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A search for the possible charge non-conserving (CNC) decay
of 139La into !'39Ce has been performed for the first time.
For this purpose, a new LaCl3(Ce) crystal scintillator, recently
developed, and the low background DAMA /R&D setup have
been used to collect the data deep underground at the Gran Sasso
National Laboratory of INFN. The limit 7anc(13°La—139Ce) >
1.0 x 10'® yr (90% C.L.) has been obtained for the first time;
this limit holds for whatever CNC 39La decay with emission of
massless uncharged particles.

1. Introduction

The conservation of the electric charge, which is
related to a gauge invariance and masslessness of
a photon in accordance with the Weinberg theorem
[1], is considered as an absolute law in the standard
quantum electrodynamics. Nevertheless, the possibility

of CNC phenomena has widely been discussed in
the literature (see reviews [2] and references therein)
mainly in connection with future unified theories and
with the possible existence of extra dimensions |[3,
4].

The best up-to-date limits on the CNC processes
established both in searches for electron
instabilities (either the electron disappearance or
decay into invisible channels: 7. > 2.4 - 10** yr
[5], electron disappearance with excitation of low-
energy nuclear levels: 7. > 3.7 x 10** yr [6],
and the electron decay into a neutrino and a
v quantum: 7. > 4.6 x 1026 yr [7]; all limits
are at 90% C.L.) and in searches for proton
instabilities (either disappearance or decay into
invisible channels: 7, > 2.1 x 10* yr [§], 7, >
2.1 x 10%° yr (9], 7p > 5.0 x 10%° yr [10] at 90%
C.L.)%N

were

1Tt is worth to recall that the DAMA setups have provided along the time several up-to-date limits on the CNC processes, such as:
the electron disappearance or decay into invisible channels with DAMA /Nal [5] and with DAMA /LXe [11]; the electron decay into a
neutrino and a v quantum with DAMA /T.Xe [12]; the electron disappearance with excitation of low-energy nuclear levels in 129Xe with
DAMA /LXe [6] and in ?3Na and in 27T with DAMA /Nal [13]; the nucleon and di-nucleon decays into invisible channels in '29Xe with
DAMA /T.Xe [14]; the nucleon, di-nucleon, and tri-nucleon decays into invisible channels in 136Xe with DAMA /LXe [15, 16]; the CNC

decay 136Xe — 136Cs with DAMA /LXe [15].
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Fig. 1. Scheme of the investigated CNC decay of 1*9La into 139Ce
and of the subsequent EC of 139Ce

An additional approach to investigate the CNC
processes is offered by the search for the CNC decay,
firstly considered in [17]: if, in a S decay (A,Z) —
(A, Z+ 1)+ e + 7., some massless uncharged particle
would be emitted instead of the electron (for example, v,
or v or Majoron), an additional 511-keV energy release
would occur. Thus, usually forbidden decays to the
ground state or to the excited levels of the daughter
nuclei would become energetically possible. The presence
of the (A,Z + 1) isotope or of its daughter products
(detected either by chemical methods or through their
radioactive decays) in a sample, initially free from them,
would indicate the existence of the CNC decay searched
for. Up-to-date, only bounds on similar CNC decays are
available.

In most of the previous measurements, except, e.g.,
those in [15, 18], the used technique was traditional to
solar neutrino experiments: the chemical separation of
the daughter (4,7 + 1) element and the search for its
radioactive decay with the help of a suitable detector.
More recently, it has been proposed [18] instead to
exploit a “source = detector” technique in this field,
where a parent isotope is not located in a passive target,
but it is contained in the used detector itself. The
advantages of such an approach are:

(1) the laborious procedure of the chemical separation is
avoided,;

(2) the events can be processed in a real-time approach,
without any loss due to the decay of the (A,Z + 1)
nuclei from the time of their creation to the time of the
chemical separation;

(3) the efficiency to register the decay of the (4,7 + 1)
nuclei in the used detector will be close to 1;
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(4) the analysis of a time evolution of the events’
signals can be used to discriminate the effect searched
for from other contributions, strongly suppressing the
background;

(5) a wider number of nuclei-candidates can be used for
the considered CNC decay search (the only request is for
the atomic mass of the daughter and parent nuclides,
in the ground or excited state: 0 < M(A,Z + 1) —
M(A,Z) < 511 keV). Moreover, targets with a quite
large mass can, in principle, be used. We firstly exploited
this approach in [15] searching for the possible CNC
decay of 13%Xe into '3¢Cs.

In the present paper, we describe the first search for
the possible CNC decay of '3%La into '39Ce, realized by
exploiting this new described approach.

The scheme of the process is given in Fig. 1. After the
possible 3La CNC decay, the daughter nucleus '3Ce
will be created. It transforms back to '*°La through
the electron capture (EC) with 7y,, = 137.64 d and
Quc = 279 keV [19].

The measurements described here have been
performed using a LaCls(Ce) crystal scintillator in the
low background DAMA /R&D setup operating deep
underground at the Gran Sasso National Laboratory of
INFN.

DAMA/R&D is a multipurpose setup devoted to
tests on low background detectors and PMTs and to
small scale experiments investigating various processes
such as 33 decay modes in “°Ca, 46Ca, *8Ca, 196Cd,
130Ba, 136Ce, 138Ce, 142Ce [20]. The performances and
the potentialities of applications of the used LaCl3(Ce)
scintillator have been already discussed in [21].

2. Experimental Setup and Measurements

A more detailed description of the used setup has been
given elsewhere (see [21]); here we just briefly recall some
of its main features.

The wused detector is a LaCl;:(8.5£1.0%)Ce
(25.4£0.2 mm in diameter and 25.4£0.2 mm in length).
It has a density p=(3.86+0.01) g/cm? [22] corresponding
to a mass of (49.7+1.3) g. The crystal is encapsulated in
an OFHC copper housing 1 mm in thickness; between
copper and the crystal, there are about 2.5 mm of a
diffuser. The optical window is made of quartz. The
detector is a commercial crystal, and no particular
selection of crystal materials has been pursued.

The crystal scintillator has been viewed by a low
background photomultiplier (PMT) EMI9265-B53/FL
(~30% quantum efficiency at 380 nm) through a
Tetrasil-B light guide (7.6 cm in diameter and 10 cm
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Fig. 2. Schematic view (not in scale) of the LaCl3(Ce) detector inside the inner Cu box of DAMA /R&D (left); the authomatic system
to close the DAMA /R&D setup (center) and the closed shield (right)
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Fig. 3. Experimental energy distribution measured deep underground during 493 h by the used LaCl3(Ce) detector in the energy region

below 250 keV; the measured counting rate is dominated by the radioactive decays of 138La [21]

long); see Fig. 2. The voltage divider has directly been
mounted on the flying leads of the PMT over a teflon
disk by using miniaturized SMD capacitors and resistors,
soldered by low radioactive lead and special resin.

The detector has been put inside a low-radioacti-
vity sealed copper box filled with low radioactive Cu
bricks. The copper box is installed at the center of a
low-radioactivity passive shield composed of 10 cm of
low radioactive copper, 15 cm of low radioactive lead, ~1
mm of cadmium, and >10 cm of polyethylene/paraffin.
The inner copper box is flushed with high-purity (HP)
nitrogen gas and kept in slightly over-pressure with the
respect to the external environment. Also the whole

ISSN 0508-1265. Ukr. J. Phys. 2006. V. 51, N 11-12

shield is sealed in a plexiglas box and maintained in the
HP nitrogen atmosphere (see Fig. 2).

The PMT is connected with a low-noise preamplifier;
in the electronic chain, three channels of a charge
ADC are acquired (with a 120-ns gate) to collect the
information in different energy ranges. Moreover, the
signals from the PMT are also recorded by a 160-MSa/s
Transient Digitizer over a time window of 3125 ns.

The energy scale is determined with the help of
standard gamma sources placed in the position shown
in Fig. 2, left; the energy resolution has been measured

- _ 059
to be: & = 0.004 + TBeV] [21].
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Fig. 4. Expected response function of the LaCls(Ce) detector for

the EC of 139Ce. In the data analysis, presented in the text, the
attention has just been paid to the higher energy region

In [21], the whole energy distribution has been
given, and the background has been discussed in detail;
here instead we focus the attention only on the region
of interest for the investigated process. In particular,
the experimental energy distribution collected deep
underground during 493 h of data taking in the energy
region below 250 keV is shown in Fig. 3,a and b.
The measured background is dominated by the internal
residual contaminants [21]: the events in this energy
region are mainly due to the radioactive decays of 138La
(natural abundance: 0.0902%) present in the natural La.

In particular, Fig. 3,a shows the peak at ~38 keV
and a part of the peak at 6 keV (shaped by the energy
threshold) due to the deexcitation of the shells K and L,
respectively, after the EC of 138La in 13¥Ba (branching
ratio: (66.4+0.5)% [23]). Moreover, the continuous
energy distribution, pointed out in Fig. 3,b, is mainly
due to the 8 decay '**La —!38Ce with end-point ~ 250
keV (branching ratio: (33.6 £ 0.5)% [23]).

3. Data Analysis and Results

As shown in Fig. 1, the EC process of '3°Ce is followed
by a v of ~166 keV and X rays/Auger electrons. In
particular, in the ~70% of events, an electron from shell
K (Ex ~ 39 keV) is involved, in the ~23%, an electron

from shell L (EL, ~ 6 keV), and, in ~7%, an electron
from upper shells.

The expected response function of the LaCls(Ce)
detector for the EC of 139 Ce has been simulated with the
help of the EGS4 package [24]. The simulated response
function is shown in Fig. 4.

The peak at ~200 keV is due to the sum of the 166-
keV v and X rays/Auger electrons from shell K; the peak
at ~170 keV is due to the sum of the 166-keV v and X
rays/Auger electrons from shell L or upper; moreover, in
case of the escape of the 166-keV +y, the X rays/Auger
electrons peaks in the low energy region are produced.
In particular, in what follows, we consider the higher
energy region.

Comparing the experimental energy distribution
(given in Fig. 3) with the expected response function
(given in Fig. 4), no evidence for the peaks at ~170
keV and ~200 keV is found; thus, only a bound on the
probability of the investigated effect can be extracted
here.

In order to extract the limit on the number of the
139Ce EC decays, the experimental energy distribution
in the region 100-240 keV has simultaneously been
fitted by the sum of a background model and of the
139Ce EC response function. In that energy region,
the experimental energy distribution is mainly due to
the 8 spectrum of '3¥La decay [21]; thus, following a
standard procedure, the number of events N; — which
could be ascribed to the considered decay process —
has been calculated by minimizing (with the respect to
the P, to Ps and Ny free parameters) the function,

7> = Y. (Fp, p,pypyps (Br) + NaMy — Ni,)* /Ny,
where Fp, p, p, py ps (Ex) = fB p,(Ek) + f3, p, p, (Er)-
The function f};”l p,(Ex) = Pi + PE} accounts for a

linear component of the background, and fgg p, s (Bk) =

[VE (B +2m.2)(Qs — B)*(Bi +me®)|  (Py +

PyE;, + Pg,E,%) accounts for the background component
arising from the ®®*La 8 decay>.

Moreover, Ej, is the mean energy of the k-th energy
bin; NgM}, are the expected counts in the k-th energy
bin as evaluated by the Monte Carlo code, while N}, are
the measured counts in the given running period and in
the k-th energy bin. The Z? function has a x? profile;
the minimization code uses the well-known MINUIT
package, and the MINOS routine is used for the correct
evaluation of all the errors of the free parameters of the
fit.

2 A polynomial approximation has been included to take into account the overall effect due to mainly the Fermi function, the spread
of the energy resolution, and the high level of forbiddenness of the 38La 3 decay.
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Fig. 5. Experimental energy distribution in the region 100-240 keV
(continuous histogram) with the superimposed best-fit curve. The
dashed curve is hundred times the energy distribution expected
for Tone equal to the 90% C.L. limit obtained following the first
procedure described in the text

The result of the fit (x?/d.o.f. ~ 1) is Ny = —3810+
4290 events; thus, there is no evidence for the effect sear-
ched for. According to the Feldman—Cousins procedure
[25] recommended by the Particle Data Group [26], the
90% C.L. limit on the number of observed events is
Ny < 3810 decays.

Then, the corresponding lifetime of the CNC decay
of 139La into 139Ce can be calculated by means of the
known formula

lim TCNC — NT/Nd,

where N is the number of 13°La nuclei (N = 1.1 x 10?3)
and T is the time of measurements (T = 493 h). Thus,
the lifetime limit is

rone (P3La =139 Ce) > 1.6 x 108 yr at 90% C.L.

For a direct comparison, the continuous histogram
in Fig. 5 represents the experimental data in the region
100—240 keV with the superimposed best-fit curve,
while the dashed curve is hundred times the energy
distribution expected for Tonc equal to the obtained 90%
C.L. limit given above.

To test the robustness of the obtained limit, we
pursue a second approach focusing the 183-230-keV

ISSN 0508-1265. Ukr. J. Phys. 2006. V. 51, N 11-12
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Fig. 6. Experimental energy distribution in the region of the
higher energy peak: 183-230 keV (continuous histogram) with the
superimposed best-fit curve. The dashed curve is hundred times
the energy distribution expected for 7onc equal to the 90% C.L.
limit obtained by the second approach described in the text

energy region which is around the ~200-keV peak
expected for the 139Ce EC decay searched for. In this
case, the considered background model is simply a
straight line: fﬁl p,(Er). A standard procedure similar
to the one described above has been then followed,
obtaining, as a result of the fit, (x?/d.o.f. ~ 1) Ny =
560 =+ 3530 events, confirming no evidence for the effect
searched for. The 90% C.L. limit on the number of
observed events is Ny < 6370 for the present approach,
and the corresponding lifetime of the CNC decay of 1*°La
into 129Ce is

rone (P9La =139 Ce) > 1.0 x 10" yr at 90% C.L.

As is seen, the approaches give the same order of
magnitude. To be on the safest side, we will consider, in
what follows, the most cautious one. For a direct
comparison, the continuous histogram in Fig. 6
represents the experimental data in the region of the
higher energy peak: 183—230 keV with the superimposed
best-fit curve, while the dashed curve is hundred
times the energy distribution expected for 7ocnc equal
to the 90% C.L. limit obtained with the second
approach.
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Limits on lifetime of CNC S decay in various nuclides,
TcNe, established by direct experiments. Corollary
bounds just for a single case of CNC decay associated
with neutrinos emission, €2, are also given in the third
column (see text)

ONC B decay | 7onc, yr (CL) | &2 | Year [Ref.]
8"Rb—87mSr > 1.8 x 1016 (68%) < 3.3 x 10717 1960 [32]
87Rb—87mSr > 1.9 x 10'® (90%) < 3.0 x 10719 1979 [33]
TGa—TGe > 2.3x10% (90%) < 9.0 x 10~24 1980 [34]
8TRb—8"™Sr > 7.5 x 1019 (90%) < 7.9 x 10721 1983 [35]
H3Cd—113mIn > 1.4 x 1018 (90%) < 9.7 x 1018 1983 [36]
Ga—T1Ge > 3.5x10% (68%) < 8.0 x 10727 1996 [37]
BGe—T3As > 2.6 x 1022 (90%) < 1.1 x 10~8 2002 [18]
136Xe—136Cs > 1.3 x 1022 (90%) < 1.1 x 1075 2004 [15]
H51p 5 115mGn > 4.1 x 1020 (90%) < 2.4 x 10720 2005 [38
1397,2—139Ce > 1.0 x 10'® (90%) < 4.7 x 10710 This work

The analyzed CNC process can be related to several
possible CNC mechanisms with the emission of massless
uncharged particles (as Majoron(s), photons, neutrinos,
etc.).

In the following, as a corollary result, we will derive
— just for a single case of CNC decay associated with
the neutrinos emission — a bound on the charge non-
conserving admixture in the weak interactions according
to the hypothesis of [27]. In fact, under assumption that
the weak interactions include a small CNC component
of usual form except for a neutrino replacing the electron
in the lepton current, Hone = €, Hysual, the €, value is
related to the Tone as follows [27]:

2 7(n) W5 (n) fti2(4A,Z) (1)
Tonc(A4, Z) W3 (A, Z)  ftyya(n)

Here, 7(n) is the neutron lifetime (886.7 s [26]), W (n)
is the mass difference between n and p (1293 keV [26]),
W (A, Z) is the nuclear mass difference between (A, Z)
and (A4, Z +1) isotopes (232 keV in our case), ft,/2(n) is
the n comparative half-life (with the value of f = 1.692
[28], we obtain ft; /5(n) = 1040s). The value ft; /2(A4, Z)
can be estimated from the value of ft;,,(A4,7 + 1)
accounting for the difference in spin between initial
and final nuclear states: fty,2(A4,2Z) = fti1/2(4,Z +
D[2J(A, Z) + 1]/[2J (A, Z + 1) + 1]. In our case, the
ft1/2(A, Z +1) for the transition '*?Ce—'3"La(g.s.) was
not measured; thus, we use the recommended value
for the second-fold forbidden non-unique transitions:
log ft1/, = 12.5 [29]>. With the numbers given above
and the most cautious 7cnc limit previously obtained,

we get in the present case the restriction: €2 < 4.7x10719
(90% C.L.) for the considered scenario.

The to-date results on the CNC f decay lifetime in
various nuclides are summarized in the Table.

4. Conclusions

In this paper, the data collected deep underground at the
Gran Sasso National Laboratory of the INFN have been
used to investigate, for the first time, the possible CNC
decay of 13%La into 139Ce. In spite of the relatively poor
radiopurity of the commercial crystal (see, for details,
[21]), the most cautious restriction results in

rone (P9La =132 Ce) > 1.0 x 10'® yr at 90% C.L.

This limit holds for whatever CNC '3°La decay
with the emission of massless uncharged particle (v,
Majoron(s), v, etc., even some other interesting physics
which could appear in future).
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IIOMIYK MO2KJINBOT'O PO3IIALY
139La B 139Ce I3 HEBBEPE?KEHHSIM EJTJEKTPUYIHOI'O
BAPAY 3A JJOIIOMOI'OIO CUMHTUJIATOPA LaCl(Ce)

P. Bepnabeti, I1. Beaai, @. Monmexxi, . Houyonai,
A. 0’Andoceno, @. Kaneanra, A. Imuiximmsi, JI. IIpocnepi,
C. Kacmeanaaro, P. Yepyani, C.U. /lati, B.I. Tpemax

Peszwowme

B mepumii pa3 BEKOHAHO MOMYK MOXKJIWBOTO posmagy 2°La B
139Ce 3 mopymeHHAM 3aKOHY 36epeKeHHS eJeKTPHYIHOTO 3apsd-
ay (33E3). B gocnigi 6yB BUKOPHCTAHHN HEIOAABHO DPO3POG-
sennit kpucramivauil crumaTHagTOop LaClz(Ce) Ta HE3BKOMOHO-
Ba ycranoeka DAMA /R&D. ExcnepuventanbHi gani Hakommte-
Hi iinboko mizg 3emsiero B Hamionanbuiit taboparopii I'pan Cacco
(Itanis). Onepxane prnepme obmexernns Tonc(!2La—139Ce) >
1,0 - 10'® pokis (90% C.L.) € npaBuabHAM i Gyb-KOTO TIPO-
necy 3 nopymenHaM 33E3 3 BunpomiHioBaHHAM 6€3MacOBOI HEUT-
PaJIbHOT YACTUHKH.
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