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Results of a search for the two neutrino doubleb decay of 136Xe with proportional counters
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Results of a search for136Xe doubleb decay with high-pressure multiwire wall-less proportional counters at
the Baksan Neutrino Observatory are presented. The experimental method and the characteristics of the de-
tectors are described. The detector background in the energy range 0.5–3.5 MeV has been reduced due to event
position discrimination and pulse shape discrimination. Results of the analysis of background components for
different event types and source positions are described. A new lower limit ofT1/2>0.8131021 yr ~90% C.L.!
is found for the136Xe 2nbb decay mode.

PACS number~s!: 23.40.Bw, 27.60.1j, 29.40.Cs
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I. INTRODUCTION

A search for the different modes of136Xe (Q
52.48 MeV) doubleb decay is presented in Refs.@1–4#.
Xenon was used as a working gas and doubleb decay source
simultaneously in the different gas and liquid detectors. T
types of detectors, working media, and results are sum
rized in Table I. A comparison of the results shows that
setup sensitivity to neutrinoless doubleb decay has been
increased more than 200 times. This progress was achi
by lowering the background in the energy range 1.6–
MeV by separating the two electron events@5#. The setup
sensitivity to136Xe in the two neutrino doubleb decay mode
has not changed substantially. Limits on the half-life of t
136Xe 2nbb decay mode listed in Table I were establish
mainly by the analysis of spectra obtained after substrac
of the natural Xe spectrum from the spectrum of xenon
riched with 136Xe in the energy range of 0.8–2.0 MeV i
Refs.@2,3#. In Ref. @5# the limit was obtained by the analys
of the background spectrum only in the energy range
1.67–2.0 MeV.

Theoretical predictions for the half-life of the136Xe 2nbb
decay mode areT1/250.8231021yr @7#, T1/251.031021yr
@8#, T1/254.6431021yr @9#. To reach the level of the theo
retical half life, it is necessary to increase the experimen
sensitivity by 2–10 times.

II. EXPERIMENTAL SETUP

The main features of the new experimental setup that
ables one to obtain a sensitivity to136Xe 2nbb decay of
better than 831020yr are described in@10#. This increase in
sensitivity is achieved by using a multidetector measurem
scheme which allows testing samples of natural xenon
xenon enriched in136Xe simultaneously. This scheme mak
it possible to reduce the systematic errors related to va
tions of experimental external conditions. The detector i
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high-pressure multiwire wall-less proportional count
~MWPC! which consists of a central main counter~MC! and
a surrounding protection ring counter~RC! in the same body.
Detectors of similar construction are widely used for lo
background measurements with gaseous radioactive sou
~see, for example, Refs.@11# and@12#!. The diameters of the
inner detector, RC anode grid, common MC and RC cath
grid are 122, 110, and 98 mm, respectively. The volumes
MC and RC are 4.44 and 2.57 l, respectively. The work
pressure of xenon is 16.8 atm.

An increase of pulse amplitude due to gas amplificat
allows signals to be read from both ends of the M
anode ~PC1 and PC2 signals!. A parameter b
[PC13100/~PC11PC2! determines the event coordina
along the detector. The selection of events inside the wo
ing anode length enables one to eliminate the backgro
spectrum components related to microdischarges in the
voltage circuits and the insulator surfaces. The MC ba
ground component, related to the charged particles~electrons
from radioactive impurities and externalg rays!, is elimi-
nated by an anticoincidence operation of the MC and
~PAC signal!. The MC event amplitude is formed as a su
of signals~PC11PC2!. A shaping amplifier with 26ms in-
tegration and differentiation shaping times was used to
tain adequate energy resolution. The signals from the out
of a nonshaping amplifier are joined together. The result
signal, P12, is amplified in another shaping amplifier wit
t int.0 andtdif50.75ms.

The parameterf [P123100/~PC11PC2!, depending on
pulse rise time, is used to obtain its relative value. These d
help to reduce thea-particle background.

Measurements were done in the underground labora
of the Baksan Neutrino Observatory at 4900 m.w.e. dep
The experimental setup consists of three MWPC’s insta
in the low background shield~15 cm of lead, 8 cm of borated
polyethylene and 11 cm of copper!. The MWPC No. 1 was
filled with a natural xenon without radioactive85Kr; MWPC
Nos. 2 and 3 were filled with xenon isotopically enriched
136Xe to 93%. The gases in the counters No. 1 and No
were periodically purified and replaced. MWPC No. 3 w
used as a control detector to expose the possible source
©2000 The American Physical Society01-1
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TABLE I. The detector characteristics and experimental results of the search for the zero- an
neutrino modes of the136Xe doubleb decay.

Detector,
volume ~l!

pressure~atm!

Sample
enriched

136Xe

Number
of atoms

136Xe
T1/2 yr ~C.L.!

2nbb
T1/2 yr ~C.L.!

0nbb

Ionization chamber 136Xe, 93% 2.1431024 >2.731020, 68% @2# >3.331021, 68% @1#

3.66 l
20–30 atm natXe, 9.2% 2.1231023

Multisection
proportional counter

136Xe, 64% 1.2431025 >2.931020, 84% @3#

79.4 l >1.631020, 95% @3# >1.231022, 95% @3#

9.7 atm
Liquid scintill. counter 136Xe, 93% 3.631024 >2.431021, 68% @4#

0.313 l
TPC 136Xe, 62% 1.4631025 >2.131020, 90% @5# >6.931023, 68% @5#

180 l >3.631020, 90% @6# >4.431023, 90% @6#

5.0 atm
MWPC 136Xe, 93% 2.1431024 >1.3331021, 68%
4.44 l this paper

17.8 atm natXe, 9.2% 1.9631023 >0.8131021, 90%
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systematic errors related to a gas exchange in the MW
Nos. 1 and 2. Energy calibration was done with137Cs ~662
keV!, 54Mn ~835 keV! and 22Na ~1275 keV! g-ray sources.
The energy resolutions of theseg lines were 10%, 8.8% and
6.3%, respectively, for the spectra of signals~PC11PC2!
without the signal PAC~type-I events!. The 40K and 232Th
g-ray sources, uniformly distributed along the detec
length, were used for the complex calibration. Type-I amp
tude spectra of these sources for MWPC No. 3 are prese
in Fig. 1. For convenience of the data presentation in
logarithmic scale we added 1 to the number of counts in e

FIG. 1. The spectra of the PC11PC2 signals in the type-
events for MWPC No. 3 calibrated with137Cs, 54Mn, 22Na, 40K,
232Th sources.
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spectrum channel. The40K and 232Th spectra were obtaine
with 35 and 226 h of measurement time, respectively. Si
lar spectra of MWPC Nos. 1 and 2 have different shap
because of the pulses related to the microdischarges o
high voltage circuits. Type-I event distributions for MWP
Nos. 1, 2, 3, along theb axis, for 40K g-ray calibration in the
energy range ofE>600 keV, are shown in Fig. 2. One ob
serves peaks in theb distributions MWPC Nos. 1 and 2
which are not related to theg-ray sources. Intensities of th
peaks change in time and correlate with the humidity in
laboratory. In the rangef <150 thef-distribution shapes are

FIG. 2. The distributions of the type-I events with energi
above 600 keV (40K) in MWPC Nos. 1, 2, and 3, in value of the
parametersb ~a! and f ~b!.
1-2
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RESULTS OF A SEARCH FOR THE TWO NEUTRINO . . . PHYSICAL REVIEW C61 035501
the same. In the distributions for MWPC Nos. 1 and 2 th
are peaks at highf which are not related to theg-ray source.
The cut 1< f <150 enables one to eliminate the peaks in
b distributions which are outside of the working region
the detector and to obtain the coincidence of the40K spectra
for the three counters.

III. RESULTS

Experimental data of the search for the136Xe 2nbb decay
mode have been obtained during four runs of 1358.8, 108
730.5, and 1106.0 h using MWPC Nos. 1 and 2. The MW
No. 1 was filled with136Xe during the first and third runs
~the total data-acquisition time was 2089.3 h! and with natXe
during the second and fourth runs~total data-acquisition time
was 2191.4 h!. The gas-filling sequence for the MWPC No.
was opposite. As was noted above, MWPC No. 3 was u
as a control detector. Accidentally, it had no pulses relate
the microdischarges at high voltage circuits. The experim
tal spectrum,b, andf distributions for this detector allowed
correct interpretation of the data from MWPC Nos. 1 and

A MWPC No. 3 background spectrum of type-I even
collected for 730.5 h and correspondingb ~b! andf distribu-
tions ~c!, are shown in Fig. 3. The normalizedf distribution
of 232Th spectrum~Fig. 1! at energies above 600 keV
shown in Fig. 3~c!. By comparing thef distributions for
background events with that of the232Th source, one can se
that events with leading edges larger than those for elect
~larger values off ! are present in the background spectru
These events may be caused bya particles from decay of

FIG. 3. The distributions of the background type-I events
MWPC No. 3~a! in the energy value and values of parametersb ~b!
andf ~c!. The f distributions for the232Th spectrum from Fig. 1 for
MWPC No. 3~normalized to the exposure time! present in~c!. The
exposure time was 730.5 h.
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222Rn in the gas~T1/253.82 day,Ea55.49 MeV! and its
daughter nuclei—218Po ~T1/253.05 min, Ea56.0 MeV!
and214Po~T1/251.6431024 s, Ea57.69 MeV!—at the elec-
trode surfaces where they are deposited, having been
duced as charged ions. Moreover,a particles can be emitted
in the decays of the isotopes from the uranium and thori
series, which are included as impurities in materials of
cathode and anode wires. A sample of222Rn was introduced
in MWPC No. 3 to define thea-particle background spec
trum of 222Rn and its daughter isotopes.

The MWPC No. 3 background spectra before~a! and after
~b! the input of the radon are shown in Fig. 4. Counti
periods were 140 h in both cases. Spectrum~a! has a uniform
event distribution in time, spectrum~b! is an exponential
with T1/2.4 days superimposed on a constant base. By c
paring the background~a! and radon~b! spectra, one ob-
serves that the MWPC background atE>1300 keV is
caused by equilibrium222Rn decays which are constant
present in the working gas. Radon can be generated in
structural materials inside the counter. An energy-scale
crepancy for electrons anda particles is caused by an incom
plete ionization collection from thea-particle tracks at the
gas pressure and electric-field strengths used.

The f distributions in the energy ranges of 1240–16
keV ~curve 1! and 2740–3120 keV~curve 2! for radon de-
cays are shown in Fig. 5. From the distribution of the sp
trum in the second energy range, one observes that the p
have a wide spread in rise time with a weak maximum af
'140. There are several causes to explain this distribut
First, the ionization collection time for a track with the sam
length of its projection onto the radius in the inhomogeneo
counter field depends on the distance to the anode. The
mate made with the data@13# shows that, under given con
ditions, for a track with 5 mm projection length, the time
electron deposition on the anode is 18.7 and 5ms at a mini-

FIG. 4. The background spectrum in MWPC No. 3 over 140
before~a! and after~b! radon addition.
1-3
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mal track-to-anode distance of 25 and 10 mm, respectiv
~ignoring the track spreading through electron diffusion d
ing the drift!. Therefore, the larger the distance from t
radon decays to the anode, the longer the leading-edge
for the a particle. In addition, this time depends on tra
orientation. Second, since daughter218Po is produced as a
positive ion, it is deposited in the electric field on the catho
grid or anode, respectively. Pulses froma particles emitted
in the 218Po and214Po decays on the anode have minim
values of rise time and maximal values of parameterf. The
peak atf '140 in thef distribution@Fig. 5~a!, curve 2# prob-
ably correspond to these decays. Thea-particle pulses from
the 218Po and214Po decays on the cathode have the long
rise time and the smallest height, because, at low elec
intensity near the cathode grid, the conditions of the ioni
tion collection from a dense track deteriorate and the pr
ability of the charge recombination increases. Since the
tance from the anode to such decays is fixed, the lead
edges have a relatively small spread. For this reason the
a pronounced peak in thef distribution atf 520. There aref
distributions shown in Fig. 5 for events corresponding to
energy range 600–1160 keV for background spectrum an
the 232Th spectrum. By comparing these distributions o
observes the excess events with a long rise time. Poss
this excess is caused by thea decays of uranium and thorium
isotopes in the cathode grid wires, and by radon decay in
border region between MC and RC.

Theb andf distributions of the events in the MWPC No
1 and 2 obtained during the third counting period of t
background measurement are shown in Fig. 6. Compa
these distributions with the corresponding distributions
events for MWPC No. 3, one observes components o
background spectrum related to microdischarges in the h

FIG. 5. The event distribution in the value off: ~a! for events
from radon decay in energy ranges of~1! 1240–1640 keV and~2!
2740–3120 keV;~b! for events with 600–1160 keV energies fro
the background spectra of Fig. 4~a! and of the232Th source.
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voltage output circuits. These events are concentrated in
side peaks in the rangef >200. Selection of events with th
parameterf ranging from 1 to 200 out of the total spectru
results in the disappearance of the side peaks in theb distri-
butions~see Fig. 7!.

The counting rates are 2.08 and 2.47 h21 for the energy
ranges of 700–1000 keV and 1000–2000 keV, respectiv
Type-II event counting rates~MC pulses in coincidence with

FIG. 6. Theb andf distributions of the events in MWPC Nos.
and 2, stored up in the background measurements in the third co
ing period~730.5 h!.

FIG. 7. The distributions of events withf-parameter values 1
< f <200 in ~a! energy and~b! b parameter for MWPC Nos. 1
and 2.
1-4
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RC pulses! are 1.34 and 0.39 h21, respectively, for the range
mentioned above. For MWPC placed in the surface labo
tory ~i.e., without low underground shield! the background
counting rates are 6557 and 3212 h21 for type-I events and
2315 and 1250 h21 for type-II events, respectively.

The experimental data in the energy range of 700–1
keV were obtained during four counting periods~4280.7 h!
and were summarized for each counter to compare their
background. The range of 30< f <130 was used to exclud
the microdischarges anda-particle events. The number o
events 3829 and 3800 were obtained for MWPC Nos. 1
2, respectively. One observes that background spectr
counters are in agreement within one standard error~1s!.
This result enables one to sum the spectra for each gas s
rately to reduce the systematic errors due to design feat
of the counters.

The total background spectra for counters filled w
136Xe and natXe in the energy range ofE>700 keV and 1
< f <200 and thef and b distributions corresponding to
these spectra are shown in Fig. 8. In Fig. 8~c! there is a
normalizedf distribution taken with a232Th source in the
energy range of 700–1800 keV for the MWPC No. 2. O

FIG. 8. The final total distributions of events withf in range
from 1 to 200:~a! total background spectrum of MWPC Nos. 1 an
2 when filled with136Xe andnatXe; ~b,c! b andf distributions of the
events with energies above 700 keV for136Xe and natXe, normal-
ized f distribution of thorium events with 700–1800 keV energies
the MWPC No. 2.
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observes that the working range forf does not exceed the
value of 138. Thea-particle events born near the catho
grid lie in the range of 1< f <21. In this range, thef distri-
bution of 136Xe differs slightly from thef distribution of
natXe and both of them differ essentially from thef distribu-
tion of 232Th. A small excess ofa particles in the spectrum
of natXe presented in Fig. 8~b!, in comparison with the spec
trum of 136Xe, can be explained by the fact that natural x
non was the first working gas in the procedure of collect
and purification of gases. In the final data analysis, it w
found that the level of the radon impurities from the Ti get
was higher fornatXe than for136Xe which was the second ga
to be purified and collected. The events from the region
< f <138, for the energy range of 700–1800 keV were
cluded in the final analysis to eliminate thea-particle back-
ground. The fraction of electron events excluded with t
cut was determined by using a232Th sourcef distribution as
the efficiencye1 of a selection procedure. The number
events for the136Xe-filled detector was 10 428, while th
number of events for thenatXe-filled detector was 10 512
The counting rates aren152.43660.024 h21 and n2
52.45560.024 h21, respectively. The difference of th
counting rate values isDn5n12n2520.01960.034 h21 or
Dn521666298 yr21. Since this value does not exceed 1s,
there is an expression for the limit on the half-life of th
136Xe 2nbb decay mode:

T1/2~2n,01201!> ln 23e13e23N0 /s, ~1!

wheree150.754 is the efficiency of selection;e2 is the ef-
ficiency for detection of 2nbb decay events;s5298 yr21 is
the experimental standard error;N0 is the difference of the
number of 136Xe atoms in the counters with enriched an
natural samples of xenon.N05(h12h2)3(V/Vm)3(P/r)
3Na52.9931024; h150.93 andh250.092 are the content
of the 136Xe atom in the enriched and natural samples
xenon, respectively;V57.912 l is the total volume of the
counter where electrons reach the MC working region;Vm
522.4 l is a volume of one gas mole atNTP; P516.3 atm.

FIG. 9. The total detection efficiency in the central counter
the two-neutrino doubleb decay of136Xe as the type-I and type-II
events.
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is the working gas pressure;r50.97 is the compression co
efficient for xenon at P516.3 atm andT5293 K; Na
56.0231023 is Avogadro’s number.

The efficiency of the detection of 2nbb decay events was
calculated by Monte Carlo simulation of the electron traje
tories taking into account the counter end and wall effe
The dependences of the total efficiency~number of events of
the given type with an amplitude higher than the specifi
one, referred to the total number of events of the doublb
decay! for events of the types I and II are presented in Fig
The detection efficiencye2 for type-I events in the 700–180
keV energy range is equal to 0.254. After the substitution
all values into expression~1! we have
-
al
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T1/2~2n,01201!>1.3331021yr ~68% C.L.! or,

T1/2~2n,01201!>0.8131021yr ~90% C.L.!.

ACKNOWLEDGMENTS

This work was supported by the Russian Fundamental
Basic Research~Grant No. 93-02-15499!, and that part con-
cerning the development of methods for active backgrou
suppression in large proportional counters by the Inter
tional Science Foundation~Grant No. RNT000!, and the RF
Government~joint project with the International Scienc
Foundation, No. RNT300!.
-

l.

-

s
08,
@1# A. S. Barabashet al., Sov. J. Nucl. Phys.51, 1 ~1990!.
@2# V. V. Kuzminov et al., Proceedings of the International Mo

riond Workshop, Massive Neutrinos, Test of Fundament
Symmetries~Editions Frontieres, Paris, 1991!, p. 105.

@3# E. Bellotti et al., Phys. Lett. B266, 193 ~1991!.
@4# I. Barabanovet al., Pis’ma Zh. Eksp. Teor. Fiz.43, 116

~1986!.
@5# V. Jorgenset al., Nucl. Phys. B~Proc. Suppl.! 35, 378~1994!.
@6# R. Luescheret al., Phys. Lett. B434, 407 ~1998!.
@7# J. Engel, P. Vogel, and M. Zirubaner, Phys. Rev. C37, 731

~1988!.
@8# O. Rumjantsev and M. Urin, Phys. Lett. B443, 51 ~1998!.
@9# A. Staudt, K. Muto, and H. V. Klapdor-Kleingrothaus, Euro

phys. Lett.13, 31 ~1990!.
@10# G. Volchenkoet al., Instrum. Exp. Tech.42, 1, 34 ~1999!.
@11# V. V. Kuzminov, A. A. Pomansky, and P. S. Striganov, Nuc

Instrum. Methods Phys. Res.203, 477 ~1982!.
@12# V. V. Kuzminov, N. Ya. Osetrova, and A. M. Shalagin, In

strum. Exp. Tech.39, 5, 654~1996!.
@13# A. Peisert and F. Sauli, Driff and diffusion of electron

in gases a compilation, Internal Report CERN-EP/84-
1984.
1-6


