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PHYSICS

V. A. KUZMIN

ON THE QUESTION OF THERMOMETRY OF
THE SOLAR INTERIOR IN NEUTRINO EX-
PERIMENTS
(Presented by Academician D. V. Skobeltsyn, 24 VII 1965)

1. The distribution of temperature over the mass (radius) of the Sun and the
temperature at its center, obtained in calculating evolutionary sequences
of stellar models, are determined by specifying an initial set of parame-
ters, such as the original chemical composition of the matter, the time of
evolution, etc. (1−5). A number of the assumptions used in this procedure
in principle cannot be checked (3). Registration of the neutrino flux from
the Sun makes it possible to approach more directly the determination of
certain structural parameters, in particular the temperature of the solar
interior (6,7).

2. The magnitude of the effects produced by solar neutrinos in detectors with
a high energy threshold is determined (8,13) by neutrinos from the decay
𝐵8(𝑒+𝜈)𝐵𝑒8∗ and, to a lesser extent, by neutrinos from 𝑁13(𝑒+𝜈)𝐶13,
𝑂15(𝑒+𝜈)𝑁15, and 𝐵𝑒7(𝑒−, 𝜈)𝐿𝑖7. The contribution of neutrinos from
other reactions does not exceed a few percent in the most widely dis-
cussed models of the Sun (4). Detectors for high-threshold neutrinos are
𝐶𝑙37 (𝐸thr

𝜈 = 0.816 MeV) in the Pontecorvo–Davis method (9), detectors
of electrons from 𝛽-processes on the nuclei 𝐻2, 𝐿𝑖7, etc., and of recoil elec-
trons in the process of neutrino scattering on electrons 𝜈 + 𝑒− → 𝜈 + 𝑒−

(10). In low-threshold detectors, such as 𝐺𝑎71 (𝐸thr
𝜈 = 0.237 MeV), the

magnitude of the effect is determined by neutrinos from the reactions
𝐵𝑒7(𝑒−, 𝜈)𝐿𝑖7, 𝐻1(𝑝, 𝑒+𝜈)𝐻2, and in hot models also by 𝑁13(𝑒+𝜈)𝐶13,
𝑂15(𝑒+𝜈)𝑁15. As will be seen below, the possibilities of thermometry
are associated in the first case with 𝐵8-neutrinos, and in the second with
𝐵𝑒7-neutrinos.

3. Thermometry of the solar interior with the aid of neutrinos proves possible
because the intensity of the principal neutrino fluxes (𝐵8-neutrinos when
working with high-threshold detectors and 𝐵𝑒7-neutrinos when working
with 𝐺𝑎71) is determined mainly by the temperature of the central regions
of the star. This is connected, in turn, with the following circumstances:
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Fig. 1

Figure 1: Fig. 1

I. The contribution of the 𝐵𝑒7(𝑝, 𝛾)𝐵8(𝑒+𝜈)𝐵𝑒8∗(𝛼)𝐻𝑒4 termination of the pp-
cycle to the total energy release of the Sun is small at 𝑇𝑐 < 18 ⋅ 106 ∘K and
does not determine its structure (4); similarly, for thermometry of the Sun in
the region 𝑇𝑐 < 17 ⋅ 106 ∘K with the aid of low-threshold detectors (𝐺𝑎71),
it is essential that the contribution to the energy release of the 𝐻𝑒3(𝛼, 𝛾)𝐵𝑒7

termination of the pp-cycle should not be dominant, which apparently is the
case in this temperature region.

II. The intensity of the generation of 𝐵8-neutrinos and 𝐵𝑒7-neutrinos under
this condition is determined to a significantly greater extent by the tem-
perature of the matter in which the thermonuclear reactions proceed than
by other factors.

III. The size of the regions in which effective generation of 𝐵8-neutrinos and
𝐵𝑒7-neutrinos occurs is relatively small, amounting in Sears’model (4) to
𝑀eff(𝐵8) ≈ 0.03𝑀⊙ (0 ≤ 𝑟 ≤ 0.08𝑅⊙) and 𝑀eff(𝐵𝑒7) ≈ 0.06𝑀⊙ (0 ≤ 𝑟 ≤
0.12𝑅⊙) for 𝐵8- and 𝐵𝑒7-neutrinos, respectively, where 𝑀eff is the effective
mass of the Sun in which neutrinos of the given kind are generated (11).

4. The magnitude of the effect Cl37(𝜈, 𝑒−)Ar37 under the action of solar neu-
trinos for different models of the Sun (4) is shown in Fig. 1. The points
show the results of calculations for detailed models of the Sun (4,2,14,18).
The curves are constructed from extrapolation formulas of the form (6)

Φ2(𝑖) ≅ Φ1(𝑖) [𝑛𝑖
𝜈 max]2[𝜀𝑐]1

[𝑛𝑖𝜈 max]1[𝜀𝑐]2
, (1)

where Φ1 and Φ2 are the neutrino fluxes of the 𝑖-th type in two models of the
Sun; 𝑛𝑖

𝜈 max is the intensity of the neutrino flux of the 𝑖-th type emitted by 1 g
of matter in 1 sec in the region of maximum generation; 𝜀𝑐 is the energy release
per unit mass of matter at the center of the Sun. The quantities entering into
(1) are determined by the corresponding values of the temperature and element
concentrations. The degree of freedom needed by us for constructing a set of
solar models is associated in particular with the variation of the content of heavy
elements 𝑍. Extrapolation of the calculations of neutrino fluxes (4) to the region
𝑇𝑐 ∼ 14 ⋅ 106 ∘K is justified by the uncertainty of 𝑍 and by the lack of clarity in
the question of mixing of matter in the region of the solar core.

Fig. 1. Dependence of the magnitudes of the effects Cl37(𝜈, 𝑒−)Ar37 and
Li7(𝜈, 𝑒−)Be7, Ga71(𝜈, 𝑒−)Ge71 on the structure of the model of the Sun, charac-
terized by the value of the central temperature 𝑇𝑐. The points show the results
of calculations of the intensities of the fluxes of B8- and Be7-neutrinos in detailed
models of the Sun; the curves are constructed from extrapolation formulas (1).
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Dashed curves show the effects on Cl37, dotted curves—on Ga71. 𝑎—𝜕—models of
Sears (4), obtained by variation of 𝑍 (𝑎), age (𝜎) —5.5 ⋅109 years (b), luminosity
𝐿 = 0.97 𝐿⊙ (v), parameter 𝑆 (3.3) (g), and opacity (𝜕); 𝑒—𝑧—models (18) (𝑒),
(14) (zh), and (2) (𝑧); 𝑖—Davis experiment (9).
Extrapolation to the region 𝑇𝑐 ∼ 18⋅106 ∘K is justified by a possible high content
of heavy elements at the center of the Sun, 𝑍 > 0.04, by the uncertainty in the
age of the Sun (4,5) and by variation of the gravitational constant (12), as well
as by a number of other uncertainties (3,4). From Fig. 1 it is seen that the
intensity of the flux of B8-, Be7- and N13-, O15-neutrinos in models with a
high central temperature is significantly higher than in “cold”models; for the
fluxes of He3𝑝- and 𝑝𝑝-neutrinos the situation is the opposite. At 𝑇𝑐 = 15.7 ⋅
106 ∘K the contributions of B8- and Be7-neutrinos to the magnitude of the effect
Cl37(𝜈, 𝑒−)Ar37 are about 90 and 7%, respectively (8). At higher temperatures
the ratio of the contributions changes still further toward predominance of B8-
neutrinos. Fig. 1 also presents the values of Φ𝜎 for the evolutionary sequence
of solar models (14). Of course, for

In this case the luminosity of the star during its evolution does not remain
constant, increasing by approximately a factor of 1.4.

5. The results concerning 𝐵8-neutrinos are affected most strongly, as is seen
from Fig. 1, by the uncertainty in the value of the parameter 𝑆(3, 3), con-
nected (15) with the cross section of the reaction He3(He3, 2𝑝)He4, which,
according to (15), amounts to a factor of 5 ÷ 10, and by the uncertainty
in the value of the parameter 𝑆(7, 1) of the reaction Be7(𝑝, 𝛾)B8, which
amounts (16) to ±30%. When 𝑆(3, 3) is decreased by a factor of 5, the
intensity of the 𝐵8-neutrino flux increases by ≃ 40% in comparison with
another model with the same central temperature. Variations of age have
a smaller effect, i.e., of the distribution of the concentrations of hydrogen
and helium over the mass of the Sun, and variations of opacity and lumi-
nosity change the magnitude of the effect by ±10%. The uncertainty in
the value of the parameter 𝑆(3, 4) of the reaction He3(𝛼, 𝛾)Be7 is small
and, according to (17), is about ±10%. Therefore the uncertainty in the
Be7-neutrino flux is connected mainly with the uncertainty of 𝑆(3, 3), ow-
ing to the change in the concentration of He3 and in the structure of the
star, amounting to approximately 60% at 𝑇𝑐 ≈ 16.3⋅106 ∘K; the remaining
uncertainties are less significant, ≲ 5%. For the He3𝑝-neutrino flux (20)*
the principal uncertainties are those in the values of the nuclear parame-
ters 𝑆(3, 3) and 𝑆(3, 1). For the purposes of thermometry with the aid of
high-threshold detectors it is, above all, urgently necessary to reduce the
uncertainties in the values of 𝑆(3, 3) and 𝑆(7, 1).

6. Having measured experimentally the magnitude of the effect Cl37(𝜈, 𝑒−)Ar37

with an accuracy of ±25% (the limit is imposed not by the insufficiency
of statistics, but by the uncertainty** of the neutrino absorption cross
section by the Cl37 nucleus), one can fix the central temperature of the
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Sun with an accuracy of ±2%. Using as detecting reactions H2(𝜈, 𝑝𝑒−)H1,
Li7(𝜈, 𝑒−)Be7, etc., the neutrino absorption cross sections in which
can be calculated with greater accuracy (±10%), one could increase
the accuracy of determining the central temperature. However, the
uncertainties in the values of the parameters of nuclear reactions in the
solar interior, discussed in the preceding point, do not allow this to be
done more accurately than ±5% in the vicinity of 𝑇𝑐 ∼ 16 ⋅ 106 ∘K. For
𝑇𝑐 < 15 ⋅ 106 ∘K, thermometry by the Pontecorvo–Davis method is made
difficult because of the falling statistics of events caused by 𝐵8-neutrinos.
The constancy of the temperature during a cycle of measurements can be
confirmed with an accuracy determined by the statistical reliability of the
results, i.e., in the Pontecorvo–Davis method with 4000 tons of C2Cl4,
constancy over, say, a year can be recorded with an accuracy of ±0.3%,
or ±5 ⋅ 104 ∘K. Thermometry by means of the method Ga71(𝜈, 𝑒−)Ge71 is
possible in the temperature range 𝑇𝑐 ≈ (14 ÷ 18) ⋅ 106 ∘K, although with
lower accuracy than with detectors sensitive to 𝐵8-neutrinos (±4% when
the magnitude of the effect is fixed with an accuracy of ±25%). Moreover,
the cross sections of transitions to the excited states of Ge71 are known
with less reliability than for the transitions Cl37 → Ar37*. The temper-
ature dependence of the magnitudes of the effects Cl37(𝜈, 𝑒−)Ar37 and
Li7(𝜈, 𝑒−)Be37 is determined approximately by 𝑇 13

𝑐 , and that of the effect
Ga71(𝜈, 𝑒−)Ge71 by approximately 𝑇 7

𝑐 in the vicinity of 𝑇𝑐 ≈ 16 ⋅ 106 ∘K.

7. We can now interpret the results of Davis’s experiment (9) in terms of
an upper limit for the central temperature of the Sun. The straight line
𝐷 in Fig. 1 represents Davis’s results with the corresponding statistical
uncertainty. It is also necessary to take into account the uncertainty in the
absorption cross section of solar neutrinos by the Cl37 nucleus. As a result
we find that, according to these measurements, the central temperature
does not exceed 𝑇𝑐 ≲ (18 ± 2) ⋅ 106 ∘K. It should be noted that this limit
is very

* C. W. Werntz, private communication.

** The cross sections for transitions to excited states of Ar37 were taken by us
from work (8). In calculating the magnitude of the effect Li7(𝜈, 𝑒−)Be7, transi-
tions to the ground and 1/2+, (0.431 MeV) excited states of Be7 were included.
Transitions to the excited level (0.175 MeV) of the Ge71 nucleus were included
approximately.

closely adjoins the results obtained in calculations of solar models with a rel-
atively high content of heavy elements, 𝑍 ≃ 0.04. It is probable that models
with 𝑍 > 0.04 are already excluded, if only because there is no convective core
in the center of the Sun (19). An improvement in the experimental possibilities
by a factor of 3–10 will make it possible to proceed closely to an analysis of the
assumptions presently used in calculating solar models.
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Kopysov, M. A. Markov, and A. G. Masevich for their interest in the work and
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results.

Note added in proof. In (21) it was found that the rate of the reaction Be7(𝑝, 𝛾)B8

had been overestimated (16) by approximately a factor of 2. Taking this cir-
cumstance into account leads to the fact that the magnitudes of the effects
Cl37(𝜈, 𝑒−)Ar37 and Li7(𝜈, 𝑒−)Be7 decrease by a factor of 2; from Fig. 1 it is
seen that interpretation of the available Davis data (9) in terms of a limit on 𝑇𝑐
becomes difficult.
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