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A bs, t rn c t 

     Houtrino-less double beta decays (OVOO) of 76Ge have been 

s t ti d i'! d by means of an ultra-low background , system ELEGANTS 

(=ctron GAmma NeuTrino Spectrometer), The Ovoo process is lepton 

aumber non-conserving process due to the,finite Majorana neutrino 

mass (m ) and/or the non-vanishing right-handed coupling (V+A) term 

V in weak interaction. The purpose of this work . is to search for.the 

possible* m V and V+A terms by means of a p'recise 0-y spectroscopic 

study of the Gvo~ decays of 76 Ge 0+-0+ and-. 0+-*2+ transitions. 

Since the, double beta decay is the second Prder process of the weak 

interaction, it is extremely rare phenomeno,n 1with a half lif e of 

      24      -.10 years. The OvO13 process in the 2n mechanism is the process 

%-,,here the emitted neutrino f rom one nucleon , is re-absorbed by 

another nucleon in the same nucleus. Therefore the transition rate 

of the Ov ,~30 process in the nucleu.s is much enhanced compared -with 

that of the usual 2v(30 process because of . the short frying distance 

of the virtual neutrino. Thus the nucleus is considered to 'provide 

a good micro laboratory for the Ovoo experiment. 

      The ELEGAINTS has been developed and has been constructed for 

the ultra-low background 0-y study of, the Ovoo process. It consists 

of a high resolution Ge ~-detector surrounded bya 4n-f,.'aI y-counter. 

Thero are two characterustic points of the ELEGANTS. One , JL'S the use 

of a 41r-NaI counter to measure all y-rays accompanied b y/ y a n d 

electron signals from the-Ge detector. Another is.the list mode data 

taking which means that all the signals f rom the detectors are 

sLore~ e v e n t by event and recorded in a magnetic tape. T h e 

construction and the performance of -the ELEGANTS are described i n



  do tall The procisc ispecLroncopic study of both the and y- rays 

  Is shown to be very powerful not only to select the Ov~~ decay 

  events from a large amount of backgrounds, but also to investigate 

  Lite origin of backgrounds . in the Ge spectra. The sensitivities o,f 

  the ELE'GANTS for detecting the Ovo~ processes of 76Ge are found to 

  be one of Lite best ones among the other types of detectors used by 

  other groups. 

        The measurements have been made at the Kamioka underground 

  Inbora .tory for totally 8577 ho.urs. No appreciable peak beyond 

  bnckgroundn were observed. Lower limits on the halflives are 

                    22   obLained its 7 .4xlO years . for the &-)-0+ transition and 5.6x,022 

  years for the 0+-1-2+ transition, respectively, both on the 68 /Z 

 confidence I c v e 1 . rhe f ormer limit is as good a s the other 

 experiments while . the latter gives quite stringent limit on the 

  0+42-1- proc . ess. The limits on the neutrino mass and the right-handed 

  coupling term arc evaluated from the pr ,esent data to be 3.6 eV and 

 0:4XIO-5 respectively, by using a calculated matrix element. While 

  they tire 5.6 oV and O.6xj0-5 by using another calculation. On the 

  other hand use of Lite' matrix clement guessed from the observed 2v~~ 

  value lit the other nucleus leads to larger limits by a factor of 

 ~.4. Note that nil Lite limits above are based on the presnt halflife 

 daLa olt Lite 68 Z- confidence level. 

         The present result on the neutrino mass is consistent with the 

 o I 11ter Ov(30 counter experiments. On the other hand the f inite 

 notitr Ino mass of 36±4 eV was reported f rom the tri tium 0-decay 

 experiments. I t I s dif f icul t to give definite conclusions on t It e 

  jictiLrIno mass at , present since one must consider the type-s of



       neutrinos obtained by expeiments anti experimentnl~ errors ns well. as 

       ambiguities in I theoretic'a'l calcufation's~.' ., These L L pr MO. e tit s I on t h e 

      neutrino mass together with the possible contrib f Uti on Z)f m to the V 

       astrophysical constraints 'on the mass of , the Universe are atill 

       o p e n These problems, will be 4worked ou t 1) y: f u t u r e im6roved 

       experiments. 

            The ELEGANTS is alS 0, a P,p I i C a 1) 1 a t 6 E; earch for weak 

      radioactivities as well ''a s. for the Ovao d a c a y a 'o f the other ~f3 

       sources. It is shown tha t 01 15 Curie can be                                           ari activity' of " I 

       detected by one week measurement of , the HLR                                                    WANTS T~: is f a r beyond 

      the standard levels of this, f i e 1 d'." 

                                                                                                      .jl
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CHAPTER 1 Introduction 

1-1 introduction to the double beta decavs

     The double beta decay is the transition from a nucleus of Z to 

Z±2. it is observable if the first order process Z -* Z±1 is 

forbidden from the Q value or almost forbidden because of the large 

difference of spin and parity. In fact the possible candidates are 

found in many even-even nuclei with the 0' ground states. Those are 

listed in Table 1-1. The energy schemes for two typical double beta 

decay triplets, 76Ge decays into 76Se and 48Ca decays into 48Ti, are 

shown in Fig. 1-1. 

      There are two possible' channels for the double beta decay. The 

normal double beta decay (2vOO) emits two electrons and two 

neutrinos., Then the lepton number is conserved. While the 

neutrino-less double beta decay(Ov~o) emits two electrons only. Then 

it does not conserve the lepton number. They are written as follows. 

      (2vOO) Az AZ+2 + e- + e- + 7U + (1-1 a) 

      (Ovoo) Az AZ+2 + e- + e- (1-1 b) 

Both processes are expected to occur as the result of a second-order 

effect. 

     The problem of double beta decays has been discussed for over 

50 years. In fact the halflife of the 2vO~ process was first 

calculated by Mayer in 1935 (Mayer35), based on the first 

presentation of weak interaction by Fermi in 1933 (Fermi34). The 

2vOO process is expected from the standard theory. The recent study 

of this process has the significance that the 2v~~ matrix element 

may be used to evaluate the nuclear matrix element for the Ov~~ 

process. The OvO~ process is of current interest in view of the 
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possible lepton number non-conservation. The f irst suggestion to 

this process was made by Furry in 1939 (Furry39). The interest at 

that time was that the Ovo~ was regarded as a possible means of 

determining whether the neutrinos are the Dirac or Majorana 

particles. It is still correct that both Ov and 2v process are 

possible by the Majorana description, while the Dirac theory allows 

only the 2v~o process. The theoretical and experimental reviews on 

the status of these old period were presented in references 

(Primakoff59, Antonio60). After the discovery of parity non-

conservation in 1957, the theoretical situation had changed much. 

The Ov~~ process was forbidden even with the Majorana description, 

since the virtual neutrino emitted in the intermediate step I-lad the 

wrong helicity to produce the subsequent inverse beta decay. 

Actually the Ov~~ process can be possible only for the case that the 

virtually emitted neutrinos do not polarized purely, but have a 

small mixing of different helicity. It requires the finite neutrino 

mass and/or the right-handed coupling (V+A) term in weak interaction 

(Doi8l, Doi83a, Doi83b, Primakoff8l, Kotani84a). Therefore the Ovoo 

decay is regarded as a very powerful prove for studying the neutrino 

mass and the right-handed coupling. 

1-2 The theoretical aspects for the OvRO decavs

1-2-1 Mechanisms of the Ov~~ process 

     The Ov~~ process is interpreted as follows, a neutrino emitted 

from one nucleon is re-absorbed by another nucleon in the same 

nucleus, as is shown in Fig. 1-2(a). The distance of two nucleons is 

much shorter than the wavelength of the neutrino emitted outside 
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the nuclei in the normal 2vo~ decay. Thus the Ovo~ process is much 

enhanced over the 2voo process by a factor of (X/R)6 % 108. This is 

called 2n-mechanism. (n means 'nucleon') 

     Since the A isobar has an isospin 3/2, the Ovo~ process can be 

possible by one step A process as 

      A- p + e - + e (1-3 a) 

      n A++ + e- + e- (1-3 b) 

They are called N*-mechanism. The processes are shown in Fig. 1-2(b) 

and (c) . The one step A process is a kind of a two step quark 

mechanism in analogy to the above mentioned 2n-mechanism, namely, a 

neutrino emitted from one quark is re-absorbed by another quark in 

the same nucleon. Therefore the mechanism is enhanced over the 2n-

mechanism by a factor of % 30, which is the square of the ratio 

between the nucleon distance and the quark distance. Furthermore -the 

overlap integral for the A process is large. Consequently the A 

process (N*-mechanism) can be as large as the 2n-mechanism, even 

though the probability of the A in a nucleus is of the order of a 

few percent. 

     Doi, Kotani, Nishiura and Takasugi studied the angular momentum 

and parity conservations of emitted electrons and neutrinos for the 

nuclear transitions (Doi83a). They proved that the A process did not 

contribute to the 0+-).-0+ transition because of the 2/3 spin of the A 

isobar. The selection rule for both the 000 and the 200 modes are 

given in Table 1-2. It is noted that if the 0+-*21' transition in the 

Ov mode is observed, it means that the existence of the right-handed 

current in addition to the Majorana character of neutrinos. Then the 

observation of 'the 00~ for both the 0+-)-0+ and 0+-*-2+ transitions 

makes it possible to determine the neutrino mass term and the right-
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handed coupling term individually. 

      Possibilities of other mechanisms have also been studied. For 

example the Majoron emission mechanism (George8l, Gelmini8l), the 

Higgs boson exchange mechanism (Mahapatra8l, Wolfenstein8l, Rizzo82, 

Schechter82) have been reported by several authors. In this report, 

however, they are not discussed. It should be noted that the energy 

and angular distributions of the two O-rays depend on the terms 

contributing to the Ovoo process, (Doi83c). Therefore ~-y 

spectroscopic studies of the Ovoo 0+-*0+ and 0+-+2+ transitions may 

provide the constraints on the Ov~o mechanisms. 

1-2-2 Formulations for the Ov~O decays 

     The theoretical estimate for the Ov~O decays have been made by 

several groups under the framework of the gauge theory with the 

lef L- arid right-handed interactions (Primakof f 69, Primakof f 81 , 

Doi8l, Doi83a-c, Doi84, Kotani84a-b, Haxton8l, Haxton84). Here we 

use formulae arid notations developed by Doi, Kotani and Takasugi 

et. al.. The general charged current weak interaction is expressed 

as 

 11W G 0 P) + jtp* P)        - LP (J L P + KOJR R (TI-JL13 + XOJR + hc.,(1-5) 
      /_2 

where jR(JR) I jL(JR) are right-handed and left-handed leptonic 

(hadronic) currents, respectively. The first term is the weak 

interaction in the standard minimal electroweak model of 

SU(2)LxU(')' while others are the right-handed V+A interaction 

terms. Coupling constants (K, q and X) are the ratios of right-

handed mixings. They are related with each other (Kotani84a). 

     Here let's introduce the three parameters corresponding to m., 

Tj arid A o 
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        mjeu 21/m <m >/m  x ej e v e (1-6 a) 

Y H A-11 Uej OV ej1_1gVgv1 (1-6 b) 

 Z = T1 , 11 Uej OV ejl (1-6 c) 

The weak eigenstate neutrinos (v and v' are assumed to be                                                 9,L tR 

the superposition of the mass eigenstate neutr inos (N. and K                                             3L jR 

U and V in Eq. 1-6 represent the mixing matrices. The coupling 

constant K in Eq. 1-5 is expected to be smaller than unity and 

appears always as( 1 ±K Thus one may negrect its contribution. 

      The halflife for the 0+-).-0+ transition in the Ov~~ mode is 

expressed as (Doi84) 

  T (0+-.>.O+) 1 = loge2-F(x,y,z)-JMOvi2 (1-7 a)    Ov GT 

 F(x,y,z) = CJX2 + c2xy-cos(4)+a) + c3xz*cos4) 

              + c4y 2 + c5z 2 + c6yzocOsa (1-7 b) 

 q) = arg[yj(mj/me)-Uej 2 x(IjUej-Vej)) (1-7 c) 

   = arg(g~/g,) (1-7 d) 

The GT-type nuclear matrix element MOV i \ s major since the Fermi-type                                    GT 

MO') is mostly exhausted by the isobaric analogue state. The F 

coefficients ci in Eq. (1-7) include the nuclear and kinematical 

                       OV/Mov terms and the ratio of M
F GT* 

      The Ov ~~ process for the 0+-)-2+ transition is due to the right-

handed terms. It has the A isobar contribution as well as the 2n 

one. The transition probability is written as (Doi84) 

  TOV (0+-+-2+) 1- 1 = loge2-[Dly2 +D2yz*cosa + D3z 21 (1-8 a) 
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 D, = Dj + D*, D2 = D~ - 2D*, D3 = Dj + D*, D* X~ 12 (1 -8 b) 

where the D? Is include the nuclear and kinematical terms and the 

nuclear matrix elements for the 2n-mechanism, while the D* is for 

the A isobar process. 

      The forms and numerical values for the kinematical and nuclear 

terms' and the nuclear matrix elements have been discussed in detail 

by several groups (Doi84, Haxton8l, Haxton84, Zamick82, Klapdor84, 

Grotz83). As for the nuclear matrix elements for the Ov~~ (0+-*2+) 

process, all of the val6es have been hardly evaluated until now, 

because there are several matrix elements contributing to this 

process. 

1-3 The exy)erimental researches for the OvBB decavs

1-3-1 The experimental methods to detect the Ov~~ decays 

     From the experimental views, the Ov~~ process has a very 

attractive property. Since it emits two electrons only, they should 

share the total transitiorf energy. Therefore in the spectrum of the 

sum energy of electrons it gives a sharp peak at the ~~ transition 

energy. However, the Ov~O decay is an extremely rare process, and 

the problem of backgrounds is very serious. 

      There are two types of experiments. One is the geochemical 

method, and another is the direct (counter) experiment. The 

geochemical method measures the amount of daughter nuclei (AZ+2 in 

Eq. 1-1) in the old ore by means of the mass spectroscopic 

techniq ue. The excess of the nuclei over the abundance in the 

atomosphere is considered to be due to the process. This method 

has a benefit that the measurement period corresponds to the age of 
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the ore, which is usually n. 109 years. Kirsten summarized the ~~ 

geochemical measurements and showed the world average of the 

halflives, which were orders of 10201\'21 years for the decay of 

130Te
, 82Se etc. (Kirsten83, Kirsten84a-b). These results are quoted 

in Table 1-3. However, there are some disadvantages such as the 

ambi ,guity of the age determination, the possibility of the escape of 

the daughter nuclei during the geochemical period, and the 

possibility that the daughter has been produced by other processes, 

etc.. Moreover this method can not distinguish the Ov~~ process from 

the 2vo~ process. 

     The direct observation of two electrons in coincidence is free 

from the disadvantages seen in the geochemical method. In the 

following sections we review the direct counter. experiments 

performed so far. 

1-3-2 The techniques for direct counter experiments 

     Following techniques are characteristic to the decay 

experiments and valuable to pick up the true events. 

(1 ) The basic idea is to make a coincidence measurement for two 

electrons. For example, the situation that a thin ~~ source put 

between two counters face to face each other and are operated in 

coincidence provides a considerable reduction of backgrounds. The 

anticoincidence with surrounding detectors as compton suppressor and 

for cosmic-ray veto is also useful. 

(2) One of the other ways to eliminate backgrounds is achieved with 

the visual observation of electron tracks. It is possible with the 

cloud chamber, the drift chamber, and the nuclear emulsion. When an 

appropriate magnetic field is applied, one can identify the 
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electrons from the curvature of tracks. The simultaneous measurement 

of energies and directions for detected electrons is more 

preferable. 

(3) To prepare two sources, one contains the ~O nuclei and another 

contains the isotope with different A. It is important to measure 

both specimens and discuss the difference between them. This is 

because one can not exclude the possibility that the observed 

candidate for the ~~ decay may be an accidental background event. It 

is recommended that the 'true' sample and the 'dummy' are measured 

alternately for relatively short period, since the performance of 

the detector system may change gradually for a long period of 

measurements. 

(4) To use a special detector which contains the ~O source inside 

the detector itself. This method is expected to have fairly good 

sensitivity to detect the ~~ events. The advantages of this 

technique are (a) a 47T-geometry for a source without self 

absorption, and (b) the energy resolution and the efficiency are 

independent of the relative angular and energy distribution of the 

two electrons. The possible cases are the CaF2 scintillation 

            48 136 detector for Ca
, the Xe gas (or liquid) chamber for . Xe, and the 

Ge detector for 76Ge. The implantation of the 00 source into the 

detector is also expected to improve the result. 

1-3-3 Review of the direct experiments 

      It is not the present purpose to make a complete review of the 

00 experiments. Detailed review before 1960 are available in the 

references (Antonio60, Primakoff59). Review of the recent 

experimental status are given in other references (Ilaxton84, 

Fiorini84, Bellotti84). 
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1-3-4 Experiments for the Ov~~ decay of 76Ge 

     Recent years many measurements to search for the Ov~~ decays 

have been made. This is because the Ov~~ decay has been regarded as 

one of the powerful ways to test the non-zero neutrino mass, which 

was reported in 1980 by Lubimov (Lubimov80). Especially recent works 

have been concentrated on the possible decay of 76Ge. Followings are 

the characteristic points on the measurement of 76Ge. 

(1) Natural Ge contains 7.76 % 76Ge which can deca y to the ground 

state of 76Se (0"--*0+ transition) with a transition energy 

Q~O = 2040.71±0.52 keV (Ellis84). An alternative decay of interest 

is the 0+-*2+ transition, The 76Ge may decay to the first excited 

state of 76Se at 559.1 keV with a transition energy % = 1481.6±0.5 

keV. 

(2) The Ov~O decay would be revealed by the presence of peaks 

corresponding to the 0+-0+ and 0+-*2 transition energies. Since the 

peaks should be found in the continuum background spectrum, an 

excellent energy resolution (Ix,10-4) is very attractive. 

(3) The Ge detector works as both a detector of 100 % efficiency and 

a source with zero thickness. Since total detector volume is smaller 

than other experiments, the amount of backgrounds is smaller. 

     The use of the Ge detector was first suggested in 1967 and a 

series of experiments had been carried out from 1967 to 1973 by the 

Milano group (Fiorini72a-b, Fiorini73). The measurement was made.for 

4400 hours in the laboratory situated in Mont Blanc tunnel (4200 

m.w.e.). The layers of heavy shields were placed around the Ge 

detector, which were mercury, copper, low-activity lead, normal 

lead, and paraffine from the inside to outside. The result of 
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halflife limits were 5x1021 years for the OvOO 0+-+0+ transition, and 

2x1021 years for the Ovo~ 0+-*2+ transition, both at 68% confidence 

level (C.L.). 

     The experiments of the Ovoo decay of 76Ge have been made in 

1980's by several groups. We do not intend to present detailed 

descriptions for all groups, but show the summary table in Table 1-

4, which shows the experimental results of the Ovoo decay of 76Ge as 

well as experimental parameters. Reported halflife limits at present 

are an order of 1023 years for 0+-0+ transition, and 1022 years for 

the 0+-*2+ transition. Among those groups the Milano and the PNT,/USC 

groups give the best limit of n,12x1022 years for the 0"'-0+ decay, 

while for the 0+-*2+ decay the best limit is 5.6x1022 years reported 

by our group in this thesis. 

1-3-5 Future directions of the Ov~o decay of 76Ge 

     Plans for future experiments of 76Ge have two tendencies. One 

is to operate at. an underground laboratory. Some groups make (made) 

a collaboration with the proton decay experimental groups in order 

to realize an underground experiment in near future. Another is to 

use the Ge detectors with totally %1000 cc volume. The plans of 

every group are given in Table 1-5. Some of them (PNL/USC, USCB/LBL) 

are already realized in part, and are expected to get considerably 

better results within next 2%3 years. The Osaka group does not have 

a future plan on the experiment of 76Ge, but have plans with other 

~O sources. (See Chapter 4-2)
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CHAPTER 2 An Ultra Low Background System 'ELEGANTS' 

2-1 Introduction 

     There are strong demands from various fields on high-resolution 

low-background detectors for ~- and y-rays. They are used to detect 

and/or identify extremely weak 0- and/or y-rays associated with very 

impdrtant rare events. Actually there are many important rare decays 

which are crucial for nuclear and particle physics. Great attention 

has recently been focussed on the possible rare events of neutrino-

less double beta decays (OvOO). The Ov~o event rate, however, is 

considered to be less than one per 1022 years, while background rate 

of * natural radioactivities for a standard bare detector is an order 

Of 109 nu 1010 per year. Therefore the detector for the rare Ov~~ 

event has to be well shielded against backgrounds and has a 

capability to select (identify) the true event among huge background 

events. Such detectors with low-background and high-selectivity can 

be used not only for pure science but also for development of low 

radioactive materials, tracing low radioactivities and so on. 

      Specifications required for such detectors are high energy-

resolution, high efficiency, low-background and high selectivity. 

High energy-resolution leads to high selectivity. It is important to 

emphasize high selectivity of true events among other background 

events, since detectors can not be absolutely free from backgrounds. 

     The purpose of this chapter is to report details of our high-

selectivity low-background detector for ~- and y-rays and its 

performance. This is primarily developed to search for the Ov~~ 

decay of 76Ge. The Ge detector is used as the ~-ray detector as well 

as the 76Ge source since natural Ge used for the detector contains 
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7.76 % of the 76Ge. 

     The present detector comprises o(electron)-and y-detectors to 

search for Ov~o events associated with a finite neutrino mass and 

the right-handed weak interaction. Thus it is called ELEGANTS 

(ELEctron GAmma-ray ~!euTrino ~jpectrometer). It consists of a high-

resolution large-volume Ge detector surrounded by NaI(Tl) detectors 

with a 4Tr-geometry and plastic scintillators. These detectors are 

shielded from natural radioactivities by low-activity metallic 

shields. The main point of the ELEGANTS is the use of 47T-NaI(Tl) 

counter in coincidence with the Ge detector. This is essential for 

high selectivity because the true event is accompanied by the 

particular (or no) y-ray(s), while most of natural radioactivities 

are accompanied by many y-rays characteristic of the decay schemes. 

Thus y-ray signals are used as references to identify the true 0 

event among huge background events. The essential part of our 

detector and the result have been briefly presented in the 

conference (symposium) proceedings, (Ejiri84a, Ejiri85a-b) and the 

most recent Ov~~ result is given in the reference. (Ejiri851 In 

the followings the design principles for low-background system are 

given in Chapter 2-2, and details of the specifications of the 

ELEGANTS are written in Chapter 2-3. Measured data are presented in 

Chapter 2-4, and the analyses of the origins of the backgrounds are 

in Chapter 2-5. 

2-2 PrinciDle for hiqh-selectivitv low-backqround system

2-2-1 High resolution semiconductor detector 

     High energy -resolution is necessary for high 

                                12
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true discrete line among other discrete and continuum backgrounds. 

Discrete lines are mainly due to y-rays from natural radioactive 

isotopes, while continuum components are due to Compton scatterings, 

0-rays and cosmic-rays. Semiconductor detectors, being used in low 

temperature, have merits of high energy-resolution with high 

stability and low-background because of the small volume purified 

crystal. 

     A particular point of the Ge detector for the Ov~~ process is 

that the natural Ge contains 7.76 % 76Ge ~~ source nuclei. Thus the 

Ge detector serves as both a detector of 100% efficiency and a 

source of zero thickness, as already mentioned in Chapter 1-3-4 . 

2-2-2 Origins of backgrounds 

     It is crucial for the detection of very rare (weak) events to 

discriminate true signals from other background signals. The way 

depends on origins of the background (Knoll79). In order to know the 

origins, many measurements have been made first at the sea-level 

laboratory of the Osaka University for convenience, and at the 1000 

HI (2700 in water equivalent) underground laboratory of the Kamioka 

mine to get free from cosmic-rays. The background consists of many 

discrete lines and continuum components. There are two origins for 

the backgrounds. One is due to natural radioactivities (RI) 

associated with 232Th and 238U chain products and 40K. Another is 

due to cosmic-rays (CR). As a matter of fact the CR is reduced much 

at the underground laboratory. 

     These backgrounds are classified into five groups. 

(1) RIB y-rays from natural radioactive isotopes outside the Ge 

detector. Some are room backgrounds and others may come from shields 

themselves which are used to protect the detector from the room 
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background. They are called external backgrounds. 

(2) RII : ~- and y-rays from natural radioactive isotopes contained 

in materials used for the Ge detector. They are called internal 

backgrounds. 

(3) RIA : ~- and y-rays from decay products of 222Rn in the air 

around the detector. 

(4) CRC : Charged cosmic-rays such as p-ons and electrons. 

(5) CRN : Neutral cosmic-rays such as neutrons induced by cosmic V-

ons etc. They give rise to y-rays by (n,n'y) and (n,y) reactions on 

materials used for the detector. 

      In fact the RIE is the major background source for a bare 

detector and all others manifest themselves only after reducing the 

RIE by means of heavy shields. 

2-2-3 Selection of true signals and rejection of backgrounds 

      Following devices are used for selecting true signals and 

rejecting backgrounds. 

(1) External shields 

      High-Z heavy metals are effective for shielding y-rays. Lead 

bricks are used most conveniently. However, even pure lead contains 

some amount of radioactivities, y-rays from which have to be reduced 

much in order to achieve an ultra low-background detector system. 

oxygen free high conductive copper (OF11C), which contains little 

radioactivities, can be used inside the lead shield to reduce the y-

rays from the lead bricks. Mercury is easily purified to a level of 

five nines, and is effective to reduce low-energy y-rays and X-rays. 

Thus it is used inside the OFHC bricks. 

      These metallic shields with effective thickness of a range of 
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35 % 50 cm reduce external y-ray background (RIE) down to an order 

of 10-8 \, 10-10. This reduction rate is sufficient. It, however, is 

not effective for backgrounds of other origins, which become very 

important after reduction of the RIE. 

(2) Low radioactive materials 

     Internal backgrounds (RII) can be reduced to some extent by 

selecting low-activity materials. OFHC, Ti, and Mg metals, which are 

processed carefully, are found to have radioactivities less than a 

couple of 10-15 Curie/gram. This is almost a limit of the RI 

measured by a specially designed low-background counter, namely a 

test model for the ELEGANTS. It consists of a 60 cc Ge detector 

placed in a center hole of a 7"(~xC' NaI. They are shielded by 10 cm 

thick lead bricks. Radioactivities in materials used for the Ge 

detector itself and other parts of the ELEGANTS were checked by 

using this model. Actually the upper limit of about a couple of 

10-15 Curie/gram is not sufficient for detecting Ov~~ events. It is 

noted that recently extremely low-background Ge counters for Ov~~ 

decay have been constructed by using specially selected materials. 

(Liguori83, Brodzinski85, Jagem85) 

(3) y-detectors 

     The internal RI (RII) can be discriminated from the true Ov~~ 

event by measuring efficiently all y-rays associated with the RII. 

Most of the RI contained in the materials used for the counters are 

U and Th chain isotopes. They emit a number of y-rays. One of them 

makes Compton scattering inside a Ge crystal, giving a continuum 

background underlying the 0\)O~ discrete line. Therefore the 

background event is followed by the Compton scattered y-ray and 

other y-rays characteristic of the decay. The Ov~~ true event 
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feeding the ground state is followed by no y-ray and the event 

feeding the first 2+ excited state is followed by the particular 

2+-+0+ y-ray. Thus an efficient observation of all the y-rays in 

coincidence with the ~ signals from the Ge detector is very powerful 

to identify the origin and to select the true event. 

      Here a y-counter consisting of multi-detectors is convenient to 

measure the y-ray multiplicity. High y-multiplicity (n) of the RII 

helps a lot. Lets take an example of y, , Y2 and Y3 cascade decay 

from 208T1, as shown in Fig. 2-1. Here Compton scattering of the Y3 

in the Ge detector contributes to the electron background at around 

Ee 2' 1.5 % 2 MeV. Then probability of missing all y, , Y2 and the 

Compton scattered Y3' is an order of (1_6)3 where e is the y-ray 

detection probability. Thus 4ff y-counter with E t-- 0.9 gives 

6)3 - 10-3. Here the materials used for the Ge counter (cold finger, 

housing, cap etc.) have to be low-Z light elements in order to avoid 

an absorption of the y-rays. 

(4) Air ventilation 

     The background (RIA) due to Radon gas around the detector can 

be reduced by putting the detector in an air-tight box and/or by 

ventilating the air around the detector. The major RIA is Y-rays 

from 214Bi, which is a decay product of 222Rn. Because the halflife 

of Radon is 3.8 days, Radon gas activities around the detector kept 

in an air-tight box decay away in a couple of weeks. Th6 Radon 

content depends much on the ore in the underground laboratory. 

(5) Active shields 

     An active shield made of plastic scintillators is used to 

detect charged cosmic-rays (CRC). Slow P-ons which stop near the 
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detector after passing through the active shield (plastics) give 

rise to electrons by w-decays or neutrons and y-rays by li-capture 

reactions. The decay life is an order of a few W-sec. Thus the time 

window for the anticoincidence with pulses from active shield 

counters has to be about a few ten's of u-sec. to catch the decay 

products. Note that the 4ff-NaI y-counter surrounding the Ge detector 

can serve as a good active shield as well as the y-counter. 

(6) List mode data taking 

     It is important to record in a list mode all energy and timing 

signals from the 6-counter(Ge), all the NaI detectors comprising the 

4ff y-counters and the active filters (plastic scintillators). They 

are analyzed offline to select the true events and to check energy 

calibration. Some of histograms are displayed by the online analysis 

to monitor the counters. In view of a long run over years to search 

for extremely rare events, checking all counters and electronics by 

the list mode data taking is indispensable. 

(7) Underground laboratory 

     Neutral particles (neutrons) are hardly rejected by external 

(active or not active) shields unless cosmic-rays responsible for 

them are cut away. Energy of cosmic-rays extend far beyond GeV. Thus 

one of most efficient way to avoid such cosmic-rays are to set the 

detector at a deep underground laboratory. 

2-3 Specifications of the hiqh-resolution hicrh-selectivitv

detector system 'ELEGANTS'

     Details of the ELEGANTS are shown in Fig. 2-2. It is composed 

by a Ge detector for 60-rays, a 4n-NaI detector for Y-rays, external 
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shields and plastic scintillators. The Ge detector is made of 

coaxial-type 171 cc pure Ge with the energy resolution of 1.8 keV 

for 1.33 MeV 60Co y-rays. The fiducial volume as the 0~ source is 

164 cc. Materials used for the detector are such light elements as 

Magnesium, teptzel etc.. Radioactivities have been checked to be 

not more than (1-2)x10-15 Curie/gram. From these points of view the 

Ge cap is made of Magnesium alloy instead of usual Alminium. On the 

basis of background tests and selections of the materials the Ge 

detector was designed in collaboration with ORTEC, and was 

manufactured by ORTEC. 

     The y-detector is composed by a well type 10"~x12" NaI crystal 

and an 8%x3" NaI crystal. The well-type crystal. is segmented into 

five pieces. These six pieces of the NaI crystals altogether 

comprises a 4Tr-geometry detector for high-multiplicity y-rays. The 

energy resolutions of six NaI segments are 9%10 % for 0.661 MeV 

137Cs y -rays. Light reflectors used are MgO powder and teflon sheet. 

The OFHC was used for the casing and quartz was used for the Window. 

The low-background type photo-multipliers were used. All these 

materials have been checked for the radioactivity. The measured 

radioactive contaminations are given in Table 2-1. 

      The efficiency of the y-detector array was measured by using 

radioactive isotopes, and was checked by a Monte Carlo calculation. 

They agree well with each other. As an example lets consider a 

radioactive isotope with 4-multiplicity y-rays. Three of them are 

550 keV and one of them is Compton scattered in the Ge detector with 

energy of 550 keV. The probability of missing all four y-rays in the 

y-detector is as small as 10-3 _. 10-2. 
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     The passive shields consist of 2.7 cm mercury with 99.999 % 

purity, 15 cm OFHC and 15 cm lead for low-background measurements. 

These metallic shields, together with the NaI crystals, reduce 

external background y-rays in the 1.5 nu 2.5 MeV region by factors 

10-9 nu 10-10. The OFHC, together with the NaI crystal, reduce 

satisfactory even y-rays from lead absorber. Unfortunately the 

mercury contains a small amount of the 194Hg isotope with halflife 

of 260 years. It emits 1885.9, 1887.0, 1924.0 and 2043.7 keV y-rays, 

the last one being close to the 2040.7 keV for the Ov~~ of the 76Ge 

(0+-0+). Therefore the mercury shield has been removed at the 

underground laboratory. [Appendix A] At sea-level Osaka, the 0.5 mm 

thick Cadmium sheet and 1 m thick paraffine blocks are mounted on 

the top of the ELEGANTS as a shield against neutrons. It should be 

noted that neutrons can be produced by cosmic-rays at any place 

inside as well as outside the ELEGANTS, and can pass through the 

active filters, namely plastic and NaI detectors. 

      Plastic detectors with a thickness of 1.5 cm and a 3/4ff solid 

angle were inserted between the OFHC and lead shield. They give 

2 % 4 MeV pulses for most of charged p-ons penetrating the ELEGANTS. 

Neutrons and y-rays following p-capture reactions in the metallic 

shields contribute to the background of the Ge detector. Thus all 

pulses from the Ge detector which follow pulses from the plastic 

detectors within 10 V-sec. are rejected. Cosmic neutrons comming 

from outside the ELEGANTS may produce y-rays by inelastic or capture 

reactions. Compton scattering of these y-rays in the Ge detector 

gives background signals. They are distinguished by detecting 

Compton scattered y-rays with the NaI y-counter. It should be noted 

that the 4,ff-NaI detector serves as a very good detector for charged 
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 cosmic-rays. 

       In order to avoid all kinds of backgrounds due to cosmic -ray 

 the whole system has been set at the Kamioka underground laboratory 

 in the Kamioka mine at about 1000 m (2700 m water equivalent) depth . 

Cosmic 11-ons are reduced by a factor of 3x105 in the underground 

 laboratory. Indeed the large continuum background exceeding beyond 3 

MeV disappeared as shown in Fig. 2-3 . Thus the plastic counters and 

the neutron shield (Cadmium and paraffine) are not used in the 

underground laboratory. 

      Intensity of background y-rays of 214Bi , which is the decay 

product of 222Rn, increases by a factor 14 in the Kamioka 

underground laboratory covered by granite rocks . Thus air space 

inside the OFHC shield is filled by lucite bricks to decrease the 

Radon gas content. Furthermore the air around the Ge detector was 

blown away by introducing N2 gas evaporated from the liquid N
2 

coolant of the Ge detector as shown in Fig . 2-2. By this method the 

214    Bi background l evel decreased down to the same level as the sea -

level laboratory. (See Chapter 2-4 and Fig . 2-8) 

      Energy and timing signals from detectors are fed into the 

PDP11/10 computer through CAMAC. All signals are recorded by event 

by event list mode in a magnetic tape . Event was triggered by 

signals from the Ge detector. The event rate is typically 1 .3 per 

sec. at the sea-level laboratory of Osaka Univ ., and 0.06 per sec. 

at the Kamioka underground laboratory . The electronics and the data 

taking by a mini-computer for the ELEGANTS are given in Appendix C . 

The time and the date of the every event are recorded as well , and 

are used to check any effect on the detector system due to 

                                20



 unexpected conditions inside and outside the detector . At the 

 Kamioka underground laboratory , we sometimes happen to meet 

 unexpected power-line shut down. The recorded data on a magnetic 

 tape can be saved even in such accident . The energy calibration and 

 the resolution check were made for data in every run by referring to 

 the discrete lines from background activities such as 352 kev
, 609 

kev, 1461 kev, 2615 kev and so on . The energy resolution is 

typically 2. 5 keV and 3. 0 keV at the 1 .5 and 2.0 MeV region, 

respectively. 

2-4 Performance 

2-4-1 Rnergy spectra 

      Energy spectra of the Ge detector at the sea-level laboratory 

of Osaka Univ. and at the Kamioka underground laboratory are shown 

in Fig. 2-4 and Fig. 2-5, respectively . The singles spectra obtained 

with the bare Ge detector are shown .as the mode B. Mode S, A and C 

stand, respectively, for the singles, the anticoincidence with all 

signals from NaI y-detectors and plastic detectors
, and the 

coincidence with the 559 keV 2+-*0+ transition in 76Se . The mode G is 

the singles spectrum obtained by introducing the N
2 gas around the 

Ge detector at the underground laboratory . The mode A is to select 

the OVOO decay of 76Ge to the 0+ ground state in 76Se
, being 

accompanied by no Y-rays. While the C is to select the OVO~ decay of 

76Ge to the first 
excited 2+ state in 76Se, being followed by the 

2+40+ Y-ray. A broad peak around the energy of 900 keV is seen in 

the spectra of the mode C. This is due to the Compton scattering of 

1461 keV Y-ray from 40K. Counting rates of typical discrete Y-rays 

and continuum components at the sea-level of Osaka Univ . are listed 
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in Table 2-2(a). Those at the Kamioka underground labo. are in 

Table 2-2(b). 

      For the measurement- at the sea-level Osaka, the background 

rates at the QW0+-+0+) = 2041 keV and the QW0+-*2+) = 1482 keV are 

1.8x10-3 and 7.6x10-4 per keV per hour, respectively. The non-

intelligent (external) shields reduced the background rates for the 

0+-+0+ and 0+-~-2+ cases by factors 28 and 35, respectively. While the 

intelligent (event-selective) mode reduced them by additional-

factors of about 150 and 320, respectively. These reduction rates do 

indicate important contribution of internal radioactivi ties around 

the detector. For the measurement at Kamioka, observed background 

rates at energies of QOO(O+-)-O+) and QOO(O+-~-2+) are 6x10-4 and 

(2%3)xlo-4 per keV per hour, respectively. 

      Yields of y-rays due to 222Rn are indeed larger at the 

underground laboratory (mode B and S) than those at the sea-level 

laboratory. They come down to the same level. as the sea-level 

laboratory by introducing the N2 gas (mode G). The reduction rate by 

requiring the anticoincidence (mode A) depends much on the y-ray 

multiplicity and the location of the activity. The 40K gives only 

one 1.461 MeV y-ray. Therefore the peak yield is not reduced in the 

mode A. On the other hand yields of y-rays from U and Th chain 

isotopes with high y-ray multiplicities, as well as are yields at 

the continuum region due to the scattering and cosmic rays, are 

indeed much reduced in the anticoincidence mode. 

2-4-2 Sensitivity of the detector for the OvOO of 76Ge 

      Lower bounds of halflives (upper bounds for transition rates) 

measured by the ELEGANTS can be obtained from a condition that the 
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number of true events exceeds fluctuation of the background events. 

Let's introduce here a sensitivity Si(112) of the detector system. 

It is defined as 

          Si(1/2) = No-ki//N-i(BG)- AE (2-1) 

where No is the number of 76Ge source nuclei in the fiducial volume , 

ki is the detection efficiency, Ni(BG) is the background rate per 

year.per keV, and AE is the energy resolution in keV. The suffix 'i, 

shows the mode for transitions, i=O for the 0+,-0+ and i=1 for the 

0+-*2+ transition. Then the limit of the halflife measured for a 

running time of t year is estimated to be roughly 

          T1/2 < 0.53-Si(112)vt (2-2) 

where the coefficient 0.53 is a product of loge2 and the probability 

0.76 for the true event falling in the energy window of AE. 

      The detection efficiency ki depends on the transition energy 

and on the y-rays associated with the transition. In case of the 

OV~O of 76Ge to the ground state in 76Se, the y-rays are detected 

in the anticoincidence with any of six NaI segments since there are 

no y-rays accompanied. While the OvOO decays to the first 2+ excited 

state in 76Se are measured in coincidence with the 559 keV 2+-*0+ Y-

ray in one of six NaI segments. Thus the detection efficiency ko for 

the 0+ f inal state is ko = 1 , while ki f or the f irst 2+ f inal state 

is given by ki = (1-O)a where a is the total peak efficiency of the 

NaI detector for the 2+-*0+ y-ray and 0 is the absorption coefficient 

of the y-ray in the Ge detector. The 0 was evaluated to be ~ = 0.56 

by the Monte Carlo calculation. The a for 559 keV 2+-*0+ y-ray is 

0.64 ± 0.04. Then ki was obtained as ki = 0.28 ± 0.02. Actually the 

energy window for gating the 559 keV y-ray is about 100 keV. 

Correcting for- the contribution of the multicompton events falling 
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in the energy window, the overall efficiency is ki = 0.34. 

     The sensitivities of the ELEGANTS are listed together with 

those of other groups in Table 2-3(a) and (b). The sensitivities for 

the 0+-*0+ Ov~~ of 76Ge at the Kamioka underground laboratory is as 

good as the most recent ones (Bellotti84b, Avignon84, Caldwell85) 

and are better than others. The sensitivity of the ELEGANTS for the 

0+-->-2+ Ov~~ of 76Ge exceeds much all others. 

2-5 Origins of the backgrounds 

2-5-1 Cosmic-rays observed at the sea-level laboratory 

      Since the external shield reduces the RIE (external RI 

background) by factors 10-9 nu 10-10, the remaining backgrounds are 

mainly due to cosmic-rays and internal RI's (RII). The contribution 

from the CRC (charged cosmic-ray) at the sea-level laboratory is 

evaluated as follows. 

      The active shield of the plastic counter spans such a solid 

angle that rejects effectively about 2/3 of the CRC, while the 47r-

NaI y-counter does almost 100 %. Since it consists of the six Nal 

segments, one gets a multiplicity distribution f(M) defined as the 

fraction of events of the Ge counter accompanied by the multiplicity 

M signals (number of the NaI segments fired) from the NaI counters . 

Then the multiplicity distributions observed at the sea-level with 

and without the active (plastic) shield are obtained as 

       2 1 
FA(M) - fc(M), and FN(M) - fC(M) + fR(M), respectively . Here        3 3 

fc(M) and fR(M) denote the distributions for the CRC and the other 

sources, respectively. The fc(M) and fR(M) are obtained from the 

observed FA(M) and FN(M) as shown in Fig. 2-6. The fC(M) spreads 
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 over a region of M = 2 % 6, while fR(M) is localized mainly in a 

 region of M = 0 . 2. This is explained by the CRC penetrating the 

 2 % 3 segments of NaI and some electron showers . The total CRC 

 Yfc(M) at the sea-level amounts to about 90 %. Making use of this 

M property, it is possible to reject only the background component due 

to the CRC effectively by requiring the multiplicity of less than or 

equal to 2 (M ~ 2). 

      The values fC(O) and fR(O) are background events accompanied b
y 

no signals from any NaI segments, thus are not rejected by the 

anticoincidence with the NaI counter . The fC(O) is only 0.3 %, but 

fR(O) is still about 2.6 % at the s6a-level . The RII and CRN are 

considered to be major sources. Actually the background spectrum 

with the NaI anticoincidence mode (Fig. 2-4(b) mode A extends 

beyond 3 MeV and ends at 8 MeV. Here 3 MeV corresponds almost to 

maximum energies of the y and ff-rays from RI and 8 MeV to y -rays 

from neutron capture. 

      one can find some other evidences for the neutron capture 

reactions at the sea-level laboratory by searching for the peaks 

following neutron capture reactions . The spectrum of the Ge at sea-

level Osaka shows clear peaks at the energies of 139 .7 keV and 198.9 

keV, which can not be observed at Kamioka underground . (Fig. 2-7) 

Forster et. al. reported that these two peaks are due to decays from 

the isomer of 75Ge and 71Ge, respectively . They may be produced by 

the neutron capture reaction of 74Ge and 70Ge . (Forster84) 

2-5-2 Radioactivities observed at the underground laboratory 

      Cosmic p-ons at the Kamioka underground laboratory is reduced 

more than four orders of magnitudes . Actually the singles event rate 

above 4 MeV at the sea-level is reduced by factors 102 % 103 by 
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requiring anticoincidence with the NaI counter, and by factors 

103 ~, 105 by moving the detector to the underground laboratory. 

Anticoincidence with the NaI counter does not improve the spectrum 

much beyond 3 MeV at the underground laboratory. Thus the remaining 

background extending to 4 nu 5 MeV (see Fig. 2-5(b)) is considered to 

be due to sum of and y-ray signals, and the background at higher 

energy region may still come from cosmic rays. 

     Almost all discrete lines prominent below 3 MeV are due to 

decays of 238U and 238Th chain isotopes. Fig. 2-8 shows normalized 

intensities In(y) for the 238U chain isotopes. liere in is expressed 

as 

     in(y) I(Y) (2-3) 
            C(Y)-6(y) 

where I(y) is the observed peak intensity, e(y) is the peak 

efficiency for the Ge detector and 6(y) is the fraction of the y 

intensity per decay. Large excess of the In(y) due to 222Rn gas, 

which is observed in the underground laboratory, disappeared by 

blowing out the air around the Ge detector. Then the normalized 

intensities are all constant and are well balanced, indicating no 

additional 214Bi y-rays due to Radon gas. Thus they all come from 

the 238U isotopes located somehow near the Ge detector. This is 

because the In(y)'s for low energy y-rays would be smaller due to 

absorption if the RI would be in the NaI crystal or in outer OF11C 

shield. The large reduction of the In(y) by the anticoincidence with 

the NaI is consistent with location of the RI in the internal 

region. 

     214Pb with T
1/2 = 26.8 m is a decay product of 238U. It decays 

two ways, the ~- decay with E~(max) = 672 keV is followed by a 
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single y-ray of 351.9 keV and the ~- decay with EO(max) = 729 keV is 

followed by a single y-ray of 295.2 keV. The intensities of these y-

rays are reduced by 10 % in the anticoincidence mode with the NaI 

counter. Thus some fractions (10 %) of these O-rays -have to be 

detected by the NaI counter. Fig. 2-9 shows O-ray energy spectra 

measured by the NaI counter in coincidence with the 295.2 keV and 

351.9 1 keV y-rays measured by the Ge detector. These data indicate 

that at least 20 % of the 238U chain isotopes contributing to the 

backgrounds are located inside the OFHC case of the NaI crystal 

since the O-rays from the 214Pb outside the case can not reach the 

NaI crystal. Similar analysis also indicates that some fractions of 

the 208T1 activities exist inside the OFHC case of the NaI crystal. 

     It is noted that we don't observe y-rays of 21OPb, 21OBi and 

21OPo
, which are the 238U chain isotopes. They are reported to be 

contained in the lead shield (Jagem85), but are considered to be 

well reduced by the 15 cm thick OFHC in the present case.
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CHAPTER 3 Double Beta Decay of 76Ge with the ELEGANTS 

3-1 Activities in Osaka University 

      The first researches for double beta decays in Osaka University 

can be found in 1966. N. Takaoka and K. Ogata, who majored in the 

mass spectroscopy, investigated the abundance of 130Xe in the old 

ore produced in Ohtani Japan. They assumed that the observed excess 

of 130Xe in the ore over the natural abundance in the air was the 

decay product of the double beta process of 130Te. They concluded 

that the halflife of the double beta decay of 130Te was 

(8.20±0.68)x,020 years. (Takaoka66) 

      In 1980, M. Doi, T. Kotani, H. Nishiura, K. Okuda and 

E. Takasugi started to study the theoretical transition probability 

of double beta decays. The first achievement by them were published 

in 1981. (Doi8l) They calculated the halflife ratio of 130Te and 

128Te and compared it with the ratio obtained fr
om geochemical 

measurements. The conclusion suggested that neutrinos are Majorana 

particles and have finite mass around 30 eV if they relied 'on the 

result of geochemical measurement by Missouri group. 

     The experimental search for the neutrinoless double beta decay 

(Ov~~) of 76Ge in Osaka University was first proposed by if. Ejiri in 

1981. Many kinds of preliminary measurements were done in 1982 to 

search for the origin of backgrounds observed in Ge spectra.'Another 

important work in this year was the test for radioactive 

contaminations contained in detector constructing materials. (See 

Table 2-1 The result of this test was used to construct the Ge 

detector in collaboration with ORTEC and the NaI detectors with 

BICRON. They are the central parts of our detector assembly 
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'ELEGANTS' . In this chapter the author gives details of the series 

of experiments to search for the Ov~o of 76Ge by Osaka group in 

recent years. 

3-2 The experimental apparatus 'ELEGANTS'-

      Since the double beta decay is considered to be due to the 

second order weak process, it is an extremely rare phenomenon . The 

expected counts of the neutrino-less double beta decay of 76Ge is 

less than 10 counts per year for the 200 cc Ge. Thus one has to pick 

up the small events in the huge amount of background counts . An 

ultra-low background system 'ELEGANTS' (ELEctron GAmma-ray EeuTrino 

Spectrometer) was constructed to study the neutrinoless double beta 

decay of 76Ge. The central part of the ELEGANTS consists of a pure 

Ge detector with 171 cc active and 164 cc fiducial volume and six 

NaI(Tl) detectors surrounding the Ge with 4ff-geometry. More details 

of the ELEGANTS are given in Chapter 2-3. Among recent Ov~~ 

experiments of 76Ge introduced in Chapter 1-3, the experiments with 

the ELEGANTS have three significant features. 

(1) Use NaI y-ray detectors with 4ff-geometry 

      The use of 4N-NaI detectors is based on the idea to measure all 

the y-rays in coincidence with the ~-ray signals from the Ge 

detector. This makes it possible to pick up the 0+-*0+ and 0+-*2+ 

double beta processes of 76Ge efficiently from a large amount of 

backgrounds. (See also Chapter 2-2-3(3)) 

(2) operate at an underground laboratory in relatively earlier time 

     Apart from the experiment by Milano group (Fiorini73) , we were 

the first group to decide the movement of the apparatus from a sea-
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level to an underground laboratory. It is the best method to exclude 

the backgrounds due to cosmic-ray related events, especially due to 

neutrons. In fact we could realize the considerable improvement on 

the background reduction. (See Chapter 2-4-1 ) At the Kami -oka 

underground laboratory the observed counting rate at the energy of 2 

MeV, where the peak of the Ovoo decay of 76Ge is expected, was 6x10- 4 

counts per keV per hour. It was the lowest one among published 

reports when we first obtain this improved data. Later other groups 

also decided (or at least have a plan) to move their apparatus into 

underground environment. 

(3) Record the events in list mode on a magnetic tape 

      All the signals from the detectors and the arrival time of each 

event are recorded event by event list mode on a magnetic tape. This 

enables us to investigate the various correlations between the 

signals by using proper gate conditions during an offline analysis. 

it is a powerful tool to investigate the origins of backgrounds. 

Here shows some results as examples : the discovery of 19411g in 

natural mercury [Appendix A] and the detection of ~-ray signals from 

the decay of 214Pb inside the NaI detector. (See Chapter 2-5-2) 

 3-3 Measurements 

3-3-1 Measurements with the ELEGANTS 

      measurements with the ELEGANTS for the OvOO decay of 76Ge have 

been made by Osaka group. The measurements are divided into three 

groups. The first run (RUN 1 ) was made for about 2115 hours at the 

 sea-level laboratory of Osaka Univ.. The second run (RIJN 2) and the 

 third run (RUN 3) were made at the underground laboratory in the 

Kamioka mine located about 1000 m (2700 m water equivalent) depth. 
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The second run was the measurement for 1600 hours. After the RUN 2 

was completed, the mercury shield was removed and the RUN 3 started. 

The RUN 3 has been operated for about 7000 hours up to now (January 

1986) and will soon be stopped in order to replace the Ge detector 

by the stack of Si detectors and 100Mo sources. 

3-3-2 RUN 1 at the sea-level Osaka 

     The first run (RUN 1) was made at the sea-level laboratory of 

OULNS (Laboratory of Nuclear Studies Osaka Univ.) from December 1983 

to May 1984. Every measurement was about 2 ~, 3 days of running time, 

which was determined by the capacity of a magnetic tape. Some of the 

measurements were stopped for considerably short period, especially 

at the beginning. It was because of the bug of the mini-computer 

software, electronics troubles and other happennings. These short 

runs were summarized up to at least about 50 hours for the energy 

calibration and the resolution check. They were done for every data 

of 30 % 80 hours by referring to the y-ray lines from background 

activities. The energy resolutions of RUN D19 and D20 were much 

worse than others. This was considered to be due to the humidity at 

the experimental room. These data are not used for the analyses of 

the Ov~o decay. The total effective period for the Ov~~ decay of 

76Ge is 2115 hours . 

      The energy calibrations of the six NaI segments were made 

between the successive runs by measuring the background activities 

for 1461 keV from 40K and other peaks during one over-night (n-12 

hours). The positron annihiration peak at 511 keV was observed for 

every run and used also for the NaI energy calibrations. 

      During the first half of RUN 1 denoted, plastic scintillators 
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did not operate well since the levels of all discriminators were set 

to be higher than appropriate levels. Fortunately it did not affect 

the result of the OvO6 decay. At the beginning of the next half, 

paraffin blocks of 1 m thick and Cadmium sheets were mounted on the 

top of the ELEGANTS in order to decrease the neutron flux. But no 

apparent improvement was found. 

      The observed background rates at our interest, namely at the 

Q~0(0+-*O+) = 2041 keV in anticoincidence with surrounding 4ff-NaI 

detectors and the %(0+-*2+) = 1482 keV in coincidence with 2+-*0+ 

559 keV y-ray, were found to be 1.8xlO-3 and 7.6xlO-4 /keV-hr, 

respectively. 

3-3-3 RUN 2 at the Kamioka underground laboratory 

      The major source of the background, which could not be rejected 

by an anticoincidence with surrounding NaI detectors, was analyzed 

to be due to the neutron capture reactions. Then next run was 

planned to do at an underground laboratory in order to get free from 

neutral particles originating from cosmic-rays. In April 1984 we 

have made the background test at the experimental site of the proton 

decay at the Kamioka underground laboratory, and have checked the 

possibility of our measurement there. Then we moved the ELEGANTS to 

Kamioka in May 1984. We first built a house for experiments to avoid 

the dust and the humidity. In the room an air-conditioning and a de-

humidifier have been operated all day long to keep the room 

temperature and humidity at constant values, typically 23 OC and 65 

%. AC power lines were provided from the Mitsui Metal Ind. Ltd., 

which owns the Kamioka mine. 

     The second run (RUN 2) started in August 1984. and ended 

November 1984. Since the counting rate at Kamioka is 0.06 per sec . 
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and is only 1/20 of that at Osaka, it was possible to continue a 

measurement for about two monthes without an exchange of a magnetic 

tape. Actually every measurement ran by itself for about 10 days, 

recording a data in the magnetic tape and the disk. The period 

corresponds to the cycle of a liquid N2 supply. Thus one of our 

group visited the Kamioka laboratory every 10 days to supply the 

liquid N21 to check the experimental conditions and to bring the 

data in the magnetic tape. 

       The measurement for the energy calibrations of 'the NaI 

detectors were done as in the RUN 1 . We did not observe any peak at 

511 keV, but found a small 609 keV peak from the decay of 214Bi for 

every calibration run. It was used instead of 511 keV peak. 

      The background rates for 0+-*0+ and for 0+-*2+ transitions of 

76Ge are 6 .5x10-4 and 1.6x10-4 /keV-hr, respectively. Both of them 

are improved by a factor 3 ~, 4 compared with those at the sea-level 

Osaka. 

     Here we encountered troubles characteristic at the underground 

laboratory. Some of them are as follows. 

(1) Due to the very low counting rate, the electric noise about 1 Hz 

is enough to disturb our measurement. We wrapped the electronics and 

detectors by Aluminium sheets with great care. We had to avoid all 

kind of 'noisy' equipments, such as a buzzer, moters, etc. during 

the measurement. It is noted that 20 1'. 30 percent of recorded 

events on magnetic tapes are caused by noises. 

(2) Sometimes we had the AC power troubles, namely the AC power shut 

down, or the voltage down for an instant. , We had to be careful to 

the increase of the humidity after the stop of the air-conditioning 
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(de-humidifier) as well as the damage of the computer and 

electronics. Even in such accidents, the measured data were saved in 

a magnetic tape for our case. 

3-3-4 RUN 3 at the Kamioka underground without mercury shield 

     We were surprised at finding the 2043.7 keV peak in the 0+-*-0-1-

spectra of both the RUN 1 and the RUN 2. It was due to the 19411q 

isotope contained in the mercury shield around the NaI detectors. 

[Appendix A] Then the mercury shield was removed. It was at this 

time that lucite blocks are put in the space between the Ge and the 

NaI detectors in order to decrease the Radon gas in the air around 

the Ge detector. The third run (RUN 3) started in November 1984. Up 

to now (January 1986) measurements of about 7000 hours have been 

made. The total period of the RUN 2 and the RUN 3 at the Kamioka 

underground is about 8600 hours. 

      The background rates for 0'-*01 and for 0'1--~-2+ transitions of 

76Ge are 6 .2xlO-4 and 2.7xlO-4 /keV-hour, respectively. The rate for 

0+-*2+ transition seemed to get worse than that of the RUN 2. This 

might be due to the radioactive contamination contained in lucite 

blocks. 

3-4 Analvses and results for the OvOO decay of 76Ge

3-4-1 The selections for true events 

      The selection rules for true events, namely the OvO~ 0-'-*0+ and 

0+-*2+ transitions of 76Ge, from a sea of backgrounds are introduced 

as follows. For the 0+-*0+ transition, signals from surrounding 4ff-

NaI detectors and from plastic scintillators are used for the 

anticoincidence with time interval of 10 psec., since no y-ray is 

accompanied by the 0+-*0+ transition. For the 0+-*2+ transition, the 
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coincidence with the 559 keV y-ray from one of six NaI segments is 

required. since the de-exciting 559 keV y-ray from the first excited 

21 state of 76Se is accompanied by the 0+-*2+ transition. It is noted 

that requiring the multiplicity of 1 (only one segment is fired) 

makes the background rate to a very low level. The energy window for 

the 559 keV y-ray used for the coincidence (gating) with the Ge 

signal should be determined from the energy resolution of the NaI 

detectors at that energy. Assuming that the response of the NaI 

detector for 559 keV y-rays is the Gaussian and the continuum 

background rate is proportional to the width of the window, 1.2xFWHM 

is the best choice. It is about 70 keV for our case and 

corresponding probability that the 559 keV y-rays fall in this 

energy window is 84 %. Actually the response of every NaI detector 

is the Gaussian with a tail at lower energy side. It is considered 

to be the contribution from the multi-compton events. Taking into 

account this effect, the window of 100 keV is used. This is the 

reason that at the first analysis for the RUN 1 the energy window of 

70 keV was used, and later we adopted that of 100 keV. The overall 

detection efficiency for the 0+-*0+ transition (ko) is 1, while for 

the 0+-+2+ transition (ki) is 0.34 at all. The induction of these 

coefficients is given in Chapter 2-4-2 in detail. 

3-4-2 The energy resolution 

     All the measurements have been checked for energy resolutions 

and counting rates to check the reliability. Since there is a slight 

change in the gain of the Ge detector during thousands of hours, a 

direct summation of all the spectra causes a considerably worse 

energy resolution. In order to avoid this problem the summation is 
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made only for the limitted energy region between (and around) tile 

referenced 2 nu 3 peaks, which are used for the energy calibration 

for every run. This method provides good resolutions for the 

measurements of such long period. The energy resolutions versus the 

energy is shown for typical y-ray peaks from backgrounds in Fig. 3-

1. The resolutions for the RUN 2 and the RUN 3 at the energies of 

our interest are considered to be 2.5 keV for QOO(O+-*2+) = 1482 keV 

and 3.0 keV for the QOO(O+-*O+) = 2041 keV, respectively. 

3-4-3 Resultant spectra for the OvOO decay of 76Ge 

     The enlarged spectra around the energies of QOO(O+-*O+) = 2041 

keV and QW0+-*2+) = 1482 keV are shown in Fig. 3-2. In the figure 

(a) is the result of the RUN 1 at the sea-level Osaka for 2115 

hours, (b) is the RUN 2 at the Kamioka underground for 1600 hours, 

and (c) is the RUN 3 also at the Kamioka underground for 6977 hours. 

As is already discussed, the peaks in the 0+-+0+ spectra of the RUN 1 

and the RUN 2 are attributed to the decay of 194Hg. [Appendix A] 

There are no appreciable peaks due to the OvOO decay of 76Ge. In the 

0+-*0+ spectrum for the RUN 3 a peak is found at the energy of 2054 

keV. Since it is not found in the spectrum for the RUN 2, it may be 

due to the radioactivities contained in the lucite blocks. 

3-4-4 The lower limits on the OvO~ halflives 

      one must be very careful to deal with a small number of counts 

appeared 'in such spectra as shown above, because the statistics of 

them obey the Poisson distribution instead of the Gaussian 

distribution. The possible counts of the Ov~O peak hidden in the 

continuum of the background should be evaluated under the rule of 

the Poisson distribution as follows. The background counting rate 

around the Qo~ energy, where there are no discrete lines, is 
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   e v a]. na te (I well by averaging the yields around that energy r e g i o n 

   Assuming Lhe Poiason distribution for the possible yield of the true 

    OV(111, nvenLn Y,,,, one can get the probability that actually observed 

    y 1. (31 (1 Y is Lhe sum of the true events YT and the background Y 

   1. . e Y - Y Th e n the 68, % probability for the YT < Y 0                 Ir Y11c. T 

    r c j?, a r d e d as the upper limit of YO for the Ov~o events at 6 8 T 

    coiifidenco lovel (G.L.). An example and more descriptions are given 

   in Appendix B. 

        The 11111flife TI/2 of the O(j decay of 76Ge is expressed ar, 

    I* ollowB . 

         "'1/2 " ().693 x Nolki.t (3-1) 
                        Y T 

   where No is the number of 76Ge source nucle i, ki is the detection 

   efficiency dinctinned in Chapter 2-4-2 and in Chapter 3-4-1, t is the 

   moanuring porlo(I In yenr, and Y is the possible hidden counts of T 

   Lho Lrue Ov(1(3 events just discussed above, respectively. All the 

   paramoLers together with the background rate Ni(BG) and the energy 

   renolutiOll Al"j are nummarized in Table 3-1. In the table halflives 

   eatimaLed from tl ,ie sensitivity of the ELEGANTS are given. They show 

   good agreomajiL wlLh those evaluated at 68 /'0 C.L. by the procedure 

   dinciissed above. (See Table 2-3(a) and (b)) The lower limits for the 

   OV(j(.j decays were obtained by combinating data of both the RUNS 2 and 

   3, tho sum of Lhe running times being totally 8577 hours, at the 

   ujidergrouiid laboratory. Th e limits on the halflives are 7.4xlO22 

   (4.3x1022) yearn for the 0+-*-0+ and 5 .6x,022 (2.9xlO22) years for the 

   0*1*-~-2+ tranaiLiona, respectively, both on the 68 % (90 21) C.L.. The 

   former, is the same order of magnitude as the values of (5,,,,12)x1O22 
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years obtained by quit different types of detectors. (Pelloti.841), 

Simpsom84, Forster84, Avigtion85, Caldwell.85) The latter sets a (111it 

stringent limit on the OV~O process far beyond the provions data of 

(0.2,,,2.2)xlO22 years. (BelloLiVib, Simpson84, Leccia83) 

     A preprint appeared very recently, in which the UCS11/1,111., group 

reports the halflife limits of the 7()Ce OV(,)jj decay 2.5 x 1023 years 

for the 0++0+ transition and 5x1022 years for the 0+-~-2+ transition, 

respectively. (Caldwell86) The former exceeds much the values 

reported previously, and the latter has the same order of magnitude 

of our experiment. The statistics of their data, however, are not: 

good . The sensitivity of their detector are not comparable w] th 

their claimed'results. 

3-5 Limits on the neutrino mass and right-handed ctirrent

     The present halflife lJmit for the 0+-+0+ transition of 76Ge Is 

used to evaluate the upper limits on the nentrJno mass and L lie 

rig,lit-handed current. Ifore the formula developed by Dol et. al. J.'s 

tiaed . (See Chapter 1-2) We assume that the coef f icienLs o f -1 e ft-

right cross term is zero for simplicity, namely z = 0 0). The 

n um e r I c a 1 values of Ci's etc. used in Eq. 1-7 are given In the 

reference (Doi84). Then'the EAq. 1-77(a) is given as 

                     Oyj .(x2                      2* ImG, 0.28xy + 2.8y2) (3-2)  T OV(O+-`0+)-1'= loge 

where x and y correspond to the neutrino mass and right-handed 

current, (See Eq . 1-6) Tho tfo-y is given as 1. . 6xIO-13 by 11aXLon 

G (Ilaxton84). 2.8xlO- 14 for the corrected.value by Doi, Kotani et. al. 

(Doi84)', a n (I 4.0xIO-13 for the recent calculation by Grotz 

(Crotz,'33). The cor~ection by Doi et. al. was made on the basis of 
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  the observed 2voo value in the other nucleus. The present limit of 

 the 7.4XIO22 years (68 %,C.L.) leads to the upper limits of 5.6 eV 

              -5 -5 b
y Grotz, and 13.6 eV  and 0.6XIO by flaxton, 3.6 eV and 0.4XIO 

  and 1.6XIO-5 by Kotani, respectively, on the neutrino mass. and 

 right-handed coupling term. The halflife limit of the 4.3xIO22 years 

  (go VZI C.L.) gives the upper limits of 7.4 eV and 0.9xlO-5 by Tlaxton, 

 4.7 eV and 0.5x,0-5 by Grotz, and 17.7 eV and 2.1x10-5 by K'otani, 

  respectively. The bounds for x (neutrino mass term) and y (right-

  handed coupling term) are shown on the x-y plane in Fig. 3-3. Title 

  matrix elements contributing to the 0+-*2+ transition are not yet 

  well evaluated now. A precise theoretical calculations are strongly 

 appreciated as well as accurate experiments.

I
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CHAPTER 4 Discussions and Related Topics 

4-1 The mass of the neutrino 

4-1-1 Methods to measure the neutrino mass 

     Recently much attentions 'have been paid on the property of the 

neutrinos emitted in a weak decay, especially on the mass of the 

neutrinos (m V From the theoretical views, the simplest theory 

based on the minimal SU(2)LxU(l ) model predicts zero masses, while 

grand unified theories with the lepton-hadron universality and the 

left-right symmetry provide finite neutrino masses- From the 

experimental views, the first evidence of non-zero neutrino mass of 

14 eV :_5 m V :5 46 eV was reported by ITEP (Moscow) group, studying the 

tritium ~-decay in 1980 (Lubimov8O). Doi et. al. also estimated the 

neutrino mass around 30 eV from the geochemical ~$ experiment by 

Hennecke et. al.. Therefore the experiments to confirm the finite 

reported value of the neutrino mass have been made so far by several 

different methods. However, there have been no positive results of 

the non-zero neutrino masses, except for the ITEP's one. 

     In recent years many review articles on this field have been 

published. Some of them are given in references, Wu80, Frampton and 

Vogel (Frampton82), Bullock and Devenish (Bullock83), Boehm and 

Vogel (Boehm84), and so forth. The talks at the related 

conferences were also useful to know the perspective of this field. 

Examples are found in talks at 'Low Energy Test of Conservation 

Laws' (Vuilleumier83), at 'International Lepton Photon Symposium' 

(Shaevitzi83) etc., and individual talks presented at the Moriond 

workshop in 1984. 

     In the followings methods to get the knowledge on the neutrino 

                               40



masses are briefly given. 

(1) Tritium 0-decay ... Study of the O-ray spectrum at the end point 

energy. This method gives the mass of the electron-type 

antineuLrino (_,~_e). (See Chapter 4-1-2) 

(2) Electron capture ... Electron capture process to highly excited 

level. is also good candidate to measure the m . This method gives V 

the mass of the electron-type neutrino (ve). For more details, see 

Chapter 4-1-3. 

(3) Neutrino oscillations Neutrino oscillations occur if the 

weak eigenstates are not the mass eigenstates, but superposition of 

them. Then the abundance of one type of neutrinos contained in the 

beam will change as a function of the flight distance. This gives 

information on the difference between the squares of twotypes of 

neutrino masses and the mixing coefficients. Here we will not 

discuss in detail on this subject, but gives some references as a 

summary of these experiments. (Wu80, Frampton8l) We just note a nice 

experim .ent at BNL by Nagashima's group. 

(4) Cosmology and astrophysics ... Cosmological and astrophysical 

data can derive the restrictions on elementary particle properties. 

Actually they provide information on the number of neutrino 

families, masses, and their lifetimes. See Chapter 4-1-4. 

(5) Neutrino-less double beta decay ... Neutrino-less double beta 

decay (OvOO) do not conserve the lepton number. This leads to the 

idea of Majorana neutrino, namely ve = ~_e. The constraints on the 

neutrino mass from the Ovo~ decay experiments is well discussed in 

Chapter 1-2. The measurements of the Ov~~ decay is already 

summarized and discussed in Chapter 1-3. The possibility of heavy 
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neutrinos and the measurements for masses of p-type and T-type 

neutrinos are not discussed here for simplicity. The overviews of 

this field are found in the above quoted references. 

4-1-2 Tritium ~-decay 

      The tritium (311) ~-decay can induce the mass of electron-type 

antineutrino by measuring ~-rays near the end point energy. Tritium 

is the best choice among the ~-decay sources for this purpose 

because of low end point energy (Q = 18.6 keV), low Z and convenient 

halflife (T1/2 = 12.3 years). 

      Bergkvist et. al. (Bergkvist72) and Tretyakov et. al. 

(Tretyakov76) used electro-magnetic O-ray spectrometers. They gave 

limits of less than 55 eV and 33 ev, respectively, on the electron-

type antineutrino mass. Simpson implanted the tritium in a Si(Li) 

detector, and obtained the mass less than 60 eV (Simpson8l). The 

sensitivity of this experiment is limited by the resolution of the 

Si(Li) detector. 

      It was very impressive that the first experimental evidence of 

non-zero neutrino mass was announced by Lubimov et. al. in 1980 

(Lubimov80). The source was an organic material 'valin' (C51111NO2) 

enriched with 3H. The spectrometer was an iron-free thoroidal type. 

In 1983 they made the measurement with an improved spectrometer and 

reported mv > 20 eV (Boris83). Again in 1984 they claimed that 

mv > 9 eV on the 90 % confidence level by the model independent 

analyses. Critical points of these experiments are the evaluation of 

the atomic final state population of the daughter 311+ atom, and the 

response function curve of the O-ray measuring system. The typical 

results obtained so far from these experiments are given in Table 4-
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      The situation in tritium ~-decay is still not clear. Several 

groups are working hard with the tritium experiment. Some of them 

use frozen (or cooled) tritium atom (3H2)to avoid the problem of 

atomic interplay (Fackler84-85, Kawasaki85), since the final states 

of the tritium atom can be well calculated. Los Alamos group uses 

the atomic beam of tritium in order to be free from all kinds of 

final states problems (Bowles82-83, Robertson84). The plans at 

present are given in Table 4-2 together with references. The goal of 

them is the neutrino (-,j-) mass around 10 eV. 

e 4-1-3 Electron Capture 

      Electron capture is also useful to detect a finite mass of the 

electron-type neutrino. The problems on the atomic interplay and the 

atomic states populations are not so serious on this methods, 

compared with the tritium 6-decay experiments. In fact the m 
V . 

sensitivity of 0.2 -- 0.4 eV is expected by this method, which is 

better than that of the tritium O-decays by a factor of 10. Because 

of its low Q-value (Q L- 2.6 keV), 163Ho is the most attractive 

source in this experiments. 

      There are two ways to approach to the finite neutrino mass. . The 

first type was proposed by De R6jula (De R6jula8l). In this method 

the internal bremssLrahlung (IB) spectrum following electron capture 

(EC) Is measured. The spectrum near the end point is sensitive to 

the neutrino mass. 

       AZ + e- -*- AZ _j + Ve + YIB 

The second type was discussed by Bennett et. al. (Bennett8l It 

measures the relative rate of captures, which depend on the neutrino 

mass. 
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      Among them Yasumi et. al. studied the ratio of the electron 

capture decay constants, X(Ml) and A(M2) (Yasumi85). It Is expected 

that the previous values will be considerably revised in early 1986. 

Recently an electron capture of 158'rb witli exLt-emely low Q-value 

(Q = 156 eV) was reported (Raghavan83). The first type experiment 

with 158Tb is also expected to give better results. 

4-1-4 Constraints from cosmology 

      The number of neutrino flavors can be determined from the 

amount of 4He produced in the big-bang nucleosynLhesis 

(Shvartsman69). However, it is difficult to estimate an accurate 

value of the primordial abundance of 411e. Recent studies lead to the 

result that the number of neutrino flavours is not more than 4 

(OLive8l, Steigman84). 

      The constraints on the masses of neutrino are obtained by the 

observed deceleration of the expansion rate of the Universe. It sets 

the limit to the sum of all stable neutrino masses in the range 

50 % 100 eV (Cowsik72, Marx72) These works also provide the idea 

that neutrinos are responsible for the dark matter halo of galaxies 

and clusters. 

       Tremaine and Gunn showed that all the dark matter could be 

neutrinos if one-type neutrino had a mass greater than 20 eV or if 

sum of all types of neutrino mass is greater than 20 eV 

(Tremaine79). However, Schramm and Steigman showed Lhat some of tile 

dark mass is baryonic and neutrinos need not supply all the dark 

mass (Schramm8l). 

      Because neutrinos are regarded as relics from the Lime of big-

bang, the constraints on neutrino properties greatly depend on the 

scenarios describing the early evolution of the Uni.verse. '[t is 
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interesting that some of the scenarios require the massive 

neutrinos. Such massive neutrinos play a very important role in the 

growth of the Universe (Olive8l ). The recent activity of this field 

has been very high. Then further theoretical attempts may provide 

new constraints on the neutrino properties. Thus cosmologists have 

great interest in elementary particle experiments on the neutrino 

masses (Dolgov8l). 

4-2 ELEGANTS as an ultra-low backqround system

4-2-1 Double beta decays of other isotopes with the ELEGANTS 

     A unique point of the ELEGANTS for the 0~00 of 76Ge is that the 

Ge detector itself. contains the 76Ge 00 source. The decay rate of 

76Ge , however, is not large because both the Q00 value and the 00 

matrix element are small. There are a number of O~ source nuclei 

with large Qoo values and/or large 00 matrix elements. The ELEGANTS 

can be used for these other 00 nuclei by using a mosaic ~~-source 

and Si-detector ensemble instead of the Ge detector. Actually the Ge 

detector is replaced by ten 100Mo foils sandwitched by eleven Si 

detector array. The detector and source ensemble is shown in Fig. 4-

1. The energy resolution is mainly due to the thickness of the foil. 

It is about 50 keV. On the other hand the transition rate for 100mo 

is an order of magnitude larger than that of 76Ge, and one 0-ray can 

be measured in coincidence with another 0-ray. These merits can 

compensate the demerits of the finite source thickness and the 

smaller amount of 100Mo nuclei than that of 76Ge. All detectors and 

100Mo foils are now set , and the run will start soon within next 2-3 

weeks. 
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 4-2-2 Rare y-decays and weak radioactivities 

      The ELEGANTS can be used not only for the Ovoo search but also 

for detecting very rare y-decays and very weak radioactivi ties . By 

drawing back the Ge detector by 1 cm from the well of the 10" Nal , 

one can insert a 9 cm x 1 cm material which contains y-active 

isotopes. Then the y-activity can be measured with the Ge detector 

in various modes of the NaI detectors. (See Chapter 2-4 for modes of 

the ELEGANTS) 

      The sensitivity for the weak y-decay is then obtained in a 

similar way as for the Ov~o (see Eq. 2-1). In case that the weak yo -

ray is accompanied by yl, Y2, ..., the yo is detected by the Ge 

detector while the yl, Y2, ... are detected by the six segment NaI 

detectors to identify the yo event . Then the sensitivity of 

detecting the yo is given by 

                          (BG).AE / (ky.       E:.(RI) = 1.12xlO-18/N - k) (4-1) 

where k Y is the peak efficiency of the Ge detector for the yo , k is 

the detector efficiency of the 4n-NaI counter for yl , Y2, ... 

associated with the yo, the Ni(BG) is the background rate of the Ge 

detector at E(yo) per year per unit energy for the Ge detector at 

E(yo) and AE is the energy resolution . The lower limit on the y-

activity which can be detected for the running time of t years is 

given by 

                      E: i 
             Nt = -
                  yv/t (Curie) (4-2) 

where y is the fraction of the yo being accompanied by the yj , y2r 

      Sensitivities for typical y-rays of 1, 2, and 3 MeV are given 
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for various decay modes in Table 4-3(a) and (b). The value of 

C % 0.1X10-15 in the table means that an activity of ~. 10-15 Curie 

can be detected when it is measured for one week at the Kamioka 

underground laboratory. For a typical source with thickness of 

about 10 gram/cm2 and the atomic number Z=50, the absorption is 

small and the lower limit of y-activities which can be measured for 

about one year running time is approximately given by F- Assuming 

the source size of 9 cm ~x 1 cm and the density of 8 gram/cm2 , the 

specific activities are given by 2xlO-3.c Curie/gram. 

      A sensitivity for detecting natural radioactivity is written 

by 

     ci(NRI) = 0.855xlO-18V-N,(BG) / (kyebi) (4-3) 

where bi is the branching ratio (probability) of the y-emission for 

the decay mode i, and Ni(BG) is the Y-ray peak yield per year in the 

background spectrum for the mode i. Sensitivities for typical 

radioactive isotopes of 40K, 208TI and 214Bi are given in Table 4-4. 

A lower limit of detecting a radioactivity is given by Eq. 4-2 with 

y=1 as in case of a rare y decay.
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 Chapter 5 Concluding rein a r k s 

      The ELECANTS (Ij!LEc t r o a GAmma-ray EeuTrino Spectrometer) has 

 been developed and constructed successfully to search for very rare 

 events of the Ov (neutrino-fess) decay . The sensitiviAy of L h e 

 ELEGANTS, which is introduced in Chapter 2 , for the Ov(i(j decay of 

 76GO is one of the highest val ues for the 0+-~-O+ trausition, and is 

 best in the ,world for the 0+-)-2+ transition. It is important Hint: Llie 

 41r-NaI y-detector , plays an essential role in selecting the true Ovor, 

 events from a large amount of backgrounds. ACLI101-ly the Con(A 1111uIll 

 background components are reduced by factors of 1.4x104 and I .IX105 

 at the energies of the 0+-*0+ and the 0+-1,-2+ translLion , respoct-Avely. 

       There found no appreciable peak at the energies of the 0 v (1 (1) 

 decay from the measurement for-8577 hours at the Kamioka underground 

 laboratory. The lower limits on the half lives are obtained as 

 7.4xlO 22 (4.3x 1022) yea rs for the 0+-,-0+ transition , a n d 5.6x,()22 

 (2.9xlO 22) years f or the 0+-~-2+ transition , both at 63 Z (90 12) 

 confidence level. The corresponding upper limits for the neutrino 

 mass and the right-handed coupling term depend much on the nuclear 

 inatrix element used. According to the nuclear maLrix Ol.q(neIIL 

 calculated by 11axton (11axton84), , the present experimental, half-life 

 provides following limits 

   <In V> - 5.6 aV (7.4 eV). :.y'< 0 
1 6xlo-5 (O.9xjO-5 

 wh e r e <III > and- y correspond to the neutrino mass and right -handed V 

coupling. (See Eq. 1-6) The brackets show the values evaluaLed at 00 

% confidence level. While the corrected matrix elemeut by Doi 

et. al.'gives 

   <III V > 13.6 eV (17.7 eV), y < 1.6xlo-5 (2.1XIO-5) 
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  On the otber band anotber calculation of the matrix element hy Crotz 

  (CroLz83) leads to the following limits 

    <III V > - 3.'5 eV (4.7 0), y < O.4x1O-5 (0.6xlO-5 

        '17he finite n eutrino mass of 36±4 eV has been reported from the 

  L r 1. L 111111 f)-d eca y experiments (Boris83, Lubimov8O). On the other hand 

  the 11-cutrino mass determined from electron capture experiments are 

  less than 240 oV at present (Bennet34). Note that tritium r'-decays 

  report the mas.-i of electron-type antineutrino while electron 

  capture experiments refer to the mass of elctron-type neutrino 

  (Ve). Ilotie .ver , neutrino-less d ouble beta decays assume t ha t the 

  neut.r] no is a Majorana particle (vl--V) and obtained mass is the 

 superposition',", of, the masses of mass eigenstate neutrinos with 

 weighti3i of weak eigenstatetineutrino ~.mixing. (See Eq.,1-6) The 

 c o nis 1,-j L e It c y between t1tem should be well discussed , taking into 

 ticcouia tho typos of neutrinos and the experimental confidence 

 I e v e ].,,I At present It is too early to draw convincible pictures on 

 the proportion of neutrinos. FurLher advances both in experiments 

 and in theories tire desired. 

       Actually Hiere tire several new experiments on the neutrino 

 masses under progres.9 or under planning. They are expected to 

 clarify this problem. As for the double beta decays , one way is to 

 Increase Hie amount o ; f the 76Ge p,~ source. Two groups (P1"J,/1jSC, 

 ficsil/f,11J.') have plans with about totally 1000 cc Ge assembly 

 (Caldwel.185, Avignon85). It is interesting that one group (UCSIVIML) 

 tl.-jes the 461-Nal counter as is the ELEGANTS , while another (11KT,/T1',)C) 

 does not. The latter group gave up the use of Nal detectors beCaUse 

 they broup               It L radioactivities into quite near position of the Ge 
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detector (Brodzinski85) The activities contained i it the Nal 

detector is also reported by us. (Chapter 2) In f'act it is the main 

ba c Ic V, r 0 L1 it d source of the ELEGANTS at present. These experiments 

wi Lh G e detectors can not measure the angular correlation between 

two electrons and the energy distribution of single clectroii, 

L a 1. L It o it g It the detecLion ef f lcien-cy is 100 and the resolution is 

very high The other way is Lo use other nuclei with large 

value nnd/or larger nuclear matrix elements. lleasurement of energy 

and angular distributions with new experimental techniques are 

important. 

      'fit ree types of new f313 experiments are now under progress in our 

laboratory. 

(1) The measurement of the 00(;Aecay of lOOMo with with 11 Si(Li) 

detectors will soon start itistead,of Hie Ge. (See Chapter 4-2-1 and 

Fig. 4-1) The thin foils of enriched source nuclei are sandwiched 

between t lie Si(Li) detectors. This multi-'layer structure has 

following benefits. (a) The effective amount of source is large. 

  1)) The energy distribution of O-rays .' can be measured. The ' rough 

correlntion of directions of two electrons is also measurable.- (c) 

One can easily measure the other source by replacing the source 

foils by those of the other 00 nuclei. ; The whole detector assembly 

of Lhe 10OHo foils and the Si(Li) detectors are placed inside the 

4-ir-NaI counter used for the-ELEGANTS. The goal of this experiment is 

 the same order or better than that of the Ge. 

 (2) The. O~ decay 0 f 130Te has been measured at the sea-level 

 laboratory of Osaka Univ. since Dec. 1985. The detectors for O-rays 

 are L.lie six-layer plastic scintillator plates. Five layers of t It c 

 natural Te powder 'are set between these scintillators. The y-rays 
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 followliig Lite 11-rays tire detected by the surrounding Or-flal counter. 

 The whole plautIc and Nal system Is shielded from external 'Y-rays by 

 1110111in of honvy metallic shields. The veto counter is also mounted 

 It r 0 (1 It (I Lite 1ICIIVy 11hield . The measurement for VU2 months with bo t h 

 the To source niid Lite dummy sample is expected to provide the 

 half.1.1fe 111111t of 1020,11021 years. This .experiment is regarded a s 

 Lite prototype for the next (3-rd) experiment. 

                                                      15 0  (3) We have nnoLher plan to measure the O'V~O decays of 

 100flo with it completely new HLEGANTS. The central part of the it e v 

 K 1, E G'A NI'll; I n layera of drif t chambers. The source foils containing 

           24 00 11 u c 10 1  it 1) o it L 10 are placed between them . The 0-rays are 

 detected )y Ll )in Nal. pc it . i tiAlators. Th c whole detecting system is 

 a it r r o u it d a (I b y /41i-Nal .detectors for y-rays. Copper and lead shields 

 (I r e 1110 It it t .c d. around Lite detectors to reject external y-ray 

 backp The new system is expected to have an ability to         ,rounda. 

 determine Lite neutrino mans of about 1 eV. 
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APPENDIX A Evidence for 194Hg isotope in natural mercury 

      The measurements on neutrino-less double beta decay of 76Ge had 

been carried out first at the Osaka Univ. sea-level laboratory for 

2115 hours, and next at the Kamioka underground laboratory for 1600 

hours. We were surprised at obvious peaks at the energy of 2044 keV 

appeqred in both the energy spectra which were obtained by 

completely independent measurements. Considering the energy of the 

line and the materials used for our detector system, we concluded 

that the line is due to the decay of 194f1g. The y-ray of 2043.7 keV 

from the decay of 19411g penetrates the NaI detector, and then it 

deposits the full energy in the Ge crystal. Fig. Al shows the decay 

scheme of 194Hg.(l) In what follows we explain how we identify the 

line. 

      Since data are recorded by an event by event list mode on 

magnetic tapes, We can select 194Hg decay events efficiently from a 

large amount of backgrounds by using proper gate conditions in the 

offline analysis. Some kinds of gate conditions were investigated. 

We found the most clear evidence of 1941ig in the Ge spectra measured 

in anticoincidence with surrounding Nal detectors. The spectra 

indicate clearly the lines characteristic of the decay of 1941-1g. 

      The relative counts of peaks are calculated for every line 

taking into account the absorption through the mercury layer and NaI 

detectors. These expected and observed counts are summarized in 

Table Al. Roughly speaking, they agree with each other. Calculated 

disintegration rate of 194Hg is 3xlo-2 per second. This corresponds 

       194 18 to the fig isotope abundance of the order of 10-

      In November 1984 we took away the mercury in order to eliminate 
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the 2043.7 keV peak, since it is very close to the energy of the 

0+-*0" neutrino-less double beta decayof 76Ge. In later measurements 

lines of 194Hg disappeared perfectly.. 

      However, two problems still remain. 

(1) Where 194Hg isotope comes from ? 

     Since the half-life of 19411g 260 years) is so short 

compared with the age of the earth, it leads us to the idea that the 

cosmic ray, perhaps neutrons induced by cosmic ray, furnishes the 

radioactive isotope 194Hg day after day. For example, the reaction 

196Hg(n
,3n)194Hg may be possible. 

(2) Why no such peaks in the measurements by Milano group ? 

     Though Milano group also uses mercury shield inside the 

detector system, the spectra are free from 19411g lines. In fact 

Bellotti suggested in Neutrino '84 conference that the line at 2044 

keV would be likely due to a radioactive contamination of copper or 

of lead(2). It would be likely that the mercury used by Milano 

group would contain much less amount of 194lig compared with that of 

us, since the production of the 194Hg by cosmic neutrons' would 

depend on the location of the mercury ore. 

Figure Caption 

Fig. Al The decay scheme of 194Hg and its daughter nuclei. 
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APPENDIX B Evaluation of peak counts hidden in continuum backgrounc 

      Statistics of the present rare decay data with the small number 

of counts is expressed by the Poisson distribution. (If the number 

of counts is large, one may use the simple Gaussian distribution 

instead as used in most of nuclear phyics experiments.) 

      The Poisson distribution is expressed by only one parameter V. 

n 
 f (n) e-11   11 

n! 

where is the mean value of the parent distribution and n is the 

positive integer or zero. This is normalized as 

  CO 

   f On) n. e-V (2) 
n=O n-on! 

                       co 

      The observed counts Y at the peak region is considered to be 

the sum of the true peak counts YT and the background counts in the 

region of the peak YBG* 

 Y = YT + YBG (3) 

Note that Y, YT and YBG are positive integer or zero. The statistics 

for both the YT and YBG are given by the Poissson distributions. 

Y 

 ftr(YT) = tr -e-tr (4) 
              YT! 

 fbg(YBG) = bg YBG e-bg (5) 
            YBG! 

where tr is the average value of the true peak counts, and bg is 

that of observed background counts. 

      Actually the total counts Y and the average background counts 

bg can be determined by an observation. Assuming the expected peak 
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 counts is L, the probability that the sum of two Poisson 

 distributions (t and bg) is proportional to K(t) defined as follows. 

  K(t) fL(O)'fbg(y) + ft(1)-fbg(Y-1) + - + ft(y)'fbg(O) 

Y 

         ~ ft(n)'fbg(Y-n) (6) 
            n=O 

 The normalized representation is 

  PM = K(t) 

        J'O" K(x)dx 
         x ft(tl)'fbg( Y-n) 

          = -n=O (7) 

                 n=Ofbcj(n) 

 Note that f ('00 P(x)dx = 1. The probability that the peak counts is an 

b 

 interval between a and b is written as Ja P(x)dx. 
       The probability Q(t) that the peak (true) counts is less than t 

 is 

t  QM fo P(x)dx 
               1 Y n tm                           .1 f (Y-n)- 1-e-t. I - (8)        _Y_ bg m!) 

          X n=O fbg(n) n=O m=O 
 'I'lie value 't' at which Q(t) becomes 0 .68 is considered to be the 

 tipper limit on the hidden peak counts in continuum backgrounds at 

 the 68 % confidenceal level. 

       Here gives the example to deduce the hidden peak counts from 

  L-he spectrum of the 0 +_~_ 0 + transition for the RUN 3 measurement. 

  (See F'Ig. 3-2(c)) Considering the energy resolution of the Ge 

 detector at the 0+-*-0" transition energy, the observation is done in 

  the window of 5 channels (3.85 keV). Since small peaks are found at 
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the higher energy part of the spectrum, such region is not-- taken 

into account for the average of the background counts. The observed 

background counts in that region is averaged to be 3.33 cotuits/ch. 

According to the notation used above, Y = 15 and bg = 16.7. 

     From the Eq. (7) and Eq. (8) with observed values of Y and b(j, 

one can calculate the probabilities P(t) and Q(L). The qraph of Q(L) 

tells that the hidden peak counts in the window is less L-han 3.9 

counts on the 68 % confidence level. Taking into account the 

probability that the peak counts fall into the window, one can 

estimate the counts to be 4.5 counts on the 68 % confidence level. 

      It is interesting to compare the possible peak counts 

calculated by using the Poisson distribution and with that by using 

the Gauss distribution. On the basis of the Gauss distribution the 

possible peak counts is 

 t = /N-i(BG)*AE*time (9) 
            0.763 

where Ni(BG) , AE,time are the observed background rate, the energy 

resolution, and the measured period. A value of 0.763 means the 

probability that the peak counts fall into the AE (energy 

resolution) window. They are listed in Table B1 They agree well 

with each other. 

References 

for general discussions 

   Data Reduction and Error Analysis for the Physical Science, 

   edited by P.R. Bevington, Mcgraw-Hill(1969)
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RUN
N i (BG) A E time T(Gauss) Y,(Poisson)

counts/keV hr k,eV hou rs counts counts

RUN2 0 +--)..0+ 6.5 X 10- 4 3.0 1600 2. 3 3. 2

R(M 0+-2 + 1.6 X 10- 4 2.5 1600 1. 0 1. 2

RON3 0 +--J.O+ 6.2 X 10- 4 3.0 6977 4. 7 ZI - 5

-4

RUN3 0 -2 2.7 X 10 2.5 6977 2. 8 2. 5

Table BI
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APPENDIX C The electronics and the data-taking for the ELEGANTS 

1. Electronics 

      The detectors used for the ELEGANTS are the pure Ge, the 4,ir-Nal 

counter divided into six segments and six plastic scintillators. The 

electronics for the ELEGANTS was constructed to be triggered by all 

signals beyond 40 keV from the Ge detector. 

       The energy of the Ge is measured with two lines. one is for 

the energy region of 0 % 3 MeV and fed into the spectroscopic 

amplifier (ORTEC 571) with shaping time of 10 psec.. The energy 

threshold is about 40 keV. Another is for the energy up to 20 MeV 

and connected to CAMAC ADC (LeCroy 2259). Typical trigger rates of 

the Ge are 1.3 per sec. at the sea-level Osaka laboratory and 0.06 

per sec. at the Kamioka underground laboratory, respectively. 

     The energies of six NaI segments are also connected to the 

CAMAC ADC. The gate signals of 500 nsec. duration for the NaI 

energies are generated by the trigger signal. The energy range for 

the NaI detector is 0 1- 3 MeV. Timing signals are 'OR'ed together 

and are used as the start signal of the Time-to-Amplitude converter 

(TAC) with a 20 Usec. range. The stop signal is obtained from the Ge 

detector. Threshold energies of the NaI segments are 40 % 80 keV. 

The sum of the signals from NaI segments shows a counting rate of 

about 50 per sec. at the sea-level Osaka laboratory, while at the 

Kamioka underground laboratory it is 20 lu 30 per sec.. 

     The plastic scintillators are used for only timing devices. Six 

timing signals are summed and are connected to the start of another 

TAC, just same as the case of the NaI signals. Summed counting rate 

is 150 per sec. at the sea-level Osaka. 
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     The block diagram of the electronics for the ELEGANTS is given 

in Fig. 1 . 

2. DaLa-Lakitiq by a mini -computer 

     The data-taking system for the ELEGANTS had been developed in 

1983. q,he mini-computer used is PDP11/10. The hardware configuration 

is given in Fig. 2. As is shown in it, it is very small system for 

recent day's experiments. RT11SJ monitor is used for the operating 

system (OS), since it requires only a small memory size. 

     All the detector signals are fed into CAMAC. The computer takes 

these data through CAMAC, and records them on a magnetic tape in 

list mode together with the date and time of every event. 

      At the sea-levl Osaka the trigger rate is 1.3 per sec. as noted 

above, and about 10 individual signals are managed for an every 

trigger. This counting rate is sufficientlly low for even such an 

old computer. For the measurements of high counting rate with y-ray 

sources, the trigger signal is processed by means of the interrupt 

technique for the real-time response. 

      Since one measurement continues for several days, simple 

spectra of every detectors should be monitored online on the graphic 

terminal. otherwise one would not find troubles, such as a cable 

disconnecLion, until the offline analysis of the magnetic tapes. We 

have monitored histgrams for all detectors. The resident area for 

the histgrams ill the RAM memory is about 20 kB, which is almost a 

half of the memory of our computer. 

3 Applications of software products

app. C 2



      During the developement of this data-taking program, some of 

the basic and useful routines are moduled into subroutine forms . For 

example, the online display of the histgrams , the magneti-c tape 

control, the graphic tools ... etc.. 

     The data-taking program for the 11 stacks of Si detectors has 

been prepared recently by utilizing fully these subrotit -ines. U wil.1 

be used for the experiment of the 100Mo 00 decay . 'Phi.s experiment 

will start soon in early 1986 at the Kamioka underground labot-al- -ory. 

They are also used by the data-taking system for the test- - experiment 

of the 130Te ~~ decay, which uses 12 plastic scintil IaLors 

surrounded by 6 NaI detectors and plastic veto counters for cosmic-

rays. It has beeen operated at the sea-level Osaka laboratory s1nce 

December 1985 with LSI11/2 mini-computer.

Figure Captions 

Fig. C1 The block diagram o f the electronics for the HLEGANTS at 

      the sea-level laboratory in Osaka. The part of modules to accept t] 

      signals from plastic scintillators are removed at Llie Katili-oka 

      underground labo.. 

Fig. C2 The hardware configuration of the PD1111/10 mi-ni.-compuLer
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FIGURE CAPTIONS 

Fig. 1-1 Decay schemes of 76Ge and 48Ca as typical source nuclei for 

      double beta decays 

Fig. 1-2 Schemesof the mechanisms for the neutrino- less (00 double 

      beta decay. (a) two nucleon (2n) process, (b) A'+ process, (c) 

      A- process 

Fig. 2-1 (a) Schematic arrangement of the Ge counter with an 

      internal RI(RII) of 208T1, being surrounded by a 4ff y-counter 

      consisting of four NaI segments. yc is the Compton scattered 3 

      Y3- (b) Major y-decay scheme of 208T1. 

Fig. 2-2 Schematic views of the ELEGANTS. Ge: 171 cc Ge detector, 

      NaI: 4TT-NaI of 10"~xlV' and 8"~xV', PL: 2ff -plas tic 

      scintillators, 11g: 27 mm pure mercury, Cu: 15 cm OFIJC copper, 

     Pb: 15 cm lead, Cd: 0.5 mm Cd sheet, PA: 1 m thick paraffine 

     blocks, D: liquid N 2 dewar A: acryl plate box for air-tight 

      (a) Side view of the ELEGANTS at the sea-level Osaka Univ.. 

     Plastic scintillators with 2n-geometry are used to identify 

      charged cosmic-rays. Paraffine blocks and Cd sheet are mounted 

     on the top of the ELEGANTS. 

     (b) Side view of the ELEGANTS at the Kamioka underground 

     laboratory. N 2 gas evaporated from the liquid N2 coolant is fed 

     into the center of the ELEGANTS. Five acryl plates provide a 

      complete air-tight room for the whole detector system. 

      (c) Cross sectional view of the Ge and NaI detectors. 

Fig. 2-3 The background spectra of 3"~xV' NaI without any shields. 

      (a) measured at sea-level Osaka for 25.00 hours, (b) measured 
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     at Kamioka for 1.944 hours 

Fig. 2-4(a) Background spectra of the Ge detector obtained at sea-

     level Osaka. B: without any shields for 2500 seconds, S: in the 

     ELEGANTS measured for 1055 hours, A: in the ELEGANTS 

      anticoincidenced with the 4Tr_NaI and the 2Tr - plastic 

      scintillators measured for 1055 hours, C: in the ELEGANTS 

      coincidenced with the 2+-*0+ 559 keV y-ray signal from 4TT-NaI 

      detector. Coincidence energy window is 70 keV. 

Fig. 2-4(b) Background spectra above 3 MeV measured at sea-level 

      Osaka for 1055 hours. S for singles and A for anticoincidence 

      with any NaI detectors. Counts per energy bin of every 200 keV 

      (100 keV below 3 MeV) are shown with statistic error. Zero 

      count is not shown. 

Fig. 2-5(a) The background spectra of the Ge detector obtained at 

      the Kamioka underground laboratory. B: without any shields for 

      15.27 hours, S: in the ELEGANTS measured for 144.63 hours, G: 

     in the ELEGANTS with the introduction of nitrogen gas, measured 

      for 2082 hours, C: in the ELEGANTS coincidenced with the 2+-*0+ 

      559 keV y-ray signal from 4Tr-Nall detector measured for 2082 

      hours. The coincidence energy window is 100 keV. 

Fig. 2-5(b) Background spectra above 3 MeV measured at the Kamioka 

     underground laboratory for 5371 hours. G for singles with N2 

      gas circulation and A for anticoincidence. Counts per energy 

     bin of every 200 keV (100 keV below 3 MeV) are shown with 

      statistic error. Zero count is not shown. 

Fig. 2-6 Multiplicity distribution for signals from six segment NaI 

     detectors gated by the Ge detector. FA(M) and FN(M) are 
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Fig.

Fig.

Fig.

Fig.

observed distributions with and without siqnals from Hie active 

( p 1 a s t i c ) s h i e 1 d , respectively. fC(M) and f 1~ (M) are 

distributions for charged cosmic rays and others, respectively. 

2-7 The energy spectra of the Ge from 100 to 225 keV. The tipper 

is the measurement at the sea-level Osaka for 1055 hotij-'s. 'Pile 

lower is at the Kamioka underground labo. for 2082 liotirs. The 

peaks at the energies of 139.7 keV and 198.6 keV are Hie -y-ray 

from the decay of 75Ge and its isomer. The peaks appeared at 

186 keV in both spectra are due to the decay of 226Ra. 

2-8 Normalized intensities of peaks vs. energy for 2380 decay 

chain. Five individual results are shown. 

(a) Results at the sea-level laboratory of Osaka Un.jv.. Osaka-

B: at sea-level Osaka without any shields (mode B), and Osaka-

S: at sea-level Osaka in the ELEGANTS (mode S), (b) Results at 

the Kamioka undeground laboratory, Kamioka-B: aL Kami-oka 

underground without any shield (mode 13), Kamioka-S: at: Kamioka 

underground in the ELEGANTS without N2 gas circulation 

(mode S), and Kamioka-G: at Kamioka underground in the E'LEGANTS 

with N2 gas circulation (mode G) 

2-9 Observed counts of 0-rays from 214Pb in coincIdence witti 

the NaI signals in the given energy window. The error bar 

contains the error due to subtraction of the continutim and the 

statistic error. (a) Counts of 295.21 keV y-ray. The endpoint 

energy of accompanying ~-ray is 729 keV. (b) Counts of 351.92 

keV y-ray. The endpoint energy is 672 keV. 

3-1 The observed energy resolutions for the typical. y-ray 

peaks. These are the results of the RUN 3 measurement, which 
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Fig.

Fiq.

Fiq.

was operated at the Kamioka underground labo. for 6977 hours . 

3-2 q.'he enlarged spectra around the enrgies of our interest. 

(a) The specta of the RUN 1 at the sea-leval Osaka for 2115 

hours. The peak at the enrgy of 2043.7 keV for the 0+-*0+ is due 

to the decay of 19411g. 

(b) The spectra of RUN 2 at the Kamioka underground labo. for 

1600 hours. The peak for the 0+-*0+ is also due to the 194Hg. 

(c) The spectra of RUN 3 at tha Kamioka for 6977 hours. The 

mercury shield are removed. The small peak at 2054 keV may be 

due to the radioactivity. 

3-3 The plots of the present upper bounds for the neutrino mass 

( x = <mv>/[Ile and the right-handed coupling term in weak 

interaction (y, see Eq. 1-6). Three plots correspond to three 

matrix elements used. K is the matrix element calculated by Doi 

eL. al. (Doi8fl, if is by 11axton (Haxton84), and G is by Grotz 

(Grotz83). 

4 -'1 Si detectors and Mo foils set inside the well of the 4ff-

Nal counters. The arrangement is the same as in Fig. 2(c) 

except the Ge detector, which is replaced by Si detector array . 

Nal: Nal detectors, Si: Si detectors, M: 100Mo foils, Hg: pure 

mercury, C: cold finger
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  ------------------------------------------------------

                                                Intermediate 
                        Isotopic Transition transition 

                        abundance energy energy (A,Z) 
  Transion A z (Mev) -(A,Z+l) 

  ------------------------------------------------------

    Ca-Ti 
    Ca-Ti 
    Zn-Ge 
    Ge-Se 
    Se-Kr 
    Se-Kr 
    Kr-Sr 
    Zr-Mo 
    Zr-Mo 
    Mo-Ru 
    Ru-Pd 
    Pd-Cd 
    Cd-Sn 

    Cd-Sn 
    Sn-Te 
    Sn-Te 

    Te-Xe 
    Te-Xe 
    Xe-Ba 
    Xe-Ba 

    Ce-Md 
    Nd-sm 
    Nd-Sm 
    Sm-Gd 
    Gd-Dy 
    U-pu

 46 20 0.0033 
 48 20 0.185 
 70 30 0.62 
 76 32 7.67 
 80 34 49.82 

 82 34 9.19 
 86 36 17.37 

 94 40 2.80 
 96 40 17.40 

100 42 9.62 
104 44 18.5 
110 46 12.7 
114 48 28.86 

116 48 7.58 
122 50 4.71 
124 50 5.98 

128 52 31.79 
130 52 34.49 

134 54 10.44 
136 54 8.87 
142 58 11.07 

148 60 5.71 
150 60 5.60 
154 62 22.61 
160 64 21.75 
238 92 99.275

0.985+-0.009 -1.382 ±0.011 
4.267±0.009 +0.289 ±0.012 
1.008±0.006 -0.653 ±0.009 
2.041±0.001 -0.923 ±0.004 
0.138+-0.007 -1.871 ±0.005 
3.003±0.008 -0.089 ±0.008 
1.240±0.006 -0.0537±0.008 
1.230±0.005 -0.921 ±0.014 
3.364±0.005 +0.215 ±0.025 
3.034±0.006 -0.335 ±0.060 
1.321±0.012 -1.145 ±0.008 
2.004+-0.013 -0.868 ±0.015 
0.547-LO.008 -1.439 ±0.008 
2.811±0.006 -0.517 ±0.024 
0.349±0.008 -1.622 ±0.008 
2.263±0.007 -0.653 ±0.008 
0.872±0.007 -1.268 ±0.010 
2.543±0.008 -0.407 ±0.030 
0.731-+0.039 -1.328 ±0.039 
2.718±0.080 -0.112 ±0.080 
1.379±0.049 -0.777 ±0.050 
1.936±0.021 -0.514 ±0.030 
3.390±0.020 -0.036 ±0.062 
1.260±0.022 -0.718 ±0.024 
1.782+-0.030 -0.029 ±0.030 
1.173±0.034 -0.117 ±0.031

------------------------------------------------------

Table 1-1.

           Table of isotopes for which double beta decay can occur. 

Single beta decay is forbidden from the Q value, or storongly 

inhibited because of the large difference of spin and parity. Most 

of values are quoted from the reference (Fiorini72b).
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Table 1-2 

            Selection rules for the BB 2v mode and 830V mode. The 

circle(cross) indicates the allowed (not allowed) transition. 

The small circle in the 682
v mode means the suppression of this 

transition. The table is quoted from Doi83a.



TOv+2v 1/2 

(years)

geo. 

exp.

TOV 1/2 

(years)

geo. 

exp.

T1/2 theory 

(years)

130Te -*13OXe (2 .55±0.2)x1021 > 2.15x1021 1.7x1019 

128Te -*128xe > 8x,024 > 8x1024 qx,022 

 82se -*82Kr (1 .7±0.3)xlo2O > 1.1x,020 2.6xlO'9 

Table 1-3 Experimental results of geochemical decay 

experiments. The halflife is accounted for the sum of both the Ov 

and the 2v mode process. The theoretical predictions by Haxton 

Olaxton84) are also given. (Quoted from Kirsten84a-b)



Group Milano

Guelph 

Downsview 

Kingston

CALTECH

Place 

Active device 

Ge volume 
(Fidutial) 

Time (hours)

  Mont Blanc 
  4200 mwe 

    none 

125cc & 153cc 

(115cc & 145cc) 

14500 & 4741

Salt-mine 
330 m depth 

  Plastic 

   208 cc 
  (194 cc) 

   2363

 Caltech 
Sea-level 

4n-Plastic 

 (90 cc) 

   2600

T1 /2 

(X1022 years)

 10 & 7 

(Total 12)

3.2 1.7

References Bellotti84a Simpson84 

Table 1-4(a) The experimental halflife 

the 76Ge 0+-*0+ transition obtained so 

the UCSB/LBL group have two diodes. All 

calculated at the 68 % C.L ., except for 

90 % C.L.-

  Forster84 

limits on the OvOO decay of 

for. The Milano group and 

the halflife limits are 

the CALTECH group with the



Group

Santa-Barbara 
   Berkeley 

  (UCSB/LBL)

   Battle 
South-Carolina 

  (PNL/USC)
Osaka

Place

Active device 

Ge volume 
(Pidutial) 

'I'ime (liours)

  Berkeley Homestake mine 
low-level lab. 4084 mwe 

     47t-Nal 4n-plastic 

 178cc & 158c 135 cc 

(159cc & 140cc) (125 cc) 

   1618 3763

Kamioka 
2700 mwe 

 4 7T- Na I 

 171 cc' 
(164 cc) 

 8577

T 112 

(X1022 years)

5 11 .6 7.4

References Caldwe1185 Avignon85 This thesis

Table 1-4(a) (continued)



Group Milano
Guelph 
Downsview 
Kingston

Bordeaux 

Zaragona Osaka

Place

Active device 

Ge volume 
(Fidutial) 

Time (hours)

  Mont Blanc 
  4200 mwe 

    none 

125cc & 153cc 

(115cc & 145cc) 

14500 & 4741

Salt-mine 
330 m depth 

  Plastic 

   208 cc 

  (194 cc) 

  2363

Sea-level 

NaI coin. 

 ,b 100 cc

1360

Kami.oka mine 
 2700 mwe 

  47r-Nal 

   171 cc 
  (164 cc) 

   8577

T 1/2 

( x 10 2 2 years)

 1.6 & 1.6 

(Total 2.2)

1.6 0.2 5.6

References Bellotti84h Simpson84 Leccia83 This thesis

Table 

the 76 

the 68

1-4(b) 

Ge 0+-*2+ 

 % C.L. .

The experimental 

transition. All

halflife limits on 

the halflife limits

the 

 are

00~ decay 

calculated

of 

 at
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Sample 232Th 238U 60CO 40K 1 37CS

Vo.11--age divider 

Light shield 

Prop. Lherino. 

Black epoxy 

Hardener 

I'lie r mog e 1 (#13 

Thermo(je 1. ( # 12 

OFIIC copper(#l) 

Teflon refl. 

A1203 refl. 

MgO refl. 

OFIIC copper(#2) 

Al piece 

Table 2-1 R 

for the ELEGANTS 

per gram. The br

< 5(3) 

< 0.8 

11(6) 

 7(5) 

< 4.3 

< 4.3 

< 6 

< 0.2 

< 0.3 

 5(1) 

< 0.7 

< 0.1 

  0.7(5)

  adioactive contaminations 

    Values in the table are 

  acket indicates an error.

 23(8) 

   3.6(2.5) 

120(40) < 

 27(13) 

< 10 < 

 39(16) < 

< 12 

< 0.5 < 

< 2 < 

  6(2) < 

< 4 

< 0.3 < 

< 1

 4(2) 80(5 

 1.1 (7) < 14 

 6 < 90 

12(5) < 80 

 6 < 150 

 3 < 80 

 3.5(3.0) < 70 

 0.2 < 4 

 0.9 < 14 

 0.6 < 11 

 0.7(6) < 14 

 0.08 < 2.3 

 1.3(5) < 10 

     in various mz 

    given in the

   0) <

  terials 

 unit 10

  2.2 

  0.9(8) 

14(6) 

 8(5) 

< 5 

 7(5) 

< 3 

< 0.24 

< 0.7 

 0.63(55) 

 1.4(8) 

< 0.11 

  1.9(1.6) 

       used 

    -2 d
pm



Osaka Univ. Sea-level Labo.

Chain Source E (keV) mode B mode S mode A

238U 226Ra 

     214Pb 

     214Bi 

     234mPa 

232Th 212Pb 

     208T1 

     228Ac 

     208T1 

40K 40K

 1 86t 

352 

 609 

1001 

239 

583 

911 

2614 

1460

230(60) 

1220(40) 

1370(40) 

 23(12) 

1630(60) 

940(30) 

750(30) 

860(30) 

8600(80)

0. 

3. 

2.

43(5) 

43(7) 

80(6) 

04(2) 

71 (5) 

64(4) 

63(3) 

55(3) 

99(6)

0. 

3. 

0.

49(3) 

23(6) 

52(3) 

04(1 ) 

77(4) 

16(2) 

49(2) 

21 (2) 

97(6)

continuum 500- 600 16250 163 2.5 

component 1000-1100 7210 50.8 0.97 

           1500-1600 984 26.2 0.43 

           2000-2100 504 16.6 0.15 

           2500-2600 133 11.7 0.09 

t together with the 185.72 keV y-ray from 235U. 

Table 2-2(a) Counting rates of peaks and continuum componenLs in 

various modes of the ELEGANTS at the sea-level. laboratory of Osaka 

Univ.. The values in the table are given in counts per hour for 

peaks, and in counts per hour per 100 keV for continuum component,-.s. 

The bracket indicates an error. The exposure period of the mode 11 is 

1.364 hours. The measurements of the mode S and A are for 1055 

hours.



Kamioka Underground Laboratory

Chain Source E (keV) mode B mode S mode G mode A

238U 226Ra 

      214Pb 

      214Bi 

      '234m
Pa 

232TI-i 212Pb 

      208T1 

      228Ac 

     208T1 

 40K 40K

186t 

352 

609 

1001 

239 

583 

911 

2614 

1460

17200(100) 

15320(40) 

  12(7) 

1290(20) 

 960(20) 

1090(10) 

7550(20)

  0.5(l ) 

 50.5(6) 

 32.4(5) 

0.055(53) 

  1 .6(2) 

 0.51(9) 

  0.6(l ) 

 0.50(6) 

  3.9(2)

 0.77(3) 

 4.24(5) 

 2.71(4) 

0.039(6) 

 1.94(4) 

 0.52(2) 

 0.63(2) 

 0.45(2) 

 3.97(4)

 0.75(2) 

 3.91 (5) 

 0.57(2) 

0.029(8) 

 1.92(4) 

 0.16(l ) 

 0.49(2) 

 0.22(l ) 

 3.94(4)

continuum 500- 600 26300 47.7 11.3 1.60 

component 1000-1100 10650 19.9 5.0 0.65 

           1500-1600 3150 10.0 1.3 0.22 

           2000-2100 951 1.9 0.41 0.06 

           2500-2600 131 0.2 0.10 0.004 

t together with the 185.72 keV y-ray from 235U. 

Table 2-2(b) Counting rates of peaks and continuum components in 

various modes of the ELEGANTS at the Kamioka underground laboratory. 

The values in the table are given in counts per hour for peaks, in 

counts per hour per 100 keV for continuum components. The bracket 

indicates an error. The exposure period of the mode B is 15.27 hours 

at Kamioka. The measurements of the the mode G and A are for 2082 

hours. The mode S run is for 144.63 hours.



Group 

Place 

Active

          Mi lano 

         Mont Blanc 

     5000 & 4200 mwe 

device none

Guelph 

Downsview 

Kingston 

Salt-mine 
330 m depth 

 Plastic

CALTECH 

  Caltech 

 Sea-leVel 

47i-Plastic

Santa-Barbara 
   Berkeley 

    Berkeley 

 low-level lab. 

     4Tr-NaI

so (X1022 ) 6.1 & 15.7 6.4 4.0 8.6 & 9.2 
 (12.5)

No (X1022 41.0 & 48. .5 68.1 29.5 58.3 & 51.7 

NO(BG) 
(counts/keV-y) 14.9 & 3.2 37.2 18.4 11.4 & 7.9 

AE (kev) < 3 & < 3 3 3.0 4 

References Bellotti84b Simpson84 Forster84 CaldweI185 
                Liguori83 Jagem85 

Table 2-3(a) Sensitivities (SO) of various detectors used for tile 

OvO~ decay of the 76Ge 0+-*0+ transition. The Milano group and the 

Santa Barbara -Berkeley group have two diodes, and two values for 

each diode are given in the table. The SO given in bracket -is the 

sum value of two diodes. In the table, No is the number of 76Ge 

nuclei, NO(BG) is the background rate at the energy of the 0+40+ 

transition, and AE is the energy resolution at the energy of 

interest, respectively.



Gr o u p 

Place 

Active device

  Battle 

South-Carol 

 Sea-level 

    371-NaI

    Battle 

  South-Carol. 

2 

Homestake mine 

    4084 mwe 

   4n-Plastic

  Osaka 

1 

  Osaka 

Sea-level 

I 

 4Tr-NaI 

 27T- P1 as tic

 Osaka 

2 

Kamioka 

2700 mwe 

 4Tr-NaI

so (X1022 ) 2.8 16.5 7.0 13.5

No (X1022 

No (DG) 
(counts/keV*Y) 

AE (keV) 

References 

Table 2-3(a)

   43.2 

   70.1 

     3.4 

Avignon83 

(continued)

   42.6 

      1.8 

      3.7 

 Avignon85 

Brodzinski85

 56.0 

 18.1 

   3.0 

Ejiri84

  56.0 

    5.7 

    3.0 

Ejiri85a-b 
Ejiri86



Group Milano Bordeaux 

Place Mont Blanc 

              5000 & 4200 mwe Sea-level 

Active device none NaI coin.

 Osaka 

1 

  Osaka 

Sea-level 

41[-Nal 

2-tr-Plastic

Osaka 

2 

Kaiw Loka 

2700 111we 

4-ii-Nal

S, (X1022 ) 2.9 & 5.9 0.77 4. 6 7.9

No (X1022 41.0 & 48.5 32.8 56.0 56.0 

N1(BG) 
(counts/keV-y) 35.1 & 12.3 45.7 6.3 2.3 

AE (keV) 2.7 & 2.7 2.3 2.7 2.5 

ki 0.70 0.24 0.34 0.34 

Reference Bellotti84 Leccia83 Ejiri84 E'jiri85a-b 
                  Liguori83 li, j i r i 86 

                                                                        Kam_i.kuLx)La86 

Table 2-3(b) Sensitivities (Sj) of various detectors used for the 

Ov~~ decay of the 76Ge 0+-*2+ transition. The groups of Guelph-

Downsview-Kingston, Santa-Barbara-Berkeley and Battle-South Carolina 

are not listed in the table, since parameter(s) used to deduce the 

sensitivities are not given in their references. In the table, No is 

the number of 76Ge nuclei, Nj(BG) is the backgrotind rate, AE -is the 

energy resolution at the energy of interest, and ki .is Llie detection 

efficiency for the 0+-~-2+ transition, respectively.
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Table 3-1 

The halflife limits of 76 Ge Ovoo decay s. N i (BG) is the observed 

background rate, AE is the energy resol.ution, k 
i is the detection 

efficiency for every transition, Y t is possible hidden true counts 

in the continuum backgrounds. The halflives estimated from the 

sensitivities are al.so given in the table.
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The pl ans for fuLure tritium p-decay experiments.



Osaka Univ. Sea-level Laboratory

E(yo) k Y E Y 

(MeV) M (MeV)

NS(BG) NA(BG) NC(BG) 

 (counts/keV-Year)

CS(R') CA(RT) 

      (X10-15)

cc( WE )

 1.0 9.5 2 4450 85 13 1.1 0.15 0.18 

 2.0 5.8 3 1450 13 3.5 1.3 0.12 0.18 

 3.0 4.4 4 830 5.8 0.66 1.5 0.12 0.11 

Table 4-3(a) sensitivities with the ELEGANTS for the detection of 

weak y-ray(yo). Values in the table are at the sea-level . laboratory 

of Osaka Univ. . k Y is the peak efficiency of the ELEGANTS for yo, 

Ni(BG) is the observed background rate for mode i, respectively. The 

sensitivity Ei(RI) gives roughly the lower limit on the activity in 

units of Curie for one year measurement. The suffices (S, A, C and 

G) stand for the modes of the measurement. S: singles, A: 

anticoincidence with all signals from the 411 y-counter for the 

single Yo emitter, C: coincidence with a 550 keV yj detected in one 

of the 47T-NaI segments for the yo being accompanied by the yl, G: 

singles at Kamioka with nitrogen gas circulation.



Kamioka Underground Laboratory

E(Yo) k Y E Y 

(MeV) M (MeV)

NG(BG) NA(BG) NC(BG) 

  (counts/keV-year)

CG(RI) CA(RI) CC(RI) 

(xlo-1.5)

1.0 9.5 

2.0 5.8 

3.0 4.4

2 

3 

4

440 57 

36 5. 

  1 .9 1 .

  12 

3 2.5 

3 0.04

0.35 

0.15 

0.07

0.13 

0.08 

0.06

0.17 

0.15 

0.03

Table 4-3(b) Sensitivities with the ELEGANTS for the detection of 

weak y-ray(yo). Values in the table are at the Kamioka underground 

laboratory. (See captions of Table 4-3(a))



Chain Source  E Y k Y 

(keV) M

bG 

M

  NG (BG) 

(counts/year)

CONRI) 

(X1 0-15)

238U 214Bi 609 13 .5 42.6 23800 2.3 

               1120 . 8.8 13.9 6300 5.6 

              1764 6.3 14.6 7000 7.8 

232Th 208T1 583 13 .9 85.8 4560 0.44 

               860 10.6 12.0 650 1.7 

               2614 4.8 99.8 3950 1.1 

 40K 40K 1461 7 .3 10.7 34800 20 

Table 4-4 Sensitivities of the ELEGANTS for the detection of 

natural radioactivi ties. Here quotes the values at the Kamioka 

underground laboratory. k Y is the peak efficiency of the ELEGANTS 

for the y-ray, bG is the branching ratio of the emission for the 

decay, respectively. (See caption of Table 4-3)
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