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Two-neutrino double-3 decay measurement of °°Mo
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From data accumulated over 6140 h with 172 g of enriched molybdenum (1.18 mol yr of *°°Mo)
with the NEMO 2 detector in the Fréjus Underground Laboratory, a clear 832v signal (1433 events)
is observed, leading to a half-life, 73/, = 0.95 & 0.04(stat) + 0.09(syst) 10'® yr. The experimental
two-electron energy spectrum and the two-electron angular distribution are in agreement with the
expected ones. Limits for 380v decays to the ground state, excited states (2 and 07}), and also

with Majoron emission are given.

PACS number(s): 23.40.Bw, 14.60.Pq

I. INTRODUCTION

BB0v decay can occur if the neutrino is a massive Ma-
jorana particle, i.e., if it is its own antiparticle so that
lepton number conservation is violated and neutrino ex-
change between two nucleons can take place with the
emission of only two electrons. If only left-handed cur-
rents are present, the transition is possible because the
Majorana mass term can flip the chirality of the emitted
left-handed neutrino to a right-handed neutrino which is
absorbed. Therefore, the observation of a 830v transi-
tion would prove the Majorana nature of the neutrino.

In the study of double-3 decay processes nuclear
physics is important because one cannot have predic-
tions for the fundamental parameters such as the neu-
trino mass or the coupling to possible right-handed cur-
rents in the weak interaction if there are no reliable cal-
culations of the nuclear matrix elements. Many efforts
have been devoted to clarify the mechanism by which
these processes occur and to perform calculations of the
nuclear structure which enters the half-life formulas. As
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far as the 832v-allowed process is concerned, a half-life
can be measured and nuclear matrix element calculations
can be tested. Although there are no clear relations be-
tween the matrix elements of the two processes (832v
and BB0v), comparisons with experiments in the case
of the allowed process may give some confidence in the
computations.

During the past four years the NEMO Collaboration
has built two detectors NEMO 1 [1] and NEMO 2 [2,3]
in a research and development effort devoted to the mea-
surement of the two-electron background in the 3 MeV
region (Q = 3.03 MeV for the 1Mo BB0v decay). To-
ward this end, the NEMO 2 detector was installed in the
Fréjus Underground Laboratory [4800 meters of water
equivalent (m.w.e.) depth] in August of 1991. The 532v
signal reported here is a by-product of this research and
preliminary results [4] have already been presented with
a fraction of the current data sample. The collaboration
is now building a new detector called NEMO 3 [5] which
will be able to accommodate up to 10 kg of enriched
molybdenum and/or other double-3-decay candidates to
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study BB0v decay and to probe the effective Majorana
neutrino mass at the level of 0.1 eV in order to improve
by an order of magnitude the present limits.

In the following, the NEMO 2 detector and its perfor-
mances are described. After a discussion of background
studies, the method for extracting the 832v signal is ex-
plained and half-life limits for Ov modes are presented. In
the conclusion, the results are compared to recent pub-
lished values and to theoretical predictions. Limits on the
effective neutrino mass and Majoron coupling are derived
with recent calculations of matrix elements.

II. NEMO 2 DETECTOR
A. Experimental setup

The active detector [2,3] (Fig. 1) consists of two parts.
The first one is the tracking volume of 1 m3 filled with
helium gas. The second one is a calorimeter made of
scintillators covering two sides of the cube. In the de-
tector the track topology, the energy, and the timing of
charged particles are recorded while photons are also de-
tected. For the materials used in the construction of the
detector samples were measured using low background
Ge detectors [6] in order to select materials with activ-
ities less than 10 mBq/kg. The photomultiplier tubes
(PMTs) were not of low activity and generated most of
the external photon flux. The tracking and calorimeter
parts of the detector are shielded by iron (20 cm) and
lead (5 cm).

1. Tracking device

The tracking volume of the detector consists of oc-
tagonal cells identical to those of the previous detector
NEMO 1. Each cell has one central wire surrounded
by eight ground wires which are 100 pm diameter nickel
wires. The cells are 32 mm in diameter and 1 m in length.
On both ends there is a copper ring used as a pickup elec-
trode for the cathode. Helium gas, with 4% ethyl alcohol,
fills the detector at atmospheric pressure. The average
density of gas in the sensitive volume is 0.2 mg/cm3 which
yields an energy loss of 16 keV for a 500 keV electron
traveling through 50 cm of the detector. This provides
the tracking of electrons with energies as low as 100 keV
with an efficiency in each cell greater than 99%. The wire
cells work in the Geiger mode, the electrons drift toward
the central wire at a speed of 1 cm/us, and the avalanche
near the wire develops into a plasma which propagates
along the wire at a speed of 6 cm/us. Pickup electrodes
near the ends of the anode wire detect the propagating
plasma.

In the NEMO 2 detector the source plane (1 mx1 m)
splits the 1 m?® tracking volume into two equal parts.
Each part is formed by five frames of 2 x 32 Geiger cells.
A frame is made of two crossed planes of cells orientated
vertically and horizontally. The tracking volume is closed
by two sheets of aluminized mylar (36 pm) in front of
the calorimeter. In addition to recording the 83 decay
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FIG. 1. The NEMO 2 detector. (1) Central frame with
the metallic foil. (2) Tracking device of 10 frames with 2 x 32
Geiger cells each. (3) Scintillator array of 8 x 8 counters. (The
shielding is not shown.)

prompt signals, a measurement of delayed Geiger cell sig-
nals (up to 1 ms after a trigger) allows one to quantita-
tively identify the presence of 2!*Bi decaying into 2*4Po
which emits an o particle with a half-life of 164 us.

2. Calorimeter

On each side of the tracking volume is an array of
64 scintillation counters. Each one (12 cm x 12 cm X
2.25 cm) is made of 2 cm of plastic scintillator and a
2.5 mm layer of CsI(Na). The CsI(Na) signal has a 400 ns
decay constant and is readily isolated from the scintilla-
tor signal. The photon detection efficiency is 15% at 500
keV and electrons with kinetic energies up to 4 MeV are
stopped in the scintillator. The front face of the scintilla-
tors is covered with polycarbonate and Teflon to protect
them from ambient light and to optimize light collec-
tion. The thickness of these materials corresponds to
4.6 mg/cm? of Mylar. A 500 keV electron loses 45 keV
when leaving the tracking volume and entering the scin-
tillator.

The two scintillator arrays are devoted to energy and
time-of-flight measurements. The measurement of the
performances of the scintillation counters is crucial for
event selection and background rejection. The scintilla-
tion counters have a detection threshold set at 50 keV.

3. Molybdenum sources

The source foil studied since January 1993 is divided
in two parts. The first part consists of enriched molyb-
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denum (98.4% in 1%°Mo) with a fiducial mass of 172 g
and the other is natural molybdenum (163 g) which has
a 1%9Mo isotopic abundance of 9.6%.

The molybdenum sources were produced by ITEP
(Moscow). The natural molybdenum was manufactured
from monocrystals that were grown via a vacuum zone
smelting technique to ensure very high purity material.
Enriched molybdenum powder was smelted by an elec-
tron beam to provide the material for the enriched foil.
In the final stage both the natural and enriched metallic
foils were formed on the same equipment using a standard
rolling technology. The enriched molybdenum foil was
made from 12 strips placed side by side with an average
thickness of 40 ym and a measured dispersion < 4 ym.
The natural molybdenum foil was five strips 44 pym thick
with a measured dispersion < 2 ym.

The experiment in two previous phases [7,3] used a
high purity copper foil and commercial natural molyb-
denum foils in order to study the background due to the
external photon flux and the detector’s response to con-
tamination in the source foil.

B. Detector performances
1. Charged particle tracking

Each cell provides three-dimensional measurements of
charged particle tracks by recording the drift time and
two plasma propagating times. The drift time is used to
measure the transverse position and the plasma propaga-
tion times are used to measure the longitudinal position.
Using cosmic rays, a relationship was established between
the drift time and the distance of the trajectory from the
central wire. The longitudinal position is deduced from
the difference in the timing signals received at both ends
of the cathode wires. The average transverse resolution
is 500 pm and the longitudinal resolution is 4.7 mm.

As low energy electrons are involved, multiple scatter-
ing effects in the helium gas as well as interactions with
the wires have to be taken into account, and so a pat-
tern recognition code has been developed using a method
based on the Kalman filter [8]. This program provides the
parameters of the tracks.

2. Energy and time calibrations

Absolute energy calibrations are performed using ra-
dioactive sources (2°7Bi, 137Cs, and %Y placed in front
of each of the 128 scintillators. The deduced energy res-
olution full width at half maximum (FWHM) (keV)=
\/28E(keV) + 2300 yields a value of 17.4% at 1 MeV. To
check the stability of the scintillation detectors, a laser
and fiber optics device was used. In this device laser light
is sent via plastic optical fibers to each detector and to
reference counters. The intensity is varied by introducing
neutral density filters of different known transmissions to
simulate the full range of energy deposited in the scintilla-
tors. This method provides a daily check on the linearity
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of the detector response. Laser stability is checked by a
photodiode reference counter. The photodiode simulta-
neously records the signal from a few fibers and from an
241 Am source of « particles for self-calibration. The long
term precision of this calibration procedure is estimated
at 4% (systematics included).

In the laser calibration process the light intensity is
varied and a measure of time versus energy is acquired.
The corresponding time-versus-charge instrumentation
dependence is due to the use of leading edge discrimi-
nators and has been parametrized with four parameters
for each counter, taking into account the pulse shape,
T(qdc) = pl — (p2/qdc) — (p3/qdc) exp(—p4/qdc). Here
gdc is the measured charge of the signal. The relative
timing offsets for each channel were determined with a
60Co source placed in the center of the detector. The
time resolution (rms) of each counter is approximately
250 ps at energies greater than 1 MeV but reaches 450
ps at 200 keV, with the long term stability limited to
200 ps drifts after software corrections.

3. Data acquisition

The trigger for data collection requires that at least
two scintillation counters generate signals within 50 ns
followed by four Geiger frames fired within 2.5 us. The
typical trigger rate is 0.25 Hz. Several other trigger con-
figurations are available for data collection, electronics
tests, and calibration procedures. A microprocessor con-
nected to a micro-VAX is used for acquisition, format-
ting, calibrating, and filtering the data. The filtering
reduces the data by a factor of 30 and is based on timing
criteria and event reconstruction. To check the filtering
procedure unfiltered data are recorded for analysis on a
regular schedule.

4. Definition of events and cuts

An electron is defined by a track linking the source foil
and one scintillator; the maximum scattering angle along
the track has to be less than 20°. The interaction of a
photon is recognized as one or two adjacent scintillators
which fire without an associated particle track, while an
associated Csl is acceptable. The Csl signal is mainly
used as a veto. A deposited energy greater than 200 keV
is required in at least one plastic scintillator, for photons
and electrons, in order to obtain a time resolution better
than 500 ps.

In the coordinate system of NEMO 2 the origin of the
axes is located at the center of the detector, the z axis be-
ing perpendicular to the foils, the z axis horizontal and
the y axis vertical. The enriched molybdenum area is
defined by an z-vertex position inside the range —47.5—
2.5 cm and the natural molybdenum by an z vertex inside
the range 4.5-47.5 cm. In both cases the y-vertex posi-
tion is within the limits —46.0-46.0 cm (Fig. 3). In the
analysis, the electron-electron (2e) and electron-photon
(ey) events were intensively studied; see Fig. 2. In the
case of 2e events, the difference between the vertex posi-
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FIG. 2. Typical events in NEMO 2. (A) 2e event. (B) ey
event. (1) Source plane. (2) For the Geiger cells perpendicular
to the figure plane, the drift distance is given by the diameter
of a circle, and the electron trajectory is tangent to the circles.
(3) For the Geiger cells parallel to the figure plane, the small
segments indicate the trajectory position along the wires. (4)
Fired counters associated with the track. PMT information
(a) deposited energy in keV and (¢) time in tenths of ns with
respect to the first fired counter. (5) Fired counter due to a
photon.

tion of each track was required to be less than 5 cm; this
condition was imposed due to multiple scattering which
leads to a rms of 1 cm for a 200 keV electron. Interest-
ingly enough no 2e events are rejected with this cut and a
much looser cut would not introduce background events.

III. SIMULATIONS

Monte Carlo simulations have been carried out using
GEANT (version 3.15) [9]. The 832v, 880v decays to the
ground and excited states and B8 decay with Majoron
emission have been simulated. Theoretical formulas [10]
were used with the appropriate Primakoff-Rosen approx-
imation for molybdenum. An efficiency for the 832v
mode of 2.8% was found after applying the previously de-
fined cuts. The low efficiency is mainly due to the detec-
tor geometry and to the electron energy cut at 200 keV.

Decays of radioactive nuclei which can be sources of
background in double-3-decay were also studied. The
decays studied accurately represent nuclear schemes [11],
and internal conversion coefficients were calculated when
experimental values were unknown. 234mPa (Q = 2.2
MeV), 214Bi (Q = 3.3 MeV), and 2°8T1 (Q = 5.0 MeV)
were found to be the main contaminants and the last two
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are also sources of background in the 3 MeV region for
BB0v.

In the first phase of the experiment, the foil had con-
tamination levels measured by germanium spectroscopy
to be 1.5 Bq/kg of 2*Bi and 0.1 Bq/kg of 2°8T1. These
known levels provided an excellent check on the consis-
tency of the code with the observed behavior of the de-
tector [3].

IV. TWO-ELECTRON BACKGROUND SOURCES

There are two possible origins of 2e background events
which are emitted from the source foil. The first category
called “external” background, is caused by electrons or
photons generated outside of the source foil and inter-
acting with the detector. Most of the photons produce,
via the Compton effect, electrons which may escape the
scintillators and cross the tracking device. Such events
are rejected by time-of-flight analysis.

Depending on their energy, photons interacting with
the source foil produce Compton electrons or ete™ pairs.
A Compton electron can be associated with a secondary
electron by Mgller scattering or by a second Compton
effect. This background cannot be rejected by time-of-
flight criteria.

The second category of background is the “internal”
one and is due to the presence of radioactive nuclei inside
the source foil; most of these nuclei are # emitters. A
secondary electron can occur by internal conversion; it
can also be created by the Compton effect from photons
of the cascades or from the Mgller effect.

A. External background

The external photon flux is mainly due to the ra-
dioactivity in the PMT’s glass (1800 Bq/kg of “°K and
25 Bq/kg of 2'“Bi). Most of the ey events are produced
by the Compton effect in the foils, giving rise to the detec-
tion of one electron and one photon. When the incoming
photon interacts in the scintillators it can generate also
ey events if the electron escapes from the scintillator and
stops in the foil. Internal and external timing hypothe-
ses are compared and the one corresponding to the most
probable topology is selected. The vertex distributions
for the ey events are shown in Fig. 3. The decreasing
population toward the edges of the source foil is due to
the geometrical acceptance.

The distributions of the angle between the photon and
the electron have the same behavior in both foils (Fig. 4)
and show the dominance of the Compton effect giving
rise to an asymmetry. The E. + E, energy distributions
(Fig. 5) in both foils have also very similar shapes, show-
ing the large contribution of “°K (E.,=1.46 MeV) in the
photon flux. A small number of events with higher en-
ergies is most likely from 2°®T] and 2!“Bi in the PMT’s
glass and from residual radon around the tracking device.
The Monte Carlo simulation of these photons reproduces
rather well the observed ey angular distribution and the
ey energy spectrum but not in its high energy tail. The
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duced by *°K in the PMT’s glass superimposed on the en-
riched molybdenum spectrum (a) and on the natural molyb-
denum spectrum (b) accounts for the shapes of the spectra.
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detailed model of the external photon flux crossing the
foils cannot be estimated with sufficient accuracy to re-
produce the high energy ey events and accordingly the
2e-induced events in both foils. So the experimental 2e
data in natural molybdenum were used to estimate the
external 2e background in the enriched molybdenum.

B. Internal background

The internal background contribution of ey events in
the foil can be deconvolved from the external photon flux
through considerations of back-to-back events where an
electron is detected on one side of the source and a photon
on the other side (cos a < 0) (Fig. 4). The most energetic
part of the v energy spectra, which is not well populated
with the external photon flux events, is well suited for
208T] and 2'4Bi activity measurements. Upper limits for
208T] and 2'“Bi contamination were computed, at the
90% confidence level using Poisson statistics.

In the following the detection efficiencies (¢) of vari-
ous channels are given for the enriched molybdenum foil.
In the case of 208T1, a simple cut suggested by simula-
tions, E. + E, > 2.5 MeV (e = 3.1 x 10™%), gives two
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FIG. 5. E. + E, energy distributions. In the E. + E,
energy distributions the peak is due to two effects: the strong
contribution of °K to the external photon flux and the energy
cuts. There is also a contribution of higher energy photons.
The distributions in enriched (a) and natural (b) molybdenum
have very similar shapes reflecting similar photon fluxes. The
simulation of ey events induced by *°K in the PMT’s glass
accounts for the Compton edge of the experimental spectra.
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and one experimental events detected in the enriched and
natural molybdenum foils, respectively. Upper limits of
4.4 mBq/kg and 4.0 mBq/kg are thus deduced. This level
of contamination would produce 17 and 15 2e events, re-
spectively (¢ = 1.1 x 1073), for the duration of the ex-
perimental exposure.

In studies of the 2'4Bi contamination, the entire range
of the photon spectrum is populated by events coming
from the external photon flux. However, using two cuts
11 < E, <19 MeV and 1.6 < E. + E, < 2.4 MeV,
the calculated limit is optimized. Within these cuts
(e = 2.3x107%), 22 events remain in the enriched molyb-
denum and 13 events in natural molybdenum, leading to
upper limits of 33 and 23 mBq/kg. Such contaminations
levels would produce 90 and 59 2e events, respectively
(e = 0.7 x 1073). A 400 h measurement, with a germa-
nium detector, of 270 g of the same sample of enriched
molybdenum has given upper limits of 5 mBq/kg (2°%T1)
and 50 mBq/kg (?!Bi). The 450 h measurement of a
170 g sample of natural molybdenum has given similar
limits.

Another source of background is pure 8 emitters pro-
ducing 2e events by the Mgller effect. A special “one-
counter-only” trigger was invoked for a short run time of
64 h in order to search for emitters such as 23¢™Pa and
0Y (Q ~2.3 MeV) from °°Sr. The X-vertex distribu-
tion of these events (Fig. 6) does not show a noticeable
difference between the molybdenum foils. Analyzing the
electron spectra in enriched and natural molybdenum,
for E. > 1.2 MeV, and assuming these spectra are dom-
inated by 234™Pa decays (¢ = 0.61 x 1073), one finds
contaminations of 66 + 5 mBq/kg and 86 &+ 7 mBq/kg,
respectively, by fitting the experimental spectra to a sim-
ulated 234™Pa energy spectrum. An upper limit of 41 2e
events (¢ = 0.3 X 1073) due to single-B-emitters in the
enriched molybdenum foil was deduced after background
subtraction using the natural molybdenum data.

C. Neutron-induced events

Neutron capture in materials surrounding the track-
ing volume is followed by photon emissions with energies

One-electron events

N
o
Ty

Events/4 (cm)
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\AARARERASREARE RARRE R
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-0 -40 -30 -20 -10 [ 10 20 30 40 50
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FIG. 6. Electron vertex distribution. The selected elec-
trons in the one-track trigger run (64 h) have an energy
greater than 1.2 MeV; this cut allows limits to be put on the
different contaminations for single-B-emitters such as >**™Pa
and °°Sr/°°Y.

up to 8 MeV. High energy “2e events” are expected by
pair production in the 3 MeV region, where the pair pro-
duction process has a much greater probability than the
second order processes Compton plus Mgller or double
Compton. In order to study the neutron-induced events,
an Am-Be neutron source was placed near but outside
of the shielding for 3.6 h. To present a nearly uniform
neutron flux the source was located in the plane of the
molybdenum foils at a distance of 2.5 m. Then assuming
the interactions associated with the neutron source pro-
duce events similar to those of the residual neutron flux
in the laboratory, the analysis of 2e and single electrons
crossing the foils shows that this short exposure corre-
sponds to a run of 10 yr under the normal data collec-
tion mode. The 2e event rate due to the residual neutron
flux of about 0.2 events/MeV yr is deduced in the 3 MeV
region and is negligible for the 832v mode.

D. Events due to radon

Radon is outgassed into the air from the rocks. The
contributing daughter to background events is 214Bi. The
usual radon measurement in the underground laboratory
gives 20 Bq/m?3 but it has reached as high as 100 Bq/m?
during a period of poor ventilation in the laboratory. Ac-
cordingly there was an increase in the trigger rate from
0.23 Hz to 0.31 Hz. This period with fluctuations in
the radon rate occurred for less than 10% of the total
run time. From the analysis of the data with the high
radon level of 100 Bq/m? (510 h), the radon contribution
to ey and 2e counting rates under standard conditions
(20 Bq/m?3) is found to be 0.2/h and 0.01/h, respectively,
in the two foils.

V. RESULTS

The 2e event selection is based on time-of-flight anal-
ysis (Fig. 7); for each event a hypothesis is made as to
the internal (int) or external (ext) nature of an event.
From the calculated x2? a probability is deduced for
each case, Py and P.. Cuts requiring P, > 1072
and P.,; < 107 have been applied to identify inter-

nal events. The pull [(dtexpt — dtint)/y/ 0%, + 02, Where

int
“expt” means experimental and dt refers to the time dif-
ference between both electrons] has the distribution of
selected events shown in Fig. 8 and exhibits the expected
centered and normalized Gaussian behavior. The raw
data are presented in Figs. 9(a) and 10(a) for natural
and enriched molybdenum. The 2e energy spectrum in
the natural molybdenum foil contains 642 events. The
calculated 882v contribution using a consistent half-life
limit is shown. The 2!“Bi contribution using the upper
limit of 33 mBq/kg is also indicated here and is shown to
be insignificant relative to the external background. By
subtracting the 332v contribution and letting the 2!4Bi-
dominated internal contribution be addressed in terms of
systematic errors, a spectrum for the background events
is derived, Fig. 10(a).
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The 2e energy sum spectrum in the enriched molyb-
denum foil with 1947 events is shown in Fig. 10. A
two-parameter fit of the data is made involving the back-
ground spectrum and the simulated 832v spectrum. The
fit indicates that there is an external event background
spectrum with 514 events which is derived from the back-
ground spectrum in natural molybdenum with a normal-
ization factor of 1.0 4+ 0.15. The background was then
subtracted bin per bin yielding 1433 events in the 2e
spectrum.

A. BB2v signal

A x? fit [12] to the 1Mo 2e energy spectrum (Fig. 11)
using the 832v simulation spectrum and letting the half-

2e events

[nlernal évents "

102 T | - F

Yog(p

tny.
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tnr.

'IUS“,(L\:)

FIG. 7. Probability distribution of 2e events. For each
event an internal hypothesis and an external hypothesis are
made (see Sec. IV) the corresponding x? are calculated,
and the decimal logarithm of the deduced probability is
plotted. The internal event selection requires P, > 1072
[~1og1o(Pint) < 2] and Pexy < 1075 [—log,(Pext) > 5]; the
black area in (b) shows the domain of the selected events.
Filtered data (a) and a sample (b) of nonfiltered data (260 h)
are presented, a very clear separation between internal and
external events is obtained, and less than ten external events
are expected in the selected internal 2e events.
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expected behavior, a centered and normalized Gaussian.
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FIG. 9. Energy sum spectra. The raw data energy spec-
trum in natural molybdenum (a) is dominated by external
background; the 832v decay contribution (dashed line) and
the small amount of ?’*Bi (dotted line) in the case of the
calculated upper limit are indicated. The calculated external
background spectrum (b) in this foil is the result of the sub-
traction of the 882y contribution. It is used to estimate the
background in the enriched molybdenum foil.
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FIG. 10. Energy sum spectra. The raw data energy spec-
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by BB2v decay and there are few events in the 3 MeV region.
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to the upper limit 33 mBq/kg. The estimated external back-
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FIG. 11. Fit of the signal. The one-parameter fit of the
histogram [Fig. 10(b)] is done with the x® method (x* = 19.2
for 18 degrees of freedom). The quoted error bars take into
account the subtraction procedure.

life be the adjustable parameter defined above gives the
result

Ty /2 = 0.95 + 0.04(stat) + 0.09(syst) 10*° yr .

To ensure the validity of the Gaussian approximation
only data bins with more than nine events were used in
the fit. The error bars in the spectrum reflect the exter-
nal background subtraction and the spectrum accurately
depicts the simulated spectrum with a x2/degree of free-
dom of 1.1. The three main contributions to systematic
uncertainties are derived from Monte Carlo calculations,
detector performance, and data analysis.

In the simulation of low energy electrons, errors arise
mainly from scattering computations which depend on
the step size used for a given material in the detector.
The step size in the GEANT simulation is an adjustable
parameter which must be set such that the mean scat-
tering angle is sufficiently small to accurately track the
electrons. The step size has to be chosen < 1 um for
electrons with energies of a few hundred keV in heavy
materials such as molybdenum. Computations with a
0.1 um step size change the efficiency, with respect to a
1 pm step, by 6% which is the value used for the system-
atic error.

The absolute energy calibration error for 200 keV elec-
trons has been estimated to be 10 keV. Given this esti-
mate and in accordance with the single-electron spectrum
(of Fig. 13) one deduces an uncertainty of 45 2e events
corresponding to a 3% systematic error in the signal. A
small additional error arises from a 1% uncertainty in the
fiducial source foil mass.

The data analysis introduces sources of error due to
geometrical cuts and external and internal background
subtractions. The geometrical cuts introduce a 2% error
in the process of extrapolating electron tracks to trig-
gered PMT’s.

Errors in the estimates of external background are
made in the use of the number of ey events in the two
foils (Sec. IVA and Fig. 5) corrected for those calcu-
lated from the internal 2'4Bi and 2°8T1 contaminations
(Sec. IVB). The efficiencies for producing ey events in
the enriched molybdenum foil are, respectively, 4.1x1073
and 6.9 x 1073 for 2'“Bi and 2°®T1. Of interest is the
number of 2e events produced by second order processes
which depends on the foil thickness. A 2e event ratio
(enriched and natural molybdenum) of 1.12 is thus cal-
culated which gives a difference of 62 2e events in the
two foils. The ratio obtained in the 2e analysis is 1.0
(Sec. V) while a calculation using the mass thickness and
efficiency of the two foils gives 0.98. The difference be-
tween the two estimated ratios (1.12 and 1.0) leads to
a 4% systematic error for the external background sub-
traction.

The error in the internal background subtraction is es-
timated from the difference in e+ events, within appropri-
ate cuts (Sec. IVB), in the enriched and natural molyb-
denum. Given that less than 14 observed ey events, at
the 90% C.L., are attributed to 214Bi, a limit of 42 2e
events has been calculated. Similarly the 2°%T1 contribu-
tion is limited to 15 2e events. The hypothesis concerning
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234mPy (Sec. IV B) contributes 41 events. These combine
to present a 5% systematic uncertainty in the internal
background subtraction. A total systematic error on the
half-life of 9.5% is derived.

The distribution of the angle between the two electrons
in enriched molybdenum (background subtracted) is also
closely reproduced by the 862v simulations (Fig. 12) and
is quite different from the distribution extracted from
the natural molybdenum data. A cut on the angle a,
between the two electrons, such as cos a < 0.6 increases,
the signal-to-background ratio and a fit to the resultant
energy spectrum (1064 events) gives a half-life of T} /2 =
0.93 x 10'° yr. This fit is very close to the previous one
with practically the same errors.

Finally the single-electron energy spectra (Fig. 13) are
very different for the signal and background. These dif-
ferences and the agreement between enriched molybde-

num data and simulation data are a strong argument for
a [832v signal.

B. Half-life limits for Ov modes

The cosa < 0.6 cut reduces the external background
contributions and is applied to the following analysis
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FIG. 12. Angular distributions. The angular distribution
in enriched molybdenum (a) is in good agreement with the
simulation (dashed line) using the measured half-life (« is the
angle between the two electron directions). In natural molyb-
denum (b) the distribution has a very different behavior being
peaked in the forward direction as expected from the exter-
nal photon flux. In both cases the distributions are strongly
distorted by detector geometry and by multiple scattering in
the foils.
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FIG. 13. Single-electron energy spectra. The energy dis-
tribution of single electrons in enriched molybdenum (a) is
well reproduced by the simulation (dashed line) using the
measured half-life. In natural molybdenum (b) the energy
spectrum is much more peaked at low energy.

yielding an increase in the half-life limits of 30%. Lim-
its were obtained using the formula for Poisson processes
with background [13]:

b

n n

CL.=1- e"(”’"*'N) Zo M / e He : M
n! n!

n=0 n=0
where p, is the signal expectation value, u; the known
background expectation value, ng the number of observed
events, and N the upper limit on u, at the confidence
level (C.L.) Half-life limits have been computed at the
90% C.L. (see Table I) for the following BB0v chan-
nels: (07 — 0fg) with and without Majoron emission,

TABLE 1. Half'life limits (90% C.L.). For each channel a
window in energy is defined, the corresponding number of ex-
perimental events, the number of calculated 832y events plus
the external background one, the efficiency, and the half-life
limit are given (cos a < 0.6).

Channel 0% Majoron 27 of
Window (MeV) [2.6,3.0] [2.1,2.9] [2.1,2.5] [1.4,1.9]
Number of events 1 31 30 290
BB2v + background 2. 25. 22.5 306.
Efficiency (%) 3.6 1.4 2.4 2.7
Ty /2(10%" y) >6.4 >0.5 >0.8 >0.6
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FIG. 14. Spectra used for limit computations. The high
energy region of the fitted energy sum spectrum (a) shows
clearly the numbers of expected and experimental events in-
volved in the computation of the limits given in Table I. The
curves referring to the different decay modes (b) considered
in this analysis show the detector response and explain the
energy domains used to compute the limits.

(0t — 2{) and (0 — 07). In the case of the 0] state
two photons are emitted (591 keV and 540 keV); the 2e
energy sum cutoff is then 1.90 MeV. In the case of the 27}
state one photon (540 keV) is emitted and the 2e energy
sum cutoff is 2.49 MeV. In both cases photon detection
is not required because of the small efficiencies.

For each channel the quoted energy range has been
obtained by minimizing the background (862v+ exter-
nal background) and maximizing the detection efficiency;
simulations of these channels are shown in Fig. 14(b). An
expanded view of the high energy part of the 2e spec-
trum [Fig. 14(a)] in enriched molybdenum and in natu-
ral molybdenum (external background) shows the 532v
contribution.

VI. DISCUSSION AND CONCLUSION

The BB2v decay result, Ty, = 0.95 £ 0.04(stat.) £
0.09(syst.) 10'° yr is in agreement with other ex-
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periments, Ty, = 1.1573310'% [14] and Ty =
1.1613-34101%y [15], but the statistical significance of the
data sample in this experiment is much higher. The an-
gular distribution and the single energy spectrum are
compared to simulated theoretical spectra.

The best published 3680v limit for the half-life to the
0% mode is 4.4x 10?2 yr (68% C.L.) [16] and is somewhat
higher than the limit derived here, 0.64 x 1022 yr (90%
C.L.) or 1.2 x 10?2 yr (68% C.L.). These limits have been
performed with different statistical methods and thus di-
rect comparison is complicated. Concerning the 21F ex-
cited state, the half-life limit obtained is 0.8 x 102! yr
(90% C.L.) and 1.1 x 102! yr (68% C.L.); the best pub-
lished value is 1.1 x 10*! yr (68% C.L.) [17]. The 0
excited state limit presented here is 0.6 x 10%! yr (90%
C.L.) and is close to the limit 1.7 x 102! yr (90% C.L.)
[18]. Finally, for the case of Majoron emission there is a
recently published limit of 7.9 x 102° yr (68% C.L.) [19]
which is practically the same as the limit presented here
of 5 x 102° yr (90% C.L.) or 7.5 x 102° yr (68% C.L.).

Recent computations of matrix elements have been
performed for the 332v mode [20-22] and for the 580v
mode [20,22-24] in the %Mo isotope. Given the half-
life obtained for the allowed process, in this experiment,
a nuclear matrix element was computed, M5, = 0.11,
which is close to 0.13, the result of Ref. [20] with the
phase space factor of 925.0 x 10720 yr—1,

The neutrinoless matrix elements My, obtained by the
quoted authors can vary by a factor of 3. Using the
half-life limit deduced from our data, the lower limit of
the effective neutrino mass is in the range: (m,) < 6.0-
18.0 eV, with a phase space factor of 10.4 x 10713 yr—1,
The best limit, (m,) < 1.3-3.2 eV, is given by a ger-
manium experiment [25], using the matrix elements of
Refs. [22-24,26]. A limit on the Majoron-neutrino cou-
pling constant is derived from the results presented here
and using the above referenced My, and the phase space
factor of 37.5 x 10715 yr~! one obtains (gar) < 2.0-
6.0x107%. The germanium experimental limit [27] cal-
culated with the already referenced matrix elements is
(gnr) < 1.6-4.3 x 1074,

The NEMO 2 detector built for background studies has
provided important physics. A very low 2e background
has been observed in the 3 MeV region. Data collection
with molybdenum has been completed but the NEMO 2
detector continues to run with upgraded scintillators and
PMT’s in order to advance the photon tagging efficiency
and to measure the source activity. This research will be
applied to the final design of NEMO 3.
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