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The ground-state-to-ground-state Q�� value of 115In was determined to 497.68(17) keV using a high-

precision Penning trap facility at the University of Jyväskylä, Finland. From this, a Q�� value of

0.35(17) keV was obtained for the rare �� decay to the first excited state of 115Sn at 497.334(22) keV.

The partial half-life was determined to 4:1ð6Þ � 1020 yr using ultra low-background gamma-ray spec-

trometry in an underground laboratory. Theoretical modeling of this 2nd-forbidden unique �� transition

was also undertaken and resulted in Q�� ¼ 57þ19
�12 eV using the measured half-life. The discrepancy

between theory and experiment could be attributed to atomic effects enhanced by the low Q value. The

present study implies that this transition has the lowest Q value of any known nuclear � decay.
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From the most recent mass evaluation [1], the energy
of the ground-state-to-ground-state �� decay of 115In is
499(4) keV. Given that the energy of the first excited state
in 115Sn is 497.334(22) keV [2], the available �� decay
energy to the excited state 115Snð3=2þÞ is only 1.7(40) keV.
It was thus uncertain whether the �� decay 115Inð9=2þÞ !
115Snð3=2þÞ was energetically possible. However,
Cattadori et al. [3] were first to detect this rare decay in
2005 by measuring the 497.334(22) keV �-ray from a
929 g pure indium rod using an ultra low-background
�-ray spectrometer in the Gran Sasso National
Laboratory, 3800 m water equivalent below ground. The
measurement was a spin-off from experiments to charac-
terize the bremsstrahlung spectrum of 115In, as a part of the
LENS neutrino project. Figure 1 shows the decay scheme
of 115In based on [2] with the inclusion of the �� decay to
115Snð3=2þÞ, which is the focus of this study. In the work
presented here, this decay is examined through (i) mea-
surements of the cyclotron frequencies of 115In and 115Sn in
order to determine the ground-state-to-ground-state Q��

value of 115In, which in turn is used to obtain theQ�� value

for the rare decay, (ii) underground �-ray spectrometry
measurements to detect the 497.334(22) keV �-ray from
which the partial half-life of the decay is accurately deter-
mined, and (iii) a theoretical calculation of the transition
energy, the Q�� value, for the rare decay.

The ground-state-to-ground-state Q�� value of 115In to
115Snwas measured with the Penning trap facility [4] at the
accelerator laboratory of the University of Jyväskylä. The
measurement procedure was similar to Q value measure-
ments of superallowed � emitters [5]. The Q�� value was

determined by a high-precision comparison of the cyclo-
tron frequencies of the parent and daughter ions:

Q�� ¼ m1 �m2 ¼
�
�2

�1

� 1

�
ðm2 � qmeÞ; (1)

where m1, m2, and me are the masses of the parent atom,
the daughter atom, and the electron, �2

�1
is the cyclotron

frequency ratio of the corresponding ions of charge state q,
where a q equal to 1þ or 2þ was employed in these
studies. The binding energies of the missing atomic elec-
trons can be neglected. The ions were produced using an
electric discharge ion source [6]. The composition of the
discharging electrode was prepared such that an ion beam
of approximately equal intensity was simultaneously pro-
duced for both ion species. A purified sample of either
115Sn or 115In ions was prepared using a high-resolution
cleaning technique described in [7]. This was done prior to
the frequency measurements of the selected species, using
the time-of-flight ion-cyclotron resonance technique [8,9]
in combination with radio frequency excitation applied
with time-separated oscillatory fields [10].
The determination of the cyclotron frequency of one ion

species lasted for approximately 1 h and a representative

FIG. 1. Decay schemes of 115In and 115mIn, showing the decay
to the first excited state of 115Sn.
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cyclotron resonance curve is shown in Fig. 2. The fre-
quency ratio was determined from interleaving measure-
ments of the two species, typically employed to monitor
the temporal drift of the magnetic field. In this way, a
weighted meanQ�� value could be calculated from several

individual frequency ratios. Three sets of data were col-
lected consisting of 11, 15, and 11 individual frequency
ratios. Two of the data sets were measured with singly-
charged ions while one set was measured with doubly-
charged ions. The frequency ratios and Q values obtained
are given in Table I. Finally, theQ�� value 0.35(17) keVof

the transition 115Inð9=2þÞ ! 115Snð3=2þÞ is deduced from
the value in Table I, given that the energy of the excited
state 115Snð3=2þÞ is 497.334(22) keV [2]. This indicates
that the rare �� decay is energetically possible.

Three �-ray spectrometry measurements of a radio-pure
indium sample were carried out in the underground labo-
ratory HADES, located at a depth of 500 m water equiva-
lent [11]. The objective was to confirm or dispute the
observation of the rare decay carried out by Cattadori
et al. [3] and to perform a dedicated measurement in a
simple geometry, which would reduce the final uncertainty
in comparison to their work. To detect this low level of
activity it is important to perform the measurements in an
underground laboratory in order to reduce the cosmogenic
activation of the sample and detectors.

The indium disc was of natural isotopic abundance with
95.71(5)% of the isotope 115In [12]. After surface cleaning
the disc dimensions were 10.6 cm (diameter), 4.0 cm
(thickness), and 2566.13 g (total mass). Three different
ultra low-background �-ray spectrometers were made
available in HADES for these measurements (measure-
ment time in brackets): Ge-4 (48 days), Ge-7 (15 days)
[13], and the sandwich spectrometer (14 days) [13].
The bremsstrahlung spectrum from the ground-state-

to-ground-state �� decay is visible in the �-ray spectrum
in Fig. 3. The excited state of 115In was not present in the
sample since the 336 keV �-ray line from the main branch
was not detected. The peak of interest, 497.334(22) keV, is
located in a favorable energy region with a low background
continuum and without interfering background peaks as
displayed in Fig. 4. For Ge-4 the count rate of the contin-
uum under the 497 keV peak was 0:38 keV�1 d�1. Careful
analysis confirmed the absence of any unknown �-ray
emitters in the spectra, which was also the conclusion
of Cattadori et al. after a thorough study of alternative
sources of the detected 497 keV �-ray line. The full en-
ergy peak detection efficiencies were calculated using the
Monte Carlo technique and the EGS4 simulation soft-
ware. The geometrical model used for the Monte Carlo
simulations was validated by measuring point sources
(85Sr, 137Cs, 134Cs) sandwiched between indium discs of
3, 6, and 12 mm thickness and it was confirmed that the
calculated detection efficiencies agree within 3%.
The weighted mean activity of the three measurements

was 0.69(9) mBq, which converts to a partial half-life of
4:1ð6Þ � 1020 yr. The relative combined standard uncer-
tainty was determined to 15% and is dominated by count-
ing statistics (14%). Other major contributions to the total
uncertainty are detection efficiency (3%), isotopic abun-
dance (0.05%), and internal conversion coefficient
(0.12%). The branching ratio was calculated to 1:07ð17Þ �
10�6, which contains an additional uncertainty of 5.7%
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FIG. 2 (color online). A representative time-of-flight ion-
cyclotron resonance obtained for 115Sn2þ ions using the excita-
tion time pattern of (50-350-50) ms (On-Off-On).

TABLE I. Results of the cyclotron frequency measurements.
Column q denotes the charge state of the ions and column
number the number of individual frequency ratios obtained.

Set q No. Frequency ratio, �Sn

�In
Q�� (keV)

A 1 11 1.000 004 649 7(27) 497.66(29)

B 1 15 1.000 004 650 6(23) 497.76(25)

C 2 11 1.000 004 648 4(37) 497.52(40)

Final Q�� of 115InðgsÞ-115SnðgsÞ decay 497.68(17)
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FIG. 3 (color online). �-ray spectrum of the background (Bkg)
and indium on the sandwich spectrometer (SW).

PRL 103, 122501 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

18 SEPTEMBER 2009

122501-2



from the half-life of the ground-state-to-ground-state ��
decay. The measurements in this work agree with those of
Cattadori et al. [3]; see Table II.

The �� decay of the ground state of 115In to the first
excited state in 115Sn is 2nd-forbidden unique. The half-life
of a Kth forbidden unique �� transition can be written as

T1=2 ¼ 1

M2fKðw0; Zf; RÞ
: (2)

HereM is the nuclear matrix element (NME) (equivalent to
M4 in Refs. [14,15] containing the nuclear-structure infor-
mation). fKðw0; Zf; RÞ is a phase-space function which

depends only on the end-point energy W0 ¼ w0mec
2, the

charge Zf of the daughter nucleus and the nuclear radius R.

The detailed expression for the function fK is given in a
forthcoming paper.

The NME is calculated using the proton-neutron micro-
scopic quasiparticle-phonon model (pnMQPM) where a
realistic microscopic Hamiltonian is diagonalized in a
basis consisting of BCS quasiparticles and their couplings
with phonons obtained from the proton-neutron quasipar-
ticle random-phase approximation. Further details are
given in Ref. [16], where the model was applied to the
fourth-forbidden nonunique ground-state-to-ground-state

decay of 115In. The theoretical curve for the half-life of
that decay as a function of the Q value is shown in Fig. 5.
Five percent random variations in the computed values of
the NMEs easily reproduce the measured half-life so that
the computed nuclear wave functions of the initial and final
states seem very realistic.
Figure 6 shows the end-point energy dependence of

the partial half-life for the transition 115Inð9=2þÞ !
115Snð3=2þÞ by using the calculated NME and an esti-
mated 30% uncertainty. Using the measured half-life value,
Q�� ¼ 57þ19

�12 eV is obtained. Here variations of 1 order of

magnitude in the value of the NME are needed to reach the
1� interval of measured Q�� value of Fig. 6. Such large

TABLE II. Results from the �-ray measurements on three
spectrometers. The measurement by Cattadori et al. [3] is
included for comparison. BR is the branching ratio, t1=2 is the

partial half-life, and Rel.U is the relative uncertainty.

Spectrometer BRð10�6Þ t1=2ð1020 yrÞ Rel.U(%)

Ge-4 1.06(17) 4.2(7) 17

Ge-7 1.0(5) 4.4(20) 45

Sandwich 1.2(4) 3.6(12) 42

HADES final 1.07(17) 4.1(6) 15

Cattadori et al. 1.2(3) 3.7(10) 26

FIG. 5. Calculated half-life of the ground-state-to-ground-state
�� decay of 115In as the function of the end-point energy. The
experimental bars combine the half-life range from Ref. [23] and
the Q value range from this Letter.
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FIG. 4 (color online). �-ray spectrum of the background (Bkg)
and indium on the sandwich spectrometer (SW).

FIG. 6. Calculated relation between the Q value and partial
half-life for the �� decay 115Inð9=2þÞ ! 115Snð3=2þÞ. The grey
band indicates a conservative 30% uncertainty estimate for the
NME. The experimental bars combine the half-life and Q value
ranges extracted in the present underground and trap measure-
ments.
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variations in the value of the NME are unrealistic and
would suggest that the excited state would have an exotic
structure. A more plausible reason for the discrepancy is
the exceptionally low Q value of the decay.

A small decay energy poses a challenge to the phase-
space calculations. One problem is that the electron screen-
ing corrections have never been estimated for forbidden
beta decays at ultralowQ values. Such estimates exist only
for allowed �� decays [17,18], showing an effect of a few
percent.

A second source of correction to the phase space is the
mismatch between the initial and final atomic states in a
� decay. In [19], the associated reduction of the decay rate
was calculated to be 2% for Q values larger than 20 keV.
For Q values of the order of keV the formalism of [19]
gives large reductions in decay rates and it breaks down
completely for the ultralowQ values such as that discussed
in this Letter. This correction thus shifts the shaded theory
band in Fig. 6 upwards by an as yet unknown amount.
Further corrections come from exchange effects [19,20]
and final-state interactions [21]. In [19,20], the exchange
effects were computed forQ values larger than 20 keV. The
two calculations predict less than 10% effects but in oppo-
site directions so that they contradict each other. Hence, the
contribution of the exchange effects is still an open prob-
lem even for only moderately small Q values. The mo-
lecular final-state interactions were evaluated in [21] for
the tritium � decay. For heavy nuclei no such evaluations
exist and the related effect is a field for continuing work.

The conclusions from the present study are that the
combined efforts of two very different measurements
and the theoretical investigation of the �� transition
115Inð9=2þÞ ! 115Snð3=2þÞ suggest that this rare decay
has the lowest Q value discovered for any � decay, about
1 order of magnitude smaller than that of 187Re [22]. This
Letter also confirms the findings by Cattadori et al. [3].
Additionally, the combination of measurements and theory
in this Letter clearly points to the need of further theoreti-
cal work on subtle atomic effects entering the area of
theoretical modeling of �� transitions with ultralow Q
values.
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