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ABSTRACT

An initial measurement of the tiritjium beta decay spectrum spanning an
energy range of 16.4 - 18.9 keV has been performed using a free molecular
tritium gas source. With the data from this preliuminary low statistics
measurement (=72 hours of data), we are able to set an upper limit on the
electron-antineutrino mass of 36 eV at the 958 confidence level. Measure-
ments with a gaseous source eliminate many of the ambiguities arising from
uncertalinties assoclated with solid-source base:d measurements. Tha

ultimate neutrino mass sensitivity of our system should be about 10 eV or
less



1. Introduction

The existence of a non-zero electron-antineutrino mass as reported by
Lubimov et al.ll would have important consequences in our understanding of
physics. A neutrino with mass could account for the dack matter observed
in the universe. Many current theories in cosmology require ron-baryonic
dark matter. Also, in most realistic grand unified theories neutrino
masses are quite natural. Thus, {t {s of critical importance to confirm or
refute this result. Unfortunately, the selection of a tritiated complex
amino acid, valine, as the measurement source has raised doubts abour the
current results. With the goal of making tha most unambiguous measurement
of tritium beta decay possibie, a free molecular and atomic gaseous source
and a high-resolution iron-free magnetic spectrometer have been constructed
at Los Alamos. This system will be described along with the presentation
of preliminary results from measurements of the beta spsctrum of free

gaseous molecular tritium.

2. Maasurement Reguirements

There are many i-portant factors to consider in designing a tritium
beta decay experiment that is capable of determining & neutrinc mass of
order 30 oV or less. The energy region of the beta decay spectrum which is
sensitive to the neutrino mass is the region of about the same size as myc2
directly below the endpoint energy. There are two consequences of this
small region of sensitivity which {mpact any measurement. First, the ~count
rate near the endpoint will be very small: for example, in the last 100 eV
below the endpoint in tritiunm the decay oranch is about 2 x 1077 of the
total decay. Thus, a source of reasonable strength s#nd a mersurement
system that is etficient and has a good signal-to-background ratio is
demanded. The second difficulty results from the small energy resgion of
censitivity to neutrfno mass. Sensitivity to neutrino mass effe:ts in the
beta spectrum requires that the total system energy resolution should be
cmaparable to mycz‘ Note that the total system resolution is a convolution
of the instrumental resolution and the source-related resolution functions.
When comparing dit(crent experlments it is important to consider the total
system resolution and not just the instrumental (spectrometer; resolution.

Thus, source strengih, apparatus transmisasion, background,
resolution, and systematic efferts must be carefully cons!dered in

designing an experiment that is sensaitive to nautriwc mass. For the los

Alamos exporiment we chome to build a "retyakov type l.gh-1umincsity



magnetic spectrometer and to employ an intense gaseous tritium source. The
next (wo sections will detail the reasons for selecting this arrangement

and describe the experiment.

3. Properties of a Molecular or Atomjic Gaseous Tritium Source

The principal reason for using a gaseous source of free atomic or
molecular tritium is that it is the simplest possible system. This
eliminates the numerous uncertainties and complications that arise in
analyzing data obtained from a solid source. As we shall show, the price
one pays for having the simplest date to interpret is that the expe:imental
apparatus necessary to produce a gaseous source and measure the tritium
beta spectrum is much more complica“ed than for a measurement based on a
solid source,

There are several clear advantages to using a free gaseous source.
First. the source resolution function is the narrowest possible. 1In a
gaseous soﬁrce the sole contributionr to the source resolution function is
the energy loss of electrons in the ssurce. But, since a pure tritium
source has the highest specific activity per unit mass of any source, then
the source thickness and corresponding energy loss is the minimum possible.
For all s»nlld snurces, except solid tritium, the energy loss per unit
activity of tritium must be greater. Another advantage of a gaseous source
is that the resolution function resulting from source energy losses can be
carefully studied as a function of source thickness. This is because the
source thickness is simply determined by thc gas pressure in the source
region and in our system it is trivial tc adjust this pressure.

In addition to the energy-loss machanism, solid sources have two
additional processes which contribute to the source resolution function.
One additional resolution smearing process is hackscattering from the
source backing substrate. The other effect is energy loss from
contamination on the front surface of the source. There are ways to
minimize the contribution from backscattering and contamination, but these
effeci's are impossible to eliminate.

tnother critical reason for choosing a gaseous source of pure tritium
is that the so called "final state effects" are minimal and well
understood. When a tritium atom decavs to a JHe* 1on there is a
probability of populating any of the energetically allowed final atomic
states nf the daughter Jie* fon. In order to extract a neutrino mass from

a tritium bets decay spectrum accurately it is necessary to know precissly



the branching ratios and energies for all possible final decay states and
include this in the analysis. This is essential because the reported
neutrino mass is of the same order as the binding energy of electrons in
3He. Since the transition to each atomic state has a different endpoint,
the shape of the total spasctrum is complicated. Hence when experimental
resolutions are folded in, the spectrum can resemble a decay with different
branching ratios and a massive neutrino. The only cases for which the
decay probabilities can be accurately determined are for atomic tritium (T
- 3He+) and molecular tritiwn (T2 - T3He+).

For the simplest case, free atomic trjtium decaying to a 3He* ion,
the calculation of branching ratios and final states can be done to great

accuracyzl

using the "sudden approximation” wherein the nuclear charge is
assumed to change abruptly by cne at the instant of g decay (Fig. 1).
Recently, more difficult calculations of comparable accuracy to the atomic
case have been performed3'al for wolecular tritium (Fig. 2). In comparing
the decay probabilities for the two cases it is obvious that in going from
the atomic to the molecular case the branch to the ground state is reduced
significantly and that the complexity of the decay scheme is increased.
Obviously, the decay schemes from tritium in complex molecules or implanted
into solid sources are even more complicated. 'nfortunately, calculations
of the final stutes for any systems other than atomic or molecular tritium
are much less certain. The final states for many solid sources are for
practical purposes impnssible to talculate and require making some
assumptions or approximations to s3impler structures. For most axperiments
employing complicated molecular solid sources or sources of tritium
implanted into solids, the uncertainty in knowledge of the final state
effects is the dominant uncertainty in the measurements.

Using a gaseous source of tritium makes for a simple and clean
interpretation of the beta decay spectrum, but does introduce certain
difficulties into the actual measurement. Fortunately, these problems ca
all be solved by caraful design of the experiment’s apparatus. Obviously a
gaseous snur:e wil) be of low density and, thus, thin with low activity.
But bv building an extended source region with good extraction efficiency
of the betas that ducay in the region, one can overcone the low density
problem. Another potential piroblem is that of smource strength (pressure)
fluctuations. It is impossible to have a constant souvce pressure, but by
having a monitor system that measures the source activity at the same time

as the beta spectrum measurement it is possible to know the source strength
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to great accuracy. One would also expect that contamination of the energy
analyzing systen would be extremely likely with a free gaseous source.
However, as we will show in the next section, this problem is also
solvable.

Finally, it is critical in any tritium experiment to Le able to make
& accurate idetermination of the total resolution function of the system.
Obviously, the resolution of an extended gaseous source 1s not expected to
be the same as for a solid source or an electron gun. There is, however,
an ideal gaseous line source available. The short-lived (l.4 hours) 83my
isomer, a daughter of 83-day 83Rb isotope, has a narrow concrsion line at
17.84 k~V, The energy at which this line occurs is well matched with the
energy region being measured in the tritium hata decay. Thus, it is
possible ro determine the instrumental resolution function by using this
source and rurning under conditions essentially identical to those of the
tritium source. It is also possible to determine energy loss in the source
by mixing the Kr source (which has a negligible thickness) with either
hydrogen or deuteri.r gas and observing the effect on the total resolution.
Hence, the total resolution function for the entire measurement system can

be exper.men:ally verified.

4. Qvervjew of the Los Alamos Experiment

A schematic view o) tlie Los Alamos experiment is shown in Fig. 3.
The apparatus can be d’vided for discussion purposes into three distinct
sections: a source region, a pumping restriction and extraction section,
and a toroidal magnetic spectrometer. The extended source 15 required to
reach a svfficient source intensity. Placing this source in a strong axial
magnetic field with a pinch ut one end allows the extraction of most of the
betas from the tritium decays into the extraction reglon. The pumping
restriction and extraction reglon serves two purposes: to stop tritium
molecules from reaching the spectrometer and to focus the betas emerging
from the source region into the spectrometer. The toroidal spectrometer
analyzes the momentum of the betas, allowing a precise measurement of the

tritium energy srectrum near the endpoint.

a. Atomic and mo’'acular. source

The source decay replor consists of a 3.86-m long 3.8-cm diameter
highly polished aluminum tube which i{s pumped by Hg difiusion pumps lccated
at each end. When running with rtomic gas. molecular tritinm at 300-mT

pressure enters a Pyrex dischar,e tubs where the molecules are dissociated
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in an RF discharge. The tritium atoms emerge through 2 small orifice into
the source tube at the midpoint between the two pumps. The highly polishea
aluminum tube’s surface has a thin layer of alurinum oxide which inhibits
recombination. For hydrogen &nd deuterium, we have made measurements of
recombination rates on aluminum at cyrogenic temperatures. Typically at
140K a hydrogen or deuterium atom can undergo 50,000 "bounces" before
recombining. Tritium is nut expected to behave very differently.

An equilibrium density of atomic T is built up as establish=d by the
influx &and the conductance of the tube. The average atom “ounces
approximately 4,000 times on the walls before being pumped away, so
recombination is small. The equivalent souvrce thickness integrated along
the axis is conservatively estimated to be 1015 - 1016 tricium atoms/cm2 of
85-90% pure atomic tritium. The presence of a molecular component (10-15%)
in the source gas is inevitable and not a serious problem if steps are
taken tc monitor and correct for it. The experimental molecular spectrum
can be scalad and subtracted from the total atomic-plus-molecular spectrum
to obtein & pure atomic spectrum. The molecular-to-atomic ratio must be
known and will be measured by UV absorption spectroscopy. For measurements
of the molecular tritium spectrum, the same system is used except that the
RF dissoclator 1is turned off. The source strength for molecular tritium
can be 5 times higher than atomic, and is limited only by the energy loss
in the source gas that can be tolerated.

The source region is in a solenoidal magnetic field of about 1.5 kG
with a small axlial gradient. The electrons are constrained to spiral about
the field lines (Bp < 463 Gauss-cm). At one end of the solenoid a pinch
coil with a peak field of about 4 kG reflects most of the A's that start
with a velocity component directed towards that end; as a result about 90%
of the 8's reach the weak fleld end of the solenoid. Sapphire standoffs
allow the aluminum Source tube to be thermally regulated to minimize
recombination, but electrically isolated. so that the potential of the
entire decay r2glon can be varied up to 20 kV. (This hias is applied with a
highly stable power supply and accurately measured with a voltage divider
certified by two independent standards laboratories to be accurate to 2 V
at 20 kV.) The blasing of the source tube allows the electrons emerging
from the weak field end of the tube to be accelarated through a potential
of typically 10 kV.

This acceleration is one of the critical features of the experiment.

By blusing the source tube, the betas that decay 1, the source region are



accelerated when they emerge into the extraction region. This energy gain
is never compensated by deceleration later !n the apparatus. tilence, the
betas decaying in the source region can be differentiated from backgiound
tritium decays that occur elsewhere in the system. The second advantage of
acceleration i{s that the spatial component of phase space 1s reduced.

Thus, not only is the background in the region of the shifted endpsint far
lower than it would be at 18 keV, but the emittance of the beam is
improved. The price paild is, of course, that higher resolving power {is
required in th:.: spectrometer.

One final feature to note in the source region i{s the placement of a
hot filament in the region of the magretic pinch. A mechanism exists
whereby the source potential might be altered by the space charge built up
from positive ions remaining from decays in the source. These ilons are
effectively trapped by the magnetic field and the potentials at the ends.
But thermal electrons emitted from the filament will neutralize these ions.
The emission of electrons is self-regulating and depends on the space
charge built up in the cell. This prevents the space charge from exceeding
1v.

The acceleration of betas emerging from the weak field end of the
source 1s accomplished at an acceleration gap located between the source
tube and pumping restriction. Spectrum distortion can vesult from tritium
decaying in the acceleration region. However, the frac-ion of detected
decays occurring in the accelaratiun gap is ler than 10°3 of the accepted
decays from the source region.

Scanning the beta spectrum can be performed in several ways, tut the
preferred method is to vary the potential of the source tube while
maintaining all magnetic fields fixed. While this causes a (smooth)
en~rgy-depen-ence of extraction efficiency, the advantage of presenting the
extraction lens., spectrometer and focal plane detector with fixed-energy

particles 1is considerable.

b. Pupping restriction and extraction region

The pumping restriction and extraction region is a ditferential
pumping system that allows a windowless source while limiting tritium
contamination of the spectrometer to 0.4 mCi/day. The accelerated beta
particles from the source are focused tuv a collimator located at the object
of the spectrometer. The collimator limits the acceptance of the

spectrometer sc that betas that emerge from or strike the source walls can



be rejected absclutely, independent of aberrations or imperfections in the
electron-optical system. This is most important because a monolayer of
adsorbed tritium would represent 3 orders of magnitude more activity than

the gaseous source.

c. Spectrometer

Our spectrometer design was based on considerations of resolution,
acceptance, background, and ease of injecting betas from a gaseous source.
The resulting toroidal, iron-free, spectrometer (fig. 3) is similar to that
of Tretyakovsl, but differs in a number of respects. First, electrons
enter at an angle of (24 * 5)° to the axis because they are essentially
injected from a beam instead of emerging from a solid source. Also,
several significant improvements over the original Tretyakov design were
incorporated in cur spectrometer, By using curved non-linear conductors
third-order aberrations that degrade the resolution ware corrected for
ylelding a factor of 3 increase in solid angle and improved resolution.
Another improvement is the use of thin copper strips (0.5 x 13 x 170 mm) to
carry the current where electron orbits cross the axls. Use of these thin
strips rather than thick water-cooled conductors allows approximately 75%
of the electrons to be transmitted to the focal plane (compared to 4.5% in
the original Tretyakov design). The spectrometer itself accepts 53% of the
incoming cone of rays. Other transmission factors include detector
efficlency (75%) and losses at the magnetic pinch (90% of 4x source is
available). These factors lead to a calculated luminosity of 0.14 cm2.

The intrinsic resolucion, E/AE, of the spectrometer is at present about
1100.

To realize the full capabilities of the spectrometer it is necessary
to reduce the influence of external magnetic flelds., particularly the
earth’s field. The permissibie transverse field is small, approximately
1072 G, but rather large axial fields (0.1 G) can be tolerated. To achieve
this level of magnetic shielding, an active shield comprised of two sine
coils (conductors spaced around the vacuum vessel and dri.en in proportion
to the sine of the angle from the transverse field direction) with {luxgate
magnetometers to provide feedback to the coils is used. Detailed
measurements of ambient and local variations of the magnetic field I{n the
building where *he spectrcmeter and source are situated, together with

measurements of spectrometer resolution as a function of beta energy.

indicate that this system provides the necessary transverse shieiding.



The focal-lire detector used in the spectrometer is a gas
proportional counter with both position and energy secalitivity. In our
present detector, 26 keV electrons are detacted with an energy resolution
of 20¢ and a position resolution of 4.0 mm, The efficiency (peak-to-total
ratio) and the background count rate are 75% and 0.C04 councs/sec,
respectively.

Although the spectrometer does have a focal line length of a few
resolution widths, it ig essentially a point-by-point device. As mentioned
earlier there will certainly be intensity fluctuations of the gaseous
source. Thus, a satisfactory means of normalizing the intensity during
each measurement point is required, "This is accompliished by using a solid-
state detector (Beta Monitor in Fig. 3) to detect a small fraction of betas
which have boen accelerated from the source before :they are focused onto
the spectrometer entrance collimator. As the spectrum is scanned by
varying the source potential, it is necassary to float this solid-state
detector at the same voltage as the tube to eliminate any variation of

detector efficiency that might affect the normalization,.

5. System Parformance and Res¢luticn Measurements

The entire system became fully operutional snd the first beta
spectrum from a T, source was measursd in June 1985. A variety of different
tests und calibrations to study the electron-optical characteristics of the
system has been performed to verify and accurately determine the system
parameters. The initial transmission, resolution, and backgiound
performances of the system will be presented below. However, please note

that in meny cases these initial results are not the finai values we expect

to aclieve.

a. Apparatys Transmission

From ray-tracing calculations we expect that about 258 of the
effective source area can be extracted with very simple electron-optical
design. Mesgurements with a solid 103gy gource give a 25% 1ncusing
efficiency, in agreemeant with the calculations. However, measurements with
the extended gaseous 83m¢r source give a total extraction efficiency times
spectrometer tranamission a factor uf three lower than calculated. This

discrepancy 1is currently being studied.



At present, we vary the acceleration of the betas from the source to
scan the beta spectrum, and leave the spectrometer at a fixed energy to
accept 26 kcV betas. The initial observed resolution width of the gaseous
83myr {somer in the source was 65 eV FWHM (Fig. 5). Calculatio:s were
performed to deconvolute the intrinsic line width®! of 2.26 ev and shake -up
and shake-of f effects7'8'9] froz the observed resolution. From our
calcu'etions we derive an instrumental resolution of 54 eV FWHM for the
total aystem (Figz. 5). Note that care is needed to ensure that the
linewidih, shake-up, and shake-off effects of the Kr suurce are known to
sufficient accuracy. Mcre detailed calculations and sxperimental studies
using synchrotron light are also planned to verify these data.

The molecular tritium spectrwn presented in this paper was taken with
this 54 eV FWHM instrumental resolution. However, afier these data were
taken some modificacions to the syscem were implemented and now an
instrumental resolution of 37 eV FWHM has been achieved. While this is
acceptable for initial data acquisition, we will continue to work to
irprove the resolution.

For the present molecular tritium diata, the other component to the
total system resciution, namely the enegy loss of betas in the source, is
regligible. The source thickness {n these early measurements is extremely
simall, applroxiwmately 10°3 g em 2. However 1n calculating the enecgy
losses. the effective path length vf the betus In the B-field must be taken
into accuunt since some electrens can travel up to 40 m in the source gas
while spiraling arcvun.. (e tield iines. Nevertheless, eveon for the
electrons that rravel fe¢rthast, the average energy 10ss is oriy about 0.5
¢V. Fortunately, detalled measursments of inelastic cross sections for
electrons on li, have been made, and even the small energy loss mxpected can
be corrected. Actual resoluticn measurements using the Kr line source mixed
with hydrogen or deuterium gas to achieve the source pressure used during
tritium measurements are planned to verify the energy loss calculations.
¢. Background

Dackground arisos from saveral possible sources: cosmic rays,
trlciuwa, other radioactivity, and scatterad electrons in the spectrometer.
As has Yeen desciibed, rejection of tritium background ia very high by
virtue of the preaccelervation and use of an energy-sensitive detec....

One of the advantiges of Tretyakov's spectrometer cosign 's its
inherent suppression of scattering backgrourds. The spectrometer is in

fact five mpeciromoters in tandem, and electrons with an energy a fow
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percent away from the focused energy are rejected at the first stage. The
main scattering contribution thus comes from collisions with the inner
conductors entalling very small energy losses and angul .r changes. This
background scales with the signal and is estimated to be at tho level of
10'3 or less. Experimental measurements of scattering made with the
electron gun have confirmed that scattering is negligible,

Initially our chief background concern was that tritiun contamination
could eventually build up in the spectrometer and affeqt our bsckground
rate. However, after scveral months of running trictium, we have not
observed any detectable change in tha background. Thus, our built-in
safeguards of the pumping restriction and a 50,000 f/sec Ti sublimator pump
located at the entrance to the spectrometer seem to be working very
effectively.

The present background rate using a single-resistive-wire detector is
(.004 counts/sec. Tests indicate that the majority of this background is
from cosulic ray muons. To reduce this componen: even further we cre
developing a multiwire detector to discriminate between through-noing

particles and stopping particles.

6. Molecular Tritiun Data Acquisiti-n aud_Aualysis

A preliminary 3-day molecular tritium beta spectrum measurement was
completed in January 1986. An energy range of 16.44 to 18.9/4 keV was
covered in 10 eV steps. The energy region was scanned in a randem fashin~n
to eliminate time dependent sy.tematic errors. To correct fcr the sour: e
strength the counts from the proportional counter wero divided by the beta
monitor counts. An additional correction for source strength fluctuations
and an estimatc of systematic errors in the normalized counts was obtaired
by repeatedly measunf;é a "calibruation" energy point a_. 16.44 keV in
between measurements of the "qenl“ data points. (In other words after one
or tvo measurements of data runs the 16.44 keV energy point would be
remeasured.) The data points were measured for 600 secs while the
rcalibration points were measured for 200 secs. The molecular source was run
at yreduced pressure because of a dofact in one of the sapphire high-voltage
standoffs. Nevertheless, in the last 100 eV of the spectrum we obtained a

1

count rate of 0.15 sec”™ ", which compares quite well with the rate obtaf!ned

by Lubimov et al., 0.0 sec’ . The background count rate during the run was
0.004 soc’l. The measured bLeta spactrum is shown in Fig. 7 along with a

Kurie plot of the data. Note that the error bara include bhoth the



statistical error and the systematic error based on all of the 16.44 keV
calibration runs. The absolute energy calibration is based on the 17.835-
keV Kr conversion line which is known to an accuracy of 20 eV 10].

These data were taken by keeping the magnetic fields and spectrometer
field constant (to accept 26 keV betas), while the source potential was
varied to scan the energy region. The advantage of this procedure is that
the spectrometer acceptance, the detector background, and backscattering
from the detector window are constant (for constant energy particles).
Nevertheless, it is still possible for the efficiency of extractinn to vary
with the acceleration voltage. This is a smooth variation which is
generally calculable But imperfections in the electron-opticsl system
will almost certainly lead to small deviations from this idcal behavior,
anu an empirical correction similar to that used by Lubimov et al. and by
Bergkvistll] is required in fitting the data. However, the normalization
¢f the count rute to the beta monitor, whose extraction efficiency tracks
that of the speoctrometer, cancels to first order the extraction afficiency
variations and produces a very linear Kurie plot (Fig. 7). 1In fitting the
data only a small quadratic correction term, less than 10°8 av 2 14

necessar:.,

7. Daia Analysis
The calculation of the predicted beta spectrum includes molecular

final state cnlculationn3]
12)

, Coulomb corrections, screening corrections,

nuclear recoil effects 12]

, weak magnetisu , and acceleration gap
corrections (the last two corrections are negligible). The total system
resolution function is then folded into the calcul&tes data. A four-
parameter fit using a non-linear least s uares rout1n013] {s then perforned
for which the four parameters are. amplitude, endpcint energy, neutrino
mass, and a extraction efficien:y torm.

The accuracy cf the fitting codes was choecked by generating beta
spectra including the same corrections listed above from a totally
independent. data-generation code. These two codes ware developed by
sepurate people totally independertly to ensmure a true check on the
succuracy of the fitting code. Bnta cpectra using a variety of differeunt
parameters were calculated using the peneration code., These data were then
input into the fitting code and the resulting fit parameters vofe then
compared ‘o the original input parameters. Agreement was exceptlonal even

for cases where very small neutrinc masses (eV’a) and poor resolution
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functions (50-70 eV) were used. The results from this "blind" check of the
fitting code give us a high level of confidence in our analysis procedure.

Another code was written to generate realistic Monte Carlo mock data.
This allows us to {nvestigate and determine the effects of various
systematics and correlations between variahles. It is essentially
impo::sible to gauge these effects any other way. Crude analytical
argunents and simplifications are not accurate because of the complicated
corrc:lations between parameters.

The molecular beta spectrum from our 3-day run was analyzed using the
procedure outlined above. The resolution function used was the 54 eV FWHM
tctal resclution function extracted from the Kr resolution function. A
residual plot of the beta spectrum data versus the bast fit is shown in
Fig. 8. The residual for each data point is the difference between che
measured value and calculated value divided by the point’s error bar. The
endpoint energy from this fit {s 18.581 keV which ylelds an atumic mass
difference for T-He of 18.597 % 0.020 keV, where the uncertainty is
dominated by the uncertainty in the 83mKr line energy.

< 36 eV at the 95%
2

From this short 3-day run we find that m
2

v
best fit was for m =0. The total x
2

confidence level. The x was 279 for

242 degrees of freedom. Figure 9 is a plot of x° versus neutrino mass.

8. Conclusions

The preliminary 3 days of molecular tritium data we have presented
heve ofiers a hint of the eventual results possible using a free gaseous
tritium source. With systematic errors at the few eV level and a
spectrometer resolution in the 30 eV range (known to 1 eV accuracy), we
will be statistics-limited down to a nnrutrino mass below 10 eV. With our
expected event rate of 1 count/sec in the last 100 eV, and our demonstrated
background leval of 0.004 counts/sec, we should ba able to set a limit on a
neutrino mass of 10 eV (95% C.L.) using molecular tritf{um.

However, we are continuing work to improve the aspectrometer
resolution, increar the transmission and the source strength, and reduce
backgrcunds. Thn present limitations on these parametors have been largsly
identified and tractable solutions have been found. We plan to implement
these improvements, perform systematic checks, and acquire sufficiount
statistica to set a limit of 10 eV or better with molecular tritium. Upon
completion of running with molecular tritium, we will then bring the atomic

tritfum source into operation. Then syatematic checks will be performeil
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and sufficient statistics accumulated to set a limit of 10 eV or better
with atomic tritium.

Employing a gaseous source s admittedly experimentally compiex. but
we believe it is the approach that provides the most unambiguous

information about a possible neutrino mass in the eV-range.

REFERENCES

1. V. A. Lubimov, E. ¢. Novikov, V. Z. Nozik, E. F. Tretyakov, V. S.
Kosik, and N. F. Myasoedov, Zh. Exp. Teor., Fiz. 8], 1158 (198l1) and
« »ntributions these proceedings.

2. I D. Williams and S. E. Koonin, Phys. Rev. €27, 1815 (1983).

3. R. L. Martin and J. S. Cohen, Phys. Lett. 110A, 95 (1985).

4 W. Kolos et al., Phys. Rev. All, 551 (1985); O. Fackler et al., Phys.
Rev. lLett., 35, 1388 (1985).

5. E. F. T-etyakov, Isv. Akad. Nauk. §.5.S_R., Ser. Fiz, 39, 102 (1975).
6. V. Bambynek et al., Rev. Mod. Phys. 44, 716 (1972).

7. T. A. Carlson and C. W. Nestor, Phys. Rev. A8, 2887 (1973).

8. V. P. Spears et al., Phys. Rev. A9, 1603 (1974).

9. J. S. Levinger, Phys. Rev 90, 11 (1953).

10. S. L. Ruby et al., Phys. Lett. 36A, 321 (1971).

11. K. E. Bergkvist, Nucl. Phys. B39, 31~ (1972).

12, J. Friar, private communication,.

13. The IMSL Library - Mathematics and Statistics, IMSL, Houston, Texas.



