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Abstract

A new ype of eleciron spectromeled 1s under construction at Mainz Univer-
sty (hal altows a memsercment of the B-spectrum of Invum with bigh
resolution and 1zansmission in order (o deternnine the neufrino rest mass. i
consisis of « source that contains alomic Iritiam, trapped in a high magneltic
field. anad a salenoid relarding specirometer

1. Introduction

The question of a finile neutrino mass has penelrated in
recent ycars almost any ficld of physics. Tt concerns the
fundamental concepts of elementary particle physics as well
as Lhose of astrophysics. Much more spread. even, is the
experimental interest in measuring (he neutrino mass. The
greal number of differen( attempts may be grouped into two
classes: (1) direct mass measurement from weak decay spec-
tra; (2) indirecl measuremen( from (a) v-oscillations and
(b) newtrino-less double p-decay. Our expeniment, belonging
1o the first roup, addresses itself in particular 1o the classical
problem of delermining the U.-mass (rom the p-decay spec-
trum of tritum near its endpoint at 18.6keV. There, it is
conveniently expressed in terms of the dimension-less quantity,

(Qo — E)im., (1

i.e., the difference belween the 10tal decay energy Q, and the
electron energy £ in units of an assumed v,-mass m,. The
differential decay rale near the endpoint is then approximately
given by

dR(g) =

L =

S(e)de ~ 1 x 107" R(m_eVY

x (¢ /&8 — Nde, ¢ >,

)

where R 1s the 1olal decay rale and mz, is taken in electron
volts. The function in brackets approaches the limit ¢* - %
for ¢ » 1. )t is to be replaced by & for all ¢ > 0 if (he
neulnno mass is in {act zero. The sigmficance of a possibie
v.-mass in dR(¢) 15 practically limited to the range ¢ £ 3
which conlains a fracuonal decay rate of only

AR( < 3R ~ 1077 (m_feV)'. (3)

For larger ¢ the U,-mass causes a small, but constant ofisct of
the spectrum which is geuting lost 1n the fluctuauons of the
rapidly increasing count rate.

Besides the obvious count rate problem the experiment
faces Lwo more basic dificulties: (1) The deterioration of the
endpoint spectrum by final stale interaction in a solid tasgel;
{2) the resolution of Lthe P-spectrometer which preferably
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should resolve the significant part of the spectrum (2) as well
as the final s1ate effects. In experiments, using traditional
magnetic spectrometers, the two latter problems are coupled
to the count rate problem by the unfortunate ¢ircumstance
that a higher resolution of the instruments can be pained only
on cost of their transmssion. The difficulty of anaiyzing
endpoint spectra which have a debalable structure with respect
(o the fina) state effects and which have been measured with
limited s1alistics and resolution only, has led (o the present
controversy in the literature, where onc group msists on a
finitc mass [1]

17¢V € m, € 40eV

whereas its strongesl opponenl guotes a null result {2)
m_ < 18eV (95% c.l).

A recent atiempt to avoid the problem of spectral deteriora-
tion in a solid by vse of a gascous (rtium target yielded a
value of [3]

m, < 268eV (95% c.l).

\

Itcorroborates the result of Refl. [2) but still faces Ihe problem
of statistics in view of the small transmission of the spectro-
meter angd Lhe rather limited source strength,

The experimental scheme deseribed in this paper tries to
attack the three basic problems of spectral deterioration, low
transmission and Jimiled resolution by a complelely different
approdach. First ideas in this direcl:on were stimutated by the
successlul experiments 1o store samples of about 10" spin-
polarized 'H-atoms in a magnetic trap al low temperature [4.
5] which might solve the source problem when applied to 'H.
Thinking the case over, il lurned oult thal the trapping magncl
might also (orm the basic element of an almost ideal spectro-
meter as descnbed below. While preparing this experiment
the same idea has been published by Lobashev et ol [6].

2. Principle of a source of trapped spin-polarized *H-atoms

The atomic hydrogen trap mentioned in the introduction
follows a hybnd (rapping scheme (compare 1g. |, Jeft side).
Axial confinement is achieved by the Stern—Gerlach potential
of an inhomogeneous magnetic field of 8-10Tesla central
strength. It stores hydrogen atoms with negative electron spin
projection at thermal energics not cxceeding ~ 1 Kelvin.
Those with positive spin projection are expelted from the
trap. Radial confincment is provided by a cylinder covered
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Fix. 1. Ponciple of a solenoid retardalion spectrometer for analyzing the cndpoint specirum of the f-decay from a mugneticuily trapped atomic ritium
source. Lef: T-container covered with suprafiuid He and placed in the ecentre of an inhomogencous 8 T field. Middle. Electrostatic fitier placed in a weak
magnelic field of about 107 T. Right. Second 8 T field reconcentrating the Rux of (ransmitted §-particles onte (he detector.

with a superfluid He film on which atomic hydrogen will
nol condense al any temperature. Thus the atoms could
only be lost by recombination. This does nol occur in a
spin-polarized gas, however, since the triplet states of the
H,-moleculc are unbound. This way, it was possible to store
hydrogen atoms at densities of 10'%/cm’ for 1imes of hours
[7.8]. Applied 1o tritium this scheme would obviously provide
an ideal source for measuring the endpoint spectrum. How-
ever, physical chemistry of trittum at low temperatures is
distinctly different from that of hydrogen due to the reduced
zero point motion of the former. Calculations indicate that
atomic tritium is probably still unbound by a few K in bulk
liquid He with respect to 1he vacuum state. Bot the calcula-
tions also show the existence of bound surface states for
trttum into which most of atoms may condensate at low
temperature in constrast to the hydrogen case. The question
has to be settled by experiments which are underway else-
where [9]. To begin with we consider, therefore, a frozen
T,-source for which final state effects seem to be calculable
with sufficient precision [10).

3. Principle of a solenoid retardation spectrometer

With the source placed in the centre of a solenoid, a decay
electron will spiral into the low field region along and around
the particular field Jine at which it was born (compare Fig. 1).
On its path into low field, the electron will be accelerated
axially on cost of the transverse energy of its cyclotron
motion. In case of adiabatic motion (i.e.. the relative change
ol the magnetic field during one cyclotron period is every-
where much smaller than 1), the transverse kinetic energy is
reduced by the same factor by which Lhe field has dropped:

EJE; = Bi/B,. 4)

Let us assume the ratio B,/B, = 10 * T/9 T, then the maxi-
mum possible value of E; would be 2eV for an electron
starting with a total energy of t8keV at B,. Assuming B,
being a homogencous field, furthermose, one could retard the
electrons in an electric field of a double condenser, formed by

3 parallel grids. e.g., Setting the central gnd at the potential —
U, all ¢lectrons with a parallel kinetic energy £; > eU would
pass the grid. They would theo be re-accelerated in the second
half of the condenser and be refocussed on g delector by a
second solenoid (see Fig. 1). Since E, diflfers from the 101a!
starting energy E + E; by no more than 2eV for any
direction of decay into the forward hemisphere, the trans-
mission of the electrostatic filter would drop from | 10 0
within that energy interval.

It thus combines the advaniages of very high resolution
and optimum transmission. Its inlegral way of functioning
would not be disturbing, really, since one would operate il
anyhow close to the endpoint only where the uninteresting
low cnergy part of the spectrum is rejected.

However, a design as sketched jn Fig. | contains some
serious dangers and drawbacks:

(1) The gnds and. in particular, the central electrode
represent an uncalculable and probably fatal source of back-
ground. Because ¢lectrons emerging from these prids by the
decay of any adsorbed trittum contamination or by second-
ary emission due to cosmics will reach the detector unfiltered.
Therefore, the magnetic flux tube within which the electrons
are transported from the source to the detector should not
contain any matter and should be kept at ultrahigh vacuum.
On the other hand, this solenoidal transpor( system protects
the detector from any background electrons originating from
somewhere outside the flux tube (e.g.. from the walls of the
vacuum lank), since these electrons will spirat along a field
line by-passing the detector area. This is an advantage over
conventional, purely electrostatic filters.

(2) If the electrons were guided at full energy into the Jow
field region, their spiral molion would stretch oul to an
almost straight line. Consequently the adiabaticily criterium
could be fulfilled only at very small magnetic field gradienls.
requiring an enormous length of the apparatus.

1t is preferable, therefore, to decelarate electrostatically
the logitudinal motion already in the transition region fram
high to low B-field such that the longitudinal acceleration by
the magnetic field gradient is just compensated. In order not
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Fig. 2. Transmission functon of an [ keV (est specirometer, measored as a
function of the ceniral guiding field &8, [U1)

o defiect the electrons, the E-lines should in principle be
always parallel 1o the B-lines. But Lhis condition 1s relaxed
considerably by the stabilizing action of the (much stronger)
Loreniz force which himiis the side drift of the eleciron 1o s1ay
within the diameicr of the well-known rosette of magnetron
motion. This effect has been demonstrated recently in a
pilot expenment, where a ] keV electron beam passed an
electrosiatic filter. Jt consisted of 2 series of ring electrodes
with (he maximum potential on the central one. Parallel to
the beam axis an inhomogeneous magnetic field was applied
which decreased by a laclor five on the way [rom Lhe electron
source (o the central electrode in order 1o parallize the elec-
tron beam. Figure 2 shows the filter transmijssion as a func-
uon of the ceniral potential for different values of the mag-
netic field strenglth (measured at its muntmum value in the
cenire). One observes that the half width decreases from
about 5 to 1eV by increasing the field from 8 1o 240G [I1].
The electron behaves just like a bullet - so to say — the path
of which s the suffer the faster it spins. It can be shown,
moreover, that in @ magnelic monopole field (he electron
motion is s(rictly adiabatic in the sense of eq. (4). irrespeclive
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Fig. 3. Configuration of clectrodes and Hiclds of the solenoid relardation
specleomeler under construclion. Further explanations n the text. Dimen-
10ns are given on (he 7~ and z-axis: on the right ordinate atso the scale of the
B-ficld on the 2-axis (dashed curve)

of the large gradient (~ 1/r') of such a field (12). A magnetic
monopole field is realized approximately around the front
end of a solenoid. The corresponding etecine monopole field
for langiludinal deceleration can be generated by a series of
ring electrodes whose diameter and potential increase oul-
wards.

Figure 3 shows the acrangement of electrodes. In the upper
part are the front clecirodes, facing the solenoid, in the Jower
one the central electrodes where ihe repelling potential attains
its maximum value Shown js anly a cross section through
the upper left seclor of the speciromeleer which observes
cylindrical symmetsy around the z-axis and mirror symmetry
with respect to its central plane at z = |95cm. The dashed
hne gives the magnetic field strength on Lhe :-axis as
produced by the two solenoids placed at both ends of the
spectrometer. One comains the source, the other the detector

The decisive cquipotential lines ncar the center of the
spectrometer are plotted with a spacing of | V in the lower
nght part of Fig 3. They prove thal the variation of the
maximum potentia: (}8000 V) in the symmelry plane (i.e.,
the central potential hole) 15 of the order of 1eV only thus
enabling a very high resolution over (he full plane of the
spectrometer This high constancy of the central potential ik
achieved by virtue of this spectal design which keeps the front
electrodes (being dangerous because of its very different
potential) small and well-shielded by the intermediate ones.

We conclude this section by presenting some resulls of
numerical calculations of parucle trajeciones performed wilh
the well-knowp Herrmannsfeldt program [)3). 1t was modi-
fied. however, in order 1o facilitate the Runge-Kuua integra-
nion of the lrajectory which has an extremely stcong curvature
n a fixed coordinale system que 1o the large Lorentz force.
This requires a very Jarge number of integration steps. 1t wax
advisable. therefore, to integrate the equation of motion in an
accompanying cylindrcal coordinate frame which is aligned
everywhere 1o th particular magnetic field line around which
the electron spirals, In this system the asimuth [¢(2)] and the
radius [r(2)) of the trajectory vary only smoothly with the
prepagation along the actval z-axis [14).

Figuse 4 shows the check of the adiabatic transformation
of transverse energy according eq. (4) along a typical trajec-
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Fig. 4. Numerical chock of adiabacity. Lower curve, Relalive change of
magnetic field AB/B per cyclotron period. Upper curve: Violation of
adiabacity as measured by the funcion B,/8, 4 (£ — |. Beyond
o = 60cm it levels off. With respect (o £)' )L corresponds to a deviation of
AE* ~ 0.1V at the righl end of Lhe dizgram
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Fig. 5. Two critical electron trajectaries. bolh starting off axis with a total energy £, being ~ 1eV above the ¢entral polential barner at z =
one starting with polar angle 9 = 10° passes the barrier, the one starting with 3 = 80° is relecied al = =

ol the barrier.

tory through the field configuration of Fig. 3. One remarks
thal the violation of eq. (4) never exceeds a few percent which
is quite satislaclory. Thus the cakculation insures that the
spectrometec will indeed reach the proposed steep trans-
mission function which drops from | to 0 within an energy
range of

AE ~ Ell ~ Eo B;/Bo (5)

which is aboul 07 E, for the fiedd configuration considered.
This 1s further demonstrated by the two calculated trajec-
tories shown in Fig. 5. In both cases the electron starts with
the same total energy E; chosen about 1¢V above the filter
potential. The one, emitted with a polar angle 3 = 80°, is
reflected just before the symmetry plane at a potential of
about 0.5V below the maximum one, whereas the one start-
ing with § = 10° passes the filter.

4. Status of the experiment

The design of the spectrometer has been finished early in
1987. The spectrometer tank and the superconducting sol-
enoids have been delivered this summer. The whole set-up

197cm. The
187 ctn. a fracuion of a Volt below the maximum

including a solid 7,-target, containing about 10'® 7, atoms,
and a sunable detector are expected to be ready for running
by the end of this ycar,
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