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SHELL EFFECTS IN THE FISSION OF #¢U* NUCLEI, FORMED IN THE REACTION %2Th(a,f)
AT INCIDENT ALPHA PARTICLES ENERGY OF 29 MeV
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Mass and energy distribution of fission fragments of 2%U* nuclei, formed in the reaction 2*?Th(o,f) at incident alpha
energy of 29 MeV were studied to reveal the influence of shell effects. The experiment was carried out by 2E method at
U-150M accelerator at Institute of Nuclear Physics, Almaty city. Acquired experimental data was decomposed into yields
of separate shells, including deformed shells, assuming that the shell yield has the form of gauss distribution.
The manifestation of deformed shells N84, Z52 and deformed shells Z36, Z38 was revealed.
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INTRODUCTION

Fission of nuclei by low energy light charged
particles is of particular interest. It allows to study the
process of fission and structure of nuclei, since it allows
to probe composite nuclei in wide range of nucleon
composition as well as wide range of excitation energies.
Both of these ranges are inaccessible by neutron-induced
or spontaneous fission. Previous research [1] has shown
that shell effects are most pronounced at low excitation
energies and vanish with the increase of excitation
energies. This is the reason we chose incident alpha
particle energy of 29 MeV as it corresponds to the
coulomb barrier for a+23?Th reaction.

During the fission process the formation of fragments
is influenced by liquid droplet effects and by shell effects
in the composite nuclei while it evolves from the moment
of formation to the scission point. The influence of these
effects is described by the model proposed in [2].
According to this model there are several key fission
modes: mode S which corresponds to liquid droplet
effects with peak yield at Acn/2, mode S1 which is formed
by the influence of closed nuclear shells Z50 and N82,
mode S2 which is formed by the influence of deformed
nuclear shell N88, and mode S3 which is formed by the
influence of closed nuclear shells of N50 and Z28. That
model was used as a basis of modal analysis conducted
in this paper, it was expanded by adding additional
deformed shells N84 [3], Z36 [4, 5] and Z38 [5], Z52 [3].
To increase analysis sensitivity the shape of mass yield
of a separate shell was assumed to be a gauss distribution,
average total kinetic energy of fission fragment and
variance of that average was included in the analysis.

In this work we show the results of study of 22Th(o,f)
reaction at incident alpha particle energy of 29 MeV.
The measured mass and energy distributions were
decomposed intro the yields of separate fission modes
assuming the shape of each mass yield to be a gauss
distribution. Manifestation of probable deformed shells

N84, Z52 [3] and deformed shells Z36 [4, 5], Z38 [5] was
found.

EXPERIMENTAL SETUP

The experiment was conducted at isochronous
accelerator U-150M at the Institute of Nuclear Physics,
Almaty city, using Dinode experimental chamber. The
incident energy of alpha particles was 29 MeV. The
measurements were carried out using a pair of PIPS
semiconductor detectors, the detectors were located at
90° to the beam axis from both sides. The target consisted
of a layer of 22Th with 40 mcg/cm? with 50 mcg/cm?
thick AlLOs backing. “True” events selection was carried
out by the pulse rise time and pulse length [6, 7]. The
electronics setup was such that only fission fragments
from the same fission event were counted. Fragment
identification was carried out afterwards using the 2E
method. The effects of neutron evaporation for the
studied reaction were within the experimental errors and
were not taken into account.

Since semiconductor detectors were used it is
important to take into account Pulse Height Defect due to
plasma effects in the detectors [8]. To compensate for it
the methodic described in [9] was used.

EXPERIMENTAL RESULTS AND ANALYSIS

Experimental results are shown with black color on
figure 1. Experimentally measured mass yield Y(m)
normalized to 200% is shown in linear and logarithmic
scales, average total kinetic energy <TKE>(m) and it's
variance o<tke> (M) are shown in linear scales. It can be seen
that asymmetric yields are a major part of the total mass
yield, the yield of symmetric fragments is lower and the final
shape of the mass yield is formed mostly by the influence of
shell effects. The peak of measured mass yield is located
near My=138 am.u, the peak of measured average total
kinetic energy is near M~132 a.m.u. which corresponds to
double magic nuclei **2Sn, the peak of variance of measured
average total kinetic energy is near My=130 a.m.u.
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To decompose experimental yields into yields from
separate fission modes the shape of a mass yield of a
separate shell was assumed to be a gauss distribution. To
evaluate goodness of the decomposition a ? criteria was
chosen and minimized to improve the accuracy of
decomposition:
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where m — mass number, Yep (M) — experimentally
measured mass Yyield, Yerr (M) — error in measurement
mass Yield, Yt (M) — mass yield from decomposition,
<TKE>¢ (M) — experimentally measured average total
kinetic energy of fission fragments, <TKE>e (M) — error
in measurement of average total kinetic energy, <TKE>(
(m) — average total kinetic energy from decomposition,
o%<tkesexp (M) — variance of experimentally measured
average total Kinetic energy of fission fragments,
o?<tkeserr (M) — error in variance of experimentally
measured average total Kinetic energy of fission
fragments, o?<tkestot (M) — variance of experimentally
measured average total Kinetic energy from
decomposition, Y; (m) — mass yield of a separate fission
mode, Ain — height of a peak of mass yield of a separate

fission mode, m; — position of a peak of mass yield of a
separate fission mode, o%n — width of peak of mass yield
of a separate fission mode, <TKE>; (m) — peak average
total kinetic energy of a separate fission mode, Airke —
height of a peak of an average total Kinetic energy of a
separate mode, Acn — mass number of a composite nuclei,
bi — coefficient of deviation from quadratic dependency
due to shell effects, at bij=0 — the dependency is
quadratic, o?<kesi (M) — variance of average total kinetic
energy of a separate fission mode, p; — coefficient of
proportionality between an average total kinetic energy
of a separate mode and its variance.

The use of an assumption of a shape of mass yield
allows to decrease the number of parameters for
decomposition (in contrast to the methodic proposed in
[7]). The usage of average total kinetic energy and of its
variance allows the methodic proposed in this paper to be
very sensitive to the difference in values of average total
kinetic energies of separate fission modes. This
sensitivity stems from a quadratic dependence of
variance on a difference between average total kinetic
energies of separate fission modes. Such sensitivity
allows to reveal yields from different shells which were
not taken into account prior due to their low yield.

The model proposed in [2] was used as a ground for
this analysis. Said model includes the following fission
modes: mode S which corresponds to liquid droplet
effects with peak yield at Acn/2, mode S1 which is formed
by the influence of closed nuclear shells Z50 and N82,
mode S2 which is formed by the influence of deformed
nuclear shell N88, and mode S3 which is formed by the
influence of closed nuclear shells of N50 and Z28. In the
paper [10] it was shown that often instead of a closed
shell Z50 a deformed shell Z52 takes its place. However,
using the current assumption about the shape of mass
yield of a separate shell it is not possible to fit the
experimental results using this standard model. This is
especially true with the variance of average total kinetic
energy which is the source of increased sensitivity
pointing to the role of additional shells in the formation
mass and energy Yields of fission fragments. This is the
reason for the inclusion of additional shells in the
decomposition of experimentally measured mass and
energy yields. After the finish of the decomposition
analysis the literature review allowed to link these
additional shells to some theoretically predicted
deformed shells and to some previously found in other
reactions deformed shells.

The results of decomposition analysis is shown in
figure 1. In the area of fission mode S1 three gauss shapes
were used to describe the experimental results: for closed
shell Z50 — position at Mpy=129 a.m.u. and peak height of
Ain=0.255%, for deformed shell Z52 - position at
Mu~133 a.m.u. and peak height of Ain=0.215%, for
closed shell N82 — position at My~135.3 a.m.u. and peak
height of Ain=0.105%. Widths of peaks for shells Z50 and
Z52 were equal ¢%m=3 a.m.u., width of a peak for shell
N82 was ¢%in=2.5 a.m.u. Close by position in mass shells
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Z52 and N82 were described by the same yield of peak
average total Kkinetic energy of <TKE>=197.2 MeV,
separate peak average total kinetic energy value was used
for Z50 shell equal to <TKE>i=180.2 MeV. For all these
shells bj=0. For Z50 p;=0.0016, for Z52 and N82 both
pi=0.0018. Variance of average total Kinetic energy is
higher for shells z52 and N82 than for shell Z50.
Deformed shell N88 (fission mode S2), using unchanged
charge density hypothesis should be around
Mp=144.2 am.u. for 2*Th(o,f) reaction, however the
peak yield of heavy fragments is located near My=137—
138 a.m.u. Using the same hypothesis this position
corresponds to deformed shell N84[3] in heavy fragment
and deformed shell Z38 in light fragment [5]. This is why
fission mode S2 is described as the sum of two gauss
shapes: 1st shape with position at My=138 a.m.u., peak
height of Ain=3.555% and width of a peak ¢%n=6.55
a.m.u. corresponding to deformed shell N84[3] in heavy
fragment and deformed shell Z38 in light fragment [5],
2nd shape with position at My=~144 a.m.u., peak height of
Ain=0.83% and width of a peak ¢%n=5.25a.m.u.
corresponding to deformed shell N88 in heavy fragment
[2] and deformed shell Z36 in light fragment [4, 5]. Both
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shapes of deformed shells were described by the same
values of peak average total Kinetic energies
<TKE>=176.45 MeV, bi=0, pi=0.00295. Fission mode
S3 was also described as sum of two gauss shapes: 1st
shape with position at M ~83.4 a.m.u., peak height of
Ain=0.075%, width of a peak o%m=4.1a.m.u., peak
average total kinetic energy <TKE>i=180.5 MeV, bi=0,
pi=0.0025 corresponding to closed shell N50 in light
fragment [2], 2nd shape with position at M <76.9 a.m.u.,
peak height of Ain=0.018% and width of a peak
sim=3.9am.u., peak average total Kinetic energy
<TKE>=173.4 MeV, bi=0, pi=0.0022. The difference
between position of Z28 in decomposition (M.~76.9) and
position of Z28 from unchanged charge density
hypothesis (M ~71.8) could be explained by the location
of this shell at the edge of range of sensitivity of
experiment. Liquid droplet effects which are described
by fission mode S were described by a single gauss shape
with position at M=118 am.u., peak height of

Ain=1.66%, peak width of ¢%n=12.3 a.m.u., peak average
energy

total  kinetic
pi=0.0042.
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Figure 1. Experimentally measured mass and energy distributions of fission fragments of composite nuclei 23U*,
formed in 22Th(a,f) reaction at incident alpha particle energy of 29 MeV (in black) and decomposed into yields
from separate fission modes
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AJIb®A BOJIIEKTEPIHIH SHEPTUSICBI 29 MaB BOJFAH KE3E #2Th(a,f) PEAKLIUSICBIHJIA
AJIBIHFAH #5U* JAPOCBIHBIH BOJIHYIHJEIT KABBIK OCEPJIEPI
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KabblK ocepiepiHiH MiHe3-KWIKbIH 3epTTey yuiiH 29 MsB Anbda Gemmekrepiniy sHeprusceiaaa 232Th(o,f)
peakuusachiHAa anbiFad 23%U* snpochiHbIH GelliHy (parMeHTTEpiHiH MaccalblK-3HEPreTHKANbIK Tapanybl IIIeH .
Ommey AnMarel KanachlHAAFbl SAponblk (u3nka WHCTUTYTHIHBIH Y-150M ymerkiminge 2E omiciMeH Kypriziimi.
AJBIHFaH —MacCallbIK-OHEPreTHKANBIK ~YJECTIpYy IKeke KaObIKIIamapiblH, COHbIH imrHAe JedopMaiusiianran
KaOBIKIIaap IbIH YIIecTepl OOUBIHIIA BIIBIPAIl, KAOBIKIIAHKBIH Yiiec (hopMackl raycc aer Oomkaiasl. ledopmarusinanran
N84, Z52 xone nepopmanusutanran Z36, Z38 KaOBIKTapBIHBIH KOPIHICI aHBIKTAJIEL.

Kymvic Kasaxcman Pecnybnuxacet Onepeemuxa munucmpriciniy konoayvimern Ne BR09158499 epanmui wenbepinoe
OpPLIHOANOYL.

Tyiiin co30ep: KadviKuia acepaepi, a0ponviy 60Ny, ypau-236, 6oainy pacmenmmepi, 601y Mooda.
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OBOJIOYEYHBIE D®®EKTHI B JEJJEHUMU SAJIPA 2*°U*, IOJYYEHOM B PEAKIIMHU 2**Th(a,f)
ITPU DHEPI'MU AJIb®A YACTHUI] 29 MaB
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Jna wccnenoBaHUs MOBEACHUS 000TOYEUHBIX A(PQPEKTOB OBUIO M3MEPEHO MAacCCOBO-IHEPTeTHUYECKOEe pacIpenesicHIe
OCKOJIKOB jiesieHus sapa 2U*, nonyuennoro B peakuuu 232Th(a,f) npu sHepruu ansda yactun 29 MsB. Hsmepenue
npoBommiock MetonoM 2E Ha yckoputene Y-150M HuctutyTa sinepHoit ¢u3uky, r. AnMatsl. [loxydeHHOE MaccoBO-
JHEPIeTHYECKOE paclpesielieHue ObLIIO PA3IoKEeHO IO BKJIAJAM OTIEIBHBIX 000JI0YeK, BKIIOYas Ae(OpMHPOBAHHEIC
o0osouku, mpexnonaras, 4ro (opma BkiIaga 000JOYKM TNpencTaBiseT coboi raycc. OOHapy»XKeHO NpOsBICHUE
nedopmupoBaHHBEIX obonouek N84, Z52 u nedopMupoBaHHbIX 000s0uek 236, Z38.

Paboma ewvinonnena npu noddepoicke Munucmepcmea suepeemuxu Pecnybnuxu Kaszaxcman 6 pamkax epanma
MNe BR091584909.

Knroueswvie cnosa: obonoueunvie sgpghexmul, denenue saopa, ypan-236, 0CKOIKU OeneHUst, MOOA OeNeHUsL.
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