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Abstract

The NEMO-2 tracking detector located in the Fréus Underground L aboratory was designed as a
prototype of the NEMO-3 detector to study neutrinoless (Ov) and two neutrino (2v) double-beta
decay (BB) physics. After 10357 h of running with an isotopically enriched selenium source
(2.17 mol yr of ¥Se) a BB2v decay haf-life of Ty, = (0.8340.10(stat) + 0.07(syst)) x 10 yr
was measured. Limits with a 90% C.L. on the 82Se half-lives of 9.5 x 10?* yr for 8B0v decay
to the ground state, 2.8 x 10 yr to the (27) excited state and 2.4 x 10% yr for BB0vx° decay
with a Majoron (x°) were aso obtained. (€ 1998 Elsevier Science B.V.
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1. Introduction

Two prototype detectors, NEMO-1 [1] and NEMO-2 [2] were constructed in a
research and development program to study the feasibility of a much larger double
beta decay experiment, NEMO-3. The NEMO-2 detector, designed for 88 background
studies and B82» decay, operated in the Fr&us Underground Laboratory (4800 w.m.e.).
From 1992 to 1995 the BB2v decays of Mo [3] and 6Cd [4] were detected
through measurements of the summed energy spectra, angular distributions and single
electron spectra. Enriched and natural sources of selenium were installed in the NEMO-2
detector in the autumn of 1995 together with zirconium sources which are not reported
on here. The zirconium data analysis, which is in progress, is rather difficult because
of the radioactive pollution in the enriched source. Presented here are the results of
measurements (10357 h) with 8Se, which is one of the most favourable nuclides
(Qpp = 2995 keV) in the search for 8B0r decay processes. The NEMO Collaboration
has started to build the tracking detector NEMO-3 [ 5] which will be capable of studying
BBO0v decays of ®Mo and other nuclei up to half-lives of ~10? yr, which corresponds
to a Majorana neutrino mass of ~0.1 eV. The sensitivity to 880vy° and B82v decays
will be of ~10% yr and ~10% yr, respectively.

2. NEMO-2 detector

The NEMO-2 detector (Fig. 1) consists of a 1 m? tracking volume filled with helium
gas and 4% ethyl alcohol. Vertically bisecting the detector is the plane of the source foil
(1 mx 1m). Tracking is accomplished with long open Geiger cells with an octagonal
cross section defined by 100 xwm nickel wires. On each side of the source foil there
are 10 planes of 32 cells which aternate between vertical and horizontal orientations.
Collectively the cells provide three-dimensional tracking of charged particles.

A calorimeter made of scintillators covers two vertical opposing sides of the tracking
volume. It consists of two planes of 25 scintillators (19 cm x 19 cm x 10 cm) com-
bined with low radioactivity photomultipliers tubes (PMT). The tracking volume and
scintillators are surrounded with a lead (5 cm) and iron (20 cm) shield.

1 Corresponding author. E-mail laplanch@lal.in2p3.fr; fax 33 169079404.
2 Deceased.
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Fig. 1. The NEMO-2 detector without shielding. (1) Centra frame with the source plane capable of support-
ing plural source foils. (2) Tracking device of 10 frames, each consisting of two perpendicular planes of 32
Geiger cdlls. (3) Two scintillator arrays each consisting of 5 by 5 counters. In the earlier experiment with
molybdenum sources the scintillator arrays were 8 by 8 counters as depicted here.

2.1. Selenium sources

The source plane is divided into two halves. Thefirst isa 156.6 g isotopically enriched
selenium foil (97.02% is 8Se). The second half is a 133.7 g foil of natural selenium of
which 8.73% is #2Se. The sources are composed of strips which were produced using a
special technique to deposit selenium powder on thin films. The thickness of the foils
is ~50 mg/cm? for the enriched and ~43 mg/cm? for the natural one. Radioactive
impurities in both foils were measured with HPGe detectors in the Frgus Underground
Laboratory before installation in the NEMO-2 detector. The upper limits (90% C.L.)
on the measured contaminations obtained in the enriched and natural selenium foils for
the four isotopes 2*Bi, 2%®TI, 22Ac and 2**"Pa are given in Table 1. Some activities
from “°K were found in both foils and are also included in Table 1.

Limits on the different levels of contamination between the foils were also obtained
with the NEMO-2 detector by analyzing electron eventsinvolving y rays, as explained in
the section devoted to backgrounds. Two “hot” spots were found in the enriched selenium

Table 1
Upper limits (90% C.L.) and values on measured contaminations of the enriched and natural selenium fails.
For each isotope the results obtained with HPGe detectors are given in mBg/kg

214Bi 208T| ZZBAC 234mpa 40K

Enriched Se <4.2 <25 <4 <33 200+ 30
Natural Se <5 <2 <5 <16 117+ 16
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foil and four “hot” spots in the natural foil. These regions of high activity were most
likely introduced during the installation of the sources and their characteristics are given
in the section on backgrounds.

2.2. Performances

Details of the performances and parameters are described elsewhere [2] while the
most salient characteristics are briefly outlined here. Three-dimensional measurements of
charged particle tracks are provided by the array of Geiger cells. The transverse position
is given by the drift time and the longitudinal position by the plasma propagation times.
The transverse resolution is 500 um and the longitudinal resolution is 4.7 mm. Track
reconstruction is accomplished with a pattern recognition program based on a cellular
automaton and an elastic neural network [6]. A tracking method based on the Kalman
filter [7] was previousdly used in the 88 decay analysis with NEMO-2. Though similar
results are obtained with both methods, the speed of the track reconstruction is greater
and a gain of efficiency of ~9% is obtained with the present method.

The calorimeter energy resolution (FWHM) is 18% at 1 MeV with a time resolution
of 275 ps (550 ps at 0.2 MeV). A laser and fiber optics device is used to check the
stability of the scintillation detectors.

A trigger requiring two scintillation counters and four Geiger frames normally runs
at arate of 0.01-0.04 Hz depending on the radon levels in the laboratory. This trigger
rate is too low for an efficient survey of the experiment, so a second trigger requiring
only one counter with an energy greater than 1.3 MeV was added.

2.3. Event definition

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° to reject hard scattering
situations. A photon is recognized as one or two adjacent fired scintillators without an
associated particle track. For photons and electrons an energy deposited greater than
200 keV isrequired in order to obtain sufficiently good time resolution. The two-electron
events are defined by two tracks which have a common vertex and are associated with
two fired scintillators with a deposited energy of at least 200 keV in each one. A cut on
the angle between the two electron tracks, cosa < 0.6, is applied as explained in the
section devoted to the results. In the analysis a two-electron event is identified as (2e)
and electron-photon event as (ey).

In the coordinate system of the detector (Fig. 2) the origin of the axesis at the center
of the source plane with the x-axis being horizontal and the y-axis vertical. Both foils
are symmetrical with respect to the y-axis. The enriched selenium foil has positive x
coordinates. The “hot” zones are represented by circles on the figure.
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Fig. 2. The vertex position of ey events in the natural and enriched sources is displayed in the figure. The
“hot” zones inside the circles are removed in the analysis. In the center of the source plane, zirconium sources
were installed but are not considered here.

3. Backgrounds

The “externa” background is due to photons originating from outside of the tracking
detector and interacting with the source foils or with the scintillators. Compton electrons
produced in the scintillators and crossing the tracking device are rejected by time-of-
flight analysis. Compton electrons produced in the source foils can generate a secondary
electron by the Maller effect. A double Compton effect or pair production can also occur.
These 2e background events cannot be rejected by time-of-flight cuts. The dominant
contribution to the external background comes from the flux of photons emitted by radon
located between the tracking detector and the shielding. Another source of background
is due to the flux of photons emitted by the PMTs.

Radioactive pollution in the source foils produces a background identified as “inter-
nal”. An electron which gives rise to the Moller effect, or is associated with an internal
conversion electron, or a Compton electron can produce 2e background events.

To study the nature of the background in the source foils ey events were examined.
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Fig. 3. The photon energy spectrum of the most active zone in the natural selenium fail is characterized here
by two components with very high levels of pollution. The simulation reproduces very well the experimental
data

Only ey “back-to-back” events (both scintillator arrays fired) were selected in this
analysis because time-of-flight criteria cannot distinguish between the Compton effect
originating in the scintillators and in the foils when the electron and photon are detected
in the same scintillator array. The hypothesis that the same photon flux crosses the
enriched and natural selenium foils was checked at the 5% level by a set of ey events
with a Compton electron generated in the scintillators and selected by time-of-flight
analysis.

Before analyzing the backgrounds the hot zones were located and characterized.
Locations were found with the vertex distribution and to exclude events due to poor
vertex reconstruction the surrounding neighborhoods were cut from the data sample.
Information about the nature of the pollution was extracted from the photon energy
spectrum. The spectrum for the most active zone in the natural selenium is shown
in Fig. 3. The spectrum shape is explained with two components, 222Ac and 2%8TI.
Proportionally these zones have a very high level of activity with respect to the non-
polluted areas. The hot zones which were removed from the analysis correspond to 7.6%
of the natural selenium foil and 0.8% of the enriched selenium foil.

From the experimental record of ey events in the enriched selenium (1403) and
natural selenium (1243) one derives the counting ratio between the two foils, 1.13 +
0.07 (the error includes the uncertainty in the left-right symmetry of the external
photon flux). A 1.22 calculated ratio between the foils is obtained by taking into
account the difference in the foil masses, the composition of the foils and the removed
polluted zones. This value is compatible with the experimenta result. A fit of the y
energy spectrum from the natural selenium foil was made using the spectrum from the
enriched foil (renormalized by the factor 1.22) and taken as free parameters were the
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Fig. 4. This spectrum is the difference between natural and enriched foils spectra, normalized as explained in
the section on backgrounds. The contributions due to 228Ac, 2¥Bi and 2%8TI, which are small and compatible
with zero, are used to estimate the systematics due to background subtraction.

spectra of ?2Ac, 2Bi and 2%®TI. The result is shown in Fig. 4 where the difference
between the two experimental spectrais plotted, the small contaminations extracted from
the fit are compatible with zero and are used to estimate the systematic uncertainties
in the background subtraction. All the Monte Carlo simulations were made with the
GEANT 3.21 program.

4. Results
4.1. BBR2v signal

In the first step the 2e events are selected by time-of-flight analysis. For each event the
probability of it being an internal (P;) or an external (Pe) SOurce event is computed.
By applying the cuts Py > 1072 and P < 107° very few background events are
expected in each foil. Given these cuts the vertex distribution (Fig. 5) in the source
plane shows a clear excess of 2e events in the enriched selenium (positive x-positions).
The raw data energy spectrain the enriched selenium (234 events) and natural selenium
(74 events) are shown in Fig. 6. In the energy range 0.45 to 2.4 MeV, which is of interest
in BB2v, the number of events in each foil are 231 and 73, respectively.

The 2e background in the enriched foil is calculated by using 2e events in the natural
foil and the measured contaminations from the detector itself and from a Ge detector.

In natural selenium 8.4 + 1.2 2e events are induced by the “°K activity (117 +
16 mBqg/kg) as measured with the Ge detector. A contribution of 12.0 4- 1.8 2e events
from BB2v decay is calculated for the 82Se component in the natural selenium foil
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Fig. 5. The vertex distribution shows a clear excess of 2e events in the enriched selenium foil. The events
located in the “hot” zones found in the ey anadysis have been removed.

assuming le/"z =0.83 x 107 yr.

Next uncertainties due to the difference of contamination between the two sources
are calculated. The ?2Ac, 2“Bi and ?%TI activities deduced from the ey event analysis
(Fig. 4) give uncertainties in the 2e background subtraction of 2.5, 4, and 1.5 events,
respectively. The analysis of one-electron events yields a limit of seven 2e events in the
difference of 2**"Pa contamination (<6 mBqg/kg) between the two sources.

From the external background of 52.6 + 8.5(stat) + 2.2(syst) events in the natural
foil, 64.2+ 10.4(stat) + 5.4(syst) background events are computed in the enriched foil
by applying the normalization factor 1.22 4+ 0.09. The normalization factor used in the
case of the ey analysis is applicable because the increase of the Moller effect is roughly
canceled by the rejection of electrons due to the increase of their energy loss. A 5% error
in the normalization factor because of this approximation is added to the uncertainty
(5%) due to the photon flux hypothesis as explained in Section 3.

The distributions of the angle (a) between the two emitted electrons in enriched
selenium with backgrounds subtracted (Fig. 7b) and in natural selenium (Fig. 7a) are
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Fig. 6. (a) The experimenta distributions of the 2e energy sum in enriched and natural selenium foils are
shown. (b) In natural selenium the internal background contribution (8.4 events) is calculated from Ge
measurements of 4°K. A 88 contribution of twelve events is computed. About two thirds of the experimental
2e events are due to external background (52.6 events).

very different. In the natural selenium, the angular distribution is peaked in the forward
direction, as expected from the external background. After background subtraction the
cos« distribution in the enriched selenium was compared to a simulation of a pure B882v
decay spectrum. In order to improve the signal-to-background ratio the cut, cos « < 0.6,
was applied in the selection of 2e events. With all the cuts applied to the 2e events an
overall Monte Carlo BB2v efficiency of [1.39 + 0.05]% is computed (the uncertainty
in the Monte Carlo calculation is estimated to 3.7%).

The energy distribution of a single electron in the two-electron events is also different
for BB2v and background. These distributions are shown in Fig. 8, here the simulated
energy spectrum reproduces the experimental spectrum in the enriched selenium foil.
From this distribution an uncertainty of 3 events due to the energy calibration error
(10 keV for 200 keV electrons) is computed.

The BB2v energy spectrum in the enriched selenium (149.1+4 18.4(stat) + 12.6(syst)
events) is obtained by subtracting from the raw data spectrum (2314 15.2(stat) events)
the background spectrum (81.9 + 10.4(stat) 4+ 6.0(syst) events, 17.7 + 2.7(syst) from
40K and 64.2 + 5.4(syst) from external background). This spectrum is fitted (Fig. 9)
to the simulated spectrum and one gets,
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Fig. 7. (a) The angular distribution (« is the angle between the two electron tracks) is peaked in the forward
direction in the natural selenium foil (internal background and BB2» contribution subtracted). (b) In the
enriched selenium foil the simulation is in agreement with the experimental spectrum (background subtracted).
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Fig. 9. The B2v half-life Ty, has been obtained by the fit of the 2e energy spectrum in enriched selenium
(background subtracted) with the 8B2» simulated spectrum using the likelihood method.

Table 2

Systematic errors. All the errors which contribute to the signal are listed here in number of events

Source of the systematics Number of events
Monte Carlo 55
Tracking 30
Energy cdlibration 30
40K (enriched foil) 2.7
External background 54
28pc, 214Bj, 208T] 4.9
237mpa 7.0
Total systematic error 12.6

le/”z = [0.834 0.10(stat) & 0.07(syst) ] x 10% yr.

The final systematic error includes an uncertainty in the track reconstruction and the
uncertainties due to the difference of contamination between the foils. In Table 2 are
summarized al the systematics.

4.2. Limits on O modes

Monte Carlo simulations of the summed electron energy spectrum are shown in
Fig. 10 for BB0» decays to the ground states, with and without Majoron emissions, and
for decays to the excited 2" state (776 keV).

Half-life limits extracted from the data are given in Table 3. The energy windows,
number of events, backgrounds, and efficiencies are also given. Limits are computed
with the formula for Poisson processes with background [10].



220 R. Arnold et al./Nuclear Physics A 636 (1998) 209-223

BB simulations
30

T, (Ov modes)=4.16°y
25 7

20

Events/0.15 MeV

15

10

0 bucailicdogiinqdogfi-rbon T S PSS W S B |

0.5 1 1.5 2 25 3 35 4
MeV

o

2e energy sum

Fig. 10. The Monte Carlo BB0r spectra plotted for half-lives of 4 x 10%° yr show the detector responses and
explain the ranges selected in Table 3 to compute the half-life limits.

Table 3

Half-life limits. For each decay channel an energy window is defined, the corresponding number of experi-
mental events, the number of calculated background +B82» events, the caculated upper limit (90% C.L.)
of the number of events, the efficiency, and the half-life limit (90% C.L.) are given. Haf-life limits at 68%
C.L. from this experiment and from the TPC experiment [8,9] (68% C.L.) are dso included for comparison

Channel 04s. Majoron 2t
Window (MeV) [2.4, 3.15] [2.1, 3.] [1.8, 2.25]
Number of events 1 5 16
Background +882v 12 5.0 194
Upper limit (events) <3.2 <5.1 <6.5
Efficiency (%) 3.45 1.4 2.05
T1/2(10% yr) (90%) >95 >2.4 >2.8
T1/2(10% yr) (68%) >17 >4.4 >45
T1/2(10% yr) (68%) [89] >27 >16 >34
5. Discussion

The BB2v haf-life value which is obtained here can be compared with previous
geochemical experimental results: (1.30 & 0.05) x 10%° yr [11] (this is an average
value for seventeen independent measurements which were done up to 1986) and with
a more recent result (1.2+0.1) x 10%° yr [12].

In an earlier direct detection experiment which used a TPC [9] 89.6 BB2r events
were detected in #Se and a half-life value (1.08792%) x 10%° yr was obtained. In 1991
Manuel [13] analysed all existing 8Se results and proposed 1 x 10% yr for the half-life.

The result produced here is 1.2-1.6 times lower than in previous experiments. But
taking into account possible systematic errors in both geochemical (~30% as mentioned
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in Ref. [12]) and direct (not explicitly mentioned in Ref. [9]) experiments, one can
conclude that there is no serious discrepancy between present and previous values.
Consequently the NEMO Collaboration is confident that the most precise value for the
82Se half-life has been obtained in the NEMO-2 experiment presented here.

It is interesting to note that the #Se half-life value produced in the present paper
confirms (in an indirect way) the conclusion of Manuel [13,14] that '*Te and **®Te
half-life values are respectively ~0.8 x 10% yr and ~ 2 x 10** yr. In geochemical
experiments with minerals which contain Se and Te, the ratio of 7;,,(%Se) /T:/,(**Te)
has had the following values: 7.3+ 0.9 [15], 125+ 0.9 [11] and 10+ 2 [16]. The
gas retention age problem has no effect on the half-life ratio. Taking into account the
82Se half-life value from the NEMO-2 experiment, one can conclude that the *°Te
half-life cannot be higher than 1.3 x 10% yr and the most probable value is close
to ~ 0.8 x 10?! yr. The 12Te/**Te half-life ratio is known with high accuracy (see
Refs. [13,17]), thus the most probable value of the ®Te half-lifeis ~2 x 10%* yr. These
values (0.8 x 10?* yr and 2 x 10%* yr) are in agreement with those from Refs. [12-
14,18,19], but in strong disagreement with results of T.Kirsten et a. ((1.5-2.75) x
10?2 yr and >5 x 10?* yr) [11] and Bernatowicz et al. ((2.7 4+ 0.1) x 10% yr and
(7.7+£0.4) x 10** yr) [17]. To finally solve this problem a direct observation of B832v
decay of **Te is needed which will in turn yield a precise value of the 12Te half-life.
It is important to know this value as it is used to obtain a strong limit on the Majorana
neutrino mass ((m,)), Maoron to Majorana neutrino coupling constant (gm) and other
theoretical parameters (see, Refs. [17,20,21] and below).

Using the BB2v haf-life value presented here and the phase-space factor G = 4.3 x
10~18 yr=1 (for the bare axial-vector coupling constant ga = 1.254 [22]), one obtains
the nuclear matrix element (NME) M, = 0.0537%%% (scaled by the electron rest mass)
or My, =0.1047%%2 MeV~1. If one wants to use the effective value of the axial-vector
coupling constant, ga = 1.0, one ends up with the phase-space factor (G scales as
gr) G = 17 x 10718 yr~1 and the respective nuclear matrix element values M, =
0.083%9%% or My, = 0.163"%%8 MeV 1. These values are in good agreement with the
shell-model calculations [23] M,, = (0.16—0.21) MeV~! and can be explained well
in the framework of the multiple-commutator model (MCM) [24], where the matrix
element value M,, = (0.072—0.14) MeV~! was obtained. This was derived by first
studying the beta feeding of the involved mother and daughter nuclei of double beta
decay and thus fixing the effective hamiltonian by single beta decay leaving the double
beta decay rates to the ground state and excited states as genuine predictions of the
model. It has to be noted that the above procedure is not used much in the random-
phase approximation (RPA) type theories where the two-neutrino double beta decay rate
to the ground state is used to fix the parameters of the effective hamiltonian [25,26].

In Table 3 besides the limits presented here on Or decay modes of 82Se the limits
obtained by Moe et a. with a TPC are presented. The results of both experiments are
compatible.

Using the BB0r haf-life limit deduced here and the NMEs from Refs. [23,27-30]
one finds a lower limit for the effective Majorana neutrino mass (m,) < (8—16) eV.
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The best limit, (m,) < (0.6—1.6) eV is obtained from a germanium experiment [31]
using the five above referenced NMEs.

A limit on the Majoron-Majorana neutrino coupling constant for “ordinary” singlet
Majoron [32-34] is derived from the result presented here by the already referenced
NMEs [23,27-30] and the phase-space factor 4.84 x 10716 yr—1 [22] yielding gu <
(2.3-4.3) x 10~*. The best present limit can be obtained from geochemical experiments
with ?8Te. Using the half-life value Ty, = 2x 10?4 yr, discussion above, as a limit for de-
cay with the emission of a Majoron, the phase space integral G = 4.43x 10718 yr—1 [22]
and the NMEs from Refs. [27-30,35], one obtains gy < (0.7 — 1.4) x 10~* (the limit
1.4 x 10~* is obtained with recent shell model calculations of a NME [35]). Limits
close to the one derived here are given by the ELEGANT V experiment with a 1®Mo
source (gv < 7.3x 107° at 68% C.L.) [36], by a 1*®Xe experiment (gy < 2.4 x 10~*
at 90% C.L.) [37] and by NEMO-2 with a °Cd source (gy < 1.2 x 10~* a 90%
CL.) [4].

6. Conclusion

The selenium data together with the zirconium data are the last experiments to be
carried out with the NEMO-2 detector which is now dismounted. The natural selenium
sources were dightly polluted during installation but reliable results have been extracted.
In summary the NEMO-2 detector has been highly effective at a number of double beta
decay measurements and as a prototype it has provided invaluable experience for the
successful operation of NEMO-3. The mounting of NEMO-3 in the Fr§us Underground
Laboratory will start in 1998 and data collection is foreseen to begin about one year
later.
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