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a activity of natural tungsten isotopes
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The indication for thea decay of 180W with a half-life T1/2
a 51.120.4

10.8(stat)60.3(syst)31018 yr has been
observed for the first time with the help of the superlow background116CdWO4 crystal scintillators. In a
conservative approach the lower limit on half-life of180W has been established asT1/2

a (180W)>0.731018 yr at
90% C.L. In addition, newT1/2

a bounds were set fora decay of182W, 183W, 184W, and 186W at the level of
1020 yr.
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I. INTRODUCTION

Alpha decay is allowed energetically for the five natura
occurring isotopes of tungsten@1#, but it was never observe
up to now. Thea activity of tungsten witha particle energy
of about 3 MeV and half-lifeT1/252.23d31017 yr ~whered
is the relative abundance of isotope! was declared in an earl
experiment with the nuclear emulsion technique@2#. Because
the Qa value for all natural tungsten nuclides, except180W,
is less than 2 MeV, the result of Ref.@2# could be attributed
to a decay of180W (d'0.12% @3#! with T1/252.631014 yr.
However, this observation was ruled out in the work@4#, in
which the cadmium tungstate (CdWO4) crystal scintillator
~mass of 20.9 g! was used as a source and detector ofa
decay events simultaneously. After 193 h of measurem
the limit T1/2>1.031015 yr was established@4#. A similar
restriction (T1/2>9.031014 yr! was also obtained in exper
ment ~66.7 h of exposition! with ionization counter~1200
cm2 in area! and a thin~83 mg/cm2) sample of W~with total
mass of 79 mg! enriched in180W to 6.95%@5#.

These bounds were improved only recently in the m
surements with two scintillators: CdWO4 ~mass of 452 g,
running time of 433 h!, and 116CdWO4 enriched in116Cd to
83% ~91.5 g, 951 h! @6#. The limits on the half-lives fora
decay of different W isotopes were set in the range
'1017–1019 yr ~see Table I!.

In this paper the new results of the Kiev-Firenze expe
ment ~2975 h of exposition! on a decay of natural tungste
isotopes are described~the preliminary analysis of the 975
data was presented in Ref.@9#!. They were obtained with the
help of the superlow background spectrometer@10# based on
enriched 116CdWO4 crystal scintillators. The sensitivity o
this apparatus to measurea activity was enhanced substa
tially in comparison with our previous work@6# mainly due
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to the developed technique of pulse-shape analysis of
data, which allows us to distinguish events caused bya par-
ticles from those byg rays (b particles!.

II. EXPERIMENT AND DATA ANALYSIS

A. Experimental setup

The setup used in our study was originally devoted to
search for the neutrinoless double beta decay of116Cd @10#.
The 2b decay experiment is carried out by the Institute f
Nuclear Research~Kiev!1 in the Solotvina Underground
Laboratory~allocated in a salt mine 430 m underground@11#!
and results were published elsewhere@10,12#. The high pu-
rity 116CdWO4 crystal scintillators, enriched in116Cd to
83%, were developed and grown for the search@12#. Their
light output is '30% –35% of NaI~Tl!. The fluorescence
peak emission is at 480 nm with principal decay time
'14 ms @13#. The CdWO4 refractive index equals 2.3. Th
density of the crystal is 7.9 g/cm3, and the material is non
hygroscopic and chemically inert. In the apparatus~see, for
details, Ref.@10#! four 116CdWO4 crystals~total mass 330 g!
are exploited. They are viewed by a low background 5 in
EMI photomultiplier tube~PMT! with a RbCs photocathode
through a light guide�10355 cm, which is glued with two
parts: quartz~25 cm! and plastic scintillator~Bicron BC-412,
30 cm!. The enriched116CdWO4 crystals are surrounded b
an active shield made of 15 natural CdWO4 crystals of large
volume with total mass of 20.6 kg. These are viewed b
PMT through an active plastic light guide�17349 cm. The
whole CdWO4 array is situated within an additional activ
shield made of a plastic scintillator 40340395 cm, thus,
together with both active light guides, a complete 4p active
shield of the main (116CdWO4) detector is provided.

The outer passive shield consists of high purity cop
(3 –6 cm!, lead (22.5–30 cm!, and polyethylene~16 cm!.
Two plastic scintillators (120313033 cm! are installed

o,

1From 1998 by the Kiev-Firenze collaboration, Ref.@10#.
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TABLE I. Theoretical and experimental half-lives~or limits at 90% C.L.! for a decay of natural W
isotopes obtained in the present work. The uncertainties of calculatedT1/2 values are related with uncertain
ties of theQa . The most stringent previous experimental bounds~Ref. @6#! are cited for comparison.

Isotope, Qa , MeVb CalculatedT1/2, yr ExperimentT1/2, yr
abundancea Based on Ref.@7# Based on Ref.@8# Present work Based on Ref.@6#

180W 2.516~5! 8.321.3
11.631017 2.020.3

10.431018 1.120.5
10.931018

0.12~1!% >0.731018 >7.431016

182W 1.774~3! 3.020.5
10.531032 1.420.2

10.331033 >1.731020 >8.331018

26.50~16!%
183W 1.682~3! .5.721.0

11.331038 >0.831020 >1.931018

14.31~4!%
184W 1.659~3! 3.820.6

10.931035 2.620.5
10.631036 >1.831020 >4.031018

30.64~2!%
186W 1.123~7! 8.724.9

111.231055 2.021.1
12.631057 >1.731020 >6.531018

28.43~19!%

aReference@3#.
bReference@1#.
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above the passive shield and are used as cosmic muon
counters. The setup is carefully isolated against environm
radon penetration. All materials for the installation were p
viously tested and selected for low radioactive impurities
order to reduce their contributions to background.

An event-by-event data acquisition system records
amplitude, arrival time, additional tags~the coincidence be
tween different detectors!, and pulse shape~in 2048 channels
with 50 ns channel width! of the 116CdWO4 detector in the
energy range 0.0825 MeV.

The energy scale and resolution of the spectrometer w
determined with theg sources 22Na, 40K, 60Co, 137Cs,
207Bi, 226Ra, 232Th, and241Am. The energy dependence o
the resolution in the energy interval 6022615 keV is ex-
pressed as follows: full width at half maximum (FWHM)g

52441A2800123.4•Eg, where energyEg and FWHMg

are in keV. For instance, energy resolutions of 33.7%, 13.
11.5%, and 8.0% were measured forg lines with the energies
of 60, 662, 1064, and 2615 keV, respectively. The rout
calibration was carried out with207Bi ~weekly! and 232Th
~monthly! g sources. The dead time of the spectrometer
data acquisition was permanently controlled with the help
a light emitting diode optically connected to the main PM
~typical value was about 14%!.

Due to active and passive shields, and as a result of
time-amplitude@10# and pulse-shape analysis of the da
@13#, the background rate of116CdWO4 detectors in the en
ergy region 2.5–3.2 MeV~the 0n2b decay energy of116Cd
is 2.8 MeV! was reduced to 0.04 counts/yr kg keV. It is th
lowest background that has ever been reached with cry
scintillators.

B. Response of the116CdWO4 detector to a particles

It is well known that the relative ratio of the CdWO4

scintillation light output fora andb particles with the same
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energies~the so-calleda/b ratio2! depends on the energy o
the absorbed particles@6#. Because we are looking for thea
decay of W isotopes, such a dependence must be prec
measured in thea energy range of 1–3 MeV~see Table I!.
Unfortunately, among nuclides from U/Th families there a
no a emitters with such energies~the lowest availablea
energy is 4.0 MeV from232Th). To overcome this problem
a special method of calibration was developed, in which
collimated beam ofa particles from the241Am source was
passed through a thin absorber with known thickness, t
the energy ofa particles after absorber can be calculat
precisely. Furthermore, it was measured with the help o
surface-barrier semiconductor detector. The dimensions
the collimator are�0.7532 mm, and the thickness of
single mylar film absorber is 0.65 mg/cm2. By using this
technique and different sets of absorbers,a particles with
energies of 0.46, 2.07, 3.04, 3.88, 4.58, and 5.25 MeV w
obtained, which allows us to calibrate our detector in t
energy range of interest.

It is also known that the light output of crystal scintillato
may depend on the direction ofa irradiation relative to the
crystal axes @14#. To study this effect for
CdWO4, 116CdWO4, and CaWO4 crystals, they were irradi-
ated bya particles in three directions perpendicular to t
~010!, ~001!, and~100! crystal planes,3 and three experimen
tal dependencies of thea/b ratio ~corresponding to three

2The detector energy scale is measured withg sources, thus the
notation ‘‘a/g ratio’’ could be more adequate. However, becauseg
rays interact with matter by means of the energy transfer to e
trons, in the present paper we are using the traditional nota
‘‘ a/b ratio.’’

3In the 116CdWO4 crystal the~010! plane is perpendicular to the
cylinder axis, so for the~010! direction thea source was placed on
the top of crystal~in the center of the flat circle surface!. For the
~001! and ~100! directions crystal was irradiated in the middle
the cylindrical surface.
0-2
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mentioned directions! as a function ofa particle energy were
derived from measurements. However, in a real crystal
amplitude of a light signal depends also on the point fr
which scintillation light is emitted~so-called nonuniformity
of light collection!. The latter can distort the anticipated e
fect of the crystal’s orientation, and hence, should be pr
erly taken into account. With this aim, the light propagati
in the CaWO4 scintillator, for which the effect of crysta
orientation was not observed, was simulated with the help
the GEANT3.21 package@15# for the light emitting points on
the top and side surfaces of the crystals~with dimensions
20320311 and 40334323 mm!, as well as for those uni
formly distributed inside the crystal. It was found that resu
of simulations are in good agreement with experiment. Th
the same simulations were performed for the116CdWO4
crystal (�32319 mm!, and results of each calibration me
surement with this crystal were corrected by using simula
distributions of the light collection fora particles emitted
from the corresponding point. So, values of thea/b ratio for
direction 1 was multiplied by a factor of 0.85, while fo
directions 2 and 3, by a factor of 1.08. As an example, s
corrected dependencies of thea/b ratio versus the energ
and direction ofa particles are shown in Fig. 1 for an en
riched 116CdWO4 crystal (�32319 mm!.

In addition to the measurements with the external sou
the a peaks from the intrinsic trace contamination of t
116CdWO4 crystals by nuclides from the Th chain were al
used for determination of thea/b ratio. These peaks wer
selected from the background by using the time-amplitu
analysis@10,16#. For instance, the following sequence ofa
decays from the232Th family was searched for and observe

FIG. 1. The dependence of thea/b ratio on energy and direc
tion of incidenta particles measured with the enriched116CdWO4

scintillator (�32319 mm!. The crystal was irradiated by an exte
nal a source in directions perpendicular to~010!, ~001!, and~100!
crystal planes~directions 1, 2, and 3, respectively!. In addition,
internala peaks of224Ra, 220Rn, 216Po, and212Po from the intrin-
sic contamination of the116CdWO4 crystal were used~see text!.
Solid lines represent the fit of thea/b ratio dependence. In the inse
the behavior of thea/b ratio measured with CdWO4 scintillator
(�2530.9 mm! in direction 1 is shown.
01431
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224Ra (Qa55.79 MeV, T1/253.66 d)→220Rn (Qa56.40
MeV, T1/2555.6 s!→ 216Po (Qa56.91 MeV, T1/250.145 s!
→ 212Pb. The obtaineda peaks~the a nature of events was
confirmed by a pulse-shape analysis described below!, as
well as the distributions of the time intervals between even
are in good agreement with those expected fora particles of
224Ra, 220Rn, and216Po ~see Fig. 2!. On this basis the activ-
ity of 228Th in 116CdWO4 crystals was determined as 39~2!
mBq/kg.4 Moreover, thea peak of 212Po ~the daughter of
212Bi! was reconstructed with the help of the front ed
analysis of the scintillation signals. The energy and time d
tributions of the sequence ofb decay of 212Bi and a decay
of 212Po, selected from the background, are presented
Figs. 3~a!–3~c!, while a typical example of such an event
shown in Fig. 3~d!.

The values of thea/b ratio, derived with the internala
peaks, and their fit are depicted in Fig. 1. Fit yields for t
energy range 2.028.8 MeV are a/b50.083(9)
10.0168(13)•Ea , where Ea is in MeV.5 Because in
measurements with internal sources the effect of the crys
orientation is averaged, such an extrapolation of the
into the energy region 2.0–5.5 MeV is reasonable and it w
also proved by the behavior of thea/b ratios measured

4The same technique was applied to the sequence of decays
the 235U and 238U families. Activity of 5.5~14! mBq/kg for 227Ac
(235U family! and the limit<5 mBq/kg for 226Ra (238U family! in
the 116CdWO4 crystals were set.

5The growth of thea/b ratio with a particles energy has bee
earlier observed for cadmium tungstate~Ref. @6#! and other scintil-
lators ~Refs.@14,16,17#.!

FIG. 2. Thea peaks of224Ra, 220Rn, and216Po selected by the
time-amplitude analysis from background data accumulated du
14 745 h with the116CdWO4 detector. In the insets the time distr
butions between the first and second~and between the second an
third! events together with exponential fits are presented. Obta
half-lives of 220Rn and216Po @6128

110 s and 0.144(8) s, respectively#
are in good agreement with the table values: 55.6(1) s and 0.14
s ~Ref. @21#!.
0-3
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F. A. DANEVICH et al. PHYSICAL REVIEW C 67, 014310 ~2003!
with external sources~see Fig. 1!. At the same time, in the
a energy interval of 0.522.0 MeV we find that thea/b
ratio is decreased with the energy. It was also confirmed
the measurement with the thin (�2530.9 mm! CdWO4
crystal scintillator~see inset in Fig. 1!. Similar behavior~a
fall with energy in the 102100 keV energy region! of rela-
tive scintillation efficiency for Ca and F recoil nuclei in th
CaF2~Eu! scintillator was reported in Ref.@18#. Thus, for the
0.522.0 MeV energy range we obtaina/b50.15(3)
20.015(8)•Ea , whereEa is in MeV.

The calibration data were also used to determine the
ergy resolution of the detector fora particles:
FWHMa(keV)53310.247Ea

g , whereEa
g is the energy ofa

particles in theg scale expressed in keV.

C. Pulse-shape analysis

The pulse-shape analysis of CdWO4 scintillation signals
was developed on the basis of the optimal digital filter@19#,
and clear discrimination betweeng rays ~electrons6! and a
particles was achieved@13#. The pulse shape of cadmium
tungstate scintillators can be described asf (t)5(Ai /(t i
2t0)•(e2t/t i2e2t/t0), whereAi are amplitudes andt i are
decay constants for different light emission components,
t0 is the integration constant of electronics ('0.18ms!. To
provide an analytic description of thea or g signals, the

6Becauseg rays interact with matter by means of the energy tra
fer to electrons, it was assumed and experimentally proved witb
particles from the decay of internal113Cd that pulse shapes fo
electrons andg ’s are the same.

FIG. 3. The energy~a! and~b! and time~c! distributions for the
fast sequence ofb (212Bi, Qb52254 keV! and a @ 212Po, Ea

58784 keV, T1/250.299(2)ms# decays selected from the bac
ground data by the pulse-shape analysis.~d! Example of such an
event in the116CdWO4 scintillator.
01431
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pulse shape resulting from the average of a large numbe
individual events has been fitted with the sum of three~for a
particles! or two ~for g ’s! exponents, giving the referenc
pulse shapesf̄ a(t) and f̄ g(t) ~see, for details, Ref.@13#!. For
the enriched crystals~used in the experiment! the following
values were obtained: A1

a580.9,t1
a512.7ms, A2

a

513.4,t2
a53.3 ms, A3

a55.7, and t3
a50.96ms for '5

MeV a particles and A1
g594.2,t1

g513.6ms, and A2
g

55.6, t2
g52.1 ms for '1 MeV g quanta.

In the data processing the digital filter was applied to ea
experimental signalf (t) with an aim to obtain the numerica
characteristic of its shape defined asSI ~shape indicator!:
SI5( f (tk)3P(tk)/( f (tk), where the sum is over time
channelsk, starting from the origin of the signal and up to 5
ms, andf (tk) is the digitized amplitude~at the timetk) of a
given signal. The weight functionP(t) is defined as

P~ t !5$ f̄ a~ t !2 f̄ g~ t !%/$ f̄ a~ t !1 f̄ g~ t !%.

The SI distributions measured with differenta and g
sources~see some examples in Fig. 4! are well described by
Gaussian functions, whose standard deviationss(SIa) and
s(SIg) depend on energy:s(SIa)5 –0.310.731023Ea

g

11700/Ea
g for a particles, and s(SIg)51.5120.23

31023Eg1402/Eg for g quanta, whereEa
g and Eg are in

keV. As is seen from Fig. 4, electrons (g rays! and a par-
ticles are clearly distinguished for the energies above
MeV (Ea '3 MeV!, while the pulse-shape discriminatio
ability of the CdWO4 scintillator worsens at lower energie
Nevertheless, it is also visible from Fig. 4~a! that even 2

-

FIG. 4. Examples of the shape indicator distributions measu
by the enriched116CdWO4 crystal scintillator (�32319 mm! with
a particles andg rays with different energies:~a! Eg50.2–0.4
MeV, Ea52.07 MeV; ~b! Eg50.5–0.7 MeV,Ea53.04 MeV; ~c!
Eg50.8–1.0 MeV, Ea53.88 MeV; ~d! Eg51.2–1.4 MeV, Ea

55.25 MeV.
0-4
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a ACTIVITY OF NATURAL TUNGSTEN ISOTOPES PHYSICAL REVIEW C67, 014310 ~2003!
MeV a particles (Ea
g '0.3 MeV! can be separated fromg

background with reasonable accuracy. For instance, with
requirement that'87% ofa particles must be registered w
will get about 13% ofg events as background@see Fig. 4~a!#.

The dependence of the pulse shape on energy and d
tion of a particles measured with the enriched116CdWO4
crystal scintillator (�32319 mm! is presented in Fig. 5. In
the energy range of 0.527.0 MeV the average dependence
the shape indicator on the energy can be approximated by
function SIa529.520.19531022Ea

g , whereEa
g is in keV.

For g quanta the energy dependence of the shape ind
tor was measured withg sources in the energy range 0.0
23.2 MeV: SIg518.420.11731022Eg10.5431026Eg

2 ,
whereEg is in keV.

In addition, a digital filter for the pulses of the plast
scintillator light guide was developed and clear separa
was obtained for the pure events in the plastic and cadm
tungstate scintillators. It allows us to discriminate plas
pulses in more complicated cases, when they are overlap
with the signals of116CdWO4 crystals. The use of this filte
leads to some loss of the registration efficiency for the eve
in the 116CdWO4 detector~of the order of'5%!, which,
however, can be correctly taken into account on the basi
calibration measurements.

III. RESULTS AND DISCUSSION

A. Background interpretation

The background spectra of (g1b) and a events mea-
sured by four116CdWO4 crystals~330 g, exposition 2975 h!
are depicted in Fig. 6.

Theg(b) spectrum shown in Fig. 6 was built by selectin
the following interval ofSI values:SIg22.4sg,SI,SIg
12.4sg , which contains 98% ofg(b) events. In the low
energy region the background of the116CdWO4 detector is

FIG. 5. The dependence of the shape indicator on the energy
the direction of incidenta particles measured with the enriche
116CdWO4 crystal scintillator. Thea peaks of 224Ra, 220Rn, and
216Po were selected by the time-amplitude analysis of backgro
data.
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caused mainly by the fourth-forbiddenb decay of 113Cd
(T1/257.731015 yr @20#, Qb5316 keV @21#! which is
present in the enriched crystal with an abundance od
'2%. The distribution above'350 keV is described by a
trace contamination of the enriched and shield crystals
40K, 137Cs, and113mCd, the two neutrino double beta deca
of 116Cd with T1/252.631019 yr @10#, and externalg rays.

The energy spectrum ofa particles~Fig. 6! was obtained
by selection of events with the following values of the sha
indicator:SIg14sg,SI,SIa12.4sa . Under such restric-
tions the efficiency of the pulse-shape analysis (hPSA) de-
pends on the energy ofa particles. For example, fora peak
of 180W this efficiency equals 49.5%, while additional use
the filter for the plastic pulses discrimination decreases
value down to 47%.

Taking into account the fact that secular equilibrium
crystal scintillators is usually broken, the distribution of th
a events is well reproduced by the model~see inset in Fig.
6!, which includesa decays from232Th and 238U families.
For illustration, the results of the pulse-shape analysis of
data~for energy above 350 keV! are presented in Fig. 7 as
three-dimensional distribution of the background events v
sus the energy and shape indicator. In this plot one can s
clearly separated population of thea events, which belong to
U/Th families. The totala activity associated with the pea
in the energy region 40021500 keV is 1.40~10! mBq/kg.
However, because of a poor energy resolution fora particles
and the uncertainty of thea/b ratio, we give only limits on
the activity of nuclides from uranium and thorium families
the 116CdWO4 scintillators received from the fit of the spec
trum in the range 40021500 keV: 232Th<0.15 mBq/
kg, 238U (234U)<0.6 mBq/kg, 230Th<0.5 mBq/kg, and
210Pb<0.4 mBq/kg.

The low energy part of thea spectrum~below 200 keV!
can be explained by the PMT noise, residualg(b) back-
ground,g or b events in the116CdWO4 scintillators with a

nd

d

FIG. 6. Energy distributions ofg(b) anda events, which were
selected by the pulse-shape analysis from the data of116CdWO4

crystals~330 g! measured during 2975 h. In the inset, thea spec-
trum is depicted together with the model, which includesa decays
from 232Th and238U families. The totala activity in the 116CdWO4

crystals is 1.40~10! mBq/kg.
0-5
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F. A. DANEVICH et al. PHYSICAL REVIEW C 67, 014310 ~2003!
small admixture of the plastic light-guide pulses~which were
not discriminated by the pulse-shape analysis!, decays of Th
and U daughtera nuclides located inside defects, or incl
sions of the crystals~in that case alpha particles can lose
part of their energy without scintillation light emission!, etc.

Lastly, a small peak is visible in thea spectrum of Fig. 6
at the energy around 300 keV. Since the 2.46 MeVa peak of
180W is expected at 307624 keV ~with FWHM5110 keV!,
and because the position of thea peak of 232Th ~with the
lowesta energy of 4.0 MeV among alla emitters from U/Th
families! must be at'600 keV, it is unlikely that this smal
peak can be attributed to an origin other thana decay of
180W. However, because a platinum crucible was used
the growth of our crystals, we analyze the possible imitat
of the effect bya activity of 190Pt ~the abundance of190Pt is
0.014%@3#, T1/256.531011 yr, Ea53164(15) keV@21#, or
435630 keV ing scale!. Calculation shows that the detecte
peak can be caused by platinum pollution~homogeneously
spread in the volume of the116CdWO4 scintillators! at the
level of '3 ppm. To estimate the actual platinum contam
nation in cadmium tungstate crystals, the results of previ
low background measurements performed by the Mila
Kiev collaboration with the CdWO4 crystal7 of 58 g @22#
were considered. This experiment has been carried out in
Gran Sasso Underground Laboratory, and the CdWO4 crystal
was used as a low temperature ('25 mK! bolometer. Energy
resolution~FWHM! of the detector was equal to 5 keV at 2
MeV. No events were registered in the energy region
310023300 keV during 340 h, which allows us to s

7This crystal was produced in the same apparatus as the enr
ones.

FIG. 7. Three-dimensional distribution of the background eve
~2975 h of exposition with the116CdWO4 crystals! versus energy
and shape indicator. The population ofa events belonging to the
U/Th families is clearly separated from theg(b) background.
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bounds on the190Pt activity. In accordance with Refs
@23,24# it yields 1.3 counts as the limit for the number o
events, which can be excluded with 68% C.L., hence one
set a bound for platinum concentration in the cadmium tu
state crystal to be 1.2 ppm. In addition, two samples of
CdWO4 crystal with dimensions 1.531.530.1 cm were
searched~with the help of the electron microscope! for in-
clusions, whose elemental composition is different from t
of CdWO4. With this aim, a flat surface (2 cm2) of each
sample was scanned, and if such an inclusion was obser
the electron beam was concentrated on it and the emitte
rays were analyzed with a crystal spectrometer~with energy
resolution better than 0.1 eV! tuned on a characteristic plat
num X ray. For any observed inclusions~with diameters in
the range 2–30mm! no emission of platinum X rays wa
found. This results in the conclusion that the limit~95%
C.L.! on platinum concentration in the CdWO4 crystal is
lower than 0.1 ppm~or 0.03 ppm! for Pt inclusions with
diameters less than 5mm ~or 3 mm!. Similar analysis per-
formed with the small sample ('3 cm in diameter! of the
enriched 116CdWO4 crystal gives even more stringen
restrictions:8 0.07 ppm~or 0.02 ppm!.

Therefore, one can conclude that all bounds obtained
homogeneous Pt contaminations in the CdWO4 crystals are
well below the level of 3 ppm, at which thea peak of 180W
could be imitated. Moreover, it is also known that in crysta
that were grown in a platinum crucible, Pt is not distribut
homogeneously, but it is present in the form of precipita
with a size around 20mm @25#, hence a broad energy distr
bution instead of ana peak would be observed. The latte
was proved by our Monte Carlo simulation of the190Pt a
decays in the CdWO4 crystal with the help of theGEANT and
event generatorDECAY4 @26#. It suggests that the effect o
180W a activity could be imitated by190Pt alpha decays only
in the case of platinum particles of 223 mm in size, with Pt
average concentration in the crystals at the level of 426
ppm, which is much larger than our experimental limits.

Nevertheless, because it is impossible to exclude~at least
in principle! some other explanations of the 300 keV peak
the background spectrum, we can treat our experimenta
sult only as the first indication for the possiblea decay of
180W. Obviously, final confirmation of its existence wou
be obtained with the help of CdWO4 crystals enriched with/
depleted of180W. However, it is clear that preparation an
performance of such a measurement would require str
additional effort and perhaps a long time.

B. Alpha activity of 180W and other tungsten isotopes

Assuming that the observed peak at the energy aro
300 keV is really caused bya decay of180W, let us estimate
its half-life. With this aim the experimentala spectrum in the
energy region of interest was fitted by a Gaussian distri
tion (FWHM5110 keV!, which represents the effect, and b
the background model. The latter was built up as a sum

ed8This is due to larger scanned area and better spatial resolutio
the electron microscope used in this case.
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the a peak of 232Th and the exponential function. Positio
and area of the searched peak, the thoriuma peak area, and
constants of the exponent were taken as free paramete
the fit procedure, which was performed in the energy reg
(140620)2(510630) keV. The best fit (x2/n.d.f.50.52)
achieved in the interval 1402520 keV~see Fig. 8! gives the
area of the searched peakS564626 counts and its position
at 326615 keV. Therefore, the measured energy of180W
alpha particles is 25806290 keV, which is in a reasonabl
agreement with the theoretical valueEa52460 keV. Taking
into account the number of180W nuclei in the crystals
(6.5731020) and the total efficiency~47%!, we get the cor-
responding half-life value: T1/2

a (180W)51.120.4
10.8(stat)

60.3(syst)31018 yr. The systematic error is related main
to an uncertainty of the background model.

In more conservative approach we use results of our fi
order to set the upper limit on half-life o
180W: lim T1/2

a (180W)>0.731018 yr at 90% C.L.9

In addition, since there are no structural features in
experimentala spectrum, which could indicate ana activity
of other tungsten isotopes, half-life bounds for these p
cesses were estimated. The numbers of candidate nucl
the detector with a mass of 330 g are182W–1.4531023,
183W–7.8331022, 184W–1.6831023, and 186W–1.56
31023. The position of thea peak in theg equivalent scale,
the expected peak width, and the efficiency of the pul
shape analysis are182W (Ea

g5215657 keV; FWHMa586
keV; hPSA535%), 183W (Ea

g5206654 keV; FWHMa

583keV; hPSA534%), 184W (Ea
g5204653 keV;

FWHMa583 keV; hPSA534%), and 186W (Ea
g5147

634 keV; FWHMa569 keV; hPSA528%). Fitting the ex-

9A similar boundT1/2
a >131018 yr at 90% C.L. can be extracte

from the mentioned measurements~340 h! with the CdWO4 crystal
of 58 g used as a low temperature bolometer~Ref. @22#!, where no
events were observed within the energy interval 2516630 keV.

FIG. 8. Fragment of thea spectrum measured with th
116CdWO4 detector during 2975 h together with the fitting cur
~solid line!. The a peak of 180W with an area of 64 counts corre
sponds to a half-life of 1.131018 yr.
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perimentala spectrum by a sum of the expected peak a
background model~exponential function plusa peaks of
180W and 232Th) we get the following half-life limits~at
90% C.L.!:

T1/2~
182W!>1.731020 yr, T1/2~

183W!>0.831020 yr,

T1/2~
184W!>1.831020 yr, T1/2~

186W!>1.731020 yr.

The obtained experimental results fora activity of naturally
occurring tungsten isotopes are summarized in Table I.

C. Comparison with theory

To our knowledge, there is only one theoretical wo
based on the microscopic approach, in which the half-life
a decay of 180W was calculated@27#. It takes into account
the systematic behavior of the reduceda widths of even-
even nuclei with numbers of neutrons and protonsN
>84, Z<84 and penetration factors obtained from realis
cluster wave functions. The derived result isT1/2

a 57.5
31017 yr and uncertainty of this value is estimated to be le
than a factor of 3@27#. For other tungsten isotopes theoretic
predictions are absent.

We have calculated the half-lives of all W isotopes fora
decay, first, with the help of the cluster model@7#, which was
very successful in describing thea decays of even-even nu
clei. For example, it reproduces theT1/2

a values mainly within
a factor of 2 for a wide range of nuclides~from 52

106Te to

108
264Hs) and forT1/2

a from 1027 s to 1016 yr. Becausea decays
of natural W isotopes~except 183W) occur without changes
in nuclear spin and parity, we have chosen a set of 17
clides~from 60

144Nd to 96
248Cm) with T1/2

a .105 yr @28#, whose
a decays also proceed without changes in nuclear spin
parity. When comparing theory with experiment, it is prac
cal to use the value of the deviationx5max(R,1/R), where
R5T1/2

th /T1/2
exp. For the chosen set of nuclides the clus

model @7# gives a quite reasonable average value ofx
51.9. Then, half-lives for W isotopes were calculated w
the help of the cluster model@7# and obtained results ar
listed in Table I ~given uncertainties are related only wit
uncertainties ofQa). In particular,T1/2

a (180W)58.331017 yr,
which is very close to the value of 7.531017 yr derived in
Ref. @27#.

Semiempirical relationships are often more effective
the prediction ofT1/2

a than microscopically based calcula
tions. We found in the literature@8,29–37# 18 semiempirical
formulas which can be used for our purpose. All of the
were also tested with the same set of 17 nuclides withT1/2

a

.105 yr. The best result~average deviation of the calculate
values from experimentx51.9) was found for the relation
ship of Ref.@8# based on phenomenological fission theory
a decay and valid not only for even-even but also for od
even, even-odd, and odd-odd nuclei. The values ofT1/2

a ob-
tained in such approach for W isotopes are given in Tabl
where uncertainties are caused, as in the previous case
uncertainties ofQa . For the 183W decay it was also taken
into account that change in parity will additionally suppre
the decay rate as compared with that of Ref.@8#. For 180W
0-7
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our resultT1/2
a 52.031018 yr is also close to that of@27#.

Thus, we can conclude that the half-life value (T1/2
a

51.120.5
10.931018 yr! for possiblea decay of 180W ~the indi-

cation of which is observed in the present work! is in good
agreement with the theoretical predictions:T1/2

a 50.7531018

yr ~microscopic approach@27#!, and calculated here on th
basis of the semiempirical formula@8# and cluster model@7#
as T1/2

a 52.031018 yr and T1/2
a 50.8331018 yr, correspond-

ingly.

IV. CONCLUSIONS

In the present work the pulse shape anda/b ratio of the
CdWO4 crystal scintillators have been studied for three
rections of the collimated beam ofa particles relatively to
the main crystal axes in the energy range 0.525.2 MeV. The
dependencies of thea/b ratio and pulse shape on the dire
tion of a irradiation have been found and measured.

By using the superlow background116CdWO4 crystal
scintillators, the indication for thea decay of the natura
tungsten isotope180W was observed for the first time. Th
measured half-lifeT1/2

a 51.120.4
10.8(stat)60.3(syst)31018 yr is

close to the theoretical predictions, and it would be the m
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rare a decay ever observed in nature. More conservativ
our result can be treated as the lower limit on the half-life
180W: lim T1/2

a (180W)>0.731018 yr at 90% C.L. In addi-
tion, new T1/2 bounds have been set fora decay of
182W, 183W, 184W, and 186W at the level of (0.821.8)
31020 yr. All these limits are higher than those obtained
previous work@6# and are the most stringent bounds onT1/2

a

for any a decaying nuclides.
To confirm existence ofa activity of 180W, we are pre-

paring measurements with other tungsten containing cry
scintillators: CdWO4 ~whose scintillation characteristics ar
better than those of currently used crystals!, CaWO4, and
ZnWO4. Observation of thea decay of 180W could be also
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parently, sensitivity of such experiments would be enhan
by using crystals enriched in/depleted of180W.
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