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ABSTRACT 

In this paper, much attention is given to lines of minimum and maximum neutrino energies. Tritium chain of the hydro- 

gen cycle in the Sun including reactions of    3 3
eHe e , H p, He  4  is considered. At the distance of 1 a.u., the flux 

of tritium neutrinos is equal to 8.1 × 104 cm−2·s−1. It is an order of magnitude higher than the flux of the (hep)-neutrinos. 
Radial distribution of 3H-neutrinos yield inside the Sun and their energy spectrum which has a form of line at the energy 
of (2.5 - 3.0) keV are calculated. The flux of thermal tritium neutrinos is accompanied by a very weak flux of antineutrinos 
(~103 cm−2·year−1) with energy lower than 18.6 keV. These antineutrinos are produced during Urca processes 3He3H. 
The flux of the neutrinos of maximum possible energy (line 19.8 MeV) produced due to the (heep)-reaction (related to 
the (hep)-process) is estimated. 
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1. Introduction 

The Standard Solar Models (SSM) which describe in de- 
tails the processes of the neutrino production are in a 
good mutual agreement (for instance [1,2]). Reactions of 
hydrogen cycle covering the yield of neutrinos up to two 
percent accuracy are of particular interest.  

It is well-known that these reactions are started from 
the processes 

2
ep p H e     .            (1) 

2 3H p He    .             (2) 

and then are separated into several chains. 
All basic (including not more than two particles in the 

initial state) chains of hydrogen cycle and a number of 
their characteristics are presented in Table 1. In the 
works on SSM, four from five chains (No. 1, 2, 3 and 5) 
are described. 

In Section 2, tritium chain which gives not the least 
contribution to the neutrino flux is studied. 

The rate of tritium production due to solar plasma 
electron capture under conditions in the center of the Sun 
is approximately estimated in [3]. 

The results of the calculation of neutrino flux in 3H- 
chain and the distribution of tritium neutrino yield along  

Table 1. Characteristics of the basic chains of hydrogen 
cycle. The Table presents the reactions following (1) and (2). 
The flux of neutrinos Fν are given at a distance of 1 a.u. 
Values Eν correspond to the maximum energies of neutrinos 
in continuous spectra and to the lines in the case of electron 
capture. In the last column, the mean thermal energy <Qw> 
released in each chain is presented. The characteristics of 
3H-chain are obtained by author [4]. 

Characteristics 
Chain 

F , cm−2·s−1 E  <Qw>, MeV

(3He + 3He)-chain 
3He(3He, 2p)4He 

6.1 × 1010 <0.42 MeV 26.2 

7Be-chain 
3He(4He,γ)7Be(e-,νe)

 

7Li(p,γ)24He 
4.7 × 109 

0.862 MeV  
(90%) 

0.384 MeV  
(10%) 

25.6 

8B-chain 
3He(4He,γ)7Be(p,γ)8B

8B→24He+e++νe 
5.8 × 106 <14.6 MeV 19.7 

3H—chain 
3He(e-,νe)

3H(p,γ)4He
8.1 × 104 (2.5 - 3.0) keV 26.4 

(hep)-chain 
3He(p, e+νe)

4He 
8 × 103 <18.8 MeV 16.8 



B. I. GORYACHEV 1520 

the radius of the Sun are presented below. 
Energy spectrum of these neutrinos which is directly 

determined by the temperature in the solar interior is cal- 
culated. 

The flux of electron antineutrino produced by Urca 
processes associated with 3H-chain is determined. 

The flux of the neutrinos from the (heep)-reaction 
which is a three-body process related to the basic (hep)- 
reaction is calculated in Section 3. The most energetic 
solar neutrinos (with energy of 19.8 MeV) are produced 
in the (heep)-reaction. 

SSM’s characteristics obtained in [1] are used in the 
calculations. 

2. Tritium Chain of Hydrogen Cycle 

In 3H-chain, the Reaction (2) is followed by the capture 
of the electron from solar plasma 

3 3
eHe e H    ,            (3) 

which results in tritium nuclei production. 
This chain is completed with fusion reaction 

3 4H p He , 19.8 MeVE    .      (4) 

Unlike all other reactions of the hydrogen cycle (as 
well as CNO cycle) the process (3) is an endoergic proc- 
ess with Ethr threshold which is equal to the maximum 
energy of the electrons produced by β-decay of tritium, 
i.e. 18.6 keV. 

Consistent with the Fermi “golden rule” and neglect- 
ing the input of heavy elements (z > 2) into the electron 
density the following expression for the rate of tritium 
nuclei production per one 3He nucleus we’ll obtain [4]: 
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2
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   (5) 

where pointed brackets mean averaging over the thermal 
energy electron spectrum Ee. In (5), G, F(Ee, z = 2) and 
mp specify Fermi constant, Fermi function and proton’s 
mass, respectively. The other designations are standard 
for SSM. The reduced matrix element M  correspond- 
ing to β-decay of tritium is taken equal to analogous 
element for β-decay of neutron because within the limits 
of the possible accuracy of estimation they do not differ 
[5]. 

Let  
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where 

   21 2
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As seen from (6) and (6a) averaging over the energy 
spectrum of the electrons uses Boltzman-Maxwell dis- 
tribution which describes the “tail” of the real thermal 
distribution properly [6]. Turning to the energy E  of 
the neutrinos produced in (3) we’ll get 

  1 2
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where 
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. (7a) 

An analytic approximation formula [7] convenient 
both for nonrelativistic and for relativistic energies Ee 
was used for the Fermi function F(Ee, z). In the Ee inter- 
val of interest function F(Ee, z) varies slightly and at the 
mean is equal to 1.15. Integrating over E  and taking 
into consideration (5)-(7a), we’ll obtain 

    21 16
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c              

.  (8) 

In Formula (8), all energies and kT values must be ex- 
pressed in units of keV. Expression (8) is true for the 
fixed radius r inside the Sun (in SSM it means T = const). 
Averaging over the region of neutrino production in the 
reaction (3) gives the characteristic lifetime   of 3He 
nucleus in this reaction 

1 111.4 10 yearsR    .          (9) 

It is an order of magnitude lower than the analogous 
value for the (hep)-reaction [8,9]. 

Specific yield of the tritium neutrinos W (cm−3·s−1) is 

     3 1 1 3cm s He 3AW N R s X           (10) 

Integrating over the Sun’s volume we’ll obtain the flux 
F of the tritium neutrinos at a distance of 1 a.u. 

4 28.1 10 cm sF
 1             (11) 

which is an order of magnitude higher than the corre- 
sponding flux for the (hep)-reaction (see Table 1).  

, d eI E E E F E z E
 

  .   (6a) 

An advantage of the production of tritium nuclei (3) in 
reference to the (hep)-reaction is that it’s not connected 
with overcoming of the Coulomb barrier. In the reactions 
of electrons’ capture Coulomb interaction only increases 
the capture cross-section (F(Ee, z) > 1). But in the endo- 
ergic Process (3) another exponential factor of smallness 
appears instead of Gamow penetration coefficient. It is a 
threshold factor exp(Ethr/kT). For all possible threshold 
electrons’ capture reactions in the interior of the Sun for 
light and medium nuclei this factor is vanishing and sub- 
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stantially it leads to the zero cross section for these reac- 
tions. 

For the concerned Process (3), where Ethr = 18.6 keV 
the threshold is extremely low among the endoergic 
processes. It provides essentially higher flux of the neu- 
trino in tritium chain than in the (hep)-reaction. It’s wor- 
thy of note that according to SSM the concentration of 
3He nuclei (in distinction from the other lightest nuclei 
with z > 1) grows up to the radius . It also 
contributes to the growth of the flux of tritium neutrinos. 

  0.27r  R

Radial distribution of the yield of tritium neutrinos 
calculated with regard to (8) and (10) is presented at 
Figure 1. It is close to the analogous relative distribution 
of the yield of neutrinos in 7Be-chain known in SSM.  

In principle, capture (3) can be followed with β-decay 
of tritium. Then twin Urca processes 3He3H resulting in 
the production of the solar antineutrinos will take place. 
Without reaction (4) this flux would be equal to the flux 
F  in (11). The conditions of β-decays realization in the 
interior of the degenerate and undegenerate stars were 
studied by a number of authors (for instance, see [10]). In 
case of the Sun these conditions substantially do not dif- 
fer from the Earth conditions. Therefore the energy of the 
antineutrinos will not exceed 18.6 keV, and lifetime of 
tritium nucleus relative to β-decay is 17.7 years  . 
The calculated value of the lifetime tn  of 3He nucleus 
relative to nuclear fusion (4) is tn . As a result 
taking into consideration (11) the flux of the solar anti- 
neutrinos at a distance of 1 a.u. is  

0.24 s 

  3 210 cm year .tnF F        1  

Energy distribution of tritium neutrinos at fixed tem- 
perature T (r = const) is given by integrand in (7a). Neu- 
trino energy spectrum after averaging over the Sun’s 
volume is presented at Figure 2. Width of this distribu- 
tion is comparable with the width of the lines in the spec- 
trum of the solar neutrinos known in SSM. Therefore it’s 
possible to tell that the yield of tritium neutrinos forms 
the line at the energy of  and the 
neutrinos themselves are naturally to be named “ther- 
mal”.  

 2.5 - 3.0 keV,E 

This circumstance fundamentally set 3H-neutrino apart 
from the neutrino produced by the other chains of hy- 
drogen cycle, as well as CNO-cycle, where neutrino en- 
ergy scale is determined by mass relations.  

As seen from (7a) the maximum of the energy spec- 
trum of the neutrinos produced in the region with tem- 
perature T corresponding to the energy *E ,  

* 2E k  T .               (12) 

So the position of the line of tritium neutrinos in the 
averaged energy spectrum according to (12) makes it 
possible to determine effective temperature of the zone 
of their intensive production. It can be shown that the  

 

Figure 1. Differential radial distribution of the flux (yield) 
of tritium neutrinos. Area under the curve is normalized. 
 

 

Figure 2. Differential energy spectrum of tritium neutrinos. 
When measuring the energy of neutrino in keV the area 
under the curve is normalized to unity. 
 
contribution from the line of thermal neutrinos in the 
energy interval with a width  centered on 0.4 keVE 

*E  is about 40% of the yield of neutrinos with a con- 
tinuous energy spectrum in the same interval ∆E. There- 
fore if we could at least roughly measure neutrino spec- 
trum in the thermal region then determination of the 
concerned line’s position would give a possibility for the 
direct thermometry of the solar interior.  

As is known for all the chains of hydrogen cycle the 
result of the chain of step-by-step reactions can be ex- 
pressed as following: 

4
e1 e24p 2e He Q      .       (13) 

In (13), e1 —neutrino produced in (1), and e2 — 
neutrino produced in specific for each chain of reaction 
for (3He + 3He)-chain e1 e2  ), Q = 26.7 MeV. The 
(mean thermal energy <Qw> released in each chain is 
presented in Table 1 along with other characteristics of 
hydrogen cycle chains. It’s obtained by subtraction of 
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mean energy values for e1  and e2  neutrinos from Q. 
As seen from Table 1 this value is maximum for tritium 
chain. 

3. The (Heep)-Reaction as a Source of  
Neutrinos with Maximum Energy 

It is believed that neutrinos with maximum energy are 
produced in the (hep)-reaction 

3 4
eHe p H ,4 e eLi 

He

           (14) 

and the value of energy is equal to maximum energy of 
β-decay 4Li, i.e. 18.77 MeV. But in fact neutrino pro- 
duced in the reaction  

3 e 4
eHe p , 

, ,T z

          (15) 

must provide the maximum energy. This reaction is re- 
lated to (14). A line with energy 19.8 MeV is produced in 
this reaction. Taking into consideration that reaction re- 
lated to pp-process (1) is usually denoted as (pep), it is 
natural to denote (15) as (heep)-reaction. 

Apparently the (heep)-reaction is the single reaction 
whose input into solar neutrino yield can be measured 
separately. Therefore, it is interesting to estimate the 
(heep)-neutrino flux. For the reaction of electron capture 
similar (15) with a three-body initial state the following 
relation is true: 

     * 1, ,eW heep K E n hep f W      (16) 

where W(heep) and W(hep)—are yield of corresponding 
reactions (s−1·cm−3), f—non-dimensional factor of phase 
volume for β-decay of 4Li, K—analogous generalized 
factor for electron capture in (15). In (16) *E  marks the 
energy of the (heep)-neutrino line, T and ne—temperature 
and density of the electrons in the solar zone with radius 
r, respectively, and z = 3 is total charge of hadrons in the 
initial state (15). Calculations give the following value 
for f: 

610f  2.4                (17) 

For the case of arbitrary light nuclei the functions 
 * , , , e K E T z n  are presented in [11]. Following [11] 

and taking into consideration (16) and (17) we'll obtain 
the following relation for the fixed radius r: 

   
   10 1 2 16 68.13 10 0.02 ,

W heep W h

1

ep

X T T   
    (18) 

where T6 is temperature in the units of 106 K. 
Relation (18) is five orders of magnitude smaller than 

W(pep)/W(pp) obtained in [11]. Basically it’s explained 
by an extremely high factor (17), which in turn is associ- 
ated with unusually high value of maximum energy of 
β-decay of 4Li. Taking into consideration (18) and known 
from SSM values of neutrino flux and radial distribution 

of neutrino yield in the (hep)-reaction we’ll obtain the 
following value for the (heep)-neutrino flux at a distance 
of 1 a.u. 

  4 22.5 10 cm sF heep
  1  

3

         (19) 

Note, that it is possible to calculate the relations simi- 
lar to W(pep)/W(pp) and W(heep)/W(hep) reasonably ac- 
curately, because these calculations are basically associ- 
ated with accounting of weak interaction processes kine- 
matics and do not require information about the cross- 
sections of nuclear reactions. Therefore measuring the 
flux Fν(heep) would provide a principle possibility to 
clarify the flux Fν(hep). Evaluation of Fν(hep) by differ- 
ent authors [8,9] varies greatly. Unfortunately the flux 
(19) is extremely small. 

4. Conclusions 

Accounting of tritium chain provides an opportunity to 
obtain full description of the basic chains of hydrogen 
cycle on the Sun within the framework of SSM. The flux 
of tritium neutrinos at a distance of 1 a.u. is 8.1 × 104 
cm−2·s−1, and it is an order of magnitude greater than 
analogous flux of the (hep)-neutrinos. Radial distribution 
of the yield of 3H-neutrinos in relative units is close to 
the similar distribution of 7Be-neutrinos. Tritium neutri- 
nos form a line of thermal neutrinos with energy of (2.5 - 
3.0) keV. Since reaction  is endoergic 
one, its rate is strongly suppressed by exponential thresh- 
old factor 

 3
eHe e , H

 Texp E k  thr

Due to the possible decay of tritium along with the re- 
actions of tritium chain, Urca processes 3He3H accompa- 
nied by production of antineutrinos with energy of 

 . 

E   
18.6 keV go on with a very low probability. The flux of 
antineutrino is about 103 cm−2·year−1. 

The maximum possible energy of the solar neutrinos is 
19.8 MeV. These neutrinos form an energetic line and 
are produced as a result of the (heep)-reaction—related 
to the (hep)-process. The flux of the neutrinos of such 
energy is 2.5 × 10−4 cm−2·s−1. 
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