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A measurement of the 8 spectrum of tritium implanted into a hyperpure germanium detector is
reported. A distortion is observed 17 keV below the end point which is in agreement with an earlier
measurement involving a tritium-implanted Si(Li) detector. The excess of counts observed in the
low-energy region of the tritium spectrum is best described by the emission of a 16.91+0.1 keV neu-
trino and a mixing probability between 0.6 and 1.6% when allowance is made for uncertainty in the
effective screening potential appropriate for tritium bound within a crystal lattice.

I. INTRODUCTION

The B spectrum of tritium, implanted into a Si(Li) x-
ray detector, shows a distortion 17 keV below the end
point.'? This was interpreted as evidence for the emis-
sion of a 17-keV neutrino with a 24 % mixing probabili-
ty. A number of authors’ ® have pointed out that
corrections to the screening potential and exchange
effects, in the case of atomic tritium, would reduce the ex-
cess of counts observed in the low-energy region of the 8
spectrum and thus reduce the quoted mixing probability.
For example, when the published spectra are analyzed
using the effective screening potential suggested by
Lindhard and Hansen® for free tritium the mixing proba-
bility for a 17-keV neutrino is reduced to 1.6%. How-
ever, in the extreme case that the effective screening po-
tential is reduced to zero the excess of counts in the low-
energy region of the tritium spectrum does not disappear
and is still consistent with the emission of a 17-keV neu-
trino with a 0.5% mixing probability. Consequently, the
distortion does not seem to be entirely attributable to
atomic-physics effects. (See Appendix C.)

A number of experiments searching for a similar dis-
tortion in other 8 spectra were carried out. Reports’ !!
describing measurements of the B8 spectrum of S have
been published, all claiming very low limits for the emis-
sion of a 17-keV neutrino (some as low as 0.15%). How-
ever, these results have been criticized>!? and several
have been reinterpreted to suggest that they are con-
sistent with the emission of a 17-keV neutrino. More re-
cently an experiment on **Ni has been reported'® claim-
ing a mixing probability sin?0 < 0.3% for a 17-keV neutri-
no.

Although, to date, no other experiment on the tritium
B spectrum has been reported which directly refutes the
*H result reported earlier, it was deemed important to at-
tempt to check the earlier result by measuring the *H 8
spectrum in a different detector. In the experiment re-
ported here, tritrium was implanted into a hyperpure ger-
manium crystal operating as a source-detector combina-
tion similar to the Si(Li) detector system. However, as
shall be described below, the germanium-detector mea-
surements have some significant differences and advan-
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tages relative to the Si(Li) detector measurement which
permit the estimation of systematic effects which were
unresolved in the earlier experiment. When it was finally
apparent that the data about to be described confirmed
the distortion in the *H spectrum, a *>S experiment was
carried out which is reported in the preceding paper. '*

II. GENERAL CONSIDERATIONS

If there is an advantage in measuring the tritium B
spectrum by implanting tritons into a solid-state detector
it lies in the simplicity of the method. This approach
provides a total absorption spectrometer which automati-
cally eliminates the difficulties that can arise when using
sources that are external to the detecting apparatus.
While a detailed description of the technique of implant-
ing tritium into a cooled Si(Li) detector has already ap-
peared15 it is our aim, in this section, to motivate a new
experiment where tritium is embedded in a hyperpure
germanium detector. In particular, emphasis is on
features of the germanium experiment that aid in circum-
venting some uncertainties associated with the Si(Li) ex-
periment with respect to the 17-keV neutrino hypothesis.

Of primary concern when bombarding a semiconduc-
tor with high-energy ions is the potential for inducing ra-
diation damage within the crystal lattice. Studies of pro-
ton and a-particle bombardment of Si and Ge crystals
have shown that the radiation damage induced is pri-
marily in the form of Frenkel defects.'® These defects in
turn act as trapping centers for electrons and holes pro-
duced by ionizing radiation which manifest themselves as
pulse-height defects.!” It is known!® that radiation dam-
age in germanium can be removed by annealing at tem-
peratures <200°C and that hydrogen is tightly bound in
germanium for temperatures up to 500°C (Ref. 19).
Hence it is feasible to implant tritium into pure germani-
um and achieve annealing temperatures that are sufficient
to cure radiation damage without affecting the tritium.

By confining the tritium beam to the central region of
the detector possible distortions associated with tritium
nuclei decaying near the edges of the crystal can be
avoided. In addition, the extent of radiation damage and
its effect on the response of the detector can be monitored
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by scanning the detector surface across implanted as well
as nonimplanted regions of the crystal using a narrow
beam of photons. At the same time the tritium can be
implanted at a depth sufficient to absorb electromagnetic
radiation such as internal or external bremsstrahlung?
produced within the detector when [ particles are emit-
ted. Also, B particles with energies above the K absorp-
tion edge of germanium (11.1 keV) can ionize the K shell
of Ge atoms and produce Ge x rays. If any of these radi-
ative processes occur near a detector surface the radia-
tion could escape the crystal unnoticed, thus yielding an
incorrect measurement of the full B energy. Since the
maximum allowed 8 energy in tritium decay is ~18.6
keV it is sufficient to implant tritium at a depth which is
large in comparison to the mean absorption length of
18.6 keV photons in germanium (~20 pgm). In this way
difficulties associated with radiation escaping the detector
can be circumvented.

Nuclear scattering can lead to tritium atoms stopping
near (~10 um) to the surface of the detector provided
this scattering takes place within the first ~50 um of the
triton path. A rough estimate indicates that <1077 triti-
um atoms as a fraction of the total implanted would be
near the surface.

It is convenient to implant tritium while the germani-
um crystal remains housed in its cryostat. This is possi-
ble for spectrometers which have thin windows covering
the detector. In this case a thin beryllium window
(~0.08 mm) covers the germanium crystal so that 14-
MeV tritons are sufficient for implanting to a depth of
~0.35 mm.

Since the primary interest is in studying the lower-
energy portion of the tritium S spectrum (0-5 keV), it is
important to be able to calibrate the spectrometer at low
energies. In general this is difficult for solid-state detec-
tors due to the low penetrability of x rays with energy
below ~5 keV in the materials covering the sensitive
volume of the detector and in the dead layer of the detec-
tor itself. However, by fluorescing the germanium crystal
with photons above the Ge K absorption edge (11.1 keV)
the K escape peaks can be used for calibrating the detec-
tor at low energies. For example, when Br K, x rays
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(~11.9 keV) are incident on Ge a fraction of the interac-
tions produce Ge K, x rays (9.9 keV). If such interac-
tions take place near the crystal surface some of the Ge x
rays will escape the detector leaving a photopeak at 2
keV. Hence, by fluorescing materials with a range in Z
between that of Se and Mo, calibration lines can be pro-
duced between ~1.3 keV and 19.7 keV, which cover
essentially the entire B-energy range.

III. EXPERIMENT

A. Implantation procedure

The detector in which the tritium is implanted consists
of a nominal 200-mm?-by-7-mm-thick hyperpure ger-
manium crystal housed inside a horizontal cryostat
covered with a 0.08-mm-thick beryllium window and
cooled to liquid-nitrogen temperature. In order to locate
the edges of the detector a scan along the horizontal and
vertical axes of the crystal surface was made using the
5.9-keV x rays of >>Mn before implanting. It was found
that the active area of the germanium crystal has a diam-
eter of ~15.5 mm and is centrally located within its cryo-
stat to within ~0.5 mm.

A tritium beam was obtained from the FN tandem Van
de Graff accelerator at McMaster University. As illus-
trated in Fig. 1 this beam passed through a 0.013-mm
tantalum window at the end of the beam pipe, and into
the detector through its beryllium window. A 10-mm-
diameter tantalum collimator was mounted so that tri-
tons were implanted away from the edges of the crystal.
As a result an ~ 3-mm annulus of nonimplanted germani-
um remains which allows for scanning through implanted
and nonimplanted regions of the detector with a narrow
beam of photons.

For most of the implantation the triton energy ranged
from ~13.5 MeV to 14.3 MeV. These energies were
sufficient for implanting tritium to depths?! of ~0.28 mm
to 0.32 mm, which is large in comparison to the absorp-
tion length of 18.6-keV bremsstrahlung photons (~20
pum) and thus large relative to the mean path length of
18.6-keV f3 particles (~1.6 um) in germanium. A final

TABLE 1. Specific features of tritium implants.

Triton Beam Duration of Mean implant

energy current burst No. of tritons depth

(MeV) (nA) (s) implanted (mm)

13.50 0.05 45 1.4x 10" 0.280

13.75 0.05 30 0.9x 10" 0.295

13.85 0.05 37 1.2X10%° 0.300
14.00 0.05 16 0.5x 10"
0.25 8 1.2X10%

0.50 4 1.2Xx 10 0.305

14.15 0.05 43 1.3x 10" 0.315

14.30 0.05 200 6.3X10'° 0.320

20.00 0.25 15 2.3x10% 0.590
Total 1.6 10"
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FIG. 1. Illustration of implantation procedure. A tritium
beam passed through a tantalum window into the germanium
crystal through its beryllium window. A 10-mm tantalum colli-
mator was used to keep tritons away from the edges of the crys-
tal leaving a 3-mm annulus of nonimplanted germanium.

dose of tritium was administered at an energy of ~20
MeV which implanted 13% of the total number of tritons
at a depth of ~0.59 mm. Approximately 1.6X 10! tri-
tons were implanted in total yielding a net count rate in
the neighborhood of 400 cps. Table I lists the parameters
characterizing the tritium implantation procedure. At
the bombarding energies used, range straggling is about
2% of the mean range. >

B. Annealing of radiation damage

The extent of radiation damage induced in the ger-
manium crystal after implanting the tritium was moni-
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FIG. 2. Results of scanning the Ge crystal with a narrow
beam of 59-keV y rays immediately after implanting tritium. (a)
A 2% pulse-height defect and (b) an ~0.59-mm dead layer were
observed when photons were incident on the implanted region
of the detector.
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tored with a narrow beam of 59-keV y rays from 2*!Am.
The mean absorption length of 59-keV photons in ger-
manium is ~1.0 mm so that this provides a good probe
of the detector response at depths including the implant-
ed region. Figure 2 is the result of a scan across the
detector diameter directly after implanting tritium. In
the first place [Fig. 2(a)] a pulse-height defect of ~2%
was observed when photons were incident on that region
of the crystal where tritium entered the detector. Second,
a reduction in intensity of the photopeak was observed,
again in the region where the tritium entered the detector
[Fig. 2(b)]. This attenuation in count rate can be attribut-
ed to an effective dead layer ( ~0.59 mm) induced in the
detector which extends from the front face of the crystal
to a depth corresponding to the end of the highest-energy
triton track. Both of these effects will give rise to a dis-
torted B spectrum since incomplete charge collection
yields a false recording of the emitted 8 pulse. At this
stage the effective dead layer induced in the crystal is the
dominant concern. Since this dead layer covers most of
the region where the tritium is embedded the majority of
[ particles enter an insensitive region of the detector and
are completely undetected. In fact, it was the case im-
mediately after implanting the tritium that a S signal
could not be registered in the detector.

At this stage the detector was removed from its liquid-
nitrogen Dewar and allowed to warm to room.tempera-
ture over a period of ~25 h. A second scan with 59-keV
photons indicated that the pulse-height defect had disap-
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FIG. 3. Results of scanning the Ge crystal with a narrow
beam of 59-keV y rays after heating the detector. After a room
temperature anneal (a) the pulse-height defect disappeared;
however, (b) an ~0.45-mm dead layer remained. (c) After an in
situ annealing phase to higher temperatures (also see Table II)
the insensitive volume had dissipated both in depth and width
although an ~0.14-mm dead layer remained.
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peared as can be seen in Fig. 3(a).
sult of Bourgoin et al.'® simple vacancy-interstitial de-
fects are removed from germanium with annealing’ tem-
peratures just above room temperature, suggesting that
the pulse-height defect was associated primarily with
electron and/or hole trapping in these simple defects.
However Fig. 3(b) demonstrates that an effective ger-
manium dead layer of ~0.45 mm was still present,

According to the re-

motivating efforts to anneal the detector at higher tem-
peratures. At this point a heavily distorted B spectrum
was obtained.

Further annealing of the detector at temperatures
above 25°C was accomplished in two phases. In the first
phase the germanium crystal was heated in situ by apply-
ing heating coils to the cold finger of the detector. It was
found that an additional heating coil was required around
the cryostat to achieve crystal temperatures above 90 °C.
In addition, sorption pumping of the detector volume was
continuously applied during the annealing procedure to
take up any out-gassing from the zeolite surrounding the
cold finger which could contaminate the germanium sur-
face. A second annealing phase was carried out after re-
moving the crystal from its cryostat.

In the first phase (in situ anneal) the crystal was heated
in several stages to temperatures ranging from ~90 to
~135°C. The duration of time for each anneal stage and
the crystal temperatures maintained are listed in Table II
below. At the end of each stage the detector was allowed
to cool to liquid-nitrogen temperature for 24 h so that a
scan of the crystal could be made using 59-keV y rays.
In this manner the effective germanium dead layer
(AXg.) could be monitored and employed as a measure
of the radiation damage remaining in the detector.

The final scan, made at the end of the in situ annealing
phase is depicted in Fig. 3(c) where it is shown that the
damaged volume of the crystal had been reduced both in
depth as well as width. At this point the effective ger-
manium dead layer was only ~0.14 mm which is thin in
comparison to the tritium implantation depth (= 0.28
mm) making it feasible to record a preliminary B spec-
trum. Figure 4 shows the experimental 8 spectrum ac-
quired after this annealing phase. The dashed curve in
this figure is a theoretical 8 spectrum that has been nor-
malized to the experimental data between 1.0 and 18.6
keV. A photopeak at 11.1 keV was observed superim-
posed on the B spectrum. This arises from the decay of
3As nuclei residual in the front of the detector that were
created by (¢,2n) reactions during the implantation pro-

TABLE I1. In situ annealing phase.

Crystal Duration Effective

temperature of anneal AXG.
(°C) (h) (mm)

1. 90 110 0.55

2. 90 135 0.51
“3. 110 40 0.45
4. 110 45 0.37

5. 115 40 0.32

6. 125 65 0.24

7. 135 65 0.14
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FIG. 4. Tritium S spectrum (A1) acquired after in situ an-
nealing procedure. The dashed curve is a theoretical spectrum
that has been normalized to the experimental area between 1.0
and 18.6 keV. The long-range curvature in the measured spec-
trum indicated radiation damage residual in the germanium
crystal. A photopeak at 11.1 keV indicates the presence of *As
isotopes in the detector.

cedure. Details regarding the production of arsenic iso-
topes in the counter are outlined in Appendix A, and it is
shown that the 73As signal plays a small role when
analyzing the tritium spectrum at low energies (<9 keV).

As evident in Fig. 4 remaining radiation damage yield-
ed long-range distortion in the measured 8 spectrum, in-
dicating the need for further annealing. This was
achieved by heating the germanium crystal after it was
removed from its cryostat, to ~180°C for ~10 h. The
crystal was then reprocessed and remounted in its cryo-
stat. Reprocessing of the crystal involved replacing the
front contact of the detector which consists of a thin
(0.1 um equivalent Ge), low-Z material. To do so the
original contact was etched off with the result of remov-
ing an ~25-um layer of germanium from the front of the
crystal. The results of this final annealing are shown in
Fig. 5. In addition to a scan using 59-keV y rays a scan
was also made using the 5.9-keV x rays of *>Mn. These
scans serve both as a probe of the immediate detector
surface and of the implanted regions. Figure 5(a) indi-
cates no measurable pulse-height defect at 5.9 keV or at
59 keV. Figure 5(b) shows that the effective germanium
dead layer has been completely removed. From the 5.9-
keV x-ray scan an upper limit on the effective germanium
dead layer is estimated to be 1.4 yum. In addition, no
observable tailing effects were found in photopeaks accu-
mulated in the implanted regions and pulse heights in im-
planted and nonimplanted regions agree within 0.05%.
These results are consistent with expectation based on the
work of Bourgoin et al.'® Finally, the 8 count rate above
2.032 keV was the same to within 0.3% after removal of
25 pum of front surface as before, indicating that the triti-
um is implanted deeply into the detector as expected.



FIG. 5. Results from scanning Ge crystal with 5.9-keV x rays
and 59-keV y rays after phase II annealing. (a) Pulse heights
from the implanted regions of the detector agree within 0.05%
with those from the nonimplanted regions. (b) The insensitive
volume of the crystal is no longer present and an estimate indi-
cates an effective dead layer <1.4 um.

C. Calibration

Calibration of the germanium spectrometer was ob-
tained by shining x rays on the germanium detector
through its beryllium window. X-ray energies above the
K-shell binding energy of germanium (11.1 keV) provide
low-energy calibration lines when interactions near the
surface of the crystal are accompanied by the escape of
germanium K x rays. X rays with energies in the range
~9.9-19.7 keV were obtained by fluorescing the ap-
propriate materials with photons from a strong 'Cd
source. This source is in the shape of an annulus so that
fluorescence can be observed at 180°, reducing unwanted
background from both the y ray (88.0 keV) and Ag x
rays.

Table III is a list of the materials fluoresced along with
the x-ray energies®® and escape lines utilized in calibrat-
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-8 L I-¢lt - (') E— "1 S ;3 preamplifier (Aptec Model SP101C) using an Ortec 572
linear amplifier. These pulses were in turn fed into an
pos. (mm) analog-to-digital converter (ADC) (Model TN-1242) and

analyzed with the aid of a TN-4000 multichannel
analyzer. In this configuration the spectrometer is ex-
tremely linear. The rms deviation of peak centroids from
a linear calibration curve is less than ~4 eV over the en-
tire tritium energy range as is depicted in Fig. 6.

D. Spectrum recording

Beta spectra were acquired over periods of one to two
weeks each before and after the final stage of annealing.
In each case the detector housing was surrounded with
50 mm of lead to shield the crystal from background ra-
diations. In addition the detector cryostat was covered
successively with layers of Al (0.5 mm), Cu (1.5 mm), and
Cd (2 mm) to absorb x rays produced in the outer shield-
ing. In order to reduce background associated with low-
energy acoustic noise the detector was completely housed
in a soundproofing chamber.

To monitor any possible changes in calibration associ-
ated with gain and/or zero shifts, 3 spectra were acquired
intermittently on a day-to-day basis along with the x-ray
spectra obtained by fluorescing a bromine target. The
centroids of these calibration lines (2.032 keV and 11.908
keV) were found to be remarkably stable and did not drift
more than ~ 3 eV over periods of one to two weeks.

Table IV outlines the 3 spectra accumulated after each

TABLE IIlI. Calibration lines for hyperpure Ge spectrometer.

Material K, K; K,—K,°
fluoresced Element (keV) (keV) (keV)
Ge crystal Ge 9.876
Na,SeO, Se 11.208 1.333
Br salt Br 11.908 2.032
Rb salt Rb 13.375 14.981 3.499
SrCO, Sr 14.142 15.857 4.266
Y foil Y 14.933 16.765 5.058
Zr foil Zr 15.746 17.699 5.870
Mo foil Mo 17.443 19.651 7.567
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TABLE IV. *H B spectra accumulated in a hyperpure Ge detector.

Duration Gain No. of T FWHM
Spectrum (s) Amplifier (eV/channel) channels (us) (eV)
Al 4.89X10° Ortec-572 10 2048 6 405
A2 4.48 X 10° TENNELEC-242 5 2048 8 405
B 1.07 X 10° Ortec-572 5 2048 6 405
C 8.01 X10° Ortec-572 10 2048 6 310

phase of the annealing procedure. Two 3 spectra were
accumulated after annealing the detector in situ (phase I).
In the first case (spectrum A1) pulses from an Ortec 572
linear amplifier were fed into an ADC (TN-1242) and
recorded on a multichannel analyzer (MCA) (TN-4000)
using 2048 channels for memory storage. A gain of ~10
eV/channel then allowed for data acquisition over the en-
tire energy range of the tritium f3 spectrum. Data were
accumulated for a period of ~4.9X10° s which was
sufficient to achieve ~1.5X10° counts in 60-eV energy
bins at 1.5 keV. In order to check that low-energy
anomalies were not produced in the 8 spectrum by non-
linearities in the amplifier and/or ADC a second run was
made (spectrum A2) using a TENNELEC-242 amplifier
with the gain increased by a factor of 2. This spectrum is
the result of data accumulation over a similar time period
of ~4.5X10%s. There were no observable differences en-
countered in the linearity of the spectrometer associated
with the two different amplifiers and gains used.

Two longer measurements were made after radiation-
damage annealing was complete (phase II). In the first
case the tritium spectrum was measured up to ~10 keV
swith a dispersion of ~5 eV/channel for a period of
1.07X10% s (spectrum B). At this stage modifications to
the detector preamplifier together with a change in the
detector field-effect-transistor (FET) package yielded a
25% improvement in the resolution of the spectrometer,
thus motivating another measurement. Spectrum C is
the result of data accumulation over a period of
8.01X10° s using the improved detector resolution. This
measurement spanned the entire tritium energy domain
up to ~20 keV using a dispersion of 10 eV/channel. The
improvement in resolution for this final run is important
at low energies since the signal is dominated by detector
noise below ~1 keV. This point is considered in more
detail in the following section.

E. Ambient background and detector noise

The tritium 3 signal was extracted from the raw signal
after subtracting an underlying background spectrum.
This background signal consists of two components:
namely, ambient background related to outside radiations
interacting within the germanium crystal and detector
noise.

Before the tritium was implanted into the detector, an
ambient background spectrum was accumulated for
~3X10°% s over the entire tritium energy range (0-20
keV). This component of the background contributes
~0.01% of the raw signal below ~2 keV. The ambient

background signal is adequately described by a quadratic
polynomial with a very small quadratic term.

At low energies (<1 keV) the background is dominated
by detector noise. For spectrum B the resolution of the
detector was ~405 eV [full width at half maximum
(FWHM)] so that the tail of the low-energy noise spec-
trum extended up to ~1.2 keV. The shape, and intensi-
ty, of the noise signal has been studied before and after
the tritium was implanted. After implanting the noise
spectrum was measured with the polarity of the amplifier
inverted, and in anticoincidence with noninverted pulses
to reject large undershoots. It is found that the noise sig-
nal is adequately described by the tail of a Gaussian func-
tion. Figure 7 shows the characteristics at low energies
from run B for the two background components de-
scribed here. The total signal to [3-signal ratio is given
where the noise component of the background decreases
rapidly from 1% of the 3 signal at ~0.9 keV to the am-
bient background level at ~1.2 keV. Also plotted in this
figure is the variation in the S signal arising from a 1%
branch of a 17-keV neutrino, which indicates that the
noise component of the background is tolerable above
~1.2keV.

The dashed curve in Fig. 7 is the result of a similar
analysis of the background for run C where the resolution

noise , fwhm =310 eV

noise , fwhm=405¢eV

/heavy Y

15
Energy (Kev)

FIG. 7. The total signal to *H B-signal ratio at low energy.
The solid curve indicates the ambient background plus detector
noise levels relative to the tritium signal when the resolution is
FWHM ~405 eV (used for spectrum B). The dashed curve
represents this same function for run C with FWHM~310 eV.
Also shown is the variation in the shape of the 8 spectrum from
a single component spectrum arising from a 1% mixing with a
17-keV neutrino.
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of the detector is ~310 eV. The reduction in noise for
this measurement yields a low-energy tail that is negligi-
ble above ~0.9 keV. As a result this spectrum gives in-
formation down to 0.9 keV that can be studied without
concern for the contribution to the signal from the noise
component of the background.

IV. DATA ANALYSIS

The experimental 3 spectra were analyzed, after back-
ground subtraction, by comparison to the theoretical
shape expected from a two-state model of the electron
neutrino:

lv, Y =cos6|v,) +sinb|v,) . (1)

In this case the 8 spectrum becomes a superposition of
two single-component spectra with different end points:
dN(E,M,) dN(E,M,)
dN(E) =cos?0 L +sin%0 2
dE dE dE

where M is the mass of the predominantly emitted light
neutrino (M, =~0) and sin?@ represents the mixing proba-
bility for a heavy neutrino (M,%M ). We employ the fa-
miliar single-component Fermi spectrum for the emission
of a neutrino with mass M;:

dN(E,M;)

dE

(2)

=CpEF (E,Z) (W —E)[(W —E—M2c*]'/* .

(3)

In Eq. (3), p and E are the electron total momentum and
energy, W is the total energy available to the emitted lep-
ton field, and C is an overall normalization factor.

A modified nonrelativistic Fermi function is used in the
form

F(E,Z)=X(l-e_x)_l[l.002037—0.001 427(v /c)],
(4a)

where

2nZa
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 linear term in Eq. (4a) is a phe-
nomenological modification!® to the nonrelativistic Fermi
function?? that yields the same values as the relativistic
calculation of Behrens and Janecke.?*

While F(E,Z) accommodates the Coulomb interaction
between the charge on the daughter nucleus and the em-
itted S particle low-order corrections arise due to atomic
physics. One is that the atomic electron of the daughter
helium ion screens the emitted 8 particle from the nu-
clear charge. This has the effect of accelerating the B
particle relative to that predicated in Eq. (4). In the clas-
sical paper by Rose,?® the screening correction is ana-
lyzed as though the nucleus in beta decay were not aware
of this screening, so that electrons are emitted into its im-
mediate vicinity always in the same way.’ Hence the
correction is made by evaluating the electron phase-space

X= (4b)
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factor and Coulomb interaction with the 3 energy shifted
back by a constant value equivalent to the electronic po-
tential at the origin. Use of a static potential is justified
since the velocity of the 3 particle is high and the elec-
tron cloud distribution remains essentially unchanged
during the passage of the 3 particle.

Several authors®™® have discussed the screening
correction (V,) appropriate for free atomic tritium.
Lindhard and Hansen® have computed additional low-
order corrections to the energy available to the emitted 8
particle by considering excited atomic final states. These
include the mean excitation energy (Ae) released after
an excited He™ ion returns to the ground state as well as
the mean neutralization energy (I ) released when the
daughter He™ ion is neutralized to the ground atomic
state. Since the present apparatus involves a total ab-
sorption spectrometer all of these small energy releases
are accumulated in the detector. As a result the total en-
ergy registered in the detector is not available to the 3
particle when emitted at the nucleus and hence the sta-
tistical factor and Fermi function are computed at the ex-
perimental energies shifted by an effective screening po-
tential (V' )=(V,)+(Ae)+{(I). While (V) =65.4 eV
is the correct choice in the case of “free” atomic tritium?
there remains some uncertainty regarding its value when
tritium is bound within a crystal lattice. In particular if
the effective screening potential is reevaluated for *H and
3He in a uniform dielectric according to the prescription
of Lindhard and Hansen,® its value is reduced to
(V)=42.6 eV. Further discussion regarding the
effective screening potential appropriate for tritium in a
crystal lattice is left for Appendix B at the end of this pa-
per, while the effect of changes to this potential on the
tritium [ spectrum is discussed below along with the ex-
perimental results.

V. RESULTS

Radiation damage residual in the detector after the in
situ annealing phase yielded long-range distortion in the
measured f3 spectra (Al and A2) making a comparison
with a theoretical spectrum difficult. However, since the
signature for heavy neutrino emission is a sudden distor-
tion it was feasible to explore these spectra over narrow
energy intervals in search of anomalies associated with a
threshold phenomenon. Apart from resolution effects, it
is straightforward to show that the deviation AK in the
Kurie plot K with nonzero M, from that with sin0=0 is
given by

AK  tan?@ 1— M%C4
K 2 (Q"EB)2

where the deviation is nonzero for Q —Eg>M ,c2.

Figure 8 shows the fractional deviations AK /K ob-
tained from the measured 3 spectra A1 and A2 accumu-
lated after phase I of the annealing procedure. Kurie
plots were calculated from the measured f3 intensity using
the Fermi function described in Eq. (4) and an effective
screening potential of 42.6 eV. In this preliminary
analysis a straight line was fit to the Kurie plots between
~2 and 3 keV. The deviation from this linear fit below 2

172
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FIG. 8. Deviations AK /K below ~2 keV in the Kurie plots
of spectrum Al and A2 from a linear Kurie plot obtained by
fitting a straight line to the Kurie plot K between 2 and 3 keV.

keV then represents the deviation between the experi-
mentally determined Kurie plot and that expected from
the emission of a single-component, light neutrino. To
check whether or not this nonzero anomaly is a result of
radiation damage residual in the counter a similar exer-
cise was performed for 2-keV windows up to ~10 keV .
Figure 9 shows the results of this analysis, where the de-
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FIG. 9. Deviations AK /K in the Kurie plot of spectrum A1l
obtained by fitting the experimental Kurie plot to a straight line
over 2-keV energy windows. There is no sudden distortion as is
the case between 1 and 3 keV. A similar analysis using the
Kurie plot obtained from spectrum A2 yields the same results.
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viations AK /K obtained from spectrum A1l are plotted.
As indicated in this figure there is no sign of a sudden dis-
tortion in the Kurie plot above 2 keV. An independent
analysis of spectrum A2 in this way yields similar con-
clusions. Furthermore, the distortion below 2 keV is
found at the same pulse height in both spectra A1 and A2
suggesting that the observed anomaly does not arise from
nonlinearities in the amplifier or ADC.

The B spectra accumulated after annealing was com-
plete (runs B and C) were examined more thoroughly by
direct comparison to a theoretical spectrum as prescribed
by Eq. (2). Comparison was made by computing a
theoretical spectrum convoluted with the experimental
resolution function at the experimental energies. In this
case the experimental response is treated as Gaussian
with FWHM determined from x-ray spectra and a pre-
cision pulser. The resolution used for spectrum B and
spectrum C were 405 eV and 310 eV, respectively.

The experimental spectra were first analyzed by com-
parison to a theoretical spectrum without a heavy neutri-
no mixed in (sin?0=0) by allowing the end-point energy
to vary together with an overall normalization constant
while fitting. Results of this fitting procedure are shown
in Fig. 10 where the shape factors are plotted for spectra
B and C. These shape factors were obtained by taking
the ratio of the experimental S spectra to the best
theoretical least-squares fit with sin?0=0 using an
effective screening potential of 42.6 eV. The experimen-
tal shape is consistent with unity apart from a sudden ex-
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FIG. 10. Shape factors obtained by taking the ratio of the
measured B-spectra B and C to the best least-squares fit to a
single-component Fermi spectrum using an effective screening
potential of 42.6 eV. The peak at 11 keV in C is due to "*As de-
cay. There is a sudden excess of counts below ~2 keV in both
runs B and C.
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FIG. 11. Low-energy portion of the tritium B spectrum of
run B obtained after background subtraction. The smooth
curve is a single-component Fermi spectrum that has been fit to
the experimental points between 2.5 and 6.0 keV.

cess of counts below ~2 keV. The shape factor for spec-
trum C includes a photopeak at 11.1 keV (equivalent to
the K-shell binding energy of Ge) and is indicative of >As
decaying in the detector. The amount of L1 capture of
3As has been estimated from the K-capture peak to con-
tribute about 4% to the excess counts due to the heavy
neutrino in run C, and the contribution from K capture
followed by escape of the K, x ray much less than 3%.
(See Appendix A.)

Figure 11 shows a portion of B spectrum B between 1
and 5 keV. The smooth curve through the experimental
points is a single-component Fermi spectrum that has
been fit to the data between 2.5 and 6.0 keV. The end-
point value obtained in fitting this region was 18.62+0.01
keV which is in reasonable agreement with the accepted
value for tritium of 18.60 keV (Ref. 26), considering that
the fitting is done far from the end point. When the
smooth curve is extrapolated to 1 keV the experimental
points deviate from this single-component spectrum
below 2 keV. The corresponding Kurie plot has been ob-
tained from this B spectrum using an effective screening
potential of 42.6 eV and is shown in Fig. 12. To em-
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- FIG. 12. Kurie Plot obtained from the 3 intensity of run B
using an effective screening potential of 42.6 eV. The expanded
version in the upper right indicates the excess of counts ob-
served in the spectrum below T3 ~2 keV (the error bar shown is
ten times larger than the true error bar).

phasize the excess of counts observed in the low-energy
region of the tritium spectrum an expanded region of the
Kurie plot between 1.0 and 3.0 keV is given in the upper
right of this figure where the deviation from a straight
line below ~2 keV is clearly evident.

The tritium spectra from runs B and C were compared
to a two-state model of the electron neutrino by allowing
the end-point energy, mixing probability, and the thresh-
old energy E, for the emission of a heavy neutrino all to
vary along with an overall normalization constant. The
data were analyzed from 1.2 keV for run B and from 0.9
keV for run C up to a B-kinetic energy of ~3.2 keV em-
ploying an effective screening potential of 42.6 eV. The
results of fitting are outlined in Fig. 13 and Table V
where the absolute minimum in y? is plotted for a given
value of R (=sin?) after allowing all other parameters to

TABLE V. Results from fitting *H spectra.

Run (V) (eV) Qs (keV) E, (keV) sin%0 (%)* M, (keV)® x2/v
B 42.6 18.616 1.75+0.10 0.90+0.20 16.85+0.10 35.8/32
C 18.678 1.60+0.10 1.32+0.20 17.00+0.10 28.5/32
Combined 1.11+0.14 16.93+0.07-
B 65.4 18.512 1.72+0.10 1.15+0.20 16.88+0.10 36.9/32
C 18.617 1.58+0.10 1.74+0.20 17.02+0.10 29.3/32
Combined 1.45+0.14 16.95+0.07

3Correction for L capture of *As has not been included (see text).

®Assuming an end-point energy of 18.6 keV.
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FIG. 13. x? plots obtained by fitting spectrum B and spec-
trum C to a two-state model of the electron neutrino using an
effective screening potential of 42.6 eV. A combined x? indi-
cates that the data are best described by the emission of
16.93£0.10 keV neutrino with a (1.110.2)% mixing probability.

vary. The data seem to be best described by a two-state
spectrum involving the emission of a 16.93+0.07 keV
neutrino and a mixing probability of (1.1+0.2)%. When
we allow for contribution to the kink from L-capture de-
cay of 3As in runs B and C the central value of the mix-
ing probability reduces to (1.01£0.2)%. (See Appendix A.)
Figure 14 shows the deviations AK from a linear Kurie
plot K for spectra B and C, respectively. The smooth
curves through the experimental points are predicted as
in Eq. (5) for the emission of a heavy neutrino after ac-
counting for resolution smearing.
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FIG. 14. The fractional deviations AK /K in the Kurie plots
of spectrum B and spectrum C from a straight line using an
effective screening potential of 42.6 eV. The smooth curves are
as predicted in Eq. (5) for the emission of a heavy neutrino after
accounting for resolution smearing. M,=16.85 keV with
sin’0=1.1% in the case of spectrum B with FWHM ~405 eV.
M,=17.00 with sin?6=1.3% in the case of spectrum C with
FWHM=310eV.
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FIG. 15. x? plot obtained by fitting spectrum C with the
effective screening potential { ') as a free parameter. An abso-
lute minimum is obtained with {( ¥) =38+20 eV; however x? is
not a strong function of this parameter. Also shown are the
values of R =sin?0 at which y? is an absolute minimum for a
given (V).

In order to demonstrate the effect of altering the
effective screening potential in the case of atomic tritium
a separate analysis has been performed using an effective
screening potential of 65.4 eV which is considered to be
the correct choice for free tritium. The effect of increas-
ing the screening potential is to increase the deduced
value for the mixing probability to (1.5+£0.2)%. The x?2
plot in Fig. 15 is the result of fitting 8 spectrum C to a
two-state model for various values of the effective screen-
ing potential ranging between O and 80 eV. Although an
absolute minimum occurs at ~40 eV the goodness of fit
is not a strong function of the screening potential used.
However it is important to emphasize that even when
zero screening is used the excess of counts at low energy’
is not completely removed. Changes to the effective
screening potential only shift the deduced mixing proba-
bility for a 17-keV neutrino. Values for a heavy neutrino
branch range from 0.6 to ~1.9% when scanning the
effective screening potential between O and 80 eV; howev-
er, even when (V') is set to zero, sin?0=0 is still ruled
out at the 92% confidence level when the results of runs
B and C are combined.

These results are in good agreement with those ob-
tained by measuring the B spectrum of tritium implanted
into a Si(Li) detector as outlined in Appendix C of this
paper.

VI. DISCUSSION

We now have the results from two independent mea-
surements on the B spectrum of tritium, each showing a

. marked distortion 17 keV below the end point. Further-

more the amplitude of the observed distortion is the same
whether using a germanium or a Si(Li) detector. While a
similar technique has been employed to measure the triti-
um spectrum using two different types of semiconductor
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detectors the distortion observed seems to be independent

of solid-state effects or small amounts of radiation dam-

age. These conclusions are strengthened upon consider-
" ing the following points.

(i) While it is generally difficult to calibrate Si detectors
below ~5 keV, calibration of the germanium spectrome-
ter has been achieved as low as 1.3 keV with the use of es-
cape x rays. Consequently, the observed distortion can-
not be attributed to uncertainties in the detector response
at low energies.

(ii) Analysis of tritium spectra (A1 and A2) accumulat-
ed after in situ annealing indicate that the effect of residu-
al radiation damage in the detector is to introduce long-
range curvature into the 3 spectrum. However, a sudden
distortion was observed in these spectra below ~2 keV.
Further annealing of the germanium crystal to higher
temperatures removed all remaining observable radiation
damage in the detector, but, the sudden excess of counts
below ~2 keV was still observed (spectra B and C) after
this stage of the anneal cycle. Furthermore, the distor-
tion occurs at the same threshold energy and with the
same magnitude after each stage of the anneal cycle, indi-
cating that the threshold distortion noted is inherent in
the B signal.

(iii) Finally, the possibility of systematic uncertainties
in the low-energy region of the tritium spectrum arising
from nonlinearities in the amplifier and/or ADC has been
negated by performing separate measurements with
different amplifiers and different amplifier gains. The fact
that the distortion observed always occurs at the same
energy with the same amplitude and shape indicates that
the effect is inherent in the signal and not in the associat-
ed electronics processing the signal.

To summarize, the agreement between results from in-
dependent experiments using Si(Li) and Ge detectors
leads to the conclusion that the distortion observed is
manifest in the physics governing the tritium S decay.
While the data are best described with the emission of a
17-keV neutrino with sin?6=(1.0£0.2)%, the value of
the mixing probability is dependent on the state of *H
and *He in a crystal lattice. However, if we consider a
range of values for the effective screening potential be-
tween zero and the value for free tritium of 65.4 eV we
obtain the range 0.6 <sin? < 1.6% for the mixing proba-
bility associated with a 17-keV component to the electron
neutrino. Unfortunately, ¥? is not a strong function of
this potential so that its value is not uniquely determined
by fitting. In any case it would seem that sin?6=0 is
completely ruled out. The interpretation of the distortion
as due to a heavy neutrino is also strengthened by the 3°S
data reported in the preceding paper. 4

VII. CONCLUSION

If the present interpretation of the *H and *°S 3 spectra
is correct, these results provide evidence that neutrinos
have mass and that mixing takes place between different
neutrino generations. This immediately introduces the
possibility of neutrino oscillations. At present the best
limits on small mixing angles are from ‘“appearance” ex-
periments at accelerators, where the nonobservation of
v.<>v, and v,<>v_ oscillations gives the following upper
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bounds on sin?@ for large neutrino mass differences:?’

sin@,, <0.001, sin’6,,<0.04 .

Consequently, the nonobservation of v,<»v, oscillations
at the present limit suggests that the 17-keV neutrino re-
ported here cannot be the dominant component of the
muon neutrino. If it is the dominant component of the
tau neutrino then an increase in sensitivity to the v,<—v,
channel of about a factor of 5 could yield observation of
neutrino oscillations in the future. Furthermore, if the
dominant mass component of the muon and tau neutri-
nos is 17 keV or less it will be difficult to measure these
masses directly by conventional techniques.

A 17-keV neutrino that represents a ~1% component
of the electron neutrino would contribute an effective
mass,?® M,sin?0, for neutrinoless 23 decay of ~170 eV.
This contribution is much larger than inferred from
present experimental limits for this process,?’ suggesting
that neutrinos are Dirac particles. An alternative ex-
planation,30 would seem to require that the dominant
component of the muon neutrino have a mass greater
than ~ 68 keV.

Cosmological constraints on massive neutrinos®’ would
suggest that a 17-keV neutrino would have to be unstable
and decay with a mean life $7X 10! sec. If we adhere to
the constraints imposed on massive neutrinos by the stan-
dard “hot big bang” model it then becomes a problem of
particle physics to provide the mechanism by which a
17-keV neutrino could decay. Studies of decay modes for
heavy neutrinos using various extensions of the standard
model have been carried out3? for the three known gen-
erations of leptons. In all cases explored the lifetime pre-
dicted for a 17-keV neutrino is too long to satisfy the
cosmological constraints, which suggests that there exists
new particle physics beyond the standard model, unless
there is something inherently lacking in our understand-
ing of cosmology. It is interesting to point out that Hol-
dom?? has taken the technicolor approach whereby a 17-
keV neutrino can decay via a techniphoton with a half-
life that falls well within the constraints of cosmology.
This possibility is interesting since the model involves an
L,—L,+L.—L; symmetry, where A represents a
fourth-generation lepton, and can accommodate the
nonobservation of v,<»v, oscillations.
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APPENDIX A: ARSENIC ISOTOPES

31

Nuclear transmutations of germanium can be induced
when the incident triton energy is large enough to over-
come the Coulomb potential (~7.9 MeV) between the
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tritium and germanium nuclei. After implanting the
detector an energy spectrum up to ~1 MeV was acquired
which indicated the presence of unstable arsenic isotopes
produced by (z,n) and (¢,2n) reactions within the sensi-
tive volume of the detector. At the triton energies used
for implantation an estimate shows that these isotopes
can be produced at depths up to ~0.15 mm. Table VI
lists those reactions that yield the observed arsenic iso-
topes together with an estimate of their respective Q
values. Decay modes for each isotope, together with
their respective half-lives are also included.?? Only one
of the isotopes produced (> As) is stable. All other decay
modes yield stable isotopes of germanium, selenium, and
gallium. Studies®* on the presence of As, Se, and Ga im-
purities in germanium show that these sites can serve as
donor or acceptor levels to photoelectrons produced in
the crystal by ionizing radiations. However, at liquid-
nitrogen temperatures these are neutral sites and thus do
not 3251ﬁ'ect the electrical properties of the semiconduc-
tor.

The time between implanting the tritium and the end
of radiation damage annealing was about one year so that
all short-lived isotopes are no longer observable. Furth-
ermore, removal of a 25-um layer of germanium from the
front of the detector reduces the number of arsenic de-
cays since isotopes produced near the surface of the
detector were removed. The only remaining concern
when measuring the tritium [ spectrum is background
radiations produced by the longer-lived "*As (T, ~80
days) isotope.

BAs decays primarily by K-electron capture to the
66.7-keV state of *Ge. The K shell is filled in a short
time ( ~ 10716 5) relative to the lifetime of the excited nu-
clear state (0.5 s) so that each decay is accompanied by a
pulse at ~11.1 keV corresponding to the K-shell binding
energy of a germanium atom. Since we are interested in a
region of the 8 spectrum in the neighborhood of 1.0-5.0
keV this does not pose as a hazard for analyzing the triti-
um spectrum. However, the 53-keV y rays associated
with the deexcitation of the germanium nucleus may pro-
vide a background at low energies if they Compton
scatter out of the germanium crystal. An estimate has
been made of the rates of ">As decay within the detector

volume by measuring the rate of 11.1-keV pulses. Since
the arsenic isotopes exist only near ( $0.15 mm) the front
surface of the detector the efficiency for absorbing the y
rays emitted toward the front of the crystal is greatly re-
duced. However, the decay of these excited states is
predominately via the emission of conversion electrons
(ex |y =7.2 for the 53-keV level) as opposed to photons.
An estimation of the upper limit to the background pro-
duced in the region 1-3 keV from photons that Compton
scatter out of the detector yields a rate $2X 1077 rela-
tive to the strength of the B signal in this energy region
which is completely negligible.

K capture might also be followed by the escape of a K,
x ray leading to a peak near 1.23 keV. In a measurement
similar to those made for energy calibration (see Sec.
III C) the K-escape peak has an intensity of 6.8% of the
Ag K, peak itself. The K x rays of Ag have about the
same absorption length as the Ge K, x ray itself in ger-
manium. Since 88% of the K x rays of Ag interact by
producing a K vacancy,’® the K escape per K vacancy

-produced is about 7.7%. Using the K-capture peak at

11.1 keV in run C and K-escape probability of 7.7% leads
to an excess of 1800 counts around 1.23 keV, which is
about 3% of the excess counts observed in the low-energy
region. However, the >As is estimated to be distributed
to greater depths, ~150 um, than the absorption length
of the Ge K, x rays in germanium, about 70 um. If in
addition we assume a uniform distribution for 73As,
which is more likely than the exponential distribution of
the Ag x rays, then the K-escape fraction will be much
smaller and we have not corrected for it.

The second important decay mode of Ag is by L1
capture which produces a peak at 1.41 keV. This can be
estimated from the K-capture peak at 11.1 keV using the
EC(L1)/EC(K) ratio of 0.1 to contribute about 2300
counts to the 3 spectrum of run C around 1.4 keV, which
is about 4.3% of the excess counts observed in the low-
energy region.

Finally, these estimates can be shown to be reasonable
because runs Al, A2, B, and C were well spread out in
time. Runs Al, A2, and B were made 3.8, 3.6, and 1.6
half-lives of "*As before run C, but there are no large time
variations evident in the data. (See Figs. 8 and 14.)

TABLE VI. Production of As isotopes in a hyperpure Ge detector.

Estimated

Q value
(MeV) Reaction Decay mode T,
—3.86 NGe(t,2n)"'As—"1Ge—"'Ga 12 d
+4.55 Ge(t,n)* As— *Ge 26 h
—2.83 2Ge(t,2n)*As—’Ge 80 d
+5.16 2Ge(t,n)*As— Ge, *Ga 18 d
—1.63 B3Ge(t,2n)*As
+8.62 BGe(t,2n)As Stable
—1.58 "Ge(t,2n)°As
+5.75 "4Ge(t,n)®As— "°Se 26 h
—0.49 76Ge(t,2n)""As—""Se 39 h
+6.41 %Ge(t,n)®As— %Se 91 min
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APPENDIX B: SCREENING CORRECTIONS

Lindhard and Hansen® have discussed the effective
screening potential required for correcting the Fermi
function in the case of the 3 decay of atomic tritium in a
calorimetric type of measurement. This includes a
screening correction {(¥,), a mean excitation energy
(A€) released when an excited He' ion returns to the
ground state, and a mean neutralization energy (I)
released when the daughter He™ ion is neutralized to the
ground atomic state. The sum of these three contribu-
tions yields an effective screening potential (¥ ) which
takes the value 65.4 eV in the case of “free” atomic triti-
um. However, studies’”3® of muonium in germanium
and silicon lattices find that the electron probability ‘at
the muon is reduced significantly in comparison to that of
muonium in vacuum:

|¢(0)|Ge=058|¢(0)|3ac ’

|¢(O)|si:0-441¢(0)'3ac .

If this reduction is to be attributed to muonium in a uni-
form dielectric® one estimates a dielectric constant of
~1.2 for germanium and ~ 1.3 for silicon. Since it is be-
lieved*® that hydrogen in germanium behaves similarly to
muonium in germanium it is reasonable to expect that
the probability for the atomic electron to be at the nu-
cleus is similarly affected. If we make the assumption
that the effect of the dielectric is the same for both triti-
um and helium in a lattice the effective screening poten-
tial can be shown to be inversely proportional to the
square of the dielectric constant and is ~43 eV for *H in
Ge and ~38 eV for *H in Si.

APPENDIX C: TRITIUM IN A Si(Li) DETECTOR

In light of our discussion concerning the appropriate
choice of the effective screening correction when tritium
is bound within a lattice and the effect this choice has on
the branching fraction for a 17-keV neutrino the earlier
data of the B spectrum of *H in a Si(Li) detector has been
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FIG. 16. Results from fitting the three spectra of Ref. 1 for
tritium in Si(Li) to a two-state model of the electron neutrino
while allowing the effective screening potential to vary as a free
parameter. A minimum in y? occurs for 102 degrees of freedom
at (¥ )=38+10 eV and sin’0=(1.140.3)% for a 17-keV neutri-
no. The upper abscissa gives the values of R =sin?8 at which x?

* is an absolute minimum for a given (V).

reexamined by allowing { V') to vary as a free parameter.
The results of fitting the three tritium spectra of Ref. 1
between 0.7 and 3.5 keV are shown in Fig. 16 for (V') be-
tween 0 and 65 eV. Also shown are the values of sin’0
where x? minimizes for a particular choice of the effective
screening potential. Values of the mixing probability for
a 17-keV neutrino range from 0.5 to 1.8% with an abso-
lute minimum occurring at (¥ )=38+10 eV and
sin’0=(1.1£0.3)%. These results are in complete agree-
ment with those obtained from measuring the tritium S
spectrum in germanium.
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