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ABSTRACT

We are performing an experiment to deterrine the
electron neutrino msss with the precirion of a few eV by
measuring the tritium bets decav energv Aistribution near
the endpoint. Key features of the experiment are a 2 ev
resolution electrostatic spectrometer and a high-activity
frozen tritium source. It is important that the source
have electronic wavefunctions which can be accuratelv
calculated. These calculations have been made far tritium
and the HeT* daughter ion and allow determination of
branching fractions to 0.1% and enerev of the excited
states to 0.1 eV. We discuss the excited final molecular
state calculations and describe the experimental apvaratus.
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The goal of our experiment fr to meacure the neutrinn
mace to bhetter than 2 eVv. If the neutrino mees jr finite,
the tritiur beta decay energv distribution chantec
appreciahlv orlv within p few neutrine mascec from the
encpoint (see Fip. 1). For a2 zero neutrine macs, the
fraction of decavs within 2 eV nf the endpoint js onlv 2.F
x 10-14, Thie small fraction dictates a low-bhackpround,
high-resolution spectrometer with laree accertanca, After
betas decav, the resulting ator or molecule cer be left in
one of manv excited statec. These excited ertetes tale
energv fror the ermercing bete and pive rice tr & number of
brarches, each with 8 different endpoint enetev, in the
hete energv distributior. The sum of there branches
resclts in the observed Kurie rlot. Ar accuvate phveics
resvlt erergecs ornlv if one knows the occubatio- fractione
and energjes of thece final excited states ant hence, the
expected chape of the measured distribution. I additior,
the spectrometer resolutior function must be well
understood, A wide recolution functior or lorr tailr ir
this function car introduce a significanmt srmeatinpg jn the
tritiur bete decav spectrur. Such effecte preeriv
corrlicate the interpretation nf the deta. Firzlle, the
everging electrons underge a JdE/dx loss in the source
iteself. 1ldezllv, & measurement of the dE/cdx lecs ir racde
an”? 2 consistant neutrino mass is determined ir sources of
different thiclknesses.

For comclex molecules or tritiur bindincr oracessec,
the final state effects are nnt calculahle wit* sufficiert
precision for 8 hieh accuracv measurement. However .
molecular tritjur (T2) at liguid heliur tempe-stures is
jdeal because the low intermolecular binding energv (on
the order of 1/400 eV) means it essentiallv has the
electronic wavefunction of the free Ty molecule.

We have calculated the B-decav enerev spectrum which
results from the decav of one of the nuclei in the T2
moleculel . 2, An accurste, explicitly correlated basis
set was used to describe the electronic states of bnth the
parent and daughter molecules. All channels which meaning-
fullv effect the spectrum have been incorporated in the
calculation including the resonance and scattering
channels.

Unlike the ator, the HeT* ion in its pround state
has both vibrational and rotastional degrees of freedon
which can absorb energv from the decav betz. At the
liquid heliurm temperature of our source, onlv the lowest
vibrational and rotational states are popbulatec. However,
after the decav, when one of the atoms has beer given an
impulse fror the decav bets, most of the possible
vibrational and rotational stastes will be pooulated for
transitions to bound states. The detaile of thece
calculations will be presented in Ref. 3.

These calculations have been performed independentlv
bv another proup® using totally different techniaues.
In particular, the electronic wavefunctions were



determined wusing a complete configuration intersction
calculation, In 811 casers the apreement betwern thece
approaches wae exceedinglv pooc.

The HeT* is primarilv excited to a8 high vihrational
rtate when, near the endpoint of the bets decsv
distribution, the decav hetn is eritted nesrly B8ligne?
with the internuclear axis. Convercelv, the HeT* iec~ is
left in & hichlv excited rotetionel rtate when the ceczav
beta is eritted nearlv perpendiculsr tn the internuclezr
axis. This courline between the beta decav anc the
vibhrational ard rotational states piver g hiph dencity of
rtates near the top nf the potentisl well (cee Fie. 2Z).
The full width at helf heicht of thie distributio~ is
about 0.7 eV. As g concequence of thic emzl]l spread, the
ground state branch in the Ku-ie plat is sreared hv o-1v
sn averape of 1 eV. This pdditional spread ic & sz2:z!1
penalty to pav for the ease of using polecular rather than
atoric tritiu~.

We present the resulte of aur calculatione in the ferr
of a Kurie Plot. Thece plnts have beer penerated Usi=:
the formele

K(eir ) = 2. lPhK?(E:Er,v\)lllz
n .

where ¢ is the energv meacured relative to the enfpcint
of the spectrur, m, is the neutrino masce, E, iec the
energv level, and P, is the transition probability to
this level, The energy E, is meacyured with respect to
the Jowest energy value in a given treatment of nuclear
motion. If the electronic spectrum of the daughter jor is
used, this lowest energv value is its pround state enrergv
for the Ty equilibrium nuclesr distance, (R = 1.4 bohr),
or its ground staste energv averaged over the ground
vibration of the initial T2 system. If the nuclear-
motion-resolved calculations sre used, E, is relative tn
the ground rovibronic level of HeT*.
K{e:Ey.my) is a single branch of the Kurie ©vlot
defined as

K(e:En.my) = (oo + & - E)1/2 [(my, + & - Ep)2 - my2]1/2

for ¢ 2 E,, and K(¢;En,my) = 0 for € < E5. For the
continuous part of the spectrum, the summation is chanced
to en integration.

In Fig. 3 we compare Xurie plots obtained for burve
nuclear, atomic, and molecular (T9) tritium decav
processes for an assumed 30 eV neutrinp mass. The
molecular plots are presented for three cases: (1
constructed for & fixed internuclear distance (R = 1.4
bohr); (2) obtained for R averazed over the eround state
vibration of the T2 molecule: (3) same as (2) except for
a complete treatment of the final state nuclear motior for
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the mort rsignificantly contributing 3HeT* electronic
ctates. The firal result of this work ifF presented in
plat (3).

Fig. 3 clearlv ghowse that the Kurie plot is comparably
effected far from the endpcint by finel frtate effects in
baoth the ator and the molecule. However within abput 3 eV
from the endpoint the molecular rtovibrational effecte are
much more jmportant than the atomic effects. This
distortion is onlv abnut 3 eV and is accuratelv calculated.

The Kurie plote recylting fror this calculetion are
precented for npeutrinn masces hetween 0N amd SO e\ §n
Fie. 1. The clots become practicallv linear ahove 100 eV
and are verv clote to linerr for € > 75 eV.

Strictlv speaking, these results onlv aprlv to gaceous
Ty. Our source is actuvallv solid tritivm rether than a
free molecule. Neverthelecs, the tritiv- mplecular
wavefunction in the frozer eolid is verv clace to the
molecular wavefunction of the free molecule. We cean
understand this aualitative!lv bv notine that the tritiu~
melting teTherature imrlies that the intermolecular
binding energv is verv muck lees than the orbizal electron

binding enercv. Conseguertly we can exXpect & verv small
pertubaticn on the wolecular wavefunctinn bhecauce of
intermolecular hinding foices. OQuantitivelv, the electron

probabilitv densitv hslfwav te the nearect melecvlar
neighbor ie aporoxiratelv 2 x 10-% of the mavimu~. Thic
small electronic overlap rpives Tise to a nepligihle
distortion of the mnlecular wavefunction. The depth of
the internuciear potential well is approximatelv 1,600
times that of the intermolecular ontential well. This
difference in binding enerpies alsc indicates s verv small
pertubation of the molecular wavefunction in the solid.

The expevimental evidence for s very smsll chanege in
the electronic wavefunctinn resulting from the binding in
the rolid comes from Raman spectrs jin gaseous snd solid
hvdrogen. The vibrational energv levels are determined byv
the shape of the internuclear potential well and the shaue
of this well is determined bv the electronic wave-
function. The typical meacured rhift in the vibrational
enerpgy levels resulting from the binding in solid hvdrogen
is about 1/2000 eV. Since this energyv shift is verv small
compared with the typical vibrational enerev level spacing
of about 0.1 eV, this ies evidence for & vervy small
perturbation in the molecular wavefunctions rtesulting fror
the intermolecular binding in the so0lid. Furthermore, the
molecular binding forces are zo weak that the rotational
states are hardlv perturbed and the molecules can rotate
as though thev were nearlv free. We conclude that the
fractional change in the wavefunction due to
intermolecular binding in the solid js lees than 0.1%.
Hence our results applv to both paseous and frozen Tjp.

The experjmental apparatus is shown in Figure 4, It
is contained in 8 vacuum tank 0.9 m in diameter and 7 m
long. The tank is pascively shieldad hv 2 concentric
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magnetic rhields giving a residumrl field of less than 2
rilligauss §n the active recion, The reource is a liauid
heljur cooled plate on which tritium i8 frozer. Varving
the amount of tritive gac  jntroduced allows source
thickness veriation fror & few monclavere up to anv
thickness. The source points upstream allowinc the decav
electrons to enter & region which is the electrostatic
anslog of a parabols with the rource st ite focue., Hence,
electrons emerging fror the source s8re marped jnto &
larget escentially parallel bear traveling dow-ctream.

Following the electrortatic parshole, &8 variable-
length collimator definec the anctlar ecceptance of the
electrons and limits the maxirur ancle whick the electrons
can make with the aris nf the electrostatic spectrometer.
The =pectrometer consirte of three equallv sprced prid
planes with field shaping electrodes arounc the axic, We
measure the inteersl nurher of electrons within the
passhand of the electrostatic parabola whoce energies are
higher than the center erid potenrial. Electrons leaving
the spectrometer pas< thraurh an electrostatic lers which
focusces thexr onto & solid state detector. Thic derectos
sirnrlvy counts the electrone but does bhave an energyv
resolution of approxirately 1.5 FkeV which gidse in
reiecting low enerev electrons and photone,

The experimental anppa-atus wac tested bv looking at
the 7.3 keV electron coversinr electrone fror Co.
This line has an intriresic HWHY of O(.¢ eV, Qur
meacurement of thie line showed 8 HWHM nf 7 eV, Thie
measured distribution js shown in Figure 5. The teil on
the low energy side is due to the occurance of close-lving
satellites of the conversion lines produced bv

accompanying shake-of f excitations.

In conclusion, we have discussed why frozen tritium is
an ideal source offering the higheet activity per dE/dx of
any material and offering fully calculable final state
effects. These fins)l state effects contribute lesr than
0.2 eV of uncertainty to the final possible determination
of the neutrino mass. In addition, we have built a
spectrometer with a measured resrolution of better than
2 eV. Monte Carlo studies indicate that by using a frozen
source our apparatus will be able to determine the
neutrino mass to better than 2 eV.
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