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weakly with marter--so weakly, in fact,
that it was not observed until 1956
when Clyde L. Cowan, Jr., and Freder-
ick Reines of the Los Alamos Science
Laboratory captured a few neutrinos
emanaiing from a nuciear reactor.
According to the Standard Model,
the neutrino accompanying a negative
beta ray is the distinet antiparticle of

the one accompanying a positive beta  ‘words, the neutrino would be its own
ray (just as the positron is the dis- antiparticle. How can we tell whether
tinct antiparticle of the electron). The-  these predictions are right?

ories go beyond the Standard Double-beta decay is the ideal proc

N

‘
E
g
z
H
¢
£
B
5
i

%
¥
g
5
5e
=

W

ek

\Y

SIGNATURE of double-beta decay emanates from the  trinos (orange). An external magnetic field (gray) causes the
(bie electrons ‘The double

NUCLLAR
nucleus of an atom of

and purple) and 34 protons (red). Two of the newtrons (pur-  observable signal of the double-beta event. The resulting atom
e} decay simultaneously into two protons and in the proc- :mmw-‘mh—muh#

‘ss generate two beta rays (electrons) (green) and two antineu-

didates, would produce another noble
gas, xenon. Minerals that contain sele-
nium or tellurium should therefore
accumulate krypton or xenon over
rime. 1o be sure, the amount of the gas
produced in the billion-year history of
a mineral would be small—less than
one part in 100 million, if Mayer's es-
timates were essentially correct.

111 1949 Michael G. Inghram and John
. Reynolds, both of the University
of Chicago, pioneered a technique for
enmlnlnn fossil gases !npped \-itlun

and

times more frequently than the two-
neutrino mode. Nevertheless, the half-
life was siill on the arder of 100 billion
years; double-beta decay would still
be rare enough to account for the ap-
parent stability of even-even nuclei.
1t seemed that the large difference
between the predicted lifetimes of the
two decay modes might make it possi-
ble to d nine whether no- T
decay actually was taking place. Ed-
‘ward L. Fireman of Princeton Universi-
rylwkupthcchnll:n;eln 1948, He
d two of tin, one artifi-

They reluudlhenus lmoaws
spectrometer to determine their com-
position. In 1968, after some refine-
ment of this geochemical method, Till
Kirsten, now at the Max Planck Insti-
tuate in Heidelburg, the late Oliver A.
Schaeffer of the State University of
New York at Stony hook and Elinor

cially enriched in the double-heta-de-
cay candidate tin 124 and the other
depleted in that isotope. He placed
each sample between a pawr of Gei-
ger-Miller tubes (Geiger counters) so
each tube could receive one of the
two electrons from double beta decay:
tomcquenﬁy the tubes would fire si-

F. Norton and R d W,

both of the Brookhaven National Lab-
oratory, found a definitive excess of
xenon 130 in 1.3-billion-year-old tellu-
rium ore. This result provided the ear-
liest undisputed evidence that double-
beta decay actually occurs.

From the age of the ore and the
fraction of tellurium that had decayed
to xenon, the half-life of double-beta
decay was determined for tellurium
130. There were two important prob-
lems with these geochemical experi-
ments, For one, processes other than
double-beta decay might have created
small of xenon. For anoth
small amounts of the gas might have
been lost from the ore through slow
diffusion processes or sudden cata-
strophic events that heated the ore.
The investigators were able to argue
that these problems were not serious,
but doubts persisted.

n 1939, four years after May-
er's caleulations of theoretical half-
lives were published, Wendell H.
Furry of Harvard University suggested
the possibility that double-heta decay
could take place without the

a double-bera
decay oceurred. He found that simul-
taneous firing of the tubes took place
significantly more often with the en-
riched sample than with the depleted

MASS

MASS (MILLIONS OF ELECTRON VOLTS)
76,305

one. From the data he calculated a
half-life much closer to Furry's value
than te Mayer's. He concluded that he
had observed the no-neutrine mode,

The excitement [ollowing this result
was short-lived, nowever. Expenments
pcrfnnnnd a few years later, including
one by Fireman himself, were unable
1o confirm that the result was actually
caused by double-beta decay. Fireman
finally conceded that his original re-
sults were probably distorted by a
small trace of a radioactive ipurity in
the enriched sample of tin 124

Until recently all attempts al direct
detection of double-beta decay were
frustrated by the same prablem that
Fireman had uu\.uu.nm!d Traces of
as
small as one part per billion easily
masked significant events in double-
beta-decay sources, because the half-
life of the decay—even by optimistic
estimates—was at least a billion tmes
longer than that of common radioac-
tive decays.

The stumbling blocks nature placed

of neutrinos. Although conservation
of -energy and momentum required
the emission of a neutrino in single-
beta decay, there was no correspond-
ing requirement for neutrinos in dou-
ble-beta decay. Energy and momen-
tum could be conserved in a decay
releasing two electrons only. Furry
recognized that if neutrines were Ma-
jorana particles—identical to their an-
uparticies—then no-neutring double-
beta decay could compete with May-
er's iwo-neutrino double-beta decay.
Furry estimated that no-neutrino dou-
ble-beta decay should occur & million

76302

34

= NUMBER OF PROTONS
mAerYhn-mnumnwwmdwﬂ

uhnmmmmm m«u-

hu.hmuhuvﬂnl %

final product, but
decay of

by hﬂmmvwlm-
wvwmwumnmuuw
principle. The final state of k wo
with the emission of two and usually always) two anti
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Kinematical  Features of Deca:s Modes .
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TIME PROJECTION CHAMBER (left) provided the first direct
evidence for double-beta decay by tracking the emitted elec-
rons. A sample of selenium 82 is supporied in the central
plane of the detector. Around the sample is a chamber filled
‘with belium. A lead casing shields the chamber from outside
radioaciiviry, and a “veto” detecior warns of incoming cosmic
rays. A coil gi a ic field, which caus-
es beta rays emitted in the chamber 1o follow helical paths.
As the beta particles move through the helium, they ionize it.

An applied electric field causes the resulting free electrons
to drift into sensing wires, which register their arrival time
and position. The pattern of free electrons is analyzed 1o re-
create the helical paths of the beta rays. The size and pitch
of a helix yield the beta-ray energy. The double-beta-decay
signature (bottorm event at right) can be mimicked by the rare
background events shown above the signature. Such impos-
ters are usually revealed within a few hours when a daugh-
ter nucleus resulting from the event decays at the same spot.

TWO-NEUTRINO
CURVE

NUMBER OF EVENTS

30
30

¢ Tn E e own Dar D gy

i

1
ENERCY (MILLIONS OF ELECTRON VOLTS)

ENERGY SPECTRUM of the electrons associated with germa-
nium 76 decay is expected to include a broad curve for the
two-neutrino mode of double-beta decay and a spike for the
no-peutring mode (left). Mhe mast i 0

o 'l Il
2,02 2.03 204 2,05 2.06
ENERGY (MILLIONS OF ELECTRON VOLTS)

ness in the spectrum is largely the result of statistical fluctua-
tions in the background. If the neutrinoless double-beta contri-
bution is assumed to be less than the size of the statistical
n the half-life of germanium 76 for the no-newtring

date (right) have not revealed the spike, which is predicted
1o appear at 2,041 million electron volts (arrow). The bumpi-
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mode must be greater than 2.3 x 10%¢ years, David 0. Caldwell
and his co-workers accumulated the data over several years,
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