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Abstract 

Searches for Massive Neutrino Emission in , 4 C Beta 

and 5 S Fe Electron-Capture Decays 

by 

Fred Eberhardt Wietfeldt 

Doctor of Philosophy in Physics 

University of California at Berkeley 

Professor Eugene D. Commins, Chair 

In 1985 Simpson reported evidence for the emission of a 17 keV mass neutrino in 

a small fraction of tritium beta decays [1]. An experimental controversy ensued 

in which a number of both positive and negative results were reported. The beta 

spectrum of UC was collected in a unique 14C-doped planar germanium detector 

and a distortion was observed that initially confirmed Simpson's result. Further 

tests linked this distortion to a splitting of the collected charge between the central 

detector and the surrounding guard ring in a fraction of the events. A second 1 4 C 

measurement showed no evidence for emission of a 17 keV mass neutrino. In 

a related experiment, a high statistics electron-capture internal-bremsstrahlung 

photon spectrum of 5 5Fe was collected with a coaxial germanium detector. A local 

search for departures from a smooth shape near the endpoint was performed, using 

a second-derivative technique. An upper limit of 0.65% (9 i% C.L.) for the mixing 

of a neutrino in the mass range 5-25 keV was established. The upper limit on the 

mixing of a 17 keV mass neutrino was 0.14% (95% C.L.). 

[1] J.J. Simpson, Phys. Rev. Lett. 54, 1891 (1985). 
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Introduction 

In 1930 Pauli first postulated the existence of a new light, neutral particle to 

explain the continuous electron spectrum observed in beta decay [1]. At that 

time the notion of an "undetectable" particle was abhorrent to many; in fact a 

competing model by Bohr that violated energy conservation in beta decay was 

initially more popular [2]. Four years later Fermi included the neutrino in his 

theory of beta decay [3] and it became a permanent part of our picture of nature. 

Neutrinos were not unambiguously detected until 1958, when Reines and Cowan 

measured the cross-section for antineutrino capture by hydrogen [4]. Three types 

of neutrinos (i/e, v^ uT) are now firmly ingrained in our Standard Model of particle 

physics; yet they remain an enigma. We have many questions: 

• Do neutrinos have rest mass, and if so what is the mass spectrum? 

• Are neutrinos purely left-handed (and antineutrinos purely right-handed)? 

• Are neutrinos and antineutrinos distinct particles? 

• Do lepton flavors mix in weak charged-current interactions (like quarks)? 

• Are neutrinos stable or do they decay? 

Actually all of these questions are intimately related to neutrino mass. Any mea

surement of a neutrino mass, or stricter limit on its mass, will help lead us to the 

answers and hopefully point us in the direction of new physics. 
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Neutrinos are readily produced in nuclear processes and once made they 

have a tiny probability for interaction or annihilation. They were created in great 

quantity during the big bang, and many astronomical objects such as stars and 

supernovae are copious neutrino sources. This makes them the most abundant type 

of matter in the universe. Even with a tiny mass they could dominate the mass 

density of the universe and therefore play a crucial role in cosmology. Neutrino 

mass could explain the observed solar neutrino deficit and would be important for 

understanding neutrino signals from other objects such as supernovae and active 

galactic nuclei. 

This work was motivated by John Simpson's 1985 report of evidence that 

the electron neutrino contains a 1% admixture of a 17 keV mass state; and the 

subsequent experiments that both refuted and supported his claim. The first 

chapter outlines the theory of neutrino mass in the Standard Model and simple 

extensions; describes laboratory tests and present limits on neutrino mass and 

mixing; and discusses some of the important implications of neutrino mass in 

physics. The second chapter chronicles the history of the 17 keV neutrino, from 

the initial evidence, through the various experiments and experimental issues, to 

the final conclusion that the 17 keV neutrino does not exist. In the third chapter 

I describe an experiment, conducted at Lawrence Berkeley Laboratory (LBL), 

that initially showed evidence supporting the 17 keV neutrino in a I 4C-doped 

germanium detector, but was later determined by us to be mistaken. The fourth 

chapter describes another experiment performed at LBL that strictly ruled out the 

presence of a 1% 17 keV neutrino in the internal-bremsstrahlung-electron-capture 

(IBEC) decay of S 5 Fe. In the final chapter I draw some conclusions about the 17 

keV neutrino story and discuss some lessons that we can perhaps learn from it. 

2 



Chapter 1 

Neutrino Mass 

1.1 Neutrinos in the Standard Model 

The Weinberg-Salam-Glashow electroweak Standard Model unifies the electromag

netic and weak interactions. It is formulated as a gauge field theory, in analogy to 

the very successful theory of quantum electrodynamics. The fundamental fermion 

fields \P are separated into their left and right chiral projections: 

*!. 3 | (1 - 7*) *, * H = ± ( l + 7 s ) * (1-1) 

with 

* L + * R = * . (1.2) 

For massless fermions \p£, and VPR correspond to particles of helicity —1 and +1. 

The Standard Model begins with three generations of massless quarks and leptons, 

each assigned two quantum numbers: weak isospin Tw, and electric charge Q." 

Within each generation the left-handed quarks and leptons are arranged into weak 

isospin doublets and the right-handed quarks and leptons into singlets. In the first 

"Strictly speaking, the group structure SU(2)L X U(l) contains the quantum numbers Tw and 
Yw (weak hypercharge), with y«, = 2(Q - r„.3). 
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Table 1.1: Quantum number assignments in the electrowe>Jc Standard Model. 
Fermion T T„3 Q 

"eL 
1 
2 +\ 0 

"tR 0 0 0 

*L 
1 
2 

1 
2 - 1 

eR 0 0 - 1 

V-L 
1 
2 +1 +1 

UR 0 0 +1 
dL 

1 
2 _ 2 

1 
3 

dR 0 0 1 
3 

generation we have 

leptons: e-R vtR 

(1.3) 

quarks : | J UR dR 

with T„ and Q assignments as shown in Table 1.1. These assignments are mo

tivated by the observed electric charges of the particles and the observation of 

maximal parity violation in weak decays; i.e. only left-handed particles are seen to 

participate. The UCR has zero weak isospin and zero charge, so it does not interact 

with the other particles. The second (1/^,^,0,s) and third (VT,T, t,b) generations 

are arranged in a similar way. 

The charged fermions are known to have mass. Mass is added to the theory 

by introducing the Higgs field <&, a complex scalar doublet field that couples to the 

fermions. Through the mechanism of spontaneous symmetry breaking, $ obtains 

a non-zero vacuum expectation value, 

<0|*'$|0> = £ (1.4) 



which generates a Dirac mass term in the Lagrangian: 

Anma = y= (/ti«X.«fl + fd3LdR + feeLCR -f- fvjUVtR + • • - ) + h.C. (1.5) 

The fermion masses are then given by 

m f = —=/ f, ( f=u ,d ,e , i / e , . . . ) . (1.6) 

The fermion mass Lagrangian couples the left-handed and right-handed fields to

gether, breaking the chiral symmetry. The coupling constants /f, and hence the 

fermion masses, must be determined from experiment. Present experimental ev

idence is consistent with all neutrino masses being equal to zero. The theory 

explains this by stipulating that the right-handed neutrino fields do not exist, 

so the neutrino terms in (1.5) vanish. An equivalent viewpoint is to require 

/„ e = /„,, = /„ T = 0. The right-handed neutrino fields then have no physical 

manifestation whatsoever, and essentially do not exist. Neutrinos in the Standard 

Model are massless and must always have helicity —1 (+1 for anti-neutrinos). 

1.2 Massive Neutr inos 

It is possible that future experiments will show that neutrinos do in fact have mass. 

If so, massive neutrinos can be incorporated into the Standard Model without 

serious difficulty. The most straightforward way is to allow the VR fields to exist 

with /„ ̂  0 in (1.5). The neutrino becomes a massive Dirac particle, like the 

electron, with four distinct states: VL, UR, VR, and VL. The right-handed neutrino 

(and left-handed antineutrino) are sterile, i.e. they have no electroweak interaction. 

However, the chiral states of a massive particle are not solutions of the Dirac 

equation, so a free VR contains a small projection of the opposite chirality and 

hence may interact as a v^. Therefore all four states are physical. 

Another possible scenario is to include a term of the following type in (1.5): 

C-v mass = tt-v^iyL + n - c - ( * - 7 ) 

O 



called a Majorana term. The superscript c signifies charge conjugation. It couples 

the left-handed neutrino to the right-handed antineutrino, implying that they are 

opposite helicity states of the same particle. This is allowed only for a neutral 

particle, otherwise it would violate conservation of electric charge. There is no need 

for a sterile neutrino in this model, only two states exist. The Dirac or Majorana 

nature of the neutrino can in principle be determined experimentally; a Dirac 

neutrino respects total lepton number conservation while a Majorana neutrino 

necessarily violates it by AL=2. Also, a Dirac neutrino is expected to possess 

a small magnetic moment, while a Majorana neutrino with a non-zero magnetic 

moment would violate CPT invariance. 

More complicated models using Dirac and Majorana mass terms have been 

proposed. In the seesaw mechanism each generation contains a pair of Majorana 

neutrinos that couple to the Higgs sector in the following way: 

£ , m M S = ( n A l ) ° m ° ) \ V L l + h . c . (1.8) 
V ' \mD M } \ N L ) 

with mo ~ mc and M » mc. The v has weak isospin \ and N is a sterile singlet. 

When the matrix is diagonalized two mass eigenstates are obtained with masses 

m2

D/M (the observed electron neutrino) and M. Such a mechanism could explain 

why m„. <C me in the context of a grand unified theory. In the Konopinski-

Mahmoud model and its variations a neutrino and antineutrino from different 

generations, for example V^L and V^R, are combined into one Majorana neutrino, 

while uTi and ~v^R form another; and the masses are degenerate. This is equivalent 

to a single four-component Dirac neutrino and is called a pseudodirac particle. 

There are no sterile states, but ui and UR have different dominant lepton flavor. 

This scheme could allow a large Majorana mass while suppressing neutrinoless 

double beta decay (Section 1.3) by cancellation. 

The fermion mass eigenstates in (1.5) are in general not the same as the 

weak eigenstates that appear in (1.3). Such a coincidence would imply an unex-

6 



A.Z+1 

W 

Figure 1.1: Nuclear beta decay. The electron and electron antineutrino share the 

available decay energy. 

pected connection between the weak interaction and mass. In fact, we know from 

experiment that the quark weak states are related to the mass states by a unitary 

transformation, the Kobayashi-Maskawa (KM) matrix. A similar situation should 

occur in the lepton sector if neutrinos have mass. If the weak flavors (I = e, fi,r) 

are defined in the basis of the charged lepton masses, then the neutrino weak states 

can be written 

h> = £t/<,h> (1-9) 
where «/,- are the mass states (i = 1,2,3). U is the leptonic KM matrix. This leads 

to the very inteiesting possibility of neutrino mixing and neutrino oscillations. 

1.3 Tests of Neutrino Mass 

Probably the most accessible laboratory process that involves the neutrino is nu

clear beta decay (see Figure 1.1). The mass of the emitted antineutrino will affect 

the shape of the observed beta energy spectrum: 

< W ( ^ ' " ' ) « F(E, Z)PE (Q - E) \(Q - Ef -mtf . (1.10) 

E, p are the beta's energy and momentum. Q is the total decay energy, and F(E, Z) 

accounts for final state coulomb effects. Figure 1.2 shows a plot of a typical beta 



Beta energy-

Figure 1.2: Fermi beta spectrum for m„ ^ 0 (dashed) compared to m„ = 0 (solid). 

spectrum for m„ ^ 0 compared to m„ = 0. The maximum beta energy is reduced 

from Q to {Q—m„) and the slope of the spectrum becomes infinite at the endpoint. 

This would seem the easiest way to measure the electron neutrino mass.* However 

if mu <C Q the observable effect is very close to the endpoint energy where relatively 

few events occur. The most ambitious attempts have studied the tritium beta 

spectrum (Q = 18.6 keV) with high-resolution magnetic spectrometers [5, 6, 7, 8]. 

These experiments see no evidence for neutrino mass, but unfortunately are all 

limited by an unexplained excess of events near the endpoint (a massive neutrino 

would cause a deficit of events there). The Particle Data Group's global upper 

limit is m„e < 7.3 eV (90% C.L.) [9]. 

The mass of the muon neutrino has been investigated by studying the kine

matics of charged pion decay: 

r - - . ^ " + l v (1.11) 

"When I refer to the mass of a flavor slate I mean the mass state with the largest \Uu\2 for 
that flavor. I am also assuming here that m„ = my. 
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The neutrino mass can be determined from precise measurement of the pion and 

muon masses and momenta. The best quoted limit is mVlA < 270 keV (90% C.L.) 

[10]. This number is highly df pendent on the pion mass, which is presently a 

matter of some disagreement [11] so perhaps the limit should be higher. The tau 

neutrino mass can be derived in a similar way from the kinematics of various decay 

modes. The best limit is m„T < 32.6 MeV (95% C.L.) from tau decays into five 

hadrons [12]. 

There exist a number of even-A nuclei that are stable against beta decay 

but unstable against two beta decays through a virtual intermediate nuclear state. 

The Standard Model predicts this decay to occur with the emission of two betas 

and two antineutrinos (/3/?2i'). The matrix element contains two W exchanges 

so the rate is extremely slow (~ 102° years), but the process has been observed 

in several nuclei [13, 14, 15, 16]. Neutrinoless double beta decay (/?/J0i>) is a 

competing process that is possible only if the electron neutrino has a Majorana 

mass (see Figure 1.3).* The right-handed antineutrino emitted in the initial beta 

decay will have a small projection of the opposite chiral state due to its mass. 

This left-handed stale has electron neutrino flavor from the Majorana coupling, 

so it can be recaptured by the nucleus, causing the emission of a second beta. 

The sum energy of the betas from 0/301/ must equal the decay Q-value. It can 

therefore be distinguished experimentally from /?/32i/, which has a continuous sum 

spectrum. A number of sensitive experiments have placed stringent upper limits 

on ,I9/?0I/ rate [14, 15, 18] equivalent to an upper limit on the electron neutrino 

effective Majorana mass (the sum of the mass states weighted by the mixings) of 

~ 1 eV. This limit can be evaded by a pseudodirac neutrino, which consists of a 

pair of Majorana neutrinos degenerate or nearly degenerate in mass. In that case 

two diagrams like Figure 1.3 will exist with the possibility of opposite CP parities 

"A -\£ = 2 right-hsjided weak current Wp can also initiate this decay mode, but a Majorana 
neutrino mass is still required [17]. 

9 



A.Z+2 

W 

W 

Figure 1.3: Neutrinoless double beta decay can occur only if the electron neutrino 

possesses a Majorana mass. 

causing a cancellation. 

As discussed earlier, if neutrinos have mass then they are expected to mix. 

Consider the simple case of two-component mixing. In addition to its dominant 

mass, ve would contain a small admixture of a different, possibly much larger mass 

(which would be dominant in v„ or vT). The vc weak eigenstate would then be: 

\uc) = cos0|^i) +sin0|i/ 2) (1.12) 

where sin# and cos# are the approximate elements of the leptonic KM matrix 

and \i>i) and |I/J) are the mass eigenstates with masses mi and mi When a vc is 

created with a certain energy its two mass components will propagate with different 

wavelengths and interfere with each other coherently. It is easy to show that this 

causes an oscillation of lepton flavor. The probability that a neutrino initially in 

eigenstate ve wi!l oscillate into a vx (the dominant flavor of v2) after travelling a 

distance / in a vacuum is given by: 

J* (v. «V,/) = isin 220 1 — cos (£)] (1.13) 

10 



with 

I-c = - 4 ^ 5 (l-W) 
m{ — m{ 

In order to look for this phenomenon one must detect the neutrino, which is no 

easy matter. Neutrino oscillation experiments use strong neutrino sources, such 

as a reactor or intense pion beam, and large volume detectors. There are two 

main categories: "appearance" experiments where the opposite neutrino flavor is 

detected, and "disappearance" experiments where the detection rate of the original 

flavor neutrino oscillates as the source distance is varied. Flavor oscillation cannot 

distinguish between Dirac and Majorana masses. A composite exclusion plot of vc 

appearance and disappearance experiments is shown in Figure 1.4. 

n 
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10 -1 

10" 

BNL 
E776 
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10"3 10*2 10"1 

sin2 (20) 
1 

Figure 1.4: Composite exclusion plot, from [19], of ve appearance and disappear

ance experiments. These are equivalent if ve mixes primarily with v^. The param

eter space to the right of each contour is excluded at 90% C.L. The vertical axis 

is 6m? = m\ - m\. See [20-23]. 
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1.4 Kink Searches in Weak Decays 

If neutrinos are massive and the flavors mix, a heavy mass state associated with 

vt will cause a characteristic kink in beta decay eneTgy spectra. Suppose (1.12) 

is true and mi « 0, m2 ^ mj. An observed beta spectium will be an incoherent 

superposition of the spectra (1.10) corresponding t o m „ « 0 and mv = m 2 : 

dE dE dE 

For E > Q — rtii the heavy neutrino is energetically forbidden and the spectrum is 

identical to the massless neutrino spectrum. There is a kink (slope discontinuity) 

at E = Q — rn.21 and below that point the relative amplitude rises to 1 + tan 2 8. 

The values of m? and 9 will be the same in all beta spectra having Q > m 2 . It is 

convenient to write (1.15) as the product of the massless neutrino spectrum and a 

massive neutrino shape factor S(E), 

dN(E) dN(E,0) 
~dE~ * ~lE~S(E) ( L 1 6 ) 

with 

S(E) 
L KV-Z) J 

(1.17) 

Figure 1.5a shows a plot of S{E) normalized in the region E > Q — m 2 . It gives 

a clear picture of the effect of the massive neutrino admixture. However in a 

typical experiment the normalization and Q will be treated as free parameters 

and determined by a least-squares fit over a wide energy region; with each point 

weighted by its statistical uncertainty. That normalization of S(E) is shown in 

Figure 1.5b. The data points of an experimental beta spectrum containing a 

massive neutrino admixture, divided by the best fit theoretical spectrum with 

m„ = 0, will lie along this curve. The curve diverges near the endpoint because Q 

13 

= l + tan 2 0 1 -

= 1 

ml 2 
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will be underestimated if a missive neutrino admixture is present in the data but 

not included in the fit. 

A Kurie plot is often used to analyze an experimental beta spectrum, espe

cially to determine the endpoint energy. It is denned by: 

The Kurie plot of an allowed spectrum (with no massive neutrino) is a straight 

line. Figure 1.6 shows the effect of S(E) on the Kurie plot of the spectrum. The 

asymptotic slope above the kink differs from the slope below the kink. 

Electron capture by the nucleus is another decay process that can reveal 

information about neutrino mass. In the lowest order decay an atomic electron 

is captured by the nucleus and a monoenergetic neutrino and x ray are emitted. 

There is an order a correction to this process in which the incoming electron emits 

an internal bremsstrahlung (IB) photon (see Figure 1.7). The neutrino and photon 

share the available decay energy, resulting in a continuous photon spectrum similar 

to a beta spectrum. For capture from the Is shell: 

* S £ p 2 « k (qu - k) \(qu - k)2 - ml] * Ru(k) (1.19) 

where k is the IB photon energy; qu is the decay Q-value minus the Is electron 

binding energy; and / ? j s is a correction factor that accounts for the influence of the 

nuclear Coulomb field on the intermediate electron. It is clear by comparing (1.19) 

to (1.10) that the effect of neutrino mass on the shape of the spectrum is the same. 

One difference is that beta decay emits an antineutrino while a neutrino is emitted 

with electron capture. CPT invariance requires that a particle and its charge 

conjugate antiparticle have identical mass. However it has not been positively 

established that the particles we call neutrino and antineutrino are actually charge 

conjugate states; so it is possible that the masses are different. Nevertheless, in 

the absence of contrary evidence it is reasonable to assume that they are charge 
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Figure 1.5: (a) The massive neutrino shape factor S(E) for a beta decay spectrum 

normalized in the region E > Q — m^. There is a kink (slope discontinuity) at 

E = Q — m 2 and a rising amplitude below that point, (b) The same S(E) with 

the normalization and Q determined from a least squares fit over the entire energy 

region shown (the expected experimental shape factor). 
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Figure 1.6: The effect of S(E) on the Kurie plot of a beta spectrum (solid). The 

slope of each component is different (dashed). 
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Figure 1.7: Internal bremsstrahlung from electron capture (IBEC). The photon 

and neutrino share the available decay energy. 
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conjugates and have the same mass. A massive neutrino shape factor thai is 

observed in beta decay should then also be exhibited in IBEC spectra: 

dN(k) dN{k,Q)t 

d k -S(k) (1.20) 

with 

S(Jfc) = l + tan 2 0 
(qis-k)2\ 

for k <qu — m 2 

= 1 for k > gu - m2 (1.21) 

1.5 Implications of Neutrino Mass 

Neutrino mass has a number of profound implications for astrophysics and cosmol

ogy. Neutrinos are very abundant, so even a tiny mass will contribute significantly 

to the total mass of the universe. The matter density of the universe is normally 

parameterized by the dimensionless quantity 0: 

fi = -£• (1.22) 
Pc 

where pc is the density needed to make the universe cosmologically flat. Dynamical 

evidence from the observed distribution of galaxies implies that f! > 0.1. Lower 

limits on the age of the universe based on the age of the Earth and stars require [24] 

Qhl < 1.0, where h0 (=0.5-1.0) is the Hubble constant H0/IW km s" 1 Mpc _ J . 

In addition, observational estimates of the deceleration parameter suggest that 

fi < 2. We can reasonably conclude that 

0.1 < ft < 2. (1.23) 

However, the physics of cosmological expansion suggests that fi ~ 1 is very unlikely 

(the flatness problem) unless Q = 1, which is the case in the inflationary model [25]. 

The best measurements of the luminous matter in the universe give fijum ~ 0.01 so 

most of the matter must be dark. Primordial nucleosynthesis calculations indicate 
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Figure 1.8: Radiative decay of a massive neutrino. 

that the total baryonic matter cannot exceed fl^r ~ 0.035 [26]. One is drawn to 

the possibility that neutrino rest mass accounts for the difference. If so, and if 

fi = 1, then calculations of relic neutrino densities can be used to determine the 

sum of neutrino masses [27]: 

i 
= 45ft2, eV 

= 90/i2, eV 

for Dirac neutrinos 

for Majorana neutrinos (1.24) 

where the sum is over all light stable flavors. If other non-baryonic dark matter 

exists then (1.24) is an upper limit. Extremely massive (~ GeV) neutrinos evade 

this limit. 

If the massive neutrinos are unstable then (1.24) will be modified. With 

flavor mixing, the minimally extended Standard Model predicts that the heavier 

mass states will decay radiatively into the lighter ones (Figure 1.8). This type of 

diagram is suppressed by the GIM factor {mT/mw)2 so the decay rate is extremely 

small [28]: 

r * [ ^ ] V ^ V , | 2 lO-29*-1. (1.25) 
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The mean life is greater than the age of the universe unless jn 2 > 150 keV. If 

i7i2 > 1 MeV it can instead decay into a lighter neutrino and an e+e~ pair, which 

is a much faster process. Otherwise a neutrino with a mass that exceeds the limit 

of (1.24) will require a more rapid decay than known processes will allow, which 

will in turn require new physics to explain. 

There is a well-known deficit in the detection rate of neutrinos produced by 

the sun. Bahcall has used detailed solar models to calculate the energy dependent 

flux of solar neutrinos at the Earth [29], about 6.5 x 10 1 0 c m - 1 s _ 1 total. Over a 

twenty-year period, Davis et al. have detected an overall rate of 2.1 ± 0.9 SNU in 

their 3 7C1 neutrino detector (a SNU equals 1 0 - 3 6 s _ I interactions per target atom), 

verses a predicted rate of 8.0 ± 2.6 SNU [30]. The quoted uncertainties are 3<r. 

Recent experiments using H2O and 7 1 Ga detectors have confirmed a solar neutrino 

deficit [31,32, 33]. The operating detectors are primarily sensitive to electron flavor 

neutrinos only. A possible explanation for the missing solar neutrinos is that they 

have mass and a significant fraction oscillate into muon or tau flavor before they 

reach the Earth. Vacuum oscillation (1.13) is not a satisfying solution since it would 

require a fine-tuning of A(m 2) to the Earth-Sun distance. It is also unsatisfying 

on theoretical grounds; it requires tiny mass differences (A(m 2) ~ 1 0 - 1 2 eV 2 for 

L0sc= 1 A.U.) and large mixing angles while the quark sector is characterized by 

large mass differences and small mixing angles. Inside the sun however, refraction 

of the neutrino wave function due to its interaction with matter can enhance the 

oscillation (MSW effect [34]). This effect is independent of distance and a solution 

to the solar neutrino problem can be obtained with reasonable mixing parameters 

(A(m 2) ~ 10" 5 eV 2, sin^ ~ 0.03-0.07 [35]). 

The Standard Model predicts that a massive Dirac neutrino will possess a 

small magnetic moment [36]: 

/ 3 ^ GFTn„mc 

^=\T2)~~^~>lBohr- ( 1 ' 2 6 ) 

It is unlikely that this could ever be measured in a laboratory experiment, but it 
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may have astrophysical importance. For example, the rate of energy release from 

an exploding supernova is limited by the transport of neutrinos; they are trapped 

inside the dense expanding matter. A magnetic dipole interaction can cause a 

neutrino to flip helicity into the mostly sterile right-handed state, which will then 

diffuse more rapidly through the supernova. The overall neutrino transport is 

enhanced and the supernova cools more rapidly. The observed neutrino pulse 

duration from supernova 1987A leads to the limit [37]: 

p„ < 5 x lO-'Vflofcr (1.27) 

A better limit on the Dirac mass can be obtained by considering weak scattering 

in the supernova, which can also cause a helicity flip. In this case the Supernova 

1987A neutrino pulse gives the limit [38]: 

m„,Dir*c<30 keV (1.28) 

The time-energy dependence of the supernova neutrino pulse can in principle be 

used to determine the electron neutrino mass (the observed signals were presum

ably all electron neutrino flavor). This is based on the simple kinematical argument 

that mass will cause a velocity spread in neutrinos of different energy. Bachall and 

Glashow claim a limit of m„, < 11 eV [39]. However, the statistical sample in 

these data is very small. 

Finally, neutrino mass leads to the possibility of CP violation in the lepton 

sector. CP symmetry is known to be violated in K meson decay. The Standard 

Model accounts for this through the KM matrix. A general 3 x 3 unitary matrix 

contains three rotation angles and six phases. In the KM matrix, five of these 

phases refer to the relative phases between Ihe quark wave functions and are ar

bitrary and physically meaningless. The remaining phase is non-trivial and can 

explain the observed CP violation. The existence of a leptonic KM matrix could 

lead to a similar breaking of CP symmetry in purely leptonic processes. 

20 



Chapter 2 

The 17 keV Neutrino 

2.1 Simpson's Experiment 

The saga of the 17 keV neutrino began in 1985 when John Simpson of the University 

of Guelph, Canada, reported evidence of a low energy distortion in the tritium beta 

decay spectrum [40]. The experiment consisted of a Si(Li) detector in which tritium 

had been implanted at energies from 10.5 to 1-5 MeV, to a depth of 0.25 to 0.45 

mm. This depth was sufficient to stop all the tritium betas and bremsstrahlung 

photons, yielding a fully calorimetric beta spectrum. The original motivation of 

the experiment was to study the spectral shape near the endpoint (18.6 keV). 

However, a divergence was observed at the other end of the spectrum, at an energy 

of 1.5 keV and below (Figure 2.1). Simpson found that the size and shape of this 

divergence could be adequately fit by including a massive neutrino component with 

m 2 = 1~-1 ±0-2 keV and sin2 6 = 0.03±0.01 (see Equation (1.15)). This experiment 

drew considerable interest but the result was not widely accepted mainly for reasons 

of systematics: the x-ray energy calibration of the detector did not extend below 6 

keV and had to be extrapolated down to the energy of the neutrino kink; and the 

extent of pulse-height defects caused by radiation damage during ion implantation 

could not be determined at low energies. 
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Figure 2.1: Data from [40], showing the low energy portion of the measured tritium 

beta spectrum compared to the theoretical massless neutrino spectrum (solid line). 

Haxton [41] quickly pointed out that conventional approximations used to 

treat exchange terms in the sudden approximation and electronic screening cor

rections are only valid for beta energies with wavelengths much smaller than the 

atomic scale. For a beta energy of 1 keV, Ae = 0.07A, which is 24% of the Bohr 

radius of He (0.26A). He concluded that the exchange correction is still quite 

small but a proper treatment of screening corrections could account for the low 

energy divergence in Simpson's spectrum. Several authors [42, 43, 44] calculated 

the appropriate screening potential. When Simpson reanalyzed his data with these 

corrections he found that the best value of sin2 6 was reduced to 0.5-1.6%, but the 

observed distortion could not be completely accounted for by low energy atomic 

effects. 

2.2 Early Negative Results 

In the fall of 19S5, only months after Simpson's result was published, five different 

groups reported negative results from searches for a 1? keV neutrino signal in the 
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beta spectrum of 3 5 S . This isotope has an endpoint energy of 167 keV, putting 

the kink at 150 keV, much higher than the 1.5 keV position in tritium. This is an 

advantage because atomic corrections which were relevent for tritium are negligible 

and experimental systematics are more easily understood at the higher energy. The 

disadvantage is that only 0.18% of beta events fall within 17 keV of the endpoint. 

Similar experiments at Princeton [45], Russia (ITEP) [46], and Caltech 

[47] utilized magnetic spectrometers to measure the 3 5 S spectrum. Upper limits 

on sin 20 for a 17 keV neutrino of 0.4% (99% CL), 0.17% (90% CL), and 0.3% 

(90% CL), respectively, were reported. Due to uncertainties in the response of 

these spectrometers, the observed spectra all deviated systematically from the 

predicted one. To accomodate this problem, the Princeton and Russian groups 

each multiplied their spectrum by a shape correction: a second order polynomial 

in energy with coefficients determined by fitting the data. It was claimed that 

this process would not affect the sensitivity to a massive neutrino: "the systematic 

error in our procedure is likely neither to simulate a neutrino mass kink nor to 

cover up such a kink because the correction is a smooth function of the energy." 

[45]. This claim was later criticized by Simpson and others (see Section 2.5). The 

Caltech group, which had the lowest statistics, did not require such a correction 

function. 

Datar et al. in Bombay [48] used a cooled, 3-mm-thick Si(Li) detector to 

collect the beta spectrum from a collimated external source of 3 5 S . An upper limit of 

sin2 9 < 0.6% (90% CL) was reported, which excludes Simpson's original result but 

not the revised result after correcting for atomic effects. Ohi et al. at INS Tokyo 

[50] used a pair of cooled, 7-mm-thick Si(Li) detectors with a KS source sandwiched 

in between (Figure 2.2). It is well known that about 13% of normally incident betas 

(even more with an uncollimatea source) will back-scatter out of a silicon detector, 

depositing less than their full energy [49]. This arrangement allowed them to 

veto back-scattered events, mitigating this problem. Unfortunately, it, introduced 
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Figure 2.2: Side view of the source-detector configuration in Ohi et al. [50]. 

another problem: some betas will back-scatter from the veto detector depositing 

too little energy to generate a veto signal. Thus the total number of back-scattered 

events where the veto detector energy is below threshold (typically several keV), 

and the remaining energy is collected in the energy detector, is greater compared 

to a single detector design. This is significant when the high energy part of the 

spectrum is of interest, as in this case. An upper limit on sin 20 of 0.15% (90% 

CL) for a 17 keV neutrino was reported. However, it is apparent from Figure 2.3 

that while the experimental data was normalized over the region 120-160 keV, the 

massive neutrino function S(E) is shown normalized from ~150-160 keV (above 

the kink position), so the validity of this limit is questionable. In fact, in 1986 

Simpson published a paper in which he reanalysed the data from [50], showing 

that a distortion at 150 keV is consistent with emission of a 1-2% 17 keV neutrino 

when the data is also normalized above 150 keV (Figure 2.3) [51]. He also criticized 

their analysis for fitting the massive neutrino after the other parameters had been 

fixed, instead of properly fitting all free pprameters simultaneously. 

In 19S7 a search for a 17 keV neutrino in the beta spectrum of ^Ni was 
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Figure 2.3: (a) Data/fit of Ohi et al. [50]. (b) Simpson's analysis of the same data 

showing support for the 17 keV neutrino (normalization taken above 150 keV) [51]. 
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complied by Hetherington et al. using the ry/2 magnetic spectrometer at Chalk 

River, Canada [52]. a N i has an endpoint energy of 67 keV, lower than that of 3 5 S , 

resulting in better resolution and statistics at the kink position, yet high enough 

to avoid the low energy effects that were problematic in tritium. To enhance 

the count rate, a large area multiple strip source was employed, with an array of 

22 proportional counters at the opposite focus, six of which were blocked off to 

function as background monitors. Numerous systematic effects were studied and 

described in detail in this impressive paper. An additional shape factor, linear 

in energy, was needed to correct for systematic distortion. Both a wide range 

scan (26-67 keV) and a narrow range scan (46-54 keV) were performed (Figure 

2.4) and analyzed separately. The narrow range analysis put an upper limit of 

sin 20 < 0.44% (90% CL) on a 17 keV neutrino. 

2.3 The 17 keV Neutrino Returns 

By late 1988, with a number of negative reports contradicting Simpson's experi

ment (the only positive report), the 17 keV neutrino seemed sufficiently dead. In 

1989 Simpson and his student Andrew Hime powerfully brought it back to life with 

a pair of papers describing two new results supporting the massive neutrino and 

soundly criticizing the negative experiments [53, 54]. 

In the first experiment a cooled Si(Li) detector was used to collect the beta 

spectrum from an external source of 3 5 S . This arrangement was very similar to the 

one of Datar et al. [48] except collimators were not used and the statistical sample 

was a factor of eight larger. The data from 110-166 keV were fit to the theoretical 

spectrum, with no shape corrections needed, yielding a best fit of m2 = 16.9 ± 0.4 

keV and sin2 0 = 0.73 ± 0.09 ± 0.06%. 

Simpson and Hime criticized the use of quadratic shape corrections in the 

Princeton [45] and Russian [46] magnetic spectrometer experiments. They argued 
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Figure 2.4: Data/fit including a 17 keV neutrino with sin2 6 = 0.03 from the Chalk 

River experiment [52). (a)Wide range scan, (b) Narrow range scan. 
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that the linear and quadratic coefficients used in these two experiments are large 

enough to preclude ruling out a 0.8% 17 keV neutrino. They also criticized the 

Chalk River experiment [52] on similar grounds for using an excessively large linear 

correction. The Caltech "̂ S experiment [47] did not use such a shape correction. 

However, Simpson and Hime pointed out that the Caltech measured detector re

sponse for 1 3 9 Ce internal conversion electrons indicates a back-scatter fraction of 

60%, 4 times larger than that expected for normally incident electrons [49]. They 

concluded that this probably means some systematic problem was not accounted 

for, putting their result in question. The paper also criticized [48] on the grounds 

of low statistics and Ohi et al. [50] for the reasons previously discussed (see Section 

2.2). 

In the second paper, Hime and Simpson reported an improvement on the 

original tritium experiment. A 7-mm-thick hyperpure germanium detector was 

implanted with tritium to a depth of 0.28-0.32 mm. The advantage of germanium 

over silicon is that defects due to radiation damage can be removed by low tem

perature annealing (< 200°C) without diffusing out the tritium. The efficacy of 

the annealing process was monitored with gamma ray scans, and it was shown to 

be successful. A low energy calibration was obtained in a clever way by flouresc-

ing various elements to produce 9.9-19.7 keV x rays, and calibrating with the Ge 

x-ray escape peaks from these lines. This provided an energy calibration down 

to 1.3 keV, below the kink position. After the best available low energy atomic 

corrections for tritium were included, the data exhibited a low energy divergence 

very similar to that of the original experiment. The authors quote a best fit of 

m 2 = 16.9 ± 0.1 keV and sin2 6 =0.6-1.6%. 

The heavy neutrino gained momentum in 1991 as a series of new positive 

results appeared. The first truly independent result showing support for the 17 keV 

neutrino came from the group at Lawrence Berkeley Laboratory studying a UC-

doped germanium detector [55]. This experiment is discussed in detail in Chapter 
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Figure 2.5: Oxford beta spectrometer [56-58]. (a) Si(Li) detector, (b) source sub

strate, (c) Al detector aperture, (d) Cu source aperture, (e) Al anti-scatter baffle, 

(f) linear motion feed-through, (g) liquid nitrogen cryo-panel, (h) teflon centering 

ring, (i) vacuum chamber. 

3. Hime, who had moved to Oxford, and Jelley reported new results using 3 5 S 

and ^Ni [56, 57, 58]. The apparatus used was similar to the one at Guelph [53] 

except that a set of aluminum and copper collimators were employed to restrict the 

detected betas to normal incidence (Figure 2.5). These collimators were beveled 

to minimize the probability of betas scattering from their edges. Normal incidence 

reduced back-scattering from the Si(Li) detector, and simplified treatment of this 

effect in the analysis. The beta response function of the detector was measured 

using K-shell conversion electron lines from 5 7 Co and 1 0 9 Cd (62.5, 115.0, and 129.4 

keV) and extrapolated to the fit energy region (120-170 keV). The effects of back-

scattering and energy loss in the thin gold detector window were studied using these 

lines and Monte Carlo calculations. Two high-statistics runs with slightly different 

geometries were collected using the ^S source. Analyses of both runs showed 
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Figure 2.6: 3 S S [56] data/fit with no massive neutrino component (a) normalized 

from 120-167 keV (b) normalized from 150-167 keV, showing strong evidence for 

a 17 keV neutrino kink at 150 keV. 

strong evidence in favor of the 17 keV neutrino, and gave a best value of sin 2 0 = 

0.0084±0.0006±0.0005 (Figure 2.6). The M Ni data also supported the presence of 

a 17 keV neutrino, but the statistics were lower and systematic uncertainties in the 

back-scatter tail were more problematic due to the lower endpoint (.Ekink/.E<:ndpoiiit 

is lower compared to XS). A result of sin2 6 = 0.0099 ±0.0012±0.0018 was quoted. 

One item of possible concern is that the ^ S source was made from, a precipitate 

of BaSO«, while the K N i and conversion line sources were made from hydroxides. 

If energy losses in these sources were significantly different, the detector response 

function used would have been incorrect. In fact, energy loss in the source was not 

included in the response function analysis at all. Hime argued that the sources 

were thin enough so that any possible difference would be insignificant [59]. 

30 



2.4 IBEC Experiments 

As discussed in Chapter 1, internal bremsstrahlung from electron capture (IBEC) 

photon spectra can be used to study the electron neutrino mass. This approach 

is complimentary to beta decay, which involves the electron antineutrino. The 

spectral effect is essentially the same, although the experimental issues are quite 

different. A photon spectrum is most effectively measured using a large volume 

solid-state detector. Source scattering is not a serious problem, so large source 

volumes can be used as well. The main disadvantage is that photon scattering in 

the detector and surrounding materials is unavoidable and the scattered photon 

response function is quite complex. The IBEC theoretical shape is also more 

complicated than that of beta decay, due to capture from different electronic states. 

The first 17 keV neutrino experiment to use the IBEC method was undertaken by 

a group at CERN [60]. They produced a source of m I (K shell IBEC endpoint of 

146 keV) and counted it with a pair of planar Ge detetctors. The statistics were 

rather low, and they were able to establish an upper limit of sin2 9 < 0.02 (98% 

CL). 

In 1987, Zlimen et al. in Zagreb studied an 5 5 Fe IBEC spectrum collected 

with a 56-cm3 Ge(Li) detector [61]. To avoid the complications of determining the 

response function and efficiency over a wide range of energies, they restricted their 

analysis to 197.5-213.5 keV, and extrapolated the detector efficiency function from 

the data above this region. They claimed an upper limit of sin2 0 < 0.007 (3<r) for 

a neutrino in the mass range 16.4-17.4 keV. This limit was probably overstated 

because the uncertainty inherent in their method of treating the efficiency was not 

included, and also because the \ 2 minimum was taken at a negative (unphysical) 

value of sin2 8. The same group also studied the photon spectrum of 7 1 Ge (225 keV 

endpoint), and in 1991 reported the first positive evidence for a 17 keV neutrino 

in an IBEC spectrum [62]. In this experiment great pains were taken to determine 

the response function and efficiency over a wide range oi energy. The detector 
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response was measured using a number of gamma sources and fit to a twelve-

parameter function. The photopeak efficiency was similarly measured and fit to 

a three-parameter function. These parameters were then interpolated to achieve 

a continuous energy-dependent response. Furthermore, a quadratic polynomial 

was included to correct this function using the IBEC data above the kink energy. 

When the analysis was complete, the best fit required a 17.2 keV neutrino with 

sin2 6 = 0.0160 ±0.0053. 

Later in 1991, two groups reported results from IBEC experiments that 

favored neutrino masses other than 17 keV. The LBL group studied the S 5 Fe spec

trum and found a preference for a 21 keV neutrino with a mixing of 0.0085 in their 

data [63]; however they pointed out that the kink position was strongly dependent 

on parameters used in their efficiency function, which was determined from test 

source data. A group in Buenos Aires found a best fit of 14 keV for a massive 

neutrino in the initial analysis of their n G e spectrum [64] (this result was later 

retracted). 

2.5 An Experimental Controversy 

By the end of 1991 the 17 keV neutrino had attracted a great deal of attention and 

the experimental controversy was at its height. A summary of the experiments is 

given in Table 2.1. The numbers of positive and negative results were about equal; 

although the negative camp comprised nine different groups around the world, 

while Simpson and Hime accounted for most of the affirmative side. A weighted 

world average of the positive experiments gives mj=16.95 keV and sin2 0=0.93%. 

A fit of these points to the average using the quoted errors yields a xl of 0.17 for the 

mass and 1.48 for the mixing, remarkably good agreement considering the variety of 

techniques and isotopes used. Simpson, Hime, and others argued quite effectively 

that several of the negative experiments were weakened by systematic problems 
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}45, 46, 47, 50], three lacked the sensitivity to rule out their result [48, 60,61], and 

two of them were interpreted as actually supporting the massive neutrino [50, 46]. 

Yet, many observers still felt that so many groups failing to see the effect was 

sufficient cause for doubt. Some detractors noted that the positive results were 

all obtained using silicon or germanium detectors, and suggested that some solid 

state effect may be responsible; although it was difficult to conceive of a single 

systematic effect that could cause the same phenomenon in the different isotopes 

and techniques used. 

One of the key issues at this stage was the use of arbitrary functions as 

shape corrrections to improve the quality of fits, required by all but one of the 

magnetic spectrometer experiments. In the early experiments, it was claimed that 

because a massive neutrino produces a kink in the spectrum, use of a smooth 

correction function in the analysis would not reduce the sensitivity to this effect. 

Later, Simpson and others correctly pointed out that when a wide-range region 

of a spectrum is fit, most of the statistical sensitivity to the massive neutrino 

shape function S(E) comes from its global shape rather than the local effect of 

the kink itself. This is best illustrated by considering the beta spectrum Kurie 

plot. Figure 2.7a shows the Kurie plot of a beta spectrum that contains a massive 

neutrino component (the shape has been greatly exaggerated for clarity). The 

slope above and below the kink are different. The best fit (minimum x 2 ) Kurie 

plot without a massive neutrino is shown with no shape correction (dashed line), 

and a quadratic shape correction with coefficients determined from the fit (solid 

line). This shape correction accomodates much of the difference in slope, reducing 

the sensitivity to the effect (Figure 2.7b). When a neutrino admixture of only 

1% is considered, the difference is crucial. This was demonstrated analytically 

by Bonvincini [65], who also performed a series of Monte Carlo studies simulating 

several of the experiments. He showed that the presence of a distortion and the use 

of a polynomial correction function often caused the analysis to miss the presence 
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Table 2.1: 17 keV neutrino results as of December 1991. 

Group Method Isotope m 2(keV) 0 sin20(%)° Ref. 

Positive: 

Guelph Int. Si(Li) 3H 17.1 ±0.2 0.5-1.6 [40, 54] 

Ext. Si(Li) XS 16.9 ±0.4 0.73 ±0.11 [53] 

Int. Ge 3 H 16.9 ±0.1 0.6-1.6 [54] 

LBL Int. Ge 1 4 C 17±2 1.4 ±0.5 [55] 

Oxford Ext. Si(Li) 3 5 S 17.0 ±0.4 0.8 ±0.08 [56, 58] 

Ext. Si(Li) ^Ni 16.8 ±0.4 1.0 ±0.2 [57, 58] 

Zagreb IBEC n G e 17.2 ±0.7 1.6 ±0.5 [62, 66] 

Negative: 

Princeton Mag. Spec. ^ S 17 < 0.4 (99% CL) [45] 

ITEP Mag. Spec. 35g 17 < 0.17 (90% CL) [46] 

Bombay Ext. Si(Li) 35g 17 < 0.6 (90% CL) [48] 

Caltech Mag. Spec. 3 5 S 17 < 0.3 (90% CL) [47] 

Tokyo Ext. Si(Li) 3 5 S 17 < 0.15 (90% CL) [50, 51] 

ISOLDE IBEC 125J 17 < 2 (98% CL) [60] 

Chalk River Mag. Spec. 6 3 N j 17 < 0.3 (90% CL) [52] 

Zagreb IBEC 5 5Fe 17 < 0.74 (99.7% CL) [61] 

Munich Mag. Spec. 1 7 7 Lu 17 < 0.4 (68% CL) [67] 

Other: 

LBL IBEC 5 S F e 21 ± 2 0.85 ± 0.45 [63] 

Buenos Aires IBEC 7 1 Ge 13.8 ±1.8 0.8 ± 0.3 [64] 

"Separately quoted errors have been added in quadrature. 
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Figure 2.7: (a) The Kurie plot for a beta spectrum containing a massive neutrino 

admixture (exaggerated). Also shown are the best fit Kurie plots (no massive 

neutrino) with no shape correction (dashed), and a quadratic shape correction 

(solid), (b) The residual with no shape correction (dashed) and a quadratic shape 

correction (solid), revealing ihe loss in sensitivity. 
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of a neutrino kink. 

A related and more important problem is that even if a shape correction is 

not needed to improve the fit, the presence of a smooth but unknown distortion in 

the data can correlate with the shape of S(E), and cause the massive neutrino signal 

to be either created or hidden. This can also be seen in Figure 2.7. Suppose the 

experimental spectrum contains a quadratic distortion to begin with, due to energy 

loss, scattering, efficiencies, or any systematic effect not properly accounted for. 

When a massive neutrino component is allowed in the fit, and the x2 IS minimized, 

the fit values of m 2 and sin2 6 will deviate from the true values to best accomodate 

the distortion. This concern puts all of the above experiments into question, since 

they all used a wide range fit but none had adequately demonstrated that system 

response and efficiencies were understood at the 1% level. This issue was clearly 

of paramount importance for second generation experiments. 

Theoretically, a 17 keV mass neutrino was very difficult to reconcile with 

the electroweak standard model and other experimental results. Double-beta de

cay experiments excluded such a large majorana mass, so it would have to be a 

Dirac (or pseudodirac) particle. Yet supernova cooling rate observations seemed to 

suggest that it could not be an ordinary Dirac neutrino (although a 17 keV mass 

was not conclusively ruled out by this argument). Neutrino oscillation experiments 

ruled out its being dominantly muon-flavored, so it would have to be dominantly 

a tau neutrino. Measurement of the width of the Z resonance at LEP excluded a 

fourth light neutrino flavor (< 45 GeV). Big-bang neutrinos with a 17 keV mass 

would over-close the universe, so it would have to be unstable, with a lifetime 

much shorter than its standard model prediction, implying new physics. Attempts 

to simultaneously explain the solar neutrino problem and 17 keV neutrino experi

ments by neutrino mixing in three generations led to additional constraints. It is a 

tribute to theoretical ingenuity that in spite of all this a number of viable, if some

what contrived, models for the 17 keV neutrino were developed. See [68-72] for 
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interesting discussions of some of these models. Although the theoretical debate 

over the 17 keV neutrino was fascinating, the question of its existence remained an 

experimental issue. In the summary talk at the Workshop on the 17 keV Neutrino 

Question convened in Berkeley in December 1991, Bernard Sadoulet stated, "The 

17 keV neutrino may not exist, but it will not be because it cannot exist." The 

stage was set for a new generation of experiments to resolve the controversy. 

2.6 Second Generation Experiments 

In the summer of 1992 three new experiments were reported that each presented 

strong evidence against the 17 keV neutrino. The first was a study of the ^Ni 

beta spectrum using the iron-free 7r-\/2 magnetic spectrometer at INS Tokyo [73]. 

This effort was similar to the Chalk River ^Ni experiment [52], but it had some 

systematic difficulties. The detector consisted of an array of 30 single-cell propor

tional counters. The source (50 /ig/cm 2 Ni), source backing (1300 fig/cm2 Ni), 

and detector window (200 /ig/cm 2 polyester) were quite thick, causing a large tail 

in the response function, which was determined using only a single calibration line 

(K-conversion line from I 0 9 Cd) measured in the same geometry. Improper treat

ment of correlated errors in the analysis led to erroneous fits (best fit x2=1251.7 

for 1738 d.o.f.), but this was corrected in a later publication [74]. The strength 

of this experiment came from its extremely high statistics: 1.1 x 108 counts/keV 

at the kink position (50 keV) were collected; about 50-100 times that of the first 

generation experiments. With this statistical sample they were able to fit a narrow 

energy region (40-60 keV) and obtain sensitivity to the detailed shape of the kink. 

A 1% 17 keV neutrino was clearly absent in the data, as seen in Figure 2.8. The 

group quoted an upper limit of sin2 0 < 7.3 x 10~4 (95% CL) for a 17 keV neutrino. 

The next result came from an elegent experiment at Argonne National Lab

oratory. Mortara et al. studied the beta spectrum of ^S using a Si(Li) detector 
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Figure 2.8: Data from [73] showing data/fit including a 17 keV neutrino with sin 2 9 

equal o (a) 0.02% and (b) 1.0%, clearly ruling out the latter. 

and an external source placed inside a superconducting solenoidal magnet [75]. 

This ' as similar to the Hime and Jelley experiment [56], however the magnetic 

field provided three significant improvements: the betas were focused onto the de

tector, increasing the acceptance; normal incidence was achieved without physical 

colliir. itors, eliminating scattering problems; and betas backscattering out of the 

detector were reflected back in by the magnetic field, reducing the low energy tail 

in the response function. The last effect was achieved by shaping the axial field 

to form a magnetic mirror (see [76] for a discussion of this phenomenon). The ap

paratus is shown in Figure 2.9. The 3 5 S source (lQ~*(ig/cm2), and source backing 

(20/jg'cm2) were very thin. Conversion lines from 1 3*Ce at 127, 160, and 165 keV 

and Monte Carlo simulations were used to evaluate the detector response func

tion. These energies bracket the region of interest, unlike the 1 0 9 Cd and 5 7 Co lines 

used i [56]. Overall, the prevention and treatment of systematic effects in this 

experiment were very impressive; however a wide region of energy was fit (120-167 

keV) and it remained to be proven that the massive neutrino was not obscured by 
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Figure 2.9: Schematic drawing of the apparatus used in [75]. The lower curve 

shows the axial magnetic field strength. 
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•ome small distortion. This was accomplished by counting a separate ^ S source 

that contained small admixture of M C , which has a beta endpoint of 156 keV. The 

result was a distortion in the data with a size and shape similar to that of the 17 

keV neutrino. The UC contamination was seen in the data at the correct level (see 

Figure 2.10). An upper limit of sin*0 < 0.002 (95% CL) was established for a 17 

keV neutrino. 

Finally, the Berkeley group that originally saw the positive result in M C 

reported a new result from a high statistics spectrum of S 5 Fe IBEC [77]. A local 

kink search analysis, immune to global distortions in the spectrum, was used and 

a 0.8% 17 keV neutrino was excluded at the 7<r level. This experiment is described 

in detail in Chap"er 4. Unlike all of the first generation efforts listed in Table 

2.1, these three experiments were able to convincingly demonstrate sensitivity to 

the small distortion caused by a 1% 17 keV neutrino, and its final demise seemed 

certain. Most of t he advocates of the heavy neutrino conceded at this point, and 

new efforts commenced to explain the positive results. 

In 1992-94 a number of additional experimental results were reported, all 

finding no evidence for the 17 keV neutrino. Some of these were improvements on 

previous experiments. The Caltech group repeated their measurement of 3 5 S using 

a small (1 cm2) silicon surface barrier detector with their magnetic spectrometer 

[78]. The measured backscatter fraction was now more reasonable (17%), and they 

attempted to demonstrate their sensitivity by generating a synthetic "kink" in the 

spectrum, masking part of the beam with an aluminum degrader. The Princeton 

group also repeated their 3 5 S magnetic spectrometer experiment using a small PIN 

diode detector (0.8 cm 2) and improved collimation to reduce scattering; and a 

detailed Monte Carlo simulation to determine the backscatter tail shape [79]. The 

group from Argentina reanalysed their 7 1 Ge IBEC data with improved treatment 

of the photon response function and pileup. In addition they allowed the absolute 

probabilities of IBEC from different shells to vary in the fits. They no longer saw 

40 



0.010 

0.005-

0.000 

-0.005 -

-0.010. 

(a) 

120 130 140 150 160 170 
ENERGY (keV) 

0.005 

E 
< 
< 

0.000 

-0.005 

120 

(b) 

130 140 150 160 
ENERGY (keV) 

170 

Figure 2.10: Data from [75]; (a) Data/fit for the 3 S S data. The solid curve shows 

the expected result from a 17 keV neutrino wi'h sin2 0=0.85%. (b) Data/fit for 

the XS source containing 1.3% U C . The solid curve shows the expected result from 

this contamination. 
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Table 2.2: Second generation 17 keV neutrino experiments. 
Group Method Isotope m2(keV) sin2fl(%) Ref. 

INS Tokyo Mag. Spec. ^Ni 17 < 0.073 (95% CL) [73, 74) 

Argonne Ext. Si(Li) M S 17 < 0.2 (95% CL) [751 
Berkeley IBEC S5p e 17 < 0.2 (95% CL) [77] 

U. Oklahoma Int. gas 3H 17 < 0.28 (99% CL) [81] 

Caltech Mag. Spec. ^S 17 < 0.2 (90% CL) [78] 

Princeton Mag Spec. ^S 17 < 0.3 (95% CL)° [79] 

Buenos Aires IBEC n G e 17 < 0.5 (95% CL) [80] 

ILL Grenoble Ext. Si 35g 17 < 0.18 (90% CL) [82] 

Tenn. Tech IBEC 125J 17 < 0.4 (90% CL) [83] 

"Estimated from the reference 

a preference for a 13 keV neutrino; the best fit was now consistent with no massive 

neutrino [80]. 

Bahran and Kalbfleisch measured the tritium beta spectrum using a tritium-

doped gas proportional chamber [81]. They did not observe the excess of counts 

below 1.5 keV reported by Simpson and Hime. New experimental results were 

also announced by groups at Grenoble and Tennessee Technological University. A 

summary of the second generation experiments (1992-1994) is given in Table 2.2. 

A world summary of the results and limits on the mixing of a 17 keV neutrino is 

shown in Figure 2.11. 
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Figure 2.11: World summary of the results and limits on the mixing of a 17 keV 

neutrino. Error bars are 1<T and upper limits are 95% CL, estimated from the 

references as necessary assuming gaussian-distributed errors. 
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2.7 Epilogue 

After a. great deal of experimental effort, the 17 keV neutrino was finally shown 

to be nonexistent. The task of explaining the positive results remained. Initially 

there was hope that a common answer would be found, but eventually it became 

clear that each of the positive experiments would require a separate explanation. 

Simpson has continued to examine the low energy spectral excess that he 

observed in the two implanted tritium experiments, but he has not found its cause. 

The first experiment [40] had problems with low-energy calibration and possible 

implantation defects and can perhaps be discounted. The germanium detector 

experiment [54] however overcame these problems and its result still stands. Un

fortunately the detector has since sustained some damage which has hindered ad

ditional tests. It is interesting that Conway and Johnson in 1959 saw a similar 

spectral excess in tritium using a proportional chamber [84], though they did not 

consider a massive neutrino hypothesis. The possibility remains that the effect in 

tritium is real, but is not caused by a 17 keV neutrino. Alternatively, it may be 

due to some environmental effect in silicon and germanium. Koonin has suggested 

a model for such an effect [85], although this particular model is not supported by 

Simpson's tritium spectrum [86]. 

A lot of effort has been spent to explain the results of the Guelph and 

Oxford 3 5 S and M N i experiments [53, 56, 57]. In 1992 Piilonen and Abashian 

presented a Monte Carlo simulation that indicated a similarity between the 17 

keV neutrino effect and the effect of betas scattering from the Al anti-scatter 

baffles into the detector (see Figure 2.5) [87]. This had been neglected by Hime 

in the analysis. Hime later performed his own Monte Carlo study and reproduced 

their result, although he concedes that this may not explain the Guelph experiment 

[88]. Meanwhile, Bowler and Jelley have repeated the Oxford experiment using the 

same apparatus. They find that scattering from the Al baffle was at most a minor 

contribution. Instead they attribute the effect to energy losses in the chemically 
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adsorbed BaS0 4 source. This conclusion is supported by a proton microprobe 

study that showed the source to be anomalously thick. When the effective source 

thickness was allowed to vary in the fits the presence of a 17 keV neutrino was ruled 

out [89]. A fundamental problem in the ^ S experiments was a high sensitivity to 

the detailed shape of the beta response function of the apparatus, and the failure to 

measure this response function in the energy region fit. The response function was 

measured at low energies (63-129 keV) and extrapolated to the region of interest 

(120-170 keV). If higher energy electron lines had been used (e.g. 1 3 9 Ce, used 

by Mortara et al. [75]) then anomolies in the response might have been noticed 

early in the experiment. The same point can be made about the raNi experiment, 

which used the single K-conversion line of , 0 9 Cd at 61 keV to measure the response 

function for the energy region 30-62 keV. 

The single positive IBEC experiment [62] and the experiments that saw 

21 keV [63] and 14 keV [64] neutrinos can, I think, be discounted. They all had 

relatively low statistics, and uncertainties in the complicated detector response 

functions and the theoretical spectra could have easily produced distortions that 

caused the fits to prefer the massive neutrino signals. 

Finally, the 17 keV neutrino signal in the LBL 1 4 C experiment has been 

linked to a subtle effect caused by the anode groove that separated the guard ring 

and center region of the detector. This is described in detail in Chapter 3. 
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Chapter 3 

A 1 4 C-doped Germanium 

Detector 

3.1 The Detector 

High-precision beta spectroscopy is a difficult undertaking. Magnetic spectro

meters have great resolution but seem to suffer from complicated systematic effects 

that tend to distort the spectra. Solid-state detectors have excellent efficiency and 

linearity, but getting the betas into the detector is a problem; scattering in the 

source, collimators, and other surrounding materials and back-diffusion from the 

detector complicate the overall response. Simpson's approach, implanting tritium 

inside a solid-state detector, overcame these problems but introduced another: 

crystal defects caused by the implantation could affect the detector's behavior. 

In addition, atomic and environmental effects that are negligible in higher energy 

decays may be significant in the low Q-value beta decay of tritium, and complicate 

the problem of searching for small features in the spectrum. Perhaps a better ap

proach would be to introduce a radioactive sample into germanium prior to crystal 

growth. For example, the beta decay of 14C to H N is an allowed ground-state 

to ground-state transition with Qg = 156.48 keV [90]. A "C-doped germanium 
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detector could in principle be produced with no radiation damage. The maximum 

range of a 150 keV beta in germanium is 84 ftrn [91], so with a sufficiently large 

detector the efficiency would be nearly 100% and a fully calorimetric measurement 

of the " C beta spectrum could be made. This would be an excellent way to test 

Simpson's claim of a 17 keV neutrino; the kink would appear at 139 keV where 

the energy calibration is straightforward and atomic effects are negligible. 

Fortuitously, a number of such 14C-doped germanium detectors were already 

constructed by Haller, ei al. in 1982 in order to study the solubility of carbon in 

germanium [92]. Although they are found in the same periodic group, carbon and 

germanium are metallurgically immiscible. lb make these detectors, a mixture of 
1 4C-methane (10%) and 1 2C-methane was introduced into a silica reaction chamber 

which contained a silica crucible held at 1050°C. This temperature was high enough 

to pyrolyze the methane and coat all surfaces inside the chamber with free carbon. 

Two crucibles were coated in this way, and several germanium crystals were then 

grown in these crucibles. Some of the crystals were made into radiation detectors, 

and by integrating the resulting beta spectra, the total carbon concentrations were 

obtained, ranging from 1.0 x 10 1 4 to 4.5 x 10 1 5 c m - 3 . Autoradiographs were taken 

by sandwiching thin slices of the crystals between sheets of x-ray film and allowing 

the film to be exposed to the 1 4 C beta activity for a period of three months. This 

revealed that much of the carbon was concentrated into clusters of varying size, 

although the absolute sizes and numbers of clusters could not be quantitatively 

determined. 

One of the crystals was melted and regrown in a bare crucible. An au-

toradiograph of this second-generation crystal showed no sign of clusters, and a 

radiation detector made from it measured a concentration of 6 x 10 1 2 c m - 3 total 

carbon. The physical dimensions of this detector are shown in Figure 3.1(top). It 

is a 12.8-mm-thick planar crystal with a Boron-implanted n + anode and a Lithium 

drifted p + cathode. The anode was segmented into a 30-mm-diameter central re-
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Figure 3.1: Actual size drawings of the 14C-doped germanium detector (top) and 

the non-radioactive background detector (bottom). 
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gion and an outer guard ring, separated by a 1-mm-wide circular groove. The 

purpose of the guard ring was to veto events that occur near the edge of the detec

tor. Surface effects on the edge can cause the electric field lines to fringe outward 

and trap ionization charge at the surface, resulting in incomplete charge collection. 

In addition, betas from the 1 4 C close to the edge may escape without depositing 

their full energy. A small number of betas can still escape near the anode and cath

ode without generating a veto, resulting in a small tail in the detector's energy 

response. 

1'he l*C detector's counting rate was quite low (about 20 sec - 1 ) , so envi

ronmental background was significant and had to be subtracted. To measure the 

background a separate germanium crystal was grown using the above method but 

in a non-radioactive carbon-coated silica crucible. This crystal was then made into 

a planar detector with a size and configuration similar to the 1 4 C detector. It has 

a thickness of 14.2 mm and a central region of 26 mm diameter. The dimensions 

of the background detector are shown in Figure 3.1(bottom). Haller, et al. found 

that the shape of the obtained 1 4 C beta spectrum, after background subtraction, 

was in close agreement with the allowed beta spectrum theoretical shape [92]. The 

statistical sample for this measurement was relatively low (about 2 x 106 total 

counts). 

3.2 The Experiment 

In 1989 the second-generation HC-doped germanium detector and the non-radio

active background detector (Figure 3.1) were taken out of storage and refurbished 

at LBL's detector lab in order to begin an experiment to search for evidence of 

massive neutrino emission in the 1 4 C beta spectrum. Initial tests of the detector 

using calibration gamma sources in the energy range 60-400 keV showed excel

lent linearity and resolution (1-1.3 keV FWHM). The crystal was installed in a 
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standard gamma-detector cryostat and aluminum can with no window. Separate 

FET integrating preamps for the center region and guard ring were used. The high 

voltage circuit was configured with a pulser input so that a periodic pulse could 

be summed with the bias voltage to create a monoenergetic signal in the detector 

for monitoring gain stability. 

The integrated l 4 C counting rate in the detector was 20 sec - 1 , so betas 

having energies within 17 keV of the endpoint were collected at a rate of only about 

320 per hour. For this reason it was very important to minimize the environmental 

background counting rate. The experiment was conducted in the Low Background 

Counting Facility at LBL, which is shielded from the local accelerators by a hillside 

and covered with 4-5 ft. of concrete. The entire apparatus was surrounded by 

10 cm of low-activity lead. The detector can was also enclosed by a graded shield 

consisting oi several mm each of Al, Cu, Cd, and Sn, and a 13-mm-thick brass end-

plate. In this arrangement the background counting rate was about 2 counts per 

hour per keV in the energy range 100-160 keV; attributable to natural radioactivity 

in the detector and shielding materials. 

Figure 3.2 shows a schematic diagram of the experiment. Data was accu

mulated in 1-7 day intervals on a PC-based system using the Ortec MAESTRO 

data acquisition software. Three Ortec 916 ADC's collected simultaneous spectra: 

center region singles, guard ring singles, and center region vetoed by the guard 

ring. Each spectrum contained 4096 channels with 144 eV/channel. A bias of 

-3000 VDC was supplied to the detector, along with a dual pulser that generated 

alternating pulses at two energies (10 and 484 keV) with a total rate of 5 Hz. En

ergy signals were processed using Tennelec 243 amplifiers with 4 /is shaping times, 

and timing signals were generated using the slow unipolar outputs of Tennelec 248 

amplifiers with 0.5 /«s shaping times. The guard ring veto threshold was set using 

an Ortec 551 single channel analyzer (SCA), and the veto logic was made with 

LBL gate generators and an Ortec 41SA coincidence amplifier. 
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Because the UC betas have such a short range in germanium, very few 

events were expected to produce a true coincidence signal in both the center region 

and the guard ring. However, capacitive coupling between the center and guard 

ring electrodes and the ionization region causes a small bipolar image pulse to be 

generated in one electrode whenever a true signal appears in the other. A detailed 

discussion of this phenomenon is given in Appendix A. In order to prevent vetoing 

a true center region event on the associated bipolar image signal in the guard ring, 

the guard ring veto lower threshold was set conservatively at 0.47 volts, which is 

equivalent to a 20 keV energy signal. The upper threshold was set at 4.50 volts, 

or 183 keV, well above the 1 4 C endpoint. 

A grand total of 392 days of data were collected with the 14C detector. 

The total vetoed spectrum is shown in Figure 3.3. It contains about 3 x 10s 

counts/keV at 139 keV (the expected kink position for a 17 keV neutrino). /.;i 

additional 111 days were collected with the background detector installed in the 

same cryostat. This spectrum is shown in Figure 3.4. All lines in the 1 4 C 

and background spectra were identified and accounted for as naturally oc~,uring 

thorium and uranium decay-chain activity. A list of these background lines and 

their intensities is given in Table 3.1. 

There was no practical way to measure the beta response function of the 

detector using an electron source, so the response function was determined by 

making the following argument: a low energy gamma ray will interact inside the 

detector primarily by creating a single photoelectron (and a germanium x ray) 

which then ionizes the crystal to form an energy pulse. This photoelectron is 

indistinguishable from a beta of the same energy, so its response function should 

be the same. If the gamma ray interacts instead by Compton scattering and the 

scattered photon is completely absorbed, a full-energy signal will also be obtained. 

The measured gamma ray full-energy peak is observed to be very regular over a 

wide range of energy, so the Compton scattered and photoelectric full-energy peak 
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Figure 3.3: Total vetoed 1 4 C spectrum collected in 392 days. 
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Figure 3.4: Total vetoed background spectrum collected in 111 days. 
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Table 3.1: U C background lines. 
Energy 
(keV) 

Origin Intensity" Energy 
(keV) 

Origin Intensity" 

46.5 2 i o p b 0.85 93.4 Th x ray 0.17 

63.3 2 3 4 T h 0.91 98.4 U x ray 0.17 

74.8 Bi x ray 0.24 105.6 Th x ray 0.05 

75.0 Pb x ray 0.12 112.8 2 3 4 T h 0.08 

77.1 Bi x ray 0.38 143.8 235U 0.26 

84.5 Pb x ray 0.09 163.4 23STJ 0.13 

84.9 Pb x ray 0.17 185.7 23SU 1.00 

87.3 Bi x ray 0.12 205.3 235 rj 0.1C 

89.8 Bi x ray 0.04 209.4 2 2 8 A c 0.08 

90.0 Tk x ray 0.10 238.6 2 1 2 p b 0.87 

92.4 2 3 4 T h 0.86 241.9 2 1 4 p b 0.11 

92.8 2 3 4 T h 0.85 

"Intensity is the peak area in the vetoed background spectrum measured relative to the 185.7 

keV 2 3 5 U line. 
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shapes must be essentially the same. Therefore the full-energy peak of the beta 

response function should be well represented by that of the same energy gamma 

ray. Measurements using calibration sources showed gamma-ray peaks to be highly 

gaussian with widths of 1.0 ± 0.1 keV FWHM in the region 100-160 keV. Figure 

3.5 shows a combined spectrum of M A m , S 7Co, , 3 3 Ba, 1 , 3 Sn, and , 3 9 Ce collected 

with the UC detector. 

The low energy part of the response will of course be much different for 

betas than for photons. Only two types of beta events were expected to contribute 

to the tail: those originating in decays very close (within ~ 100 fan) to the upper 

and lower surfaces of the crystal that escape without depositing their total energy; 

and those that cross from the center region to the guard ring (or vice versa) and 

deposit less than the threshold energy (20 keV) in the guard ring. The size of the 

tail caused by these events was estimated (assuming uniform distribution of 1 4 C) 

by Monte Carlo simulation using the GEANT code [101] and found to be about 

0.2% for a 156 keV beta. The tail area should vary roughly in proportion to the 

beta's energy. 

The energy scale of the system was calibrated using gamma ray sources, and 

the result is shown in Figure 3.6. The linearity exceeds that of most commercial 

planar germanium detectors. This calibration was monitored over time using the 

pulser peaks and background lines, and was found to be good to within ±0.1% 

over the course of the experiment. 
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Figure 3.5: Combined gamma-ray spectrum of 2 4 1 Am, 5 7 Co, 1 3 3 Ba, 1 1 3 Sn, and 1 3 9 Ce 

collected with the 1 4 C detector. 
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Figure 3.6: Gamma-ray calibration of the 1 4 C detector 
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3.3 The 1 4 C Beta Spectrum 

Carbon-14 beta decay is an allowed 0 + —• 1 + Gamow-Teller transition. The beta 

energy spectrum with a massless neutrino can be written [93]: 

dN(E) = ±tC{E)R(E)F(Z, E)pE{Q - EfdE. (3.1) 

E and p are the beta energy and momentum. The Fermi function F(Z, E) ac

counts for the final state interaction between the beta and daughter nucleus; f is 

the energy-independent allowed nuclear matrix element; the spectral shape factor 

C(E) contains departures from the allowed shape; and R{E) represents radiative 

corrections. By evaluating the Dirac wave function of the beta in the Coulomb 

field of a fixed point source, the Fermi function can be obtained [94]: 

F(Z, E) = 2 ( 7 + 1) T(2 7 + I ) " 2 (2p/J) 2 ( ' r - , ) exp (l2?K\ [ r ( 7 + iaZW/p)\2 

(3.2) 

with 

W = E/me, p = VW* - 1, 7 = v ' 1 - ( Q Z ) 2 -

R is an arbitrary length parameter usually taken to be the nuclear radius. An 

expansion of F(Z, E) in powers of (aZ), with corrections for nuclear recoil and the 

finite size of the nucleus, are given in [94]. Screening of the Coulomb field due to 

atomic electrons can be incorporated by shifting the origin of the Fermi function 

byK 0: 

V0 = N{Z)a?Z4/3mc (3.3) 

where N(Z) is a tabulated function [95]. For the case of " C , V0 = 495 eV. The 

Fermi function for 1 4 C, calculated to order (aZ)3 and including nuclear recoil and 

size and atomic screening corrections, is shown in Figure 3.7. 

The radiative correction for beta decay to first order in a has been calculated 

[96]: 

R(E) = l + ^g(W,Q) (3.4) 
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Figure 3.7: F(Z,E): 1 4 C Fermi function (Z=7) with corrections for nuclear mass 

and size; R(E): the first order radiative correction to UC beta decay assuming all 

IB photons escape; R(E): the radiative correction assuming all IB photons are 

collected. 
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with 

• W H 4 ) - 3 1 » M - | - n ( ! i ^ - l ) 

+ i (tanh"' /?) [2 (l + /?*) + ( < y ° ^ ) 2 - 4tanh-» j ] . (3.5) 

M is the nuclear mass in units of me, W0 = Q/m,. 0 = p/W, and L(x) is the 

Spence function defined by: 

L(x) = f 
Jo 

d t ' ^ 1 . (3.6) 

Figure 3.7 shows R(E) calculated for UC. It includes the real inner-bremsstrahlung 

(IB) photons which are emitted in a small fraction of decays and assumes that 

these photons escape. In the 14C-doped germanium detector most of these photons 

will be absorbed and their energies summed with the associated beta energies; so 

the observed radiative correction should be somewhat smaller than the theoretical 

correction. The probability that a beta created with energy W; emits an IB photon 

of energy k is given by [97]: 

*<*•*>=s ft) Ffer , n (Wf+Pf) ~ 2 I *• (3-7) 

Wf and pf are the energy and momentum of the beta after emitting the photon. 

The radiative correction due to IB only, when all the photons escape, will be: 

*<*>,. . i + (^ffl)-
d${W',k = W'-W) 

dk 

- f^ - 'WH 2 ? 3 ) ] <"> 
where dPF(W) = pW(W0 — W)2dW is the uncorrected Fermi beta function. The 

first integral expresses the relative probability that a beta is left with energy W 
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aftei emitting an IB photon. The second expresses the probability that a beta 

created with energy W ends up with lower energy due to IB emission. Note that 

the Fermi function F(Z, W) is applied to the final beta state (after IB emission). 

If we assume that all IB photons are collected by the H C detector then the actual 

radiative correction is: 

K(E) = 1 + R{E) - R(E),B (3.9) 

Of course some of the IB photons will escape the detector, so Rf(E) and R{E) 

should be considered lower and upper limits on the true radiative correction. R'(E) 

is also shown in Figure 3.7. 

The spectral shape factor can be parameterized by [98] 

C(E) = l+aE + ^+cE2 + --- (3.10) 

and usually a, b, c are negligible in allowed transitions. However , 4 C has an anom-

lously long half-life, implying a suppression of the allowed Gamow-Teller matrix 

element, so the relative size of the shape factor is expected to be large. The domi

nant contribution comes from weak magnetism, a consequence of the Conservation 

of Vector Current (CVC) theory of Feynman and Gell-Mann [99]. CVC supposes 

that the isovector part of the electromagnetic current and the weak currents corre

sponding to /? + and 0~ decay together form a conserved isovector triplet current. 

This was a precurser to the S7/(2) x U(l) model that unified the weak and elec

tromagnetic interactions. With this assertion the weak-magnetic form factor for 

/3~ decay can be related to the transition magnetic moment of the analogous Ml 

7 transition in the daughter nucleus, which in turn can be obtained from the ob

served 7-ray energy and width. A recent calculation of the CVC-predicted shape 

factor for UC has C(E) - 1+aE with a = -0.41 or +0.76 MeV"1 [100], depending 

on the sign of the transition magnetic moment, which cannot be obtained from the 

A/1 transition (1% oc /i 2). 
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A massive neutrino is incorporated into (3.1) by making the substitution: 

(Q - E)2 ̂ {Q-E) y/(Q-Ef-ml (3.11) 

3.4 Data Analysis 

The total 1 4 C data (392 days) were fit to the theoretical spectrum (Equations 

(1.15) and (3.1)) using a non-linear least-squares fitting routine [102]. The overall 

amplitude, endpoint kinetic energy (E0 = Q — mc), and neutrino mass parameters 

(m 2 and sin 20) were allowed to vary freely in the fits. The background data 

(111 days) were subtracted with the normalization varied as a free parameter, 

most of the sensitivity coming from the region between the endpoint and 160 

keV (the highest energy fit). The background detector and M C detector have 

different volumes so a live-time background normalization was not appropriate. 

The following spectral shape factor was used: 

C(E) = l + aE (3.12) 

with a also varied freely in the fit. 

During the fitting process the theoretical spectrum was convoluted with the 

detector response function, which consisted of a gaussian full-energy peak and a 

flat tail with area 0.2%/156 keV (from the GEANT calculation). The presence or 

absence of this tail had a negligible effect on the outcomes of the fits. Use of a 

larger tail (up to 4%/156 keV) in the 100-160 keV fits resulted in a smaller value 

for the shape factor a and no significant change in the goodness-of-fit or the other 

parameters. The width of the gaussian peak was fixed at 1 keV FWHM based on 

the observed gamma-ray widths. Varying this width by up to ±20%, or including 

a small energy dependence in the width, did not significantly affect the results. 

Table 3.2 gives a summary of the fits. Good fits were obtained in the kinetic 

energy interval 100-160 keV. The best fit is shown in the first column. It calls for 
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Table 3.2: Results of fitting 1 4 C data (uncertainies are la). 

Vetoed Unvetoed 

Kinetic energy 
region fit (keV) 100-160 100-160 100-160 50-160 100-160 

Data points 60 60 60 110 60 

X2 65.0 91.0 65.8 1090.7 60.2 

E0 (keV) 155.78 ± 0.04 155.68 155.78 155.87 155.75 

m2 (keV) 16.6 ± 0.6 0" 16.6 16.9 16.3 

sin 2 0(%) 1.25 ±0.25 0° 1.20 2.5 0.77 

a (MeV- 1) -0.68 ± 0.02 -0.67 -0.67 b -0.71 

Background 
norm, factor 4.46 ± 0.03 4.50 4.46 4.42 4.58 

Had. correction 
(Figure 3.7) R(E) R'(E) R(E) R'(E) R'(E) 

"Held fixed during fit 

Not meaningful 

a neutrino admixture with mass 16.6 ± 0.6 keV and sin2 6 = 1.25 ± 0.25%, in 

excellent agreement with the results of Simpson and Hime [40, 53, 54, 56]. The 

second column shows a similar fit where the neutrino mass and mixing were fixed 

at zero. The chi-squared increases by 26 units, a difference of be. The data/fit 

for this case is shown in Figure 3.8, normalized both above the kink position and 

uniformly over the region fit. 

The fits in the first and second columns of Table 3.2 both used the radiative 

correction R'(E) (Figure 3.7), which assumes that all IB photons are collected 

in the detector. The fit shown in the third column used the correction R(E), 
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Figure 3.8: Data/fit of total vetoed 1 4 C spectrum from 100-160 keV fit to the 

theoretical spectrum (3.1) with no massive neutrino. The normalization is taken 

from 140-155 keV (top) and over the entire interval (bottom). The solid curves 

show the expect* d result for m 2 = 16.6 keV, sin 20 = 1.25%. 
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which assumes that all IB photons escape. This fit was slightly worse, b j t not 

by a significant amount. The goodness-of-fit worsened considerably when energies 

below 100 keV were included in the fits, indicating significant distortion of the 

spectrum at these energies. For example, the fourth column shows a fit to the 

energy interval 50-160 keV. The fit was very poor, although the fit values of Eo 

and m 2 were consistent with those of the smaller interval. The last column gives 

the results from a fit to the unvetoed center region data from 100-160 keV. The 

best-fit value of sin2 0 was significantly lower but the results of other parameters 

were consistent. 

The endpoint energy E0 was determined very precisely . the fits, and the 

result was about 700 eV lower than the accepted value [90] of 156.473 keV. The 

endpoint problem is discussed further in Section 3.7. The spf :tral shape factor a 

was considerable larger than the CVC prediction. 

3.5 Systematic Problems and Additional Tests 

The evidence for emission of a 17 keV neutrino in the its to the UC data, appar

ently confirming Simpson's and Hime's results, was very exciting. It helped fuel 

the debate over its existence. However there were some serious anomalies in the 

data that needed to be understood before a definite conclusion about the neutrino 

could be made. First of all, the fits were good only for the last 60 keV of the 

spectrum and a systematic distortion was increasingly evident as lower energies 

were included. A good fit should have been obtained over a much larger energy 

range if the detector was functioning as expected. Another concern was the ob

served coincidence rate; approximately 9% of the center region signals were vetoed 

by signals in the guard ring. The guard ring veto threshold at 0.47 V was much 

higher than the level of the coincident bipolar pulses; and the expected rate of true 

concidences, where the beta deposits energy in both the center and guard ring, was 
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less than 1%. Both of these problems suggested that the detector's beta response 

function, determined indirectly from the gamma-ray data and Monte Carlo, was 

really not well understood. 

In order to help understand the coincidence signals, six days of " C data 

were collected with a CAMAC-based multi-parameter data acquisition system. 

This allowed the center and guard ring energies to be recorded separately for each 

event. Figure 3.9 shows a 2-D plot of center vs. guard ring energy for coincident 

events. This picture was quite surprising and difficult to understand. Not only 

was the coincidence rate very high, a large fraction of the events fell into radial 

bands, where the guard ring energy was proportional to the center energy. An 

early hypothesis was that these coincidences were caused by electronic cross-talk 

between the center and guard ring preamp inputs, but this was ultimately ruled 

out; it would have required unreasonably large capacitances in the system. 

A breakthrough in solving the coincidence problem came from scanning the 

detector with a highly collimated garnma-ray source. A 500 pCi point source of 
1 4 1 Ce was prepared and placed behind a 500-/im-diameter hole in a 1/4-inch-thick 

lead plate. Starting at the center of the detector face on the side opposite the 

groove, the source was moved radially outward in 0.5-1.0-mm increments to the 

outer edge of the guard ring and a spectrum was collected at each increment (see 

Figure 3.10). M 1 C e has a gamma ray at 145 keV, which is inside the energy range 

of interest (100-160 keV). The mean range of this gamma ray in germanium is 1.1 

cm, so the entire thickness of ths crystal was illuminated in these measurements. A 

gamma ray at this energy has about an equal probability of interacting by Compton 

scattering and photoelectric :ffect in germanium [103]. Figure 3.11 shows a 2-D 

spectrum of center vs. guard ring energy at a position of 15.5 mm from the 

center, directly underneath the groove. The coincidences that sum to 145 keV 

form a double line. The fainter, straight line contains events where the gamma ray 

Compton scattered in the guard ring and the scattered photon was subsequently 

66 



50 100 
Center Energy (keV) 

150 

Figure 3.9: Center vs. guard ring energy for coincident 1 4 C events. 
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Figure 3.10: Collimated gamma-ray scan of the " C detector. 

absorbed in the center, or vice versa. It exhibits the characteristic gap between 

the Compton photon and electron backscatter edges. This line faded gradually as 

the source was moved away from the groove. The stronger, slightly curved line 

was unexpected. It is peaked at one-half of the full energy and it disappeared 

entirely when the source was moved away from the groove. Its presence indicates 

that ionization charge was divided between the center and the guard ring when 

a gamrri«i-ray interacted under the groove. The curvature in the coincidence line 

is most likely due to a small amount of charge being trapped at the surface of 

the groove. Charge division under the groove is also ssen in the lower energy Pb 

and Pm x-rays. The "banana'-shaped curves at the left side of the spectrum are 

due to trapping of charge by a surface channel in the guard ring (see Appendix 

A for an explanation) and are not related to the charge division. They indicate 

chemical contamination or surface reconstruction on the edge of the crystal which 

was not present during the original experiment. This problem was later corrected 

by chemical treatment of the crystal. 
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Figure 3.11: 2-D plot of center vs. guard ring energy for coincident , 4 1 C e events. 

The collimated source was 15.5 mm from the center of the UC detector (underneath 

the groove). The effects of charge division under the groove and surface channel 

trapping of charge are evident (see text). 
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Figure 3.12: Plot of the sum of center and guard ring 145 keV photopeak areas as 

the collimated 141Ce source was scanned across the detector. The groove is located 

at 15-16 mm. 

Figure 3.12 shows a plot of the sum of the photopeak area in the center 

region and the photopeak area in the guard ring for the 145 keV line (note that the 

peak areas were summed, not the energies), as the source was scanned across the 

detector. The relative peak-area-sum dropped by a factor of two when the gamma-

ray beam was underneath the groove (15-16 mm), and it rose again under the 

guard ring. This confirmed the hypothesis that charge is usually divided between 

the two regions if an interaction happens under the groove; the event ends up in 

neither peak. After correcting for beam divergence, attenuation, and Compton 

scattering, charge division occurred for about 70% of all interactions under the 

groove. This explains the high coincidence rate observed in the : 4 C experiment. 

The volume under the groove is 13.8% of the volume in the center region. If the 
1 4 C is distributed uniformly throughout the crystal, the coincidence rate should be 

about (0.7)(.138)=9.7% due to charge division. 

Shortly after completing these tests we became aware of a very interesting 
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experiment performed by Luke and Haller [104]. Using a I4C-doped germanium 

crystal from the same second-generation crystal as our detector, they fashioned 

a position sensitive detector (see Figure 3.13a). It operates as follows. When an 

ionization event occurs inside the detector, the ionization electrons drift rapidly 

to the n + contact and create a prompt signal. The positively charged holes drift 

slowly in the weak transverse field to the p + contact, giving a delayed signal. The 

time between these two signals is a measure of the transverse position of the event. 

Figure 3.13b shows the collected time spectrum when a collimated 2 4 , A m source 

was moved along the length of the detector in 2-mm intervals. The individual 

positions are nicely resolved. Figure 3.13c shows the time spectrum collected from 

the internal M C decays. Each peak in this spectrum indicates the presence of a 

carbon cluster, i.e. a large concentration of decays originating from one position. 

By integrating the peaks. Luke and Haller were able to characterize the size of 

these clusters. A histogram is shown in Figure 3.13d. This result contradicts the 

earlier autoradiograph that showed no sign of carbon clusters in the 1 4C-doped 

crystals of this generation. The autoradiograph technique was not sensitive to 

clusters of such small size. 

The combination of carbon clusters and charge division under the groove 

can explain the radial bands observed in the 14C coincidences (Figure 3.9). The 

ionization charge produced by a beta decay from a cluster located under the groove 

is split between the center and guard ring. The fraction that goes to each region 

depends on the exact shape of the electric field lines at that position. The clusters 

are tiny, so this fraction is constant for all decays originating from the same cluster, 

and they form a proportional band in the coincidence plot. Each salient band in 

Figure 3.9 is most likely a single cluster under the groove in the 1 4 C detector. The 

continuum beneath the bands is due to clusters too small to be resolved and/or 

fully dissolved carbon. Integrating the bands revealed that at least 50% of the total 

carbon is concentrated into clusters of various size. The most prominant bands are 
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Figure 3.13: From [104]: (a) schematic diagram of the position sensitive "C-doped 

Ge detector; (b) time spectrum of collimated 2 4 S Am source; (c) time spectrum of 

internal 1 4 C showing the presence of carbon clusters; (d) histogram of carbon. 

cluster size in the Ge crystal. 
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each about 1-2% of the total coincidences. Based on the total counting rate of the 

crystal tnese clusters contain about 0.5-1 x lO n carbon atoms each (including 1 2C). 

Tb»s is in excellent agreement with the position sensitive detector result (Figure 

3.13d). 

So what does this mean for the 17 keV neutrino experiment? In the original 

measurement, guard ring veto lower threshold was set at 0.^7 V (equivalent to 20 

keV energy) in order to prevent vetos from the bipolar signals. Therefore all charge-

divided events under the groove where the guard ring collected less than 20 keV of 

equivalent charge were not vetoed. They were included along with the "good" ,4C 

events in the center region. The presence of this charge division contamination 

may explain the distortion in the wide-range fits and perhaps even the 17 keV 

neutrino signal. 

3.6 A Second Measurement 

A second 1 4 C measurement, using the multi-parameter data acquisition system, 

was conducted in 1993-94 to explore the effect of charge division under the groove 

on the beta spectral shape. Figure 3.14 shows a schematic diagram of the electron

ics. The acquisition system was triggered on center region events with an 8.5 

keV threshold. This signal was also used to start an Ortec 457 time-to-amplitude 

converter (TAC). The TAG was stopped by a guard ring signal with the threshold 

set as low as possible (< 0.5 keV). Ortec 572 amplifiers were used to produce the 

center and guard ring energy signals, and the center energy, guard ring energy, and 

TAC >-utput were recorded for each event. The dual pulser was used to monitor 

gain stability, generating simultaneous pulses in the center and guard ring at a 

total rate of 0.5 Hz. A total of 74 days of 1 4 C data were collected. The total 

center region spectrum is shown in Figure 3.15 and the total guard ring spectrum 

(triggered on center events) is shown in Figure 3.16. An additional 15 days data 
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Figure 3.14: Schematic diagram of the second H C measurement. 
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Figure 3.15: The total unvetoed center region 1 4 C beta spectrum collected in 74 

days. The large peak is from the pulser. 

were collected with the background crystal in the same configuration. 

Extracting the true center region 1 4 C spectrum would require vetoing all 

charge-divided events, at all energies in the guard ring. However the low energy 

guard ring spectrum (< 5 keV) is dominated by the bipolar pulses in coincidence 

with events in the center. Vetoing on these bipolar pulses would introduce an 

energy-dependent efficiency for center region events and distort the beta spectrum. 

Therefore the goal was to veto as many of the charge-division events as possiMe 

without vetoing any of the bipolars. Figure 3.17 shows the TAC spectrum for a 

portion of the data. The prompt peak contains a narrow component, from the 

dual pulser, and a broad component, from the true coincidences which are mostly 
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Figure 3.16: The total guard ring spectrum (triggered on center events) collected 

in 74 days. The two large peaks on the right are from the pulser. The peak below 

5 keV is from the bipolar image pulses. 
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Figure 3.17: Center-guard ring TAC spectrum, showing bipolar coincidences (A), 

and charge division and pulser coincidences (B). 

charge-division events. The peak on the left is from the bipolar pulses. The positive 

lobe of a bipolar pulse from the guard ring was advanced by about 2 //sec with 

respect to the associated unipolar pulse in the center, due to the amplifier response. 

This is fortunate because it allows one to distinguish between the bipolar and true 

coincidences in the TAC spectrum. This timing advance could also be seen on an 

oscilloscope using gamma-ray sources. A similar peak should appear at the right 

side of this plot, caused by bipolar pulses in the center in coincidence with guard 

signals, but it is absent because they were below the center energy threshold. 

Separate TAC gates around the prompt and bipolar coincidence peaks were 

Hefined as shown (marked A and B). Figure 3.18 shows the low energy portion of 

the guard ring spectrum in coincidence with the TAC gates. The highest energy 

bipolar pulses are at about 5 keV. The prompt coincidence spectrum drops off 

rapidly below 5 keV, so this was a convenient energy to placs the guard ring veto. 

The two TAC peaks overlap by a few percent, therefore the most effective scheme 

was to veto all events where the TAC signal was in gate A or gate B and the guard 
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Figure 3.18: The low energy guard ring spectrum gated on the bipolar TAC peak 

(A) and the prompt TAC peak (B). 

ring energy was greater than 5 keV. In this way essentially none of the bipolar 

signals were vetoed and the only charge division events not vetoed were those 

that had less than 5 keV in the guard ring. I will refer to the center region , 4 C 

spectrum vetoed in this way as spectrum (1), shown in Figure 3.19. Also shown in 

this figure is the center region spectrum vetoed in the same way except with the 

guard ring veto threshold at 20 keV. This I will call spectrum (2). Spectrum (2) is 

equivalent to the vetoed spectrum in the original 1 4 C experiment. In addition to 

the "good" center region 1 4 C events it contains all the charge division events where 

the guard ring collected between 5 and 20 keV of equivalent charge. These events 

were inadvertantly included in the original experiment because the veto threshold 

was too high What effect did these charge-division events have on the shape 

of the spectrum? Figure 3.20 shows the spectrum of these events, the difference 

between vetoed spectra (2) and (1). It looks roughly like a beta spectrum with an 

endpoint at about 140 keV, very close to the 17 keV kink position. We can get 

a better view of the effect by taking the ratio of spectrum (2) and spectrum (1). 
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Figure 3.19: Vetoed center region 1 4 C spectrum with the guard ring veto threshold 

at (1) o keV and (2) 20 keV. 

79 



1 0 E 

10< 

10-
> « 
o 
CM 

Cfl 

I 102 

o o 

1 0 1 E 

10° U 

I I I I I I I I I I I I =| 

I, ..I I I I I I L I I 1 I 

50 100 150 
E n e r g y (keV) 

200 250 

Figure 3.20: Center region spectrum in coincidence with guard ring events with 

energies between 5 and 20 keV (spectrum (2) minus spectrum (1)). 

This is done in Figure 3.21 (after subtracting the background). Compare this plot 

to the equivalent plot for the 17 keV neutrino effect (Figure 3.8). The effects are 

remarkably similar in magnitude but the shapes are different. They both begin to 

rise below about 140 keV, but the older data shows a more sudden jump at that 

energy, more akin to the threshold expected for a massive neutrino admixture. 

The new data were fit to the theoretical beta spectrum in a number of 

different ways. The results of fitting spectrum (2) are summarized in Table 3.3. 

Good fits were obtained in the energy region 100-160 keV. The previous result of 

a 16.6 keV neutrino with sin 20 = 1.25% >s now excluded at 80% CL (A\2 = 2). 

The shape factor a is now in agreement with the CVC predicted value of -0.41 
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Figure 3.21: Vetoed spectrum (2) divided by vetoed spectrum (1), after subtracting 

background. 

MeV - 1 . Fits to a wide energy region, 50-160 keV, are still somewhat poor but 

greatly improved from the original experiment. The data/fit for the fit in the 

third column of Table 3.3 is shown in Figure 3.22. A small amount of distortion 

is evident. The best-fit values of the shape factor and endpoint energy are lower 

for this region, presumably due to this distortion. The 1.25%, 16.6 keV neutrino 

is rejected in this energy region as well. 

Spectrum (1), whic'. should be equivalent to the vetoed spectrum in the 

original experiment, was also fit. The results of these fits are shown in Table 

3.4. The shape factor and endpoint energies are consistent with those of the 

o;-;ginal vetoed spectrum, but the preference for a 17 keV neutrino is gone. The 

1.25%, 16.6 keV neutrino is now excluded at 90% CL (A* 2 = 3). Apparently 

something changed during the two years that separate the two measurements. A 

close examination of the charge-division coincidence spectrum may provide a clue. 

Figure 3.23(top) shows the center region vs. guard ring 2-D coincidence plot for 

six days of data collected in May 1992. This is simply a magnified view of Figure 
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Table 3.3: Results of fitting UC vetoed spectrum (2) (u. :ertainies are la) 

Kinetic energy 
region fit (keV) 

100-160 100-160 50-16C 50-160 

Data points 60 60 110 110 

X2 66.8 68.8 173.1 185.9 

E0 (keV) 155.67 ± 0.08 155.75 155.46 155.55 

m 2 (keV) 16.6° 16.6° 0° . '.6° 

sin 50(%) 0.4 ±0.6 1.25° 0° 1.25° 

a (MeV 1 ) -0.45 ± 0.04 -0.46 -0.32 -0.34 

Background 
norm, factor 6.81 ±0.13 6.88 7.19 7.13 

Rad. correction 
(Figure 3.7) 

R'(E) R'(E) R'(E) R'{E) 

"Held fixed during fit 
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Figure 3.22: Data/fit of 14C spectrum (2) fit to the theoretical beta spectrum 

(Table 3.3, third column). 

3.9. A similar plot for seven days of data collected in December 1993 is shown at 

the bottom of the figure. The data were taken with different resolutions, but it 

is clear from these plots that the relative positions of the coincidence bands have 

changed. The isolated band, labeled a, has apparently rotated up by about 4° in 

the recent data. The broad band, labeled b, has spread out and is now resolved 

into four separate bands. The prominant band, labeled c, at about 15° in the older 

data seems to have rotated down to 6°. Other changes are also visible. What could 

have caused this? The detector was removed several times from the cryostat during 

this time period and its surfaces were chemically treated, but it was never heated 

above room temperature so the carbon clusters cannot have moved. However, it 

is known that the electric field lines in the guard ring are very sensitive to the 

chemical condition of the surface at the edges of the crystal. This was clearly 

demonstrated by the "banana"-shaped coincidences present when the I 4 1 Ce tests 

were done (see Figure 3.11). They revealed a severe surface channel. The crystal 

was subsequently removed and chemically treated; and when it was reinstalled 
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Table 3.4: Results of fitting "C vetoed spectrum (1) (ancertainies are la). 

Kinetic energy 
region fit (keV) 100-160 100-160 

Data points 60 60 

X2 71.0 74.1 

Eo (keV) 155.66 ± 0.07 155.76 

m 2 (keV) 16.6° 16.6° 

sin 2 0(%) 0.1 ±0.6 1.25° 

a (MeV 1 ) -0.63 ± 0.05 -0.64 

Background 
norm, factor 6.77 ±0.14 6.69 

Rad. correction 
(Figure 3.7) R\E) R'{E) 

"Held fixed during fit 

and tested the "banana" coincidences were gone. It is reasonable to expect that 

changing the shape of the electric field in the guard ring will affect the shape of 

the field lines under the groove. This will in turn change the proportion of charge 

split between the center ?nd guard ring for a particular carbon cluster under the 

groove, causing the corresponding coincidence band to rotate. If the coincidence 

bands have changed then perhaps this explains why the effect of the 20 keV veto 

threshold (Figure 3.21) no longer has the shape of a 17 keV neutrino (Figure 3.8). 

This is a plausible explanation but it cannot be demonstrated for certain. 
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Figure 3.23: Center vs. guard ring 2-D coincidence plots for data taken in May 

1992 (top) and December 1993 (bottom). 
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3.7 Conclusions 

Much progress has been made in understanding the behavior of the "C-doped 

germanium detector since the first experiment in 1991. The demonstrated presence 

of charge division under the groove and carbon clusters invalidates the original 

analysis that showed evidence of a 17 keV neutrino admixture in the spectrum. 

The response function used in that analysis was clearly incorrect. We cannot be 

certain exactly what caused the neutrino effect, but there is strong circumstantial 

evidence that it was due to contamination of the beta spectrum by decays under 

the anode groove where the charge was split and the guard ring collected less than 

20 keV of equivalent charge. This contamination spectrum has an endpoint very 

close to the kink position (about 140 keV, see Figure 3.20) and about the correct 

magnitude (1.5%, see Figure 3.21). There is also some evidence that the shape of 

this effect may have changed over time (Figure 3.23). In any case, the most recent 

data no longer supports the presence of 17 IceV neutrino emission in the 1 4 C beta 

spectrum. 

Fits of the high energy portion of the recent data (100-160 keV) to the the

oretical spectrum gives a linear shape factor (—0.45 ± 0.04 MeV - 1 ) in good agree

ment with the CVC-predicted value (—0.41 MeV - 1 ) [100] for weak magnetism. 

Fitting a wider region of the spectrum shows deviation from the theory and gives 

a smaller shape factor, so a strong confirmation of the CVC prediction cannot be 

made. The inability to completely separate bipolar from charge division coinci

dences remains a systematic problem in the experiment. 

The observed endpoint energy in all the spectra (old and new) is about 

700 eV below the accepted value which is strongly weighted by the 1974 mass 

spectrometer measurement of Smith and Wapstra [105]: 156.476 ± 0.005 keV. The 

gamma-ray calibration of the HC-doped detector v/as excellent (see Figure 3.6) in 

the vicinity of the endpoint and should be correct for events fully contained in the 

center region. Of course, betas originating in carbon clusters will lose some energy. 
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The , 4 C coincidence bands (Figure 3.9) and the position-sensitive detector (Figure 

3.13d) both indicate a maximum cluster size of about 10" atoms. A 150 keV beta 

starting from the center of such a cluster will lose about 400 eV in the carbon 

[91]. The average energy loss for all the carbon clusters should be much less, so 

this cannot completely explain the difference. I believe there is still a significant 

discrepancy in the , 4 C endpoint energy. This will hopefully be resolved by future 

experiments. 
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Chapter 4 

A Kink Search in the 5 5 F e IBEC 

Spectrum 

4.1 A Local Kink Search 

Recall from Section 1.4 that the effect of a massive neutrino admixture in a beta 

spectrum can be expressed as 

dN(E) dN{E,mv = 0) 

with 

dE 

S(E) = l + t a n 2 0 

= 1 

dE 'S(E) (1.16) 

! - • 

(Q-EY 
for E < Q — m 2 

for E>Q- m2. (1.17) 

When searching for a massive neutrino admixture in beta decay, the experimental 

task is to determine if S(E) is exhibited in the data. This function contains a slope 

discontinuity (kink) at E = Q — m 2 and a difference in amplitude above and below 

the kink. As discussed in Section 2.5, if a wide energy region of the experimental 

spectrum is fit to (1.16), most of the sensitivity to S{E) comes from the difference 

in amplitude rather than the shape of the kink. An unexpected smooth distortion 
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in the spectrum, caused by some experimental artifact, can correlate with this 

amplitude difference and effectively mimic or hide the effect of a massive neutrino. 

All of the first generation 17 keV neutrino experiments (Table 2.1) can be criticized 

by this argument, since none had convincingly demonstrated that their systematics 

were understood at the level of 1% neutrino mixing. 

An experiment that is especially sensitive to the local slope discontinuity 

in S(E) and relatively insensitive to the overall shape would be very helpful in 

resolving the 17 keV neutrino controversy. This kink is a characteristic signature 

of the presence of a massive neutrino, and a local search for such a feature should 

not be affected by smooth systematic distortions. It is clear that such an approach 

would require high statistics and a different type of analysis. To this end, two data 

analysis techniques for beta spectra were developed, both designed to distinguish 

a smooth spectrum from one with a neutrino kink in it. 

The first technique involves taking the second derivative of the experimental 

spectrum. The second derivative of a discrete spectrum can be defined in analogy 

to the second derivative of a continuous function. If N(i) is the number of co-ints 

in the ith bin then the second derivative Dz(i) is: 

wo-""-"* ( y-" f " ) (4..) 
where AE is the bin width. The second derivative has been used previously to 

effectively reveal the presence of 7-ray lines too small to be seen in raw spectra 

[106, 107]. The second derivative of a slope discontinuity will produce a delta 

function. With finite detector resolution this becomes a peak, as shown in Figure 

4.1. The statistical dispersion of data points in the second derivative of a spectrum 

is much larger than in the raw spectrum itself, so high statistics are needed to see 

the structure. It is obvious that this method will still be effective in the presence of 

smooth spectral distortions. While the second derivative method produces a result 

convincing to the eye, quantifying the result presents a difficulty. Adjacent points 

are covariant, unlike in an ordinary spectrum, so a x2-type analysis is unwieldy 
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Q - m 2 Q 

Figure 4.1: (a) Fermi beta function, including a massive neutrino with 1% mixing, 

convoluted with a gaussian resolution function. The presence of the massive neu

trino cannot be seen by eye. (b) The kink is clearly seen in the second derivative 

of the same function. 

90 



and a separate approach is desirable. 

The second analysis technique consists of fitting a small portion of the 

spectrum to a polynomial. If no kinks are present we expect a narrow region of 

a beta spectrum to be smooth, and well fit by a low order polynomial. If a kink 

caused by emission of a massive neutrino is present in the region, it should be well 

fit by this polynomial multiplied by S(E). Tests using pseudodata (see Section 

4.3) showed that a third order polynomial works well; i.e. the following function 

can be used to fit a narrow region of the data: 

P{E) = {a0 + aiE + a2E2 + a3E3)S'(E) (4.2) 

where S'(E) is S(E) convoluted by a gaussian with a width corresponding to the 

measured detector response. If the \ 2 °f the fits are sufficiently good, this analysis 

will give an appropriate quantitative result. Smooth spectral distortions will be 

accommodated by the polynomial and will not affect sensitivity to the kink. 

Clearly, the second derivative method and polynomial fit method are math

ematically related. The second derivative of a third order polynomial gives a 

straight line. Any detailed structure in the second derivative, for example a peak 

caused by a massive neutrino kink, correspond to powers higher than three in the 

Taylor expansion of the function; and therefore will be seen in the fit to (4.2). 
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4.2 The Experiment 

The IBEC photon spectrum of 5 5 Fe was chosen for a local kink search experiment. 

This isotope is available commercially in large quantities and is relatively long-

lived, so it was suitable for a high-statistics experiment. A photon source was 

preferred over a beta source because source scattering is weak, allowing use of a 

large source volume; and a commercial HPGe photon detector could be used to 

collect the data, making the setup relatively simple. The electron capture of 5 5 Fe 

is an allowed ground-state to ground-state transition with a QEC of 231.7 ± 0.7 

keV, an IBEC probability of 3.25 x 10 - 5 , and a half-life of 2.73 years [90]. There is 

also a second-forbidden decay to the 7/2" 126 keV level in 5 S Mn, but the branch 

is negligibly small (1.3 x 1 0 - 9 [107]). 

A sample of 5 5 Fe was purchased from New England Nuclear Company. Ini

tial 7-ray counting revealed impurities of ^Co, 5 , ,Mn, 1 2 3 Te. 1 2 7 Te, and 5 9 Fe, so the 

sample was purified using ion exchange column chemistry. The 5 9 Fe could not be 

removed this way, but it has a short half-life (44.5 days) so the source was allowed 

to decay for about four months prior to beginning the actual experiment. The 

total electron-capture strength of the final purified source was about 25 mCi. The 

source was sealed inside a plastic container with 1-mm-thick walls and attached 

to the face of an Ortec 109-cm3 coaxial HPGe detector. An additional absorber, 

consisting of 0.06-mm-thick copper and 0.05-mm-thick aluminum foils, was placed 

between the source and detector to help suppress Mn x rays from the 5 5 Fe electron 

capture decays. The x-ray intensity was suppressed by a factor of about 3 x 106. 

The detector and source were placed inside an anitcoincidence shield consisting of 

a 30-cm by 30-cm annular Nal detector and a 7.5-cm by 15-cm plug Nal detector. 

These Nal detectors were used to veto Compton-scattered events from the source, 

external background radiation, and S 9 Fe 7 rays that appear in coincidence. Ad

ditional lead shielding was placed around the detectors. The experimental setup 

is shown schematically in Figure 4.2. The initial S 5 Fe IEEC count rate in the Ge 
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detector was approximately 8000 sec"'. 

A total of 182 days of i s Fe data were collected in 2-3 day running inter

vals on a PC-based system using the Ortec MAESTRO data acquisition software. 

Three separate spectra were recorded simultaneously on three Ortec 916A analog-

to-digital converters (ADC's): (A) Ge detector singles (no vetos), (B) Ge detector 

with pileup rejection (PUR) using the pileup inhibit veto from the Ortec 572 am

plifier, and (C) Ge det'.tor with PUR and N*I veto. The PUR and Nal veto 

thresholds were measured to be 27.0 and 29.5 keV, respectively. The amplifier 

shaping times were 1/is for the 572's and 0.25/is for the Nal amplifiers. Each 

spectrum contained 4096 channels with 133 eV/Ch (A), 147 eV/Ch (B), and 130 

eV/Ch (C). The energy scale for each ADC was measured with external calibration 

sources. Linear calibration fits and residuals are shown in Figure 4.3. The cali

bration was also monitored for individual s s Fe runs using the Pb x rays and 5 9 Fe 

lines in each spectrum. An offset of up to two channels (positive or negative) as 

needed was added to each run prior to summing them together in order to correct 

for minor gain shifts over time. A small number of runs required shifts of more 

than two channels. These runs were not included in the final data sets. 

Background spectra were accumulated between 5 5 Fe measurements, and 

separate sources of s 9 Fe, ^Co, and 5 4 Mn were also measured. These were then 

subtracted by normalizing to the corresponding peaks in the 5 5Fe raw spectra. 

All lines in the background and 5 5 Fe spectra from 50-400 keV were identified and 

accounted for by normal room background and the above-mentioned impurities. 

A complete list is given in Table 4.1. The total summed raw data collected in 5 5 Fe 

spectra A, B, and C, with the corresponding peak-normalized background and 

impurity spectra, are shown in Figure 4.4a-c. Comparing these, we can see that 

the Nal veto suppressed about 82% of the 5 9Fe, 81% of the ^Co and 5 4Mn, and 68% 

of the external background, at energies below the 5 5Fe endpoint. After subtraction, 
5 5Fespectra A, B, and C contained 1.70xl0 7 ,1.47xl0 7 , and 1.13xl07 counts/keV, 
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Figure 4.2: Schematic diagram of the 5 5Fe IBEC experiment. 
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Figure 4.3: Linear calibration fits and residuals for ADC's A (no vetos), B (PUR 

only), and C (PUR and Nal veto). 
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respectively, at 208 keV (the expected kink position for a 17 keV neutrino). 

At the conclusion of the experiment, it was discovered that the peak to 

continuum ratio of the background in all three 5pectra varied significantl\y from 

run to run. This was probably due to operation of the 88-inch Cyclotron located in 

the same building, and other research activities in the immediate environment. As 

a result, it was not possible to simultaneously normalize the peak &jd continuum 

areas of the background spectra to the 5 5Fe. For example, normalizing on the 

peaks left a residual background continuum of about 2000 counts/channel in 5 5Fe 

spectrum C, which is about 0.1% of the total at 208 keV. This was not expected 

to affect the results of the analysis, and to verify that it did not, the background 

was normalized in two ways, first on the peaks, and then on the continuum in the 

region 420-500 keV. The complete analysis was performed on both data sets, with 

virtually identical results. Further discussions will refer to the peak-normalized, 

background-subtracted data. 

96 



Table 4.1: KFe background and impurity lines. 
Energy 
(keV) 

Origin Intensity" Energy 
(keV) 

Origin Intensity" 

53.2 ZUp^ZMfJ 0.0098 139.7 7*Ge(nth,-,)nGe 0.0040 

53.4 7 2Ge(n tft, 7) 7 3Ge 0.0048 142.7 S 9Fe 0.4583 

59.5 2 4 1 Am 0.0086 143.8 23SJJ 0.0191 

63.3 w*Th 0.1450 159.0 1 2 3 Te 1.4592 

66.7 7 2 Ge(n t f t j 7 ) 7 3 Ge 0.0023 163.4 235TJ 0.0076 

72.8 Pb x ray 0.0183 185.7 235TJ 0.0937 

74.8 Bi x ray 0.0548 192.3 5 9Fe 1.0000 

75.0 Pb x ray 0.0282 198.9 7 0 Ge(n t , , 7 ) T I Ge 0.0078 

77.1 Bi x ray 0.0982 205.3 235rj 0.0056 

84.5 Pb x ray 0.0105 209.4 2 2 8 Ac 0.0051 

84.9 Pb x ray 0.0202 238.6 212p b 0.1456 

86.8 Bi x ray 0.0105 241.9 2 U p b 0.0245 

87.3 Bi x ray 0.0202 277.3 208'TM 0.0035 

87.3 Pb x ray 0.0043 279.2 2 0 3 Hg 0.0055 

92.4 2 3 4 T h 0.1023 295.1 2 1 4 p b 0.0424 

92.8 2 3 4 T h 0.1011 300.0 2 1 2 Pb 0.0049 

94.7 U x ray 0.0043 328.1 2 M A c 0.0020 

98.4 U x ray 0.0069 335.0 5 9Fe 0.0550 

112.8 2 3 4 T h 0.0084 338.4 2 2 8 Ac 0.0198 

120.9 234TJ 0.0026 351.9 2"Pb 0.0759 

122.1 5 7 Co 0.0035 382.3 5 9Fe 0.0026 

"Intensity is the peak area after normalization measured relative to the 192 keV line from 5 9Fe, 

using the spectra from ADC C (PUR and Nal veto). 
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Figure 4.4a: Total raw data in 5 5Fe spectrum A (no vetos) with normalized back

ground and impurity spectra. 
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Figure 4.4b: Total raw data in 5 5Fe spectrum B (PUR only) with normalized 

background and impurity spectra. The falloff below 80 keV is due to the ADC 

threshold setting. 
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4.3 Pseudodata Tests 

Use of the second derivative and polynomial fit methods described in Section 4.1 

does not require knowledge of the theoretical spectral shape or any experimental 

corrections to it, provided they form a sufficiently smooth function of energy. A 

kink caused by massive neutrino emission will stand out against the smooth under

lying spectrum. Still, it is worthwhile to test these methods using lealistic spectra, 

with and without the presence of a neutrino kink, to judge their effectiveness and 

obtain a measure of their sensitivity. To do this, a computer program was written 

to generate pseudodata spectra simulating the 5 5 Fe data of ADC C. This program 

began with the theoretical 5 5 Fe IBEC spectrum, incorporated the measured exper

imental efficiency, response function, and pileup; and randomized the points using 

Poisson statistics. 

The theoretical energy spectrum for radiative electron capture from an ns 

(I = 0) state, including the effects of the Coulomb field on the intermediate virtual 

electron, was first calculated by Glauber and Martin [108, 109], For relatively light 

nuclei and IBEC photon energies less than the electron mass the nonrelativistic 

calculation is appropriate. In this case the ratio of radiative capture to that for 

non-radiative K capture is given by [109]: 

<k*u(k)_a\MQ)\*k(qn.-k)i 

where k is the photon energy, qna is QEC minus the daughter atomic excitation 

energy, and Rn3 is the Coulomb correction factor, defined by 

RnAk) = \ (l + Bl(k)) . (4.4) 

Glauber and Martin calculated Bns for the Is and 2s states [109]: 

Bu(k) = 1 - 4 * ( l + - $ - [2Jf (A,) - 1 ] | (4.5) 
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BlAk) - l-?n^7i)(i +i*) 
' ?r^F [i(1 ~ ̂  "(A2)"3" ̂ +1" 1! (4-6) 

with 

and 

Xl = f i l l , A2 = ! ^ £ . (4.8) 
1 + >?i 2 + 172 

The function if (A) is defined as: 

^)-*j f irs < f a " h , ( 1 + A ) - , '£ j&^) (4-9) 

and in (4.7) E], is the Is electron binding energy. In a nonrelativistic calcula

tion, non-radiative electron capture from a p-wave is forbidden because the np 

wave functions are vanishingly small at the nuclear surface. However, radiative 

p-capture is allowed when the photon is emitted in an electric dipole transition. 

The intermediate electron is then captured as an s-wave.* Glauber and Martin 

calculated the p-capture spectrum [109]: 

^ - - ^ » , ( * ) ] ' ± % ^ S » - MO) 

De Rujula's calculations of the integrals Qnp [111] were used: 

«*<*> = ^~)Jod^-^ 2(l-ife) 
2A2r,2 + [12 + r,2

2 (1 -v)\A- 8y2 (1 - v) 
As 

(4.11) 

with 

" • ( ' • ! ) ( 1 + ' ! ^ ) ( " 2 ) 

'This process seems to violate the exclusion principle if the lower s states are already occupied. 

However, the reverse-time-ordered process, where an s-wave electron is captured followed by an 

electric dipole transition of a p-wave electron into the vacated shell, is allowed. This was first 

discussed by Feynman [110, 111]. 
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and 

with 

QSPM = 
484 

S1(1-T,3)(2-V3)JO 

C = -M) 1 + "(3-ife) 
(3 + V 3 ) J ' 

(4.13) 

(4.14) 

N = r,3(r,3 - 1 )C*- [12 + V 3 ( , 3 - 1 ) (1 - u)]r,3C3 

+ [48 + 16,1 (1 - v) + | ^ (V3 - 1) (1 - vf\ C2 

- \r,l(l-») + 2] 40(1 - v) V3C + ^ | (1 - vf. (4.15) 

and TJ„ is given in (4.7). Note that the Qnp(k) contain poles at the K shell binding 

energy. At that energy the process is equivalent to ordinary (non-radiative) ls-

capture and x ray emission. The screening correction Snp in (4.10) corrects for 

the screening of the initial state wave functions by the electron cloud. Calculated 

values of 5„ p are given in [109]. The ^ns(O) in (4.3) were taken from the relativistic 

Hartree-Fock-Slater calculations of Martin and Blichert-Toft [112] which implicitly 

include screening corrections. The theoretical 5 S Fe IBEC spectra for Is-, 2s-, 2p-, 

and 3p-capture were calcjlated numerically from the above formulae for photon 

energies above 10 keV. A plot of these is siiown in Figure 4.5. An admixture of a 

massive neutrino was incorporated by multiplying (4.3) and (4.10) by S(k): 

2 

1 — ^777 for k < q„i — m2 

for k> q„t- m 2 (4.16) 

S(k) = l + tan20 

= 1 
{<lnl ~ k) 

which is equivalent to S(E) in beta decay. 

The photon attenuation due to the x-ray absorber was calculated using 

P a 6 s(/t)=exp[-0.153(fc)°- 6 S 4] (4.17) 

(k here and below is in keV) with the constants determined using sources of 2 4 1 Am 

and 5 7Co. The photopeak efficiency ijph(fc) of the HPGe detector was modeled by 
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Figure 4.5: Theoretical 5 5 Fe IBEC spectra for Is-, 2s-, 2p-, and 3p-capture. 
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a (simplified) standard functional form [113]: 

V p h(fc) = ( t r e x p [ 6 ^ C ] . (4.18) 

lu the close geometry of this experiment ifph is very sensitive to the position of the 

source. A source of 1 8 2 Ta, which has a number of 7 lines in the range 50-300 keV, 

was measured at a distance of 10 inches from the detector, centered on the detector 

face. This measurement could not be done close to the detector because of prompt 

summing of coincident 7 rays. The 10-inch photoefficiency function was used to 

relatively calibrate a set of sources with non-coincident 7 rays at 10 inches. These 

sources were then measured against the face of the detector, in approximately the 

same geometry as the 5 5 Fe experiment. The constants in (4.18) were found by 

fitting these data: 

a = -0.954 

b = -0.00759 

c = -2.12 . 

The relative photopeak efficiency functions at 0 and 10 inches are shown in Figure 

4.6. 

The photon response function for the data collected by ADC C was de

termined using sources of 2 4 1 Am, 5 7 Co, 1 3 9 Ce, and 2 0 3 Hg. For the purpose of 

generating the pseudodata, a complicated model of the response function was not 

needed. A very simple model was used, consisting of a gaussian photopeak and 

a flat tail corresponding to Compton scattered photons that escaped the detector 

and also escaped the Nal Veto. The variance a2 of the gaussian peak was measured 

to be 

a2 = 0.208 -1- 4.73 x \0-"k keV2 (4.19) 

A prominant peak was seen in the test source spectra at the Compton backscatter 

energy, probably due to photons that backscattered from the detector cold finger 
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Figure 4.6: Relative photopeak efficiency functions %>h(£) measured at 10 inches 

( 1 8 2 T a source) and 0 inches (inultiple sources). 
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into the Ge crystal, so were not vetoed. This was modeled by a right-triangolar 

peak with a full width of 30 keV. The tail height/photopeak height and hackscatter-

peak height/photopeak height ratios at each energy were extrapolated from the 

test-source measurements. The measured and model response functions for ^Cu 

(122 keV) and 1 3 9 Ce (166 keV) are shown in Figure 4.7. 

The PUR circuit of the Ortec 572 amplifier operates as follows. When a 

second input pulse (above threshold) is received more than 300 ns but less than six 

times the set shaping time after an initial pulse, a PUR inhibit gate is generated 

which is used to gate off the ADC for that event. If the time separation is less than 

300 ns this gate is not produced, and an event at approximately the sum energy 

of the two input pulsos is recorded. This creates a residual piieup spectrum. The 

PUR efficiency was measured by collecting a time-to-amplitude converter (TAC) 

spectrum of successive pulses using the? 5 5Fe source and the HPGe detector, taken 

in coincidence with the 572 PUR inhibit signal. The result is si- own in figure 4.8. 

A PUR inhibit gate is always present when the signals are greater than 600 ns 

apart and never present when the signals are less than about 300 ns apart. From 

300-600 ns the probability for getting a PUR inhibit gate is approximately linear. 

Because a residual piieup pulse is recorded at nearly the sum energy of the two 

simultaneous pulses, its spectrum can be approximated by a simple convolution: 

dk - ^RL,dk ~w>—djr ( 4- 2 0 ) 

where R is the counting rate (w 8000 s - 1 ) and Ipu is the integral over At of the 

probability for not generating a piieup reject gate. Figure 4.8 shows 7 p u « 450ns. 

The contribution to the piieup spectrum from signals below the PUR threshold 

(27 keV) was neglected. The photopeak efficiency falls off rapidly below 50 keV, 

so this contribution to the piieup in the energy range of interest (180-240 keV) is 

expected to be very small. 

When the pseudodata spectrum was generated incorporating all of the above 

elements a slight linear divergence from the experimental 5 5Fe spectrum of ADC 
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Figure 4.7: Measured and model photon response function (with PUR and Nal 

veto) for 5 7 Co (top) and 1 3 9 Ce (bottom). 
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Figure 4.8: PUR efficiency measurement: TAC spectrum of successive 5 5 Fe pulses 

in coincidence with 572 amplifier PUR inhibit. 

C was evident. To correct this, a linear correction factor equal to [1 + 8.0 x 

10 _ 4keV _ ,(g„j — k)] was included in the pseudodata spectrum. The divergence 

was probably due to the uncertainty in measuring the photopeak efficiency in such 

close geometry. This correction was included to make the pseudodata as realistic 

as possible, although it clearly will not affect a local kink search in the pseudodata 

spectrum. Figure 4.9 shows the complete pseudodata spectrum containing 1.17 x 

107 counts/keV at 208 keV, compared to the background- and impurity-subtracted 
5 5Fe spectrum C. The ratio of these spectra is shown in Figure 4.10, both with 

and without the shape correction, and the agreement is good over several orders 

of magnitude in intensity, and excellent in the region of interest. X rays from Pb 

flourescence, the 5 5 Fe line at 126 keV, and the 1 2 3 Te impurity line at 159 keV can 

also be seen in this figure. 

Figure 4.11 shows the second derivative of the pseudodata spectrum prior 

to adding statistical dispersion. There are two neutrino kinks: one at 208 keV from 

the Is spectrum, and another at 214 keV due to the 2s, 2p, and 3p spectra which 
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Figure 4.9: 5 5 Fe spectrum C with background and impurities subtracted (top) and 

the corresponding pseudodata spectrum (bottom). 
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Figure 4.10: Ratio of 5 5 Fe spectrum C to the pseudodata without a shape correction 

(top), and with a linear shape correction [1 + 8.0 x 10 - 4keV~ x{q ni — k)} to the 

pseudodata (bottom). 
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Figure 4.11: Second derivative of pseudodata spectrum without statistical disper

sion. Neutrino kinks are seen at 208 keV (Is spectrum) and 214 keV (2s,2p,3p 

spectra). 

have a 6-keV higher endpoint. Second derivatives of pseudodata spectra, with and 

without a 1% 17 keV neutrino and including Poisson statistics, are shown in figure 

4.12. The data were compressed into 20 channel bins (2.6 keV/bin) to reduce the 

dispersion in the points. A peak due to the neutrino kink is evident at 208 keV, 

about 8 standard deviations above the baseline. The absolute height of the peak 

is smaller here than in figure 4.11 due to the data compression. 

A 20-keV-wide region of the pseudodata (200-220 keV, 154 points) contain

ing a 1% 17 keV neutrino was fit to the polynomial function (4.2). For each trial 

tan 2 9 and m 2 were fixed and a0-a.z were allowed to vary for the best fit. The x 2 

contour plot is shown in figure 4.13 (top). The \ 2 minimum corresponds to a mass 

of 16.9 ± 0.2 keV and a mixing of 0.74 ± 0.08%. The mixing comes out too low be

cause at the kink position (208 keV) 74% of the total spectrum is from Is capture, 

13% from 2s capture, 1% from 2p and 3p capture, and 12% from pileup. Therefore 

a 17 keV neutrino mixture of 1% in the Is spectrum becomes 0.74% of the total. 
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Figure 4.12: Second derivatives of pseudodata spectra containing a 1% 17 keV 

neutrino (top), and no massive neutrino (bottom). 
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A correction for this mil be needed in the actual data analysis as well. The fit 

at tan 2 # = 0 has A\2 = 55.9 (7.5<r) from the minimum. The \* contour plot for 

similar polynomial fits to the pseudodata containing no massive neutrino is shown 

in figure 4.13 (bottom). Figure 4.14 shows the polynomial fit and data/fit for the 

pseudodata containing a 1% 17 keV neutrino and fit with ra2 = 0, tan 2 0 = 0. 

Finally, to verify that the polynomial fit analysis will be insensitive to 

smooth distortions in the data, additional pseudodata spectra were generated con

taining quadratic distortions of the form: 

N(k)di, = N(k) [l + d («w -k) + c2(qnl- kf\ (4.21) 

with ci and c 2 chosen arbitrarily. For —10~2 < Ci < 10~2 keV - 1 and —10 - 4 < 

Ci < 1 0 - 4 k e V - 2 the presence or absence of a neutrino kink in the spectrum was 

always correctly found. Figures 4.15a,b show some examples. 
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Figure 4.13: x 2 contour plot for polynomial fits to the pseudodata containing a 1% 

17 keV neutrino, in the region 200-220 keV, 154 points (top); and a similar plot 

for fits to the pseudodata containing no massive neutrino (bottom). The absolute 

minima are marked by an X. 
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Figure 4.14: Polynomial fit (top) and data/fit (bottom) of the pseudodata con

taining a 1% 17 keV neutrino; fit with m 2=0, tan 2 0 = 0. The data are compressed 

(-i channels/bin) for clarity. 
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Figure 4.15a: Polynomial fits to pseudodata including a distortion factor equal 

to [1 - 3.0 x l O ^ k e V 1 ^ , - *) + 5.0 x 10- 5keV- 2( g„, - k)2]; with a 1% 17 keV 

neutrino (top), and no massive neutrino (bottom). 
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Figure 4.15b: Polynomial fits to pseudodata including a distortion factor equal 

to [1 + 5.0 x 10- 3 keV _ 1 ( 9 n , - it) - 1.0 x 10- 5 keV- 2 ( 9 n , - it)2]; with a 1% 17 keV 

neutrino (top), and no massive neutrino (bottom). 
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4.4 Data Analysis 

The vetoed 5 5 Fe data (spectrum C) were analyzed in the same way as the pseu-

dodata. Figure 4.16 (top) shows the second derivative of the raw spectrum. The 

dominant feature is the 5 9Fe line at 192 keV, and it illustrates the power of the 

second derivative technique for magnifying small structures; this line can barely 

be seen in the raw data. Figure 4.16 (bottom) shows the second derivative of the 

same spectrum after background and impurity subtraction. There is no sign of a 

neutrino kink at 208 keV or anywhere else. As with the pseudodata, these data 

have been compressed into twenty-channel bins (2.6 keV/bin) to reduce the sta

tistical dispersion and maximize sensitivity to the kink. There is a concern that 

if the neutrino mass were not exactly 17 keV, but rather 16 or 18 keV, this data 

compression would tend to wash out the peak in the second derivative; it would 

be split between two bins. To verify that this did not happen, twenty versions of 

the binned spectrum were produced, each with twenty channels per bin but with 

different channel offsets. Representative samples can be seen in Appendix B. None 

of these spectra show evidence for a massive neutrino kink. 

Three overlapping regions of 5 5 Fe spectrum C were fit to the polynomial 

function (4.2) to test three ranges of neutrino mass: 195-215 keV with m 2=15-25 

keV (154 points); 200-220 keV with m 2=10-20 keV (154 points), and 205-224 keV 

with m2=5-15 keV (147 points). Figure 4.17 shows the \ 2 contours for the fits 

of the 200-220 keV region. The best fit is m2=10.75 keV and tan 2 5=0.002, with 

X2=164.3 (x„=1.10), which is statistically consistent with no massive neutrino 

(*2=166.2). A 0.8% 17.0 keV neutrino (the result of Hime and Jelley [56]) should 

give tan 2 0=0.006 in this analysis, after correcting for higher-shell capture and 

pileup (see Section 4.3). This yields x 2=209, a difference of 45 units (6.7er) from 

the minimum. The \ 2 contours for the other two regions are shown in figure 4.18. 

There is no evidence for a massive neutrino in either region. Figure 4.19 shows 

the polynomial fit and data/fit with no massive neutrino. Figure 4.20 shows a 
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Figure 4.16: Second derivatives of 5 5 Fe spectrum C raw data (top) revealing the 
5 9 Fe line at 192 keV, and the same data after background and impurity subtraction 

(bottom). 
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Figure 4.17: x2 contour plot for polynomial fits to 5 5Fe spectrum C with 130-

eV-wide bins in the region 200-220 keV (154 points). The absolute minimum is 

marked with an X. 
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Figure 4.18: x2 contours for polynomial fits to 5 5Fe spectrum C with 130-eV-wide 

bins in the regions 195-215 keV (154 points) (top), and 205-224 keV (147 points) 

(bottom). 
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similar plot for a fit including a 17 keV neutrino with tan5 #=OJ0©6-

The data of **Fe spectrum A (no vctos) and B (pileup rejection only) were 

analyzed in a similar way. Figure 4.21 shows the second derivatives of these spectra 

after background and impurity subtraction. The x7 contours for the polynomial 

fits are shown in figures 4.22-4.25. They support the results of spectrum C. There 

is no evidence for a massive neutrino in either spectrum. 
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Figure 4.19: Polynomial fit (top) with no massive neutrino and data/fit (bottom) 

of 5 S Fe spectrum C. The data are compressed (4 channels/bin) for clarity. 
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Figure 4.20: Polynomial fit (top) with m 2=17 keV, tan 2 5=0.006 and data/fit (bot

tom) of S 5Fe spectrum C. This value of the mixing is equivalent (after corrections) 

to the Oxford 3 5 S result J56J. 
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Figure 4.22: \ 2 contour plot for polynomial fits to s s Fe spectrum A with 133-eV-

wide bins in the region 200-220 keV (151 points). 
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Figure 4.23: x 2 contours for polynomial fits to 5 5 Fe spectrum A with 133-eV-wide 

bins in the regions 195-215 keV (151 points) (top), and 205-224 keV (143 points) 

(bottom). 
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Figure 4.24: x2 contour plot for polynomial fits to 5 5 Fe spectrum B with 147-eV-

wide bins in the region 200-220 keV (136 points). 
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Figure 4.25: x 2 contour plot for polynomial fits to 5 5Fe spectrum B with 147-eV-

wide bins in the regions 195-215 keV (136 points) (top), and 205-224 keV (129 

points) (bottom). 
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4.5 Conclusions 

The conclusion of this experiment is straightforward: there is no evidence for 17 

keV neutrino emission in s s Fe IBEC decay. A 17 keV neutrino with sin2 0=0.008 is 

excluded at the 1c level. Previous experiments were sensitive to the change in the 

global shape of a spectrum caused by emission of a massive neutrino; this can be 

mimicked or hidden by a small systematic distortion (as discussed in Section 2.5). 

The present result is significant because the experiment was sensitive to the local 

feature of the kink, which is unlikely to be influenced by a systematic distortion 

of the experimental spectrum. One might be concerned that detailed structure in 

the photon response of the detector might conspire in an energy-dependent way to 

create an actual kink (or anti-kink) in the spectrum. This seems a priori unlikely, 

but is a valid concern. The photon response of 5 5Fe spectra A and B was very 

different, due to lack of Compton supression, from that of spectrum C. The fact 

that the kink searches in these spectra were also negative is strong evidence against 

this possibility. 

A 2<T (95% CL) exclusion plot for neutrino masses in the range 5-25 keV is 

shown in figure 4.26, based on the polynomial fits to 5 5 Fe spectrum C. This plot 

includes the correction to tan 2 # for higher-shell capture and pileup. The upper 

limit on the mixing of a neutrino with 17 keV mass is 0.14%. The weakest limit 

in the mass range explored is 0.65% for a 10.5 keV mass neutrino. 

131 



0.010 

0.008 

0.006 — 

0.004 — 

0.002 

0.000 10 15 
m 2 (keV) 

20 25 

Figure 4.26: 2a (95% CL) exclusion plot for neutrino masses from 5-25 keV, based 

on polynomial fits to 5 5 Fe spectrum C in the ranges (a) 195-215 keV, (b) 200-220 

keV, and (c) 205-224 keV. 
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Chapter 5 

Cc nclusions 

From the point of view of fundamental physics, the 17 keV neutrino is no longer 

interesting. The experimental evidence against it is convincing. The general ques

tion c neutrino mass and mixing is still very important, but there is no further 

need to consider a 1% admixture of a 17 keV mass component in the electron 

neutri o. However in a broader sense the story of the 17 keV neutrino is still very 

relevant, and it should not be forgotten. It is a fascinating tale and an excellent 

case study of the scientific process; it teaches us valuable lessons about the use 

of pre ;ision spectroscopy to probe fundamental processes; and it raises the very 

interesting question of why a number of different research groups, using different 

methods, all found evidence for something that doesn't exist. 

The 17 keV neutrino story represents a classic Hegelian dialectic. Simpson's 

initial report of the phenomenon in 1985 met with considerable skepticism (the 

thesisi. After all, a 17 keV neutrino was completely unexpected, the experimental 

evidence favoring it was weak, and there seemed to be no theoretical basis for its 

existence. It was followed swiftly by negative experimental reports. A few years 

later, vhen new, more convincing positive results began to appear, it was generally 

realized that the initial reaction was premature. The field entered an antithetical 

period. The protagonists argued effectively that the early negative experiments 
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were inconclusive. The theoretical community began to take it seriously and viable 

models for a 17 keV neutrino were discussed. Experimental reports on both sides 

were in direct conflict, creating what one author called an "unresolved conundrum" 

[114]. Finally, the issues of experimental systematics and sensitivity were sorted 

out, and a new generation of experiments appeared that were able to conclusively 

rule out a 1% 17 keV neutrino. This was the synthesis. The 17 keV neutrino does 

not exist, but by studying the question of its existence we learned a lot about how to 

do these kinds of experiments correctly. In addition, the entire subject of neutrino 

mass and mixing was stimulated, which led to a development of theoretical ideas 

that may be very useful in the future. 

The 17 keV neutrino experiments taught us how easily a systematic effect 

can masquerade as the signature for a new physical process. Obtaining a good 

X2 fit with the experimental spectrum is not sufficient; a convincing experiment 

must independently demonstrate its sensitivity to the effect in question. Seem

ingly negligible influences on the spectrum must not be taken for granted. An 

experimental response function that is used to fit the data should be measured at 

as many energies as possible, under the identical conditions as the beta spectrum, 

and must bracket the energy range being fit. Future efforts that use precision 

beta spectroscopy to probe fundamental physics will benefit tremendously from 

this experience. 

It seems an extraordinary coincidence that, within a span of six years, seven 

different experiments at four different institutions each saw evidence for a 1% 17 

keV neutrino for different reasons. If one considers the entire parameter space for 

neutrino mass and mixing, such a coincidence is inconceivable. Due to practical 

limitations however, the whole parameter space was not available to these experi

ments. The positive experiments all used roughly similar methods and had similar 

levels of statistics, even though the isotopes and apparatus designs were different. 

One might estimate the relevant parameter space to be about 5 < m2 < 30 keV 
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and 0.005 < jiin2# < 0.05. If an experiment of this type is going to trittaie * sys

tematic distortion for a massive neutrino signal, the parameters should f*U mikao 

these ranges. The experiment will not be sensitive to a very small mass or mixing, 

and it can distinguish a sufficiently large mass or mixing from a systematic effect. 

With this in mind, the likelihood of this coincidence is small but not prohibitive. 

We must also consider that subtle psychological effects may have played a 

role in this story. Scientists are human, and can be unknowingly influenced by 

social or subconscious pressures. For example, there is a tendency to make an 

experimental result public more quickly if it corroborates a previously reported 

result. One is more hesitant to go public if the result is something completely new, 

allowing more time to study the analysis and systematics. This may tend to bias 

a group of experiments toward agreement. It is beyond my purpose (and my com-

petance) to expound further on the philosophical and sociological implications of 

the 17 keV neutrino, but I predict it will be a conspicuous subject for philosophers 

and historians of science in the years to come. 
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Appendix A 

The 1 4 C Detector 

This appendix contains technical issues concerning the 14C-doped germanium de

tector described in Chapter 3. 

A.l Bipolar Image Pulses 

The following discussion is based on the more general derivation by Radeka [115]. 

Figure A.l depicts the interior of the detector where a localized region of ionization 

charge q, created by a beta or gamma event, is drifting toward the center region 

anode with velocity Vi. The cathode, the center and guard ring anodes, and the 

ionization region are treated as ideal conductors separated by a dielectric medium. 

A solution to the Laplace equation is determined if we specify either the potential 

Vi (relative to ground) or the charge Qi, at each conductor. Consider two different 

configurations, the actual case a, and a hypothetical case 6: 

a) actual case: V0 = Vnas Vi = 0 

V2 = 0 Q3 = q 
(A.l) 

b) hypothetical case: V0 = 0 Vi = 0 

V2 = l Q3 = 0. 
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Figure A.l: A localized region of ionization charge inside the detector drifting 

toward the center electrode. 

We use Green's reciporocity theorem to relate the two cases: 

3 3 

i=0 t=0 

giving 

Differentiating with respect to time: 

- * — * ( * ) 

(A.2) 

(A.3) 

(A.4) 

h = qvd—{yi) = -qvi-E% (A.5) 

where j 2 is the current flowing out of the guard ring anode into the preamp in the 

actual case. iJj, called the weighting field, is the electric field in the hypothetical 

case. It conveniently contains all of the geometry in the problem. We can integrate 

(A.5) to obtain the total charge collected in the guard ring as a function of the 

position z of the ionization charge: 

Q2(z) = qvdV3\z). 
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Since we are interested only in the transient behavior we take the constant of 

integration to be zero. The charge collected in the center is obtained in in a 

similar way by considering a new hypothetical case c 

c) hypothetical case: Vo — 0 Vt = 1 
(A.7) 

V2 = 0 Q3 = 0 

which gives 

<?,(*) = g t , d Kf(z) . (A.8) 

The weighting potentials V£(z) and VJ(z) can be found by solving the Laplace 

equation numerically, as shown in Figure A.2 [116]. In these plots, the gradient 

of the weighting potential along the path of the drifting ionization charge is pro

portional to the current signal in each preamp. The center preamp sees a positive 

pulse that integrates to q. The guard ring preamp sees a bipolar pulse that inte

grates to 0. Likewise, the center preamp sees a bipolar pulse when an ionization 

event occurs in the guard ring. These bipolar pulses are highly attenuated by the 

preamps. When the amplified signals associated with gamma-ray interactions were 

observed with an oscilloscope, the bipolar pulses had amplitudes of only 1-3% of 

the true pulses. 

A.2 Surface Effects 

The crystal lattice ends abruptly at the edge of a solid state detector, so the band 

structure is highly distorted there. This can create a surface channel, causing 

the electric field lines to terminate at the edge instead of running straight to the 

opposite electrode (see Figure A.3). When this occurs, charge from an ionization 

event near the edge can be diverted to the surface and become trapped. Tiny 

amounts of surface contamination can influence the size of the effect. 

We can use the results of the previous section to determine the detector 

response for such an event [117]. Suppose the ionization charge drifts through the 
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Figure A.2: Numerical solutions of the Laplace equation for the weighting poten

tials V3

6(z) (top) and V£(z) (bottom) 
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surface 
channel 

Figure A.3: A surface channel on the edge of the detector can cause the electric 

field lines to terminate at the edge. 

detector until it becomes trapped at the surface at position z = ztT. The trapped 

charge travels slowly along the surface, so the signals seen by the center and guard 

ring preamps are simply the integrated charges collected at the anodes at the 

time of trapping. According to (A.6) and (A.8) these are Qi(ztT) oc Vi

c(ztT), and 

Q2(ztr) c< V$(ztT)- Figure A.4 shows a plot of the center signal verses the guard 

ring signal for different ztr, based on the weighting potentials of Figure A.2. The 

shape of this coincidence plot is a function of geometry alone, although its intensity 

will depend on the size of the surface channel. Compare Figure A.4 to the actual 
1 4 1 Ce 2-D spectrum in Figure 3.11. 
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Figure A.4: Predicted plot of center-guard ring coincidences caused by the surface 

effect. 
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Appendix B 

Second Derivatives of 5 5 F e 

Spectra 

As discussed in Chapter 4, the second derivative is a simple and powerful way to 

reveal a massive neutrino kink in a beta or IBEC spectrum. Unfortunately, the 

statistical dispersion in the data is magnified enormously by taking derivatives. 

The dispersion in the second derivative can be reduced by binning the data. Pseu-

dodata studies showed that compressing the data into twenty-channel bins (2.60 

keV/bin for 5 5 Fe spectrum C) maximized the sensitivity of the second derivative 

to a neutrino kink in the experimental 5 5Fe spectrum. However, with such coarse 

binning the size of the effect will depend on the position of the kink with respect 

to the bins; the kink-peak will be smaller if it is split between two bins than if con

tained in only one. For this reason twenty binned spectra were created from each 

background-subtracted 5 5 Fe spectrum (A,B,C). Each contained twenty channels 

per bin but a different channel offset. Second derivatives were taken of all of these 

binned spectra. Representative samples of these are shown in Figures B.la,b,c. 

The residual from subtracting the 192 keV is significant in some of the spectra, 

but none show evidence for the presence of a massive neutrino kink (compare to 

the pseudodata, Figure 4.12). 
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Figure B.la: Second derivatives of 5 5Fe spectrum A (no vetos) compressed into 20 

channel bins with different channel offsets. 
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Figure B.lb: Second derivatives of 5 5Fe spectrum B (PUR only) compressed into 

20 channel bins with different channel offsets. 
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Figure B.lc: Second derivatives of 5 5Fe spectrum C (PUR and Nal veto) com

pressed into 20 channel bins with different channel offsets. 
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