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TRITON CLUSTERING IN (n,t) REACTIONS

Abstract. According to the traditional definition of a nucleus, protons and neutrons in the nucleus have a
roughly homogeneous distribution. At the beginning of nuclear physics it was known that nuclear clustering was
extremely important in determining the structure of nuclei. The discovery of alpha-decay of heavy-nuclei initiated
the idea that clusters of nucleons might be preformed prior to emission. Afterwards Gamow, Gurney and Condon
described the alpha particle as undergoing quantum mechanical tunneling from inside the decaying nucleus.
Furthermore, an alpha particle model with bonds connecting clusters for N=Z even-even nuclei was suggested. In
1941, Margenau used a Slater determinant wave function for alpha clusters to compute an effective alpha-alpha
interaction. Moreover, Morigana supposed to apply linear chains of alpha clusters for describing some states of
alpha-like nuclei. Cluster structures are typically observed as excited states close to the corresponding decay
threshold. The origin of this phenomenon lies in the effective nuclear interaction, but the detailed mechanism of
clustering in nuclei has not yet been fully understood.

Clustering properties of nuclei would be helpful to understand both the nuclear structure and nuclear reaction
mechanisms. Different kind of clusters can be in principle exist in nuclei, for example, light (two, three and four
nucleons) and heavy ones. The clustering effect of nuclei has been investigated for a long time using different
methods based on various theoretical approaches. However, most of these studies were devoted to the a-clustering in
the a-decay, a-particle scattering, a-particle transfer and emission reactions, and molecule like a-cluster structure of
light nuclei. A famous example is Be isotopes for alpha-clustering. ®Be has a tight two-alpha cluster structure and the
nucleus is unstable. If we consider another isotope of °Be (adding one neutron into ®Be), the cluster structure is
stabilized and the system is bound.

In the last years we have been studying the a-clustering in fast and slow neutrons induced (n,a) reactions using
the statistical model and knock-on mechanism. In this work in the framework of the compound and direct reaction
mechanisms, triton clustering factors (or probabilities) were first obtained for (n,t) reactions. In the case of
compound mechanism, the statistical model based on the evaporation model and constant nuclear temperature
approximation was used. For the direct reaction mechanism, the knock-on model was utilized. It was shown that the
triton clustering factors obtained by the knock-on model are much larger than ones found by the statistical model. At
the same time, the triton clustering factors for even-even target nuclei are on an average one order of magnitude
lower than ones for odd-even nuclei.

In addition, the triton clustering factors are much lower than the a-clustering in (n,a) reactions at the same
neutron energy range for medium-mass nuclei.

Keywords: compound mechanism, statistical model, evaporation model, constant nuclear temperature
approximation, direct reaction, knock-on model, alpha-clustering, triton-clustering.

1. Introduction

Clustering properties of nuclei are useful for the understanding both the nuclear structure and nuclear
reaction mechanisms [1-4]. Different kind of clusters can be in principle exist in nuclei, for example, light
(two, three and four nucleons) and heavy ones. The clustering effect of nuclei has been investigated for a
long time using different methods based on various theoretical approaches. However, most of these studies
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were focused on the a-clustering in the a-decay, a-particle scattering, o-particle transfer and emission
reactions, and molecule like a-cluster structure of light nuclei. The clusterization is usually described by a
clustering factor which is defined as the probability of finding some cluster structure from several
nucleons inside the nucleus. Consequently, this factor (or probability) should be less than or equal to one.

In the last years we have been studying the a-clustering in fast and slow neutrons induced (n,a)
reactions using the compound and direct reaction mechanisms [5,6]. In this work the triton clustering in
(n,t) reactions is first studied using the statistical and knock-on models.

2. Theoretical background

2.1. Statistical Model Formulae

In the framework of the statistical model based upon Bohr’s assumption of a compound mechanism
the (n,t) cross section can be expressed [7] as following:

o =0, (MG(). (1)
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is the compound nucleus formation cross section, whereR=I’0A is the target nucleus radius,
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is the wavelength of the incident neutrons divided by 2z, where E,, is the neutron energy.
The triton decay probability of the compound nucleus is given by

Ft
G(t) = T “)

where I['tand I are the triton and total level widths.

Using the detailed balancing principle and evaporation model [8] the triton width of level, [, is
determined as following:
28 41
= thltoc(Ec)Mt I:!.Eto-c (El )py(Ut)dEt (5)

Here: S,, M,, E,, and V, are the spin, mass, energy and the Coulomb potential energy for the
outgoing triton, respectively; p (E,)and p (U,)are the level densities of the compound and residual

nuclei, respectively; U, is the excitation energy of the residual nuclei; The inverse reaction cross section,
o,(E,), can be determined by the semi-classical formula [7]. Then, using the nuclear entropy [9] and

constant temperature approximation [7], we can get from (1), (2) and (5) the following simple formula for
fast neutron induced (n,t) reaction cross section:

Ql 1
o = 7R+, ). ;g M 6)

If we use Weizsdcker’s formula for binding energy [10] and an approximation A>>2 for medium mass
and heavy nuclei can obtain following formula for (n,t) reaction energy:

2Z-1 N-Z+1
nl:}/ A1/3 5 gt (7)

where: y and ¢ the Weizsdcker’s constants, N and Z are the neutron and proton numbers, respectively, of

the target nucleus, &, = 8.48 MeV is the internal binding energy of triton.
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The Coulomb potential energy of triton can be written [11] in the form:

v =1.029-27D_(yser) @®)

A1/3 +31/3

Using the Fermi gas model for level density parameter [12], the nuclear thermodynamic temperature

[7] is expressed as:
0= f13.5(E;1+ 0.) . 9)

So, from Egs. (6)-(8) the (n,t) cross section can be obtained as follows:
N-Z+

o =Cn(R+R Fe 4

(nt) s (10)
The parameters C and K are expressed by:
27 -1 (Z-1)
3 TE —1.029 413 313
C =3exp (11)
®
and

4g
K=—. 12
P (12)

Formulae (9)-(12) are used for calculation of the (n,t) cross sections. So, the triton clustering factor
(or probability) can be, by analogy with the spectroscopic factor [13], obtained as a ratio of experimental
(n,t) cross sections for 14-15 MeV neutrons to the theoretical ones which were calculated using the one-
body approximation (10):

b= (13)

2.2. Knock-on Model Formulae
In the framework of the direct reaction mechanism and using the knock-on model, the (n,t) cross
section for fast neutrons can be obtained as following:

o(n,t)=kgo, ). (14)

Here: £ is the parameter of the neutron hitting the target nucleus which can be expressed by the ratio
of geometric cross sections as following:

m/'tZ 32/3
¢ = 2 N 2/3 | A2/3 ° (15)
n(Ry+r") (A-3)""+3

where r;is the radius of the triton; Rp is the radius of the daughter nucleus and A4 is the mass number of the
target nucleus; ¢5t is the triton clusterization factor; O'fft (¢) is the total neutron cross section for the triton.

So, from (14) and (15) the triton clusterization factor can be got as following:

o(n,t) (4-3)"° +3*"
¢f = Gtut(t) 32/3 ' (16)

The formula (16) is used to calculate the triton clusterization factor for (n,t) reactions.
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3. Results and discussion

3.1. Triton Clustering Factors by the Statistical Model

Theoretical (n,t) cross sections calculated by the statistical model formulae (9)-(12) and experimental
values taken from EXFOR data [14] are shown in figure 1.
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Figure 1 - Theoretical (o, A) and experimental (®,A) (n,t) cross sections
for odd-even and even-even target nuclei versus the parameter (N-Z+1)/A

It is seen that the statistical model formulae give systematically overestimated values of the (n,t) cross
sections. We assume that this fact is, perhaps, caused by triton clustering effect which was not considered
in the theoretical formulas. So, the triton clustering factor was determined by formula (13). Results of such
calculations by formula (13) are shown in figure 2 for odd-even and even-even nuclei.
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Figure 2 - The dependence of the triton clustering factors on the mass number of target nuclei:
(0-odd-even and A -even-even nuclei)

The figure 2 shows that the triton clustering factors for even-even nuclei on an average are around 10
times less than ones for odd-even nuclei. This fact is, possibly, connected with odd-even composition of
the triton.

3.2. Triton Clustering Factors by the Knock-on Model
Values of the triton clustering factors depending on mass numbers for odd-even and even-even target
nuclei are shown in figure 3.
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Figure 3 - The triton clustering factor versus mass number of target nuclei

It can be seen that the triton clustering factors for even-even target nuclei are on an average by one
order of magnitude (~10 times) lower than ones for odd-even nuclei. This result can be, also, explained by
the composition of triton which is odd-even. Figures 2 and 3 show that the clustering factors obtained by
statistical model are on an average two order of magnitude (~10%) lower than ones by knock on model.
This result means that in the most case the triton cluster is, probably, performed before interaction of
incident neutrons with the target nuclei. At the same time, triton clustering factors are much lower than o-
clustering in (n,a) reactions (¢,~102-10") at the same energy range for medium mass nuclei [6]. It means
that four nucleons clustering factor is more than three nucleons one. This difference of the clustering
factors is, perhaps, caused by the difference of the a-particle and triton binding energy.
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(n,t) PEAKIIUSACBIHJAFBI TPUTOH-KJIACTEPJIEY

AHHOTanMsl. SIIPOHBIH IOCTYpii aHBIKTaMachlHa COMKeC SIpOJarbl MPOTOHAAP MEH HEHTpOHZap LIaMaMeH
Oipkenki Tapanaapl. Snponblk  (usnkaHbiH OacTamnKbl Ke3eHIHIE SIPOJIapAbIH  KIACTepJeHYl  sApOoJapbiH
KYPBUIBIMBIH aHBIKTay YIUIH ©T€ MaHBI3bl €KeHi Oenrii O0oyabl. AybIp sapojarbl anb(a bIABIPAYbIHBIH AllbLTYbI
HYKJIOH KJIaCTEpJIEpiH INbIFapyAaH OYpbIH KalbINTACTBIPyFa OOJATBIHABIFBI Typaiyibl HJesFa oi caiabl. Keiiin
I'amoB, ['epuu xoHe ['opnoH anbga Oeseri bIIBIPAWTHIH SIPOHBIH ILMIIHEH KBAaHTTHIK MEXaHHUKANBIK TYHHENIbICH
oTeTiHAIriH cunarragpl. COHBIMEH Karap, CHUKbIpIbI (Oipkenki) N = Z sjgpoiiapblHa apHaJIFaH KilacTepiepui
OaiinaHbICTEIpaThIH ajbda-OemnmexTepain Moaeni YChHbIIIbL 1941 >xputbl Maprenay tuiMai anbga-anbpa e3apa
opeKeTTeCyiH ecenTey yIiH anbga kinacrepiepi yurin Cieiitep JeTepMUHAHT TOJKBIHBIHBIH (DyHKIMSACHIH KOJIAH/IBL.
ConpiMeH Katap, Mopurana anpda Topi3zi saponapAslH KeiOip KyiJiepiH cumaTTay YIIiH aidb(a KiIacTepiepiHiH
CBI3BIKTHI Ti30€TiH KOJMaHyIhl YCHIHABL. KitacTepiik KypbUIBIMIAp, OIETTe, BIABIPAyIbIH THICTI IIETiHe KaKbIH
KO3FaH Ky# TypiHzme Oaiikamanpl. By KyOBUTBICTBIH OacTadybl THIMII SIIPOIBIK OPEKETTECTIKKe OaliIaHBICTHI, OipaK
SIIPOJTAPAAFHI KJIACTEPIICPIIH erKeH-TerKEII MEXaH|3MI 9JIi TOJIBIK 3ePTTEIME/I.
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SlnponapablH KJIacTepiliK KacHeTTepi sIPOHBIH KYPBUIBIMBIH J1a, SAPOJIBIK PEaKHs MEeXaHU3MACPiH Ie TYCiHy
YILIiH nainanst 6onap exi. Saponap Tydereii Typii KiacTepiepre ue 00aybl MYMKIH, MBICAJIbI, )KEHLT (€Ki, YIII KoHe
TOPT HYKIIOH) JKOHE aybIp. SlaponapsiH KiacTepiik dPQGEeKTiCi 9pTypili TEOPHUSIIBIK TICUIISPre HEri3aeareH Typii
ozicTepAl KOJIIaHy apKbUIbl y3aK yakbIT 3epTTeii. Aunaiina Oy 3epTTeysiepAiH KOILIUIri o-blIslpay Ke3iHaeri
o-KJjacrepiepre, OeNIIeKTepAiH o-LIalblpayblHa, 0-0eIeKTepJiH TaChIMaIaHybl )KOHE LIbIFapy peakuusuiapbiHa
JKOHE KEHUT SIPOJIApbIH 0-KJIACTEPiHIH MOJIEKYJIANBIK TOpi3Ai KYphUIBIMBbIHA apHajFaH OonareiH. benrini Mbican
petinge anbda Knacrepine apHairan Be uzoronrapsin ancak 60maapl. *Be THIFbI3 €Ki anb(a KIacTepilik KypbUIbIMFa
We, an SapoCkl TYpakchi3s Gonbin camanansl. Erep °Be msoronbin kapacteipathin Goncak (*Be-re 6ip HelTpoH
KOCKaH[a), OHJIa KJIaCTep KYPbUIBIMBI TYPaKTaHA/IbI JKOHE XKyiie GailaHbICKaH OOJIBIIT CaHaIaIpbl.

COHFBI JKBUIIAPHl CTATHCTHUKAIBIK MOJEIh MEH HOKAyT MEXaHW3MIH KOJJaHa OTBIPHIN, KBUIIAM JKOHE Oasy
HEHTPOHIBIK MHIYKIHSA (1, o) 6ap peakuusIapAarsl o-KiIacTepieydi 3epTTeIiK.

Byt s)kyMbICTa Kypama siapo JKOHE TiKeJIeH peakius MEeXaHu3MIepl asiChlHaa aaFal peT (n, t) peakipsuiap yImH
TPHUTOHIIBI KJacTepiey (akTopbl (HeMece BIKTUMAIABIFEI) Ta0suiabl. Kypama MexanusM skarnaiisiaaa OynaHy skoHe
TYPaKTBl SIPOJBIK TEMIEpaTypaHbIH JKYBIKTay MOJETiHE HEri3[eNreH CTATUCTUKAJBIK MOJEIb KOJAAHBUIABL
Tikenell peaxkuuss MeXaHM3Mi YLIIH HOKayT MoJenl KoyiaHbuiabpl. HokayT MoJeniH KoJIZaHy apKbUIbl albIHFaH
TPUTOH/IBI KJIacTepliey KOA(PHUIUEHTTEP] CTATUCTUKAIIBIK MOJIEb apKbUIbl TAOBUIFaH KOA(QPUIEHTTEpre KaparaHia
anjekaiaa yikeH ekeHairi kepceriani. COHBIMEH Karap, JKYM-)KYN SApO HBICAHACH! YIIIH TPUTOHMBI KiacTepiiey
(haKTOpBI TAaK-XKYII SAPOJIAp YILIIH OpTalla MOHMEH aJFaH/a dJeKaiiia ToMeH OOJIBIIN caHasla bl

CoHbIMEH Karap, TPUTOHIAPABIH KiacTepyiey (akTopiapbl opTalla Macca sSApojapbl YIIiH HEHTpOH
SHEPTUSACHIHBIH OipAel Auama3oHBIHIAFH (N, 0) peakusIapIarbl o-KiIacTeplieyre KaparaHna oJiieKaia TeMeH
OOJIBII €CENTEMH/II.

Tyiiin ce3aep: Kypama MeXaHH3M, CTATHCTHKAIIBIK MOJEIb, OyJIaHy MO, TYPaKThl SAPOJIBIK TeMIlepaTypara
KaKpIHJIATYy, TIKeJIeW peakiusiap, HOKayT MOZeNi, anbga-KiiacTepiey, TPUTOHIbI-KIacTepIey.
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TPUTOH-KJTACTEPU3AIIMSA B (n,t) PEAKIIUAX

AnHoTanus. CoriacHoO TPaAUIMOHHOMY ONPEAENICHHIO S/Ipa, IPOTOHBI U HEHTPOHBI B SIAPE UMEIOT IPUMEPHO
OJHOpOAHOE pacipeneneHue. B Hauane sinepHOH (M3HKK OBLIIO U3BECTHO, YTO AIEpHas KJIACTEpPHU3alUs SBISETCS
Ype3BBIYaHHO BAKHOI IS ONpeneNeHusl CTPYKTypsl sinep. OTKpbITHE anbda-pacnana TSKENBIX SAep HOJIOKUIO
HayaJlo Wjaes O TOM, YTO KJIACTepPbl HYKJIOHOB MOTYT OBITh IMPEIBAPUTENBLHO CHOPMHPOBAHBI O HMCIYCKAHMSI.
Brniocneacreuu I'amoB, 'epuu u KonnoH oObsicHUIN, 4TO anb(a-4acTuia NOABEPraeTcsi KBaHTOBO-MEXaHUUECKOMY
TYHHEJIMPOBAaHHUIO M3HYTPU pacrnajaromerocs siapa. Kpome Ttoro, mpesaranachk anbha-dacTHYHAs MOZAETb UL
YeTHO-4eTHBIX siiep N = Z, KOTOpbIe COCTOST U3 CBSI3aHHBIX alib(a-Ki1acTepoB. B 1941 rogy Maprenay ucnosib3oBai
BOJIHOBYIO (yHKIMIo nerepMmuHanta Cieiirepa i anbda-kiacrepoB, 4TOObI BEMHCINTG 3(dekTHBHOE anbda-
anb(da-B3anmopeiicteue. boree Toro, Mopurasa mpeamnoarai IpUMEHATh JIMHEHHbIE ETOYKH aTb(a-KIacTepoB s
OTHCaHWsI HEKOTOPBIX COCTOSHHM alib(a-monoOHbIX suep. KimactepHble CTPYKTYphl OOBIMHO HAOMIOAAIOTCS B BHIE
BO30Y’K/IEHHBIX COCTOSHUM, OJMM3KMX K COOTBETCTBYIOIIEMY IOpOTY pacmazna. IIpoMcxoXaeHne 3TOro sIBICHUS
JIexuT B d(Q(EKTUBHOM SAEPHOM B3aMMOACHCTBHMH, HO NETalbHBIA MEXaHHM3M KJIAaCTEpU3alMH B AIpax elle He
MOJTHOCTBIO U3YyUEH.

Knacrepnsle cBoiicTBa saep Oblm Obl HOJIE3HBI AJSI MIOHUMAHUSI KakK CTPYKTYpPbI s1pa, TaK U MEXaHHU3MOB
SNEpHBIX peakiuid. Pa3Hble THIBI KJIACTEPOB MOTYT B IPHHIMIIE CYIIECTBOBAThH B siAPE, HAIPUMED, JIETKUE (IBYX,
TPeX W 4YeThIpeX HYKJIOHHBIE) W TsDKeJble KiacTepbl. DPQEKT KIacTepuzanuu AJIUTEILHOE BpeMsl ObUT HCCIIeI0BaH
pasHbIMU aBTOpPaMH, KOTOpBIE HCIIOJIb30BAJIM pa3Hble METO/bl, OCHOBAaHHBIE Ha PpA3IMYHBIX TEOPETUUECKUX
noaxonax. OnHako OOJBIIMHCTBO TAaKHUX HCCIENOBaHMK OBUIO IIOCBSIIEHO O-KJAcTepH3allUid B 0-pacraje,
paccesiHUM 0-4acTHLl, SJCPHBIX pEakusX C Iepefadyell M MCHYCKaHMS 0-YacTUI[ M MOJIEKYJISIPHO-NIOA0OHON
0-KJIACTEPHOM CTPYKTYype JIETKHX siiep. MI3BeCTHBIMU NpUMEpaMH SIBIISIIOTCS M30TOIB Be [u1s anbda-Kinactepusaiuy.
8Be mMeeT MmIOTHYIO AByX anb(a KIACTEPHYIO CTPYKTYpY, a JAHHOE SApO HecTaOWibHO. Eciu MBI paccMoTpum
npyroii mzoron °Be (m06aBuB onuH HelitpoH B ®Be), KiIacTepHas CTpyKTypa CTaOMIM3HPYETCS, M CHCTEMa OymeT
CBSI3aHA.

B mocnenuue roApl MBI, MCHOJIB3YS CTQTUCTHYECKYIO MOZAENb M MEXaHW3M BBIOMBAHMS, MCCIEIOBAIH O~
KIIaCTEPH3aLHIO B (N,0) PEAKLUIX, HHIYIUPOBAHHBIX OBICTPBIMU U MEAJICHHBIMH HEHTPOHAMH.
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B nanHoii pabore B paMkax MeXaHU3MOB KOMMAyH[-si/pa M MPsIMOM peakiuu BIepBble ObLIM HaiiieHbl (hakTop
(M BEpOSITHOCTH) TPUTOHHOM KiacTepusamuu Uit (n,t) peakuuii. B cimywae kommayHa-mexaHu3Mma Oblia
MCIOJIb30BaHA CTATUCTHYECKAas MOEIb, OCHOBAaHHAs HAa MOJCIM HCHAPEHUS U MPUOIMKECHUHM TMOCTOSHHON
TeMIIepaTypbl siapa. Mozenb BRIOMBaHHS MCIIOJB30BAIACh JUISi MEXaHW3Ma MPSIMBIX peakluid. bpulo mokasaHo, 4To
(hakTOpBI TPUTOHHOM KJIACTEPH3ALMH, HAMJEHHBIE C MCIIOJIb30BAHHEM MOJEIHM BHIOMBAHUS, 3HAYMTENILHO OOJIBIIIE,
4eM B CITydae CTaTHCTUYECKOH Mojenu. B To e Bpems, (pakTOpbl TPUTOHHOW KIACTEPH3ALUHU I YETHO-YETHBIX
siep B CPEJHEM Ha OJUH MOPSAOK MEHBIIE, YeM JUIsl HEeYeTHO-YeTHHIX sxep. Kpome Toro, dhakropsl TpUTOHHOH
KJIaCTePH3al HAMHOTO MEHBIIIC, YeM 0-9aCTHYHON KITACTCPU3AIIH [IPH OJUHAKOBOI SHEPTHH HEUTPOHOB IS sICP
CpeIHBIX Macc.

KirouyeBble c€0Ba: COCTaBHOM MEXaHHM3M, CTAaTHCTHYECKas MOJENb, MOJENb WCIAPEHUS, allpOKCHMAIIHS
MOCTOSTHHOW SIICpPHON TEeMITepaTyphl, MPsSMBIE pPEaKkI[Ud, MOJEIb BBIOMBAHWSA, allb(ha-KIACTepH3alHs, TPUTOHHAS
KJIacTepH3alys.
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