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ABSTRACT 
The status of searches for ma.ssive neutrinos in nuclear beta &cay is reviewed. 
The claim by an ITEP group that t,he electron ant,ineutrino mass > 17 e\* has 
been disputed by all the subsequent, experiments. Current measurements of the 
tritium beta spect.rum limit ?J?,, < 10 e\‘. The st,atus of the 17 ke\’ neutrino is 
reviewed. The st,rong null result,s from INS Tokyo and Argonne. and deficiencies 
in the experiments which reported positive effects. make it unreasonable to ascribe 
the spectral distXortions seen by Simpson, Hime, and others to a 17 Ice\’ neutrino. 

. Several new ideas on how to search for massive neutrinos in nuc1~1~ I)eta tleca!. are 
discussed. 

I. Introduction 

The questions of whether neutrinos ha\re mass. and whether the lepton 
families mix as do the qua.rks. are funda.ment,al. wit,h broad implications in pa.rt,icle 
physics and cosmology. Two \;erJ. provocative experiments of the 1980’s highlighted 
these questions. The first was a report from Lubimov’s group at ITEP in Moscow in 
1980 [l] that the electron a,ntineutrino ha.d a rest mass between 1.5 and 40 e\‘. The 
second was John Simpson’s cla.im in 1985 [a] t.hat’ a kink in the tritium bet a spectrum 
was evidence that the electron a.ntineut,rino ha.s a 17 ke\,- component. 

This pamper reviews the recent. experimental results on both t,hese t,opics. 
Although the Lubimov result has been seriously questioned for some time, it, is only 
within the past year that several of the experiments it provoked ha\-e report’ed theil 
final results. These results provide the best direct limit)s on the electron antineutrino 
mass to date. 

On the 17 keV neutrino front, this year has seen reanal>-sis of earlier results, 
thoughtful critiques of existing experiments, and decisive new results. I have chosen 
to include results that appeared after the t,ime of t,he Trieste \\‘orl<shop in this paper 
for the sake of completeness. 
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The organization of this paper is as follows. The first section reviews 
-measurements of the tritium /? spectrum near its endpoint. and the resulting mass 
limits on the electron antineut,rino. The second section reviews experimems on 
17 keV neutrinos, and focuses on new results a.nd critical int,erpretations. This field 
of research has produced contra,dictory results and controvers!.; consequentI!* it has 
stimulated new ideas on how to search for massive neutrinos in nuclear bet a decay. 
These are briefly discussed in the third section of the paper. 

..:. 

II. Measurements of the Tritium Spectrum Near the Endpoint 

A. Signature of hIassizx v, 

The beta, decay of tritium, 
3H + 3He-te-~,, is distinguished 
by its very low Q value, 18.57 keVT, 
which makes it maximally sensitive to K 
the kinematic effects of finite neut,rino 
mass. The transition is superallowed. 
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a mix of Fermi and Gamow-Teller 
transitions. The electron energy l- 

spectrum, dN/dE, is det,ermined by 
phase space and Coulomb corrections. 
with its normalization coming from t,he -4 -3 -2 -1 0 

nuclear matrix element and the Fermi 
coupling strength 
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Figure 1. Iiurie plot for nuclear beta 
c1eca.y. Finite neutrino mass lowers the 

xpE(E&E) [(E;-E)‘-nr;] l’;’ . (1) 
endpoint and tlistoi.1~ the spectrum. 

Here p a,nd E a.re the electron moment’um and total energy. E[, t,he endpointj 
energy corresponding to a. particu1a.r final state i, a.nd F(E) the so-called Fermi 
function, which a.ccounts for the Coulomb interaction between the electron and the 
Helium nucleus in the final sta.te. Additional Coulomb corrections, which account for 
interactions with the atomic electrons, are inconsequential near the endpoint. 

The spectral shape near the endpoint is sensitive to neutrino mass. This 
is shown on the Curie plot of Fig. 1, where Ir’ = { dN/dE/(F(E)pE)}“’ is plotted 
against the electron energy. The endpoint, shifts to Eo - TN,,. a.nd t,he ra.te near 
the endpoint is depressed. The distortions will be wa.shed out unless the energy 
resolution is comparable to Tn.,. Only decays within about 3 171~ of the endpoint 
are of use in searching for an effect, a.nd these are a n1inut.e fraction of all decays? 
- 10-l’ (my/eV)3. Tl NS, beside good energy resolution. these experiments require 
great sensitivity a,nd very low ba.ckgrounds. 
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B. Multiple Final States 

An additional effect complicates the electron spectrum nea.r the endpoint. 
The atomic electrons which orbit the tritium nucleus are no longer in a unique 
eigenstate after the tritium decays. In monatomic tritium, atomic physics calculations 
[3] predict that about 70% of the decays result in a, ground st#ate helium ion, 2.5% in 
an excited state 40 eV higher in energy (&&e-up), and the remainder in continuum, 
fully ionized st a es t above 60 eV (shake-off). The pattern is more complicated in 
molecular tritium, although it is still thought to be reliably calculated. For tritiated, 
complex organic molecules, the calculations are less robust,. In all these cases, the 
ion can be left in any one of several energy states; hence, a whole range of endpoint 
energies must be considered, and the spectrum becomes t.he weighbed sum over the 
final states 

ClN - z.z 
d&t, c ‘LO; $ (mv, E;) . (2) 

i 

Figure 2 shows the resulting Kurie plot,. 

c. Fits to the Data 

It is common practice to 
account for small variations in detection 
efficiency with energy by multiplying the 
theoretical spectrum by a shape fa,ctor, 
e.g., 1 - CY(E - Eo). Detector resolution 
and energy loss effects are typically 
measured with internal conversion 
sources, and incorporated in a response 
function. This is convoluted with the 
shape-corrected spectrum to predict the 
measured spectrum. The parameters 
rn;, Eo, ct, and the normaliza.tion a.re 
adjusted to give a best-fit’ to the cla.ta,. 

Figure 2. The spectrum of fina. states 
complica.tes t’he Iiurie plot’, giving rise 
to slope discontinuities. 

D. ITEP Results 

The ITEP group studied the endpoint of the tritium spectrum using a novel 
torroidal magnetic spectrometer with 45 eV FWHM resolut,ion. The complex organic 
molecule valine (C5 H 11 NOz) was tritiated to serve a,s a source. Roughly 10” counts 
were accumulated in the last 100 eV of the spectrum. The group concluded [l] that 
the electron antineutrino mass wa.s finite, 14 < m,, 5 46 eV (99% C.L.). This result 
was criticized because resolution effect&s and the complex final .~t ;ri,c effects were not 
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Figure 3. Tritium beta spectrum measured by the ITEP group [41 

compared to fits with 772, = 30 eV a.nd nl,, = 0 c\-. Finit,e 
neutrino ma.ss wa.s indica,tecl. 

correctly included. The final report’ from the group [4] addressed t’hese criticisms 
with a refined apparatus, resolution .func.tion measurements, and detailed fina,1 state 
calculations. Their result, shown in Fig. 3, stills evidences finite neutrino mass. They 
conclude m, = 30.3’: eV. The vagueries of the atomic physics make it difficult to 
assign a systematic error. Instead the authors quote the range of m,, for which their 
measured endpoint energy is consistent with the He-T ma,ss difference. They find 
17 < my < 40 eV. This is t,he lone experiment reporting a finite electron antineutrino 
mass in the 20 eV range. 

E. Recent Results 

The strong statistical, if questionable systematic, weight of t,he ITEP result 
stimulated severa. groups to repeat the experiment. 

Groups at Zurich and Tokyo were the first to report’ results. and have 
continued to refine their work in the last year or so. Both ha\,e sources similar to 
the solid valine source of the Moscow experiment. Zurich uses ‘Tz ions embedded 
into a, thin carbon layer (which they trea.t a.s CHST) eva,pora t,ed 011 t,o an a.luminum 
backing; Tokyo uses tritiat,ed ana.chiclic a.cid (C20H~002). Calcula.tions of t,he spect,rum 
of final states in these complex molecules have been ma.de. Figure -1 demonstrates 
tbs sensitivity of the deduced neutrino mass to the assumed corrections. The Zurich 
group uses a magnetic spectrometer of the torroidal design used at, ITEP: t,he Tokyo 
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Figure 4. x” versus 11~; for fits to the tritium llet’a spectrum. 
with various assumptions about t,he spectrum of final xt’at’es. 
The fig&e is from Ref. [5]. 

Torroidal Spectrometer. 
Acceleration 

Collimator 

ctor 

lm 
IO-92 - 7276/\5 

Figure 5. Apparatus used by the Los Ala.mos group for measurements of the 
tritium beta spectrum, incorpora,ting a gaseous T:! source. elect.ron containment 
in a long solenoidal magnetic field, a.nd an ITEP-style t.orroidal spectromet,er. 

group employs a 7rz/z Fe-free focusing spectrometer. Neither group sees evidence for 
finite neutrino ma.ss. The Zurich group [5] finds ~7.: = -24 f 4S f 61 e\“; and the 
Tokyo group [6] reports 112: = -65 f S5 f 6rj eV’. Uncertaint’ies in the spectrum of 
final states and in the resolution function contribute significant]!- t.o t,he systematic 
error. 

In order to reduce the uncertainties associated wit,11 final state effects, a 
Los Alamos group undertook the development of a gaseous trit,ium source. Their 
apparatus, which incorporates an ITEP-style torroidal spect,rometer is shown in 
Fig. 5. Two additiona. advantages accrue from this design: (1) good electron 
acceptance, provided by ca.pturing and transporting deca)- electrons in a strong 
sqlenoidal field; and (2) a, well-understood source where backscattering is essentially 
non-existent, and energy loss ca.lculable and mea.sura,ble. Handling gaseous t,rit,ium is 
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Figure 6. Kurie plot for 371 decays nea,r the endpoint. mea.sllrecl \vit,h 
the LivermGre torroida,l spect,rometer [S]. 

tricky, requiring safety preca,utions, differential pumping, and ver>. high vacuum in the 
spectrometer in order to avoid spurious volume and surfa.ce decays overwhelming the 
signal. A group at Livermore has constructed a similar device. and improved on the 
spectrometer’s resolution. The Los Alamos group finds [7] 777; = -147 f 6S i 41 eV” 
from a fit with roughly 10 k counts.in the last 100 eV of the spectrum a,nd 10 eV 
resolution. The Livermore group [s] 1 ias a, preliminary result, 771; = -X*41 f30 eV’, 
and is continuing to improve their experiment. Their Kurie plot is shown in Fig. 6. 
Near the endpoint the clat’a falls slightly above the fitted cur1.e; the same is true 
of the Los Alamos data, and in fa,ct is true of most of the current esperiments. 
In consequence, the best fit value of 177,; is slightly negaG1.e. which ma)’ indicate 
uncorrected systematics. 

Final state effects ase a,lso ma,na,geable in frozen tritium ta.rgets, which 
has prompted the work of a second Livermore group [9] ancl a group at Mainz 
[lo]. Th e a 1 tt er experiment 1la.s recently reported result,s. It utilizes a so-called 
solenoid-retarding spectrometer, which does integral measurements of t’he spectrum 
with 2~ acceptance and 6 eV resolution. Their result is shown in Fig. i’. In contrast 
to other experiments, they fit only t.he last 137 eV of the spect,rum, which minimizes 
their systematic error. Their target has roughly 20 monola!-ers of t’ritium on an 
aluminum backing; hence backscattering corrections must, be carefully unclerstjood, 
and energy loss in the target corrected. They find ~1: = -139 + Z-1 f 1.5 e\“. 

F. Conclusi0n.s 

.I Figure 8 summarizes the recent results. ,411 of the esperimentjs a.re in conflict 
with the ITEP claim tl1a.t the electron antineutrino mass is > I7 e\.. alt~hough 
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Figure 7. Th e endpoint region of the tritium spect’rum. mea.surecl 1~~7 
the Mainz group [lo]. 
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Figure 8. Summa.ry of recent, results on the electron ant~inc~ut~rino mass. 

no decisive explanation has been offered for the R.ussian result’. The best limit at 
present is from the Mainz group. 172, < 7.2 eV (95% C.L.). The recent experiments 
all find the endpoint energy near IS570 eV, in good agreement among themselves, 
and consistent with the mea.sured ma,ss difference of T and lIe3 from q,clotron 
resonance measurements [ll]. The R ussian experiment report.ed a,n endpoint energy 
18580.8 f 4 eV. As noted above, all experiments find the best fit value of ~~I~ to 
be slightly negative, though not significantly so. This coincidence has prompted 
some uneasiness, however, and begs further experimental refinement’. The Mainz and 
Livermore experiments look capa,ble of pushing the sensitivit’y tcJ a, few eV. Pushing 
the limits by another deca.de looks improbable with this technique. requiring a tenfold 
improvement in resolution a.ncl a. thousa,nclfold increa,se in source strengt.12. 



III. Status of Searches for the 17 keV Neutrino 

A. Kinks in Beta Spectra 

The possibility that the neutrino emitted in p decay might be the a,dmixture 
t. of several mass eigenstates was explored in influential papers by Shrock and by 

..;. - McKellar [12] ‘in 1980. For simplicity, imagine the elect’ron a.ntineutrino to be the 
-- superposition of two mass eigenst,a.tes, 

Ice) = cos 8 Ifi1) + sin 01 I/z) . (3) 

For suitable mVa(Q > na,2 > ~??~l), and assuming the ~1 is essent,iall>- massless, the 
resulting electron spectrum has two components, 

dN - = cos2 (j t!!! ( dN 
.- 

d,!S 
dE 117 I, - - 0) + sin” 8 - (777. = 777,,~) . 
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Figure 9. Distortion in the Kurie plot a.rising from t,he atlmist,ure of a 
massive neut,rino in beta. decay. 

The Kurie plot is modified to tha.t shown in Fig. 9. It develops a distinct’ive kink 
at the threshold for massive neutrino emission, Q  - UT.,:!. &rock suggested, among 
other tests, to scan common beta spectra for such kinks. From the kink posit’ion and 
magnitude, the neutrino mass and mixing are derived. 

The experimental signature depends on exactly how t’he data is fit. If one 
assumes a linear Kurie plot, and fits to the spectrum above the kink, i.e., to the region 
where the spectrum is genuinely one component3 the data. will show a departure from 
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F-igure 10. Sh ape factor signa.tures for massive a.dmixed neut’rinos depend on 
the fitting strategy: (a) shape factor when the data are fit above the hea.vy 
neutrino threshold; (b) shape factor when the data. are fit’ throughout t’he kink 
region. The fit assumes a single massless neutrino in both cases. 

the fit at T = Q - 7~2~2. In terms of the shape factor, ,- Y. 1Yliicll is tile ratio of the 
observed spectrum to the single-component especta,tion, 

2 1 
l/L! 

,y = 1 + ta,n2 ~9 n2J’2 
(Q-T)? (5) 

This is plotted in Fig. lO(a.). In tl 1e ca.se of the 17 k-e\! searches described below, 
the spectral region beyond the kink may be poorly known. It’ is a region of low ra,te, 
potentially high background, ancl limited extent, ma.king its extrapolation dubious. 
An alternative signature arises from a different fit strategy. in which the entire 
spectrum (kink and all) is fit to the one-component theory.. and deviations to this 
fit are sought. Fig. 10(b) h s ows how the threshold appea,rs in sllch a fit. The exact 
shape is e~pe~iment-de~ender2t, in tha.t it depends on the est’ent of the region fits and 
the statistical weight of the points. But generally speaking, the kink in the spectrum 
extends over a, few keV, a,ncl the ma,ximum deviat,ion is ;5 tan’) 0/L To see the effect 
of a 1% admixture of a 17 keV neutrino in a beta spectrum, it is required (I) t’hat the 
resolution be good (FWHM < 4 keV); (2) that tl lere be sufficient statistics to see a 
.5% effect significantly ( N N lO’/keV); and (3) that instrument,al effect,s not distort 
the spectrum at a. level comparable to that of the effect. It is extremely difficult to 
measure a spectra,1 shape to the 0.1% level required to see a, O..j’X effec-t with certainty, 
as the confused history of this subject indirectly a.ttests. 
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Figure 11. (a). I (uric plot for trit.ium, as measured by Simpson [2]: (1~) shape 
factor for TS implanted in Germa.nium, Simpson a.ncl Hime [I 31. 

Simpson [2] undertook precision measurements of the trit’ium beta spectrum 
using a novel technology. He implanted tritium ions in a, silicon detect.or, which served 
as a total calorimeter for the emitted p’s. The spectrum he obtained is shown in 
Fig. 11(a), and was well described by theoretical expectation abo\-e 1..5 keV without 
resorting to arbitrary shape fa.ctors. Simpson boldly interpretjecl the deviation in 
the spectrum at 1.5 keV as evidence for the emission of a. Ii’.1 ke\l neutrino with 
mixing probability 3%. He subsequently revised this estima.te to 1 .l f0.3%1 [13], after 
properly including screening a.nd excha,nge correctjions and the cffec-t,s of t,he silicon 
environment. 

c. Experiments Con and Pro 

Simpson’s original paper provoked a spate of experiments which sought,, 
qsuccessfully, kinks in the spectra of 35S and (j3Ni. Earl>- resu1t.s came from 
magnetic spectrometers [ 141 (P rincet’on, ITEP, Cal Tech, C’halk R.i\.er). silicon bet,a 
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.calorimeters [ 151 (Bombay, Tokyo), and silicon photon ca,lorimeters [16] (CERN, 
Zagreb), measuring the interna,l bremstrahlung spectrum associated with electron 
capture. (This spectrum also shows chara,cteristic distortions, depending on neutrino 
mass and mixing). The results .are summa,rized in Table I. Most of this work was 
not strong enough statistically or robust enough systematically t.o refute the revised 

‘.. claim for 1% (not 3Y) o mixing. The Chalk River data,, howevel . sl rongl?; refut,ecl even 

: _ the revised claim. See Fig. 12. 

lc-92 
30 40 50 60 

T (keV) 7276A23 

Figure 12. Shape factor in G3Ni (Q = 67 keV) f rom the Challi River experiment 
[16]. The ‘fit includes a. linear shape fact,& to correct for esperiment.al clist,ort’ions. 
The curve shows t,he sha,pe expected for a 1% admixture of’ a 17 keV neutrino. 

Simpson repeated the tritium measurements with Hime using a hyper-pure 
germanium detector, which was a,nnealed a.fter impla.nta,tion to cure possible ra.diation 
damage. The crystal wa.s calibrated in situ with photo11s. a,ncl the a.nalysis 
incorporated the revisions mentioned above. The results of t,his \\rork are shown 
in Fig. 11(b). Tl lere is a statistically significant spectral distortion near 1.5 keV. 
Simpson and Hime [13] interpreted this a.s evidence for a 16.0 & 0.1 I;e\? neut,rino, 
admixed to the level of sin2 6’ = 1 .I f 0.14%. 

Following their work in tritium, Hime and Simpson undertook an experiment 
in 35S to confirm the effect. This experiment [17] used a silicon detector. but relied 
on a,n external source. Hime a,nd Jelley [ 181 repea.ted t,he experiment, a.t Oxford, 
and improved the definition of a,cceptance and the measurementj of the electron 
response function. Both experiments saw statistically significant spectral distortions 
consistent with a 1% admixture of 17 keV neutrino. The Oxford results for 35S are 
shown in Fig. 13. An LBL group 1191 using a. high purit,y germanium detect,or t,ha.t 
had been doped with 14C claimed a. similar result, finding sin’ 0 = 1.2&0.:3%. An 
indication of 17 keV neutrilnos was also reported by a Zagreb group [20] which quoted 
sin2 8 = 1.6 f 0.8%. The coincidence of these results, made 1~~7 several groups in 
studies of several nuclei, resurrected the possibility tl1a.t a 17 lie\’ neutrino did exist, 
mixed at the 1% level in nuclear b&a, decay. 
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Table I. Results of 17 keV Neutrino Experiments 

Experiment Isotope sin2 8 x 100 112 ,, ( lie\;) Ref. No. 

‘I’ SOLID STATE. p CALORIMETERS 

: Guelph (85) “H 2-3 
Reanalyzed 1.10 f 0.30 
INS-Tokyo (85) 35s < 0.15 (90% CL.) 
Bombay (85) 35S < 0.60 (90% CL.) 
Guelph (89) 3H 1.11 f 0.14 
Guelph (89) 35s 0.73 * 0.14 
Oxford (91) 35 s 0.78 f 0.09 
LBL (91) 14c -1.4 f 0.45 f 0.15 
Update 1.2 f 0.3 
Argonne 35 s -.04 f .os f .os 

SOLID STATE y CiLORIMETERS 

CERN (86) 125 I < 2.0 (90% C.L.) 
Zagreb (88) 55 Fe < 1.6 (95% C.L.) 
Zagreb (91) 71Ge 1.6 f 0.8 

GAS PROPORTIONAL CHAMBER CALORIMETER 

Oklahoma (92) “H < 0.4 (99% CL.) 

MAGNETIC SPECTROMETERS 

Princeton (85) 35s < 0.40 (99% C.L.) 
ITEP (85) 35s < 0.17 (90% CL.) 
Cal Tech (85) 35S < 0.25 (90% C.L.) 
Chalk River (8i) G3Ni < 0.28 (90% C.L.) 
Cal Tech (92) 35s < 0.27 (90% C.L.) 
INS-Tokyo (92) G3Ni < 0.10 (95% C.L.) 

17.1 
17.1 i 0.1 

,E, 
16.9 i 0.1 
16.9 41 0.4 

17.0 f 0.:15 
lTf2 

1 .Tl * 0.6 
1; 

PI 
[13] 
[15] 
w-4 
PI 
[17] 
[IS] 

t::j 
[23] 

P61 
WI 
[20] 

[27] 

WI 
Ml 
M 
WI 
[21] 
[22] 

In response, several magnetic spectrometer groups returned to the problem. 
The Princeton and ITEP groups rea,nalyzed their earlier clat’a. succeecled in reducing 
the magnitude of the shape corrections needed to describe t,he mea,surecl spect,ra,, and 
left their original conclusions essentially unchanged. The Cal ‘Tech group ha,s repeated 
their original experiment several times, correcting field instabilit’ies, achieving better 
control of systematics, a,nd getting more probable fits a,s a, result. From t,heir studies 
of 35S they conclude [21] that sin” 0 < 0.27% (90% C.L.). N *. one c~f these experiments 
has seen any indication of a 17 lie\,’ neutrino. 
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Figure 13. Shape factor for 35S measured by Hime and Jelley[20]. 

D. Two New-Cow 

Two new, and very incisive experiments have recently reported null results in 
searching for the 17 keV neutrino. The first was a, magnetic spectrometer experiment 
performed at the Instit,ute for Nuc1ea.r St,udies a.t the TTniversitjJ. of Tokyo [22], 
which studied 63Ni decays with the 7r Jz iron-free spectrometer used in the tritium 
endpoint studies mentioned a,bove. The principa,l modifica.tion t,o the a,ppara,tus wa,s 
the addition of a 30-channel proportional wire chamber to t’he foca,l plane, which 
permitted a much larger statistic to be accumulated, roughl>- 2.4 x 10” counts in 
a relatively narrow 20 keV band a,round the expected t’hreshold. Da,ta wa.s taken 
in a series of short, runs in which the spectrometer setting was chosen randomly. 
The response function was mea.sured using a “‘Cd source incorpora,ted in a. Nickel 
substrate to mimic energy loss and backscat,tering in the primary source. Each of 
the thirty channels is treated individually in the analysis, with a st:para.te response 
function and individual shape factor. A global fit, to the dat,a is performed in which 
channel-to-channel norma,lization and shape are a,llowed to awry, but the mixing 
parameter is held common, as is the heavy neutrino mass. Their result, is shown in 
Fig. 14(a). Theyfi n d sin’ 8 = 0.00018f0.00033f0.00033. The T-cry high sta,tistic, and 
the good resolution, make the experiment unique in that it is kinksensitive. The data 
shown in Fig. 14(b), in which a 1% admixture of 17 keV neutrino ha.s been assumed 
in the fit, mirror the expected signa.ture, demonstra,ting the superb sensitivity of this 
experiment. No reasonable instrumental distortion could hide the sharp threshold 
expected. The proba.bility of the first fit is good, indica.ting t’hat channel-to-channel 
systematic differences are negligible to nearly the lo-” level. 

The second experiment [23] wa,s performed at Argonne National La,bs, and 
utilizes a small superconducting solenoid to capture a large fraction of the decays 
from a. weak on-axis 35 S source a,ncl focus them on a silicon clct cxc.t,or 40 cm distant. 
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Figure 14. Shape factors for “3Ni mea.sure d by the INS-Tokyo group a,ssuming 
(a) no 17 keV neutrino, a.nd (11) lc% mixture of 17 keV neutrino. 

The electron energy is measured calorimetrically in the silicon. ‘““C’e is used to 
calibrate the detector and measure the electron response function. The data are fit 
without an arbitrary shape correction aad show no evidence of a. kink: sin’ 19 = 
-0.0004f0.0008 f0.0008. See Fig. 15(a). Figure 15(b) d emonst’rates the sensitivity 
of the experiment to a small spectra.1 distortion. The a,uthors contamina,ted t,heir 35S 
source with roughly 170 of r4C which has Q = 156 keV, roughl!- 11 keV below that 
of 35S. The nominal fit is a, pure, one-component Fermi spectrum; the data follows 
instead the distorted shape expected when the a.dmixture is taken int’o account’. This 
demonstrates sensitivity to 1% effects. 

E. Assessmelzt 

Have any experiments shown conclusively the presence or absence of a. 17 keV 
neutrino? 

Consider first the ,s&pe-sensitive experiments. With the exception of the 
INS Tokyo experiment, all the 17 keV experiments are sel1sit’iT.e to potential spectral 
distortions that might mimic. or ma,& a,n effect. This is true because their sta,tistica.l 
sensitivity derives from the detection of a. change of slope in the Kurie plot in the 
vicinity of the 17 keV threshold, and not from detection of the kid itself. To prove 
that a shape distortion is not instrumental, it is necessa.ry t’o mea.sure the electron 
response function (shape and normaliza.tion) a.s a function of energy in a,n independent 
experiment. That is, one must mea.sure the instrument8al distortions. Strictly 
speaking, no experiment has done so (although the Argonne experiment ha,s come 
close), so all experiments must address the possibility tha,t shape fa,ctors a.re present 
in their spectra, perhaps making, perhaps eliminating a 17 keV neutrino. Xs Simpson 
[24] has argued, and Bonvicini [25] 1 las demonstrated in a careful st’a.tistica.1 a.nalysis 
of-these experiments, the presence of unknown shape fact’ors reduces sensitivity to 
spectral anomalies and makes estimation of systema.tic errors cluest,iona.ble. Thus the 
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Figure 15. (a) Shape factor for 35S measured by the Argonne experiment. The 
curve shows the distortion expected from the 17 keV neutrino. (b) Shape fa.ctor 
for a 35S source with a. sma.11 mixture of 14C. The d&a fa,lls nicel~~ on the curve, 
demonstrating sensitivity to sma,ll spectra.1 distortions. 

Chalk River and Cal Tech results a.rgue strongly a.ga,inst the existence of a 17 keV 
neutrino, but do not convincingly exclude it. On the other hand. tile conclusions of 
Hime and Jelley may be significa.ntly changed if their experiment is reanalyzed with 
a (presumabl y more accura.te response function. ) That is Piilonen and Aba,shian’s 
claim [26] in their rea.nalysis, in which they carefully Monte (‘arlo t,he Hime/Jelley 
experiment, accounting for energy loss, scattering, backscattering, fluorescence, etc. 
They conclude a spectral distortion persists in t’he da,ta, but one that bears no 
resemblance to a massive neutrino threshold. 

The recent Argonne experiment is also sha.pe sensit,ive. but, it, has several 
advantages over the Hime/Jelley experiment in rega,rd to its mea,surement of 
the electron response function. First, it has very large accept,ance for electrons 
and-thanks to magnetic confinement-no need for material apert’ures. This permits 
the use of extremely thin sources, aad great enough detector/source separation that 
the photon acceptance is negligibly sma.11. Thus; it is unlikely- that photo-induced 
processes will be misinterpreted as pa.rt. of the electron spect,rum. ant-l edge sca,ttering 
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and energy loss in the source are non-issues. Second, it has profitably used a 13’Ce 
source to constrain its model of the electron response function, the advantage being 
that several lines a,re used, which bra.cket the kink region. When t,his response function 
is convoluted with the Fermi spectrum, it accurately describes the data without 
recourse to arbitra,ry shape fa,ctors or ma,ssive neutrinos. This st,rongly disa.grees with 
earlier silicon calorimeter work. It would be an airtight ca,se if the norma.lization, 
as well as the‘shape of the electron response function, 1la.d 11een measured at several 
energies. 

The INS experiment, with its high statistics, is very compelling. It 
essentially is the addition of thirty independent experiments, each with the statistical 
power of the shape-sensitive experiments. What is rema.rkable is t,hat. no subtle 
systematic distortion seems to be present at the 10m4 level. so that the sum of all 
the spectra is distortion-free, and the global fit to the no-17-keV hypothesis has a 
respectable goodness of fit.. A minor weakness is that there has been no demonst,ration 
that the experiment ca.n see a sma,ll spectra,1 distortion, as 1~1s done in the Xrgonne 
and in the Cal Tech experiments. It is a very strong result. ne\wtheless. 

Given these two very strong null results, and appreciating that the 
experiments reporting positive effects have not clemonst~rat~ecl the a,lxeiice of 
instrumental shape corrections, it is not reasonable to ascribe t,h~ spect’ra.1 distortions 
seen by Simpson, Hime, and Jelley, and others to a, 17 keV neut,rino. These distortions 
are not yet explained, however. In particulas, there has been lit,tle experimental 
study of the distortions seen in the tritium spectrum. -4 recent study using a 
proportional chamber at Oklahoma [27] p t re or s no effect,, but must, contend with 
uncertain background subtractions. Studies underway a.t Carleton [28], a,lso using a 
proportional chamber calorimeter, a:nd Livermore [29], using the bea,ut’iful t,orroidal 
spectrometer constructed for the endpoint mea,sureiiieiits. will atlclress 1 his issue. and 
are eagerly awaited. 

The experiments which have ruled out the existence of 17 ke\: neut,rinos 
have used their data to search for kinks across the beta spectjrum. and impose limits 
on the mixing strength of massive neutrinos a.s a function of neutrino ma,ss. These 
limits are summarized in Fig. 16. 
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Figure 16. 957 o confidence limit, on the mixing st’rength 
for hea,vy neutrinos in beta. deca,y versus neutrino tllahs. 



N. New Beta Decay Experiments 

A. Motivation 

The 17 keV neutrino controversy has sparked renewed interest in studies 
of nuclear beta decay, with several groups proposing new techniques. While the 
proximate mdtive for this work has disappeared, these advances in inst’rumentatioil 
promise to reduce instrumental dist,ortions in spectral measurement~s. ‘This could have 
significant impact in experiments which seek physical shape effects. like those expected 
in 14C decay and could allow more sensitive kink sea.rches in fut’ure experiments. New 
techniques Gill also be used to study the tritium spectrum at’ low energies, where 
Simpson’s anomalies ha,ve not been confirmed. Here we consider a few a.lt,ernative 
technologies and a, new a,pproach to the problem. 

B. Gas Calorimeters 

The prohortiona.1 cha,mber cadorimeter at, Clarlet,on has a.lready been 
mentioned. The device is a large, 10 a.tm, single-wire proportiona, counter using 
standard gases with a small a.dmixture of tritium. High pressure and gold-coating 
on the chamber walls minimize ba.ckgrouncls due to deca,ys of adsorbed tritium. The 
resolution is relatively poor (LIE/E = 15%), but adequate. I’he detector serves 
as a total +bsorp.tion calorimeter, allalogous to the implanted solid state detectors, 
but unlike these detectors, it ca.n be calibrated throughout’ its volume, and can 
measure backgrounds with the tritium removed. Gain stabilit J- and uniformity a,nd 
backgrounds are the major concerns. 

, Be Window 
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Multi wire Proportional Chamber ; 1 ---~..._~~-------- -- - - - ._ 
z2.J 

*- Figure 17. Gas scintilla.tion proportional cha.mber for stud!- 
of Tz decays at Delft [Xl. 
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Gas scintillation proportional detectors are being developed by groups at 
Berkeley [30] and Delft [31]. The Delft detector is shown in Fig. 17. It consists of a 
decay region filled with tritiated xenon gas, in which a 5 k\!/cm field is established. 
In this high field, ionization drifting toward the collection grid excites scintillations 
in the gas. The resulting photons pa.ss through a. MgF2 winclolv, a.ncl a.re detected 
in a proportional chamber filled with TMAE and P10. The t’ime development, 
pulse-height, and position are recorded to measure the location and energ\. of the 
decay. The fact that many photons are released per primary electron gives the 
device good energy resolution. The Berkeley device mea.sures ‘.‘O decays by mixing 
radioactive CO2 with xenon, operates at high pressures, and uses wa,veshift’er fibers 
for readout. Both are total absorption calorimeters with implanted ,so~mes. The 
technologies will take time to ma,ture, but a.re promising. 
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Figure 18. Proposed Cryogenic solid state detector fog 
simulta,neous phonon and ionization measurenlcnt5 froiri 
Ref. 32. 

C. Cryogen,ic Detectors 

Cryogenic solid-state detectors can mea.sure energy lost into ionizat’ion a,ncl 
phonons simultaneously. At 20” mI<, very low fields can full\- deplet’e t’he detectors, 
allowing charge collection without the generation of much thermal noise. Since 
the detector’s hea.t capacity is proportional to the cube of the tjemperature, small 
(thermal) energy depositions lead to measurable temperature changes. A schematic 
detector is shown in Fig. 1s. The temperature signa,& which develops on a millisecond 
ti,qe scale, is detected by a thermister. A Berkeley group has achieved 1.S keV 
resolution at 60 keV [32] in a. t,est, device. The ionization signal is also rea.d out. As 
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the diagram shows, a sandwich geometry is proposed that should completely. contain 
the energy loss from the source. Unlike the ionization signal, t,he phonon signal should 
not suffer degradation due to detector dead-layers. Background determination and 
calibration are stra.ightforward in this detector, unlike impla.nt,ecl solid st,a.te det,ectors. 

,., An Oxford group [3:3] is also invest,iga,ting the technique. 

._ : 
D. Missing Mass Measurem~ents 

The approaches described above ha,ve a, common strat’eg>-: measure the 
beta spectrum with very high precision in order to sea,rch for small a,nomalies. A 
different idea has been independently proposed by experimenters from SLAC [34], 
Stony Brook [35], and Texas [3G]: reconstruct the mass missing in beta decay 
by measuring simultaneously the momenta of the deca.y elect’ron and the recoiling 
nucleus. If the initial nucleus is nea.rly at rest, mea.surements of modest precision 
allow a reconstruction of neutrino mass with enough resolution t’o distinguish a 17 keV 
neutri,no from one that is massless. Tritium is the preferred nucleus beca,use it,s low Q 
value exaggerates the kinematic differences between ma,ssiT-e and massless neutrinos. 

-------------, Beam 

\;e- 
7276A26 

Figure 19. S 1 c lematic diagra.m of experiment, I o 
measure recoil mass in molecula,r tritium decal.. 

A schematic of the proposed SLAC experiment is shown in Fig. 19. An 
effusion beam is created from low-pressure, 15°K Tz ga,s wit,11 a multichannel array. 
Skimming and a.ggressive differential pumping remove most of the unwanted ga,s. 
Decays are sampled from a small region, which is kept free of elect,ric and magnetic 
fields. Collimators select back-to-back decays. The source is sufficient’l>. tenuous that 
the chance of Van der Waals scattering on exiting is small. For electrons in the energy 
region of interest (T < 1.5 keV), the back-to-back topology accepts a la.rge fraction 
of 17 keV decays and rejects most O-mass decays. Figure 20 shows how clearly the 
electron and ion momenta. a,re correla.tecl wit,h this ba,cl<-tJo-back cut,, and wha,t a. huge 
e@+ect the presence of a 17 keV neutrino ha,s on the kinemat,ics. TTnlilie the spectral 
measurements, this experiment seeks to detect. a. gross effect,. 
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Figure 20. Correlations between ion and electron momenta for 
near back-to-back tritium decays (cos 8 < -.99) for massless 
neutrinos (sharp bands, top and bottom) and 17 ke\- neutrinos 
(central band). Clean kinematic separa.tion is possible. 

Simulated results from this experiment are shown in F’ig. 21. The Monte 
Carlo assumes an effective source of 101” Tz molecules, 30 msr acceptances in each 
spectrometer arm, and 2% momentum resolution. The electron rigidity is measured in 
a magnetic field; the ion velocity de&milled by time-of-flight. Ro~lghl~- 10 decays/day 
appear in the 17 keV peak if 1% mixing obtains. 

The experiment is not, mitjhoutj technica, challenges. most1 deril-ing from the 
difficulty in handling a. radioactive gas and clea.ling with ba.ckgrounds originating 
from tritium adsorbed on vacuum vessel and detector surfaces. If spectral distortions 
persist in the low-energy tritium /3 spectrum, this experiment could discriminate 
new particle production from subtle at,omic affect’s, and it could search for massive 
neutrinos with good sensitivity. 

V. Conclusions 

Precision mea.surements of the tritium beta, spectrum near the endpoint have 
failed to confirm the claim by a. Russian group that the elect’ron a.ntineutrino ma.ss is 
N 20 eV. The best of these experiments presently limit, the neut,rino ma.ss t,o be less 
than 7 eV, and could lower this bound to a few eV, nature willing. 

The spectral distortion reported by Simpson, Hime. .Jelle!;, and others as 
evidence for a 17 keV neutrino, is not seen in a new round of experiments with 
i%proved sensitivity and improved systema,tics. Although t,hc 0rigina.l effect,s a,re not 
yet explained, it is no longer rea.sonable to ascribe them t’o au csotic. heaI-y neutrino. 



Experimental techniques are being developed which ma!- bring new precision 
and sensitivity to B decay studies. 

The study of nuclear beta decay, which is nearly 100 years old, still generates 
excitement and hot debate, and still addresses questions of fundament,al importance 
to particle physics. These experiments have provided our best direct knowledge of 

‘.. the electron antineutrino mass; a,nd ha.ve searched for neutrino mixing wit,11 great 
_ sensitivity. 
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Figure 21. Simula.ted recoil mass spectra, for t,ritium 
missing-mass experiment. The acceptance is plotted 
versus 777,; for (a,) 15% a.clmixed 17 l<eI: neutrino and 
(b) 0% 17 keV neutrino. 
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