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W. r~port a now uppar li!litof 13.4 ●V (9S% confidanca
lwc1) on tha mas~ of ths ●lactron antinoutrino from a
study of tha shapa of tho beta mpoctrum of frao
molecular tritium. This result appears to b.
inconsiatmt with a rqofiad valua for tho maas of
26(S) ●V. Tho aloctron noutrino I* ●vidantly not
massiv- ●nough to C1OSO tho univorso by itself.

1. INTRODUCXON

In 1981, ● qroup at tha Instituto for Th@ rotical and
fExp.rimmntal Physics (ITEP) in Moscow raportod from their

study of tha tritium spsctrum that nO had a mass of 35 ●V,
with revolutionary implication. f r particla physic- and
cosmology. YMoro f.cmt ITEP work ham roduccd this valus
slightly to 26(5) ●V, bith a %odol-indopandant” ranga of 17

3 found in a similar typa ofto 40 ●v. Fritschi ●t ●l.
●xperim~nt at the University of Zurich an uppar limit of 18
e~, and othar maawramant
contradicted thasa works.

~,~ava naithor confirmad nor
Both tha ZUrich and ITEP

●xp.rim~nts hava vo~ high statistical accuracy, and tho
dlfforaracab.atwoantho two results ❑ust b. ● conmmquonca of
systematic ●ffoctm. A probablo origin for such ●ffacts is
the solid sourco matarials usad, for which mol~cular
structura calculations ●re difficult to carq out to tha
nsc.ssary praciaion.

Unliko othar ●parimmnts presently in oporation, our
exparimant at tho LAX Alamoa National Laboratory makam US-
of a gasaoum sourco of T2 to capitalize on tho sim~licity of
tha two-al~$ctronaystom. Whan ● triton dacays to Ho, tha
dauqhtar a:om can b. loft in an ●xcitad final stata. Tho
rosultinq .n@rgy spraad improw..d on tha outgoing beta must



ba VQW pracisoly calculated (at tha 1% 10VQ1) If serious
●rrora in intorprmting ths data aro to ba avoidad. Such
calculations can ba carried out dith soma confidonco for
atomic ~nd molocular tritium, but with lass cartainty for
solid sourcas lika thosa used by ITEP ?nd Zurich. Us. of a
gaseous aourca also confars tl]aadvantages of minimal and
WO1l und~rstood anorgy-loss corrections, and no backscatter
corrections.

2. SYSTEM IHPROV’EMENTS

In an ●arliar papers w. d~scribed our apparatus briefly
and raportod tho initial rasult obtainod with it: n. < 27 eV
at 95% confidanca laval (CL). sin~~ this first rasult, WQ

havo mad- a number of improvamonts tho principal ona
baing th~ roplacamont of th- simplo ~inglo-~lomant
proportional countar in th- spoctromotor with a 96-pad Si
microstrip dotactor array.

3. DATA ACQUISITION, R.EDU~ION, AND ANALYSIS

Tha bata spectrum is formod by setting tho spoctrometar
to analyzo a fixed momontum (aquivalant to an ●nargy of 23
koV) and scanning tha accolorating voltago on tho sourca.
Data voltagas ara ropoatad in random ordar with a froqu~ncy
that roflacts tho pa-s of tho spectmm moat significant in
datomining tha noutrino mass. Baforo and a ●r a tritium
data met, tho 17820-aV K-conversion Iina of H K& is
racordod two or throo times to dotormina tha instrumental.
resolution and ●nargy scale.

Each pad of tho silicon micro-trip dot~ctor rocoivos
counts corresponding to a slightly difforant momant’um,tho
total rang. being about 100 ●V in enargy from ona ●nd of th-
detactor to tha othar. R.* data aro thus organizad by
summing counts from th.asams pad numbars on ●ach waf
form 12 spactra, ●ach indapondently calibrataa by a ?fKy

apactmm ●imilarl.yformad. Tha ‘raw” trit.lumR ?ctra can b~
comparad to tha thsoratical spactmm modifiad by corrections
for ●nargy 10ss, instrumental ramlution, apparatus
●fficiancy, and tha final-mtata sp ctnm.

J

T
Tha nautrlno mass

and ts varianca is than ●st
Y
atad from a plot of tha sum

of E for all pads against mti.

Elactrons lo-a ●narqy by inelastic scattering as thay
spiral through tha sourca gan. ‘onta car10 ca1cu1ati9~?’‘n~
togathar with tha diffarantial ●nargy cross aacti.onm
maasuremanta of tha saurca dansity datarmina tha probability
of an ●lactron interacting to ba 8.5t~ and tha n~ar of
interactions p~r dacay is 9.1%, an indication of tha



ganorally small scattering proba~ility and the very minor
role play~d by plural interactions.

14aasuromentof tha inst
P

9ntal r~solutien is
accomplished by circulating K# (from tho decay of 83M)
through tho source and racording tho nominally monomorgetic
K-convar8ion lino at 17820(3) cV. Conversion lines are
accompar~iedby shakeup and shakeoff satellites, and, rather
than rely on calculations for their positions and
intensities, we have carried out a K-shell photoionization
measurement o Kr at the Stanford SynchrotronsRadiation
Laboratory.8’P Excallent agreement botwsan the shapes of
the spectra is obtainod when the slightly better-renolvtion
photoionization spectnm is convoluted with a Gaussian to
match the int~rnal-conversion data. The Gaussian variances
from those data for tho 12 sp8ctra from t c silicon

!microstrlp detector averaged about 120 ●V . Other
contributions to the tritium lincwidth not containod in the
Kr calibration, such as Dcpplor broadening and zero point
moticn and

!!?
lecular vibrations of tho T2 moloculo, are

negligible.

Th. small variation of apparatus efficiency with
acceleration voltago introduces a spectral distortion that
can influence ths neutrino ma8s darivod. It ia customary to
paramctorlze this with ●mpirically d@t@rmin@d linear and
quadratic correction terms al and al in tha spactrum. From
Mont. Carlo calculations, W* find that tho spoctrom.tr c

?
)fficiency 18 strictly linear, with al - -2.0(3) x 10- ●V-

In roasonablc agroomont with the valuo ‘2.6(2) x 10-5
d&rivad by fitting tho sp8ctrum to a linear term only.
Rather than rdy on Monte Carlo calculations, and becausa
linear and quadratic corractlons produca difforant neutrino
massas, we considor both linaar and quadratic terms in the
fit separately, adopt a mean value, and treat tho total
spread in neutrino mass squarad (105 ●V2) as a systematic
uncertainty.

Exparim@ntal tasts of a number of poseibla mources of
systematic ●rror ware conductad. In two diffarmt tests,
tra pad ions war. searchad for, and wa set a limit of 5 x
10 .8 on tho ratio of ions or matastables to neutral ,

1corresponding to an excess varianco of ordor 0.2 ●V . Tests
to search for ●lectrans ●cattared into tha beam from the
walls (which aro highly contaminated with tritium) Jndicated
no contribution, with a limit set at a lavol of 10- of the
source strength.

Tho final-state apactrum (of the THe+ ion) has the most
important influenux on th~ tritium npsctmm. Calculations
have been reported for the decay of T2 in the sudden



approximate ion. 10D13-16 Th. uncertainty on n8utrino mass of
tho differ-nt final state calculations is rather small.

Tho largast uncertainty duo to final stat. ●ffacta is

Williams and RaeninF}
uncertainty about v idity of th~ sudden approximation.

(UK) have claimad that tho
reacattorinq contributions (i.@., tha interaction of tho
beta directly with orbital elactrons) wore 1sss than 10-3 in
th case of th atom. ?!owov.r, their tr8atmant is limited
and thair argument that hi

‘PrCl;c??Z;i~%!y ‘;;:ar18unimportant was
i
ncorract.

indicato that > shifts upward by 3 ●V , and w. have
doublod this contribution to mako an ●stimate for the T2
molaculo. Friar also shows that highar 1 contribution= fall
off very rapidly for bound states, and w. find from a
sarniclassicalnodd that this is tma for tho continuum as
wall ● We ●stimato tho total ●ffect to b. not aorc than
about 3 times the p-wave, but tha noad for a coaplot~
continuum calculation for tha T2 melacu18 is manifest.

4. RESULTS

Tho tritium data cot obtainod (13400 m~asursmonts)
spanned an interval of about 9 days and lod to spectra
totalling 8000 counts in tha last 100 oV, of which 1400 wora
background. ‘IM sp@ctra covcrod tho ranga 16!500-1200 W.

!The rnaxinmm-likelihoodprocadurs dascribad aarihr was used
to obtain values for BP , EO, amplitude, background, al and
a2. Thoso raaulta, and their 1-8 statistical Uncstiaintios,
aro listed in Tablo X.

Tabla I. Rwulta from analysis of August, 1988 data:
unc~rtaintios arm on. standard daviation statistical.

al only az only

m“a -2!50(90) -145(90) ●V2
q) 18567.2 18569.2 8V
al -2.6(2) X 10-5 ●V”l

:3
--8.;;5)X 10-9 “2

(av.) ‘-945.8 945.1 (892 %.F)

f
n Tabla II w. l!ut tha ●stimatod uncortaintios (1-s)

in mW from all sourcoso W@ have not at this tirno
consider~d all rslovant contributions t’.tho uncertainty in
tha ●dpoint ●n@rgy, Eo.



!’Ta l@ II. Contributions (W2) to tho uncertainty in
m“ at on. standard deviation.

Analysis:
Stati8ticm 9C
Bata monitor atatisticm, daad timo 5

Enargy Loss:
18* in th~orctical spactrum shapa: 15
St Unco=ainty in sourco dansity 4

Resolution
Width 12
Skawnomm 6
Tail 15

Final Stato8
Diffarancos batwomn thoorios e
Ragim •hv~ truncation point 10
Roscattaring 20

Apparatus Efficiency
Linear ve Quadratic 105

Total 143

w. tako tho consa?wativo viewpoint that w. do not know
which is tha corroct description ef the ounraturo, and that
the two choicoo ar@ but a saloction from ● large variaty of
poosibla .ffici@ncy functions. Our bast ●stimata is then
thm avoraga of tho al and a2 fits, and tho uncotialnty
associated with ●fficiancy correction is tho difforanca
botwaon tham.

In Figuro 1, va plot tko residuals for tha fit naar tha
●ndpoint for ZV = O ●nd 3(3W, from which it may ba seen
qualitatively that ● 30-ov mass is rojactad. That
conclusion is borna out quantitatively whan all uncm’tainty
cornpononts arc conaldarod.

As diacwsad ●laawhora,19 sottinq confldanco 10V61S on
quantitioc physically forbiddan from having nagative valuas
is a comphx lmmua, ●spatially whan the maasurad valuo
(through nomal ●tatistiual fluctuations) falls in tha non-
physical ragima. our result (f om tho ●vara$s f tha fits
with al and ●

i

5 5saparatcly) is + - -198(143) ● , which
would hava ar ●an in 1sss than 8* of trialm from a noutxino
mass graatsr than O N. To darive ● confidanuo lavol on th~
maaa

It
1.ss straightforward. Ths Particla Data Group sats

forth a Bayosian prescription that 1s ●t laamt woll-



dafinad, if not rigorously justifiad. On that baois, w.
find a 95* confidanco lQV.1 uppar limit on thm noutrino mass
of 13.4 w.

.

-2.3

t

713300 18400 18300 18600 107C0

Fiq.1.
and 30
and az

Enorqy (oV)

Rasiduals in fits to noutrino massas of O (top)
●v (kttom) . All othr Parmotarm including al
hava boon ●llowod to vary.



5. CONCUSSIONS

Tha raoults of our ●xparimant aro ●ntiraly inconsistent
with tho ITBP raault, 17 to 40 ●V. W@ ara not abla to
spaculato usafully on tho ●xact sourcm of thi= disagraomant,
but w. hava notad how damanding this type of axparimont is
on tho prmcision of all Corractlon factors. Uncertainties
in ●nargy 10ss, backscattoring, and final-stata ●ffacts are
presumably substantially larg-r for solid sources than for
fro. molocular T2. W. nota, finally, that this low limit on
tha mass of nO should parmit a ncw analyoia of tho noutrino
data from tha suparnova SN1907a largaly fro. of tha tima-
disporsiva ●ffacts introduced by noutrino mass, and that na
is incapablo of closing tho U.nivarm by itself.

W. gratefully aCknOWhdgQ tha assistance of H. Anaya in
this work.
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