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Abstract—A new step of the 'Cd 23-decay experiment isin progress at the Solotvina Underground L abora-
tory. The upgraded setup consists of four enriched ''*CdWO, crystal scintillators of total mass 339 g. As an
active shield, 15 CAWO, crystals (20.6 kg) are used. The background rate (in the energy interval 2.7-2.9 MeV)
is0.06 count/(yr kg keV), one order of magnitude lower than in the previous apparatus. Combined with results
of preceding measurements, the half-lifelimit for the neutrinoless 23 decay of !'°Cd to the ground state of 1'Sn

is determined as T, ,(0v) = 5.1 x 102 yr with 90% C.L. The limits on T, , for transitions to the excited 2, and

0, levelsof !16Sn are 8.6 x 102! and 4.1 x 102! yr, respectively (at a90% C.L.). For 0v2f3 decay accompanied
by the emission of one and two Majorons, the constraints on the half-life are T, ,(OvM1) = 1.4 x 10*! yr and
Tijp (OWVM2) = 4.1 x 10% yr (at @90% C.L.). The corresponding constraints on the neutrino mass and the neu-
trino-Majoron coupling constant are [,0< 3.1 eV and [Gy,0< 1.9 x 107, respectively. © 2000 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

With the aim of extending the number of 23-decay
candidate nuclides studied at a sensitivity comparable
with that for °Ge and '3¢X e (a neutrino-masslimit of 1—
3 eV [1)]), scintillators made of cadmium tungstate
crystal and enriched in 1'Cd to 83% were used in ''°Cd
research [2, 3]. The measurements were performed in
the Solotvina Underground Laboratory (SUL) in a salt
mine 430 m below sealevel (about 1000 mwe) [4]. The
16CdWO, crystal (15.2 cm?®) viewed by a FEU-110
photomultiplier tube (PMT) through a light guide
51 cm long was placed inside a plastic scintillator
(038 x 115 cm) that served as a veto detector. Passive
shield of high-purity copper (5 cm), lead (23 cm), and
polyethylene (16 cm) surrounded the plastic counter
with the main detector. The detector background ratein
the vicinity of energy release in the 23 decay of 'Cd
(Qy = 2805(4) keV [5]) was reduced to a level of
0.6 count/(yr kg keV) [2, 3]. Onthe basis of total statis-
ticscollected over 19175 h (Nt = 3.63 x 10% nucleusyr,
where N is the number of ''°Cd nuclel and t isthe mea-
surement time), the half-life limit for the neutrinoless
2[3 decay of !'°Cd was found to be given by T, ,(0v) =
3.2 x 10% yr (at a90% C.L.) [3]. Calculations reveaded
that [6] this value corresponds to the following limits
on the neutrino mass and right-handed admixtures in
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weak interaction: [, 4.4 eV, MO< 5.7 x 1078, and
A0< 5.0 x 107%; neglecting the right-handed contribu-
tion, we arrive at [in,[ 3.9 eV. The calculations from
[7] lead to asimilar result: [in, [k 3.5 eV. In accordance
with [8], the R-parity-violating parameter of the mini-
mal SUSY Standard Model isrestricted by our T, , limit
as € < 1.1 x 107, Also, limits on Ov2p-decay modes
involving the emission of one (M1) or two (M2)
Majorons were established: T, (OVM1) = 1.2 x 10?! yr
and T, ,(OVM2) = 2.6 x 10° yr (at a90% C.L.) [9]. By
using the calculated nuclear matrix elements and the
phase-space integral for 'Cd [10], the limit on the
Majoron—neutrino coupling constant was determined
as [y 2.1 x 10*, at alevel compared with the best
results obtained for other nuclei [1].

2. NEW SETUP WITH FOUR '6CdWO,
DETECTORS

2.1. New Setup and Measurements

In order to enhance the sensitivity of the ''°Cd
experiment, the following improvements were sched-
uled: anincreasein the number of ''°Cd nuclei, areduc-
tion of the background, and an advance in the data tak-
ing and processing [3]. With this aim, the upgraded
setup with four enriched ''*CdWO, crystals (total mass
of 339 g) was mounted at the SUL in August 1998. All
the materials used in the apparatus were previously
tested and selected for low radioactive impurities in
order to avoid their contributions to the background.
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In the new apparatus, enriched crystals were viewed
by the PMT (EMI19390K FL B53) through a light guide
10 cm in diameter and 55 cm long, which is composed
of two glued parts. quartz 25 cm long and plastic scin-
tillator (Bicron BC-412) 30 cm long. The enriched
crystals are surrounded by an active shield made from
fifteen natura CdWO, scintillators of large volume
(about 200 cm® each) with atotal mass of 20.6 kg. This
active shield provides an effective suppression of back-
ground in the energy region of interest owing to the
large density (8 g/cm?) and the high purity of CAWO,
crystals[11]. Thelater are viewed by alow-background
PMT (FEU-125) through an active plastic light guide
(17 cm in diameter and 49 cm long). In turn, the entire
array of CdAWO, detectors is placed within the addi-
tional active shield made from polystyrene-based plas-
tic scintillator of dimensions 40 x 40 x 95 cm?.
Together with active light guides (connected to
enriched and natural CAWO, crystals), a complete 41t
active shield of the main '"®*CdWO, detectors is there-
fore provided.

The outer passive shield surrounds plastic scintillators
and consists of high-purity copper (thickness 3-6 cm),
lead (22.5-30 cm), and polyethylene (16 cm). Two
plastic scintillators (120 x 130 x 3 cm®) are installed
above the passive shield to ensure cosmic-muon veto.
Because the air in the SUL contains radon (about
30 Bg/m?3), the setup is isolated carefully to avoid any
penetration of the air into the detectors. All cavities
inside the shield were filled with pieces of Plexiglas,
and a high-purity Cu shield was sealed with the aid of
silicon glue and enclosed inside atight Mylar envel ope.

The new event-by-event dataacquisition is based on
two IBM PCs and a CAMAC crate with electronic
units. The system allows oneto carry out measurements
with up to 16 independent channels. For each event, the
following information is stored on the hard disk of the
first computer: the amplitude (energy) of a signa, its
arrival time, and additional tags (coincidence between
different detectors and signal of a radionoise-detection
system; and triggersfor the light-emitting diode and the
pulse-shape digitizer). The second computer allows
one to record the pulse shape of the "*CdWO, scintil-
lators in the energy range 0.25-5 MeV. This comple-
mentary system is developed on the basis of a fast
12-bit ADC (Anaog Devices AD9022) and is con-
nected to a computer by a parale digital 1/O board
(PC-DIO-24 from Nationa Instruments) [12]. Two
additional PC-DIO-24 boards are used to link both
computers and to establish (with the aid of the corre-
sponding software) a one-to-one dependence between
information stored in the first PC and the pulse-shape
data recorded by the second computer.

The energy calibration is performed weekly by
using a?“’Bi source (y rays with energies of 570, 1064,
and 1770 keV) and once per two weeks by using 2*’Th
(2615 keV). The resolution of the main detector (four
enriched crystals taken as a whole) was 14.5% at
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1064 keV and 11% at 2615 keV. During measurements,
the dead time of the spectrometer and data acquisition
is monitored permanently with the aid of a light-emit-
ting diode optically connected to the PMT of the
enriched "*CdWO, scintillators. The background spec-
trum of the four '"CdWO, crystals measured over
4056 h in the new apparatus is shown in Fig. 1, which
also displays, for the sake of comparison, the data
obtained with the old apparatus using one ''**CdWO,
crystal of mass 121 g. As can be seen from this figure,
the background is decreased over the entire energy
range owing to the improved shielding and the pulse-
shape analysis of the data (see below). The only excep-
tionisthe 3 spectrum of '*Cd (Q; = 316 keV), whichis
present in the ''*CdWO, crystals with an abundance of
2.15% [2]. The background rate in the energy region of
interest (2.7-2.9 MeV), where we expect the peak cor-
responding to the Ov2 decay of ''°Cd, is reduced to
0.06 count/(yr kg keV) (2 events over 4056 h), whichis
one order of magnitude lower than that in the previous
apparatus.

2.2. Time-Amplitude Analysis

As was shown previously [13], information about
the arrival time for each event can be used to analyze
and select some decay chains in 23?Th, 2*3U, and 2**U
families like 2Bi (Qg = 3.3 MeV) —~ 24Po (Q, =
7.8 MeV, T, = 164.3 us) — 21%Pb or 22°Rn (Q, =
6.4 MeV) — 21Po (Q, = 6.9 MeV, T;, = 0.145s) —~
212pp. The energies of the first and second decays and
the time interval between events are used to enhance
sensitivity and to reach higher accuracy in determining
the trace radioactive contaminants in the detector. By
way of example (important in the following for the
analysis of the background in the region of the Ov2f3
decay of ''Cd), the events in the decay chain
220Rp — 216pg —» 212Pp which were selected from a
2822.7-h run, are shown in Fig. 2. Taking into account
the contribution from accidental coincidences (4 pairs
from 107 selected), we found that the activity of 228Ac
(?Th family) inside the '"*CdWO, crystalsisaslow as
39(4) uBg/kg.

Therelative light yield for a and 3 particles and the
energy resolution of the detector for a particles were
also determined from the time—amplitude analysis. The
results are a/f3 = 0.148 + 0.0072E, (E, is measured in
MeV) and FWHM,, (E,) = 0.0444E,.

2.3. Pulse-Shape Discrimination

The shape of the pulsein the ''*CdWO, scintillators

in the energy region 0.25-5 MeV isdigitized by the 12-
bit ADC and stored in 2048 channels with a channel
width of 50 ns. On the basis of the optimal digital filter,
the method of pulse-shape (PS) discrimination was
developed [12] to process scintillation pulses from the
PHYSICS OF ATOMIC NUCLEI  Vol. 63
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Fig. 1. Background spectrum of 116CdWO4 detectors (339 g) measured in the new setup over 4056 h (thick histogram). The old data

obtained with 121-g ! 16CdWO4 crystal over 19986 h are shown for the sake of comparison (thin histogram; the data are normalized
to the time of measurements and the mass of the new detector). The background components used for fitting in the energy region
9502900 keV are (curve a) *°K inside the !'®CdWO, detector [activity value from the fit is 1.7(2) mBg/kg], (curve b) *°K in the

shielding of CdAWO, crystals [1.7(4) mBg/kg], and (curve ¢) 2v2B decay of '16Cd (T, ,(2v2p) = 2.3(2) x 10! yr].

CdWO, crystals. Owing to the different shapes of the
scintillation signals for different kinds of sources (a
particles, protons, photons, and cosmic muons were
investigated), a clear discrimination between y rays and
y particles was achieved [12]. A numerical characteris-
tic of the shape (shape indicator, further abbreviated as
Sl) has adlight dependence on the particle energy (with
the slope of about —1%/1 MeV) and lies in the region
SI, = 20.0 £ 2.8 for photons and SI,, = 28.5 + 3.2 for a
particles (the values are given for 0.9-MeV photons and
4.8-MeV a particles). The technique of pulse-shape
selection ensures the very important possibility of dis-
criminating “illegal” events, such as double pulses and
o events, and thereby suppressing the background. The
example of a double pulse is shown in Fig. 3a. The
value of the shape indicator for the full signa is Sl =
12.0; for thefirst pulse, it is SI; = 20.2 (hence, it corre-
spondsto ay or a3 particle). For the second pulse, we
have SI, = 27.8 (a particle). The energy release is
2.99 MeV, and, without a PS analysis, it would be a
candidate event for the Ov2[3 decay of ''°Cd. By way of
illustration, Fig. 4 displaysthe spectraof the ''*CdWO,
scintillators in the energy region 1.2-5 MeV that were
collected over 4056 h in anticoincidence with the active
shield. Figure 4a presents the initial spectrum without
pulse-shape selection, while Fig. 4b shows this spec-
trum after a PS selection of events whose Sl liesin the
Vol. 63 No. 7
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interval SI, + 2.580 (SI,) (it contains 99% of y/
events). From these figures, the background reduction
due to pulse-shape analysisis obvious. Further, Fig. 4c
shows the distribution of events with SI > SI, +
2.580(SI,). These events, at least for energiesin excess
of 2 MeV, can be produced by the 2>®Ac activity from
the intrinsic contamination of the ''"*CdWO, crystals
(measured by the time—-amplitude analysis as described
above). Indeed, two decaysin the fast chain 2'*Bi (Qg =
2.3 MeV) — 2P0 (Q, =9.0 MeV, T,,=0.3 ps) —=
208pp cannot be time-resolved in the CAWO, scintillator
(decay time is about 15 ps [11, 12]) and will result in
one event. The response function of the '"CdWO,
detectors for the 22Ac chain was simulated with the aid
of the GEANT3.21 package [14]; the initial kinematics
of events (how many particles are emitted, their types,
energies, and directions and times of emission) was
determined with the event generator DECAY4 [15].
One can seefrom Fig. 4c that the high-energy tail of the
experimental  spectrum is well reproduced by the
expected response for ?’Bi —» 2?Po — 208Pb
decays. The corresponding activity of *?2Ac inside the
6CdWO, crystals, as obtained from thefit in the energy
range between 2.6 and 3.6 MeV, is 34(5) uBg/kg, in
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Fig. 2. (a) Two-dimensional and (b and c) one-dimensional energy spectra of first and second a particles in the decay chain 220Rn

(Qq =6.4 MeV) — 21%Po (Q, = 6.9 MeV, T}, = 0.145 5) —>

212pp, (116CdwO, 339 g, 2822.7 h). Because a/B ratio is less

than unity, the equivalent energy on the scale of photon energiesis nearly 5 times smaller. Theinset in Fig 2 a shows events used for
afurther analysis. (d) Distribution of times between the first and second events, together with the fitting exponent. The fitted value
of Ty, =0.14 £ 0.02 sisin agreement with the tabular value of T, = 0.145(2) s from [17].

good agreement with the value determined by the time-
amplitude analysis.

Apart from the shape indicator, which characterizes
the full signal, it is aso useful to examine the pulse
front edge (Fig. 3b). By way of example, we indicate
that, from the analysis of 42 events with energies 2.0—
3.8 MeV presented in Fig. 4c¢, the half-life of the second
part of the signal was determined as T, = 0.29(7) ps,
In agreement with the tabular value for 2'*Po T, =
0.299(2) ps [17].

3.RESULTS AND DISCUSSION
3.1. Two-Neutrino Double-Beta Decay of //°Cd

In order to determine the half-life of ''°Cd with
respect to its two-neutrino 23 decay, the background in
the energy interval 9502900 keV was simulated with
the aid of the GEANT3.21 package [14] and the event
generator DECAY 4 [15]. Only three components were
used to construct the background model: a*°K contam-

ination of the enriched and natural CdWO, scintilla
tors, whose activity limits of less than 4 mBg/kg were
established earlier [11], and the two-neutrino 23 decay
of '1°Cd. This simple background model describes
experimental data in the chosen energy interval 950—
2900 keV reasonably well (x? = 1.4) and yields the fol-
lowing results: the activities of “°K inside the enriched
and natural CdAWO, crystals are, respectively, 1.7(2)
and 1.7(4) mBg/kg (only stetistical uncertainties are
given); the half-life of 'Cd with respect to two-neu-
trino 23 decay is T,, (2v2pB) = 2.3(2) x 10" yr. These
components are depicted in Fig. 1.

The 2v2 Curie plot determined asK(¢) = [Se)/((e* +
10€3 + 40€? + 60¢ + 30)e)]'», where Sis the number of
events in the experimental spectrum with energy € (in
electron-mass units) is presented in Fig. 5a. For actual
2v2(3-decay events, the Curie plot should be the straight
line K(g) ~ Qyp — €, Where Q,q is the energy releasein
the 23 decay of ''°Cd. From Fig. 5a, one can see that,
in the region 1.6-2.4 MeV (it is chosen to avoid the
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Fig. 3. (a) Example of adouble pulsewith the energy releasein theregion of 16y 0v2B decay (E=2.99 MeV). Theshapeindicators
for the full signal and separately for itsfirst and second parts are Slg,;; = 12.0, SI; = 20.2 (close to SI), and SI, = 27.8 (close to SI;).

Most probably, it is the event of the successive decays >!*Bi (B) — 2!4Po (a; T}, = 164.3 ps) — 2!%Pb. (b) Probable event of

the chain 212Bi (B) —» 212Po (a; Ty = 0.3 ps) — 2%8pb.
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Fig. 4. (a) Initial spectrum of the ! 16CdWO4 crystals (339 g, 4056 h) in anticoincidence with shielding detectors without pul se-shape
discrimination; (b) pulse-shape-selected y events with SI = S, + 2.580(Sly); (c) events with Sl = SI,, + 2.580 (SI,), together with

the fit by the response function for the 212Bi — 212po — 298py, decay chain. Thefitted (in the range 2.6-3.6 MeV) activity of

228pcinside the 1°CdWO, crystalsis 34(5) uBg/keg.
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Fig. 5. (a) 2v2B-decay Curie plot and its fit by a straight line in the range 1600-2400 keV; (b) experimental spectrum of the
116Ccaw0, scintillators (339 g, 4056 h, anticoincidence with the shielding detectors) and itsfit by the convolution of the theoretical

2v2[3 distribution with the detector resolution function.

influence of “°K), the experimental Curie plot is well
fitted by the straight line with Q,g = 2908(211) keV (the
latter is in reasonable agreement with the theoretical
value of Q, =2805(4) keV [5]). In this approach, how-
ever, the energy resolution of the ''*CdWO, scintilla-
tors was not taken into account; the latter does not dis-
tort significantly the continuous 2v2f3 curve but effec-
tively shifts it to higher energies (recall that, for four
16CdWO, crystals, FWHM =290 keV at the energy
2615 keV) and resultsin an overestimated O, value. To
take into account this effect, the experimental spectrum
was fitted to the convolution of the theoretical 2v2[3 dis-
tribution p(e) = Ae(e* + 103 + 40€? + 60€ + 30)(Q,p,— £)°
[1] with the detector resolution function (a Gaussian
function with a FWHM determined in the measure-
ments with calibration sources as FWHM(E) =

J—226.0+ 16.6E + 6.42 x 10 °E?, energy E and
FWHM being given in keV). The amplitude A of the
theoretical distribution and the Q. value are the param-
eters of thefit. The result of thefit in the energy region
1.6-3.0MeV isshownin Fig. Sb. Theresulting value of
Qyp = 2807(29) keV isin a good agreement with the
theoretical result Q,; = 2805(4) keV [9], thusjustifying
greatly our assumption that experimental data in the

region above 1.6 MeV are associated primarily with the
2v23 decay of 1Cd. The amplitude A correspondsto the
half-life of T, ,(2v2pB) = 2.4 x 10" yr.

The systematic uncertainties in the determined
T,(2v2p) value were estimated in away similar to that
adopted [2]. The result, T,,(2v2B) 23 =

O.2(stat.)f&'§ (syst.)] x 10 yr isin a good agreement

with the measured half-lives of T,,(2v2B) = 2.6 g5 X

10" yr [16] and T, ,(2v2P) = 2.7 oa(stat.) ‘o (syst.) x
10" yr [2] and disagrees to some extent with the value
of T,,(2v2B) =[3.75 + 0.35(stat.) + 0.21(syst.)] X
10" yr [7]. It should be noted, however, that, in the last
experiment, the detection efficiency n was quite small
(n = 0.0173) and was only calculated by the Monte
Carlo method (without experimental verification);
therefore, the systematic error could be significantly
higher than the quoted value.

In addition to the determined value of T, ,(2v2p), it
seems useful (for comparison with theoretical predic-
tions) to set a lower limit on the '6Cd 2v2@ half-life
from our data. It could be obtained in the simplest and
very conservative way by just demanding that, in any
energy region, the theoretica 2v2[3 distribution not

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000
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Fig. 6. Section of the experimental spectrum of the 116CdWO4 detectors measured over 4056 h (histogram), together with thefit by
2v2 contribution (T, ,(2v) = 2.3 x 10! yr) and excluded (at a90% C.L.) distributions of OvM1 and OvM2 decays of '1°Cd with
T p(0VM1) = 1.4 x 10*! yr and T;,(0vM2) = 4.1 x 10?° yr, respectively. Expected distribution from '16Cd 0v2p decay with

T} 2(0v) = 1.0 x 10?2 yr is also shown.

exceed the experimental spectrum. There are 729
events in the region 16002200 keV, which gives a
99.5% C.L. limit for the number of events S < 7562
under the full 2v2f3 curve. Using the relation T,, =
Nntin 2/S where N is number of 'Cd nuclel (N = 4.66 x
10%%), tisthetime of the measurements (t=4056 h), and
n is efficiency for 2n2f decay in anticoincidence with
the shielding detectors (n = 0.962), we obtain
T,,(2v2B)21.9x 10 yrat a99.5% C.L.

3.2. New Limit for Ov2[3 Decay of //°Cd to the Ground
State of //%Sn

To estimate the half-life limit for the neutrinoless
decay mode, the simple background model wasused. In
fact, only two background contributions are important
for the Ov2[3-decay energy region: the tail of the 2v2f3
spectrum and the expected distribution from the
2I2Bj —» 212Po — 208Pb decay (***Ac chain). Aswas
shown above, two decays in the fast chain 2?Bi —»
212pg — 208pp create the background in the region of
0v2P decay (Fig. 4c). For the activity of 2*Ac inside
the 1°CdWO, crystals, two values were obtained:
39(4) uBg/kg (time-amplitude method) and 34(5) uBg/kg
(pulse-shape analysis). Hence, we can conclude that,
with the current code used for the pulse-shape analysis,
there is aresidual ??Ac activity of 5(6) uBg/kg in our
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resulting pul se-shape-selected spectrum (Fig. 4b). The
experimental data are in agreement with this calcula-
tion: for example, five events presented in the region
2600-3600 keV of the pulse-shape-selected spectrum
correspond to 3.8 uBg/kg of 228Ac.

The high-energy part of the experimental spectrum
of 11CdWO, crystals (339 g, 4056 h) measured in anti-
coincidence with the shielding detectors and after the
pul se-shape discrimination isshown in Fig. 6. The peak
of Ov2[3 decay is absent, and the data were used to
obtain a lower limit on the haf-life: limT,, =
Nntln2/limS, where N = 4.66 x 10% is the number of
16Cd nuclei, t = 4056 h, and limS is the number of
events in the peak that can be excluded at a given con-
fidence level. The value of | = 0.828 was calculated by
the DECAY4 [15] and GEANT3.21 [14] codes. To
obtain the value of 1imS the section of the spectrum in
region 1.9-3.8 MeV was fitted in terms of the sum of
three functions: the 2v2p tail and the expected distribu-
tion from the 2'2Bi — 21?Po — 2%8Pb decay, which
represent the background, and the simulated !'Cd
0v2[ peak. This procedureyieldsthevalue of S=-2.0 +
2.5 and, thus, imS= 3.1 at a90% C.L. It corresponds
to T, ,(0v2B) = 4.0 x 10 yr (at a90% C.L.), which is
higher than the value of 3.2 x 10?2 yr obtained in the
previous experiment with one '"*CdWO, crystal over
19986 h [3].
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Using the calculations from [6], we can obtain the
following limits on the neutrino mass and the right-
handed admixtures in the weak interaction: [m,0<
3.9 eV, Q< 5.1 x 108, and A< 4.5 x 107%; neglecting
the right-handed contribution, we have i,k 3.5 eV.

Finally, the limits obtained in the previous experi-
ment (with one crystal) and current measurements
(with four crystals) can be combined in the following
way: limT;, = In2 Zf:lNiniti/limS To derive the
value of combined limS the numbers of eventsin the
0v2[ peak have been simply added: S= S, + S,; their
error were added quadratically: ¢* = of + 05 . With
S =-5.0+5.5 (previousresult) and S, =-2.0 + 2.5, we
arriveat S=-7.0 £ 6.2; thus, we have imS= 6.8 at a
90% C.L. Considering that N, = 1.66 x 10, t, = 19986 h,
and n, = 0.835, we obtain the combined limit
T,2(0v2B) = 5.1 x 10% yr (at @ 90% C.L.). The corre-
sponding constraints on the neutrino mass and right-
handed admixturesare in,[(3.5€eV,n<4.5x 108, and

A <3.9 x 10°%; neglecting the right-handed contribution,
we obtain [,k 3.1 eV.

3.3. 0v2 B Decay of '/°Cd to Excited Levels of //°Sn

Not only ground state (g.s.) but also excited levels of
118Sn with E,., < Q, can be populated in the ''°Cd 23
decay. In this case, one or a few photons, conversion
electrons, and e*e” pairs will be emitted in a deexcita-
tion process, in addition to two electrons emitted in the
2p3-decay process. The response functions of the
116CdWO, detectorsfor 'Cd Ov2 decay to thefirst and

second excited levels of 116Sn (2; with E,,, = 1294 keV

and 0, with E,,, = 1757 keV) were simulated with the

aid of the DECAY 4 and GEANT3.21 codes. The full
absorption of all emitted particles should result in the
peak at E= Q, (the same peak as that which is

expected for the Ov23 decay of !'Cd to the g.s. of
116Sn). The calculated full peak efficienciesaren(2; ) =

0.137 and n(0; ) = 0.065. These numbers and the value

of limS= 3.1 (determined for the g.s. — g.s. transi-
tion) give the following restrictions on T, of '°Cd
with respect to Ov2(3 decay to the excited levels of

16Sn: T,,(0V2B, gs. —= 27) = 6.6 x 102" yr and
Ti(0V2B, gs. —= 07 ) 23.1 x 102! yr at a90% C.L.

These limits can be slightly improved by combining
them with the old data, as was described above for the
g.s. —= g.s. transition. Taking into account the effi-
ciency values for the 121-g ''*CdWO, crystal used in

the previous run [n(2;) = 0.144 and n(0; ) = 0.069]
and using the aready determined combined value of

DANEVICH et al.

limS= 6.8, wearriveat T, ,(0v2B, g.s. —= 2;) 2 8.6 x

102! yrand T, ,(0V2B, g.s. — 07 ) 24.1 x 1022 yr (at a
90% C.L.).

3.4. Neutrinoless 23 Decay with Majoron(s) Emission

Because it is obvious that the contributions of “°K
are negligible above the energy of 1600 keV, the fitting
procedure to obtain half-life limits for Ov2[3 decay with
the emission of one (two) Magjoron(s) was performed as
follows. The data werefitted in the energy range 1600—
2500 keV by using only two theoretical distributions:
the two-neutrino 23 decay of ''°Cd as a background,
and 0v2f decay with the emission of one (two)
Majoron(s) as the effect. The x? value was equal to 1.1
both for OvM1 and for OvM2 fits. As aresult, the num-
ber of events under the theoretical OvM1 curve was
determined to be 47 + 35, giving no statistical evidence
for the effect. It leads to an upper limit of 94 events,
which corresponds to the following half-life limit of
OvMI1 23 decay of 116Cd: T, ,(OVM1)= 1.4 x 10*! yr at a
90% C.L. (the efficiency in anticoincidence mode is
n =0.905). A similar procedure for Ov2[3 decay accom-
panied by the emission of two Mgorons leads to
T,,(0VM2) 2 4.1 x 10*° yr (at a90% C.L.). A section of
the experimental spectrum with the excluded OvM1 and
OvM2 distributions is shown in Fig. 6. Either of the
half-life limits presented above is better than that estab-
lished in the previous experiment over 19986 h [9] and
in the NEMO experiment [7].

The probability of 23 decay with Majoron emission
is T1, (OVM1) = [G,,2 [NME|?G, where [@,,Jis the
effective Majoron—neutrino coupling constant, NME is
the nuclear matrix element, and G is akinematical fac-
tor. By using our result T, ,(OvM1) = 1.4 x 10! yr and
the G and NME values as calculated within the model
relying on the quasi particle random-phase approxima-
tion and taking into account proton—neutron pairing
[10], we obtain [gy[k 1.9 x 10 (in the approach used
in[7], [@y[E 1.1 x 10*), which is one of the most strin-
gent constraints obtained so far in direct 2(3-decay
experiments [1].

4. CONCLUSION

The experiment to seek for ''°Cd 2B decay with
enriched '"*CdWO, scintillators entered into a new
phase, now in collaboration with the group from the
University of Firenze and INFN (Firenze). A new setup
with four "*CdWO, crystals (339 g) has been running
since October 1998. In addition to the active shield of
plastic scintillators, a new active shield made from fif-
teen pure "*CdWO, crystals (full weight of 20.6 kg)
was installed. The passive shield was improved too.
The new data-acquisition system makes it possible to
apply the time—-amplitude analysis and pulse-shape dis-
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crimination to experimental data. All these measures
resulted in reducing the background in the range 2.7—
2.9 MeV to 0.06 count/(yr kg keV), whichisnearly one
order of magnitude less than that in the previous appa-
ratus.

Together with increased number of ''°Cd nuclei (by
afactor of 3), thisleadsto a substantial improvement of
the sengitivity of the ''°Cd experiment by about one order
of magnitude. In thefirst run of duration 4056 h, the half-
life of 1%Cd with the respect to 2v2[3 decay was deter-

mined to be T, ,(2v2P) = [2.3 * 0.2(stat.) 55 (syst.)] X
10" yr, and improved limits for neutrinoless modes of
2[3 decays were obtained to be T, (Ov2B) = 4.0 x
1022 yr, T,,(OVM1) = 1.4 x 10*! yr, and T,,(OVM2) =
4.1 x 10 yr (all at a90% C.L.). The combined (with
old data) constraint for Ov2[3 decay was aso derived:
T,(0v2B) = 5.1 x 1022 yr (at a90% C.L.). The haf-life
limits for 23 transitions to first two excited levels of

11680 were determined: T, ,(0V2B, g.s. — 2;) = 8.6 X

102 yrand T, ,(0V2B, g.s. —= 07 )2 4.1 x 102! yr (at a
90% C.L.). The following constraints on the neutrino
mass, the right-handed admixturesin the weak current,
and the Mgjoron—neutrino coupling constant were cal-
culated: [in,[x 3.5 eV, {0< 4.5 x 108, A0< 3.9 x 106
(neglecting the right-handed contribution, we have
(fn,(K 3.1 eV), and [g,[ 1.9 x 10

In August 1999, one of ''CdWO, crystals used
(with the poorest spectrometric characteristics) was
additionally annealed (for about 100 h at high temper-
ature), and itslight output was improved on about 13%.
The PMT of themain ''"*CdWO, detectorswas replaced
by a specia low-background EMI tube (5 inches in
diameter) with an RbCs photocathode, whose spectral
response better fits the CAWO, scintillation light. Asa
result, spectrometric parameters of four crystals taken
asawholewereimproved. In particular, the energy res-
olution of the main detector is equal now 11.4% at
1064 keV and 8.6% at 2615 keV (Those before upgrad-
ing were 14.5 and 11%, respectively).

It is expected that, after approximately three years
of measurements, thelimit T, ,(0v2f3) =2 x 10?3 yr will
be reached, which corresponds to [m,[< 1.5 eV. The
T, limits for neutrinoless modes of !'°Cd 23 decay
accompanied by Majoron emission; 23 transitions to
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the excited levels of '°Sn; and 23 processes in '%°Cd,
108Cq, 114Cd, 13°W, and '3¢W can also be improved.
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