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MopeupoBaHue M AaHAJU3 CBOMCTB
TOHKHUX CTPYKTYP B MAaCCOBBIX
pacnpeaeJeHUsIX MPOAYKTOB siIEPHBIX
peakuui MeToaMu IIIy00OKOro 00yuyeHust

OnHO M3 MH(POPMATUBHBIX TEOPETUYECKUX OIHCa-
HUH SIIEPHBIX pEaKLUi, TAKUX Kak JCIICHUE U KBa3uie-
JICHWE, MPEACTaBIsIeT SBOJIOLUIO SICPHONH CHUCTEMBI B
BUJIE TPAEKTOPUII B MHOIOMEPHOM IPOCTpaHCTBe Aedop-
Mmanuii. HaxoxneHne u300pakeHui Takux TPaeKTOpuil B
MPOCTPAHCTBE DKCIIEPUMEHTAILHO HAONIONAEMBIX Iiepe-
MEHHBIX OBUIO TpeUIoKEeHO B padoTax [1,2] kak HOBBIH
MOAXOMA K aHaJgu3y MaHHBIX. TpaeKTOpUM BBINIAIAT Kak
«TOHKHE CTPYKTYpPbD» B ABYMEPHBIX pACIpeeIeHUsIX, Ha-
IIpUMEpP B KOPPEISLUOHHBIX MAaCCOBBIX paclpe/eIeHUsX.
[To onpeneneHuto TOHKas CTPYKTypa O3HAYaeT JIOKaJIbHbIE
oOJacTH (ITUKHU) B IBYMEPHOM pacrpeieieHUuH ¢ 00Jiee BbI-
COKHM BBIXOJIOM, UE€M Ha IMIaJIKOI MOAIOXKKE, ABIISIOIIEHCS
(honoM 1utst ickoMoro 3¢ dekra. HOTIa yCIIoBHsI 3KCIIepu-

MEHTa MO3BOJISIIOT HAOIOATh TPAEKTOPHUIO MTPAKTHYECKH
0e3 myma ((oHa), Korjia TpaeKTOpHs BEIVISLIUT Kak Henpe-
PBIBHASI TIOCJIE/IOBATEIBHOCTh TOUEK, OJIM3KUX, HAIIPUMeED,
K mpsiMoii. B yiro0oMm ciiyyae oOHApy»KEHHUE TPACKTOPUHU
CBUJICTEJIbCTBYET O CHJIBHOM KOPPEISIIMK MEXIy Iapa-
METpaMu NPOAYKTOB PEAKLIUH SIIEPHOI CHCTEMBbI BO BCEM
JIOCTYITHOM ()a30BOM IPOCTPAHCTBE, YTO JIAET YHHKAJb-
HYI0 HH(POPMALIKIO 0 MEXaHU3Me MPOLIECcCa 110 CPAaBHEHHIO
C YacTO MCHOJIb3YEMBIMH CPEJHUMH 3HAYCHUSIMH HIIH
pucnepcussMy. VIMEHHO BBISBIEHUE TOHKOW CTPYKTYPBI
B KOPPEJISIIUOHHBIX MAaCCOBBIX DACIIPEICICHUSIX OCKOJI-
KOB JICJICHHSI CJIa00BO30YKICHHBIX sJICp MO3BOJIUIIO yue-
HbIM JlaGoparopuu snepubix peakuuid uMm. [. H. ®neposa
BIICPBBIC OOHAPY)KUTh HOBBIM THUIl pacraja, Ha3BaHHBIN
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One of the informative theoretical descriptions of nu-
clear reactions, such as fission and quasi-fission, presents
the evolution of a nuclear system in the form of trajectories
in a multidimensional deformation space. Finding images
of such trajectories in the space of experimentally observ-
able variables was proposed in [1,2] as a new approach to
data analysis. The trajectories look like “fine structures” in
two-dimensional distributions, for example, in correlation
mass distributions. By definition, fine structure means lo-
cal regions (peaks) in a two-dimensional distribution with
the yield higher than on a smooth substrate, which is the
background to the sought-after effect. Sometimes exper-
imental conditions make it possible to observe a trajec-
tory almost without noise (background). In this case, the
trajectory looks as a continuous sequence of points close,
for example, to a straight line. In any case the trajectory
revealed gives evidence of a strong correlation between
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the parameters of the reaction products. A correlation be-
tween the parameters of the nuclear system throughout the
whole available phase space provides unique information
about the mechanism of the process compared to mean
values or variances often used.

It was the revelation of the fine structure in the correla-
tion mass distributions of fission fragments of low excit-
ed nuclei that allowed scientists of the Flerov Laboratory
of Nuclear Reactions to observe for the first time a new
type of the decay called collinear cluster tri-partition
(CCT) [3,4]. This is a rather rare decay mode for the heavy
actinides such as Z32Cf(sf), but it can be very likely for
the superheavies [5]. The correlated mass distributions of
fission fragments from the spontancous fission of califor-
nium 22Cf(sf) are shown in figure (experimental details
are given in [6]).
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TPOWHBIM KOJUTMHEAPHBIM KJIACTEPHBIM pacmaaoM [3, 4].
3TO 10BOIBHO peKas MOJIA [UISl TSKENIBIX AKTHHNUIOB, Ta-
KX Kak 222Cf(sf), HO OHa MOKeT ObITh OYEHb BEPOSTHOM
JUTS CBEPXTsDKENBIX [5]. KoppensamuoHabie MacCOBBIE pac-
TIPE/ICIICHHST OCKOJIKOB JICJICHHS W3 CIIOHTAHHOTO JICTICHUS
kanupopuus 2>2CH(sf) npeacrapieHbl Ha PUCYHKe (SKCIe-
pUMCHTAJIBHEIC JAHHEIE CM. B padote [6]).

[Tepen maremarnkamu Jlaboparopun nH(pOpMaIOH-
HBIX TexHonoruit um. M. I MeruepsikoBa OblIH 1OCTaBIIe-
HBI 3aJ1a4M BBIIBJICHUS JTMHEHHOW CTPYKTYpHI Ha MMEIO-
IeMCsI DKCIIEPUMEHTAIBLHOM MaTepralle U OLIEHKH YPOBHS
ee JIOCTOBEPHOCTH I10 OTHOUICHUIO K allbTepPHATHBHOM
THIIOTE3€ O TOM, 4TO (PaKTUYECKH HAOIIONACTCS TOJBKO
cilydyaliHasi TOCJIeIOBAaTEIbHOCTh TOYEK. YHUKAJIBHOCTD
9TOM 3a/1a4K ONPEIeIISIACh TEM, YTO IKCIIEPUMEHTAIIbHBIH

Marepual ObLT MPEICTaBICH €UHCTBEHHBIM ABYMEPHBIM
pacrnpenienieHleM, MOIy4YeHHBIM B BECbMa 3aTPAaTHOM 3KC-
repuMeHTe [6], MHOTOKpaTHOE BOCIIPOM3BEICHUE KOTOPO-
TO A7l HAKOIUICHHWS HEOOXOAWMOHN CTAaTHCTHKH HE Hpes-
CTaBISIOCH BO3MOKHBIM. TeM He MeHee CIIOXKHAs pOM-
0o-crimpanbsHast hopMa HaOITIOIAEMO TOHKOH CTPYKTYPHI,
Ha3BaHHOU (PM3MKAMHM «SIJICPHOM PO30i», U JOCTATOUHOE
KOJINYECTBO TOYEK, €€ COCTABIISIONINX, TO3BOJIMIIH BBITIOJ-
HUTD JICTAIBHBIN CTaTUCTUYECKUIH aHANIN3 U YCTAaHOBHUTh
CIIeyIOIIHE €€ CBOUCTBA.

* Crpykrypa nmeer (opMmy pOMOMYECKOTO MeaH-
Jipa, MPeACTABISIOMEro ceMeicTBO U3 10 nMpsMbIX TUHUI
(M; +M,=const). Ha ux nepeceyeHusx HaXOAATCs TOUKH,
KOOPJIMHATBI KOTOPBIX OJIM3KH K MAaccaM M3BECTHBIX Maru-
YyecKux sfaep [6], ykazaHHBIX Ha PUCYHKE.

KoppensuuoHHoe MaccoBoe pacrpesieieHue ockomkoB aestenus 232Cf (sf): a) cnenuduueckas pombo-crimpanbHas cTpykTypa (oTMe-
4yeHa oBasioM); D) Ta ke cTpykTypa B Oosee KpyrmHoM Mmaciurabe. [omy0Obie JTMHUM, IPOBEACHHBIC IO IKCICPUMCHTAIBHBIM TOUKAM,
CIOCOOCTBYIOT 3pUTEIILHOMY BOCIIPUSITHIO CTPYKTYpBI. KpacHBIMY IyHKTUPHBIMHU JIMHUSMH OTMEUEHBI MaCChl Marn4ecKux saep [8]

[ T T T [ TN TR SN T NN R T TR TR [ SR S S \.\.
70 65 b
5 = 2cr O~
] 60 59y L
60 S6T;
1 5 154N
1 1347 144,
50 T T T T | T T T T | T T T T | T T T T 50 1 1 1 1 1 L L
120 130 140 150 160 120 125 130 135 140 145 150 155
M, u M, u

Correlation mass distribution of the 232Cf(sf) fission fragments: a) the specific thombo-helical structure marked with an oval;
b) the same structure on a larger scale. The blue lines drawn across the experimental points contribute to the visual perception of the
structure. The red dotted lines indicate the masses of the magic nuclei [§]

Mathematicians of the Meshcheryakov Laboratory of
Information Technologies were tasked with identifying the
linear structure in the available experimental material and
assessing the level of its validity in relation to the alter-
native hypothesis that in fact only a random sequence of
points is observed. The uniqueness of this problem was
determined by the fact that the experimental material was
represented by a single two-dimensional distribution ob-
tained in a very costly experiment [6], which could not be
reproduced repeatedly to accumulate the necessary statis-
tics. Nevertheless, the complex rhombo-helical form of the
observed thin structure, called by physicists the “nuclear
rose”, and a sufficient number of points, its constituents,
enabled one to carry out its detailed statistical analysis and
establish its following properties.

¢ The structure has the form of a rhombic meander,
representing a family of 10 straight lines (M, + M,=const).
At their intersections there are points, the coordinates
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of which are close to the masses of the known magic
nuclei [6], shown in figure.

* The meander points are uniformly distributed along
the segments, and their number on each of the segments
has a Poisson distribution with the parameter A. Assuming
that this parameter is common to all meander segments, it
was estimated by the Kolmogorov criterion as A=4.5.

* Assuming that the scatter of points around the
segments is the same for all segments and subject to the
normal law with parameters (0, o), the parameter ¢ was
also estimated by the 2 criterion as 6=0.2.

The combination of these properties made it possible
to develop a numerical model of a fine structure, allowing
the creation of independent images of similar structures
with the same statistical properties.

To assess the reliability of the model of the fine struc-
ture with respect to the alternative hypothesis that this struc-
ture is a set of randomly scattered points, it was proposed:
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e Toukm MeaH[pa pacrpeereHbl 0 OTPE3KaM paB-
HOMEPHO, a MX KOJIMYECTBO HA KAXKJJOM U3 OTPE3KOB UMEET
pacnpenenenue Ilyaccona ¢ mapamerpom A. B mpenro-
JIOKEHUH, YTO ITOT MapamMerp SIBISETCsl OOIINM ISl BCEX
OTpPE3KOB MeaH/ipa, OH ObLI OLIEHEH 110 kputeputo Koamo-
ropoBa kak A=4,5.

* B mpennonoxeHuw, 4to pa3dpoc TOYEK BOKPYT
OTPE3KOB OJIMHAKOB JUISl BCEX OTPE3KOB M IIOJYMHEH HOP-
MaJIbHOMY 3akoHy ¢ napametpamu (0, 6), mapameTp G ObII
TaKKe OLEHEH 110 KPUTEePHIO ¥2 Kak 6 =0,2.

COBOKYITHOCTB 3THX CBOWCTB J1aJIa BO3MOXKHOCTD pa3-
paboTaTh YNCIIOBYIO MOJEIh TOHKOH CTPYKTYPBI, TIO3BOJIS-
IOLIYyI0 CO3/]aBaTh HE3aBUCHMBIE N300paKEHHS IOXOXKHX
CTPYKTYp C TEMH K€ CTaTUCTUUECKUMHU CBOICTBAMHU.

J1J1s OIIEHKH Ha/Ie)KHOCTH MOJIENIN TOHKOM CTPYKTYPBI
OTHOCHTEJIFHO aJIbTEPHATHBHOMN TUIIOTE3bI O TOM, YTO ITa
CTPYKTYpa SIBJISICTCS HAOOPOM CIIy4aiHO pacCesHHBIX TO-
YeK, ObIIO TPEUIOKEHO:

— co3lark TeHeparop H300pakeHWH | CreHepu-
poBaTh M300paKEHUS ABYX PA3IMYHBIX THUIOB: C TOHKOW
CTPYKTYPOH ¥ CO CIIy4aifHBIM pazOpOCOM TOYEK IO TOMY
K€ TIOJTIO;

— paspaborath HelpoknaccudukaTop Ha 0ase y-
OOKOl CBEpPXTOYHON HEHPOHHOW ceTH W OOYYHTH €ro Ha

— To create an image generator and generate images
of two different types: images with a fine structure and
images with randomly scattered points in the same field;

— To develop a neural classifier based on a deep
convolutional neural network and train it on a dataset of
the generated images to reliably recognize the image type.

The Python programming language with connected li-
braries, such as matplotlib, keras, tensorflow, scikit-learn,
numpy, pandas [7], was used in the solution process. Next,
anumerical experiment was carried out, and as a result, the
probability of detecting a rhombic meander was obtained
on an array of 107 statistically independent sets of random
points using a deep neuroclassifier. This probability was
negligibly small (0.017%), while the probability of the
presence of a thombo-spiral structure in the original im-
age (figure) was 99.91 %. We also obtained answers to two
other questions of interest when planning similar experi-
ments, namely, about an objective estimate of the range in
terms of the noisiness of the distribution by background
points, and about the limit of degradation of the spectrom-
eter mass resolution, which allows us to isolate the desired
structure at an acceptable level of reliability.
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Habope MaHHBIX U3 CTCHEPHPOBAHHBIX M300paKCHUN IS
HaJIS)KHOTO PACIO3HABAHHS THITA N300paKECHHSI.

B mpouecce perieHHs HCMOIB30BAICS S3bIK IPO-
rpammupoBanus Python ¢ momgkmrodeHHBIMH OMOIHOTE-
kamu: matplotlib, keras, tensorflow, scikit-learn, numpy,
pandas [7]. danee ObUT MPOBEICH YHCICHHBIM JKCIICPH-
MEHT, B pe3yJIbTaTe KOTOporo Ha Maccuse u3 10° crarucTu-
YeCKU HEe3aBHCHUMBIX HAOOPOB CIIYYaifHBIX TOYCK C TIOMO-
MIBI0 TIYOOKOro HeHpokiaccudukaTopa Obula MOTydeHa
BEPOSITHOCTh OOHAPYKEHUSI pOMONYECKOTO MEeaHIpa, OKa-
3aBmIasicst mpeHeopexxnmo manoit (0,017 %). BepositHocTh
HaJIMYUsl pOMOO-CIIMPAJIbHOM CTPYKTYpBl Ha OpPHUTHHAIIb-
HOM H300pakeHHH (CM. PHCYHOK) cocraBmia 99,91 %.
Taroke ObUIM HONYYEHBI OTBETHI Ha €Ile JBa BOIpOCa,
MPE/ICTABISIIONIMX WHTEpPEeC NpHU IJIaHUPOBAaHWM aHAJIOo-
TMYHBIX JKCIEPUMEHTOB, a HMMEHHO 00 OOBEKTUBHOM
OLICHKE JWaNa3oHa MO 3aIlyMJICHHOCTH DPacCIpeiesICHUs
(hOHOBBIMU TOUKAMM M O TIpeJielie YXyAILICHHUs pa3pele-
HUSI CIIEKTPOMETPA MO Macce, YTO MO3BOJISIET Ha IpHeMIIe-
MOM YPOBHE HaJICKHOCTH BBIICIIUTH HCKOMYIO CTPYKTYPY.
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