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THE EARTH AS AN ANTINEUTRINO STAR

Masao Kobayashi and Yoshio Fukao

Department of Earth Sciences, Nagoya University

Abstract. Antineutrinos are emitted in the-Earth
upon B decays of radioactive elements and reach the
surface with little interaction with terrestrial materials.
These antineutrinos are anticipated to carry unique infor-
mation about the chemistry and energetics of the Earth.
We make a systematic search for the candidate target
materials that undergo nuclear reactions with incoming
antineutrinos and therefore that could be used as an an-
tineutrino detector. The target nuclides most preferable
for the measurement are 3He and *H. For 3He we suggest
a liquid 3He scintillation counter, of which practicability
depends on the feasibility of amassing at least 10 ton of
3He. For 'H we may design a H,0 or liquid H; scintilla-
tion counter with an appropriate activator, which should
be capable of detecting scintillation light in a huge tank
containing at least 10% ton of H;0 or 10® ton of H,.

Introduction

Neutrino and its antiparticle, antineutrino, have no
electric charge and zero or a very little mass. They inter-
act with other materials only through weak-interaction so
that, in spite of their fullness in universe, there are few
opportunities to detect them. There are several sources
of neutrino and antineutrino in the cosmic space and we
are in the “ sea of neutrinos” (Krauss et al.,1984). So-
lar neutrinos have been observed for more than fifteen
years in U.S.A. (Bahcall and Davis,1976), exhibiting a
serious discrepancy between the observed and theoreti-
cal solar neutrino fluxes (Bahcall et al., 1988). Neutrinos
and antineutrinos of supernova origin were for the first
time detected in 1987 (Hirataet al.,1987 and Biontait et
al.,1987). This has opened the window to neutrino as-
tronomy.

Antineutrinos are also generated within the Earth
upon beta decays of radioactive isotopes and thus should
provide us with the most direct evidence for the abun-
dance of radicactive elements. The importance and pos-
sibility of detecting terrestrial antineutrinos have been
pointed out and discussed by Eder(1966), Marx(1969 ),
Avilez et al. (1981) and Krauss et al. (1984). We add,
in this paper, an intrigning possibility of the extra flux
of antineutrino from the core. '

According to Krauss et al. (1984) the experimental
difficulty with regard to terrestrial antineutrino detection
is similar to that at the time when the first experiments
for solar neutrinos were designed. In view of the impor-
tance of the problem of measuring terrestrial antineutrino
flux, we will make a systematic search for the possible an-
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tineutrino reaction that could be used for detecting ter-
restrial antineutrinos. The main aim of this search is to
suggest a feasible experiment that may be realized in the
future. Our approach is essentially the same as Krauss
et al(1984) who limited their consideration to the case
where the target is some kind of nucleus.

Terrestrial Antineutrino Flux

Antineuntrinos from the Earth’s interior are emitted
at beta decays of elements :

[4,2] — [4,Z+1] + e +7, 1)
where [4, Z] means a nucleus with mass number A and
atomic number Z, e~ is an electron and 7 is an antineu-
trino. We define Fy, flux of terrestrial antineutrino, as
the number of antineutrinos outgoing through unit area

of the Earth’s surface per unit time. This flux may be
expressed as

SMI 1

m “ 4zR?

Fo=A- (2)

where A is the decay constant of beta decay (1), S the
abundance of the relevant element with atomic weight m
relative to the mass M of the Earth, I the isotope ratio
of the radiogenic nuclide, N, the Avogadoro’s number
and R the radius of the Earth. To calculate S, we use
the model of Ganapathy and Anders (1974) for the bulk
chemical composition of the Earth. Table 1 lists the es-
timated values of flux Fy. The total flux of terrestrial
antineutrino amounts to 8.9 x 108/cm?/sec on the sur-
face of the Earth, to which *°K,?32Th and 238U contribute
mainly. Several hundred millions of antineutrinos are to
go through our body in every second.
The antineutrino flux in an energy range from E to
E+dE is given by: ‘
F(E)dE =
1 1
° (mec?)® f
where m, is the mass of electron, f the f-value of beta
decay (1), and Ep the decay energy in beta decay (Sug-
imoto and Muraoka, 1973). Figure 1 shows the energy
spectrum F(E). The inherent spectral shape for a par-
ticular source nuclide suggests a possibility of identifying
the source nuclides by measuring the energy of terres-
trial antineutrinos. Such identification would help better
understanding the chemical composition of the deep in-
terior of the Earth and how much energy is released by

radioactive decays. In the model of Ganapathy and An-
ders (1974), the abundance of K in the Earth is 1/5 of the

E*(By — E)\/(Eo ~ E)? — (m.c?)*dE (3)
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Table 1. Estimated terrestrial antineutrino fluxes

Source Epmax Half life Abundance Flux
nuclide  [MeV] [year] [ppm] [em™2 sec™]
40K 1.311  1.28 x 10° 170 5.3 x 108
87Rb 0.272 4.8 x10%° 0.58 6.1 x 10°
176 Lu 1.187 2.0 x 1010 0.049 5.7 x 103
187Re 0.0026 4.3 x 10%° 0.076 9.2 x 101
Th decay chain
232Th 1.4 x 1010 0.065 1.1 x 108
228Ra  0.046 3.1 x 10°
228A¢ 2,138 3.1 x 10°
212py,  (.573 3.1 x 10°
212p; 2.246 2.0 x 10°
Ac decay chain
2357y 7.0 x 108 0.018 7.6 x 10*
21Th  0.389 1.2 x 104
22TA¢ 0.034 1.2 x 10*
223Fr  1.148 1.2 x 10*
2197t 1,700 3.6 x 10°
215B; 2,249 1.2 x 104
2phL 1.373 1.2 x 10*
20771 1422 1.2 x 101
U-Ra decay chain
=y 4.5 x 10° 0.018 1.6 x 10°
Z4Th  0.263 2.6 x 10°
#34Pa 2.207 2.6 x 10°
24P 1.024 2.6 X 10°
214B; 3,270 2.6 x 10°
#OPL - 0.063 2.6 x 10°
210B; 1.161 2.6 x 10°
Total 8.9 x 108

cosmic abundance. Such a depletion is common to most
of the Earth models. Lewis (1971), however, postulated a
hypothesis that this 'missing K’ was partitioned into the
metallic melt and descent with it into the central part of
the Earth at the time of core formation. The Earth’s core
consists of mainly Fe-Ni alloy and of 10 or 20 % of other
lighter elements (Stacy, 1972). If the lighter elements are
dominated by sulfur (Murthy and Hall, 1970), potassium
would be indeed contained in the core because of its affin-
ity with iron sulfide. Radiogenic heat of this “missing”
40K has been estimated to be large enough to sustain ge-
omagnetic dynamo in the core, where it may be otherwise
difficult to find its power source (Verhoogen, 1973; Goet-
tel, 1976). The broken curve in Fig.1 shows the spec-
trum with the abundance of K 5 times as large as the
model abundance, corresponding to the case of no loss of
potassium from the Earth through its history. The differ-
ence between the solid and broken curves suggests that
accurate determination of antineutrino spectrum might
resolve the presence or absence of K in the core.

Detection of Terrestrial Antineutrinos

Any method of detection uses in principle a reaction
of antineutrinos with some target to count the number of
its products that may reflects the real flux of terrestrial
antineutrino. Krauss et al. (1984) considered nuclear re-
actions in which the target is some kind of nucleus. We
make a more systematic search for the feasibility of this
type of reaction to be used to detect terrestrial antineu-
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Figure 1. Estimated terrestrial antineutrino spectrum

(solid line) for the Earth model of Ganapathy and An-
ders (1974). Different peaks correspond to different beta
decay nuclides. Also shown are the hypothetical extra
fluxes from the core due to excess *°K in the core (bro-
ken line: the total K 5 times as abundant as the model
abundance).

trinos. Let N7 be the number of the target nuclei in a
target on the Earth’s surface, and Np the number of the
product nuclei:

dNp = RNrdt, (4)

where R is the reaction rate defined as the number of the
reaction occurring in unit time per one target nucleus,
and it is measured in TAU (Terrestrial Antineutrino Unit
= 10736 reactions per second per one target nucleus).

When a certain nuclide P undergoes beta decay to
change itself into the daughter nuclide T:

PoT+e +0+0Q, (5)

the following two reactions can occur:

vp+T — P+et: Inverse B~ decay, (6a)
v+ e +T — P Resonant electron capture,
(6b)

where Q is the total kinetic energy of the emitted electron
and antineutrino. The cross section of inverse beta decay
(6a) is given by:

O'(E 2 Eth) =

8- 27 In2 (L> . (F—) ’ F.(Z,E) 1 B\ E? — (m.c?)?
’ mec c TR ¢ !

()

(Sugimoto and Muraoka, 1988) where E is the kinetic

energy of incident 7 and Ey, is the energy threshold of
reaction defined by

B = Q + 2m.c® = Eo + m.c’,




Kobayashi and Fukao: The Earth as An Antineutrino Star

Ey being the decay energy of beta decay (5). The spin
statistical factor s is s = (2Ip + 1)(21. + 1) where Ip
and I, are the spins of nucleus P and emitted positron
et, Fe(Z,E) the Fermi function for atomic number Z, and
ft the ft value of reaction (5). Reaction rate R is given
by

R= f o (B)F(B)E,

where F(E) is the antineutrino flux shown by the solid
line in Fig.1 and Epo, is Eg — mec? in (3). The cross
section of resonant electron capture (6b) is given by:

5
O'(E = E,.e,) = 81r21n27i (;%) % |'¢'(R0)|29(E'rea)1

(8)
(Mikaelyam et al.; 1968) where s is the spin statistical
factor (s = 2Ip + 1; Ip: spin of nucleus P), ¥(Ro) the
wave function of a K-shell electron at the surface of T
nucleus, E,., the resonant energy equal to Q, and o E)
the antineutrino energy spectral density. Reaction rate
R is given in this case as

R = 0(EB,e,)F(E,.,).

We consider the target as a closed system except
for incident antineutrinos. Nuclide P produced through
the process of either (6a) or (6b) decays again to nuclide
T through the process of (5). Taking this reaction into
account, eq.(4) is rewritten as

e _ RNy — AN, 9)
dt

where X is the decay constant of the beta decay of P. This
equation suggests two types of detecting experiment. The
first is to measure directly the total reaction rate in a
detector carefully designed at the Earth’s surface (real-
time detection). In this case, we count ANg, the number
of the reactions occurring in the target in a time interval
At (AAt < 1) and calculate reaction rate R from

_ ANg
T NrAt

(10)

where Nr represents the number of T in the target. The
second type of experiment is to detect product element P
of the antineutrino reaction by means of isotope analysis
in target nuclide T-bearing rocks of ages longer than A~*
(zeochemical detection). In this case, we would obtain
Np/Np in a saturated state of the rock system where
dNp/dt ~ 0 and calculate reaction rate R from

Np '

(11)

Calculated reaction rates and saturated P/T ratios
for various candidate nuclides are listed in Table 2. Can-
didates were selected from the three points of view. (I)
Elements with low ft values: a low fi values resultsin a
high reaction rate as may be understood from Egs. (7)
or (8). (II) Elements abundant in the crust: such an ele-
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Table 2. Candidates of target for terrestrial antineutrino detection

Elements with low ft values

Target

Eip

Reaction Rate

Saturated

N**

T

[MeV] [TAU*] P/T ratio [kg]
1870)g 1.025 6.3x 1078 1.3x 1072  5.6x%x10%
3He 1.041 2.1 1.2 x 10727 27000
10740 1.055 3.3x 1077 9.7x107% 6.3 x 102
131 Ey 1.098 1.2 x 1073 46 x 1073 25 x 10°
9 Nb 1.114 7.3 x 1078 5.0 x 1073 2.5 x 10%*
YL 1.119 9.1x10~3 8.2x107%  36x108
4N 1.179 7.5 % 1077 2.0x 1073 3.6 x 101!
Br 1.181 1.9 x 1077 5.7 x 10731 7.8 x 1012
3501 1.190 3.7x 1078 4.0 x 1073 1.8 x 10
135Ba  1.227 1.6 x 107° 2.1%x 1073 1.7 x 10%°
1554 1.268 1.5 x 10~ 3.3x 10732 2.0 x101°
33g 1.271 1.2 x 1072 3.8x 1073 53 x107
89T 1.374 3.2 x 10~3 3.7x 1073 1.0 x 10°
1216}, 1.409 6.7 x 102 9.4x 1073  3.5x107
185Re 1.454 7.1x 1073 6.6 x 1032 5.0 x 108
19%Hg 1475 9.1x10* 3.6 x 1073 4.2 x10°
1750 1.490 1.8 x 1072 9.2 x 10738 1.9x10%
TTHE  1.519 9.2x 1078 7.7x 1073 3.7x 10
8470 1.600 7.6 x 1073 1.3x 1073 1.6x10°
llpy 1.602 3.3 x 10~* 1.3 x 10733 8.2 x 10°
3Ty 1.608 9.2 x 1078 5.9 x 1073 2.4 x 10"
181Dy 1.613 1.9 x 10~ 1.7 x 1073 1.6 x 10%°
Se 1.712 4.0 x 1073 8.1x1073% 37x108
153 Fn 1.827 5.8 x 10~* 1.4 x 1073 5.1 x 10°
Elements abundant in the crust
'H 1.804 4.2 x 1078 3.8x10-% 4.6 x 108
2741 3.631 4.4 x 1077 3.6 x 10740 1.2 x10%?
43Ca 2.839 6.3 x 106 7.3%x 10737 1.3 x 101!
sip 2.513 4.0 x 1071 5.5x 107% 1.5 x 10°
PK 1.587 4.5 x 1077 55 x 10738 1.7 x 1012
47T 1.623 1.1 x 1072 4.7%x 1078  82x 107
63Cu 1.087 8.1x 104 3.7x 1073 1.5 x 10°
95 Mo 1.948 1.0 x 10~ 4.5 x 1073 1.8 x 1010
204pY, 1.785 5.9 x 1076 1.1 x 10733 6.6 x 10!
206py, 9,548 5.8 x 1073 2.1 x 1073 6.8 x 10®
207ph 2,444 1.1 % 1072 4.4 %1073 3.8 x 108
Elements of which products are noble gases
85Rb 1.709 4.7%x 1078 2.3% 1073 3.5 x 101!
13304 1.499 6.2 x 1073 4.1x107®  41x108

* 1 TAU=10"%reactions/target atom- sec
** Necessary amount for one reaction per one day

ment is advantageous for preparing the target material of
huge amount. (III) Elements whose products are noble
gases: in this case it is easy to count the number of the
product element in a large amount of target material.

Table 2 also shows how much target material is nec-
essary to observe one reaction per one day. For real-time
measurement, the most preferred target nuclide is *He.
It needs 27 ton of 3He to detect one antineutrino event
per one day. 'H should also be noted. The detection re-
quires 4600 ton of *H, which is not inaccessible. Except
for *He and 'H, target material appears to be of inacces-
sively large amount. The saturated P/T ratio listed in
Table 2 can be understood as a necessary sensitivity for
isotope analysis in geochemical detection. The value is
at best of the order of 10725, It is difficult to obtain such
a high sensitivity at the present stage, and therefore it is
practically impossible to detect terrestrial antineutrinos
by means of geochemical method.
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Discussion

To use 3He as the target material, we may design

a liquid ®*He scintillation counter. The reaction to be
detected is

He + v — ®H + €. (12)

Since 3He itself can be used as a scintillatior, we may
observe scintillation light from the emitted positron and
from the gamma ray at pair annihilation of positron and
electron. An array of high sensitivity photomultiplier
should be placed in a ultra low temperature 3He tank.
If we can reduce background events to a sufficiently low
level, we may obtain the energy spectrum of terrestrial
antineutrino by measuring the kinetic energy of the emit-
ted positron. The threshold energy of reaction (12} is 1.04
MeV, implying that this detector has a sensitivity for an-
tineutrinos from #%3U series, 232Th series and *°K. Thus,
this detector covers the major radioactive elements in the
Earth. At least 10 ton of *He would be necessary for &
realistic experiment, where one event may be detected in
about 3 days. At present, preparation of such amount of
3He is probably the main difficulty for the detection. A
possibility would arise if a nuclear fusion reactor in the
future utilizes the D-D reaction which produces ®He as a
reaction product.

In contrast, a 'H detector lias no difficulty to prepare
the target material. We may design a H,O or liquid H,
scintillation counter with an appropriate acitivator in it.
The reaction to be detected is

H4 5 - n+ et (13)

where n is neutron. Note that this reaction has not been
examined in the previous studies. The threshold energy
of this reaction is 1.804 MeV, so the detector has a sensi-
tivity for 233U and 232Th. Detection of one event in one
day needs 41,000 ton of HoO or 4,600 ton of H,. In this
case, new technology may be required to detect scintilla-
tion light in a huge tank of H,O or liquid H,.
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