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The rate of neutrino line emission is calculated for nuclei that are usually assumed to produce
only continuum neutrino emission. A convenient formula is derived that gives for solar interior
conditions the ratio of the rates of neutrino line emission to continuum neutrino emission. The only
significant line emission from the solar interior is expected from the pep and "Be-electron capture re-

actions.

I. INTRODUCTION

Many new experimental techniques have been pro-
posed to detect low-energy solar neutrinos and to provide
measurements of the energies of individual neutrinos.
Promising experiments are being investigated with detec-
tors that use neutrino absorption, neutrino-electron
scattering, and coherent scattering. Cryogenic detectors,
and scintillators of various types, are being actively ex-
plored. This burst of experimental creativity justifies ex-
amining the predictions of the standard solar model and
the standard theory of electroweak interactions to see if
there are additional, nontraditional, neutrino signals that
might be detectable from the Sun. In this paper, I calcu-
late the standard-model predictions for neutrino lines.

The standard discussions of nuclear astrophysics de-
scribe two-body fusion reactions, some of which produce
a continuum spectrum of neutrinos. The best known and
most fundamental of the reactions that produce continu-
um neutrinos is

prp—"H+te " +v, (g, p0ay S0.420 MeV) . (1

It has been known for some time, however, that the
three-body pep reaction

p+e_+p——>2H+Ve (q3 body=1'442 MeV) @

produces a neutrino that has a well-defined energy, whose
spread in energy is determined only by the small Doppler
effect and by the practically negligible energy contributed
to the recoil of the deuterium nucleus. The ratio of the
rate of the pep reaction to the rate of the fundamental pp
reaction can be expressed in terms of functions that are
easy to evaluate.! The rate for the line-producing pep re-
action is, for the standard solar model, about two-tenths
of a percent of the rate for the more familiar pp reaction,
which corresponds to small (few percent) contributions to
the calculated rates for the chlorine and gallium solar-
neutrino experiments.>

The other well-known reaction that produces a neutri-
no line in the solar interior is

"Be+e —'Li+v, . (3)

In the Sun, most of the electrons captured by "Be are con-
tinuum electrons, since the bound electrons that are stud-
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ied in laboratory decays are nearly all ionized in the solar
interior. About 89.7% of reactions [Eq. (3)] produce a
neutrino with an energy of 0.862 MeV, corresponding to
a transition to the ground state of "Li; the remaining frac-
tion produces a neutrino with 0.384 MeV. Energy pro-
duction forbids the reaction in which 'Be B decays into
Li, a positron, and a neutrino with a continuum of ener-
gies. The more energetic neutrinos from Eq. (3) contrib-
ute, on the basis of the standard model, a significant frac-
tion of the detectable neutrino flux in the *’Cl and "'Ga
solar-neutrino experiments.?

The ratios of the rates of neutrino-line-producing reac-
tions (with an electron in the initial state) to the corre-
sponding rates for reactions that produce neutrinos with
continuous spectra (with the electron moved to the final
state where it becomes a positron) were estimated to be
small for ®B, *N, and *O continuum B decays when the
theoretical predictions for the 3’Cl solar-neutrino experi-
ment were first worked out.!

Most recently, Cheeseman® has suggested that the rate
of the three-body heep reaction,

SHe+e +p—*He*+v, (g~0.1 MeV), (4)

might be very much faster than the (extremely rare) hep
reaction

*He+p—*He+v, (g poay <18.773 MeV) . (5

The hep (and the heep) reactions were not calculated in
the original discussion of neutrino lines' since both were
considered to be negligibly slow. The reason that Cheese-
man suggested that the heep reaction could be very fast is
that it can populate the excited state of helium at about
20-MeV excitation energy. The rate of the hep reaction
is inhibited greatly because the nuclear matrix element
leading to the ground state of *He (the only energetically
allowed transition for this reaction) is strongly inhibited,*
whereas the transition matrix element to the excited state
of *He is large.

If the heep reaction, Eq. (4), were indeed very much
faster than the hep reaction, Eq. (5), then taking account
of the heep reaction could “solve the solar-neutrino prob-
lem.”® The pp chain would, in this scenario, be terminat-
ed by the heep reaction. The heep neutrinos are so low in
energy that they would not be detected in any of the ex-
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isting solar-neutrino experiments, including the *’Cl,
"1Ga, and Kamiokande II detectors. This is an idea with
important implications and, therefore, must be checked
quantitatively.

I have been unable to discover in the literature any
significant discussion of the emission of solar-neutrino
lines in competition with continuum neutrino emission
that is subsequent to the detailed but specific calculation
of the pep reaction in 1969 (Ref. S). I have therefore
rederived the appropriate formulas and present them
here in a general form. Using the analytic results, I have
calculated the ratio of the neutrino line emission reaction
(electron capture) to the usual neutrino continuum pro-
ducing reaction (with positron emission) for all of the nu-
clear reactions that produce a significant number of solar
neutrinos.

The basic result of the calculations is that for condi-
tions of the solar interior the line production (electron
capture) reactions are negligible for all cases except the
pep and "Be reactions. The essential reason is that the ra-
tio of line to continuum emission depends upon the ratio
of the volume of phase space for one lepton versus the
volume of phase space for two leptons. For neutrino en-
ergies smaller or comparable to the rest mass of the elec-
tron, which is the case for the pep reaction, the one-body
phase space is relatively large. For large neutrino ener-
gies, which is the case for all of the reactions that pro-
duce continuum neutrinos except the pp reaction, the
two-body phase space becomes very large, strongly favor-
ing the emission of a positron and a neutrino rather than
the capture of an electron. The results are summarized in
the following two sections and in Table I.

II. GENERAL FORMULAS

The general result for the ratio of the rates of line to
continuum neutrino emission"? i

1S
R line

R :23/275/2anezeﬁq12ine(kT)*l/Z

continuum

Xf(zﬁnal’ WO )c_orlltinuumI(B)

2
Aline

X A , (6)

continuum

where Zg, ., is the electrical charge on the final nucleus
[e.g., Zgna =1 for the pp reaction of Eq. (1)], and the nu-
clear energy release W, is related to the energy of the
neutrino line g);;,. and the maximum neutrino energy for
continuum emission ¢, continuum» PY

— _ 2
W() ~qiine —M,C
— 2
= 9 max continuum +mec . ()

The square of the nuclear matrix elements for the transi-
tions can be different for neutrino line emission and for
the more usual continuum emission because of energetic
considerations. The two matrix elements are different,
for example, if the heep reaction of Eq. (4) proceeds to
the first excited state of “He and the hep reaction of Eq.
(5) goes to the ground state of *He. In writing Eq. (6), I
have used units in which i=m,=c=1. The integral in
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Eq. (6) is
1(3)=f0°°dx exp{ —x[1—exp(—2.508x "/)]}, (8
where

B=Z.4T¢'?~0.3Z 4 9)

and T is the temperature in units of millions of degrees.
Z ¢ is the effective charge on the initial nuclear system
[e.g., Z =2 for the pep reaction of Eq. (2)]. Equations
(6)—(9) are the general formulas that describe the ratio of
neutrino line emission to neutrino continuum emission.

In numerical form, Eq. (6) can be rewritten

Rline

z =~1.9X10 %1+ X)T ¢ ?Z 4

continuum

XI(ZgTs ) f ) TV qﬁ‘;v

continuum ’

(10)

where p is the stellar density in units of gcm 3. For typi-
cal solar interior conditions,

p(1+X)T¢ ' 21(B)=4X10", (11)

where X is the hydrogen mass fraction. The above equa-
tions can be combined to give a convenient approximate
formula for estimating the ratio of line to continuum
emission. I find

Rie 8Z.4X107°
R continuum f (Zﬁnal ’ WO )continuum
2
9line Aline (12)
1 MeV Acontinuum

The numerical value calculated from Eq. (12) yields a ra-
tio of the pep to pp neutrino flux that agrees with the re-
sults of standard solar-model calculations to within a few
percent; the agreement is fortuitously good.

III. NUMERICAL RESULTS

Table I shows the numerical results that are calculated
for typical solar interior conditions using the approxi-
mate formula given in Eq. (12). For all except the pep re-
action, the rate of the line neutrino emission is less than a
tenth of a percent of the rate of the corresponding contin-

TABLE I. Ratio of three-body to two-body reaction rates.

Reaction

(two body) Rijine /R continuum
ptp—H + e"+v, 233107
‘He+p—*He+e* + a0t

eTpHeTe T <7x10°"

8B Be*+e* +v, 2X1077
BN_BC+e* +v, 4x10™*
‘50—>‘5N+e++ve 1X107*
TE LV04et +v, 2X1074

*Transition to ground state of “He.
Transition to excited state of “He.
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uum emission.

The heep reaction, Eq. (4), discussed by Cheeseman,*
requires special comment since this reaction can be
achieved via a transition to either the ground or the first
excited state of *He. The corresponding continuum emis-
sion, Eq. (5), can only occur to the ground state of *He.
The nuclear matrix elements cancel out when the heep re-
action leads to the ground state of “He. In this case, the
ratio of rates is 4 X 10~ %, As pointed out by Cheeseman,*
the nuclear matrix element leading to the excited state of
“He is much larger than the suppressed rate to the
ground state. I have estimated an upper limit to the ratio
of the matrix elements by examining the values of the
thermal neutron capture cross sections for many different
reactions.® These capture cross sections, when divided by
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the cube of the energy of the emitted y ray, are approxi-
mately proportional to the square of the relevant weak-
interaction matrix element.* The maximum enhancement
due to nuclear matrix elements is estimated to be about
7X10°, a value used to derive the upper limit to the ratio
given in Table I. The enhancement from nuclear matrix
elements is almost compensated by the much smaller
available two-body phase space, g2, ireq state ~0-01 MeV?
instead of g2, inuum ~ 3-6 X 102 MeV2.
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