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Isotopic Dependence of Fissility of Preactinide Nuclei by
200 MeV Protons
V.D. Dmitriev, A.T. D'yachenko, A.I. Obukhov, O.E. Shigaev
V.G. Khlopin Radium Institute, St.-Petersburg, Russia
The fissility of nuclei in the region of fed, Ag down to Pb by 200 MeV protons is analysed. The liquid-drop model barrier of fission is chosen for the
description of experimental data. The most appropriate for the description of
experimental data value of the ratio a(/an was chosen. This allowed us to explain the existing value of fissility of light nuclei and to reproduce the specific dependence of fissility on Z7A in the region of Cd and Ag.

1. The experimental results
The measurement of fission cross-sections of the light nuclei is not a simple problem because of the difficulty of identification of fission events on a large background
of light charged particles, neutrons and y - quanta, as the fission cross-section is very
small compared with the total inelastic cross-section erf/ O\n ~ 10"5 -10"7. The detectors
of silicate glass were used for measuring fission cross-sections. The measurements
were performed on biomcdical proton beam of the ITEP synchrotron [1]. The measured fission cross-sections are given in a table.
The measured fission cross-sections (mb) of nuclei in the region of Cd down to Pb
Nuclei
116

(Z2/A)c.n.

a^mb)
3

Nuclei

(Z 2 /A) cn .

Of{mb)

IO6 cd

22.44

(20.4±2.2)10"3

26.91

(80.4±6.3)10"3

Ta

30.11

3.810.2

Pb

32.96

75.5+3.1

20.52

(12.0±1.4)10

Sn

20.81

(3.6±1.4)10'

3

-•Ag

21.36

(27.9±2.2)103

I81

21.59

(19.4±1.5)10°

;08

21.91

3

(15.5±1.2)10"

207

Pb

33.12

85.5+5.2

(14.1±1.4)10°

206

Pb

33.28

108.2±6.4

l24

Cd

ncit.j n
neiI
6

Sn

" Sn

22.23

ne

"Sm

2. The model
Many characteristics of hadron-nucleus reactions are described successfuly by a
cascade model [2]. However direct extending of the cascade-evaporation model onto
the whole region of energies and nuclei reveals essential quantitative discrepancies
with the experiment. Taking into consideration pre-equilibrium stage of nuclear reactions allows one to describe successfuly the evailable experimental data.
K.K. Gudima, S.G. Mashnik and V.D. Toneev [3] have proposed the cascadeevaporation model [2] with a pre-equilibrium stage of reaction, described by a dynamic master equation. According to the model the pre-equilibrium stage should be
taken into account. The inclusive cross-section of the reaction has then the form
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a = a in (N cas + Nprcq + N e q ),
(1)
where 0;n is total cross-section of inelastic processes, N; are contributions from the
cascade, pre-equilibrium and equilibrium stages of the reaction.
Obtained experimental data on fission cross-sections were compared with the calculations on improved cascade - exiton model CEM92M [4], developed by
S.G. Mashnik.
The level density parameter dependence on exitation energy was taken in the form
given by A.V. Ignatuk et al. [5]
a(Z,N,E*) = a(A){l + 5 Wgs(Z,N) f (E* - A)/(E*- A)},
(2)
where 2 (A) = a A + P A273 b s is the asymptotic Fermi- gas value of the level density
parameter at high energy (bj ~ 1),
f(E>l-exp(-yE*).
(3)
Shell effects 5Wgs (Z, N) were used in the various versions. We used the set of
level density parameters obtained in the work by A.S. Iljinov et al. [6] with Cameron's et al. shell corrections [7]. Here a = 0.072, P = 0.257, y = 0.059.
The program uses a large set of fission barriers and various versions of barrier <3spendence on the excitation energy of the fissioning nucleus.
To obtain the fissility at the final stage of the reaction it is necessary to take into
account the competition between fission and light particles(neutrons) emission. A free
parameter of the model is the ratio of level density parameters af/an corresponding to
the fissioning nucleus and the nucleus before fission respectively. Parameter a^ for
emitting neutrons was determined from eq. (2).
3. Comparison with the experiment
The result of the calculations is that only phenomenological fission barriers allows at reasonable values of the parameters to explain observable large fissility of
light nuclei, though the characteristic maxima near Cd and Ag arise for many chosen
cases of fission barriers.
As a result the liquid-drop model barrier of fission was chosen. The experimental
values of fissility (circles) are shown in the figure together with the results of calculations.
So the solid line shows the result of calculation with barrier of Pauli and Ledergjber [8] with allowance for Barashenkov's et al. [9] phenomenological dependence of
barrier Bf on excitation energy. Thus the ratio ap^n appeared to be equal to 1.1.
The dashed curve corresponds to phenomenological liquid-drop model barrier. In
the region of the heavier nuclei ~ Pb the barrier smoothly turns into a barrier of
Krappe- Nix- Sierk [10]. In this case ratio a/a,, = 1.17.
The characteristic maxima close to 106Cd and 107Ag appear in both cases. Thus the
choice of an appropriate barrier and ratio a/an allows to describe the fissility cf light nuclei and to reproduce specific fissility dependence on Z2/A near Cd and Ag. At smaller
values of Z2/A the increase of fissility is observed. This result is in agreement with the
main result of theoretical analysis of fissility by intermediate energy protons [11].
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EMISSION OF LIGHT CHARGED PARTICLES FROM FRAGMENTS
PRODUCED ON FISSION OF URANIUM NUCLEI BY 153 MEV PROTONS
AND 1700 MEV NEGATIVE PIONS
G. E. Belovitzky and O. M. Shteingrad
Institute for Nuclear Research, Russian Academy of Sciences, 117312 Moscow, Russia
Abstract
We studied the mechanism underlying the emission of light charged particles (LCP)
with Z = 1, 2 from fragments produced in fission of uranium nuclei by 153 MeV protons
and 1700 MeV negative pions. It was found that LCP accompanying the fission by pions
are emitted from non-accelerated fragments immediately after the fission, whereas in the
case of 153 MeV protons, the LCP are emitted from the accelerated heavy fragments.
The number of LCP emitted in the course of pion-induced fission is 0.7 per fission
event, which exceeds by a factor of 30 the corresponding number for 153 MeV protons.

The study of heavy nuclei at high excitation energies was pioneered by I.M.
Frank and his coworkers. They performed experiments involving the fission of uranium
nuclei by slow pions, fast neutrons, and gamma radiation with energies as high as 250
MeV. These experiments gave new data on the fission process at high excitation
energies [1]. In the recent years, these investigations were continued for finding out new
information on the mechanisms of interaction of high-energy adrons with heavy nuclei
and on the properties of fission fragments (for nuclei far from beta-stability regions) [24]The nuclear fission by high-energy particles is accompanied by emission of
charged particles with Z = 1 or 2. These particles leave nuclei before the fission (at the
cascade-evaporation stage of the interaction process), during the fission, and after it. The
studies concerning emission of such particles can provide deeper insight into the fission
mechanism and the properties of excited fragments.
In the experiments on fission of uranium nuclei by slow negative pions and by
153 MeV protons, we were first to observe the emission of low-energy charged particles
(Ep < 15 MeV) mostly from the heavy fragments. The emission probability increases
with the fission asymmetry [2-4].
It makes sense to reveal the mechanism and energy dependence of the charged
particle emission from the fragments arising on fission of uranium nuclei by high-energy
particles such as 1700 MeV negative pions.
The main emphasis was made on angular distributions of charged particles (Z =
1 or 2) with respect to the propagation direction of heavy fragments and of primary pion
beam, as well as on the energy distributions for these particles [5]. These experimental
data were compared to the similar evidence obtained earlier through the studies of light
charged particles (LCP) emitted from the fragments of uranium fission by 153 MeV
protons [3, 4].
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Experiment.
Carrier-free low-sensitivity nuclear emulsions about 300 [mu]m thick were used
in the experiments. The emulsions detecting protons with energy Ep < 15 MeV were
loaded by uranium and exposed to 1700 MeV negative pion beam in the Institute of
Experimental and Theoretical Physics, Moscow. The pion flux incident normal to the
emulsion plane was 2.10 cm . The processing techniques for emulsions and the
methods of their microscopy were reported earlier [3,4, 6].
We analyzed 2280 fissions of U nuclei into two fragments. Among them,
1265 fission events were accompanied by the LCP emission. The number of LCP per
fission event ranged from one to ten. The total number of detected LCP was 2210. For
tracks with cp0 < 45° (<p0 is the angle between tracks and the emulsion plane), we
measured the ranges for light fragments (Rj), heavy fragments (Rh), and LCP. We also
measured the angles between the tracks and the primary pion beam, the angles between
the tracks themselves, as well as the ionization produced by LCP (the density of grains
within the tracks).
To determine the masses and energies of LCP, we analyzed the tracks of
particles stopped in the emulsion and corresponding to cp0 < 45°. The measured ranges
and ionizations allowed us to determine masses and energies of the particles using the
calibration curves [6].
For LCP that were not stopped in the emulsion, the ionization measurements
allowed us only to discriminate between particles with Z = 1 and 2. The tracks of these
particles were used only to obtain various angular distributions.
All measured results were recorded by a computer-aided data acquisition system.
A straightforward computer routine provided an opportunity to calculate true ranges and
energies of LCP, the ranges of fragments, and all angles under study. These data stored
in the direct access files were analyzed using program packages allowing us to construct
various angular and energy distributions taking into account several additional
parameters.
We present here the measured angular and energy distributions for LCP. In
fission of uranium nuclei by pions most of the detected LCP were emitted before the
fission or from the fission fragments. The contribution of the particles emitted during
the fission is negligibly small (about 1% of the total number). This is also true in
reference to a small number of observed slow pions and kaons. The employed lowsensitivity emulsions were efficient for detecting protons with energies up to 10 MeV.
Therefore, the vast majority of detected LCP are related to the evaporation from fission
fragments or from the residual nuclei.
• About 50% of the fission events induced by pions are not accompanied by the
LCP emission. For other fission events, the number m of LCP emitted during the fission
of uranium nuclei by pions ranged from one to ten. In experiments involving the fission
of uranium nuclei by 153 MeV protons, where the emulsions of the same sensitivity
were used, we had m = 1. The emulsion processing technique and the microscopy
methods of scanning the emulsions were the same in the experiments with uranium
fission both by protons and pions.
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scanning the emulsions were the same in the experiments with uranium fission both by
protons and pions.
Energy distributions of protons.
The energy distributions of protons accompanying the fission of uranium nuclei
by 1700 MeV pions is shown in Fig. 1 (solid histogram). The heights of Coulomb
barriers for the emission of protons from uranium nuclei (Vc = 13 MeV) and from
fission fragments (V c = 7 MeV) are indicated by arrows.
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Fig. 1. Proton energy distribution for fission by pions (solid line) and by 153 MeV
protons (dashed line).
Fig. 2. Angular distribution of protons (V) with energies less than 10 MeV with
respect to the motion direction of heavy fragments (Vjj) for fission by pions.
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The experimental data for protons emitted from uranium nuclei at rest before their
fission result in the energy distribution peaked at 13-15 MeV, whereas for nuclei at rest
with Z = 45 (corresponding to fission fragments), the peak in the proton spectrum falls
within the 6-7 MeV range. [2-4, 7]. In our experiment, we were able to detect efficiently
protons with energies below 10 MeV, therefore the energy distribution (Fig. 1) was
significantly distorted for energies exceeding 10 MeV.
Thus, it is natural to separate the energy distribution shown in Fig. 1 (solid
histogram) into two portions corresponding to protons with energies below 10 MeV
emitted from fission fragments and to protons emitted with energies higher than 10
MeV from residual compound nuclei. Protons emitted from fragments comprise 70% of
their total number. This fraction is nearly the same both for fission, events accompanied
by the emission of a small (m = 3 or less) or large number of particles. The similar
results were obtained for other LCP with Z = 1, 2. It is also noteworthy that the energy
distributions for protons emitted in the direction of motion of fragments was the same
for light and heavy fragments. This result demonstrates that the most part of protons is
emitted from the non-accelerated fragments. The dashed line in Fig. 1 illustrates the
energy distribution for protons emitted from accelerated heavy fragments of uranium
nuclei fission by 153 MeV protons [4]. We can see that the peak in this distribution is
shifted by about 2 MeV toward higher energies.
Angular distributions of light charged particles.
The angular distribution (with respect of the direction of motion of heavy
fragments) for protons with energies below 10 MeV emitted from the fission fragments
is shown in Fig. 2 for the case of fission by pions. The abscissa is cos (Vfo, V), where Vf,
and V are velocities of heavy fragments and LCP. The ordinate is the number of LCP.
The angular distribution of LCP is isotropic, and the ratio of protons emitted at angles
larger and smaller than 90° with respect to the direction of motion for heavy fragments
is 1.0 ±0.1.
The angular distributions for all LCP (V) accompanying the fission by pions
with respect to the motion direction of heavy fragments (V^) are presented in Fig. 3
(solid histograms) at different values of fission asymmetry M^/Mi ~ Ri/Rni where Mfo
and Mi are masses of heavy and light fission fragments, respectively: for symmetric
fission events M\lIM\ < 1.3 (Fig. 3a), for asymmetric fission events Mn/Mj < 1.3 (Fig.
3b) , and for all Mn/Mi values (Fig. 3c). Almost all distributions are isotropic, just as in
Fig. 2. More than 60% of LCP are emitted from fission fragments. For comparison, the
angular distributions for all LCP accompanying the fission of uranium nuclei by 153
MeV protons [3, 4] are shown in the figures by dashed lines. In the latter case, we
observe the prevailing LCP emission along the direction of motion of heavy fission
fragments, though the percentage of LCP emitted from the fragments is by about a factor
of two lower than for the pion-induced fission. Such an angular distribution is related to
the LCP emission from accelerated distorted heavy fission fragments [3, 4]. For the
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pion-induced fission, the isotropic angular distribution of LCP emitted by fragments of
uranium nuclei can be explained, if we assume that LCP are emitted from nonaccelerated and apparently undistorted fragments immediately after the fission event.
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Fig. 3. Angular distribution of LCP (V) with respect to the motion direction of heavy
fragments (Vh) for different values of the fission asymmetry Mh/Mj: (a) for Mh/Mj <
1.3, (b) M^/M] > 1.3, and (c) for all values of Mh/Mj. The. histograms are plotted for
fission by 1700 MeV pions (solid line) and by 153 MeV protons (dashed line).
This conclusion appears to be very important since in all previous experiments
LCP and neutrons were emitted from accelerated fission fragments [3,4, 8, 9, 11].
Now, let us analyze the angular distribution of LCP with respect to the direction
of primary proton and pion beams. For pion-induced fission, the distribution turned out
to be nearly isotropic. The ratio of LCP numbers corresponding to the emission at angles
larger and smaller than 90° is equal to 1.1 ± 0.1. Thus, the detected LCP are emitted
mainly from the fission fragments and from residual nuclei at the evaporation stage of
the collision. On the fission of uranium nuclei by 153 MeV protons, the ratio of LCP
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this case, the most part of LCP is emitted along the proton beam before the fission, as
the result of direct and semidirect reactions.
The number of LCP emitted from fission fragments.
The data concerning the number of LCP emitted from fission fragments at
different values of multiplicity m are presented in Table 1 for fission of uranium nuclei
by 1700 MeV pions.
Table 1
The number of LCP emitted from the pion-induced fragments.
Multiplicity
T.CP-m
0<m<10
1<m<3
m >4

Number of
fissions
1575
690
182

Number of LCP emitted from fission fragments
Total
Per fission event
1093
0.70 + 0.03
635
0.90 ± 0.04
458
2.5 + 0.2

The table demonstrates that the number per fission event of LCP emitted from
fragments is close to unity. This number increases with multiplicity, and for m > 4, each
fission event is accompanied by the emission of more than two LCP, i. e., LCP are
emitted from each fission fragment.
On fission of uranium nuclei by 153 MeV protons the number of LCP emitted
from fragments is less by about a factor of 30 and is equal to 2.4.10
[3,4].

per fission event

Discussion.
In this paper, we compare the mechanisms of LCP emission from fragments
produced on fission of uranium nuclei by 153 MeV protons and 1700 MeV pions. Let us
discuss in brief the process of interaction between hadrons and uranium nuclei.
It is well known that this interaction involves the cascade process,as an initial
stage. After that, we have the emission of particles (before attaining the equilibrium),
which terminates by the formation of a thermalized nucleus. Then, the particle
evaporation process comes into play. This process can compete with the fission of
nuclei. Finally, the produced fission fragments emit neutrons and LCP. Neutrons are
emitted from the accelerated fragments on fission induced both by low- and high-energy
particles [8-10]. The LCP emission from the accelerated fragments was observed earlier
only on fission by particles with energies up to 150 MeV [2-4, 10]. In this work, we
were first to observe the LCP emission from non-accelerated fragments produced on the
fission by high-energy particles (En = 1700 MeV). hi contrast to neutrons, LCP are
emitted from non-accelerated fragments immediately after the fission.
According to [9], during the interaction of uranium nucleus with slow
antiprotons, the nucleus emits more than 20 nucleons before the fission. As a result, the
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nucleus undergoing fission is characterized by A < 220 and Z < 90, and its excitation
energy is about 90 MeV.
On fission of uranium nuclei by 1700 MeV pions, the number of nucleons
emitted before the fission is even more. The excitation energy of residual nuclei, nuclei
under fission, and fission fragments should be higher than on fission induced by slow
antiprotons. In the latter case, the energy introduced to a nucleus does not exceed 800
MeV.
A nucleus emit a large number of neutrons before the fission, therefore the
produced fission fragments have a large excess of protons. This fact in combination of
the high excitation energy of fragments can cause the LCP emission from nonaccelerated fragments immediately after the fission during a time interval shorter than
that needed for the fragment acceleration (< 10
s). This process is followed by the
emission of neutrons, but these neutrons are emitted already from the accelerated
fragments.
Such a mechanism of the LCP emission from the pion-induced fission fragments
allows us to explain the obtained isotropic angular distribution of LCP, presented in
Figs 2 and 3 (solid histograms). If the LCP were emitted only from the accelerated
heavy fragments, then their angular distribution should be similar to that obtained for
the fission of uranium nuclei by 153 MeV protons (see the dashed histogram in Fig. 3).
If the LCP were emitted with the equal probabilities both from accelerated light and
heavy fragments, then their angular distribution should have the parabolic shapes with
the peaks at cos(V^V) = ±1.
The LCP are emitted from the whole bulk of the nucleus, therefore they cannot
be focused by the Coulomb fields of the fragments in the direction normal to the axis of
fragment emission cone. The focusing takes place only for LCP emitted from the neck
of the nucleus undergoing the fission, but the number of such particles is quite small.
There is an additional argument in favor of the LCP emission from the nonaccelerated fragments in the course of pion-induced fission. It turns out that the peak in
the energy distribution of protons (Fig. 1) is shifted by 2-3 MeV to the left with respect
to the peak in the proton spectrum corresponding to the proton emission from
accelerated fragments produced on fission of uranium nuclei by 153 MeV protons [4}.
Thus, in the spontaneous fission and the fission induced by thermal neutrons,
LCP are predominantly emitted from the accelerated light fission fragments and their
yield is about 10 per fission event [10]. On fission by slow pions and 153 MeV
protons, LCP are mainly emitted from the accelerated distorted heavy fission fragments,
-7
'
and their yield is about 2.10 per fission event [2-4]. Finally, the fission by 1700 MeV
pions is accompanied by the LCP emission from the non-accelerated fragments
immediately after the moment of nucleus rupture into two fragments. In this case, the
LCP yield is about 0.7 per fission event.
We see that the characteristic parameters of the fission fragments such as
excitation energy, composition (the number of protons and neutrons), deformation, etc.
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vary significantly with the increase in excitation energy of residual nuclei and nuclei
undergoing fission.
The mechanism of LCP emission from fragments produced on fission of
uranium nuclei by pions differ dramatically from the neutron emission mechanism. On
fission of nuclei by high-energy particles [9, 11], the number of neutrons emitted from
accelerated fragments, remains constant, when the excitation energy varies within 200 ;
600 MeV range.
In contrast to neutrons, the number of LCP emitted from the non-accelerated
pion-induced fission fragments (see Table 1) increases by about a factor of three with
multiplicity m, i. e., with the excitation energy of residual nuclei, and LCP are emitted
from non-accelerated fragments immediately after the fission of nuclei.
It is rather surprising that the number of neutrons emitted by fission fragments
remains constant. Probably, the cause is that the neutron emission precedes the LCP
emission, and only after the LCP neutrons are emitted from accelerated fragments
having nearly the same residual excitation energy. This experimental evidence calls for
the theoretical analysis, since it characterizes the intrinsic properties of the excited
fragments (of nuclei far from [beta]-stability regions).
In our experiments on the pion-induced fission of uranium nuclei, we also found
that the number of LCP emitted before the fission of uranium nuclei increases with the
multiplicity m, i. e., with the excitation energy of residual nuclei, by a factor equal to
that characterizing the growth in the number of LCP emitted from the fission fragments.
The similar relationship between the number of particles emitted before the
fission and the number of LCP emitted from the fission fragments was observed in
experiments on the fission of heavy nuclei by ions with energies ranging from 100 to
200 MeV. It was found that the excitation energy of a nucleus undergoing the fission
increases with the number of LCP emitted from the fission fragments [12]. Our
estimates and the data reported in [9] suggest that this energy can be as high as 100
MeV and even higher.
Let us make a concluding remark. On fission of nuclei by high-energy particles,
LCP are emitted from the non-accelerated fragments, therefore it is possible that a
certain number of neutrons can also be emitted from the non-accelerated fragments,
although it is usually assumed that neutrons are emitted only from the accelerated
fragments [8, 9, 11]. These neutrons can be considered as emitted before the fission.
This can modify the temporal characteristic of the fission process related to the number
of neutrons emitted before the fission, as well as the number of neutrons emitted from
the fission fragments, and hence the excitation energy of the nucleus undergoing the
fission.
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Coupling of Mass and Charge Distributions for
Low Excited Nuclear Fission
V. S. Salamatin
Flerov Laboratory of Nuclear Reactions,
Joint Institute for Nuclear Research, Dubna, Russia

Abstract
Simple model for calculation of charge distributions of fission fragments for
low exited nuclear fission from experimental mass distributions is offered.
The model contains two parameters, determining "amplitude" of even-odd
effect of charge distributions and its dependence on excitation energy.
Results for reactions " t y n ^ f ) , " ^ ( n ^ f ) , ^Thfa^f), 249Cfi[nth)f) are spent.

Introduction
The measurements of charge distributions of nuclear fission fragments are more
difficult and are ambiguous, than measurement of mass distribution. Except
methodical complexities of identification nuclear fragment's charge there is the
ambiguity, caused by p-decay. The nuclear fragments of fission are unstable and
undergo to p-decay with time of life up to a share of a second. Thus the mass number
remains constant, and the charge distribution varies with each act of P-decay. In too
time, the information, contained in charge distributions is very important for
understanding of process of nuclear fission. Simple interrelations between measured
distributions not only allow to do fast estimations, but also, probably, will clear the
phenomenon of nuclear fission.
•
Model
The given model is simplified analogue of the Boltzmann approach [1]. It is
supposed, that the probability of formation of a fragment with nuclear charge Zj at
fixed mass number Ak is equal
P(Zi/Ak)=ak*Exp(a*(Qik-Qmaxik)/(Qmaxk- QT\)),

(1)

where: Qik - Q- reaction of fission of a nucleus ZCN/ACN to fragments Z/A k ,
(ZcN-Zi)/(AcN-Aic); Qmax' mnk - the maximum and minimum meanings from QiJc for
given isobar Ak at nuclear charge variation in a range Zi=ZcN*Ak/Aoj±AZ, the masses
of nucleuses are taken from the reference [2] complemented by calculations [3];
AZ=5, since at large values the results of the calculations do not practically change;
a k - normalisation factor: Zi P(Z/A k )=l; a - free parameter, determining "amplitude"
of even-odd effect.
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Fig. 1. Charge distribution at fission 235U by neutrons with energy 3 MeV.
D - experiment [5], O - model. a=27.3; Kx=1.69

Further from an experimental mass spectrum Y(Ak) "cold" charge distribution is
calculated:
Y(Z)= £i=2,kP(Zi/Ak)*Y(Ak),

(2)

Finally the charge distribution rums out by convolution of "cold" charge distribution
with normalized to unity Gauss distribution with dispersion
.

i1

az=(KT*T)2/2I/2,

(3)

Nuclear "temperature" T was calculated under the usual formula:
T= (9*E7A CN ) 1/2 ,

(4)

Free parameter Kj, determining dependence of charge distribution on energy of
excitation ("temperature" dependence), was determined so that to reproduce the form
of charge distribution at fission 235U by neutrons with energy 3 MeV (fig.l). The
values of parameters a and KT were constant for all nucleuses.
In account E* were accepted only energy brought in to an initial fissioning nucleus
(Ein) and dissipation's energy at the stage of descent from a barrier (EdiSS) [4]:
E -

(5)
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Results
The results of calculations are shown in the following figures.
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Nuclear Charge

Fig. 2. Result of recalculation of experimental mass distributions in charge distributions.
D - experiment: 233U(n,f) [5]; 235U(n,f) [6]; 229Th(n,f) [7]; 249Cf(n,f) [8], O - model
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Fig. 3. Dependence of charge dispersion and deviation (ZCN*Mass/ACN-<Z>) from fragment mass.
D - experiment: 233U(nth,f) [5]; 235U(nih,f) [6]; '"TbfaJ) [7]; ^Cffa^f) [8], 0 - experiment:
^
- model; 0 - model'sCTZreduced on 0.3 for U, Th and at 0.47 for Cf
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How it is seen, the model not bad reproduces experimental charge distribution of
fission fragments and structure of its moments (a z , <Z>) for nucleuses 234U, 236U,
230
Th. A difference of absolute values calculated and experimental dispersion a z is
equal 0.3. Charge distributions for fission of a nucleus 250Cf is reproduced rather bad
(curve Y(M)=Y(M) on fig.2). The best consent can be received by shift of mass
distribution on two mass units in the party of heavier masses (curve Y(M)=Y(M-2) on
fig.2), that can be caused as by lacks of model, and physical reasons. But the
moments of charge distribution thus do not change and difference between model and
experimental remains rather essential.
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Abstract

Methods and results of the structure peculiarities revealing of different scales in twodimensional distributions of experimentaj observables are discussed. The mass-energy
distributions of fission fragments in the 252Cf and 234U nuclei are considered as an example.
The approach elaborated opens up new possibilities for investigating the mechanism of
nuclear fissicn and, in particular, the manifestation of fission modes.

1

Introduction

Tlie modern theory of fission [1. 2] does not give any convincing indications to the image
of fission mode in the space of experimental observables. There are no predictions about
population of fission mode either. For this reason the problem of revealing of fission mode in
the space of experimental observables can not be reduced to a simple fitting and should be
solved in a general statement. The problem can be solved if there exist a significant difference
in characteristic sizes of image of fission mode and of the distribution to be analyzed on the one
hand and of the occasional structures produced by a noise (statistical fluctuations of number
of events in a channel) on the other hand. Thus, the characteristic size is the sign of the object
to be found. In terms of stochastic processes analysis it is a matter of revealing of an object
by band-pass filtration. It is difficult to choose a priori an optimal filter among a large number
of alternative algorithms.
A number of algorithms has been tested for revealing of structure peculiarities of different
scales - gross- and fine structure of two-dimensional distributions. An experience extracted
seems to be useful for analysis of structures of different two-dimensional distributions.

2

Gross structure of
distribution

252

Cf fission fragment mass-energy

Regression-like technique is found to be the one of the fruitful approaches for analysis of
two-dimensional distributions. By definition [3], the regression 5(21, x2) is the function that
describes statistical dependence of i x on x2. Root-mean-square regression X2 — M{xi\x-i),
where iVf(x2|zi) is the conditional expectation of i 2 at fixed i 1 ; is an example of the regression frequently used in data analysis. Regression dependence like X2 = maxP(ar2|a;j) seems
to be more convenient. Regression line in the last case goes through points corresponding to modes (maxima) of the conditional distributions P{x-i\x\), i.e. depicts most probable values of Xi at fixed X\. An utilization of contour map P(x-i\xx) with equal-probability
contour lines is very effective for structure revealing of multimodal distributions P(x2,Xi).
Such a technique has been used successfully [4] for structure revealing of 252Cf fission fragments mass-energy distribution (fig. 1). Contour map in fig. la has been obtained as follows.
Experimental mass-total-kinetic-energy distribution of fission fragments (FF) P(M,Ek) has
been transformed into conditional distribution P(M\E"), where E* is the excitation energy of fissioning system at scission point, defined as E' = Q — Ek, where Q is the reaction
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Q-value for a given mass split [5]. So, E" contains a priori information about reaction Qvalue. Transformation from P(M,E") to P(M\E") has been done by normalizing to unit
(100%) the area of every section E" = coast of P(M,E*) distribution. Indeed, by definition [3], P{M\x') - P{M,x')/P{x')
and P(x') = ZP{M,x').
The cut E' = 60 MeV of
P(E*,M) distribution is presented in fig. lb. One can see from fig. lb that the characteristic
size of spectra] components A and B is comparable with the total width of P(M\E*) spectrum.
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Fig. 2 The contour map of the P(M\E*) distribution of fission fragments of 2S2Cf. The
yield is given in logarithmic scale.
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Fig. 1 The contour map of the conditional distribution P(M\E') of fission fragments
of2MCf. The insets depict the shapes of the
fissioning system following from the potential energy surface calculations ascribed to
the two dominant structures.

Let us call the structure of two-dimensional
distribution as a gross-structure if it is produced by the components of such a size. Let
us call the structure as a fine-structure if it
is produced by the local peaks of distribution. The gross-structure revealed seems to
be very informative in the terms of fission
mechanism. As was shown in [4], the scenario of the multimodal fission results in the
TKE-M FF distributes with the bright peculiarities in the form of two wide ridges depicted in fig. la. The shape of the fissioning system at final stage of its evolution is
presented in insets of fig. la for each of fission modes. The approach described above
provides more vivid presentation of structure
peculiarities of FF mass-energy distribution
in comparison with the traditional approaches (compare fig. la and fig. 2).

It should be mentioned that precisely P[M\E') but not the P(E"\M) distribution has been
used for analysis. Such a choice has been made for a sake of couvenience to compare with the
results of potential energy surface calculations (PES). Specific variable in PES calculations is
elongation of fissioniug nuclei. E* is approximately proportional to elongation. Motion from
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small values of E" towards the large one coincides with the real sequence of nuclear shapes
during fission - from compact to stretched one. Fragment mass is an ambiguous function of
system elongation, PES calculation alone is not sufficient for determination of the FF masses.

3

Fine structure of fission fragments mass-energy distribution of 234U*

Use of coordinate system, which includes E', is not always possible in the physical field under
the consideration for the reasons discussed in [4]. An approach different from that described
above has been developed, which is based on the analogy with manifestation of proton odd-even
effect in mass-energy distribution of FF. The effect manifests as an increased yield of fragments
with even charge with respect to the yield of odd-charged fragments. FF mass distribution
P{M\EL)
with fixed kinetic energy of the light fragment EL = const consists of the sum of
Gaussian-like isotopic distributions P(M\Z, E^) of fission fragments with fixed nuclear charge
Regions with locally increased yields (peaks)
in P(M\Ek) distribution correspond to the
tops of isotopic distributions of even charges
(fig. 1 in [6]). Yield values for the concrete charges are taken from work [7]. The
peaks form in the Ek-M plane a structure
of near-vertical ridges closed in direction to
the energy axis. The distance between the
ridges is about 5 amu (Jig. 1 in [6]). Sections M ~ const of two-dimensional distribution under the discussion are also not
smooth (fig. 1c in i6]). This fact gives raise
the natural question, whether the peaks in
M — const section form any ordered struc90
9S
100
fragment mass (amu)
ture? It is possible that these peaks are just
tops of "icebergs" named fission modes.
Fig. 3 The fine structure of P(M, EL)
Thus the task reduces technically to the
distribution revealed by floating segment
search of the fine structure, different from
method. Inset a) explains the algorithm.
vertical ridges produced by the odd-even effect, on the surface of smooth (within the
accuracy of statistical fluctuations of events
in a channel) P(M, EL) distribution.
The problem stated up above is closed to the problem of noised image analysis [8] and to
the problem of peak revealing in the line spectra of nuclear radiation [9J. The solving of
the problem was started from the analysis of experimental P{M,Ez,) distribution of FF in
reaction 233U(nn,f). The experiment has been carried out with the time-of-fiight spectrometer
of unslowed FF installed at the Research Reactor of Moscow Engineering Physics Institute [10].
The structures presented in fig. 3 have been revealed by the method of automatic search of peaks
in line spectra that is known as floating segment method. Fig. 3a explains the essence of the
method. Function N(x) is a function which has a peculiarity (peak). A violation of the function
smoothness can be considered as statistically significant when the area i'2 of the peak exceeds fc
standard deviations of the area Si under the curve. One uses usually the area of the trapezium,
being the base of the peak, as an estimation of the area Sj. as it is shown in fig. 3a. Floating
segment method has been realized as follows. The primary matrix is replaced with the new
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one of the same dimension, each cell of which contains the value of the coefficient k, calculated
from the formula k — S^/V^TA question how to connect separate (statistically significant) points in fig. 3 is not trivial
for the following reasons:
1) as it was stressed above the image of fission mode in the fragment mass-energy coordinate
space is unknown a priori;
2) if the image is the continuous aggregate of points, then some of the points can lies below the
level of statistical significance, making gaps in continuous curve;
3) false structures can be produced by statistical fluctuations;
4) one have to reveal the structures in question against a background of more pronounced
structures (vertical ridges).s
Thus, the structures in fig. 3 in the shape of two approximately equidistant parabolas (la
and lb) are marked by the solid lines. One more parabola (2a), marked by the dashed line, can
be seen analogously to the set of curves 1 but with worse sharpness. Finally, ambiguous structures are marked by the dotted lines. By the reason presented above it is extremely desirable
to formalize the procedure of mapping the structures, that is connecting of the set of (presumably) genetically related (produced by the common physical reason) points with the continuous
curve. The curves being searched can be considered as graphical clusters in the coordinate
plane. By definition, the graphical cluster is a set of black points, surrounded by the white
ones. Spatial localization is the essential feature in definition oi cluster, in particular in the
models of quantum molecular dynamics (QMD) [11]. This modern-day approach in heavy ions
induced reactions data analysis arose as a consequence of accepting the fact that the reactions
undeT investigation, for example the reaction of multifragmentation, are too complicated to
be properly described basing on fundamental principles. For investigation of multifragmentation one simulates nuclear reaction event-wise, keeping watch on evolution of interacting target
and projectile nucleons and, in particular, on formation of a fragment as a group (cluster) of
nucleons, localized according to some rules. The calculation time in the approach increases approximately like A'!, where .V is the number of nucleons in the system 12]. Number of channels
one needs to operate in the framework of analogous algorithm in distribution being analyzed
in the present paper, exceeds significantly typical values of iV. On this basis, the formalized
algorithms have not. been used for mapping the structures being searched, in heuristic approach
the following points have beeu taken into account:
a) "clustering" as it was defined above:
b) smoothness and stretchness of the image;
c) recurrence, that is belonging to the common set of curves;
d) reproducibility of structures in different methods of processing;
f) tolerance of revealed structures with respect to the decreasing of statistic in distribution
being analyzed.
The findings due to the different methods of revealing of fine structure in Ei,-M distribution
of FF of 334U* are presented below. The switching from Ei, to Ek has beeu made for a sake of
convenience in order to compare the obtained results with theoretical calculations [13].

4

Second derivative method

The local peak in smooth Gaussian-like curve (base) (fig. lc in [6]) is a region with curvature
which is much larger than the curvature of the base. As it is known, second derivative f"{x)
of a function f(x) can be; taken as a measure of its curvature. Function f"{x) has a minimum
in the vicinity of the peak. Thus, to reveal the peak one needs to detect minimum of the
function f"{x). Fine structure of P(Ek,M) distribution obtained by the calculation of second
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differential derivative of M = const sections followed by multiplication by (-1) and discarding
of negative values is presented infig.4a. Figs. 4b,c demonstrate the technique of the method.
Pronounced structures are marked in figures with solid lines, structures well-defined by others
methods are marked with dashed lines. Alphabetical labels are the same for all figures.
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filtration

%• •

The next method of fine structure revealing is also based on the difference in smoothness of
the base and the peaks being searched. Fine structure can be found as a difference between
initial and smoothed (processed with low-frequency filter) spectra. Such a procedure results in
removing from the spectrum the low-frequency component (base), leaving untouched the highfrequency component (fine structure) being searched. Two methods of smoothing have been
used: convolution of the distribution with a weight function and spline-based method. The first
method has been adopted from the theory of visual image processing [8]. Our two-dimensional
distribution can be considered as a usual visual image, that is two-dimensional matrix each
cell of which contains the brightness of the corresponding element. The smoothed array Q of
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M x M dimension is formed by discrete convolution of primary image Z with a smoothing
array M of L x L dimension according to the formula:

Q(mUTn2) - J2 J2

(1)

- n,

The smoothing arrays (noise-reduction masks) frequently used are presented below:
1 1 1
1 1 1
1 1 1

1 1 1
1 2 1
1 1 1

1

'

3=

To

1 2 1
2 4 2
16!
1 2 1

(2)

These arrays are normalized in order to make transition coefficient equal to unit, which is
necessary to left the mean value of handled image unchanged. One can control degree of
smoothing as well as "direction" of smoothing by choosing of an appropriate weight function
H{p,q) in formula (1).
The spline-based algorithm was found to be also highly sensitive tool for revealing structure
peculiarities. The problem of experimental data smoothing can be stated in the following
way. Build up the function which on the one hand, has desirable smoothness and on the
another hand, must goes as close as possible to experimental points zt, defined at segment
[a, b\. Mathematically the task reduces to the construction of function / which gives minimum
of the functional
N
1
= j\f'(x)}*dx

a

£-[

(3)

where p; are statistical weights. Coefficient a controls degree of smoothing. Increasing of a
leads to decreasing of smoothness. As is shown in work [14], cubic splines give minimum to the
functional •/(/). The algorithm of spline construction can be found in work [14].
Fig. 5a demonstrate structures obtained by subtraction from the initial E^-M distribution
of a smoothed one (smoothing has been made in M = const sections). Coefficients a has been
chosen to be equal 0.05. Sensitivity of such a procedure to the vertical ridges is obviously low,
which can be seen from fig 5a - there are no vertical ridges among revealed structures.

6

High frequency filtration

The idea of the method is to amplify peculiarities by handling the spectrum with a highfrequency filter. Such a procedure is similar to the procedure of low-frequency filtration described above, the difference is only in the weight function. The typical masks frequently used
for high-frequency filtration are presented below:
0
0 -1
1
4 -1
0 -1
0

He =

1

Hs =

0
0 -1
-1
5 -1
0 -1
0

1 _2
1
-2
5 _2
I -2
1

(4)

One uses these masks in visual image processing for sharping the image boundaries. Details
of the structure as well as stability of the procedure against the noise component of the spectrum
depends on a type of the mask. Application of masks 4 and 5 followed by subtraction of
processed matrix from the initial one resulting in revealing of structures, presented in figs. 6a,
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b. Application of mask 6, which produce the largest jump of brightness at the image boundary in
comparison with the others masks, gives rise to sharp increase of uoise component of spectrum,
which is caused by statistical fluctuations of number of events in channel {fig. 7a,b). Preliminary
slight smoothing (fig. 7c, d) increases stability of the method against statistical fluctuations
and it allows to obtain the most contrast image iu comparison with other methods of filtering
(fig. 7c).
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Conclusion

We discussed the methods and the results of revealing the structure peculiarities of different
scales in two-dimensional distributions of experimental observables. The FF mass-energy distribution of 2S2Cf and 234U* are analyzed. It is shown that for revealing the gross-structure of
two-dimensional distribution, that is structure with the typical width (distribution cut) comparable with the total width of the spectrum, it ia efficient to use the contour map of conditional
two-dimensional distribution. Such a presentation permits one to trace the lines of regression
dependence of variables x\ and x% in the form of i 2 = max(P(xi\x2)), where operator max
reveals the local maxima of P{x\\x-i) distribution.
The task of fine structure revealing of two-dimensional distribution is considered in concrete formulation of the search of fission mode image in the space of experimental observables
fragment mass- fragment energy. One can expect from the physical point of view the image
under discussion to be a ridge of different height on the smooth dome-like base. The shape of
the ridge, or more exactly of the ridges with regards to the multimodality of fission process, is
unknown a priori. The stated up problem breaks down into two tasks:
i) revealing of statistically significant points of locally increased yield which are different from
those produced by the proton odd-even effect;
ii) combination of these points into structure, that is connecting by continuous line.
The first part of the problem has been solved by the known methods of peak searching in
line spectra and by the methods of increasing the contrast of noised image. The brightness
of different parts of structure to be revealed depends on the type of the filter used due to the
complicated topology of the surface to be processed. That is why the total picture has been
reconstructed as a superposition of fragments reliably revealed by different methods.
The second part of the problem has been solved heuristically in the frame of the stated
up criteria (section 3). based on the common qualitative ideas about non-casual character of
the structure being searched and about its physical nature. The summarized map of the fine
structure of FF E^-M distribution of 233U(at/Mf) reaction is presented in fig. 2 in [6].
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Neutron Induced Fission Cross-sections of 243Am in
the Energy Region from 0.8 to 50 eV
Florek M.1', Konovalov V.Yu., Zamyatnin Yu.S., Zeinalov Sh.S.
Joint Institute for Nuclear Research, 141980 Dubna Moscow Region, Russia
'' Bratislava University, Bratislava, Slovak Respublic
Abstract. The results of measurements of the fission cross-sections and resonance parameters croF/and F/ of 243Am carried out in the framework of the
program of studying subthreshold fission at the IBR-30 pulsed neutron source
in Dubna are presented. The measurements were performed by the time-offlight technique. 243Am cross-section measurements are conducted with a
back-to-back ionisation chamber containing 2.2 mg of 243Am and 0.88 mg of
" ' U . The fission width is calculated in the region up to 50 eV. The crosssections in the energy region from 0.8 to 60 eV are shown.

INTRODUCTION
The reported investigation was conducted under the auspices of the program of
studying subthreshold nuclear fission in the Frank Laboratory of Neutron Physics of
the Joint Institute for Nuclear Research (FLNP, JINR). Interest to studies of subthreshold nuclear fission induced by resonance neutrons is due to the possibility of
obtaining information about the structure of nuclear levels in the first and second potential well of fissionable compound nuclei and the practical importance of information about the fission cross section of nuclei by neutrons with the energy below the
fission threshold which form a considerable part of neutron spectra generated in nuclear reactors [1]. Such information is needed to calculate the burning and accumulation of nuclear fuel isotopes, in particular, to solve the problem of transmutation of
long living isotopes.
In this report, the results of measuring the fission cross section of 243Am in the region from 0.8 to 50 eV is presented. Analogous previous investigations are scarce and
partly contradictory. There were only two measurements: by the method of timeslowing-down in lead [2] and the time-of-flight method [3].
EXPERIMENTAL SETUP AND DATA PROCESSING
The measurements were conducted by the time-of-flight method at the 14.5 m
from active core of the IBR-30 pulsed booster in FLNP JINR. The pulse repetition
rate was 100 s"1, the neutron pulse width at half maximum is 4 (us for the mean thermal power 10 kW. The back-to-back ionization chamber containing 2.2 mg of the investigated isotope and 0.88 mg of 235U used for measuring the flux and calibration in
energy were employed.
The energy behaviour of the neutron flux O(E) was determined over several intervals of the time-of-flight spectrum containing from one to seven 235U resonances
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with known energy £ 0 and area ao/f. The number of counts A^ in the resonance X in
the time-of-flight spectrum is:
,

N x =^(a o r f ) x e<D(E o V,

(1)

where e - efficiency of the fission fragment registration calculated on the basis of
pulse-height spectra [4], <t>(Eo')- neutron flux, n ~ number of nuclei in the sample, ttime of measurement.
Writing O ( E Q ) for each X in Eq. (1) we obtain the dependence <1>(E) which can be
approximated as O(E) = O C E X . The parameters &o and x are found by the least square
method. To calculate fission widths, the method of shaping described below is used.
The number of counts in each f1 channel is determined by the function
f j =O(E i )AEnaKE i ) + N1BG,
(2)
where E\ is the energy corresponding to the rth channel, AE is the channel width, a'f is
the "observed" fission cross section, n is the number of nuclei in the target, N^G is
the number of "background" counts.
The "observed" cross section is the convolution of the real cross section a f (E')
with the resolution function R(t,t') and the function D ( E - E ' ) describing the Doppler broadening of the resonance

a'f(E')=[R(t,t')f Jaf(E')D(E-E')dEldt.

'(3)
;

In the simplest case,

D(E-E') = -yi—expf-fc^-l

'

•

(4)

fTTE

where A D = 2 I—
is the Doppler width, kB is the Boltzmann constant, and T is
Vm +l
the temperature of the sample.
The resolution function of the IBR-30 booster is determined by the width of the
electron accelerator pulse fL and the parameter x connected with the multiplication of
neutrons in the active zone of the booster-:
0,

f<0

R

(5)

(l-exp(-rL/r))exp|- — 1
In this formula t is the neutron time-of-flight.

t>tt.
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To describe fission cross sections, the single-level approximation is used
(6)
4 ;

where yFn, F{, Ft and Eo, the neutron, fission, total widths and the energy of the resonance X, are taken from [5] and [6].
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E.
0.983
1.359
1.750
3.134
3.424
5.12
6.551
7.021
7.878
8.412
8.858
9.335
9.971
10.344
10.933
11.259
11.706
12.241
12.796
13.083
15.026
15.521
16.065
16.448
17.846
21.233
21.837+22.163
22.726+22.976
24.593
26.206+26.749
27.244
33.211+33.803
36.962
38.109
39.459
40.572
41.401+41.559
42.938

Table. 243Am resonance parameters
OoFf, barn-eV
r f , meV
r f , meV [6]
0.094±0.002
0.584±0.005
0.18O±0.003
0.029±0.002
0.114±0.002
0.260±0.004
0.131±0.005
0.021±0.005
0.050±0.006
0.011±0.006
0.012±0.007
0.050±0.007
0.019±0.008
0.073±0.008
0.036±0.008
0.042±0.009
0.024±0.009
0.067±0.009
0.141±0.010
0.158±0.010
0.076±0.012
0.161±0.013
0.106±0.013
0.140±0.013
0.021±0.015
0.034±0.018
O.O88±O.O3O
0.202±0.030
0.047±0.022
0.166±0.034
0.095±0.025
0.101±0.046
0.044±0.036
0.041±0.037
0.112±0.039
0.102±0.040
0.426±0.057
0.127±0.043

r f ) meV [3]

0.189±0.004
0.038±0.001
0.048±0.003
0.264±0.022
0.052±0.003
0.258±0.011
0.042±0.002
0.064±0.016
0.007±0.001
0.322±0.184
0.031±0.017
0.125±0.019

0.060
0.030
0.074
0.226
0.065
0.212
0.063
0.064
0.032
0.492
0.022
0.193

0.085±0.009
0.666±0.159
0.066±0.014
0.053±0.021
0.186±0.027
0.028±0.008
0.066±0.005
0.484±0.081
0.199±0.016
0.106±0.014
0.293±0.032
0.049±0.034
0.024±0.013

0.106
1.846
0.094
0.027
0.019
0.098
0.030
0.089
0.126
0.386
0.028
0.023
0.007

0.133±0.014
0.111±0.031
0.075±0.030

0XM7±0.022

0.095

O.113±O.O15

0.156±0.041

0.015

' 0.031±0.025
0.114±0.103
0.182±0.064
1.930dt0.760

0.009
0.177
0.123
0.166

0.153±0.036
0.179±0.030

0.071±0.024

0.148

0.115±0.021

0.020±0.001
0.079±0.003
0.269±0.049
0.052±0.006
0.254±0.017
0.037±0.003
0.064±0.019
0.029±0.002
0.315db0.222
0.226±0.045

O.059±0.011
0.037±0.006
0.139±0.029
0.367d=0.082
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For each resonance, the parameters / } and Eo are found by the maximum likelyhood method. Number of background counts in each TOF channel N?0 also was free
parameter of the fit. In Fig. 1 the TOF spectrum of 243Am fission together with shaping method fit and obtained background is shown. One can evaluate the quality of the
fit using this figure. Fig. 2 presented the fission cross-section calculated on the basis
of the obtained resonance parameters and the experimental cross-seections obtained
directly from the time-of-flight spectra by the transformation from the number of
counts using expression (2).
RESULTS AND DISCUSSION
Obtained fission widths shown in the Table together with data from [3] and [6]
are in the reasonable agreement with data [3] for the energy region up to 10 eV with
the exeption of a two resonances: 7.8 and 9.9 eV. In the paper [3] for energy region
above 20 eV the Ff values are given only for few resonances. The area aoFf of them
are much higher then our one, probably, due to neibouring unresolved resonances. For
some groups of resonances that could not be resolved, only total area given in this
table.
Our spectrum contain resonance with energy about 9.9 eV that is absent in [5] and
[6]. Origin of this level is not clear.
Errors of fission widths that given in Table, do not include systematical uncertainties due to flux determination (5%) and number of nuclei in the Am sample (4%).
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Correlation between Independent Yield and Total Kinetic
Energy of the Fragments with A~100 and Their Partners for
U235 Thermal-Neutron-Induced Fission
V.I.Pelekhov
Russian Research Centre "Kurchatov Institute"
123182, Moscow, Russia

Abstract
Independent yield of correlated fragment pairs of Zr-Te and Mo-Sn with
mass of li/ht fragment AL-100 was measured experimentally in broad range
of the total kinetic energy of pairs (155-202 MeV) for U235 thermal-neutroninduced fission. These fission events are classified according to fission
modes of multimodal fission model U.Brosa et al. Not all fission events can
be described with mean characteristics of the fission modes.
Experimental investigation of independent yield of individual fission fragments as a
function of the total kinetic energy (TKE) release can give information on the
prescission shapes of the fissioning nucleus. In case of U235 independent yield of the
fragments was measured at the mass-spectrometer "Lohengrin". The yield of many light
fission fragments was measured at five values of the fragments kinetic energy [1,2].
In present investigation the independent yield of the fragments with a mass
A-100 (Zr100, Zr101 and Mo104) was measured in the broad range of the total with
partners kinetic energy. The fragments were identified within the time interval of
0.5-1.0 ns from the fission moment by the conversion transition intensity from their
first excited level to ground-state. The measurements were performed at the
spectrometer "Electronovod" with a superconducting solenoid [3, 4] installed in the
way of the neutron beam of the IR-8 nuclear reactor of I.V.Kurchatov Atomic Energy
Institute. A conversion electrons were registrated from the away flying in vacuum
fragments (Fig.l) whose provisional mass and TKE are determined.
The spectrum of conversion electrons which was done by sorting the massif of
electrons spectra into both mass interval (A(i=97-108 amu) and kinetic energy interval
(ATKE=142-206 MeV) is shown in Figi2. K-peaks with energy 173.0 and 195.9 keV
belong to 2+ 0+ transition in Mo 104 and ZrlOO respectively. K-peak 80.2 keV is
complex. It is a superposition of K-lines from the transitions from a first excited level
to the ground state of the fragments: Sr99, ZrlOl, Mol03 and Mol05. The
contribution of the K-lines is 2, 45,41 and 12 % respectively. Such coincidence is
consequence of a large quadrupol deformation of the fragments with A-100
(P=0.3-0.4) and the law of the rotational energy dependence of the nucleus on its
mass. The first excited level of the ground state rotational band of such fragments is
excited with much probability (~100 %). The transition intensity from this level can
indeed represent most of the independent yield of the fragments in question.
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Fig. 1. Schematic of arrangment of target, neutron beam, fragments detectors and
detector of electrons
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Fig. 2. Conversion electrons spectrum from the massif of electrons spectra in the intervals of
Au=97-108 a.m.u. and of ATKE=142-206 MeV. K-peaks with energy 173.0 and 195.9 keV belong
to 2+ - 0+ transition in Mo 104 and ZrlOO respectively. K-peak 80.2 keV is complex (see text).
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TABLE 1. Independent yields of some fragments for U235 thermal-neutron-induced
fission.

This work
(ce + gamma)
ENDF-349 [5]
(fragments)

ZrlOO
Error,
Yield,
%
%
4.24 .
10
4.85833
0

32

4.833

3

<ZrlOl>
Yield, %
4.15
Sr99
ZrlOl
Mo 103
Mo 105

I
Zp Model [6]
(fragments)

Sr99
ZrlOl
Mo 103
Mo 105

X

0.1394530
2.733050
1.044430
0.6686140
4.585547'
0.1173
2.916
0.9280
0.7350
4.6963

Mo 104
Error, Yield,
Error,
%
%
%
14
22
0.95
64
4
8
4

1.05186
0

6

1.115

5

12
69
3
11
312
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Independent yield of the fragments ZrlOO, Mo 104, as well as ZrlOl in abovementioned mixture (is marked further as <Zr 101 >) determined according to the Kpeaks intensity is presented in the Table 1 together with analogous data from ENDF349 [5] and according to Zp Model [6]. The lower result obtained in the present
investigation testified, apparently, to partial deexcitation of the fragments by direct
feeding of the fragments ground state and bypassing of the first excited level.
The correlation between independent yield of the fragments ZrlOO, <Zrl01> and
Mo 104 and total with their partners kinetic energy is shown in Fig.3. The absolute
error of the distributions is the same as listed in Table 1. It is increased to 30-100 %
on the edges of the distributions at the last 2-3 points. The relative error does not
exceed the dimension of the experimental points. The distributions occupy
approximately the same range of TKE: 155-202 MeV. With the TKE-resolution of
±2 MeV the upper limit of distributions is approximately at the same energy that is
shown in a lower part in Fig.3 as energy Q of the cold fission reactions with the yield
of the fragments in question. All distributions have the only maximum displaced in all
cases toward the side of the greater TKE values. Such displacement testifies that in
the fission events with the yield of the fragments pairs Zr-Te and Mo-Sn, the nucleus
U236 prefers to fission on the average by smaller excitation. The value of excitation
is qualitatively represented by average total neutron emission from the fragments with
A-100 and their partners calculated on the basis of the data in [7].
Each of the distributions presented in Fig.3 represents a independent yield
superposition of many complementary fragment pairs containing ZrlOO, <Zrl01> and
Mo 104. The yield of each pair is distributed as a function of the TKE according to
Gaussian curves. The identification of such pairs by placing a second electron
detector for the electron registration from a complementary fragments with heavy
masses is impossible. The reason of this is not onli the coincidence rate reduction.
The main hindrance turns out to be the deexcitation characteristics of complementary
to ZrlOO, <Zrl01> and Mol04 heavy fragments: Tl/2, energy and conversion
coefficients of gamma-transitions. The values of these characteristics are such [8] that
they exclude practically the detection with this method the complementary fragments
with heavy masses.
For the identification these fragments partners, for the yield determination of
correlated fragment pairs and for the interpretation of the distributions in Fig.3 it is
suggested to use the data for independent yields known from the literature for
fragments of U235 thermal-neutron-induced fission [5,6]. On the basis of such data
were built the matrixes of the correlation between the total number of prompt
neutrons (v-total) and the fragments pair remaining after the neutron emission. The
matrixes were built for the two charge divisions of U236: ZL/ZH=40/52 (Zr-Te) and
42/50 (Mo-Sn) (Fig.4 and 5). The matrixes contain a great number of fission events
from cold fission (v-total = 0) to the fission of excited compound nucleus (v-total=67). The fission events with neutron emission of larger number of prompt neutrons (vtotal > 7) are not shown as improbable or impossible due to energy deficit.
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In the matrixes the events with the yield of the fragments ZrlOO, ZrlOl and Mo 104
are marked out. The yield of ZrlOl is taken into account with its part (55 %) in total
yield of <Zrl01>. As one can see in these matrixes the marked fragments have the
highest yield or the close to such. The event with maximum partial yield of the
fragments and their partners is indicated by the dotted line cross-hairs. Partial yield in
this and in other marked fission events can be calculated approximately using the data
of summary independent yield presented on the matrixes boundaries. Partial yield of the
fragment is determined as the portion of the summary yield of its partner which
corresponds to the value of the summary yield of the fragment itself: ZrlOO, ZrlOl or
Mo 104. Such calculation is rightful thanks to preferential yield of these fragments as
well as the simple shape of distribution of the yield of their correlated pairs according to
mass numbers (A) of the partners for the present charge division (bell-shaped form
known from the analysis of gamma-gamma coincidences data in CF252SF [9]). The
accuracy of the partial yields calculated by such method is practically the same as the
accuracy of the measured shape of the correlated fragment pairs yield.
Partial yield of fragments ZrlOO, ZrlOl and Mol04 calculated at different values
v-total is correlated with distributions of the independent yield of these fragments as a
function of the TKE release (Fig.3). Both these distributions are approximately
similar. The bigger number v-total corresponds to smaller value TKE of distributions
in Fig.3. The peaks of distributions one can identify and indicate the TKE for their
position. The shape of the rest part of distributions is compared with respect to the
value and the position of the peaks. By this method is determined a value of TKE of
each fission event with partial yield of ZrlOO, ZrlOl and Mol04 marked in matrixes
in Fig.4 and Fig.5. Instead of calculated values of TKE in the matrixes are presented
the fission modes according to the multimodal fission model U.Brosa et al. [10]
corresponding to the values of this energy. The values of TKE themselves determined
with the accuracy ±2 MeV are presented in the 9th column of Table 2.
In Table 2 is presented the energy balance in the fission events U235TF related in
Fig.4 and Fig.5 to definite fission modes. The value of v-total and mass number of the
fragments remaining after emission of these neutrons were initial for the table
building. The corresponding pair of primary fission fragments was restored according
to the results of integral (whole-number) division of the number v-total in proportion
to the mean number v(A) of prompt neutrons emitted from light and heavy
fragments [6]. As a result of the Table 2 both experimentally obtained (the column
16) and calculated theoretically [13] (the column 17) the mean value of energy
spended per one neutron emission was determined. The energy values are determined
with considerable error (~1 MeV). Their value averaged according to the enumerated
in Table 2 fission reactions is of interest and is in both cases to 6.8 MeV/neutron
equally. This value is in good agreement with the value of 7 MeV/neutron obtained
for CF252SF as the differece in the mean TKE between the two distributions of the
independent yield of pairs of complementary fragments distinguished by the neutrons
emission [14]. It is also in agreement with the value of 6.5 MeV/neutron determined
as a difference of the total energy required in average for the emission of one neutron
from the fragmenrs pair with AL-102 and AH-131 for U235 thermal-neutroninduced fission (11.7 MeV/neutron) [15] and mean energy dissipated by gamma-rays
from these fragments (-5.2 MeV, column 13).
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Table 2.. Energy balance of some fission events for U235 thermal-neutron-inducec1 fission
Energy balance
Energy dissipation
Post r eutron
frag nents
L

ZrlOO

11

Primary
fragments

prompt
neutrons
total L H

o,
MeV,
[11]

TKE, Q-TKE, Gamma-rays, MeV,
MeV
MeV
[12]
total

Exp.

Yield,
Average
%
enrgy per
neutron, MeV

L

H
200
203.1

200
182

0
21.1

3.3

2.2

5.5

15.6

13.7

7.8

L

H

Neutrons (total),
MeV
Calc.

Tel 36
Tel 34

0
2

0
2

0

ZriOO

0

ZrlO2

Tel 36
Tel 34

Tel 34

2

1

1

ZrlOl

Tcl35

200.3

182

18.3

3.3

2.2

5.5

12.8

10.8

Tel 32

4

3

Tel33

29.6

40.6

1.8

7
0
1

196

153

3.3

1

ZrlOl

Tel 35

200.3

200.3

43
0

5.1
4.3

35.5

Te 129

Tel31
Tel 30

3.3
3.3

5.1

ZrlO5
ZrlO6

165.6
156

1.8

5

200.3
196.6

34.7

6

1
1

ZrlO3

Tc!30

ZrlO2
ZrlO4

Tel 34

203.1

15.1

4

2.2

Tel 32

200.5

187
166.3

34.2

4

ZrlO5

Tel31

160.3

36.3

ZrlO6
Mo 104

Tel 30

196.6
196

159

37

205.9

205.9

0

Exp.

Fission
mode

Calc.
6.8

<5-3
0.2

Standard I

6.4

5.4

0.2

Standard I
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7.4

6.6

4.8-2

Standard.II
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5.8

33.2

6.1

Superlong

1

5

42.2
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6 1
0 0
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0
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0 0
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4
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0
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In conclusion it should be noted that as one can see from Fig.3, 4 and 5 the mean
characteristics of the modes of U236 fission according to multimodal fission model
U.Brosa et al. do not discribe all events for U235 thermal-neutron-induced fission
with the yield of the fragments: ZrlOO, ZrlOl and Mo 104.
Acknowledgement: The author is grateful to his colleagues M.V.Sergeev and
V.A.Letarov for their participation in this experimental work.
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Energy Dependence of Average Half-Life of Delayed Neutron
Precursors in Fast Neutron Induced Fission of 235U and 236U
S.G. Isaev, V.M. Piksaikin, L.E. Kazakov, M.Z. Tarasko
Institute of Physics and Power Engineering, Obninsk, Russia
1

Abstract
The measurements of relative abundances and periods of delayed neutrons
from fast neutron induced fission of 235U and 236U have been made at the
electrostatic accelerator CG-2.5 at IPPE. The preliminary results were
obtained and discussed in the frame of the systematics of the average half-life
of delayed neutron precursors. It was shown that the average half-life value
in both reactions depends on the energy of primary neutrons.
Introduction
The correlation of the average half-life of delayed neutron precursors with
parameter (Ac-3-Z)-Ac/Z was found in the study [1]. Such parameter was chosen for
the systematics of the total DN yield for the whole set of the total DN yields data [9].
However in the study [1] was shown that the whole set of the total DN yields data
cannot be presented by only one function of this parameter and each element
(isotopes of definite element) has its own dependence of the total DN yield. Therefore
the results obtained in the study [1] allows to usse for systematisation of delayed
neutron data the parameter Z2/Ac, which is well known in the physics of nuclear
fission. The dependence of the average half-life of DN precursors for thorium,
uranium, plutonium and americium isotopes on the fissility parameter Z2/Ac are
shown on Fig.l.
This dependence is exponential for the isotopes of each considered element. Thus
one may consider that the average half-life of DN precursors is the constant, which
determine by only in one way the form of the delayed neutron decay curve for each
fissioning system. Therefore the investigation of the energy dependence of the
average half-life of DN precursors is very important both from physics and practical
application point of view.
The purpose of the present experimental study was to investigate the energy
dependence of the average half-life of DN precursors in the fast neutron induced
fission of 235U and 236U. So the group relative abundances a, and half-lives Tt of
delayed neutrons in the fast neutron induced fission of 235U and 236U were measured
.««
to obtain the average half-lives of DN precursors (D = Va,-7^. • After that the
energy dependencies of the average half-life of DN precursors in the fast neutron
induced fission of 235U and 236U were obtained and the analysis of this dependencies
was made.
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Fig. 1. The dependence of the average half-life of DN precursors for thorium,
uranium, plutonium and americium isotopes on the fissility parameter Z2/Ac

Experimental method
The experimental method employed in the measurements is based on periodic
irradiation of the fissionable samples by neutrons generated in a suitable nuclear
reaction at the accelerator target and measurements of the decay of delayed neutron
activity [2].
The T(p,n)3He and D(d,n)3He reactions were used in measurements as the neutron
sources. Tritium and deuterium targets were irradiated by ion beam on the
electrostatic accelerator KG-2.5 at the IPPE. The boron counter of SNM-11 type at
the operational potential of 650 V in the proportional mode of operation was chosen
as the main detector counting unit.
The main requirement to be taken into account in designing a sample transfer
system was to minimise the sample delivery time. This system is capable to transport
the sample with the time short enough to measure the delayed neutron yields with the
shortest half-lives. The times of sample transportation from the irradiation position to
the neutron detector were about 150 ms depending on gas pressure and the weight of
the samples under investigation.
The computer of the IBM type serves as a central processor controlling the
irradiation time, the value of neutron flux at discrete time intervals, the number and
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width of the time channels for the delayed neutron counting. The computer controls
also the operation of the pneumatic transport system and the accelerator mode
switches. Time-channel widths of 0.01, 0.02, 0.1, 1.0, 10 s following in the automatic
sequence were used in the present measurement. Two types of experimental data were
used in the present experiment. The first type of data was obtained in the
measurements with 15 s irradiation time and 424.5 s counting time. The second type
of data was obtained in the measurements with 300 s irradiation time and 724.5 s
counting time. Such procedure allowed to increase a relative contribution of delayed
neutrons corresponding to definite groups of precursors in the integral decay curve.
Thus procedure using in the present experiment allowed to increase the accuracy of
obtaining the DN parameters.
The measurements were made in cyclic mode. Each measurement cycle start from
the irradiation of the fission sample. After irradiation process ion beam was covered
by the Faraday cup and the fission sample was transported into the neutron detector.
Position of the sample in the neutron detector and at the irradiation position was
detected by photodiodes. The values of sample delivery time and sample delay at the
irradiation position were measured in each measurement cycle. After measurements
of delayed neutrons activity the experimental data were wrote down on hard disk of
PC and measurement cycle repeat again. In the process of measurements stability of
neutron detector parameters was under control by (Am-Li) neutron source.
Data processing procedure
Time-dependencies of delayed neutron activity obtained in the runs with the same
experimental parameters were summed. The time-dependence of delayed neutron
activity in fission of 235U by 1.059±0.064 MeV neutrons with irradiation time 300 s is
presented in the Fig.2. Start of delayed neutron counting correspond with signal of
irradiation end. The value of sample delivery time was about 150 ms. The value of
sample delay time was 60 ms.
Group periods and relative abundance values for the neutron induced fission of
23S
U and 236U were obtained on the basis of two types of experimental data. In the
analysis of the delayed neutron time-dependence the data with irradiation time of
300 s and counting time 724.5 s were used to obtain the group.constants for the first
and second groups of delayed neutrons. Group constants values from the third group
to the sixth one have been obtained from the data measured in the experiment with
irradiation time of 15 s and counting time 424.5 s.
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1000-

100-

100
1
10
Time channels
Fig.2. The time-dependence of delayed neutron activity in fission of 235U by 1.059±0.064
MeV neutrons."Irradiation time - 300 s. Counting time - 7*4.5 s. Time-channel widths (s):
0.01, 0.02, 0.1, 1, 10. Number of channel: 150,150, 200, 200, 50

0,1

The group constants for the first group and the second one obtained from the long
time irradiation data were fixed in the analysis of the short time irradiation data. The
values of group constants from the third group to sixth one obtained from the long
time irradiation data were used as the initial approximation in the analysis of short
time irradiation data. The experimental data were analysed with the iterative least
squares program [2]. The correction for fissionable impurity in the 235U sample was
made. The energy-dependencies of relative abundances and periods of delayed
neutrons for fast neutron induced fission- of 235U and 236U are presented in the Table 1
and Table 2 respectively. The energy-dependencies of the average half-life for the fast
neutron induced fission of 235U and 236U are presented in this tables.
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Table 1. The energy-dependence of relative abundances, periods of delayed neutrons and
average half-life of delayed neutrons precursors for fast neutron induced fission of 235U
(preliminary data)
£„, MeV
i
at
0.370
(0.057)*)

Ti

a,
0.624
(0.056)

Ti

a,
0.859
(0.059)

T,
di

1.059
(0.064)

T,
a,

3.274
(0.142)

Ti

a,3.805
(0.105)

Ti

a.
4.269
(0.109)

Ti
at

4.805
(0.125)

Tt

1
0.037
±0.001
54.56
±0.46
0.035 ,
±0.001
55.68
±0.39
0.036
±0.001
55.24
±0.45
0.037
+0.001
55.20
±0.55
0.038
±0.001
56.82
+0.60
0.038
±0.001
55.85
+0.45
0.040
±0.001
55.90
±0.43
0.040
±0.001
55.71
±0.51

2
0.227
±0.007
21.87
±0.24
0.222
±0.006
22.08
+0.20
0.228
±0.006
22.02
±0.22
0.225
±0.006
22.06
±0.28
0.213
±0.007
21.90
±0.29
0.210
±0.006
22.00
±0.24
0.209
±0.006
21.72
±0.25
0.192
±0.006
22.33
±0.31

Group number
3
4
0.394
0.188
±0.008
±0.010
5.95
2.31
±0.15
±0.06
0.209
0.361
±0.008
±0.009
5.77
2.23
±0.12
±0.05
0.194
0.387
±0.008
±0.010
5.79
2.28
+0.14
±0.06
0.190
0.402
±0.010
±0.012
6.09
2.33
±0.23
±0.07
0.194
0.405
±0.008
±0.011
6.01
2.26
±0.16
±0.07
0.411
0.188
±0.009
±0.008
5.96
2.28
±0.05
±0.13
0.402
0.189
±0.008
±0.009
5.81
2.28
±0.13
±0.05
0.406
0.200
±0.008
±0.010
6.21
2.20
±0.15
±0.06

5
0.131
±0.006
0.435
±0.021
0.152
±0.007
0.484
±0.023
0.132
±0.006
0.482
±0.023
0.122
±0.006
0.562
±0.031
0.124
±0.006
0.514
±0.025
0.127
±0.006
0.491
±0.024
0.133
±0.006
0.506
±0.025
0.135
±0.007
0.515
±0.025

6
0.023
±0.001
0.187
±0.009
0.021
±0.001
0.202
±0.010
0.023
±0.001
0.187
±0.009
0.024
±0.001
0.177
±0.009
0.026
±0.001
0.178
±0.009
0.026
±0.001
0.178
±0.009
0.027
±0.001
0.179
±0.009
0.027
±0.001
0.179
±0.009

<7>
9.073
±0.407

8.939
±0.363

9.083
±0.380

9.172
±0.439

8.973
±0.434

8.867
±0.375

8.862
±0.374

8.725
±0.403

*) - The values in brackets are the average standard deviation of the neutron energy values.
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Table 2. The energy-dependence of relative abundances, periods of delayed neutrons and
average half-life of delayed neutrons precursors for fast neutron induced fission of 236U
(preliminary data)
Group number
1
2
3
4
5
6
0.025
0.214
0.350
0.099
0.013
0.299
1.008
±0.001
±0.007
±0.011
±0.001
±0.009
±0.005
(0.099)*)
0.215
54.96
1.59
0.463
21.81
4.57
T,
±0.57
±0.22
±0.05
±0.011
±0.08
±0.023
0.012
0.025
0.195
0.310
0.360
0.098
a,
3.231
±0.001
±0.001
±0.007
±0.013
±0.005
±0.011
(0.152)
1.47
0.214
55.25
22.40
0.472
4.27
T,
±0.011
±0.72
±0.06
±0.023
±0.29
±0.09
0.184
0.422
0.013
0.025
0.211
0.145
3.745
±0.014
±0.001
±0.001
±0.008
±0.011
±0.010
(0.144)
0.374
54.83
22.00
5.41
1.91
0.218
T,
±0.70
±0.30
±0.17
±0.06
±0.026
±0.015
0.341
0.104
0.013
0.026
0.195
0.321
a,
4.196
±0.001
±0.007
±0.013
±0.005
±0.001
±0.010
(0.169)
0.214
55.79
21.51
4.27
1.35
0.475
T,
±0.67
±0.06
±0.024
±0.011
±0.28
±0.10
0.014
0.026
0.171
0.385
0.202
0.202
a,
4.719
±0.001
±0.009
±0.001
±0.005
±0.008
±0.009
(0.205)
22.07
54.79
2.01
0.223
5.56
0.403
T,
±0.47
±0.21
±0.11
±0.05
±0.019
±0.011
*) - The values in brackets are the average standard deviation of the neutron energy
£„, MeV

i
a,

<T>
8.013
±0.374

7.791
±0.409

7.423
±0.459

7.528
±0.396

7.180
±0.325
values.

Experimental results
The preliminary data on the energy-dependence of the average half-life of
delayed neutrons precursors in the fast neutron induced fission of 235U and 236U are
presented in Fig.3. and Fig.4. Also in this figure the data obtained for fission neutrons
spectra [3, 4, 6, 8] are presented. The values of uncertainties for the average half-life
were obtained without accounting of correlation between relative abundances and
periods of delayed neutrons. The analysis of the correlation matrix of the relative
abundances and periods shows that account of correlation between a; and Tj reduce
the uncertainty in the average half-life because the off diagonal elements are
predominantly negative.
,
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The analysis of the energy-dependence of the average half-life of delayed
neutrons precursors for 235U shows that in the incident neutron energy range
0.37-1.059 MeV the average half-life is practically constant. For 235 U and 236U in the
incident neutron energy range above 1 MeV the value of average half-life trends to
reduce with increase of incident neutron energy. And in the case of236U this reduction
is amounted to 10 % in the considered energy range. This trend can be roughly
explained by the increase of relative contribution of the short half-life precursors in
fast neutron induced fission of 235U and 236U in the energy range above 1 MeV.
The work was made under the Russian Foundation for Basic Research, grant No.
96-02-17439.
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Fission Rate Determination in Delayed Neutron Emission
Measurements with T(p, n) and D(d, n) Neutrons
V.M. Piksaikin, V.S. Shorin, R.G. Tertytchnyi
SSCRF Institute of Physics and Power Engineering, Obninsk, Russia

Abstract
A method for accurate measurement of the fission rate in the samples
irradiated by neutrons from the T(p,n)3He and D(d,n)3He reactions is
described. The method is based on the measurements of the fission rate in
two fission chambers placed in the vicinity of the sample and Monte-Carlo
calculations of fission rates in the sample and in the chambers' fissionable
layers. The Monte-Carlo calculations employ a neutron source procedure
taking into account most of the factors influencing on the neutron spectra
caracteristics in conditions of a real experiment. An experimental procedure
developed for testing the proposed method is discussed. The performance of
the method is demonstrated by the results obtaned in the measurements of the
total delayed neutron yields from neutron induced fission of 237Np and 235U.

Introduction
For better understanding of the neutron induced fission process of heavy nuclei as
a whole and the mechanism of delayed neutrons (DN) emission in particular, it is
interesting to know the DN emission properties and their dependences on an
excitation energy of a fissionable nucleus. In this respect one of the least investigated
values is the absolute DN yield vJJZJ versus an incident neutron energy En. At the
present time the detailed vJJLJ data are available only for nuclei 233U, 235U,238U [1].
In experiments with a cyclic irradiation of researched sample the value vJ^E^ is
determined by the relation [2] ^
N(En,O=e-R(EJ-v/EJ-F(ai,Xbik)
(1)
where N(En,t) is the measured count rate of the DN detector at the time / after the end
of irradiation (number of DN detector counts in a given time interval), s is the neutron
detector efficiency averaged on the DN energy spectrum; FfaXuik) is the function
depending on the values of relative DN yields a, and decay constants A,, and also on
the time parameters ** (irradiation time and delayed neutron counting time, number of
irradiation cycles etc.); R(En) is the fission event rate. The value of s is usually
measured in a special experiment [3] whereas the value R(En) characterizes
experiment as a whole and depends on many factors (geometry of experiment, mass
of a sample and its sizes and configuration, features of a neutron source etc.).
Therefore from the methodical point of view the most complicated task is to
determine the value of R{En) at different energies of incident neutrons.
In the majority of experiments performed with thermal neutrons and with fission
spectrum neutrons, the fission rate was determined via measuring a gamma and beta
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activity of fission products emerged in irradiation process of a sample [4,5]. However
the application of such method to study the energy dependence vd(En) in a wide range
of neutron energies causes difficulties because of absence of the reliable data on the
energy dependence of fission product yields.
In the work [1] the fission rate was determined using the method of the absolute
counting of fission fragments in the fission chamber when the fissile layer and the
sample under investigation were exposed to almost equal neutron fluxes. For this
purpose the sample was placed close enough to the fissile layer. Such experimental
configuration did not allow to transport the sample into a neutron detector after the
irradiation, that essentially reduced DN count rate.
The purpose of the present work is to create a method of determination of fission
event rate in a sample irradiated with quasimonoenergetic neutrons from the
T(p,n)3He and D(d,n)3He reactions. The consideration is given for the case of the
measurements of DN yields from neutron induced fission of 237Np [2].
Fission rate in samples
In general the calculation of fission rate in the sample is a quite complicated
problem [6] connected with solving the neutron transport kinetic equation taking into
account neutron multiple scattering in a sample and construction materials of the
experimental setup. It is necessary to account for a composite nonmonoenergetic
spectrum of accelerator-based neutron source as well. In the general form the value of
R(E^) can be presented as the functional of the following type:
R(EJ =<I(E)-A(r) • <p(E,En,r)>E,n
(2)
where £(E) is the effective macroscopic fission cross-section for neutrons with energy
E, A(r) is the neutron path length in the sample in the direction of radius-vector r of
the interaction point, (p(E,En,r) is the neutron flux on the sample with average neutron
energy En, the sign <>£,, denotes the averaging over all coordinates r and neutron
energies E. The value of <p(E,En,r) is associated with a spectrum of accelerator-based
neutron source $?<?by the relation
(P(E,En,r)=&d(EJ<(pd(E',Enn)G(E'->E,n->r)>E-n,
,
(3)
where /2is the unit vector of an outgoing neutron direction, <X>d(EJ is the total neutron
yield from an accelerator target
0o(En)=«po(E:Enty>E'.Si,
(4)
G(E'->E,Q->r) is the Green function (scattering indicatrix) of the system which is
taking into account the features of neutrons transport for the given geometry of
experiment (fig. 1). Such geometry relates to the class of "tight (close) geometry",
where the sample under study is located very close to a neutron source and
consequently subtends a considerable solid angle relative to ion beam direction. Such
geometry conditions and rather thick targets (0.6-2.0 mg/cm2) used to obtain intensive
neutron fluxes lead to the additional neutron energy spread due to the incident ion
energy losses in the target material and to the angular kinematics broadening of
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neutron spectrum. These effects result in a noticeable width (up to 10-15 % relative to
En) and asymmetry of the spectrum tpo- Another source of the neutron energy spread
is connected with the secondary neutrons due to the processes of neutron slowingdown in the water layer (0.4 mm) used for the target cooling and due to neutron
multiple scattering on the sample and on the experimental setup materials. These
processes lead to occurrence of the low energy tail in the spectrum <p(E,Emr). It is
quite a problem to determine the spectrum <po and especially the spectrum <p(E,Emr)
experimentally. Taking into account a high precision of the data on the neutrons
emission reactions and on the neutron-matter interaction constants, more acceptable
approach is to simulate it numerically. At the same time the normalization constant
0o(En) can be determined by the comparison of the calculated value with the count
rates RtfEJ of two monitor fission chambers (with fissile layers made of the same
material 237Np, / is the chamber's number) located directly in front of and behind the
researched sample in the same neutron flux. Use of two fission chambers for neutron
flux monitoring essentially raises the reliability of the method because possible
variations of a neutron field are taken into account in the course of the simulation.
By analogy to the expression (2) the fission rate in the fission chamber i can be
written as
W, =<li-A,-W-Gi>,
(5)
where £* is the efficiency of fission event registration for the fission chamber L The
procedure of the determination of the fission chamber efficiency £is considered in the
paper [7] in details.

Fig. 1. The scheme of the experiment. 1 - 237Np fissile layer, 2 - 237Np sample,
3 - neutron target, 4 - fission chambers
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From eq.(2 -5) follows that the expression for the fission rate in the sample can be
represented as
Rs(En)=<R,(En}• W{l>r Wt{ift
(6)
where the index s relates to the sample; the sign <>, means the average value of the
results obtained with two fission chambers. The equation (6) contains the measured
values RjfEn), the fission chambers' efficiencies d, and the ratio of two functionals
such as W which can be calculated by using the MCNP code [8] within the same
scheme and with identical neutron interaction constants. Such procedure essentially
decrease possible errors of the calculated value RS(EJ.
For A/C/VP-calculations it is essential to define the spectrum q)((E',Enfi) of the
accelerator-based neutron source correctly. In the present work the spectrum q>0 was
simulated by the subroutine "SOURCE" [9] which can operate with a wide class of
neutron sources (both solid and gas) based on the (p, n) and (d, n) - nuclear reactions.
Its brief description is represented below.
Simulation of neutron source spectrum
Neutron spectrum <pd(E',6J where 6n is the LS neutron angle relative to the
incident ion beam direction, was calculated in correspondence with the diagram
(fig. 2) under the formula [10]:
<po(E',

=const-ffffdx dQpdn-dEp •G,(9p,x,E0) -G2(Ep-£p(x, 9p,E0))-C(x) • dopj
, 9) • S(E '-^(Ep, 6)) • S(0n-Z(0p, 0)).
target

sample
4

Eo

Fig. 2. The diagram for calculation of the neutron spectrum <p<(En,6J. En and Eo - the energies of
outgoing neutron and incident ion respectively, Ep(x) - the ion energy at the depth x, 8p - the angle
of multiple scattering, 0 -the outgoing neutron direction angle concerning the direction of an ion in
an interaction point, &„ - the outgoing neutron direction angle concerning the direction of a incident
ion in a point x=0. 1 - the entry point of an ion in a target, 2 - the point of interaction, 3 - the point
of neutron absorption in the sample, 4, 5 - the points of neutron scattering outside of a target
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Here Gi is the ion angle distribution function of incident ion energy EQ and of the
multiple scattering angle 6P at the depth x from a target surface; dQp and dQ are the
solid angle elements defined by the polar angles 6P and 9 respectively; G2 is the
energy loss distribution function of the ion energy Ep at the depth x; ep(x, Op,Eo) is the
mean ion energy; C(x) is the concentration profile of the target material; dc/dQ is the
neutron production differential cross section; S is the character of the Dirac delta
function; £„ is the neutron energy function kinematically connected with the ion
energy Ep and with neutron emission angle 9, % is the function coupling the angles 9n,
6P and 9. The indexes p and n denote a projectile and escaping neutron respectively.
The following approximations were included.
A. The function Gj was supposed to have a form Gi(y)=exp(-y), where
y-0i2(x)/<9i2 >{x) and <92>{x) is the mean square of multiple scattering angle of ions
in the target matter, i.e. the small scattering angles approximation was used.
B. The function G% was supposed to be a Gaussian, though it is known that for
small energy losses it is described by the Vavilov distribution.
C. The targets of a multielement composition with the number of components not
more than 6 are considered.
D. The multilayer targets with the number of layers not more than 6 are considered;
inside each layer the function C(x) for the given component is considered as a constant
value. This approximation allows to operate with both solid and gas targets.
E. The case of normal incidence of a wide ion beam uniformly distributed in the
circle of radius Rj on the target surface is considered. The centre of the beam can be
biased relative to an axis of a cylindrical target.
The calculation of the spectrum of primary neutrons requires a solution of the ion
stopping problem for the multilayer target of multicomponent composition. .This
problem was reduced to the numerical solving of the system of the first order
differential equations for the first four moments of the ion energy distribution
function in a target matter. The first two moments, namely the values ep(x, 0p,Eo) and
energy straggling sp(x,E0) were used for simulating the function G2, second two - the
coefficient of skewness and kurtosis -were used to estimate the accuracy of the
approach. As a part of the solution the angular values <0f>(x) were calculated. All
calculations were based on the ions stopping data dE/dx in matter obtained with the
help of the well-known code TRIM (version 91.14) [11]. For given energy Ep the
dE/dx values were calculated using the cubic spline - interpolation. For multielement
targets (compounds) the Bragg rule was used. To calculate the functions en(Ep, 9) the
relativistic kinematic formulae for two-particle nuclear reactions [12] and the atomic
masses table Audi-93 [13] were used. The code operates with the following neutron
production reactions: T(p,n), D(d,n), T(d,n), 7Li(p,n)7Be and 7Li(p,n)7Be* (and the
inverse to them). The data on the neutron production cross-section in the center-ofmass system (CM) were taken from [14] and appropriate extrapolation was used near
threshold range for (p,n) - reactions.
The code is written in "Fortran-77" for compiler /77L-EM/32 version 5.01. Its
main part is the subroutine nsource (EN, OM, X, Y, Z, WGT) which generates random
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variables, namely EN- the neutron energy in MeV, OM(1), OM(2), OM(3)~ the
direction cosines of the unit vector defining the neutron direction relative to axes OX,
OY and OZ respectively; X, Y, Z-the coordinates of neutron birth point (coordinate Z is
chosen along the incident beam axis); WGT-lhe neutron weight (number of neutrons
per 1 |iKl). At the first call of the program the initial data are entered. Then the stopping
problem is solved. As a result the text file containing the mean ion energy Ep(t) (MeV),
the straggling sp(t,Eo) (MeV) and <9,2>(t) on the depth t (mg/cm2) in the tabulated form
is produced. After the sampling of coordinates (X, Y) of the interaction point in the
circle of radius Rj and Z-coordinate of the neutron birth point, the values Ep(z), sp(z),
<9?>(z) are calculated by a linear interpolation. Further the appropriate random values
are calculated using the normal numbers generator and random numbers generator for
an exponential distribution. Then the outgoing neutron direction angle (cos(6), sin(O))
in the CM system for the two-particle reaction is sampled uniformly in the range from
-1 to +1. The statistical weight WGT proportional to the differential reaction crosssection dofEpj, 6)/dQ is assigned to the neutron birth event. Further outgoing direction
angles of neutrons are transformed from the CM system to the LS system, the outgoing
neutron energy EN and the OM-values are calculated (the presence of two groups of
outgoing neutrons for threshold reactions is taken into account). The results of the
MCMP-calculations of q>((E',EnQ) and (p(E,Emr) spectra are shown below.
Results
In figures 3 and 4 the calculated neutron spectra <p(E,Emr) for T(p,n)3He neutrons interacting with the 237Np sample and 237Np fissile layer in the fission
chamber are shown. One can see the effects of the neutron flux attenuation and
multiple scattering on the constructional materials of the experimental setup . The
calculations were carried out for layout of the sample and the fission chambers
relative to the neutron source shown in fig. 1. The layers of the fission chambers were
made of dioxide of neptunium. The thickness of fissile layers was 100 ug/cm2,
diameter - 2 cm. The sample was made of dioxide of neptunium and represents the
cylinder 0.29 cm diameter and 1.5 cm height placed in the container of stainless steel.
As it is shown in fig. 3 and 4 the neutron distributions <p<E,Emr>r averaged over
the volumes of the sample and the fissile layer for the same incident ions energy
(£0=1.318, 1.550, 1.777, 1.974 MeV) have essentially different shapes, dispersions
and asymmetry. This can be seen also from the Table 1 where three first moments of
the neutron spectra related to the sample are presented. The low energy "tail" in the
neutron spectrum on the sample due to the neutron multiple scattering effects can be
seen. It is important to take into account this component in the measurements with
non- threshold fissile isotopes. Besides that in both cases the shape of distributions
has a strong energy dependence and their mean neutron energies are rather different.
Taking into consideration the energy dependence of 237Np fission cross-section, one
can expect a considerable energy dependence of the {Wll Ws) ratio value of the
fission rates in the sample and fission chamber in the vicinity of the fission threshold
for the case of "tight geometry".
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broadening of neutron spectra were taken into consideration. The lower curves are obtained
for the case when all effects influencing on the shape of the neutron spectrum are taken into
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Table 1. The first three moments of the neutron spectra associated with T(p,n)3He -neutron
source for the Ti-T target thickness 1.0 mg/cm2
Proton
energy,
MeV
1.318
1.550
1.777
1.974

Fission chamber
Average
Neutron
neutron
energy
energy,
spread,
MeV
MeV
a)
0.088
0.366
0.390b)
0.050
0.616
0.119
0.651
0.043
0.147
0.850
0.892
0.040
1.048
0.175
1.096
0.039

Skewness

-1.851
-0.088
-2.834
-0.080
-3.313
-0.089
-3.532
-0.134

Average
neutron
energy,
MeV
0.324
0.340
0.561
0.586
0.780
0.814
0.967
1.008

Sample
Neutron
energy
spread,
MeV
0.090
0.070
0.121
0.077
0.151
0.089
0.180
0.099

Skewness

-0.964
-0.255
-1.721
-0.480
-2.065
-0.627
-2.270
-0.073

a) -the fist row contains the results of calculations including all the neutron transport effects;
b) -the second row is related to the calculations taking into account of the kinematics of the
neutron production reaction and target thickness only.

The test of the method (to estimate the Rs (E,J value properly) was carried out by
measuring the count rate Rt (EJ in the fission chambers placed at different distances
from the neutron target and by comparing the results with calculated values Wi. The
results of the comparison are shown in fig. 5. The light circles are the experimental
data Ri (EJ obtained using the fission chamber placed between the neutron source and
the sample. The black circles show the data for the fission chamber located behind the
sample. The black squares connected by solid curve show the calculated values JVj. In
the insert the ratio of the experimental fission rate to the calculated one is presented.
As one can see from the figure the discrepancy of the experimental values of the
fission rates and the calculated ones does not exceed 1.5% in a wide range of
distances from the neutron source to the fission chamber. Therefore the accuracy of
the determination of the RS(EJ values based on the calculation of the functional Wt
and Ws for actual samples should not exceed the quoted value.
In fig. 6 the results of calculations of the values (W,WS'') for the 237Np sample
obtained for two cases of neutron flux monitoring (by one and two fission chambers)
are presented. The energy dependence of this value in the range of neutron energies
for T(p, n)3He - reaction is defined by the difference in the average neutron energies
in the sample and in the fission chamber. In the case of the D(d,n)3He neutrons the
increase of the (tVi-fVs~l) value with neutron energy is determined by the kinematics of
the neutron production reaction. The calculations show that the neutron transport
effects does not lead to considerable changes in the energy dependence of the fission
rate ratios, while the shifts of the absolute value of the ratio are noticible (about 10%).
It can be seen from fig. 6 that for the case of "tight geometry" the fission rates ratio is
close to a constant in the range of the average neutron energies 1-3 MeV. Such
behaviour essentially simplifies the data analysis on the energy dependence v^E,) in
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the range of energies where there is a transition from one neutron source to the other
and raises the reliability of the normalization method.
In fig. 6 (black circles) the calculation results of the value (fV/W,'1) are shown for
the case when two fission chambers were used in the experiment for neutron flux
monitoring. The data are given for the fission chamber being placed behind the
sample. The energy dependence of the ratio is flatter in this case. This "two fission
chamber" configuration was used for • measuring the absolute yield of delayed
neutrons. The method of the fission rate determination in the sample presented here
was used to study the energy dependence of DN total yield from fission of 235U and
237
Np in the energy range 0.4-5 MeV. The results are shown in fig. 7. These data are
obtained in two experiments (with one and two fission chambers). In the case of 235U
a good agreement of our results with the data [1] is observed. In the case of 237Np the
data on the energy dependence of DN total yield are obtained for the first time and
show considerable dependence of K/on the incident neutron energy.
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Fig. 5. Comparison of fission rates in the fission chambers at different distances from
a neutron source T(p, n) obtained by measuring Rj (EJ and on the basis of W{ calculations.
The energy of primary protons is 1.974 MeV. The data are explained in the text
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circles are related to "one fission chamber" geometry. Black circles are related to "two fission
chambers" geometry. Straight lines for visualization connect the points. The dependence in the
energy range 1-3 MeV was not calculated
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