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RADIATIVE TRITIUM CAPTURE ON 3He AT LOW
AND ASTROPHYSICAL ENERGIES

Abstract. The radiative tritium capture on 3He 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 A nucleons in the bound
state is determined by the fact how much is the real clusterization of this nucleus in the channel ofA1+ A2
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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 6Li in the three-cluster np4He 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 3He3H system for 6Li 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) =V0exp(-ar2) + Vc(r) ()]

with the point-like Coulomb term. Interaction parameters for pure cluster states in 6Li nucleus, obtained in
[6,7], are given in Table 1. In the 3He3H system atS = 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 3He3 system [1,2]. Rc = 0 fm for the 3He3H system

S=1 S=0

Lj V0, (MeV) a (fm-2 V0, (MeV) a (fm-2
S -90 0.18 -85.0 0.18
PO -52.5 0.2 - -

Pi -65.0 0.2 -74.0 0.2
Pi -80.0 0.2 - -

D1 -72.0 0.18 - -

Di -85.0 0.18 - -

D3 -90.0 0.18 - -

Due to the absence of the experimental results, the potentials for the 3He3He 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 3He3He system at S = 0. There fore, 3He3He 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 4He2H, [14-16] for 4He3H and [17,18] for 3He3H systems. The calculation results of the
3He3He 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 3He3 scattering. Curves are  Figure 1b - Phase shifts of the 3He3 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]

Figure 1c - Phase shifts of the 3He3 scattering. Curves are  Figure 1d - Phase shifts of the 3He3 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

8%Ke |4 J +1
Gc(N J,Jf) = 2A}(NJ,K)-
hy (2S1+ 1)(2S2+1) J[(23 +1)]
(2)
2 J NJ,Jf,Ji)132(3f, Ji),
LJ
where matrix elements of E J transitions have the form
2,Li SJi
PJ(EJ, I Ji) =5sisf[(2J + 1)(2Li + 1)(2Ji + 1)(2Jf + 1)](Li0JO ILf0) fIL g (3)

AI(EIK) = KIN o0 y3—f j@afan=¢ " xil.

In the case of E1 capture in the He H cluster channel to the ground state (GS) of Li the pj value is
presented in the form

4)

if the capture is to the GS from the scattering states with L = 2 and Ji = 1,2,3 for the initial states with
Ji=0,1,2 and L = 1 In the 3He3H cluster model it is possible also to consider E1 transition to the 3+
resonance state. In this case the Pj value is listed in Table 2. Parameters of the 3He3H potentials taken into
account spin-orbital splitting are given in Table 1.

Table 2 - Coefficients P j in the 3He3H cluster channel of 6Li nucleus

HeH (34)
Lj PiEL)
F2 42/5
2 135
K] 1
FH 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 M| 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 - V3/2 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 Figure 2b - The total cross section of the
capture on He with the formation of @i in the GS. Solid photodisintegration process of 6Li. Solid curve is the cross
curve is the calculated E1 cross sections for scattering section obtained on the basis of detailed balancing principle
potentials from Table 1 Dotted curve is the cross section of from the calculated capture cross sections [7]. Points,
the M1 process, dashed curve is the E2 cross section. Points  histogram, dashed curve and crosses are experimental data
are experimental data from [21,22] from [24-27]

Differences in total experimental cross sections for the 6Li(y,3He)3H 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 ~-factor for the 3H(3He,y)6Li capture at low energies is shown in Fig. 3a. The value

equals 0.06 keV-b was obtained by the linear extrapolation of the ~-factor at zero energy in the E1 process.

Eon, MeV
Figure 3a - Astrophysical ~-factor for the E1 Figure 3b - Total cross sections for the radiative
process at the 3H(3He,y)6Li capture [7]. capture process in the 3He3H channel with the

formation ofthe 6Li 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 D3
bound state with the depth 105 MeV (solid curve) and 107.5 MeV (dashed curve) are used here, which
were discussed in sec. 3.

48



ISSN 1991-346X Series physico-mathematical. 3. 2020

4. Conclusion

The radiative tritium capture on 3He 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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TOMEHI1 >XX3HE ACTPOPUN3UKAJBIK SHEPTANTAPOAT bl
PAONALUVNANDBIK 3He3H KAPMAY

AHHOTauma. MogupukaunsanaHraH noTeHumMangbl KAacTep/X Mofenb ascbiHAa TEMeHM X3He acTpodusmn-
Ka/lblK 3Heprusnapgars! pagnauusansik 3He3H kapmay KapacTbipbinrad. LawbipaTy Ke3eHAepi XaHe 6ainaHbickaH
aHeprusa KYWimeH YWnecTipinreH noTeHunanap HerisiHge anblHraH SKCNepuMEHTTIK MafliMeTTepai Aypbic x16epyre
6onaTbIHAbINbI  KepceTinreH. Makanaga cunaTTanbil OTbIpraH, TWbIM Ca/lblHFaH KnacTepnepapaibliK  KYLWTi
naiganaHaTblH, eKiknacTepni noTeHUMangblK Mofgengep, Ken >xargaiga, ap TYPAi >KewWws >K3He eTe XKeHin
AApoNapAblH - Kelbip Aaponbik  cunaTtTamanapbiH  Aypbic KepceTe 6/~ re MYMKIHAIK 6epefi >X3He e3iHiH
MYMKLUKTEPLU 370 TONbIK Tayblca KoimaraH ceinar MyHfa KepceTinin oTbipraH 34icTep MeH HITUXenepa”™ XeHin
aToMAblK £aponap MeH 6enllekTep e3apabainaHbICbiHbIH eTe TeMeH 3HeprusnapbiHa KaTbiCbl 6ap SAPOsbIK
acTpour3MKaHbIH Keinbip Macenenepll welwyae KongaHyra 6onagbl. backalla anTkaHga, 6yn HaTwkenepaw, KYHge,
Xynabi3gapga, FanamHbiy 6acka fa Kelibip HbicaHfapbiHAa, 6y m  FanamHbiH TYpni Kanbintacy Keseugepi MeH
JaMyblHa KaTbICTbl €TeTiH TepmosaposnbiK Y[epicTepre Tikeneli Katbicbl 6ap. Bip apHanbl KnacTepnik Mofenbfi
nanganaHyra 6onagbl, 0N KenTereH arfannapfja HakTbl Xarfanra >XakCbl >kakblHAangbl. MyHaain mogenb
Walbipay NpouecTepi MeH 6alinaHbICTbl Xarjanapaarbl, TiNnTi KeNTereH AeHenepal, ecebiH wewly agictepi Hemece
caHfblK OpblHAAyAarbl eTe ayKbIMAbl HEMECe HaKThbl CaHAbIK H3TVDKeNepre 3KenMeiiTiH xYWenepge ae Saponbik
cunatTaManapbliH Ke3 KesreH ecebLl canbicTbipMasbl TYPAe oHali opbiHAayra MYMKIHAIK 6epesi. ATOM S4pOCbIHbIH
KypblnbIMbl anayaH TYpAi X3He Keige 6ip 6ipiH >KOKKa LWbirapaTblH KypblUibiMaap Tabblnagbl. Mbicanbl, fapoja
HYKNOHAAPAbIH TAYesci3 KOo3rasibiCbl, epKiHAIK AapexkenepiHiH 6ipnecTiriHiH KepiHici, ykcac 6oc AgponaphbiH
KypbI/bIMAAPbIHbIH  KNacTep/iepiHe - yKcac HyKNOHAapAblH fepbec TonTapra 6eniHyi MYMKiH. ByraH paewiHri
AQPOAArbl TypaKTbl KNACTEP/ep YrbIMbI TOYeNCi3 HYKMIOHAap KosrabiChbl Kesluje apoaa BupTyanasl xYVe 6enw -
KnacTepsiep naiga 6onafgbl xaHe 6YNiHeai AereH yrbiMra aybicTbl. COHAbIKTaH, aToMiblK fapojarbl anTeyip 6ip
KnacTep/X KaHangblH 6ap eKeHAiHI Typanbl raHa anTyra 6onafbl. 3puHe, eklre 6enwreH TYCiHiK Agpoga 6onbin
XaTKaH argaigblH aHblK MiHCi3 KYVii 6onbin Ta6blnagbl, ce6e6” 6acTankbl KaHangblH 6GefllekTepi y™A
KnacTepneHAipydiH YnkeH fapexeciHe ve gen 6omkam xacanyga. CoHAbIKTaH MyHfal noTeHuuangbl YAriHiy,
XeTIiCTiri 6aiinaHran KYWigeri A HyKNoHAapAbIH Xyliecll cunaTTayga HyKIOHAapAbiH Al + A2 KaHaNbIHAArbl OCbl
ALPOHBIH LWbIHalbl KAacTep/eHAipinyi KaHWwanbIiKTbl YNreH eKeHALWMeH aHbikTanagbl. COHbIMEH Kartap, Kelibip
KnacTep/ik emec gepbec saponapibiH cunatTamanapbl 6ip aHbIKTaraH KiacTepsiK KaHa/IMeH aipbliKLua WwapTTacybl
MYMKIH, ArHn 6acka fia JMyMLLIH KnacTepnik KOHQUrypaumsaHbl KOCKaHa aHbIK K1acTepsiw KypblibiMra ne 6ony. byn
Karganga narifanaHbinbin oTblpraH 6ip KaHangbl KnacTep/w Mogenb 6acbiMiblK KepCeTeTiH KnacTepsik KaHangpl
TeHfecTipyre, wapTTackaH SApOSibIK XYVeHiH KypblibIMbIH epeKLLUeneyre aHe cunatTayra MYMKiHgik 6epear
CoHAbIKTaH, 6ip KaHanabl Mofenbje ablHraH HITUXeNepai ocbiHAaN saponapgarbl Knactepai KOH(UrypaumsHbiH
6ip KaHaNAbIbIFbIHLIH TECTI peTiHAe KapacTbipyra 6onajpl.

TYWiH cesaep: AAPONbIK acTpohusMKa, 6acTankbl HIOKIEOCUHTES; XKeHU aToMAblK SAponap; pagnauussibik
Kapmay; Xblnyagponbik Y/epicTep; noTeHUManibl KnacTep/ik Mogens.
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PAANALIVOHHbI 3He3H 3AXBAT MPU HN3KUX N ACTPODPUSNYECKNX SHEPTUAX

AHHOTaLmsA. B pamkax MOAU(ULMPOBAHHOM NOTEeHLUMaNbHO KacTepHoO MOfeNN pacCMOTPEH pajnal oHHBbIl
3He3H 3axBaT Npu HU3KUX M acTPOU3MUECKMX 3Heprusx. MokasaHo, YTO Ha OCHOBE MOTEHLUANIOB, KOTOPble
cornacoBaHbl C (hasaMu paccesiHUsi U 3Heprueli CBSI3aHHOTO COCTOSIHWUS yAaeTcsl NPaBUIbHO MepeaaTb MMetoLLnecs
IKCMepUMeHTa/IbHbIE  AaHHble. [IByXKNacTepHble MNOTeHUMalbHble MOJENM, OMUCaHHble B [aHHOW CcTaTbe,
MCMO/b3YIOLLNE MEXK/IACTEPHbIE CUJIbI C 3amNPeLLeHHbIMU COCTOSIHUSIMI, BO MHOTUX C/ly4yasiX, Mo3BosoT NpaBUIbHO
OMNKMcbIBaTb HEKOTOPbIE SiEPHbIE XapaKTEePUCTUKU /1 CaMbIX Pa3/IMYHbIX JIETKUX U neryaimnx sigep u, no-
BUAMMOMY, He ucueprnasn elle MOMHOCTHbI0 CBOM BO3MOXHOCTU. Tem 60siee, UTO WU3MIOXKEHHbIE 3[eCb METOAbl U
pesynbTaTbl NPUMEHVMbI K HEKOTOPbLIM 3aavyaM sifiepHoli acTpouM3NKK, UMEILLMM OTHOLLEHUE K IEFKAM aTOMHbIM
AapaM U CBEPXHWU3KUM 3HEPrusiM  B3auMMOAE/CTBUS YacTuy. VHadye TroBopsi, 3TW pe3y/ibTaTbl  UMENT
HenocpeACTBEHHOE OTHOLLEHWE K TepMOsiepHbIM MpoueccaM, MnpoTekawwmM Ha CofHUe, 3Be3jaX, HEKOTOpPbIX
APYrux o6bekTax Halleii BceneHHoW 1 BceneHHON B LIe/IOM Ha pas/iMuHbIX 3Tanax ee QOPMUPOBAHNS W PasBUTUS.
MOXKHO MCMO/Mb30BaTh 0AHOKAHa/IbHYIO K/1aCcTePHYH MOfe/b, KOTOpasi BO MHOTUX C/ly4Yasix OKasbIBaeTCsl XOPOLUUM
NPUBAMKEHNEM K peanbHO CyLIecTBYHOLWEen cuTyauun. [MogoGHas MofeNb MO3BOMSET CPABHUTENIBHO JIErKO
BbIMNO/HATb Nt06ble pacyeThbl SePHbIX XapaKTEPUCTUK B MPOLLECCAX PACCESHUS U CBSA3aHHBIX COCTOSIHUSX, JaXe B TeX
CUCTeMAxX, Fje MeToAbl PELUEHNS 3aa4M MHOTUX Te/T WU 0YeHb FTPOMO3AKM B YAC/IEHHOM UCMO/IHEHUM UKW BOOGLLLe
He MPUBOAAT K KOHKPETHbIM KO/IMYECTBEHHLIM pesynibTaTaM. CTPyKTypa aTOMHOro siipa O4YeHb MHOroo6pasHa u
nopoli 06HapyXXMBaeT, Kasasiocb Obl, B3aMMOWCK/IHOYAKOLWMe CBOWCTBA. Hanpumep, B sijpe MOryT peajn30BaThbCs
CBOWCTBA HE3ABUCMMOTIO [ABVXXEHWUSI HYKJ/IOHOB, KOJIEKTVBHbIE MPOSIBIEHUSI CTeMeHell CBOGOAbI, accoLMUpOBaHWe
HYK/IOHOB B MOYTU HEe3aBUCUMble T[Pynnbl - KAacTepbl C XapakTepucTukamu, GIU3KMMK K CBOCTBaM
COOTBETCTBYHOLLMX CBOBOAHBIX fifiep. PaHee CylecTBOBaBLUME MPEACTABMEHMS 0 CTABU/ILHO CYLLLECTBYHOLLMX B sape
KnacTepax 3aMeHWINCb Ha MOHUMaHWe, YTO B MPOLECCE MOUTM HE3aBUCUMMOrQ [BWXEHWS HYKIOHOB B sifpe
(hOpPMMPYIOTCS U paspyLLalOTCs BUPTyasibHble MOACUCTEMbI - KracTepbl. [103TOMY MOXHO FOBOPUTb /MWL O
BEPOSITHOCTM CYLLECTBOBAHMS B aTOMHOM $iape TOr0 WM MHOTO K/AcTepHOro KaHana. KOHeuHo, ABYX4YacTUUHOE
npeAcTaBfieHVe SBNAETCS OMpefeneHHOW waeanusauuveli peanbHO CYLLECTBYIOLWEA B sape cutyauuu, T.K
npeanosiaraeT, YTo CBSI3aHHOE COCTOSIHME UMeeT 60MbLUYI0 CTeneHb KacTepu3aumm A1 YacTUL, Ha4ya/lbHOro KaHaa.
MoaToMy ycrex faHHOW MoTeHUMabHOW MOAeN NpW ONUCAHUK CUCTEMbI U3 A HYK/IOHOB B CBSI3aHHOM COCTOSIHUW
onpefensieTcsl TeM, HACKOMIbKO BeMKa peasibHasi KinacTepusauumsi 3Toro sgpa B KaHane Az + A2 HYK/I0HOB. B To e
BpeMsl, HEKOTOpble sifiepHble  XapaKTepPUCTUMKM  OTAe/bHbIX, [AaXe He K/acTepHbIX siiegp MoOryT  6biTb
NPeVMYLLIECTBEHHO 06YC/I0B/IEHbI OfHUM OMpPefeNieHHbIM K/1acTepHbIM  KaHas/loM, T.e. WMETb OMpeAesieHHYIo
KMacTepHYK CTPYKTYpYy MNpu MasioM BKafe APYrvMX BO3MOXHbIX KIacTepHbIX KoHurypauuii. B atom cnydae
1crnosib3yemasi OfHOKaHa/bHasi KiacTepHasi MOfeflb MO3BOMSIET WAEHTUPULMPOBATL JOMUHMPYIOWMIA KNacTepHbIii
KaHasl, BblAeNMTb M OMNucaTb Te CBOMCTBA SIAGPHOM CUCTEMbI, KOTOpble MM 06YC/0BfeHbl. [M03TOMY pe3ynbTaThbl,
noslyyaeMble B OfHOKaHa/lbHOW MOAENM, MOXHO paccMaTpuMBaTb KaK HEKOTOPbIA TecT OfHOKaHa/IbHOCTU
KMaCTePHbIX KOH(UIypauuii B TAKUX siapax.

KntoueBble cnoBa: sifiepHas acTpomsnKa; NepBUYHbIA HIOK/IEOCMHTES; NIErKue aToOMHbIE SApa; PajnaLoHHbIRA
3axBaT; TepMosiiepHble NMPOLECChl; NOTeHUUanbHas KnacTepHasi Mogesb.
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