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Our Motivation

Development and 
characterisation of 
photon counters

BUTTON++

Neutrino physics

Reactor physics 
and source terms

Nuclear safeguards 
and non-
proliferation

Imaging Cherenkov 
detectors

New detector concepts
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Backgrounds in Boulby Lab
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The case

• 160Gd is a candidate nuclide for double β decay 

• double β decay in 160Gd has yet to be observed 

• Kobayashi/Kobayashi measured lower limit for 0ν in GSO 

• limited in size, energy resolution and background 

• new materials and method promising to improve on that result 

• need to study backgrounds and energy resolution further 

• need to test radio-purity of candidate materials 

• Potential that 2νββ spectrum could be measured in pilot run 

• work with nuclear theory on realistic 2νββ spectrum
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Double beta decay 
Existing work (353cm3 GSO Crystal)
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The detection of Ov fl/3 decay has been pursued for various candidate nuclei [6]. 
Experimental data concerning 0v fl/3 decay from direct counting as well as from 
geochemical measurements have been accumulated for various nuclei [6], including 
46Ca ' 48Ca ' 7°Zn  ' 76Ge ' 828e ' 962£ ' l ° ° M o  ' 110pd ' l l a c d  ' l l 6 c d  ' 1245n ' 128Te ' 130Te ' 
134Xe, 136Xe, 148Nd, 15°Nd, 186W, 192Os and 19Spt. No finite occurrence of 0v/3[3 
decay, however, has yet been confirmed. The most stringent limit was obtained for 
76Ge with T1/2(Ov) > 2.5 × 10 24 y and <m,> < 1.1 eV (68% CL) [7]. This result was 
obtained using a direct-detection method along with an enriched HP Ge-detector. 
Since the geochemical method, which detects the amount of (A, Z + 2) nuclei in 
rocks containing (A, Z) nuclei, cannot tell the difference between Ov/3/3 and 
2v/3/3 decay, direct detection using scintillation detectors has been given much 
attention in recent years. 

Most direct-counting methods use a thin passive source with a separate detec- 
tor, such as a semiconductor Ge-detector at low temperature, crystal scintillators, 
discharge chambers, etc.. Several measurements [6], however, have been carried 
out using active sources. In this scheme, the source simultaneously constitutes the 
detector, itself. Measurements involving this scheme have been carried out [6] on 
48Ca using CaF 2 crystals, 76Ge using Ge-detectors, u6Cd using CdWO 4 crystals, 
13°Te using a cryogenic thermal 13°Te-detector, and 136Xe using a high-pressure 
Xe ionization chamber. Some of the measurements employed scintillating crystals 
having a large light output: CaF 2 : Eu [8] or undoped CaF 2 [9] for studying 48Ca, 
and CdWO 4 [10] for studying 11°Cd. 

In addition to the above-mentioned nuclei, 16°Gd has also been considered [5] 
to be an excellent candidate nucleus for studying Ov/3/3 decay. Although the 
abundance of this element in naturally occurring Gd is as large as 21.8%, no 
measurement has ever been published. In Ov/3/3 decay, 16°Gd ~ 16°Dy -~- e-  + e-,  
two electrons are produced with an energy sum of 1730 keV (see Fig. 1). Both 
16°Gd and 16°Dy have ground states of J P =  0 +. In recent years, an efficient, 
high-quality crystal scintillator, cerium-doped gadolinium silicate Gd2SiOs:Ce 
(simply GSO: Ce), has been developed [11-14]. This scintillator has a large density 
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Fig. 1. tiff-decay scheme of 16°Gd. 
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energy resolution was degraded by a factor of 1.3 upon the addition of a 10 cm 
long light guide. For the larger crystal mentioned above, however, the background 
above 500 keV was almost independent  of the light guide within 20%. After 
discovering this, the rest of the measurement was carried out without using the 
light guide, since the energy resolution was much better  without it than with it. 
The longitudinal uniformity, measured by moving a y-emitting isotope along the 
crystal length, was confirmed to be excellent; the pulse height was constant within 
+ 2% [15] for both cases, with and without the light guide. 

The G S O : C e  source-detector was mounted in a box of 5 cm thick OFHC 
(oxygen-free high-conductivity) copper inside 10 cm thick lead. The detector 
system was placed in a room at ground level at KEK. The output was fed to a 
spectroscopy amplifier (ORTEC 571) with a shaping time constant of 3 Ixs, and 
was finally analyzed using a pulse-height analyzer (ORTEC 917) in the pulse-height 
mode. Measurement was carried out in many successive runs with each run taking 
almost one week; the energy calibration was usually carried out at both the 
beginning and the end of each run using y-emitting isotopes (22Na, 6°Co and 
137Cs). The energy resolution at the full-width at half-maximum (FWHM) was 
19.6% (24.1%), 11.1% (13.8%), 7.8% (10.1%) at 662, 1275 and 1786 keV, respec- 
tively, without (with) the light guide (see Fig. 2). 

3. Result 

The sum of the crystal weight times the measurement time was (MT) 1 = 4.42 X 
101° g.  s for GSO : Ce with the light guide and (MT) 2 = 3.36 x 101° g- s without 
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Fig. 3. Energy-deposit spectrum summed over all runs for GSO:Ce  without a light guide (LG). The 
number of detected y-rays per  g per s per  keV is plotted. The position (1730 keV) of 0v/3/3 decay and 
the instrumental energy resolution (FWHM) are also indicated. 
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(6.71 g/cm3),  fast response (exponential decay constant ~" ~ 40-60 ns) and a large 
light output  (20% of NaI :TI ) .  0v/3/3 decay should show up as a monochromatic  
line at 1730 keV on the background energy spectrum in a G S O : C e  scintillator. 
G S O : C e  is an excellent source material,  which serves as a detector at the same 
time. 

We recently carried out at K E K  a search for 01,/3/3 decay of 16°Gd using an 
active source-detector of G S O : C e .  It  is the aim of the present  paper  to present  
the results concerning the above-mentioned search and to discuss the possibility to 
improve the sensitivity in the future. 

2 .  E x p e r i m e n t  

A GSO : Ce crystal of 5 cm in diameter  and 18 cm in length [15] was viewed by a 
2-inch photomultiplier  (PMT) having a bialkali photocathode (Hamamatsu  R329) 
from one of the end faces. For the later half of the accumulated statistics, the 
crystal was directly coupled to a photomultiplier  with silicone-epoxy-type optical 
grease (OKEN 6262). For  the former  half of  the statistics, however, a light guide of 
acrylite (5 cm in diameter  and 10 cm long) was inserted between the PMT and the 
GSO : Ce. The light guide was removed after finding that it did not help. The use 
of a light guide in the former  half was the result of optimization of the length of 
the light guide for a small-size G S O : C e  crystal (5 cm in diameter  and 3 cm in 
length) so as to reduce the background coming f rom the PMT, while maintaining a 
large light output. The background at around 1730 keV decreased by half, and the 
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Fig. 2. The energy resolution of the GSO:Ce crystal (5 cm in diameter and 18 cm in length) for 22Na. 
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Fig. 4. Fit of the energy-deposit spectrum (see Fig. 3) around 1730 keV with a gaussian peak plus 
polynomial background in the GSO:Ce without the light guide. The bin width is 5 keV. The position 
(1730 keV) corresponding to the Ov tiff decay and the instrumental energy resolution are also indicated. 

the light guide, respectively. Fig. 3 gives the spectrum, summed for all the runs, of 
the energy deposit in the G S O : C e  without the light guide. There  are two broad 
maxima below 1 MeV. That  at around 0.38 MeV can be assigned to the 2.14 MeV 
a 's  from 152Gd (the isotopic abundance = 0.20%, half life = 1.1 × 1014 y), since the 
pulse-height ratio of a- and y-rays with the same energy is about 0.21, as was 
calibrated with 5.49 MeV a-rays from 241Am. The other one at around 1 MeV can 
be interpreted [16] in terms of a ' s  with energies in the range of 4.1-8.9 MeV 
(mostly below 6 MeV) coming from uranium- and thorium-decay chains. 

A part of the spectrum (Fig. 3) at around 1730 keV is shown in Fig. 4. In order  
to detect the monochromatic line from Ov tiff decay, the spectrum was fitted with 
a polynomial background plus a gaussian peak sitting at around 1730 keV with a 
width of less than the instrumental value (the FWHM, AE = 137 keV (176 keV) 
without (with) the light guide). No finite peak was observed with any meaningful 
statistical significance. When the fitting was made in a range of 1555-1905 keV 
with a polynomial of the order  2 (or 3), the x 2 / D F  (degree of freedom) was 
540/67 (46/66),  indicating a sufficient fit with a polynomial of order 3 without any 
additional gaussian peaks. The fit is also shown in Fig. 4. The residue, which is the 
difference between the original spectrum minus the fit, is plotted in Fig. 5. For a 
measurement with the light guide, a fit to the obtained energy spectrum in 
1500-1960 keV with a polynomial of order 2 (or 3) gave x 2 / D F  = 85/89  (82/88), 
again indicating no need for additional gaussian peaks. 

One standard deviation (tr) of the background events is given by 

trbg ~ ( n b g M T A E )  '/2, (1) 

𝖳𝟣/𝟤(𝟢ν) > 𝟥 . 𝟢 × 𝟣𝟢𝟤𝟢𝗒 (𝟨𝟪 % 𝖢𝖫)
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Background consideration

𝖳𝟣/𝟤 > ln 𝟤ϵ
𝖬𝗍

𝖻Δ𝖤

detection 
efficiency

target 
mass

measurement 
time

energy 
resolution

Intrinsic background (α decays) 
Contamination (U, Th) 
Cosmogenic radio-isotopes 
Neutron capture background 
Cosmic rays (active veto)

Initial budget ~ £500k 
Full budget: ? (M£)
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Summary

• STFC is developing Boulby mine with a larger laboratory 

• World leading facility with very low background levels 

• UK led collaborations (BUTTON) to develop neutrino detector 

technology (new fills, new photon sensors, new analysis) for 

fundamental science (supernovae, new neutrino detectors) and 

nuclear threat reduction (reactor monitoring from afar) 

• Exiting prospects for a new double beta decay experiment based 

on UK technology and a UK site 


