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EXPERIMENTAL EVIDENCE FOR THE DOUBLE-BETA DECAY OF Te®®°%
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It is shown that double-beta decay occurs in nature. The half life of Te!30

yr.

Attempts to detect double-beta decay directly
by means of coincidence techniques or nuclear
emulsions have not led to an actual observation
of double-beta decay.! Lower limits for the half
lives of different isotopes were established. The
most studies were made on Ca*.*

Another approach is to detect the accumulation
of the decay product during geological time peri-
ods (~10° yr) in those minerals which are rich in
a suspected BB-active isotope. Two very suit-
able cases for this method are the decays of
Te 088 xe130 ang geo288 ko2 2

An anomalous isotopic composition of xenon ex-
tracted from tellurium minerals has been report-
ed repeatedly.®* In all cases, surplus amounts
of Xe'?*®, Xe'*°, and Xe!! were superimposed on
the general pattern of xenon of atmospheric com-
position. These findings have not been accepted*
as proof for the double-beta decay of Te*° since
the Xe'$? anomaly was always accompanied by
Xe'? and Xe!®! excesses not yet completely un-
derstood. Rather, it was suspected that all
three anomalies might result from the same un-
known mechanism. In some cases, the xenon
spectrum was even more confused by an addition-
al fission xenon component which complicated
the computation of the atmospheric Xe'®® correc-
tion. The Xe!®® excess was arrived at only by a
rather involved calculation which included large
uncertainties. The magnitude of the Xe'*° excess
has been less than 6% of the total xenon amount
in all samples studied by other authors. In addi-
tion, the calculated half lives of Te!3° were
based on assumed geological ages of the miner-
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als rather than on age determinations of the tel-
lurium ores themselves.

To prove that Te'*° is 88 active one has to show
that the Xe'*° excess is unambiguously due to dou-
ble-beta decay. In addition, a calculated half-
life can only be accepted if it is based on radio-
active dating of the mineral.

We have analyzed the isotopic composition of
xenon extracted from a native tellurium ore from
the Good Hope mine (Colorado).? We found a
large excess of Xe'®° not accompanied by any oth-
er anomalies.® In uncrushed samples not ex-
posed to air contamination, the excess Xe!3°
amounts to about 70% of the total xenon and the
ratio Xeexcess'*/Xeatmospheric'®® is higher
than 50. The Xe!®® excess does not constitute a
small anomaly on the border of detectability but
determines the pattern of the xenon spectrum
(Fig. 1).

The absence of other xenon anomalies rules
out processes other than double-beta decay
which might possibly result in a Xe!®® excess.”>?
The production of Xe'3° via two successive sin-
gle-beta decays is impossible since the mass ex-
cess of I ig 477+ 35 keV larger than the mass
excess of Te'®°® We must then conclude that the
Xe'®? excess is due to double-beta decay of Te!°,

From the amount of Xegycegs™®s the tellurium
concentration, and the gas-retention age of the
mineral, the half-life of Te*° can be calculated.
We determined the K-Ar age of the ore and ob-
tained an age of 1.31+ 0.14 Gyr. The age is con-
sidered to be reliable since it is consistent with
the geological situation of the ore deposit.®
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FIG. 1. Isotopic composition of xenon extracted from

native tellurium ore (run No.2). The horizontal lines

indicate the maximum contribution of atmospheric

xenon.

The resulting half-life of Te
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yr and is in agreement with the theoretically pre-
dicted!® half-life for the lepton-conserving two-
neutrino mode of decay (T%, 2, theor = 10%2.5£2.5
yr). However, mainly because of the uncertain-
ty in the theoretical prediction, a slight contri-
bution of the lepton-nonconserving neutrinoless

decay mode (predicted half-life T1 1o v, theor
=10%-3%2yr) 10 cannot be ruled out. The maxi-
mum interaction amplitude which does not con-
serve leptons is limited by @ < (T'1 no v, theor/
T1 exp)l’z ~ 100-5(16.3-21.3) _ 35 1(0~3,

2E3xperimenta1 details.—The available sample
was a compact piece of fresh-appearing native
tellurium, 17 g in weight. It was supplied to us
by Professor C. Frondel from the Harvard min-
eral collection (sample No. 98589). The surface
was cleaned with a dental drill. The sample was
then broken and two solid inner pieces (about 1
g each) were used for the mass spectrometer
runs Nos. 1 and 2. The remaining 15 g were
crushed and screened to yield 12 g of ore having
grain sizes between 62 and 405 u. This sample
was split in two parts. One part was used for
the chemical analysis. From the other part,
three samples were prepared for the mass spec-
trometer runs Nos. 3, 4, and 5. The chemical
bulk analysis gave 99.4+ 0.6% Te with a trace of
Fe.!! K and U as well as Th were determined
by neutron activation. The results were 5.6+ 0.2
ppm K, 21.0+2 parts per billion (ppb) U, and Th
£ 10 ppb.

The techniques involved in handling and analyz-
ing minute amounts of rare gases by mass spec-

Table I. Results of the rare-gas analysis.

Extraction

Rare Gas Amounts

Run Sample Time Temp., (10-8cc sTP/gram) xe! 30
(min) (°C) Radiogenic Gases Gases of Atm. Composi!iona '—‘%
He4 A ><e1 30 Ar Kr Xe ><eatm
1 0.880 g whole piece 10 1100 10.3 1,03 0,00283 4,0 0.00049 0,00141 48,1
2 0.866 g whole piece 10 1100 40.4 1.56 0,00272 23.9 0,00095 0.00118 56.5
3 a 0.894 g 62}1—405}1 ~1 ~600b 42 4,27 0,00233 36.1 0.01340 0.01690 3.38
b 10 1100 2,7 0,37 0 2.1 0,00123 0.,00248 -
total 44,7 4,64 0,00233 38,2 0.01463 0.,01938 2.95
4 a 1.745 g 62}1—405}) 800 200 2.1 O 0,00011 15.9 0,00554 0.00298 0.90
b 800 200 2.5 0,15 0,00002 4.1 0.,00168 0,00136 0.36
c 270 310 12,0 1,02 0,00082 8.7 0,00503 0,00593 3.39
d 10 1100 34.1 2.89 0.,00118 10.7 0.00368 0,00255 11.4
total 50.7 4.06 0,00213 39.4 0,01593 0,01282 4,07
5 a 0.779 g 62P—405}J 1400 200 3.0 0 0,00015 16.4 0,00575 0.00422 0.87
b 10 1100 52.0 4,12 0,00184 22,1 0.01025 0.00737 6.11
total 55.0 4,12 0,00199 38.5 0,01600 0.01159 4,21
3-5 weighted averages 50.3 4.22
+6 0.4
1-5 weighted average 0.00240
+0,0004

aExcept for He!, Art? and Xel® no other isotopic anomalies have been found.
bNative tellurium melts at 452°C.
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trometry are described, except for one improve-
ment,'® elsewhere.®?* In runs Nos. 1 and 2,

we extracted the rare gases in only one step by
melting the ore. In runs Nos. 3, 4, and 5 the
gases were extracted stepwise as described in
Table I which contains the results. The mean
value for Xe'° excess is (2.4+0.4)x 107 cc
STP/g; the radiogenic Ar?® content of the crushed
sample is (4.22+ 0.4)x 1078 cc STP/g, and the
He* content is (50.3+6)x 1078 cc STP/g.

Runs Nos. 1 and 2 had the lowest yield of atmo-
spheric xenon since no inner surfaces were ex-
posed to air contamination. In these cases, the
Xe'®® anomaly was about 5000%. For dating pur-
poses it is absolutely necessary to prepare a
finely-crushed and well-mixed average sample
in order to exclude the effects of K and U inho-
mogeneities. This necessity is underlined by the
different radiogenic Ar?® contents of the crushed
and the uncrushed samples. The amount of the
atmospheric xenon due to surface adsorption is
higher in the crushed samples but becomes rela-
tively lower after outgassing at moderate tem-
peratures (Table I). The absolute amounts of ex-
cess Xe'®® are in reasonable agreement for all
five runs. From the data we obtained the follow-
ing gas-retention ages: K-Ar age=1.31+0.14
Gyr; U-He* age =205+ 55 Myr. The results indi-
cate that the thermal history of the ore was such
that helium is partially lost by diffusion but not
Ar. If this is true, one may then conclude that
probably no Xe!®*® loss occurred. A high Xe'3°
retentivity is also supported by the stepwise
heating experiments. The half-life for the dou-
ble-beta decay of Te®° is then 10?1:34+0.12 gy,

Despite the fact that 88 decay was not observed
with certainty, half-lives for Te!®° have been cal-
culated previously.® Based on geological assump-
tions for the gas-retention ages of the tellurium
ores, half-lives between 10?°-*® yr and 10%!-%® yr
have been reported.> The true ages of these min-
erals can now be calculated by introducing the
Te'®0-Xe!® age-determination method, based on
the half-life obtained in this work.

We wish to thank Professor C. Frondel for pro-
viding us with the rare mineral, Dr. Z. Peter-
man, Dr. J. Olson, Dr. D. Hedlund, and Profes-
sor S. Goldich for valuable information concern-
ing the geology of the ore deposit, and Dr. R.
Davis for helpful suggestions.
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éThe results show that the Xe!?® and Xe!®! excesses
observed in other tellurium ores are due to the contam-
ination of the samples by U. Measured U concentra-
tions in other tellurides are 196 and 225 ppm (Refs. 3
and 4). This is four orders of magnitude above the U
concentration in the sample discussed here. A further
discussion of the Xe!?® and Xe3! anomalies in U-rich
tellurides may be found elsewhere.?*

If Xe'3 were produced by spontaneous fission of ur-
anium, one should see about 10° times more Xe!38 than
Xe!¥, Cosmic-ray—induced spallation reactions would
produce much more Xe!?4 and Xe!% than Xe!®, but no
Xel2 and Xe!? anomalies are observed. In addition,
the ore was shielded by the atmosphere and rocks
above the mine. Meson-induced reactions do not lead
to Xe!3, Neutron-induced reactions would primarily
form Xel?® and Xel3!, put no such anomalies exist in
our sample. The absence of Xe!?® and Xel¥! anomalies
sets limits on the maximum internal neutron flux.
From this limit and the highest possible estimate of the
cesium concentration, it follows that the maximum con-
tribution of the reaction

Cs133¢z,0) 1130 B- o130

is far below the detection limit. Natural o radiation
would produce Xe!?8, Xel? and Xe!®! but not Xel®,
since natural o energies are insufficient for the reac-
tion Tel?$(q,27)Xel30,

8AM (1130) = —868 90 + 19 keV, H. Daniel, M. Kuntze,
B. Martin, P. Schmidlin, and H. Schmitt, Nucl. Phys.
63, 145 (1965). AM (Te!¥)=-87367+16 keV, N. Zeldes,
M. Gronau, and A. Lev, Nucl. Phys. 63, 1 (1965).

%The Good Hope Mine (Vulcan mining district,
N38°20’ 45”-107°00'15”"W) belongs geologically to the
Gunnison River (Colorado) Series. Veins rich in py-
rite, gold and copper tellurides, and native tellurium
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We present experimental values of the (Tr—Z)I 0,1 and K-N scattermg lengths derived
from a coupled-channel effective-range analysis of the reactions K+N—(K +N,m+2Z,m
+A), and theoretical values obtained by use of the soft-meson estimates of the scatter-

ing lengths in a role similar to that of known subtraction constants.

Agreement of the-

ory with experiment is within experimental error except for the I=0 K-N scattering

length where the disagreement is by 40%.

A number of authors! have used partial con-
servation of axial-vector current (PCAC) and the
charge commutation relations of SU(3)® SU(3) to
derive, to first order in the meson four-momen-
ta, the scattering amplitudes for pseudoscalar
mesons on various targets. When these ampli-
tudes are evaluated for elastic scattering at
threshold, we obtain “soft-meson” estimates of
s-wave scattering lengths. In the case of 7-N
and K-N elastic scattering, these estimates have
been found to be in rough agreement with experi-
ment (typically 309).

In this paper we give new experimental values
for the (7-%);= 0,1 and K-N scattering lengths
(see Table I). These scattering lengths have
been obtained from a coupled-channel effective-
range analysis? of the reactions K +N — (K +N, 7
+%,m+A) from 0 to 550 MeV/c. The “soft-me-
son” estimates for these scattering lengths are
also shown in Table 1.3 There is obviously very
little resemblance between the two sets of num-
bers.

We show below that this disagreement is due to
a failure in the soft-meson approximation. It is
not adequate to keep only terms of zeroth and
first order in the meson momenta because the s-
wave 7-% and K-N scattering amplitudes are
large near their thresholds (resonant in the /=0
channel). This contrasts with the situation in 7-
N and K-N scattering where the s-wave unitarity
cut is weak.

The PCAC, SU(3)® SU(3) results are far from
useless, however, and it is still possible to test
them. We show that the soft-meson results can
be made to play a role similar to that of known
subtraction constants, and that consequently the
real part of each scattering length can be written
approximately as a sum of the soft-pion scatter-
ing length and an integral over the imaginary
part of the corresponding s-wave scattering am-
plitudes. Because of the subtractions, this inte-
gral is highly convergent and is, therefore, sen-
sitive only to the amplitude in the region where it
is known from Kim’s effective-range expansion.?
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