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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. 8e has a tight two-alpha cluster structure and the
nucleus is unstable. If we consider another isotope of ®Be (adding one neutron into 8Be), 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 (na) 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 (ng) 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 ofthese studies
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were focused on 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. 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”)
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:
< t)=C (n)G(1). (1
Here:
ac(n) =n(R +Xn)2 2)
is the compound nucleus formation cross section, where R =r0A1/3is the target nucleus radius,

r0= 1.3 -10-13cm and A is the target nucleus mass number;

4 55-10-13
Xn= 4 10 (cm) 3)
- JEjM en

is the wavelength of the incident neutrons divided by 2n, where En is the neutron energy.
The triton decay probability ofthe compound nucleus is given by

r
G(t)=" , (4)

where I and I are the triton and total level widths.
Using the detailed balancing principle and evaporation model [8] the triton width of level, M, is
determined as following:
20 ,1 B
r,= r1' ,M, jE,cc(Et)pr(U,)dE,. (5)
n hpc(E) \Y
Here: St, Mt, Et, and Vtare the spin, mass, energy and the Coulomb potential energy for the
outgoing triton, respectively; pc(Ec)andp y(U,) are the level densities of the compound and residual
nuclei, respectively; Utis the excitation energy of the residual nuclei; The inverse reaction cross section,
crc(Et), 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:

2St+1 ML
Co =n(R+Xn)2~"*"~~~¢e 0 . (6)
2Sn+1 M n

Ifwe use Weizsacker’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 4,N-Z+1
Qn, ="~awnr -4"—" ~ +£, (7)

where: y and” the Weizsacker’s constants, N and Z are the neutron and proton numbers, respectively, of
the target nucleus, st = 8.48 MeV is the internal binding energy of triton.
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The Coulomb potential energy oftriton can be written [11] in the form:

Z -1
V:1029"(- b

. 8
A]/3+3( MeV) ®

Using the Fermi gas model for level density parameter [12], the nuclear thermodynamic temperature
[7] is expressed as:

13.5(En+Qnt)

= 9

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

KN-Z+1
<, =C4R+Xn)2e A , (10)
The parameters C and K are expressed by:
U3 Al3 + 31/3
C =3exp (11)
0
and
K =~ . (12)
0]

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):
Cep

"==Ea (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:

c(n,0 = k<dpcT(,). (14)

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

= mt = ¥ 5
t= 0 ((F{]I% . rtA) = IEA _30)\2/3 . §2/3 , (15)

where rtis the radius ofthe triton; RD is the radius ofthe daughter nucleus and A is the mass number ofthe

k

target nucleus; d(is the triton clusterization factor; (t) is the total neutron cross section for the triton.

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

® c(n,t) (A-3)23+323 (16)
L O

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 (0,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 ofthe (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:
(o-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 102
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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A

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 (~102) 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. Atthe same time, triton clustering factors are much lower than a-
clustering in (n,a) reactions ($a~10-2-10-1) 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) PEAKUMACBIHAATBI TPUTOH-KNACTEPNEY

AHHOTauWsa. AApoHbIH A3CTYPAi aHbIKTaMacbiHa C3KeC fApoAarbl NPOTOHAApP MeH HeliTpoHAap LuamameH
Gipkenki Tapanagbl. FAponbIK (M3MKaHbIH 6acTanKkbl Ke3elHAe SAPONapAblH  KacTepneHyi saponapAbiH
K PbINbIMBIH aHbIKTay y™” eTe MaHbI3fbl €KeHi 6enrw 60nabl. Ayblp fapogarbl anbda bigblpayblHbIH allbIYbI
HYKJTIOH K/acTepnepiH LWbirapyaaH 6”pblH KajbiNTacTbipyra 60naTbiHAbINLI Typanbl upgesra »xon cangsl. Keii
FamoB, 'epHM X3He TopAoH anba 6enwen biAbIPANTbIH A4POHbIH WILEH KBAHTTbIK MeXaHUKaNblK TYHHeNbAeH
eTeTWwAWH cunarTagbl. COHbIMEH KaTap, CUKbIpAbl “pkenw) N = Z aaponapblHa apHanraH Knactepnepii
GalinaHbICTbIpaTbiH anba-6enwekTepdiH Mogeni ~cbiHbinabl. 1941 Xbinbl MapreHay Tuimgi anba-anbta esapa
apekeTTecyLl ecenTey YLWiH anbha knacTepnepi YiwiH Cneintep AeTePMUHAHT TONKbIHBIHBIH PYHKLMACLIH KONAaHbI.
CoHbIMeH KaTap, MopuraHa anba Tapi3ai saponapablH Keit6ip KYWnepiH cunattay YWiH anbda KnacTepnepiHiH
CbI3bIKTbI Ti30eriH KongaHyabl "cblHAbl. Knactepnik K¥pblabiMgap, 34eTTe, biAblpayAblH TWICTi LWeriHe >akblH
Ko3raH Kyi TYpiHge 6aiikanafgbl. b1 K¥0bINbICTbIH 6acTanybl TUIMAI AAPONbIK 3PEKETTECTIKKe GainnaHbICTbl, Bipak
saponapaarbl KnactepnepaiH enken-terkenni MmexaHu3Mi ani TONbIK 3epTTeNMesi.
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AaponapfblH KNacTep/mX KacumeTTepi SAPOHbIH KYPbIAbIMbIH 3, A4PO/bIK peakuus MexaHusMaepll e TYCiHy
YwiH narigansbl 6onap ear Aaponap TY6ereini TYpni knactepnepre ne 60nybl MYMKiH, Mbicanbl, Xewwn (ekl, YL X3He
TEPT HYK/OH) X3He ayblp. AAponapAblH KnacTep/mK agekna apTYpni TeopusinblikK Tacingepre HerisgenreH TYphi
aficTepai KongaHy apkbiibl y3aK yakblT 3epTTengi. Anaiga 6yn 3epTTeynepAiH Kenw wn a-bigblpay KesiHAeri
a-knactepnepre, GeflIeKTEPAiH a-llaliblpaybliHa, a-6eMleKTepaiH TacbiManfaHybl X3He Lbirapy peakuusnapbiHa
XK3He XKeHin aaponapAbiH a-KnacTepiHiH MoneKynanblK T3pi34i KypblibIMblHA apHanraH 60natbiH. Benrw mbican
peTiHAe anb(a KnacTepiHe apHanraH Be nsotonTapblH ancak 6onagsl. 88e Thbirbi3 eKi anbga KnacTepik KypblibiMra
ne, an A4pocbl Typakcbi3 60MbIN caHanagbl. Erep 9Be M30TOMbIH KapacTbipaTblH 6oncak (8Be-re 61p HeRTpoH
KOCKaH/a), OH/a KNacTep Kypbl/bIMbl TypakTaHa/bl 3He XYVle 6aiinaHbickaH 60MbIN caHanagp!.

COHTrbl Xbligapbl CTaTUCTUKANILIK MOAENb MeH HOKayT MeXaHU3MLU KonfjaHa OTbIpbIf, Xbligam >X3He 6Gasy
HeWTPOHAbIK MHAYKLMA (n, 8) 6ap peakuuanapgarbl a-knactepneyfi 3epTregik.

Byn XyMbICTa Kypama a4p0 XaHe TXefei peakyms MexaHusmaepi aacobiHga anraw pet (n, t) peakumsanap YLiH
TPUTOHLbI KnacTepney (akTopbl (HeMece bIKTUMangbirbl) Tabbinabl. Kypama mexaHusm xarfaibiHga 6ynaHy XsHe
TepakTbl #APONbIK TemnepaTypaHblH >XYbIKTay MOAE/Le Heri3aenreH CTaTUCTUKaNblK MOAENb KOMAaHbINAbI.
Tenein peakums mMexaHusmi YLiH HOKayT Mofeni KofgaHbingbl. HokayT MoAeniH KonjaHy apKbifibl afblHraH
TPUTOHAbI KnacTepney KoahuyneHTe” cTaTUCTUKANbIK MOAENb apKblbl TabblraH KoaduuneHTTepre KaparaHia
angekaiiga YnkeH ekeHgiri kepcetingi. CoHbIMEH KaTap, XYM-Xyn fAp0 HbicaHacbl YLUiH TPUTOHABI KnacTepney
(haKTOpbI TaK-XKyn aaponap Ymrn opTalla M3HMeH anraHja angekainja TeMmeH 60Mbin caHanagpl.

CoOHbIMEH KaTap, TPWUTOHAAPAbIH KnacTepney (akTopiapbl opTalia Macca saponapbl YLiH HeATpPOH
3HepruscbiHbIH Oipgeit gnana3oHbiHAarel (n, a) peakuusnapparbl a-knactepieyre KaparaHfa anjekainga Temed
6onbin ecentenwa®

TYWiH cesaep: Kypama MexaHnusM, CTaTUCTUKanbIK MoAenb, 6ynaHy MoAeny TypaKTbl ApO/ibIK TeMnepaTypara
XaKblHAATY, TiKenei peakumsanap, HOKayT MofeT, anba-KnacTepney, TPUTOHAbI-KNacTepney.

. XyyxaHxyyl, M. OacypaH2*, XK. MyHxcaiixaHl A. Typcyx],
Y. CaiixaHbaspl A. CapcembaeBa3 M. Abuwies3

1LLeHTp A4epHO-(PU3NYECKMX UCCNef0BaHMNIA, HaluoHanbHbI yHMBEpcMTeT MoHronun, Y naH-batop, MoHronums;
2LLIKona UHXEeHePHbIX U NPUKNafHbIX HayK, HaunmoHanbHbIi yHMBEpcUTET MOHIronumn, Y naH-batop, MoHronus;
3®un3nko-TexHnyeckmii hakynbteT, KasHY nm.anb-dapabn, KasaxctaH

TPUTOH-KJIACTEPU3ALNSA B (n,t) PEAKLUAX

AHHOTaumsa. CornacHo TpaguuUMOHHOMY OnpefeneHunto A4pa, NPOTOHbI U HEMTPOHLI B AApPe UMEKOT NPUMEPHO
0JHOpOAHOE pacnpefeneHve. B Hauyane afepHoOW GU3MKM 6bINO U3BECTHO, YTO sffepHas Knactepusauus sensetcs
ypesBblyaliHO BaXXHOW ANna onpedeneHWs CTPYKTypbl agep. OTKpbITME anbda-pacnaga TSKeNblX f4ep NOA0XMIO0
Hayano uges 0 TOM, YTO KnacTepbl HYKNOHOB MOryT 6biTb MpeABapuTesbHO CHOPMUPOBaHbI A0 MCMYCKaHUs.
Bnocneacteun Mamos, F'epHu 1 KOHLOH 06BACHUAN, YTO aNbha-yacTuLa NoABepraeTcs KBaHTOBO-MEXaHUYeCKOMY
TYHHEIMPOBAaHWIO U3HYTpW pacnagatouwerocs sapa. Kpome Toro, npegnaranacb anba-yacTUyHas Mofens Ans
YeTHO-YeTHbIX Agep N = Z, KoTopble COCTOAT 13 CBA3aHHbIX anb(a-knactepos. B 1941 rogy MapreHay ucnonb3osan
BO/IHOBYIO (DYHKUMIO feTepMuHaHTa CheliTepa AN anba-knactepos, 4TO6bl BbIMUCAUTL 3P(PeKTUBHOE anbda-
anbha-B3avmofeicTeme. bonee Toro, MopuraHa npegnonaran NPUMeHATb IMHENHbIE LeNOYKY aNba-KnacTepos Ans
OMMCaHNs HEKOTOPbIX COCTOAHMIA anbMa-nofo6HbIX Agep. KnacTepHble CTPYKTYpbl 06bIMHO HabfogaloTCA B BUAE
BO30OY>XJEHHbIX COCTOSIHWUM, 6/M3KMX K COOTBETCTBYHOLEMY MNopory pacnaja. MponcxoxgeHue 3TOro SBeHUs
NeXMUT B 3PPeKTVBHOM f4epHOM B3aUMOAENCTBUM, HO AeTajbHbIi MexaHU3M KnacTepusauuu B fiApax ele He
MOJIHOCTbIO U3YYeEH.

KnacTepHble cBOWCTBa figep 6biay Obl MOME3HbI 418 MOHUMAaHUA KaK CTPYKTYpbl fifpa, Tak U MexaHW3MOB
AAEPHbIX peakuuid. PasHble TWMbl KNacTepoB MOTyT B MPUHLMME CYLLeCTBOBaTb B fAfpe, Hanpumep, nerkue (aByx,
TPEX W YeTbIpex HYK/OHHbIE) W TsXeNble Knactepbl. JNMEKT KnacTepusaunu AauTenbHoe Bpems 6bin UCCnefoBaH
pasHbIMW aBTOpaMu, KOTOPble WCMNOMb30BaN pa3Hble MeTOAbl, OCHOBaHHblE Ha Pa3/INUYHbIX TEOPeTUYECKMX
nogxopax. OfHaKo 60MbLIMHCTBO TakKMX UCCNefoBaHWi OblN0 MOCBSLLEHO a-KnacTepusauumM B a-pacnage,
paccesiHUM a-4yacTul, SAEPHbIX peakusix C nepefjaveil M WCMyCKaHMS a-4yacTuL, U MOJEKyNspHO-NoLO6HONA
a-KNacTepHOW CTPYKType Nerkux sgep. V13BecTHeIMM NprvMepaMu SBAAIOTCSA U30Tonsl Be ans anba-knactepusalmm.
&Be vMeeT NNOTHYH ABYX anba KNacTepHY CTPYKTYpY, a AaHHOe A4p0 HecTabunbHO. Ecniv Mbl paccMoTpuM
apyroin nzoton Ve (no6aBMB 0ANH HeATPOH B 8Be), KnacTepHas CTPYKTypa cTabunusmpyetcs, u cuctema 6ygeT
cBA3aHa.

B nocnefHue rogbl Mbl, WCNOMb3YS CTaTUCTMYECKYHD MOZeSb U MeXaHW3M Bbl6MBaHUA, WCCNefoBann a-
KnacTepusauuio B (n,a) peakumax, MHAYLMPOBaHHbLIX ObICTPLIMU Y MeANEHHLIMU HERTPOHAMY.
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B paHHoOI paboTe B pamMKax MexaHM3MOB KOMMNayHA-A4pa 1 NpsMoli peakuuy BrepBble 6bln HaaeHbl GakTop
(M1 BEpOATHOCTb) TPUTOHHOM KnacTepu3aumm ana (n,t) peakumii. B cnyyvae KomnayHa-mexaHusma Obina
MCMoNb30BaHa CTaTUCTUYECKash MOJeNb, OCHOBaHHas Ha MOAENM UCMapeHus W NPUOBMXKEHWU MOCTOSHHOM
TemnepaTypbl figpa. Mofens BbIGMBaHWSA UCMONb30Baach AN MeXaHW3Ma NPSMbIX peakuuid. Bbino nokasaHo, 4To
(haKTOpbl TPMTOHHOW KMacTepm3aumu, HaifeHHbIe C UCMO/b30BaHWEM MOAENW Bbl6MBaHWS, 3HAUYUTENbHO 6O0SbLUE,
4yem B Cny4vae CTaTUCTUYECKOW Mogenu. B To ke Bpems, akTopbl TPUTOHHOW KnacTepusaumm AN YeTHO-YETHbIX
f4ep B CpefHEM Ha OAMH NOPALOK MeHblUe, YeM A8 HeyeTHO-YeTHbIX aaep. Kpome Toro, haktopbl TPUTOHHON
KnacTepusauny HaMHOro MeHbLLUe, YeM a-4aCTUYHONM KnacTepm3auum npy 0AMHAKOBOR 3HEPTUM HEMTPOHOB ANs saep
CpefHbIX Macc.

KntoueBble CfioBa: COCTaBHOW MeXaHW3M, CTaTUCTUYeCcKas MOAEeNb, MOAEeNb WCNapeHus, annpokcumauus
MOCTOAHHON AAepHON TemnepaTtypbl, MpsMble peakuuu, MOAenb BblGMBaHWA, anb(a-KnacTepusauns, TPUTOHHaA
Knactepusaums.
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