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RADIATIVE TRITIUM CAPTURE ON *He AT LOW
AND ASTROPHYSICAL ENERGIES

Abstract. The radiative tritium capture on He at low and astrophysical energies was considered in the
framework of the modified potential cluster model. It is shown that on the basis of potentials coincided with
scattering phase shifts and the energy of bound state it is possible to correctly represent available experimental data.
The two-cluster potential model described in this paper, used intercluster forces with forbidden states, in many cases,
allow one correctly to describe some nuclear characteristics for different light and lightest nuclei, and, evidently do
not yet exhaust completely their potential. The more especially as reported here methods and results are applicable to
certain problems of nuclear astrophysics, concerned to light atomic nuclei and ultralow energies of interacting
particles. In other words, these results have direct relationship to thermonuclear processes flowing in the Sun, stars,
some other objects of our Universe and Universe in whole, at different stages of its forming and developing. It is
possible to use one channel cluster model, which, in more cases, is a good approach to the real existent situation.
Such model allows relatively easy to carry out any calculations of nuclear characteristics in scattering processes and
bound states, even in that systems, where solving methods of many-body problem either very cumbersome in
numerical implementation or do not lead to the concrete quantitative results at all.

Key words: Nuclear astrophysics; primordial nucleosynthesis; light atomic nuclei; radiative capture;
thermonuclear processes; potential cluster model.

1. Introduction

The structure of atomic nucleus is very multiform and occasionally discover, as seems, alternative
properties. For example, properties of nucleon independent motion, collective demonstration of degree of
freedom, association of nucleons into almost independent groups — clusters with characteristics close to
properties of correspondent free nuclei can realize in nucleus. Earlier available ideas about permanently
existent clusters in nuclei change to the conception that in the process of almost independent motion of
nucleons in nucleus such virtual sub-systems as clusters are formed and destroyed. Therefore, it is possible
to say only about probability of existence one or another cluster channel in the atomic nucleus [1,2].

However, if this probability is relatively large, it is possible to use one channel cluster model, which,
in more cases, is a good approach to the real existent situation. Such model allows relatively easy to carry
out any calculations of nuclear characteristics in scattering processes and bound states, even in that
systems, where solving methods of many-body problem either very cumbersome in numerical
implementation or do not lead to the concrete quantitative results at all.

Certainly, two-body presentation is a certain idealization for really existent situation in nucleus, i.e.
suppose that the bound state has the big degree of clusterization for particles of the initial channel.
Therefore, the success of this potential model for description of the system of 4 nucleons in the bound
state is determined by the fact how much is the real clusterization of this nucleus in the channel of 4; + 4>
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nucleons. At the same time, some nuclear characteristics of individual, even not cluster, nuclei can be
predominantly determined by one cluster channel, i.e. to have certain cluster structure at the small
contribution of other possible cluster configurations. In this case, the used single-channel cluster model
allows one to identify dominating cluster channel, mark and describe that properties of the nuclear system,
which is possible to consider as a certain test of single-channel cluster configurations in such nuclei.

Different options of three-body models have intensively developed and purchased big extension in the
end of the past century, which were used, for example, for °Li in the three-cluster np*He channel that
allow one correctly to describe many properties of this nucleus [3]. The large success was achieved in the
microscopic models like resonating group method (RGM) [4], based on the nucleon-nucleon interactions
with the evident extraction of cluster channels.

However, the described above two-cluster potential models described above, used intercluster forces
with forbidden states, in many cases, allow one correctly to describe some nuclear characteristics for
different light and lightest nuclei, and, evidently do not yet exhaust completely their potential. The more
especially as reported here methods and results are applicable to certain problems of nuclear astrophysics,
concerned to light atomic nuclei and ultralow energies of interacting particles. In other words, these results
have direct relationship to thermonuclear processes flowing in the Sun, stars, some other objects of our
Universe and Universe in whole, at different stages of its forming and developing.

2. Interaction potentials and scattering phase shifts

The orbital states in the *He’H system for °Li are pure by Young diagrams [5]. Therefore, potentials
obtained on the basis of the scattering phase shifts are possible to use directly for considering
characteristics of bound states of these nuclei. Results will depend on the clusterization degree of nuclei in
the considered cluster channels. Because, the probability of clusterization lithium nuclei is relatively high,
then the calculation results should generally reproduce experimental data.

The Gaussian form is used for potentials

V(r) =V,exp(-ar’ ) +V.(r) (1

with the point-like Coulomb term. Interaction parameters for pure cluster states in °Li nucleus, obtained in
[6,7], are given in Table 1. In the *He’H system at S =0 for D and F phase shifts the same potentials are
used that for the S and P waves correspondingly.

Table 1 - Potential parameters in the *HeH system [1,2]. Rc = 0 fim for the *He*H system

S=1 §=0

Ly Vo, (MeV) a (fm?) Vo, (MeV) a (fm?)
S -90 0.18 -85.0 0.18
Po -52.5 0.2 — -

P -65.0 0.2 —74.0 0.2
P> -80.0 0.2 — -
D1 -72.0 0.18 — -
D> -85.0 0.18 - -
Ds -90.0 0.18 - -

Due to the absence of the experimental results, the potentials for the *He*He system are constructed
exclusively on results of the calculation of phase shifts, obtained in the RGM [8,9]. Parameters of such
interactions coincide with potentials of the *He’He system at S = 0. There fore, *He’He it is a system of
identical particles, here even L correspond to zero spin, and odd to unit spin.

The quality of the phase shift description is shown in figure 1 with experimental data from woks
[10-13] for “He*H, [14-16] for *“He*H and [17,18] for *He’H systems. The calculation results of the
*He*He elastic scattering phase shifts obtained in the RGM [19] are shown by crosses in figure 1.
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Figure 1a - Phase shifts of the He’H scattering. Curves are  Figure 1b - Phase shifts of the 3He’H scattering. Curves are
calculations for potentials with parameters from table 1. calculations for potentials with parameters from table 1.
Points, triangles and circles are experimental data from Points, triangles and circles are experimental data from
[17,18]. Crosses are RGM calculations from [19] [17,18]. Crosses are RGM calculations from [19]
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Figure 1c - Phase shifts of the *He’H scattering. Curves are ~ Figure 1d - Phase shifts of the He’H scattering. Curves are
calculations for potentials with parameters from table 1. calculations for potentials with parameters from table 1.
Points are experimental data from [17,18]. Points are experimental data from [17,18].
Crosses are RGM calculations from [19] Crosses are RGM calculations from [19]
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3. Total capture cross sections
Using the known equations for matrix elements of different operators, given in [20], one can obtain
the final expression [7] for the total capture cross section

8nKe’ u J+1 LK)
g (28, +1)(28, +1) JI2J + DN T

G, (NJ,J,) =

, )
Y PHNI I, I (I, ),

L;.J;

where matrix elements of E£J transitions have the form

LSJ)
PAEJ,J;,J,) =8 s [(2J + DL +1)(2J, +1)(2J; +DI(L,0J0| L, 0)2{]' JLl} 3)
f f

Z Z
A,(EJ,K) = KJHJ[—1J+(—1)J m—i} 1,(J,.J,) :<Xf‘r"\x,.>.
2

m,

In the case of E1 capture in the *He’H cluster channel to the ground state (GS) of °Li the P; value is
presented in the form

P} =2J, +1, (4)

if the capture is to the GS from the scattering states with L =2 and J; = 1,2,3 for the initial states with
Ji=0,1,2 and L=1. In the *He’H cluster model it is possible also to consider E1 transition to the 3"
resonance state. In this case the Py value is listed in Table 2. Parameters of the *He’H potentials taken into
account spin-orbital splitting are given in Table 1.

Table 2 - Coefficients Pj in the *He?H cluster channel of °Li nucleus

3He*H (3%)
L Pi(E1)
3P, 42/5
3F, 1/35
3F3 1
3y 81/7

Calculation results for the total capture cross section with the S potential, correctly describing binding
energy of the nucleus (see sec. 3), are shown in figure 4a by the solid line [7]. Experimental data are from
[21,22]. It is seen that using this potential and P interaction, correctly representing energy behavior of
scattering phase shifts, allows one to describe experimental results well. Note that there are other
measurements of cross sections [23], noticeably differ from reproduced in the figure.

In the case of M1 transitions to the GS, the process when the change of the spin state from singlet to
triplet takes place was considered. Only the spin term Wjm(S) with coefficient —/3/2 remains in the
transition operator. Pj is found from (3) for E2 transitions to the GS from the D wave with Ji=1, 2, 3.
Results of these calculations are shown in figure 2a by the dotted and dashed curves [7].
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Figure 2a - The total cross section of the radiative tritium
capture on *He with the formation of °Li in the GS. Solid
curve is the calculated E1 cross sections for scattering
potentials from Table 1. Dotted curve is the cross section of
the M1 process, dashed curve is the £2 cross section. Points
are experimental data from [21,22]
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Figure 2b - The total cross section of the
photodisintegration process of °Li. Solid curve is the cross
section obtained on the basis of detailed balancing principle
from the calculated capture cross sections [7]. Points,
histogram, dashed curve and crosses are experimental data
from [24-27]

Differences in total experimental cross sections for the °Li(y,’He)*H photodisintegration is more than
in the case of radiative capture. The measurements results obtained in [24-27] are shown in Fig. 3b. The
solid figure shows the results obtained on the basis of detailed balancing principle from the calculating

capture cross sections [7].

The astrophysical S-factor for the *H(*He,y)°Li capture at low energies is shown in Fig. 3a. The value
equals 0.06 keV-b was obtained by the linear extrapolation of the S-factor at zero energy in the E1 process.
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Figure 3a - Astrophysical S-factor for the E1
process at the *H(*He,y)°Li capture [7].
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Figure 3b - Total cross sections for the radiative
capture process in the *He*H channel with the
formation of the °Li nucleus in the excited 3"
state. Points are experimental data from [28]

The calculation results of capture cross sections to the 3" level for potentials from Table 1 [7] together
with data and computations (dotted curve), obtained in [28], are shown in Fig. 3b. The potentials of the D
bound state with the depth 105 MeV (solid curve) and 107.5 MeV (dashed curve) are used here, which

were discussed in sec. 3.
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4. Conclusion

The radiative tritium capture on *He at low and astrophysical energies was considered in the
framework of the modified potential cluster model. It is shown that on the basis of potentials coincided
with scattering phase shifts and the energy of bound state it is possible to correctly represent available
experimental data.
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TOMEHT'I ’)KOHE ACTPO®U3NKAJILIK DHEPTUSIIAPIATBI
PAJTMALIMSUIBIK SHe’H KAPMAY

AnHOTanus. MonupuKaIysuiaHFaH MOTEHIMAIIBl KIACTEPIiK MOJETh asChIHIA TOMEHT1 KOHE acTpO(H3U-
KaJIbIK SHEprusIapaars! pamuanusnsk “He’H kapmay kapacTeipsurran. lllanmsipaTy KeseHIepi xoHE OaillaHBICKaH
SHEprus KYHiIMEeH YHIECTIpiireH MOTEeHINAaIAap HeTi3iHAe abIHFaH SKCIIEPUMEHTTIK MOJTIMETTEP i AYPHIC Kidepyre
OONATBHIHIBIFEI KOPCETIIreH. Makanaja CHIATTAlbIl OTBIPFaH, THUBIM CAJIBIHFAH KIACTEPIepPapajblK KYIITI
naijanaHaTelH, €KIKJIacTeplli MOTCHUIHAIABIK MOJACIAEp, KOm >Karmaija, op TYpJi JKEHT JKOHE ©Te KEeHIT
SIPONApABIH  KEeWOIp SAOpONIBIK CHIIaTTaMalapbhlH AYphIC KepceTe Oimyre MYMKIHAIK Oepemi >XKoHE ©3iHIH
MYMKIH/IKTEPIH 911 TOJBIK Tayblca KOWMaraH ceKkiiii. MyHaa KepceTilil OTHIPFaH 9icTep MEH HOTHIKENEePAl, )KEHLT
aTOMIIBIK sIApOJap MeH OellleKkTep ©3apa0ailiaHbICHIHBIH 6T€ TOMEH OSHEprusulapblHa KaTbhIChl 0ap sAPOJIBIK
acTpodu3rKaHbIH KeiOip Mocesenepin nmenryae Kojaanyra oonaasl. backaia aiitkanna, oy Hotmwkenepain Kyuue,
Kyae3aapaa, FamamaeiH Oacka ga keiiOip HbIcaHmapbiHIa, OyKin FamaMHBIH TYpili Kamblltacy Ke3eHIepi MEH
JlaMybIHa KaTBICTBI ©TETiH TEPMOSIPOJIBIK YIepicrepre Tikeseil Karbickl Oap. bip apHaimbl KiacTepilik MOJEbi
naiinananyra 0oJambl, OJ KOITEreH XKarjaiiapia HaKThl SKarjaiFfa >KaKChl >KaKbIHIAWIel. MyHODail Mozenb
IIaNIBIpay MPOLECTePi MEH OaMIaHBICTHI KaFdaiaapaarsl, TIITI KOIITEreH ACHEeNepIiH ece0iH menry oaicTepi Hemece
CaHJBIK OPBIHJAY/aFbl ©TE ayKbIMJIbI HEMECE HAKThI CaH[bIK HOTIDKENepre oKeIMEHTiH Kyienepae e Sapombik
cUmaTTamanapIbH Ke3 KelreH ece0iH calbICTRIPMAalbl TYPAE OHall OpBIHAAYFa MYMKIHIIK Oepemi. ATOM sSApOCHIHBIH
KYpBUIBIMBI ajlayaH TYpJi oHE Keime Oip OipiH >KOKKa IIBIFapaThlH KYpbUIBIMIAp TaObuiaabl. MebIcaiel, sapoaa
HYKJIOHIAPJBIH TOYeJICi3 KO3FaNbIChl, epKIHIIK IopekenepiHiH OipiecTiriHiH KepiHici, ykcac 00c sSapomapabIH
KYpBUIBIMIApBIHBIH KJIAacTepiepiHe - yKcac HyKIOHIApAbIH aepbec Tomrapra OemiHyli MyMKiH. byran neifinri
SITPOAAFBI TYPAKTHI KJIACTEPJIeP YFBIMBI TOYEIICI3 HYKJIOHIAp KO3FAJIBICHI KE3iHE SAPOJIa BUPTYaIbl Kyle Oemiri —
KJactepiiep maija Oojajpl yoHe OyliHeaAl JereH yrbiMra aybicThl. COHIBIKTaH, aTOMJBIK SAPOAArbl diiteyip Oip
KJIACTEpPJIiK KaHAAbIH Oap eKCeHIIHI Typasibl FaHa ailTyra Ooyajpl. OpUHE, eKire OeJiHreH TYCIHIK sapoaa OoJIbIn
JKaTKaH KaFMalfblH aHBIK MIHCI3 Kydi Ooubim TaObUIamer, ceOeOi, OacTamKbl KaHANIBIH OOIIIeKTepi YIIiH
KJIACTEePICHIIPYAIH YJIKCH AJpekeciHe me aen Ooipkam kacamyna. COHABIKTaH MYHJAW MMOTCHIWANABI YITiHIH
JKETICTIT1 OaiimanFaH Ky#meri A HyKIOHIApJbIH KYWECIH cUmarrayja HYKIOHIApAblH A + A, KaHaJIBIHAAFbl OCHI
SITPOHBIH, IIBIHAMBI KIIACTEPIICHAIPLTYl KAHIIANBIKTHl YIT€H eKeHIIriMeH aHbIKTananel. COHBIMEH Katap, Kehoip
KJIacTepIlik eMec aepdec sapoapaslH CHUIIaTTaMaiapsl Oip aHBIKTalFaH KIacTepilik KaHAIMEH aiphIKIIa MapTTacybl
MYMKIiH, SFHU 0acKa Jla MyMKiH KJIacTepJlik KOH(UTypanuusiHbl KOCKaH/1a aHbIK KJIACTEePIIiK KYpbUIbIMFa ue 6oiy. by
JKarjaiina maiianaHbuIblll OThIPFaH Olp KaHA/bl KIACTEPIiK MOJENb OACBIMBIK KOPCETETIH KIIACTEPJIiK KaHa bl
TEHJIECTIpyre, MIAPTTACKaH SAPOJBIK JKYHEHIH KYPBUIBIMBIH EpeKIIeieyre »KOHEe CHUMaTTayFa MYMKIHIIK Oepei.
CoHppIKTaH, Oip KaHaJABI MOJIEINIb/IE AJIbIHFAH HOTHIKENEP/Al OCHIHAAN SApoJIapAarbl KIAcTepil KOH(QHUIYpaLUsHbIH
0ip KaHAJIIBUIBIFBIHBIH TECTI PETIHIE KapacThIpyFa O0IaIbl.

Tyiiin ce3mep: saposiblK acTpodusmka; OacTanKbl HIOKJICOCHHTE3; JKEHUT aTOMIBIK SIPONap; PaIHalldsIbIK
KapMay; JKbLUTYSIPOJIBIK YAepicTep; MOTSHIINAIIBI KIIACTEPIIIK MOJICIb.
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PATMAIIMOHHBIN *He*H 3AXBAT IIPA HU3KUX U ACTPOPU3UYECKHUX SHEPTHSIX

AnHoTanus. B paMkax MoIu(UIIMPOBAHHON NOTEHIIMATBHON KIIACTEPHOI MOJIEIH PACCMOTPEH PaIHalldOHHBINA
SHe’H 3axBaT HpHM HH3KHX M acTPO(U3HYECKHMX DSHeprusx. [IokazaHo, YTO Ha OCHOBE IOTEHIHAIOB, KOTOPHIE
COTJIACOBAHHI ¢ (pa3aMu paccestHUS W YHEPTHeil CBSI3aHHOTO COCTOSHHS YAAeTCs MPABUIIBHO MEpenaTh UMEIOIIAECs
SKCIEpPUMEHTANBHBIE HaHHBIC. J[ByXKIacTepHbIE NOTCHIHWATGHBIE MOJIENH, ONWCAaHHBIE B TaHHOM CTaThbe,
HCTIOJIB3YIONINE MEXKIACTEPHBIE CHIIBI C 3aIIPEIICHHBIMHA COCTOSHUSAMH, BO MHOTHX CIIydasiX, HO3BOJIIIOT MIPABUIHHO
OTMCHIBATh HEKOTOPBIE SJEPHBIE XapaKTEPUCTHKH JUISI CaMBIX Pa3IHYHBIX JIETKUX W JETYalIMX sjaep |, Io-
BUIMMOMY, HE HCYEPHAJH €Ile IOJHOCTHIO CBOM BO3MOXKHOCTH. Tem Oojiee, YTO H3JI0KEHHBIE 371eChb METOIBl U
pe3yIbTaThl MPUMEHUMBI K HEKOTOPBIM 3aj[a4aM sICPHOM acTpo(hU3NKH, UMEIOIUM OTHOIICHUE K JIETKUM aTOMHBIM
siApaM M CBEPXHU3KHM OHEPrusM B3auUMOJICHCTBUS dacTull. IMHaue TOBOps, O9THU pe3yJdbTaTbl HMEIOT
HETMOCPEICTBEHHOE OTHOIIICHHWE K TEPMOSJEPHBIM MpolieccaM, mpoTekatomuM Ha CoiHIE, 3Be3/1aX, HEKOTOPBIX
Ipyrux oOBeKTax Hamiel BcelleHHO!N u BeelleHHOH B [IeOM Ha pa3iM4HBIX dTanax ee (QOPMUPOBAHHS U PA3BUTHI.
MOXHO HCIONB30BaTh OAHOKAHAIBHYIO KJIACTEPHYIO MOJENb, KOTOPas BO MHOTMX CIIy4asiX OKa3bIBAETCsl XOPOILIUM
NpUONMKEHHEM K peallbHO CyIecTByIomed curyannd. [lomoOHass MOAenh IO3BOIISIET CPABHHUTENBHO JIETKO
BBITIOJTHATH JIFOOBIE pacUeTHI SICPHBIX XapaKTEPUCTUK B IPOIIECCAX PACCESHUS M CBI3aHHBIX COCTOSHHAX, JAXKE B TEX
CHCTEMaX, TJIe METOABI pPEIICHHUs 3aa9l MHOTHX TeJ FUIH OYCHb IPOMO3IKH B YHCICHHOM HCIIOJHEHUH MM BOOOIIE
HE NPUBOJAT K KOHKPETHBIM KOJIMUECTBEHHBIM pe3yiibpraram. CTpyKTypa aTOMHOTO spa OoueHb MHOrooOpasHa u
mopoii oOHapyKMBaeT, Ka3ajJoch ObI, B3aMMOMCKIIIOYAIOIINE CBOMCTBAa. Hampumep, B siApe MOTYT peaM30BaThCS
CBOMCTBa HE3aBHCHMOTO IBIDKEHHS HYKJIOHOB, KOJUIEKTUBHBIC MPOSBICHHUSA CTETeHEell cBOOOMBI, acCOIMHPOBAHNE
HYKJIIOHOB B TIOYTH HE3aBUCHUMbBIC TPYIMIbI — KIACTEPhl C XapaKTEPUCTHKAMH, OJM3KHMH K CBOWCTBaAM
COOTBETCTBYIOIIUX CBOOOMHBIX sifiep. PaHee cylecTBOBaBIIME MPEICTABICHHS O CTAOMIBHO CYIIECTBYIONIUX B SAPE
KJIacTepax 3aMEHWINCh Ha TIOHMMaHWe, YTO B IMPOIecCE€ TOYTH HE3aBHUCHUMOIO JBUKEHHsI HYKJIOHOB B Spe
hopMUpYIOTCS M Pa3pyIIAIOTCS BUPTYaJIbHBIC MOJICHCTEMBI — KiacTepbl. [103TOMy MOXXHO TOBOPHTH JUIIb O
BEPOSITHOCTH CYLIECTBOBAHUS B aTOMHOM SIApE€ TOTO HJIM MHOrO KJIacTEpHOro kaHajia. KoHeyHO, AByX4acTHYHOE
MpPEeACTaBICHUE SBJISIETCSl OINpeAeNIeHHOW HJealu3allMeld peasbHO CYIIECTBYIOIIEH B SApe CUTyalMH, T.K.
MIPEIIONIaraeT, 4TO CBI3aHHOE COCTOSHUE UMEEeT OOJBIIYIO CTEIICHb KIIACTePU3alMH IS YaCTUI] HAYaJIbHOTO KaHaJa.
[TosTOoMy ycriex maHHOW MOTCHINAIEHOW MOAETH MPH OMUCAHUU CUCTEMBI U3 A HyKJIOHOB B CBSI3aHHOM COCTOSIHUH
OTIpeNeNsieTCsl TeM, HaCKOJIBKO BEITMKa pealibHas KJIACTEePH3alns 3TOTO sapa B kKaHane 4; + A, HyKIIOHOB. B To xe
BpeMs, HEKOTOpbIE SIEPHBIE XapaKTePUCTHKH OTAENBHBIX, /[JaXe He KIACTePHBIX fAAep MOTryT OBITh
MPEUMYIIECTBEHHO OOYCIIOBJICHBI OIHHMM OIPENEICHHBIM KJIACTEPHBIM KAaHAIOM, T.€. HMETh ONPEICICHHYIO
KJIACTEPHYIO CTPYKTYypy HpH MalloM BKJIaJe JAPYTMX BO3MOXKHBIX KJIACTEPHBIX KOoH(purypauui. B asrom ciydae
UCIOJb3yeMasi OJHOKaHaIbHAs KJIacTEPHAs MOJEb MO3BOJSACT MACHTU(PHUIIMPOBATH TOMUHUPYIOIIUI KIACTCPHBIN
KaHaJI, BBIJCIUTh U OIKCATh TC CBOMCTBA SACPHON CHUCTEMBI, KOTOPbIC UM OOYCJIOBJICHBL [103TOMY pe3ysbTaThl,
MoJIy4aeMble B OJHOKAaHaJbHOW MOJENH, MOXKHO paccMaTpUBaThb KaK HEKOTOPBIM TecT OJHOKAHAJIBbHOCTU
KJIACTEPHBIX KOH(PUTYpaLUil B TAKUX sSAPaX.

KuroueBbie ciioBa: sijepHas acTpoQH3HKa; MEPBUYHBIN HIOKJICOCHHTE3; JICTKUE aTOMHBIC Ipa; PaUalldOHHBINA
3axBaT; TEPMOSIIEPHBIE MIPOIIECCHL; TOTEHIMATbHAS KJIACTEPHAS MOICIb.
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