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Abstract

To investigate double beta decay processes, the NEMO collaboration began a long-range research and development
program in 1988. The NEMO 2 detector, which is now running in the Fréjus underground laboratory (L.S.M. Laboratoire
Souterrain de Modane), is the second prototype. It consists of a 1 m? source foil sandwiched between Geiger cell drift
chambers for electron tracking and two plastic scintillator walls for energy and time-of-flight measurements. The technical

description of the detector is followed by the study of the various sources of background.

1. Introduction

The double beta decay process is a de-excitation of a
nucleus which releases simultaneously two electrons either
with (BB2v) or without (BB0v) neutrinos in the final
state. The (BB0Ov) decay mode, which has not yet been
observed, constitutes a very sensitive test of the existence
of a massive Majorana neutrino and right-handed weak
currents [1]. Thus the observation of this process would
indicate physics beyond the standard model. The (BB2v)
decay, as a second order electroweak transition, is com-

* Corresponding author. e-mail izac@frcpn11.in2p3.ir.

pletely described by the standard model and has already
been experimentally observed. Research on this process is
a useful test of the theoretical models involved in the
calculation of the nuclear matrix elements. Another decay
mode may also occur, the (BB0v,x) where a hypothetical
light neutral boson x, the Majoron, is emitted. Decay
modes which are less favorable by phase space considera-
tions are B*B*, B* with electron capture, and two elec-
tron capture decays. Experimentally the S decay modes
can only be distinguished by their different clectron energy
spectra. The theoretical sum energy spectra of the electrons
emitted during these decay modes are represented in Fig. 1.

The NEMO experiment is one of a number of experi-
ments that study BB decay processes by the direct detec-
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Fig. 1. Illustration of the summed electron energy spectra for the

(BB2v), (BROV) and (BROW, x) decays.

tion of the emitted electrons [2—4]. Currently the NEMO
collaboration is building a detector to utilize 10 kg of an
enriched molybdenum source in order to reach a sensitivity
limit of 102 years for the half-life of the (B30v) mode.
Such a sensitivity would be an order of magnitude gain on
the current experimental limit on the neutrino’s effective
mass ({m,) <1-2 eV, [2].

The first prototype, NEMO 1, was built three years
ago. This detector was composed of 64 multiwire drift
tubes operating in the Geiger mode. The tracking volume,
filled with helium gas at atmospheric pressure, was sand-
wiched between two horizontal plastic scintillator planes.
The energy information and the trigger were provided by
photomultiplier tubes (PMTs) and associated scintillators.
Helium was chosen as the tracking gas because it is almost
transparent to low energy electrons, and thus minimizes
multiple scattering effects. This prototype ran with stability
and reliability for 18 months in the Fréjus underground
laboratory, and demonstrated that electron tracking is pos-
sible for electrons with energy as low as 100 keV. The
events contributed by cosmic rays, neutrons and natural
radioactivity in the recorded background spectra were
identified [5].

The NEMO 2 detector, a second prototype ten times
larger than NEMO 1, was constructed using a similar
detection system. This detector houses a thin central source.
It records the tracks of electrons emitted from the source
while attenuating the background rate by time-of-flight
(t-o-f) measurements. The experiment is located in the
Fréjus underground laboratory. Although designed for
background studies, the NEMO 2 detector demonstrated
sufficient sensitivity to measure (BB2v) in the range of a
few times 10'° years.

The NEMO 2 detector and its operation are described
in the first part of this article. Then the influence of the
various background sources such as natural radioactivity,
radon, cosmic rays and neutrons is discussed. A brief
description of the detector has already been presented [6],
while the preliminary results of a search for BB decay of
%Mo are given elsewhere [7,8).

2. Description of the NEMO 2 detector

2.1. General design

NEMO 2 is made of a 1 m? source foil, a 1 m> volume
filled with drift chambers composed of Geiger cells and
two plastic scintillator arrays. The experimental configura-
tion, with the shield removed, is shown in Fig. 2. The
tracking volume is filled with helium gas at atmospheric
pressure. Thin source foils can be mounted on a 1 m?
central frame sandwiched between cell planes. The two
external arrays of plastic scintillator measure energies and
t-o-f of the detected particles. Each scintillator array is 50
cm away from the central source which enables the use of
t-o-f as a rejection criterion for incoming electrons in a
compact detector. The different components of the shield-
ing, their thickness and relative position, were studied in
the NEMO 1 prototype and have been scaled accordingly
in NEMO 2. In order to optimize both the efficiency and
cost of the shielding, an internal 5 cm layer of lead was
surrounded by a 20 cm layer of iron. The 1 MeV photons
generated by the weak Co activity contained in the iron
(= 0.02 Bq/kg, as measured by +y-ray spectroscopy), are
strongly attenuated by the internal lead layer and the thick
copper plate framework of the drift chamber and scintilla-
tor arrays. Circulation of air within the shield moderates
the build-up of helium which would damage the PMTs,
while cooling the voltage dividers which collectively re-
lease approximately 300 W.
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Fig. 2. Diagram of the experimental configuration. 1 — Central
frame supporting the source. 2 — Copper frames which support the
Geiger cells. 3 — 8 X8 arrays of scintillator counters.
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2.2. The tracking device

The whole tracking device is enclosed by two 1 m?
aluminized mylar sheets 36 pm (700 A of Al thick which
ensure the confinement of helium while imposing only
small energy losses to electrons. On each side of the
central foil are 5 copper frames composed of two parallel
planes of 32 horizontal wire cells and 32 vertical wire
cells. This alternation of horizontal and vertical cells pro-
vides accurate tracking. It also ensures the same tracking
precision on the top and side projection views of the drift
chamber which are used in track reconstruction. The gap
between two planes of cells within a frame is 32 mm.

A Geiger cell is sketched in Fig. 3. Each octagonal cell
is 32 mm in diameter and 1 m in length with a central
anode wire surrounded by 8 grounded wires. At the ends
of a cell are cathode pickup electrodes made of a copper
ring. High voltage (1800 V) is applied to the anode wire.
When a charged particle crosses a cell, the ionization of
the helium creates on the average six primary electrons per
centimeter which drift toward the anode wire at a speed of
1 cm/ws. The resulting plasma on the central wire then
propagates toward the ends of the cell at a speed of 6
cm/ps. The average trigger rate of each cell during
operation is 0.05 Hz. The efficiency of each cell is greater
than 99%.

Conventional electronics (CAMAC and NIM) are used
in the readout electronics of the tracking device. The drift
time of the electrons gives the transverse position relative
to the central wire by the use of a TDC (80 MHz scaler)
which records the time difference between the anode sig-
nal and the delayed signal of the plastic scintillators. The
cathode pulses provide the propagation time of the plasma
with two TDC units that measure the time differences
between the anode signal and the two cathode pulses in
order to find the longitudinal position which is deduced
from the difference in the propagation times. A sample of
the two propagation times for the Geiger cells are repre-
sented in Fig. 4. This figure shows that the sum of the
measured times is constant for any recorded position and
therefore demonstrates the homogeneity of the wire cells.

32mm

Im

Fig. 3. Elementary Geiger cell. 1 — Eight grounded wires, diame-
ter 100 wm, length =1 m. 2 — Central anode wire, diameter 100
wm, length=1 m, H.V.= 41800 V. 3 - Cathode ring (@ = 29
mm). 4 — Helium gas (atmospheric pressure) + 4% ethyl alcohol.
5 — Through going particle and induced charges.
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Fig. 4. Distribution of the propagation times of the plasma along
the wire.

The three-dimensional track of a charged particle is recon-
structed from these longitudinal and transverse coordinates
as extracted from the cells which have fired. The detector
is also equipped with ‘‘slow TDCs”’ on the anodes which
can record delayed events from 1 p.s to 1 ms after trigger.

The gas in the detector is helium with 4% ethyl alcohol
operating at 1 mbar above atmospheric pressure. The
alcohol has a quenching effect which ensures stable func-
tioning of the Geiger cells. It absorbs the secondary UV
light emitted by the plasma of a Geiger cell thus minimiz-
ing possible triggers of neighboring cells. Two security
systems are incorporated to cope with large pressure varia-
tions inside the laboratory. The hybrid helium system has
internal gas circulation and open flow.

The average density of gas in the sensitive volume is
0.2 mg/cm® which yields an energy loss of 14 keV for a 1
MeV electron crossing 50 cm of the gas detector. This
enables the tracking of electrons with energy as low as 100
keV. The helium is stored in bottles at a maximum pres-
sure of 200 bar and is sent into the system via a regulator /
pressure gauge at 30 mbar. The flow rate is 15 1/h.
Electron tracking requires a high purity gas so the purity of
the entering helium is monitored for oxygen contamination
(< 3 ppm) before being bubbled through a container of
alcohol that is kept at a constant temperature (11°C). The
required concentration of alcohol is reached by saturating
the helium with alcohol.

2.3. The plastic array detector

There are 64 identical scintillators in each of the two
arrays with an 8 by 8 format. The front face of the
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Table 1
Trigger types

Trigger conditions Event type recorded Counting rate

(Hz)
=1 counter on a wall  PMT singles 500
2> 2 counters PMT coincidences 2
> (1 counter + 1 track)  (e), (e, ¢), (e, ), 1.6
(e, v, v), (e, e, y)
(1 counter + 1 track) (e) 1.35
= (2 counters + 1 track) (e, ), (e, v), (e, v,y),  0.25
(e, e, v)

scintillators are 12 X 12 cm? and they are 2 cm thick. The
plastic scintillator thickness was chosen to stop electrons
with energies up to 4 MeV. Each detector module is
composed of the above-mentioned scintillator block
(NE110) with a 2.5 mm thick CsI(Na) layer on the back
face of the blocks. The Csl layer was employed to tag
X-rays from internal conversion electrons arising from the
radioactive impurities of the central foil. The scintillator
blocks were then attached to 90 mm thick light guides
coupled to the PMT by a flexible silicon disk.

The NE110 scintillators are well-suited for the experi-
ment because of their fast signal which enables good
timing resolution. In addition, back scattering of the elec-
trons is limited in the plastic scintillator because its com-
ponents have low atomic numbers. The faces of the scintil-
lators have been machined with a diamond tool. A teflon
ribbon (2.6 mg/cm?) is used to wrap the light-sensitive
elements. It was chosen for its low level of radioactivity

?

and its excellent diffuse reflection properties. Two layers
of teflon were stretched over the front face of the scintilla-
tor and four layers on the others. In addition the front face
was covered by a 2.5 pm film of aluminized (700 A
mylar. Finally, the detector module was made light tight
with a 2.0 mg/cm? black polycarbonate foil.

The mechanical support of the detector modules is
provided by a copper frame (5 cm thick) and the PMT
bases are surrounded by 10 cm lead shields. Both the
copper frame and lead shield are designed to reduce the
v-ray flux generated by the PMTs. Finally an optical fiber,
used for energy and timing calibrations, was inserted into a
thin brass tube and affixed to the photocathode. A detector
module is shown in Fig. 5.

2.4. Trigger and data acquisition

In the normal acquisition mode a two stage trigger must
be satisfied to initiate the readout system. The first trigger
level is generated by the scintillator chain. The second
trigger level, which occurs 2.5 s later, is derived from the
Geiger cells. The resulting common trigger, which enables
the readout detection of electron—electron and electron—
gamma events thus requires at least two scintillators to fire
in a time interval of 50 ns, and the activation of at least
four Geiger cells belonging to different frames on one side
of the central source (1 track). The different possible
triggers and the corresponding event types and counting
rates are reported in Table 1. The dead time in the usual
trigger conditions is 3%. The dead time is dominated by
the 1 ms window given to the ‘‘low TDCs”’ devoted to the
measurement of delayed background events.

yd
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Fig. 5. Diagram of a detector module. 1 — NE110 scintillator. 2 ~ CsI(Na) scintillator. 3 — Light guide. 4 — Copper bedplate (1 cm). 5 —
Copper shielding. 6 — Brass pipe for optical fiber. 7 — Silicone optical joint. 8 — PMT (XP2312). 9 ~ Soft plastic ring for positioning.
10-11 - 12 Silicone support inserts. 13 — Teflon reflector. 14 — 2.5 wm aluminized mylar reflector (700 A Al). 15-16 — Polycarbonate for
a light tight enclosure (20 p.m). 17 — Copper sheet for mechanical protection (34 wm). 18 — Copper frame (5 cm). 19 — PMT’s lead shield

(10 cm).
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Scintillator arrays Source
a) I \ RUN= 729
/ EVT= 6367
PM identifier  ADC(keV) TDC(1/10 ns)
30 0
120 1495 38
RUN = 729
b) EVT= 1622
PM identifier ~ ADC(keV) TDC(1/10ns)
4 12 1986 [}
\ 37 107 80
o 00 Ao
o
|
RUN= 729
©) R, EVT= 5375
PMidentifier ADC(keV) TDC(1/10 ns)
2 602 0
34 199 4
RUN= 729
4) EVT= 3342
PM identifier ~ ADC(keV) TDC(¥/10 ns)
24 1299 0
162 116 1

Top view Side view

Fig. 6. Projected views of raw data events recorded in NEMO 2. The circles and bars represent the transverse and longitudinal position. The
radius of the circles represent the detected position with respect to the central anode wire. a) An electron crossing the detector from left to
right. b) An electron crossing the detector scattering once in the helium. c¢) Two electrons emitted from the central foil. d) An electron and a

photon emitted from the central foil.

Data stored in CAMAC modules are read out with a
68020 micro-processor, under the 0S9 operating system,
through a VME—CAMAC interface. The acquisition pro-
gram in response to a trigger reads out the data and stores
it in a direct access ‘‘data-module”’. When a data-module
is full (approximately 0.5 Mbytes) the data is immediately
transferred through an Ethernet network to a micro-Vax
3300 located at the experimental site. In the transfer
process the data is decoded and re-organized into ZEBRA !
files. The possibility of easily adding information, such as
calibrated energies and times, to the initial experimental

! ZEBRA user guide, Prog. Lib. CERN, Q100.

data was a strong argument in the choice of the ZEBRA
standard.

Since 16 Mbytes of experimental data are collected
daily it is necessary to implement a filter. Among the
recorded events, 95% are Compton electrons originating in
scintillators that cross the tracking volume. These events
are easily rejected by t-o-f selection. Here the ADC and
TDC information is used in the track reconstruction proce-
dure to calculate the t-o-f. The events are then filtered with
a 3 ns cut and the rate of the raw data is reduced by a
factor of seven. This reduction factor can be increased to
30 with more restrictive timing conditions and by taking
into account the topology of the event and the deposited
energies.

The experiment is run and controlled remotely by the
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Fig. 7. Energy spectrum obtained with a 27B; source. The solid line is the result of a fit. Also shown are the various computed contributions
to the spectrum from electrons (dotted lines), and photons (dashed lines).

different laboratories of the collaboration through a com-
puter network which also provides data transfer for the
data analysis.

3. Detector performances
3.1. Tracking device

In order to determine the transverse position, an empiri-
cal formula was developed which relates the drift time of
the ionization electrons to the distance of the charged
particle trajectory from the anode wire. This formula was
established with the previous prototype NEMO 1 [5] and
specific numbers computed with cosmic-ray muon data
recorded by NEMO 2 before installation in the under-
ground laboratory. The software track reconstruction mea-
sured the average transverse position with an accuracy of
0 =500 um. This accuracy decreases slightly for tracks
close to the central wire or at the edge of the cell. This
accuracy can be considered as the optimum accuracy of a
cell because muons suffer negligible multiple scattering.
Concerning the longitudinal coordinate, calculated from
the two cathode TDC values, the standard deviation is
o=4.7 mm. This value is larger than the transverse one,
but does not significantly affect the precision of the track-
ing because of the alternating horizontal and vertical cell
planes.

A pattern recognition program gives a geometrical in-
terpretation of the events. The resulting information is
coded and added to the ZEBRA banks. In a first version
the electron trajectories are assumed to be linear. The

longitudinal and transverse coordinates relative to the cells
are fitted to a straight line. The reconstruction program
provides the direction cosines of the tracks and the (x, y)
coordinates of the intersection of the tracks with the
scintillator planes and the central source foil. This program
is also able to tag the possible scatterings in the Geiger
chamber or the back-scattering on the front faces of the
scintillators. This program has also been used to filter the
data.

A second reconstruction program was also imple-
mented. This program takes into account all of the infor-
mation given by the Geiger cells and the effects of multi-
ple scattering. It is based on an iterative method of track
recognition [9], which uses the Kalman algorithm. This
reconstruction program gives the vertex position on the
central foil with an accuracy of oy, ,,= 0.5 cm and a
reconstruction efficiency close to 100%.

A software program running under the G.K.S. ? stan-
dard provides a display of the reconstructed tracks. Differ-
ent types of events that have been processed with the
reconstruction program are shown in Fig. 6.

3.2. The energy and time-of-flight measurements

The absolute energy calibration of each scintillator is
obtained by measurements using 3700 Bq electron and
gamma sources (27Bi, *'Cs, and %Y). The source is
positioned 4 cm away from the front face of each scintilla-

2 GK.S.: ANSI X3.124-1985 and ISO 7942-1985 *Graphical
Kernel System”’.
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tor by means of a moveable source carrier. The +y-ray
Compton edges and the electron conversion lines (Fig. 7)
are fitted with a minimum chi-squared method which
provides the linear calibration parameters. The computed
slopes and intercepts obtained from the three different
sources for the same scintillator agree to within 1%, which
gives good confidence in the calibration procedure. The
response function of the scintillators to incident electrons
is well-represented by a gaussian whose full width at half
maximum (FWHM) (averaged over the 128 counters) is
described by the empirical formula,

FWHM = (28E + 2300)"/°. 1)

Here E is the energy measured in the scintillator, both E
and FWHM are expressed in keV.

This corresponds to an energy resolution of 17.4% at 1
MeV. The first contribution, (E)}'/2, comes from statistical
fluctuations while the second and constant term is related
to the electronic noise. Note that NEMO 2 can be self-
calibrated with the “°K in the PMTs, by considering the
Compton electrons crossing the detector.

An accurate time calibration is necessary for t-o-f
discrimination. The relative timing offsets between scintil-
lators were determined with a ®**Co source placed in the
center of the detector.

Leading edge discriminators were used, so the timing
signal is energy dependent. To determine this dependence,
a nitrogen pulsed UV laser (VSL337 LSI) whose pulses
have a duration of 3 ns and whose output amplitude is
adjusted by a set of calibrated attenuators is simultane-
ously sent to each scintillator through plastic optical fibers.

The intensity of the laser light is monitored by a
calibration reference photodiode (S2743N Hamamatsu) that
receives both the laser signal and alpha particles emitted
by an *1Am source (Fig. 8). This laser device performs the
time calibration with a fast XP2020 PMT that receives the
laser signal and provides the timing reference. During a
laser calibration run the XP2020 PMT provides a pro-
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TDC {1 chonnel = 100 ps)
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675 [

N 1 1 1 1
530 c 200 400 60C 800 1620

ADC (1 channel = ¢ kev)

TDC vs ADC

Fig. 9. Response of the TDC and ADC of a counter to different
intensities of the calibration laser.

grammable delayed common STOP to all the scintillator
modules.

The response of the ADC and the TDC to the laser
pulses for each channel is recorded for different ampli-
tudes of the laser signal (Fig. 9). The energy dependence
of the timing signal is then parametrized with

P2 Ps ( P4 )

F(adc) =p, — 2o Eexp

adc @
where adc is the charge amplitude of the signal (in chan-
nels) and p; are fitted parameters for each scintillator. This
relation is obtained after considering the expression of the
time dependence of the voltage pulse expected at the
anode which in turn depends on the decay constant of the
scintillator, the circuit time constant, and the total charge.

337nm 425nm Fibers

Laser NE110 Attenuators

N2 "shifter" 80%
50%

20%

Beam expander 10%

programmable delay
STOP
XP2020
PIN photodiode Trigger
241Am
w1
21 |
|———————> QDC
Collimator 2249

64 PM North wall
M1 (RRE]
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N\
NE110 Guide

Fig. 8. Diagram of the calibration laser and optical fibers device.
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scintillator module.

The recorded time which will be used for t-o-f calculation
is given by:

tdC reciea = tde — F(adc) 3)

where tdc is the recorded time in channels.

As shown in Fig. 10, the timing resolution for a typical
counter is ¢ = 250 ps at 1 MeV but reaches 450 ps below
200 keV. Consequently, to maintain good time resolution,
all the experimental data were analyzed with an energy cut
at 200 keV.

In an experiment which requires long and continuous
running time with a large number of PMTSs, performing
frequent tests on the system’s stability is essential. The
laser and optical fibers calibration device enables daily
checking of the energy and time calibrations. The daily
energy and time variations (Fig. 11) are then corrected

" PR | " Mt n "
540 550 560 570 S80 590 600

Time variation (1 unit = 100 ps)

Lo f S B | L PR R
540 550 560 570 580 590 600

I Lovaa g bau oyl : P
550 560 570 580 580 600

" PR 1
540 560 560 570 580 590 600
Run number

a)

off-line by software. The long term stability is better than
4% in energy and 200 ps in time.

4. Background studies
4.1. General considerations

In a very low-counting rate experiment such as this
double beta decay experiment, it is essential to understand
all components of the background, in order to reduce it as
much as possible. Elementary steps were taken to reduce
the background intensity. The cosmic-ray activity is re-
duced by placing the experiment in an underground labora-
tory. Next the detector must be shielded against radioactiv-
ity of the rock and surrounding materials. Finally the
detector’s components must be carefully selected for their
low levels of radioactivity.

In the NEMO 2 experiment, the source is mounted on a
removable frame in the middle of the detector. This makes
it easy to put different sources under study. Initially a
natural molybdenum foil (50 pwm), from a commercial
source, containing rather high levels of radioactive contam-
ination (= 1 Bq in *"*Bi), and a purified natural molybde-
num foil (50 wm) were inserted into the detector in order
to study the background components produced by contami-
nation in the foil. Then an OFHC copper foil known for its
ultra low radioactivity was used to measure the back-
ground components induced by all other parts of the
detector. The thickness of this foil (70 pwm) was chosen to
provide roughly the same stopping power as the natural
molybdenum foil for low energy electrons.

In this section, the ‘‘external background’’is defined as
events created by the radioactivity located in the compo-
nents of the detector, other than the central foil, and the

i Lov s | s | P L L o
540 550 560 570 580 590 600

Relotive energy variations
o
@

P S VR Sy

PN IR |
540 850 560 570 580 590 800

1
L 1 A
570 580 590 600

Run number

! ! !
540 550 560

b)

Fig. 11. a) Observed variation of the time signal for two scintillators of each array. b) Observed variation of the relative energy gain for
scintillators. The variations are used as corrections in off-line analysis (1 run per day).
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““internal background’’ as events initiated by radioactive
contaminants contained in the foil. In order to understand
the importance of backgrounds and the signal-to-noise
ratio, we have considered a signal emitted from a virtual 1
m? by 50 pm thick 100% enriched “‘reference Mo
foil”” placed in NEMO 2 with T; ,,(BB2v) = 10" years
[10] and a 2% detection efficiency. The expected event rate
is approximately 0.5 (8B2v) events/h. This calculation
will be referred to for comparisons in the following discus-
sion. After discussing the external and internal background
components, the detector’s sensitivity to radon, the effect
of the residual cosmic-rays (muons) and neutrons will be
presented.

4.2. The ““external’’ radioactivity background

An extensive program of material selection and control,
using vy-ray spectrometry with very low background HPGe
detectors, was initiated several years ago in the Fréjus
underground laboratory [11). These spectroscopic measure-
ments ensure that the materials composing the detector
have very low level of natural, artificial (**’Cs and **Co)
and cosmogenic radioactive contamination. The standard
level of sensitivity of contamination detection with a Ge
detector is around 0.02 Bq/kg and the ultimate level of
sensitivity using 1 kg samples and measuring for two
weeks yields levels of 1 mBq/kg. This selection process
in NEMO 2 showed that the external background for
energies lower than 3 MeV is dominated by the radioactiv-
ity of the PMTs.

At the beginning of the experiment, only PMTs made
from common glass were available. This gass was known
to have high levels of K, 2Bi and “®*T1 [10] which
generate a relatively intenswe v-ray flux. These photons
interact with the plastic scintillator via Compton interac-
tions. The Compton electron can then cross the two drift
chambers and deposit energy in a scintillator on the oppo-
site wall. This type of event mimics double beta decay
events, and is rejected by t-o-f considerations.

The rejection criterion is based on the comparison of
the measured t-o-f (A7,,) with calculated ones, assuming
first that a single electron crosses the detector (A7,) and
then that two electrons are emitted from the central source
(AT;). The calculation of a theoretical t-o-f takes into
account the energy dependent velocity of the electron(s).
In the first hypothesis where a single electron crosses the
detector, the electron’s energy used for (A7,) calculation is
given by the arrival scintillator’s ADC. In the second
hypothesis where two electrons are emitted from the cen-
tral foil, the energies used for (AT;) calculation are given
by the two triggered scintillator ADCs. In both cases the
ADC values are corrected for the energy losses of the
electron(s) along their path. Fig. 12 represents | AT, —AT,; |
versus IATm I—ATe for two-track events recorded on
molybdenum foils. The plot presents two well-separated
bumps. The events for which two electrons are emitted

. 10
45/ [

Fig. 12. |AT,-AT,| versus |AT, |-AT distribution for non-
filtered two-track events recorded on purified and enriched molyb-
denum foils for 240 h of data collection (in ns). The through going
electrons correspond to the | AT, |- AT, distribution around O ns,
whereas the electrons emitted from the central source correspond
to the | AT, —AT;| distribution around O ns (the variables A7,
AT, and AT, are defined in the text).

from the central foil are centered around | AT, —AT;| =0
ns. The events associated with electrons crossing the detec-
tor have | AT, |-AT, = 0 ns. The rejection factor is greater
than 5 X 10*.

The photons emitted by the PMTs can also interact on
the central foil. In this case they can produce either two
successive Compton electrons, or a Compton electron fol-
lowed by Moller scattering, or pair production. When
photons released in these interactions are not detected, the
resulting events are considered to be genuine electron-elec-
tron events. This type of event whose t-o-f difference is
centered about at 0 ns, mimic double beta decay events.

To measure this residual background, two-track events
recorded with the copper foil were analyzed. The resulting
energy spectrum is plotted in Fig. 13 for 2240 hours of
data collection. For these events it was required that no Csl
was fired (y veto) and the energy deposit in each scintilla-
tor was greater than 200 keV. In this spectrum one recog-
nizes the main contribution of the “’K contained in the
glass of the PMTs. Note that no event occurred with an

C=“NUINGDND
[ Sl LM L W Ll

1 1 L 1
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Fig. 13. Electron summed energy spectrum of two-track events
recorded using the copper foil for a 2240 h exposure.
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energy greater than 2.2 MeV although the most energetic
y-ray of natural radioactivity, which is produced by 281,
is 2.614 MeV. This shows that the external events should
not be a troublesome background source for the (BB0V)
measurements ('®Mo, Qgg =3.03 MeV). On the other
hand the counting rate and the shape of-this background
spectrum are limitations in a (BB2v) measurement. The
extrapolation of the external two-track event rate measured
using the copper foil, yields 0.1 external two-track
events/h on the reference molybdenum foil previously
defined. Therefore to ensure the measurement of (BB2v)
half-life greater than 10'° years, the photomultipliers have
recently been replaced with less radioactive ones, which
are now commercially available.

4.3. The “‘internal’’ radioactivity background

The radioactivity contained in the central foil produces
beta emissions followed by either conversion electrons or
Moller scattering. These decays also produce two-track
events with t-o-f differences almost =0 ns not unlike
double beta decay events. From vy-ray spectroscopy it is
known that the main radioactive contaminants in the cen-
tral foil are uranium and thorium progenies from the
natural radioactivity chains. For (BB0v) in Mo, the
*Bi (Qg =3.27 MeV) and the **TI (Q = 4.99 MeV)
decays are the only background radioactive isotopes which
must be considered. In (BB2v) three other isotopes with
Q= 2 MeV must be taken into account, >*"Pa, *®Ac,
and **Bi decays. According to Monte-Carlo calculatlons
if a molybdenum foil, with the same dimensions as our
reference foil, contains 1 Bq/kg of ““Bi or 271, an
internal background rate of 2 electron—electron events/h
is expected from each of these nuclei. Consequently a
careful purification process of the central foil is necessary.

The experimental two-electron energy spectrum of in-
ternal background events in the commercial molybdenum
foil, is compared to a simulated one in Fig. 14. The
simulation is performed with GEANT 3 (version 3.15)
which correctly treats the low energy electrons. Standard
isotope decay schemes were applied [13] and unknown
conversion coefficients were calculated from theoretical
tables [14]. The levels of activities of the various contami-
nants were provided by the ~y-ray spectroscopy.

Several other event topologies may be investigated with
NEMO 2. Even if two-track events are of primary interest
for double beta decay investigations other channels, such
as (e), (e, v), (e, vy, v) and (e, v, @), can be studied since
they also contribute to the understanding of the back-
ground.

® GEANT user guide, CERN, DD/EE /831
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Fig. 14. Experimental and simulated energy spectra for two-track
events using the commercial molybdenum foil for 2200 h of data
collection.
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Fig. 15. Sum of gamma and electron energies versus gamma
energy for simulated (e, y) events produced by 2'*Bi (stars) and
287T] (points). The energy region (D) with E,+E,>27 MeV
and E >2 MeV contains only events created by the 2081y
whereas the energy region () 1.6 < E + E, <24 MeV and
1.1 <E, <19 MeV contains events from “**Bi and ***T1.

Table 2

214Bi and 2Tl contamination measured with a HPGe detector
and the NEMO 2 detector for commercial and purified natural
molybdenum foils

Detector ~ Commerical Mo (Bq/kg)  Purified Mo (Bq/kg)
Mg, 8y Mg, 08

Ge 1.5+02 012 +0.03 <0.02 < 0.007

NEMO2 1.1+0.1 010540012 <0.02 <0.002
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4.3.1. The (e, y) channel

The analysis of the NEMO 2 experimental data to
measure 2*Bi and 2Tl contamination is possible by
considering the (e, y) channel. This type of event corre-
sponds to a beta decay of a nucleus within the central foil,
accompanied by gamma ray emission. The photon is iden-
tified as a trackless scintillator event with an energy
deposit greater than 200 keV, possibly accompanied by a
signal from the Csl. Timing conditions select internal
events. However, in spite of these t-o-f cuts, (e, y) events
initiated on the central foil by Compton interactions of
external photons are not rejected. Fig. 15 shows a plot of
the sum of the gamma and electron energies versus the
gamma energy obtained with Monte-Carlo simulations.
From the experimental data, using the displayed cuts and
the corresponding computed detection efficiencies, a de-
duced *"*Bi and “TI contamination level is made after
subtraction of the external background components mea-
sured using the high purity copper foil.

Following this procedure, the activities (or their limits)
of two molybdenum foils with different levels of radioac-
tivity were measured with NEMO 2. The results are in
good agreement with the vy-ray spectroscopy measure-
ments, as shown in Table 2. The sensitivity is again
limited by the intensity of the external background. The
sensivity of the ***Bi activity measurement is slightly
improved by approximately a factor of 2 for the ‘‘back-
to-back events’’, in which the electron and +y-rays are
detected in opposite arrays, since the external background
due to photons coming from the PMTs, after t-o-f cuts, is
mainly composed of ‘‘same side events’’.

4.3.2. The (e, v, ) channel

Another way to measure the 21“Bi and *®TI activities
is to investigate the (e, <y, y) channel. A study of this
channel enables a strong rejection of the external back-
ground. With the usual t-o-f cut it is enough to require the
photons be ““back to back’’. This analysis has led to the
following limits for the purified natural molybdenum
source: < 0.04 Bq/kg for the ***Bi and < 0.02 Bq/kg
for the 2°®T1 activities on the purified natural molybdenum
foil. The low detection efficiency of the photons explains
that the resulting limits are less stringent than those con-
tained in Table 2.

4.3.3. The (e, v, a) channel

Delayed alpha particles are expected in the 21Bi peta
decay when the daughter 1Py, emits an alpha particle of
8 MeV with a half-life of 164 ps. Because of their great
ionizing power, the alpha particles have a maximum range
of 30 cm in the helium gas. Thus short tracks, composed
of at least three delayed Geiger cell planes, characterize
these alpha particles. The experimental delay time distribu-
tion for (e, v, @) events recorded with a vertex on the
commercial natural molybdenum foil is given in Fig. 16.
The exponential fit to the 400 h run leads to a half-life of
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Fig. 16. Alpha radioactive decay, from (¢, v, &) events during 400
h of data collection on the commercial natural molybdenum foil.

(165 + 44) s which is compatible with the 164 ps ex-
pected value. Taking into account the detection efficiency
0.52% for (e, ) events and the 5% probability that the
alpha particle escapes the foil, the Z4Bi activity of the
commerical molybdenum foil was 1.3 + 0.4 Bq/kg. This
result is in agreement with the previous measurements
(Table 2). The activity measurements are not significantly
affected by the radon rate in the laboratory, as shown in
section 4.4, and the possible activity in 214Bj generated by
the accumulation of radon on the central foil is two orders
of magnitude smaller.

4.3.4. The (e) channel

A beta particle emitted from the central source can
induce, by Moller scattering, an electron—electron event
mimicking double beta decay. In the NEMO 2 detector an
estimation of the total activity of the single beta emitters
which are not detectable by vy-ray spectroscopy, such as
Ny (Qg=23 MeV) from *°Sr or Z2*™Pa (QB =22 MeV)
isotopes contained in the source, can be made. Such an
estimation was obtained through the analysis of one-track
data recorded on the purified natural molybdenum foil.
Only electrons with an energy above 1.2 MeV were se-
lected, in order to eliminate the external events produced
by the “°K in the PMTs. Using the computed detection
efficiencies of single electron events, a 0.07 Bq/kg limit
on the beta emitter activity was measured on the natural
molybdenum foil. Considering the above mentioned ‘ref-
erence molybdenum foil”” (see Section 4.1), such a limit
leads to less than 0.03 Moller induced two-track events/h.
Of course the analysis is only relevant for sources for
which the 2 Bi and 2°®T1 activities are very weak and do
not dominate this energy region.
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Table 3
Counting rates for (e, y) and (e, €) events for runs of low and high
radon levels recorded using a purified 50 pm Mo foil

Event Radonlevel <30Bq/m® Radon level > 100 Bq/m’
channel At = 2816 h (events/hour) At =510 h (events/hour)

0.76 +0.03 1.19 +0.03
0.067 £ 0.005 0.106 £0.015
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Fig. 17. Radon rate (in Bq/m®) as measured in the laboratory
versus the experimental trigger rate.

4.4. The effects of radon

The radon gas contained in the laboratory, with its
Bi daughter, constitutes another background source for
the experiment. The presence of radon is due to the
out-gassing of the surrounding rock. Continuous monitor-
ing of the radon level inside the laboratory shows varia-
tions from 20 Bq/m?, which is the normal rate, to some
momentary peaks at 150 Bq/m® when the laboratory
ventilation is restricted.

Fig. 17 demonstrates a linear correlation between the
trigger rate of the experiment and the mean radon level
measured inside the laboratory. The experimental trigger
rate is largely dominated by Compton electrons created in
the scintillators and crossing the chamber. Therefore the

214

recorded increases in the trigger rate are due to an obvious
increase of the external vy-flux induced by the radon
daughter 24p;,

In order to quantify the effect of radon on the (e, e) and
(e, y) channels, an analysis was performed on the experi-
mental data recorded using the purified natural molybde-
num foil during run times with different radon levels. The
results are presented in Table 3. These event rates prove
that the radon significantly affects both the (e, ) and (e, v)
channels by an augmentation of the external vy-ray flux.
The possibility of radon daughters being deposited on the
central foil was studied analyzing (e, vy, o) events recorded
on the purified molybdenum foil. The (e, vy, a) events
whose reconstructed vertex was on the central foil (Fig.
18a) were differentiated from those whose vertex was in
the tracking volume (Fig. 18b). The corresponding count-
ing rates for low and high radon levels are given in Table
4. In spite of the low counting rates it is obvious that there
is radon contamination in the helium gas and that radon
daughters are deposited on the central foil. This problem is
a result of radon diffusion through the external mylar
windows. Because of the radon deposited on the central
foil, the experiment’s ability to measure the internal ***Bi
contamination is limited to 0.01 Bq/kg through the (e, y)
channel. To prevent the radon contamination a technique
which is under development employs a radon resident

a) RUN =585
EVT = 14147
—5—o——org ° 8 PMidentifier ADC (keV) TDC (1/10ns
‘ 64 415 2
‘ 152 767 0
t
_“L“JH
b) RUN =656
1 EVT =23401
° PM identifier ADC (keV) TDC (1/10 ns’
g 142 188 0
o> /5/9/ 156 290 6
3
Top view Side view

Fig. 18. (e, vy, ) events whose reconstructed vertex is a) on the central foil, and b) in the drift chamber. The Geiger cells triggered by these
alpha particles have approximately 4 s delays, and are represented by small squares.
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Table 4

Counting rates for (e, -y, ) events recorded on a purified molyb-
denum foil and in the tracking volume for runs of low and high
radon level

(e, v, @) events Low radon level High radon level
At=5287h At=535h
(events /1000 h) (events /1000 h)

Foil 8+1 32+6

Tracking volume 1542 28+7

shield that also traps the radon in the air which circulates
inside the shield.

4.5. Cosmic rays and neutrons

In this experiment cosmic rays and neutrons are the
main possible origins of high energy two-track events (> 3
MeV). These events are potentially the most troublesome
external background component in the search for the

(BBOV) decay process. The cosmic muon rate in the
L.SM. is 42 m~2 d7! [15]. All the muons crossing the
detector are easily identifiable by their 3 ns t-o-f. These
muons are minimum ionizing particles and leave the same
energy (= 3.5 MeV) in each scintillator while saturating
the ADC of the associated Csl.

The natural radioactivity generates a neutron flux when
neutrons are released during spontaneous fissions and (o,
n) reactions. The capture of thermalized neutrons by cop-
per (o= 4.4 b) and iron (o = 2.2 b) generates y-rays with
energies up to 8 MeV. These energetic <y-rays induce
incoming Compton electrons and electron—electron events
on the central foil chiefly through pair production and
second order processes.

In order to study the effect of neutrons on the NEMO 2
detector, an Am~Be neutron source (2 X 10* decays/s)
was placed outside of the shield at a distance of 2.5 m
from the centre of the detector for 3.6 h. Fig. 19a shows
the resulting spectrum of the electrons crossing the detec-
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Fig. 19. a) Energy spectrum of through going electron events recorded during an exposure of NEMO 2 to an Am-Be source for 3.6 h. b)
Neutron induced events for E > 2.7 MeV. The solid line is the high energy region of (a). The dashed line is the observed spectrum
corresponding to 6100 h of normal operation with muon events removed.
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tor with no t-o-f cut. Fig. 19b shows the high energy part
of this spectrum which is compared to the spectrum ob-
tained without the neutron source on the purified natural
molybdenum foil in 6100 h exposure. Assuming the en-
ergy spectrum of the photons generated by the neutron
source behaves like the spectrum due to the ambient
neutron flux, the short neutron run corresponds to 10 years
of standard data collection.

Applying the usual t-o-f conditions to the neutron
source spectrum, in terms of rates, 0.5 electron—electron
events /(yr MeV) neutron induced events are expected be-
low 3 MeV. This neutron background is negligble for
(BB2v) investigations. Whereas the expected residual rate
of about 0.1 electron—electron events/(yrMeV) neutron
induced events in the 3 MeV region, is troublesome for
(BBOV) investigations. Since this background is mainly
composed of (e*,e”) events created in the central foil, a
magnetic field would provide a signature to identify these
events.

5. Conclusion

The NEMO 2 detector is the second prototype of a
long-term project to study double beta decay. This experi-
ment has been running successfully since August 1991.
The Geiger cell drift chambers track the electrons emitted
from a source foil while the through going electrons are
rejected by t-o-f criteria. Plastic scintillator walls provide
the energy and t-o-f information. As every low-counting
rate experiment, it is located in an underground laboratory
to escape cosmic rays, and all the materials composing the
detector have been selected for their low levels of radioac-
tivity using -y-ray spectrometry.

The ability of NEMO 2 to investigate various types of
events with different central sources enabled a detailed
analysis of the various sources of background. Thus, it is
known that the external background is mainly due to the
radioactivity of the PMTs, as concluded from measure-
ments with a high purity copper foil. The ***Bi and 2%*T1
contamination in the source foils was measured by y-ray
spectroscopy, and found to be consistent with the NEMO 2
data analysis of the (e, ), (e, v, ) and (e, v, a) channels.

As expected the (e, +y) and the (e, €) rates are influ-
enced by the radon level inside the laboratory. To reduce
this effect the volume of air within the shield should be

minimized. Additionally a radon tight shield with a facility
to trap radon within the shield should be instrumented.
Such a device is being developed. For cosmic rays the
resulting (e, €) events are unambiguously rejected by t-o-f.
The effect of the residual neutron flux is negligible for
(BB2v) measurements whereas it can generate a signifi-
cant background for (BR0V).

Although this detector was primarily devoted to back-
ground studies, it was able to measure the half-life (BR2v)
in "®Mo with a good statistics [8]. Currently a second set
of (BB2v) measurements with new low radioactive PMTs
is in progress. Subsequently a clear understanding of the
background components will allow the successful con-
struction of a larger detector, NEMO 3 [16], which will
house a 20 m? central foil of 10 kg of enriched material.
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