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INTRODUCTION

Nuclea fisgon is one of most strange and fantastic in nulear world where one heavy
nucleus decays onto two fragments of comparable masss. There ae two principal kinds of that
nuclea transformation. First is gpontaneous decay and second ore is particle induced fisgon.
Competition d coulomb and niclea forces gives unstable relative fisson equili brium and small
aff ecting the system outside can lead to scisson d the nucleus. Fisson prenomenonwas found
more than 60 year ago and therefore has its interesting and dramatic history. It can be foundin
pradicdly al nuclea physics natebooks. Here we will observe only induced fisson preferably
by neutrons from paints of view of modern knowledge on a bsis of recent thearetical moals. In
addition main attention will be paid to unresolved problems o shav scade and interesting agpeds
of future investigations

Thorium-232, ore of isotopes invalved into the thorium cycle has a biggest attractive
scientific interest, representing nuclea phenomenon ramed 20years ago as a “thorium anomaly”
[1]. The last conreds with a posgble alditional splitting of the outer hump giving so-cdled
triple-humped fisson barrier and respectively long lived exotic hyper-deformed nuclear states.
Receant large-scale bath experimental and theoreticd studies of nuclea fisson dd na solve the
problem. Simultaneously it has opened some new principal questions abou a medanism and
time feaure of a nuclea fisson process role of shell and pairing effeds, fine structure of
potential energy surface & high and super-high (hyper) deformations in wide region d nuclear
temperature. Nucleus 2*?Th allows us to combine in ore experiment a possbility to fix initial
properties (shape and quantum numbers) of fissoning nucleus just before descent from a sadde
point to scisson ore with observable variables like mass charge, kinetic energy and excitation
energy (via prompt radiations). To dothis, it's necessary to popuate nuclear levels at the second
or third minimum of fisgon barrier (see below), which are giving so-cdled beta-vibrational
resonances in fisgon cross ®dion. Coming away from the barrier top, e can change
temperature regime of the processand to study time-dependent dynamicd effects in fast flow of
nuclea matter. Again, al fisson properties both statisticd and dynamicd shoud be investigated
simultaneously, in ore “complete” experiment. In this kind o approach many physicd aspects
could be studied in detail. Thorium-232 nielel are not unique in fisson physics at present time,
because few other nuclel have similar potential energy surface, which leads to the some kind of
complicaion d fisson feaure observing at an experiment. It's interesting, that the main part of
thase nuclel is involved into thorium-uranium fuel cycle. There ae 2%°Th, #'Pa, %P3, *"U and
2. Here, the main attention is paid to physical aspects of detailed and hgh-resolution
investigations of fisson barrier via series of fisson crosssections measurements. It does nat
mean that the problem of pradicaly important neutron data will be suppressed. In contrary, it
will be shown that high-acarate nuclea data can gve akey to understanding of the principal
guestions of so dfficult large-scde lledive motion d nuclear matter like fisson d atomic
nuclei.



PHYSICS OF VIBRATIONAL RESONANCES.

Simple demonstration d one-dimensional fisson barrier is presented in figl.
Deformation axis (3, corresponds to elongation o fissle system through fisson dredion.
Popuation d states inside intermediate well | eals to the dfed known as $hape isomerism [2].
Resonance penetration d the potential barrier below sadde points will give narrow resonance-
like structures, observable if energy resolution is good enough. From experimental point of view
this problem means the use of neutrons in the energy range below 2 MeV for thorium cycle
isotopes. For Th, Pa and U nuclel very pronourced vibrational resonances have been olserved
between 0.1 and 2 MeV where the energy resolution is better than 2-5 keV. Simultaneous
acasrate measurement of fisson fragment angular distributions give full
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Fig.1. Schematic view of nuclear sub-barrier fisson through B-vibrationa state (thick
arrow). Eyigr is characterized by depth and stiffness of the second minimum of fisson
barrier. E - is excitation energy after neutron capture.

set of JK- quantum numbers after so-cdled channel analysis of the experimental data. It's
important, that both excitation functions and total angular spectra will be determined with the
same high-resolution against incident neutron energy. It would be first in the World practice
attempt to sufficiently isolate the individual peaks of the substructure of vibrational resonances
and therefore to deduce the moment of inertia of the rotational bands & predasely as pessble and
to determine their quantum characteristics. These spedroscopic properties of the vibrartional
resonances may throw some light on the question d the thorium anomaly not resolved since the
first half of 70-th.

The theory of Strutinsky [3] introducing multi-humped fisson barrier of the adinide
nuclel has explained many resonance-like structures in fisgon crosssections in fast neutron
energy region. The we&kly damped beta-vibrational states in secondary well of the potential
barrier are resporsible for thase resonances and shoud be assciated with a few-phononstate
oscill ating abou the mean deformation d the secondary barrier well. The week damping due to
the combination d the low excitation energy in the well and the inhibition provided by the first
or intermediate barrier hump was observed at an experiment. Characteristic feature can be found
in fig.2 where fisson crosssedions slected for the thorium cycle isotopes are presented. Only



nea threshold part is $rown. Usualy observed dramatic dhanges in fisson fragment angular
distributions with changing excitation energy are due to daminance of separated vibrational
resonances, each having definite spin-parity quantum numbers, and definite K numbers defined
as projedion d total angular momentum of deformed fissle nucleus onto fisgon axis. When
thereis no damping of the vibrational motion by the other degrees of freedom or it is not ® high,
the vibrational resonanse is rather pronourced since the respective transmisson coefficient is
close to unity with aimost zero width. In reality only few resonances like this can be found.In
fig.2 good examples of those resonances are seen for lowest resonances of >*Pa and *°Th (low
damping). Usualy damping is essential, bu it has different magnitude for different fissle
system. It depends on well's depth and excitation energy of nucleus.
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Fig.2. Vibrationa resonances in fission cross-sections for thorium cycle isotopes. The dat
are taken from original works as follows: 2U(n,f) —[4]; ®'Pa(n,f) — [5]; 2****Th(n,f) —[6].

Large-scde experimental studies of near barrier fisson probabiliti es by means of detailed
high-energy resolution measurement of fisgon crosssections with high enough statisticd
acarracy will give new possbility for quantitative theoretical analysis of resonance
structures in wide region d excitation energy of the fissoning nuclel to determine precise
pasitions of all of resonances aswociated with quesi-stationary states in the region d fisson



barrier top. Statisticd fluctuations of the data available up to now as can be seen in fig.2 are too
large to be negleded in the analysis and to come from hypathesis o self-consistent odel.

Combining ideas of V.Strutinsky [3] and A.Bohr [7] with well-known Brosa-channels
hypathesis [8], ore can see that the vibrational resonances have to appea in dfferent
intermediate barrier wells, if so-cdled bifurcation pant of potential energy surface locaes just
before outer hump. Thus, physics of vibrational resonances is much more mmplex and dfficult,
than it was assumed in the late 80-th when intensive experimental and theoreticd efforts were
decderated.

DAMPED VIBRATIONAL RESONANCES. Readion 2*U(n/).

The best studied example of a dasscal damped vibrational resonance was foundin compound
nucleus uranium-235 fissoning by fast neutrons in “*U(n,f) reaction [9] (seefig.3, umper part).
The basic resonancelike feature & approximately 300 keV neutron energy was long believed to
be explicable a competition ketween opening of fisson andinelastic neutron scattering channels
which was first assumed already in beginning of 60-th [11]. High-resolution studies were
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Fig.3. Upper part: fluctuations of data points of work by James e.a. [9] for 2**U fisdon
cross-sedion around “classical” damped vibrational resonance for neutron energy En = 330
keV. Bottom part: comparison with the data by Meadows [10] in the region d MeV-
neutrons. One @n see rather different resonance structures in bah experiments, especialy
around well-known and good established resonance nea neutron energy 780keV.



performed first by James (1977 [9] to investigate so cdled class-Il (associated with compound
levels in the seaond well of fisson karrier) intermediate structure within separate vibrational
resonance. Due to relatively bad for this kind d structure energy resolution d 1 keV individual
classll structures could nd be observed since the expeded state spadng was abou 0.2 keV.
However, very considerable fluctuations of the data points through the vibrational resonance
were observed. This was attributed to approximately 5 classll states to be foundin anyone
resolution interval (see fig.3). The fluctuations of their strengths due to Porter-Thomas
distribution expeded to their partial fisson widths were determined too. It was dore taking into
acount intermediate structure of fisson cross sedion for low energy neutrons. The barrier
heights resulting from the combined analysis are different comparing with thase required to
ascribe fisgon cross ®dion in higher energy region. Very probably, thisis due to the unperfed
and moreover not red behavior of vibrational resonancein bah the couping and fisson widths
of the class|| states in the parametrization adopted in the data arelysis.

To solve the problem, ore has to perform a set of additional measurements of fisson cross
sedion around energy 300 keV with much better neutron energy resolution. At the CERN
Nn_TOF Fadlity for example the resolution at 200 m flight path will be gproximately 0.06 keV
(dt= 6 ns) which is good enough to observe separate dassll states. On the other hand, careful
anaysis of the data presented in fig.3 can give following conclusions. First of all, resonance-like
fluctuations in data by James e.a. appear in whole energy region d incident neutrons including
inter-resonance space (fig.3, up@r part). Energy spacing of “resonances’ is approximately
constant in the region presented, and could be due to some kind d instabilities in fisson
fragment detedion system, probably strongly influenced by accderator driven neutron source
Anyway, the data must be cnfirmed in an independent experiment, and the “classca” damping
resonance shoud be observed again o to be canceled. Next reason to repea measurements of
fisson crosssedion in 2**U(n,f) readion is obvious from bottom part of fig.3, where James's
data ae compared with results of the experiment by Meadows e.a. [10], dore using the Van-de-
Graaf accderator with pant-by-point measurement method. Lad of the pronourced resonance
aroundthe neutron energy 780keV in data by James israther symptamatic. Finally, fisson cross
sedion d uranium-234shoud be measured with as higher as passble acaracy in wide region of
excitation energy. Investigations of possble sub-structures of the resonances around 330keV,
550 keV and 780keV are needed for adequate explanation d fisgon barrier properties in
uranium region, where the data from dired readions give completely another feaure of barrier
shape.

HY PER-DEFORMED NUCLEAR STATES. Readion **'Pa(n/).

One of the most interesting problems of classcd low-energy nuclear physics is the
seaching for hyper-deformed nuclea shapes with aratio of the long to the short axis of more
than 3.1 and studying of their properties [1,17. According to recent cadculations the so-cdled
third minimum of the potential barrier against fisson appeas in actinide region with e@ormation
parameter 3, = 0.90.0ne of the charackeristic features of the hyper-deformed shapes of adinides,
besides the large moment of inertia extraded from rotational bands bielt on beta-vibrational
states, is the octupde bands conneded with the respedive kind of deformation aroundthe third
sadde point of fisson karrier. Large quadrupde and octupde moments of the hyper-deformed
states are reflected by existence of aternating parity bands with very high moment of inertia.
Thisis rather convenient for experimental observations. Asauming overlapping of two rotational
bands with the same moment of inertia (or rotational parameter), one can use relatively smple
fitting procedure for resonance spedrum to derive the level scheme. Historicdly, first octupde
deformed rotational bands were found and analyzed for fisson d thorium isotopes in dfferent



readions, bah in reutron induced and in drect readions. In further extensive studies the
problem of the thorium anomaly was born. In addition, 20years old ideato look for shape
isomers in ??Th and reighbaring nuclei was recently realized [13]. Expeded decay by a strong
gamma branch and relatively week fisson was experimentally found in Grenolde. Detailed
recent investigations with much improved equipment allowed to find third well in uranium
nuclel direaly excited in reactions with light charged particles. Fisson probability of U was
measured as a function d excitation energy in (d,pf) readion. The rotational parameter was
foundto be h%20 = 2 keV, which is characteristic for the hyper-deformed niclear shape. Some
evidences of analogous type of barrier parameters have been colleded for plutonium. Further
detailed studies with high-energy resolution d fisson crosssections around larrier top, and
hence fisson probabiliti es for not heary actinides can effedively contribute to the problem in
guestion. Besides the thorium and uranium isotopes, doube-odd nucleus protadinium-232 is
interesting very much for the problem of hyper-deformation. Fisson d this nucleus was
explored in a series of measurements of the neutron interadions with ***Pa, including differential
crosssections or fisson fragment angular distributions. Measurements of the fisson cross
sedion with high energy resolution have been made in several work using different neutron
sources from nuclear explosionto LINAC driven neutron urce (Muir e.a. [14], Plattard e.a. [5],
and Sicre [15] — numericd data are not available). Considerable structures observed in fisson
crosssedion are preented infig.2 andfig.4.
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Fig.4. Comparison of fission crosssedions for 2'Pa(n,f) reaction measured in two TOF
experiments by Plattart [5] (bottom) and Muir e.a[14] (top) for two vibrational resonances
appearing aroundincident neutron energy 160keV and 300 keV.

The analysis of the doss ®dion and, more espedally, angular distribution deta giving
gquantum numbers of spedfic dassll states are complicaed by the non zero spin o the target
nucleus (I™ = 3/2). Hence the range of M quantum numbers extends from 2 to —2 and implies



much less complex fedures in the angular distributions than in case of thorium fisson, for

example. At the same time, the rather low neutron energies for which the structures were
observed limit the orbital angular momentum, probably for s- and p-neutrons, that could be
effectively brought into the fissoning compound system. In spite of the noncomplex angular

spedrait was foundthat the data could nd be reproduced if assume the modl based on a ungue

K-value for each vibrational resonance around 160keV and 330keV. Rotational bands based on
K™=2 and 3 for 160keV resonance and K™= 0%, 3" for 330keV were required. It’' s interesting,

that the data were ascribed within the model of doude-humped fisson lkarrier. As usua ,

sufficient improvement of erergy resolution up b 2 keV likein works by Plattard and Muir gave
new look at the protactinium problem. The measurements reved that the resonance around 160
keV does have in fact new we&k substructure or narrow comporents with width and spaang

considerably less than the experimental resolution o 2 keV. In addition to the main gross
structure, observed early, this gave filling like in thorium. The overall picture for the odd-odd
protadinium is consistent with a very shallow well (third well) of the potential barrier.

Acoording to groupgngs of intermediate resonances one can say that in a reflection symmetric
fissoning system that could be excited by s- and pneutrons the level density in the barrier well

shoud be relatively high reaching 90 MeV ™. Therefore, the superfine substructure shoud exist.

In the experiment of Plattard e.a. [5] a nonLorentzian behavior was found and this evidence
would certainly bein favor of three-humped fisson barrier hypothesis.
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Fig.5. Readion **'Pa(n,f). Detailed energy dependence of fission cross-sedion around the
vibrational resonance En =156 keV which is in principle important for triple-humped
fission barrier hypathesis (data by Plattard e.a. [5])

One shoud be stres=ed, that this conclusion is based onthe one experimental work only,
gross resonance data of which are in contradiction with another measurement as presented in
figd. First of al, the reproducing of fine structures between resonances is far from ided. Muir
e.a. [14] have reported existence of strong irregularities in fisgon fragment angular distributions.
This is typical refledion o presence of resonances in the barrier penetration function. On the
other hand, statistica uncertainties in work of Plattard, as can be seen in fig.5, are rather large to
give definite conclusions abou possble rotational band parameters. Anaogous fluctuations of
fisson fragment yields, or total fisson cross gction, are obvious in whole sub-barrier energy



range investigated (fig.2, right top, fig.4). Therefore no conclusive evidence for a triple-humped
barrier emerges from the (n,f)-readion data. Further detail ed studies with the am of establi shing
nea degeneracy with states of oppasite parity in the rotational bands will be productive and
perspedive. In addition, the problem of adequate interpretation and analysis of other vibrational
resonances stays o be far from solving.

PROTACTINIUM EFFECT. Reaction?**Pa(n,f).

Protadinium-233is one of main isotopes of thorium-uranium fuel cycle. Its importance
in operation d nuclear fadliti es like fisson reactor or accderator driven system (ADS) like
Rubhia s“Energy Amplifier” (EA) conneds with two aspects, known as a "protactinium effect”.
It means the following: first, deaeasing of the readivity of the reactor due to capture of neutrons
and, seoond, increasing of the readivity after reactor stop due to inventory transformation o
%P3 into 2V via B-decay with half-life equal to 27 days only. Therefore any knowledge of
2%3pg amourt which depends on fisson and capture crosssections is esential. As arule, doube-
odd potadinium isotopes have neutron binding energy lessthan fisson barrier height [1], and
therefore fast neutrons can only give fisson while radioactive neutron capture is effective for
slow neutrons and regligible in fast (>0.1 MeV) region. Thus, bah cross-sedions — fisgon and
cgpture —shoud beinvestigated separately andin dfferent energy ranges.

Short lifetime of >*Pa determines extremely high radioactivity of the @rrespondng
targets conrected with principa limitations of experimental studies. Up to nonv one only
measurement of fisgon crosssection was dore with relative accuracy 26 % [16]. Thermal
reacor was used as a neutron source with ?*U converter of thermal neutrons into fisson rompt
neutrons with average energy equa to 1.5 MeV. Unfortunately thorium-232 was used as a
neutron monitor. Rather developed resonance structure of 2*2Th crosssedion determines
observable fisson yields with average aosssedion lessthan 100mb in neutron energy range 1
to 2 MeV where the main part of the incident neutron spedrum is locdized. This is much lower
than 142mb taken as reference (monitoring) crosssedion in the data processng. Very

1.5

1.0+

0.5

0.0 — T T T T T T T "
0 2 4 6 8 10 12

E,, MeV

Fig.6. Fisdon crosssedion data for the reaction **¥Pa(n,f) [16] : O — experiment on
Maxwellian spectrum of prompt fisson reutrons of ***U. Curves are evaluated values
from ENDF and JENDL-3.2 chtalibraries.



probably, that the velue of crosssedion should be dhanged for 40 %. Anyway, experimental data
for fast neutron induced fisson crosssedion d #**Palook so urcertain that they are not able to
satisfy accuracy of 20% required for practica applications. Evaluated data avail able from the so
good ceveloped and adopted files like ENDF-B/VI and JENDL-3.2 dstinguish to each ather ona
fador more than two. This stuation is presented in fig.6. One can seedifferences in near-barrier
region and espedally above the threshald of peretration function. Detailedaralysis of systematc
trends in a fisglity parameter (equal to the half-ratio of coulomb energy to surface energy) and
fisson probabili ty of neighbaing protadinium isotopes gives expeded level of the aosssection
magnitude in so-cdled first fisson dateau somewhere between two evaluated lines. Again, ore
can conclude that both empirica and evaluated data for 23Pa(n,f) are not avail able with accuracy
needed.

Experimental way to solve the problem of the “protadinium effed” is hardly perspedive,
hence some semi-empiricd and theoretical approades should be developed. This can be dore on
the basis of self-consistent model including detail ed and careful determination o fisgon karrier
parameters, level density, opticd crosssections etc. Fortunately, few fisson cita are available
for 4 protactinium isotopes “*%*3pPa derived from neutrorrinduced reactions >*+%*?Pa(nf) [5,17,
phao-fisson ?'Pa(y,f) [18], and charge particle induced readions, like (3Hedf), (3Hetf),
(d,ph), (t,pf) [19,20. Experiments cover excitation energy range of fissoning nuclei from 4 to
mainly 11 MeV. Link from the nuclei and readions indicated above to the reaction ?**Pa(n/f) is
not so complex, if fissle systemswith all of possble nwcleonic compositions will be asribed for
al readions gudied upto now. Good tested computational approach could give more accurate
data than those available now. In this resped the question d fisson bkarrier structure especially
the problem of the barrier saddle point multiplicity is very important for so light adinide nucleus
like protactinium. Obviously, success in getting the accurate data for the 2**Pa(n,f) readion
strongly depends on rew predse axd Hgh resolution data for 2*'Pa(nf) readion, which
importance is underlined again.

2. BIFURCATION POINT OF MASSASYMMETRIC
FISSION VALLEY AND THORIUM ANOMALY PROBLEM.

Modern ideas of multi-valley landscgpe of fisson karrier developed and wsed in the data
analysis of the practicdly all experiments in fisson physics for past 15 years, open completely
new approad for an interpretation o observable data. If so-cdled hifurcation pant where the
massasymmetric fisson waley is Flitting into two independent parts redly exists just before
penetration d the barrier, it must be represented as a set of two separate fisson barriers. Then,
fisson crosssedion will be the sum of two components, assciated with two standard fisson
modes with respedive spectra of intrinsic states giving in exit channel of reaction probably
different angular distributions. At the eperiment it would be observed as pronourced
fluctuations of shape of fisson fragment mass distributions in correlation with FF angular
spedra. Strong correlation a probably functional dependence of final properties of fissoning
nucleus on initial condtions at latest pre-fisson deformations of compound ngleus means an
existence of somekind d nuclear memory.

Theoretical ideas of the charader of heavy nucleus fisson that were developed last two
decales are based onthe predicted multi-vall ey structure of the potential barrier [8]. The fisson
modes are ansidered to be due to the eistence of well-separated valleys on the potential-
energy surface of a fissle system. Motion ower these valleys results in the structure of the
kinetic-energy and mass distributions of fragments. There spedra ae dominated by the
comporents in the neighborhood d the heary-fragment masses of my=134 and 140amu. They
are referred to as the first and seaond standard fisson channels (modes), denoted as C; and C,



respedively. Usual description d fisson fragment massdistribution as a superpaosition d two or
more Gaussans with centers around masses 134 and 140am.u. is $own in fig.7 (heavy
fragment parts of the spedra are shown for convenience; light parts are mirrow-reflected relative
to M/2 axis). If each of valleys can be tharaderized by its own ouer barrier, the yields of the
standard comporents C; and C, must display variations in the nea-threshold region, which leads
to changes in the mean total kinetic energy. Angular correlations of fragments have dso to
exhibit a massdependence The first step along these lines was dore by Hambsch e.a. [21], who
studied the massenergy distributions of fragments produced in 2**U(n,f) readion induced by
resonance neutrons. A pronourced dependence of the C; and C, yields on the fisson width of the
resonances was observed. Scale of the dfed was foundto be gproximately 10-20%. Recently
these data were confirmed in Dubna by Furman e.a. [22]. Analogous charaderistic redistribution
of the C; and C, contributions to the total mass gedrum was reveded also in studying of **Np
[23] and **Am [24] fission in the nea-threshold region. For reaction 2°U(n,f) it was foundthat
the angular distributions of fisgon fragments have pronouwnced mass dependence this is a
compelling argument infavor of the Brosamodd. Finaly, it was foundin anumber of studies
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Fig.7. Fisdon fragment mass distributions in reaction *3U(n,f). The spectra were fitted
with Gaussians using 5 free parameters - relative yield, 2 dispersions and 2 mean values.
RMS analysis was dore.

that, in fisson d thorium and wanium isotopes, the mean total kinetic energy of fragments
(TKE) fluctuates in the immediate vicinity of the readion threshold. It was proven
experimentally that the local variations of TKE are due to the B-vibrational barrier-penetrabili ty
resonance asciated with a quasi-stationary state in fisson barrier well [1], as discussed above.
The present-day concept of the patential barrier requires [8,29 detailed analysis of the mass



energy correlations when vibrational resonance plays main role in barrier penetration. Schermati
view of fisson through [-vibrational state (thick arrow) is $iown in fig.1. Existence of the (3-
vibrational state in intermediate minimum (seand like in wranium or third like probably in
thorium) leals to resonance structure in fisson probability. First successul attempt to solve this
problem was made in Obninsk by observing strong — upto 50% - variations of C; from one
resonance to ancther in fisson d thorium-232 by fast neutrons. Probably, those resonances
shoud be assciated with vibrational states and correspondng rotational bands members of
hypathetical third well of thorium fisson barrier with extremely small depth. Energy resolution
in experiment was rather bad and hence strong overlapping of the resonances gave in that case
complex very much feaure which was hard for theoreticd analysis. Nevertheless fluctuations of
standard-1 comporent yield were pronowunced enoughto extrad partial fisson probabiliti es for
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Fig.8. Yield of Standard-I masschannel in correlation with fission crosssedion [31] and
anisotropy of angular distributions [32,33] — {Y(0°)/Y(90°)-1}. Data for C, are taken from:
A-134], ¢ -[35], O-]36]. - [30]. In work [35] semicondLctor detectors were used and in
works [34,3] —the Frisch grid ionization chamber with internal energy cdibration.



both standard modes. Recently [30] 2°U-fisson in deg sub-barrier region o excitation energy
was chosen to look for analogous to thorium effeds for highly separated resonances associated
with the states in second, relatively deep, well of the potential barrier. In that case the aithors
expeded much higher scale of mass pedra variations than in previous experiments. In addition,
large optimism was due to results of novel calculations of patential surface of compound rucleus
23U dore in Ged by Hambsch and co-workers. It was own, that the bifurcaion pant of the
massasymmetric fisgon vall ey locates just before outer saddle

Experimental mass pedra with decomposition orto Gaussan components are presented
in fig.7 for two neutron energies. Differences in spedra ae obvious. Anaogous data processng
was dore for al spedrain 9energy points. Results of determination d C; yield as a function o
incident neutron energy is presented in fig.8 together with fisson cross-sedion [31] and
anisotropy of fisgon fragment angular distributions [32,33. Fluctuations are observed on the
level of 150 % (!). This means that the vibrational resonance aound E, = 1.25 MeV is
completely determined by Standard-l comporent. Dramatic change of mass gedrum around
resonance is much more pronounced in fig.9 (right part) where the data are shown in wida regi
of excitation energy up to threshad of emisgve fisson (n,n’'f). The scde of the resonance dfed
in massdistributionis much higher in the casd 6*®U than those for all other cases (ore of them
is shown in fig.9 onthe left part for thorium-232) investigated and described above. It could be
due to larger freedom in dfferences of outer barrier parameters connected with standard fisson
modes. Coming bad to the experimental data, one shoud stressthat the agreement between the
data of different authors ispradically perfed where the comparison can be dore.

0.15

238
o1) un,f)

o

[

)
|

2 Th(n,f

0.01

Fission Cross-Section, barn
o
o
a1
|

40 — -
1E:3
Y(C1), %

30 4 —

<D

204 —

| | | | | | | | | | | | | | | 0
1 2 3 4 5 6 1 2 3 4

Neutron Energy , MeV

Fig.9. Same & in fig.8 bu for wide region d neutron energy below and above fisson
barrier for two dfferent reations — 2*Th(n,f) [37] (left) and **®U(n/f) [31] (right). See
caefully scale of the variations in bah cases.



The work performed for 2%3U(n,f) reaction in Tubingen [36] with ionization chamber was
focused onthe seaching for massenergy and emisson angle correlations in analogy with the
studies of 2°U(n f) reaction [37]. No massor kinetic energy dependencies of fisson fragment
angular distributions were observed. Looking at the fig.8 and Qne cold explain that“negative”
result. Starting energy point in Tubingen (1.4 MeV) was too far from vibrational resonance for
which correlations take place On the other hand, obvous and good establi shed lad of the eff ect
in the region where fisson anisotropy is relatively high (fig.8) can be understood in the
framework of Brosa-model by foll owing way. Not impassble, it appears in the case of uranium-
239 that the last B-vibrational state crrespondng to incident neutron energy E,= 1.45 MeV
locaes in bah wells of barrier (Standard-l1 and Standard-11) with the same positions. If
resonance aound reutron energy E, = 1.25 MeV belongs to C; mass channel as we just
presented in present work, it would be interesting very much to study in detail fisson fragment
mass distributions around rext resonance E, = 0.95 MeV where the angular distributions are
focused along 0° relative to incident neutron drection [32]. Perhaps, main comporent there will
be Standard-11 with relatively low mean total kinetic energy. From experimental point of view,
two last resonances in fisson probabili ty of compound naleus **U are unique objeds of fisson
physics. For them full i nformation like mass kinetic energy and angular distributions shoud be
obtained. Some spedal role can be played by difficult but at the same time very informative
spedra of cold fragmentation d nuclei through vibrational resonances and far from them. Of
course, Bragg ionization chamber is one of the most suitable detector for these purposes. In
addition, detalled investigation d any fisson poperties nea the low-laying sub-barrier
resonances neeads high enough energy resolution. CERN n-TOF Fadlity with expeded
resolution o 2 keV for 1 MeV neutrons looks the best as a neutron source.
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Fig.10. Left part: Fission crosssedion of **Th [38] in deep sub-barrier region d excitation
energy. Posgble classll resonances are indicated with arrows (see text). Right part: fission
cross-sedionof *'Pa[5]. Insert is for the data below 0.4 MeV

Physicd prospeds of investigations of multi-valley structure of potential energy surface
of high and hyper deformed atomic nuclel and determination d their spedroscopic parameters



could be foundin an expanding of experimental program to ather fisson readions, for exam3p|e
23y (n,f) and **Pa(nf). As it was shown above in excitation function o compoundsystem 2*°U
fissonthe several good pronowunced vibrational resonances with relatively high crosssections up
to 1 barn were observed for neutron energies 330 keV, 550keV and 780keV [9]. It sinteresting,
that correspondng angular distributions are in principle different for different resonances giving
both pasitive and regative anisotropy [11]. Careful investigation o fisdon fragment mean total
kinetic energy aroundthose resonances gave possbili ty to conclude that the correlation between
FF properties and fisson karrier structure do exist [27]. In fisson crosssection d protadinium
fine structures and good separated resonances were observed by Plattard e.a. [5]. In fig.10(right
side) a set of those resonances are picted (like in fig.2, bu simultaneoudly in all of interesting
energy regions). Vibrational resonances are pronowced and convenient for investigation o
multimodal fisgon. There ae bath good isolated and multiple resonances. This looks like
overlapping of thorium and wanium resonance structures, but taking into acourt relatively high
crosssection d protadinium it looks the best candidate for future studies. In addition, Sicre e.a
have readhed in their work [15] the perfect theoretical description of all of low-laying resonances
in assumption o doulde-humped structure of fisgon karrier (unfortunately data ae not available
in digital form). In gereral, perspedives to study peculiarities of fisson modes (Brosa-modes) in
resonance fisson d odd-odd compoundsystem are promising very much.

The works with thorium-232 as well as uranium-236 (target nuclel) are not completed
yet. Asto thorium, ore spedfic trend in data points for Y(C,) as a function d neutron energy
can be seen in fig.9 when the energy is deaeasing. Average anplitude of Standard-l yield's
fluctuations is approximately 50 %. But for lowest energies Y (C,) increases very rapidly in the
limits of morethan 106 (!). This is scale of fissle nucleus ?**U, in which the state in the seaond
well of the fisgon karrier is popuated. One can suggest that for thorium the resonance aound
neutron energy close to 1,1MeV (fig.10, left side) shoud be atributed to the second bu nat to
third well of the barrier. This hypothesis seems to be very helpful for solving of longstanding
problem of thorium anomay. Unfortunately, fisson crosssections are small and energy
resolution is not perfed, and therefore the practicd measurements need much efforts and
patience. From this point of view, an additional source of information we are interesting in can
be found in studies of the darge particle induced fisson reactions like (d,pf) and (t,pf).
Probably, they contain many new effeds expeded and urexpeded. Ancther aternative and
rather optimistic way can be found obwously in use of high-flux and hgh energy-resolution
source of fast neutrons - CERN n_TOF- fadlity. In this case the problem of angular momentum
as the problem of high efficient detedion systems can be solved very easy due to the perfed
neutron flux collim ators.

3. RARE FISSION PROCESSES.

There ae d least two most interesting and in principle different rare binary fisson
phenomena — cold fragmentation and mass symmetric fisson. The first class of effeds can be
observed for maximum FF total kinetic energies (TKE) or small free energy of the system and
therefore super-compact scisson corfigurations. In contrary, super-elongated scisson
configurations for the fragments in long-lived extremely deformed states can ory be foundfor
anomaous low TKE. The problem of the energy transformation from the internal degrees of
freedom to coll ective oresand back attrads deep interest for not only fisson physics but also for
general nuclear physics as a part of science Total relative yield of cold fragments in binary
fisson is approximately 10* - 10°, therefore experiments are @& a rule long and reed careful
performance Taking into acourt high flux of nuclear reactors and relatively large fission cross
sedions, therma neutron induced fisson readions were investigated [39]. Set of data on cold
fragmentation d even-even and oddodd compound nulei is presented in fig.10.Massspecta of



heavy fragments are only shown [40]. For even-even compounds rather pronourced structures
are seen good. Centers of the mmporents resolved at the experiments are locali zed aroundthe
heary masss nea 134, 140,146 and 152am.u., for al of fissle systems, which isimportant. In
contrary, oddodd nuelel give spectra of cold fragments with much less pronourcted structures,
amost flat. Probably, proton and in less degree neutron pairing effeds a resporsible for these
differences. Longstanding questions are: what is the mechanism of rare aeation d large nuclear
clasters in practicdly ground states in fisson, when the dominant part of the fragments are
deformed and excited ? What is a resporse of cold fragments to slow heaing d the system by
means of increasing the excitation energy of initial nucleus? It could be heaing or popdation o
other ground states on the potential energy surface and hence aedion d exotic shapes,
unknown yet. This processdepends on medhanism and magnitude of nuclea viscosity. Looking
at the figure, one can conclude that cold fragmentation mass gedra ae sensitive very much to
profile of potential energy surface aound the top d fisson barrier. Therefore dl resonance
effects in the penetration function will be refleded in CF properties. Thus, cold fragmentation
can gve new tool for studies of many features of collective nuclearamoti
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Fig.11. Massspectraof cold fragmentation products, observed in thermal neutron
induced reections, giving doule-even and dowle-oddinitial compound.

Completely rare phenomenonlike so-call ed cold fragmentation a cold compad fissonisa
process when al of free energy colleded in the system is transformed into kinetic energy of
fisson fragments. In this case two nuclel are in their ground states. More probably the process
can exist for sphericd nuclel or at least one of them with sphericd shape. An example can be



seen in fig.12 where novel data for neutron-induced fisson d thorium-232 are presented. The
work was done with Bragg ionization chamber to get nuclear charge spedra in addition to mass
and kinetic energy. One can see very sharp decrease of yield of separated nwclear part ***Te-%9Sr
with increasing of total kinetic energy. At some point correspondng to readion Q-value the
yield comes down almost to zero showing some kind d energy “wall”. No events can exist on
the right from Q-value. Experiment showed this.

Experimental possbilities available & modern neutron facilities like CERN n_TOF
Fadlity or Spall ation Neutron Source (SNS) in Oak-Ridge allow to doa set of new works. Main
goa from the point of view of problems in guestionis to olserve @ld fragmentation d excited
nuclel, to determine extreme deformations of two-centers fissoning figures, for which the initial
internal excitations of the mmpoundsystem are steel spent for creation d nucleus's surfacewith
almost sphericd or other, perhaps exotic, shape. Ancther interesting and important effed isa
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Fig.12. Observation of true cld fragmentation of thorium onto two completely naot excited
nuclel — Te-134and Sr-99. Here Q —isreaction heat. Bragg analysis showed single nuclea
chargein the vicinity of limited total kinetic energy.

fluctuation d CF yields around vibrational resonances. Posshility to observe K-quantum
number nonconservation effect is more or lessperspedive. It could beinteresting although from
the paint of view of testing of A.Bohr’s model of intrinsic states. The best objects for studies are
thorium cycle isotopes %2°Th, ?*Th, ?®Th, **Pa and ©*U. CF spedra and total yields for some of
them are unknawn.

Semnd class of rare fisgon pocesses of actinides - symmetric fisson - is highly
suppressed fisson mode in the thorium region. Correspondng fisson karrier is large comparing



to asymmetric one. Hence the problem shoud be represented in foll owing way — daes this mode
redly exist in cold nucleus as well, and what is the medchanism of barrier penetration when the
asymmetric barrier has dominant penetration?

Seleded massspectra where symmetric comporents can be definitely extraded are
presented in fig.13. Threereactions “*Th(ny,f) , 2*Th(n,f) and *°U(n) are used. Small massof
the complementary light fragment determines relatively big distance between two asymmetric
humps. In addition, asymmetric comporents are narrow enough. Thereforesymmetric part is not
hidden by their overlapping. Genera trends in fisgon fragment massdistributions with excitation
energy were intensively investigated for past four decades. But in orly few experiments red
symmetric fisson was observed. Mostly there were radio-chemicd studies. In fad it was known
that during the heding of the fisgle system two-humped mass curve transforms into single-
humped distribution. In these cndtions it was impossble to determine parameters of the mass
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Fig.13. Pronourced masssymmetric fisson fragment comporents observed in few
neutron- induced reactions. Fisgon fragment spectrometers were used in all cases.

symmetric barrier, like height and width. Pe&k-to-valley ratio is completely not enough. Recent
microscopic calculations performed by J.-F.Berger [29] showed that for thorium isotopes the
barrier height is larger than 15 MeV. It means that symmetric fisson shoud absolutely
negligible relatively to asymmetric one for which barrier is not higher than 7 MeV. But
nevertheless experiment gave observable effect on the relative level of 10°. One can exped
small width of symmetric barrier, or existence of alternative by-passof the barrier. The last idea



was propaosed recently by Pashkevich [41]. Anyway, the problem of masssymmetry in fissonis
now in the stage, when orly experiment can give acurate answer. Measurements of differential
fisson crosssedion d light adinides through masssymmetric fisson channel would be rather
important in wide region d neutron energy. This range shoud cover area of vibrational
resonances, where fluctuations of the symmetric comporent yield will show, is the
correspondng barrier well analogous to those in asymmetric modes or nat. In the region o
higher excitations, let say up to 30 MeV, it’s interesting very much to find the aea where the
symmetric fisson hkarrier top is reated. Correspondng excitation function contains whole
information abou shape of the barrier. For neutron energy above 30-40 MeV one can exped,
that open symmetric channel will play comparable with asymmetric channel role. Therefore,
total fisson crosssedionwill be superposition d two independent comporents charaderized by
separate barriers with different nuclea level densities, determined by the shape symmetry of the
fissle coompound nuleus together with excitation energy and deformation. This is important for
description d fisgon crosssedions in wide region d neutron energy, even upto 200MeV. It
appeas again, that the thorium cycle isotopes are most convenient for experimenta studies and
theoreticd analysis mentioned above because their fisson crosssections do nd reach maximum
values in very wide region of energy and respective so-called multi-chance structure of the cross
sedionis good ponownced upto 3040 MeV. Nuclei like thorium-232 and protactinium-231are
very representative in this resped.

Coming bad to fig.13, the following additional specific feaure can be observed. Mass
symmetric Gaussan is splitted into two comporents in fisson d thorium and it is gructure-less
in the cae of uranium. Spadng of that sub-structure is amost 6 am.u. The following hypothesis
can be formulated. In low-energy nuclear fisson pairing of nucleons, especially protons, is
esential. It leads to well -establi shed so-called locd odd-even proton effed in fisson fragments
yields [42]. This means preferable formation d fisgon fragments with even number of protons
comparing to odd number. While the excitation energy is increasing, oddeven effed is
deaeasing due to proton pairs bre&king. Thus, magnitude of odd-even effect could be used as a
tod for determination d nuclear temperature of fissle system. In thorium odd number (90/2=45)
of protonsis distributed to ead fragment in symmetric region. Charge division 4446 (in charge
units) is much more probable due to even-odd locd proton effect. Therefore structure in mass
curve gpears. Obviously, neutrons with the energies above 10 MeV will give fissle cmmpounds
heaed just above the symmetric fisson karrier, and structure in question will be eliminated.

One has to nae that odd-Z fissle systems like Pa-231+n shoud be investigated in much
more detail than it was dore before. Very accurate recent studies of the nuclei of this class
showed definite existence of locd proton effects in far-asymmetric region d the masscurve and
in cold fradions of fragments in neptunium and americium fisson. The origin of odd-even
effects in the fisson fragment yields has been interpreted [42,43 by assuming a preservation d
superfluidity in the fissoning system on its way from saddle point of the barrier top to scisson
one. Fissoning nuclel with oddZ were not expeded to show an oddeven effed becaise of the
presence of an unpaired proton. Earlier experiments with 2°Np in exotic readion *'Np(2nf)
confirmed this expedation [44]. But later with much more high statistics the evidence for the
proton oddeven effea was foundin the fisson of slightly excitedamericium >*3Am" [45]. Novel
investigations performed by large international group in Grenolde [46] complitely repeaed in
more detail that evidence A preferential formation d light fragments with even nuclear charges
was foundin the very asymmetric massregion. The value of the odd-even effed for protons was
foundto increase with the asymmery of the masssplit upto 30%. It appears that the efect found
is comparable to the one for even-Z nuclei like plutonium. The increase of the dfed hints to a
propationality between the probability for the unpaired proton to end up in the heavy
complementary fragment. Analogous effed was observed recently in Obninsk, ore time in
spedrum of cold fragmentation by fast neutrons of ***Np’, and second time diredly in charge



spedra of cold fragments with moderate massasymmetry. The last data are represented in
fig.14. There the locd proton oddeven effect reaches 40%! In systematic large-scde studies in
experiments with inverse kinematics made in Darmstadt [47] the idea was born that the
attachment of the unpaired protonto ore or to the other fragment is governed by the phase space
available. This phase space is diredly propationa to the number of nucleons contained in the
fragment or to its mass. In very cold region when only fewcird states are avail able the picture
could be cmmpletely ancther. In addition, it is not so clea, why nea-doulde-magic spherical
nucleus-fragment around***Sn must attach additional unpeired proton.

All questions mentioned aboveatribute to the field of interest to the fisson physics when
detail ed and self-consistent studies can lead to olservation d so exotic nuclea phenomena like
current of nucleons inside hyper-elongated and practically cold nuclear system. Chaotmmoti
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Fig.14. Fisson fragment nuclear charges derived from Bragg-parameter distribution in
ionization chamber filled with Ar+CO, — gas mixture. Cold fission o neptunium-237 by 1
MeV - neutrons was studied. Bottom — picture demonstrating zero oddeven eff ect expeded
for odd-Z fissoning nucleus. Top — olservation d odd-even eff ect around maximum yield
of fission fragment masscurve.

of nucleons of baoth types is transforming into order of at least part of them. In this respect the
thorium-cycle isotope — ?**Pa — looks like extremely interesting. The motivation d its detail ed
investigation is following. Neptunium and americium mentioned abowe, are the nuclei with
rather long stage of descent from sadde point to the scisson ore. The excitation energy of the
fissoning system in the scisson pant can be relatively large and in principle enough for
breging of proton pairs which increases an amourt of free protons in addition to ore proton,
initially unpaired. The heaing of the system is due to the disspation d colledive energy into
internal degrees of freedom of the nucleus. That viscosity effed is roughly propational to the
descent length. For the protactinium this length is much shorter than for neptunium or



americium. Therefore odd-even effects are expeded to be much more pronources. Changing
neutron energy with ore can look at the dynamics of nuclear charge formationin the fragments.
This kind d observations is pradically impossble & the mono-energetic neutron sources and
gpall ation reutrons should beused.

4. DEEP DAMPING OF NEUTRON SHELLSWITH NUCLEAR TEMPERATURE.

Shell effedsin fisson fragments are resporsible for massasymmetry of fisgle system at the
scisson pant. On the ealiest stages of descent just aroundthe sadd e areaof the barrier, shells
in compound system can aready play some important role in structure of future fragments.
Increasing excitation energy of compoundnucleus a damping of those shell s can be observed via
detailed analysis of fisgon fragment shapes at scisson when pradicdly whole total kinetic
energy of FF is influenced by their coulomb interadion. Correspondng experiments sioud be
performed in the neutron energy range a&owve 20 MeV up to 150 MeV. Thorium-232 is most
convenient nucleus for these experiments having relatively narrow FF massdistribution in cold
state. Frisch-gridded Bragg ionization chamber is most convenient spedrometer for this kind o
studies.

5.VISCOSITY OF NUCLEAR MATTER AND NEUTRON CLOCK.

From the analysis of prompt neutron characteristics like angular distribution and energy
spedrum in laboratory system one can deduce multiplicity and temperature of neutrons emitted
after barrier penetration bu before scisson, a so-caled pre-scisson reutrons. They take place
in fisgon dwe to disspation d colledive energy to interna degrees of freedom of nucleus, and
therefore long duration d the descent from the barrier top. Their multiplicity gives the time by
using model-dependent calculations of neutron emisgon width. In addition, locd proton odd
even effect for different FF total kinetic energies refleds temperature of pea-like nucleus at
different stages of elongation. All effects indicated above ae sensitive to mechanism of nuclear
viscosity unknown yet definitely and which shoud be established. From experimenta point of
view the work would be wrrelative analysis of FF massemisgon angle-kinetic energy-charge-
prompt neutron multiplicity in ore measurement cycle for different incident neutron energies.
For Th-232 charge (0-e)-effed has biggest magnitude from all of actinides investigated, and
therefore it can be used as a nuclear thermometer much more precisely. Again, thorium-232is
the best candidate for studiesfirst.

6. PLACE OF FISSION IN GENERAL NUCLEAR PHYSICS.

One interesting demonstration of fisson studies importance ca be found n fig.15. There
we prepared comparison of fragment mass edra for two fisgoning systems. One of them is
superheavy element 296 formated in complete fusion o “®Ca with target nuclei 2*Cm.
Another is uranium-238 irradiated with fast neutrons. Spedra ae selected for one excitation
energy of 35 MeV. One can seethat light fragments of SHE are completely the same & heavy
fragments of uranium. The width is the same too. It means that in principle fisson processis
unique for all of fisdgle nuclei and shells both proton and reutron are the same. Studying fisson
of usua nuclel we have good tod to get information and urderstanding of main properties of
nuclel from “island d stabili ty” whichis closed to problems of nucleoprodtction.
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