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Two measurements of the 3 spectrum of **S have been made using a windowless Si(Li) detector.
The data show a clear threshold anomaly at Q —17 keV which is consistent with the emission of a
16.94+0.4 keV neutrino with a mixing probability of (0.73+0.09+0.06)%. All values of mixing prob-
ability <0.26% are rejected at the 99% confidence level.

I. INTRODUCTION

In 1985 a distortion in the low-energy region of the 3
spectrum of tritium implanted into a Si(Li) x-ray detector
was reported? and interpreted as due to the emission of
a heavy neutrino of mass about 17 keV. The mixing
probability of this heavy neutrino was estimated to be be-
tween 2% and 4%. A number of authors pointed out®™3
that the effective screening potential used (99.4 eV).in
correcting the Fermi function, according to Rose’s
method,® was too large and that a potential of about 65.4
eV is correct for free tritium in a total-absorption mea-
surement. A reduction in the screening potential has the
effect of reducing the mixing probability.

If the distortion seen in tritium is due to the emission
of a heavy neutrino, a similar distortion should be seen in
other 3 spectra. Very soon after the first paper on tritium
appeared, a number of reports’ !! describing experi-
ments with S were published, all of which claimed no
evidence for a distortion due to a 17-keV neutrino with
mixing probabilities, in some cases, down to 0.15%.
However, many of these experiments have been criticized
and several have been reinterpreted®!? to suggest that
they are in fact consistent with the emission of a 17-keV
neutrino. Very recently, an experiment on *Ni has been
reported!® claiming an upper limit of 0.3% for a 17-keV
neutrino branch, consistent with the claims of the S ex-
periments.

In order to settle the obvious disagreements, two ex-
periments have been carried out. In the first, a hyperpure
Ge x-ray detector was implanted with tritium, in a
manner similar to that described in Ref. 1. This experi-
ment, which resolves a number of questions unresolved
by the earlier one, shows a distortion consistent with the
Si(Li) detector results, and is described in an accompany-
ing publication.'* This paper includes discussion of
screening effects in *H alluded to above. The second ex-
periment, a measurement of the 3 spectrum of S, is re-
ported here.

II. THEORETICAL CONSIDERATIONS

The idea of the mixing between neutrino-antineutrino
mass eigenstates, first introduced by Pontecorvo,'® was
extended by Katayama, Matsumoto, Tanaka, and Yamo-
da'® and Maki, Nakagawa, and Sakata!” to mixing of two
flavors of neutrinos. Nakagawa, Okonagi, Sakata, and
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Toyoda'® pointed out that such mixing can cause changes
in the Kurie plots of allowed 8 decays provided the j3-
decay Q@ value is large enough. Recently, Shrock,!®
McKellar,?® and Kobzarev, Martemyanov, Okun, and
Schepkin?! have discussed the effect on B spectra of the
mixing of three or more flavors of massive neutrinos.
The present discussion will be limited to the mixing of
only two flavors.

Consider the case where the electron neutrino is a
linear combination of two mass eigenstates |v;) and |v,)
of masses M| and M,:

[v, ) =cos|v,) +sinb|v,) .

The orthogonal combination of |v,) and |v,) is assumed
to be Ivu), |v.), or perhaps a fourth-generation neutrino.
The 8 spectrum is then

dN(E) _dAN(EM,) .  dN(EM,)
dE dE cos BT

where dN (E,M)/dE is the usual B-energy spectrum for
allowed decay with the emission of one neutrino of mass
M:22

dN(E,M)
avis,M) oo
dE

sin?0 , (1)

pE[(W —E*—M*1V W —E)F(E,Z) . (2)

Here, W is the total energy available for the transition
and E and p are the total energy and momentum of the 8
particle. The mass M (in energy units) must be less than
(my—m,—m,) where m,, m,, and m, are the masses of
the parent nucleus, daughter nucleus, and the electron
(neglecting differences in atomic binding energies). The
Fermi function F(E,Z) accounts for the Coulomb in-
teraction between the emitted /3 particle and the charge Z
of the daughter nucleus.
The Kurie plot for an allowed spectrum
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dN(E,M)/dE

PEF(E,Z) ®)

is linear when M =0 and extrapolates to an energy W, or
in terms of kinetic energies to an energy Q =W —m,.
For nonzero M, the Kurie plot is linear in energy regions
sufficiently below the energy Q — M and still extrapolates
to an energy Q, but as the energy nears Q —M from
below the slope increases until it is vertical at the end
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point of the B spectrum. If the true 8 spectrum is given
by dN (E)/dE of Eq. (1), then the Kurie plot will be a su-
perposition of two Kurie plots as shown in Fig. 1. The
Kurie plot is said'® to have a “kink” where it abruptly
ends for nonzero neutrino mass and the size of the kink
determines sin’. The mass M, has been taken to be
zero.

The energy region over which the Kurie plot is sub-
stantially nonlinear (the kink region) is not very large in
units of M, as can be judged from the expression

1/2
2
M3

 (Q—E»

or from Fig. 1. Here AK is the deviation of the Kurie
plot from a straight line. In such a narrow energy region,
it is often difficult to get enough statistical accuracy to
measure a kink reliably, especially if sin26 is small. It is
possible to obtain evidence for M, by measuring the 8
spectrum over regions above and below Q —M, and not-
ing that the slope of the Kurie plot is different in the en-
ergy region above Q@ —M,,

AK  sin%6

X ) 4)

dK

—(E:occosa, E>Q0—M,, (5)
from well below (by about an energy M,)

dK

E<L ESQ2M, . (6)

This feature has primarily been the basis of all the **S and
%3Ni measurements to date, and will be discussed further
below.

III. EXPERIMENTAL DETAILS

A. Spectrometer

A commercial Si(Li) detector of 200 mm? active area
(containing some *H from a previous implantation) was

Q—2XM2 Q
Energy

FIG. 1. Schematic of a Kurie plot with the emission of a
two-component neutrino, with M, =0 and sin?6=0.5.

removed from its cryostat and mounted in a vacuum
chamber as shown in Fig. 2. This detector operates at
liquid-nitrogen temperature with a cold field-effect-
transistor (FET) package to optimize resolution. Open
sources of **S were prepared by depositing solutions of
high specific activity on Mylar substrates that are 10 um
thick. These substrates are covered by a thin aluminum
or gold coating so that the source can be grounded dur-
ing the course of a measurement. Calibration sources of
7Co were prepared in a fashion similar to the 3°S sources.

The vacuum was maintained at pressures of ~5X107°
mbar using liquid-nitrogen-cooled molecular sieves. In
addition, a copper cryopanel of ~300 cm? surface area
surrounds the silicon detector and is cooled to liquid-
nitrogen temperature through a copper cold finger. This
provides a large cold surface that freezes out residual wa-
ter vapor in the chamber that can otherwise freeze on the
detector surface. Without this cold surface a continuous
ice build-up on the detector took place as observed by a
continuous energy shift of the internal conversion elec-
tron lines of >’Co. The centroid positions and shape of
these lines remain sufficiently stable for periods of 4-5
days with the copper cryopanel in place.

The main source of distortion of a 8 spectrum in the
present type of spectrometer is primarily the saturated
backscatter or back-diffusion of the incident electrons by
inelastic scattering from electrons in the Si(Li) crystal.
Many experiments have been carried out to measure the
fraction of electrons backscattered from thick absorbers
and are summarized by Knop and Paul.?> Measurements
show that about 15% of a parallel beam of incident elec-
trons are backscattered from silicon and about 30% for a
diffuse source of electrons, which is close to the present
experimental situations. The backscatter fraction is also
found to be essentially independent of energy. The ener-
gy left in Si(Li) detectors by the backscattering electrons
has also been measured. In particular Planskoy?* has
measured the backscatter fraction and the shape of the
energy distribution in a Si(Li) detector with an experi-
mental arrangement very similar to the present one. He
finds for diffuse scattering of 164-keV electrons a back-
scatter fraction of 32%. This fraction includes any low-

FIG. 2. Schematic of the spectrometer. a, acrylic source
holder; b, source; ¢, source-holder mount; d, source manipula-
tor; e,m,n,q,r, vacuum valves; f, Si(Li) crystal; g, cryopanel; A, j,
cold fingers; i, preamplifier; k,/, sorption pumps; o,p, vacuum
gauges.
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energy electrons which backscattered inelastically from
his Vyns source backing (thickness not specified) and
from the vacuum chamber walls, but nevertheless the re-
sult is in good agreement with Ref. 23 above. The energy
distribution?* of inelastically backscattered electrons of a
624-keV diffuse source is essentially flat above 10% of full
energy, and for a parallel beam of 300-keV electrons is
flat above about 70% of full energy. Recently von
Dincklage and Gerl?® have shown that the inelastically
scattered electrons of a diffuse source of 973-keV elec-
trons is essentially flat at least above 30% of full energy.

B. Sources

Source substrates were prepared by stretching ~ 10-um
Mylar foils across a 25.4-mm-diameter aluminum ring. A
second, concentric ring was then used to hold the sub-
strate in place. The source substrate is mounted on an
acrylic disk and fastened at the back with a separate
piece of acrylic in the shape of an annulus. This acrylic
disk is, in turn, mounted in line with the detector by a
thin aluminum ring held by four, 125-mm-long aluminum
rods. In this way there is no material in the immediate
vicinity behind the source, apart from the 10-um Mylar
substrate, from which B particles can scatter when emit-
ted in the backward direction. When recording spectra,
the sources are moved close to the Si(Li) detector so that
the acrylic disk acts to shield the detector from back-
scattering from the cryopanel and much of the vacuum
vessel.

The Mylar backings are thicker than desirable for B
spectroscopy using magnetic spectrometry, having a
thickness of about 5 the extrapolated range of 160-keV
electrons, but this thickness is less than 13% of that re-
quired to reach saturation backscattering, according to
Ref. 23. At saturation, the backscattering fraction from
Mylar is about 10%, so that the present Mylar backings
could contribute a 2—3 % continuum distribution below
the full energy peak for a monoenergetic electron.
Bothe?® has shown that this distribution, from low-Z ele-
ments such as carbon, is essentially symmetric about an
energy one-half the full energy. Hence the contribution
of the Mylar to the backscattered tail of the electron dis-
tribution is small compared to that from the detector it-
self and will be included as part of the electron response
function in the analysis.

Elastic scattering from atoms could produce a tail from
the full energy down to the full energy minus twice the
energy loss in the Mylar, about 10 keV. However, the
cross section for elastic scattering is very small?’ and it
would contribute less than 0.04% of the direct electrons.

The sources were prepared by chemical adsorption of
insoluble compounds of radionuclides as described by
Wyllie and Lowenthal?® A ~0.5-uCi source was
prepared on aluminized Mylar by precipitation with bari-
um nitrate from a sodium-sulfate solution in water
(specific activity 447 mCi/mmol and <8X 107 % ra-
dioactive contaminants). A stronger source (~5 uCi)
was prepared on Au-coated Mylar from a carrier-free
solution of sulfuric acid in water (containing
<1.5X 107 %% radioactive contaminants). In both cases
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the diameter of the source area was about 10 mm. Source
properties are given in Table I. The thickest source has
an estimated average energy loss to 150-keV electrons of
0.6eV.

Calibration sources of *’Co were prepared in a similar
way on Au-coated Mylar from a carrier-free solution of
cobaltous chloride in 0.1M HCI by precipitation with po-
tassium hydroxide. One source had an activity of ~1
uCi and an estimated thickness of ~107'° g/cm?, about
the same thickness as the stronger sulfur source. A
second source of >’Co was also prepared with an order of
magnitude more activity. There were no observable
differences in the position or shape of the internal-
conversion (IC) electron lines between the two °’Co
sources indicating that source thickness effects are negli-
gible for these two sources, and by inference for the
stronger *°S source.

Care was taken in the preparation of all sources to
make sure that no material was deposited on the back of
the Mylar. In addition, the spectra of the >’Co sources
were examined for evidence of source material on the
back and an upper limit of <0.2% can be placed on the
fraction of electrons that could be coming through from
the back. Finally, the two very different sources of *°S
were used in different runs and as we shall see, the results
of these two runs are very similar, suggesting that a negli-
gible fraction at most might be on the back.

C. Spectrum recording

Pulses from the detector preamplifier were amplified
and shaped by an Ortec 572 amplifier operating with 3-us
shaping time constants. In order to reduce the number
recorded of chance occurrences of two, nearly simultane-
ous B particles entering the detector (pile-up), the
analog-to-digital converter (ADC) analyzing the amplifier
pulses was gated off by a signal from a pile-up inspector
(Ortec 404A) operating with an inspection interval of 16
us.

A preliminary run (run A) was made using the weak
35S source to monitor the stability of the spectrometer
and systematics associated with the measurement. A 3°S
spectrum was recorded continuously for a three-day
period, at the beginning and end of which *’Co calibra-
tion data were acquired. The 3'Co source was placed in
the same position that the S source occupied. There
were no observable differences in the position and/or
shape of the IC electron lines between >’Co spectra accu-
mulated at the beginning and end of this three-day
period, indicating that the sources prepared are stable
and that there was no significant ice build-up on the
detector surface. In addition, there was no change in the

TABLE 1. Properties of *°S sources used.

Source-

Estimated source detector Count

Activity thickness distance rate
Substrate  (uCi) (g/cm?) Run (mm) (cps)
Al-Mylar 0.5 3.7x1077 B 9 2100
Au-Mylar 5.0 7.8X 10710 C 35 2100
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ambient background signal or source count rate which
suggests that the source activity remains bound to the
substrate at the vacuum pressure maintained.

The stability of the spectrometer could be maintained
for a fourth day; however, by the fifth day slight tailing
effects were observed in the internal conversion lines aris-
ing from the slow build-up of ice on the surface of the
detector. At this point the detector was allowed to warm
up to room temperature to rid it of the ice layer. After
the detector was cooled to liquid-nitrogen temperature
the response of the detector to the *’Co electrons had re-
turned to its original form. As a result, the longer runs
described and analyzed below were restricted to three-
day cycles, at the end of which the detector was warmed
to room temperature. Calibration measurements were
made at the beginning and end of each cycle. Two long
runs were made (runs B and C) of ~1.2X 10® s each with
a count rate in each run of 2100/s. In run B the weaker
35S source deposited on aluminized Mylar was used and
positioned ~9 mm from the detector. Data were accu-
mulated in a TN-7200 multichannel analyzer up to an en-
ergy of 230 keV with a dispersion of ~225 eV/channel.
Run C was made with the stronger *>S source deposited
on gold-plated Mylar and placed ~35 mm from the
detector. In this case pulses were analyzed by a TN-4000
multichannel analyzer incorporating a TN-1242 ADC, up
to an energy of 470 keV with a dispersion of ~231
eV/channel.

Calibration of the spectrometer was established using
the y rays of °’Co supplemented with pulses from a pre-
cision pulser (BNC model PB-4). The calibration was
taken to be linear since the addition of a quadratic term
did not change the determined energies by more than ~2
eV over 230 keV. The K IC electrons of the 122- and
136-keV y rays were used to monitor the resolution of
the detector for fully absorbed electrons (see Fig. 3). The
resolutions were 1.40 keV and 1.51 keV [full width at half
maximum (FWHM)], respectively, while those of the cor-
responding ¥ rays were 0.77 keV. The IC lines are shift-
ed 2.44 keV lower than their expected positions due par-
tially to a dead layer on the front of the detector =1.4
um (Ref. 29) and partially due to the —1.5-kV bias volt-
age on the front of the detector. The wider resolution of
the IC line compared to the y-ray line implies a Landau
straggling width of about 0.95 keV (Ref. 23).

IV. EXPERIMENTAL RESULTS

A. Background

Figure 4 shows a logarithmic display of the 3 spectrum
of run C above about 90 keV, including about 150 keV of
background. There are two main sources of background,
unrejected pile-up pulses, and ambient background con-
sisting primarily of Compton-scattered ¥ rays. The am-
bient background was measured with source removed
and is adequately described by a linear function. Using a
random pulser (BNC model DB-2) it was determined that
at an average rate of 2500 cps unrejected pile-up consists
primarily of two pulses occurring so close in time that the
piled-up pulse is encoded at a pulse height equal to the
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FIG. 3. %'Co calibration spectrum. The peaks marked K-IC
are the K conversion lines of the 122- and 136.4-keV y rays.

sum of the two individual pulse heights. Only one in a
thousand pile-ups occurs with a pulse height lower than
this. Furthermore, the fraction of unrejected pile-up
pulses is constant as a function of pulse height. Using
these facts a spectrum of unrejected pile-up pulses was
calculated by summing each pulse with all others. This
used the entire spectrum from zero energy by quadrati-
cally extrapolating from the noise level (~0.8 keV) down.
The combination of pile-up plus linear background was
fitted to the region above the end of the B spectrum by
varying the slope and intercept of the linear function and
the overall normalization of the pile-up spectrum. The
result is shown as the smooth curves in Fig. 4, and the re-
siduals of the fit are shown in Fig. 5. A second iteration
of the pile-up spectrum was also made, but the shape of
the resulting pile-up spectrum was essentially identical to
the initial one. This is because the amount of unrejected
pile-up is extremely small, <0.3% of the 8 spectrum.

The fitted background was subtracted from the S spec-
trum at this point because the 3 pulses must be shifted up
in energy to account for the shift observed in the IC lines.
Because the electron stopping power is not constant over
the energy region of interest,”® the data have been shifted

2 1 L | L |

100 200 300

ENERGY (keV)

FIG. 4. A portion of the data of run C, showing the back-
ground extending up to 330 keV with the fit to the background
based on a model of ambient background (smooth curve) plus
pile-up (dashed-curve); see text.
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FIG. 5. Background residuals for run C, defined as experi-
mental minus fitted number of counts. y?/v=1.12 with v=646.

by amounts varying from 2.5 keV at the low-energy end
to 2.3 keV at the high-energy end of the analyzed region,
110-166 keV, and the number of counts at each energy
have been corrected for the changing dispersion. Finally,
to smooth out systematic periodicities that were observed
in the ADC channel widths, the data were binned by
groups of three, yielding a dispersion of ~700
eV/channel. In each of runs B and C there are about
4.5X 10° B particles per 700 eV at 150 keV. At this ener-
gy the background plus pile-up is 1.3 X 10* counts.

B. Data analysis

The theoretical B spectrum was represented by Eq. (1)
above using a modified nonrelativistic Fermi function of
the form

F(E,Z)=X(1—e ) f((v/c)), (7
where
_2nZa
v/c
and

F(v/c)*)=1.11756—0.049 68(v /c)>*+0.02040(v /c)* .

Here Z is the charge of the daughter nucleus, v /c is the
B-particle speed relative to that of light, and « is the fine-
structure constant. The function f((v/c)?) makes the
values of this Fermi function agree to within one part in
10° with the tabulated values of the relativistic calcula-
tion of Behrens and Jinecke® over the energy range of
interest for the present experiment. A screening correc-
tion has been made using Rose’s method® with a screen-
ing potential of 1.73 keV. The data were analyzed by
fitting them to this theoretical 8 spectrum convolved with
the response function for electrons. Based on the discus-
sion of Sec. IIT A above, the response function was taken
to be a Gaussian function with a flat tail extending to
zero energy, the relative area of this tail being kept the
same for all incident energies. This is a reasonable ap-
proximation to previous experiments in view of the nar-
row energy range, 110—-166 keV, to be fitted.

A measurement of the number of incident electrons
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backscattered from the Si(Li) detector has been made us-
ing the ’Co source (Fig. 3). The ratio of the counts
detected in the full energy peak of electrons from K inter-
nal conversion of the 122-keV y ray to the number in the
122-keV y-ray peak, ng(122)/n,(122), depends on the
fraction of electrons not backscattered (1—f, ) and
therefore which leave their full energy in the detector,
as well as on a number of other factors including
efficiencies, internal-conversion coefficients, branching
fractions, and solid-angle factors. At a distance of 35
mm, this ratio is relatively simple,

ng(122)  ag
n(122) €, (L TIw)

14 14
since the solid angle of the detector is essentially the same
for both electrons and ¥ rays and the correction factor
for coincidence summing of y rays, x rays, and IC elec-
trons is only 0.4%. The factor ag is the K IC
coefficient,®! 0.0218+0.0012 and €, is the photopeak
efficiency for a 122-keV y ray in the Si(Li) detector which
has been determined to be 0.0148+0.0007. The measured
ratio is 1.04410.007, thus yielding the fraction of 115-
keV electrons backscattered from the Si(Li) detector
fbs=0.29%0.05, in good agreement with the results of
Planskoy?* and earlier measurements.?> In addition, this
result is free of backscattering from-the source backing or
vacuum chamber.

The full-energy part of the response function for in-
cident electrons was estimated from the observed widths
of the IC lines of calibration sources. Although strag-
gling in the dead layer of the detector produces a non-
symmetric energy distribution’> the IC lines are
sufficiently symmetric that they have been represented by
a Gaussian function. The Gaussian part of the response
function for the highest-energy S particles has been es-
timated to have a o between 0.67 and 0.76 keV. This es-
timate is made by determining the statistical width from
the >’Co y rays and then convoluting this with a Landau
distribution obtained from the 3'Co IC lines. Two esti-
mates of the Landau width at 166 keV, one the same as
that from the 3’Co lines and the other scaled inversely as
the square of the f3 velocity, give the range of the estima-
tion. It also includes resolution broadening due to long-
term drifts which was included by summing all the cali-
bration runs, and due to binning the data. There was no
observable difference in the *’Co peak shapes as a func-
tion of counting rate from 300 to 1300 counts per second.

In the analysis, both o of the Gaussian and the area of
the flat tail are allowed to vary.

C. Results

Runs B and C have been analyzed separately to look
for systematic effects. However, for display purposes
they have been combined, taking into account their
slightly different energy calibrations, and Fig. 6(a) shows
the shape function obtained by taking the ratio of the ex-
perimental 3 spectrum to the best-fitting theoretical spec-
trum with R =sin?d=0 convolved with the response
function described above. It is readily apparent that the
shape function is not constant, as it should be for allowed
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FIG. 6. The deviation of the shape function from a constant
for the combined data of runs B and C. In (a) the theoretical
spectrum has sin’6=0. y?/v=2.0. The smooth curve shows
the shape expected for M, =17 keV and sin’6=0.008. In (b)
the experimental data.are divided by a theoretical fit with
M,=17 keV and sin’6=0.0075. x*/v=1.0.

decay, but that it looks very much as the smooth curve
which is the shape function expected if there is a 17-keV
neutrino emitted with sin’6=0.8%. Figure 6(b) shows
the shape function when the experimental B spectrum is
divided by the fitted theoretical spectrum including a 17-
keV neutrino with sin?6=0.75%.

The distribution of x? as a function of sin?8 is shown in
Fig. 7 for both runs B and C and it is seen that there is a
deep minimum, for M, =17 keV, near sin’6=0.007, and
sin?0=0 is completely ruled out. Table II lists the results
of the fits to runs B and C.

In these )(2 curves, all parameters have been varied ex-
cept M, and o. The values of o used are found to give
the minimum in )2 and are in reasonable agreement with
expectation. At sin?=0, the variation of ¥ with ¢ has
been studied and, for example, for run C, )(2 has a
minimum at a value of 106 at o of 0.9 keV. As well as
not giving the lowest value of x2, this 0 would seem to be
physically too large, as it is as large as that observed for

R (%)

FIG. 7. x? curves for fits to the two 3°S experiments B (num-
ber of degrees of freedom v=75) and C (v=77) vs 17-keV neu-
trino mixing probability R =sin? over the energy region
110-166 keV. For each value of R used to attempt a fit, the
normalization, end-point energy, and the tail of the response
function were varied.

the K-conversion electrons of *’Cs at 624 keV (see also
Sec. IV below). In spite of similarity in source fabrication
techniques, there might still be concern that the electron
resolution for the S particles is different from that of the
37Co IC electrons. However in this work two S sources,
of very different thicknesses, have been used and the re-
sults are essentially identical with the exception that the
best estimate of o increases from 0.76 to 0.8 keV for the
thicker source. This increase is due primarily to
geometry differences since the detector dead layer ap-
pears slightly thicker in the closer geometry. Shake-up of
atomic electrons in the daughter chlorine atom and
shake-off of L electrons®? will broaden the resolution rela-
tive to the IC lines of *’Co, but by <1%.

A linearly varying o, fitting the measured value at 115
keV and with 0 =0.76 keV at 166 keV, has also been test-
ed and gives essentially identical results to the constant o
analysis, except for a very slight shift in Q.

TABLE II. Results of fits to the two *°S B spectra.

Mixing End-point Gaussian Backscatter Quality Confidence
probability energy width fraction of fit level
Run sin’@ Q (keV) o (keV) Sos x2/v * (%)
B 0 166.53 0.80 0.319 1.46 0.43
0.0063+0.0013 166.57 0.80 0.317 1.09 25.2
c 0 166.71 0.76 0.296 1.66 0.012
0.0084+0.0013 166.74 0.76 0.291 1.03 40.0
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A major difference in runs B and C is the source-
detector distance. The same 3’Co source that was used to
estimate the backscatter fraction for run C described in
Sec. IV B was also placed in the same position as the S
source of run B. An analysis similar to the above, but
slightly more complicated due to increased coincidence
summing, to increased importance of the finite area of the
source, and to differences in the effective solid angle of
the detector for electrons compared to y rays (because
the electrons only penetrate the first 100 um of the crys-
tal whereas the photons easily illuminate the entire thick-
ness), was carried out. Assuming the true far-distance
backscattered fraction is 29.1% as measured in run C and
which is in very good agreement with the value deter-
mined by the 3’Co source in Sec. IV B, the analysis yields
(35.2£1.9)% as the near-distance backscattered fraction
in reasonable agreement with the 31.7% from fitting the
35§ data of run B. Any difference might indicate that, in
the 3°S experiment, a few percent of the fitted 29.1% in
the far-source position is backscattering from the walls of
the chamber, whereas in the close source position this
fraction will become a negligible proportion because the
source-detector solid angle is a factor of 10 larger. In
conclusion, the backscattered fraction that is obtained by
fitting the 3S spectra is in very good agreement with the
measurements using a >'Co source both in absolute inten-
sity and in distance variation, and is in good agreement
with previous measurements quoted in Sec. III A. This
agreement confirms the estimate that backscattering from
the source backing will have a very small effect, and
confirms that the assumption of a flat tail is also reason-
able. If, for example, the tail had a significant slope then
the 3’Co backscattered fraction and the 3°S backscattered
fraction would be in disagreement because in *>S the en-
tire tail is estimated by fitting over only a limited energy
region from 110 to 166 keV. [See also item (2) in Sec.
IVD)]

Combining the fits of runs B and C gives an estimated
M, of 16.91+0.4 keV and sin’6=(0.73+£0.09)%. Fur-
thermore, all values of sin?0 <0.26% are rejected at the
99% confidence level. The hypothesis that there is only a
one-component  neutrino is  rejected at  the
(100-5.1X10"%% level using the best-fitted o parame-
ter. If one ignores the a priori evidence on o and allows
it to increase to find the minimum in y? at sin?6=0, then
the one-component neutrino hypothesis is still rejected at
the 99.4% level.

Narrow regions 135-165 keV and 140-160 keV have
also been analyzed. The broader of these two regions
gives results that are nearly identical to the full-range
analysis described above. Figure 8 presents the combined
x? curves for runs B and C for the narrower energy re-
gion, holding the electron response functions fixed at the
values determined above. Minimum > occurs at
sin?0=0.6% and sin?0=0 is ruled out at the 98.4% level.
Thus, the distortion in the 8 spectrum at 150 keV does
not arise from an arbitrary choice of fitting region.

D. Variations in parameters

In fitting B spectra, there are many parameters apart
from the neutrino parameters that must be varied and
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FIG. 8. Combined ¥? curve for fits to runs B and C (v=56) vs
17-keV neutrino mixing probability R over the energy region
140-160 keV.

this section gives a brief survey of how the various pa-
rameters influence the fitting.

(1) End-point energy. The quality of the fit is very sen-
sitive to the end-point energy Q. Figure 9 shows x?
curves for two cases, sin?0=0 and sin’0=0.008. It is
very clear that Q must be varied significantly to find the
best fit for different values of sin’6, and that a priori
knowledge of Q at a sufficiently accurate level (~ a few
eV) is almost certainly impossible.

(2) Backscatter fraction. 2 curves for the backscatter
fraction fy, for two cases, sin’0=0 and sin’6=0.008 are
shown in Fig. 10. Q has been varied to obtain the
minimum y? in each case. The minimum is very sharp

i J
160 a =
X* b .
120+ —0.1% — : -
I —_— 1% — b ]
80 -
| | 1 1 1 1

6.71 6.73 6.75

Q-160 (keV)

FIG. 9. x? for the fit to run C vs end-point energy Q. Curve
a is for sin?0=0 and curve b is for sin?6=0.008.
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FIG. 10. x? for the fit to run C vs backscatter fraction f,.
Curve a is for sin’0=0 and curve b is for sin?6=0.008.

but it is essentially at the same value of f,, for all
relevant values of sin?0. However, it would be extremely
difficult, if not impossible, to measure f,, in a separate
experiment to the accuracy required.

In addition, a flat backscatter tail with an inverted pa-
rabola on it, the latter amounting to 10% of the back-
scatter fraction and peaking at one-half the incident elec-
tron energy, has also been tried. This would simulate a
large amount of backscattering from the source backing.
It was found that this change caused y? to increase to
about 155 at sin?6=0.

(3) Gaussian resolution. A y? curve of resolution pa-
rameter o is presented in Fig. 11. The end-point energy
and sin®@ are varied, and along the top abscissa the value
of sin’6 at the minimum is shown. The minimum is not
very sharp and there is some correlation with sin?6.
However, o at the minimum is close to the estimated
value of o. If for run B o were constrained to the
a priori upper limit of 0.76 keV, sin’6 would increase to
about 0.73%.

(4) Background. The background fitted above the end
of the B spectrum has three parameters, the two
coefficients of the linear ambient background and the
normalization of the unrejected pile-up spectrum. The
sensitivity to this background has been tested in two
ways. In one, the background was shifted up and down
by a constant number of counts equivalent to about one
standard deviation in each of the parameters working in
the same direction. On the scale of the residuals shown
in Fig. 5, this is equivalent to a shift of a constant 35
counts, which is an enormous increase in y?/v for the fit
to the background. In a second test, the linear back-
ground was held fixed and the normalization of the pile-
up spectrum was changed by one standard deviation.
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FIG. 11. y? for the fit to runs B and C vs o of the Gaussian
part of the electron-response function. The upper abscissa gives
the value of R which minimizes y? at each value of 0. The bar
at the bottom of the figure shows the expected value of o based
on the 3’Co lines (see Sec. IV B).

The only significant change was induced by the constant
increase in the background, which reduced sin?@ from
0.84% to 0.72% for run C. The results are thus rather
insensitive to large and unlikely errors in the background.

(5) Energy shift. The energy-dependent shift applied to
the 8 spectrum has been changed from the range 2.5-2.3
keV used above to 2.6-2.2 keV, to test the sensitivity of
the results to the shift. The only effect on the results is to
decrease the end-point parameter from 166.74 keV down
to 166.45 keV and to increase f, for example, from
29.1% to 30.7% in run C. The value of sin’0 remains
essentially unchanged.

"E. K-shell shakeoff

As mentioned above, shake-up and L-shell shakeoff
will contribute a slight broadening to the Gaussian part
of the electron response function which is small and is in-
cluded in the fitting. However, shakeoff of the K electron
from the daughter Cl atom will also occur. It is known>*
that the atomic matrix element which controls the
shakeoff is strongly peaked at the binding energy of the K
shell, so that as a good approximation the spectrum of 8
particles accompanying the shakeoff electron will look as
the original 8 spectrum shifted down by 2.8 keV. Most of
the shaken-off electrons are too low in energy to be regis-
tered in the detector. For 2°S, the total intensity of K-
shell shakeoff is measured to be ~0.22% of the total de-
cay rate.>* The effect of shakeoff has been simulated by
subtracting from the measured 3 spectrum a 0.22% frac-
tion of itself shifted down by 2.8 keV. There was at most
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a downward shift in sin?0 of 2X 10™* and the minimum
x? was about as good.

V. DISCUSSION

A. Present results

A threshold anomaly 17 keV from the end point in the
measured >°S spectra from that expected from theory for
the emission of a single-component massless neutrino is
the only distortion observed in the spectrum over the en-
ergy interval ranging from 110 to 166 keV. The agree-
ment between experiment and theory below this anomaly
indicates that the systematic effects associated with the
technique of the measurement, including detector
response function and background, are well understood.
It is very unlikely that systematic uncertainties would
affect the shape of the spectrum in only an isolated region
and not continuously over the entire B spectrum. It must
be emphasized that no arbitrary shape factor has been re-
quired in analyzing the 3°S spectra to achieve a good fit,
reinforcing confidence in the knowledge of the systematic
features governing the shape of the measured spectrum.
In this regard, it should be noted that the same back-
scatter fraction is obtained if we confine the fitting region
to energies below about 145 keV where the effect of neu-
trino mass is insignificant. This can be confirmed by
comparing Figs. 6(a) and 6(b). The B decay of 3S is an al-
lowed transition and variation in the shape arising from
higher-order terms in the nuclear matrix element are at
the level of 0.01% (Ref. 35).

The distortion observed in the B spectrum of S is best
represented by a two-component model with the emission
of a 16.9+0.4 keV neutrino with a (0.73%£0.09%0.06)%
mixing probability, where the second error includes
systematic uncertainties in o, in the background and
shakeoff. This result is in reasonable agreement with the
distortion observed in several tritium spectra,>!* al-
though the best estimate of the mixing probability for a
heavy neutrino is slightly higher in the case of *H. How-
ever, in the case of *H the phase space available for the
emission of a 17-keV neutrino is very small and, com-
bined with its low energy of B particle, the determination
of the mixing probability is more uncertain.'*

The average Q value obtained for 3°S decay is
166.7+0.2 keV, where the error reflects primarily uncer-
tainties in evaluating electron energy corrections due to
the dead layer on the detector. This value is in good
agreement with the value given in the tabulation of atom-
ic masses by Wapstra and Audi.®

B. Previous **S experiments

To the best of our knowledge, there have been five pre-
vious studies of the B spectrum of 3°S searching for a
threshold anomaly 17 keV below the end point.”~!! It is
useful to have another look at these experiments because
the present result and the tritium results both suggest
that the intensity of the 17-keV neutrino branch that
could explain this anomaly is only about 1%. Unfor-
tunately all the reports of these experiments are quite
brief, making detailed analysis difficult.

For comparison purposes with the other experiments,
it is useful to note that in each of the runs in the present
experiment there are about 6.5X10° counts/keV at the
energy of the anomaly, 150 keV. As Fig. 7 shows, at the
10% level data of this statistical accuracy lead to a
spread in sin%@ of +0.004 and at the 1% level of +0.006.
Consequently, to rule out sin6 of 0.006 at the 1% level
requires statistical accuracy at least as good as obtained
in one of the present runs.

Two types of experiments have been carried out previ-
ously, one using Si(Li) detectors much as in this work and
the other using magnetic spectrometers of various types.

(1) Si(Li) experiments. Datar et al.® performed an ex-
periment very similar to the present one. They claim to
rule out a 17-keV neutrino with sin?0 <0.006 at 90%
confidence. However, judging from the error bars on
their Fig. 1 there are only about 8 X 10* counts/keV at
150 keV in the spectrum. It is therefore clear that the ex-
periment cannot rule out sin’6 of 0.006 at the 90%
confidence level unless an important parameter has been
held fixed or minimum x? occurs at a nonphysical value
of sin%9. One might guess that the accuracy would im-
prove as the square root of the total number of counts
and hence that this experiment cannot rule out
sin’6 <0.011.

Ohi et al.® have performed a similar type of experi-
ment but incorporate a veto counter to reject some back-
scattered electrons. The use of a veto counter is a mixed
blessing, because the backscattered electrons which
should be vetoed and may not be are those that leave
nearly their full energy in the principal detector. These
backscattered electrons have low energy and cannot
penetrate the dead layers on the entrance windows of the
two detectors as well as the source substrate. This makes
the tail on the electron response function very experiment
dependent and difficult to compare with other, indepen-
dent experiments. Ohi et al. quote a 90% confidence
limit of 0.15% on sin’6. However, their spectrum has
~3.7X10° counts/keV at 150 keV, slightly more than
one-half of one of the present runs. It is difficult to see
how their 90% confidence limit could be better than
about 0.5% unless they have constrained some parame-
ters or unless the minimum in y? is at a nonphysical value
of sin?6. One parameter which is critical, the electron
response function, is estimated by a long extrapolation
from a measurement of the 570-keV IC line of 2°7Bi.
There is no discussion on how sensitive their results are
to this response function. Finally Ref. 12 points out that
there appears to be a threshold at 150 keV which, if ana-
lyzed in a narrow energy region, suggests a “kink” which
would agree with a 17-keV neutrino with sin6 at the 1%
level.

(2) Magnetic-spectrometer experiments. Three of the
35S experiments use magnetic spectrometers of various
types. One of the problems with magnetic spectrometers
is that, even after making all of the myriad corrections
usually required, one seldom obtains a 3-spectrum shape
which agrees with theoretical expectations. To analyze
the spectra obtained, it is usual to multiply the Fermi
theory by a polynomial in the B energy on the principle
that all systematic distortions are ‘“smooth.” Unfor-
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tunately both the values of the coefficients in the polyno-
mials and even the number of terms required is arbitrary
and nonunique, primarily because of the strong depen-
dence of these terms on Q, which is not known in ad-
vance with enough precision to fix it. An example of this
will be given below.

In addition, the argument is usually advanced that
such smooth distortions, describable by polynomials, will
not mimic or cancel the effect of a heavy neutrino. This
is certainly correct for the ‘“kink region” as defined in
Sec. II. However, as we shall now show, information
from the regions above and below the kink region is
essentially lost.

Consider the effect of a shape correction
[1+a(Q —E)] to the Fermi theory for allowed decay,
where a(Q —E) <<1 over the energy interval to be ana-
lyzed. The slope of the Kurie plot is

dK
dE «1+a(Q —FE)

which is now energy dependent. As an example, consider
the slope at Q —E =8.5 keV relative to the slope at
Q —E =34 keV. Then
(dK /dE)g s _ 148.5a
(dK /dE);,  1+34a

1—25.5a .

This relative slope, in the case of 17-keV neutrino emis-
sion with sin?0=0.008 is 0.996 [Eq. (5)]. Hence an
a~1.6X10"% keV™! will give a comparable relative
slope.

The linear term required in several experiments is
much larger than this limiting value of a~1.6X10"*
keV L. A useful way to see the effect of larger values of
a is to compare the slope of the Kurie plot at energies A
above and below the “kink” which is

(dK /dE). ,
(dK /dE)_,

Equating this to the asymptotic slope ratio for a heavy
neutrino, cosé, leads to the requirement that

2aA < 1—cos6

in order that the phenomenological slope change not
overwhelm the slope change due to the heavy neutrino.
As a concrete example, suppose that a~5X107% keV L.
Then A <4.0 keV. Thus the data should only be ana-
lyzed within about +4 keV of the kink to be sure that
unexplained curvatures of the spectrum are not much
larger than that caused by a heavy neutrino. (This
simplified analysis breaks down for a values much larger
than this because for a value of M, > 17 keV, the slope
near the end point of the heavy neutrino is steeper; see
Fig. 1. There are also resolution effects which have not
been considered.) The effect of analyzing a 8 spectrum
which includes a heavy neutrino by using the Fermi
theory without the heavy neutrino multiplied by a linear
function of the energy, 1+a(Q —E) is shown in Fig. 12.
Evidently the incorrect analysis with a very small linear
term, a=1.3X10"* keV ™! distorts the shape function
drastically leaving evidence of the heavy neutrino only in
a narrow energy region about the threshold.

~1—2aA .
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FIG. 12. Simulation of the effect of a linear term,

1+ a(Q —E) multiplying the Fermi theory. The smooth curve
shows the ideal shape function for the case of M, =17 keV and
sin’0=0.01. The dashed curve shows the same data but now di-
vided by the Fermi theory multiplied by 1+a(Q —FE) with
a=1.3X10"* keV~!. Q has been varied to give a relatively
smooth function.

In the experiment of Altzitzoglou et al.,’ linear and
quadratic terms b7 and ¢T? relative to the constant term,
where T is the electron kinetic energy, are required, with
b~2.6X10"% keV™! and c~—8.5X107¢ keV™? for
their particular choice of end-point energy. However this
choice of end-point energy does not produce a shape
function which has minimum Y2 but only appears
“smoothest” as can be seen by looking at their Fig. 3.
Varying the end-point energy to obtain minimum x? gives
an extremely curved shape function, which cannot be
well fitted with a quadratic polynomial but needs at least
a cubic. This is an example of the nonuniqueness that
can result from arbitrary shape factors. In any event, the
coefficients of the polynomial are very large and certainly
each term gives a slope change much larger than expect-
ed for sin?0=0.008. In view of the tremendous systemat-
ic distortion of their spectrum, their limit of sin’6 <0.4%
at 99% confidence seems overly optimistic.

In the experiment of Apalikov et al.!° the data are
fitted to the Fermi theory multiplied by [1+a(Q
—E)][1+a'(Q —E)*)]. The arbitrary parameters are
very large: a=2.40X107° keV™! and a’'=1.33X107°
keV 2. According to the discussion above, the product
2aA < 1—cos0 leads to an energy range A about the kink
which is useful for testing the neutrino mass of <1 keV.
In fact, the authors do show an expanded Kurie plot ex-
tending from 148 to 152 keV and as pointed out in Ref. 2
there appears to be a visible distortion at about 150 keV
in this plot, which is also observable in the figure of devi-
ation, their Fig. 2, and which is certainly consistent with
sin’0 ~1-2 %. The magnitude of the distortions implied
by the large a and a’ values precludes a reliable analysis
of a large portion of the 3 spectrum. Their quoted upper
limit of sin?0 =0.17% at the 90% confidence level is ex-
tremely over optimistic especially in view of the evident
local distortion in the Kurie plot.

Markey and Boehm!! contributed a report giving an
upper limit of sin’6=0.3% at 90% confidence. Unlike
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other magnetic spectrometers, they report that they did
not have an extraneous shape factor necessitating polyno-
mial corrections. Examination of their paper suggests
one serious experimental problem which is not addressed.
At the spectrometer focus a cooled Si(Li) detector is used.
The spectrum of the response to IC electrons of 126.9
keV shows a main peak with a tail. The tail, which they
attribute to backscatter from the detector, represents
about 60% of the total distribution. This is about a fac-
tor of 3—4 higher than expected for normally incident
electrons?® and raises serious doubt about the experiment.
For example, if lower-momentum electrons are getting
through the spectrometer, including them in the analysis
is tantamount to making the energy resolution of the
spectrometer enormously worse, which would certainly
wipe out any kink there might be in the data.

C. ®Ni experiment

A very detailed report on the measurement of the 8
spectrum of Ni (Q =67 keV, logft =6.6) was very re-
cently published!® claiming an upper limit of 0.3% for
sin?0 of a 17-keV neutrino consistent with the earlier
claims from the 3°S experiments discussed above. This
paper is worth reading to obtain a full grasp of the
tremendous number of large corrections which must be
made in many magnetic-spectrometer measurements.
One large correction required is for imperfect transmis-
sion through the proportional counter’s window which
varies in a very nonlinear way by 10% over the region of
the spectrum measured, 27-67 keV. The experiment also
employs an “infinitely”” thick source backing. In spite of
the tremendous attention to detail described in this pa-
per, a shape ‘“correction” of the form (1+aE) was
deemed to be required to fit the spectrum over the range
27-67 keV with a~0.0006 keV~!. From the analysis
previously given, such an a overwhelms the slope change
due to sin?6=0.008, and implies that the analysis should
be confined to an energy region of +3.3 keV about the
“kink.” In fact they do perform an experiment covering
a limited scan, from about 46 to 54 keV. (Even over such
a narrow region, window transmission effects vary by
nearly 1%, but we are ignoring this additional uncertain-
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ty.) Unfortunately, they include an arbitrary shape factor
in this limited region, with an even larger a=0.00075
keV™!, which is sufficient to remove evidence of a
0.008% branch from their data, as can be seen by com-
paring this shape factor with the data of their Fig. 10(a).
Thus an upper limit of 0.44% on sin%0 (90% confidence
limit) as quoted for this narrow-scan region is much too
stringent.

VI. CONCLUSION

Two measurements of the 8 spectrum of *>S have been
made using very different sources and source-detector
distances. The analysis of both measurements gives very
similar results; both measurements show a threshold
anomaly which is described best by assuming that the
electron neutrino has two mass components, a very light
one (<40 eV) and a heavy one with mass of 16.9+0.4
keV. The mixing of the two components is given by
sin6=0.0073+0.0009+0.0006. The single-component
neutrino hypothesis is rejected at the (100-5.1X 10" %
confidence level.

The present results are in disagreement with the claims
of previous groups measuring 3 spectra of 3°S and %Ni.
In the present experiment all important systematic effects
are understood and accounted for. This is not generally
the case in the other experiments, and it can be argued
that, with the possible exception of two of the previous
3% measurements,®!° these results are more correctly de-
scribed as providing no support for a 17-keV neutrino at
the 0.7% level rather than ruling it out. The two excep-
tions perhaps give weak confirmation of the 17-keV neu-
trino.> 12

The present result is remarkably similar to the results
of the measurement of the 8 spectrum of tritium."!*
Since the 3 energy and the experimental technique are so
different in the *H and S measurements it would have to
be a remarkable coincidence for extraneous experimental
effects to produce the similar results. On the other hand,
it has been shown that it is much more likely that im-
properly understood experimental effects can result in not
recognizing a threshold in the data. Contrary to one’s in-
tuition, a null result is not more reliable than a positive
result.
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Oxford, Nuclear Physics Laboratory, Keble Road, Oxford
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