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PaccMaTpMBaeTCs MPOLLECC CTONKHOBEHMS aTOMHBIX SAeD B PeaKUMsiX ropsyero cuHTesa
36 + 238U 1 84Ni + 2380, [ins mopenvpoBaHus JaHHOTO MPOLIECCA MCMONb3YeTCs AMHAMUYEcKas
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1 UX B3aMHasi OpueHTaLms B npocTpaHcTee. O6CYXIaeTcs BOMPOC O BO3MOXHOCTH 3aMOpaxu-
BaHMS YacTW cTeneHeii cBoboabl cucTembl. MokasaHo, YTO OTHOCUTENBHO TAXeNoe, AedopMmUpo- % %
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BaHHOE B OCHOBHOM COCTOSIHUM iPO-MULLEHB Cabo MeHsIET CBOK edopMaLmio 1 OPUEHTALMIO
B MPOCTPAHCTBE Ha NPOTSIXEHUM 3BOMIOLMN CUCTEMBI BMOTb IO NEPEX0Aa Yepes KyNnoHOBCKWIA
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Mbl Yepe3 KyNIOHOBCKWIA Bapbep 1 Ha COOTBETCTBYIOLLEE 3HAYEHUE PACCTOSHUS MEXAY LiEHTpaMm ~
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C 9KCNepUMEHTaNbHBIMM JaHHBIMM MO CEYEHNSIM 3aXBaTa s4pa-CHAPSAA SAPOM-MULLEHBIO. Bbibop
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BBepeHue

Nzyuenuto peakuuu CIUsSHUS—ICICHUS TSHKEIBIX HOHOB MOCBSIIEHO
OOIBIIIOE KOMMUECTBO TCOPETHUCCKIX M AKCIIEPUMEHTAIBHBIX padoT, Ha-
npumep [1-5]. DTo cBs3aHO B MEPBYIO OYepelb C TeM, YTO JAaHHBIC pe-
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aKLMHU MO3BOJISIOT MOJy4YaTh CBEPXTSKEIble fapa
WU 9K30THYECKHE M30TOIBI, JISKAILUE BIATU OT
JUHAU 6eTa-cTa0MIbHOCTH. J{JIs OMUCaHus JaHHBIX
peakuii HeoOXOUMO YMETh OIHCHIBATH IPOIIECC
CTOJIKHOBEHHUsI UCXOJHBIX si7iep. JJaHHOMY Bompocy
MOCBSIICHBI, HampuMmep, padbotsl [6-9]. I[Ipuaem
TOYHOCTbH ONMCAHHS BXOIHOIO KaHajla BIMSET Ha
Ka4eCTBO BCEX MOCIEAYIOIUX PE3ylbTaToOB MOAE-
nupoBaHus [10]. B nocnennee Bpems nosaBUICA P
padot, Haripumep, [9, 11, 12], cTpemsmuxcs yaecTsb
MIpU pacyeTe B3aUMOJCUCTBUS CTAJIKUBAIOLIUXCS
aTOMHBIX SJIepP, UX BCEBO3MOXHBIC Ae(OpMaIlUi 1
opueHnTanuu. Hanpumep, B pabote [9] yuuTbiBaroT-
cst 7 mapaMeTpoB (OpMbl CUCTeMBL. BmecTe ¢ Tem
YBEIMYCHUE KOJTMYECTBA YIUTHIBAEMBIX TAPAMETPOB
(dopMBI cucTeMBl (YBEITHYCHHE Pa3MEPHOCTH IIPO-
CTPAaHCTBa KOJUIEKTUBHBIX KOOPAWHAT CHUCTEMBI)
IIJIOXO CKA3bIBAETCS HA CKOPOCTH U CIOXHOCTH
OCYLIECTBJICHUSI BBINOJIHEHUs AMHAMUYECKHUX pac-
yeToB. Tak, B paccMarpuBaeMoil MOIE€IIH BpeMs KOM-
MBIOTEPHOTO pacdeTa MOKET JOCTUTaTh HECKOIBKUX
CYTOK (B 3aBHCHMOCTH OT SHEepruu peaknun). [loato-
My aKTyaJIeH MOMCK TaKuX MpHOIMKEeHUH, KOTOpbIe
MO3BOJISIA OBl YYUTHIBATH OOJBIIOE KOIHYECTBO
CTeTeHeH CBOOOIBI CHCTEMBI, HO HE TIPUBOJIUIH ObI
K CyIIECTBEHHOMY YCIOXKHEHHUIO Ipoliecca Moje-
JTUPOBAHMUS.

B Hactosieii pabore nu3ydaercst BOIpoc 0 BO3-
MOXKHOCTH 3aMOpa)XMBaHUS HEKOTOPBIX CTeNeHei
CBOOOMBI CHCTEMBI B3aMMOACHCTBYIOIIHX SIACP.
Pesynprarel mpuOIIKEHHBIX PACIETOB COIOCTAB-
JIAIOTCS] AKCIIEPUMEHTAIBHBIMU JAaHHBIMU [1] 1 ¢
pe3yapTaTaMi MOJHOLEHHBIX PAacdeToB IIpolecca
CTOJIKHOBEHHSI C(EepPUIECKOTO B OCHOBHOM COCTO-
AHUM Aapa-cHapsna (Hanpumep °S mmm %4Ni) ¢
BBITAHYTBIM siipoM-MuIeHbto (238U). BoiGpannbie
peakLUMU CUJIbHO OTIIMYAIOTCS COOTHOILIEHUEM Mace
CTaJIKUBaroUuxcs siuep. MzyueHne aHHbIX peaKiuii
MTO3BOJIUT CYIUTH O BIMSTHUHM MACCHI s[pa CHapsia Ha
pe3yibTaT MOJIEIMPOBAaHUS IPOLIECCa CTOIKHOBEHUS
aTOMHBIX S7AEP.

Mopenb

B paccmarpuBaemoit monenu [13, 14] mpo-
M3BOJIUTCS OMUCAHHME BXOJHOTO KaHala peakiui
CITUSTHUS — EJICHISI, 2 IMEHHO IIPOIIeCcC COMMKEHUS
U CTOJIKHOBEHHUS siApa-CHAPSNA U SApa-MUIICHH.

OCHOBHBIMHU pe3yJbTaTaMH MOJCIUPOBAHUS
BXOJHOTO KaHajla PEaKUHWi CIUSHUA — ICICHUS
SIBISTIOTCSL CCUCHHE 3aXBaTa sapa-cHapsiaa sIpoM-
MHIIEHBIO (CEYEHHUE Mepexojia CUCTEMBl yepes
KYJIOHOBCKHI Oapbep) U pacrpesieliecHne 3HAYCHUH
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PacCTOSHUH MEXIy LEeHTpPaMH MacC CTaJIKHUBAIO-
muxcs saep B MoMeHT 3axBata [10]. JlanHbie xa-
PaKTEPUCTUKU CHCTEM OyAayT MpoaHaIH3UPOBAHBI
B HacTosIIeH padore.

B paccmarpuBaeMbIX peakmusax sAPO-CHAPST
HMMeeT B HaYaJIbHBIIl MOMEHT BPEMEHH (B OCHOBHOM
coctostHun ) chepudeckyro popmy. OHO HaeTaeT Ha
J1e(hOopMHUPOBAHHOE B OCHOBHOM COCTOSIHUU SIAPO-
MuieHb. s Toro 4to0sl 3aaath GopmMy Takou
cucTeMsl (puc. 1), He0OX0UMO UCTIOIB30BATh XOTS
OBl UeThIpe mapamMeTpa (YCThIPe KOJICKTUBHBIX KO-
opauHathl). [lapameTp 7 3a1aeT pacCTOSHIE MEXKAY
[ICHTPAaMH MACC CTAJIKUBAIOIINXCS SAEP, TapaMeTPhI
0, M 0,, OTTHCBIBAIOT nedopManuu B3auMOACHCTBY-
romux saep [15], opuenranronnsiii mapamerp 0,
oTIpenensercss Kak yrojd MEXAY OCbI0 CHMMETPUHU
Jne(hOpMUPOBAHHOTO Apa U TUHUEH, COeTUHAIOMIEH
IICHTPBI MacC CTATKUBAIOIIUXCS SIICP.

Puc. 1. ®opma cucreMbl BO BXOAHOM KaHaje peakiuu
Fig. 1. Shape of the system in the entrance channel

DBOIIOINS KOJNIEKTUBHBIX KOOPIUHAT CUCTEMBI
q(g=r,0,0 - 0,) M COOTBETCTBYIOIIMX MM MMITYJIECOB
P OTIIUCHIBACTCS C IIOMOIIBIO JIMHAMHYECKHUX ypaBHE-
Huii Jlamxesena [6, 7, 10], comepkanmx cToXacTu-
YecKoe craraeMoe (CIIydaiHyro CHITY):

‘jﬁ:ﬂﬁvpva
5 (1
) 1 H,
pﬁ :Kﬁ_gp"p'? aq']ﬂ _7/ﬂvlui]vp7]+0,b’v§v.

[To MOBTOPSIFONITUMCST MHACKCAM V U 7] 3/I€Ch
MOJPasyMeBaeTCsi CyMMHPOBAHHE, }p, — KOMIIO-
HEHTBl (PPUKIIMOHHOTO TEH30pa CUCTEMBI J; tg, ¥
4, — KOMIIOHEHTBI TCH30pA /1, 00paTHOTO TEH30PY
WHEPIIHH 11; K/), — KOHCEPBAaTHUBHAs CHJIa, KOTOPYIO
MOXKHO OTIPeNeNnuTh Kak [16]:
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_ a(I/Caul + VGK + Vroz )+ a(thef + Fdff )
9q Vi oq i

Ky =

()
3nech mepBoe cjaraeMoe OIMUCBIBAECT CUITY, 00y-
CJIOBJIEHHYO KylOHOBCKUM (V) ¥ anepHbM (V4)
B3aMMOJICHCTBUSIMY CTAIKHBAIOIIIXCS SJIEP, & TAKIKE
BpaIlleHHEM CUCTEMBI; BTOPOE CJIAraeMOe OTHChIBACT
KOHCEPBATUBHYIO CHITY, BO3HHKAIOIIYIO BO B3aHMO-
JISUCTBYIOIINX aTOMHBIX SIIPax, Kaxka0e U3 KOTOPBIX
paccMarpuBaeTCs Kak TEPMOJJMHAMHUYECKas CHCTEMa.
JlaHHast KOHCEpBAaTUBHAS CUJIa OIpeNeNsieTcs Tep-
MOJIMHAMUYECKUM TOTEHITHAJIOM KaKJ0TO U3 Sep,
a UMEHHO WX CBOOOJHOW 3HEpruu [ empMroibia:
F=FE—TS. CBoOOIHYTO YHEPTHIO BEIYHCIISIEM B paM-
Kax MeToj/1a 000I04eUHBIX morpaBok [17,18]:

F(g,T)=F,p,,(q, T)+0E(T=0) - exp(—al?/E,).(3)

3necy E,; = 20 MoB, T — temneparypa CHCTEMBI,
orpeziensemMas U3 MojieNi pepMHu-ra3a COOTHOIIe-
*

Huem T =+E /a, rie a — napamerp IJIOTHOCTH
yposHeii [19], a E* — sHeprus Bo30y kK IeHHs KaKI0TO
13 CTAJIKUBAIOLIUXCS SEP.

Makpockonudeckasi 4acTh CBOOOIHON SHEPTUU
F, ppr(q,T) B cootBercTBuH € [16] onpenensiercs ne-
XOJISl U3 COOTHOTICHHSI

Fion (q,T) = Epy (q)—aT’. “4)
TaxuM 00pa3oM, KOHEYHOE BEIPAKCHUE IS
F(q,T) nppuauMaet BUI:

F(q’T):ELDM(q)_aTZ +

+ SE(T =0)exp(-aT?/E, ). (5)

Jlns mapaMeTpoB INIOTHOCTU YPOBHEW a U d Mbl
HCIIOJIb30BAJIM, COOTBETCTBEHHO, BhIpaxeHus (4) u (5)
u3 [19]. [Tpu npoBeieHUH PacYE€TOB MBI CYUTAEM, YTO
SHEprus BO3OYKIeHNS £ CHCTEMBI JeTHTCS MEXKLY
ApaMu MPONOPLUOHATIBHO YUCIY COAEPKALIUXCS B
HUX HYKJIOHOB, T.€. TEMIIepaTypa 000uX saep OnuHa-
koBa. CymmapHasi sHeprust BO30yKAeHuUs onpeaens-
€TCsl Ha KaXKJOM IlIare HHTETPUPOBAHUS ypaBHEHHIHA
JlamxkeBena (1), ucxons u3 TpeOOBaHUS BBITTOJIHEHUS
3aKOHA COXPAaHCHHS YHEPTHHU:

1 "
EamA _qupvluqv - Vpot = E : (6)

[TorenunanbHass SJHEPTHUS CUCTEMBI me y4u-
THIBA€T KYJIOHOBCKOE U SJIEPHOE B3aUMOIECHCTBUS
CTAJIKUBAIOIUXCS SAEP, BpalaTeJbHYI0 SHEPIUIO

CHCTEMBI, @ TaKkke 1e(pOPMAIMOHHYIO SHEprHIo £ of

Ka)JIOTO M3 SI7IeP, PACCUUTAHHYIO C YYETOM SIIEPHOM
o0ooyeyHol cTpyktypsl [15, 17, 18]:

®r3rKa aToMHOro A4pa v 3nemMeHTapHbIX 4acTry

V :VC'ou1+VG'K +7, +

pot rot
+ E;ef (T =0)+ Edi/ (T =0). @)

Cnaraemoe 0, ¢, Bxonsiee B ypapnenue (1),
BBITOJIHSET PONb CIydailHON CHIIBI, KOTOpas obe-
CIIEYMBAET MEPEX0J] IHEPIUH OT OJHOYACTHUYHBIX
CTerneHel cBOOObl CUCTEMBI K KOJIEKTHBHBIM. O0-
PaTHBII IIepexo/] SHEPTHH 00CCIICINBACTCS HATNIHUCM
B YpaBHEHUAX PPUKLHUOHHOTO TeH30pa. DaKTHUECKH
ClTydyaifHasi CHJIa OTMCHIBACT (MIYKTYyaIlH B CHCTEME.
CnyuaiiHoe ymcio &, IMeeT CIIeyIOIUe CBOMCTRA:

<&, >=0,
< 5,0 ()¢, (t,) >= 25ﬂv5(t1 —1,).

AMIIIUTyaa CIydailHOW CHJIBI Gﬁv CBsI3aHa C
(G Py3MOHHBIM TEH30pOM D 5 , KOTOPBIH PACCUMTHI-
BACTCSI C TIOMOIITHIO MOAU(DUIITPOBAHHOTO COOTHOIIIE-
Hus DUHIITeHa Dﬁv: T Vpye THE T* — >dpdexTuHas
TeMIeparypa, CB3aHHasi C TEMIIEPaTypOl CUCTEMBbI

T n ¢ mapamMeTpoM JOKaJIbHON 4acTOThI KOJIJIEKTUB-
HOTO JIBWKEHUS @ cooTHOIIeHneM [20]

®)

ha hh_w

T*:TCOt ST , (9)

rae w =2 M»aB.

[Ipu ommcaHum SHEPTUU KYJTOHOBCKOTO OT-
TaJKUBAHUS CTAJIKHBAIOIIUXCS SAEP HCHIOIb3YyeTCs
BBIpa’KCHIE
92,7 e’
32744,
B KOTOPOM IPEJIONAracTcs, 4To sIAPAa UMEIOT Pe3KUit
Kpail (He yunThIBacTcsl U QPy3HOCTh SACPHOIL mMo-
BEPXHOCTH), @ MIPOTOHBI PACTIPEIICIICHEI IT0 00BEMY
a1pa paBHOMepHO. IHTerpupoBanue Npou3BOIUTCS
mo odbeMaM 000X B3aUMOICHCTBYIOMHUX sinep. B
psine ciy4aeB BelpaskeHue (10) MoxkeT ObITh CBEACHO
K JIByM ITOBEPXHOCTHBIM WHTETpaiam [21].

3a NpUTSHKEHUE aTOMHBIX A7Iep OTBETCTBEHHO
sJIepHOE B3auMoJieiicTBre. BriOopy BUa sijepHOTro
B3aMMOJICHCTBHA MOCBAIIEHO OOJIBIIOE KOJIMYECTBO
pabor [7, 12, 22]. B Hacrosieit pabote Mbl IOIb3Y-
eMcs BeIpakeHueM [12]

1 ~ —=n —n
VGK:E(.[VI(V_V aataet)'pp(r ,ap)dr +

Coul

H'Ol_—th dv,, (10)

+IVP(F—?",ap)-p,(?",at,H,)dF”), (11)

I7Ie B IEPBOM CJIaracéMOM WHTETPUPOBAHHE BEIETCS
1o o0beMy sIpa CHapsa, a BO BTOPOM — IO 00beMy
SpA MULICHH; p, , — INIOTHOCTH COOTBETCTBYIOIIETO
sapa (mo o0beMy KOTOPOTO BEHETCS MHTETPUPOBa-
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HHE); V,  — NMOTCHIMAI B3aHMOICHCTBHS HYKIOHOB

3TOTrO siApa ¢ Onmkaiiieil TOukod MOBEPXHOCTHU

BTOpOTO si1pa. Bennunna V),  3anuckeisaercs B (hopme

noreHuuana Bynca — Cakcona:

-1
r—R (a ,x' ',z

1+ exp 1 ( 19 )y 3 ) R

a
2

Vi(f,a,,0)=V,

(12)

-1

.(13)

— r_R:(apaZ)
Vp(l",OLp)ZVg 1+exp —_—

g
Ilapamerpsl noTeHImana V, i a, ONpenensorcs

B paborax [6, 7]. Benmuuunsl R u R['f TIPEJICTABIISIOT
cO00#i PacCTOSTHUS OT LEHTPA MacC COOTBETCTBYIO-
IIETO SI/Ipa 10 TOYKHU Ha €ro ITOBEPXHOCTH, UMEIOIeH
1100 JeKapTOBbI KOOPAMHATHI (X, ', z”) ISl IpOU3-
BOJIBHO OPHEHTHPOBAHHOTO B IIPOCTPAHCTBE Aeop-
MHUPOBAaHHOTO SIIpa-MUIIEHH, TMOO0 LMJIMHAPUYECKHIE
KOOPIUHATHI (p, ¢, z) 11 C(HepUIeCKOro B OCHOBHOM
COCTOSIHHY sIIIpa-CHapsIIa:

Rtl/(at’x/’y!’zl): 125 'Arl/fs . )x/Z +y12 +Z,2’

(14)
R'(a,,z)=1.25-4)Jp’(a,,2)+2z".(15

[TnoTHOCTH sAnepHOTO BeliecTBa (HYKJIOHOB)
Ka)XIIOTO W3 sIIEpP ONpenersieTcs (GopMyIaMu:
-1
r—R!(o,,x",y",z")
a, ’

p,(7,0,,0,)=p, 1+exp(
(16)

r—R)(a,,z)

p,(F,o,)=p,|1+exp , (17)

d
rae p, = 0.17 ™3 u mapamerp, onuchIBaromHil
nuhPy3HOCTH ANEPHOM TOBEPXHOCTH, a,;= 0.54 pm,

R (a,,x",y",2") =

= (12547 —0.8647 | Jx" + y7 +2",(18)

R'(a,,z)=

=(1.25-41°-0.86 4, )\ Jp*(a,,2)+ 2. (19)

[Ipu pacuere noTeHIMATHHOMN SHEPTHUH CUCTEMBI,
COCTOSIIECH M3 ABYX CTAJKUBAIOUIUXCS SIICP, KPOMeE
SHEPrHi KYJIOHOBCKOTO U SIIEPHOTO B3aUMOICHCTBHI
HEOOXOIUMO YUYHUTBHIBATh TAKXKE NePOPMAIHOHHYIO
SHEPIHI0 KKAOTO0 U3 aaep (puc. 2).

BpamarenpHas 2HEpPTUsi CUCTEMBI 3aBHCUT OT
YIJIOBOTO MOMEHTA CUCTEMBI L, MPUBEIEHHON MacChl
CHCTEMBI M, OT PacCTOSHUS MEXKIy IECHTPaMU Macc

2356
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Puc. 2. 3aBUCUMOCTb IOTEHIIMAILHONW SHEPTUU pacCMaTpU-
BaeMBIX siJIep OT UX Ae(OpMaIIOHHOTO ITapaMeTpa o

Fig. 2. Dependence of the potential energy of the nuclei under
consideration on their deformation parameter o

CTAJIKUBAIOIUXCS SAep 7, OT MOMEHTOB MHEPLHH
KaX/I0T0 M3 CTAIKUBAIOLIMXCS saep J, u Jp, pu
pacdere KOTOPBIX MPEAINONaraeTcs, YTO aTOMHEIC
A/pa MOXKHO paccMaTpuUBaTh Kak Bpallaloliuecs
TBepAbIe Tena (TBepIoTeNnbHOe npudmmxkenue [23]).
B xoneuHoM utore, BpaiaresibHasi 3HEPrisi CHCTEMBbI
paccuuThIBaeTCs 10 (hopmyIe
1
)
JedopmaninonHas sHeprus aTOMHBIX si7ep Ipu
HYJIEBOW TEMIIEpaType OMPENeNsIeTcs] KaK YHEPTHus
nedopmaldy B MOJEINHU KHUJIKOWH Karuld IUIoc 000-
JI0ueYHast MOIPaBKa:

E,.(q,T =0)= E{3)(q)+SE(q,T =0).

|4 ALY (Mr? +J,+J ). (20)

2

MakpockonuiecKkas 4acTh JaHHOW dHEPrUU
(E\%)) paccuuTana B MOJIEIIH KHIKOH KarlTi, MHKPO-
CKOTIMYECKas 4acTh (JF) MmoxydeHa ¢ TMOMOMIBIO
MeTona 000104edHbIX MONnpaBok CTPYyTHHCKOTO
[17]. U3 puc. 2 MOXHO BUAETH, YTO SIAPA-CHAPSIIBI
UMECIOT B OCHOBHOM COCTOSIHUU C(epUuIecKyto (op-
My (MHHHUMYM DHEPTHU COOTBETCTBYET 3HAYCHHUIO
napameTpa aepopmanuu o = (), a SAPO-MUIICHD
B OCHOBHOM COCTOSIHUH SIBJISICTCS 1e(hOPMHUPOBAH-
HbIM (o0 = 0.227). Takum 00pa3oM, HCIIOJIb3YEMbIH
HAMHU METOJ pacuera ae(GopManuoOHHONH YHEPTUU
CTAJIKMBAIOLINXCS e MO3BOJISCT YIUTHIBATH Ha-
YanpHbIC Ie(OPMAIUH CTATKUBAIOIIUXCS SIIEP, YTO
CYIIECTBEHHO BIIMSCT HA KAYECTBO MOJICITMPOBAHUS
BXO/IHOTO KaHaia [24]. Kpome Toro, moTeHmmarn sapa
238U spnsercs KeCTKUM, T. €. 171 AedopMaIuu
JAHHOTO sIpa HEOOXOIUMO 3aTPATUTh JOCTATOYHO
OOJIBIIIYIO YHEPTHIO.

HayyHbiri otaen
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[TapameTpsl CHCTEMBI SIBISIOTCS HE3aBHUCH-
MBIMH, TIOOTOMY TEH30p WHEPIIUH UMEET JAUAro-
HaJIbHBIA BUI:

m, 0 0 0
0 0 0

m = Map (22)
0o 0 M 0

0 0 0o J

JBe U3 ero KOMIIOHEHT ONHMCHIBAIOT MHEPLIUIO
siApa-MHIICHH (m,,) U sapa-cHapsiaa (m,,) 1o oT-
HOIICHUIO K UX IedopMarmsaM. MHepIws cucteMsl
10 OTHOILEHUIO K PalalbHOMY JBHKEHUIO OITUCHI-
BaeTcsl IpUBEIEHHOM Maccoil cuctemsl M. MHepuus
S/Ipa-MHIIEHU 110 OTHOIICHUIO K M3MEHEHUIO €ro
OpPHUEHTALUHU B IIPOCTPAHCTBE ONUCHIBAETCS MOMEH-
TOM HHEpUHHd J,. OPUKIHOHHBIA TCH30p CHCTEMBI
TaK)Ke SIBIISICTCSl AMArOHAJbHBIM:

Var ¥ Ver! 0 0 0

0 Vo T }/""d 0 0
Y = ap ap . (23
0 0 .0 @3)

0 0 0 7,

Ero KOMIOHEHTSI 7, 7,,, 7, H V5 PACCUUTHI-
BAIOTCS B MOJICNIM MMOBEPXHOCTHOTO TpeHHus [6].
KommonenTs! TeH30poB (21) u (22), 0TBeTCTBEHHbIE
3a BHYTPHUSAEPHBIE MPOLECCHI, MPOUCXOSIINE TPH

nedopMaIyu CTaikuBaromuyxcs aaep (m,, u m, s

ap

nucl nucl

MHEPLMOHHOIO TEH30pa, & TAKKE " Uy Jst
(PPUKIIMOHHOTO TEH30pa) PACCUUTHIBAIOTCS B TECOPUHU
JTMHEWHOTO OTKJIMKA 1 JIOKAITEHOTO TapPMOHHYECKOTO
npubmmkenus [25].

PesynbTathl M ux 06cyxaeHue

OCHOBHY!O POJIb ITPU MOJICTUPOBAHUY ITPOLIECCa
CTOJIKHOBEHHSI aTOMHBIX SIJICp UIPaeT 3aBHCUMOCTh
MOTCHIINAIBHOI SHEPIUU CHCTEMBI OT IapaMETPOB
ee GopMBI.

3aBUCHMOCTB IMOTCHITHAILHOM SHEPTUH CHCTEMBI
(oHepruu B3auMOMEHCTBUS) OT MapaMeTpoB nedop-
MalluU CUCTEMBI NIPEJICTaBlIeHa Ha pUC. 3. AHaIU3H-
pys puc. 3, a, MOXKHO IIPUNUTHU K BBIBOLY O TOM, 4TO
SAPO-CHAPSIT HAYHET Je(pOPMHUPOBATHCS 3a10JTO 10
IepeceveHust KyJIoHOBCKoro Oaprepa. Ha cpaBam-
TEIFHO OOJBIIOM PACCTOSIHUH OT KyJIOHOBCKOTO 0a-
prepa (Korma IeHCTBYIOT TONBKO CHIIBI KYJIOHOBCKOTO
OTTAJIKUBAHUS) OKA3bIBACTCS BBITOJHOM HEMHOIO
CIUTIOCHYTas (hopMa siapa-cHapsia. [lanee, mo mepe
BKJIIOUCHUS STCPHBIX CHJI, CTAHOBUTCSI BBITOAHOM
BBITSIHYTast popMa HaJIeTaromIero sijpa. Takum oopa-
30M, (hopMa siIpa-CHapsIIa B MOMEHT IIepexo/ia uepes

®r3nKa aToMHOro A4pa v 3nemMeHTapHbIX 4acTrl

TIOTCHIINATIBHEIN Oaphep OMPEAeIsIeTCs] CKOPOCTHIO
nojyeTa sapa k Oapeepy. [Ipu BbicOKOH sHEpruu
peaxnuu sIpo OyaeT OBICTPO MOIXOANTH K Oapbepy 1
B MOMEHT IIepeX0/ia OCTAHETCsI CILTIOCHYTHIM. B mpo-
THUBHOM CJly4ae, IPU HU3KOH CKOPOCTH paauaIbHOrO
JIBIDKEHUSL, SIZIPO-CHAPST yCIIeeT MprodpecTu chepu-
YEeCKYIO WX JTaKe BRITSHYTYIO (hOpMY O MOMEHTa
nepexojia uepes 0apbep.

Ha puc. 3, 6 npencraBieHa 3aBUCHMOCTh TI0-
TEHIIHAJIBHON DHEPTUN CTAIKUBAIOIIUXCS sIEp
OT PACCTOAHMS MEXJYy HUX LIEHTpaMH Macc u Je-
¢dopmarun sapa-mumenu. [lpu GpukcupoBaHHOM
3HaueHuu napamerpa R, (npu R, > 15 dm) xo:
POLIO MPOCTEKUBACTCS MUHUMYM MOTEHLIUATbHON
SHEPTUH, COOTBETCTBYIOIINI 3HAUCHUIO TTapaMeTpa
a,~0.227 (OCHOBHOE COCTOSHHE SAPA-MHULIEHH). DTO
03HAYaeT, YTO AAPO-MHUIICHb IPAKTUUECKH HE OyJeT
MEHATH CBOIO (popMy 70 TeX IOp, ITOKa CHCTeMa He
MPHUOJTU3UTCS K TOTEHIMATbHOMY 0aphepy. [1o Mepe
MIPOJIBIDKEHUS 32 KYJIOHOBCKHI Oapbep MHTEHCHUB-
HOCTb BSaHMOHeﬁCTBHH CTAJIKUBAIOIUXCA AJCP YBC-
JIMYUBACTCSI, COOTBETCTBEHHO B CHCTEME HAYMHAIOT
JIEHCTBOBATh CHJIbI, CHOCOOHBIE M3MEHUTH (HopMy
CTAJIKUBAIOLINXCS SiAEp. 3a KYJOHOBCKUM OaphepoM
SHEPreTUYECKH BBHITOAHBIMU CTAHOBSTCS OOJee BHI-
TAHYTbIE (YOPMBI STEP.

3aBUCUMOCTH NMOTEHIIUAILHON SHEPTUHU CHCTE-
MBI (9HEPTHHU B3aUMOJECHCTBHUS) OT TApaMeTpoB O, u
R, npuseneHa Ha puc. 3, 6. Buano, uto o nocru-
KECHHsSI CUCTEMOM BEPIIUHBI KyJIOHOBCKOTO Oaphepa
(mITpuxoBasi IMHUS ), OpPUEHTAITMOHHASI 3aBUCIMOCTD
MOTEHIUAIBHOM YHEPTUU CUCTEMBI SBIISETCS AOCTa-
TOYHO c7a00, T. €. AAPO-MHUIICHb COXPAHSIET CBOIO
HAYaIbHYI0 OPHEHTAIUIO MPAKTHUYECKH HEH3MCH-
Hoil. Ilociie mepexona uepe3 KyJIOHOBCKUN Oapbep
1 BIUIOTH OO JIMHUN TEOMETPHUICCKOTO KaCaHUA AACP
(TTIyHKTHpHAS JTHHUS) YHEPTETHUECKH BBHITOTHBIMHU
SIBJISIIOTCSL OPUCHTAIIUU C MaJbIMH 3HAUYCHHUSIMU
napamerpa 0,.

Takum 006pa3om, U3 aHaJI3a BAIa KapThl MOTCH-
UAJIbHON PHEPTHUH MOXKHO MPHUUTH K BBIBOAY, UTO
IIPU PACCMOTPEHHUH MPOIeCcCca CTOIKHOBCHHS aTOM-
HBIX SIEpP TOJBHKO IO MOMEHTA MEPEeCEUYeHUs UMHU
KYJIOHOBCKOTO Oaphepa M3MEHEHUE OPUEHTAIUU U
nedhopManuu sapa-MuieHu OyneT MUHUMAIIbHBIM B
OTIINYXE OT U3MECHEHHS Ie(OPMAIIHH sIApa-CHAPSAA.

OCHOBHBIMH pe3ylibTaTaMi, KOTOpPbIe HY>KHO
MOJTYYUTH IPU MOACTUPOBAHUH TIPOIIECCA CTOIKHO-
BEHHS aTOMHBIX sIZIEp, SBISIOTCS CEUYEHHE Mepexona
CUCTEMBI uepe3 KYJIOHOBCKUHN Oaphep U pacCTOsSHHUE
MEXKAY HCHTPpaAMU MacCC CTAJIKHUBAOMIUXCA AOEP B
MoMmeHT riepexoza [10].
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a/a

12
fm

R

c.m.’

Puc. 3. 3aBUCHMOCTb [IOTCHIHATBHOM SHEPT U CHCTEMBI JIBYX CTAIKUBAOIIMXCS S
(54Ni + 238U) ot paccTosiHus MeskLy UX HEHTPaMHU Macc; a — eopMalliy spa-cHa-
psina (apo-MHUIIEHb OPHEHTHPOBAHO 110/ yIiIoM 30 rpaycoB K IMHUH, COCAUHAIONICH
LEHTPBI MACC CTAJIKUBAIOLINXCS A1€P, K UMeeT Je(hopMalifio, COOTBETCTBYIOLIYIO €ro
(bopme B ocHOBHOM cocTosiHuM (0, = 0.22)); 6 — nedopmanuu sapa-MUIIEHH (41pO-
MHIIICHb OPHEHTUPOBAHO 1O/ YIiioM 30 IpagycoB K JIMHHUH, COCAUHSIIOMICH IEHTPBI
MaccC CTaIKHBAIOLINXCS SAEP, SIAPO-CHAPS ABISIETCS CHEPUIECKIM); 6 — OPUCHTALIUH
Je(OPMHUPOBAHHOTO SIpa-MUIIEHH (JedopManuy 000uX sep 3aGuKCHPOBaHEI U CO-
OTBETCTBYIOT HX Je(hopMaisiM B OCHOBHOM COCTOSIHUH )
Fig. 3. Dependence of the potential energy of the system of two colliding nuclei
(6*Ni + 238U) on the distance between their centers of mass; a — deformation of the
projectile nucleus (the target nucleus is oriented at an angle of 30 degrees to the line
connecting the centers of mass of the colliding nuclei, and has a deformation that
corresponds to its form in the ground state (a, = 0.22)); b — deformation of the target
nucleus (the target nucleus is oriented at an angle of 30 degrees to the line connect-
ing the centers of mass of the colliding nuclei, the projectile nucleus is spherical);
¢ — orientations of the deformed target nuclei (deformations of both nuclei are fixed
and correspond to their deformations in the ground state)

CeueHue nepexo/ia CUCTEMbI Uepe3 KyITOHOBCKUI
Oapbep 3aBUCUT OT BEpOATHOCTU P COOTBETCTBYIO-
LIero mpoliecca:

o = :—ZZ (2L +1)P(L), (4

e k2 = 2MEc_m_/h2.

MpI nipoBenu MOJEIMPOBaHUE Ipoliecca CTOJ-
KHOBEHHUS aTOMHBIX AAep ¢ (PUKCUPOBAHHBIMHU
3HAYEHUSIMU TEX MJIM MHBIX [apaMETPOB CHCTEMBI.
B wacTtHOCTH, KpOMe MOTHOIEHHOTO (KOrna Bce
mapamMeTpbl MOTYT MEHSTBHCS CO BPEMEHEM) pac-
9eTa, MBI IPOU3BOIUM PACUETHI: C (PUKCHPOBAHHON
nedopmanueil sapa-cHapsaa; ¢ GUKCHPOBAHHON
nedopmanueil sapa-MumieHd; ¢ GUKCUPOBAHHOMN
OpHEHTAaIMel siApa-MUIICHU; ¢ (UKCUPOBAHHBIMH
nedopmanmeil u opueHTanuen sapa-mumenn. Cpas-
HUBAs MONYyYCHHBIC PE3yNbTaThl MEXKIy COOOH, MBI
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YBHIUM, BO3MOYKHO JIM YIIPOIICHUE pacueTa IIyTeM
HAJIOXKEHUsI OTPAaHMYCHUI Ha BOZMOKHOCTB JBOJIO-
[ HEKOTOPBIX MTAPaMETPOB.

B tabmuie npuBeneHa 3aBUCHMOCTD CEUCHUS
mepexona CHCTEMBI depe3 KyITOHOBCKHH Oapsep OT
SHEPTHH peakIuu. XOpOIIO BHIHO, YTO pacueT C
¢bukcupoBaHHOH Jedopmanmend aapa-cHapsa (ap)
JIaeT 3aBBIIICHHBIC 3HAYCHUS CEUCHUIL, B TO BPEMsI KaK
PE3YIBTaThI BCEX OCTAIBHBIX PACUCTOB MPAKTHYCCKH
HE OTIIMYAIOTCS OT PE3YNNBTATOB MOJHOIIEHHOTO pacye-
Ta. Pe3ynbTrarsl MOJIGNTMPOBaHMS IOCTATOYHO HETLIOXO
COIVIACYIOTCSI C IKCIIEPUMEHTAIbHBIMU TaHHBIMU [ 1].

Ha puc. 4 mpencraBiiensl pacnpeneneHus co-
ObITH ITepexo/ia Yepe3 KyJOHOBCKUiT bapbep 1o pac-
CTOSTHUSIM MEK/Ty IIEHTPAaMH MacC CTAIKHBAIOIINXCS
snep. [IpuBeseHbl pe3ynbTaThl MOACIUPOBAHUS C
(bukcupoBaHHOU aedopmarmeld siapa-cHapsaa C
OHOBPEMEHHO (PMKCHPOBAHHBIMH 3HAYCHHSIMH I1apa-
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Ceuenusi epexoja CHCTeMbI, MoydeHHoii B peakuusx %Ni + 238U u 368 + 238U, uepes kynonoscknii 6apnep. [puse-
JICHBI PE3YTLTATHI PACICTOR, NPOBEICHHBIX MPH YCTOBHN 3aMOPAKHBANNSI 3HAYCHHIT OTHOTO (L, o, MTH 6,) HITH JIBYX
(¢, 1 0,) NapaMeTPOB, a TaKs e Pe3y.IbTATHI OIHOLEHHBIX PACYETOB H IKCIIEPHMEHTaIbHbIE AaHHbIe [1]

Table. Cross sections of transition of the system, obtained in the %*Ni + 238U and 39S + 238U reactions,
through the Coulomb barrier. The results of calculations performed under the condition of freezing the values

of one (ap, a, or 0) or two (a, n 0) parameters, also the results of full calculations and experimental data are presented
E, s o 5 5 s IMonuslii pacuer / | DkcrnepuMeHTanbHbIE AaHHbIE [1] / Peakmus /
MeV ap at 0t at, 0 Full calculation Experimental data [1] Reaction
259.6 1.21 0.74 0.62 0.68 0.44 0.91
269.8 1549 | 9.97 9.20 9.42 6.97 4.7 s
Ni+ 238U
281.5 6598 | 459 49.9 48.7 41.4 332
300.5 219.5 | 220.2 | 2263 | 2275 219.8 117.1
149.4 10.86 | 10.27 | 10.12 | 9.82 9.67 10
155.1 73.58 | 68.69 | 68.72 | 68.82 66.69 45.49 36
S +28y
160.8 219.2 | 2049 | 205.4 | 206.9 204.1 206.9
171.2 688.8 | 669.2 | 668.5 | 6784 658.2 367.95
0.15F 238 27N 0ie4 36 238
“Ni+ U \ —— Full calculation S+7U B —— Full calculation
010t . ---- Fixeda, ---- Fixed o,
Sy | s Fixed 6,and o, 0.02 TR Fixed 6,and a,
0.05 |
=z =z
0 0.00 el
no 000 14 15 £ 13 14 15
= 0.015 F =
0.010 |
0.010 |-
0.005 | 0.005
0.000 0.000

a/a

kuBaromuxcs anep L = 0: a— E_, =259.6 MaB (ceepxy) u £

c.m.

o/b

Puc. 4. Pacnpez[enel{m{ COOBITHIA nepexoja 4epes KyJ'IOHOBCKI/Iﬁ 6apLep 0 PaCCTOAHUAM MEXKAY UCHTpaMH MaccC CTall-

=300.5 M>B (cum3y); 6 — E_, =149.4 M>B (cBepxy) u

E_, =171.2 MaB (cuusy)

Fig. 4. Distribution of Coulomb barrier transition events by the distances between the centers of mass of colliding nuclei
L=0:a-E,, =259.6 MeV (top) u E,, =300.5 MeV (bottom); b - E_,, = 149.4 MeV (top) u E,, =171.2 MeV (bottom)

METPOB JiehopMaIvy 1 OpUCHTAITUH SIpa-CHAPsIA U
MIOJIHOLIEHHOI'0 pacyeTa. XOopolIo BUHO, YTO pacyeT
¢ pukcupoBaHHOM HedopMarnuei siapa-cHapsina (Tpe-
pBIBHCTas JIMHUS) BO BCEX PACCMOTPEHHBIX CIydasix
SIBHO OTJIMYAETCS OT MPAKTUYECKH CIMBAIOLIMXCS
pE3yNbTaToOB BCEX OCTANBHBIX pacueToB. Ciemyer
3aMETHUTh, YTO JAHHOE OTIIMYKE 3aBUCUT OT SHEPTUU
peakuuu 1 Maccsl siapa-cHapsiia. [louarHo, uto uem
TsDKEJIee Macca spa cHapsia, TeM CHIIbHEe ero Jie-
(hopMaIys BIUSET HA MIPOIECC CTOIKHOBCHUS.

3aknioyeHume

AHanu3upys pe3ylbTaThl, [OJIy4eHHbIE B Ha-
cTosIei paboTe, MOKHO MPUHTH K BBIBOAY, UTO

®r3rKa aToMHOro A4pa v 3nemMeHTapHbIX 4acTry

npeHeOpexeHne BO3MOKHOCTBIO H3MCHEHUS Tapa-
METpOB AehopMaIy U OPUSHTAINN B IPOCTPAHCTBE
Anpa-MHIICHU, B ClIydae IOCTATOYHO TSKEIOTO
Spa-MUIICHH, a TAKKe B CIIydae, €CIId OHO HMEET
JIOCTATOYHO JKECTKUI MOoTeHuuan (cM. puc. 2), npu-
BOJIUT K (PM3UYECKH OOOCHOBAaHHBIM pe3yJbTaTam,
MaJIo OTAMYAIOMIUMCS OT PE3YABTATOB ITOJTHOLIEHHOTO
pacuera. [Ipuuem, uem Jierde HayeTaroIee s;apo, TeM
9TH OTIMYHSI MEHBIIE. B TO jke Bpems mogo0HOe pH-
OmKeHre NPUBOAUT K CYILIECTBEHHOMY YIIPOILIEHHIO
pacdera U, COOTBETCTBEHHO, K YMEHBIICHUIO Bpe-
MCHH BBITIOJTHEHHS PacueTa Ha KOMIIBIOTEPE 3a CUET
YMEHBIIEHUsI KOJIUYeCTBa ypaBHEHUU JlaHxkeBeHa
(1), TpeOyronmx YMCICHHOTO HHTETPUPOBaHUs. TakK,
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B OINMCAaHHON MOJENH, 3aMOpaXMBaHUE ABYX U3 4e-
THIpEX CTeTNeHel CBOOO/IbI MPUBEIO K JBYKPATHOMY
YMEHBIICHUIO BPEMEHH BBITIONTHEHUS THHAMHYECKOTO
pacueTa Ha KOMIIbIOTEPE.

Cnucok nuteparypsl

1.

10.

Kozulin E. M., Knyazheva G. N., Novikov K. V., Itkis 1. M.,
Itkis M. G., Dmitriev S. N., Oganessian Yu. T5., Boga-
chev A. A., Kozulina N. 1., Harca I., Trzaska W. H.,
Ghosh T. K. Fission and quasifission of composite systems
with Z = 108—120 : Transition from heavy-ion reactions
involving S and Ca to Ti and Ni ions // Phys. Rev. C.
2016. Vol. 94. P. 054613. DOI: https://doi.org/10.1103/
PhysRevC.94.054613

Nishio K., Ikezoe H., Mitsuoka S., Nishinaka I., Nagame Y.,
Watanabe Y., Ohtsuki T., Hirose K., Hofmann S. Effects
of nuclear orientation on the mass distribution of fission
fragments in the reaction of 36S+238U // Phys. Rev. C.
2008. Vol. 77. P. 064607. DOI: https://doi.org/10.1103/
PhysRevC.77.064607

Dvorak J., Briichle W., Chelnokov M., Dressler R., Diil-
Imann Ch. E., Eberhardt K., Gorshkov V., Jiger E.,
Kriicken R., Kuznetsov A., Nagame Y., Nebel F., Novacko-
va Z., Qin Z., Schéiidel M., Schausten B., Schimpf E., Sem-
chenkov A., Thorle P, Tiirler A., Wegrzecki M., Wiercz-
inski B., Yakushev A., Yeremin A. Doubly Magic Nucleus
270Hs // PRL. 2006. Vol. 97. P. 242501. DOI: 10.1103/
PhysRevLett.97.242501

Karpov A. V., Saiko V. V. Modeling near-barrier colli-
sions of heavy ions based on a Langevin-type approach //
Phys. Rev. C. 2018. Vol. 96. P. 024618. DOL: https://doi.
org/10.1103/PhysRevC.96.024618

Adamian G. G., Antonenko N. V., Lenske H., Malov L. A.
Predictions of identification and production of new super-
heavy nuclei with Z=119 and 120 // Phys. Rev. C. 2020.
Vol. 101. P. 034301. DOLI: https://doi.org/10.1103/Phys-
RevC.101.034301

Frébrich P. Fusion and capture of heavy ions above the
barrier : analysis of experimental data with the surface
friction model // Phys. Rep. 1984. Vol. 116. P. 337-400.
DOI: https://doi.org/10.1016/0370-1573(84)90162-5
Marten J., Frébrich P. Langevin description of heavy-
ion collisions within the surface friction model // Nucl.
Phys. A. 1992. Vol. 545. P. 854-870. DOI: https://doi.
org/10.1016/0375-9474(92)90533-P

Bonxoeg B. B. Tlpouiecc OMHOTO CAUSIHUSA aTOMHBIX SIAEP.
Cnusgnue saep B paMKax KOHIETLUH ABOMHOW sSAepHOU
cucremsl // DUAS. 2004, T. 35. C. 796-857.

Saiko V. V., Karpov A. V. Analysis of multinucleon transfer
reactions with spherical and statically deformed nuclei
using a Langevin-type approach // Phys. Rev. C. 2019.
Vol. 99. P. 014613. DOI: https://doi.org/10.1103/Phys-
RevC.99.014613

Litnevsky V. L., Kosenko G. I, Ivanyuk F. A., Chiba S.
Description of the mass-asymmetric fission of the Pt
isotopes, obtained in the reaction 36Ar+142Nd within
the two-stage fusion-fission model // Phys. Rev. C. 2019.
Vol. 99. P. 054624. DOI: https://doi.org/10.1103/Phys-
RevC.99.054624

240

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Davydovska O. 1., Denisov V. Yu., Nesterov V. A. Com-
parison of the nucleus-nucleus potential evaluated in the
double-folding and energy density approximations and the
cross-sections of elastic scattering and fusion of heavy ions
// Nucl. Phys. A.2019. Vol. 989. P. 214-230. DOI: https://
doi.org/10.1016/j.nuclphysa.2019.06.004

Ismail M., Ellithi A. Y., Botros M. M., Mellik A. E.
Azimuthal angle dependence of Coulomb and nuclear
interactions between two deformed nuclei // Phys. Rev.
C.2007. Vol. 75. P. 064610. DOI: https://doi.org/10.1103/
PhysRevC.75.064610

Jlumnesckuii B. JI., Kocenxo I U., Heaniok @. A. Yuer
TYHHEJIBHOTO 3¢ (deKTa BO BXOAHOM KaHAJlC PEaKuii
causinust-nenenus // 1D, 2016. T. 79, Ne 3. C. 236-244.
Litnevsky V. L., Kosenko G. I, Ivanyuk F. A., Pashke-
vich V. V. Description of synthesis of super-heavy elements
within the multidimentional stochastic model // Phys. Rev.
C.2014. Vol. 89. P. 034626. DOLI: https://doi.org/10.1103/
PhysRevC.89.034626

Pashkevich V. V. On the asymmetric deformation of fis-
sioning nuclei // Nucl. Phys. A. Vol. 169. P. 275-293. DOI:
https://doi.org/10.1016/0375-9474(71)90884-0

Aoees I ., Kapnos A. B., Haomouwii I1. H., Banun /]. B.
MHoOroMepHbIil cTOXaCTUUECKUH MOJAX0J] K JAMHAMUKE
neneHus Bo30OyxaeHHBIX snep // DUAS. 2005. T. 36.
C. 732-800.

Strutinsky V. M. Shell effects in nuclear masses and defor-
mation energy // Nucl. Phys. A. 1967. Vol. 95. P. 420-442.
DOI: https://doi.org/10.1016/0375-9474(67)90510-6
Ivanyuk F. A., Ishizuka C., Usang M. D., Chiba S. Tem-
perature dependence of shell corrections // Phys. Rev. C.
2018. Vol. 97. P. 054331. DOI: https://doi.org/10.1103/
PhysRevC.97.054331

lljinov A. S., Mebel M. V., Bianchi N., De Sanctis E.,
Guaraldo C., Lucherini V., Muccifora V., Polli E., Reo-
lon A. R., Rossi P. Phenomenological statistical analysis
of level densities, decay widths and lifetimes of excited
nuclei // Nucl. Phys. A. 1992. Vol. 543. P. 517-554. DOI:
https://doi.org/10.1016/0375-9474(92)90278-R
Hofmann H., Kiderlen D. A Self-Consistent Treatment
of Damped Motion for Stable and Unstable Collective
Modes // Int. J. Mod. Phys. E. 1998. Vol. 7. P. 243-274.
DOI: https://doi.org/10.1142/S0218301398000105
Kypmanos P. C., Kocenxo I M. HoBBbII TOAXON K pacueTy
MOTCHIMAIBHON SHEPTUH CTAKHBArOIUXCs siaep // S1D.
2014. T. 77, Ne 12. C. 1514-1524.

Koura H., Yamada M. Single-particle potentials for spheri-
cal nuclei // Nucl. Phys. A. 2000. Vol. 671. P. 96-118. DOI:
https://doi.org/10.1016/S0375-9474(99)00428-5

Hasse R. W., Myers W. D. Geometrical Relationships of
Macroscopic Nuclear Physics. Heidelberg : Springer-
Verlag, 1988. 116 p.

Zu-Hua L., Jing-Dong B. The effects of deformation and
orientation of colliding nuclei on synthesis of superheavy
elements // Nucl. Phys. A. 2019. Vol. 991. P. 121616. DOI:
https://doi.org/10.1016/j.nuclphysa.2019.121616
Hofmann H. A quantal transport theory for nuclear collec-
tive motion : The merits of a locally harmonic approxima-
tion // Phys. Rept. 1997. Vol. 284, iss. 4-5. P. 137-380.
DOI: https://doi.org/10.1016/S0370-1573(97)00006-9

HayyHbiri otaen



B. N. N\nTHeBCKNF 1 ap. FlccneqosaHme npr pacyeTe MpoLecca CTOMKHOBEHKA aTOMHBbIX HAGDN @

OO0pasen A1 UUTHPOBAHMSA:

Jlumnesckuii B. JI., Heanwok @. A., Kocenxo I Y. ViccnenoBanue BO3MOXKHOCTH 3aMOPaKUBAHUSI HEKOTOPBIX CTENEHEH
CBOOOIBI CUCTEMBI IIPU pacueTe Mpolecca CTOIKHOBEHUS aTOMHBIX sijep // M3B. Capar. yn-ta. Hos. cep. Cep. ®usnka.
2020. T. 20, Boim. 3. C. 233-242. DOI: https://doi.org/10.18500/1817-3020-2020-20-3-233-242

Research of the Possibility of Freezing Some Degrees
of Freedom of the System in the Calculation
of the Collision Process of Atomic Nuclei

V. L. Litnevsky, F. A. lvanyuk, G. I. Kosenko

Vladimir L. Litnevsky, https://orcid.org/0000-0002-3016-0174,
Omsk State Transport University, 35 Marksa pr., Omsk 644046,
Russia, vlad.lit@bk.ru

Fedor A. Ivanyuk, https://orcid.org/0000-0002-5321-6986, Institute
for Nuclear Research, National Academy of Sciences of Ukraine,
47 Nauki pr., Kiev 03028, Ukraine, ivanyuk@kinr.kiev.ua

Grigory |. Kosenko, https://orcid.org/0000-0002-3876-4917, Omsk
Tank Automotive Engeneering Institute, 14 Voennii gorodok, Omsk
644098, Russia, kosenkophys@gmail.com

Background and Objectives: A large number of theoretical and
experimental papers have been devoted to the study of the fusion-
fission reaction of heavy ions. This is primarily due to the fact that
these reactions allow us to obtain superheavy nuclei or exotic isotopes
that lie far from the beta-stability line. To describe these reactions,
you must be able to describe the collision process of the initial nuclei.
Moreover, the accuracy of the entrance channel description affects
the quality of all subsequent modeling results. Recently, a number
of works have appeared that seek to take into account all possible
deformations and orientations when calculating the interaction of
colliding atomic nuclei. At the same time, increasing the number of
system shape parameters taken into account (increasing the dimen-
sion of the space of collective coordinates of the system) increases
the complexity of performing dynamic calculations. So, the purpose of
this work is to find an approximation that takes into account the main
physical processes that occur when two atomic nuclei collide, but
does not lead to serious complication of calculations. Materials and
Methods: In this paper, we consider the collision of atomic nuclei
in the hot fusion reactions 3¢S + 238 and 84Ni + 238U, To model this
process, a dynamic stochastic model is used. It takes into account
the shell structure of colliding cores and their mutual orientation in
space. Four deformation parameters are used to describe the shape
of the system under consideration. The dynamic evolution of these
parameters is described in the framework of the Langevin equations.
Results: The paper discusses the possibility of freezing some of
the degrees of freedom of the system. It is shown that a relatively
heavy target nucleus, deformed in the ground state, weakly changes
its deformation and orientation in space during the evolution of the
system up to the transition through the Coulomb barrier. The numeri-
cal results are compared with the experimental data. Conclusion:
The prohibition of the evolution of the target nucleus deformation
and orientation degrees of freedom does not significantly affect the
simulation results, namely, the probability of the system passing
through the Coulomb barrier and the distance between the centers
of mass of colliding nuclei at the moment of the penetration through
the Coulomb barrier. The choice of the reactions under consideration
allows us to judge the effect of the mass of the projectile nucleus
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on the results of calculations, and also allows us to generalize the
results obtained in the present work to a wide range of reactions with
the mass ratio of colliding nuclei lying in the range from 0.15 to 0.27.
Most of the reactions currently used for the synthesis of superheavy
elements are in this range.

Keywords: nuclear collision, Langevin equations, collective co-
ordinates.

Received: 25.04.2020/Accepted: 21.05.2020/ Published: 31.08.2020

This is an open access article distributed under the terms of Creative
Commons Attribution License (CC-BY 4.0)

References

1. Kozulin E. M., Knyazheva G. N., Novikov K. V., Ttkis I. M.,
Itkis M. G., Dmitriev S. N., Oganessian Yu. Ts., Boga-
chev A. A., Kozulina N. 1., Harca 1., Trzaska W. H.,
Ghosh T. K. Fission and quasifission of composite sys-
tems with Z = 108-120: Transition from heavy-ion reac-
tions involving S and Ca to Ti and Ni ions. Phys. Rev. C,
2016, vol. 94, pp. 054613. DOI: https://doi.org/10.1103/
PhysRevC.94.054613

2. Nishio K., Tkezoe H., Mitsuoka S., Nishinaka I., Naga-
me Y., Watanabe Y., Ohtsuki T., Hirose K., Hofmann S.
Effects of nuclear orientation on the mass distribution of
fission fragments in the reaction of 36S+238U. Phys. Rev.
C, 2008, vol. 77, pp. 064607. DOI: https://doi.org/10.1103/
PhysRevC.77.064607

3. Dvorak J., Briichle W., Chelnokov M., Dressler R., Diill-
mann Ch. E., Eberhardt K., Gorshkov V., Jager E., Kriick-
en R., Kuznetsov A., Nagame Y., Nebel F., Novackova Z.,
Qin Z., Schidel M., Schausten B., Schimpf E., Semchen-
kov A., Thorle P., Tiirler A., Wegrzecki M., Wierczinski B.,
Yakushev A., Yeremin A. Doubly Magic Nucleus 270H:s.
PRL, 2006, vol. 97, pp. 242501. DOI: 10.1103/PhysRev-
Lett.97.242501

4. Karpov A. V., Saiko V. V. Modeling near-barrier colli-
sions of heavy ions based on a Langevin-type approach.
Phys. Rev. C, 2018, vol. 96, pp. 024618. DOLI: https://doi.
org/10.1103/PhysRevC.96.024618

5. Adamian G. G., Antonenko N. V., Lenske H., Malov L. A.
Predictions of identification and production of new su-
perheavy nuclei with Z=119 and 120. Phys. Rev. C, 2020,
vol. 101, pp. 034301. DOI: https://doi.org/10.1103/Phys-
RevC.101.034301

6. Frobrich P. Fusion and capture of heavy ions above the
barrier: analysis of experimental data with the surface
friction model. Phys. Rep., 1984, vol. 116, pp. 337-400.
DOI: https://doi.org/10.1016/0370-1573(84)90162-5

7. Marten J., Frobrich P. Langevin description of heavy-
ion collisions within the surface friction model. Nucl.
Phys. A, 1992, vol. 545, pp. 854-870. DOI: https://doi.
org/10.1016/0375-9474(92)90533-P

241



==

rss. Capart. yH-1a. HoBs. cep. Cep. Prznka. 2020. T. 20, Bbir. 3

10.

11.

12.

13.

14.

15.

Volcov V. V. Process of Complete Fusion of Atomic
Nuclei. Complete Fusion of Nuclei in the Framework of
the Dinuclear System Concept. Phys. Part. Nucl., 2004,
vol. 35, pp. 425-486.

Saiko V. V., Karpov A. V. Analysis of multinucleon
transfer reactions with spherical and statically deformed
nuclei using a Langevin-type approach. Phys. Rev. C,
2019, vol. 99. pp. 014613. DOI: https://doi.org/10.1103/
PhysRevC.99.014613

Litnevsky V. L., Kosenko G. 1., Ivanyuk F. A., Chiba S.
Description of the mass-asymmetric fission of the Pt
isotopes, obtained in the reaction 36 Ar+142Nd within
the two-stage fusion-fission model. Phys. Rev. C, 2019,
vol. 99, pp. 054624. DOI: https://doi.org/10.1103/Phys-
RevC.99.054624

Davydovska O. 1., Denisov V. Yu., Nesterov V. A. Com-
parison of the nucleus-nucleus potential evaluated in the
double-folding and energy density approximations and
the cross-sections of elastic scattering and fusion of heavy
ions. Nucl. Phys. 4, 2019, vol. 989, pp. 214-230. DOI:
https://doi.org/10.1016/j.nuclphysa.2019.06.004

Ismail M., Ellithi A. Y., Botros M. M., Mellik A. E.
Azimuthal angle dependence of Coulomb and nuclear
interactions between two deformed nuclei. Phys. Rev. C,
2007, vol. 75, pp. 064610. DOI: https://doi.org/10.1103/
PhysRevC.75.064610

Litnevsky V. L., Kosenko G. 1., Ivanyuk F. A. Allowance
for the Tunnel Effect in the Entrance Channel of Fusion—
Fission Reactions. Phys. At. Nucl., 2016, vol. 79, no. 3,
pp. 342-450.

Litnevsky V. L., Kosenko G. 1., Ivanyuk F. A., Pashke-
vich V. V. Description of synthesis of super-heavy elements
within the multidimentional stochastic model. Phys. Rev.
C, 2014, vol. 89. pp. 034626. DOI: https://doi.org/10.1103/
PhysRevC.89.034626

Pashkevich V. V. On the asymmetric deformation of fis-
sioning nuclei. Nucl. Phys. A, vol. 169, pp. 275-293. DOIL:
https://doi.org/10.1016/0375-9474(71)90884-0

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Adeev G. D., Karpov A. V., Nadtochy P. N., Vanin D. V.
Multidimensional stochastic approach to the fission dy-
namics of excited nuclei. Phys. Part. Nucl., 2005, vol. 36,
pp. 387-426.

Strutinsky V. M. Shell effects in nuclear masses and defor-
mation energy. Nucl. Phys. A, 1967, vol. 95, pp. 420-442.
DOI: https://doi.org/10.1016/0375-9474(67)90510-6
Ivanyuk F. A., Ishizuka C., Usang M. D., Chiba S. Tem-
perature dependence of shell corrections. Phys. Rev. C,
2018, vol. 97, pp. 054331. DOI: https://doi.org/10.1103/
PhysRevC.97.054331

Iljinov A. S., Mebel M. V., Bianchi N., De Sanctis E.,
Guaraldo C., Lucherini V., Muccifora V., Polli E., Reo-
lon A. R., Rossi P. Phenomenological statistical analysis
of level densities, decay widths and lifetimes of excited
nuclei. Nucl. Phys. 4, 1992, vol. 543, pp. 517-554. DOI:
https://doi.org/10.1016/0375-9474(92)90278-R
Hofmann H., Kiderlen D. A Self-Consistent Treatment
of Damped Motion for Stable and Unstable Collective
Modes. Int. J. Mod. Phys. E, 1998, vol. 7, pp. 243-274.
DOI: https://doi.org/10.1142/S0218301398000105
Kurmanov R. S., Kosenko G. I. New approach to calculat-
ing the potential energy of colliding nuclei. Phys. At. Nucl.,
2014, vol. 77, pp. 1442—1452.

Koura H., Yamada M. Single-particle potentials for spheri-
cal nuclei. Nucl. Phys. 4,2000, vol. 671, pp. 96—118. DOI:
https://doi.org/10.1016/S0375-9474(99)00428-5

Hasse R. W., Myers W. D. Geometrical Relationships
of Macroscopic Nuclear Physics. Heidelberg, Springer-
Verlag, 1988. 116 p.

Zu-Hua L., Jing-Dong B. The effects of deformation and
orientation of colliding nuclei on synthesis of superheavy
elements. Nucl. Phys. A, 2019, vol. 991, pp. 121616. DOI:
https://doi.org/10.1016/j.nuclphysa.2019.121616
Hofmann H. A quantal transport theory for nuclear collec-
tive motion: The merits of a locally harmonic approxima-
tion. Phys. Rep., 1997, vol. 284, iss. 4-5, pp. 137-380.
DOI: https://doi.org/10.1016/S0370-1573(97)00006-9

Cite this article as:

Litnevsky V. L., Ivanyuk F. A., Kosenko G. I. Research of the Possibility of Freezing Some Degrees of Freedom of the System
in the Calculation of the Collision Process of Atomic Nuclei. /zv. Saratov Univ. (N. S.), Ser. Physics, 2020, vol. 20, iss. 3,
pp. 233-242 (in Russian). DOI: https://doi.org/10.18500/1817-3020-2020-20-3-233-242

242

HayyHbiri otaen



