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ABETRACT

The ratos of searches for massive neotrincs in nuclear bein decay * reviewed
The <huim: by an [TEF groop that 1he clecirom antincotring maswe = I7 o4 bas
becyy dmpuied by all the sobsequent cxperivoents. Curremt nwrsutements of the
ritiom bete spectrum lomal g, < 10 #V The sawan of the 17 be1" neartion s
rexigwed. The strooy poll resolis from IS Tokve and Argoonr. and deficicucies
I ehe experimems whick reporied positite cffccts, make il ourcasconble 1o mecnbe
the epeciral dislamlass gen by Simeson. Hink. sd athers to a 17 kA" neotrine
Several new ideas oo bt 10 search for massive neurrivos jb duelrar leta decny ape
dincomered.

L Introduction

The questions of whetber neutrinos have mass. and whether 1he lepton
families mix wa do the quarks. are fondamental. with broad implications in particle
physics and cosmobogy. Twa very privocative experiments of the 1980°s highlighted
{hemn queslions. The firsi was a repont from Lubimov's group at ITEP in Moscow in
1980 [13 that the eleciron antineutrine bad a rest mass betweeny 15 and i ey, The
sectmd was Jobn Simpsen’s claim in 1983 [2] that a kink in the iritium heta spectrum
was evidence that the elstitop anlinenlsing has 2 17 ke’ compaonent,

This paper reviews the cecenl cxperimental remults on both these vopics.
Although the Lubimov resuli bas been seriously quesiioned for some time, il is enly
within the past year that several of the expenments il proveked bave reporied their
final reaults. Thess regults provvide the best direct limits on the slectron andineutrine
mass to date

Dz the 17 keV neutting frant, this year has seen seanalysis of carlier results,
thoughtiul critiques of existing experiments. and decisive new resulls. 1 have chosen
to include resulis that appeazed after the lime of the Trieste Worlabop in'this paper
for Lhe eake of corpletenes.

* Work supported by Deparimeni of Exergy coniract BE-ACDI-TH5F0G3 15,
Towted talk presenied atf Bie Trube Workahag on the Seareh for New EMaeadiry Pachicles-
Parteched: Statue and Pragpecte, Troete, Saly, Aoy 2022 1992
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The crganizalion of thE paper is as lollews. The Hrst section reviews
mepsuremnents of the tritiom J spectrom: near s endpaint, and Lhe resulting mass
limits on the electron antineutrino.  The second seclion reviews experiments on
i7 keV neutrinos, and focuses oo new pegulie and cotical innerpretations. This Held
of research has produced contredictory results and controversy: consequecily i has
stimuleted new 3deas on how to search for massive newtrines in nuclear heta decny.
These are briefly discuseed ia 1he thizd section of the paper,

Meaaurepyents of the Tritium Spectrom Neer the Endpelne
A. Signeture of Massire »,

The bets decay of tritiom.
i o 3He*emi, i5 distinguished
by its very low & walue, 1B.5F kel
which makes it maximally sensitive 1o
the kinematic efects of finite rewlnnae
mass. The iransition is superafowed.
a mix of Fermi and Gamow-Teller
Lransitons. The eleciron energy
spectrum, dNfJE, B3 determined by
phese space and Coulomb corrections.
with its cormalizaiion coming from 1he 3 2
nuclear matrix element and Lthe Fermi [*]
coupliog sirength b
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Figure 1. hurie plot for muclenr beta
decay, Finlte peutrine mass loavers 1he
endpoint and disioits 1he spectrom.

2 (o, E3) = KIME FLE)

XpE(Ey=E} [(E=EV—ml) ™. (1)

Here p and £ are the cleciron momentum snd total energy. £)) e sndpoint
energy corresponding to a particolar final state . and FLE) the so-called Fermi
function, which accounts for the Coulemb interaction betvween Lhe electron and the
Helium nuacieus in the £nal state. Additiona! Comlomb correetions, which aecaunt for
interactioms with the atomic electrons. are inconsequential near the exdpoint.

The spectral shape near he endpoint is sensitive 1o peutoioe mass. This
is shown on the Kutie phot of Fig. 1. where & = {d,"h‘_.fd'Ele{E]pE]l}"l iz plotied
against the deciron eoergy. The endpoint shifta 10 Eg — m,. and the cale near
ihe endpoint iz depressed. The distorlions will be washed ou! wnless the energy
resolution s comparehle 1o nr,. Cniy decays within about 3 my of the endpoint
are of use i searching for an effect, and these are 2 minute fraction of all decays.
re 107 [rp, fe¥)®. Thus, betide good energy resobution. these experiments 1equire
greal scositivity and very low backgroonds.

WASTER s

w0




8. Mulirple Final Siafes

) An pdditiopal effect complicates 1he lectron spectrum mear the endpoiol,
The atomic eleciroms which ochil Lhe tritium nucleus are ne longer in a unique
migenstate afler the trtium decays. [n monatornic tritiom, atomie physies caloulacons
|3] predict ibat about T0% of the decays result in & ground state belium jon. 26% in
an exciled state 40 =V kigher in energy (shakeup), and the emainder in conlizvaum,
fully ionized states above 60 &V (hake-cfi) The pritern iz mare complicated in
rielecular tritiurn, Alf bough it is stifl thought to be reliably calculated. Far tritiated.
complex orgasic molecules, the calvalations ate bess robusi. Iu all these cases, the
ion can be left in any one of severn] enezgy wiates; hence, 2 whole range of epdpeint
roergies usk be cansidered, and the spectrum becomes the weighled sum over Lhe
fiaal states

i dN ;
?E:=$“HE[M#-EH' {z)

Figure 2 shows the resylting Kurie phot.

[ Fits o the Darg

It i3 common practice {u
sccount for amsdl variations in detection
efficiency with energy by multiplymg the
theoretical spectnzm by a shape factor,
eg.1—alE — E) Detscior resclution
and energy ooy effects are tepically
measnyed  with  intermal  copversion
sources, and incotporated in & response
lunctior This iz coovoluled with the
ghape.corrected specirum 10 predict the

measured spectrum.  The paranwters
oy, Bo,o, snd the pormelization are
acljusted to give a best-fil ta the deta.

Figar= 2. The spectrum of Snal stales
commplicates the Kuzie plet. giving rise
ta slope dsdhulinuitien.

. ITEP Besufis

The ITEP group slodied the sodpeint of the trilium spevtrom using a novel
toproidal magnetic spectreamerer with 45 e¥ FWHM resolution. The complex organic
molecule valine (s Hy; NO;) was iriliated to serve as & source. Roughly LOF counls
were aocomulated 1o the last 100 % of the spectrum. The gooupr concluded [1] Lthat
the eleciron antinevtrine masgs was finite. 14 < m, < 16 V' (99 C.L.). This resulc
wins criticimed because resolution effects and the complex faal ~tate effecks were not
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Figure 3. Trilium beta spectrum measured by the [TEP group!!
compared Lo fits with e, = 30 &V and m, = 0 ¥, Finite
oentrine rmmass wars iodicatad.

correcily included. The final report [om the group [} addressed there eriticisms
witk a refined apparatus, resolution fuection measnrernenis. and detailed final siats
calcolations. Their result, shown in Fig. 1, stills evidencss finite weutrinog mass, They
conclude m, = 3!],31'3 eY¥. Tl vagueries of 1he atomic physics make it difficolt to
asign & sywbamatic error. Instend the suthors quote the range of m, for which Lheir
measured endpoint snergy is consislent with the He-T mass difference. They find
17 « w, « 40 &Y. Thiz iz the lone experiment repotling a finie vlegiron antineutring
maxxs in the 20 &V range.

E Recent fezults

The streng statistical, if questionable systematic. weight of 1he ITEF resnlt
stimulated several groups to repeat the experiment.

Groups st Zurich and Tokyo were the first to report resulis. and have
contiowed 10 refine their work in the last year or 0. Both have sources simifar 1o
the colid valing scurce of the Moscow sxperiment. Zurich nses 'E'," fone embedded
into a thin carben layer (which they ireat as CH3T) cvaporated tmio an alinninum
hadking Tokyo vses critiated anachidic acid [CaaHeals ). Calbertlations of the spectram
of final states in thesr complex malecules have been wede. Fignre 1 demonstrabes
the senstlivity of the dedoced aeotring masy to the assumed comections. The Zurich
Eroup vees & magnetic spectrometer of 1he torroidal design vaedd at ITEP: the Tokyo
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Figure 4. 37 versus mE for fits (o the tritium bets spectrum.
with various assumptions about Lthe specirom of finaf s12ies,

The figure is from Bef. [3].

Tarmoidal Spaciiamebw
Agtplaration ook §

Figure 5. Apparatus used by the Los Alanos group lor measuremnenis of the
tritium beta spectrurd. incorporating » gasecus Ty saurce. elevtron conl Ainment
in a long solencidal magnetic field. and an TTEP-st13 le 1n1raidal spectrometer.

group empleys 2 #/F Fe-free focusing speciromelez. Neither group ~ees evidenee for
fiwite neutsine mass. The Zurich group [5} finds v = —24 £ 38 £ 6] #V%; and the
Tekyo group J8] reports m? = —63 + 35 + 63 €V*, Uncertainties in the specttum of
final siates and in the rezolution function contribuce significan]y to the sy=iematic
£rrar.

s order to redoce the uncertainties aseociated with final s1ate effects, a
Lot Alanves proup upderlonk the development of a gaseons triting sowrce, Their
apparstus, which inesrporstes an TTEP-style torreidal specizomeier i shown in
Fig. 5. Two additiona! advantages accroe from (his design: (1) good electron
acceplance, provided by captuning and transporting decay rlectrons in » sirong
solencidal fisld: and (2} & well-understaed source where backscaitering is essantially
non-exmstent, and energy oss calculable and meamrable. Handling gaseous iHeium i
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Figure 6. Kure plot lor T3 decays pear the endpoint, measused with
1he Livenmore torroidal specirometer [3].

tricky, requiring safsly precautions, differential puriping, and very high vacuum jn the
epecirameter in order 1o wvoid spurous volume and surface decavs overvhelming the
signal. A proup at Livermere bas constructed a simtbar device. and improved on the
spectromeler’s resolution. The Los Alamos group finds [7] mi = —137 268 + 41 eV
from a fit with roughly 10 k counts in the last 100 el of the ~pectirum and 10 &V
resolution. The Livermore group [3] has 2 preliminacy result ml = —72441+ 30 eV2,
and if continaing to inprove thair experiment. Their Kure plot is shown in Fig. 8.
Near the endpeint the data falls slightly above the fitted cwive: the same 13 1rue
ol the Log Alamos data, apd in fact is trwe of most of (e current exjroriments.
In consequence, the best fit value of m2 is elightly negative. which may Indicate
uncomected aygtematics.

Fizal stete effects are elso manageabls in frozen titiuu Largets. which
bhas prompted the work of a second Liverwoeoe group |9] and 2 proup at Meinz
f0]. The Ietter experiment has recently reporied vesuls. It wiilizes a so-called
solenoid-rtta.rding spetirometer, which does inlegral measuremen ks of 1he specirum
with 2x acceptance and 6 eV tesolulion. Ther result is shown i Fig. 7= In cunliast
to other experiments, ther hit only 1he last 137 &V of the spectirin. which minimizes
their systematic artor. Their target bas roughly 20 monslaters of viitinm on an
eluminum backing; hence backscallering correclions must be carelully undesstood.
and energy boss i ihe target corrected. They find w2 = -39+ M 213 6V

F. Conglrsons

Figure § summarizes the recent results. All of the experiments ale in ronflicy
with the ITEP clain that the slectron antineutring mass 1+ = 17 @Y. ahliosgh
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Figure V. The eodpont region of the tribbum spectmm. measmed by
the Mainz group [10].
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Figure 8. Summary of recent results on the electron aotinrud ring mass.

oo decizive evplanation has baen offered for the Rustian resuli. The best lomib at
present is lrom the Mainz groep. m, < 7.2 &V {858 C.L.). The recenl experimentg
all find the endpoint energy near 13370 eV, m good agrtoe arwong (bemselves,
and ronsistent with the measured mass difference of T and He? from cyclotron
resonance messurerments [LE]. The Rossian experiment reported an endpoiat energy
165808 + 4 eV, As voled above. all sxpericnants find the best fit value of mi 1o
be shightly negative, though not significamly so. This coincidence has prompled
agme voeeaitetd, however, and begs further expesimental refiveuent, The Main: and
Livermore experiments look capable of pusking the sensitivity (o a few V. Pushing
the Jimits by another decade locks improbabte with 1his teclinique., requiring & 1enfold
improvernent o reac]ution and & thoussndfold increass in sauree <trength.

111. Status of Searches for the 17 ke MNeutrino
A Hinks re Bela Spectro

The possibility that the neutring emilted in J decay nught Le the adnsstg e
of several mass sigensiates was sxplered in inBuential paprers by Shock and by

Mciedlar [12] ir 1980, For simplicty, imagine {he clectron aminewiring 10 be 1he
superposition of twe Mt egensiales,

[£2) = cas @ |3y} + sin §] e . (%)

For suitable m2[Q = mus = ma ), and ssuming the 5y s ~-eniially masaless, the
resulting electron spectrum has two components,

a5 5 dX _ N2
E_m ﬂEElnp—'ﬂ]-l-sm ﬂE[mp:m.,;i. 141

Q-am, oM, Q

ey T LL

Figure & Distortion in the Kurie plot arigng from the sdmixtme of a
mlasive peutrilo o bela decay,

The Kuzie plot is modified to iat shown in Fig. % It develsp. a distinctive kink
at the threshold for massive nentrino emission, @ — M. Shiock suggesied. among
other tests, to fcan common beta spectra for sach kinks. From the kirk position and
magnilude, the neutsine mas: end mixing ace derived,

The experimental signature depends on exactly how the data is Gt Il one
axcurrets & lineat Kurie plot, aod fils to the spectram above the Link, e 12 1he region
where the spectrum & genuinely sue component. Lhe data will -1 » a depariuie rom
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Figor i0. Sbhape factor sigoatures for massive admixed neultinos depend on
the fitting strategy: () shape fecter when the dava are fit above ihe heavy
peulring threshold; (b} shape factor when Lhe data are fit throughoot the kink
region. The fit asaumes & sToghe messhess psutrine in Do b chses,

the fit at T = {} — m,s. In terms of the shape lactar. 5. which is the ratio of Lthe
obgerved spectrum to the single-component expeci ation,

. - Lid
S=1+4 1an-4!l‘[1 - —"L-] 5 .

@77

Thie 3+ platted in Fig. iD{a}. In the case of the }T ke’ seacches descriled below,
the gpeciral region hevend the kink may be poorly known. It is & region of low rate,
potentially bigh background, and Louited exlent. making its extrapsalation dubisus.
An alternalive signature arises from a different Bt siretegr. in which the entire
spectrum (kink and alf] iz fit 1o the ooe-componeni. theory: and deviations to this
fit are sought. Fig. 10[b) shows how Lbe threshold appears tn snch a fit. The exacl
shape is experiinent-dependent. in that it depends on the exrent of the regian fit and
the statistical weight of the points. Bul generally speaking. th‘e kink in the spectrum
extends over a faw ke, and the maximum deviation is & w82, To see the effect
of a 1% admixture of & 17 ke¥ peutring in & beta spectyum. it is reqiired (1) rhat the
resalution be good [FWHA < 4 keV'); (2] that thers be sufficient statislics to see a
% offect significantly [ A ~ 10%7ke¥ }; and (3] that instrumental effects noil distort
the spectrum at & level comparable to that of rhe effect. 15 15 extremely difficult (o
mensuTe & Bpecttal shape to the 0.1% teve! required o see a 0.5 offert with certainty,
23 the confused history of this subject indirectly attests,
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Figne 11. [a] Korie plat boc tritivm as rwasored by Simpson {2]: (b} shape
{actor for T+ implented in Germanium, Simpson end Hime [13)-

H. Simpson's Resull i Triffum

Simgpean 2] ugdertook precision measurermants of the tnitinn heta spectrum
using a novel ia-d:uwiugy. He irnplanted tritizm ioos in a silicon detecior. which served
az a total calerinets for the emitied 2. The spesteam be ollained i shown in
Fig. 11(a}, and was well dascribed by Lheoretical expectalion above 1.3 keV without
resosting to arbitrary shape factors. Simpson boldly interpreted 1the devialion in
the spectrum at 1.5 kel as svidence for the emission of A 17.1 kel neutrpe with
rixing probability 3%. He subsequently revised Lhis estimate to 1.1 £ 037 |14], after
properly including screening and exchange cormections and 1he #fecis of the silicom
environment.

C. Experintents Con and Pro

Simpson's ariginal paper provoked a spale of cxpeenuents which sought,
upsucressfully, lovks in the spectra of ¥§ and ¥Ni. Ealy nsults came from
magnelic spectromerers J14] (Ponceton. 'TEP. Cal Tech. Chalk River). rilican heta
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<alotimeters [15]) {Bombay, Tekyo), and slicon phaton calarimetsrs [16] [CERX,
Zagreh), measurieg the mternal brensleahlung spectrum assocaied with slectron
capture, [This sperirum ko shows characierstic dewertions. depending qi peatring
mass and mixing]. The resulls are surnmarizad in Table I. Aokt of thie wark was
wot sirong encugh slatistically or robust encugh systernatically Lo jefute the reviaed
laim far 1% {nat 3%} mixing. The Chalk River data, however. stzongly refuled even
the mevised ctaim See Fig. 13,
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Figure 12, Shepe factor in EI3i (€2 m 67 JxV'} From the Chalk River experiment
{18). The fit includes & linear shape factor to correct for experinenial distortions.
The corve ghows the shaps expected for 8 1% admixture af a 17 ke'y nenlrino.

Simpson repealed the tritium messerements with Hine using 2 hyper-pure
germanium deteclor, which was annealed afler implantation to cure possible radiation
darage. The crystal was calibrated in situ with photons. and the analysiz
incorporated 1be rexisions mentipoed above. The resulis of 1his work are shown
in Fig. 11{b). There is a statistically significant spectral dirteriion near 1.5 keV.
Sirmpson and Hime [13] interpreted this as evidence for a 16.9 £ 0.1 kel gentrina.
admixed to the Jovel of 5678 = 1.1 + 0.14%,

Following their work in trtium. Hime and Simpsosn undergok an experiment
in ™5 to confirm the effect. This experiment [17] used a silicon detecter. but relied
on an external source. Hime apd Jelley [18] repeated the experiment nt Qxdoed,
and improved the definilion of atorplance and the measurerienl of the eleciron
response funciion. Both experiments saw statistically significann speclral distortions
consistent with & 1% admixtues of 17 eV pevirine. The Osferd results for 395 are
shown in Fig. 11. An LBL group [19] using a bigh purity germmaiun defector that
had been doped with M, claimed a similar reswlt, fisdiog sin” & = 1.2+0.3%. An
indiation of 17 keV neutnnes was alss reported by a Zagreh greup [20] which quoled
sn®# = 1.6+ 08%. The coincidence of these results, made by several groups i
stodies of severa] nuclel. resurrected the possibility that a 17 kel neutrino did exist,
mined at the 1% m=d in nuckear beta decar.

1

Tahle [. Resuits of 17 ke'V Neutring Experiments

Experiment {salope =in® = 100 my thet'] Hel. Mo
SOLID STATE 3 CALORIMETERS
Guelph (£5) Ll 2-3 151 12
Reanal L0 030 171 =0 13
INS-Tokyo (55} g < .15 {80% € 1.) L4 13
Bombey [85) Hg = 0.80 {90% C.L.] [17] 13]
Guelph [38) iy 111+ 004 bG5S+ 0.1 (13
Guelph {B9) E ] 873 £ 0.1 160 2 0.4 a7
Oxford (91) g 0.76 £ 0.0% 1T.0 L0105 {13]
LBL {81} ue —14+0.45+0.135 1iL? 19
Update L2 0.3 IT1E04 1]
Argonne g —04 + 08 + 08 n 3]
SOLID STATE + CALORIMETERS
CERN {86} 1351 < 20 {90% C L) 17 [16]
Zagreb (88} #Fe < LG {3% CL) 13- 43 (18]
Zagreb (91) MGe 16408 [ = 3 120q]
GAS PROPORTIONAL CHAMBER CALOKIMETER
Oklahoma (92} q < 0.4 {495 C.L) I )
MAGNETIC SPECTROMETERS
Princeton (45) g < .40 (9% C.L.} I [4]
ITEP (85) ¥5 < AT {90% C.L.] 13 [14]
Cal Tech (35) g < .35 {907 C L. 13 1]
Chalk River (87} M < 0,98 (90% C.L.) 17 [14]
Cal Tech (92) 54 < 037 (0% C.L.) I (21]
INS-Tokye (92) N « (.10 [(95% C.0.) T [22]

o response, several megmelic spectramcter groups retmned Lo | he problom.
The Princeton and ITEP groups reanalyzed their eaclic: data. succeeded in reducing
ihe magmitude of the shepe cotrectivns needed to descrbe the measured spectra, and
lefit their origina conclusions essentially unehanged. The Cat Tach group has repented
their ariginal sxperiment several times, corrscting ficld instakilini~s_ achicving belier
vortro] of systemalics, and getting more probable fits as a resuli. Fiom their studies
of 33§ they conclude I21] that sin? & < 0.27% (W% C.L.). Nowe of Litse experiments
has seen any indication of.a 17 kel neulring,
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Figure 11, Shape factor for 5 measured by Hime and Jell=y{20].
. Twy New Conx

Two aew. and very incisive experiments have recently reparted null results in
searching for the 17 keV neutrino. The sl was & magnelic specirameler experiment
performed st the [oetitnte for Nuclear Stgdies ar the University of Tekyo 22].
which studied *Ni decays with the 72 iron-free spectrometer used in the tritium
endpoint studies mentioned shove. The principal modification Lo the apparatus was
the addition of & 30-channel proportional wire chamber to 1he focal plape, which
permitted 2 much larger slalistic to be accumulated, roughly 2.4 x 18? cougts in
a relatively narrow 20 ke¥ band arcund the expected thveshold. Dala was aken
in & series of short rens in which the spectromeler stting was chosen randomly,

The response function was measured using o '"*Cd source incorporated in a Nickel .

substrate to mimic emergy boss and backscattering in the priitary source. Each of
the thisty chanpels is treated individually in the snalysis, wilk a separale response
function and individual shape factor. A glohal it to the dars is performed in which
channel-to-chanod normalization and shepe are allowed 1o vary, b 1he mixing
parameter is beld commarn, 25 is the heavy newtring mags. Theii orsult i3 shown in
Fig. 14{a). They find sin® § = 0.0001540.00033:£0.00833. The very high statistic. and
the good resolution, mske the experiment unique in that it is kink-sensiire, The data
showr in Fig. 14{b), in which a 1% admixtuze of 17 ke¥ nestrine hias been assumed
in the fit, mircor the expected signature, demonsisating 1he superb rengitivity of Lhis
experiment. No reaspnable instremental distortion could hide 1he sharp threshold
expected. The probability of the first fit is good. indicating 1ha chaunel1o-channel
systemalic differences are negligible 10 nearly the 1071 level,

The second experiment [23] was performed at Azgenne Natienal Labs, and
utilizes a small supercanducting solenoid to capture a large fraction of the decays
fcom a weak on-axis ¥ source and forus them on v silicon detector 30 cm distan.
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Figure 14. Shape factors for "MNi measured by the TN3-Tokyo group assuming
{a) no 7 ke¥ neutrino. and (b} 1% mizture of 17 ke¥ nentring,

The electron tnergy is messured calorimetrically in the silicon. 0 is used to
calibrate the detector and meagure the electron vesponse function. The data are fit
wilhout an arbitrary shape correction and show no evidence ol a kink: s’ =
—0.0604 & 0.0008 + 0.0008. See Fig. 15{2). Figure 13{b) demonst rates the sensiti Jity
of the experiment to a soall syecttal distortion. The autbors contantnated their ng
sqorce with rooghly 1% of C. whick has = 156 keV. roughly 11 keV below that
of #¥5, The nomine! fit is 2 purs, one component Fermi spectrom: the data follows
instead the distorted shape expected when the admixture is taken inta account, This
demeonstrates rensitivily to 1% efecta.

E. Assessment

Have any experiments shown conclusively the presence or absenceal a BT ke
peutring?

Copsider first the shape-semsitive experiments. YWith 1he exception of the
INS Tokye experiment, all the 17 keV experiments are sensilive 12 poteniial spectral
distortions that might mimic or mask an effect. This 3s troe Lecanse Uieir statistical
sepsitivity devives (rom the detection of a chaage of shape in the kune plot in the
vicinity of the 1% keV threshold, and not from deteetion of the kink H=ell. Ta prove
that & shape distortion is not instrumental, it is necessaiy 1o measwe (he slecron
response function (shape and normalization) as a function of eactgy in an indspendent
experiment. Tbat is, one must measure Lhe instrumental distorilens,  Strictly
speaking, no experpnent hes dooe 5o {allhough the Argonne experiment has corne
close), so all experiments must address the possibility thal shape factors arc prescot
3n their spectra. perbaps meking, perhaps eiminaling a 17 kel newtrine. As Shmpson
[24] has argued, and Boovicini [25) has demonstrated in a carelu] statistiral analysis
of these experiments. the presence of unkaown shape faclors 1educes =ensitivity to
spectral anomalies and makos cilimetion of systematlic errois ro ivnelbe, This the
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Figure 15 [a) Shape factor for 95 measured by the Arponne espenment The
curve shom s the distortion expecied from the IT Led aeutzne (b] Shape factor
for & 795 soures with & amalf moviure of "C The data falls wcely on the cune,

demonstratng senginaty to small speciral distorbong

Chalk RBuver and Cal Tech resulis argue strongh agamst 1he ewstence of a 17 kel
negtring but do oot capwncngly exclude it On the other band the conchusicus of
Hiroe and Jelley onav be significantly changed J their evpeninient 11 1eanalized with
2 [preumably] more accurate response function  That 19 Pulonen and Ahashien s
clam [26] n ther reanalysis 0 which they carefully Monte Canla e Hineflelle
expemimenl, accountng for energn loss scallering backscatlening fiuociescence ete
They vonclude a specical distortion persists 10 Ghe data bul one fhat bears no
resemblence bo & magsne peutnno threshald

The recent Argoone espenment ¢ alse shape sensmne but 1t has several
advantages cuer the HimefJelley expenment moregaud 10 s osesswement of
the electron response funcbion Fust, . has very Jarge acceptance o eleclions
and-thanks to magnetic confinement—nao osed lor matenal apeitures Thes permits
the use of extremely thin sources, and great enocugh detectorf<amce sepaizion that
the pheton acceplance i eeghmibly small Thus o 15 walibeh that phote-induced
processes will be musimerpreted as part of the eleclioa spectiain anit edge seatlenng

iy

and energy logs i the souice are non maues  Second, it has profitably used » 1¥Ce
source to constraon ts model of the clectzon responee {unction the advantage bong
that several hoes are ustd w hich brachet the ok regon 4 bent tlus 1esponse function
1 contoluled with the Ferim specizum, il accorately descailves the data without
tecourse Lo arbytrary shape factors or masane neulnnos This stiangly disagiees wih
eprher sificon calonmeter warkh It woold be an urtight cese 1f the notmabzaton,
a5 well as the shape of the efeciron vesponse lunguion, had beet inessuied at ~avara]
erer e

The &S experiment, with gts logh statatecs s ey compellzg 1
easenizally 19 the addition of thirty independent enpenments cach with the stattical
power of Lthe shape ténsitne espenments What 15 remarkable 5 that no subife
systematic distortion seems to be present at the 10~ kevel so that the sum of all
the spectra 12 diztorbion fres, and Lie global fit to the 2o 17 LV inpothests has a
respectable gnodness of fit A mimor weahness ia that there hag been no demsnstration
that the expeorment can 2ee a small speciral distortion as wa- done i the Atgonne
and m the Cal Tecl experiments I 1z a verv strong result neveiLheles<

Given these two sery stoomg noll 1emults, aod appicoating that the
experuments eporiing positne efecls heve not demonstrated ihe absence of
nstrumepial shape corrections, 1L 1s ol reason ahle to ascribe the spectrel distortions
sena by Simpeon, Hime, and Jellet and otbers to a 17 ke’ neutime These distortions
are not et sxplamed, however  In particslar thers kas been bttle enpeimental
atudy of the distortwos seen 1o the tntium spectiom v recemt study wang &
proportwonal chamber at Ohlahama [27] 1eparts ne efect but must contend with
uncerlan background subtractions Studies undernay at Cmlbeton [28]) also using a
proportwnal chamber calommeler, and Linermere [29), uang the beautiful torremrdal
spectrometer construcled for the sndpont measuremenis will addresa this 1=9ve and
are epgerly ewerted

The expenments which have ruled out the susterce of [T hal neuwtrmos
hasve uted ther data to geatch lor binks artoss the bela spectinn and mpose Tiroits
on the muxng streogth of maszve oeutrinos as & function of 1 futino mass  These
byvate are sutnarized i Fig LG
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Iv. New Beta Decay Experiments
A, Modivalfan

The 17 keV neutring controversy has sparked renewed interest in studies
of muclear bela deay, with several groups proposing new Lechnigues. While 1he
proximate motive for this work has disappeared, these advances in instramentation
promise to reduce instrumental distortions in spectral measurensents. Thix could have
significant impact in expenimen s which seek physical shepe effects, like 1hose expected
io ¥ decay, and could allew more sensitive kink seareles in fulure experiments, New
techniques will also be used te study the intium spectrum ar bow energies. where
Simpsop’s anomalies bave ot been confirmed. Here we consider a few altermative
techoologiet and a mew approach to the prablem.

B, Ges Caferimefers

The proportional <hamber calorimeter i Carleion bas afveady been
mentioned. The device is 2 large, 10 slm. single-wire proportional counter wemg
standard gases with 3 small admixiure of tritinm. High pressure and gold-coaling
on the chamber walls thinimize backgrounds due to decays of sdsorbed tiitiun. The
respletion = relatively poor (AE/E = 15%), but adequate. The deteclor serves
A% a tolal abesrption calorimster. analogous to the implanied solid state deteclors,
but unlike these detectors, it cau be calibrated threughout s volume, and can
megsure hackgrounds with the uritinm removed. Gain stabiliny apd wniforputy and
backgraunds are Lhe major concerns,

o~ Dxik
Biraciio = J(m-al-r
Scarnbatia :

| Light . |
I e i
! !
1 ™MELT . ki vies Propotons Shamoer t
. |
I f
i a0 )

Figure 17. Gas seimillation proportional chamber for study
of T derayvs at Delft [32).

Gas scimtillation propertionsl detectors are being developed by proups at
Berkeley [30] end Delft [31]. The Dellt deteclor is shown in Fig. 17, It consists of a
decay region filled with critiated xenon gas, in which & 5 k¥ fem field is established.
in this bigh field, ionization drifling toward the collaction grid excites scintiflations
i the gas. The resulting photons pass through & MgF; window, and are detected
in & propotlional chamber filled with TMAE end P10, The tme development,
pulse-haghl, and position are recorded (o measurs Lhe [ocation and energy of the
decay. The fact that many photons ave released per primary electron gives the
deviee good epergy resolution. The Berkeley device measures hp decays by mjxing
radicactive COy with xenon, operates at high postsures, and uses waveslifter fibers
lor repdout. Both are tolal absorption calorimeters with fmiplanted soncves, The
technolagies will take lime Lo mature, but are pramising.

Viige
Cokd FET .
NTD Thesmighor
Charpa Amp
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Figure 13, Propased Crvogenic solid slate detector for
simultanecus phonon apd ionjzation measurements from
Hef. 32,

c. Cryogenic Detectors

Cx}'ugm;ic solid-stale delectors tan measure Entrgy |ost Inio jonization and
photens somultansonslv. At 30% mk, very low fields can fully deplete the delectors,
allowing charge collection witheut e generation of much (hermal noise. Since
the deteclor’s hept capacily is proportional to the cube of (bt temnpemiure, small
(thermal) energy depositions lead to measurable temperature changes. A schernatic
detector it shown in Fig. 13. The wempersture signal, which develops on a millisecond
time scale, is detected by a thermister. A Berkeley growup has achieved 1.3 kel
rescjution st G ke¥ {12] in a text device. The iontzation signel s also vead oul. Ax
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the dimgram shows o sandwich geamelry 15 propesed 1hat ~hould completeh contan
the ~oergy Foss from 1he soaiee L alihe the amzat o sgral 1l shonog wignal sheould
rat ~ufler degradation due 10 detector dead laverz  Backgomnd delenienation aad
calibrdlion are straightforsard m thas detecion unlihe implaseed solid state detertor.
4n Ondord group {33 15 also mm estigating the 1echmgue

[ Vicerag Waww Weasurements

The appreaches descpbed above have o common stiategr nweasunc the
beta spectrum with ve1n high precisian o audes to scarch Jou ~mal! anomabes 4
daffarent 1dea has heen wdependenth propessd by evpenmenters from 5LAC [34)
Stom Brook |33} and Tewas |36  recomstruct ihe mass onssimg m beta deca
kv measuering wmahapgousl, the momenta of the deeay elecvion and the 1ecoihng
muclens  0F the amlial nucleus 1= neaily ot cest  edducement-~ of gweded preoswn
allow a fecoeeraeTton of felireo mass with enoupgh resolutien 1o distmzgush o 17 ket
nevinmo [Com one thai 1= 11asdess Toum s the pieferred nucleus becarse its loa
valpe exaggerates the himemalie diffecences between mas<tve andd massleas neuitimes

# THe*
|:'.] _____ Cold Tz
15K FPESET: AR Y ¥
Ta (S = Beam
T, —=THe* & T
- -] ‘lle_ = GBH

Nume 19 Schematic diagram of experinent to
measuce (&eon] mass in molegwlar tptam decay

% schematie of the proposed 5T AC enpetrment = ~hono o Fig 1 An
efusion beam 1~ areated fiom low pressave 156 T gas with 2 mmlichannel sira
Shimeung and aggiessne difeeansl punmping 1emove wost of the upwamed gas
Decavs ate sampled frorm a small ergror wluch w hept fiew of clectiae amd magnetie
field: Collimators select bach to back decays The sowes 3 aufhoenh wemous that
the chanee of Yan der Waals scallermg ot ¢uabing 15 szl For éleuinons m U energs
1emon of tonerest [T < 15 hel ) 1he back to back topolagy acce pbs a luge fiarbon
of 17 heY decays and jejects most O mass degwys Digure 20 shows how cleadh the
electron and 10m woivenla ae cottelated watlotlie back te back cut aed whet 3 linge
effect she presence of & 17 he' neulnne has o1 Lhe hintmanss  Lalike 1he ~peenal
measurement- LHIE expersment seeks o delact A gross effect
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Figure 20 Cotrelatinns between won and elecr on onenta fo
near back to bach ueum decays feoa @ = — 99 {for maesbos-
neutrinos (shaip bands 1op and bottom)] and 17 kel entoivo-
{cenunal band]  Clean Linematic separation 15 riesihly

Simulated 1esults fram flon evpemmend are ~howa m 15 2l The Vienie
Carlo agsymes an efectne owoe of 102 Tr molecules 30 ries oo leqees am each
spectrometer atm and 2% momentint resolubion The et ab g dits 1 meaeaned o
amagnebic held (he wo vefonts deteammned By tme of fisght ko ol 10 deca «fdat
appear o the 1T ked peal of 1% mivng obtams

The expeiurvend s nob wilthoul tecknical challenge o <envug fren the
ddficulty 1m handheg 4 cadwacnie gas and deshng with laclgiounds ongmating
from tritium adsoibed an vacuun vessel and detecior sarfaces  [f ~peetial dsstartians
persst o Lthe low energy toilmm Fospeclourt Vg @speane it could deselonmate
new peritcle produciion from sphilr atomac Affecis a3d ¢ oom |1 scanck for quasane
neutrings ok good ensitinat

v Conclusions

FPrecimon measuiementz of 1he teitiunm beta spacomm nean 1w endpeant have
farled Lo confirm the clan: By a Rusnan group (el the electron antimentimd 1mass 15
~20 oY The best of 1hese rvpenments prescnlby BT the aen 1mme mass o be bew
than 7 eV ard could lover thas bound 1o a fav o4 patuie withng

The spectial dstoitian eppiied En Simpton Hime  felley and others as
evidence for & 7 hed meulino 35 ol seen moa now 1ound of e anents with
improrad sensitivity and umpieed svetematies &lthongh the ¢nghial offeets are now
yei explamned, it = 0o longer teasonable 1o a~riibe then 1o an ey te heats jentning
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Expetirnenlal techniques are being developed which may bring new precision
and sensitivity w0 A decay studies,

The siudy of nuchear bete decay, which i neacly 10 years old, siill penerales
exctement and hot debate. and stil] addresses questions of fundamental importance
Lo parlicle physica. These experiments have provided our best ditect knonledge of
the electron antineulrine mass. and have searched for neulring muxing with great
EnAiLivity.
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Figure 21, Simulated recoil mass spectra lor itium
misting-mass cxperiment.  The acceplance is ploied
VA mE for {a) 1% adouved 17 keV neulrine and
(] 0% 17 kel nentrige.
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