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NEW RESULTS FOR *H(n,y)*H AND *H(p,y)’He REACTION RATES AT
ASTROPHYSICAL ENERGIES

Abstract. The reactions *H(n,y)*H, *H(p,y)*He are of significant interest both
for nuclear astrophysics and in the field of controlled thermonuclear fusion.
This is due to the fact that they can proceed intensively at sufficiently low
temperatures, since the first one has a minimum Coulomb barrier, while the
second one has no Coulomb barrier at all.

Therefore, in the presented work we have studied reaction rates of the neutron
and proton capture reactions *H(n,y)*H, 2H(p,y)*He, within the framework of the
modified potential cluster model with allowed and forbidden states which follow
from the classification orbital states of the clusters according to the Young tableaux.
It is shown that on the basis of potentials that are consistent with the bound state
energies and the asymptotic normalizing constant values one can obtain the total
cross-sections and the astrophysical S-factors for the nuclear systems under
consideration.

2H(n,IYI)3H reaction is considered at energies from 10 meV (0.01 eV) to 10 MeV
and the ’H(p,y)*He reaction — at energies from 1 keV to 10 MeV. The comparisons of
the total cross-section (for the n*H radiative capture) and the astrophysical S-factor
(for the p?H radiative capture) found by us with other experimental and calculation
results are given in the work. On the basis of theoretical total cross sections, these
reaction rates have been calculated in the temperature range from 0.01 T, to 10 T,.
The comparisons of the rates found by us with the rates obtained by other authors
are presented in the work. The results for the rates are approximated by simple
expressions, which simplify their use in applied thermonuclear and astrophysical
researches.

Key words: Nuclear astrophysics, primordial nucleosynthesis, light atomic
nuclei, low and astrophysical energies, radiative capture, thermonuclear processes,
potential cluster model.
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ACTPO®U3UKAJIBIK DHEPTUSIJIAPIAFBI *H(n,y)’H )KOHE 2H(p,y)
PEAKIMS )KbLJIJIAM/IBIFBIHBIH )KAHA HOTUIKEJIEPI

Annorauus. *H(p,y)’He, 2H(n,y)’H peakuusiiapsbl sApoibIK acTpopu3KKa yIIiH
ne, 0acKapbUIaThIH TEPMOSAPOIIBIK CHHTE3 CallaChIH/IA 12 MAaHBI3/IbI KbI3bIFYIIBUIBIK
Tyablpajbl. Bys oiapiblH KETKUTIKTI TOMEH TeMIeparypaja KapKbIHIbl KYpyiHe
0ailIaHpICTBI, OWUTKEHI OIpIHIIICIHAC MUHUMAIIBl KYyJIOHJIBIK TOCKAybUl Oap,
aJl eKIHIIICIHAC KYJIOHIBIK Kexepri MyJijaeMm koK. COHJIBIKTaH, OYJI JKyMbICTa
aBTOpJIAp PYKCAT €TLIreH XKOHE THIMBIM CajlbIHFaH Kyiiepi Oap sxoHe FOHT cxemachl
OOMBIHINIA KIacTEepIIep/iH OpOUTAIIBIK KYWICPIH KIKTSHTIH MoaudUKausIaHFaH
MOTEHIMANIbI KIIacTepitik Mozesb asceinaa “H(n,y)*H, ?H(p,y)’He HeliTponaap Mmexn
MPOTOHJAPABIH KapMay peaKLUsUIapbIHbIH KbIIIAMABIFbIH 3epTTell. balinanbicThl
KYHJIEpAiH HEPrUsiCHIMEH JKOHE aCUMITOTHKAIBIK HOpMajay TYPaKThUIapbIHBIH
MOHJIEpIMEH COMKeC KeNeTiH MOTEHIMANIap HETi3iHAe KapacTBIPhUIbII OTBIPFaH
SAPOJIBIK JKyHesep yuiH TonblKk Kumanap MeH actpodusukansik S-pakropaapbsia
aiyra 0OJaThIH/IBIFbI KOPCETINTCH.

*H(n,y)*H peakuuscet 10 MaB (0.01 3B) -nen 10 MaB-ke aeitinri sHeprusiiapa,
an “H(p,y)’He peakuscer 1 k3B-ten 10 MaB-ke neiiinri sHeprusuiapia 3epTTesii.
XKympbicTa TaObUIFaH TOJBIK KuMmanapasl (n*H paguanusiiblk Kapmay  YIIiH)
koHe acTpodusukaibiK S-hakropnapael (p*H paamanusuiblk  Kapmay  yIIiH)
0acka SKCHEPUMEHTTIK YXOHE €CEITIK HOTHXKEIEPMEH CaJBICTBIPY KEITIpUIreH.
TeopusiIbIK TOJIBIK KMMaJiap Heri3iHze OyJ1 peakuusiapabiH Kbeuriamabirs: 0.01 T,-
nan 10 T,-ra nedinri Temneparypa apaiblFblHa ecentenii. by peakuusaapabiy
KBUIJAM/IBIFBIH 0aCKa aBTOPIIAp aliFaH KbUIJaM/IbIKTaPMEH CANTbICThIPA YCHIHBUIFaH.
KeimpamaplkTap yIIiH —ecenTeNreH HOTHXKEJep KapamaidbiM —epHEKTepMEH
KYBIKTaJabl, OYJI ONapbl KOJJaHOAIbI TEPMOSIPOIIBIK JKOHE acTPO(U3UKATIBIK
3epTTeyiep/ie KOJIaHy bl KESHUACTE/I.

Tyiin ce3nep: sanpornblk acTpodusuka, OIpiHIIUIIK HYKICOCHHTE3, JKEHI
aTOMJBIK SIpojiap, TOMEH >KOHE acTpOPU3UKAIBIK dHEPrusijiap, pajauanusHbl
TYCipY, TEPMOSIIPOJIBIK MPOLECTED, MOTCHIHAIIbI KIACTEPIIiK MOACIb.
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HOBBIE PE3YJIBTATHI JIJIs1 CKOPOCTEM 2H(n,y)’H M *H(p,y)’He
PEAKIIUM ITIPU ACTPO®U3NYECKHNX SHEPTHUSX

Annoranus. Peakimu *H(p,y)*He, 2H(n,y)*H mpeacTaBisioT CyIIeCTBEHHBIH
WHTEpEC KakK JJs SICPHOM acTpopH3MKH, Tak M B OO0JACTH YIPaBIIEMOTrO
TEPMOSIICPHOTO CHHTE3a. DTO OOYCIOBICHO TEM, YTO OHHM MOTYT HHTEHCHBHO
MPOTEKaTh MpPU JOCTATOYHO HU3KUX TEMIIEPaTypax, MOCKOJIbKY IepBas HUMeeT
MHHUMAJIbHBI KyJOHOBCKHW Oapbep, a BTOpask BOBCE HE MMEET KyJIOHOBCKOTO
Oapbepa.

[TosToMy B 1aHHOY pabOTE HAMHU N3YYEHBI CKOPOCTH PeaKInii 3aXBaTa HEUTPOHOB
u potoHoB “H(n,y)*H, 2H(p,y)’He B paMmkax MOAH(MUIMPOBAHHOMN MOTEHIIHAILHON
KIIACTEPHOW MOJENM C Pa3pelICHHBIMH W 3alpelICHHBIMH COCTOSHUSIMH U C
Ki1accuduKanueir opOUTaIbHBIX COCTOSHHUN Ki1acTepoB 1o cxeme FOnra. [TokasaHo,
YTO Ha OCHOBE MOTEHIIMAIOB, COTJIACYIOINXCS C SHEPTUSIMH CBSI3aHHBIX COCTOSHHUN
Y 3HAYCHUSIMU ACHMITOTHYECKHX HOPMHPOBOYHBIX KOHCTAHT, MOJKHO MOJNYYHTh
TTOJTHBIE CEUCHIS U acTpoPu3nUecKue S-(haKTOPHI IS pacCMaTpUBaEMbIX SACPHBIX
CHCTEM.

Peakuus *H(n,y)*H wusyuanace mpu sueprusx ot 10 m3B (0.01 3B) mo 10
M5B, a peakuust *H(p,y)*He — npu sueprusx ot 1 k3B g0 10 MaB. B pa6ore
NPUBEICHBI CPABHEHUS HAlICHHBIX HAMU MOJHBIX CEYEeHHH (JUIS paJualiOHHOTO
3axBara n*H) u acrpodusnveckux S-hakTopoB (I pajHallMOHHOTO 3axBaTa
p?H) ¢ npyruMu sKCriepUMEHTAIBHBIMU U pacdeTHBIMU pesynbraramu. Ha ocHoBe
TEOPETHYECKUX ITOJIHBIX CEYCHUH OBUIM PACCUMTAHBI CKOPOCTH STHX PEAKIHH B
unrepsaie temmneparyp ot 0.01 Ty no 10 T,. B pabore npecraieHbl cpaBHEHUs
HaWJIEHHBIX HAMH CKOPOCTEH Peakyid, CO CKOPOCTSAMH, TOIYyYEHHBIMU JAPYTUMHA
aBTOpamHu. PacueTHble pe3ynbTaThl Uil CKOPOCTEH arpOKCUMHUPYIOTCS IIPOCTHIMU
BBIPKCHHUSMHU, YTO YIPOIIAET UX UCIIOJIb30BAHUE B MPUKIAJHBIX TEPMOSICPHBIX
1 acTPO(U3NUECKHUX NCCIICTOBAHUIX.

KioueBble ciioBa: sipepHast acTpou3nKa, NEpBUYHBIN HYKICOCHHTES, JIETKHUE
aTOMHBIC SI7Ipa, HU3KHE M acTpOo(pU3NYeCKHe DHEPTHH, PaJAMAIMOHHBIN 3aXBar,
TEPMOsIZICPHBIE MTPOIIECChI, TOTCHIIUAbHAS KJIaCTEpHAs MOJIEIb.

Introduction. Astrophysical aspects. The radiative capture reaction n?’H—>Hy
at astrophysical energies with formation of the long-lived unstable tritium nucleus
plays a role in some models of the Big Bang. In such models it is assumed that
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primordial nucleosynthesis proceeded, for example, according to a chain of nuclear
reactions of the form 'H(n,y)*H(n,y)’H(*H,n)*He(*H,y)"Li(n,y)’Li, etc.

As is well known, the thermonuclear process of p+*H—>He+vy radiative capture
is the first nuclear reaction of the proton-proton (pp) cycle, which takes place as
a result of electromagnetic interactions and weakens the observed rate of heating
of the Sun and the majority of stars of the Main Sequence of our Universe. In the
pp cycle, the process of the proton radiative capture on ’H is important for the
transition from primordial fusion of protons p+p—’H-+e+v_, which proceeds due to
weak interactions, to one of the final two *He nuclei in the pp chain of the capture
reaction: *He+*He—*He+2p proceeding due to strong interactions. A detailed study
of the p?H radiative capture reaction continues without letup and at the beginning
of the 2000’s decade, thanks to the European project LUNA, new experimental data
have been obtained for the astrophysical S-factor at energies from 2.5 keV.

Nuclear aspects. One extremely successful line of development of nuclear
physics in the last 50-60 years has been the microscopic model known as the
Resonating Group Method (RGM) and the associated with it models, for example,
Generator Coordinate Method or algebraic version of RGM. However, the rather
difficult RGM calculations are not the only way to explain the available experimental
facts. The possibilities offered by a simple two-body potential cluster model (PCM)
have not been studied fully up to now, particularly if it uses the concept of forbidden
states (FSs). The potentials of this model for discrete spectrum are constructed
in order to correctly reproduce the main characteristics of the bound states (BSs)
of light nuclei in cluster channels. In the continuous spectrum they directly take
into account the resonance behavior of the elastic scattering phase shifts of the
interactive particles at low energies (Dubovichenko, 2019, 2015).

It is enough to use the simple PCM with FSs taking into account the described
methods of construction of potentials and classification of the orbital states
according to Young diagrams for consideration many problems of nuclear physics
of low energy and nuclear astrophysics. Such a model can be called a modified PCM
(MPCM). In many cases, such an approach, as has been shown previously, allows
one to obtain adequate results in the description of many experimental studies for
the total cross sections of the thermonuclear reactions at low and astrophysical
energies (Dubovichenko, 2019, 2015).

In the present paper, we consider the reaction rate of the n+2H—3Hy capture in
the low energy range on the basis of the same MPCM, which takes into account
the supermultiplet symmetry of the wave function (WF) with classification
of the orbital states according to Young diagrams. Such an approach makes
it possible to analyze the structure of the intercluster interactions, and to
determine the existence and positions of allowed and forbidden states in the
intercluster potentials (Dubovichenko, 2019, 2015). We have already used
this approach to describe more than 30 cluster systems (Dubovichenko, 2019,
2015).

111



ISSN 2224-5227 4.2022

We have already considered the process *H(p,y)’He at astrophysical energies
in several works, beginning in 1995 (Dubovichenko, 1995) and extending up
to 2009 (Dubovichenko et. al., 2009). These results were then presented in the
monographs (Dubovichenko, 2019, 2015). But we never previously investigated
the rate of this reaction, which we will now do here on the basis of the MPCM, used
in all of our previous work, with classification of orbital states according to Young
diagrams and leading to allowed states (ASs) and FSs (Dubovichenko, 2019, 2015).

Model and calculation methods. The nuclear part of the intercluster interaction
potential, which depends on set of quantum numbers JLS, for carrying out
calculations of photonuclear processes in the considered cluster systems. It has the
form

Viisin (R) = Vo(JLS {f})exp[—a(JLS {f})r?] +
+ Vi(JLS{f})exp[-BULS {f})r’], (1)

with Coulomb term of the potential of point-like form.

The dimensionless asymptotic constant C  (AC) for any ground state (GS)
potential was calculated using the asymptotics of the WF having a form of the
exact Whittaker function

XL (r)= 2ko CwW—nL+1/2 (Zkor) 2

where y, (r) is the numerical WF of the BS, obtained from the solution for the radial
Schrodinger equation and normalized to unity, the value W, e is the Whittaker

function of the BS, determining the asymptotic behavior of the WF, which is the
solution of the same equation without the nuclear potential. k; is the wave number,

caused by the channel binding energy E: k, = |2 M% E ;n is the Coulomb parameter
uz zZ,e’
e
angular momentum of the BS. Here in this equation p is the reduced mass, and
the constant hz/m0 is assumed to be 41.4686 fm?, where m, is the atomic mass unit
(amu). The magnetic moment of neutron equals p_ = -1.91304272y, of the proton
p, = 2.792847u,, for °H nucleus p (*H) = 0.8574382338 p, where p, is the nuclear
magneton. Slightly transformed expressions (Dubovichenko, 2019, 2015) were used
for total cross sections of the electromagnetic transitions.
Here we also use the relationship

Az%/c :Sf xC?, 3)

, determined numerically \ _ 3 44476.10- HZ Z, and L is the orbital

where A . is the asymptotic normalization coefficient (ANC), S, is the spectroscopic
factor of the GS, C is the asymptotic constant in fm'?, which is related to the
dimensionless AC C_, used by us in the following way: C = |2k, C, .
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The total radiative capture cross sections [/(NJ,J ) for the EJ and MJ transitions
in the case of the PCM are given, for example, in (Dubovichenko, 2019, 2015) are
written as:

8nKe’ 0 J+1
g (28, +1)(2S,+1) J[QJ +DUT
x A7 (NJ,K)Y P} (NJ,J ;,J)I3(J ;. J))
LiJ;

6. (NJ,J,)=
4)

where o — total radiative capture cross section; u — reduced mass of initial
channel particles; q — wave number in initial channel; S, S, — spins of particles
in initial channel; K, J — wave number and momentum of y -quantum in final
channel; N — is the E or M transitions of the J multipole ordered from the initial
J. to the final J nucleus state.

The value P, for electric orbital EJ(L) transitions has the form (Dubovichenko,
2019, 2015):

LSJ)
PEJ. ], J) =8 [ + D@L, +1D(2J, + (2, +DIL0J0]L,0)’ { oo } ,
f f
11, Z 1 Z, J )
A(ESK) = KW (s (1) ), L 00 =2, |2)-
1 2

Here, S, S, L, L, J, and J, — total spins, angular and total moments in initial (i)
and final (f) channels; m, m,, Z , Z, — masses and charges of the particles in initial
channel; I, —integral over WFs of initial y, and final y states, as functions of clusters
(composed of 2H and n or p) relative motion with intercluster distance R.

For consideration of the M1(S) magnetic transition, caused by the spin part of
magnetic operator, it is possible to obtain an expression (Dubovichenko, 2019, 2015):

i SLJ)
B (M1.J1 J) =853 8, [S(S + D@ + D2/ + (2T + DR G
f

6
A 01, K)=i "% 3{;11 ™y, m—} 10 = (e ) -
oC m m
Here, m is the mass of the nucleus, and p, and p, are the magnetic moments of
the clusters.

The construction methods used here for intercluster partial potentials at the
given orbital moment L, are expanded in (Dubovichenko, 2019, 2015) and would
not be topic of discussion further. The next values of particle masses are used
in the given calculations: m = 1.008664916 amu, m = 1.00727646577 amu,
m(*H) = 2.014102 amu, and for 1 amu energy equivalent of 931.4941024 MeV is

used.
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Results and discations. Capture reaction *H(n,y)’H. n’H interaction
potentials. To calculate radiative capture in cluster systems, the nuclear part of the
intercluster potential of the n?H interactions is represented in the form (1) with a
Gaussian attractive part V and a Gaussian repulsive part V, (Dubovichenko, 2019,
2015). Young-diagrams-mixed potentials of the p’H interaction were obtained
for the scattering processes whose parameters are shown in the first two rows of
Table 1. Details of the classification of states according to Young diagrams for the
n’H system are given in (Dubovichenko, 2019, 2015). Pure scattering phase shifts
with the {3} diagram were subsequently identified in the doublet channel, and on
the basis of these phase shifts Young diagram pure potentials of the intercluster
?S-interaction in the GS of the *He nucleus in the p’H channel were constructed.
These parameters are listed in the third row of Table 1 and in (Dubovichenko, 2019,
2015). Total cross sections of p”H radiative capture and astrophysical S-factors were
calculated at energies down to 10 keV (Dubovichenko, 2019, 2015). Parameters of
the GS potential of *°H in the n’H system were adjusted somewhat to obtain a correct
description of the binding energy of tritium, which is equal to — 6.257233 MeV. As
a result, the parameters were obtained that are shown in the last row of Table 1 —
such a potential reproduces the energy of the n*H system exactly.

To check the behavior of the wave function of the BS at large distances, the
AC C_ with the asymptotic limit of the WF in the form of the exact Whittaker

function y;(R)=+/2kyC,,W_, 1,1/2(2kgR) (2) was calculated earlier, where ¥ is
the numerical wave function of the bound state, obtained by solving the radial
Schrodinger equation and normalized to unity, W is the Whittaker function of the
bound state, defining the asymptotic behavior of the WF and being the solution of
the same equation without the nuclear potential, i.e., the solution at large distances,
k, is the wave number corresponding to the channel binding energy, [ is the
Coulomb parameter, equal in the given case to zero, and L is the orbital angular
momentum of the bound state. The asymptotic constants for such GS potentials of
*He in the p’H channel and of *H in the n’H channel, obtained on the interval 10-30
fm, are listed in Table 1. The error of the constant is found by averaging it over the
indicated interval of distances.

Table 1. Doublet interaction potentials of p’H and n’H systems (Dubovichenko et. al., 2020), mixed

in Young diagrams {f} for scattering processes.

System | CSTL{f} VoMeV | o [V,MeV| B |E MeV|E  MeV| C,

2§ (3}+{21} 55.0 02| - - - - -

pH | 2P (31+{21} 100 |0.16] +06 | 0.1 - - -
S {3} |41.55562462| 02 | - — | -5.493423 | -5.493423 | 2.095(5)

oy LS B31H2L 57.0 02| - - - - -
S {3} |41.42616550| 02 | - — -6.257233 -6.257233 | 2.05(1)

Remark. Here E_ is the energy of the bound state of the *He nucleus in the p’H channel and of
°H in the n’H channel, E. is its experimental value, and C_ is the dimensionless asymptotic constant.
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Neutron radiative capture on 2H. In the present work we consider results for
n’H capture, when the negative sign of the magnetic moment is taken into account
(Dubovichenko, 2019, 2015). Using the parameters of the p’H nuclear potentials
for the S- and *P-scattering waves from Table 1 without the Coulomb term and the
GS from the last row of Table 1, we calculated the total n’H radiative capture cross
sections in the energy range extending from 10 meV to 10 MeV. The results of this
calculation for the sum of E1- and M 1-transitions are shown in Fig. 1 by the double
dash-dot curve. It turned out that at energies around 10 meV, the calculated cross
sections are somewhat larger than the values measured in the experiments (Trail et.
al., 1964). But at 25.3 meV they are somewhat less in comparison with the thermal
cross sections from (Jurney et. al., 1982), for which the value 508(15) ub is given. In
the most recent data for the thermal energy (Firestone et. al., 2016) the value 489(6)
ub was obtained, which differs insignificantly from the previous results (these data
are represented in Fig. 1 by an open triangle). The scattering phase shift of such a
’S-wave p’H scattering potential, determining the M 1-transition, is plotted in Fig. 2
by the dashed curve. We emphasize that for the calculations of the M1-transition,
we used the p?H potential for S scattering wave No. 1 from Table 1 without the
Coulomb term, but the spread of the various experimental data over phase shifts of
elastic p’H-scattering, which are represented in Fig. 2 by points, reaches 20-30%
(Schmelzbach et. al., 1972; Huttel et. al., 1983). As a result, even the p?H scattering
potential, whose phase shift is plotted in Fig. 2 by the dashed curve, is constructed
on the basis of these data with large uncertainties.

103 :lll LERLLL mem L

10°F

107 Lkl il il s .'..'.....n ol ol \\..:a ol

10° 10* 10° 10 1' 10 10 ¢ 1 10
Figure 1. Total cross sections of n’H radiative capture. Experimental results are from the indicated

sources: (Nagai et. al., 2006) — points at energies 30, 55, and 530 keV, (Mitev et. al., 1986) — circles
at energies in the range 7-14 MeV, (Trail et. al., 1964) — triangle at 10 meV, (Trail et. al., 1964) —

asterisk at 25.3 meV, (Ohsaki et. al., 2008) — filled square at 50 keV, (Firestone et. al., 2016) — open

triangle at 25.3 meV, (Nagai et. al., 1998) — open rhombuses, and data obtained from photo-breakup

— inverted triangles from (Bosch et. al., 1964). Curves are explained in the text.
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Figure 2. 2S-phase shifts of p?H elastic scattering (dashed curve and dotted curve) and n*H-scattering
(solid curve). The experimental data were taken from (Schmelzbach et. al., 1972; Huttel et. al.,
1983). The potential parameters are given in Tablel.

In connection with this, we considered changes which are needed for the p*H
potential in the 2S scattering wave so that it can describe the available experimental
data for n’H-capture at 25.3 meV. As a result, we obtained results for the total cross
section which are plotted in Fig. 1 by the solid curve with the dotted curve and the
dashed curve representing the total cross sections for the E1 and M1 processes. For the
depth of the 2S-potential in p*H-elastic scattering, we obtained the parameters shown
in Table 1 in the second-to-the-last row. These results provide a good description of
the available data at the thermal energy, but the 2S-phase shift of the potential of p*H
elastic scattering is plotted in Fig. 2 by the solid curve — it lies entirely inside the band
of experimental error. Such a small change in the parameters has a marked effect on
the results of the calculation of total cross sections for the M1 process, but this small
change in the parameters can be explained by the uncertainty of the available p’H
phase shifts and their absence for n?H scattering. As a result, the implemented model
was able to reproduce the available data in an energy range whose end points differ
by more than nine orders of magnitude: from 107 to 10* keV.

In order to correctly describe the data at 10 meV shown in Fig. 1 by the filled
triangle, it is necessary to decrease the depth of the 2S-potential of p’H-scattering to
52 MeV. The result of this calculation of the total cross section is plotted in Fig. 1 by
the dash-dot curve. The scattering phase shift of the potential with such parameters
is plotted in Fig. 2 by the dotted curve — it lies markedly lower than the phase shift
analysis data (Schmelzbach et. al., 1972). However, for final conclusions about
agreement of such a potential with the phase shifts, results of a phase shift analysis
of specifically n?H scattering are needed, which at the present time are lacking.
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Since at energies from 107 to 0.1 keV the calculated cross section plotted in Fig.
1 by the solid curve is practically a straight line, it can be approximated by a simple
function of the form

A

b)=—rn—"
(x’ap(l“l ) m

The value of the constant A = 2.286 pb-keV'? was determined from one point
in the cross sections at the minimum energy equal to 107 keV. The absolute value
of the deviation from the calculated theoretical cross section of the approximation
of this cross section by such a function in the range from 107 keV to 0.1 keV

M(E) =[[64y(E) = G peor (E))/ O yor (E)| (®)

(7

does not exceed 1%. It would seem possible to suppose that this form of the
dependence of the total cross section on the energy will be preserved at lower
energies. Therefore, we estimate the value of the cross section at 1 peV (10 eV).
We obtain 72.3 mb.

Next, for the total cross sections plotted in Fig. 1 by the solid curve, we have
calculated the reaction rate of the n’H capture reaction. To calculate it, we used the
theoretical total cross sections at energies ranging from 10 meV to 10 MeV, and
the obtained total reaction rate (see Fig. 3 — the solid curve) grows smoothly at all
considered temperatures. The dotted curve, which is in complete agreement with
our results at temperatures above 0.5 T,, plots the capture rate from (Nagai et. al.,
1998), which can be parameterized by the expression

Ny {ov)=214-T)" +742-T,. )

The dashed curve in Fig. 3 plots the rate of this reaction from (Fowler et. al.,
1967), which is approximated by the form

N, (ov)=66.244+1250.157T;, (10)
and coincides with the same form presented in (Nagai et. al., 1998).

The calculated reaction rate shown by the solid curve in Fig. 3 can be accurately
approximated by the function
N {ov)=a/ T} exp(-a, I T, )(1.0+asTy " +

+asTy +agly"> +a; 13" + a 1) . (11)
The parameters of this approximation are listed in Table 2.
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Figure 3. Total reaction rate of n?H capture. The solid curve plots our results, the dotted curve plots
the capture rate from (Nagai et. al., 1998), the thin dashed curves plot the error band from (Nagai et.

al., 1998), the dashed curve plots results from (Fowler et. al., 1967), and the individual points plot
the approximation of our calculated curve.

Table 2. Parameters of the parametrization given by eq. (11) of the reaction rate
(Dubovichenko et. al., 2020).

i 1 2 3 4
ai -0.6042998-102 0.2190303-10° —0.1708195-10* —0.2118940-10°
i 5 6 7 8
ai 0.1110280-10° —0.7034432-107 -0.2525107-10° 0.4864969-10°

Values of the reaction rate Eq. (11) calculated with these parameters are
plotted in Fig. 3 by the tightly dotted curve, which merges with the solid curve
with an average chi-square value x> = 0.003. One thousand of the calculation
points shown in Fig. 3 were used in the approximation, and to calculate y? the error
of the calculated data was taken to be equal to 5%.

Capture reaction 2H(p,y)*He. The p?H system in the continuous and discrete
spectrum. We considered classification of orbital states of clusters according to
Young diagrams for the n’H and p?H systems (see Sec. 3). We showed that the
possible orbital Young diagrams {f} for the system of three nucleons in the 1 + 2
channel of the particle have the form {1}x {2} = {3} + {21} (Dubovichenko et.
al., 2009). The first of these is compatible with orbital angular momentum L = 0
and is forbidden in the quartet spin channel (Dubovichenko, 2019, 2015). The
second diagram is forbidden in any channel and is compatible with orbital angular
momentum L = 1, which is determined on the basis of Elliott’s rules. The state for
the first Young diagram corresponds to the bound forbidden ground state of the *He
nucleus in the p*H channel and has angular momentum and isospin J*, T = 1/27,1/2
(for the 2H nucleus the characteristics are known: J*, T = 1*,0). This bound allowed
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state for the *S ) wave (the second Young diagram) corresponds to the GS of the *He
nucleus and has channel binding energy E = —5.493423 MeV.

In the calculations of the nuclear characteristics of the considered reaction, the
cluster interaction potentials have the form (1) with a pointlike Coulomb term and
a Gaussian attractive part V and a Gaussian repulsive part V. The potential is
constructed in such a way as to correctly describe the corresponding elastic scattering
partial phase shift. Employing these ideas, we obtained potentials of the p’H-
interaction for scattering processes whose parameters are given in (Dubovichenko,
2019, 2015; Dubovichenko, 1995; Dubovichenko et. al., 2009) and Table 1. Since
we have different Young diagrams in the scattering state and in the BS, we use
different potentials for them.

Here it should be noted that starting from our paper (Dubovichenko et. al., 2009)
and proceeding further in the papers and reviews (Dubovichenko et. al., 2020),
and also in the books (Dubovichenko, 2019, 2015), the form of potential (1) is
given with a typographical error. In all of these works, the potential parameters
of the P wave for the p?H system, shown in Table 1, are given, but the repulsive
part of potential (1) was written in the form of the exponential V exp(—fr) and
the units indicated for 3 are fm™!. However, the values of the parameters for the
P-wave were obtained and used in all the calculations specifically for the repulsive
part as is written above in expression (1). In other words, the numerical values of
the parameters for this potential are listed in the works enumerated above and in
Table 1 correctly, but the form of the potential should have a Gaussian repulsive
component as is written now in expression (1).

To track the behavior of the WFs of the BS at large distances, we calculated the
AC C_ with the asymptotic limit of the WF in the form of the Whittaker function
(3), whose value in the interval 5-20 fim turned out to be equal to C_ = 2.095(5).
The normalized error is determined by averaging the constant over the indicated
interval. This constant as determined by the experimental data is found to lie in the
interval 1.76-2.35, which is in complete agreement with the obtained results.

Total cross sections and reaction rate of the proton capture on 2H.
Previously, in (Dubovichenko et. al., 2009) it was shown that it is possible to consider
the astrophysical S-factor of p?H radiative capture in the energy range from 1 keV
to 10 MeV on the basis of the El-transition from the *P scattering wave to the S
bound ground state with the potential parameters shown in Table 1. For the S(E1)-
factor at 1 keV we obtained the value 0.135 eV-b, which is in overall agreement with
the known data. If we take into account the M1 process, then at 1 keV we obtain the
total S-factor as being equal to 0.212(5) eV-b. The experimental data of one of the
last papers presented in the review (Xu et. al., 2013) give as the value of the total
astrophysical factor S(0) = 0.216(10) eV- b. That paper gives the following values of
the linear extrapolation parameters: S(E_ ) =S +E_ - S and S = 0.216(6) eVb and
S,=0.0059(4) eV- b- keV'. The most recent determination of this S(0)-factor gave the

value 0.2156(+0'0§§j eV-b (Iliadis et. al., 2016), which coincides within the limits
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of error with the above results of (Xu et. al., 2013). If we change the width of the GS
potential indicated in Table 1 by less than 4%, and adopt new parameters

V,=40.55868 MeV and o = 0.1925 fm, (12)

which lead to the AC being equal to 2.12(1), and the same binding energy, then at 1
keV we obtain the total S-factor as being equal to 0.220(1) eV-b for S(E1)=0.139(1)
eV-band S(M1)=0.081(1) eV-b. The potential parameters of the S and P scattering
waves listed in Table 1 were left unchanged.

Our new calculations of the energy dependence of the S(El)-factor of p’H
radiative capture for the GS potential given by Eq. (12) and the P-wave potential
from Table 1 at energies from 1 keV to 10 MeV are plotted in Fig. 4 by the dashed
line. The pink dotted curve in Fig. 4 plots the results of a calculation of the M1
process for the new version of the GS potential with the same S scattering wave
potential with the parameters from Table 1. The continuous curve in Fig. 4 plots
results for the total S-factor.

il "T T | | |

L, 5 Figure 4. Astrophysical S-factor of the proton
t “H(p,v)"He

-1
° radiative capture on *H in the energy range of 1
keV to 10 MeV for the E1 and M1 transitions.
The lines plot the calculations with the
potentials indicated in the text. The triangles,
4 open rhombuses, open triangles, open squares,

] squares, points and red points plot the
measurements from corresponding works

presented in the review (Xu et. al., 2013).

S, keVb

Recent experiments are given by light blue

3
w
T

4 points from (Mossa et. al., 2020), green
] squares plot the results from (Tisma et. al.,
2019), red squares (target No. 3) and blue
squares (target No. 4) are from (Turkat et. al.,
2021).
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104 10° 102 10" 10° 10
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The calculated total S-factor at energies down to 50 keV can be approximated
by the form:
S(Ec.m.) - SO_.—Ec‘m. Sl+Ezc.m4 SZ+E3crm. S3
with the parameters SQ = 0.21508 eVIlb, S, = 0.00452 eV b keV' , S, =
5.04550110  eViiblkeV ,and S, = -1.3778 \10 "eVibl keV , which lead to a
y* value equal to 0.11 for 5% errors in the calculated curve. The results of such a
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parameterization lead to the value S(0) = 0.216(1) eVIb at 0.1 keV and are plotted
in Fig. 4 by the green closely spaced dotted curve. As can be seen, the version of the
GS defined by the parameters assigned by Eq. (12) allows one to obtain a value of
the S-factor at zero energy (more precisely at 0.1 keV) that coincides almost exactly
with the results of (Xu et. al., 2013; Iliadis et. al., 2016).

The value So=0.215 eV[1b can also be treated as the value of the S-factor at
zero energy and is in good agreement with the results of (Iliadis et. al., 2016), which
are equal to 0.2156 [+0'082j eVIb.

-0.077

Moreover, our calculations of the proton radiative capture on *H for the El
transition at the energy range down to 10 keV were carried out in 1990 and 1995,
when only the experimental data above 150-200 keV was known. It was found that
these results well describe the behavior of the S-factor from 10 keV to 200 keV,
which was obtained in later measurements in 1997 (Xu et. al., 2013), at the energies
down to 10 keV. Thus, using the MPCM with the classification of the orbital states
according to Young tableaux allowed us not only to describe available experimental
data, but also predicted the behavior of the astrophysical S-factor of the proton
radiative capture on *H at the energy range from 10-20 to 150-200 keV.

Our next goal in this work was to calculate the reaction rate of p*H capture. To
calculate it, we used the theoretical total cross sections at energies range from 1
keV to 10 MeV, and the total rate so obtained and plotted in Fig. 5 by the continuous
curve grows smoothly at all of the considered temperatures. The dotted curve,
which agrees best of all with our results, plots the capture rate from the recent paper
(Iliadis et. al., 2016), the dashed curve plots the results of (Xu et. al., 2013). This
version of the reaction rate lies noticeably lower than our results and the results
of (Iliadis et. al., 2016) at temperatures above (0.07-0.1) T,

The calculated reaction rate shown in Fig. 5 by the continuous curve can be
approximated by the function

Ny(ov)=a /T3 exp(—a, 1 Ty *)1.0+ 41" + 0,15 + asTy +a6Ty +a, 157 + agT ) +ay I T (13)

The parameters of this approximation are listed in Table 3. The result of calculation
of reaction rate (13) with these parameter values is plotted in Fig. 5 by the closely
spaced dotted curve, which merges with the continuous curve, with a mean y? value
equal to 0.001. The approximation was based on 1000 calculated points, shown in
Fig. 5, and to calculate the y* value, the error of the calculated data was taken to be
equal to 5%.
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Figure 5. Total reaction rate of the proton capture on *H. The continuous curve plots our results, the

dotted curve plots the capture rate from (Iliadis et. al., 2016), the dashed curve plots the result from
(Xu et. al., 2013), and individual points plot our approximation.

Table 3. Parameters of the parametrization given by Eq. (13) of the reaction rate

i 1 2 3 4 5
a 0.6626269-10°2 0.1751989-10' 0.4456296-10* 0.2126028-10° 0.4718858-10°
i 6 7 8 9 10
a 0.2258075-10 0.2558771.10° 0.6352764-10° 0.3199279-10°! -0.5347412:10°

Conclusions. ZH(n,y)aH reaction. To summarize, our calculations of total
cross sections of the neutron radiative capture on 2H at energies from 10 meV to
10 MeV are in good agreement overall with the known experimental data. The
implemented MPCM with forbidden states and classification of orbital states of
the clusters according to Young diagrams, in addition to being able to describe
the astrophysical S-factor of the proton capture on 2H, proved capable of correctly
reproducing the overall dependence of the total cross sections of n?H capture over
a very wide energy range. Small changes in the depth of the 2S potential for this
system are entirely admissible since the p?H-phase shift analysis data contain large
uncertainties, and n’H-phase shift analysis data are in general lacking. Thus, here in
comparison with our previous works (Dubovichenko, 2019, 2015) we summarize
as follows:

1. Parameters of the S-wave scattering potential have been refined, allowing
a better description of the available scattering phase shifts and affording a more
accurate description of the values of the total cross section at thermal energies from
the new experimental work (Firestone et. al., 2016);

2. The reaction rate has been calculated in the temperature interval 0.01T,~10T,
and is in complete agreement with most of other results although at low temperatures
of 0.01T;~0.1T, it differs from the results of (Nagai et. al., 1998) by a factor of 2-3;

3. The reaction rate has been approximated by a simple analytical form of Eq.
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(11) which simplifies its use in a wide variety of other research efforts and applied
problems. ;

‘H(p,y) He reaction. To summarize, comparative simple model concepts
allowed us to obtain theoretical results, which are in good agreement with the
available experimental data for the astrophysical S-factor of p’H radiative capture.
Here, we have done the following:

1. We have refined the parameters of the GS potential (Eq. (12)), which has
made it possible to more accurately describe the magnitude of the S-factor at zero
energy from the new experimental work of (Iliadis et. al., 2016).

2. We have parameterized the calculated S-factor at energies down to 50 keV,
which allowed us to obtain the value of the S factor at 0 keV and at 0.1 keV.

3. We have calculated the reaction rate in the temperature interval (0.01-10) T,
and compared it with other results.

4. We have approximated the reaction rate using a simple analytical form
Eq. (13) which may be useful in applied studies.

5. We corrected a typographical error (made in some of our previous papers) in
the form of the potential for the P wave of the p*H interactions.
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