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Introduction

Nuclear fission has become known in the late #8ridf the last century as a
process where a heavy nucleus such as Uranium oriufin decays into two
fragments of about the same mass. Sometimes instehd standard "binary fission"
a ternary process with three charged particlehenoutgoing channel is observed, but
with the third particle being very light comparedl the main fission fragments.
Fission of heavy nuclei into three fragments of pamble masses, the so-called “true
ternary fission”, has also been intensively ingetitd soon after the discovery of
fission. Swatecki had shown in the frame of theiticdrop model [Swi58] that fission
into 3 heavy fragments is energetically more faltgathan binary fission for all
nuclei with fission parameter 30.5%&<43.3. In 1963 Strutinsky had studied
equilibrium forms of the nucleus in the same thgoaé model and showed [Str63]
that along with the ordinary configuration with omeck there is possible the
existence of more complicated configurations witlo and even three necks. On the
experimental side there were multiple attemptsind in low energy fission the true
ternary fission by means of counting and radioclkamistudies. It became
immediately clear that ternary fission is a veryerphenomenon. The schemes of
these experiments were based on the assumptionngbarable angles between all
three flying fragments. However, using the framehef liquid drop model, Diehl and
Greiner [Die73, Die74] had shown a preference famigte over oblate saddle-point
shape for the fission of a nucleus into three edrsmments. Therefore, from the
theoretical point of view searching for the collméripartition of low excited nuclear
systems is more promising. In cluster radioactjvitshich is a binary process, the
magic number (the magicity) of at least one ofdreay partners plays a key role in
the process of fission. Immediately the questiqarding the decay of heavy nucleus
into magic constituents (clusters by definitionjsas. Thus, searching for collinear
multi-body decays of low excited heavy nuclei witfeation of massive particles,
which could be magic nuclei, is an interesting antlial scientific problem. To study
this problem we carried out four experiments witorganeous fissioning GF%Cf at
different setups and one beam experiment with ¢aetion>%U+*He (40MeV). The
processing and analysis of the data obtained isetlegperiments constitute the first
part of the present work.

The second part of this work is devoted to the meament of the full energy
distribution of ternarya-particles originated irf>“Cf(sf). Since the discovery of
ternary fission there have been numerous experanenmeasure energy spectra of
ternary particles. Nevertheless, surprisinglydiid known about the low-energy part
of these distributions. This is true also for teyna-particles from the most often
studied spontaneous fissionififCf. The main reasons for this situation are twafold
First the intense background from the alpha dedaf*“€f that has forced many
researchers to use protection foils on the deteatattinga-particle spectra at and
below 6 MeV. The second reason is the preferenégeeE method to identify ternary
particles. As a result, experimental studies at émergy are still scarce and the data
of these studies are not consistent. We have daoig a new experiment to re-
measure the energy spectrum of ternarparticle in °°Cf spontaneous fission
employing an array of unshielded silicon detectord unambiguously discriminating
a-particles from neighbouring isotopes by time-adtit techniques using fission



2 Introduction

fragments as the start. Details, data analysis ra@sdlts of this experiment are
presented in the second part of the work.

The thesis is organized in two parts and considise chapters:

. The first part devoted to the searching ¢otlinear multi-body decays consists
of four chapters.

» Chapter 1 gives a review of the existing theoréaea experimental results
in the field of study of ternary fission. The sdién works which
contributed to the formulation of the task for tipeesent work are
considered here in details.

» The experiment aimed at the investigation of thdlimmar cluster
tripartition in spontaneous fission OfCf at modified FOBOS spectrometer
is described in Chapter 2. More attention is deWydie techniques and
methods of calibration of FOBOS gas filed detectarsd to mass
reconstruction procedures. The most important tesafl this experiment
are reported.

» The results obtained at modified FOBOS spectromigtitiated a set of
three experiments for searching the collinear elustripartition in
spontaneous fission 6f°Cf at independent setups. Chapter 3 presents the
description and results of these three differepeements.

» The in-beam experiment intended for searching tiEnear multicluster
decay of heavy nuclei in reactidifu + “He (40 MeV) is described in
Chapter 4. Data processing procedures are explaingat detail. Special
attention was paid to an original procedure of gnemalibration and mass
reconstruction which was developed for handlingadadm p-i-n diodes.
The analysis of possible sources of false evenschwcan be treated as
events of collinear multi-body decay, is also préseé in this Chapter.
Some possible decay schemes for one group of teresents are
introduced as well.

. The second part consists of Chapter 5 and descttigegxperiment aimed at
measuring the full energy distribution of ternarmparticles in?*2Cf(sf). This
chapter contains a review of available experimen¢sults from studies of
energy of ternaryr’s originated from spontaneous fission %BfCf, a detailed
description of the experimental setup, the prooedund results of simulation of
the detector efficiency and analysis #1e and®He spectra, including the
attempt to explain the observed asymmetry of tpsetra.

The author has actively participated in all experits described in the present
work. His activity covered both the planning ande timplementation of the
experiments, as well as the main data processingxfmeriments reported in chapters
2-4 and the modeling for the experiment describbedhiapter 5. The results of the
present work have been reported at different cenfe¥s and have also been
published in several scientific papers. The studiesoted to the searching for
collinear multi-body decay are presented (in chltogical order) in the papers 1-21,
while the papers 22-25 report the results concgritire measurement of the full
energy distribution of ternary-particles i*>*Cf(sf).
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Part 1

Searching for unusual
multi-body decays In
fission of actinides






1 Experimental and theoretical studies of ternary
fission

1.1 Motivation

Very soon after the discovery of nuclear fissiorl®89 the idea of possibility
for nucleus to be divided into three fragments appeé. Already in 194Presenthad
pointed out that the fission of heavy nucleus iht@e fragments with approximately
equal masses is not only energetically permittetielen more preferable than binary
fission [Pre41]. According to estimations one migipect the maximum of the
energy released in ternary fission to be with 10vR8/ greater than that for binary
fission. In 1958 wateck{Swi58] in the frame of the liquid drop model heaiculated
the amount of released energy at fission of nudlees fragments.
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Figure 1.1 Energy released at splitting of idealdjuid drop into n equal parts as function of fission
parameter Z%A. Figure from [Swi58]
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Based on the results of his calculations, whicthiswn on Figure 1.1, it is possible to

conclude that:

« fission into 3 heavy fragments is energetically enfavorable than binary fission
for all nuclei with fission parameter 30.5%&<43.3. These nuclei are nuclei from
Bito Fm;

» for the purposes of experimental detection of teriission one needs to choose
nuclei with maximum available value of fission paeter Z/A.

These encouraging results had initiated intenskypoeations of ternary fission
in spontaneous and low energy fission of actinidég main trends in this field cover:

v' Fission of low-excited heavy nuclei into three fraapts of comparable
masses, the so-called “true ternary fission”. I$ @t been reported so far
despite multiple attempts to find such a decay obhn

v" The emission of charged particles moving almost@lie fission axis. It was
observed byPiasecki[Pia70] and called “polar emission”.

v" The search for collinear tripartition of nuclearsigms.Diehl and Greiner
[Die73, Die74] showed in the frame of the liquicdbdrmodel a preference for
prolate over oblate saddle-point shapes for fissgprystems. This fact can be
treated as theoretical base for collinear tripartit

Cluster radioactivity is a binary process. Nevddhbe it is mentioned here due
to the following reason. Considering that the migiof one of the decay partners
plays a key role in the process, the question vanathulticluster decays occur arises
naturally. In other words, a decay of heavy nuclietrs magic constituents (clusters
by definition) should be searched for.

Due to the fact that studying collinear multi-bodgcays into fragments of
comparable masses, where participants could becrmagiei, is overlapping with all
variants of ternary fission mentioned above andh witister radioactivity these points
will be considered below in more details.

1.2 Terminology

Before dealing in detail with ternary fission, want to define the terminology
used. Besides definitions given above we will aghl/ next designations in this work.
Normally, fission is abinary process, in which two primary fission fragments ar
formed when the fissioning nucleus splits. Thesmary fragments effectively attain
their full energy of motion within a time scale 8¢ s, having separated by about
2:10™ m. Much less frequently, more then two particles farmed within 1% s of
the instant of scission. If precisely three pagschppear within this time interval, the
fission event is classified asrnary event. This definition covers the whole spectrum
of three-patrticle fission events: from one extremede in which a scission neutron
accompanies two primary fragments to the othereextr mode in which three
primary fragments with approximately equal masses emitted (true ternary
fissior’). When the light charged patrticle (usually alpdaaticle) is formed along with
the heavy fragments, the process is hamed “lightged particle accompanied fission
(LCP-fission)”. In the common case of disintegration of nucleus three fragments,
when the fragment mass ratio and other parametdissmn are not essential for us,
we call such process dgipartition” . The term €luster radioactivity is applied for
spontaneous emission of light fragments heaviem thparticle (A = 4) and lighter
than fission fragments (A 60) in the decays of heavy nuclei. In our expenta the
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modified FOBOS spectrometer (discussed in sectjoa 8pecific group of events
were revealed. The total mass of two registeredniemts which fly apart almost
collinearly was significantly less than the masstha# initial nucleus of°“Cf. The
mass of at least one of the detected fragmentegmwrnded to the mass of the known
magic nucleus. We called the phenomenon obser@etliiear Cluster Tripartition
(CCT)".

1.3 Tripartition in spontaneous and low energy fission

Experimental evidence for triple fission into tweavy particles and one light
particle was first published in the literature ®gn-Tsiang et a[Tsi47] in 1947. They
irradiated 2®U by thermal neutrons and searched for the tradksree fission
fragments in photoemulsion. In 19B®sernandHudsontried to find ternary fission in
an ionization chamber used for detection of trifiart of 2> nuclei under thermal
neutron bombardment [Ros50]. A schematic view efttiiple ionization chamber is
shown in Figure 1.2. Each of three discriminatarghie triple coincidence circuit was
adjusted such that its channel would respond talsepsize, from the appropriate
section of the chamber, corresponding to a heasjoin particle of initial energy of
approximately 40 MeV or higher. The coincidenceuitr had an effective resolving
time of approximately lus, which is determined by charge collecting timethie
ionization chamber, hence the main source for #ukdround events were accidental
coincidences produced by two or more binary fisgeants. The method for rejection
these events was based on the analysis of enasfjisagments in the ionization
chamber.
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Figure 1.2 Schematic view of the ionization chambaused for the detection of triple fission of>*U.
Figure from [Ros50]

Estimation of the probability for tripartition intbeavy fragments was done
based on the analysis of counting rates for tipdetdoincidences and for each section
of ionization chamber. The obtained frequency ofidey fission is 6.7+3.0 per 10
binary fissions.
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In 1963-196Muga et al.conducted series of experiments in order to sefarch
true ternary fission in spontaneous fissiorf6€f and in fission of*U, U, #%u,
21py induced by thermal neutrons [Mug63, Mug67a, Mibg6Mug69]. The
experimental arrangement consisted of three stditk-sletectors with a sensitive area
of about 0.25 ch(5mmx5mm) positioned 120° apart in a plane abdission source.
The radial positions of the detectors were fixed.ft 1.5 or 2.0 cm. A scale drawing
of the experimental configuration is shown on Fgur.3. It was expected that
fragments of ternary fission should fly away at H&@rees to each other. The output
signals of each of the three detectors were pégdlleo a fast triple coincidence
system, and only those events in which a fissi@grfrent entered each detector
within the resolving time of the coincidence urabgut 20 ns) were recorded. The
frequency of the triple-event count rate relatigettie single count rates of binary-
fission fragments was found to be of the order b®for all systems studied. The
masses of the fragments were determined baseccandhsured values of the kinetic
energies in the assumption that total sum of aljitent masses is equal to the mass
of the fissioning nucleus. The light-mass fragmgistribution is presented on Figure
1.4. The fact of observing light fragments with sagp to 60+70 is the most
intriguing result of these experiments. The authbesl considered in detail all
possible phenomena and effects which can givegisgple events:

» ternary fission;

* accidental events;

* instrumental effects;

e scattering phenomena;

» others, e.g. fission with-particle emission, cosmic-ray showers.

Of all the other possible origins for the obsenieiple coincidence events,
scattering phenomena are the most difficult to ieléte or to distinguish from ternary
fission events. A very careful analysis was careadand the following arguments
indicated the absence of scattering phenomendéocdse of a symmetrical detector
arrangemento=p=y=120°+7°):

1. From the dynamics (kinetics) involved it is impddsifor the detectors to

record a scattering event.

2. The foregoing analysis has been experimentallyfigdriby observing the
features of binary-fission fragment scattering.thigi the energy distribution
nor the angular dependence of true scattering svempnsistent with or able
to explain the data collected at the 120° angles.

3. The ratio of the triple events to binary eventsorded is independent of the
source foil thickness. A linear dependence showdobserved if scattering
was involved.

4. The energy distribution fof®U" and®**U” are markedly different; they should
be virtually identical if scattering is the correstplanation.

By the process of elimination it was concluded tih& only reasonable explanation
for the observed data was a fission process intwihize large fragments are formed,
i.e., ternary fission.
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Figure 1.3 Scale drawing of experimental configurabn used inMuga’s experiments. Figure from
[Mug67b].

Nevertheless, in 1978teinberg et alhad shown [Ste70] that the possibility of
scattering has not been effectively eliminatechim work of Muga and co-workers. It
was shown that the contribution of scattering te thsults of the experiments is
strongly dependent on the detector angle arranggroerthe dispersion of all three
detectors, on the detector acceptance and onzh®fkthe source.

Spectrum of light fragments, obtained in experirmedbne by coincidence
method, had induced some researchers to seards yieternary fission in the mass
region A < 60 by radiochemical methods [Roy61, 8toBhese types of researche are
limited to seeking long-lived radionuclides suctf®ag, **Ar, *°Ar, “8Sc,>'Cr, **Mn,
*%Co, %’Co, ®Co, *Fe. The upper limit for the yields of such isotofresn fission of
2% by thermal neutrons was several orders of madeitoo low compared to the
results obtained b¥uga However, this result does not contradittiga’s results,
because radiochemical searches are restrictecetarthlysis of radioactive isotopes,
while by the coincidence method all fission fragtseimcluding stable and long-lived
isotopes, are registered.



14 Experimental and theoretical studies of ternargidic

Fa & F cr-252
- A Il
.,
T A
b ° -
W
£ | ] E
N Pu-242 w
E ~ =
13 o =
= 7 >
i nd a
= 191 - |
£ 1§ ]
e - e
S s [ I [
I | . Awsan -
g d S ;
L i l 4
£ s i
w ] =
G : ]
. w
& sof b =238 &
% o g
o) !
- / E
= ] =
wpoa (g B weETa a f
s [ " J“l o
r - i f - o [ 1
Py N el A1 o F L | \
[ flan g o i ! I"w.[ﬁljlpftrl i i
a o ) L] & L] -l I) a 20 a0 &0 & L] 20 “)

LASHT FRAGMENT MASS AU} FRAGMENT KNETIC ENERGY (MEW)

Figure 1.4 1) Light-mass fragment distribution and Il) fragment kinetic energy distribution from
ternary fission. The broken curve represents the diributions from binary fission. Figures from
[Mug67a].

Mass-spectrometric analysis of fission productssdoet suffer from the
limitations of the radiochemical method. It enaldesection of stable as well as long-
lived radioactive isotopes. The attempt to detsotopes such aSNe, “!Ne, *Ne,
3Ar, ¥Ar, 38Ar, 3°Ar, “°Ar, *Ar in ternary fission of*®U was performed by ugler
and Clarke [Kug71]. The investigations of this work have exded the results from
radiochemical studies to some mass chains anddesclhot previously studied.
Except for®®Ne and*°Ar mass yields shown biluga were from 1 to 6 orders of
magnitude higher than those obtained by mass-speetric and radiochemical
studies. The authors concluded that the negatsdtseobtained in their work and in
earlier radiochemical studies suggest that terfiasjon at low excitation energies is
either absent or occurs much less frequently thdicated by instrumental results.
Since mass-spectrometric and radiochemical invegtstig had eliminated only 12 out
of a possible 40 mass chains, the problem of existef ternary fission at low energy
was not satisfactorily resolved.

Twenty years later, the phenomenon of true tripartiwas reinvestigated for
252Ct (sf) by the group of.P. TheobaldSch87], using the powerful detection system
“Diogenes”. The detector is a toroidal gridded mation chamber operated with
isobutene at a pressure of -1® Pa (115 Torr). This position-sensitive ionization
chamber allows the measurement of the angular aedge distributions of the
ternary fission fragments with good accuracy. Thergy and mass distributions for
the observed triple coincidences are shown in Eigus.

The measured energy spectrum of ternary fragmentie the mass spectrum,
agrees quite well with that found Byuga et al[Mug67b]. It is evident from the
observed angular distribution and mass spectrumtb@measured ternary fission
events reveal an asymmetric fission process irpaiaof large-mass fragments {A
and A) accompanied by the emission of a light chargedigha (A;) rather than
tripartition into nearly equal masses.
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Figure 1.5 (a) Energy spectrum of®>Cf ternary fission events, measured with a low-engy

threshold of 25 MeV. The insert indicates the corrgponding mean angles. (b) Mass distribution
calculated from the measured energies and anglesing momentum conservation. The binary
fission mass spectrum of*Cf is presented by dashed lines. Figures from [Sch}

The mass of the emitted light particles is witHie range of 13X A < 23 and
the atomic mass numbeg Fust be> 6 for depositing the measured energynithin
the gas volume of the detector. The correspondmigson probability for this mass
region is about 18 For the possible true ternary fission with ligitenasses in the
range 30< A < 70 it was estimated an upper limit o182 per binary fission, which is
about one order of magnitude lower than the oneereksl byMuga et al. The
probability for symmetric tripartition (78 A < 95) was found to be <T0°,
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1.4 Intermediate excitation energies

Positive results for the existence of tripartitiah intermediate-energy range
were obtained byR. H. lyer and J. W. Cobbye66, lye68] in 1966-1969. The
scheme of the target assembly is shown in FiguBe Uranium-238 target T was
irradiated with®*He and*He ions at energies ranging 20+120 MeV. Varioustation
energies were obtained using degrading foils Adntfof target.
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Figure 1.6 Schematic diagram of target assembly. A energy adjusting foils; G — silver guard
foils; Cs, Cyp — forward and backward silver catcher foils; T — uanium target foil; B — blank silver
foil; A 1 — high-purity aluminum foil; A , — aluminum foil.

The absolute cross sections for formation and gieldre measured in target
foil and in catcher foils £and G by standard chemical procedures. Excitation
functions for the formation and yields foNa, *Mg and®s were determined. These
isotopes were chosen since they are far from amsgiple binary products at these
energies, and also because they are neutron-espestes which can only be formed
either in fission or by a limited number of spatiat reactions (spallation is the
process in which a heavy nucleus emits a large eurab nucleons as a result of
being hit by a high-energy projectile). Analysiskdénk silver foil B irradiated along
with the target assembly indicated that no nuclidese produced in detectable
amounts by nuclear reaction on impurities in thieloar foils under the condition of
the experiments.

Figure 1.7 illustrates the sharp dependence ofdtie of ternary to total binary
fission yields of®Mg and®s on the energy of the compound nuéf@u (z/A=36.5)
and**'Pu (Z?/A=36.6) produced by helium-ion excitation. If & assumed that these
species are typical and representative of the tgim@cess in heavy elements, then it
is possible to make estimates on order of magnitafdé&e probability of observing
ternary fission in similar compound nuclei. At arciation energy of 6.5 MeV,
corresponding to the thermal neutron induced fissib®™*U (Z¥A=35.9 for 2",
the ratio of ternary to binary fission cross seattis expected to be of the order of
<10* and orders of magnitude smaller than the® I@ported byMuga for
representative products.



10-6¢ . — v r
5[
10—7.
sf
I
10-8}
> sf
—~| B !
£
‘5 m
S
Ele
bl b 1079
5: O He4(U238, i) Mgze
I A He*u?38 f,) 538
[0 He3(u238 1, ) Mg28
V  He3(u238 1,) 538
logle]
sk
lo—ll . o " n "
6 12 8 24 30 36 32

Excitation Energy (MeV)

Figure 1.7 The ratio of ternary to total binary fission cross section as function of excitation
energy for >3 excited with *He and*He ions. Figure from [lye66]

1.5 Polar emission in fission

It is generally believed that light charged paets;l which once in a few
hundreds of cases accompany fission, are born sherewn the vicinity of scission
and subsequently accelerated and focused almgsemcularly to the fission axis
by the Coulomb field of the fission fragments [HHL7This process, called equatorial
emission, is described by the classical three-aumpints model. The emission of
charged particles moving almost along the fissixia was observed biiasecki et al.
[Pia70] and called golar emissioh This phenomenon cannot be explained by the
three-charged-points model, since according thet particles which start from the
region between the two fission fragments shouldaggwbe deflected off the fission
axis by the Coulomb field. The nature of polar esiois is still unclear although many
hypotheses have been advanced.

E. PiaseckiandL. Nowickiwith colleagues did few experiments and compared
the experimental results available from other gsoupth some theoretical models
concerning the nature of polar emission [Pia707®i&low82, Kor85]. To determine
the intensity of polar emission the authors usedhesaconvention setting the
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borderlines: at 25° and 155° (the angles being oredswith respect to the light
fragment trajectory). This way they obtained thE Ritios of the polar to equatorial
emission intensities for protons, deuterons, tdt8He and®He. These ratios decrease
with increasing particle mass. The difference betwéhe intensities of emission of
various particles in polar emission and in conwarl tripartition is remarkable, e.g.
®He nuclei were never observed at the extreme anglésough over 5000 polar
events were recorded by the Polish group alondrifartition, the intensity ratio
®HefHe is about 0.02). On the other hand, the protevisich are observed in
conventional tripartition with intensities aboutrtdred times lower than those of the
alphas, constitute about one third of all polartips. Knowing the P/E values one
can determine the probability of polar emissioningshe experimental data on the
particle yield in ternary fissioMowicki L et al.[Now82] obtained 15 and 18 polar
particles per 19fissions in*>Cf and®*®U, respectively. However, the authors noted
that these results can be substantially biased/&tgmatic errors, since the P/E ratio
in the uranium case was determined with fairly lseuracy due to a poor knowledge
of the angular distribution in the polar region.ushit can not be excluded that polar
emission probabilities may differ from the valuégeg above by a factor of 2.

The kinetic energy £spectra (in the lab system) of polar protonspristanch-
particles emitted along the light (L) and heavy t)gment trajectory from>°Cf(sf)
are shown in Figure 1.8.

The energy of polar particles is definitely high#ttan that emitted in
conventional tripartition although it seems thais tenergy changes smoothly on
passing from “equatorial” to the “polar” range oigdes.

The kinetic energy of the fission fragments which accompanied by a polar
particle is lower than in bipartition. The decrea$energy of the fragment moving at
the same direction as the polar particle is explhipartially by the recoil effect due to
particle emission (near the moment of scissionaber). However, since a similar
decrease of the energy for the fragment movingposite direction to polar emission
is also observed, it can mean that polar emisgiweférs” those bipartition events in
which the scission configuration is more then usugttetched.

Various theoretical approaches have been presémterplain polar emission,
most of them however conflicting with the experin@mbservations. One of the
hypotheses explaining the nature of polar emisgothe evaporation hypothesis
according to which the polar charged particles ewraporated from the accelerated
excited fission fragments and focused along th&diis axis by the kinematic effect.
This hypothesis describes some of the experimetidsh quite well, but some
observations are certainly in disagreement witls fitioposed mechanism, e.g. the
angular distribution with respect to the fissionisaxwhich according to the
evaporation hypothesis should be much flatter ttreat experimentally observed
especially for protons. The mean energies of pelgrarticles and tritons are
substantially lower than the values predicted tagoally. In [Pia79, Now82, Kor85]
the authors examined few other hypotheses congethm nature or polar emission
and concluded that some of them are false but ther® are quite promising, for
example, the pre-scission emission model. This Inedggests that the-particle
clustered in the neck remains for some time in tibeleus while the latter is
deforming towards scission, and gains its kinetiergy through the one-body
mechanism (i.e. bye collisions with the moving waif the neck) until the emission is
energetically possible.
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Figure 1.8 Energy spectra (in the lab system) of per protons, tritons and a-particles moving
along the light (L) and heavy (H) fragment trajectay. The spectra are normalized to unity in the
peak. For simplicity the triton spectra are presenéd in the form of histograms. Figure from
[Now82].

During this process, after several reflections frtm potential wall, some
clusters (or protons) could move to the polar tipsing subsequently emitted from
this region of lower Coulomb barrier. Of course;tsa mechanism needs a very long
mean free path in the nuclear interior, which cat) however, be excluded.

In many experiments devoted to study polar emistii@ne were high energy
thresholds due to usingE-E telescopes and thick detectors to registefrdgments
moving at the small angle to the particle trajegctand to protect the telescope from
fission fragments and strorgradioactivity of the source. In such systems thergy
threshold is very rapidly rising with the increagkethe charge of the identifying
particle. Thus studying characteristics of fisswith creating massive third particles
is impossible in the method mentioned above ardresal task which could be solved
at some other setups and with different approaches.

1.6 Cluster radioactivity and cold fission

Cluster radioactivity as a rare spontaneous decaemf heavy nuclei has been
intensively studied in recent years [Pri89, Gon@gyl01]. In this new type of
radioactivity any emitted nuclear species with madseavier thaA = 4 (a-particles)
and lighter tharA = 60 (fission fragments) are called “clusters”. Heavy fragments
are grouped in the vicinity of the double mafi®b, and this allows speaking about
the known domain of cluster decay as “lead radiedgt This type of radioactivity
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is far from being unique. Many other combinatiorisdaughter nuclei are allowed
energetically to be emitted; they include the fdioraof the products of comparable
masses. This process is known as cold fission. Mewveluster radioactivity is a very
rare process: the observed partial life times fiettie interval 18+10*" s. This
corresponds to a probability of 19-10*7 for thoseo-decays. Estimates show that
many cluster decays should have lifetimes even tiane 16°°s.

In all known cases, except for one, the productglo$ter radioactivity are
formed in their ground states. From this point @w cluster radioactivity is much
closer to alpha-decay than to spontaneous fisghum,process in which the both
fragments are deformed and strongly excited. Figr tiason correct comparison of
both processes can be done only if cold fissiomésint because here the fragments
are formed in their ground or low-lying excited tea However, cold spontaneous
fission itself is studied even worse than clustlioactivity. The question of what is
the mechanism of cluster radioactivity and whetlieresembles eithes-decay or
fission was widely discussed.
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Figure 1.9 Cluster decay probabilities. GSP, CFK ath PP are predictions of models by Greiner-
Sandulesku-Poenaru, Chuvilski-Furman-Kadmenski and Pik-Pichak correspondingly. Figure
from [Ogl01].

In Figure 1.9 cluster decay probabilities of allolkm decays are shown as a
function of the emitted fragment masses. The degracw®l is rather irregular, which
can partly be explained by incompleteness of tha.dstill two tendencies are seen.
Firstly, the probability for emission of a partiaulcluster is biggest when the heavy
partner is%Pb £#Ra— C, 2 — ?Ne, *Pu— *®Mg) which correlates with the
maximum Q-values of these decays. Secondly, theapitity diminishes with light
fragment masses at first fast (approximately byofders of magnitude frortfC to
%*Ne) and than does not change in average (ffdla to®*Si).

Comparison of the data with predictions of threedeis (phenomenological by
Greiner-Sandulesku-Poenaru, semi microscopic tfisdike” by Pik-Pichak and
microscopic &-decay-like” by Chuvilski-Furman-Kadmenski) is astwown in Figure
1.9. Though the physical grounds of all three meddiffer very strongly, their
predictions coincide among themselves and reprothealata with the accuracy of
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1-2 orders of magnitude. Thus, simple compariebrtheory with experimental
periods of half-lives does not allow to draw an mbguous conclusion about the
mechanism of the process.

The authors of [Ogl01] made a survey of mass 8istions of cold decays for a
series of nuclei and drew some conclusions. Colthyke are distributed over the
whole available range of masses. The phenomenomwrkntmday as “cluster
radioactivity” is only a particular case of theirore general family. It is not
distinguished either by the nature of its originbg its probability in comparison with
the other modes. One can speak about “lead”, “@md “calcium” activities
depending on the vicinity of Z- and N- values te ttorresponding magic numbers.
The most wide-spread activity is the “tin” one doethe fact that the ratio 82/50 is
close to the average N/Z ratio of the decayinggameclei (this provides in average
the maximum Q-value). “Tin” activity drifts from we asymmetric one in the parent
mass region A ~ 150 to symmetric fission 6FFm. Another source of enhancement
of the decay probability is the formation of fragme having prolate static
deformations. Orientation of the big axis along tlirection of movement results in
lowering of Coulomb barrier and diminishing the tpainder it. As a result, the
authors conclude that one cannot distinguish betwedd fission and different types
of cluster radioactivity. However, the dynamics faigment formation in different
parts of mass spectra can be different.

Alpha-radioactivity and fission usually are desedbby completely different
formalism reflecting a different physical picturewhat happens, and these extremes
are applied to the description of cluster radiadtsti Alpha-decay is considered to be
a non-adiabatic process. It means a sudden formafi@ cluster inside the mother
nucleus which then makes attempts to penetratbalmger. The fission-like process,
on the contrary, is described as an adiabatic tnecludes the prescission phase
where the matter flow takes place and fragments averlapping. Their final
formation happens only after the system goes throaigsequence of geometrical
shapes whose parameterization is a part of thetediapeoretical approach. The
existing data and theoretical calculations indictttat cluster (at least “lead”)
radioactivity and cold fission have different megisans, probable non-adiabatic and
adiabatic correspondingly. The transition betweeth lmechanisms takes place at the
fragment masses in the vicinity A = 35.

Summing up, the main conclusions about clusteroeadivity and cold fission
are:

* The shapes of cold decay mass distributions mogiend on two properties
of the emitted fragments:

1 the vicinity of their proton and (or) neutron numb# the magic ones;

2 the existence of static deformations: prolate stateformations of
fragments result in lowering of Coulomb barrier atichinishing the path
under it.

- Besides “lead radioactivity” one can distinguishmeoothers like “tin” or

“calcium” ones with “tin” radioactivity expected tme the most wide-spread.

« A cold fission region of mass spectra depends madni the interplay
between deformation and shell effects.

» Emission of the lightest clusters is governed bg-adiabatic ¢-decay-like)
mechanism; emission of heavy fragments in colddissegion is adiabatic.

The transition between both mechanisms seems ® pidce at fragment

masses A ~ 35.
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1.7 Indications for collinear tripartition of different nuclear
systems

Most of ternary particles are emitted about perpriar to the fission axis, but
there are experimental indications for collinegrartition, when the fissioning system
has collinear configuration, i.e. elongated thredybchain-like configuration, and
after scission fragments fly away along the axithefsystem. The main object of this
work is searching for collinear multi-body decaysghwereation of massive particles.
We formulated this task based on the results flwerpapers reviewed below.

The collinear ternary fission has been intensivaiydied in the recent few
decades by different groups. As far back as 19@&3sHiquential (cascade) ternary
fission was studied in reactiof%U, 1 Au + ?Ne (185 MeV) and*Bi, 2% + “°Ar
(310 MeV) [Kar63]. It was shown that the excitatienergy of a heavy fragment is
enough for a second scission to occur. In othekW@ta83] the authors describe the
results of kinematically complete experiments whielve been 2performed on the two-
and three-body exit channels in the reactits +°Er and***xe + **%Sn at 12.5
MeV/u. Three-body events occur here with an undgddgh probability and arise
from a fast two-step mechanism where a sequeigsbh-like process follows a deep
inelastic collision with preferentially very largenergy losses. The angular
distribution of fission fragments is consistenttwén orientation of the fission axis
approximately collinear with the axis of the systatrthe first scission, and the mass
distribution of the fission is asymmetric with theavier mass emitted preferentially
opposite to the direction of the third particlel fdgether particular features of these
three-body events present consistent evidence foreva phenomenon of non-
equilibrium fission.

Another work [Van00] has studied the final statesdpiced by*’S +*°Co and
%25 +%cu dissipative collisions at E ~ 5.6MeV that indicate the presence of three-
body fragmentation processes in the reaction. Bedide already observed sequential
binary process, analysis of the data revealed thgepce of prompt ternary break-up
of the composite system. The decay appears to at@ucollinear configuration, one
of the produced fragments originating from the netlch connects the other two. In
spite of the large energy dissipation some evehtsvsstructural effects, i.e. the
possible presence of clustering phenomena in mectat least one fragment is @n
like nucleus.

Collinear tripartition 0> nuclei induced by relativistic protons was repdrt
in [Sol96]. This group used a source of spontangdissioning><Cf for energy and
time calibration. A part of the calibration datasmssed to search for the spontaneous
collinear tripartition [Kra99]. Unfortunately, treuthors of [Kra99] were looking only
for symmetric (both in masses and in charges) redli tripartition with a slowly
moving third fragment.

MOZO - M121+M323+M2221

whereM;=M,, Z;=Z, andM3 is at rest foZs # 0. The mass of the inner third fragment
was also limited by the conditidd; > 75 a.m.u., which corresponds to the events of
collinear tripartition found in the disintegration6%*®U induced by 1 GeV protons. It
was concluded that no effect has been observedifor 75 a.m.u. at the level of
7.510° with respect to the probability of the binary fissprocess.

Very recently the evidence for collinear deformgdtem was obtained at the
fragment spectrometer FOBOS installed at FLNR &Rl Dubna [Her02]. Ternary
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fission of heavy hot composite systems with exigitaenergies of 1.5-2.5 MeV/amu
has been studied in the reactions® (53 AMeV) with **’Au and %**Th. The
comparison with calculations for various scissi@mf@gurations shows the averaged
values of TKE measured for the anisotropic compbhere in agreement with the
assumption of a collinear stretched scission candiion with the light fragment
positioned in between the two heavier ones. Franptiesent investigation and from
the comparison with previous data it was conclutthed there exists a ternary fission
mode out of a collinear deformed system very sintathe classical ternary fission
observed in spontaneous fission. In particularh@ust of this work have shown that
this mode extends up to almost mass-symmetricgdecays.

Thus the existence of collinear tripartition offdrent nuclear systems is an
experimental fact and could be considered as the fm looking for collinear multi-
body decays with creation of massive particles ithtite aim of this work.

1.8 Theoretical studies of multi-body decays

In 1963 Strutinskystudied equilibrium forms of nucleus in a liquicbd model
and showed [Str63], that along with ordinary confagion with one neck there are
more complicated configurations with two and evaeé¢ necks (Figure 1.10).
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Figure 1.10 The potential energy of absolute equiliium shapes W(x) versus x for the
conventional sequence of shapes (1 and 2), two-negtiapes (3) and three-neck shapes (4). Hete
is the conventional liquid drop model parameter, wich is proportional to nuclear charge Z and
mass number A of the nucleus~Z%A. The energyW is determined as the difference of potential
energy of the nucleus with a given deformation anthat of the initial sphere. Figure from [Str63].

These configurations can lead to triple fission.teNahat the figures of
unconditional equilibrium for the case of two neck® obtained at much higher
energies that lead to very low cross sectionsefiordry fission.
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About ten years laterDiehl and Greiner [Die73, Die74] considered the
fissioning of a nucleus into three equal fragmémthe liquid drop model in the cases
of prolate and oblate pre-scission configuratioigyFe 1.11).

O ON

cascade fission .

—»(::)—c:n— O

direct prolate ternary fission

direct oblate ternary fission
Figure 1.11 Schematic view of possible modes of tery fission

It was found that the fission barrier in the cabeldate configuration is higher
then that in the prolate configuration. The heighfission barrier rapidly decreases
with increasing fissility parameter. Thus prolatelljnear) configurations are more
profitable energetically for ternary fission. Deaséng the ternary fission barrier with
the increase of the mass of the fissioning nucisusell agreed with the observed
experimental growth of the ratio between ternany himary yields at increasing’/a
of compound nucleus.

Recently more general multicluster accompaniedidiissvas analyzed by
Poenaruwho emPhasezed the strong shell effect correspgndi the doubly magic
heavy fragment'®Sn [Poe99]. Some typical prescission configuratidos o-
multicluster accompanied cold fission BfCf are shown in Figure 1.12. As it can be
seen from the figure, it is clear that the potdrtigrier for the “polar emission” is
much higher than that of the emission from the n&blis explains the experimentally
determined low yield of the polar emission compa@the “equatorial” one. As it
should be, the compact configuration possessesigx@énum total interaction energy,
hence, it has the lowest chance to be observed.

From results of calculations the authors draw thpartant conclusion that the
multiple clusters should be formed in a configumatof the nuclear system in which
there is a relatively long neck between the lightl daeavy fragment. The second
significant remark is that the minimum barrier Heitpr ternary decay modes GfCf
is always obtained when the heavy fragment in daficis is the doubly magié?Sn.

The elongated prolate configuration with two nedés the fissioning®><Cf
nucleus was demonstrated recently in our work [Byathere the shell corrections
were taken into account. This result was obtaimechdre detailed calculations of the
potential energy surface of tH&Cf nucleus carried out in the framework of the
procedure presented in [Pas71, Pya97] based dstrinnsky method.
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Figure 1.12 Aligned and compact configurations fo accompanied cold fission of>’Cf with
doubly magic'**Sn heavy fragment (left-hand side), and aligned cdigurations with three
clusters between the light and heavy fragment foa+°He+'%Be accompanied cold fission of°Cf
with *’Sn heavy fragment (right-hand side). The corresporidg energies are shown. Figure from
[Poe99].

Figure 1.13 depicts the shape of the fissioninglauscat the bottom of the
“symmetry” valley with the quadrupole mome@ = 7.52 a.u. The system that
fissions in the vicinity of the bottom of the potiah valley constitutes two magic
nuclei (clusters) connected by a neck. In Figurg3(k), these clusters are the
deformed magic nuclei oMo (52 ~ 0.58). In the calculations, the shape of the
system was varied in such a way that the valu®.ofemained constant while the
mass-asymmetry; changed starting from the value corresponding ®© \hlley’s
bottom. By definition,5 = (Mi—M3)/Mc, where M, is the mass of the system
concentrated, respectively, on the left and onritjiet sides of the varied boundary,
which divides the nuclear body into two parts (nearkby vertical lines in Figure
1.13), andMic is the mass of the fissioning nucleus. As a reiuét,new shape of the
system shown in Figure 1.13(b) was revealed forfifs¢ time. The energy of the
system is only slightly higher (by ~ 2 MeV) tharetlorresponding value at the
bottom. The distinguishing feature of the shapeeole is the double waist which

vividly divides the system into three parts of camgble sizes namely®Moss, ssr,

4OAr 8. Magic numbers are marked at the bottom of the element $yfibas, all
three constituents are the magic nuclei. It would appear rabisoto identify the
double rupture of such a configuration as the true termssiph (ternary cluster decay)
so long sought.

Ternary decay of low or middle excited nucleus via cliig-prescission
configuration into magic fragments of comparable masses seerfs reasonable
from a theoretical point of view. It is also reasonatuesearch for experimental
manifestations of such decay channel analyzing almost cllmalti-body events.
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Figure 1.13 The shape of the nucleus at the bottoaf the “symmetric” valley (Q, =7.52 a.u.,
1=0.074) (a); the same system at the point,@7.52 a.u.n=0.208 (b). See text for details.

1.9 Conclusions

From theoretical calculations based on the liquid dropleh[Die73, Die74] it
was found a preference for prolate over oblate saddle-ploaptes for ternary fission.
It could be in this case that after two simultaneous iscisf the fissioning system
massive central fragment can stay almost in rest (or canahtoxe kinetic energy).
Sequential ternary fission can also lead to the formatioa fshgment having low
kinetic energy. As a result, in order to register suchnfient the detection system
should have low energy threshold. This was not providethe latest experiment
[Sch87]. The placement of detectors in experiments [Mud63g67a, Mug67b,
Mug69 and Sch87] was not optimized, because fission, whagenémts fly away at
120° is unlikely due to high height of fission barrier oblate pre-scission shape of
nucleus. Recent calculations, which take into account sHelttef[Poe99, Pya03],
strengthen conclusions about chain-like per-scission coafigar of fissioning
nucleus obtained in the frame of the liquid drop model.

While in most known conventional ternary fission ensissof light charged
particle occurrs in the plane almost orthogonal to the fisaids, the collinear ternary
fission was also observed experimentally by differentigso [Kar63, Gla83, Van00
and Her02]. Polar emission also can be considered aseeolfission with creation of
the light third particle. The study of the fissionthwicreation of the third massive
particle in polar emission experiments was not possible tdukigh registration
thresholds of the detection systems.

From a number of clusters (nuclei with closed neutropreton shells) involved
in the decay the heavy cluster radioactivity and colddissre one-cluster decay. The
guestion whether there are cluster decays with multiplieio or even three arises.
Searching for such decay is much closer to the classicabtdakding true ternary
fission. So far there are no accepted proofs of this psomedow excited systems.
Thus, searching for the collinear multi-body decays of éowited nuclear systems
with creation of massive third particle when at least oneagfnients is magic nucleus
is an actual scientific problem.



2 Experiment at modified FOBOS setup

In the early experiments at the spectrometer FOBOS sousualhstructures in
the mass-mass plot were obtained in the reactféi@m(sf) and®*°Cf(sf). These
structures had the yield level of <3a.0° with respect to conventional binary fission
and had been treated as an indication for new exotic decegllinrear cluster
tripartition (CCT) [Pya00]. The advanced experiment aimed ialpecat the
investigation of CCT phenomenon for tf&Cf nucleus has been performed at the
modified spectrometer FOBOS. This experiment allowed ussiothe model of the
CCT process which implies the three-body chain-like cpmétion at scission: after
scission two outside fragments fly apart along the chais while the central
fragment stays almost at rest and constitutes the isotsmirce of post-scission
neutrons of a high multiplicity (~10) in the laborataystem. In order to improve the
quality of the data in comparison with the previous expents at the FOBOS setup,
some modifications have been introduced into the experitnestheme. To
symmetrize the detector arms a special three-electrode avalaocimer start
detector with an intern&P°Cf source was developed. The ordinary FOBOS setup has
been covered with the belt of neutron detectors to verdyidba of the high neutron
multiplicity in the CCT events. Because energy losses sibfisfragments in the foils
of the gas detectors is quite large special attention wastatevo techniques and
methods of calibration of FOBOS gas filed detectors anthéodevelopment of an
original mass reconstruction procedure.

2.1 Original FOBOS setup

Figure 2.1 General layout of the FOBOS spectrometefl — monolithic skeleton, 2 — detection
module.

27
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The experiment at the modified FOBOS setup was based on iisérumiive
elements of the original FOBOS setup. FOBOS [Ort98] 4x spectrometer installed
at the Flerov Laboratory of Nuclear Reactions (FLNR) of thiatJmstitute for
Nuclear Research (JINR) in Dubna, Russia. This spectromatespecially designed
for reaction studies in direct kinematics, i.e., foaatons where a light projectile
impinges upon a heavy target nucleus. FOBOS is ablegtstee charged reaction
products only, ranging from protons up to heavy resigH&s). A spherical detector
design was conceived in order to cover most of the solid angiend the target, and
consists of a 32 face truncated isocahedron in which 20 ofattes are regular
hexagons and 12 are regular pentagons, respectively. The gemarat bf the
FOBOS spectrometer is shown on Figure 2.1.

The detection system of the FOBOS spectrometer consi#itsesf consecutive
shells of particle detectors. The inner detector shelkisting of 30 position-sensitive
avalanche counters (PSACs), and the relatively long fhigkh of 50 cm between the
target and shell, provides the means for a very precisediflight (TOF) and
coordinate (X, Y) measurement of fragments witk 2. The second detector shell,
consisting of 30 axial Bragg ionization chambers (BlGsgasures the stopping
power of the fragments along their path within the galsme (Bragg curve). From
the TOF and the residual enerfy information, the fragment masses;)rman be
calculated by making suitable corrections to the energy lossdke penetrated
detector materials. Adding to this the coordinate infoilonathe momentum vectors
(p) of each fragment can be derived “event by event” in an indepémanner. This
feature is a necessary condition for exclusive measuremeamtshé& detection of
energetic LCPs (Z = 1-2) a third, more granular, scintillateell of Csl(TI) detectors
is arranged behind the BICs. The PSACs and BICs are natiwerns low ionizing
fast LCPs and, consequently, the passage of these particdegttthese detectors
does not affect the registration of other fragments. Tl thell of scintillator
detectors was not involved in the experiments devoted tantfestigation of the
collinear cluster tripartition in spontaneous fissiorF°éEf.

2.2 Modified FOBOS spectrometer

The experimental layout of the modified FOBOS spectrometesh@vn in
Figure 2.2. Due to the low cross-section of the procexterustudy and some
additional requirements addressed to the spatial arrangeofethe detectors
involved, the two-arm configuration containing five bémd one small standard
FOBOS modules in each arm was used. Every module inclugesiton-sensitive
avalanche counter and a Bragg ionization chamber. Such schedwmulié-armed
TOF-E (time-of-flight-energy) spectrometer allows to measthe energies and the
velocity vectors of the coincident fragments to be detectedcawers ~29% of the
hemisphere in each arm. In order to provide “start” sigoalafl the modules only
wide-aperture start-detector capable to span a cone of atGfle vertex could be
used. Known micro-channel plate based detectors fail to thisestrict requirement.
The relatively low energies of the fragments to be detecisdrmaboth from physics
of the process under study and energy losses in the raitleenhtrance windows call
for the minimization of the thickness and/or number olsfon the flight path of a
fragment. The next problem to be solved is connected watddhger of an accidental
disintegration of the source in the inner space of the gpeeter due to the very thin
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(~50ug/cnf) backing used. It means that some kind of the souagsutation is
desirable.

Standard
FOBOS
modules
(PSAC + BIC)

Start detector
(®*Cf +PAC)

Figure 2.2 Schematic view of the modified FOBOS agp.

All the above mentioned, partially discrepant, requiresierere satisfied in the
special designed three-electrode start avalanche counter in avtoiehtral electrode
(cathode) is combined with the fission fragment source®&&f [Ale00]. The
additional advantage achieved in such a schema consisigimiration of the error
of the velocity determination which occurrs when only stet-detector located in
one of the time-of-flight arm at some distance from thgrrent source is used.

According to the model of the CCT process proposed in [Ryt@0middle
fragment of the three-body pre-scission chain borrowsstl the whole deformation
energy of the system. Being presumably in rest it woalcab isotropic source of
post-scission neutrons of a high multiplicity (~10)the lab system. On the contrary,
the neutrons emitted from the moving fission fragmentdaresed along the fission
axis. In order to exploit this phenomenon for revealirg@CT events the “neutron
belt” was assembled in a plane being perpendicular to the syynardas of the
spectrometer, which serves as the mean fission axis atrtteetsae (Figure 2.3).

The centre of this belt coincides with the location of thes&firce. The neutron
detector consists of 140 separate hexagonal modules [Sct@ijrising &He-filled
proportional counter, a moderator, a high-voltage inpwt anpreamplifier. The
counters operate under a gas pressure of 7 bar, being %0 length and 3.2 cm in
diameter. The moderator is made of polyethylene. The gpdstween the parallel
planes of a module is 5 cm. The neutron counters are compuse8l arrangements
of 16 counters each and one of 12 counters and they ativgether ~35% of the
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complete solid angle ofrd Two such arrangements are mounted at the main FOBOS
vacuum chamber near the target node. The electronics ofnihgrén belt” is
operated in the slave mode being triggered by the evesttsebf the gas part of the
FOBOS detector. The number of hitéde neutron counters was added to the data
stream as an additional parameter for each register@mhfisgent.

r 2
Figure 2.3 The overall view of the spectrometer FOBS surrounded by the belt of neutron
counters.

The registration efficiency for those neutrons emitted feammisotropic source
was found to be very close to its geometrical limit, wiiile registration efficiency
for neutrons emitted from the fission fragments registdsy the FOBOS modules
amounted to ~4% because they are focused along the fissignwdmch is
perpendicular to the plane of the neutron counter belt. gistration probability for
more than one neutron from ordinary spontaneous figsitinis geometry amounts to
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1%, however, the same probability for the CCT events mmsto 85%. The
registration probabilities for more than two neutrons a3&c0and 62%, respectively.
Such a comparison argues, obviously, in favour of search@CT events among
those with the multiple numbers of fired neutron coumter

2.3 FOBOS detector module

The base of the detection system of the FOBOS spectroiseterstandard
detector module. Every module consists of position-Seasivalanche counter,
Bragg ionization chamber and a set of scintillator detecidrs.latter were not used
in the experiment at modified FOBOS spectrometer. Figuresi2odvs the sketch of
general layout for the detector module.
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Figure 2.4 Sketch of the general layout of a detemt module. 1- body of the BIC, 2 — support grid
for entrance window, 3 — PSAC, 4 — entrance windovoil (cathode), 5- teflon cone, 6 — Frish grid,
7 — anode, 8 — HV-divider, 9 — scintillator shell.

Because of the main attention in this chapter will be devtednalysis of
experimental information obtained from gas-field detec(®'SAC and BIC), these
detectors will be described below in more detail.

2.3.1 Position-sensitive avalanche counters.

The operation of position-sensitive avalanche counters is loasti principles
described in [Sei88]. Three thin Mylar foils (lun) are used as cathode and PSAC
windows. The central cathode-foil is covered by ;Qﬁcm'2 thick Au layers and
delivers the timing signal. Two perpendicular wire-gisirfmade of 30 um thick Au-
coated W, spaced by 1 mm) are positioned at a distance of 3 Bhrum on both
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sides of the common cathode. They serve as anode coordinatelgpedwindow foils
are glued to special frames, which can be changed indiwdimllhe case of gas
leakage. The transparency of the PSAC amounts to 92%.

Pairs of neighbouring coordinate wires are connected to condusttips which
are capacitively coupled to a wound read-out delay-linesohdmm* specific delay
and 560Q impedance. The delay lines of the two coordinate grids are ethteith
resistors at one end and coupled to special read-out ampéifi¢he other end. The
cathode read-out circuit delivers an amplified current sifpratiming and a charge
signal for pulse-height analysis. All electronic chdasrage protected against damage
if spark discharges occur in the counters. The surfacetedwircuits and the delay
lines are placed in non-sensitive areas directly inside the H&hies. The spatial
resolution of the PSACs amountsA@ = Ay = 1.5 mm. The general scheme of the
PSAC read-out is shown in Figure 2.5.
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Figure 2.5 Principal scheme of the PSAC read-out. &ay lines are capacitively coupled to th-
and Y-wire planes. Three preamplifiers (PA) for the coodinates and timing signals are directly
mounted to the PSAC frame. A fast linear amplifier(FLA) for the timing signal (TOF) drives the
long cable line to the front-end electronics in theneasurement hall. A CAMAC module contains
three constant fraction discriminators (CFD).

The counter gas is pentane at a pressure between 200 Pa af.808e
voltage (typically= 500 V) is set about 5 V below the onset of sparkldisges,
which may be induced by feed-back effects after the passadpglafy ionizing
particles. This voltage level guarantees an effective registraficheavy fragments
with a lower threshold of 0.05 AMeV. The efficiency of registration farparticles
drops for energieg 1.5 AMeV because of the decrease of the energy loss in the
sensitive volume. The time resolution of the detectaegistration ofa-particles is
about 500 ps.

2.3.2 Axial ionization chambers

The principle of a BIC was first described in [Gru82h & the electric field is
parallel to the direction of the incoming particles, tegistered pulse-shape of a
fragment stopped within the gas volume of the BIC represantémage of the
specific energy loss along the ionization path characteriggtieoBragg curve. The
integral of the electronic charge created is proportitmahe residual energ¥g) of
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the fragment, and the maximum of the ionization-dens#tridution in the stopping
path is a smooth function of Z.

The entrance windows of the large and small BICs, made e3 furf thick
aluminized Mylar, have diameters of 385 mm and of 285, mempectively. The
sensitive depth of the BICs is 250 mm. To withstand tiesgure of the working gas,
the delicate window foil, which at the same time servesahode, has to be
supported by twofold structure - a concentric heavy carrigrasfsparency of 94%
and an adjacent etched Ni-mesh having a cell dimension7ofgi. Cells smaller
than 3 mm are necessary because, otherwise, the extrdrimefgils would not hold
gas pressures up to 100 kPa needed to stop most aft¢heédiate mass fragments
within the sensitive depth. This mesh, however, reducedrémsparency of the
entrance window to 75%, causing the most serious restrigtitin respect to the
effective solid angleAQ) of the spectrometer. The PSAC foils and the BIC window
foil create together a dead layer for fragment spectroscop§.df- 0.9 mgm?>.
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Figure 2.6 Principle of the digital-processing metad of the BIC signal. (BCD — Bragg-curve
digitizer unit, BDP — Bragg digital-processor unit)

The shaping of the axial electric field is performed by 5 spaced Cu-strips
coated on the inner side of the conical Teflon insulator. Ditage divider provides
equal potential steps. The Frisch grid is placed 10 mfront of the anode. It consists
of two perpendicular wire-planes (50 pm thick Cu-Be spacet toyn). The anode is
a 10 um thick aluminized Mylar foil. The positive voltagefed to the anode and the
Frisch grid via a passive filter and an attenuator to achigtienom field strength
relations. In typical experiments the BICs are filledvatP-10 gas-mixture (90% Ar
+ 10% CH,) at a pressure of 20 — 40 kPa and operated with an antidgevof 1.5 —
3 kV. At the design limit of 100 kPa this voltage reach&¥ 3
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Conventionally, the charge signal of a BIC is split ahdped by two different
time constants to deduce tBg- and Z-information. In our case, the long electron
drift-time (up to 4us) would cause a considerably large ballistic deficit. Theeefar
new processing method has been developed which deriveszthend BP-signals
directly from digitized signal samples. The electronitugeof this method has been
described in [Ort89], and its principle is shown on Fég2.6.

The read-out system consists of a charge-sensitive préempi Bragg curve
digitizer (BCD) and a Bragg digital processor (BDP). Th€RBIgnal is shaped by a
short time constantt(= 0.2 or 0.4us) in a spectroscopic amplifier and further
digitized by an 8-bit flash ADC with a quartz-stabilized péing frequency of 10
MHz. When a signal is recognized by the threshold comparatoratithmetic units
are activated calculating the values Epyand BP. The algorithms are schematically
displayed in the bottom of Figure 2.6. The hatched areasatedthe sums over the
samples. The control logic (not shown on Figure 2.6) dzganthe coincidence
condition with respect to the PSAC, a pile-up inspectiom the connection with the
first-level trigger. The digital-processing system (t@AMAC modules per FOBOS
module) is very simple to operate, faster than a conventmreby a factor of 10,
and about two times less expensive.

2.4 Calibration procedures

The whole data analysis relies on the accuracy of the calibrdtendetector
systems measure only electrical signals and without aeraferthey have no
significance. All detectors have to be calibrated to matehptioper regions of the
parameters for the current measurement. The difficultiggrexfise reconstruction of
the fragment masses due to large energy losses in thefftils gas detectors become
apparent as some asymmetry in the mass-mass correlatidre efents presumably
linked with the CCT observed in previous data obtained @B®S setup [Pya97].
This has enforced on improvement of time and energy a#ilior procedures, which
are extremely important in discussions of the data religbiliherefore a detailed
description of these procedures is given below.

2.4.1 Checking the stability

The first stage in data processing of any experiment stsnef checking the
stability of all measured parameters for the time of expmrtnand, if it is needed,
making corrections. The stability of E and T channels feahdgOBOS module was
checked by calculating the mean value and the dispersion ahdgiactrum. If there
were some doubt moments regarding the stability of tkee tiee former was checked
the second time by fitting the spectrum with two Gaussemd determining the
parameters of these Gaussians. For a large amount ofud&tg®cedure of double
check allows to automate the difficult process of checking thieilisy for critical
spectra. To avoid routine work special software was ldpee for both methods.
Some small corrections were done for some modules, bytritigdure is trivial and
does not need special attention.



2.4.2 Coordinate calibration of the PSACs

The absolute coordinate calibration of the PSACs is pedd by using
coordinate scatter plots of events measured in coincidenbetiveitBICs positioned
behind them. The supporting structure of the window d&bilthe BIC generates a
shadowed zone with a decreased rate (Figure 2.7).
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Figure 2.7 Shadow zone in the coordinates scattetqp of a PSAC imaging the supporting
structure of the window foil of the BIG. The plot is generated by correlated events in the PSAC
and the BIG positioned behind it.

A geometrical model of the supporting structure is adjustdtie center and to
the dimensions of this image to achieve a complete agreemittnthe shadowed
zone. This procedure gives the intrinsic scales, which @@ tesdefine the module-
oriented coordinates (X, y) of the registered event. e @mnd azimuthal angles, (
¢) of the particle with respect to the target position dan calculated in a
straightforward manner with reference to a special table. Thertamties Ax, Ay)
lead to error\0 = Ap = 0.2°.

2.4.3 Time calibration of the PSACs

The TOF calibration has been performed by fitting the expetahenass
distribution of?°Cf to that known from the literature. There are severabmss of
Mtt spectrum (i.e. obtained with TOF-TOF method) fofCf(sf) available in
publications but they have some discrepancy at least ifotiteof the distribution as
it is shown ,for instance, in Figure 2.8.
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Figure 2.8 Comparison of two Mtt spectra reported m literature. Black solid line is [Sch83], red
dashed line is [Ham97].
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Between the data from [Sch83] and [Ham97] we have chosdarther. This is
data from a more complex study f(sf) (the experiment made by Hambsch
[Ham97] was focused on the study of the far asymmetrgsmegion).

In order to extract the coefficients of the TOF calibratioe fit the
experimental distribution of TOF-masses fofCf to that taken from [Sch83]. The
free parameters for the fitting were the effective thicknésmabsorbing matter on
the particle flight-path (the thicknesses of the ddatector foils and the radioactive
source backing) and the time calibration constants. Figue sBows a good
agreement between our experimental distribution and théaéea as reference from
the literature.

As it can be seen from Table 2.1, the parameters of the exaihmass
spectrum Y (M), namely the positions of gravity centers and the wittthdight and
heavy peaks, are also well consistent with the reference takessfrom [Sch83].

Table 2.1 Comparison of the parameters for experim@al and literature Mtt distributions.
Experiment at modified

Parameter FOBOS setup Literature data [Sch83]
<M >, a.m.u. 108.56+0.22 108.55
<Mp>, a.m.u. 143.44+0.35 143.53

Oy, ,a.m.u. 7.04 7.16

Oy, »am.u. 7.04 7.16
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Figure 2.9 Comparison of the mass spectrum of théssion fragments of?*°Cf (sf) obtained by
the TOF-TOF analysis with that taken from the literature [Sch83]. a) linear scale, b) the same
as a) in logarithmic scale.

As an additional check of the mass calibration we pedrthe comparison of
parameters for the experimental velocity distributiothwthe data known from
literature [Whe63, Kie92]. The mean values and the stdndieviations of velocities
of light and heavy fragment from our experiment and ttigm®a other measurements
are listed in Table 2.2.



38 Experiment at modifieFOBOS setu

Table 2.2 Mean values and standard deviations of éhfragment velocity distribution from
spontaneous fission of>’Cf in comparison with reference data from literature.

Experiment at Literature data
Parameter modified FOBOS .
setup [Whe63] [Kie92]
<V_ >, cm/ns 1.375+0.007 1.375+0.007 1.369+0.009
<Vy>, cm/ns 1.037+0.005 1.036+0.005 1.035+0.007
Oy, s cm/ns 0.071 0.067 0.064
o, ,cm/ns 0.083 0.080 0.078

A

2.4.4 Energy calibration of the BICs

In order to improve the mass calibration in the framevadrthe TOF-E method
the procedure aimed to restore the fragment energy hasréiesd. This task is
especially difficult for the slow CCT fragments since these up to 70% of their
initial energy. The final M mass spectrum obtained by the TOF-E analysis is given in
Figure 2.13.

The mass resolution achieved in the frame of the TOF-Eadéshknown to be
much worse than that obtained by the TOF-TOF analysis.eMery in the case of
incomplete kinematics, e.g. for the CCT events, the TOFTmethod becomes
unusable since it exploits the momentum conservation lavhefbtnary reaction
products. Taking into account that the middle non-obsésvélagment deposits
almost the third part of the initial mass the detectionuwhsa large mass deficit
doesn'’t require any perfect mass resolution.
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Figure 2.10 The correlation obtained between the m& energy signals in the Bragg chamber (in
channels) and the FF energy calculated from the TOFOF analysis corrected for the post-fission
neutrons and for the entrance foils (in MeV).

On the other hand, any systematical shift in the massrattib must be
excluded in order to draw correct physical conclusionsofiain a proper energy
calibration of the Bragg ionization chamber we used awpd transport calculations
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based on having good resolution; vhasses. The idea of these calculations is the
following. We calculate the energy of the ion before theamat to the BIC from the
My mass obtained from the TOF-TOF analysis and correcteithetgpost-fission
neutrons, and from the velocity of the ion. Then this energlecreased by the value
corresponding to energy loss in the entrance foils ofdgdsctors. When there is
enough statistics accumulated we calculate for operidss the mean value of the
measured energy in BIC (in channels) and complementary &aa malue of the
energy calculated (in MeV) for this statistics. Similar caltohs for the whole range
of Mg masses result in an almost perfect correlation (see Figlg® Between the
energy measured in the Bragg chamber and the estimated one.

Such a straight line could be expected as the calibratioendepce only, if
both the energy-loss table used is correct and if there isigmificant amplitude
defect in the ionization chamber which is exactly the case.

The correlation line obtained crosses the point of origims tadditionally
confirming the quality of the calibration. This congtitaautomatically follows from
the algorithm the Bragg processor uses to integratéralgenent-track charge in the
chamber [Ort98]. This linear dependence means that the eralgyation is
unambiguous and non-shifted and this is essential Hfer search for the CCT
fragments with their unusual mass-to-energy ratio.

2.5 Reconstruction of the fragment mass

Once the calibration procedures presented above are performéd,theot
velocity of the fragment before entering the BIC and its gndaposited in the gas
volume become known. The mass of the fragment is restoved these quantities
according to the algorithm illustrated in Figure 2.1licklbshows dependences of the
energy deposited in the BIC.HM |V=const) on the fragment mass M for different
fixed velocities V before the entrance in the BIC (for instanl.4 cm/ns, see the
upper curve).

One calculates actually the energy & the fragment with the given mass M
and the velocity V. The energy.drof the fragment after crossing the entrance
window of the BIC is obtained applying the table of endaogges. Let's assumerE
and \f, to be the energy of the fragment deposited in the BIC asgectively, its
actual velocity before the BIC entrance. In order to restisranass we examine
descending along the curve,¥const in Figure 2.11 mass-by-mass until the following
condition is met for the first time:

Ecn< Ecal (M | Vin)

This procedure is complicated by some discontinuitiesarith(M,V) function
caused by imperfect energy losses tabulations as exemplifiédgure 2.12 by
triangles.

To avoid such a gap we applied smoothing by means of a pobioomial
patching of the initial dependencg,EM |V) in the vicinity of the gap by equalizing
both the values and the first derivatives at the edges. Suodthod has been proven
to be the best one for this purpose. The smoothed valuesagked in Figure 2.12 by
circles. The mass spectrum obtained with this procedurenigpared in Figure 2.13
with the known one [Wah88].
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Figure 2.11 lllustration of the mass restoration pocedure. See text for details.
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Figure 2.13 Comparison of the FF mass spectrum obteed by the TOF-E analysis with the
literature data [Wah88].
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Figure 2.14 The correlation of mean value of postautron experimental mass <M,> versus mass
My obtained in TOF-TOF analysis (the shift due to netrton emission has been already taken into
account).
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There are no shifts in the peak positions, which is itapdfor identification of
the CCT events. This fact is demonstrated as well by Figutd where the
dependence of mean value of post-neutron experimental mass wvksus mass M
obtained in TOF-TOF analysis looks like a straight lirtee (6hift due to neutron
emission has been already taken into account). There are orlyoffisets from the
straight line in the vicinities of low yields arounceteymmetry region and at the ends
of the spectrum, but these distortions do not change tbé&e\plcture of the quality of
the mass reconstruction procedure.

2.6 Results

The mass-mass plot of the coincident fragments with the tigjtiplicity of
neutrons (at least 3 of them should be detected) is shokigure 2.15(a,b). It is easy
to recognize the rectangular-shaped structure (marked withartiosvs at Figure
2.15(b)) below the locus of conventional binary fissibhis structure becomes more
conspicuous relative to background (Figure 2.15(b)) & welocity cut shown in
Figure 2.16 is applied to the distribution. The clegqiffect can be explained in the
following terms.

Fragments scatter both at the electrodes of the “stopamacia¢ counter and at
the supporting grids of the ionization chamber that ides/the main part of the faulty
events which imitate the CCT effect searched for. Indeed, ttes wiathe heavy
fragment calculated from the true velocity value but frapoirect (reduced) value of
the energy diminishes proportionally to the latter. Thaefa pair of the fragments
originated from conventional binary fission could revéds mass defect similar to
that characterizing a CCT event. However, if one rejects the evemtsponding to
the sufficient mass asymmetry determined by means of tiee ahthe velocities
which occurred beyond the velocity-window selected (Figur6)24. notable part of
the scattered events under consideration are also disatédirautomatically. This
selection cuts off a part of the binary events loci andtdile of these loci in the
direction of smaller masses due to velocity gating.

A special attention should be paid to the rectangle inrEig.15(b). Three sides
of this rectangle are lying on masses corresponded to magiei riclusters). The
corresponding magic numbers are marked in this figureeabottom of the element
symbols. More complicated structures (marked by the arrotyscain Figure 2.15(c))
are observed in the mass-mass plot if the events witle@ fieutron counters are also
taken into play. Omitting for a moment physical treatiighe structures observed,
we attract an attention to the specific feature of some tiaastituting the structures
“b” and “c”. The sum of the masses along them remainstanf)ysee the dashed line
in the lower left corner of Figure 2.15(c) for comparistinshould be especially
stressed that the structures shown in Figure 2.15 matifesmselves only in one
spectrometer arm on the side of source backing.
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Figure 2.15: a) The mass-mass plot of the complemtany fragments with at least 3 neutrons
detected; b) The same plot after filtering the fragnent velocities in the rectangular box
shown in Figure 2.16; c) The same as (a), but thewest number of hited neutron counters let
down to 2.
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Figure 2.16 Velocity matrix of the Figure 2.17 Momentum-momentum plot. The
complimentary fragments. The events falling events falling into the rectangular box were
into the rectangular box were used to used to compose the final mass-mass plot in
compose the final mass-mass plot in Figure  Figure 2.18.

2.18 (a).

Figure 2.18(a) represents a similar structure to thatvshin Figure 2.15(a)
except that it is not gated by neutrons and both the ¥glacid the momentum
windows are used here to reveal the mass-symmetric pastitiche corresponding
momentum distribution of the fragments and the seleeppiied are shown in Figure
2.17. The plot in Figure 2.18(b) obtained on condgiafi the momentum selection
solely is not so clear.

However, as in the previous case the rectangular structsesvelnl is bounded
by the magic fragments, naméfi (the spherical proton shell Z=28 and the neutron
sub shell N=40) and, probabR/Se (the spherical neutron shell N=50). Each structure
revealed maps an evolution of the decaying system ontndks space. The events at
the lower left corner of the rectangle attract speciansiin as they form well-
separated blocks in the matrices of the experimental obseryablesity and energy).
Table 2.3 exemplifies the parameters of three most syntnesnts.

Table 2.3 Experimental parameters of the most symntec events.

. Event
Parameter symbd| units ol N2 o3
Number of hited neutron mult counters 0 0 1
counters
Velocit arm’a” Va cm/ns 1.147 1.102 1.135
y arm"b” Vb cm/ns 1.173 1.141 1.23
J arm"a” Mtt, a.m.u. 127.4 128.2 131.1
TOF-TOF mass— s T i, am.u. 1246| 1238 1209
Momentum arm’a” =X a.m.u.cm/ns 79.6 80.7 7.8
arm”b” R, a.m.u.cm/ns 84.7 78.3 83.4
arm’a” Mte, a.m.u. 69.4 73.2 69.4
TOF-Emass  — 7o | Mie, am.u. 72.2 68.6 67.8
Emission arm"a” Ete MeV 47.5 46.3 46.5
energy arm "b” Etg, MeV 51.7 46.5 53.4
Total kinetic energy TKEte MeV 99.1 92.7 99.9
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Figure 2.18 a) The mass matrix of the complimentarjragments selected by requirement of
their approximately equal velocities and momenta; bthe same matrix if only momentum
selection is assumed.
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One can judge from Table 2.3 that the cluster masses etithin the TOF-E
analysis are located in the vicinity of the mass numberZ268oth nuclei are
attributed presumably to the magic Ni isotopes. The cordémeutrons for the
fragments whose masses are close to 72 complies then withrekdiction of the
unchanged charge density hypotheses. The surprising factishe evaluated TKE
value even for the extremely elongated configuration NeC-Zn-C-Ni chain
exceeds the experimental findings (~100 MeV). The next foibie stressed is that
the observed neutron multiplicity (the number of hitedtreucounters in Table 2.3)
is low and, hence, the number of emitted neutrons coulBenbtgh. This contradicts
the expectations put forward earlier. The discrepanciestesghoray be an indication
of more complicated decay scenario to be restored.

2.7 Conclusions

Among 2 million binary fission events froff®Cf(sf) we have extracted over 30
correlated pairs of FF with clear mass deficit of about 16éhiat mass units. 20 of
these FF pairs are organized into a distinct and wellratguh rectangular-shape
structure in a mass-mass plot gated by velocities and nmtam€he corners of the
rectangle are bounded by the magic fragments, naffsliyand, probably®Sefr.
These FF pairs exhibit also a lowered TKE. We interpeeetrents in the rectangular
structure as originating from the three-fold decay of efongated®°Cf nucleus
dominated by the 3 cluster®Ni, #Se and®®r. We have found that these FF pairs
can be accompanied by an increased number of isotropicalliedmiutrons, but we
did not obtain a very high neutron multiplicity (~10)iawas expected. It could mean
that the middle fragment is not staying at rest, but Igiemoving along the fissioning
axis.

Gating on 3 neutron detectors flashed in coincidence wiglstration of FFs
reveals the other rectangular structure in the mass-plassThis structure is also
bounded by clusters and contains about 20 points.

Summarizing, it can be said, that in the experiment at theified FOBOS
setup we have obtained the indication of the multi-fragr(erieast ternary) collinear
decays of the initial nucleus into fragments of comparaldsses. We have called
such decay a Collinear Cluster Tripartition.



3 Off-beam experiments at JYFL and at JINR

Taking into account the results obtained in the experira¢érthe modified
FOBOS setup, it had been decided to verify the idea of eallinluster tripartition of
the %°Cf(sf) in several independent experiments at different seite had also tried
to find the CCT events in the data from the previous éxgert made at the standard
FOBOS setup. One goal for these studies was to check thm&iic scheme, which
supposes that scattering processes separate the two CCT spantioeing
unidirectionally, and only one of them is likely to fegjistered.

The first experiment Exp#1l at the FOBOS setup was perfousaty two
standard FOBOS modules and micro-channel plate (MCP) basedpick-off
detector delivered “start” signals. Dispersing materiats Exp#l were the
construction elements of the FOBOS setup, namely, theogrientrance windows of
Bragg ionization chambers with 70% transparency.

In order to verify whether the dispersive scatteringugloa transparent foil can
give rise to the separation of the CCT partners we have rpextb a special
experiment Exp#2. Here we used a different TOF-E spectroimasexd on one MCP
“start” detector and two PIN diodes andu thick aluminum foil had been placed
just near the active“Cf layer for dispersive purposes.

In the third experiment Exp#3 two pairs of the MCPdehsiming detectors
provided signals for measuring TOFs with flight patfi8am each. The fragment
energy was measured by PIN diodes. The separation of thigtvter partners of the
tripartition decay was achieved by scattering in disperfdls and by blocking one
of the two fragments (scattered at a very small relativéeaimgthe collimators or in
the grids of the MCP electrostatic mirrors with a tatahsparency of about 70%.

These three experiments enable us to find a new island of/ieigls for exotic
decay modes called by us collinear cluster tripartitioménnass-mass distribution of
the fragments originated froffFCf(sf).

3.1 Experimental details

The Exp#1 experiment was carried out in 1997 at the FOBO9$ setthe
FLNR and about 13-f@&oincident binary fission events were recorded. A scheme of
the experiment is shown on Figure 3.1.

BIC PSAC Start AlLO,  2iCt Standard
; FOBOS
detector backing module
MeP l (PSAC + BIC)

Figure 3.1 A scheme of experiment at FOBOS setup.

47
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The time-of-flight of the fragments was measured oveigatflpath of 50 cm
between the “start” detector based on the micro chanatdsp(MCP) placed next to
the °Cf source and the “stop” position-sensitive avalanche cou®S4C). The
latter provided through the measurements of the positiem the fragment emission
angle with a precision of 0.2°. The energies of the coinciftagments that passed
through the PSACs were measured in the Bragg ionizationbEraniBIC) with the
entrance windows supported by a grid with 70% transparefg. geometrical
structure of the grid is hexagonal; the side view @shin Figure 3.2a.

b)

Figure 3.2 a) Side view of FOBOS grid; b) the scheenof detecting of the tripartition partners.

This mechanical structure of the detectors is essentighéoregistration of the
effect. The®>*Cf source is mounted on & backing of a thickness 5@y/cn?, the
other side was free or coated with a layer of Au ofug@nt thickness. In Figure
3.2b the primary heavy fragment (H) is emitted to tightrfrom the free side of the
252Ct source; the two light fragmentsy(land L) are emitted to the left in the same
direction. As explained below, scattering processes salparate the two light
fragments in a small angular separation, and only one of ihékely to be registered.
If both fragments enter, only the total energy is measured.

A similar source of*Cf was used in a further experiment, performed at the
Accelerator Laboratory of the University of Jyvaskylda (JYFIn).this experiment
Exp#2 (Figure 3.3) we used a different TOF-E spectromigésed on one MCP
“start” detector and two PIN diodes, the latter providinthikime and energy signals.

PIN MCP Al,O; backing collimator

qa X g\,\ _____________ 1

10 cm

| Zicf Al foil

Figure 3.3 A scheme of the experiment Exp#2 in the@mall Experimental Chamber.

An active area of each PIN diode was bounded by the collimahar.flight
paths here were 10 cm for each detector arm. An Al fgim3hick, has been placed
just near the activé®Cf layer. The experimental setup was mounted inside of the
Small Experimental Chamber. In this experiment, 2klfary events were registered.
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The experimental setup for the third experiment Exp#3 wstalled on the
special support rail inside the Large Scattering Charfdngity at JYFL.The setup is
shown on the photo below.

Figure 3.4 Photo of experimental setup for the thil experiment Exp#3.

A thin 2Cf source was placed in the middle of a symmetric setup WitMCP
detectors and 2 PIN diodes, as shown on Figure 3.5.

PIN MCP Al,,0; backing 257§ collimator

5 i I

21 cm

Figure 3.5 A scheme of the setup for the third expenent Exp#3.

The MCP detectors provided TOF signals with a resolutibabout 120 ps.
Two PIN diodes gave not only energy but also high quéilite signals. Therefore,
instead of the standard -TOF + 2Energy” detection scheme we had Tine +
2-Energy”. With so many extra parameters it is possible tadtbtional crosschecks
for data consistency. This extra information also can be asedilter for selection of
interesting parts from the total amount of the data orcctmting evident bad events,
for example, events from scattering. Most parameters veredsat least twice using
for instance TAC+ADC together with TDC. The total transpeyeonf each arm
amounted to 70% due to the grids of the electrostatiormi(four per detector) of the
MCP detectors, instead of two as in the other experim&hts experiment took about
50 days and-2C of fully registered fission events were collected.
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3.2 Calibration procedures

For all three experiments the calibration was done for alldTEatracts together
with checks on the stability for all parameters. Far Bxp#1 the procedures of time-
of-flight, energy calibration and mass reconstruction werelai to those done for
the experiment at the modified FOBOS setup. For the expatiExp#2 and Exp#3
the time calibrations were done properly with precise ORTiEne calibrator and
using 6.1 MeV alphas frorff°Cf as TOF reference. In Figure 3.6 the Mtt spectrum
from the experiment Exp#3 is compared with the data frazth§3).
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Figure 3.6 Comparison of the mass spectrum of théskion fragments of*°Cf (sf) obtained by the
TOF-TOF analysis in Exp#3 with that taken from theliterature [Sch83].

Here we see, that in spite of the fact that the TOF bashs ixperiments were
comparatively small (for instance, ~ 20 cm for Exp#3) #vad we did not take into
account the plasma delay in silicon detectors (considerednatant), we got a quite
satisfactory agreement of the experimental spectrum wéhotte published in the
literature. The energy calibration for the experimentp#2xand Exp#3 was done as
nonlinear interpolation based on 3 points: position$.4f MeV a-peak, light and
heavy fragments in energy spectrum. With this procedur¢héoenergy calibration
we have obtained a satisfactory agreement of the liggit for the Mte spectrum with
the light peak in Wahl data [Wah88]. Apparently, the piisight defect for this peak
is not so large and had been taken into account by obrat#din procedure, while for
the heavy peak (above ~ 124 a.m.u.) a shift of about.thiiahad been observed.
The mass spectrum of fission fragments with correctioméavy masses is presented
in Figure 3.7.
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Figure 3.7 Spectrum of Mte masses from the experimé Exp#3 in comparison with the literature
data [Wah88].

3.3 Results

Let us start from the results obtained in the Exp#3. yuirad the plot of the
fragment mass versus time-of-flight in one of the specttemams (Figure 3.8a) we
have focused on the group of points bounded by the cowauThey lie far from the
loci of binary fission including the tails connectediwscattering of the fragments at
the elements of start detector. The density of the pantreases in the direction of
decreasing of fragment energy. The mass-mass plot of the eadatsed with the
gate W1 for approximately half of full statistics (4.8) is shown in Figure 3.8b. The
vertical line centered at mass 144 a.m.u. attracts atte(iarked by the arrow). A
similar plot for full statistics is presented in Figur8@& Figure 3.8d depicts a possible
treating of the figure, namely the points within camtdV2 seems lie on the lines
Ma+Mb=const (tilted lines in Figure 3.8d) and are boundednftbe left side
presumably by the magi®Rbss nucleus (shell minimum “B” in [Wil76]). The
corresponding projection of the area W2 is shown in Eidu®, where dM=M-
(Ma+My) is the mass of undetected fragment. Experimentally evaluatess
resolution for one arm of setup does not exceed 2.8 affil.width at half
maximum) and thus the peak structure in Figure 3.9 isfignt.
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Figure 3.8 Time-of-flight vs. energy in one of thepectrometer arms (a); mass-mass
distribution of the coincident fragments selected ¥ W1 window (approximately half of full
statistics) (b); all events from W1 gate (c); mogtronounced linear structures (d). See text for
details.
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Figure 3.9 Projection of a part of mass-mass matrixarea W2 in Figure 3.8d) obtained along the
direction M .+My=const. The mass of undetected fragment dM=pM-(M,+M,).
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It is obvious that the undetected (third) fragment can be acroag, however
another decay scenario showing up clustering likely also fai&es (see, for instance,
the line centered at 114 a.m.u. — presumabfgu linked with the shell minimum
“C™ in [WIl76]). It should be stressed that at lease tdeformed magic nucleus of
149Ba gg manifests itself both as “missing” fragment (Figure 289l really detected
(vertical line in Figure 3.8d). The yield of the evefritam the window W1 is about
10“ per binary fission. Unfortunately, the spectrum inufég3.9 suffers from low
statistics, but the reliability of this structure was @onéd in other experiments with
high statistics, namely in Exp#1 and Exp#2, by the seffeet of an enhanced yield
corresponding to a missing mass.

In Figure 3.10, it is shown in a logarithmic scale the@-timensional (2D)
distribution of the two registered masses of the coincideagments in the
experiment Exp#l at the FOBOS setup. Only collinear eventsoth identical
spectrometer arms with a relative angle of 180+1° were sejabisdsalue is within
the angular resolution, and it is in the range of a typemadular spread for
conventional binary fission fragments.

M,, a.m.u.

=3

40 T T
140 160

i
40 60 &0

™ I

Figure 3.10 Contour map (in logarithmic scale) of ie mass-mass distribution of the collinear
fragments detected in coincidence in the oppositerras (marked by letters a and b) of the
spectrometer (Exp#1).

The “tails” in the mass distributions marked 3-6 extagdrom the loci (1 and
2) used to mark the conventional binary fission are malaby/to the scattering of the
fragments on both the foils and on the grid edges of tlo@™stvalanche counters and
the ionization chambers. The only small but importantresgtry between the two
arms to be emphasized consists in a very thin source lgafikinhe “rear side” and
the “start” detector foil located in the artn only (Figure 3.1). An astonishing
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difference in the shapes of the “tails” (3 and 4) attracentitin. There is a distinct
bump, marked (7), on the latter “tail” (4), oriented apjmrately parallel to the line
defining a constant sum of masskl,+ My, = const, i.e., tilted by 45° with respect to
the abscissa axis. The explanation of this bump is tbenes of our analysis. The
bump is located in a region corresponding to a largssimg” mass. In Figure 3.10,
the line for the total masklea = 225 is shown as a border line to separate these
interesting events from normal binary fission. A stat#dtsignificance of the events

in the structure (7) can be deduced from Figure 3.1drevthe spectra of total masses
Miotal = Ma + My, for the “tails” (4 and 3), spectrumand spectrurb respectively, are
compared.

5000 1

4000

Counts

0'-1.\- 3 "l‘r"l""l""l""
150 160 170 180 190 200 210 220 230
(M, + M), am.u.

Figure 3.11 Here a bump 7 from Figure 3.10, locatetielow the line of the sumM, + My = 225
a.m.u., is analyzed. The spectra of total masses fbe “tails” (3 and 4), spectruma and spectrum
b respectively, are compared. The difference spectnu is marked c. Curve d is a polynomial fit
using the points outside of the gross peak on thpexctrum a.

| LA RN B R

The difference between the spectrumbcénd the “tail” (3) is marked. The
integral of these events is 4.7-i0relative to the conventional fission events
contained in the locus (2) shown in Figure 3.10. The casrefipg ratio for the gross
peak of the curvea (shown by the dashed line) is smaller and amounts totabou
2.7-10% The background was defined by a polynomial fit (cudyeising the points
outside the peak.

In order to explain the differences in the “tails” (3 and €ntioned above, the
following scenario is proposed (the geometry is showirigure 3.2b). In ternary
fission, the three fragments are emitted collinearly and ofvthe fragments are
emitted in one direction, but become separated with are desg than 1° after passing
a dispersing media, due to multiple scattering [Mey71ljs Tiaterial is the backing of
the source (located only on the side of the “tail” (4))bdth fragments pass on and
enter into the BIC, a signal corresponding to the sunthefenergies of the two
fragments is registered. The event is registered as biresiprfi with almost usual
parameters. In the other scenario, only a proper energysrésone of the light
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fragments is measured, because the second one is stoppeith lostsupporting grid
of the ionization chamber.

In order to verify whether the dispersive scatteringugloa transparent foil can
give rise to the effect discussed in Exp#1l experiment, we hexfermed a special
experiment Exp#2 at the Accelerator Laboratory of the Uniyersi Jyvaskyla
(JYFL). An Al foil, 5 um thick, has been placed just near the acti¢@f layer. This
thickness corresponds approximately to a half of theerafh@ typical heavy fragment.
A bump similar to that shown in Figure 3.10 is observThe result of this experiment
is shown in Figure 3.12, which depicts the spectra analogotisose presented in
Figure 3.11. The bump obtained with the difference makeabain appears in the
arm pointing to the scattering foil. The integrated yieldhe spectrunt confined
within the masses of 180-220 a.m.u. amounts to Z4réltive to the corresponding
locus of conventional binary fission. These events tylyicarrespond to a mass loss
of 40-70 a.m.u., as in the other case, the positionseinmtiiss scale of the peaks
agree well in both experiments. This result also showtsthieaeffect of the dispersive
scattering considered does not depend on the foil thickness.

250
200 4

150 -

Counts/1.5 a.m.u.

100 -

50

0_"'A'I""I""I'"'I';-'-.'I'"'I""I""I""
140 150 160 170 180 190 200 210 220 230
(M, + M,), am.u.

Figure 3.12 Spectrum of sum of masseldl, + My from experiment Exp#2, for two registered
fragments for the gate similar to the “tail” 4 from Figure 3.10; spectrumb corresponds to the
“clean” opposite arm free from dispersion folil,c is the difference spectrum.

In the third experiment Exp#3 the separation of the ltglater partners of the
tripartition decay was achieved by scattering in a dispersileeand the blocking one
of the two fragments (scattered at a very small relativéeaig the collimators. We
observe again the bump in the sum spectruigf; = M, + My, confined within 180—
220 a.m.u. as shown in Figure 3.13.
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Figure 3.13 Spectrum of the sum of masses of two tdeted fragments obtained in the third

experiment Exp#3: from the arm facing the source beking (a); the same spectrum smoothed by
means of averaging of counts in three adjacent chasls (shifted up by 25 counts)h); the sum of

spectrum a and a complementary spectrum obtained in the secondrm of the spectrometer

(shifted up by 35 counts) €). The sums marked in the panels correspond to défent pairs of

magic nuclei (see text). The peak in spectrurb marked by arrow is due to the doublet of
“missing” "°%Ni fragments.

Spectruma corresponds to the arm facing the source backing, whichasct
scattering medium. The additional yield mass in the same raage as previously,
relative to binary events, amounts to 2.7°10he best mass resolution among our
experiments (<2.5 a.m.u.) was achieved in this case. Thiuésto the better
measurement of TOFs by the MCP detectors and the absenceagglisg in the
energy channel. Unfortunately, the spectrum suffers from $tatistics; this is
partially overcome by applying a simple averaging procedaréhe counts in three
adjacent channels (curt®. This procedure smoothes the background fluctuations and
produces two statistically reliable wide peaks in this spett marked by arrows
indicating “missing” "**Ni fragments and total masses of two registered fragment
amounting to 204-208 a.m.u., respectively. The symnadtithe two spectrometer
arms is reflected in the result that the spectausnd the complementary one obtained
in the second arm of the spectrometer depicted in Fig. 4rae cwive the same
result. The statistically significant regions centeredViaty = 204-212 a.m.u. are
marked by arrows in Figure 3.13.
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We note that the same effect of an enhanced vyield corresgptala missing
mass defined by a region M = My + My = 180-212 has been observed in the
three independent experiments described (in this chaptez)small variation of the
yields relative to the total binary events can be traced loaitletdifferent geometries.
Possible uncertainties of the effect yields referred from therarpnts at hand need
some comments. A statistical error in any case does not e2ce¥d At the same
time, a systematical component is hard to estimate. The ‘atimber of ternary
events per binary fission” is governed via multiple scatteangles by the mass—
energy—charge distribution of the ternary decay productsaunkin detail. Thus we
can only claim that the effect should not be less than*4&0binary fission.

3.4 Discussion of the results

The experimental observations will be interpreted as a calliternary decay
with three fragments of a similar mass, a decay whichffisreit than the previously
reported ternary fission, where the third light fragmgypically He or Be isotopes) is
emitted perpendicular to the axis spanned by the heasiprigragments [G6n05].
For a more detailed analysis, we come back to the resulnettin Exp#1. The
contour map of the two-dimensional mass-mass distribudltained by subtraction
of the “tail” (3) from the “tail” (4), already defined iRigure 3.10, is shown in Figure
3.14a.

This distribution shows the contour of the ternary nsdiss more clearly; it is
almost free from further experimental background origngatifrom scattered
fragments of the normal binary fission. Some featuresiefaD plot can be further
emphasized by a process, where a second derivative filterliscamp method which
is typically used in the search for peaks in gamma specte6[M Pya02] (see Figure
3.14b). The scale of the squares is defined in the itsdhis figure. The tops of the
peaks are found over certain linear sections gEMonst with intersections with the
discrete diagonal lines, as marked in Figure 3.14b; thegsmond to the total masses
Miota = const with values 204, 208 and 212 a.m.u., respectiVbabylisted peaks have
already been marked in Figure 3.13. Thus, the bump (7)iseeigure 3.10 and in
Figure 3.14a consists mainly of the three overlappingesdoriented along the lines
Miotal = CONSL.

From the observed mass spectra, we will have to consider aytdission
process with one heavier and two lighter fragments. Theimgianasses in the sum
spectra of the experiment Exp#1 suggest subsystemgpartibular masses. The same
mass values are observed as distinct peaks in Figure b8 Ekp#3); these are also
seen as ridges in Figure 3.14b. We note that from thes¢éheaghell closures [Wil76]
in proton and neutron number are decisive for the formatiadghe emitted subsystems.
In the Figure 3.14a the ridges obtained in the analysiBeotwo-dimensional mass-
mass distribution by applying the second derivative fidter marked by the dashed
lines to show positions of these ridges. As can be deduoedthe figure, the ridges
go through crossing points corresponding to differemlinations of two fragments
with “magic” nucleon numbers (marked by the dot-and-dasbws). These marked
points could be related to mass values with magic sulmgsteell-known from
binary fission [Wil76, Roc04] as follows: 204> "Ni + **Te or Ni + *%Sn
(“missing” *®Ca), 208— %%Ge +'%Sn and for My = 212 — %Ge +%n, ®Ni +
134Te or®Ni + *Ba.
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Figure 3.14 a) The figure depicts as a 2D-contour ap (My, versus M,) the difference between
the “tails” (3 and 4) of the events measured withite FOBOS-detector system shown in Figure
3.1; note the expanded scale for the lighter massafjments. Dashed lines tilted by 45° with
respect to the M, axis correspond to the fixed total mass of deteaeragments (see the text for
more details). Part b) is the same as a) but passéltrough a filter which emphasizes the two-
dimensional structures.
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It should be noted that the “missing” fragments excluding- Sn split are not
magic. The ridges discussed are crossed as well by the hatizimge (seen via
bunching of contour lines in Figure 3.14a), this effectlmatinked with the isotopes
88.70Ni, which are also magic [Roc04]. This observation wamidly that the detected
light fragment from the two {, L, fragments (see Figure 3.2b) is always a Ni isotope.
Due to the symmetry of the detector setup, namely to @bethat the two |, L,
fragments are always detected in coincidence with the same hegwyents, one
must also observe events with a “missing” Ni fragments T$indeed observed: the
peak corresponding to “missing” masses of 70 and 68 aiswell-seen in Figure
3.13 (curveb). Thus the different peaks in the “missing”-mass spectansistently
correspond all to the ternary decay scenario proposed.

Inspecting the lower part of Figure 3.14a, we observeoasgoump, which is
well bounded by the mass of the double magic nucled$Gaf. Further there is a
strong manifestation for the formation of the deformed m&dCe nucleus, which is
seen as two peaks (all in all 355 events ) in the upght corner of Figure 3.14a
(">"Ni / °°%Ce). Also a weak trace of a vertical ridge in the vicinitghe well-known
magic'*Bags nucleus should be noted.

Completing this section, we would like to stress that dbservation of
structures for the masses of the emitted fragments and‘ntiesing” masses
corresponding to known shells must be seen as a decisivemgin favor of the
physical origin of the effect of tripartition. No expesgmntal feature can emphasize
these mass values; the experiment does not “know” magic ersmibhe role of the
nuclear shells in the effect observed appears in analogykwitvn molecular-like
states in light alpha-cluster nuclei, which can also fetrongly deformed hyper-
deformed resonances. Recent theoretical studies of msiéclaccompanied fission
[Poe99] and binary clusterization of tfCf nucleus [Cse04] emphasize the role of
double magic nuclei 0f¥?Sn and*®Ca in these processes. One more strong argument
in favor of real physical origin of the effect follows frahe Figure 2.15 which shows
mass-mass distributions for increased number of emittedromsu rectangular
structures at masses 70 and 80 a.m.u. associated withrtipeare also observed only
in one spectrometer arm on the side of the source backing

3.5 Conclusions

The results presented in this chapter were obtained in tHierent
experiments and show that they are consistent with a hypetbhesi new type of
spontaneous decay, namely, collinear cluster tripartitidhe?>°Cf (sf).

The results also confirm the proposed kinematic schemehvetliowed one to
distinguish two CCT partners flying almost in the safimection: scattering processes
separate fragments in a small angular separation, and onbyf dmem is likely to be
registered. A “spatial discrimination” let us measure a masbeoflucky” fragment
correctly if it was faster then the lost one. If bottgfreents enter to the detector, only
the total energy is measured and we reject such event.

The experiments presented revealed a new area of the CCfestation in the
mass-mass distribution of the decay fragments. The praiyabiii this effect is
estimated to be not less than 431@ith respect to the normal binary fission.
Presumably, the ternary decay of nuclear molecules based on imagnc clusters
such as isotopes of Ni, Ge, Sn, Ba, Te gives rise to thetgbbserved.
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In our previous experiments we have got indicationarotinusual decay mode
of 2°%Cf (sf) which was treated as “collinear cluster tripartiticBo far experimental
manifestations of this decay channel were obtained irréimeef of the “missing mass”
method. It means that only two almost collinear fragtmewere detected in
coincidence and they were much smaller in total mass théal inucleus. It is
reasonable to suppose that “missing” mass correspondee tonass of undetected
fragment (or fragments) flying almost along a commondissxis bearing in mind
that two detected fragments prove to be almost collineas. r€Rults obtained in
previous experiments show that shell effects in the fragnmmaysa key role in the
process of interest.

In contrast to the “missing” mass method direct detectfomllalecay partners
is, of course, a more convincing approach and is the maa a the in-beam
experiment. This approach should be realized at a setugtofjranularity. Such kind
of spectrometer installed at the JYFL, Jyvaskyld, Finland et@sen to study the
reaction”®U+*He (40 MeV) as an example of “pure” fusion-fission reactféor. the
purpose of our experiment only light ion induced fisstan be considered. There are
three main reasons for that:

+ straightforward geometry of the setup whegioaiie << Margei

» full separation between beam and the fragments;

» the warranty that the observed effects are related to fisgsidmot any other
reaction channels.

At the same time the fissioning system should be as hegwysatble to have a
larger set of clustering configuration. Sint8U and *Th were the only suitable
targets available for us, the choice of the reaction ffth becomes quite obvious.
Among few light projectiles satisfying the conditions nieméd above, we have
decided to takéHe. The other good candidates would have been protoauteron,
but they produce much more activation of the experimemés, avhile*He has the
additional advantage of increasing the mass of the comdpaunleus. Moreover,
multiple manifestations of collinear tripartition were obéa in our previous
experiments only for the spontaneous fission >8Cf. Thus, the goal of this
experiment is to observe for the first time the collinear iclukter decay of middle
excited compound system 8¥Pu. Therewith a much higher FF rate in the beam
experiment would allow us to increase the statistical signifieanf the obtained
results.

4.1 Experimental setup

The experimental setup was assembled as a double arm TpEeEometer
and includes two arrays of PIN detectors with 19 elemeath ¢only 32 detectors
were under operation till the end of the experiment), M@P (micro-channel plate)-
based start detectors and a specially designed target holdere(Bid). Each PIN
diode provides both energy and timing “stop” signalsus both TOF-TOF (time of
flight) and TOF-E (energy) methods for measuring of a re&fission fragments (FF)
can be used.

61
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57 cm | 10cm | 57 cm |

19 PINs 19 PINs
array 1 BEAM array 2

Figure 4.1 Sketch of the experimental setup

The experimental setup was installed inside the Large Sogtt&hamber,
which has a diameter of about 1.5 m, thus it was p@ssiimprove the accuracy and
resolution of our measurements by increasing the basedbrrieasurements up to
the maximum possible distance of 57 cm. Two MCP-batsetidetectors were placed
at 5 cm from the point of intersection between the beam anthtget. This distance
allows installing the special target holder and in the siime “protects the MCPs
from accidental hits by ions from the beam.

The size of the individual PIN-diode is 3 x 3 %rthe depth of the depletion
zone is about 200m. The MCP aperture is 30 mm (the diameter of the entrance
window) and the thickness of the carbon converter foil dmésexceed 3Qug/cnt.
Uranium target consists of 99.99% BfU (the rest is”*>%*%) evaporated on a 50
nglenf thick Alb,Oz backing. Uranium spot has the diameter about 9 mm amd th

thickness of 17fg/cnt.

Figure 4.2 Special designed target holder and MCPart detectors i center of reaction
chamber
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A special designed target holder with two targets and tva fgds of 1 and 2
um thickness was installed at the central axis of the reactiamloér (Figure 4.2).
The construction of the target holder permits, by simliating it and without
opening the reaction chamber, to place a gold foil imtfraf one of the “start”
detectors. The gold foils serve as dispersion media tweasing the probability of
detecting two fragments in adjacent PIN’s which are flyanigjinally in almost the
same direction. Such events were observed in our previouriments. In the
working position the angle between the target and beam dinecti 60°. The
experimental setup was installed on the special suppuitiei the LSC. The overall
view of the spectrometer is shown in Figure 4.3.

Figure 4.3 View of the experimental setup inside reactio chamber. Only the right array of
PIN detectors is seen.

The K130 cyclotron at the Accelerator Laboratory of theiversity of
Jyvaskyla supplied thtHe-ion beam with energy 40 MeV. The beam was focused on
the target into a spot of 5 mm in diameter. The bealtimaters were 9 mm (first)
and 10 mm (second). The RF was 14.820 MHz what gives ns@iiterval between
bunches.

4.2 Stability of data parameters

To be sure that our results are significant and there drenyoartificial effects
created by variations in the electronics the stabiliteaéh E and T channels was
checked for all data. This was done by calculating the meaie a&ld the dispersion
of the data in spectrum. Whenever we had some doubts tigostability of the data,
we crosschecked it by fitting the spectrum with two Gaussadscalculating the fit
parameters. Bearing in mind that we had large amounts af tatspeed up the
process, we developed a special software perform automatizaigchecks of the
stability of parameters.
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4.2.1 Checking stability by mean value and dispersion of critical
spectra

In this method the spectrum for each 2000 events in detaidi collected and
the mean value and dispersion for this group of eventeiisy determined. After
processing all data the plots “Mean value versus group oft&vand “Dispersion
versus group of events” are created and the decision abougtiliysof the data is
concluded. The typical plots for one E-channel are present&igure 4.4 and Figure
4.5.
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Figure 4.4 “Mean E value” plot Figure 4.5 "Deviation of E" plot

In Figure 4.4 the mean value <E> and <E>t1, +2 and +3 stanidaidtions are
shown. As one can see from the graph, the data is sthbletetviations of the data
from the mean line are due to statistics. A similar edoce was done for all Eand T
channels. In case of instability the decision about necessitip the correction for
data was taken based on the stability check of the same dataydiieetlvo Gaussian
fit method presented below.

4.2.2 Checking stability by two Gaussians fit

If the mean value method discussed above reveals, for instanoeg
peculiarity in the plot “Mean value versus group of evensiich can be due to some
noise events, in order to improve the diagnostics fstability and, if necessary, to
make corrections to the raw data we developed a second nfiettstability checks.

The idea behind this method is the following: both speof T and E have a
form of two-humped distribution. The stability of dais checking by means of
controlling the peak positions for light and heavygfrents in spectrum. In that way a
spectrum for each 2000 events in data files is fitted lwy @aussians and positions
and areas of both peaks are determined. If the position ké pea the ratio of peak
areas are stable, than we conclude that the data is stable.

The procedure of checking the stability by two independerihods does not
reveal any big problems in data for both E-channels amthahnels for all PIN
detectors. The data for E-channel for all detectors are ctahpttable in a range of
30-40 channels (2from mean line), which correspond+al.14-1.52 MeV. For T-
channel we have full stability (¥2from mean line) in 15-20 channels (0.7-0.8 ns).
Thus no corrections were necessary and we could stadlitorate the T- and E-
channels and do subsequent data analysis.



4.3 Calibration of T-channels

Calibration of each time (T) channel consists in determinatidwo calibration
parameters for linear transformation from channel numbereaanoseconds. The
channel width of the time-to-digital converter was accuyatetermined with the help
of a precise time-calibrator “Ortec-462” and did not cdasi a problem.
Determination of the offset (TO) in time scale is a morédtd task. It was achieved
using calibration spectra provided by”4Cf spontaneous fission source. The basic
idea of the procedure used is to find such coefficienth@bthe spectra of calculated
quasi-masses (M and quasi-velocities for fission fragments?¥{Cf are consistent
with those known from the literature [Sch83]. The plasmaydim the time response
of the PIN diodes being included in the value of TO sua®ed to be the same for all
fission fragments detected in a particular PIN, or, ireotlords, the difference in
plasma delays for light and heavy fragments is ignofais approximation seems to
be of minor influence on the results due to rather ldightf paths used in the
experiment.

4.3.1 Procedure for determination TO

To find the offset TO for the linear transformation framannel numbers to
nanoseconds we developed a code which uses the MINUIT matiarizprocedure
from the CERN program library. The main idea for thecpture of determination of
TO is described below.

The formula for conversion of time from channels to nanosimn

TOF[ns] = (TOF[ch] + T 0) OdT/dk 4.1)

CoefficientsTO anddT/dk are parameters for the minimization procedureth&sfirst
approximation for our minimization procedure we KodT/dk determined from
procedure with time-calibrator. In our procedurecae fix the value of the parameter
or leave to be variable. We tried different comhbiones for obtaining the best results.
In the end we have found that unfixed values oapetersdT/dk are very closed to
that obtained with time-calibrator. The procedusets with some initial value for the
minimization parametef0 and determines velocities of FF:

Masses of fission fragments are calculated basedTOR-TOF method using
determined velocities:

1+£ (4.3)
V2
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M total

)
Vl

After processing of some amount of data the spemtraelocity and of mass are
created and the minimum of a criterion functiorb&ng looked for. The criterion
function looks like:

M, =

+a,[(<ML; >—=<ML, > +(<MH, >-<MH, > +
+(<ML; >- <ML, > +(<MH; >-<MH, >)]+
+a,[(<VL; > —<VL, >f +(<VH; > —<VH, >)* +
(<VL, >-<VL, >) +(<VH; >-<VH, >)]

(4.5)

whereq; are the coefficients which allow to regulate tbatcibution of different parts
into the criterion functionM+(i) andM(i) — normalized counts in channel numbér
literature and experimental spectrdyl> and /> are mean values for mass and
velocity, L andH — light and heavy FFs. Parameters with index “Thean values of
the peaks from literature spectra, parameters digit index — mean values of the
peaks from the experimental V ang; Bpectra for arms “1” and “2".

Using the minimization packet MINUIT [Min] the progm tries to minimize
the criterion function by varying input paramet& (for both arms). As output we
obtain the appropriate coefficients TO such that plosition of peaks for light and
heavy fission fragments in the mass and velocigcsp agree well with the literature
data and the spectrum for mass is similar to the @ken from [Sch83]. Such
procedure was repeated for all pairs of PIN diodes.

4.3.2 Modified procedure for determination of TO

In the process of data analysis it was found thatinfluence of energy loss of
fission fragments in foils of the start detectonsl & the source backing on the final
results can not be neglected. Evenugfcnt of carbon foil and 5@ug/cnt of Al,Os
backing may produce a distortion to our results. iA€an be inferred from a
comparison of the matrices presented in Figureedén thin absorbers can distort the
TKE-Mtt distributions if they were ignored in thalculation.

To take into account all absorbers and to precideline thicknesses of these
absorbers a modified procedure for determinationT0f was designed [Pya06a,
Pya07]. This procedure has two minimization cycles:

» an outer cycle for the calculation of the coeffiti&O;
e an inner cycle for the determination of values Viteamd M_emit before
degrader used as input values in the outer cycle.
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Figure 4.6 a) M;-TKE matrix of the FF's from 252Cf (sf) obtained when the absorbers were
disregarded in the time calibration. b) Similar matix when they were taken into account.

The outer cycle looks the same as the one in thmodified procedure for the
determination of TO and is processing the wholewaof data. In the inner cycle we
work with individual events and use the Nelder-Medgbrithm to determine proper
values of V and M before degrader, the so calledrivit and M_emit.

The Nelder-Mead method [Nel] is a simplex method fmding a local
minimum of a function of several variables. For tvariables, a simplex is a triangle,
and the method is a pattern search that companetidn values at the three vertices
of a triangle. The worst vertex, where f(x,y) isgest, is rejected and replaced with a
new vertex. A new triangle is formed and the seascttontinued. The process
generates a sequence of triangles (which might ddferent shapes), for which the
function values at the vertices get smaller andllsmarhe size of the triangles is
reduced and the coordinates of the minimum aredoun

The main steps of the inner minimization are:

1) takeTOFlg andTOR2e for arm 1 and 2 from the outer minimization cycle;

2) calculate the input values of V and M for the Nelt¥eead method:

e V(Q)=Vi-AV,

s V(2)=Vr,

« VQ)=Mr+AV,;

e M(1)=M1-AM;

e M(2)=Mr.

e M(3)=Mr+ AM,

where \t and My are table values for V and M fo¥CH.

3) using the energy loss procedure we calculate trerggnof FFs after

degrader (foils of MCP-start detector and souraxing);

4) once the energy after degrader is known, we cakeudle velocities of the

fragments after degrader;

5) calculate the current TOF valuEQ Ry, using the Nelder-Mead procedure;

6) minimize the criterion function:

F =(TOF1, -TOF1,, J +(TOF 2. -TOF 2, )’ (4.6)
As output from the inner minimization cycle we hgweper values of velocity and
mass before particles have lost their energy dtorafoils of MCP-start detectors and
source backing. These values are used for the mitémization cycle.

The My mass spectrum for the fission fragments’3Ef, obtained using this
algorithm is in a good agreement (see Figure 4i#f) aur reference spectrum taken
from [Sch83].
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Figure 4.7 Mtt mass spectra for the FF’s of°°Cf. Solid line is data from experiment, dashed line
presents data from [Sch83].

The table below summarizes the results of the prépee calibration using a
252Cf source.

Table 4.1 Parameters for V and Mtt spectra obtainedn proper time calibration compared to
published data.

All PIN Literature data

detectors [Whe63] [Kie92] [Sch83]
<V_.>, cm/ns 1.373+£0.005 1.375+0.007 1.36940.009

<Vy>, cm/ns 1.038+0.007 1.036+0.005 1.035%0.007

Parameter

o, , cmins 0.067 0.067 0.064

g, cmins 0.082 0.080 0.078
<M> amu.  108.61%0.41 108.39 108.55
<My> a.mu.  143.39+0.41 143.61 143.53
Oy, am.u. 7.03 6.72 7.16
Oy, am.u. 7.03 6.72 7.16

Here <\[_y>and <M, 4> denote mean velocities and meap alsses for the fission
fragments of light (L) and heavy (H) mass grougspectively,o, ~ando,, are

standard deviations of the respective distributighgeraging was done over all PIN
diodes.

We have as well applied another test proven todrg sensitive to the quality
of the data. The test deals with the manifestadiothe proton odd-even effect in the
mass yields. It is known that the FF’'s having aaremuclear charge number feature
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comparatively higher mass yield. In the TKE-Mtttdlsution obtained in the frame of
the TOF-TOF method the ridges of the enhanced yiefd-F masses are dominated
by fragments with even nuclear charge numbers [Blyabhis is illustrated as a
regular sequence of vertical ridges in the TKE-$fthce, see Figure 4.8.
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Figure 4.8 Fine structure of the Mtt-TKE matrix of the FF's from 25°Cf (sf).

The initial matrix (unsymmetrized) was processedapyplying a second derivative
filter, thus simultaneously testing the symmetrytbé mass distribution [Trz02]
obtained by the TOF-TOF method.

4.3.3 Determination of velocity in the multi-body decay

In the multi-body decay the position of the statattor plays a significant role
in the determination of velocity for all fragmenbs.the present setup the MCP-based
“start” detectors were placed at 51 mm from thgeata(Figure 4.1). In the multi-body
decay, the fastest of the fragments hitting thartSdetector gives the “start” signal
to be common for the corresponding arm. Conseqgeatily the velocity of this
fragment will be measured correctly. Others fragimetetected in the same arm get
shifted velocity values. True (emission) velocit@m be calculated according to the

formulae given in Table 4.2 wheM®™ andV®® are the experimental and the
emission velocities respectively. The choice ofphaper formula is controlled by the
time difference between the signals of start detscfthis parameter was also
measured in our experiment).
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Table 4.2 Corrections to the fragment velocities foternary events.
Variant Kinematical scheme of | Formula for calculation of the emission
Ne the decay mode velocity

2 fragments “B” and “C” formed in the
MCP detector fly in the same direction:

el

no correctionsi.e. Vgo® =Vge

2 fragments “B” and “C” were formed
in the target (fragment C is faster):

- 617

A B emis — .

2 } ----- <——¥<t -"-I Ve =866 51
c +

exp exp
VB VC

emis —_y 7 exp
VC _VC

2 fragments “B” and “C” were formed
in the MCP detector, but fly in opposite

directions:
A C B VBemis :VBexp;
3 } ''''' ‘-l—l\I—* - | - 66.8
¢ 7566 51
Vcexp 1 1

exp exp
VB VA

4.4 Energy calibration and reconstruction of the FF masses

Energy calibration and reconstruction of the magsthe FF is the most
important stage of data analysis, and this is ficdif and sophisticated task, if silicon
detectors are used for registration energy of i@re of the specific problems is the
necessity of taking into account the so-called gisight defect (PHD). A unified
parametric procedure was worked out for simultasedetermination of the real
fragment energy (i. e., including the PHD) and Mtass [Pya0O6a, Pya07]. Related
parameters were obtained by fitting the spectrungudisi-masses (Mte) to those
known from literature.

4.4.1 Pulse-height defect

The response of semiconductor detectors to fisBaygments is different than
that of light ions, such as protons and alpha gagi The pulse height of a heavy ion
is smaller than that of a light ion of the samergpeand the term PHD is used to
denote this phenomenon. PHD is commonly definethasdifference between the
energy of a heavy ion and that of an alpha partj@éding the same pulse height.
Investigation of PHD showed that its value R calsid three components and each
of them has a complicated dependence on the maasd\vthe kinetic energy E of
recorded ion:
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R=f(M,E)=R(M,E)+R,(M,E)+R,(M,E) @.7)

The quantityR; is due to energy losses in the entrance windoa détector.
The componenR; results from energy losses at elastic collisionth vatoms of
crystal lattice in a detector. The third quantyis connected with the electron-hole
recombination in plasma produced along an ion track

The difficulties connected with the evaluation eEombination losses and the
uncertainties in the widths of detector entrancedeivs make it necessary to
determine the valuB(M, E) for each given detector experimentally. The mostise
solution of the problem is to measure the deperelB(E) for every studied mass M
with a heavy ion accelerator. This technique iseaexpensive though. Therefore, the
detector calibration methods are usually based hmn dpplication of different
empirical expressions foR(M, E). The parameters of these expressions are
determined either from measurements only for ségetacted masses and energies or
from the parameters 61°Cf spontaneous fission fragment spectra.

At present the PHD for Si-detectors is usually dbsd within the framework
of the procedures proposed Bchmitt [Sch65], Kaufman [Kau74] and Ogihara
[Ogi86]. These techniques give satisfactory redoltshe detectors whose parameters
are close to those investigated in these origiraks/and in the range of heavy ion
masses and energies studied by these authorshén cdses the application of the
techniques may lead to visible errors.

In our data analysis we evolved an approach supempadhe calculation of both,
true energy and TOF-E mass of the fragment. Far thirpose we used a new
empirical PHD description for PIN diodes derived Bllgin and his colleagues
[Mul97].

4.4.2 Calibration of E-channels

There are two steps in the procedure of deducingcbFF energies. The first
one consists in energy calibration usingjines and precise amplitude generator, the
second one aims at taking the PHD into account.uBi@l equation for conversion of
channel number to registered energy of a particle i

E[MeV] = (E[ch]- E,[ch]) @E/dk, 4.8)
where E[ch| is the channel number in which the ion is regedeE[MeV] is the
energy of the ion deposited in the PIN. Both thalescoefficientdE/dk and the zero
shift value Eo[ch] were determined with the help of a high precigioise generator

PB-5 BNC (Berkeley Nucleonic Corporation) and natwualphas from?>°Cf (E, =
6.118 MeV) and from a standaftfRa calibration source (E= 4.781 MeV, 5.486
MeV, 6.000 MeV, 7.688 MeV).

During the experiment one block of ADCs was repladae to the fact that one
of the control signals in this block was no longesrking. Thus two independent
energy calibrations were done for two parts of ddiafore and after block
replacement.



72 In-beam experiment at JY

4.4.3 Reconstruction of FF masses

Reconstruction of the mass of the fission fragnmem difficult task due to the
influence of the pulse-height defect. The chanmehlmer of energy coder in which the
ion is registered depends on the energy of thear@hon the pulse-height defect. On
the other hand PHD depends on the mass and thickémergy of registered particle.
We used a specially developed procedure for cordbaadculations of true energy
and TOF-E mass of the fission fragment [Pya06aQPya

For the relation between the enery,, and the ion masM and the channel

number E, in which the ion was registered one can write
dE
Evev =(Ech_Eo)&+R(M Enev) s (4.9)

where R(M , E,,.,,) is the PDH for this ion. The scale coefficietf/dk and the zero
shift value E, were defined as discussed aboulgin proposed the following

empirical expression for the description of the P¥tue for PIN diodes [Mul97]:
AE

R(M,E =YV +aME,,., +PE
( MeV) 1+ ¢ Mev MeV ﬂ MeV (410)
M 2
wherel, ¢, a, f are parameters.
Taking into account that

MV 2
E, =—_ (4.11)

e 1,928

where mas$! and velocityV are expressed in MeV and cm/ns respectively, we ca
replacek,,,, in expressions (4.9) and (4.10) according to esgiom (4.11).

As a result a polynomial equation df ®rder for the determination of mass is
obtained:

F(M,{X}) =0, (4.12)
where{ X} ={a,,A,¢} is a vector of the parameters denoted above. Bouét.12)
should be solved in order to calculate the magh®fon using known values of the
ion velocityV and energyE, expressed in channels under the condition that the
vector{ X} is also known. The numerical components of vefd} suggested in
[Mul97] failed to reproduce Mte spectrum of the §Bbtained at our setup forCf

(sf).

In order to find a proper vector of parameters ecid iteration procedure was
applied. At first, an analytical solution of thepegssion (4.12) was obtained. This
means that a quasi-mass can be calculated in each @sing experimental values of
V and E,, on the one hand, and the current value of velckgr on the other hand.
Then a spectrum of quasi-masses can be collecird sgfficient sets of the initial
data. Varying the vector of parameters the procediies to minimize the criterion
functionF:

F=(<ML; >-<ML > +(<MH; >-<MH >) +
Y(M)=Y(M,)]? , (4.13)
uy [Y(M) =Y (M,)]
Y(M)
where< ML > and< MH > are the mean values of light and heavy peaks en th
experimental spectrum of ma¥¢M ). The index “T” denotes values taken from the
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spectrum known from the literature. The paramgtdefines a relative weight of the
components included in functidn

The reconstruction quality of the Mte masses protwetbe acceptable for all
PIN detectors. A comparison of the Mte mass spectior fission fragments from
252Cf (sf) from our experiment with the Mte mass speut taken from literature
[Wah88] is presented in Figure 4.9.
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Figure 4.9 Mte mass spectra for the FF's o*Cf. Solid line is data from experiment, dashed line
presents data from [Wah88].

Table 4.3 compares the parameters of the Mte spdntrPINs and the
corresponding values taken from [Wah88].

Table 4.3 Comparison of parameters for the reconstrcted Mte mass spectrum with literature

values.

Parameter All PIN detectors Literature data [Wah88]
<M >, a.m.u. 106.66+0.21 106.91
<My>, a.m.u. 141.19+0.48 141.46

Oy, ,amu. 6.0 5.8

Oy, am.u. 6.5 6.2

Here the averaging for calculation of mean valugls><and <M,> was done over all
PIN diodes.

Another sensitive test of the quality of calculatiof the Mtt and Mte masses is
presented in Figure 4.10. The mean value of Mtest(futron experimental mass)
was calculated for each Mtv(Mtt) slot, where the mean number of emitted nendro
v(Mtt) is known from the literature [Bud88]. The dations of the experimental
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points in the regions of low mass yields from thgexted diagonal line can have
physical as well as methodical base and it is undagent analysis.
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Figure 4.10 The plot <M> versus M;-v. Solid circles are presented data for the spectroater
arm 1, open circles are data for the spectrometerren 2.

It should be stressed that both time and energpratibn related parameters
were obtained by fitting the spectrum of quasi-reasdVtt or Mte) to those known
from literature. In the calculation of the TO cadeiffints also the peak positions in the
measured spectra for the velocity were adjustddei@ture data. Thus in both T and
E channels, just known Mtt and Mte mass spectratlaaanean values of velocity for
FFs insensitive to peculiarities of the set up wesed as standards for calibrations.
This allows us to be sure that each of the 32 tateevas carefully calibrated with
respect to T and E [Pya0O6a, Pya07]. The Mte masstspfor the FF's from the
reaction”>®U+*He are presented in Figure 4.11.

The mean value obtained for the total mass is 28tm/u. Contrary to our result,
the expected value due to the known mean numbemitted neutrons;,; [Col61,
Rub01] is around 236 a.m.u. Thus the spectrum efMie masses (Figure 4.11) is
presumably shifted to lower masses by approximaedym.u. A systematic shift of
400 ps in the TOF reading in each arm of the spawter would be sufficient to
cause the mass shift observed. A possible reasdhdshift in the TOF measurement
compared with the calibration using the Cf souraeld be the bulk of delta electrons
emanating from the target during beam bursts. &ffext is well known to influence
MCP based start detectors [Kon].
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Figure 4.11 Spectrum of the Mte masses of the fissi fragments originated from the reaction
Z8J+He (40 MeV).

Figure 4.12(a) illustrates the correlation betwega masses for events with a
multiplicity three of detected fragments. By contien, the fragments in each ternary
event have been re-sorted in order of decreasaggrient mass number. Namely, Ma
denotes the heaviest mass, Mb the next lighter am&,Mc the lightest mass in the
triplet. Only two among the three fragments detatethose events are depicted in
the scatter plot of Figure 4.12a. No additionalrgatvas used. A pronounced vertical
line marked by the arrow is suggested to corresgorttie deformed magic nucleus
%3y, If so, the width of this mass peak on the Féghil2b does not exceed 2.5 a.m.u.
This value is in fair agreement with the energyhatson measured earlier at the mass
separator Lohengrin for the PINs used in our expenit [Spi92].
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Figure 4.12 a) Mass-mass distribution of fragmentin ternary fission of 2*2Pu’. b) Projection
onto Ma axis of the events below the white line i(a)
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4.5 Experimental results

The analysis of the experimental data we collettqaesented below. We tried
to reveal the main possible sources of false eyariieh could be detected as events
of the effect under study. An analysis of detedtgie events is carried out and one
group of interesting points in mass-mass plot engred in detail.

4.5.1 Possible sources of false events

The main purpose of our experiment was the seanchafe multi-body decays
of the **Pu compound nucleus. Due to the geometry of thepsesed (Figure 4.1)
only decays with almost collinear kinematics of tleeay partners can be studied. Let
us analyze the main reasons for events with anremestal multiplicity> 3 (i.e. at
least three fragments were detected in coincidence)

At first it can be that two binary fission evenfspaar to occur during one beam
bunch. The probability of simultaneous registratidriour fragments in this case can
be estimated using Figure 4.13. The momentum biigton for the FF's from
common binary fission is peaked at a momentum df35 cma.m.u./ns (Figure
4.13a), while the coordinates of the center ofitices marked by the arrows in Figure
4.13b are twice as large. Due to this fact randeinoidences of two pairs of the
fission fragments in one bunch appear with a pritibab- 6-10°. If one of four
fragments is not registered, the observed tripledoan coincidences rate has
increased probability of up to 216°.
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Figure 4.13 a) Momenta of the coincident fragment&r multiplicity two. b) Similar plot for
multiplicity four. Arrows mark the events linked wi th random coincidence of four FF’'s from
two binary fissions in one bunch.
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Along with random coincidences inside one bunchhguassibility exists also
for events in adjacent bunches as can be infermad Figure 4.14. Here, the energy
measured in the PIN diodes (Ep) is plotted verbestime-of-flight (TOF) in one of
the spectrometer arms (1), for events with muttipli two. The locus of normal
binary fission events is marked by number 1. Beaitnmind that each “start” signal
opens a time gate of ~ 200 ns for event registatim additional beam bunches (2
and 3 in Figure 4.14) hit the target during thimei The ratio between the events
contained in locus 2 and those in locus 1 is abhBtl0°. Evidently random
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coincidences related to the events in loci 2 amdr8 easily be rejected. The next set
of points to be discussed is marked by number i.libked with light ions scattered
off by the beam particles from the backing materddl the target (masses
corresponded to these events are equal to 27 (@mmiand 16 (oxygen).). Locus 5
is of the same origin but is generated in the previbeam bunch: if we subtract from
the time for these events ~68 ns (the interval beiwbunches), then we obtained the
picture equivalent to group 4. It should be noteat ive use TOF-E method and thus
we determine the real mass of fragment. Both,dbe4 and 5, are responsible for the
major part of the random triple coincidences. le tipper part of the loci under
discussion a specific set of points, marked by neméh is worthwhile to note. Alpha-
particles from the beam scattered at approxim&8iyon the target are responsible
for this structure. When they penetrate the PINle#othey deposit only part of their
initial energy of ~ 30 MeV due to insufficient daptf the depletion layers. The total
yield of events in loci 5 and 6 is about -1@* compared with locus 1. It should be
stressed that occasionally locus 6 superimposesthenposition of a-particles
originating from conventional ternary fission anolgy emission. The “tail” marked
with number 7 is predominantly connected with tregments being scattered on the
diaphragm in front of the PIN diodes. For thesenévenve have almost correct
velocity and incorrect energy (less, then it is farmal fragments). It means that
fragments are scattered close to stop detector,prebably on the diaphragm in front
of PIN array. Here, the relative yield is about-B3. The events in locus 8 are
related with pile up in the energy channel, wittelative probability ~ 2.0°.
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Figure 4.14 Energies Ep measured in the PIN diodex one of the spectrometer arms (1) versus
time-of-flight (TOF), for events registered with mutiplicity two. The different groups of events
marked by numbers 1-9 are discussed in the text.
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Finally, the main part of the points marked by nem® (relative yield is about
10°) is due to an incorrect measuring of fragment TQBlculations show that if
there is head collision, then fission fragment kaack out the ion from the backing
or conversion foil and the velocity of this ion ile greater than the fission fragment
velocity. Later on, if the mutual angle betweergfreent and ion is less than aperture
of one detector, then these two particles will comthe same detector. We will have
incorrect velocity for registered fragment (greatezn it should be) and almost right
energy as we see in Figure 4.14.

4.5.2 Analysis of ternary events
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Figure 4.15 a) TOF versus energy detected in PINfohe lightest fragment in each ternary
event. b)The same under condition that a total massf all three fragments detected does not
exceed 250 a.m.u.



Analysis showed that the main part of the triplergs detected are due to the
random coincidences of the FF originated from catigeal binary fission with both
scattered-particles from the beam and ions of oxygen andnadum knocked from
the target backing by the beam particles. Suchtevferm pronounced loci in Figure
4.15a (marked by the arrows).

Both loci (1 and 2) are of the same nature butiaked with adjacent bunches.
For the sake of convenience the fragments in esdaty event were resorted in order
of decreasing of fragment mass namely Ma to béh&awiest one and so on. A long
locus in the upper part of Figure 4.15a should xdueled from further analysis. It
follows from Figure 4.15b were gating Ms<250 a.mvas used. Thus only the events
in the window w1 will be analyzed below. Their gdjion onto Mc axis is shown in
Figure 4.16. As it can be seen from the spectriarathhas are excluded from further
analysis due to the choice of window w1.

20
12

15 -
(2]
"g‘ 4
3 104 10
o 4

6
5 - 8
. ks
AL R L AL AL L R L L LR I L LR L R LR R L L L |
0 5 10 15 20 25 30 35 40

Mc (a.m.u.)

Figure 4.16 Spectrum Y(Mc) for the events includedh window w1 in Figure 4.15a. Each channel
on the mass axis corresponds to 0.5 a.m.u. The nuers above the peaks correspond to their
centers.

For the search for unusual events Figure 4.17ausad. Here a difference in
time when “start” detectors were hited by the fragts flying apart is plotted on
vertical axis. This time is known to be approxinhafgoportional to mass ratio of the
fission fragments from binary fission.
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Figure 4.17 a) Time-of-flight versus time betweenstart” signals for the events gated by the
window w1 (Figure 4.15a). b) Mass-mass distributiofior the events selected using condition
wl&w?2.

The grouping of the points at Figure 4.17 attractsattention. Corresponding groups
are marked in the figure by contours w2-w4. Theo$atvents w2 for instance, looks
like some distinct families of points (marked as-w® in Figure 4.17b) on Ma-Mb
plane. The pair of magic fragments whose total masequal to the mass of
compound nucleus (242 a.m.u.) “starts” each farilg. have analyzed them event by
event. The corresponding results are presentedhies 4.4+4.9 below.
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Table 4.4 Information which was taken into accountt derivation of the decay scheme for each
triple event analyzed (example for an event from tb family w5 in Figure 4.17b).

point parameter value
No parameter common fragment decay scheme
A B C | D

PIN number 205 111 208 -
M, am.u 1274 107.8 10.8 *He | ,, 10 .
V, cmins 0.867 122 2 S +1%Mo +°He

4 |EnMeV 49.9 | 835| 226 i _ Mmissing
Parmy, a.U. 131.6 l L4e,
Parmp a.U. 132.3 2C from "start” detector
Msum @.m.u. 246.1
Masg, @.M.U. 235.2

The following notations are used in Table 4.4 abdach column A, B, C, D
(in order of decreasing of fragment mass) involpasameters of specific fragment.
PIN number lets one to know which PIN diode wasdhé&nd in which arm. M, V,E
are, respectively, FF mass, velocity and true gndeposited in PIN diode (pulse-
height defect was taken into account)P ;are the total momentum of the fragments
detected in a corresponding armg,Mis the total mass of all fragments detected in
this event. Mg is the total mass of two heaviest fragmentgy B the mass of third
fragment calculated using mass conservation lawewnrntle condition that the
reference mass of the decaying system has to ba.g48. (the number of prescission
neutrons emitted in a specific event is unknown).

For the event under discussion the following arguih&ere taken into account
in order to restore the most reasonable decay sh#at could provide the
parameters observed in the experiment. For thiegmfents the conservation law of
the momentum measured is met very well. At the siaime the total mass My is too
large even when compared with the maximal possitdss of the decaying system
(242 a.m.u.). One can assume that the fragmentulti die a Carbon ion knocked
from the MCP detector foil. It is known from thebla 4.4 that fragments A and C fly
in the same direction (for both fragments the nusiloé PINs start from “2”). Using
the Rutherford formula for elastic scattering oriams that the energy of C-ion
scattered at zero angle with respect to the velaeittor of fragment A having energy
En' = B a + B c should be 22.72 MeV. This agrees well with theegikpental value
22.6 MeV from Table 4.4. Experimental values of seasof the fragments A and B
are very close to the masses of known magic n&®n and'°®Mo respectively. It is
believed that just these nuclides are the decatngrar Conservation of nuclear
charge and mass requires that the third fragmemth ®s°He, should exist by
composition. It can be as wélle and two neutrons or’Bi and so on.

Table 4.5 Summary on Sn/Ru mode (gate w5 in Figuse17b).
505Ne2 (B2 ~ 0, “G' ", “G") / 44RUnyed=69.1(B2 ~ 0.55,"C" ")
Point number Decay scheme
151 +™Ru - binary fission
1 4
°Be from "start” detector
1305n +™Ru - binary fission

12C from "start” detector
151 +™Ru - binary fission

|
¢ from "start” detector
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2850 +1%Mo +°He
l missing
4 | ——
l 14q,
2C from "start” detector
290 +3H + n+ Nb +°Lj
5 missing
13OSn llZRu
12%Sn +19%7r 2 + ®He +°He
T m |_ssmg
113Ru
12%cd + *He + ®Be +%%zr
2 missing
13OSn 112Ru

The upper line of Tables 4.5+4.9 provides the imf@tion concerning
deformations and nucleon compositions of the shlislved while capital letters in

the brackets correspond to the shell minima lociiWil76]. Unchanged charge

density (4.9 hypothesis was used for calculation, for instamember of neutrons in

the nucleus with magic number of protomRRnucd=69.9 @and vice versa. The fragment
whose mass was corrected according the formulae3Zrom Table 4.2 is marked by
the corresponding number (for instant&zr 2)). Bold symbols in the decay schemes

correspond to really detected fragments.

Table 4.6 Summary on Cd/Pd mode (gate w6 in Figur£.17b).

48C0Nucd=75.4(32 ~ 0.8, “K" ") / 46POnuca=72 (2 ~ 0.8, *K" ")

Point number

Decay scheme

8

124cd + ™%d - binary fission

12C from "start” detector

12%cd + ™%d - binary fission

°Be from "start” detector

10

lZZA\g + 122Ag

¢ from "start” detector

11

o 7+ C + 2n+ Tpd
missing

12

122cd +2n + ®Pd - binary fission

l missing
2C from "start” detector

13

2Cd +*He +™Ru +n

missing

14

1270y 120pq
8L

15

119Pd + lll-l-C + 1ZB 3)




(@8]

Table 4.7 Summary on Te/Mo mode (gate w7 in Figur&.17b).

zued=521 €8 (

B2 ~ 0, “G") / zuca=4M0es (B2 ~ 0.58, *C”)

Point number

Decay scheme

16

13%Te + Mo - binary fission

2C from "start” detector

17

¥2Sn +2p+2n+*sr? +*Be
missing*He)

1347¢ 5o

18

¥9Te +1%Zr + *He
l missing

2C from "start” detector

19

280 + BLi + Be + TSr
l missing

!
| WTe o

12C from "start” detector

20

185N +°He + O + L
missing

I

Table 4.8 Summary on Ba/Sr mode (gate w8 in Figu#.17b).
zucd=56338s (B2 ~ 0.65, "H")/ 38SInucd=s0 (B2 ~ 0.38, “B" ")

Point number

Decay scheme

B3 +%se +%Be

l missing
21 | —

! sgy

12C from "start” detector

144Ba+ 3H + 7LI 3)+ BSSe
2 |\ o8gy

147La

144-Ba +QBe 3)+ Bgse

23 | s
98Sr

B3 +%se +%Be

l missing
24 | —

I %8G,

0 from "start” detector

Table 4.9 Some comments to the tables 4.6 and 4.8.

all 3 fragments were detected in the events below
Event Decay scheme Comments
number
Molecule after scission There are no shifts in the FF's velocities, thiee(s
S scheme 1 in Table 4.8)e was born at the MCP
13 22cd + ®*He +™Ru detector due to the decay of the moled&ied + *He in

inelastic scattering on the carbon foil.
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14

lZOAg + 2H + 6He+ 114Ru

172 2pg

There are no shifts in the FF’s velocities, thLiswas
born at the MCP detector. Namely, in the scissiointp
the decaying system consisted of two clusterizedenu
of Pd. After scission thE°Ag nucleus andhe molecule
8Li+ M Ru fly apart. The latter decays due to inelastic
interaction with the nucleus of the converting.fdihe
decay products continue to fly in the same directio

15

Scheme 3 from Table 4.2 was used in the recongirug
of the decay scheme; thtf8 was born at the MCP
detector in a two stage process:

1. € *%d - Bcd > immediately after scission;

1
2. € B - ™MT¢c> after inelastic scattering 6Cd on
the carbon foil of MCP detector.

22

Also two stage process presumably took place:
1.%*Ba +%5r to be clusterized as
®H +Li + ®®Se in the scission point;
144Ba + 3H form molecule to be equal by compositio
to *“’La, which was really detected.
"Li + %se form also molecule till the 2-nd stage:
2. inelastic scattering of the latter on the carfmh
&Li -¥se> (partners fly apart)

23

1. € ™Ba- %gr > after scission;
2. ¢ *Be- ¥se> after inelastic scattering 81Sr on the
carbon foil of the MCP detector

We observe here some distinct “families” of evdrdsed on two magic clusters
each: Sn/Ru, Cd/Pd, Te/Mo, Ba/Sr. Experimental asmlaf masses of the detected
clusters prove to be unshifted or in other wordee@gwith calibration obtained at
252t (sf) source i.e. without beam. At the same tithe FF's masses for the
conventional binary fission (evidently prompt) aréttle bit shifted, likely due to the
influence of the beam on the MCP based detectaich 8ifference can be understood
if the ternary events analyzed above originate ftbendecays of isomeric states of Pu
isotopes [Pol70], the decays to be delayed by thwiture thus appearing
predominantly between the bunches.

Analyzing the decay schemes presented in the tdlaslble 4.5 +~ Table 4.8 one
can notice the following general rule. Each initidlster clusterises during an
elongation of the fissioning system (secondarytehization) forming lighter magic
cluster and at least one light particle. The meidmnseems to be close to this
standing behind a well known lkeda rule [Ike88]rubture of prepared in such a way
the multi-component system can occur along anyweéal boundaries (the points of
contacts of prefragments in the nuclear chainhefriuclei involved (see, for instance,
events 13, 22 from the Table 4.9). Some light elisstremained from the secondary
clusterization, may be captured into heavier nielsee event 14 from the Table 4.9)

After scission, the disintegration of such at ledshuclear “molecule” can
appear to occur via inelastic scattering on thgetabacking or carbon foil of the
“start” detector.It should be stressethat we deal with long lived bounded states
bearing in mind a typical time-of-flight (~ 5 nsgtiveen the target and the “start”
detector where the decay of a molecule has happseedrable 4.9).

At the moment it must not be ruled out that thexdey decays observed are of
the same nature as the known “polar emissiont-pérticles and protons [Pia79].



4.6 Conclusions to in-beam experiment

The experiment described in this chapter is the thed we could do with our
available equipment, know-how, and software toolsdata analysis. A lot of care
was taken on each step of this work: from the pleiof the measurement to error
analysis. For instance, a unified parametric pracedor simultaneous determination
of the real fragment energy andeiMhass was worked out and several other dedicated
computer programs were written.

The main goal of the experiment was to detect angdeply identify all charged
particles resulting from a possible multi-body defram the heavy nucleus created in
the reactior®U + “He (40MeV). From the total of 56289 events with tiplicity of
3 or higher, we have identified 35 events thatlkanematically consistent with the
proposed new hypothesis of a multi-fragmentation tllé compound nucleus.
Regrettably, with the current setup we were noedbl exclude completely the
possibility that some of the observed events oaiginfrom random coincidences or
from other instrumental effects. In addition to igorous analysis, the strongest
argument we have against a non-physical origin hef bbserved effect is the
consistent grouping of the suspected multi-decagrfrents around the magic number
corresponding to known nuclear clusters.

Therefore, although the final proof for the existenof multi-partition of
fissioning nuclei has eluded us, we would like togmse a possible scenario of such
phenomenon that is fully consistent with our datd,ao our knowledge, does not
contradict the current theoretical understanding noclear matter. With those
clarifications, the assumed evolution of the figsiigg system could look like it is
shown below:

134Te %8\o  In the reactiof*®U + “He (40MeV) a shape-
isomer (presumably one of Pu isotopes) is
built on a pair of magic nuclei (clusters).
18414 108\ E . o .
volving towards the scission point the
/\ /\ elongated configuration would lead to
He lOBe ~ 988r possible secondary clusterizations as shown
P on the picture. This mechanism would
® ; generate not only heavy but also lighter
magic nuclei such &$ie or'°Be.

Scission leads to the formation of relatively
O :> weakly bound but sufficiently long lived
<j “nuclear molecules” (or isomers) build on a
magic nucleus and a light cluster.
— Disintegration of such a molecule can

—O O happen spontaneously or be triggered, for
1 instance, by inelastic scattering in the target
C (U on C backing) or on the carbon foil of
“ the “start” detector.
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Assuming the above scenario is correct, we havatifikl several distinct
“families” of events each based on a pair of magissters: Sn/Ru, Cd/Pd, Te/Mo,
Ba/Sr. To go much beyond that statement, that agress from the self-consistent
hypothesis to the experimental certainty, an impdovmeasurement must be
performed.

As the starting point of the proposed decay modetequire the formation of a
shape isomer of Pu. Therefore, it would be higldgible to incorporate to the next
run the beam timing information that would allowasaring the timing of the event
with the respect to the cyclotron Radio Frequengga (RF). The cyclotron beam is
not uniform in time but is bunched into short bsrstith the width of 1-3 ns
depending on the quality of the cyclotron tuningeTbeam bursts are followed by a
relatively long pause with no beam. In our caseléhgth of the full beam cycle was
67 ns. If the lifetime of such a shape isomersassexpected, at least several ns, the
proposed decay will be visible also in the off-beaeniods where the background due
to the beam is significantly lower. The improvedeet to background ratio for
delayed decays will provide the missing proof fog torrectness of our assumptions.

The second important improvement would be to irsgethe granularity of
fragment detectors. The arrays of 3 by 3 cm silid®iN diodes used in our
measurement are not optimal for detection of twarged particles traveling on close
trajectories. Smaller detectors would significarglyhance the total efficiency of the
setup to register multi-fragment events of the tgescribed above. Without these
improvements the data collected in the present rexpeat is not sufficient for
formulating and proving the complete physical moafethe proposed exotic multi-
body decay, but it provided us with sufficient infation to propose a new
hypothesis for the origin of such phenomenon.



Summary to Part 1

The first part of my thesis is devoted to the seaned study of unusual multi-
body decays in fission of actinides. The key-poivitghis research work are listed
below.

. All in all five successive and independent experiteewere performed and
analyzed in two research laboratories, each tinregudifferent measurement
techniques:
> Experiment with®%Cf(sf) at the FOBOS setup at the Flerov Laboratafry

Nuclear Reactions (JINR, Dubna, Russia).

> Experiment with®®Cf(sf) with the modified FOBOS setup surrounded by
an array of neutron detectors (JINR, Dubna, Russia)

> The first JYFL experiment with*°Cf(sf) involving one MCP detector and
two PIN diodes mounted in the Small Experimentahi@her.

> The second°Cf(sf) run at JYFL with 4 MCP detectors and 2 Pliddgs
installed inside the Large Scattering Chamber.

> In-beam experiment at JYFL using the reactidty + “He (40MeV). The
setup included 38 PIN diodes, 2 MCP detectors,thadongest TOF path
possible inside of the LSC.

. One of the main reasons for including differentepental techniques was to
minimize the possibility of systematic errors andtiumental artifacts that may
be mistaken for real events.

. In parallel to the improvements in the detectougetnd electronics, a lot of
work went into perfection of the tools for data lgses. This work consisted in
the writing of thousands of lines of dedicated catep codes in FORTRAN, C
and C++. | have developed and implemented:

v" An improved procedure for the reconstruction of ki fragment mass in
the case of high energy losses in the entrance omindf ionization
chamber of FOBOS module.

v" A unified parametric procedure for simultaneousedetnation of the M
mass and of the real fragment energy with TOF + ditéctors.

v A time calibration procedure which accounts for ttiickness of all
absorbers and the corresponding energy losses.

v" Encoding and sorting of Gigabytes of raw data olewiwith different data
acquisition systems.

v' Checking the data stability by monitoring the mealue and the dispersion
of all critical parameters in the spectra.

v" Hardware specific TOF and E calibrations making.

v' Extraction of the relevant physical parameters ftbminitial subset of the
total data.

v" Resorting and the final analysis of the full data.

v" Monte Carlo simulations.

In all our experiments we have searched for alroollinear multi-body decays.
After careful analysis following each experiment were left with a small group of
events that may be interpreted as registered ptodidica multi-fragmentation of the
fissioning nuclei. The strongest argument in fagbisuch a bold interpretation is a
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Summary to Part

clear and strong correlation of the measured maasssciated with these irregular
events with the magic numbers expected from thstatization of the fissioning
nucleus. For the moment we are not ready to propuse or less detailed scenarios
of the decays revealed.

In our experiments we have observed for the fimetfour different groups of

the collinear cluster multi-body decays. They aalized with different probabilities
but invariably linked with magic nuclei as the dggpartners.

The first and the most pronounced group was redeate the two-
dimensional bump lying below the locus of convemibbinary fission on
the fragment mass-mass distribution (Figure 3.1@ue 3.14). The events
of this group were observed only in one of the speeeter arm: the one
from the side of the source (target) backing. Tn@up was reproduced all in
all in five experiments using both MCP based arslfgied detectors at very
close level of yields> 4-10° per binary fission. A strong argument in favor
of physical nature (not methodical artifact) of tledfect is that it is
reproduced using neutron multiplicity gating andwh an increased neutron
yield in comparison with binary fission (Figure 2)1 Moreover, the
rectangular structures at masses 70 and 80 a.ssaciated with the bump
are also observed only in one spectrometer arm frarside of the source
backing.

The second group manifests itself via a regularsymimetric relative to the
spectrometer arms structure (rectangle). This tstrecis lying on the
diagonal of the mass-mass plot of coincident fragséar below the loci of
binary fission events (Figure 2.18). The inferianit of its yield is about 1®
per binary fission. The registered fragments of grioup meet momentum
conservation law. The group is characterized bittle bit higher neutron
multiplicity in comparison with conventional binafigsion. This group was
reproduced in three different experiments usingfijasl detectors including
recent experiment at the IBR-2 reactor (JINR, DuyliRassia) dedicated to
the reactiorf>2U(n,f) [KamO07].

The third group produces regular structures whidokl like tilted
M1+M2=const lines or M=const lines (Figure 3.8 drigure 3.9) in the
fragment mass-mass plot. Both types of lines anketi with magic
fragments actually detected or “missed”. The yifithese peculiar events is
> 10* per binary fission. It should be stressed the higability of the
M1+M2=const line structures against the hypothesitheir random nature:
the masses involved were measured independentiyoirspectrometer arms
but demonstrate strong correlation thus havingr gagsical sense.

The fourth group was observed in the reactifd+*He (40MeV). Thanks to
the high granularity of the detectors three padmdithe decay were detected
in this case. At least one of them was the magateus; another one was the
light ion. Analyzing the data we came to the cosido that the initial
nuclear molecule originated from fission and caesisn the magic cluster
and the light ion is disintegrated in the inelastiteraction with the foil of
the start detector (section 4.6). Experimentaldyisfl the group is 10° per
binary fission. Seemingly, this group corresportdkriown polar emission of
light particles.
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The wide range of experimentally observed yieldscoflinear multi-body
decays searched needs additional comment. We ide With the whole family of
the multi-body decays, which are lying in the rafirgen “polar emission” up to “true
ternary fission” in known terms. All observed decgsoups demonstrate almost
collinear kinematics of the decay products but edéht yields. It is absolutely
expected, reminding, for instance, the wide rarfgerababilities of emitting different
light ions in conventional ternary fission.

The next comment concerns the repeatability ofoteerved structures. There
are some gaps in this point. For instance, in #peement dedicated to tH&U+*He
reaction we observed only blurry and weak tracegrolup number one. The other
example is that we have failed to reproduce therskgroup in the experiments
where MCP based “start” detectors were used. Fontbment we have not adequate
scenario of the process (or processes) under sttt is why changes in
experimental setup from experiment to experimeneofgetry, thresholds of
electronics, logic of data acquisition system) banmeaningful but uncontrolled. To
get further in the understanding of the physicatiamism of the collinear cluster
multi-body decay, more experiments and better #tésal understanding are needed.

In our experiment dedicated to the reactfdfu+*He (40MeV) an additional
motivation for further study of collinear multi-bpdiecays was found. One of the
possible explanations of the origin for the ternawments observed is the hypothesis
that we deal with multi-body decays of some shapeers of Pu isotopes. To be able
to prove or refute the hypothesis about shape-isewe need to perform a new,
improved measurement. In the next experiment weédctake advantage of the fact
that the isomeric states of Pu isotopes have tifdiviss permitting their detection
between bunches of beam that is in conditions stittstantially reduced background.



Conclusions to Part 1

Conclusions below sum up the results of the fiest pf the thesis:

The five experiments described have revealed farsigtent groups of
events manifested themselves via different strestur fragment mass-mass
distributions.

Events in these groups can not be explained ndithexperimental artifacts
nor by traditional binary-like fission.

Measured masses of fission fragments in registeneshts for all four
groups have invariable link with magic numbers.

These groups have reasonable interpretation asaiul of the new effect
of collinear cluster multi-body decays.

The experimentally determined probabilities for etved groups lie in the
range of 10 + 4-10° per binary fission depending on the group.

Due to crucial changes in the experimental setupm fexperiment to
experiment some real events were cut off by expartal conditions. Thus
some structures associated with collinear clustatti#nody decays that
were obtained in one experiment failed to be reagkain the other
experiment.

Additional efforts in both experiment and theorye aneeded for better
understanding of the physical mechanism of collindaster multi-body
decays.

The aim of the first part of my thesis was to stedllinear multi-body decays of low
excited nuclear systems with creation of massivel tharticle when at least one of
the fragments is the magic nucleus. This new typeéezays was explored in the
thesis for the first time. An indication of existenof the effect via definite structures
in mass-mass distributions of fission fragments wolatsined as well for the first time.
Nevertheless, formulation of the complete physioaldel of collinear cluster multi-

body decays requires additional theoretical studies carrying out new improved
experiments.
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Part 2

Energy distribution of
ternary alpha particles






5 Measurement of the full energy distribution of
ternary a-particles in 2Cf(sf)

Alpha particles are the most abundant particlegeinary fission. The energy
distribution of these particles frofr°Cf(sf), the most often studied spontaneous
fissioning nucleus, has been investigated by séwgm@ps. From the survey of
literature it is clearly seen that this distributibas a deviation from the Gaussian
shape at low-energy side. However, the experimetatd are often truncated by the
detection levels. We tried to realize dedicatedeexpental conditions to study the
full energy distribution and especially to meastire low part of energy spectra for
ternarya-particles fronf>:Cf(sf).

A new, significantly improved experiment has beemfgrmed at JYFL. We
applied time-of-flight and coincidence techniquesfully separatexr-particles from
the background and from the neighbouring isotopes. measuring the energy of
ternary particles we used an array of silicon detsc No protection foils were in
front of the semiconductor detectors. Due to thac@mnent of ternary particle
detectors at right angle with respect to fissicegfnent direction the experimental
setup register mainly so-called equatorial paricleherefore, to be able to compare
our results with data from other experiments weehapplied a small correction (with
the aid of the GEANT4 code from CERN) to the enedgpendence of the angular
distribution of ternaryo-particles with respect to fission fragments. Watlhr new
experimental approach the energy distributionugfarticles from ternary decay of
252Cf was, for the first time, measured down to 1 MéVthe obtained spectrum of
“He the excess in the yield as compared to a Gaushipe is observed at energies
below 9 MeV. This observation agrees with the réceaasurement by Tishchenko
[TisO2]. However, the earlier data published by &lawd [Lov74] exceed the low-
energy yield of ternarg-particles by up to a factor of two. The energycspen of
®He was also analysed, in spite of weak statistios] the yield ratidHe/He was
deduced.

5.1 Motivation

The ternary fission process was discovered in408e bf the last century. Since
that time there have been numerous experimentstedwo measurement of the
energy distribution of the ternary particles, es@c ternary a-particles. These
particles have 16 MeV mean energy and exhau8®% of the total ternary fission
yield [Wag91, Mut96 and Gon05]. The shape of dhepectrum is compatible with a
Gaussian distribution but there is some excesseid yat low energy [Wag04]. This
low-energy tailing is significant and results indaviation from Gaussian shape of
about 6%. The ternary-particles are assumed to be born in the last sthghe
process near or right at scission during neck nepi@6n05]. Thus they may provide
important info about both the emission mechanismteshary particles and the
scission stage of the fission process. Howeverd#duay of unstable ternary particles
such asHe and’He ([Kop02]) may also contribute to low-energy pafrfHe and®He
spectra respectively in sequential processes.lltledd to masking the true ternary
particle emission. It is also common practice ttedwine the emission probabilities
of the other ternary particles relative to that“sfe. Without any doubts a good
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knowledge of the full ternaryu-particle energy distribution based on precise
experimental data is very important. For instaritces, common practice to determine
the emission probabilities of the other ternantiples relative to that oiHe.

A survey of publications leads to the conclusioratthmost experiments
performed up to now are not optimized for the di#ecof low energyn’s. Usually
experimentalists used\E-E detector telescopes akE-E detectors coupled to
electromagnetic spectrometers for particles didoation and for measuring the
energy ofa-particles. Thus in these experiments there wesedoergy thresholds for
a's. Very often in order to stop 500 times more freqt fission fragments and the
roughly 10 000 times more frequent 6.1 Me\particles from the radioactive decay
protection foils are placed in front of the enedptectors. They increase the lower
detection limit to 8 — 9 MeV. Moreover, uncertainty absorber thicknesses and
related energy losses give some uncertainty iretfeggy assignment for events close
to the threshold. The mean value for the energgtapm is 16 MeV and thus the 8 —
9 MeV threshold cuts away almost one fourth of ftlledistribution and, of course,
the interesting low-energy part.

From the literature study only two articles [Lov@dd Tis02], which present
results in the energy spectrum for the region <é&/Msee Figure 5.1), were found.
Both experiments had no protection foils on thersewr detectors, but in [Lov74]
the AE-E telescope was used for particle separations Tiel only measurement with
unshielded energy detectors is the recent workiblgchienko [Tis02]. Them®Berlin
Silicon Ball (BSiB) with 160 detectors was facingvaak®°Cf sample (30 fissions/s),
and particle separation was performed by simultasgone-of-flight registration of
ternary particles and fission fragments. The autbported the detection threshold of
2.0-2.5 MeV. Unfortunately, the short flight pathside the ball (10 cm) provided
weak separation af-particles, tritons and so on and did not allow ske@aration of
®He from“He.

N(E)
Cosper (1967)

252 :
Cf J'.‘\’ 4+ Loveland (1974)
7 1 * + Hwang (2000)
o .+ Kopatch (2002)
» LTI Tishchenko (2002)

i 5 10 15 20 25 30 35
Energy (MeV)

Figure 5.1 Comparison of the (renormalized) energgistributions for the 25°Cf(sf) ternary a’s
reported in literature. Figure from [WagO04].
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In Figure 5.1 the main results of energy distribntof ternarya’s studies are
presented. Here the old data of Loveland [Lov74] @osper [Cos67] are compared
with recent results of Hwang [Hwa00], Kopatch [K@b@nd Tishchenko [Tis02]. All
data except the data of Hwang [Hwa00] are in gogréement. For the region < 9
MeV the deviation from a Gaussian distribution alied by Tishchenko [Tis02] is
less pronounced than the one reported by Lovelaond7f]. The data of Hwang
[HwaO00] are completely discrepant. According to ceents given by Wagemans in
[Wag04] it becomes clear that the method used bwaritfor the energy calibration
of a detector covered with mylar is wrong, sinceddés not take into account the non-
linearity of energy loss with increasing energytlod particle. Also the thickness of
the E detector used is at the limit for a corrextedtion of the highest energy particles.

One of the main characteristic of the ternary éissprocess observed for the
first time with nuclear emulsion was the almostpesdicular emission of ternary
particles with respect to the fission axis (thecatied equatorial emission). Piasecki
in [Pia70] reported about the existence of the alted polar emission, when ternary
charged particles are moving almost along thedissixis with a much higher energy
than the equatorial ones. A detailed informatioauttthe dependence of the emission
angle as function of energy for ternanparticles from™<Cf is given in Figure 5.2.
The data were obtained by Heeg et al. with the dsmber system DIOGENES
[Hee9q].

Figure 5.2 Scatter plot of ternarya-particle emission from?*Cf(sf ). Data from [Hee90].

In the polar diagram each point corresponds ta-particle event. The distance
of the point from the centre characterizes the tidnenergy and the polar ang&
indicates the angle between theparticle and the lighter of the two fragments. The
lighter fragment flies in the figure at the polargée © = 0° to the left and the heavy
fragment to the right@ = 180°). Evidently thex-particles have a broad energy
distribution with energies up to 30 MeV. As to thegular distributions, the majority
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of a-particles come off roughly at right angles to flssion fragments. It is obvious
from Figure 5.2 that the angular distribution ig perfectly symmetric relative to the
polar angle 90°. Instead, the distribution is siftowards polar angles smaller than
90°, i.e. in direction of the lighter fragment dsethe asymmetry of mass and charge
split.

Besides the dominant equatori@particles in Figure 5.2 it is seen a small
fraction of predominantly higher energy polar pdes. At intermediate angles
particles of polar origin mix with the much moreuabant equatorial ones. This fact
leads to difficulty in determination of polar-towggorial ratio, but without doubt the
emission probability of the polat-particles is very small. Alpha particles can be
considered as purely polar in the angle intervamf0° to about 25° and from about
155° to 180°, as it was chosen by the group ofi&sédeki in [Now82] to separate the
polar and equatorial regimes. According to thiseagrent the ratio of polar-to-
equatorial fo(;SZCf was determined to be 0.53% and 0.79% in arti\esv82] and
[Hee88], respectively. Other important observatioade from Figure 5.2 is that the
polar a-particles are preferentially emitted from the tighagment. As it will be
shown in the next section it is quite possible floatternary particles a minor part of
the yield at higher energy may be cut out by anawow angular window covered by
our experimental setup. The resulting slightly weraslope at high energy will then
be mirrored to the low-energy side in case theyaimlis made in terms of Gaussian
fits. So we need to correct the spectra for theegistered polas’s and also for the
equatorial ones in the wings of the energy distrdsuat high energy.

5.2 Experimental details

A sketch of experimental setup with detectors dtuacluded in data analysis
is shown in Figure 5.3.

“Roof” detectors 10 PIN array

6cm

25cm

I 20 cm
4 A

= “1
Figure 5.3 A sketch of experimental setup for measing ternary a-particle energy spectrum
from 2°%Cf fission.
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The °7Cf sample, produced at the Radium Institute aP8tersburg, had an
activity of about 500 fissions/s. It was prepargdsblf-transfer method 6F<Cf from
a mother source, purified by ion exchange from staple and long-lived radioactive
impurities. The transfer was limited to a 0.1%canea on the support backing. The
backing of the source consisted of the 23.2+1g/cm aluminium oxide (AJOs) film
with 10 pg/cr layer of gold evaporated. Typical energy loss is$ibn fragments
emerging perpendicularly through the backing matevas< 1.5 MeV. The fragment
energy loss in the deposit layer, i.e. when emifttech the front surface of the source,
was estimated to be less than 60 keV. The califiomdeposit (GIOs3) is estimated to
be 3.5ug/cnf thick.

For measuring ternary particles an array of 1Gaili PIN diodes (38@um
thickness, and 30x30 nfrarea) was placed at a distance=&f0 cm from the source.
With dedicated preamplifiers and low-noise timinfief amplifiers in the timing
channels the energy threshold could safely be estiuc~ 0.5 MeV. This is the
lowest cut-off value ever achieved in experimens the start signals, fission
fragments emitted from the source were registared30 mm diameter MCP detector
placed at right angle to the particle detectors2.&t cm distance to the source.
Discrimination of fission fragment start signalerfr the 30 times more frequent 6
MeV alphas was achieved by coincident registratibthe complementary fragments
in 2 silicon PIN diodes of 20 x 20 nfrarea (“roof” detectors) mounted at a distance
of 6 cm to the sample, opposite to the MCP. Ittbdse noted that having the particle
detectors at right angles to the direction of eioissf the fission fragments does bias
the experiment to detect equatorial particles. déiector geometry covers an angular
range between about 75° to 109° (FWHM of 33° ard@@d for the mutual angl®,_
between the ternary particle and the light-massigraf fission fragments thus even
not measuring all equatorial particles especidliyra higher energies (see below).

The target holder with th&<Cf source was tilted at 45° to a plane of the PIN
array. The backing side of tif&Cf sample was faced to the MCP detector, so the
detectors in the PIN array were viewing to the frearface of the source. The
experiment was setup in the large scattering chami$C (Figure 5.4) at the
Jyvaskyla Accelerator Laboratory, Finland, and de¢se collected over a period of
about 6 weeks.

The experimental setup had 10 “roof” detectorsaithestl, but in data analysis
only the 2 central ones were used, the rest wetreptonized for measurements. The
outermost 2 pairs had no correlation with the M@&®edtor and almost did not give
any counts. The 4 detectors next to central ones db not improve statistics
significantly, because they provided only 20% daéta@ounts of all roof detectors due
to the reason that these detectors had only padratlation with MCP. The ternary
particle side detector triplets (4 boxes with 3pled detectors each inside) shown in
Figure 5.4 close to PIN plate had not been includdtie data analysis as well. Some
of them had bad characteristics or had drastichignged in characteristics during the
experiment. Moreover, we could not align all tripl@roperly. As a consequence we
had a noticeably wider time distribution for sidetettors in comparison with
detectors from PIN plate due to difference in tiofidlight lengths to each detector in
triplet. Thus to provide good results we decideéxolude data obtained with the side
detectors from the total data array. Finally, tbleesne of the experimental setup with
detectors in actual use is shown in Figure 5.3.
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. 241 g
Figure 5.4 View of experimental setup installed iride of the large scattering chamber. Data from
the sideward located detectors triplets have not e included in the analysis.

Due to the large total area of the silicon detectbe dose per unit area was
rather low, so that radiation damage was not esdeRadiation damage in the roof
detectors was more serious, but had no directenfla on the energy and time
registration for the ternary particles. The edgésalb detectors were shielded by
proper diaphragms for minimizing scattering of ifigs fragments with an energy
degradation to promote background pulses in theggmegion of the ternary particles.
Energy calibration of the silicon detectors wasfqened with alpha lines from a
spectroscopic thiff®Ra source and a BNC PB5 precision pulser.

5.3 Simulation of detector efficiency

Simulation calculations of the angular dependeimiaidence efficiency of the
present detector geometry were done with GEANT4ecigo03]. GEANT4 is a
powerful software toolkit for the simulation of thassage of particles through matter,
developed at CERN in the ninetieths of last centitrincludes a complete range of
functionality including tracking, geometry, physiosiodels and hits. In our
simulations of detector efficiency we used only atpof the GEANT4 resources
mentioned above, mainly, geometry description giegknental setup.

The basic building blocks for setting up a GEANT#dation are:
» definition of the detector geometry and specifimatdf materials in detectors;
» description of the primary particle and their iaitstates;
» definition of the physics processes and their pladi to be used for
simulations.

To be able to analyze the dynamics of simulatiom tiext procedures should be

defined:
» generation of primary particles



» tracking of primary particles
» extraction of simulation data during tracking

The detector geometry for the simulation of theudagdependent coincidence
efficiency according to the real experimental setopsists of a MCP detector, two
“roof” PIN detectors and an array of 10 PIN diodAd. distances and dimensions
were set to those given in Section 5.2. As an agtion in simulations thé&Cf
source was described by point source, the siliceteators were represented by thin
squares and the MCP detector as a cylinder propeignted in space. For each
detector it was defined a virtuadénsitive detectdifor the purpose of getting out its
response, so if there was a passage of partiadeighrthe detector volume we have a
signal “hit” and take all the information about @etor and particle for further analysis.

In our simulation we need to obtain just the geaitet efficiency of the
experimental setup to registesparticles in coincidence with fission fragmentse W
do not need to describe any interactions of angighes with the material of detectors.
Obviously, we should count the number of hits idébectors. For such purposes there
is a special particle calledygantino”. It is the virtual particle for simulation which
does not interact with materials and undertakespartation processes only. Both
fission fragments and-particle were approximated by geantino-particle.

During simulations the direction of flight for ligliragment (LF) in space was
generated based on isotropic distribution. The eamdlemission for-particle ©,.
with respect to the direction of LF was randomiygeted in the range 0+180°. The
azimuthal angle foo was also generated randomly in 0+360°. In terriiggion due
to momentum conservation law the strict collingaat two fission fragments is lost,
therefore, the opening angle between LF and heagnfent (HF) is more then 180°,
and in our simulations it was set to 184°. Flightctions for all three particles are
started in one point, where the point sourc®@f was set, and are laid in one plane.

We used also the visualization system in our sitiafa for setting up the
correct geometry of the experimental setup, folinged¢rajectories of particles and
their interactions with detectors (hits) and fopetvising and having flexible control
in simulations. Figure 5.5 shows examples of twaegated events drawn by
visualization system.

= =

a) b)
Figure 5.5 View of two events in simulation: a) theevent is not registered in the experimental
setup; b) registered event: LF hits the roof detectr, HF gives a signal in MCP and theo-
particle hits PIN detector number 5. See text for dtails.

The traces of heavy fragment, light fragment angharticle in Figure 5.5 are
marked by red, blue and green colors respectiviédig. big white box represents the
so called “world volume”, which includes the exmpeental setup and where
simulations take place. Outside the “world volunadl’simulations are stopped. For
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simplicity and visualization purposes the “worldlwmme” was chosen to be of
rectangular shape, with the source of particlesssiom being placed in its
geometrical center, and the array of PIN detediensg placed parallel to the shortest
side of the box. Figure 5.5a shows an event typeé whll not be registered in the
experimental setup: all three particles did notdnt detector. The right-hand site
panel of Figure 5.5 presents an event in whichLfhdits one of the roof detectors,
the HF produces a signal in the MCP and dhgarticle touches the PIN detector
number 5 in the array. Such event should be regidten our experimental setup and
we take it for further analysis of efficiency regiion for detector geometry. In
general, a trigger for writing out the event frone tsimulation program consists of
three coincidences: theparticle touches any detector from the PIN arnag, an the
same time, the LF is registered in the MCP andHRehits one of the roof detectors
or vice versa for LF and HF.

Figure 5.6 presents results of simulations. Théogiam gives the probability
of event registration in the experimental setuguastion of the emission angi@,_
for thea-particle; the binning is 3 degrees. The histogimmormalized to unity at the
peak maximum.
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Figure 5.6 The efficiency of event registration irthe experimental setup as function of the
emission angle®,, for the a-particle. The binning is 3 degrees. The histograns normalized to
maximum counts in peak.

As it is seen from the histogram the detector gépnean registen-particles
with the minimal mutual angl®,_ between the ternary particle and the light fission
fragment of about 55° and with the maxim angletmfa 130°. The distribution has a
full width at half maximum of 33° around 91.85°.élemall shift of the mean value
for the emission angl®,_ to a range higher than 90° is due to coexisterichen
geometry of detectors placement and the fact beabpening angle between the light
and heavy fragments is more then 180° (in our stiaris the opening angle was set
to 184°). It has to be noted that we had the tgrparticle detectors placed at right
angle to the direction of emission of the fissisagiments. Registration of ternary



101

particles in coincidence with both fission fragngergsults in the detection of mainly
equatoriaki-particles and in the loss of polar ones.

Applying the dependence of the event registratifiniency in the experimental
setup as function of emission an@g for a-particles (Figure 5.6) to data from the
work of P. Heeg (Figure 5.3 at page 66 in [Hee304) obtained the registration
efficiency in our setup versus the energy of ternarparticles (Figure 5.7).
Corrections to the measured spectrum were made fbotthe wider than detected
angular interval of equatorial particles (80®,< 130°) and for the full range of
angles measured in experiments without fragmentciaénces [Wag04, Tis02]. The

emission angle was found to affect mainly the widlthhe energy distribution, by up
to 1 MeV.
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Figure 5.7 Registration efficiency for energy of tmary e-particles.

Later on this dependence was applied in a smallecton for the energy
dependence of the angular distribution of ternauparticles with respect to fission
fragments. Heeg's data are energy slices of 1 Mewhfthe polar diagram in Figure
5.2 and cover the energy range from approximatele® to about 30 MeV. Data
below 9 MeV and above 28 MeV were grouped into Biess then 9 MeV” (LT 09)
and “greater then 28” (GT 28) respectively. Witlr aew experimental approach the
energy distribution of ternarg-particles was measured down to 1 MeV. In the
measured spectrum at energies below 9 MeV theat@mmewas done according to the
assumption that the dependence in Figure 5.7 ihotlier range (below 9 MeV) has
the same behavior as in the region 9 — 16 MeV ailear extrapolation holds. The
Figure 5.7 indicates that we definitively have angicaint on thed, angle in our
measurement. This constraint will change the endiglyibution a bit, mainly at the
high energy side as it is shown in Figure 5.8, whhe comparison of measured and

corrected energy spectra fife is presented. The behaviour of fhie spectrum to
the same corrections is similar.
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Figure 5.8 Comparison of measured and corrected ergy spectra for “He. Black dots are
measured experimental data, red dots correspond tdata corrected for the full angle range and
green dots represent data corrected only for angutainterval of equatorial particles. Spectra for
all three variants are normalized to the same numtreof counts.

5.4 Data analysis

As it was mentioned above our data analysis haa begted to the spectra
measured with 10 silicon detectors from PIN arr@lgo, only events in coincidence
with fission fragments registered in both, the M&Tel the central roof detectors, have
been analyzed.

Stability of the data was checked for each detduésed on the stability of the
position of the 6.1 MeV alpha line frofi’Cf radioactive decay. Particles from this
decay are 10times more frequent than ternary particles anddche used as a natural
reference signal in the procedure for stabilityaitse We performed a gauss fit to raw
energy spectrum for each 1000 registered events.pbsition of the center of the
peak should be stable for the whole data arrayaddition we determined the
maximum of the same peak. Typical graphs for stglithecks of the energy channel
of one of detectors are presented in Figure 5.9t éan be seen the data are stable in
a range of 1-2 channels; this corresponds 88-77 keV. The situation is similar for
all other detectors and it was concluded that afl data are stable and do not need
any corrections.
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Figure 5.9 Typical plots for stability checks of tke data.
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Figure 5.10 Fragment flight time differenceATOF¢ between roof detector and MCP versus
fragment energy E; registered in the roof detector (arbitrary units).

Figure 5.10 shows the measured difference in fragrfight timesATOR; to
the roof detector and MCP respectively, versus ftesion fragment energy &
registered in the roof detector. The window “LF’s@gates events in which the light
fragment hits one of the roof detectors and themhéagment is registered in MCP.
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Events in the window “HF” correspond to the oppesiituation. A linear
interpolation of the gravity centers of spectravamtical slices was done for events in
windows “LF” and “HF” and then this information wased to correct the measured
TOF spectra of ternary particles for the differemtehe flight time between heavy
and light fission fragment masses from the sourdbe MCP.

Figure 5.11 shows a scatter plot of TOF versus Eewfary particles summed
over the 10 silicon PIN diodes. The intense bumctiné centre corresponds to ternary
alphas, and the weaker bunches of the neighbosinippes’H and®He, below and
above thar-particle distribution, are nicely separated franThe three bunches in the
upper left corner are identified &%, °0 and'°C scattered off from the source
backing or the roof detector surface by fissiorgfinents. Between these groups and
the ternary’He a few events from heavier ternary particles niydiHe and*’Be, are
visible. It has to be noted that the TOF-E patiarfigure 5.11 is particularly clean
from fragment background, which is expected to te talso for the low-energy
region of our major interest, below 9 MeV. The igat line at 6.1 MeV indicates
random coincidences with theparticles fron?><Cf radioactive decay which are“10
times more frequent and of low enough probabitityoé safely subtracted in the time
window of the ternary-particle distribution.

<— 6.1 MeV a’s

ternary a’s

R

-20

0 5 10 5 20 25 30
E (MeV)

Figure 5.11 Scatter plot TOF vs. E of ternary parteles in®*’Cf(sf). Time is in ns with respect to
the flight time of 16 MeV a-particles; energy E is in MeV.
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It is interesting to see also a small 6.1 MeV peh&ut 2 ns above the pattern
for the ternarya’s which is attributed to start signals from x-rags conversion
electrons in the MCP when tR&Cf radioactive decay proceeds through the excited
state of>®Cm. This peak falls accidentally into the TOF-Eteat of ternary®He
ruling out an analysis of th#de spectrum in a small energy gap around 6 MeV. At
the high-energy side the ternanparticles spectrum is cut off at 27.5 MeV duehe t
limited detector thickness of 380n. Since the cut-off takes place at a yield levet o
3% relative to the maximum yield at 16 MeV ther@idy a minor influence of it on
the high-energy half of the spectrum. For ternity the TOF-E pattern reaches its
highest energy value already at 11.5 MeV due taddtector thickness; it bends back
at higherH energies and interfes with the TOF-E patterrpfotons.

In order to extract the energy distributions ohgay *He and®He particles from
the measured TOF versus E patterns the calculaedof-flight curves for'H, °H,

“He and®He were fitted to the data, as it is illustratedrigure 5.12a. The TOF versus
E data were converted into a mass A versus E oaldfinally, the clean separation of
ternaryo particles from tritons below 11.5 MeV was undeetakvith evaluating the
energy gated mass spectra from the data showrgimd=b.12b, and by determining
the®H/a ratios, for narrow energy intervals of 0.5 MeVitwihe aid of Gaussian fits.
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Figure 5.12 Extraction of energy distributions of ernary “He and®He particles from measured
TOF versus E matrix. a) Fit of calculated time-of-fight curves for H, *H, “He and ®*He to the
data. b) Conversion of TOF vs E data into Mass v&. Solid contour s are the analysis windows
chosen for*He and®He.

5.5 Results of the experiment

Figure 5.13a is our experimental energy distributad equatorial ternary-
particles, which covers the wide energy range foto 27.5 MeV. Above about 9
MeV our data are in fair agreement with most of ghieviously measured spectra
[Wag04, Kop02, Tis02, Lov74].
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Figure 5.13 a) Energy distribution of equatorial tenary a-particles from %%Cf (sf). The solid
line represents the Gaussian curve fitted to the da above 9 MeV. b) Two-Gaussian curves
fitted to the data above 9 MeV, taking residuabi-particles from *He decay into account,
according to the results of Kopatch [Kop02].

The total number of events in the spectrunitéé amounts to 10654 events
collected over 6 weeks period. This correspondsa tount rate ok 250 events per
day. Figure 5.13b shows two Gaussian curves wtashlr from a fit to the present
data above 9 MeV and take into account besideg¢marya-particles (the dominant
Gaussian) also about 17% contribution of residuglarticles from the decay of
ternary°He according to recent measurements by KopatchQ&pyit is obvious from
the data presented in Figure 5.13, that the terapectrum shows more low-energy
a-particles than would be predicted by the Gausskapes. Apparently, the spectral
shape measured previously at energies E > 9 MeVgp#aKop02] can not be
extrapolated meaningfully to low energies. Of marttr interest is the fact that there
are ternary-particles emitted from°°Cf fission with energies as low as 1 MeV, with
the energy distributions indicating a flat shelfstroulder at energies below 5 MeV.
We would like to note that in the present experitieare is not any material between
the 2°°Cf source and the surface of the detectors thaldcslow down the ternary
particles even at low energy. All ion-implantedicgih detectors in use have
aluminum front windows of nominally 140 nm thickse$he corresponding effective
dead-layer was determined with angular dependesgectroscopy to be 369+11 nm
of silicon equivalent thickness [Spi92], which risun an energy correction of 110
keV for 1 MeVa-particles, and 30 keV at 10 MeV.

Within experimental errors, the present spectrurfiHgf is in good agreement
with the low-energy data obtained recently by Tisnko [Tis02] between 2.5 and 9
MeV (Figure 5.14a). However, the ternamparticles spectrum reported in the latter
work contains about 4 % admixture %fe with a maximum yield around 12.3 MeV
which may slightly change the spectral slope atltive-energy side. On the other
hand, the data reported as early as 1974 by Loddlaov74] exceed the real low-
energy yield of ternary-particles by up to a factor of two (Figure 5.14b).

We have not been able to clarify the discrepancyah recent works with
Loveland’s early result which has for a long timeeb the only*>°Cf data on low-
energy ternary’s available in literature. It also remains uncleaus how the method
of AE-E applied in [Lov74] could provide precise datahe energy region below the
threshold energy of th&E silicon detector used. The present experimermt,that of
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[Tis02], show a smaller low-energy tailing as swigd from the data in [Lov74],
being now comparable in magnitude with the taikngwn from>*U(ng,f) [Wag04].
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Figure 5.14 a) Comparison of the energy distributin for “He (black dots) with data by
Tishchenko [Tis02] (full range of angle®,, ); b) Comparison of energy distribution for
equatorial “He (black dots) with data by Loveland [Lov74].
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We have finally extracted also the energy specwéiternary’®He from our data
shown in Figure 5.11, leaving out the energy regimound 6 MeV. Our energy
distribution of the ternar§He is plotted in Figure 5.15a.
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Figure 5.15 a) Energy distribution of ternary ®He particles. The solid line represents the
Gaussian curve fitted to the data above 9 MeV. b)Wo-Gaussian curves fitted to the data

above 9 MeV, taking residuala-particles from "He decay into account, according to the results
of Kopatch [Kop02].

In the 6 weeks period of the measurement the tataiber of collected events
of the ternary®He is 441. This gives a rate of about 10 eventsdasr To our
knowledge it is the first time that terndiiyle particles fronf>°Cf(sf) were measured
over their full energy range. The spectrum turnstolbe asymmetric as well as the
*He spectrum. Figure 5.15b shows the result of taagSians fit to the present data of
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®He above 9 MeV. Besides true terndHe particles (the dominant Gaussian) also
residual particles from the decay of ternére were considered here. Unfortunately,
the low-energy component of the experimental spetitan not be explained by the
"He decay. However, the crucial point for the religbof these low-rate data is the
guestion regarding a possible interference with esdrackground in the analysis
window. Summing up, the spectrum shown in Figurg55.by interpolating the
missing values around 6 MeV and by relating ithe sum ofa-particles shown in
Figure 5.13, has yielded for the rafibleHe a value of 0.0466+27. Fitting the
spectrum, for energies above 9 MeV, with a singdi$sian curve and taking the area
under the Gaussian as the estimate for°He yield gives for théHe/He ratio a
value of 0.0414+39, which is in line with most vedu deduced earlier from
experiments with a similar threshold energy (d@ra88, Rai68]). This is indicating
that a background contribution to the present spattwhich is difficult to determine
precisely, is not essential. Furthermore, the aiglyf the spectrum from the rdide
particles gives us confidence that an essentiatference of fragment background
with the about 25 times more intense ternargpectrum, shown in Figure 5.13 and
Figure 5.15, can safely be neglected.

Finally we want to compare the parameters of thesemt ternaryHe particle
spectrum with recent literature data. For the campa with the other results our
spectrum has been fitted two times with a singlessin curve for energies above 9
MeV and 12.5 MeV as it is shown as an example gufé 5.13a. Resulting values of
mean energy and width of the Gaussian togethertivghrange limits of the Gaussian
fit for our and literature data are listed in TatBel. For the®He data the
corresponding comparison is given in Table 5.2.

Table 5.1 Energy parameters of ternary’He particles in 2°°Cf(sf) obtained in present work in
comparison with recent literature data.

Mean Gaussian
energy, FXAVS\'/\A ' | fit range, raﬁngl;éaré Method Reference
MeV MeV 9€ 10
15.4+0.1| 10.0+0.1 9-27| experiméht
15.5+0.1| 10.5+0.1] 9-27 equatorial TOF-E twork
15.620.1| 10.9:0.2  9-27 full | (MCP-silicon) | Presentwor
15.74¢0.1| 10.620.2 12.5-2} full
AE-E
15.74¢0.2| 10.4%0.2 >125 full (silicon-silicon) [Wag04]
15.740.2| 10.9:0.2  8-28 full AE-E [Kop02]
(gas-silicon)
15.740.1| 106 | >10 full TOF-E [Tis02]
(silicon ball)

3 for the current experimental setup
®) particularly defined as 5626, < 130°



10¢

Table 5.2 Energy parameters of ternanfHe particles in2*°Cf(sf) obtained in present work in
comparison with literature data.

Meal\r)leecergy F\KAVeH\DA ' rcz;ai;SeSIT\l/lne(/r{ Method Reference
TOF-E
12.7+0.5 9.7+£0.9 9-28 (MCP-silicon) present work
12.3+0.5 9.0+£0.5 >10 AE-E (gas-silicon) [Kop02]
11.0¢0.9 | 9.6+0.5 5-12 recoil mass [Obe05)
separator

) Energy distribution for fission dP°Cf obtained via reactiofr’Cf(ng,f) at the LOHENGRIN recoil
mass-separator at the ILL, Grenoble.

As it is seen from Table 5.1 and Table 5.2, we havgood agreement with
other results for the mean energy and FWHM“de ternary particles iR*°Cf(sf),
when we artificially apply similar low-energy cuttdfor the fit. For ®He, on the
contrary, the situation is not so good, but fonsey®He we had quite weak statistics
and having the threshold for fitting at 9 MeV wet out almost a third of all counts
and thus introduce an additional uncertainty todbtermination of mean energy as
centre of gravity of the Gaussian curve.






Summary and conclusions to Part 2

The new experiment to measure the ternaparticle energy spectrum from
252Cf spontaneous fission was presented in the se@amtl of this thesis. The
successful measurement was done with an array s¥fielded silicon detectors and
MCP timing detector. Unambiguous discrimination ofparticles from the
neighboring isotopes was achieved with a time-ghfl technique using the fission
fragments as the start.

The main results obtained in the study of the tgrngparticle energy spectrum from
252C1(sf) are the following:

« For the first time the measurement of the full gygespectra ofHe and®He
have been performed using the TOF-E method for ideRtification.

» The energy distribution of ternanyparticles was measured down to 1 MeV.
This is a substantial improvement over the previexygeriments where the
typical detection threshold is between 6 and 9 MeV.

» The constraint of our experimental setup for thdeckon angle was
determined by using GEANT4. These data were appleedhe energy
dependent angular distribution of thgarticles obtained by Heeg [Hee90] for
creation of the correction curve.

e Corrections to the measured spectrum were madevider than detected
angular interval of equatorial particles (509, < 130°), as well as for the
full interval of angles measured in experimentsuaiit fragment coincidences.

* For both,*He and®He spectra, at energies below 9 MeV an exces<iyitid
as compared to a Gaussian shape was observed. dgmetude of the excess
for “He is in close agreement with the data presentediighychenko [Tis02]
but is below the low-energy data published by Lawmdl[Lov74].

« We show that the low energy asymmetry in the endisiyibution of*He and
®He can not be explained by the residues of neutrmtable ternarjHe and
"He particles.

« In spite of the relatively weak statistics fte, the yield ratidHe/He was
calculated. The value is equal to 0.0414+39.

The progress achieved with the present TOF-E measant on the ternary
spectrum has stimulated us to plan the next expatm/Ae are going to use a 10
times strongef*°Cf source on a thin Ni backing and an improved riragt trigger,
which uses the sample as the conversion foil ofi@archannel plate (MCP) start
detector. This will improve the time resolutiongthtatistical accuracy in the low-
energy regime, and will allow us to study the defggrte of the energy distribution on
the particle emission angle. We also want to stizéiwhether a combination of TOF
with pulse-shape discrimination techniques in $liareverse-mounted silicon
surface barrier (SB) detectors [Sil06] can be agubfor the discrimination of ternary
particles according to both their mass and nuctdsarge. This would permit to
register ternary particle spectra up to carboropes down to very low energy.

Low-energya-particles may provide important insight into bdbie emission

mechanism of ternary particles and the scissiogestd the fission process. | hope
that our precise experimental data of the full gpetistribution for ternary particles
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will be useful for other scientists and will cobnie to untangling the mysteries of
nuclear processes. Many of the results obtaingbisnwork raise new questions and
attract attention. New experiments and further istidre needed to fully understand
the processes lying behind the subject of inteMahy of the fundamental questions
about the ternary fission presented since its disgostill remain unanswered. | hope
that the studies of this thesis will contributeiraytportion to the sea of knowledge
bringing the answers a little bit closer.
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