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A New Limit on the Neutrinoless Double Beta Decay of 1°®Mo

By
Joseph Mario Krivicich

March 23, 1988

Abstract

A search for the neutrinoless double beta decay of 1Mo was conducted using thin
Mo ﬁlms_ and solid state Si detectors. The experiment has collected 3500 hours
of data operating underground in a deep silver mine (3290 M.W.E). Only one
event was found to be consistent with neutrinoless double beta decay. Using this
one event, a limit of > 1 x 1022 years (1o) is set on the 1001'\/10 half-life. This is

approximately five times larger than the best previous °°Mo limit.
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Chapter 1

Introduction

In an attempt to look for physics beyond the standard model, non-accelerator

‘vexperiment's have become increasingly important. Experiments on tritium beta )

decay have put limits on the mass of the neutrino by looking at the shape of the
beta decay sﬁectrum ﬁear its endpoint. Underground experiments look for proton
deéay and have measured the flux of electron neutrinos from the sun. The solar
neutrino experiment of Davis detects a lower flux than predicted by the standard
solar model [1]. This may be evidence for matter enhanced neutrino oscillations
(MSW effect) [2]. Proton decay has not been detected, but these experiments have'
made the first observation of neutrinos from a supernova(1987a), a spectacular
result [3].

The experiment described in this thesis looks for the double beta decay of

190Mo. Double beta decay is a second order weak interaction process. The standard



Figure 1.1: Neutrinoless double beta decay

model allows the two neutrino decay,
NZ = N7*? 4 2¢” + 217. (1.1)
but forbids the neutrinoless decay.
N% = N%¥2 4 2;- (1.2)

Since reaction (1.2) violates lepton number conservation, special conditions must
be met for this decay to occur. The neutrinoless mode is mediated by a virtual
neutrino (figure 1.1). An antineutrino emitted along with the electron at the first
vertex cannot be absorbed as a neutrino at the second vertex. The neutrino must
be its own antiparticle, a Majorana neutrino. In addition, helicity is absolutgly
conserved for a massless particle and the V — A structure of the weaI\ interact’ion
requires the emitted neutrino to be left handed and the absorbed neutrino to be
right handed. The neutrino must be massive to break helicity conservation or there
must bea V + A4 contribﬁtion to the weak interaction to allow the absorption of

a right-handed particle.



These conditions represent new physics beyond the standard model. In grand
unified theories (GUTS), the electro-weak and strong force are joined into a sin-
gle fundamental interaction, blurring the distinction between quarks and leptons.
Baryon apd lepton number are no longer conserved. Since neutrinos and all other
léptons are in the same multiplet as the quarks, neutrinos are expected to ‘be mas-
sive. Left-right symmetric theories postulate the return of parity conservation at
some. high energy. This necessitates the introduction of a V' 4 A interaction. In
gauge theories only the fundamental gauge symmetry must be exact. The U(1)
symmetry of electrodynamics (i.e. charge conservation) forces charged fermions
'té be Dirac particles. A Dirac particle can be viewed as a linear combination of
two mass degenerate Majorana particles. Since the neutrino is electrically neu-
tr#l, there is né conservation law to force the mass degeneracy and neutrinos are
expected to be Majorana particles.

Neutrinoless double beta decay has long been recognized as a sensitive test
of lepton number conservation and of the properties of the electron neutrino.
Expectations arising from GUTS mentioned above, have renewed experimental
interest in this process in recent years. Double beta decay has been detected by
geochemical measurements on a number of isotopes [4][5]; however this technique
cannot di.stinguish Between decay modes. The two neutrino decay of 82Se has been

detecte.ci recently in the laboratory. A half-life of 1 x 10%° years was measured [6]..

The neutrinoless reaction (1.2) has not been observed by experiments of any type.



Chapter 2

General Background

2.1 Energetics and Spin-Parity

To observe double beta decay in a particular isotope, it is necessary that ordi-
nary beta decay be energetically forbidden or highly suppressed. This happens in
even-even nuclei, because the pairing force actiﬁg between like nucleons increases
the binding energy of these nuclei relative to their odd-odd neighbors (figure 2.1).
Double beta decay may then be allowed, if for a given atomic mass number A,
the nucleus of charge Z + 2 is at a lower mass than the nuclei of charge Z. If the
opposite is true double positron decay can occur, but the rate for this process is
suppressed relative to double beta decay because of the coulomb repulsion between
nucleus and positron. Double K capture can also occur. The rate is estimated
to be between that of double beta decay and double positron decay [7]. Experi-
mentally, this decay is very difficult to observe because\' the final state nucleus is

accompanied by only the two neutrinos. The neutrinoless process is a resonance
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Figure 2.1: Mass 100 isobars. The ®Mo to !®Tc beta decay is energetically

forbidden. The double beta decay to ®Ru is allowed.



E/E,

Figure 2.2: Sum energy spectrum. The dashed line is the two neutrino spec-

trum. The spike at the total decay energy is from the neutrinoless decay. The solid
line is the majoron decay spectrum (see section 2.4) The relative normalization is

arbitrary.

reaction and cannot occur unless there is an accidental matching of initial and
final stéte énergies. In all cases, intial and final states are even-even nuclei, with
the pairing force leadingvto spin 0 parity eveﬁ (JP = 0%) ground states. Low
lying excited states of daughter ﬁuclei are JP = 1* or JP = 2%, so only 0+ — J*+
transitions (J = 0,1, 2) need be considered [8].

Experimentélly, two neutrino double beta decay can be distinguished from the

neutrinoless mode by looking at the electron sum energy spectrum (figure 2.2). In



the two neutrino mode the energy is shared between the electrons and neutrinos.
Since the neutrinos are not detected, a broad beta-decay-like spectrum results. For
the neutrinoless mode all the energy is éarried by the two electrons and a peak
occurs at the decay energy E, the width of the measured peak being determined
by the resolution of the detection syst‘ém.‘ In both cases the repbil of the final state

nucleus takes very little energy away from the other particlesl. This is estimated

in 1Mo to be at most, E2/2M = 45 €V where E = 3 MeV and M = 100 GeV.

2.2 Majorana Neutrinos
Majorana neutrinos are their own antiparticles. To see how this situation arises,

consider a spinor field with a.standard (Dirac) mass term in its Lagrangian.
mapip (2.1) .

Since P9 = h.1p,, where 1, = 17,31 is the charge conjugate field. The mass term

can be written as.
md B+ B0/2 (22)

Now suppose additional mass terms %M ). and %M ".1p are added. These are
Majorana Mass term. If C' P conservation is assumed for the weak interaction, M

. '
is real and M = M . The mass term becomes,

) ) i —_ : . 1 vmd'__. M ) "
ma(Pp + Vetpe)/2 + M (ot + Pipe)/2 = 5( ’QZ ’IEC ) (2.3)
. o . S M myq; : :¢c ‘



where matrix notation is used on the right side of the equation [9]. The mass
matrix can be diagonalized by a unitary transformation, using the matrix.

1 1 1 (24)
U=— .
v2 1 -1

The mass matrix and mass eigenstates N are then.

mqg + M 0 N 1(1/):!:1,&) (25)
4+ = —= & .
0 mg— M v2

These are Majorana fields. They are invariant under charge conjugation.

If the Majorana mass term M were identically zero, it would seem that any
linear combination of ¥ and . would be allowed, since the Dirac mass can b;
written as mgyl, where I is the unit matrix. This is not the case for a charged
fermion such as the electron. Mixing ¥ and . would be equivalent to mixing
the electron and positron. This cannot happen because of charge conservation.
Specifically, charge conservation demands that the Majorana mass M must be
zero for charged fermions.

The neutrino is electrically neutral. Charge conservation does not force neutral
particles to have a zero Majorana mass term. In a sense then, Majorana neutrinos
are more likely than Dirac neutrinos, since any value of M except zero will produce

Majorana neutrinos.

2.3 Neutrino Masses in Gauge Theories

In the standard SU(2)L x U(1) theory of electro-weak interactions, fermion mass

terms cannot appear in the fundamental Lagrangian. These terms would explicitly



break the SU(2)L gauge sym‘met-ry: As a result the Higgs mechanism is used to
generate the fermion masses. A coupling of the form g;¢t1p is assumed, where ¢
is the Higgs field and g¢; is the coupling constant. Since the Higgs field has a -non-
zero vacuum expectation value f, an effective mass my = gy f is generated. The
coupling gy is fixed so that the experimentally measured mass is produced. In the
case of the neutrino, no Higgs coupling is a,ssﬁmed ana the neutrino is messless.
The Higgs mechanism could generate neutrino mass. This mass would be a

Dirac mass of the form,
mpp = m(Prr + PrYr) A (2.6)

where
b=t tvr m = 51— (Hhe 27)

The neutrino mass m, must be very much smaller than éhe electron mass 1m, Or
a qﬁark mass m,. Yet, all these m.asses are generated by the same Higgs field.
There i1s a good deal of theoretical prejudice against such a wide range of masses
being generated by the same process. | |

The “eee saw” mechanism ef Yanegida, Gell-Mann, Ramond and Slansky is a
mechanism for explaining the small value of a pessibie neutrino mees [10]. (The
presence of a very large matrix element producee very small aed very large eigen-
values in the diagonalization process much as a large mass on one side of a “see
saw” upsets its balance. Hence the name “see saw”.) The (v¥,%.) basis of the
previous section is no longer adequate. The fundamental fields are ¢f, and g and

the new basis is of the form (Y1, ¥R, ¥Lc, ¥R ), Where the definition of left and right
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are the same as above. M and my become 2 X 2 matrices. The unitary matrix U
still “diagonalizes” the mass matrix, if the 1s in equation (2.4) become 2 x 2 unit
matrices. The Majorana fields are N1+ = 715('/)}2(1,) + YRr(1)c)- In terms of the

Majorana fields Ng(1)+, the result is.

1, _ _ Npy 1, _ _ Np-
5( Npy Npy J(ma+ M) +5( Nypo Np_ Nma—M) (2.8)
) NR+ NR_
~ Since the Dirac mass term connects left and right states (previous paragraph)

and the Majorana mass connects left states to left states and right states to right

states.

0 m g 0
mgq = M= (2.9)

m 0 0 M

The Dirac mass m is assumed to arise from the Higgs mechanism and be on the
order of the electron mass. The mass term y is a left-handed neutrino mass and
is set to zero for simpli;:ity. M is the right-handed neutrino mass and is assumed
to be much larger than m, since right-handed neutrinos have not been observed
and amplitudes from virtual right-handed neutrinos must be suppressed. M must
arise from a Higgs type mechanism operating at a much higher energy scale, in
order to preservev the gauge symmetry. The matrix mq + M can be diagonalized

by a unitary transformation U, with the result,

(1 o
U =
\—a 1
(—mz/M 0
mg+M —

\ 0 M
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m?/M 0
mq — M =
0 —M
where @ = m/M << 1. The eigenstates are Ny, and Np, if a is neglected. The

mass term becomes.
s ‘ ] o E - .
_J\ZT—(NL__NL_ — NL+NL+)/2,+ M(NR{_NR+ - NRfNR_)/2 (2.10)
A left-handed Majorana neutrino is produced with mass m?/M <« m, as desired,
along with a very heavy right-handed Majorana neutrino of mass M. This split
into a heavy right-handed and light left-handed neutrino is not possible for a Dirac
I;article. For m = m, and M ~11 TéV, the light neutrino mass m, is O(1 eV).
This can be realized for some gauge theories based on SU(2); x SU(2)r x U(1)
8] |
In the diagonalization of the two matrices my & M ;| the two eigenvalues appear
with opposite sign. This is consequence of their opposite C' P parity. In general
chargev conjugation may not be a symmetry of the Lagrangian. To a good ap-
proximation weak interactions are symmetric under CP; and C'P conservation .is
assumed in the above; hence Majorana neutrinos are expected lto be CP eigen-
states. In particular, it can be shown that the CP phase; is +i (N — :i:z'N under
CP) [11]. Consider the case of a Dirac neutrino. rﬁdi M — my. The 2 X 2 matrix
ma (equation (2.9)) can be diagonalized by the unitary transformation of equation
(2.4). The eigenvalues are +m. This implies there are two mass degenerate Ma-
jorana neutrinos of opposite C'P parity. A Dirac neutrino is a linear combination

of two mass degenerate Majorana neutrinos of opposite C P parity.[12]
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So far only one flavor of neutrino has been considered. If there is more than
one type of neutrino (ve,v,...), it is possible within the context of the standard
model to generate mass term m;;;1p; by the Higgs mechanism, where i, j repre-
sent different neutrino flavors. Mass terms of this type produce neutrino mixing,
where the mass eigenstates are not equal to the weak interaction eigenstates. In
general the weak interaction eigenstates are then a linear combination of the mass

eigenstates,

Ve = ZUeiViL (2.11)

vur = Y. Uuvir
i

where v; are the mass eigenstates and the L indicates the left states. The coef-
ficients U; are unitary matrix elements. In a gauge theory which includes right-

handed neutrinos,
vep = 3 Vetir (2.12)

where similar relations apply for other neutrino flavors. The right and left states

are independent [17], hence

(ver | vop) = 3 UeiVej =0 (2.13)
, 7

This has important consequences for the neutrinoless mode of double beta decay

(see section 2.5). Further, since a Dirac neutrino is a linear combination of mass

degenerate Majorana neutrinos, it can be assumed that all the mass eigenstates

are Majorana neutrinos without any loss of generality.
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Figure 2.3: Neutrinoless double beta decay in the 2N model. The band in

the lower half of the diagram represents the spectator nucleons.

2.4 Models for Double Beta Decay

The most commonly encountered model for double beta decay is the two nucleéﬁ
(2N ) mechanism. Two neutrons in the initial nucleus undergo ordinary beta decay
and transform into two protons of the final nucleus. This is not the same as two
separate beta decays because the intermediate nucleus may be virtual. In the neu-
trinoless mode the neutrino is virtual connecting the two vertices (figure 2.3). This
acts as an effective interaction potential between the neutrons. Hadronic currents
are treated in the impulse approximation leading to Fermi (%) and Gamow-Teller
(7*0) nuclear operators. For the electrons only the lowest lying spherical waves
(S-waves) are considered in the allowed approximation. Higher spherical waves
(P and above) are suppressed because of thé long electron wavelength relative to

a nuclear radius.
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Neutrinoless double beta decay can also occur via nucleon resonances (IN*)

inside the nucleus (figure 2.4). Possible reactions are.

I
AT = p+2e”

A = At 42e”

A° = ATt 42~

As in the 2N mechanism a virtual neutrino connects the two vertices in this mode
and a d — u quark transition occurs at each vertex. The double beta decay
amplitudes for the last two reactions are suppressed relative to the first, because
of the requirement of an additional strong interaction amplitude to produce the
A — p transition. In addition, the N* mechanism does not contribute to the
0t — 0t groun.d state transition in the allowed approximation. The hadronic
currents must generate both the 0¥ — 0% transition and one of the above AJ =1
reactions. This cannot occur if both electrons are in S waves or if one electron is
in a P wave and the other is in an § wave. As a result this mechanism is highly
suppressed relative to the allowed 2N process. The N* mechanism is expected to
be of importance in the 0* — 2+ transition [8].

It is possible to induce neutrinoless double beta decay without the mediation
of a virtual neutrino. In the Higgs model (figure 2.5), a doublet Higgs boson ¢
is assumed along with triplet Higgs H. The triplet couples to the doublet via
my¢'H¢ and the doublet couples to fermions as gs¢iep. Since the doublet is
responsible for generating the fermion mass and the W boson mass, the quark

coupling g, ox 7% and the process is highly suppressed [13].
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Figure 2.4: An example of the N* model of neutrinoless double beta decay.

Nwy

Figure 2.5: Higgs model for neutrinoless double beta decay.
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Another neutrinoless decay mode, differing from the reaction (1.2), is the ma-

joron process,

NZ? = N?*2 4 2¢- + B (2.14)

where B is the majoron, a massless Goldstone boson. The majoron is a type of
Higgs boson, used to generate neutrino mass aﬁd couples to neutrinos via gépysip.
The coupling g may be significant because g. ~ m,/f, where f, the vacuum ex-
pectation value of the majoron ﬁbeld, may be small [14]. The majoron decay may
readily be be distinguished from ﬁeutrinoless double beta decay by looking at the
sum energy spectrum of the two electrons (figure 2.2). Recently, it was reported
that this decay mode might be present in ®Ge with a half-life of 6 x 10* years
[15]. Other "®Ge experiments see no evidénce for this and set limits on this fnode

which are inconsistent with the above half-life [16].

2.5 Neutrinoless Double Beta Decay in the 2N

Model

An effective interaction hamiltonian for neutrinoless double beta decay is,

G .. -
Hy = —5ljv- (T} + 7h) + jr - (1L + AT + hee.

where jr(r)y and Jrr) are leptonic and hadronic V' — A currents (V + A currents),
respectively, and h.c. stands for the hermitian conjugate of the preceding terms.
, n and X are real constants to be determined by experiment. Double beta decay

is a second order process in this effective interaction. Keeping terms to first order
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in x, n and XA generates leptonic contributions to the matrix element of the form
Jrjr and jrjr. Further, since it can be shown that jrjz o ﬁz,, (see below), another
small quantity, the x term is of second order and can be ignored. ‘

- In the SU(2); x SU(2)r x U(1) gauge model n¢ither n nor A can b¢ arbitrarily
set to zero. This breaks the gaugé symméti‘y. Iny this model A\ ~ (M /MWR)2
and n = - tan(¢), where My, and My g are the masses of the left and right gauge
boson and ¢ is the mixing angle between their mass eigenstates.[8]

The leptonic parts of the amplitude (jzj L(r)) are explicitly of the form, -

&@)75(1 = 18)ve(2)E(u e (1 £ 75)e(y) = &(@),(1 = vs)ve(@)ve (V) (1 £ sV F e (y)
(2.15)
where the (14+;5) correspond to the ViA currents and the superscript 7' indicates
the £ranspose. When time ordering is taken into account the ve(z)vX (y) terms
cancel for a Dirac neutrino and the amplitude is identically zero. For a Majorana
neutrino it becomes the standard Feynman propagator times the factor C' = 1Y27Yo-
The factor C commutes with 75, changes 47 back to v, and changes €7 (y) to e(y),
where the superscript C' indicates the charge éonjugate state. The amplitude is

then.
. [ diq emiv(E-y) - o . :
- ’/ T —mz &(z)Yo(1 = ¥s)(7 - g + mu)(1 £ 75)7,€%(v) (2.16)

v

In terms of the dirac spinors u and v, this is

| [ diq emitl==v)
- z/ 7 —m? ~a(2)7,(1 = 75)(7 - ¢ + mu )(1 £ 75)750(y) (2.17)

where ¢ is the virtual neutrino four momentum. For the Jrjr term, the v:q part of

the amplitude vanishes, since 5 anticommutes with v -q and (I1—7v)(1+s)=0.
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The jrjr amplitude is proportional to m,, as stated above. For the j;jr terms,
the opposite occurs. The m, term is zero and the v - ¢ part is non-zero. This is

[y

just a mathematical restatement of the conditions stated in the introduction.
1. The neutrino must be its own antiparticle, a Majorana neutrino.

2. The neutrino must be massive or there must be V + A currents to break

helicity conservation.

If neutrino mixing occurs the weak eigenstates are not the same as the mass
eigenstates. For each mass eigenstate, factors U,; or V,; (see equations (2.11),
(2.12)) appear at each vertex. The jpj; amplitude is proportional to m;UZ, for

“each neutrino mass m;. If neutrino masses are small compared to ¢, the four
momentum (¢ ~ O(80m,) for Mo ), then the mass can be neglected in the
denominator of the propagator in equation (2.17). All amplitudes are then equal
up to the factor m;U2. Summing over the neutrinos 7, the total jrj; amplitude
for light neutrinos is proportional to an effective mass {m,) = 3 ; m;U2. In the
samt; small mass approximation, the jrjr term has an effective couplings (n) =
nYiUeiVei and (A) = A%‘;% 3 Uei Vi, where 8 is the standard Cabbibo angle and
6 is the Cabbibo angle for right hadronic currents.

If all neutrinos are light, then in the SU(2);, x SU(2)r x U(1) gauge model both
(n) and ()) are zero, by equation (2.13). To be more precise, the jrjr amplitude
is non-zero to the extent that neutrino masses are not negligible compared with

the four momentum ¢ in the neutrino propagator. If all masses are zero the jrjr

amplitude vanishes identically. The effective couplings (n) and () are useful if the
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neutrino mass spectrum can be divided into heavy (m, >> ¢) and light neutrinos
as in the “see saw” méchanism. The contributions from the heavy neutrinos are
neglected because the m2 in the denominator of the propagator supﬁresses these
terms. The sums over ¢ in (1) and () are not complete and the effective couplings
are non-zero, but may be much smaller than 5 or .

It would seem that the above gauge model also requires massive neutrinos
for the V 4+ A mechanism to work. This occurs because the JrJr amplitude for
a single Majorana neutrino violates unitarity at high energies (electron energies
— 00). This limit is important because the jrjr amplitude is also responsible
for the reaction W~W= — e~e~. Gauge theories have the general property that
they are renormalizable and that unitarity is not violated. As a consequence, in
the high energy limit, which is the same és the limit in which all neutrinos are
massless, the amplitudes for different neutrinos must cancel each other.

The argument can be extended to general gauge theories, if it is assumed
that there is no doubly charged boson, as in the Higgs mechanism of section 2.4.
Neutrinoless double beta decay is .then mediated only by virtual neutrinos and the
JjrJr amplitude will violate unitarit_y in the high energy limit unless }; U,;Ve; = 0.
Since the high energy limit is the same as the condition that all neutrinos are
massless, the V + A contribution is zero unless at least one neutrino is massive.[17]

Given these qualifications the conditions listed above can be combined.

e Neutrinoless double beta decay can occur only if there exists at least one

massive Majorana neutrino.
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Cancelation can also occur in the effective mass term. Because of the symmetry
in equation (2.15), U2 #| U, |*. In the CP conserving case (m,) = 3, miUZ, =
>k %t | Uek |* my, where x; is the CP phase (£:)[18]. In the case of a Dirac
neutrino the sum extends over two mass degenerate Majorana neutrinos of opposite
C P parity, (m,) = (m; —m2)/2 = 0, as expected.

Because of cancellations in the various sums, it is possible for the contribution
of the light neutrinos to be negligible compared to that of the heavy neutrinos
(m > ¢). This is the exact opposite of what has been assumed up to this point. In
equation (2.17), ¢ can neglected relative to m, in the denominator of thé neutrino
propagator. The ¢ - v term of the numerator is of order ¢/m, and can be dropped
relative to the m, term; hence only the jrj; contribution is important. The
amplitude is then proportional to 1/m,. If neutrino mixing is added, this becomes

an effective inverse mass (1/m,) = T; UZ/m;.

2.5.1 The Neutrino Mass Mechanism

In treating the hadronic part of the matrix element, only the m, term (jzjrJ} J})
will be considered in detail. The hadronic amplitude is calculated in non-relativistic

perturbation theory. It is,

5 (Ng [ TL,(2) | Na)(Na | TE,(y) | N:)
) (Ea+CU+€1—Mi)

a

(2.18)

where IV; and Ny are the initial and final nuclear states with masses M; and My. w
and €, are respectively the neutrino and the electron (emitted at y) energies. The

sum is over all intermediate nuclear states N,, with energies E,. The closure ap-
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proximation is routinely used to calculate this quantity. The intermediate nuclear
state energies E, are replaced by an average value y. The sum over intermediate

states becomes the identity operator. The amplitude is

Sp(@y) Ny | T (2)Th () | V)
(/'L+LU+€1,'—M,') _ (ﬂ+w+€1—Mi) (219)

Since w is larger than average nucleé,r excitation energies, such as the giant Gamow-
Teller resonance, the variation of the energy denominator with E, is weak and this
approximation is justified.

In order to conform to the non-relativistic perturbation theory used in the
hadronic term, the neutrino propagator has to be integrated over dgo. If light

neutrinos are assumed to dominate the process, the leptonic part becomes.

. e gz _ &Bq ..
—ifm) [ L Da(eyy, (1 e)oly) = —ifma) [ SR ()
(2.20)
This must be contracted with the hadronic part and appropriately anti-symmetrized

with respect to the two final state electrons. The result is

(mtwte—M) (pt+wte—M)

—ifm,) [ C5(a )| e

(Summation over repeated indices is implicit in this formula.) Because of the
symmetry properties of S and ¢ under the combined operation z « y and p « o[8],

this becomes,

1 1
(u+w+€1—Mi) +(#+W+SZ_M)]
(2.22)

. dS iq-(z— .a
—i(m,) [ SR (o, y)ty (2, )]
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where the integration variable q has been replaced by —q in the second term in
order to factor out the exponential. In addition, S is symmetric under inter-
change of p and o. Therefore, only the symmetric part of ¢,, under this operation
contributes to fhe sum. The tensor properties of ¢,, are determined by 7,7,. The
symmetric part is (7,70 +77,)/2 = goo. The'electronic and hadronic contributions

then factor out.

St = Sht;  t = u(z)(1 + vs5)v(y) (2.23)

The neutrino propagator term along with the two energy denominators defines
an effective interaction potential h(z,y) after integration over the virtual neutrino

momentum q,

#(Er)R o Re~15Er
—

h(z,v) = —; r=lo-yl (2.24)

where E = yu — (M; + M;)/2, the weak dependence on ¢; and &2 has been dropped
and R, the nuclear radius, has been introduced to make h(r) dimensionless. (A
factor of 1/R? must be included in the decay rate formula to compensate.) For r
on. the order of a nuclear radius the exponential is approximately equal to unity
and A(r) ~ £, The hadronic currents are treated in the impulse approximation

leadijhg to Fermi and Gamow-Teller nuclear operators.

&
P @S T e e
A J

The sum extends over all nucleons 2 in the initial or final state and the factor ';L:

accounts for the fact that hadronic currents are not pure V — A due to strong

interaction effects. 7+ is the isospin raising operator (n — p) and o is the Pauli



23

spin matrix three vector. In the allowed approximation of ordinary beta decay the
z dependence of the electron wavefunction is ignored, since the electron wavelength
is much larger than a nuclear radius. Using this approximation for both electrons
and integrating over = and y, the contraction S’ along with the neutrino potential

h(z,y) generates double Fermi and d"ouble Gamow-Teller matrix elements.

C 2
/ Podyh(z,y)S? = z—;’MF—MGT (2.26)
A

Mg = (Ng(z)]| h(w,y)ZTf“Tf | Ni(y))

Mer = (Ny(z) | h(:c,y)Zm- : 0’:“";+7'f | Ni(y))

ij
The integrations over z and y are implicit in the definitions of Mr and Mgr. The
¢ = J term is excluded in all sums.

The decay rate is obtained by squaring the amplitude and integrating over
phase space. If free i)article spinors are used for the electron wavefunctions, the
electron contribution to the amplitude squared is t* « (1—f; 52 cos §), where $; and
B2 are the electron velocities and 6 is the angle between the two electrons. Coulomb
correction factors must be included for each electron. They can be approximated
by the form F(Z)/8, where F(Z) is a function of the nuclear charge Z only. The
| phase space factor is D1€1P262de, after energy conservation ié used to eliminate the

€1 integration. The electronic contribution to the rate is,
F(Z)%3c2deqy(1 — B1facos§)dR; €1 =Q —e, (2.27)

where @ is the energy difference between the initial and final nuclear states. Upon

integration over the solid angle the one electron energy spectrum is obtained (figure

2.6).
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Figure 2.6: One electron energy spectrum for Mo . The vertical scale is

arbitrary.
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The maximum occurs at the midpoint. The endpoints are non-zero because
of the coulomb correction. Integraﬁon over the remaining electron energy can -
bevdone analytically, if the 8;3; term is ignored. This generates a fifth order
polynomial in the decay energy @ and the electron mass m., P(Q,me);[lg]. To

leading order the decay rate is proportional to Q°. The inverse half-life is then,

1 G*
"'10/1/2 - R?

P(Qm)F(2) | Mar ~ LMy m,’ (2.28)
A.

where G is the Fermi coupling. (All numerical factors are incorporated into the
definition of P(Q,m.).)

Use of the free particle spinpré and the above form of the coulomb correc-
tion produces the correct angular correlation and approximates the one electron
spectrum reasonably well, but badly underestimates the total decay rate. Exact
solutions of the Dirac equation for an electron in the field qf a nucleus must be
used and the phase space integration must be done numerically. The results are
summarized in terms of an integrated kinematical factor G(@, Z). The inverse

half-life becomes,

1 2
o =9(Q,2) | Mgr — g_‘;MF 1> (m,)? (2.29)
T1/2 9a .

where all constanté, including G* and R? are included in the definition of G(Q, Z).
G(Q, Z) has been calculated by Doi et.al.[8] for most isotopes of interest. Many of
these values can also be found in Engel et.al. [20].

Both the double Fermi and double Gamow-Teller nuclear operators are scalars
under rotation. As a result only the 0¥ — 0% transition is allowed. This is a

consequence of the closure and allowed approximations. Implicit in ignoring the
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position dependence of the electron wavefunctions in the allowed approximation
is the assumption that both electrons are in spherical S waves. If P waves are
considered, factors of p - (z — y) would appear in the nuclear matrix element. If
one electron is in a P wave and the other is in an S wave, a 0% — 1~ transition
could occur, but there are no low lying 1~ nuclear final states. To reach a 1* final
sfcate, both electrons would have to be in P waves. This is possible but the rate
would be highly suppressed. |

If closure is not used then the 1* transition can occur with both electrons in S
waves. This is best understood by csnsidering angular momentum conservation.
The two electron spins add up to 0 or 1. The initial nucleus is 0*. As a result,
angular momentum conservation demands the final state be 0% or 1*. In terms
of nuclear operator, the 1+ tr#nsition requires the inclusi)on of products of Fermi
and Gamow-Teller operator (7;t7;70;). Operators of this type exist if closure is
not used. The double S wave 1* transition is suppressed to the extent that the
closure approximation is accurate.

Similar considerations explain the (1 — f;5; cos§) angular correlafion. Each
electron is generated by the V — A interaction. As a consequence both electrons
have dominant left-handed helicities. In the allowed approximation both electrons
are in S waves and their total spin must be zero for the 0* — 0% transition (which
is the only transition in the closure approximation). With the same helicities the
electrons must be emitted predominantly in oppo‘sits directions in order to cancel
their spins; hence the above angular correlation.

Almost all of the above discussion remains unchanged if heavy neutrinos dom-
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inate the decay. The only difference is the neutrino potential (equation (2.24)),
which now becomes the point interaction h(z,y) = 276*(z—y)/m2. This generates

different double Fermi and double Gamow-Teller matrix elements,

'

My = (Ny(@) | ritr} | Nie) (2.30)

Mgr = (Ny(z)| X oi-ojritrt | Ni(z)
ij

where there is only one integration over . The inverse half-life is

1 ' z 1\2
5 = 4T RG(Q, 2) | Miz — Tn 1P (—) (2:31)
T1/2 9ga my

where (-"-11:) is the effective inverse mass mentioned previously and R is the nuclear
radius. Angular correlations, selection rules, the single electron spectrum and

G(Q, Z) remain the same.

2.5.2 The Right-Handed Current Mechanism

The V 4+ A current contributes t§ thé amplitude only for light neutrinos. The
leptonic contribution is proportional to < - ¢. This can be broken down into two
parts, a scalar term, yow and a vector term, ~-q.

The scaler part is very much like the massive neutrino term just considered.
Differences arise because of the symmetry properties of fhe electronic aﬁplitude
t,0- There is>no sign change on the second energy denominator term as in equation

(2.22). The energy denominator is.

1 | 1 _ €1 — €9
(htw+e—M) (p+wte—M) (p+w+e —M)p+w+e — M)
- - (2.32)
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Figure 2.7: One electron energy spectrum for Mo , given that the RHC

scalar term dominates. The vertical scale is arbitrary.

If this is the dominant term a factor of (e, — €2)? must be included in the decay
rate. As aresult the one electron spectrum is no longer domingted by phase space
and becomes bimodal (figure 2.7). The spectrum will go to zero at the midpoint
only if all other parts of the amplitude are identica.lly zero. Integrating over this
spectrum produces, to leading order, a Q7 énergy dependence for the total decay
rate, but as before the integration rﬁust be done numerically to insure accuracy.

The neutrino potential also changes because the denominator on the right above is
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used to produce it. The nuclear matrix elements (equations (2.26)) are still double
Fermi and double Gamow-Teller, but with the new potential h'(z,y). Selection
rules are the same as before. Only the 0t — 0% transition is allowed to leading

order.

The vector térm, ~-q, also generates a different neutrino potential. The energy
denominators are the same as in the neutrino mass case because of the éﬁbstitution
q — —q required to factor out the exponential in the second term (see equation
(2.22)). If the vector term is dominant the single electron eﬁergy spectrum and
@ rate dependence are the same as in the neutrino mass case. The difference in
the potential arises from the «-q term itself. Integration over‘ q generates a factor
of r in the numerator of the neutrino potential. The closure approximation does
generate double Fermi and double Gamow-Teller type nuclear .operators, but in
addition there are factors of &'r to be considered. This éperator is odd under
parity. To conserve parity in the 0t — J* transitions one electron must be
in a spherical P wave. As a consequence transitions to all possible final states
(J = 0t,1%,2%) are allowed in lowest order for this term. This is the only term
which allows the 0% — 2% transition in lowest order. Observation of neutrinoless
double decay to the 2% excited state would be clear evidence for the existence of
right-handed currents.

For both the scaler and vector part of the V + A term, both final state electrons
are emitted with predominantly épposite helicities. In the ground state transition,

(0* — 0%) angular momentum conservation demands that electrons have no an-

gular momentum. In the plane formed by the two electron trajectories, only the
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electron spins contribute to this component of the angular momentum. The spins
must tend to cancel, so that it is expected that the two electrons will be emit-
ted predominantly in the same direction to cancel their opposite helicities. The

angular correlation is then (1 + $1/; cos6).

2._5.3 The Total Decay Rate Formula

If nuclear recoil is included, the vector part of the V + A term contributes five nu-
clear matrix elements to the 0¥ — 0F transition. The neutrino mass term and the
scalar part of the V + A term each contribute a double Fermi and double Gamow-

Teller nuclear matrix element. If all terms contribute there are nine nuclear matrix

elements, the total decay rate becomes for light neutrinos[8§],

Ro, (0t - 0%) = € (S’Z—>)2 + CoRe ((%)—(A)) + CsRe (<m”> (n>)

€ [ [+

+Ca{A)* + Cs(n)” + CeRe ((X)(n)) (2.33)

where Re stands for the real part of the quantity in parenthesis. This is done
because the effective couplings may be complex. The six coefficients C; are defined
in Doi et.al.[8] and depend on the nine nuclear matrix elements and nine integrated
kinematical factors. These kinematical factors vary between the fifth and seventh
power of the energy release as mentioned in the previous two subsections and are

a strong function of Z, the nuclear charge.
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Reference 6Ge 828e¢ 199Mo

Engel et.al. [20] 1.97 148 238
Tomoda et.al [21] | 4.35 3.93 —

Grotz et.al [22] - | 12.9 10.1 —

Haxton et.al [7] 502 4.06 —

Table 2.1: | Mgt — §¥MF | The combination of nuclear matrix elements appro-
A
. priate for the neutrino mass mechanism of neutrinoless double beta decay. A dash

indicates that this group has not done the calculation for the element in question.

2.5.4 Nuclear Matrix Elements

Of the nine nuclear matrix elements in the ground state decay rate formulé for
light neutrinos, only two, the double Fermi and double Gamow-Teller matrix el-
ements appropriate for the neutrino mass mechanism, have been calculatéd for
100Mo . Table 2.1 lists the total matrix element for the neutrino mass mechanism
of double beta decay for three selected isotopes as calculated by various authors.
The conventions of references [20] and equation (2.29) are used. The Caltech group
of Engel et.al. hasidone the only °°Mo matrix element calculations to date. As
Table 2.1 shows, there is as much as a factor of 7 disagreement between calcu-
lations by different groups for the sarr:e isotope. Similar disagreements occur in

other isotopes and matrix elements.

These discrepancies have occurred because of the complexities of the calcula-
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tions. Detailed models of both the initial and final state nucleus must be used
and various approximation schemes employed. The Caltech group of Engel et.al.
uses the Quasiparticle Random Phase Approximation (QRPA) to calculate matrix
elements. The results of their calculations depend strongly on a particle-particle
interaction strength parameter, . The value of a is determined by an examina-
tion of Bt decay, but only to an accuracy of +5%. The Caltech values in Table
2.1 correspond to the lower limit of the allowed range of a. Using the upper limit
reduces the "*Ge and 32Se values by a factor of 2. In 1Mo the QRPA breaks down
for the final state Ru nucleus at this value of @ and a matrix element calculation
is not possible. The Tiibingen group of Tomoda et.al. also uses QRPA, but finds
their neutrinoless matrix elements to depend only weakly on a and quote only
single values rather than a range of values. The calculations of ‘botv:h Grotz et.al.
and Haxton et.al are parameter free. Grotz et.al. uses QRPA, but ignores the
particle-particle interaction. Haxton et.al. does a full shell model calculation.
The only way of testing the various approximation schemes used in matrix
element calculations is by comparison of predicted two neutrino decay half-lives
with existing experimental values. Experimental results are listed in Table 2.2.
Table 2.3 lists predicted half-lives for these isotopes, calculated by the same authors
as above. The Caltech calculations of Engel et.al. are again parameter dependent
with the values for the lower limit of « listed. The half—life is a factor of 10 and
5 smaller for #2Se and !'*Te, respectively, at the upper limit of @. Unlike their
neutrinoless calculations, the Tﬁbingen group (23] (not listed in Table 2.3) finds

that the two neutrino matrix element goes through zero within the allowed range of
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Reference 82Ge 130Te

Elliot et.al. [6] | (1.1+.6—-.3)x10* .= = —

Kirsten et.al [4] { (1.3 4£.05) x 102 (1.5 —2.75) x 10*

Manuel et.al [5] (1.0 £ .4) x 10%°. (7£2) x 10%°

Table 2.2: Experimental 71/2(2v) Measured half-lives, in years, for two neutrino
double beta decay. A dash indicates that no measurement on this isotope was
done. The first measurement is by a direct counting experiment. All other are

geochemical.

the particle-particle strength parameter. They therefore can only put a lower limit
on the half-life. The limits they set are all consistent with the ékperimental values
‘in Table 2.2. Of the results listed in Table 2.3, the caléulations of Engel et.al. come
closest to the experimental numbers. The 32Se calculation is essentially identical

to the experimental value, but the 13°Te result is still considerably in error.

To set the scale for neutrinoless double beta decay, fhe ﬁatrix eierﬁents in
Table 2.1 of Engel et.al. are used in equation (2.29) to calculate the ilalf—lives.
For an effective majorana neutrino maés, (m,), of 1 €V, the resﬁlts are 2.7 x 1025,
1.1 x 10% and 1.9 x 102 years for "6Ge, #?Se and 1°°Mo , respec;tively. These half-
lives differ mostly because of the strong dépendence of the integrated kinematical
factor on Z and Q. Given the variation in Table 2.1, the a,bove>va1ues may be

lower by as much as a factor of 50.
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Reference 82Ge 130T

Engel et.al. [20] [ 1.2 x 102 2.2 x 102°

Grotz et.al [22] | 1.5 x 10%° 1.2 x 10%°

Haxton et.al [7] | 2.6 x 10'® 1.7 x 10'®

Table 2.3: Theoretical 71/2(2v) Half-life predictions, in years, for two neutrino

double beta decay by various authors.

2.6 Previous Experiments

One of the earliest experiments on Mo was done by Winter [24] in 1955. Using
a Wilson cloud chamber and ordinary Mo foils, a limit of 3 x 107 years was
placed on the total half-life, including all modes. At the time, this experiment and
others like it were taken as proof that the neutriné was a Dirac particle, since the
neutriqoless decay induced by Majorana neutrinos was expected to occur with a
half-life on the order of 10'3 years and the two neutrino decay which is allowed for
both Dirac and Majorana neutrinos had an estimated half-life of 10! years. With
the advent of parity violation in ordinary beta decay and the introduction of the
V — A interaction it slowly became clear that this conclusion was wrong, since the
helicity requirements of the V — A structure of the weak interaction could strongly
suppress the neutrinoless reaction if the neutrino were nearly massless.

For many years geochemical experimenfs dominated the field and provided the

best double beta decay limits. In this technique ore samples rich in candidate
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double beta decay elements are K-Ar dated and the number of double beta decay
daughter nuclei is measured using a mass spectrometer. This procedure is made
i:)éssible by the high sensitivity of noble gas mass spectrometers. Since the decay
products of the 82Se and Te isotopes are Kr and Xe respectively, these double beta
decay candidates are particularly suited to this technique. The measurements of
references [4] and [5] in Table 2.2 weré done using this method;

Geochemical experiments cannot distinguish between decay modes. Only di-
rect counting experiments which detect the individual events can do so. Revival
of interest in direct counting experiments on double beta decay occurred with the
advent of GUTS in the 1970s. One of the most popular techniques was pioneered .
by the Milan group headed by Fiorini. A Ge éolid state detector is used both as
the source material and as the detector. Naturally occurring Ge is 7:8% Ge, a
double beta decay candidate. The technique is essentially electron calorimetry.
One searches for the neutrinoless decay mode by looking for a peak in the energy
spectrum at the Ge decay energy of 2.045 MeV. The detectors have excellent en-
ergy resolution with a full width of approximately 3 keV. Ge detectors are also
very pure. As a cohsequenée they are low in radioactive contamination which can
mimic double beta decay. Current Ge experiments are listed in Table 2.4, along
with other experiments which have produced limits on the ground state transi-
tion of neutrinoless double beta decay. All of the Ge experiments are operéting

underground in order to reduce cosmic rays as background sources.

In attempt to go beyond simple calorimetry and achieve better background

rejection capabilities, many of the Ge groups in Table 2.4 use active Nal shields
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Group Isotope Detector Mole-years | T1/2
Zar./Bord./Stras. [25] %Ge Ge* .68 2
CIT/SIN/Neu. [25] %Ge  Ge* 40 6
Osaka [26] %Ge Ge* .93 N
'PNL/USC [25] %Ge Ge a1 14
Quelph/Apt./Que. [25] 76Ge Ge 1.2 1.6
Milan [25] 6Ge Ge 3.0 1.8
UCSB/LBL [25] | ™Ge . Ge* 9.0 5.0
UCI [27] 825e  TPC 15 s
Osaka [26] | 19°Mo Si* 007 002
Kiev [28] 10Mo  PS 61 021
Milan [29) 1B6¥e  MPC 070 .017 (90%)

Table 2.4: Experimental Lower Limits on 71/2(0v). All limits are in unit
of 102 years (68% c.l. unless noted otherwise). Ge=Ge solid state detector,
TPC=Time Projection Chamber, Si=Si solid state detectors, PS=Plastic Scintil-

lator, MPC=Multi-element Proportional Chamber and *=active Nal shield.
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in anticoincidence with -their Ge detectors. The problem:is that the Nal has
introduced about as much background as the shield rejects, with the resultvthat
the Ge groups with the bést-limit_s have about the same background per unit mass
of Ge, even though one uses a Nal shield and the others do not.

The only direct counting experiment which has succeeded in making a mea-
surement of double beta decay is the 32Se experiment at UCI. Their two neutrino
- result (Elliot, et.al. [6], Table 2.2) confirms the geochemical work. Table 2.4 lists

their neutrinoless limit.  This group uses a Time Projection Chamber (TPC). The
82Se source material is formed into a thin sheet and placed in the central plane of
the the TPC. A 700 gauss magnetic field is used to identify the particles as elec-
trons. The requirement that the two electron vértex originates at the source plane
- greatly reduces backgrounds. The energy resolution for two 1 MeV electrons is .25
- .MeV. Because of accessibility requirements the detector is operated at sea level
with a cosmic ray veto. The main sources of backgréund in this system are beta
decay followed by internal conversion in the source material and Mgller scattering
of electrons in the source. The origin of the electrons which Mgller scatter can
either be beta decays or Compton scattering of gamma rays in the source plane.
The main drawback for this system is sizeé and complexity, which does not allow
for the use of a large quantity of source material and will not allow the experiment
to be operated conveniently underground. .

The most recent experiment on Mo was done by the Osaka group in Table
2.4. This group used a technique almost identical to our own. Foils of isotopically

separated Mo are placed between Si solid state detectors. The simplicity of
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the design tends to minimize possible sources of radioactive contamination. The
segmentation héwever provides more information than a single crystal Ge eiperi-
ment, facilitating background rejection. Their design differs from our own mainly
in the size and properties of the Si detectors used. vTh'eir detectors are smaller
in diameter (2 in. versus our 3 in.) and are thicker (.5 cm versus our .14 cm).
Their Si detectors also have a 15 ym déad layer on one side, whereas our’s have
almost no dead layex:bin comparison (see section 3.1). These differences aﬁ'gct the
experiments energy resolution a,r;d background rejection capabilities. The Osaka
group found contamination from the ?33U and #*?Th radioactive decay chains at
the 100 ppb level in their Mo foil. Their limit on ﬁhe neutrinoless half-life is
2 x 10?9 years.:

The best previous limit on ®Mo comes from an experiment by the Kiev group
in Table 2.4. This experiment used plastic scintillator and separated 1Mo foils.
The radioactive contamination in tilis experiment was comparable to that of the
Osaka group, but the sample size was much larger. Their limit piaced on neutri-
noless double beta was 2 x 10?! years.

Listed at the bottom of Table 2.4 are preliminary results from a new *$Xe
experiment -done by the Milan group. The new experiment uses a Multi-element
Proportional Chamber (MPC) filled with Xe gas. The system conservatively has
an energy resolution of 5% . The chamber holds 100 liters of Xe at a pressure
of approximatély 10 étmospheres. In the future the Milan group plans to use

enriched Xe with a 60% isotopic abundance of *¢Xe.
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Chapter 3

Description of the EXperimvent

In this experiment an array of 40 solid state Si detectors is used to look for the
neutrinoless double beta decay of 1°°Mo. The Si detectors are disks with a thickness
of 1.4 mm and a diameter of 7.6 cm. Each detgctor is‘ separated from the next by
a gap of 1 mm, creating a cylindrical stack of detectors 9.5 cm high (figure 3.1).
Thin Mo films are placed in t_h¢ 1 mm gap between the Si detectors.

At first, tirlis technique may seem similar to previous Ge experiments, simply
~ another attempt at electron caloriﬁetry. This is nof the case. Most double beta
decays deposit energy in more than one detector. The spatial distribution of energy
among the detectors in the array is a useful tool in distinguishing double beta
decay from background. Specifically, events with energy in only one detector and
events with energy in a discontiguous set of detectors can be eliminated. Above an
energy of 2 MeV, the one-detector events are predominantly alpha particles and
have only a small probability of being double beta decay events. The discontiguous

events are caused by beta-gamma and alpha-gamma cascades within the Si stack
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detectors in the middle of the array are not shown. The inset shows a expanded

view of the region around the electrical contact.



41

 and multiple Compton scattering of gamma rays external to the stack. Double
beta decay to the ground state cannot produce a discontiguous event topology.
For contiguous two-detector events, backgrounds can be reduced by demanding
that the ratio of the energies be within a certain range. For events with energy
in three or more detectors, requiring the middle detectors to contain more than
the minimum ionization energy of an electron traversing the detector at normal
incidence, also eliminates some backgrounds. All of these considerations improve
the sensitivity of this experiment to neutrinoless double beta decay.b But before
going on into more detail, it will be necessary to discuss the apparatus and the

online data collection system.

3.1 Si Detectors

The Si detectors used in this experiinent were fabricated at the Lawrence Berke-
ley Labdratory. by the Instrument Science ahd Engineering Division. They are
1ithium drifted surface barrier détectoré. P-type Si.is lithium compensated (Li is
an interstitial‘n—type donor) [30]. This effectively produces a very high purity but
siightly p-type semiconduétor. An n-type guard ring is formed on .the top side of
the detéctor by an additional lithiation :;roun.d the perimeter of the active region
of the device. The junction is prbduced across this surface by applying a thin
aluminum coating (20 mg/ émz), the aluminum acfing as an Nt contact. Gold is
applied to the reverse side, formiﬁg a P* contact (40 mg/cm?). The detectors must

be operated at low temperatures, typically 120° K, to reduce noise associated with
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a detector’s reverse current. When these devices are fully depleted the dead layers
are negligible, being equal to the aluminum and gold thicknesses respectively.

A positive voltage is applied to the aluminum surface in order té deplete the
detector. At voltages greater than the depletion voltage, there are no free charge
carriers within the semiconductor. An energetic charged particle traversing the Si
will ionize electrons, producing eiectron hole pairs. In Si an average energy loss of
3.6 eV is required to liberate an electron hole pair. The electrons are moved to the
aluminum surface and the holes to the gold surface by the internal electric field.
The total charge collected on either surface is proportional to the energy lost in
the Si. There is no charge multiplication.

At the depletion voltage, the electric ﬁeld inside the Si detector rises linearly
from zero, at the gold surface, to its maximum value, at the aluminum surface.
(This field is similar to that of a parallel plate capacitor with a uniform charge
distribution between the plates.) In order to get full charge collection from the
entire active volume, including near the gold surface, there must be a non-zero
electric field everywhere within the volﬁme. | This makes it necéssary to increase
the bias voltage beyond the depletion value. An additional uniform electric field,
proportional to the difference between the bias voltage and the depietion voltage,
is then formed inside the detector. The above description of the ﬁeid assumes a
uniformly doped semiconductor. Even if this is nét the ca,se,Ait is still in general
true that at the depletion voltage the electric field vanishes at one of the detec-
tor surfaces. Voltages beyond this value are required in order to get full charge

collection.
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The array of detectors can be divided into two groups. One group with a
depletioﬁ voltaée of.a,ro‘uﬁdv. 40volts and vt‘h’e othex; w1th depletion voltages of
up to '60 ,volts; Thésé gi'm‘ifps";are'“biase'diby: separate bpf)wer suppﬁes,- curreﬁtly
runmng .a,'t 64 and 80 volts 'ﬁ.as.pect'ivély._l .Tliére is »s;ti.ll l;c;ﬁvevér é-‘p_rbb_lem with full
chnérge' collection -frpm a‘lplhalpart‘icles', rdue to the high ionization density. Higher
field st’;engths ére réqﬁired’ip this .‘.(‘:as;: to &b'reazk up the -élecﬁon hole p'a,.irs before

recombination can occur.

3.2 Mo Films

The Mo films were made by our collaborators at the University of New Mexico.
The Mo, which comes in the form_ of a fine metallivc powder, is mixed with formvar,
chloroform and cycl‘ohexanomla. The resultant slurry is poured into a mold and
‘allowe.d _tp dry. By controllipg the a;nbunt of slurry poured, thi“cknevss variations of
less than lQ% are routinely achieved. ’Iypical ﬁlrgs, currently being used for the
~experiment, are 34 mg/ cm? thick. A distinct advantage of this technique is that
the Mo can be reclaimed and used again in new films of different specifications.
When cooled to low temperatures (120° K) the films tend to curl. To keep
them flat' and avoid electrical shqrts, each film is constrained by a nylon mesh
| supp_orted by a nylon ring (figure 3.2). "I“his technique allows for the differential
expansion between the Mo and nylon_suppo:rts.' _
The Mo films are fabricated from an isotopically enriched sample of 1.3 moles.

The sample is 98% Mo on loan from Oak Ridge National Laboratory. Before
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Figure 3.2: Exploded view of three Si detectors with Mo films. The nylon

mesh and ring is clearly visible.

receiving the sample a small amount (1 gram) was neutron activated to look for
radioactive contamination, specifically ***U and ?**Th. The sample showed a con-
tamination of 3.2+ 1 and 6 + 3 ppb by weight for ?*®U and 23’zTh, respectively.
Decays from both chains can mimic neutrinoless double beta decay and should
be noticeable at this level of contamination. A previous Mo sample, also from
Oak Ridge, had much higher levels of contamination. More will be said about
contamination later.

There are currently 36 films in the Si detector array. They reside between de-
tectors 3 and 39, one on top of each detector excluding detector 39. The detectors
are numbered 1 to 40 from bottom to top. The mass of 1°®Mo used is 28 grams.
Only 21 films were used earlier in the experiment. They were placed between

detectors 18 and 39.
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Figure 3.3: Schematic of the apparatus and shielding. Shielding thicknesses

are: 10 in. of lead, 2 to 4 in. of borated polyethylene and 2 -feet of wax.

3.3 Mechanical Apparatus and Shielding

The Si detectors fit into slots, one above ‘_ohe other, in an oxygen free high con-
ductivity (OF HC) copp‘er cage. The cage is suspended frpm al inch? copper bar
iﬁside'a Ti cryostat (ﬁgure 3.1 and 3.3). The dgtectors must be kept cold (120°
K) to function properly. This is done by immersing the other end of the copper
bar into liquid nifrogen. The cryostat is egfacuated to a pressuré c;f 8 x 1077 torr
by an ion pump, to avoid convective heat ﬂow (a sorpt.ion pump is used first as a
clean roughing pump ;to reach a press.ure. of 1 —10 x 1(.)‘3 torr). -II.l addition, the
detectors are surrounded by a cold 5 mil gold shield (not silown in ﬁgure 3.1) to

reflect infrared radiation from the cryostat walls. Most of the copper bar and all
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of the copper cage is gold plated.

The cooling system uses an average of 7 liters of liquid nitrogen a day. The
dewar used to cool the copper cold bar can only hold 30 liters. Since the system
may be left unattended for as long as a week, a 50 liter pressurized supply dewar
is used to automatically fill the smaller dewar. Sensors inside the 30 liter cooling
dewar control the fill. Filling cannot occur, however, without permission from the
data collection program. This is done to avoid collecting spurious events caused
by microphonics generated during the liquid nitrogen transfer. The process is
coordinated by a custom designed controller box.

Electrical contact is made to the top surface (aluminum side) of the detector
via a narrow gold strip (see inset in figure 3.1). The gold ié insulated by a mylar
‘envelope. The mylar also serves to wedge the gold firmly against the aluminum
surface. A small amount of indium, at the gold aluminum interface, makes the
electrical contact. The gold strip is connected on its other end to an insulated wire,
which in turn connects to BNC vacuum feedthrough néar the back of the cryostat.
To minimize heat flow, the gold is connected to the insulated wire through thin
.5 inch long piece of stainless steel wire. The bottom surface (gold side) of each
detector is grounded to the copper cage which, along with the rest of the cryostat,
is the main ground for the system.

There are two cable ways, inside the cryostat, on either side of the copper cold
bar to carry the signal lines. Lines from odd numbered detectors use one cable
way and even numbered detectors use the other. This reduces crosstalk between

adjacent channels to near zero. The signal lines have no ground shields. This was
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done to minimize possible sources of radioactivity and the capacitance to ground
seen at the input of the electronics. With our electronics, the crosstalk introduced
by the lack of shielding is less than .3% relative to the signal amplitude, for two
adjacent lines.

Radioactivity is a majer concern in an experiment of this type.\ All materials
used in its constructi'o‘n were s'elected“for their low levels of ceetamination. A
special low activity germaniem detector, febricated by Canberra, Qas u.sed to
count samples. The germanium detectoe was surrounded byﬂ a low.activity lead
shield and an active cosmic ray veto. The lead co;ered all sides and the scintillator
veto surrounded the lead on ﬁ;xre sides, ekcluding t’,hev ;bottom. With. this setup,
contamin.aiv;ions of 1-25 ppb by weight, forv 7;38U end 232, vcould be detectied
depending on counting time and sampie size and geomet‘ry. All materials used
in the eonstruction of the experiment, which are nof shielae&'frem the detector
stack’ showed no measurable contamination. |

The detector stack is shielded by 10 1nches of low act1v1ty lead surrounded by
2 to 4 inches of 5% borated polyethylene and 22 1nches of wax (ﬁgure 3. 3) Most
of the cryostat and all of the electromcs and cooling system is shlelded from the Si
detectof stack by a 10 ipch l_ea(i doof. The cryostat pehetrates the door threugh
a2x 4 ineh aperture and moves along with the door on steel rails when euccess to
" the inferior cavity' is required. The cooling dewar aﬁd elecf,ronic e;e also mounted
behind thedoor and move with it. When it is close;i, the door ﬁts snugly into the
lead shielding leeving no straight line cracks to the eutsidel Meunted on the same

set of rails behind the cryostat is a wax door. It completes the neutron shielding.
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The entire shield provides a calculated factor of 10* and 10° reduction in external

neutron and gamma ray background at 3 MeV, respectively.

3.4 Experimental Site

The experiment is located 3950 ft. underground in the Consolidated Silver Mine

in Osburn, Idaho. The cosmic ray intensity at this depth (3290 meters of water

counts

anZer yoar” The measurement was

equivalent) has been measured to be .44 + .13
done using four 1 x 2 ft. x1 inch thick scintillators in coincidence (2 counts/day
in this detector). Rock samples taken from the experimental area were found to
contain 3.3% K, 10.7 ppm Th and 4.0 ppm U, by weight. Radon daughter activity
in the air was measured at 6 picocuries per liter.

By far the most troublesome background has been caused by radon. In April
of 1987 the ventilation pattern in the mine was changed, exposing the experiment
to radon contaminated mine air. The raw event collection rate in our system
doubled. To counter this problem, the air flow was modiﬁed. In addition, an
inflatable mylar gasket was installed around the lead door in the experiment’s
shielding. When thé door is closed and the ga'sket pressurized, air flow into the
cavity ;ontaining the Si detector stack is severely restricted. The cavity itself
is contiﬁually flushed by clean nitrogen gas, obtained by boiling liquid nitrogen.
These modifications reduced the data collection rate by a fa;:tor of 6. A factor of 3

gain over the original data collection rate. The experiment uses 12 liters of liquid

nitrogen a day for this purpose. This corresponds a flow of 5.3 liters/minute of
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nitrogen gas at STP.

3.5 Electronics

Voltage is provided to each detector via a bias voltage bus (figure 3.4). | The
detectors are connected to the bus by an 8 M ohm isolation resistor. In turn, the
bus is .covr.mected to its power supply via a 750 K ohm resistor. A .1uf capacitor
from the bus to ground acts along with the 750 K ohm resistor as a low pass filter,
eliminating ac rippIe from the pov&}ei~ supi)ly. There are t';fvvo bias voltage power
supplies, lé,beled HV1 and :HVZ. HV1 powers detectors 1;26, é#cluding detector
9 and 12. HV2 powers detectors 21-40 and detectéfs 9 and 12. As mentioned
bvefore, the detectors on HV1 have depletion voltages of around 40 volts, while
thc;se on HV2 are as high as 60 volts. -In general the detectors on HV1 have lower
breakdown voltages than the detectors on HV2. Preami;s are connected to each
detector via a .1uf bias voltage blocking capacitor. The bias voltage bus along with
other circuitry is inside an electronics box, on 'ghe outer side of thg lead shielding
(figure 3.3).

When fully depleted each detector has a capacity to ground of 270 pf. The
signal lines connecting the detectors to the electronics are about 6 ft. long, 4
ft. of unshielded insulated wire inside the cryostat and another 2 ft. of shielded
cable outside the cryostat. This adds approximately an additional 120 pf. ‘The
capacitive load on the preamplifier input is then 390 pf to ground. |

It is the purpose of the electronics to measure accurately the number of free
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Figure 3.4: The bias voltage bus with associated circuit elements.
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charge carriers produced in each detector and thus the deposited energy. To do this
the charge is collected from the detector by a charge sensitive preamplifier. Charge
sensitive preamplifiers collect almost all of the charge off the detector because
of their‘ IQigh open lodp gain A The preamp can be represented by an-effective
capacity to ground’of AC§, where Cy is the preamp’s feedback capaeitance. Chdrge
generated in the detector spli.'ts between the detector, the signal line and the
preamp in proportien to their eapacitances to ground. The large gain A also
explains why t’vhe, crosstalk between channels using the' same cable way inside the
cryostat is so small. Crosstalk’occurs between channele ¢ and j because of the stray
_capacitive coupling C;; between wiees. It can be shown that this coupling can be
treated as another capacity to ground. The relative size of the cha,rgeinduced on
chaﬁnel ¢t due to a signal on chennel J ie then zg—cf-— a small number. |

The charge sensitive preamphﬁers esed in this e;cperlment were manufactured
by Mlcron Semiconductor, Ltd. of Sussex, England For this device Cf equals 2
pf and the feedback resistance, Ry, equals 100 M ohm. The preamp outpufc‘deca,ys
exponentially with a decay time of 200 usec. With 390 pf to ground at the preamp
input, the rise time is about 75 nsec. The conversion gain is 22 mvolt/MeV. The
output is capac1t1ve1y coupled to all other c1rcu1te

The preamp output goes to the relat1vely slow sheper circuit (ﬁgure 3. 5) This
cifcmt produces an output pulse W1th very good signal to noise ratlo and is used
for a precision determination of the energy. The shaper consists of a diﬁ'erentiation

stage followed by two integration stages. The differentiation, at the input of the

circuit is pole zero adjusted to compensate for the 200 ysec falltime of the preamp.
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Figure 3.5: Shaper amplifier circuit. The first RC combination (from the left)
with a 2.15 psec time constant, combination acts as a differentiation stage. The

other RC pairs with this time constant are integration stages.

The integfation stages are in feedback positions on the operational amplifier. All
RC constants are 2.15 psec, producing a unipolar output pulse of risetime 4.0
pusec. The resistor connected to the +6 volt su.pply on the second stage is us¢d
to set a DC outpuf pedestal and fhe transistor in the:‘feedback provides enough
éurrent on output to drive 50 ohms.

With identical RC constantsvin each stage, the gain of the circuit depends only
the ratio of resistors and should be insensitive to thermal fluctuations. Although
all differentiation and integration RC constants are identical, the individual values
of resiétors and capacitors are not. This allows the circuit to providé gain as well
as shaping. The circuit is quite linear with an output peak value of around 250
mvolt/ MeV. There is a 10% variation from channel to channel.

A peak sensing ADC, LeCroy CAMAC Model 2259B, is used to digitize the
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pulse height. Each module has 12 input channels with 11 bit voltage resolution.
The input vo-'ltage“piilse must have an amplitude between 0 and —2.0 volts. The
ADC inputs have a built in 50 ohm termination to ground.

Because of problems with microphénic;, the shaper output is no longer dc
coupled to the ADC aslbrigin'all'y 'planne;d.' In'sbtééd, théTCOupling‘ lis through a 2.2
pf capacitor (figure 35) The caﬁécitor’ together with the 50 ohm termination
resistor in the ADC, act as a highpass filter with a 110 ,u.sec RC constant. This

-attenuates the Vmicrophorvlircs., which have a dominant frequency of about 1 kHz,
without severly affecting the shaper output.

Overall energy resolution (FWHM) for an individual detéct'orv channel ranges
from 10 - 21 kéV, as measured using a ganima ray source. The average resolution
is 14 keV. This compares well with the preamplifier specifications. The preamp is
characterized by a noise slépe of 15 eV/pf and an intercept of 5 keV, when used
with a Si detector. With 390 pf on the input; the FWHM should be 11 keV.

The low noise slope is a consequence of the high transconductance of the FET
(2SK 147) used in the preamp. There is a trade off however. FETs with a large
transconductance also have large intrinsic capacitance. This capacitance when
multiplied by the noise slope accounts for most of the 5 keV noise intercept. While
appropriate for systems with largé detector capacitance such as ours, the lérge
noise intercept would not be suitable for low capacitance detectors. FETs with
smaller transconductance and hence smaller noise intércept are preferred in this
case.

Another possible source of noise is shot noise. - Shot noise is associated with
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the discrete nature of the charge of the electron e and the reverse current Ig in a

detector. An approximate formula for this effect, given our shaper circuit, is

4.46'\/-{}—; eV

Where 7 is the 2.15 usec RC constant of 'the shaper circuit. Typical reverse cur-
rentsin a detectof a_,ré about 10 nanoamps. This implies a negligible contribution
of 1.6 keV to the FWHM due to shot noise. (the gaussian line shape of the gamma
ray peak, see calibration section, implies that the FWHM values should be added
in quadrature)

Microphonics present a problem in this eScperi_ment. It accounts for the addi-
 tional noise. Spgciﬁcdly, detectors with an anomalously large FWHM are known
to be more microphdnic_. The 1 kHz sine wave generated by microphonics on
these channels can be 2-3 times the size of the white noise band as seen on an
oscilloscope. It ’i_s'suspected that the copper cage holding the detectors acts as
pendulum, coupling to the torsional modes of oscillation of the copper bar it is
suspended from. This feeds into the electrical system via the stray capacity to
ground at detector contacts. So far it has not been possible to damp the mechan-
icél oscillation directly.

The preamp output also goes to a relatively fast timing circuit (figure 3.6). This
circuit produces an output pulse height proportional to the energy input, but with
a poorer signal to noise ratio because of its short time duration. The circuit is
essentially a linear amplifier followed by a single differentiation, with a short time

constant. This produces a unipolar output with risetime of around 100 nsec and
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Figure 3.6: Timing and triggering circuit. The .001 uf capacitor along with
the effective 60 ohms of resistance (50 ohm cable and termination) on the output

- differentiate the signal with a 60 nsec time constant.

with a comparable falltime. The .design here is a compromise between signal to
noise and pulse width, since the output is both‘ used as a system trigger and for
detection of multiple .events with short temporal separation. The conversion gain
is approximately 65 mvolt/MeV.

The logic involved in the trigger and the connections for the signal output
are summarized in upper left part of figure 3.7. The output of the timing circuit
drives a linear amplifier which provides a factor of 10 gain before the pulse is
discriminated to produée an event triggef. Discriminator levéls are éurrently set
at 300-450 keV. Output pﬁlse widths are at .100 nsec. Th'ébse NIM level logié pulses
are added togeﬁhér and sent ‘to. a ..gat'té geﬁerator, which gates the AVDCV fnodules

with a 2 psec pulse, initiating an event read. The gate is generated 3 pseé after
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the initial trigger pulse, in coincidence with the peak of the shaper outpqt.

The sum of the 100 nsec discriminator output is also used to start and stop
a 100 MHz clock. A custom built controller box generates an inhibit signal for a
CAMAC scaler. The sca,ler"‘co{mts_ the input pulses from a 100 MHz oscillator only
when the inhibit is removed. Thev scaler is réset to zero by a CAMAC crate clear
signal, which is sent at the start of a run and at lthe end of every event read. A
timing pulse above discriminator levels will remove the inhibit, starting the .scaler
and initiating an event. read. ‘A second pulse during the read will reset the inhibit
signal, stopping the scaler. At the énd of the read before the CAMAC clear signal
is issued, the scaler is examined to see if it has stopped. If so, the time between
the twé trigger pulses is recorded with the event. This “fast clock” provide's
information on relatively shorts lifetimes in decay chains, e.g. 2'2Bi followed by
212Po'iir'l the the thorium chain. The upper right of figure 3.7 summarizes the

logical connections involved in the operation of the “fast” and “slow” clocks.

3.6 System Safety Features

Since the experiment may be unattended for as long as a week, a number of safety
features have been incorporated into the system. They are designed to protect
the detectors and data from damage due to power failure,\ loss of vacuum and
malfunction of the automatic liquid nitrogen filling system.

An uninteruptable power supply (UPS) is used to provide power line condi-

tioning and battery backup in case of power failure. The batteries will last 1 hour
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Figure 3.7: Schematic of electronics and control system. The electronics
and trigger logic are in the upper left of the diagram. Logic for the fast and slow
clock are in the upper right. The control systems and safety features are in the

lower half of the diagray‘m‘.‘
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before shutting down at current power loads. Except for the ion pump, all power
to the experiment is supplied from the UPS through a self holding ac relay. The
relay _must be manually reset to return power to the system after battery shut-
down. This stops the syste‘m from powering up after battery shutdown and the
return o f line power. The ion pump has a built in protection circuit and is powered
direvctly from the UPS. |

The computer communicates with the UPS through an RS-232 interface. The
date, time, battery voltage and inverter status are reé,d from the UPS. The inverter
will be on only if the system is running on batteries during a power outage. Under
normal operation the batteries are charged to 52 volts. In the event of a power
failure, the UPS will provide power until the battery voltage drpps to 41 volts.
In order to protect the data already accumulated, data collection is stopped and

all files are closed when the inverter is on and the battery voltage drops below 44

volts.

Both high voltage supplies have an inhibit input on the back panel. This input
sets the output voltage to zero when grounded. The inhibits are connected to both
the ion pump and a liquid nitrogen level sensor inside the cooling dewar though ac
relays. If either the ion‘ pump fails or liquid nitrogen level falls below the height of
the sensor, the relay grounds the inhibit, resetting the detector voltages to zero.
This level sensor is not the same as the one used to fill the 30 liter cooling dewar.
It 1s set 5 liters below the filling sensor. It is used as a safety, to turn off the bias

voltage, if the filling system malfunctions.

Relays are also used to inform the computer of a high voltage shutdown. An
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ADC input is connected through a 1 K ohm resistor to minus 6 volts. The ADC
input is also connected_ to ground via two rel.aysl. The relays are inseries and are
normally_closed. The ADC then measures zero volts when read. In case of ion
pump or liquid‘nitrogenvﬁlllfallur'e, t_heground connection is broken and the minus
6 yolts divides :bet‘wee-n the 1K ,th and the 50 ohm internal resistalnce of the
ADC The ADC then reads minus 286 mvolts, causing the compnter to terminete
data.coll‘ection and close all open files. | | |
The timing circuit is prone to 1 MHz oscillations. The system is rendered
useless when this occurs, saturating the trlgger sysltem and generating spurions
forty-detector events. The oscillations seem to be triggered by spikes in the voltage
lines powering the electronics To counter this problem, a number of RC filters
have been added to the system Whlle m1t1gat1ng the difficulty, this has not solved
‘1t The oscillations can be stopped once started by cycling the +6 volt power
to the t1m1ng circuit on and off. This is now done automatically. A momtorlng
circuit samples the trigger rate. If the rate exceeds 10 Hz (the data rate is only
1 event/ mlnute) the AC power to the +6 volt power supply is turned off and on
via a relay. Thls stops the oscillation. A signal is also sent to a CAMAC scaler
to count the number of times during a data run that the switch has tripped. 'The
dead time caused by the power ‘switohing is less than 3 minutes in a 90 .hour run,
about .06%. B N

‘ H

The bottom half of ﬁgure 3.7 summarizes the safety and control features of
the experlment The UPS is referred to by its trade name (F ERRUPS) in this

diagram.
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3.7 Data Acquisition

Data is collected vusing CAMAC modules and a Kinetics Systems microcomputer
and CAMAC crate controller. Av gate pulse into any of the five ADC modules
in the CAMAC crate generates a Look At Me (LAM) éiénal, starting the event
processing. All forty detector channels are read and compéreci agains'; individua.lly
set software discriminators. The?e are not thé séme as {:he hardware discriminators
used on the timing circuit to generate the ADC gé,te. The software discriminators
vary from 80 to 110 kéV. Only détectors ‘with pulse heightsvabove their software
discriminator levels are képt as part of the event recdfd.

The event record also contains the “fast” and “slow ’clock's”. The slow clock
simply records the time Befween events in milliseconds. To be more precise, a
1 kHz ‘pulse generator is counted by a CAMAC scaler. The scalér is read and
cleared at the end of every event read. The time interval is measured frorﬁ the
end of processing of the ‘previous event to the end of processingb of the current
event. The “fast clock” is tdescribed in an earlier section. It measures the time
from the beginning of the event to any subsequent event which may occur during
the processing.

The size of an event record depends on the numbér of detectors in the event.
The computer uses 16 bit words to store integer variables. For each detector that
fires (above software discriminator) two words are required, one for the detector

number and one for its pulse height (pulse heights are 11 bits long, 0 to 2047

decimal). The “fast” and “slow” clock both réquire two words each. An extra
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word' is used to store the length of the event (in -words). An event firing one
detector requires 7 words; two detector, 9 words and so on. The event records
are stored in a 512 word block of computer memory. When the block is full it is
written into a data file on a floppy disk. Only one out of ﬁve‘ events fires more
than one detector. As a result, each data block holds approximately 67 events. At
the current event rate of 1 event/minute, a block is written to disk approximately
once every hour.

There are two eight inch floppy disk drives connected to the microcomputer.
One drive is used by the systems disk which stores the operating system and data
collection routines. The disk in the other drive is used for.data collection.

A data file stores the event records from the data run. There are two additional
records in this file. The “begin run” record stores the experiment and run numbers,
the starting date and starting time. The “end run” record records the total number
of events in fhe run, the live time; ending daté and ‘tirme, and t.hve m.lmbver of times
the +6 volt power suppiy has beeﬁ cyciéd off a'nd ’on (seé section 3.6). |

A. se.condvﬁl.e, the “run l.og”, contains a brief s'ummaf}.; of the run. The time
and date Whén eéch block ..of data was written to disk is listed aléng With the
time and 'du-rat\ion of ea;:h li(iuid nit“r.ogen transfer fo th<; 30 lifer cooling dewar. A
liét of new and old ‘(used f01: the last run) software discriminators appeérs at the
béginning of the “run log”. At the_start of evéry run, software discriminators are
chéckéd against rﬁeasurements of zércg e‘nerg.y pedéstals. If .sign>iﬁcant. changes have
occu‘rrgd néw software dvi‘scriminato‘rs’ ax;e‘set. In rﬁost céseé no ;:haﬁge; occur.

Every 10 minutes, data collection is disabled and a number of system safety



62

checks are made. It is at this time that the computer interrogates the UPS and the
ADC monitoring the bias voltage inhibit. All detector ADCs are checked by send-
ing in a gate pulse to monitor pedestal levels. When read, a zero-detector event
is expected. If more than two detectors -are above their software discriminator
levels, the zero energy pedestals are remeasured and new software discriminators
are set. The new settings are written to the “ru_n log”. In addition, the electronics
are tested by simultaneously sending a test pulse, equivalent to 1 MeV, to all 40
channels. The system expects to see a forty-detector event as a consequence. An
error message is written to the “run log” if this does not occur. Power failure and

bias voltage shutoff also generate messages in the “run log”.

3.8 Calibration

A Digital to Analog Converter (DAC), along with precision pulse generator, cal-
ibrates the electronics. The DAC operates in the CAMAC crate under computer
control. It has eight outputs which can be individually set to any dc level between
+10 volts. Two of these outputs afe used to control the precision pulse generator.
The first output provides a dc reference level to control the height of the generatved
pulse. The secqnd éutput triggers..the pulse generator when switchedv on and off
between between 0 and 5 volts. An additional DAC output goes directly to the
géte and delay generator. This allows the ADCs to be gated without a trigger
from the timing circuit. Zero energy pedestals are mea,sured.in this way.

Before each data run the electronics is calibrated. A series of 40 test pulses at
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each of 20 pulse heights is sent from the precision pulse generator into the front
end of all preamplifiers through a built in 2 pf test capacitor. The test pulses
have risetimes of 50 nsec and falltimes of 200 usec. The charge generated on the
test capacitor by the 20 pulse heights simulate events with energies of 0 to 7.6
MeV inclusive, in increments of .4 MeV. This covers the full range of the ADCs
(0-2047).

Electronic calibrations are collected on a separate floppy disk and mailed along
with the previous data run to Berkeley for analysis. The 40 pulses at each pulse
height are well fit by av gaussian distribution. The means an‘d sigmas of the fits

generate calibrations for each channel. The calibrations take the form
PH=A4+BQ+Cexp(—DQ) . BNERY

where PH is the pulse height, in counts (0-2047); rr;easured by the ADC; @ ié the
energ}‘rr measured in MeV; and A, B,C and D al;e constants differing from channel-
to chan;lel. Typically, the exponential is negliéible aboye an energy of 1.2 MeV.
In this region the calibration is linear with B approximately 250 counts/MeV.
‘Sample values for all coefficients are given below.

The energy @ is only known to iO% accuracy .because of variations in the value
of the“2 pf test capacit;)rs. To calibrate the system precisely a ??*Th source is used.
Only singlé-detector évents are collected. The spectrum obtained for each channel
contains orily one peak above the har(iware discriminator level,. the double escape
peak. This p;aak is generated by the pair production of the 2.615 MeV gamma

ray emitted in the decay of 2°T1 at the end of the Th chain. Both annihilation
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gamma rays escape producing a peak at 1.593 MeV. The peak is fitted by a
gaussian distribution, with an average width of 14 keV (FWHM). The centroid of
the gaussian along with an electrc;nics calibration, taken just before or after the
Th source calibration, defines a scaling factor S, which effectively calibrates the
test capacitor.

E=15Q

where E is the actual energy deposited in the detector and @ is the energy as
measured by the electronics calibration. The factors A, B, C", D and S define the
calibration for each channel. Sample values are -21, 253/MeV, 52, 3.3/MeV and
1.09, respectively. |

Other gamma rays in the Th chain do not readily produce peaks, because they
are ﬁot energetic enough. The photoproduction cross section is negligible above
400 keV in Si and Compton scattering does not generate peaks in the spectrum.
Only gamm@ rays with a significant pair production cross section.s can produce
this feature iﬁ detectors of our size. Pair production increaseé rapidly with photon
energy. abové the 1.02 MeV threshold.

Testing of the DAC and precision pulse generator along with the preampliﬁer
and shaper circuit was done at Berkeley before going to the mine site. Using
a Pulse Height Analyzer (PHA), the relative accuracy of the shaper output was
checked. Centroids of peaks wére accurate to 1 keV. Weekly drifts were less than
2 keV, Being randomly directed from week to week. The system was found to be

quite linear, the non-linearity in equation (3.1) coming from the ADCs. Source
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calibrations were also done at Berkeley. The double escape peak from 208Tl, the
238 keV photopeak from 22Pb and a number of Compton edges were used to
assess linearity and stability of the precision pulse generator. The above results
were confirmed.

At the mine site, the system has not been as stable. The ADCs routinely drift
10 keV at 3 MeV from run to run. On some channels a drift of over 100 keV has
been observed. These large drifts are thought to be associated with problems in
the detector contacts, rather than in the ADCs. |

The electronics calibrations have mapped these drifts accurately. Thorium
source calibrations, done once every few months, show relative changes in the
scaling factor S of only .2%. This corresponds at 3 MeV to a 6 keV change, well
within the 14 keV energy resolution of a single Si detector. Hdwever, drifts in the
ADCs are comparable to a detector’s resolution and uncertainty as to when these
drifts occurs during the course of a data run, degrades a detector’s performance.
Given the expected full width of 340 keV for the neutrinoless double beta decay

peak (see section 4.1), these uncertainties in the energy are not a problem.
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Chapter 4
Data Analysis

4.1 The Event Signature

For electrons in Si minimum ionization occurs at a kinetic energy of 1 to 1.5 MeV,
with an energy loss of 3.6 MeV/cm. At normal incidence with no scattering, a
- minimum jonizing electron will lose .5 MeV in a .14 cm thick Si detector. This
implies that for the neutrinoless double beta decay of °®Mo with two electrons
sharing 3 MeV of energy, a degay event will deposit energy in no more than six
detectors. Detailed Monte Carlo calculations verify this conclusion (see section 4.2
for details of this program), although the assumption of no scattering is far from
accurate. Figure 4.1 shows a typical trajectory from the Monte Carlo simulation.
The spatial extent of the event is clearly limited by scattering. This event déposits
energy only in two Si detectors. As it happens this is the most likely situation.
Figure 4.2 shows the number of évents in a 1000 event Monte Carlo simulation

which deposit energy in one or more detectors. Most of the events are contained
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Figure 4.1: Monte Carlo Simulation of a neutrinoless double beta decay event.
The figure is a projection of the trajectories of a single event onto the X, Z plane
where Z (vertical axis in figure) is the symrhetry axis of the detector array. The

dot density is proportional to the local energy loss.
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Figure 4.2: Number of events versus number of detectors containing
energy, from a 1000 event Monte Carlo simulation of neutrinoless double beta

decay.



69

in two or three detectors. There is only about a 10% chance of an event depositing
energy in only one detector. As will be seen later in this chapter, for energies ébove
2 MeV, the actual data events consiét mostly of one-detector events. These are
alpha particles which have lost some of their energy in traversing dead material
before entering the sensitive region of a Si detector. Removal of these events .
reduces the background by almost two orders of magnitude with only a minimal
reduction in the efficiency for collecting neutrinoless double beta decay events.

The above estimate would seem to indicate that a minimum of .5 MeV of energy
would be deposited by an electron in traversing a single Si detector. This is not
quite correqt because of energy straggling. The 3.6 MeV/ cm value used above is the
average energy loss for minimum ionizing electrons. The most probable energy loss
1s slightly lower and fluctuations can make the minimum energy deposit lower still..
Density effect corrections also reduce the stopping power. Figure 4.3 shows results
of the Monte Carlo simulation. The number of events versus energy deposited in
middle detectors, for events with energy in three or more detectors is histogramed.
The peak of this distribution occurs at 525 keV and the midpoint of the sharp rise
on the low energy side is at 450 keV. There are only two events below 400 keV.
This feature is useful in rejecting backgrounds. Multiple Compton scattering of
gamma rays and beta-gamma or alpha-gamma cascades can produce contiguous
multi-detector events. If one or more of the middle detectors in an event contain
less than 450 keV of energy, the event can be rejected without seriously affecting
the double beta decay collection efficiency.

For events which deposit energy in two detectors, a useful parameter is the
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Carlo simulation.
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ratio of the two energies. Figure 4.4 shows the distribution obtained from the
Monte Carlo simulation. The zero in the first bin (0.-.04) is enforced by a set
of preliminary cuts which are used on both the actual events and on the Monte
Carloed events (see section 4.3). Otherwise no biases have been introduced. This
distribution will be compared later to that of the actual data sample to determine
whether the events are consistent with double beta decay.

Finally, in figure 4.5, the Monte Carlo result for the spectrum of total event

energies is shown. The fitted lineshape has the functional form,
z'%e™*; 2 =(3.033—-E)/.102 z >0

where F is the total energy in MeV. The peak occurs at 2.8 MeV. The full width
(FWHM) is approximately 340 keV and contains 72% of the events. The total
energy spectrum would be a delta function at the decay energy of 3.033 MeV if
it were not for the energy loss within the Mo films. The films are 85% Mo, 7%
| 0, 7% C, and 1% H by weight. The average density (2.05 gm/cm?®) and thickness

(.0165 cm) lead to a thickness in gm/cm? of .034.

4.2 Monte Carlo

The Monte Carlo program used to simulate double beta decay is designed to
track éleétrons at energies and in materials where radiative energy losses can be
neglected. After choosing a starting position, energy and direction, the program
randomly selects a step length which correspond to 100 td 200 scatterings from the

nuclei of the material being traversed. This has the virtue of making the multiple
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Figure 4.4: Ratio of the energies for events which deposit energy in only two
detectors from a Monte Carlo simulation. The ratio is restricted to the interval

0.~ 1. by dividing the smaller energy by the larger. There are about 1000 events

in the figure.
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scattering distribution approximately gaussian for small angle scattering. This
also has the added a,dvaﬁta,ge of making the energy loss distribution only weakly
dependent on electron energy. The energy loss per step is Landau distributed [31]
over the full range of electron energies considered in double beta decay. After
moving the electron a step length and calculating an energy loss and scattering
angle for that step, the energy is appropriately decremented and a new direction
is calculated. The process then begins over again with the selection of a new step
length. This continues until the electron has no energy left. The step length is
proportional to 8% (8 is the electron velocity). For both Si and the Mo films the
step length is from 16-32 pm at § = 1, the variation caused by randomly selecting
from 100 to 200 scatterings.

The Monte Carlo program selects the initial characteristics of the double beta
decay event. The total decay energy of 3.033 MeV is split betweeﬁ the two elec-
trons. An opening angle between the electrons is selecfed as is an initial starting
position for the decay within the Mo film. The decay is assumed to occur ran-
domly within the film. The single electron energies and opening angles are picked
according to the single electron spectrum and angular distribution appropriate
for the double beta decay mechanism being considered. These mechanisms were
discussed in chapter 2. In general the results of the Monte Carlo simulation are
insensitive to the differences between mechanisms. Table 4.1 shows the proba-
bility of an event depositing energy in N detectors as a function of the decay
mechanism. The neutrino mass mechanism generates electrons according to the

unimodal single electron spectrum of figure 2.6, with an angular correlation of
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decay‘mecha,nismv 1 det.” 2 det. 3 det. 4 det. 5 det.
neutrino mass .09 48 34 .08 .01
RHC vector 12 .50 31 .06 .01
RHC scalar 08 . 44 .36 .10 .01
phase space A1 48 .32 .08 .01

Table 4.1: Probability of N detectors containing energy in a neutrinoless
double beta decay event from a Monte Carlo simulation. Accuracies range from
.005-.02 for small and large probabilities, respectively. Most differences are not

significant. Mechanisms are defined in the text.

(1 — B1f2cos(f)). The RHC vector term uses the same one electron spectrgm,
but has a (1 + 818; cds(e)) angular éorrelz}tion. The RHC scalar term uses the
(1 + B1B2 cos(f)) angular correlation, but with the bimodal one electron spectrum
of figure 2..7.. The lgst line, which is listgd as phase space, uses the unimodal single
electron spectrum as in the neutrino mass mechanism, but with no angular corre-
lation. All differences are minor and mqst are within the statistical uncertéinties
of the Monte Carlo simulations. This is true for other distributions as Well. Hence,
in all subsequent analysis the ph@_se space distributions will be used. The figures

of the previous section were all generated using this “decay mechanism”.
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data set live time (hrs) Mo films position bad detectors
E14R1-8 397 21' 18-38 33
E16R1-24 1284 20 19-38 —
E16R25-28 197 20 19-38 21,24
E17R1-26 1595 36 3-38  1,2,11,21,32,40

Table 4.2: Characteristics of the data sets used in the analysis listed by
experiment number and run numbers. The number of Mo films used is listed as

well as the range of detectors above which they were placed.

4.3 Data Reduction

The data is divided into experiments and further subdivided into runs. A run is
a 1-4 day period of continuous data taking collected on a single floppy disk. An
experi‘ment is a collection of runs whichvwere made under similar circumstances.
Table 4.2 lists the four data.sets used in the analysis, by éxperiment and run
numbers. Experiment 16 (E16) is broken into two parts (runs 1-24, runs 25-28)
because of the loss of two detectors during a power failure. Experiment 16 differs
from experiment 14 by the addition of formvar films (no *®Mo ) in the lower hélf
of the detector array and the removal of a contaminated Mb film abéve detector
19. The formvar films were replaced by Mo films in experiment 17. |

A number of Si detectors were not working properly during some of the data

taking. These are listed as “bad detectors” in table 4.2. These detectors were either
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data set lower veto . individual vetoes
E14R1-8 <19 ' 32,34,40
E16R1-24 <18 40
E16R25-28 <25 .40
E17R1-26 <3 10,12,20,22,31,33,39

Table 4.3: Detectors used as vetoes. The “lower veto” vetoes on that detect-or

and all others below it. The “individual vetoes” veto on only the detectors listed.

purposely disconﬁeéted because of low:breakdown volfa’ges or were not performing
properly for most of the period in question. In the anaiysis it was decided only
to keep ev;nts which were completely contained in the active volume of the array.
For example in experiment 14 if an event deposited energy in deteétor 32 ;)r. 34
it would be vetoed because of the possibility of some unknown ene.rgyl ‘deposifion
in detectbr 33. Similarly, if detector 40 was part of an event, the evenf would be
vetoed because of the possibility thaﬁ so¥n§ of the energy had esvcaped out of the
top of the array. Table 4.3 lists the detectors uéed as vetoes in the various data
sets. Events from the lower half of the array were not uséd if it did not contain
any Mo, hence the 'ﬁse of a “lower veto” (sée table 4.3) Which eliminate any event
depositing energy in this region. In experiment 14 the “lower veto” was set at

detector 19 because of the contaminated film above detector 18.
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Before vetoing events based on their position relative to bad detectors, a set
of preliminary cuts was applied. A 120 keV discrimination level was used in the
software on all detectors. If a Si detector had less than this amount of energy
in it, the energy in the detector was set t6 zero and the total energy and size of
the event was redefined. (This is the cut which enforces a zero in the first bin
of figure 4.4). Secondly, one of the detectors in the event was required to have
over 500 keV of energy. If not the event was vetoed. These cuts act as effective
“software and hardware discriminators” (see section 3.7) eliminating channel to
channel variations. Monte Carlo events were also subject to the same analysis.
Table 4.4 shows the results. The geometric efficiencies listed thére are based on an
analysis of the Monte Carlo simulation using fhe preliminary cuts just described
and the positio;ling of the Mo films relative to the veto detectors of table 4.3.
The average geometric efficiency of .67 is obtained by dividing .053 total effective
mole-years by .087 total mole-years. |

The top curve on figure 4.6 shows the result of proéessing all data sets through
the preliminary cuts and vetoes. The lower curve is obtained by an application of a
set of secondary cuts after the above preliminary cuts. The secondary cuts, listed
in order of decreasing importance; eliminate events with energy in only one de-
tector; events which are discontiguous; events which have a non-zero “fast clock”;
and events with energy in three or more detectors having less than 450 keV in a
middle detector. The one detector events are dominated by alpha particles above
an energy of 2 MeV. Discontiguous events are generated by multiple Compton

scattering, beta-gamma and alpha-gamma decays. The “fast clock” records the
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data set mole-years efficiency eﬁ'e;:tive mole-years
E14R1-8 .0076 .66 .0050
E16R1-24 | .0234 .92 .0215
E16R25-28 | .0036 .59 .0021

{ E1ITR1-26 | .0524 .53 .0293
total .087. | .67 .058

Table 4.4: Geometric efliciencies based on Monte Carlo simulations given
the relative placement of the Mo films and the“bad detectors”. The effective
mole-years is simply the product of the efficiency and the mole-years for that data

set. The average geometric efficiency is listed for the “total” data set.
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Figure 4.6: Effect of the secondary cuts on the data. The top curve show all
events after preliminary cuts have been made. The lower curve shows the residual
events after the application of the secondary set of cuts. Both sets of cuts are

defined in the text.
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* presence of a second trigger pulse on the timing circuit during the readout of an
event. The time from the beginning of the event to the second trigger is recorded
(see section 3.5). These events are from #*Bi and ?'?Bi in the ?*®U and 232Th
decay chains, respectively. ‘.Both of these are beta decays followed by alpha de-
cays within the readout time of the beta decay event. If the alpha escapes the
film with enough energy to trigger the timing circuit, the “fast clock” records the’
decéy time and the event can be vetoed. The 450 keV cut on middle detectors is
related to the minimum energy deposition required to traverse a Si detector .and
is discussed in detail on page 69. Most of the reduction seen in figure 4.6 is due to
the elimination of evénts with energy in only one detector. In the energy interval
from 2.7 to 3.0 MeV, the elimination of these events alone reduces the data by a
factor of 76.

~ Given the sharp drop in the datz; rate above an energy of 2.7 MeV on the lower
curve in figure 4.6, the search for neutrinoless double beta decay will be confined
to the‘energy interval 2.7—3.0 MeV. Of the ten ex}éﬁts in this-région, seven of the
them deposit .energ}.r in fwo detectdrs. The two-detector evenfé are showﬁ in the
top histégram of ﬁgure 4;7. Thé even'gs are plotted as a fun;:tion of thé ratio of
the two energies. As Wés done before, the ra.,ti.ol 1s restricted to the interval 0.—
1. by dividing by the larger energy. The candidate events seem to have more
in common with the background events of the second histogram than with the
Monte Carlo simulation of the bottom histogram. There are six candidate eyents
below a ratio of .30. From the Monte Carlo simulation the probability of finding a

two-detector event below a ratio of .30 is only 26%. Given one event above .30 and
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Figure 4.7: Ratio of the energies for events with energy deposition in two
detectors. The top histogram shows the seven candidate events in the 2.7-3.0
MeV energy interval. The middle histogram shows background events from the

interval 3.0-4.5 MeV. The bottom histogram shows the results of the Monte Carlo

simulation.
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six events below .30, the probability of this distribution being generated by double
beta decay is .2%. Another way of comparing these histograms is by looking at the
cumulative distribution function. This is the integral of the distribution plotted
vas a function of the ratio, with £he total integral géfmalized to one. Figure 4.8
compares the seven two-detector candidate events t;> both the background sample
and the Monfe Carlo. It is clear that the candidates follow the background events
much better than they do the Monte Carlo simulation. The conclusion is that
these events are predominantly background and a cut in the ratio is introduced to
eliminate all two-detector events with a ratio below .3. Figure 4.9 shows the effect
of this cut on the data. The cut is applied unifbrmly to all two-detector events
in the spectrum. The number of events above an energy of 2.7 MeV is reduced
considerably.

There are four events remaining after the application of. the ratio cut in the
2.7-3.0 MeV energy interval. Figure 4.10 show these events as a function of the
number of detectors involved in the event. This should be compared with figure
4.2 of section 4.1, with the qualification that the number of one-detector events
be reduced to zero and thé'numb_er of two-detector events be reduced by 26%.
The comp'ar'ison's}idv;rs there are far too many four-detector events. Given only
one, two or three-detector event the expeéted number of four-detector events i.s
.11+.11. (This estimatg includes the>effect of the 2 detector ratio cut.) Excluding
one-detector events and two-detector events below an energy ratio of .3, the Monte
Carlo predicts the probabilities for two, three and foﬁr-detector events to be .47,

.42 and .10 respectively. The probability of the distribution of figure 4.10 being
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Figure 4.8: Comparison of the cumulative distribution functions. In both

histograms the candidate events are represented by a dashed line. The solid line
in the top histogram is the background sample of the previous figure. Thé solid

line in the bottom histogram is from the Monte Carlo simulation.
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events

Figure 4.9: Effect of the ratio cut on the data. The top hiétograrh shows the
data before elifninating two detector events with an energy ratio of less than .3
(secondary cuts only). The bottom histogram shows the data after the cut on the

ratio.
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generated by double beta decay is then .2%. The four-detector events are therefore
most likely background. These events are then eliminated from the data sample.
Figure 4.11 shows the effect of this last and final cut on the data. In figure 4.12
the final result is shown on a linear scale for the interval 2.4-3.2 MeV.

Table 4.5 summarizes.the results of the cuts on the efficiency and the data.
The efficiencies are calculated by applying the same set of cuts to a Monte Carld
simulation of neutrinoless double beta decay. Excluding the selection of the 2.7-3.0
MeV energy interval, the cuts eliminate only 30% of the double beta decay events.
Assuming the one remaining event is doublé beta decay and using the total cut
e:[;ﬁciencyi of .40 found in table 4.5, the half-life for .058 effective mole-years of data
is 1 X 10?2 years. This one remaining event, a two-detector event from experiment

14 run 7, has a total energy of 2.911 MeV, with an energy ratio of .81.

4.4 Background Sources

" The question arises as to the source of the events considered in the 2.7-3.0 MeV
energy interval. Might the one remaining event be caused by double beta decay
and if not what is the.cause of this event and other nine events which survive the

secondary cuts of the previous section?
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Figure 4.10: Number of detectors involved in the remaining four candi-

date events. This is the distribution after the application of the secondary cuts

and the ratio cut.
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The top histogram shows the data after the secondary cuts and the ratio cut. In

the bottom histogram the four-detector events have been eliminated.



14

12 b

10

events

1 1 1 1

Figure 4.12:

2.6 . 2.8 3 ' 3.2

MeV

Remaining events after the‘appl'ic.ation of all cuts.

89



90

data cuts efficiency events remaining

2.7 < total energy (MeV) < 3.0 57 2517

Secondary cuts:

one-detector events .51 33
discontiguous events .51 ' 21
non-zero “fast clock” events Y | 11
events with < .45 MeV in Iﬁiddle detectors .50 10
two-detector events with ratio < .3 44 4

four-detector events 40 1

Table 4.5: Effect of various cuts on the data and efficiency in the interval
from 2.7-3.0 MeV. The cumulative effects of the elimination of each type of

event is shown. Geometric efficiencies are not included in the above.
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Figure 4.13: Data collected on the formvar films after secondary cuts.

'4.4.1 Backgrounds from the Detector Array and Formvar
Films

Figure 4.13 shows the data collected in experiment 16 on the blank formvar films

(no %Mo ) after the application of the preliminary and secondary cuts. The

blank formvar films were produced in exactly the same manner as the Mo films,

but without any Mo . These films were placed above detectors 4-17. There is

only one event above an energy of 2.7 MeV. This event deposité energy in two
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detectors and has an energy ratio of .05. It would therefore be eliminated by
application of the ratio cut. Of the four events above 2.5 MeV only one event at
2.65 MeV would survive application of the ratio cut. 1284 hours of data collection
is shown in figure 4.13. The data in this figure need to be scaled up by a factor
of 3.3 in order to make a proper comparison with the Mo data sample (bottom
curve figure 4.6). Given the one event which survives the secondary cuts above an
energy of 2.7 MeV, the expected number of events in the Mo data set is 3.3 £ 3.3.
There are 46 events in the Mo data set above an energy 2.7 MeV which survive
the secondary cuts.

The argument might be made that the above comparison is not valid because
the blank films were placed in the lower half of the detector array and most of the
data used in the search for neutrinoless double beta decay was collected from the
upper half. In an earlier experiment however (E13), the entire array was empty.
Without any films in the array, the data collection rate was lower by a factor
of six. Approximately 1280 hours of data were collected in this mode. Because
of problems with detectors in the lower half of the array most of the data were
collected from the upper half. After the application of the secondary cuts there
was only one event, a two-detector event with an energy ratio of .07, above an
energy of 2.4 MeV. These data must be scaled up by a factor of 2.3 in order to
make a proper comparison. The expected number of events is then 2.3 + 2.3.
This compares Well- with the estimate of 3.3 + 3.3 from the formvar films. Given
this result, it is safe to conclude that the dominant background source is in the

100Mo sample itself.
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Figure 4.14: One detector event spectrum from the Mo film data.

4.4.2 Contamination in the 100Mo

As mentioned above, the introduction of the Mé films into the Si detector array
increased the data collection rate by a factor of six. The vast majority of these
events deposit energy in only one detector. Fivgure 4.14 shows the one detector
event spectrum for the Mo film data set. Above an energy of 2 MeV, it is very
unlikely for a 'beta decay or a gamma ray conversion to deposit energy in only

one detector. As a consequence these events are most likely alpha decays. In
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particular the sharp rise in the spectrum below an energy of 5.3 MeV is from
the alpha decay of ?1°Po at the end of the 233U decay chain. (The two major
radioactive decay chains are shown in figure 4.15.) There is no evidence in figure
4,14 for an equivalent number of 228U decays. There should be a comparable rise
in the spectrum at 4.2 MeV and a number of similar jumps from other isotopes
in the decay sequence, if the ?2'°Po and 23U were in equilibrium. The 238U decay
chain need not be in equilibrium because of the long life-times of a number of
isotopes in the chain. Chemical processing can selectively remove elements from

the chain. It may then require as long as one million years before equilibrium

is restored. Given the lack of evidence in the one-detector spectrum for other

members of the 238U decay chain, the most likely source of the ?1°Po is the beta
decay of 21°Pb with a 21 year half-life. If the 28U chain were in equilibrium the
210Po signal wouid imply a ***U contamination in the Mo of 33 ppb by weight,
assumiﬁg a uniform distribution 22U in the film.

Figure 4.14 also exhibits a small rise at 6.8 MeV. This may be due to *'°Po from
the 22Th decay sequence. The 2Th chain has relatively few long lived isotopes.
Other than 232Th the longest lived isotopes are ??®Ra and ??8Th with half-lives of
5.7 and 1.9 years, respectively. All other isotopes have half-lives measﬁred in days
or less.

Because of the removal of one-detector events from the data sample, alpha
decays by themselves cannot be a possible source of background contamination.
Only beta decays with or without gamma ray emission in the Mo film are a po-

tential problem. The large amount of 2!°Pb associated with the 21°Po alpha decay
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238U 4.5gy 4.2

234Th 24d .26
 234Pa 1.2m 2.3
234U 245ky 4.8

)

230Th 80ky 4.7

228Ra 5.7y .045
228Ac 6.1h 2.1

228Th 1.9y 5.4

222Rn 3.8d 5.5
224Ra 3.7d 5.7

218Po 3.0m 6.0
220Rn 55s 6.4

214Pb 27m 1.0

214Bi 20m 3.3 216Po .15s 6.8

214Po 164us 7.7

212Pb 11h 57

212Bi 60m
a 6.1 36% P 2.3 64%

212Po 300ns 8.8

210Pb 22y .063
210Bi 5d 1.2
210Po 138d 5.3 208T| 3m 5.0

208Pb

206Pb

Figure 4.15: The 28U and 2*2Th radioactive decay chains. Each isotope is
listed along with its half-life. The last number is the total decay energy (MeV)
for beta decays and the most prominent alpha particle energy (MeV) for alpha

decays.
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need not be considered because in this region of the ?*U decay chain there are
no beta decays above a decay energy of 1.2 MeV. There are only three decays
in both the #32Th and 233U chains which can mimic neutrinoless.do.uble beta de-
cay. They are the beta decays of 212Bi and 2°8T1, and 2'*Bi in the 232Th and 23U
chains, respectively. The 212Bi beta decay with a maximum energy release of 2.25
Mev, is followed by the 8.8 MeV alpha decay of 2*?Po with a half-life of 300 nsec.
The two events cannot bé resolved by the electronics on the signal channel and
may produce a multi-detector event with a energy release of up to 11 MeV. 208
beta decays with an energy rglease of 5.0 MeV, but fortunately this occurs with
the emission of a 2.6 Mev gamma ray over 99% of the time. If the gamma ray
Compton scatters in the immediate vicinity of the decay or if it undefgbes internal
conversion (< .0:2.%), a background event in the 2.7-3.0 MeV energy interval could
result. 24Bi beta decays with an energy release of 3.3 Me;V. This decay is to the
ground state with no gamma ray emission 20% of the time. Consequently this
decay is also a source of background. The 3°U decay sequence is not considered
because there are no beta decays with an energy release above 1.5 MeV.

Figure 4.16 shows the distribution of decay times for events with a n'on-zero
“fast clock” (see page 81) in the time interval from 0-2 usec. From an exponential
fit to this distribution above 250 nsec, a half-life of 284 + 54 — 39 nsec is measured.
This compares well with the actual ?'?Po half-life of 300 nsec. As a consequence
this data set constitutes a relatively clean sample of 21?2Bi events. In this sample
almost all of the events deposit energy in one or two detectors with only a very

few events with energy in three detectors. In the energy interval from 2.7-3.0
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Figure 4.16: Distribution of decay times in the interval from 0-2 usec.
The distribution is obtained from all events with a non-zero “fast clock” in this

range.
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MeV there are only five events which pass the secondary cuts (apart from the
requirement of a non-zero “fast clock”). These five events are all two-detector
events. Figure 4.17 shows these events as a function of their energy ratio. It is
clear that all but one of these events would be eliminated by a ratio cut of .3.
A similar ratio distribution is obtained for the two-detector events in this sample
above an energy of 3.0 MeV. A total of ten events would survive the ratio cut
above 3.0 MeV.

In the energy interval from 2.7-3.0 MeV, the only difference between those
212Bj events in the above sample and those without a “fast clock” tag is the time
required for the *?Po decay. It is clear from figure 4.16 that for decay times less
than 100 nsec the fast clock is incapable of tagging the event. By using the half-life
of 300 nsec and assuming that all events with a fast clock of less than 150 nsec are
missed, it is estimated that 2.6 + 1.2 events 2!2Bi events pass the secondary cuts
of the previous section in the energy interval from 2.7-3.0 MeV (There are 7 such
two-detector events in the Mo data sample). Of these only an estimated .5 + .5
events pass all cuts. Above 3.0 MeV the estimated number of 212Bi events which
pass all cuts is 7.7 & 2. This accounts for almost all of the 10 events above 3.0
MeV in the Mo data set.

The beta decay of 21*Bi is also followed by a Po alpha decay. The half-life for
this decay is 164 usec. Because of the longer half-life, the beta decay energy can be
resolved. By choosing events with a “fast clock” in the time interval from 2-2000
usec a sample of these events is obtained. From an exponential fit to the time

distribution a half-life of 147 £ 13 psec is measured, consistent with the actual 164
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Figure 4.17: Ratio of the energies for ??Bi events in the energy interval from
2.7-3.0 MeV. All of these évents which pass the secondary cuts are two detector

events.
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Figure 4.18: ?'*Bi spectrum after all cuts. The sample is obtained by requiring

the “fast clock” to be the 2-2000 usec range.

psec half-life, Figure 4.18 shows the energy spectrum obtained after the application
of all cuts (excluding the requirement of a zero in the “fast clock”). Unlike ?12Bi
the beta decay alone can generate a background event. Events untagged by a “fast
clock” are produced because the alpha particle may not escape the Mo film. From
reference [32] the estimated range of a 7.7 MeV alpha particle is 15.4 mg/cm?.
Assuming a uniform distribution of 2!Bi in the film, the probability that the

alpha escapes the film with enough energy to set the “fast clock” is .22. As a
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consequence it is expected that, after all cuts, the one event above 2.7 MeV in
figure 4.18 correspbnds to 4.5 4 4.5 events in the Mo data set. A better estimate
of this number can be obtained by using the two events above 2.4 MeV and the
relative probability, calculated using the Monte Carlo, that a 21Bi beta decay
event above 2.4 MeV is actually above 2.7 MeV of .23. The result is 2.1 +1.5
events after all cuts.

The number of background events expected after all cuts from both Bi decays
is 2.6 &= 1.6. From this alone it is clear that the one remaining event is most likely
background. Not considered so far is the 2°®T1 decay. The problem_ with esﬁi—
mating the contribution from this decay is that there is no Moﬁte Carlo pfogram
currently available to accurately calculate gamma ray conv.ersions in our ggorﬁetry
and determine the relative number of thesé events whici1 ‘w‘ould pass the-cu-.ts of
section 4.3. A simple estimate of the Co;rlpton scattelling probability of fhe 2.6
MeV gamma ray within two detectors of the beta decay, indicates contribution of
the ?%T] decay might be six times that_ of ?Bi. It is not glear what eﬁ'gct the
cuts would have on these events. Most of the gamma ray conversionvprobabi_li‘ty
comes from those gamma rays traveling perpendicular to the axis of symmetry of
the deteqtor array. As a consequence it mightv be expected that many of these
eyents deposit energy in only one detector qnd would be eliminated. Similarly it is
difficult to estimate the number of three-detector events Which would be remqved
by requiring thé middle detector in the event to contain a minimum energy of
450 keV. The event mighvt also still be discontigu“ous because of multiple Compton

scattering in the stack or the emission of a second gamma ray. If it is assumed
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2B 24B]  W8T]  total

‘events | .5+.5 2.1+1.5 3+£3? > 2.6

Table 4.6: Estimated number of events after all cuts from the three problem
beta decay in the naturally occurring decay chains. The 2T estimate is much
more incertain than the statistical error shown, hence it is not included in the

total which is listed as a lower limit as a consequence.

that the application of all cuts has the same effect on 28Tl as 212Bi, there would
be 343 2087 events after all cuts. The estimate of 2.6 events after all cuts should
then be taken as a lower limit on the contribution of both the 23®U and ?3?Th

decay chains to the backgrounds. Table 4.6 summarizes the results of this section.

From the #'2Bi and ?'*Bi background samples above, the total 232Th and 23U
contamination for the 1Mo can be measured, Assuming these chains are both in
equilibrium, the contamination is 6 + .4 and 3.4 + ..2 ppb by weight, respectively.
This is in good agreement with the Oak Ridge neutron activation measurements
of section 3.2, which measure the 2*®U and 2%2Th directly and do not require
this assumption. Consequently, except for the ?!°Pb contamination (33 ppb #®U

equivalent), these results are consistent with the equilibrium of both decay chains.
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4.5 Half-life Limit

The standard formula used to set a limit on the half-life assuming no signal events

are present in the data is,

eln(2)N,t
vy

where ¢ is the efficiency; IV, the.number of atoms of source material; ¢ is the live

T2 2

.time; and np is the number ofvevevnts in the region of interegt (assumed to be
background). It is clear from t'h_ebp_‘revious section that the one remaining event,
after all cuts, is most likely background. ~As a consequence the half-life vlirynit
is 1 x 1022 years. This is the same as the half-life calculated assuming the one
remaining event is double beta decay, only because there is a single event.

The square root is used in the above formula because it is the standard devia-
tion in the number of background counts and as such is a measure of the number
of real double beta decay events that may be hidden in the sample. This limit
is usually referred to as the 68% confidence limit. This comes from integrating
a one sided gaussian probability distribution with a m;)st probable value of zero
from zero to one standard deviation. (The interval from zero to plus infinity is
normalized to one. Values less than zero are not included because they correspond
to negative decay rates.) If values below zero are included the confidence level is
84%. |

In our case, with only one event, gaussian statistics do not apply. Poisson
statistics must be used. The standard deviation is still the square root of the

number of events. As in the gaussian case, the confidence level is obtained by
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integrating the probability distribution from the most probable value to the most
probable value plus one standard deviation, if it is assumed that values of the rate
lower than the most probable values are not allowed. Given one e\;ent, the most
probable value and the standard deviation are both equal to one. From reference
[33] the confidence level is 45%. If the values below the most probable are included
in the integration, this becomes 59%.

Because of the ambiguity associated with assigning a confidence level to the
limit calculated by use of the above formula, this value is referred to as a 1o limit.
This terminology has become common in the double beta decay literature in recent

years and it is adopted here.
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Chapter 5
Cdnclusion |

The ‘1°°Mo neutrinoless double beta decay half-life limit set by this experiment
of 1 x 10?? years, a factor of five larger than the best previous %Mo result [28],
places restrictions on various double beta decay parameters, such as the effective
Majorana neutrino mass and right-handed current couplings for light neutrinos
and the effective inverse mass for-heavy neutrinos.

Using equation (2.29) and scaling the results of Engel et.al. [20] at the end of
section 2.5, this experiment sets an upper limit oﬁ the effective Majorana neutrino
mass, (m,), of 14 eV. This should be. .compared to the limits set by the best
76Ge and 82Se experiments (see table 2.4). Again using the calculation of Engel
et.al. [20], the "*Ge and 32Se limits are 7.3 eV and 32 eV, respectively. Given the
variability of matrix elements listed in table 2.1, the ®Ge, 82Se and presumably
the 1Mo mass limits may be as-much as factor of seven lower.

Since none of the 1Mo matrix elements necessary to extract the right-handed

current couplings have been calculated, the constants Cy and Cs in equation (2.33)
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are calculated using the ®Ge matrix elements of reference [21] in equation 2.17 of
reference [34] along with the 1°°Mo kinematical factors of table 3.4 in reference [8].
The Mo kinematical factors of reference [§] ‘are first renormalized to conform
to the conventions of references [21] and [34]. Assuming both the effective mass,
(m,), and the effective right-handed coupling, (A), are zero in equation (2.33), (n)
is less than 6 x 10~3. Similarly, if (m,) and (n) are assumed to be zero then (\)
is less than 5 x 107%. The best upper limits on these quantities come from the
UCSB/LBL "®Ge experiment. They are calculated in reference [21] to be 3.6 x107¢
for (A\) and 2.8 x 1078 for (n).

For heavy neutrinos the best limit on the effective inverse mass, again coming
from the UCSB/LBL Ge experiment, is 8 x 1078/GeV [25]. If one assumes there
1s only one heavy neutrino involved, this number implies that the probability of
iﬁnding an electron neutrino in a 1 GeV mass eigenstate is less than 8 x 1072,
For a 100 GeV mass eigénstate, the probability is less than 8 x 107°. Scaling the
"Ge result by using the appropriate kinematical factors in equation (2.31) and
the 1Mo half-life limit (this again assumes 1Mo and "°Ge matrix elements are
equal), leads to a ®Mo limit on the inverse mass of less than 20 x 1078 /GeV.

The above discussion clearly shows this experiment to be within a factor of 2-3
of the best double beta decay results to date on all quantities of physical interest.
This is quite remarkable considering only .053 effective mole-years of data has
been collected. The UCSB/LBL 7®Ge experiment, which has produced the best
results, has collected 9 mole-years. Table 5.1 summarizes the limits set by this

experiment and for comparison purposes also lists the UCSB/LBL results.
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nj2 (vears) (m) (V) (N () (5) (GeV)™
10Mo | 1 x 1022 14 5%x10°¢ 6x108 20 x 1078
®Ge | 5x10% 73 . 3.6x107° 28x10®  8x107°

Table 5.1: Limits set by this experi}nent and the UCSB/LBL Ge ex-
perithent. The half-lives quoted ére lower limits. All other qﬁantities are upper
limits. The assumptions made in the calculation of the %Mo limits are described

in the text.
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