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THE STATUS OF NEUTRINO MASS EXPERIMENTS 

Orrin Faokler 

Lawrence Livermore National Laboratory and Rockefeller University 

In 1980 two experiments ignited a fertile field of research --

the determination of the neutrino masses. Subsequently, over 35 

experiments using a variety of techniques have probed or are 

probing this question. Primarily I will discuss electron 

antineutrino (hereafter referred to as neutrino) mass experiments. 

However, let me begin in Section I to discuss astronomical and 

terrestrial observations which motivated these experiments. In 

Section II, I will quote limits from rouon and tau mass 

determinations. These limits are more thoroughly discussed in other 

papers. I will continue by describing the four approaches used to 

measure the electron neutrino mass. In Section III, tritium beta 

decay mass determinations will be reviewed. This section includes 

a general summary of previous experimental results, and discussion 

of the major ongoing experiments. Section IV offers concluding 

remarks. 

Being a review, this paper covers the work of many 

individuals. It is very difficult to acknowledge all of them, 

though I wouid like to thank the experimenters listed in the 

footnote for providing up-to-date information concerning the 

experiments they are participating in and for help in preparing 

this paper. 
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I_. Possible Evidence for Finite .Neutrino Mass 

A. Astronomical Observations 

1. The paucity of solar neutrinos' may be suggestive of a 

finite neutrino mass if it were caused by neutrino oscillations. 

Ray Davis and his collaborators have not been detecting the 

expected number of solar neutrinos in the Homestake detector. The 

average of their experimental data is 2.0 + 0.3 SNU whereas the 

standard solar model predicts a rate of about 5 . 8 + 2 SNU. These 

two rates clearly disagree. A possible explanation for this 

discrepancy, other than neutrino oscillations, lies in the 

uncertainties which lead to the standard solar model. The 

theoretical predictions have changed dramatically as better cross 

section measurements have been completed at very low energy. 

Actually, we observe only what is happening at or near the 

surface of the sun. The nature of the deep stellar interior, where 

most of the neutrinos are presumably being produced, is somewhat 

uncertain. For example, unknown turbulence producing mechanisms 

would cool the solar interior and result in a lower neutrino 

production rate. I believe these and other uncertainties should be 

carefully considered as a possible cause of the solar neutrino 

problem. 

2. Galactic structure may provide evidence for massive 

neutrinos. The number of photons left over from the big bang is 
3 

about 400/cm . The number of relic neutrinos from the big bang is 

related to the number of these photons by phase space and 
3 

statistical factors and is approximately 100/cm . Since there are 

so many more neutrinos than other elementary particles, even a 
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neutrino with a very small mass would produce a neutrino dominated 

universe. 

Galactic structure provides evidence for a large amount of 

miss ing mass in nonluminous halos which surround the vis ible 

galaxies, with possibly ten times more matter in the halo than in 

the luminous part of the galaxy. The evidence for this large 

nonluminous halo comes from galactic rotation curves. These curves 

have been obtained for a large number of galaxies with a wide 

variety of shapes. Twenty five such curves are shown in Fig. 1. 

They all show a velocity profile which quickly saturates and 

remains level with increasing distance from the centers of the 

galaxi -- This approximate flatness is seen to continue well 

beyond the typical 10 kpc visible galactic radius. 

The importance of these curves comes from the relation between 

the velocity profile as a function of radius and the mass contained 

within the volume bounded by that radius. A constant velocity 

profile implies a mass which increases linearly with radius. Hence 

one concludes from these velocity curves that only about one tenth 

of a typical galactic mass is luminous. This nonluminous mass can 

not be a gas because absorption lines are not seen in light passing 

through the halos. One candidate for this dark matter is the 

neutrino. 

B. Terrestrial Observations 

Two experimental papers were published in 1980 which suggested 

that electron'neutrinos might have mass. The first of these papers 
2 was by Reines, et al. In their paper entitled "Evidence for 
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Neutrino Instability" they reported an indication of neutrino 

oscillations which could only occur if the neutrinos were massive. 

Their abstract stressed the importance of further experimentation 

to measure neutrino oscillations. 
3 The second experimental paper by. Lubimov, et al, reported 

evidence for a non-zero electron neutrino mass by measuring the 

energy dependence of the tritium beta decay spectrum near the 

endpoint. Their best fit value for M was 37 eV with 99% 

confidence limits of 14 < M < 46 eV. 
v 

II. Neutrino Mass Limits and Determination Techniques 

The experimental results reported by the Reines and I.ubimov 

groups stimulated a larga number of other neutrino mass 

measurements. All of these experiments try new approaches or 

address what the individual experimentalists think are specific 

weaknesses with the original experiments. For completeness, I will 

briefly summarize muon and tau neutrino mass limits. Then I will 

discuss electron neutrino mass determination techniques and 

results. 

A. Muon Neutrino Mass Limits 

There is no evidence for a finite muon neutrino mass. The two 

experiments which give the lowest limits are given below. 
4 The first is by Anderhub, e_t al. This experiment measures 

the muon momenta from in-flight pion decay. The biggest systematic 

uncertainty, the momentum difference between the pion and the muon, 

was minimizt-i by measuring both momenta with the same apparatus. 
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The experimental upper limit for M which this group sets is 0.50 

MeV/c . 

The second measurement is by Abela et al. who set an upper 
2 

limit for M of 0.25 MeV/c . This limit is obtained by measuring 

the rauon momenta from at-rest pion decays, 

B. Tau flertrino Mass Limits 

The two best tau neutrino mass limits have been set by Delco 

and Argus . The Delco mass limit is obtained from the decay 
2 

r •+ KKffi/ . Their l imi t i s M < 157 MeV/c . The Argus group 
2 

studied the decay r -* PLXU and have set a mass limit of 70 MeV/c . 

C. Four Possible ways to "Measure" the Electron Neutrino Mass 

1. Neutrino Oscillations. Neutrino oscillations can only 

occur if the oscillating neutrino species have mass and lopton 

number conservation is violated. Hence, the observation of 

neutrino oscillations provides evidence for neutrino mass. The 

probability of a neutrino i/l oscillating into a neutrino u2 , e-g-. 

v -* v , is given by 
2 2 2 

P<^i^2> = s i n (20)sin {(1.276M L)/E ) 
2 2 2 

where 8 is the mixing angle and 5M = H1 - M 2. In addition to 

the previously mentioned requirements, the oscillation amplitude, 
2 

given by sin (20), needs to be sufficiently large or the process 

would not be observable. 

Neutrino oscillation experiments fall into the categories of 

accelerator and reactor experiments. A summary of the accelerator 

experiments is shown in Fig. 2. This figure shows that none of the 
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accelerator experiments show any evidence for neutrino 

oscillations. For large mixing angles, oscillations in these 
2 . 2 

experiments are ruled out for SH greater than about 0.5 eV . For 
2 2 

larger 5M , on the order of 10 eV and greater, the experiments 

rule out oscillations down to mixing angles of about 0.03 radians 
Q 

The results from the Gosgen reactor experiment are also shown for 

comparison. 

The results from reactor experiments are not as clear as those 
9 from the accelerators. One group, the Bugey group , finds an 

indication for neutrino oscillations. Their evidence is presented 

in Fig. 3 where the expected positron energy spectrum is shown as 

a shaded band. That spectrum is in good agreement with the data 

taken in the near position. The spectrum in the far position shows 

a depletion of events at low energy as would be expected from 

neutrino oscillation. 

A summary of the reactor experiments is shown in Fig. 4. 

Most of the Bugey allowed region, but not all of it, is ruled out 

by a similar two-position Gosgen experiment. If the single-

position flux-calculated Gosgen results are incorporated in the 

two-position results, all of the Bugey allowed region is ruled out. 

The single-position results are potentially less reliable because 

the neutrino flux energy spectrum must be calculated whereas the 

two-position experiments are independent of this calculation as 

long as the flux energy distribution doesn't change between Che 

measurements at the two positions. The discrepancy between these 

two experiments should soon be cleared up with the results from new 

experiments. 
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2. Internal Bremsstrahlung In Electron Capture. A second 

technique for determining if neutrinos have mass is by measuring 

the emitted photon energy spectrum in electron capture ' A 

nucleus captures an orbital electron and emits a photon of momentum 

k and a neutrino. 

Z - (Z - 1) + 700 + " e 

Since there are three bodies in the final state, the photon energy 

spectrum Is governed by three body phase space 
0 0 2 2 0 5 

dw a k(k - k)[(k - k) - M J ' T T max l v max ' v dk 
This experiment has proven to be very difficult because of 

unknown and incalculable interference effects between the desired 

transition and the tails of distant resonances, including those in 

the continuum. Another problem results from the effects of 

molecular binding. The strong binding in metals and salts distorts 

the electron orbitals sufficiently to have a substantial impact on 

the photon spectrum. 

The only published results from this approach which I am aware 
12 1 6 3 

of are from Bennett, e_t al . Their results are for Ho and are 

shown in Fig. 5 in a form analogous to the Kurie plot in beta 

decay. It is clear from this figure that their results are 

consistent with a zero neutrino mass. Their 2a upper limit on the 

neutrino mass is 250 eV. The major uncertainty which limits the 

experiments sensitivity is the interference mentioned above. 

3. Neutrinoless Double Beta Decay. A third detection 

technique is to search for neutrinoless double beta decay. This 

decay process can occur only if the neutrino is Majorana, namely it 
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is its own antiparticle. In addition there must be right handed 

currents and the neutrino must have mass for neutrinoless double 

beta decay to occur. 

Complications in interpreting these experiments come in 

calculating a neutrino mass given the measured lifetime or upper 

limit to the lifetime. The nuclear matrix elements for the 
76 

decaying nucleus, which is typically Ge, must be calculated. The 

uncertainties in these calculations can lead to an uncertainty in 

the neutrino mass limit of at most a factor of two. One solution 

to this problem is to look at Te isotope decay ratios. This latter 
13 approach gives a 5.6 eV upper limit to the Majorana neutrino 

mass. 
76 

A summary of the Ge double beta decay experiments is given 

in Table 1. The figure of merit for each experiment, the signal-

to-noise ratio, is indicated in the column labeled NT/BG which is 

a measure of the ultimate experimental sensitivity. Two of these 

experiments show a large signal-to-noise ratio. He can conclude 

from these experiments that an upper limit to the neutrino mass is 

5 eV if the neutrino is Majorana. These experiments continue to 

take data and should be able to push this limit even lower, but not 

by large factors. 

The most likely experiments to push this Majorana neutrino 

mass limit substantially lower, possibly well below 1 ev, are based 
1 36 

on Xe neutrinoless double beta decay. These experiments are 

presently being designed. 
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Table 1. Ge Heutrinoless Double Beta Decay Experiments 

CRUUl' COUNTING 
j I HE 

p.tr. 
VOL. 

NT 
(YR.X 

BG 
(COUNTS/ 

BU/NT LIMITS 
(YEARS 

(YEARS) (CH 3) 1 0 2 3 ) KEV/ 
YEAR) 

x l O 2 3 , 

CALTECII 
(Forester) 

0.3 90 1.0 18.3 5.5 0.18 

C A U ECU 
(COtll.Hd) 

0.39 90 1.27 2.3 0.7 

Milano I 

Milano II 

1.65 

0.54 

116 

145 

6.8 

2.6 

15.2 

2 8 

3.6 ) 
0.7 

Ave. 1.25 
in < 6eV 

Osaka 0.25 164 0.8 12.4 3.8 0.22 

Cue) |>h 0.?? 194 1.2 26 5.8 0.32 

Santa 
Barbera/ 
LBL 0.18 278 1.75 18.9 2.0 1.2 
Battelle 0.46 125 1.88 1.5 0.38 1.16 

* Ki ' l ix floohin, Rob KP.iney, and J im Thomas p r o v i d e d the numbers used i 1 t h i s 
t a b l e . 

4. Tritium Beta Decay. The fourth technique for determining 

the neutrino mass is the measurement of the tritium beta decay 

energy distribution near the endpoint. The decay 
3 3 t- - -H - He + 0 + i/ 

results in three bodies in the final state and hence, except for 

the Fermi factor which is essentially a constant near the endpoint, 

the beta energy distribution is governed by three body phase space. 

Dividing the energy distribution by the electron phase space factor 

and the Fermi factor, f, and taking the square root results in the 

Kurie plot showi; in Fig. 6. If the neutrino mass is zero, the 

Kurie plot will be a straight line intersecting the abscissa at the 

endpoint energy. The Kurie plot for a finite neutrino mass will 
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deviate from the zero-mass plot near the endpoint and will 

intersect the abscissa at the endpoint energy minus the neutrino 

mass. 

III. Tritium Beta Decay Experiments 

A. General Considerations 

Figure 6 illustrates the importance of having good resolution 

and sensitivity near the endpoint. The zero mass and the non-zero 

mass beta energy distributions differ from each other in a 

statistically significant way only within a few M from the 

endpoint. The experiment is made difficult because the counting 

rate is very low near the endpoint. The fraction of the events 

within 2 eV of the endpcint, if the neutrino ma^s is zero, is c.ily 

2.3x10 ". This low rate near the erdpoint plpces severe 

constraints on the experiments in terms of spectrometer acceptances 

and background rejection. 

The first of these constraints relates to the spectrometer. 

The spectrometer must have a high acceptance to compensate for Che 

low counting rate. In addition the spectrometer needs a high 

resolution --on the order of that of the neutrino mass the 

experiment is trying to determine. If the spectrometers resolution 

is substantially worse than the desired neutrino mass sensitivity, 

that resolution function, particularly the ,';ail on the low energy 

side, must be measured very precisely. 

The second constraint relates to backgrounds. Since the 

counting rate in the last 2 eV, depending on the experiment, varies 

between several counts per hour to several per week, the 
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backgrounds need to be correspondingly low. Such low background 

rates ara not easily achieved and require careful experimental 

design. 

The Kurie plot shown in Fig. 6 is obtainec. from bare tritium 

nvrlei. Actual experiments use either atomic or molecular tritium. 

The spectrum from either of these sources is distorted as shown in 

Fig. 7. This distortion results because the atomic electron is 

orginally in an eigenstate of the hydrogen system. After beta 

decay the nuclear charge increases by one. Hence the orbital 

electron has a finite probability of being in one of the excited 

atomic states. Each of these states gives rise to a different 

branch in the Kurie plot. The atomic excitation energy of each 

state determines the intercept in the Kurie plot. The sum of the 

distinct branches is the measured distribution. This distribution, 

as shown in Fig. 7, is no longer the simple straight line that 

results from bare nuclear decay. An accurate determination of the 

neutrino mass requires, therefore, precise calculation of the 

expected energy spectrum. 

B. Previous Electron Neutrino Mass Experiments. 

I would like to begin the discussion of the experimental 

efforts by reviewing two earlier endpoint results. The first set 

an upper limit to the neutrino mass which remained until 1980 when 

another measurement suggested a finite neutrino mass. 

Bergkvist's Experiment. In a classic 1972 paper Bergkvist 

reported the' results of his measurements. He used a magnetic 

spectrometer with a =23 eV resolution and an ion implanted A1 20 3 
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source to make the measurement. After a very careful consideration 

of systematics, including molecular final state effects, he 

concluded that M is less than 60 eV. Since this mass limit was so v 

small in comparison to the lepton and hadron masses and was in 

agreement with theoretical expectations, it was thought that the 

neutrino mass was identically zero. This result was not explored 
3 further until 1980 when Lubimov, et al. published a non-zero 

result. 

Lubimov1 s Experiment. That group used TretyakoV s magnetic 

spectrometer with a =-23 eV resolution. Their source was 18% 

tritium in C 5 H u N 0 2 (Valine). They concluded from their 

measurements that M was between 14 and 46 eV. It was clear from v 

their published data that the effect was statistically significant 

but there were possible systematic problems. One immediate concer. 

was the effect of molecular final states on the beta decay energy 

spectrum. The tritium was bound in the complex organic molecule 

valine. For this molecule it is almost impossible to calculate 

with high accuracy the effects of excited final molecular states on 

the beta decay energy spectrum. Another concern was the 

incorrect deduction of the spectrometer resolution function from 
169 

measurements of the M-conversion lines in Tm. They did not 

account for the natural line width or the low energy "shakeoff" 

taii. 

Since the Russian group has made a number of substantial 

improvements in their experiment, I will discuss the results from 

their 1983 and 1984 experiments " . Each of these later 

experiments used a valine source similar to the one used in 1980. 
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Consequently they did not address the uncertainties introduced by 

molecular final state effects. However they did make substantial 

improvements in their apparatus. These improvements primarily 

reduced backgrounds by a factor of twenty and improved the 

spectrometer resolution by about a factor of two. They also fixed 

the spectrometer magnetic field and varied an accelerating 

potential to measure the beta energy spectrum. This change 

linearized the Kurie plot. 

Their Kurie plot is shown in Fig. 8. These data are from the 

1983 experiment and represent their conclusion that M is greater 

than 20 eV at the 95% confidence level. Note the data have 

opposite curvature to that expected from a finite neutrino mass 

because the effect of the spectrometer resolution is greater than 

that of the neutrino mass. The first interesting observation is 

that, in the Kurie plot, the data seem to follow the best fit 33 eV 

curve away from the endpoint and then cross over to the 0 eV M 

curve near the endpoint -- just wheie the experiment should be most 

sensitive to the neutrino mass (refer to Fig. 6). The residuals 

plotted in Fig. 9 show a large systematic deviation from the best 

fit, 33 eV M curve, indicating some systematics which are not 

being properly accounted for. These comments are quantified in the 
2 

poor x for their best fit, namely 10789 for 10355 degrees of 

freedom. 

These systematics may be related to two major oversights in 

the analysis of the data. The first one is in relating the 

measured Y D line shapes to the spectrometer resolution function. 

The intrinsic line shapes were assumed to be Lorentzian and the 
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observed low energy tails entirely instrumental. The low energy 

tails accompanying all conversion lines result from the occurence 

of close-lying satellites produced by accompanying shake-off 

excitations. The second oversight was neglecting to include in Che 

analysis the molecular final states resulting from molecular 

dissociation. Both of these contributed to the large deviations 

seen in Figures 8 and especially 9. 

New data were presented at the 1984 Leipzig conference 

These data are presented as a Kurie plot in Fig. 10 for three 

different valine source thicknesses. The dashed curves are for the 

0 eV H hypotheses and the solid curves represent the best fit, 

with H equal 35 eV. Their conclusion from this experiment is that 

the neutrino mass is greater than 9 eV at the 95% confidence level. 

These data lead one to the following observation -- the best 

fit neutrino mass should be independent of the region over which 

the fit is made modulo statistics providing that region is 

sensitive to the neutrino mass. Without refitting the data, one 

can qualitatively examine the fit quality over the region of the 

plot by tracing the 0 e V H curve and overlaying it on the data as 

best one can by eye. Doing this overlaying results in the dotted 

curve in Fig. 10 for the thinnest source. 

The dotted curve is actually a quite good fit to the data 

suggesting that the data at energies below the range of this plot 

are governing the fit. Most of the sensitivity to the neutrino 

mass should occur within about five M of the endpoint, just the 

range of this Kurie plot. 
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Is It valid to perform this procedure as a check of their fit? 

In the process of overlaying the curve it is necessary to shift and 

rotate the curve. A shift downward merely correspondJ so a change 

in normalization and is of no consequence. The rotation 

corresponds to a shift in endpoint energy which is one of the fit 

parameters and in that sense is permissible. The "new" endpoint 

energy must, however, be consistent with other data. This process 

would change the best fit endpoint energy from 18584 eV to 

approximately 18570 eV. 

A summary of the available endpoint energy data is shown in 

Table 2. Even though the best estimate is 18599 eV with an error 

of 3 eV, the variation within the table is substantially larger. 

Even the best measurements, the ICR doublet measurements, differ by 

15 eV. Additionally, a not well known chemical shift resulting 

from the molecular binding in valine, must be accounted for. This 

effect is 8.3 eV for the tritium molecule and is presumably of a 

similar size for valine. Given these uncertainties, it is 

reasonable to conclude that the Russian fit is governed by data at 

lower energies than plotted in Fig. 10 -- in just the region where 

there is little sensitivity to the neutrino mats. 

The interpretative oversights with Lubimov's measurements 

suggest that we await results from other groups before positively 

concluding that neutrinos are massive. These other experimental 

efforts are discussed in Section C. 
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Table 2. H - He Atomic Mass Differences. 

P u b H a h e d C o r r e c t e d Adop t e d „ 
Year Author Ref . Method V » l u e ( eV) V a l u e leV PCF Valu e ( e V ) ' 
72 B e r ^ k v l t t 1Z o S p e c t r . ( I r o n ) IB651 £ lb 1B64J : )6 « 18645 -' 16 - 3 . 0 
7 3 P i * l 13 8 S p e c t r . ( I r o n ) E - 1 8 5 7 8 t 40 16619 : 40 b 18619 I 40 - . b 
71. T r e t y i k o v 14 0 S p e c t r . ( I c o n f r e e ) E e - 1 6 5 7 5 i 13 18607 1 13 c d 
Bl Lyublcaov 13 t> S p e c t r . ( I r a n i r e e ) E*-Ib577 i 13 

16604 £ 6 
1B614 i 13 e 18614 i 13 ( - 1 . 3 

84 Lyublnov 2 A S p e c c r . ( I r o n f r e e ) 
E*-Ib577 i 13 

16604 £ 6 18604 : 6 * - 1 . 2 

61 S l n p s o n IS S t ( L l ) . I m p l a n t a t i o n 18567 X 5 18567 : 20 ft 18567 ± 20 1 . 5 
82 Dixon 17 S 1 ( L 1 ) , l a p l a n t a t l o r 1B594 2 25 18594 i 25 .1 
63 D e t b l n I S l ( L l ) . t h e r a a l d l f f . 18562 i 6 18562 : 20 g 18562 I 20 1 .7 
BS Sl tapion 6 S L ( L 1 ) , I m p l a n t a t i o n 1B580 2 7 18580 i 7 2 . 4 

75 S c l t h 8 fcf S p e c t r . d o u b l e t IB6D0 S 7 18595 i 7 h 1 .5 18595 : 10 t . 2 
Bl S i U h 9 RF S p e c c r . d o u b l e t 1B573 i 7 18579 t 8 h 1 .5 18579 ? 12 f 1 .5 

6 i L l p p a a * 3 1CR d o u b l e t 18599 i 2 2 . 5 18599 i 7 f - . 3 
6a N l k o l a c v 4 ICR d o u b l e t 1B584 2 1 1 2 - 5 
e S L lppaao 5 ICR d o u b l e t 18599 * 2 2 . 5 18599 : 5 t - . 5 

w e i g h t e d j v e r a g e : 1 8 5 9 6 . 7 i 4 . 1 
b e e t e s d a j t e : I S 5 9 3 , 4 * 3 . 0 

Evidence for a 17.1 keV Neutrino. In April of 1985, J.J. 
18 Simpson provided evidence for a 17.1 keV neutrino which couples 

to the electron neutrino with a 3* probability. The Kurie plot 

near the low energy end of the beta sractrum, instead of near the 

endpoint, is shown in Fig. 11. Deviations from linearity could 

signal another neutrino coupling to the electron neutrino. Such 

evidence would indicate that the physical neutrinos, e.g., the v , 

are not eigvjstates of the mass matrix but are mixtures of the mass 

eigenstates. 

The Kurie plot does indeed show a deviation from linearity --

the solid line. It is important also to examine the differential 

distribution in order to understand possible systematics which 

could cause a deviation from linearity. The differential energy 

distribution is shown in Fig. 12. The deviation from the expected 

distribution is also seen at low energies. The very low energy 

data look as though they are dominated by the tail of a low energy 

16 



noise distribution. In fact, Simpson points out that the next 

point to the left of the lowest plotted energy point is off scale 

at 1.6x10 counts. My own interpretation of his data is that, at 

low energies, the distribution is being influenced by the tail of 

this low energy noise spectrum. 

If the 17.1 keV neutrino mass hypothesis is correct, the same 

effect should be seen in the beta decay spectrum of other nuclei. 
35 

The Q value of S is 167.5 keV so the existence of a 17.1 keV 
neutrino should appear as a kink in the electron energy spectrum at 

19 20 3 S 

around 150 keV. Several groups ' have examined the S beta 

decay energy spectrum and have not verified this effect. The 

experimental results from the latter of these two experiments are 

shown in Fig. 13, T.ie 3% mixing of the 17.1 keV neutrino should 

distort the spectrum as indicated by the dashed curve. The 

experimental data is clearly inconsistent with this hypothesis. 

C. Ongoing Experiments. 

Eleven major experimental efforts are presently underway to 

measure the tritium beta decay energy spectrum with the purpose of 

determining the neutrino mass. These experiments are summarized in 

Table 3 and are listed and will be discussed according to the 

anticipated spectrometer resolution which is also an approximate 

indication of the obtainable mass sensitivity. The ultimate mass 

sensitivity will depend on backgrounds and systematics which are 

not really known until the experiment 5s well along, 
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Table 3. Proposed and Ongoing Tritium Neutrino Mass Experiments. 

Expected 
date 

o< first 
Investigator Location Spectrometer 

Porallel retarding E-S 

Source 

Frozen t j 

AE(eV) 

l-S 

results 

Tackier, flugge. ILNl 

Spectrometer 

Porallel retarding E-S 

Source 

Frozen t j 

AE(eV) 

l-S 1985 
Unite 
lobasnev HOSCOM Retarding E-S-liag Valerie. LIT 

T | , t ? gas 7-5 I9B7-I 
Clark IBn Sotierlcol retarding E-S Ion leolonted 5-10 I9S5-6 

StiUfJ Urn. toroidal nog. 1 , . I j »oi 6 1988 
Ohshtma INS. tokyo wV? Hag. Organic eotecule 8-10 1985 
Kundlg Jlirlch toroidal dag. C-I 17-75 198! 
Boyd Ohio State Soher):ol retordlng E-S Solid 17 IS86-7 
Jelly Oiford Cylindrical Blrror Co-PolBltDte-t 15 1986-7 
Gratia tholk Mver trJTflog. 11 - T 70 1996 
Lublmov HEP. 

fiasco* 
loroldol Hag. Volene - 1 70 I9B0 

Sun Fun-tlieng Peking Oeitradlol - T 70 7 
Bergkvlst Stockholn Iron Core Hop. «l - T 75 1985-6 
Bowles Las Alauos toroidal sag. I | . 1j »oi 76 1986 

1. O. Fackler, M. Mugge, H. Sticker, R. M. White and R. Woerner. 
W. Kolos, B. Jeziorski, H. Monkhorst, K. Szaleqicz and N. 
Winter. 

This group is attempting to determine the neutrino mass with a 

sensitivity of about 2 eV. Their efforts are centered around: A) a 

thin frozen tritium source and the molecular final state 

calculations necessary to interpret the data; and B) a high 

resolution parallel grid electrostatic retarding field 

spectrometer. The experiment is being performed at the Lawrence 

Livermore National Laboratory. 

The group is addressing the distortion of the beta energy 

distribution from molecular final state effects by using a frozen 

tritium source for which the calculations can be precisely 

made ' ' ' . These calculations include the effects of 
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electronic excitation, dissociation, and molecular vibration and 

rotation. 

The final results of these calculations are presented in the 

form of a Kurie plot for a 30 eV neutrino mass in Fig. 14. The 

upper curve results from bare nuclear decay. The second curve 

shows that most of the distortion is already present in atomic 

decay. The third curve is for molecular tritium decay and the 

fourth curve includes molecular vibrational and rotational effects. 

These calculations have been performed with sufficient accuracy to 

enable a neutrino mass determination to better than 1 eV. The 

major difference between using atomic and molecular tritium is in 

the energy of the excited states and the small distortion in the 3 

eV region at the endpoint of the spectrum. 

These calculations are performed for the free molecule but the 

binding effects in irozen tritium are small. This fact can be 

qualitatively understood by noting that the tritium melting 
o 

temperature is approximately 25 K, implying the molecule-to-

raolecule binding energy is approximately 1/400 eV. Since this 

binding energy is small compared to the 13.6 eV that the electron 

is bound to an atom or to the 4.5 eV that the two atoms are bound 

in the molecule, the molecule can be treated as free to high 

precision. 

The experimental apparatus is shown in Fig. 15. The source is 

a liquid helium cooled plate on which the tritium Is frozen. 

Varying thrs amount of tritium gas introduced allows source 

thickness variation from a few monolayers upwards. The source 

points upstream allowing the decay electrons to enter a region 
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which is the electrostatic analog of an optical parabola with the 

source at its focus. Hence, electrons emerging from the source are 

mapped into a larger essentially parallel beam traveling 

downstream. 

Following the electrostatic parabola, a variable-length 

collimator defines the angular acceptance of the electrons. The 

spectrometer consists of three equally spaced grid planes with 

field shaping electrodes around the axis. Electrons leaving the 

spectrometer pass through an electrostatic lens system which 

focuses them onto a solid state detector. 

The experimental apparatus was initially tested by looking at 

the 7.3 keV electron conversion electrons from Co. From this 

measurement, the experimentalists conclude that the spectrometer 

resolution function has a fwhm of less than 4 eV with their present 

collimator length setting. 

ii. V. Lobashev and P Spivak. 

This group is preparing an experiment with the expectation of 

achieving an ultimate sensitivity of approximately 2 eV. They will 

use a oolecular beam or possibly a spin-stabilized atomic beam as a. 

source. Initially however, they expect to begin data taking with a 

more conventional solid molecular source. 

A drawing of the apparatus is shown in Fig. 16. The electrons 

are trapped in a magnetic field and transported through the source 

region into the spectrometer. The spectrometer uses an 

electrostatic retarding field to achieve an energy resolution 

adjustable between 2 and 9 eV. This field is established with a;' 
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gridless cylinder. After energy analysis the electrons are 

focussed with a magnetic field onto a solid state detector. 

The apparatus is presently being assembled. It ie likely that 

they will begin testing during 1986 and ultimately have a 2 eV mass 

sensitivity. 

ill. G. Clark, M. Frisch, P. Chaudhari and M. Bregman 

The IBM apparatus is shown in Fig. 17. Electrons emerging 

from an ion-implanted solid source are energy analyzed by a high 

resolution hemispherical retarding field spectrometer. The 

spectrometer resolution is dependent upon the source radius 

relative to the radius of the retarding grid, 

AE (fwhm) - (R/35 cm) 2, 

implying a 4 eV resolution for a 1/2 cm radius source (15eV for a 1 

cm radius source). After energy analysis, the electrons are 
i 

reaccelerated to their original energy and electrostatically 

focussed onto a solid state detector. 

The apparatus has been assembled and a source has been 

prepared. The group is presently working to reduce backgrounds. 

iv. D. Decman, W. Stoffl and G. Struble 

This group at Lawrence Livermore Laboratory is emphasizing the 

use of an atomic tritium beam as the source. Decay electrons are 

collected in a magnetic field and transported into a Tretyakov-type 

spectrometer. The apparatus looks rather like that of the Los 

Alamos group' (see xi. below). It was, however, designed for a 

nominal 6 eV resolution and an ultimate 4 eV mass sensitivity. 
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After momentum analysis, the electrons are focussed on a 

multiringed solid state detector allowing simultaneous measurement 

of multiple energy channels. They expect a counting rate of 3 

events per day in the Jast 6 eV of the distribution for a zero mass 

neutrino. Because of this event rate they need to keep the 

backgrounds low, on the order of 1 to 2 events per day per 6 eV, 

which they expect to be able to do. 

The apparatus is presently being assembled. The group expects 

to begin testing in 1986 with early results in 1987. 

v. T. Oshima, K. Ukai, T. Yasuda, K. Nisimura, H. Kawakami, S. 
Shibata, I. Sugia, M. Iwahashi, N. Morikawa, N. Nogawa, Y. 
Shoji, M. Fujioka, T. Nagafuchi, F. Naito, T. Suzuki, H. 
Taketani, K. Hisatake, Y. Fukushima and T. Matsuda 

3 This INS group is using an evaporated and cooled H labeled 

compound as their tritium source but are not discussing its exar.t 

nature. The decay electrons emerging from the source are momentum 

analyzed with a rcj2 air core spectrometer. The spectrometer energy 

resolution is between 8 and 10 eV. 

The experimentalists have paid considerable attention to the 

source preparation. They made an interesting .study, shown in Fig. 
169 

18 where the measured line shape from a carefully prepared Yb 

source is compared with the line shape measured by the Lubimov 

group. The substantially smaller low energy "shakeoff" tail 

demonstrates the critical importance of source preparation when 

determining the spectrometer resolution. A small uncertainty in 

the low energy tail can lead to a substantial error because of the 

rapid increase in counting rate at lower energy. 
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The group is presently taking data and should be able to 

address the Russian results at the 20-30 eV level soon. 

vi. E. Hol-zschuh, W. Kundig, J.W. Peterson, R.E. Pixley and H. 
Etussi 

This group f.-om Zurich is well along In their experiment. 

They are using an ion-implanted carbon source. They chose this 

source because it is low Z, can be formed by ion implantation to 

control the source depth, and because it has a low outgassing rate 

at room temperature. 

They are using a Tretyakov-type magnetic spectrometer in which 

the electrons are deaccelerated to 1 to 2 keV before being momentum 

analyzed. Depending on the deacceleration voltage, resolutions in 

the 10 to 26 eV range can be obtained for acceptably high counting 

rates. After momentum analysis the electrons are reaccelerated 

before entering a thin window position-sensitive proportional 

counter. The momentum dispersion at the counter allows data to be 

taken in a 50 eV wide energy interval with about 1 eV bin widths. 

This deacceleration technique works very well but care must be 

taken to control backgrounds because of the large tritium decay 

rate in the 1 to 2 keV region. Hence tritium contamination in the 

spectrometer can give rise to a large background. 

Figures IS and 20 show preliminary Kurie plots and plots of 

residuals for M equals 0 and 35 eV. The deacceleration voltage 

was adjusted to give a 26 eV spectrometer resolution for this data. 

They used a multiparameter fit to calculate the expected mass 

curves. It is clear that their data 5s more consistent with zero 

rather than 35 eV. 
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One of the systematics which they are trying to understand is 

the source thickness. This problem and their experimental 

sensitivity are illustrated in Fig. 21i The constant standard 

deviation contours for neutrino mass and source thickness are 

plotted. About this data, they say: "The.problem at the moment is, 

that the source thickness is not really known. From the production 

we believe that the thickness is < 100 A. Fitting the neutrino 
2 

mass and the thickness we get the enclosed contourplot x (d.M) 

The best fit gives M - 0, but the unexpected source thickness of 

d - 300 A. Before this discrepancy is cleared we cannot reasonably 

quote an error. All we can say so far is: the mass is more likely 

to be zero than 35 eV." This systematic problem is illustrative of 

the experimental difficulties which these experiments present to 

all the experimentalists. A careful and thorough investigation of 

all possible systematics is essential to the understanding of a 

high precision experiment such as this one. 

. This group is probably the furthest along with the 

measurement. They impress me with their thoroughness and 

conservative approach to the experiment. I think their biggest 

problem is understanding the effects of the molecular final states. 

These states nay be the cause of the source thickness uncertainty. 

vii. R. Boyd, J. Spizuoco, B. Sur and P. Koncz 

The group at Ohio State University is performing an experiment 

with solid sources and a hemispherical electrostatic retarding 

field spectrometer. The IBM apparatus is conceptually similar to 

theirs so I will not discuss this groups apparatus in detail. The 
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apparatus has been assembled and the group is studying resolutions 

and backgrounds. 

viii. N. Jelly and group 

This Oxford group built a prototype Cylindrical Mirror 

Analyzer. This test spectrometer provided information to design 

and build a larger one with a 15 eV resolution. The spectrometer 

is shown in Fig. 22. Electrons emerging from the source at about 
o 45 pass through an acceptance-defining aperture into the 

spectrometer. They are deflected by the 1/r electrostatic field 

until they pass through the second grid and are focussed, in second 

order, at the circular slit near the detector. By scanning the 

source voltage, the beta energy spectrum can bs measured. 

They are investigating two source preparation techniques. The 

first employs the Langmuir-Blodgett technique of monolayer 

deposition of a tritiated calcium palmitate (akin to soap) film. 

The second technique involves tritiating a vacuum deposited thin 

titanium film. 

ix. R.L. Grahm, M.A. Lone, H.R. Andrews, J.L. Gallant, J.S. 
Geiger, G.E. Lee-Whiting, D.W. Hetherington and G. Audi 

This group has refurbished and made major improvements to the 

Chalk River Spectrometer. The itjl spectrometer, shown in Fig. 23, 

has been modified to accept a 180 strip, potential graded titanium 

tritide source. After momentum analysis the electrons are detected 

with a 22 channel proportional counter array. The spectrometer 
169 

reso lu t ion function was obtained by roeasureing the Yb Ml 
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conversion line. After deconvoluting the source natural line 

width, they measure a fwhm of 18 eV. 

They plan to use a titanium tritide source which has presented 

some problems. A very small oxygen or especially water 

contamination will chemically react with the thin source and 

destroy it. Hence this group has been working hard and 

successfully on source preparation and handling techniques. 

x. K-E. Bergkvist 

Bergkvist has refurbished and improved the spectrometer he 

used for his earlier measurements. The magnetic field homogeneity 

has been improved which results in a 25 eV spectrometer resolution. 

Backgrounds have also been reduced by a factor of 500 by these 

modifications. 

Careful measurements of conversion sources have convinced him 

that the Russian results are incorrect. He believes that their 

incorrect accounting for electron "shakeoff" has resulted in their 

finite mass result. 

He is concerned about molecular final state effects for 

sources which he can feasibly use in his spectrometer. I believe 

he is presently assessing how to best proceed. 

xi. T.J. Bowles, T.H. Burritt, J.C. Browne, J.A. Helffrich, D.A. 
Knapp, A.G. Lederbuhr, M.P. Haley, R.G.H. Robertson and J.F. 
Wilkerson 

This Los Alamos group first had the idea of employing a 

tritium atomic beam source to allow precise calculation of final 

state effects. A cross section of their apparatus is shown in Fig. 
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24. Tritium gas is dissociated with an rf field into atoms. The 

atoms pass through an aluminum decay tube and are pumped away by 

mercury diffusion pumps at each end. Decay betas emitted by the 

atoms in the tube are trapped by a magnetic field and transported 

and focussed at the collimating entrance aperture to the Tretyakov-

type magnetic spectrometer. After energy analysis, the electrons 

are detected by a proportional counter at the focus. Their 

apparatus is an example of careful design and its construction 

demonstrates the hard work necessary to mount a tritium beta decay 

experiment. 

The spectrometer resolution function has been measured for a 

point source photoemissive source. The measured 26 eV resolution 

is not expected to change much for the real extended source, but 

may increase to about 33 eV. 

Preliminary data using a molecular beam have been taken. This 

data, when analyzed, should have a sensitivity to the neutrino mass 

somewhere between 20 and 25 eV. This experiment is designed to 

ultimately have* a 10 eV neutrino mass sensitivity. 

Each of these groups has enn".>asized different aspects of the 

measurement. The systematic uncertanties will be different in each 

experiment. Hence we should be able to have confidence in the 

results when several groups have completed their experiments. 

IV. Concluding Remarks 

The years since the first evidence for a possible finite 

neutrino mass have been exciting and stimulating. This measurement 

is extremely important and many of us have been working on 
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experiments to determine the neutrino mass. The results of these 

efforts are just now coming to fruition. 

Many neutrino oscillation experiments have been completed. 

The accelerator experiments show no evidence for neutrino mass. 

The reactor experiments, except for one, also give no evidence f-r 

a massive neutrino. But we must remember that these experiments 

would be insensitive if the mixing angle is to small or if lepfcan 

number is strictly conserved. 

The double beta decay experiments are presently setting upper 

limits to a Majorana neutrino mass of about 5 eV if right handed 
76 

currents exist. The Ge experiments are continuing with somewhat 
136 

better limits expected in the next year or two. Sew Xe 

experiments in the design stage could possibly push the Majorana 

neutrino mass limit to below 1 eV. 

In a relatively short time, early tritium beta decay results 

should address the 35 eV neutrino mass measurement, probably at the 

20 eV level. within the next one to two years I expect that the 

tritium beta decay experiments will be sensitive to a neutrino mass 

at the 2 eV level. 

Work performed under the auspices of the U.S. Department of 
Energy by the Lawrence Livermore National Laboratory under 
contract number W-7G5-ENG-48. 
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Footnotes 

i wish to thank the following for help in preparing this paper 
and providing information concerning the experiments on which they 
are working: Felix Boehm, Caltech; Dick Boyd, Ohio State Univ.; 
Margaret Frisch, IBM; Bob Grahm, Chalk River; Nick Jelly, Oxford 
Univ. ; 3ob Kenney, LBL; Walter Kundig, Univ. of Zurich; Marshall 
Mugge, LLNL; Takayoshi Ohshima, INS; Hamish Robertson, Los Alamos; 
Wolfgang Stoffl, LLNL; Jim Thomas, Caltech, and R.M. White, LLNL. 
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Fig. 1. Rotation curves of 25 galaxies of various cypes. 
A ronstanC velocicy profile corresponds Co a mass which 
increases linearly with radius. 
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Fig. 2. Summary of accelerator neutrino oscillation 
experiments. The excluded region is to the left of 
the experimental curves. The Gosgen reactor result 
is shown for comparison. 

32 



2 3 l > 
Ee* IMeY; 

3. Position energy distributions Fig. j. Position energy distributions measured by the Bugey 
group at two positions, near (position 1) and far (position 
2). The open circles are reactor off data points. The error 
bars are statistical. The expected energy distributions are 
shown as a shaded bands. 
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Fig. k. Summary of recent reactor neutrino oscillation 
experiments. The excluded region is to the left of the 
experimental curves. 
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Fig. 5. The photon energy distribution from Ho internal 
bremsstrahlung in electron capture presented in a form 
analagous to the Kurie plot. 

35 



Fig. 6. The Kurie plot for M = 0, the straight line, and a 
zero M , the curve. The electron kinetic energy, E , in 
units of M , is plotted versus ,/((dN/'JE)/(P E f)), where f 
is the fermi factor. 

, Total 

""-*- M,-M. 
M 3-M 2 E ™ 

Fig. 7. The Kurie plot from atomic (molecular) tritium 
decay. Each branch results from the atom (molecule) being in 
an excited atomic state. The intercept differences, e.g. 
Mj-M,, ate the electronic excitation energies. The measured 
Kurie plot results from the sum of the individual branches. 
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Fig. 8, The Kurie ploc from Lubimov, et aL. as presented in 
1983. The solid curve is the best fit 33 eV curve. The 
dashed cur^e is for M — 0. 

Fig. 9. The residuals from the 1983 Lubimov experiment as 
expressed as deviations from the H = 0 curve. The solid 

L/ 

line is the best fit M - 33 eV curve. 
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Fig. 10. The Kurie plot Lv>m Lubiraov, e t a l . as presented in 
1984. The sol id curves are the b e s t - f i t 35 eV M and the 

v dashed curves are for M = 0 . The dotted curve is a shifted u 
and rotated M - 0 curve as explained in the text. Runs with v 
3 separate source thicknesses are shown. 
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Fig. 11. A portion of the Kurie plot as a function of the 
beta kinetic energy from Simpson. The data is presented as 
evidence for a 17.1 keV neutrino coupling to the electron 
neutrino with a 3% probability. 
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Fig. 12. A portion of the beta kinetic energy distribution. 
The smooth curve is the beta spectrum without a massive 
neutrino and the dashed curve shows the change associated 
with a heavy neutrino. 
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Fig. 13. The ratio of the measured S beta energy 
distribution to the theoretical one. The 3% mixing of a 17 
keV neutrino should distort the spectrum as indicated by the 
dashed curve. 
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Fig. 14. Kurie plots assuming a 30 eV neutrino mass under 
the following conditions: 1) Bare nuclear decay, 2) Atomic 
tritium decay, 3) Molecular tritium decay neglecting final 
state vibration and rotation, and 4) Molecular tritium decoy 
including final state vibration and rotation. 
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Fig. 15. LLNL experimental apparatus. 
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Fig 16. The experimental apparatus of Lobashev, et al. The 
source is molecular and\atomic tritium. See the text for 
details. 
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T3/ 
Tritium Source 

Fig. 17. The IBM experimental apparatus. See the text for 
details. 

Spectrometer Line Shai 

Fig. 18. The Yb internal conversion line as measured by 
the INS group and by Lubimov, et <U. , labeled ITEP-83. 
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Fig. 19. Preliminary Kurie p lots for M - 33 eV, the upper 
p lo t , and M - 0 eV, the lower p lo t , from the Zurich group. 
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Fig. 20. Residuals from the preliminary data shown in F 
19. The upper plot is for M - 33 eV and lower one is for 
H - 0 eV. 
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Neutrino Mass (eV) 

Fig. 21. Constant standard deviation contours for the data 
shown in Fig. 19 as a function of neutrino mass and source 
thickness from the Zurich group. 
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Fig. 22. The Oxford group cylindrical mirror electrostatic 
spectrometer. See the text for details. 
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Fig. 23. The Chalk River ?r/2 ironless spectrometer. See the 
text for details. 

Pumping Restriction 

Fip. 24. The Los Alamos experimental apparatus. See the 
text for details. 
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