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Abstract

Energy resolution, a=b ratio, pulse-shape discrimination for g-rays and a particles and radioactive contamination

were studied with yttrium–aluminum garnet doped with neodymium (YAG:Nd). Applicability of YAG:Nd scintillators

to search for 2b decay and a activity of natural neodymium isotopes is discussed.
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1. Introduction

The great interest to the double beta (2b) decay
search [1–5] is related, in particular, with the recent
evidence for neutrino oscillations, which strongly
suggests that neutrinos have nonzero mass. While
oscillation experiments are sensitive to the neu-
trino mass difference, only measurement of neu-
trinoless (0n) 2b decay rate could define the nature
of the neutrinos (Majorana or Dirac) and the
absolute scale of the effective neutrino mass.
e front matter r 2005 Elsevier B.V. All rights reserve
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150Nd is one of the most promising candidate for
2b decay study because of its high transition
energy (Q2b ¼ 3368 keV). As a result, the calcu-
lated value of the phase space integral G0n

mm of the
0n2b decay of 150Nd is the largest among 35
possible 2b� decay candidates [6,7]. The theore-
tical predictions for the product of half-life with
the effective neutrino mass T0n

1=2hmni
2 are in the

range of 3:4� 1022–3:4� 1024 yr eV2 [8]. More-
over, on the experimental point of view, the larger
is the Q2b energy, the simpler is to overcome
background problems, especially since the back-
ground from natural radioactivity drops sharply
above 2615 keV, the energy of g’s from 208Tl decay
(232Th family). In addition, the contribution of
cosmogenic activation, which is very important for
d.
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the next generation of 2b decay experiments [9],
decreases at higher energies.

There exists no appropriate detector containing
neodymium, and the so-called ‘‘active source’’
experimental method [2] cannot be used. It should
be noted that such an experimental approach
would ensure high detection efficiency, great
advantage when using very expensive enriched
150Nd isotope.

The purpose of our work was to investigate the
scintillation properties and carry out initial test of
radioactive contamination of neodymium doped
yttrium–aluminum garnet (YAG:Nd) as a possible
detector for 2b decay experiment with 150Nd. The
active source method allows also to investigate
other rare processes in Nd nuclei, such as a decay
of naturally occurring neodymium isotopes.
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2. Measurements and results

2.1. Energy resolution and a=b ratio

Main properties of YAG:Nd (chemical formula
Y3Al5O12:Nd) are presented in Table 1. These
crystals are well known and their production is
well developed due to their wide application in
laser technique. The scintillation properties of
cerium doped yttrium–aluminum garnet
(YAG:Ce) have been studied in Ref. [10], proper-
ties of YAG:Yb have been reported in Ref. [11],
whereas YAG:Nd, to our knowledge, was never
studied as a scintillator.

All the measurements were carried out for the
{17� 6mm YAG:Nd crystal with � 2mol% of
Nd. The mass of the crystal is 7.16 g. The
photoelectron yield was estimated with the Philips
Table 1

Properties of YAG:Nd crystal scintillators

Density (g/cm3) 4.56

Melting point 1970 1C

Crystal structure Cubic Garnet

Hardness (Mohs) 8.5

Refractive index 1.82

Average decay timea 4ms
Photoelectron yield relatively to NaIðTlÞa 8%

aFor g-rays, at room temperature.
XP2412 bialkali photomultiplier (PMT) as 8% of
NaI(Tl). The energy resolution FWHM ¼ 13:6%
was measured for 662 keV g line of 137Cs with the
YAG:Nd crystal wrapped by PTFE reflector tape
and optically coupled to the PMT XP2412. A
substantial improvement of the light output
(� 22%) and energy resolution was achieved by
placing the crystal in liquid (silicone oil with index
of refraction � 1:5). The crystal was fixed in the
center of the teflon container {70� 90mm and
viewed by two PMTs XP2412. Fig. 1 demonstrates
the energy spectra of 137Cs and 207Bi obtained in
such a way with the YAG:Nd crystal. The energy
resolution of 9.3% was obtained with the
YAG:Nd crystal scintillator for 662 keV g line of
137Cs.
We estimate the energy resolution of the

YAG:Nd scintillation detector at the energy Q2b
of 150Nd using the results of measurements with
137Cs and 207Bi g sources. The data were fitted by
function FWHM ðkeVÞ ¼ a þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b � Eg

p
with va-

lues a ¼ 2 keV and b ¼ 5:2 keV; where energy of g
quanta Eg is in keV. The energy resolution
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Fig. 1. Energy spectra of 137Cs (a) and 207Bi (b) g-rays
measured with the YAG:Nd scintillation crystal. The crystal

was located in liquid and viewed by two distant PMTs (see

text).
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Fig. 2. The energy spectrum of a particles from collimated
241Am source.
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Fig. 3. Decay of scintillation in YAG:Nd for g-rays and a
particles (�3000 forms of g and a events were added) and their

fit by sum of three exponential components with decay

constants ti � 1; � 4; and � 20ms:

Table 2

Decay time of YAG:Nd scintillator for g quanta and a
particles. The decay constants and intensities (in percentage

of the total intensity) are denoted as ti and Ai; respectively.

Type of irradiation Decay constants (ms)

t1 (A1) t2 (A2) t3 (A3)

g-rays 1.1 (10%) 4.1 (87%) 20 (3%)

a particles 1.0 (15%) 3.9 (83%) 18 (2%)
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FWHM � 4% could be achieved at the Q2b energy
of 150Nd.

The a=b ratio was measured with the help of the
collimated a particles of a 241Am source. As it was
checked by surface–barrier detector, the energy
of a-particles was reduced to about 5.25MeV by
�1mm of air, due to passing through the
collimator. Fig. 2 shows the energy spectrum of
the a particles measured by the YAG:Nd scintil-
lator. The a=b ratio is 0.33. The YAG:Nd crystal
was irradiated in three perpendicular directions in
order to check a possible dependence of the a
signal on the direction of irradiation. While such a
dependence was found for CdWO4 [12] and
ZnWO4 [13] scintillators, it was not observed for
YAG:Nd crystal.
2.2. Pulse-shape discrimination for g quanta and

a particles

The shapes of scintillation light pulses in
YAG:Nd crystals were studied for 5.25MeV a
particles and � 1:5–1.8MeV g quanta with the
help of a 12 bit 20MHz transient digitizer as
described in Refs. [12,14]. The pulse shape can be
fitted by sum of exponential functions:

f ðtÞ ¼
X

Ai=ðti � t0Þðe�t=ti � e�t=t0Þ; t40

where Ai are intensities (in %), and ti are decay
constants for different light emission components,
t0 is integration constant of electronics (� 0:2ms).
The values of Ai and ti obtained by fitting the
average of � 3 thousand individual a and g pulses
in the time interval 0–60 ms (see Fig. 3) are
presented in Table 2. Differences in light pulse
shapes allow to discriminate gðbÞ events from a
particles. We applied for this purpose the optimal
filter method proposed in Ref. [15] and developed
in Ref. [14]. To obtain the numerical characteristic
of YAG:Nd signal, the so-called shape indicator
(SI), the following formula was applied for each
pulse

SI ¼
X

f ðtkÞPðtkÞ

.X
f ðtkÞ;

where the sum is over time channels k; starting
from the origin of the pulse up to 50ms; f ðtkÞ is the
digitized amplitude (at the time tk) of a given
signal. The weight function PðtÞ is defined as:
PðtÞ ¼ ff aðtÞ � f gðtÞg=ff aðtÞ þ f gðtÞg; where f aðtÞ
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Fig. 4. The shape indicator (see text) distributions measured by

YAG:Nd scintillation crystal with a particles (Ea ¼ 5:25MeV)

and g quanta (� 1:5–1.8MeV).
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and f gðtÞ are the reference pulse shapes for a
particles and g quanta. Reasonable discrimination
between a particles and g-rays was achieved using
this approach as one can see in Fig. 4 where the
shape indicator distributions measured by the
YAG:Nd scintillation crystal with a particles
(Ea � 5:3MeV) and g quanta (� 1:5–1.8MeV)
are shown.
Table 3

2b unstable neodymium isotopes

Transition Isotopic abundance

(%) [16]

Q2b (keV) [17]

146Nd !
146Sm 17.2(0.3) 70.2(2.9)

148Nd !
148Sm 5.7(0.1) 1928.8(1.9)

150Nd !
150Sm 5.6(0.2) 3367.5(2.2)
2.2.1. Radioactive contamination of the YAG:Nd

crystal

To determine activity of a active nuclides from
U/Th contamination in the YAG:Nd crystal, the
pulse shape analysis was applied to 14:8 h of low
background data carried out in the laboratory
based on the earth surface in Kiev. The YAG:Nd
crystal was viewed by the low-radioactive PMT
(EMI D724KFLB) through plastic scintillator
light-guide 10 cm in diameter and 4 cm long. The
active light-guide reduces effect of g-radiation
from the PMT and provides suppression of cosmic
rays induced background due to the pulse-shape
discrimination of scintillation signals. The passive
shielding consisted of steel (2 cm) and lead (10 cm).
The energy resolution of the detector was 11% for
662 keV g-rays.

To estimate contamination of the crystal by a
active nuclides of U/Th families, the a events were
selected from the data accumulated with the
YAG:Nd crystal with the help of the pulse-shape
discrimination technique. No peculiar feature of
the a spectrum could be surely attributed to a
emitters from the U/Th chains setting an upper
limit on the total a activity of 235U, 238U, and
232Th daughters in the YAG:Nd crystal to be
p20mBq=kg:
3. Discussion

3.1. 2b decay of neodymium

Among neodymium isotopes there are three
possible 2b candidates: 146Nd, 148Nd, and 150Nd,
listed in Table 3 where the Q2b energies and the
isotopic abundances are given. As mentioned
above, the most interesting of them is 150Nd
because of its high transition energy. Two neutrino
2b decay of 150Nd with the half-life T1=2 ¼

1:9þ0:7
�0:4 � 1019 yr was observed in experiment [18]

by using a time projection chamber and samples of
enriched 150Nd and natural neodymium. The
double beta decay of 150Nd was studied with
similar technique in Ref. [19] (however, only
enriched 150Nd sample was used), and the two-
neutrino half-life was measured to be T1=2 ¼

ð6:8� 0:8Þ � 1018 yr: Recently, the observation of
150Nd 2n2b decay to the second excited level of
150Sm (0þ1 at 741 keV) with T1=2 ¼ 1:4þ0:5

�0:4 � 1020 yr
was reported in Ref. [20], while only the limit
T1=241:5� 1020 yr was determined previously at
90% C.L. [21]. The most stringent limit on the
neutrinoless mode was set in the experiment [19] as
T1=2X1:2� 1021 yr:
YAG:Nd scintillators provide a possibility to

search for 0n2b decay of 150Nd by ‘‘active source’’
experimental method. The potential for pulse-shape
discrimination is an important advantage of
YAG:Nd scintillators as a low counting rate



ARTICLE IN PRESS

F.A. Danevich et al. / Nuclear Instruments and Methods in Physics Research A 541 (2005) 583–589 587
detector. This technique allowed to reduce signifi-
cantly the background due to U/Th contamination
in scintillators as it was demonstrated in experiments
using CdWO4 [12,22] and CaWO4 [9,23] crystal
scintillators. Obvious disadvantage of YAG:Nd-
based detector is the rather small content of Nd. In
the present study the mass concentration is only of
� 0:03% of 150Nd. It should be noted, however, that
YAG:Nd crystals can be produced with neodymium
concentration up to 8mol%, which corresponds to
� 0:1mass% of 150Nd. In this connection we would
like to refer the project CANDLES [24] which
intends to use a few tons of nonenriched CaF2

crystals to search for 0n2b decay of 48Ca. The
concentration of target 48Ca nuclei in CaF2 detector
is at the same level: � 0:1mass% of 48Ca.

The value of energy resolution FWHM ¼ 4%
could allow to discover [25] the 0n2b decay of
150Nd with the half-life T

0n2b
1=2 � 1025 yr; which

corresponds to the effective Majorana neutrino
mass mn � 0:06–0.6 eV (taking into account all
existing calculations of nuclear matrix elements for
0n2b decay of 150Nd). As for the sensitivity [25], an
experiment involving � 20 tons of nonenriched
YAG:Nd crystals with � 8mol% of Nd could

reach the half-life sensitivity � 3� 1026 yr (sup-
posing zero background during ten years of
measurements), which corresponds to a Majorana
neutrino mass of 0.01–0.1 eV.
3.2. a decay of neodymium

The a decay is energetically allowed for five
natural isotopes of neodymium; energies of a
Table 4

Theoretical calculations of half-lives for a decay of natural Nd isotop

Isotope Abund. Qa (MeV) Calculated T1=2 (yr)

[16] [17] [26] [27]

143Nd 12.2% 0.520 41.1 � 1080 5:2�
144Nd 23.8% 1.905 1.9 � 1015 4:3�
145Nd 8.3% 1.578 1.7 � 1022 3:9�
146Nd 17.2% 1.182 2.0 � 1034 3:9�
148Nd 5.7% 0.599 6.1 � 1070 1:1�

For 143Nd, we take into account that change in a parity and spin add
decay (Qa) and natural abundances are listed in
Table 4, as well as calculation of half-lives based
on models [26–28], and the half-life of 145Nd
calculated in Ref. [29]. Alpha decay was observed
only for 144Nd. Average half-life T1=2 ¼ 2:29�
0:16� 1015 yr [30] was derived on the basis of four
measurements: T1=2 ¼ 2:2� 1015 yr [31], T1=2 ¼

1:9� 1015 yr [32], T1=2 ¼ 2:4� 0:3� 1015 yr [33]
and T1=2 ¼ 2:65� 0:37� 1015 yr [34]. It is obvious
that, due to low Qa values and long expected
T1=2’s, there is no perspective to observe the a
decay of 143Nd, 146Nd and 148Nd. As for 145Nd,
only two T1=2 limits are known: T1=246� 1016 yr
[32] and T1=241� 1017 yr [35].
The indication of a decay of natural 180W

isotope with half-life T1=2 ¼ 1:2þ0:8
�0:4 (stat) �0:3

(syst) �1018 yr has been recently observed in the
experiment [12] with the help of the low back-
ground 116CdWO4 crystal scintillators. This result
was confirmed with CaWO4 crystal scintillators
[23] and bolometers [36]. It should be also referred
the excellent result on the detection of a decay of
209Bi with the half-life T1=2 ¼ ð1:9� 0:2Þ � 1019 yr
[37]. Both experiments [36] and [37] use the
cryogenic technique allowing to measure heat
and light signals simultaneously. This method
provides perfect selection of a events on the
background caused by g-rays (electrons). It should
be interesting to test YAG:Nd crystal as cryogenic
detectors to search for a decay of 145Nd and to
measure more accurately the 144Nd half-life.
It should be also mentioned possibility to search

for spin-dependent inelastic scattering of weakly
interacting massive particles (WIMP) because of
nonzero spin (7=2�) of 145Nd with excitation of its
es

Exp. T1=2 (yr)

[28] [29] [30]

1093 8:1� 1081 — —

1015 3:8� 1015 — 2:29� 0:16� 1015

1023 5:0� 1022 3:7� 1022 41� 1017

1034 1:1� 1035 – –

1071 1:9� 1072 — —

itionally suppresses the 143Nd decay rate.
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low energy nuclear levels (the lowest one:
3=2� 67 keV; E2 transition, and the second level:
5=2� 72 keV; M1 transition). Simultaneous detec-
tion of heat and light (as in Refs. [38,39]) would
allow to discriminate such ‘‘mixed’’ events (nuclear
recoil plus g quanta) from ‘‘pure’’ nuclear recoils
or g (electron) events because of different heat/
light ratio.
4. Conclusions

The scintillation properties of YAG:Nd crystals
were studied. An energy resolution of 9.3%
(662 keV 137Cs g line) was obtained with the
YAG:Nd crystal scintillator placed in liquid and
viewed by two PMTs. Shapes of scintillation
signals were investigated, and reasonable pulse-
shape discrimination for g-rays and a particles was
achieved. The a=b ratio was measured with the
YAG:Nd scintillator to be equal to 0.33 for
5:25MeV a particles. Radioactive contamination
of the YAG:Nd crystal by a active nuclides from
U/Th chains was estimated to be lower than
20mBq/kg.

Three potential 2b active neodymium isotopes
can be studied using YAG:Nd crystal. Due to
good scintillation characteristics and pulse-shape
discrimination ability, YAG:Nd seems to be
encouraging scintillators for the measurement of
150Nd 2b decay.

The YAG:Nd crystals could also be used to
search for a decay of natural neodymium isotopes,
in particular, 145Nd. The simultaneous measure-
ment of heat and light with cryogenic technique
would provide a strong signature of a decay.
However, the use of YAG:Nd crystal as a
bolometer still has to be tested experimentally.
Acknowledgements

The authors would like to thank Dr. Yu.D.
Glinka from the Institute of Surface Chemistry of
the National Academy of Sciences of Ukraine for
lending the YAG:Nd crystal used in the present
study. We also acknowledge Dr. M. Di Marco for
her remarks regarding this manuscript.
References

[1] J.D. Vergados, Phys. Rep. 361 (2002) 1.

[2] Yu.G. Zdesenko, Rev. Mod. Phys. 74 (2002) 663.

[3] S.R. Elliott, P. Vogel, Ann. Rev. Nucl. Part. Sci. 52 (2002)

115.

[4] V.I. Tretyak, Yu.G. Zdesenko, At. Data Nucl. Data

Tables 61 (1995) 43;

V.I. Tretyak, Yu.G. Zdesenko, At. Data Nucl. Data

Tables 80 (2002) 83.

[5] S.R. Elliott, J. Engel, J. Phys. G: Nucl. Part. Phys. 30

(2004) R183.

[6] M. Doi, et al., Prog. Theor. Phys. Suppl. 83 (1985) 1.

[7] J. Suhonen, O. Civitarese, Phys. Rep. 300 (1998) 123.

[8] M. Doi, et al., Prog. Theor. Phys. 69 (1983) 602;

A. Staudt, et al., Europhys. Lett. 13 (1990) 31;

T. Tomoda, Rep. Prog. Phys. 54 (1991) 53;

M. Hirsh, et al., Z. Phys. A 347 (1994) 151;

J.G. Hirsh, et al., Nucl. Phys. A 582 (1995) 124;

F. Simkovic, et al., Phys. Rev. C 60 (1999) 055502.

[9] see, for instance: Yu.G. Zdesenko, et al., CARVEL: an

experiment with 48CaWO4 crystal scintillators for the

double b decay study of 48Ca, Astropart. Phys., in press.

[10] M. Moszynski, et al., Nucl. Instr. and Meth. A 345 (1994)

461;

T. Ludziejewski, et al., Nucl. Instr. and Meth. A 398 (1997)

287;

T. Bhattacharjee, et al., Nucl. Instr. and Meth. A 484

(2002) 364.

[11] P. Antonini, et al., Nucl. Instr. and Meth. A 460 (2001)

469.

[12] F.A. Danevich, et al., Phys. Rev. C 67 (2003) 014310.

[13] F.A. Danevich, nucl-ex/0409014, Nucl. Instr. and Meth.

A., in press.

[14] T. Fazzini, et al., Nucl. Instr. and Meth. A 410 (1998) 213.

[15] E. Gatti, F. De Martini, Nuclear Electronics 2, IAEA,

Vienna, 1962, p. 265.

[16] K.J.R. Rosman, P.D.P. Taylor, Pure Appl. Chem. 70

(1998) 217.

[17] G. Audi, A.H. Wapstra, C. Thibault, Nucl. Phys. A 729

(2003) 337.

[18] V. Artemiev, et al., Phys. Lett. B 345 (1995) 564.

[19] A. De Silva, et al., Phys. Rev. C 56 (1997) 2451.

[20] A.S. Barabash, et al., JETP Lett. 79 (2004) 12.

[21] A.A. Klimenko, et al., Part. Nucl. Lett. 5 (2001) 80.

[22] F.A. Danevich, et al., Phys. Rev. C 62 (2000) 045501;

F.A. Danevich, et al., Phys. Rev. C 68 (2003) 035501.

[23] Yu.G. Zdesenko, et al., Nucl. Instr. and Meth. A, in press.

[24] I. Ogawa, et al., Proceedings of the Fifth International

Workshop on Neutrino Oscillation and their Origin,

NOON 2004, 10–15 February 2004, Tokyo, Japan, to be

published in proceedings.

[25] See discussion about discovery potential and sensitivity of

2b decay experiments in: Yu.G. Zdesenko, et al., J. Phys.

G 30 (2004) 971.

[26] B. Buck, A.C. Merchant, S.M. Perez, J. Phys. G 17 (1991)

1223.



ARTICLE IN PRESS

F.A. Danevich et al. / Nuclear Instruments and Methods in Physics Research A 541 (2005) 583–589 589
[27] D.N. Poenaru, M. Ivascu, J. Phys. 44 (1983) 791.

[28] M. Fujiwara, et al., J. Phys. G 28 (2002) 643.

[29] C. Xu, Z. Ren, Phys. Rev. C 69 (2004) 024614.

[30] A.A. Sonzogni, Nucl. Data Sheets 93 (2001) 599.

[31] W. Porschen, W. Riezler, Z. Naturforsch. 11a (1956) 143.

[32] A. Isola, M. Nurmia, Z. Naturforsch. 20a (1965) 541.

[33] R.D. Macfarlane, T.P. Kohman, Phys. Rev. 121 (1961)

1758.
[34] B. Al-Bataina, J. Janecke, Radiochim. Acta 42 (1987)

159.

[35] G. Kauw, Forsch. Laudes Nord.-Westfalen N 1640

(1966).

[36] C. Cozzini et al., Phys. Rev. C 70 (2004) 064606.

[37] P. de Marcillac, et al., Nature 422 (2003) 876.

[38] M. Bravin, et al., Astropart. Phys. 12 (1999) 107.

[39] S. Cebrian, et al., Phys. Lett. B 563 (2003) 48.


	YAG:Nd crystals as possible detector to search for �2  and   decay of neodymium
	Introduction
	Measurements and results
	Energy resolution and  /  ratio
	Pulse-shape discrimination for   quanta and QJ  particles
	Radioactive contamination of the YAG:Nd crystal


	Discussion
	2  decay of neodymium
	  decay of neodymium

	Conclusions
	Acknowledgements
	References


