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Abstract

This thesis describes a search for the double beta (5/3) decay of "®Ge using an
array of eight high purity, high resolution germanium detectors containing a total
of 3.9 x 10** "®Ge nuclei. There are three modes of 33 decay: neutrinoless (0v)33
decay, A3 decay with Majoron emission (x°38 decay) and two neutrino (2v)33
decay. The first two modes violate lepton number conservation, while the third is
allowed by the Standard Model. Ov373 decay may take place to the ground state of
the daughter nucleus (0 — 0% transition) or to an excited state of the daughter
nucleus (0t — 2% transition). The detector was operated for a total time of 2033 h
(0.23 y) which translates to 1.30 kg-y. The background at the #3 decay transition
energy was 0.53 counts keV~! y~=! (10?® "Ge nuclei)™*. No evidence for double beta
decay of any sort was found and the half life limits are TIO;’Z(O* —0%) > 1.2x 10® y,
Tf72(0+ —2%Y)>2x10%y, Tlx;z > 8 x 10*° y, and Tf/"z > 2 x 1020 y,all at 90 % c.l.
The limit for the neutrinoless mode translates to an upper limit of between 16 and
1.6 eV on the Majorana mass of the neutrino, depending on the nuclear matrix

element used.
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Chapter 1

The Neutrino

Wolfgang Pauli first postulated the existence of the neutrino in 1930 to explain
the energy distribution of electrons emitted in beta decay [1]. At the time, most
physicists believed that beta decay involved the emission of an electron only. Since
the nucleus is so much heavier than the electron, and energy and momentum must
be conserved, the electron should be emitted with a discrete energy. This was found
not to be the case; the electron was found to have energies ranging from zero to
the maximum energy allowed by energy conservation. This led Pauli to his famous
“desperate measure”: the introduction of a chargeless lepton with very small mass.

Unlike other particles, the neutrino has “aged” rather slowly. Twenty-seven years
elapsed before Reines and Cowan [2] made the first direct detection of a neutrino
by absorbing an antineutrino with a proton producing a neutron and a positron
(“inverse beta decay”). The fundamental interaction responsible for the production
of neutrinos, the V-A (vector minus axial vector) law, had been worked out only a
year earlier by Lee and Yang, (3] as a product of the surprising notion that parity
was not conserved in weak interactions.

In 1963, thirty-three years after Pauli’s hypothesis, the Standard Model of elec-
troweak interactions began to emerge from the V-A law of Lee and Yang [4], Now,
twenty-four years later, the Standard Model has survived a vast number of rigorous

tests without showing any sign of failure and yet [5], despite numerous attempts to
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measure them, the mass and charge conjugation symmetry of the neutrino remain
unknown.

The mass and charge conjugation symmetry of the neutrino are not just param-
eters of the Standard Model, which need to be measured to complete the model;
they are signposts for new physics. Charge conjugation is a crucial example since
it is intimately connected to lepton number conservation, a feature of the Standard
Model. The charge conjugate of a neutrino may be a distinct particle (Dirac case) or
it may the neutrino itself (Majorana case). Since the neutrino carries lepton number
of one, the charge conjugate of a neutrino carries lepton number of negative one.
In the Majorana case, lepton number is not conserved and the Standard Model is
incomplete.

Neutrino mass and charge conjugation symmetry impact fields outside funda-
mental particle physics. Big Bang Cosmology leaves the universe in an undeter-
mined state: open, closed or flat. The open universe expands forever, leaving the
occupants to slowly freeze to death as the energy density becomes lower and lower.
The closed universe will eventually stop expanding and collapse back in itself, heat-
ing back up for another big bang. The flat universe lies just between the two cases,
ever expanding, but just barely so. The energy density of the universe determines
which of these destinies the universe will follow and, if neutrinos are sufliciently
massive, they could account for enough density to close the universe [6]

Since neutrinos interact only weakly, they are invisible as far as astronomical
observations are concerned and are classed as dark matter. Dark matter permeates
current astrophysical theories on every distance scale from the mega parsecs ol galac-
tic clusters to the scant millions of kilometers of solar systems [7]. As a result, the
mass and conjugation symmetry of neutrines are needed to explain galactic cluster-
ing and rotation, stellar and solar dynamics and the composition of the interstellar

medium. With so many questions depending on its properties, the neutrino must



4
be one of nature’s truly “fundamental” particles.

Neutrinoless double beta decay depends on the charge conjugation symmetry
and Majorana mass of the neutrino and the presence of right-handed coupling. For
double beta decay to occur, the neutrino must be a massive Majorana particle;
right-handed currents are not necessary for the decay to take place. One can vi-
sualize double beta decay as a sequence of processes. As a first step, a neutron
in a nucleus beta decays, emitting an electron and antineutrino. If lepton number
is not conserved (Majorana case) and if the neutrino is massive (so that it is not
completely polarized the wroug way), it may be absorbed by another neutron in the
same nucleus, turning it into a proton and another electron. A small admixture of
right-handed currents will increase the decay rate by making the absorption by the
second neutron more probable. By searching for the two electrons emitted in this
process, the neutrinoless double beta decay rate may be determined, giving the mass
of a neutrino, which remains the same under charge conjugation (called a AMajorana
neutrino.) If the process remains undetected, an upper limit is placed on the mass
of a Majorana neutrino.

This thesis describes an attempt to measure the Majorana mass of the neutrino
by searching for the neutrinoless double beta decay of ®*Ge in a low background
environment. Chapter 2 contains a brief sketch of the theoretical basis for the
extensions of the Standard Model that lead to massive neutrinos, with particular
emphasis on double beta decay. A description of the principles and practicalities of
the experimental apparatus is given in Chapter 3. Chapter 4 describes the dala
collected by the experiment and the extraction of the limits for the three modes of
double beta decay, and Chapter 5 provides the theoretical interpretation of the hall-
life limits in terms of limits on neutrino masses, right-handed currents and Majoron
masses. In Chapter 6, the outlook for future double beta decay experiments is given.

Finally, an appendix describes the Monte Carlo programn used in the background



calculations.



Chapter 2

Theoretical Background

In this chapter we explore the theoretical aspects of neutrino mass and charge conju-
gation symmetry leading to a relation between these properties and the neutrinoless
double beta decay rate. The impact of right-handed currents and mass eigenstate
mixing is also considered along with some of the nuclear physics problemns associ-
ated with the calculations of the relevant nuclear matrix elements. Finally, other
phenomonological results are mentioned.

[F'undamental to any discussion of 33 decay is the distinction between Majo-
rana and Dirac neutrinos. We will work in the Pauli-Dirac representation of the v
matrices. Since all neutrinos are emitted in weak interactions, only the (1 — ;)
projection of the neutrino will couple to the W boson field, and if the neutrino is
massless (as it is assumed to be in the Standard Model), the solutions to the Dirac

equation for a free particle will be eigenstates of the chirality operators (1 — ;).

+=(5)

where a and 3 are two component spinors, the eigenstates will be

[ a+pB 1 -
unm(a+/3) fori(lJrqs)

For the most general spinor

and

up, = ( _‘E"a—_ﬁﬁ) ) for %(1 ~ ).
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Applying the charge conjugation operator C = iy¢7y2 to any of these states has the

effect of flipping the spin :

a

=g-mn=( ) wr=c@r=(%)

¥a = 5(1+ ) = ( % ) (¥n) = C@TR) = - ( )

where

The convention is to call the projection which has its spin oriented in the direction
of the momentum the right handed projection. We now leave the realm of the
Standard Model and give the neutrino a mass. The most general solution for the
free particle Dirac equation is :
- o f icl
= (22 )a or a particle
E4+m
and

(F3m ) —_
= L for an antiparticle.

These states are no longer eigenstates of the chirality operators, but the weak in-
teraction still only couples to the left-handed projection of the particle state and
right-handed projection of the antiparticle state. These are Dirac neulrinos.

Next, we form
Yar = ﬁ("pL + (L))
from the massive Dirac neutrino states. The 7 is just a complex phase and is not of
physical significance. ¥, has the important property that

CUnr =n'Var.

This is a Majorana neutrino. Like a photon, the Majorana neutrino is its own

antiparticle, and for this reason there are only two Majorana neutrino stales as
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opposed to four Dirac neutrino states. In the massless limit, the upper and lower
components decouple in the Pauli-Dirac representation and Majorana and Dirac
neutrinos are the same.
The distinction between Majorana and Dirac neutrinos is made clear in the fol-

lowing way [8]: in the lab frame, neutrinos emitted in ordinary beta decay will

—lv|

c

have polarization along their direction of travel as a result of the V-A law.
This neutrino is called a left-handed neutrino, vr. An observer moving at velocity
Vobserver > U Will see the same neutrino being polarized in the positive direction of
trawel and label it a right-handed neutrino, vg. Now, if the suspect neutrino is a
Majorana neutrino and the moving observer studies the effect of a CPT transfor-
mation on the neutrino, he will find CPTvg = ¥, which is just vy. However, if the
neutrinos are massless, they must travel at the speed of light, so there will be no

frame in which a left handed neutrino will appear to be right-handed, thus a CPT

transformation will not connect it with a left-handed antineutrino.

2.1 Neutrinos in the Standard Model Lagrangian

The neutrino mass may enter into the Standard model Lagrangian in two diflerent

ways [9]. The first is just the same as for the charged leptons :

b= mDirac"_nETp + h.c.

This is the Dirac case and mp;j.c 15 called the Dirac mass. It conserves lepton

number. Asshown above, a second way is possible because the neutrino is chargeless:

L= nlI\[ujr:»rana(':l_’c_'J' . Jﬁf’c) = ‘D'lI\lujr.'rDH'.\Jl\]]/!'\",
where
¥ =Cy
Var = 5 (Y° +9)



This term does not conserve lepton number. It also has the property that

Yar = Car = Y31

This is the Majorana mass term. The most general Standard Model Lagrangian
will have both Majorana and Dirac terms. The Majorana term introduces processes

that change lepton number by two (Figure 1).

Neutrinos interact only weakly. The interaction term in the Standard Model
Lagrangian is

o
Lif = 17“5(1 = 75) H/':Vwmk + h.c.

for the charged current interaction and

1
Lr.."C = Uweak’Y#E(I — 75)Z£Vwcak B h.C.

for the neutral current interaction. The subscript “weak” indicates that v, .y is the
weak interaction eigenstate of the neutrino field. In the most general case, these

will be related to the mass eigenstates by a unitary transformation U:

i - A
Vieak = Z Ui]”mau
J

where v,,,,,, are the mass eigenstates. If at least one of the neutrinos have different
non-zero masses, neutrino oscillations are possible.

Present experimental evidence from electron helicity measurements in nuclear
beta decay rules out right-handed couplings down to 10-? of the left-handed weak
coupling strength. right-handed coupling relevant to low energy semi-leptonic pro-

cesses may be introduced by the following parameterization of the Hamiltonian:

@
Hy = E(JE(ML + 8Mg,) + JR(ME, + AME,)),
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where x,7 and A (all less than one) describe the various right-handed coupling
strengths and Jp(Jg) and Mp(AR) are the left (right) handed lepton and quark
currents.

If neutrinos are massive, several new processes will occur and other familiar
processes will be altered [10], [11]. In beta decay, the energy distribution of the
outgoing electron will be changed if the neutrino is massive and sharp kinks will
appear if the electron neutrino mixes with other massive neutrinos. The energy
distributions of the final products of other types of decay in which neutrinos are
emitted will be altered in a similar way. Likewise, mixing between massive neutrinos
will cause a neutrino emitted in one weak interaction eigenstate to change into
another weak interaction eigenstate in flight. These are called neutrino oscillations.
More massive neutrinos will be able to decay to lighter neutrinos by emitting a
photon or Dalitz pair. Finally, massive Majorana neutrinos will allow certain nuclei
to decay by emitting two electrons. This is double beta decay.

Each of these processes provides a way of probing the properties of the neu-
trino, and many experiments have been performed (and continue to be performed)

searching for the eflects of massive, mixed neutrinos.

2.2 Double Beta Decay

Nuclear double beta decay is the process in which two neutrons in a nucleus decay
into two protons, two electrons and either zero or two antineutrinos. If {wo an-
tineutrinos are emitted, the process is called two neutrino double beta decay (2v3/3
decay). This process does not require that the neutrino be a Majorana particle
or be massive and therefore is allowed by the Standard Meodel. The case in which
no neutrinos are emitted is called neutrinoless double beta decay (0v/33 decay) and
requires that the neutrino be a massive Majorana neutrino.

To see how the 033 decay rate depends on the Majorana mass of the neutrino,
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consider the following decay - absorption Racah Sequence :

nl — Pl _l_ el + “V”

“U“ + 71.2 = pz + ez,

“f/” is

where the n’s are neutrons, the p’s are protons, the e’s are electrons and
a neutrino of some sort (Figure 2). Two things are immediately apparent : the
neutrino emitted by the first decay must be the antiparticle for the neutrino absorbed
by the second neutron (crossing symmetry) and (assuming there are no right-handed
weak currents) the particle emitted by n; will be right-handed while the particle
absorbed by n, must be left handed. The Majorana neutrino fills both conditions:
it is its own antiparticle (by definition) and it is not in a state of definite handedness
(since it is massive).

In order for double beta decay of either kind to occur, the initial state must be
more energetic than the final state. Therefore, the atomic mass of the parent nucleus
(N, Z) must be greater than the atomic mass of the final nucleus (N F2,Z + 2) for
double beta decay emitting two electrons (positrons). However, if the mass of the
nucleus (N-1,Z+1) or (N+1,Z-1) is less than the mass of the parent nucleus (N,7),
then a cascade of two ordinary beta decays may take place, masking the much rarer
double beta beta decay. Thus, the experimentally interesting case is that in which
the intermediate nucleus is more massive than both the parent and the daughter
nuclei, making single beta decay energetically impossible (Figure 3).

Nucleons inside the nucleus tend to bind into pairs of opposite spin, so for nuclei
in which all the nucleons are paired (i.e., nuclei with even N and 7) tend to be less
massive than those with unpaired nucleons, that is, those with odd 7 and/or N.
Double beta decay candidates then have even N and Z; hence, they typically have

0* ground states (zero angular momentum and even parity). If the two electrons
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Figure 2.1 Majorona neutrino propagator.

P1

Pz

Figure 2.2 The Racah Sequence.
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N—-2,Z+2

Figure 2.3 Mass schemes for double beta decay

are emitted in a zero angular momentum state, the final nucleus must be left in a 0*
ground state or 2% excited stale. Decay to the 2% state is possible if the mass of the
2% nucleus is less than the mass of the parent nucleus and, in the 0v33 case, if there
is some form of right-handed coupling. If there is V-A coupling at both vertices,
the virtual neutrino cannot carry any angular momentum {rom one vertex to the
other, since its helicity must be the same at both vertices. If one of the vertices has
some component of V+A coupling, then the neutrino may carry one unit of angular

momentum, making the 2% final state accessable.

2.2.1 Calculation of the Double Beta Decay Rates

The details of the calculation of the decay rates for the two neutrino and zero nen-
trino processes are similar and will only be outlined here. Two points are essential:

first, the matrix element for the process breaks into two parts, hadronic (or nuclear)
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and leptonic. Calculation of the leptonic part is straightforward, while the calcula-
tion of the hadronic part is not. Second, since the leptonic part of the O matrix
element introduces a neutrino potential in between the two nucleons undergoing the
decay and the 2v process does not (since there is no virtual neutrino), the nuclear

matrix elements will be different for the 2 and Ov processes.

Two Neutrino Double Beta Decay

We begin by calculating the rate for the 2v process shown in Iigure 4a. Since
this is a low energy process, the Fermi theory is a sufficient approximation to the
Electroweak model. Fermi’s Golden Rule and second-order perturbation theory

gives

cflH|my»sm|H |3 5
do = 2m8(B; ~ Y By) | S |
f m,3 Ei_Em_pV_Ec

for the partial decay rate. Here H is the Fermi current-current interaction Hamil-
tonian, E;,Es and E,, are the energies of the initial, final and intermediate states
and p, and E, are the momentum and energy of the neutrino and electron emitted

in the first decay. The first-order matrix elements are

<m | H|i>=< Np,e,v | Gr/4V2(P,(9y — 9475)7° %) (E(1 — Y6)7ar) | N; >

= ja[‘[a,rn,h

where 7 and M are the hadronic and leptonic currents. The matrix element must be
summed over all possible final states and a minus sign must be introduced between
all amplitudes that differ by the exchange of indistinguishable leptons in the final

states. This gives

( o )n., 41, '-],L"L":’ ']/3

‘2
Ei - Em — Pn, — E‘ne

dw = 87Ghcos®0.8(E; — Y Ep) | Y My Mo, N

“m,t
f m,x,3 Ne, Tty

Nucleons bound in nuclei typically have binding energies of the order of 8 MeV

and may be treated nonrelativistically by neglecting the small components in the
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4-component spinors. Since we are interested only in the total decay rate, all terms
linear in the lepton momenta may be neglected, since they will disappear in the
phase space integration. Similarly, the leptonic part of the energy denominator
E. + p, may be averaged to (F; — E;)/2 since, on average, each lepton pair will
carry half the available energy. Contracting the leptonic currents and summing over
spins gives

Gcostd,

EO—Eel
Wyy =
S'R'T m

Eo—m,
/ F(Zs Eel)pelEeldEelf

le

F( Z,Ee, )Pez EedE,,;

Eo-E. —E.; T 5
X/{; | M l I)ul(EU — Ecl — Eez —_ pvl) dpul-

MM is the nuclear matrix element,

AI=Z<f|cr'r+|m><m|0"r+|i>+g_zfz<f|r+|m><m‘|r+|i>
m Em—(ﬂf,+1i[f)/2 gA - Em—~(ﬁ[|+ﬁ.[f)/2

gv
= M+ S ME.
9a
F(Z,FE) is the Coulomb correction for the outgoing electrons, and is given by

E 2nZa
F&E) = pi-onza

in the nonrelativistic approximation. The nonrelativistic approximation is not so
good for calculating the total decay rate, but is adequate for determining the shape
of the total electron kinetic energy spectrum. Haxton & Stephenson [12] give a
corrected value for the total decay rate based on a numerical evaluation of the

Coulomb corrections. Performing the phase space integration gives
v - v | 24 ’}‘ 1
[lelz(o+ = 0+)] Ve i@® (£o, Z) | F‘fér - (q_l)leg |2=

where
Te T2 T T3

0 A
>t 9 t30 * Toso?

G% o TT[1 +

Also of interest to experimentalists is the distribution of total kinetic energy I,

which is obtained by integration over the total electron energies instead of the elec-



N
i

S

Figure 2.4 The modes of 8 decay: a. 2v33 decay, b. 0v33 decay and
c. x°08 decay.

tron energies individually,

K* K° K
AN/AK ~ K (Ty ~ K)F(1+ 2K + 4 + % )

Figure 5.

Neutrinoless Double Beta Decay

The calculation of the 0v decay rate proceeds similarly to the 2v rate calculation,
Figure 4b. right-handed currents can make the rate go faster but, as mentioned
before, non-zero Majorana neutrino mass is the fundamental requirement for the
decay to take place. right-handed currents are not considered in the following;

details may be found in [10], [11] or [13]. We start by writing the partial decay rate
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Figure 2.5 Total electron kinetic energy distributions for each mode.
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as before,
Wo, = 2 Z | ROU |2 6(Ec1 e Ec2 -+ E,f - jui)dapcldspeh
spins
where Hp, is the transition element. Although Ry, is similar to the R, transition
element, a fundamental difference arises from the neutrino propagator Saraj, which

appears in the leptonic part,

) diq e—iale—v) 1 . 1, o
SMaj = —lfa?);qz—_?ﬁf(x)’)’pi(l = ’Ys)(Q' Yo T mu)§(1 o 'Ys)’)fae (y)

where g is the four momentum carried by the virtual neutrino. At low vitbial
energies, the neutrino propagator acts like a potential. Integrating the leptonic part,
contracting the spinors and assuming that the energy difference belween initial and
intermediate nuclear states is much smaller than the energy carried by the virtual

neutrino energy give a Yukawa potential,

where R = 1.2A4'/3. The total rate is then

2
[T75(0F — 01))™ = G™(Bo, Z) | My — 224 MY P<m, >2,

but the nuclear matrix elements are modified by the neutrino potential,

]II?;‘:}- =< F | ZU:O’,,TI“LT,;LH(TM) |z >

Ik

~< fIRY oo ot frue | i >,
lk

and similarly for the Fermi matrix element. The phase space coeflicient is

G ~ [ F(2,B)F(Z, Bx)perperBer Beab( By — Fuy — Fep)d By dfEe2

B 2pe 2
- = A
(30 7 T 5)
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Since the nucleus is assumed to be recoilless, the total electron kinetic energy is .
Putting in additional terms for right-handed couplings gives

2
5 M >
(TP(0F - 0%))™ = o i EA s WY e T

2
m2 M,

<m, >
AR kL L e B

Mg

Oy xhs" 0z iz,
The C; coefficient is just
gv
Cy =| My — S MY |* G™(Eo, Z)m?
9a

and the definitions of the rest of the coeflicients are given in Table 2.2.2.

The rate of the transition to the 2% final state does not depend explicitly on the
neutrino’s Majorana mass but, as mentioned before, a non-zero Majorana neutrino
mass is required. The nuclear matrix elements are much more complex and there
are more of them in this case; these are summarized in [13]. The total decay rate in

terms of the right-handed couplings < A > and < 5 > is

[Tlo/uz(o+ — 2+)]—1 =D; <A >? +D; <A><n>+D3 <1 >?.

where
Dy =13 % 107 5 =3
Dy =22 %10 v+

D3 =4.0x 10717 y !

for Ge [13].

Double Beta Decay with Majoron Emission

A third possible mechanism for double beta decay is double beta decay with Majoron

emission, x°33 decay [14], Figure 4c. Here, the Majoron is a massless Higgs boson



20

that generates the Majorana mass for the neutrino. The decay rate is given by
o _— 4 v
[T39,)" = R(Eo) | M |* gee,

where R is a phase space factor and g is the coupling at the neutrino-majoron
vertex. The nuclear matrix element is the same as in the 2v33 case; however, in
this case, since the Majoron leaves the detector undetected, the total electron kinetic

energy will be distributed over the spectrum as shown in Figure 5.

2.2.2 Nuclear Matrix Elements for Double Beta Decay

As previously mentioned, the calculation of the nuclear matrix elements for both
modes of double beta decay is a diflicult and, as yet unsolved problem. An adequate
review of these calculations would constitute a thesis in itself; here we give a rough
outline of the methods used in the context of work done in Ref. [15].

For medium to heavy nuclei, several effects must be considered : nuclear de-
formation, pairing and interactions between the nucleons. These calculations are
carried out in several approximation schemes. The most straightforward of these
schemes is the direct calculation of the matrix elements using existing shell model
code [12]. Because most of the double beta decay candidates are medium or heavy
nuclei, the number of states used in the shell model calculation must be truncated
to make computation feasible. Also, to save computing time, a closure approxima-
tion is used in which the energy denominator is set to some average value. The
shell model calculations consistently overestimate the rate for the 2 mode, espe-
cially in the case of '**Te, where geochemical experiments give a matrix element
MZF = 8.6 x 1073 [16] and calculation gives Mg = 0.11 [12]. This discrepancy
has led several authors [15], [17], [18] to attempt to calculate the nuclear matrix
elements using the Random Phase Approximation (RFPA). Here we outline brielly
the calculation of the nuclear matrix elements using RPA for the 2 and Ov modes.

The matrix elements are separated into two parts, Fermi ( 7*) and Gamow-Teller
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(o71). The Gamow-Teller transition dominates over the Fermi transition because
the Fermi connects states of different isospins. For this reason, we consider only the
Gamow-Teller matrix element in the following.

To begin with, we must choose some representation for the nucleon wave func-
tions to work with. Since we wish to incorporate nuclear deformation effects, the
simplest approach is to view the nucleus as an inner closed core surrounded by sev-
eral partially filled outer shells and to represent the nucleons in these shells with
anisotropic harmonic oscillator wave functions [19]. The advantage of this repre-
sentation is that the Gamow-Teller matrix element may be calculated analytically
(rather than numerically) and that the deformation enters as a single parameter, ¢,
which is just the compression or expansion of the z component of the oscillator.

Interactions between the nucleons must now be incorporated. The first step
incorporates pairing between nucleons via the BCS theory and the Bogolyubov-
Valatin quasi-particle transformation, [20]. The essential point is that in large nuclei,
nucleons pair in states of opposite spin and momentum, similar to Cooper pairs in
superconductors. The characteristic feature of this eflect is a gap in the energy
spectrum of states, which corresponds to the energy required to break one of the
pairs in the system. As a result, the nucleon pairs with kinetic energy €, are no
longer confined to the lowest energy states allowed by the Pauli Exclusion Principle,
but are distributed over the states close to the Fermi surface with probability v}

given by

where A is the gap energy (Figure 6).

While pairing explains the energy gap in the nuclear states, it does not explain
the features of the #~ strength distribution. Calculation of the /7~ strength using
pairing alone gives consistently smaller ft values than are observed experimentally,

indicating that a considerable portion of the 8~ strength for 0t — 1% transitions
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Figure 2.8 Plot of momentum vs. average occupation number. Solid
line is with quasi-particle pairing; dotted is for without pairing.

lies at higher energies than those accessed in beta decay. Guidance is given by the
observation of the Giant Gamow-Teller resonance [21] in (p,n) reactions on even-
even nuclear targets. This implies that roughly 60 % of the #~ strength lies in
states around 15 MeV above the Fermi level in the target nucleus. This eflect is
modelled by the “Gamow-Teller” spin-isospin polarization force, which describes the

interaction between quasi-particle particle pairs and holes
Ver = 2x8~ - 87,
where the 4~ and 8% strengths are given in terms of particle operators by
A =xplex|nz a,‘,an,
and x is a coupling strength given phenomenologically by

Y= -%E"AIEI;
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Figure 2.7 (a) 8~ strength for %Se without interaction; (1)) with inter-
action and x =(23/A) MeV. Pairing gap A=1.5 MeV was used.

The inclusion of the spin-isospin polarization force has the effect of moving the -
strength to higher lying states Figure 7.
The spin-isospin polarization force must next be written in term of the quasi-

particle neutron-proton pair operators,

A}A[(jp,j“) = Z < JpMpintin | JAM > a},m’a;‘mn.

Mp,Mn

and the Random Phase Approximation (RPA) is invoked. Essentially, the RPA
requires that all interaction terms that cannot be expressed as combinations of
AtA are neglected. All that remains is to determine the quasi-particle energies and

compute the energy weighted sum

a- g+
ﬂjét% 22 Z /13(’)/“(’) '
7 wll) + AE

where

AE =M aatt;Tifm — Jfatemic o Loz

o initial 9

neut t
- (Ew + Eg° Jmin-
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| Author | MY [, x <m, >*| M™ [ 4, |
Vogel et. al. [22] [ -1.97 2.7 % 10 0.12 | 1.3 x 10%!
Haxton et. al. [12] | 5.51 3.4 x 10* 0.14 [ 1.0 x 10%
Klapdor et. al. [23] [ 19.93 | 2.6 x 107 g.a0 [22%10=
Faessler et. al. [24] | 17.0 3.6 x 105 <0.14] > 10%

Table 2.1 Calculated matrix elements and half-lives.

The sum is carried out over the intermediate nuclear states { which, because of
the o - o operator will all be 1*. Carrying out this procedure for several nuclei,
for the 2v transition, we find the rate is suppressed when compared to the shell
model calculations [12], although not enough to explain the **Te problem. To this
end, Vogel et. al. [22] have incorporated the a particle-particle interaction that
leads to additional suppression. The particle-particle coupling g,,, which must be
determined from the positron decay of neutron rich nuclei and is very uncertain,
makes the degree of suppression difficult to assess. The current results of bolh
modes is shown in Table 3.

Calculating the O matrix element is considerably more difficult. Because of the
neutrino propagator mentioned above, the transition operator will now be

Il[g'—} ~< f| RZ oy« o T [T | 1 >,
lk

so the sum over intermediate nuclear states will include all angular momentum-
parity configurations instead of just the 1% as for the 21 case. Additionally, the
isospin selection rule does not apply in this case, requiring the calculation of ApY.
M® has been calculated by several authors using both the RPA and shell model.
Suppression from the particle-particle interaction is indicated, [22]; the RPA calcu-
lations are not yet complete. The calculations of Haxton & Stephenson combined
with those of Doi et al. [13] gives a complete set of the ratios of coefficients C; given

in Table 8.



Physical Coeflicient ©Ge
Quantity
< m, >2 C, 9.2 x 10-1°
< My D<A > C,/C; —0.35
<My LM > C3/C4 —10.6
<A >2 C4/C1 1.0
<n == Cs/Cl 118.
EnSL A> Cs/C —0.8

Table 2.2 Coefficients for 0v33 decay in "®*Ge. From [10]

2.3 Other Measurements of the Neutrino Mass

As we have seen, Ov double beta decay may be used to measure the neutrino’s
Majorana mass. The neutrino may, however, have a Dirac mass independently
of the Majorana mass, which will not drive Ov double beta decay and must be
measured using a different technique. In this section, we provide a brief review of

other processes that will be sensitive to the neutrino mass.

2.3.1 Kinematic Measurements

The mass of a neutrino may be measured kinematically in the decay of a particle.
The essential problem with this method is that since the neutrino’s energy cannot
be measured directly, the energy of all the other particles must be measured.

For electron neutrinos, the most popular decay is
*H -*He+e +7.,

with endpoint energy 18.6 keV. The electron energy spectrum is given by

12 cos® f

dN =
273

EF(Z,E)Epe(A — EJ((A — E.)? — m2)/2dE,

where

£=|Cv Plc1>12 +|Ca Pl o >?
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A = endpoint energy
F(Z,E,) = Coulomb correction factor

E. = Energy of outgoing electron.

A Kurie plot of

N(E) \*
(F(z,Ec)peEc) "

will show deviation form a straight line if one or more of the neutrino flavors are
massive. The most sensitive portion of the spectrum is near the endpoint where the
spectrum should bend sharply away from the axis if the lightest neutrino is massive.

Although this method is appealing, it is fraught with experimental difliculties,
particularly in the case of the spectrometer calibration and resolution. Currently,
one group [25] reports a positive result of 14eV < v, < 23 eV, but all other groups
report results consistent with zero mass, the best upper limit being 18 eV [26].

The muon neutrino mass may be measured kinematically in the decay

+

T —)pf*’ - v,.

Here, the pions are stopped and allowed to decay. The muon’s energy is then

measured, giving a value for the square of the neutrino mass. The result is

m? = (—0.163 £ 0.080)MeV?,

which leads to [27]
m,, < 0.25MeV(90%c.l.).

Another method is to measure muons from pions decaying in flight. This method

gives a worse limit of m,,, < 0.50 MeV.
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Since 7s can be produced only at high energies, the limits on m,_ come from

accelerator experiments. The best results come from the decay

+ - +

ee” =771 — 3,

which gives a limit [28]
m,,_ < 50MeV(90%c.l.).

2.3.2 Neutrino Oscillations

So far, only the mass of the neutrino has been considered. If for neutrino species 2
(i = e, pu,7), the mass eigenstate v/™ is different from the weak interaction eigenstate

v}, then mixing is possible and

3
w o - m
By = Z Uijvi™,

=13

where U is the mixing matrix. Momenta for different mass eigenstates will be
different if their masses are different and the neutrino will oscillate between weak
interaction eigenstates. Then, for example. the probability fo a neutrino to oscillate

from v, to v, over a distance x from the source is given by

! 2
P(ve = 1) =I< v | v(t) >[*= 5 sin®0(1 — cos ),
where | = (m,l,“f;*’;)c: = Zlan!;:;,((en‘{c);—')

If the neutrino has a purely Dirac mass, neutrino oscillation conserves total
lepton number L=L.+L,+L,, but not the individual lepton number for each flavor.
A large number of oscillation experiments have been carried out at hoth acceler-
ators and reactors with 7., 1, and 7, beams. So far, no conlirmed evidence has been
found for neutrino oscillations, and the best limit is Am? < 0.02eV? for maximum

mixing, which translates into a neutrino mass limit of m; < 0.14eV.
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2.3.3 Decay of Heavy Neutrinos

Heavier neutrinos may decay into lighter neutrinos via the two processes:

vy — g+

vy, o vy +et e,

The radiative decay rate is suppressed by the factor (f‘}v—)“, and for m; = m,, the
lifetime is given by

T. = (10®years)-" m
vy = (10%years) =5

2 s *= (2
V ] UTIUTZ I -

e
For the decay into the electron-positron pair, the rate is given by

_ my,,
Fce — (G X 105) l(m)s.

Neither of these decays has been observed, so only limits on masses and mixing

parameters exist; see Boehm & Vogel [10] or [11] for a review of the current limits.
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Chapter 3

Experimental Apparatus

3.1 Choice of Candidate Isotope

How may the double beta decay rate be measured? The best predictions indicate Ov
lifetimes will exceed 10%! years per eV of neutrino mass, and the best lifetime limits
are even greater, Ty, > 8 x 10%° years for *Ge [29]. To be sensitive to lifetimes
of such magnitude, a large number of the candidate nuclei must be assembled in
an apparatus capable of measuring the kinetic energy of the two electrons emitted
in double beta decay. The detection apparatus must be able to discriminate be-
tween electrons produced by double beta decay and energetic electrons produced
by other means such as cosmic ray interactions, interactions between atomic elec-
trons and gamma ray photons and electrons emitted in radioactive decays. These
considerations constrain the selection of candidate nuclei and detection systems.
Most obviously, reducing the number of interactions from outside sources is the
primary consideration. A candidate isotope with a high degree of purity must be
chosen and the detection apparatus must be constructed out of materials containing
the least possible radioactive contaminants, ' necessitating the careful selection of
all materials used in the construction of the experiment. A location low in hoth

cosmic ray flux and terrestrial radioactivity must be chosen. Finally, the candidate

!This statement may sound trivial. The point is that most everyday substances contain very
small amounts of radicactive substances. Paint, for example, contains *°K in trace quantities.
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isotope and detector must be shielded with low radioactivity material to further
reduce the effect from radioactivity in nearby sources.

Obviously, the detection apparatus must be optimized to discriminate between
electrons emitted from double beta decay and energetic electrons from other sources.
Since the two electrons emitted in 0v33 decay will always have the same total
kinetic energy (equal to the Q ? value of the decay), a detector with very good
energy resolution will help to distinguish 0v33 decay electrons. Detector systems
that can distinguish between one and two (or more) primary energetic electrons
have an e.normous advantage in discriminating against background from beta decay
or gamma ray - electron interactions. Also, a detector sensitive to the sign of the
charge of energetic electrons or positrons will be able to distinguish between the
two electrons from double beta decay and the electron positron pair created by pair
production by a gamma ray in a nuclear Coulomb field.

Finally, choosing a candidate isotope, a balance must be struck between the cost,
availability and radio-purity of the candidate and the sensitivity of the candidale,
that is, the expected half-life per eV of neutrino mass. Since the latter depends on
(currently) uncertain calculations of the nuclear matrix elements, the half-life per
eV as a rough estimate is dominated by the phase space coeflicient G(Ey, Z). The
phase space increase rapidly with the Q value, so candidates with higher Q values
are more promising. Additionally, most of the gamma lines from the natural decay
chain are below 2.0 MeV, and ouly the 2.614 MeV line from 2"®T1 lies above 2.5
MeV; consequently, double beta decay candidates with Q@ values above 2.0 MeV will
have fewer gamma lines that can cause background.

"Ge was chosen as the candidate for this experiment. "®Ce has a reasonably high

natural abundance of 7.76 %, and its QQ value of 2040.71 keV is larger than all bhul a

2The Q value is just the total energy released in the decay. For the 3=3~ decay, the Q value
is equal to the difference in the atomic masses of the parent and daughter nuclei.
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few of the high energy gamma rays emitted by the natural decay chains. Germanium
is readily available in quantities of several kilograins at very high purities and has
the remarkable advantage that a high resolution detector of energetic electrons may
be made out it [30]. This gives the detector almost 100 % efficiency for detectling
double beta decay electrons. Such detectors can be built in fairly large sizes, about
a kilogram per single crystal. An array of 8 such crystals will contain about 6 moles
of ™Ge nuclei. Such a system will be sensitive to Ov half-lives of up to 10** years
per year of operation. Finally, such detectors are fairly compact, so they may be
easiiy shielded from external sources.

The use of ®Ge, however, has some disadvantages. First of all, germanium de-
tectors are quite sensitive to gamma rays that penetrate the crystal and interact
with an electron or nucleus in the body of the detector, resulting in energetic elec-
trons that can mimic electrons emitted in double beta decay. Secondly, cosmic ray
neutrons generate ®®Ga through the reaction *8Ge(n,y)**Ga. *®Ga then S* decays
with a Q value of 2.92 MeV. Germanium detectors are incapable of distinguish-
ing positrons and electrons struck by the 511 keV gamma rays (from the positron
annihilation with an atomic electron) from double beta decay electrons, so *Ga
decays will also mimic double beta decays. High energy cosmic ray muons may pass
through the crystal , leaving an ionization trail that may be confused with 83 de-
cay electrons. Finally, germanium detectors must be operated at a temperature of
100 k, necessitating the construction of a cryostat of low activity copper, a difficult
engineering task.

These problems must all be faced and a thorough understanding of the physics

and operation of a high purity germanium detector is a prerequisite.
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3.2 Physics of a High Purity Germanium Detec-
tor

In this section, we address the basic issues of how the germanium detector detects
charged particles and photons. In the following section, we consider how these

processes constrain the design and construction of the detector.

3.2.1 Energy Loss of Charged Particles in Bulk Matter

High purity germanium detectors have long been used for charged particle and
gamma ray spectroscopy [30]. Charged particles entering the crystal through a thin
window will atoms in the crystal lattice which lie close to their trajectory , forming
electron-hole pairs in the crystal. A large bias voltage applied to the opposite ends
of the crystal creates an electric field that drifts the electrons to the anode and the
holes to the cathode where they are collecled, creating a current pulse proportional
to the energy deposited by the incident particle. If the particle stops in the crystal,
all the current pulse will be proportional to the total kinetic energy of the particle.

Energetic charged particles (electrons) will also be created when a gamma ray
interacts inside the crystal. The energetic electron will carry some or all of the
incident gamma ray energy. If, as in the case of Compton scattering, the gamma
ray does not transfer all of its energy to an electron, a secondary gamma ray will
emerge. When a "®*Ge nucleus undergoes either 2v or Ov A7 decay, two electrons will
be emitted inside the germanium crystal and will lose energy as they move through
the crystal. In the case of 0v3/3 decay, the electrons will always have a total kinelic
energy of 2041 keV. In 2133 decay, the total energy of the two electrons will be
distributed over a wide range up to 2041 keV.

The electrons lose energy as they move through the germanium crystal by under-
going ionizing collisions with the atoms in the lattice. In each collision, the electron

transfers some of its energy to atomic electrons, knocking them out of their atomic
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Figure 3.1 Energy loss per distance for electrons in germanium.
orbit and leaving the atom in the lattice site ionized. The crystal is kept at very
low temperature, so the energy required to remove a valence electron by ionizalion
is quite small: 2.96 keV per electron-hole pair. The expression for the energy loss

of an electron moving in a medium with ionization I is

dF dmet N mov? 1 s
—_ = In——— — 2 4 =
dx m,v? (In I 2 R 2)’

where N = number density of scatterers in medium
v = velocity of electron

I = ionization energy of medium.

This law goes roughly as 1/E for energies helow 2 MeV (Figure 1). Primary
electrons may also lose energy by bremsstrahlung. For energies below 2 MeV in

germanium, this process contributes only 9 percent of the total energy loss [30]
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Integrating this expression reveals that electrons with 2 MeV kinetic energy have
ranges of a few millimeters. For a crystal of 150 cm?® volume, the chance of losing
an electron emitted by a 33 decay of a nucleus inside the crystals is less than 0.1 %.

As mentioned before, to discriminate Ov33 decay electrons from energetic elec-
trons from other sources, the detector must have as high a resolution as possible. Ior
a primary electron of kinetic energy 2 MeV coming to a complete stop in germanium,
a total of 666,000 electron-hole pairs will be produced. Energy loss is a statistical
process with constant probability per unit time, so the number of electron- hole pairs
produced will be governed by Poisson statistics. For large numbers of particles, the
standard deviation will be equal to the square root of the total number of particles
produced. For 2 MeV, this will be 820 pairs or 5.9 keV full width half maximum. ?
Since the electron energy is related to the number of pairs collected, it appears that
the ultimate resolution of the detector is given by the quoted number. However, the
electrons are not free particles, as assumed in the foregoing argument. Collective

effects between the pairs lead to an improvement of the resolution. The Fano factor

observedvariance

E__
—_s

Epm’r

&=

is a measure of this improvement. For germanium, the Fano factor is of the order of
0.1, so at 2 MeV, a germanium detector will have a resolution of 2.0 MeV FWHM

[30]. Electronic noise and incomplete charge collection will increase this to about

2.5 MeV FWHM.

3.2.2 Gamma Ray Interactions in Bulk Matter

As gamma rays interacting in the crystal will he the principal source of background
events, so a detailed knowledge of how gamma rays interact in the germanium

detector is necessary. Gamma ray photons that enter the germanium crystal create

3Full width half-mazimum (FWHM) refers to the width of a peak from the point at hall-
maximum below the peak to half-maximum above the peak
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energetic electrons either by Compton scattering off atomic electrons, being photo-
absorbed by an atom and ejecting a valence electron or by pair producing in the
nuclear field, resulting in an electron-positron pair. The energelic electrons and

positrons then lose energy through ionizing collisions with atomic electrons in the

Ge lattice, as described in 3.1.

Photo Absorption

In the photoelectric absorption process, the incident gamma ray undergoes an inter-
action with the absorbing atom in which the incident photon completely disappears.

An energetic photoelectron is ejected from the atom with energy
Ec‘ == E'y - Ebinding'

For gamma rays above 20 keV, inner shell electrons are the most likely struck,
leaving a vacancy. Valence electrons will decay into the inner shell, generating a
10-15 keV X-ray. This X-ray will be immediately photo-absorbed, creating a second
energetic electron, which will also lose energy through the now familiar ionization
process. Since all of the gamma ray’s energy is converted into electron kinetic
energy, the height of the current pulse generated by the ionization fromn the photo-
ionized electron will be directly proportional to the energy of the gamma ray, E,
(neglecting charge carrier statistics as discussed above). Typically, data from a
germanium detector are plotted as number of counts versus pulse height (Figure 2).
Gammas that are photo-absorbed will contribute to the full energy peak. The photo
absorption cross section depends on both the 7 of the absorbing nucleus and the

energy of the incident gamma ray :

Z il

-~ ?
£

OTphoto = const. X

where n = 4-5.
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Figure 3.3 Relative cross sections of gamma ray interactions in bulk
material as a function Z [30].

Because of the E3 dependence, photo absorption in Ge dominates for energies

below 100 keV and is insignificant for energies above 1 MeV (Figure 3).

Compton Scattering off Atomic Electrons

Compton scattering occurs when a gamma ray scatters off a bound atomic electron,
resulting in both a secondary gamuina ray and an energetic Compton electron. The
energy of the final products is given by

. E.
i 1+%(1—~c036)

E.-=E,-E,

where E_'r = energy of scattered gamma ray
E., = energy of incident gamma ray
E.- = energy of struck electron

f = scattering angle.

The struck electron then loses energy via ionization, while the secondary gamma

ray continues through the crystal. The maximum energy transferred to the struck
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Figure 3.4 Typical pulse height spectrum from a germanium detector
with a 1779 keV 28Al gamma ray source. The Compton edge lies just
below 1600 keV. The peaks labelled S1778.9 and D1778.9 are the single
and double escape peaks from loss of 511 keV aunihilation gamma rays.
From [30].

electron occurs for §=180 degrees and is giveu by

£y

Femimee = By = 7m0

e~ ,mazx Y

which gives rise to the characteristic Compton edge in the pulselheight spectrum

(Figure 4). The separation between the full energy peak and Compton edge is

)
Epcak . Ece = 1_1;—_}:;1

Me

For high energy gammas, the separation is half an electron mass (Figure 4).

The spectrum below the Compton edge is compesed primarily of events in which
the gamma ray Compton scatters at a smaller angle and the secondary gamma ray
leaves the crystal. This is called the Compton continuum. It is possible that the
secondary gamma ray will also Compton scatter or be photo-absorbed. If the latter

occurs, the event will contribute to the full energy peak. If the former occurs, there
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Figure 3.5 Compton scattering of gamnma rays as a function of angle
for energies from 1 keV to 10 MeV. From [30].

will be a third gamma ray that may interact and so on. The principal mechanism
" contributing to counts in the full energy peak in large (100 cm®) germanium crystal
is multiple Compton scattering followed by photoabsorption. Since the plhoto ab-
sorption cross section rises as E” decreases and Compton scattering always results in
a lower energy gamnma ray, a typical count in the full energy peak will be the result
of several Compton scatterings, followed by photo absorption. Thus, the gamma
ray is “cooled” by Compton scattering in the crystal.
The Compton cross section for a free electron is given by the Klein-Nishina
formula
do a? (p'

2 P, r . 2
s = =)= + = — sin°0
dfl freeelectron 21”’: P ) ( p P )’

where p = incident gamina ray momentum

]
p = scattered gamma ray momentum,

and is sharply peaked in the backwards direction, which enhaunces the Compton edge
(Figure 5). . For bound electrons, a correction must be applied

do do

d_Qalom(c i I(Z’v)d_sifree
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Figure 3.6 Atomic correction for Compton scattering. From [32].

where I(Z,v) = correction for atomic electrons
v =kKsinf

Kk =29.1433 cm™?,

which reduces the cross section for scattering in the forward direction (Figure G).
In germanium, Compton scattering is the dominant process between 100 keV and

10 MeV and is still significant above 10 MeV.

Pair Production in the Nuclear Coulomb Field

A gamma ray that has an energy above 1.04 MeV is energetically capable of inter-
acting with the nuclear Coulomb field to produce an electron-positron pair. Both
leptons lose energy through ionization and stop. The positron will then annihilate
with an atomic electron into two 511 keV secondary gamma rays, which will con-
tinue through the crystal. Absorption of both 511 keV gammas will contribute to
the full energy peak. Loss of one or both 511 keV gammas will contribute to the
single or double escape peak, respectively, which are separated from the full energy
peak by 511 and 1022 keV (Figure 4).

Pair production in the nuclear field dominates above 10 MeV, but contributes
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significantly down to 2 MeV in germanium.

The pulseheight spectrum in Figure 7 is typical for a large germanium detector
such as the ones used in this experiment. In general, however, the continuum part of
the spectrum for a monoenergetic source will be modified depending on the geometry
of the crystal and the surrounding material. The backscatter peak in Figure 4 is an
example; this feature is caused by a primary gamma ray passing through the crystal
without interacting, Compton scattering in some material behind the crystal to
produce a backscattered secondary gamma ray travelling in the opposite direction.
The secondary gamma ray is then absorbed in the crystal. IFor known detector and
gamma ray geometries, the calculation ol the expected pulseheight spectrum is a
straightforward but tedious exercise in the Monte Carlo method and is described in

Appendix 2.

3.3 Detector Requirements

As we have seen in Chapter 2, searches for massive neutrinos have placed upper
limits on the Dirac neutrino mass of about 20 eV. To measure in double beta decay
to Majorana masses of this order, a germaniumn experiment must be sensitive to life-
times of more than 10?® years. To achieve this, the sample should be at least several
moles and the background must be reduced to a minimum. Since 0v373 decay results
in a peak in the pulse height spectrum at 2040.71 + 0.39 keV, the resolution must

be as high as possible. This is shown approximately for a system with resolution

AE and N ™Ge nuclei by:

[/, > In2 - 102N

where ¢ is the running time in years and B is the background in units of counts y '

keV=1 (10% "®Ge nuclei)~?. BAE will be the number of background counts per 1023
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atoms per year. * The largest systems now operating [29] have N = 4 - 10** "Ge
nuclei and AE is fixed at 2.5 keV by the physics of the detector, so the background

rate B limits the lifetime sensitivity. For such a system, Poisson statistics [33] gives
Tloluz(B =0) > 1.2 x 10**years

for one year of operation, assuming no background. As we shall see in Chapter 4,

the background for our system is B=19 y kel !, which gives
T5(B = 19) > 3 x 10%years

for one year of operation. Clearly, the sensitivity of the detector depends strongly
on the level of background, and every effort was made to reduce this level as much

as possible, as described below.

3.3.1 The 90 cm® Germanium Crystal Detector

The construction of a large germanium detector system of suflicient size to probe
the the neutrino mass in the region of a few eV presses the limits of both detector
technology as well as background suppression. As an intermediate step, a 90 cm?
detector was built by a commercial firm (Princeton Gamma Tech) and installed in a
low background cryostat. The setup is shown in Figure 8. The detector system was
surrounded by 11 cm of oxygen-free high conductivity copper, followed by 15 cm of
lead. The cooper-lead shielding was enclosed in an aluminum enclosure, which was
continuously purged with nitrogen to expel any ?**Ra gas produced in the decay
of 2*®U. As an initial test, the 90 cm?® detector was set up in the subbasement
at Caltech with a veto to reduce the background [rom cosmic muons [34]. The
detector was operated for over 2000 hours in early 1983, and it became apparent

that the cosmic muon background made further operation pointless. The decision

“The above relation is reasonable when BAE > 20, that is, when the fluctuation of the number
of counts in the window where the signal is expected is Gaussian. When BAE < 20, Poisson
statistics must be used and the above relation must be modified accordingly.
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Figure 3.7 The 90 cm® detector setup. The muon vetos were not used
in the St. Gotthard Tunnel.

was made to install the detector in an underground site, the St. Gotthard tunnel
in Switzerland. Negotiations in collaboration with the Swiss Institute for Nuclear
Research and the University of Neuchatel in fall 1984 led to a long terin agreement
completed in January 1984 to set up the detector in an emergency cross tunnel. The
detector was shipped to Switzerland in spring 1985 and was setup and operating by
summer of that year. After installation in the tunnel, 20 cm of borated polyethylene
were added to reduce possible background from thermal neutrons. The pulse height
spectrum was recorded using an 8192 channel analyzer covering the range {from 10
keV to 2.8 MeV.

This small detector served three purpeses. First. il served as a double beta decay
experiment itself ([34] [35] [31].) Second, it allowed testing of materials used in the
construction of the large 8-crystal system described below. Finally, it allowed the

identification of gamma rays from background sources in the underground laboratory
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and the measurement of their intensities.

Various components used in the construction of the large delector systemn were
tested for radioactive contaminants by placing them inside the shielding next to the
90 cm®crystal. The substances being tested were left in the shielding for one or two
weeks. From the data it was determined which materials were acceptable for use
in the eight-crystal system. There were two primary critia: the background rate
around 2 MeV (the double beta decay energy of ®*Ge) and the rate of the 2614 keV
gamma ray from the decay of ?°®T1 (***Th decay series). The rate of the 2614 keV
gamma lines is important because it is the only known strong gamma line above the
double beta decay transition energy. Ounly materials used in the actual construction

were tested. The results of the materials tests are shown in Table 1.

3.3.2 The Eight Germanium Crystal System

After operating the 90 cm®detector in the tunnel for one year, the detector was
dismounted in Spring 1986 and a prototype 8 crystal cryostat containing one 140
cm®crystal was installed. This detector was manufactured by Detector System
GmbH, Mainz to our specifications. At this time, the local shielding was increased
from 11 cm to 25 cin of copper and 15 cm to 25 cm of lead. The prototype was found
to have excellent resolution and stability, but contained an unacceptably high level
of 232Th and was taken apart after two months of operation. The 90 cm®detector was
then remounted in the thicker shielding and each component of the 8 crystal cryo-
stat, including the germanium crystals, was tested in the remounted 90 cim?detector.
A substantial amount of 22 Th contamination was found inside the “shoe box” cryo-
stat cover. All the copper parts were washed in Radiac wash and then ultrasonically
cleaned. After cleaning, the cryostat cover was retested and the 2*®T1 contaminaltion
was not detectable. Finally, in April 1987, the 8 crystal cryostat was reassembled

with its eight 140 cm®crystals and was remounted in the tunnel.
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Material Test Time | 298T1 2614 keV | Counts above
(days) (counts) 1500 keV
Background v 2 25
Lead 7 0 34
Gold, Cap. 14 100+ 100+
Siemans Mkt Cap. 13 15 144
(6.3 kV, 2.5 uF)
Capacitor 14 3 44
Copper Foil, 12 1 39
Epoxy
Silver Solder j 0 28
HV Capacitor 10 0 3
Green HV Wire, 14 3 43
Indium
Red Signal Wire 24 6 77
Black Epoxy 7 207 200+
Delrin FET Mount 7 4 36
(White teflon)

Gallium-Indium Wire 14 2 58
Black Delrin, 7 4 31
Colorless Wire
Black Delrin 10 2 35

Resistors 8 0 33
FET (16) 14 3 27

SS-PN-4393-011

Table 3.1 Results of Materials tests. The substances tested were placed
next to the 90 cm® germanium detector inside the local shielding. The
efficiency for 2.5 MeV gamma rays was about 5%.
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A plan of the detector is shown in Figures 9 and 10. Eight-high purity germanium
crystals, each with an active volume of 140 to 145 cm?®, form the detector array. The
minimum total fiducial volume is 1100 cm?®, giving a total of 3.9 x 10** "®*Ge nuclei.
Each crystal is mounted in its own copper box, which is bolted to the base plate with
copper screws and bolts. The copper base plate is connected to the cold finger, which
maintains the 100 K operating temperature of the crystals. The entire assembly is
surrounded by copper heat shields followed by a thick copper cover. The long cold
finger allows the “shoe box” containing the crystals to be completely surrounded by
passive shielding. |

The electrical connections made inside the crystal are shown in Figure 11. The
resistor, FET and capacitor C1 are mounted on a teflon holder mounted on the
end of the copper cup. To reduce activity from tin and lead, no solder connections
were made; copper crimps were used to make all electrical connections inside the
shoe box. The high voltage filter capacitor C2 was homemade from epoxy, copper
and gold and mounted behind the large copper block as shown in Figure 11. The
preamp and high voltage wires were run down the cold finger to the preamps, which
were mounted on the caroussel just above the dewar. The signals were read out by
computer through an 8192 channel ADC and stored on a disk along with the time
and a pattern showing which crystals fired. Only the total energy from all crystals
was stored; the pulses from all the crystals were suinmed in the router (Figure 12).

Once a week, the disk was read off onto tape.
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Chapter 4

Measurement and Determination
of 35 Decay Rates

4.1 Background Measurements

Aside from testing all materials used in the construction of the eight-crystal detector,
several other measures were taken to reduce background. These were: placing the
entire system deep underground to eliminate cosmic ray muons, surrounding the
crystals with copper and lead shielding to absorb gamma rays and placing borated
polyethylene shielding around the copper lead shielding to absorb thermal neutrons.

This section describes the measurements and resulting backgrounds.

4.1.1 Measurements with the 90 cm?® Detector

Cosmic ray muons passing through a germanium crystal will ionize atomic electrons
close to its path, giving rise to a current pulse. There are two methods of reducing
the cosmic ray muon background: an active veto or passive shielding. Passive
shielding was chosen for this experiment as it is much more effective than an active
veto. The passive shielding was Monte Prosa. a mountain near the St. Gotthard
pass. The entire system was set up in bay B59 of the St. Gotthard road tunnel,
4 km. from the town of Airolo (Figure 1). Approximately 1000 meters of rock

(equivalent to 3000 m of water) constitute the overburden. It serves to attenuate
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the muon flux (Figure 2) by a factor of 2 x 10° to 4.4 h~! striking the 1 square
meter of the local shielding. Of these, 0.011 h ~! or about 2 week ~! strike the 25
square centimeter surface of the germanium crystal. The muons may also interact
inside the shielding to produce photons, which may then interact inside the crystal.
Assuming each muon generates one 3 MeV gamma ray and considering solid angle
detector efficiency and attenuation through the local shielding, this flux of gamma
rays from muonic interactions is less than 107* h ~! or one per year.

Another important source of background is gamina rays from radioactive decays.
The rock surrounding the tunnel is primarily red granite, which contains on the order
of 10 ppm by weight [36] of ?**Th and **®*U, which are the precursors of the two
principal natural decay chains (Figures 3 and 4.) Both emit gamma rays up to 2.6
MeV. The most direct way of reducing the background from these decay chains is to
surround the crystal with high Z material in the form of local shielding. For the 90
cm?® detector, an average of 11 cm of copper was placed around the crystal followed
by 15 cm of lead. This has the effect of reducing the flux from the 2°T1 2614 keV
line by a factor of 3 x 10*. The background with this shielding configuration (Shield
I) was measured for 6728 h and is shown in Figure 1. The rate of the 2°°T1 2614
keV gamma ray photopeak was consistent with direct attenuation through the lead-
copper shielding. To further reduce the gamma ray background, the local shielding
was increased to 25 cm of copper and 25 cin of lead. The background spectrum from
this second shielding configuration was measured in a second run of 2645 h (Shield
IT) and is shown in Figure 2. The photopeak rates from both runs are summarized
in Tables 3 and 4.

The photopeak rates require some explanation. As described in Chapter 3, ex-
tensive materials tests were carried out during the Shield I and 11 runs. The criteria
of these tests were that the material had no counts above background in the region

above 1700 keV and in the photopeak for the 2614 keV line; the latter was usually
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Energy Intensity Shield 1 Shield 11
(keV) | (Photons/100 decays) | (Counts/kg-y) | (Counts/kg-y)
2614.5 35.8 192 423 181 - 38
1587.9 3.7 14 + 20 < 24
968.6 1. 11337 164+ 9
964.6 5.0 a4 + 37 449
911.1 29. 312 4+ 41 184 + 68
860.4 4.31 54 + 34 50 + 57
794.8 4.8 17 4+ 34 853 £ 95
727.1 6.66 148 £+ 38 44 + 93
583.1 30.9 501 £ 62 476 + 94
463.0 4.6 268 £ 70 150 £+ 109
338.4 12.0 187 4 84 279 £ 145
328.0 | 264 4+ 110 < 99
300.1 3.4 278 £+ 141 430 + 164
241.0 3.95 561 + 124 1173 £ 180
238.6 45.0 1490 4+ 200 1141 £ 202
209.4 4.5 < 155 67 £ 197

Table 4.1 Observed photopeak rates for **?Th lines from the Shield I

and II runs with the 20 c¢m?® detector.

Energy Intensity Shield I Shield 11
(keV) | (Photons/100 decays) | (Counts/kg-y) | (Counts/kg-y)
2447.7 1.55 114+ 4 o
2204.1 5.02 454+ 8 105 £ 29
16.0 128 + 24 375 £ 54
1729.0 3.06 27 £ 18 < 25
1377.0 4.04 21 & 23 84 4+ 39
1238.1 5.95 123 4 31 111 4+ 69
1120.3 15.1 34 + 36 557 £+ 86
934.1 3.18 59 + 28 205 £ 66
609.3 46.3 660 £ 62 2013 + 139
351.9 37.3 492 £+ 95 2637 £ 206
295.2 19.3 533 £ 107 1604 £ 220
186.0 3.28 54 178 40 4 213

Table 4.2 Observed photopeak rates for ??®*U lines from the Shield I and

II runs with the 90 cmn® detector.
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the more sensitive. However, the tested materials may have contained contaminants
that emit gamma ray of energies below 2.0 MeV and still be considered “clean”, so
the photopeak rates in Shield I and II are greater than the actual background rates.
Additionally, the shielding was opened, typically once a week, to insert materials for
testing. This allowed 2**Ra gas to enter the detector and, since the nitrogen purge
takes several days to push out all the gas in the shielding, the lines associated with
*26Ra are more intense than they would be if the system had been left sealed.

Other gamma ray lines that are not members of the natural decay chains were
observed and are listed in Table 5. The plhotopeaks from *'1, 13 (Cs, ¥"Cs and ' Ru
appeared after the shielding was opened in the time following the meltdown of the
Chernobyl nuclear power plant near Kiev in the USSR. The isotopes *'I and '**Ru
are short lived (8.0 days and 39.4 days, respectively) and disappeared gradually.
The isotopes **Cs and *"Cs have half-lives of 2.1 and 30.2 years, respectively, and
continue to be a source of background.

Gamma rays may also be emitted by the materials inside the shielding. The ***Sn
and “°K lines both come from internal contaminants. “°K most probably came from
glass in the FET. '?*Sn may be due to the solder connections made close to the
crystal. The *°K rate is much higher in Shield II because FETs were tested during
the run.

Finally, gamma ray emitting isotopes may be produced by interactions between
neutrons and the copper shielding and germanium crystals. There are two basic
interactions: those with fast neutrons and those with thermal neutrons.

Fast neutrons at sea level are primarily cosinic in origin and, therefore, the prod-
ucts of fast neutron interactions are expected to decay with the appropriate half-life,
once the detector is in the tunnel, (Table G). The rate of the **Co photopeak several
half-lives after the detector entered the tunnel indicates that the fast neutron flux in

the tunnel is consistent with zero. Since the cross section for the **Cu(n,a2n)**Co
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Energy | Isolope Intensity Shield T Shield 11
(keV) (Photons/100 decays) | (Counts/kg-y) | (Counts/kg-y)
1460.8 K 10.7 566 + 43 1689. + 110.
13325 | 0o 100. 729 + 49 741 + 82
11732 | ¥ Ce 100. 689 + 50 604 + 85
1124. SoZn 50.6 350 + 39 < 148
846.9 0o 99.9 134 + 35 < 90
834.9 54\ 100. 511+ 48 288 + 72
810.8 %500 99.4 733 £ 55 382 + 76
795.8 199Cs 70 = 879 + 100
661.6 33 Ca 85.1 181 4- 44 4771 4+ 196
604.7 LT 97.0 124 + 71 1308 £ 136
569.6 “BEBi 97.8 97 + 37 305 + 103
511. [et —e- = 837+ 79 1020 + 131
497.1 WPy 86.4 < 97 2000 + 157
463.3 “BAe 270 + 65 < 238
427.9 Lgn 29.4 201 + 72. 37T+ 171
409.8 BApc 444. + 115. < 176

365 | 81.2 < 142 128. 4 168
121.1 5"Co 85.6 1088 + 171 637 + 274
86.5 ? 7 850 + 158 < 518
T 2H4ph 1589 + 159 < 474

Table 4.3 Observed photopeak rates for lines not associated with either
of the natural decay chains from Shield I and II run with the 90 cin?®
detector.
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Reaction Gamma Energies | hall-life
(keV) (days)
% Cu(n,a2n)**Co 810.8 70.9
®Cu(n,2a2n)**Mn 834.8 312.5
®Cu(n,a)**Co 1173.2 1934.5
332.5
#3Cu(n,adn)*®Co 1238.3 78.8
846.9
8 Cu(n,ap)*Fe 1099.3 44.5
%3Cu(n,a3n)* Co 122.1 271.8
0Ge(n,a2n)%Zn 1124.1 244.1

Table 4.4 Fast Neutron Interactions.

Reaction Gamma Energies | half-life
(keV) ¢ (days)
OGe(n,y)" Ge — "Ga 9.0 11.2
"“Ge(n,y)"*Gem — ™Ge 139.7
Ge(n,y) "Gem — ""Ga 159.7

Table 4.5 Thermal Neutron Interactions.

reaction is not known, no limit can be placed on the neutron flux.

There are several thermal neutron capture reactions in germanium and copper
that may take place (Table 7). 10 cm of borated polyethylene were used to elimi-
nate the thermal neutron background. The products of one of the neutron capture

reactions, "' Ge, beta decays, the rest of the products emit no radiations above 200

keV. The 139.7 and 159.7 keV photopeaks from ""Ge and “Ge are not observed
and allow us to place an upper limit of 2.5 x 10~° cm~?sec™! on the flux of thermal
neutrons in the tunnel.

As mentioned previously, **Ga is created in a fast nentron reaction “*Ge(n, 3n)* Ge.
% Ge decays to *8Ga with a 275 day half-life by electron capture. The *®Ca then

decays to ®*Zn with a 68.3 minute half-life (Figure 5). The decay of ®®Zn is 90 % 3+

and 10 % electron capture and has a endpoint of 1.920 MeV. The emitted positron
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deposits all its kinetic energy in the crystal (up to 1.920 MeV) and then annihilates
with an atomic electron into two 511 keV gamma rays, which may also interact
with the crystal, extending the spectrum all the way to 2.9 MeV. The total number
of ®Ga atoms in the germanium crystal may be found by determining the rate of
K X-rays from the decay of ®®*Ga by electron capture after the "'Ge has decayed.
Since there are no {fast neutrons present in the tunnel, the number of **Ge when the
detector entered the tunnel may be determined from K x-ray rate, giving 3750 407
®Ge atoms on April 4, 1984, when the detector first entered the tunnel. From

25=1 the cross section for the

the known sea-level fast neutron flux of 3 x 10 %cm™
Ge(n,3n)%Ge reaction is found to be 30 mb. The cross section for °Ge(n,3n)%®Ge
has not been measured, but the cross section for the "*Ge(n,2n)® Ge has and is found
to be roughly 600 mb. Measurements of (n,2n) and (n,3n) on 2Tl indicated the
cross section for the (n,2n) reaction is about three times larger than for the (n,3n)
reaction, which would give a cross section of 200 mb for “*Ge(n,3n)%®Ge. This factor
of three difference is only an order of magnitude guideline; **TI is an odd-even
nucleus , while °Ge is even-even, so the ratio of the (n,2n) and (n,3n) cross section
could be quite different for "*Ge. With this in mind, the 30 mb result for the (n,3n)
reaction on *Ge seems reasonable.

The background rate in the tunnel outside the shielding was also measured. The
tunnel background may be used to calculate the expected response of the detector
for a given amount of local shielding to make certain the background from gamma
rays in the tunnel is not significant. The detector was operated for 36-hours out-
side the local shielding. Figure 6 shows the accumulated spectrum and Tables 8
and 9 give the strength of the gamma ray peaks from the **2Th and ***Ra chains
in the rock surrounding the tunnel. In order to determine the actual strength of
each gamma line, the detector efficiency for gamma rays striking the surface of the

detector cryostat was determined using the Monte Carlo program. Above 500 keV,
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Ge(n,3n)*®Ge

EC, T,,,=275d

10 %, g* Ty = 5 m
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o

Figure 4.7 Decay process producing *®*Ga.

this efficiency was found to obey a power law,

e(E) = 0.0060E(MeV)~°%,

Below 500 keV, the efficiency falls off because the copper cryostat absorbs a signif-
icant fraction of the incident gamma rays, (Figure 7). The gamma {lux, correcled
for efficiency, is also given in Tables 4.1.1 and 4.1.1. After the strength of each
gamma ray has been determined, the expected Compton continuum form a gamma
ray source of that energy, and intensity is calculated by Monte Carlo and subtracted
from the measured background spectrum. The remaining continuum spectrum will
then be composed only of gamma rays that Compton scattered in the rock surround-
ing the laboratory before entering the germanium crystal. In order to determine the
intensity of the continuum at each energy, the following stripping procedure is used:

the continuum spectrum is first divided into 100 keV bins and, starting with the
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Figure 4.8 Tunnel Background spectrum for 36-hour run using the 90
cm? detector.

highest bin at 3 MeV, the Compton continuum is calculated for a photopeak of that
energy. As before, this photopeak and Compton continuum is subtracted from the
continuum spectrum. This process is repeated for the next bin and so on, from
highest energy to lowest. This process is simply a deconvolution of the detector
response and the measured raw data; a spectrum synthesized out of the photopeak
rale corrected for photo-efficiency and the rate for each 100 keV continuum energy
bin put through the detector Monte Carlo will then yield the corrected gamma ray

fluxes (Figure 8).

4.1.2 Measurements with the Eight-crystal System

The overall count rate in the eight-crystal system was roughly the same per unit
volume as in the 90 cm?® detector. The background at 2 MeV was initially 1.0 counts

keV~1 y=1 (1022 "Ge nuclei)™* but dropped over the course of the first 2033 h to
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Energy | Branching Rate Efficiency Corrected
(keV) | Ratio( %) day ! (%) Rate (d=' cm ~?)
186.0 3.28 7929. 4 594. 0.02344 2198. 4- 218.
295.2 19.30 16010. + 428. 0.02039 5143. £ 366.
351.9 37.30 42625. £ 355. | 0.01784 16709. 4= 128.
609.3 46.30 45558. 4+ 244. | 0.01735 30277. 4- 2391.
665.6 1.87 2449. 4 166. 0.01595 1691. & 167.
768.4 4.90 4138. 4 169. 0.01450 2992. 4 258.
785.9 1.10 1481. + 146. 0.01403 1079. = 137.
806.2 123 1004. + 128. 0.01144 739. £ 114.
934.1 3.18 4864. £+ 126. 0.01003 3846. + 564.
1120.3 1.5 126681+ 170, 0.003 11396. 4+ 1841.
1155.2 1.70 1501. 4+ 121. 0.00815 1402. 4 240.
1238.1 5.95 9630. £ 155. 0.00784 5644. + 693.
1281.0 1.48 728. + 130. 0.00619 TH7. & 156
1377.7 4.04 2868. + 107. 0.00580 3220. £ 304.
1385.3 0.78 G75. & 86. 0.00563 162, 1IT:
1401.5 1.39 1091. &+ 82. 0.00533 1246. 1 144.
1408.0 2.49 1937. + 84. 0.00530 2223. 220,
1509.2 2.20 2041. £ 83. 0.00517 2505. % 307.
1538.5 0.41 336. + 64. 0.00486 420. 4- 96.
1661.3 1.15 790. £ 57. 0.00457 1058. 4= 213.
1729.6 3.06 2285. & 67. 0.00455 3124. £ 695.
1764.5 16.00 12060. 4 109. | 0.00294 16986. £ 3975.
1838.4 0.38 287. =52, 0.00268 418. +129.
1847.4 2.13 1611. £ 59. 0.00262 2354. £ 598.
2118.5 1.22 826. 4- 54. 0.00261 1342. 4 289.
2204.1 5.02 3025, £ 2. 0.00259 6089. + 1070.
2293.4 0.32 164. +49. 0.00199 286. 4 95.
2447.7 1.55 1053 4 52. 0.00157 1975. 4+ 234.

Table 4.6 Background Tunnel photopeak rates for ?**Ra lines. The
measurement was made with the 90 em? detector over a 36-hour run.
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Energy | Branching Rate Efficiency Corrected
(keV) | Ratio (%) d-? (%) Rate (d~! em %)
209.4 4.50 3042. 4 540. 0.02344 1012. £ 163.
238.6 45.00 64875. +629. | 0.02039 18156. £+ 1121.
270.3 3.80 3288.+354. | 0.01784 977. 4+ 122.
277.4 2.44 6800. 4+ 371. | 0.01735 2062,4- 172,
300.1 3.42 5941. £ 312. | 0.01595 1941. + 165.
328.0 3.50 3284. £ 291. 0.01450 1186. 4 135.
338.4 12.00 11699. +292. | 0.01403 4381. + 342.
409.4 2.20 2001. +233. | 0.01144 936. £ 135.
463.0 4.60 4211. +248. | 0.01003 2254. £ 240.
510.8 7.75 19186. £ 275. | 0.00903 11278. £ 1016.
562.3 1.00 581, £ 207, 0.00815 368. £ 135.
583.1 30.90 29414. 4+ 254. [ 0.00784 19073. + 1582.
727.2 6.66 6028. £ 177. 0.00619 4282. 4 324.
T72.1 1.60 1139. £ 133. | 0.00580 825. £ 115.
794.8 4.80 5066. = 161. | 0.00563 3707. 4 331.
835.6 1.80 985. £ 151. 0.00533 736. £+ 134.
840.2 1.00 958. &+ 112. 0.00530 711111,
860.4 4.31 3760. 4 151. 0.00517 2864. 4 334.
911.1 29.00 22658. +193. [ 0.00486 17665. 4+ 2374.
964.6 5.50 4864. + 126. | 0.00457 3924. 1 623.
968.9 17.00 14555. + 169. | 0.00455 11776. 4 1866.
1587.9 3.70 782. £ 75. 0.00268 1005. £ 180.
1620.6 1.55 1370. £ 69. 0.00262 1795. £ 314.
1630.4 1.90 1213. + 68. 0.00261 1597. £ 290.
1638.0 0.54 435. + 54. 0.00259 575. 1 124.
2614.6 35.80 25158. £ 131. | 0.00157 52001. £ 5481.

Table 4.7 Background tunnel photopeak rates for 2?Th lines. The
measurement was made with the 920 cm? detector over a 36-hour run.
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Figure 4.11 Pulseheight spectrum from the eight-crystal system for
2033 hours of operation.

an average of 0.53 in the same units. It is hoped that, as the °®*Ga decays, the
background at 2 MeV continues to decrease. The pulseheight spectrum for the first
2033 hours is shown in Figure 9. The same **>Th photopeaks appeared as in the 90
cm?® detector (Table 10). The 2614 keV line was increased by roughly 30 %, most of
which can be accounted for by the increased of efficiency for the the larger crystals.
The other lines did not increase significantly, except for the 911.1 keV lines, which
mysteriously increased by 300 %.

The 23U photopeak rates (Table 11), with the exception of the 1120 keV line,
in general decreased. This was expected since the local shielding was not opened
and the nitrogen pressure kept the ***Ragas from entering the local shielding.

The lines associated with the Chernobyl meltdown (Table 12) were also present.
As expected, the *'I and ®*Ru have almost completely decayed away, while the

134Cs and 37Cs are still present in significant amounts. The lines from the germanium-
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Eunergy Intensily Measured Rate | Percent change
(keV) | (Photons/100 decays) | (Counts/kg-y)

2614.5 35.8 245 + 29 32 + 26
968.6 L. 164 4= 45 1294+ 79
964.6 DD 112 == 33 11 + 49
911.1 29. 282 £ 46 500 4+ 274
583.1 30.9 413 4 64. 2 4+ 28
238.6 45.0 840 4 106 4] + 22

Table 4.8 Observed photopeak rates for ?*?Th lines during 2033 h run
of the eight-crystal system.

Energy Intensity Measured Rate | Percent Change
(keV) | (Photons/100 decays) | (Counts/kg-y)

2447.7 1.55 1513 43 + 134
2204.1 5.02 44 4+ 17 5+ 59
1764.5 16.0 98. £ 27. —28 + 28
1238.1 5.95 34 4+ 43 -T75 + 100
1120.3 15.1 239 + 48 192 £ 77
934.1 3.18 24 + 49 —56 4 156
609.3 46.3 264 £ 57 —182 £ 95
351.9 373 354+ 74 52 + 36
295.2 19.3 142 £+ 68 —-H5 £ 77

Table 4.9 Observed photopeak rates for ***U lines during 2033 h run of
the eight-crystal system. Changes are compared to Shield I.




Energy | Isotope Intensity Measured Rate | Percent Change
(keV) (Photons/100 decays) | (Counts/kg-y)
1460.8 7 10.7 674 + 51 —10 £ 10
13325 | ¥ Co 100. 471 + 49 —49 £10
1173.2 " Co 100. 522 + 51 —40 £ 11
1124. 7 n 50.6 461 + 48 13 + 18
846.9 Yo 99.9 116 + 34 62 + 61
834.9 *4Mn 100. 513 + 52 —23 413
810.8 L™ 99.4 982 + 68 12 4 12
661.6 L 85.1 4203 + 124 18 + 84
600.8 k8 8h 97.0 858 4 74 608 + 103
569.6 IR} 97.8 214 + 47 243 + 154
511. [et —e 708 + 78 —45 + 13
497.1 10 By 86.4 < 90
463.3 “BAe < 100 & <3
427.9 L 29.4 75 + 101 —66 4+ 110
409.8 2BAc < 101 < =7
365 1S 81.2 < 107 27 + 45
121.1 L 86.4 675. £ 105.
86.5 < 107
77.1 e 136 4 108 91475

Table 4.10 Observed photopeak rates for lines not in either of the nat-
ural decay chains for 2033 h run of the eight-crystal system.

neutron and copper neutron reactions are also present with roughly the same inten-
sity as in the 90 cm?® setup. This is to be expected; they come from the germanium
itself and the first few centimeters of copper surrounding the crystals, so they should
have the same intensity per unit volume for all similar systems. The *°K photopeak
rate did not decrease, indicating that the contamination did most probably come

from the FETs, all of which contain contamination of this type.

4.2 Determination of 3/ decay rates

Once the experiment has been run for some time, the data collected during the

experiment must be analyzed and the implications of the experiment exiracted.
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The data analysis consists of two steps for each decay mode: first, a determination
must be made as to whether or not evidence for the decay mode is present. The next
step depends on the outcome of the first. If evidence for the decay is present, the
half-life for the mode must be determined and interpreted in terms of fundamental
quantities. If no evidence for the decay is seen, an upper limit for the decay rate must
be determined and interpreted in terms of upper limits of fundamental quantities.

The determination of whether a signal is present or not in any experiment must
be made in an unbiased fashion. A test must be devised which not only indicates the
presence or absence of a signal, but also gives some confidence for this conclusion.
This chapter describes the statistical tests and results for the 2r,0r and x* decay
modes. Since the methods for extracting limits for the 2v and x° modes are quite

similar, they are described together.

4.2.1 0Ow33 Mode

The signature for 0v33 decay is a peak in the pulseheight spectrum at 2040.71 keV.
Since the nucleus is quite heavy compared to the two electrons, the width of the
peak will be completely determined by the resolution of the germanium detector at
this energy, which is 2.6 keV, FWHM or about 6 ADC channels. This portion of
the spectrum is shown in Figure 10. Since the data in this region are fairly sparse
(about a third of the ADC bins have no counts in them), using the Gaussian limit
as an approximation for the Poisson distribution on the number of counts in each
bin is not correct; the standard deviation on the number of counts on each bin is
not 1/\/N This is always the case when N < 20. For this reason, the usual y*
statistic 1/0%(y; — y(x:))? is not appropriate for determining the goodness-ol-lit. for

the function y(z) to data y; at points ;. Baker and Couzens [37] derive a more



appropriate statistical treatment with

Yi
X' = =22 (—u + y(z:) + yiln——=),

y(z:)

the minimization of which will give the correct values for the fit parameters. Using
this statistic for x?, the region around 2041 keV is searched for a peak; there are two
methods of carrying out this search. First, the region around 2041 keV is fit with
a succession of Gaussians each with the peak at succeeding energies. A plot of the
peak energy versus x? should show a minimum at the physical value of 2041 keV if
a signal is present. If a statistically significant minimum is present, 0v3(3 decay is
assumed to take place. A fit is then performed with the mean peak value fixed at the
physical energy, giving the detected decay rate. On the other hand, if no minimum
appears near the physical value of decay energy, 0v33 decay has not been detected.
In this case, the mean value is fixed at 2041 keV and the normalization increased,
until the value of chi-squared increases by one over the best-fit value. This gives the
upper limit on the number of counts in the peak at the 68 % confidence level. The

upper limit at 90 % confidence level is 1.4 times greater. A series of fits perforined

for the function
N(E) = Noe= 55 4 ¢
yields a plot of decay energy versus x? shown in Figure 11. Clearly, no minimum of
significance appears near the physical endpoint of 2041 keV and, therefore no signal
is present.
A second method may be used. The peak region is fit with the function above
with Ey=2040.71 keV and ¢ = 1.11 keV to give y’(r = 2). A second fit is done

using the function N(E) = C alone to give v*(v = 1). Then,
A=x*(v=2)-x*(v=1)

will be a x? distribution with one degree of freedom and the significance will give

the significance of the added degree of freedom. Performing this fit for the spectrum
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in Figure 12 gives

A = 205.27 — 204.58 = 0.69,

which has a significance of 50 %, indicaling that the added parameter does not
significantly improve the fit. Again, no signal appears to be present.

To determine the upper limit of the nuinber of counts in the OvdF decay peak,
a fit is performed with the peak energy set to 2040.71 keV, which yields .56
counts in the peak. Two problems are evident: first, the central value is in an un-
physical region and second, the asymmetric errors indicate that Gaussain statisitcs
are not a good approxiamtion to Poisson statistics. There are various methods of
handling this sort of situation, the most straightforward being the Monte Carlo
method. In the Monte Carlo method, many spectra with the same characteristics as
the measured spectrum are generated and fit to give a distribution of central values
for the number of counts in the peak. This distribution should then correspond to
the true distribution for the number of counts in the peak. The 90% confidence
level upper limit of the number of counts is then determined by taking the number
of counts corresponding to the point at which 90% of the the area under the dis-
tribution in the physical region is encompassed. For the spectrum shown in IMigure
12, this procedure gives an upper limit of 6.1 counts at 90% c.I. To convert this to

a lower limit for the half-life, the formula

) f— oy . N2
. = Nnucleit’ 11/2 - T

is used to give
72 > 1.2 % 10%(y 90% c.l.)
and

o > 3.0 x 102(y 68% c.L.).

To obtain a lower limit for the half-life of the 07 — 2% transilion, a similar secarch

is carried out at the region around 1480.5 keV (Figure 12.) In this case, a 559 keV
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gamma ray is emitted from the daughter nucleus when it decays to its ground state.
If this gamma ray deposits any energy in the crystal before escaping, the count
will not be in the 1480.5 keV peak, so the limit on the number of counts must be
corrected for the probability of this gamma ray’s escape, which is determined by
Monte Carlo to be 30 %. Carrying out the search as above, we find an upper limit

of 30 counts (90 % c.l.), which gives a lower limit of
T (0% — 2%) > 2.0 x 10%%y (90% c.l.)

and

Ti(0F — 2%) > 6.8 x 1077y (68% cl.).



4.2.2 2v and 33 Decay

Both two neutrino double beta decay and double beta decay with Majoron emission
result in undetected particles in the final state. The energy of the emitted electrons
is distributed over a large hump between zero and the double beta decay endpoint
energy of 2041 keV. For "®Ge, the peak of the 2v total electron kinetic energy
distribution is near 700 keV, while for x°3/3 decay, the peak of the distribution is
near 1500 keV.

Typical calculations of the 2v33 decay half-lives in "°Ge are of the order of
1022-2 years, which translates roughly to 150 to 1500 couilts per year above 700
keV in the eight-crystal system. In this region, which is 53 % of the 2v spectrum,
we observe 21,045 counts in 1.30 kg-y. Taking the 90% confidence level upper limit

on this number of counts gives a half-life limit of
17/, > 6.4 x 10"y (90% c.l.),

which is not sensitive to the predicted rates. In order to improve this limit, we must
understand, calculate and subtract the various backgrounds.

Background counts, as discussed in Chapter 4, come from several sources: gamma
rays from internal contaminants, gamma rays from the 28U and ?*2Th in the lead
shield, gamma rays that penetrate the shield from outside and positrons (and the
associated annihilation gamma rays) from the decay of **Ga. A Monte Carlo cal-
culation using the measured gamma fluxes in the tunnel (Chapter 4) reveals that
gamma rays penetrating the local shielding were significant only for Shield I; the
additional shielding cut the gamma flux to an insignificant level for Shield IT and
the eight-crystal system.

The expected spectrum for the cosmogenic isotopes in the copper was deter-
mined in the same way: gamma rays for each isotope were generated in random

positions in the cryostat and surrounding shielding and tracked through to the ger-
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manium crystal. Each spectrum was normalized to the photopeak. In cases where
several gamma rays were emitled in a cascade, all the gamma rays were tracked
simultaneously to account for sum peaks.

Gamma rays from internal contaminants had to be calculated in the same way,
except that this time some assumption had to be made about the position distri-
bution of the source. Extensive calculations show that there is little dependence on
the position of the source. The resulling detector response spectrumn was, as before,
normalized to the observed photopeak height.

The expected spectrum form ®*Ga A" decay was delermined by simulating
positron emission inside the crystal and tracking the A% and two 511 keV anni-
hilation gamma rays. The normalization was determined by scaling the rate to the
rate observed in the 90 cm® detector.

Finally, possible contamination of ?**U and ***Th in outer lead shield had to be
considered. Since both decay chains end with lead isotopes, il is not unreasonable
to expect both chains to be present in lead. Monte Carlo simulation of the expected
spectra from contamination of each chain indicated that ?**Th was not present in
significant amounts while ?**U was present at the 1 ppm level when averaged over
the inner 5 cm of the lead shield. This was to be expected; lead tested with the 90
cm ® detector showed no evidence of ?3*Th while gamma lines from the ?**U chain
were present. The expected spectrum from ***U was calculated and normalized to
the rate of the 1764 keV gamma line measured after the shielding had been closed
long enough for the ??*Ra to decay away.

Each of these spectra was subtracted in turn, resulting in the spectrum shown
in Figure 15. The agreement hetween the data and calculated background is good
above about 700 keV (see next section). Below 700 keV, many counts remain. They
have three possible sources: incomplete charge collection, weak gamma lines and

underestimation by the Monte Carlo program.
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Incomplete charge collection means that all the ionization electron produced in
a full energy gamma interaction may not be collected. This is caused by a non-
neutral electric field at the closed end of the detector. Charge collected here does
not contribute to the current pulse but instead slowly discharges. Thus, not all the
gamma rays that deposit all their energy in the crystal will contribute to the full
energy peak, leading to an underestimate of the Compton continuum.

Monte Carlo studies show that above 1 MeV, for every {ull energy count, there
are about 5 counts in the Compton continuum. Thus, a gamuma line may not be
statistically significant above the background, but may contribute significantly to
the rest of the spectrum.

Finally, tests with the Monte Carlo program (see Appendix) indicate that the
program may underestimate the number of counts at low energies. This appears to
be a fundamental problem with the manner in which the simulation is carried out.

There are also counts above the highest subtracted gamima line at 2614 keV. The
238U chain has a several very weak gamma lines extending up to 3270 keV. The
total intensity of these lines is about 10% of the strength of the **®U line at 2447
keV (Figure 4), the photopeak of which is barely visible (Table 9). The measured
rate between 2620 keV and 3270 keV is 0.230 keV~'kg~'y~!. The rate above 3270
keV falls to 0.032 keV—'kg~'y~?, indicating the counts in this region come from the
2387 chain. A crude Monte Carlo calculation indicates that **®*U contamination in
the lead shield could account for about 10% of the observed rate. The remainder
could come from a ?Bi source inside the copper shielding.

Once this subtraction has been carried out, a limit on the number of 20433
counts must be obtained. The most straightforward way of doing this is simply to
integrate over the region from 700 to 2041 keV, which gives —522 £ 1136 counts,

which translates to a half-life of

s > 24 x 10*%y (90% c.l.),
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or

Tt > 5.0 x 10% (68% c.l.),

The residual spectrum may be taken into account crudely by assuming the density
of weak photopeaks is constant. The Compton continua of these peaks along with
the counts from incomplete charge collection will pile up to make a continuum that
decreases linearly with energy. This is then folded with the power law efliciency for

the detector. This gives a fit function which will be roughly linear

dN -
E = (152,,(1‘/) + b + CE,

where S, is the total electron kinetic energy distribution function for 2v33 decay.
The best fit when a is allowed to vary gives a = —1882 + 2000 which leads to an

upper limit of

N,, < 4547 counts or

T7, > 1.4 x 10%(90 % c.l.),

so fitting with a linear background function does not significantly improve the limit.
This indicates the sensitivity is limited by the statistics of the data.

Recently, an observation of double beta decay with Majoron emission has been
reported [38]. The signature for x°33 decay is similar to that of 2v33 decay. In
the case of x°33 decay, however, the broad peak of the spectrum is shifted to about
1550 keV. Our search for x?33 decay, therefore, is carried out from 1500 to 2800
keV. Since most of the counts from 33 decay will occur at a higher energy than
those from 2v(/3 decay, the experiment will he more sensitive to x"A/3 decay since
the backgrounds decrease at higher energies. As before, we begin by integrating the
raw data spectrum from 1500 keV to 2041 keV (43 % of the x"33 decay spectrum),

which gives 4984 counts, which translating to a limit of T]";’z > 5.3x10"y, (90% c.l.).
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Turning next to subtracted data spectrum and integrating over the same interval

give a total of —64 & 336 counts or
T1/z > 8.0 x 10*°y(90% c.l.)

or
TY, > 1.0 x 10%y(68% c.L.).

As with the 2v883 decay limit, for the final fit we use a linear background function

along with the electron energy distribution function

dN
dE

The best fit is a = —333 4 682 counts which gives a half-life limit

=aS(L)+b+cl

’.11/2>80>< 10%°y (90% c.l.)

from our spectrum. As with the 2v result, fitting with a linear background function
does not improve the limit. This is in contradiction with the reported result 7} 1/2 =

(6+1) x 102 y

4.2.3 Comparison with Other Experiments

Results from the other measurements of ®*Ge are shown in Table 2. The best limit
for 0vB8 decay, obtained by the UCSB/LBL [29] experiment, is T/,[0" — 0F] >
5—8x10% y, (68 % c.l.). The limit 5 x 10?® y was obtained by simnply considering
the fluctuation of the observed flat backgrounds, while the limit 8 x 10*® y comes
from a least squares fit with a Gaussian peak on a flat background. The method
described in Chapter 4 was not applied to these data. Iinally, For the 0% — 2%
transition, the UCSB/LBL group reports a limit T7/,0% — 27 > 5 x 10%% y, (68 %
0

2vf3f3 decay has not yet been observed in “*Ge. The best limits come from this

experiment and the UCSB/LBL group and are T}, 12 =T X 10" y and T2, e =8 1019

y, respectively.
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Group Background Volumne /iy
keV —1y=1(10%% ®Ge)-? cm? x10%® y (68 %)
Zaragosa. 6 400 0.2
Osaka 0.6 1100 0.7
Guelph/Queens 0.5 600 1.2
Milano 1 4 115 3.2
Milano II 0.8 138
PNL/USC 0.4 135 1.4
UCSB/LBL 0.3 1300 5-8
This exp. 0.53 1100 3.0
Erevan/ITEP 0.1 (?) 90(1100) * 1(7)

Table 4.11 Summary of results from all "®*Ge measurements.

Finally, for x°33 decay, the UCSB/LBL group reports a limit of Tlx;z = 2% 1022

¥, (90 % c.l.), also in contradiction with the PNL/USC result.
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Chapter 5

Interpretation of Measurements

The implications of the limits of the half-lives are now analyzed in terms of fun-
damental physical quantities. For the neutrinoless mode of double beta decay, the
half-life limits are used to give limits on the effective right-handed coupling con-
stants < A > and < > and eflective neutrino mass, < m,, >. Similarly, for the
mode with Majoron emission, the half-life limit gives a limit on the x° — v coupling
constant, g... The two neutrino half-life limit, however, serves only as a check on
the matrix element calculations; it is an allowed process in the Standard Model and

contains no “new” physics.

5.1 Neutrinoless Double Beta Decay

5.1.1 0% — 0t Transition.

The neutrinoless double beta decay rate from Chapter 2 is

2 Py 5 <my, >
_L;_+_Cz</\>—u_|_

m; Mg
= My, >

(T7R(0F = 0*)™ = G

Ca<n> +Cq</\>2+

m,

e 255" 30 € X 5t = .
The coeflicients C; are given in Table 2.2.2 for the calculation by Do et. al. [13].
Limits on the quantities < A >, < 7 > and < m, > are delermined from the

measured limit Tf’;’z. Since only an upper limit is measured for TID/"z, all points in
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a region outside an ellipsoid in (< A >,< 7 >,< m, >) space will be excluded
by the measurement. The best way to see this is by projecting the surface of the
ellipsoid onto the (< A >, <m, >),(< 7y >,<m, >)and (< A >,< 57 >) planes, as
shown in Figures 1, 2 and 3. The upper limits on the magnitude of < A >, < 7 >
and < m, >) are determined by how far the ellipse extends along the axis of each
parameter. Since the coeflicients C; depend on the calculation of the nuclear matrix
elements, the excluded region varies depending on which nuclear matrix elements
are used. Only Haxton & Stephenson [12] have carried out the calculation of the
matrix elements necessary to include right-handed currents and the exclusion plots
shown in Figures 1, 2 and 3 are from this calculation. The calculations of Vogel at.
al [22] and Klapdor & Grotz [23] do not include right-handed currents, so they only
give limits for < m, > in the absense of right-handed currents. The results for
each calculation are shown in Table 1. As is clear from Table 1, the limits on the
neutrino mass vary by a factor of almost ten for differing calculations of the nuclear
matrix elements.

Limits from other attempts to detect 0v(33 decay in ®Ge are shown in Ta-
ble 4.2.3. These limits imply an upper limit of the Majorana mass in the range 5.8
- 0.2 eV. Clearly, a resolution of the nuclear matrix element question is necessary to

clarify these results.
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[ Author [<m, >(eV)<[<A>xI0FP <[<yp>x10"° <
Vogel [22] 16 (13) (12)
Haxton [12] 5.8 0.14 0.13
Klapdor [23] 1.6 (10.040) ( 0.0037)
Faessler [24] 1.9 (0.047) (10.0043 )

Table 5.1 Upper limits for < m, >, < > and < A > for mensured half-
life limit of T(}, > 1.0x 10?* years at 90% c.l. Limits for the right-handed
couplings < A > and < 7 > shown in parenthesis are found by using
the coefficients obtained by muuliplying the calculation of Cy by the
value of C;/C, calculated by Haxton & Stephenson [12] and compiled

in Doi et. al. [13].
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Figure 5.1 90 % confidence level excluded region along < m, > — < A >
plane for 17}, > 1 x 10?° y The values for C; are calculated by Haxton &
Stephenson and are compiled by Doi et. al.
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Figure 5.2 90 % confidence level excluded region along < A > — < 7 >
plane for TIC'/"2 > 1 x 10*® y. The values for C; are calculated by Haxton
& Stephenson and are compiled by Doi et. al.



87

25 N ! I L] 1 l T 1 i 1 T T T 1 l ] T T T

20 — =

15 — =
e i :
N " o
A - !

A

g 10 — —
V —

5 l— —

0 1 1 1 1 I 1 11 l 1 1 1 1 1

—0.00001 —0.000005 0 0.000005 0.00001

<n>

Figure 5.3 90 % confidence level excluded region along < n> — <m, >
plane for T;’;’z > 1 x 10?% y. The values for C; are calculated by Haxton
& Stephenson and are compiled by Dol et. al.
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5.1.2 0t — 2% Transition

The rate of the 0t — 2% transition does not depend explicitly on the Majorana
mass of the neutrino (although some Majorana mass is necessary), and the decay

rate depends only on the values of A and 7 :
(Tf}lz(g-‘. == 2+))_1 — DlAz + DgA'f] + D31]2,

where the values for D; are given in Chapter 2. Since the 07 — 2% transition
energy of 1480.5 keV lies at a lower energy than the 0% — 0% transition energy,
the half-life limit is poorer since the backgrounds tend to decrease with increasing
energy. Thus, the limits on the right-handed mixing parameters are much worse
than those derived from the 0% — 0% transition. Like the 07 — 07 case, a limit on
the 0t — 2% transition defines an ellipse in <7 > — < A > space that encloses the
allowed values of the right handed coupling parameters. The exclusion plot for our

limit is shown in Figure 4 and gives the limits

|< n >|< 0.0025

|< A >|< 0.004

both at 90 % confidence level.

5.2 Neutrinoless Double Beta Decay with Ma-
joron Emission

The measurement of the decay rate into two electrons and a Majoron x° provides a
measurement of the v — x° coupling constant g,. as described in Chapter 2. Since
the x°308 decay rate depends on the Or nuclear matrix element, the limit on g¢.. is
uncertain by the same factor of 30 as the neutrino’s Majorana mass, Table 2. The

dependence of the x°33 decay rate is hidden in the relation

GeeV = My Majorana)



<A>

89

0-005 % S, T T I I 1 I I T T 1 T l T T g——F - I T L T I T T

0.004 —

0.003 —

0.002 —

0.001

L L L I | I L

0_000 11 1 1 | | . Y I ] 1 | L == I S |
—0.003 —-0.002 —0.001 0 0.001 0.002

<v>
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[ Calculation | e ]
Vogel el. al. [22] Bx 107
Klapdor & Grotz [23] 8 x 10-1
Haxton & Stephenson [12] | 3 x 10~*

Table 5.2 Majoron coupling constant and Majorna neutrino mass limits
from different calculations“of the nuclear matrix element for ®Ge and
for the half-life liinit of Ti"/z > 1.2 x 10*'y, 90 % c.l.

where v is the vacuum expectation value of the Majoron. Astrophysical arguments
give v < 10° eV, so a measurement (or limit) of g.. in the range of 10~° could be

used to determine the Majorana mass (or mass limit) of the neutrino.

As discussed in Chapter 4, our limit of T,

12 > 1% 102" y (90 % c.l.) is in sharp

contradiction with the reported PNL/USC measurement of T;(/oz = {6 £1) x 10*? ¥.
Other measurements of the limit of x°33 decay in #2Se and 1*®Xe [39] also exclude
the PNL/USC result for all calculations of the Ov nuclear matrix elements. However,
all of these results depend on rather complex background calculations and more work

needs to be done in this area.

5.3 Two Neutrino Double Beta Decay

Our limit of 77, > 3.0 x 10%° y lies just above the fastest calculated rate of 77, =
1.5 x 10%° of Klapdor et. al. [23]. This calculation does not include the particle -
particle interaction which tends to suppress 2v/33 decay. Although 2v33 decay is
allowed by the Standard Model, its observation is of crucial impertance for solving
the nuclear matrix element problem and work is continuing to lurther understand,
calculate and subtract the background from gamma ray sources.

Recently, 2v03 decay has been observed in the decay of *?Se with the U.C.

Irvine Time Projection Chamber (TPC) [40] with a half-life of 14 0.5 x 10*° y. This

half-life agrees very roughly with half-life calculation of 1 x 10?° y from Vogel et al.
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[22]. All the other calculations predict faster rates, indicaling the suppression from
the particle-particle interaction may be present. Additional measurements of the
2vf33 decay half-life are still needed, and the hope is the new generation of xenon

experiments (see Chapter 6) will provide more positive measurements.
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Chapter 6

Outlook for gp Decay Counting
Experiments

Laboratory searches for 33 decay continue to expand by being sensitive to longer
half-lives and using a wider range of candidate isotopes. The fundamental impor-
tance of neutrino mass and lepton number conservation means that these experi-
ments will continue long into the [uture.

Currently, the longest half-lives and lowest mass limits come from "®Ge exper-
iments such as the one described in this thesis. It seems clear, however, thatl this
position will be relinquished before long; the size of the current systems is at tech-
nological and, more importantly, financial limits. Several groups, the I'TEP /Erevan
group [41] in particular, are working with germaniumn detector crystals grown {rom
enriched "®Ge. The ITEP /Erevan currently has one such 90 cm® 89% enriched crys-
tal with a second planned. Such a systemn will have roughly 12 moles of ®*Ge nuclei,
about twice the present experiment with much lower background per mole of ®Ge
nuclei. The resolution of such detectors is quite poor (6 - 20 keV at 2 MeV), giving
roughly the same sensitivity as present germanium experiments.

From the point of view of the present (poorly understood) nuclear structure
of B decay, a large nuclear matrix element makes **Xe an attractive candidate.

Its high Q value of 2.480 MeV provides some phase space enhancement over ®CGe
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and lies above the Compton edge of the ?°®7T] 2.614 MeV line. Several groups are

136

currently beginning experiments in which '**Xe is used as a fill gas in various types

of detectors. Two of the most promising of these experiments are the Caltech-
SIN-Neuchatel Time Projection Chamber (TPC) [42]and the Milano proportional
counter experiment [43].

The TPC has the distinct advantage that the trajectory of each electron is
recorded. When a '*®*Xe nucleus 33 decays, the two emitted electrons pass through
the xenon gas filling the chamber, losing energy as they ionize atoms along the way.
An electric field drifts the electrons liberated in the ionization down to an x-y pad on
the bottom of the chamber where the z position of the ionization event is recovered
by recording the arrival time of the ionization electrons, allowing full reconstruction
of the electron track. As they lose energy, the 33 decay electrons will become more
strongly ionizing, resulting in characteristic “blobs” at the end of each electron track
where the electron finally stops. Thus, a A3 decay event will have a very distinct
signature; a contained track with a blob on each end. The Caltech-SIN-Neuchatel
TPC will contain 40 moles of **Xe (when filled with enriched xenon) and will have
a 20 % efficiency for containing a 33 decay event and so will be sensitive to hall-lives
of the order of 10%*y or masses in the range of 2.0 -0.2 eV, depending on the nuclear
matrix element. For the 2v/33 decay mode, the TPC’s ability to fully reconstruct
tracks should make it sensilive to half-lives on the order of 10?? y. The TPC is
currently operating at Caltech and will be installed in the St. Gotthard tunnel in
Spring 1988.

The Milano group took a different approach to the same problem by construct-
ing a large segmented proportional counter using '**Xe as a fill gas. In this case,
the inner volume is segmented into 61 ce]lsl, each cell consisting of a wire held af
high voltage surrounded by guard wires. Electrons emitted in a 33 decay will ion-

ize atomic electrons, which will be drifted toward the high voltage sense wire and
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detected. By requiring that all firing cells be connected and restricting the num-
ber of firing cells to between 3 and 8, large background reduction is possible. The
Milano system contains about 40 moles of '**Xe (when filled with enriched xenon)
and so will be sensitive to roughly the half-life and mass range as the TPC. The
Milano experiment has been operatling in the Gran Sasso underground laboratory
since Spring 1987 with natural xenon and has already reported a half-life limit of
1%, > 4 x 10%! y, (68 %c.l.).

Several other groups [44] are also experimenting with low resolution high pressure
(30 - 100 atm) xenon ionization chambers. The projected chambers will contain

fewer 128

Xe atoms, but will have nearly 100 % efliciency and, with 1 - 2 % resolution,
will have roughly the same sensitivity as the larger xenon experiments. Several
problems relating to gas purity need to be solved and so far no group has achieved
better than 2.7 % at 30 atm.

In the spirit of the early geochemical experiments, several groups [45] are al-
tempting to count the daughter products of 33 decay. In the case of ¥Xe, the
daughter product, *®*Ba, is drifted onto some substrate, which is then sputtered off
and run through a high precision mass spectrometer which will, it is hoped be sen-
sitive to lens of atoms. Several problems concerning the ion drifting and sputtering
process remain to be solved.

Finally, one very intriguing prospect is the use of cadmium-telleride (CdTe) de-
tectors. CdTe is a room-temperature semiconductor that has been used for charged
particle and gamma ray spectroscopy in recent years. Small ( < 1 e¢m ?) CdTe
detectors may have resolutions as low as 1 %. CdTe contains no less than five
double beta decay candidates (1"*Cd, M Cd. *Cd, **Te and '*"Te). In particular,
11Cd and '*°Te have endpoints above 2.5 MeV (2.580 and 2.840 MeV respectively)
making them excellent candidates for 33 decay search. A 0.3 cm?® system has hecn

constructed and operated for 450 h [46], giving limits of Ty}, > 3 x 10™%y for "°Te
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and 77/, > 3 x 10"y for '*°Cd, both at 90 % c.l. A much larger system (100 cm?) is
required to be sensitive to neutrino masses below 10 eV. Large CdTe crystals have

problems with charge build-up and, to address this problem, an intermediate system

of 3 cm?® is planned.
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Appendix A

A Monte Carlo for Background
Calculation

The subtraction of gamma ray background described in Chapter 4 requires that
the Compton continuum from a known gamma ray source be calculated based on
the source position, the geometry of the detector and the geometry and materials
surrounding the detector. To this end, a Monte Carlo program, Geant v3.10 was
used. This appendix describes the theory and operation of the Monte Carlo used.
Suppose a gamma ray source may be characterised by a function S(Z,p, £) which
gives the source intensity for each momentum interval and point in space, then the

detector’s response as a function of energy (or pulseheight) will be given by
I(E') = [ d&dpD(&,5, B E')S (&, 7, E).

The function D(Z,pFE; E') simulates the detector’s response; for a monoenergetic,
well collimated, point source of unit intensity , S(&, 5, F) = S(Z—z) (| | — | po |),
D( @y, po, Fo; E') will give the detector’s response as a function of E'. In practice, it
is nearly impossible to compute D analytically; the physical processes which take
place in the detector are manifold and strongly energy dependent. The Monte Carlo
method provides a straight forward way of computing ) for a given 5.

The Monte Carlo method acts like a polling agency before an election. Since all

the voters cannot (economically) be questioned, a representative subset is questioned
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to give some indication of the opinion of the population at large. In the same way,
the Monte Carlo method samples a number of different possible tracks the gamma
ray may take through the detector and obtains a sample response function J(E')
for a given source S. If the number of sampled pathes is large enough, the sample
response function should be a close approximation to the actual response function.

This calculation is best carried out on a computer which allows the number
of sampled paths to be very large. The details of the Monte Carlo program used
need some explanation. Geant is a detector simulation package (written at CERN)
which provides the user with a set of routines which handles the bookkeeping of
the simulation. The user provides the program with a description of the geometry
and material of the detector and surrounding materials and a routine describing the
source distribution function. The program samples the source distribution to obtain
a starting position and momentum and computes the probability per unit path
length for all the relevant physics processes (Compton scattering, photo absorption,
pair production). The gamma ray is “moved” in unit steps along its momentum
vector and, at each step, the probability for each process is sampled. If one of
the above processes takes place, the appropriate distributes are sampled and the
energy, position, momentum and type of each secondary particle is stored. This
is continued until the primary photon leaves the apparatus or is absorbed. Next,
all the secondary particles are tracked in the same way and their secondaries are
tracked and so on until there are no particles left to be tracked. This constitutes an
event.

For each of the photon related processes, an energetic electron is produced. The
tracking of the electrons is handled in a somewhat different way than the photons
since the electrons lose energy in small steps as they ionize bound atomic electrons
close to their trajectories. To save computer time, the ionization electrons are

not tracked if they are below some energy threshold, typically 100 keV. Ionization
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electrons which are created inside the active region of the germanium detector are
assumed to contribute to the pulseheight; their kinetic energy is added to the total
pulseheight of the event. Electrons may also bremsstrahlung, emitting a photon,
which is also tracked.

The Geant package has been extensively tested at CERN to insure the tracking
and physics routines are corrected. Geant was also tested by setting up a germanium
detector in a known geometry with a known source. and comparing the measured
spectrum with a simulation for an identical detector and source using Geant. The
results of one such test is shown in Figure 1. In this test, a ®**Co source was placed on
axis 20 cm in front of an 80 cm® germanium detector. The Monte Carlo was then set
up to simulate this geometry. In general, the agreement between the measurement
and calculation is good above 200 keV, with the Monte Carlo calculation tending
to underestimate the number of counts slightly. Below 250 keV, the Monte Carlo
underestimates the number of counts by roughly 10 %. The reasons for this is clear:
to make the calculation run in a reasonable amount of time, the Monte Carlo only
generates primary gamma rays in a limited solid angle directed at the detector face.
In reality, gamma rays generated outside of this solid angle may scatter off the table
on which the source is placed, the source holder or other materials close to the setup
and then enter the detector. Since most such events would involve one or more large
angle scatterings, the gammma rays which make it into to detector will be generally
low energy, below 250 keV. Additionally, the exact construction of the detector and
source is not known and this may lead to an underestimation of the number of low
energy counts. This is especially clear in Figure 1; the backscatter peak around 230
keV does not appear beacuse the exact composition of the defector holder hehind
the crystal is not known. A second test was carried out with the same apparatus
with a 2.5 cm copper plate inserted between the source and detector (Figure 2). The

spectrum softens because gamma ray may now Compton scatter in the copper before
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Figure A.1 A comparison of measured (histogram) and calculated
(points) pulseheight spectrum for an 80 cm?® detector of known ge-
ometry with a ®°Co source. The errors for the measured points are
about 10 %.

entering the detector crystal. Here again, the agreement between calculation and
measurement is good down to about 250 keV, where the calculation underestimates
the number of counts. Tests have been carried out with other sources ('*"Cs and
12®Na) which emit two gamma rays in cascade and here too, agreement between

calculation and experiment is quite good above about 300 keV.
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