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We have measured the internal bremsstrahlung spectrum of the electron capture decay of "*Ge in
search for a possible mass component of the emitted neutrino. The main relevance of this experiment
is given by the collected statistics which is 20 times larger than in a previously published work
studying the same decay. Analyses of the data exclude the presence of a massive component of
17.2%13 keV and (1.6 £ 0.7)% mixing fraction claimed by Zlimen et al. for this same nucleus, at the

99.0% confidence level.

PACS number(s): 23.40.Bw, 14.60.Gh, 27.50.+e

I. INTRODUCTION

The quest for the existence of a 17-keV neutrino first
observed in nuclear weak transitions has been the origin
of some recent intense activity on both the experimental
as well as the theoretical side [1]. Until very recently,
experiments had produced as many positive [2-7] as neg-
ative results [8-13], with most of the positive announce-
ments reported in the past two years or so—with the
exception of the pioneer work by Simpson [14] published
in 1985. The renewed experimental efforts started to give
new results that have been just (or are being) published,
claiming that there is now convincing evidence against
the existence of the heavy neutrino [15, 16]. Hime has
just reanalyzed the Oxford data [17]—taking into ac-
count electron scattering effects—and found that these
artifacts in the electron response function were sufficient
to remove the observed anomalies claimed earlier as ev-
idence for a 17-keV neutrino [3,4]. All these just re-
ported new experiments detected electrons generated in
the nuclear 8 decay. The other weak-interaction decay
in which a heavy neutrino might manifest is the inner
bremsstrahlung accompanying the electron capture by a
proton in the nucleus (IBEC). The IBEC experiments
have produced results which are not in agreement with
each other. Thus, while Norman et al. [2] first claimed
to observe a neutrino mass component of (21 &+ 2) keV
and a mixing fraction of (0.85 =+ 0.45)% in the IBEC of
55Fe, and Zlimen et al. [5] reported a 17.2713 keV mass
component with a (1.6 & 0.7)% mixing in 7'Ge; experi-
ments conducted by Borge et al. [12] failed to observe
any anomaly in the IBEC spectra of 125I, Norman has
recently remeasured the decay of %Fe and found no evi-
dence for a heavy neutrino [18].

The purpose of this paper is to present the results
of an IBEC experiment on "'Ge conducted at the
TANDAR laboratory in Buenos Aires. A progress re-
port of these results was presented in Ref. [19]. The aim
of the experiment was to increase by at least an order
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of magnitude the statistics of the counted photons with
respect to that of Ref. [5] in order to improve the sen-
sitivity to the expected anomaly and shed light on the
current discrepancy between the different IBEC results.
To achieve this we had to pay special attention to the
determination of the detector response function, the de-
tector efficiency—including effects due to the finite size
of the source and photon self-absorption—as well as the
subtraction of the room background, pileup, and residual
contaminants. The outline of the paper is as follows. In
Sec. II we describe the experimental procedure. A de-
scription of the methods used and developed to reduce
the data is given in Sec. II1. The analysis of the data and
the results are given in Sec. IV. Finally, the conclusions
are presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

The decay of ™'Ge (Ty/; = 11.2 d) occurs via an al-
lowed transition to the ground state of the daughter nu-
cleus and no 7 rays are emitted. The 7'Ge source was
obtained through an (n,7) reaction on natural germa-
nium. A disklike shape piece (diameter of 16 mm, thick-
ness of 0.3 mm) of a high purity crystal of natural germa-
nium was irradiated during 30 days with a neutron flux of
approximately 2 x 1013 neutrons/cm?s, provided by the
RA3 Ezeiza nuclear reactor, near Buenos Aires. A source
of approximately 1 Ci was obtained at the end of the ir-
radiation. We started our measurements about 40 days
after the end of the irradiation to reduce the radioactive
impurities of ""Ge (T1/2 = 11.3 h), ""As (T}, = 38.8 ),
and %%Ge (T}/5 = 39.0 h) to levels lower than 108 of the
"1Ge activity.

Gamma rays were detected in a 58-mm-diam 78-mm-
length coaxial HPGe detector with an energy resolution
[full width at half maximum (FWHM)] of 1.2 keV at 200
keV. The source was mounted at 1 cm in front of the de-
tector. The source and the detector were shielded locally
with aluminum, iron, and tantalum foils to reduce fluo-
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rescence x rays, and the whole setup was surrounded by
a shielding of lead bricks. Pulses from the detector were
amplified and shaped by an ORTEC 673 amplifier op-
erating with 6-us shaping constants. In order to reduce
the pileup the signals were vetoed with a gate obtained
from the amplifier pileup rejection system. The resolv-
ing time of the fast-amplifier circuit which generates the
logic-inhibit pulse is of 0.3 us measured using a pulse
generator and is, to a large extent, independent of the
shaping-time constant. A PCA-II/AT-based acquisition
system was used to collect data in 8192 channels with an
energy gain of 0.13 keV/channel, and recorded in 24-h
cycles on disk. Measurements of the 7!Ge source in cy-
cles of about 96 h were alternated with measurements of
the room background in cycles of about 24 h during sev-
eral days. In total, we counted for 750 live-time h with
the source and 120 live-time h for the background. A
signal from & pulser was fed through the preamplifier at
a rate of 1 Hz to monitor possible gain and offset shifts.
A maximum drift of + 2 channels was observed, and all
of the "'Ge spectra were summed together without ap-
plying any gain or offset corrections. The total spectrum
thus obtained is shown in Fig. 1. The result of summing
all of the room background spectra is also shown in the
figure.

III. DATA REDUCTION

To search for a possible mass component of the emitted
neutrino in IBEC the measured and the theoretical spec-
tra must be compared. Before this comparison is made,
the raw spectrum has to be consolidated by subtracting
the room background, the residual contaminants, and the
pileup contributions. The theoretical spectrum has to be
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FIG. 1. Total experimental spectrum obtained with the
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corrected for the detector efficiency and then convoluted
with the experimental response function. Let us discuss
in detail each of these corrections.

A. Detector efficiency

The efficiency of the detector was determined using cal-
ibrated point sources of 133Ba, 152Ey, and 1%2Ta, which
have several 4 rays in the energy region we studied. In
order to minimize summing effects due to v rays in co-
incidence from these sources, we measured the efficiency
of the detector as follows: First, we determined the ef-
ficiency of the detector for a far-distance geometry (20
cm) using the above-mentioned calibrated point sources
and parametrizing the efficiency e as a function of photon
energy using the analytical function

€ x E%exp(b E°), 3.1)

where E is the photon energy and a, b, and ¢ are the pa-
rameters to be fitted to the data. Since we measured
relative efficiencies (the data are known to an overall
normalization), Eq. (3.1) is written as a proportional-
ity. The data points of the relative efficiency as a func-
tion of photon energy are displayed in Fig. 2. The best
fit (solid curve) was obtained for a = —0.74 & 0.02,
b = —(6.205 £ 0.002) x 108, ¢ = —4.45 + 0.02, when E
was expressed in keV. Having determined the efficiency
in far-distance geometry we transformed this result to
close-distance geometry (same as used for the "*Ge IBEC
spectrum measurements) by measuring the transforma-
tion curve of the efficiency from far- to close-distance
geometry [20] (Fig. 3). This curve has to be measured
by coincidence-free sources, and for this purpose we used
57Co, 203Hg, 137Cs, and 5¢Mn.

Since the 7*Ge source used in the present measure-
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FIG. 2. Relative efficiency of the detector for a far-
distance geometry a8 s function of photon energy.
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FIG. 3. Transformation curve of the detector efficiency
from far- to close-distance geometry.

ments consists of a piece of high purity crystal of natural
germanium, we have investigated the effects of its finite
size (disklike shape) and the effects of the photon absorp-
tion. The former was determined by measuring the dif-
ference in relative efficiency between two 82Ta sources.
One was a point source, and the other was one made of
equal size and shape as the "*Ge source. To correct for
the self-absorption (as a function of the photon energy)
the intensity of the IBEC spectrum generated by the 71Ge
source was measured relative to that obtained by placing
a piece of a nonirradiated crystal of natural germanium
with a thickness of 0.15 mm between the source and the
detector. Both effects—finite size of the source and pho-
ton self-absorption—were parametrized as a function of
photon energy with simple analytical functions and were
included as corrections to the detector efficiency. The
uncertainty in the energy dependence of the detector ef-
ficiency in the region of interest is less than 4%, taking
into account all the effects discussed in this section.

B. Detector response function

The detector response function consists of a set of an-
alytical functions describing the following features: pho-
topesak, flat continuum, single, double, and triple Comp-
ton scattering, and Compton backscattering [21]. The
parameters of the response function as a function of
photopeak energy were determined using monoenergetic
sources of 241 Am, 51Cr, 198Ay, 137Cs, and 5¢Mn. As an
example we show in Fig. 4 the best fit to the spectrum of
51Cr including the different components of the response
function. The comparison between the measured and the
calculated single-line response function is excellent. The

- Energy [keV]

FIG. 4. Measured %' Cr gamma-ray spectrum (histogram).
The curves show the fitted total spectrum and its compo-
nents labeled as (1) photopeak, (2) flat continuum, (3) sin-
gle Compton scattering, (4) double Compton scattering, (5)
triple Compton scattering, and (6) Compton backscattering.

description of multiline sources such as 133Ba is also very
good. The response function was obtained with a twofold
purpose: (a) to describe the spectrum of the residual con-
taminants used in the subtraction and (b) to convolute
the theoretical spectrum in the fitting procedure. In the
latter and given the width of the fitting intervals used in
the analyses, the only two relevant parameters of the re-
sponse function are the width of the Gaussian-shape pho-
topeak and the magnitude of the flat continuum tail—the
various Compton effects being excluded from the region
of analysis.

C. Residual contaminants

Besides the room background there are two other
sources of background: unrejected pileup pulses and
residual contaminants. It can be seen from Fig. 1 that
the only remaining residual contaminants present in the
spectrum are "As (T}, = 17.8 d) which decays emit-
ting ~y rays with energies of 511 keV, 595 keV, and 634
keV (part of the 511-keV contribution is also present in
the room background) and "®Se (Ty/; = 119.8 d) with
gamma. energies of 264.7 keV, 279.5 keV, and 400.7 keV.
The shapes of their corresponding photon spectra were
modeled using the response function (including the sum-
ming effects for the 511- and 595-keV gamma rays), and
were normalized to the photopeak areas of the total spec-
trum before the subtraction. Though calculating the con-
tribution of the impurities may not be the best method
to subtract them, the sensitivity of the final spectrum
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to this subtraction was tested by changing the contribu-
tion of the full response with all its detail to that of a
flat continuum without any structure {in the region of
analysis), in particular that coming from the Compton
backscattering. The conclusions from both analyses do
not change in any appreciable way.

D. Pileup subtraction

Since we deal in this experiment with counting rates as
high as 5000 counts per second, the accounting and sub-
traction of the pileup events merits special attention. The
way this subtraction is usually carried out, as described
in previous IBEC [5, 12] and S-decay [3, 4] experiments,
turned out to be unsatisfactory in our case. Because of
this, we developed a technique based on experimental ob-
servations. While it is clear that the contribution of the
pileup to the measured spectrum becomes more impor-
tant at higher counting rates, here we exploited the ob-
served fact that the shape of the pileup spectrum does not
depend on the counting rate (this latter affecting the in-
tensity of the spectrum). The soundness of this assump-
tion can be checked by looking at Fig. 5 where we show
three spectra from which the room background and con-
tamination contributions were subtracted, obtained at
very different counting rates (from top to bottom 1500,
2800, and 4800 Hz) and all of them normalized in the
region of pure pileup. With this hypothesis and once
the background and contaminations are subtracted from
the total spectrum, what remains is a spectrum with two
components: pure inner bremsstrahlung and pileup.

Let us consider now two spectra obtained at different
times, one at the beginning of the data taking when the
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FIG. 5. Three pileup spectra obtained at different count-
ing rates (from top to bottom 1500, 2800, and 4800 counts/s),
normalized in the region of pure pileup, £ > Qrc = 232.1
keV.
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counting rate was high (4800 Hz) and the other close
to the end when the counting rate was low (1000 Hz).
Clearly, the amount of pileup events present in the second.
spectrum is smaller than in the first one. If we normal-
ize the inner bremsstrahlung component of both spectra
and then perform a channel-by-channel subtraction, this
component will cancel out and what remains will be the
pileup contribution. We define S(E) as the measured
spectrum, I.(E) as the pure inner bremsstrahlung spec-
trum, and P(E) as the pileup spectrum, such that

Sh(E) = an I.(E) + Br P(E), (3.2)

Si(E) = oy I(E) + B P(E), (8.3)

where labels A and | denote high and low counting rates,
respectively. Since Si(E) is not proportional to S;(E),
we obtain P(FE) from the difference,

a1 SK(E) — anSi(E) = (cuBr — onf)P(E).

For practical purposes we perform this normalization in
a region where there is almost no pileup, namely, at the
low-energy end of the measured spectrum (E; = 40 keV).
The resulting spectrum will contain statistical fluctua-
tions, and so a smoothing will be necessary to obtain
the correct shape of P(E). Having obtained P(E), it
is straightforward to get the pure inner-bremsstrahlung
spectrum I (F) by simple subtraction.

Two remarks on the procedure are in order.

(i) As mentioned above, we require a pileup free region
to normalize both spectra; in practice, however, there is
no region absolutely free of pileup events. In what follows
we will examine the procedure in more detail to show that
indeed the spectrum we obtain is I.(E). Let us call y the
normalization factor between Sy (E) and S;(E); then the
difference spectrum S’(E) will be

S'(E) = Sn(E) —vSi(E)
= (o — o) Ie(E) + (Bn — v61) P(E)
~ (Bn — VB P(E), (3.5)

since according to the prescription for normalizing Sy (E)
and Si(E), v is given by

¥ = Sp(E1)/Si(E1) = an/ou. (3.6)

The total accumulated spectrum St (EF) obtained by
adding all the measured spectra, to which we subtracted
the background and contaminations as discussed before,
can be written as

ST(E) = aTIe(E) + ﬂTP(E)

Since the normalization between St and S’ in the region
in which there is pure pileup (£ > Q) can be carried
out very accurately (at a level of +:0.5% obtained by in-
specting the residual spectrum), the ratio A between both
spectra can be precisely determined, and used to obtain
the final spectrum. Numerically, A is given by

Br
PR S
Br —v01

(3.4)

(3.7)

(3.8)
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whereas operationally A was obtained by subtracting
AS'(E) to S7(F) and requiring that the difference can-
cels out for £ > Q. The final spectrum will be then

S(E) = Sp — \S'(E), (3.9)
which by using (3.5), (3.7), and {3.8) becomes
S(E) =or — Mar — you)|1.(E)
+Br — AM(Bn — v8)P(E) |
=lar — Mar — i)l L(E). (3.10)

The term A(on — o) indicates whether the first normal-
ization was correct. If done correctly, then (ap—yay) =0
and this term vanishes. It is nonetheless remarkable that
the spectrum S(F) obtained through this procedure is,
in any case, proportional to I.(E).

(ii) It could be argued that the procedure is not enough
to obtain the proper pileup spectrum since, considering
that events corresponding to a given channel ended up in
another, the inner-bremsstrahlung spectrum will be dis-
torted and the hypotheses used in writing down Egs. (3.2)
and (3.3) will be wrong. This, however, is not the case
since the amount of counts lost from every channel is
proportional to the intensity of the inner-bremsstrahlung
spectrum in that particular channel. This conclusion can
be arrived at in the following way. Given that the pileup
spectrum is proportional to

E
/ 1.(2) L(E — =) da, (3.11)
0
the amount of events from a given channel (Ep) lost to
the pileup spectrum is proportional to

Q
I.(Eo) | 1.(B) B, (3.12)
0 .

meaning that the events that are lost are proportional to
I.(Ey) and therefore, after channel-by-channel subtract-
ing P(E) from the measured spectrum, the result will
be the sought spectrum I.(F). Figure 6 shows the total
experimental "*Ge spectrum from which background and
contaminants spectra have been subtracted, along with
the resulting pileup spectrum.

IV. ANALYSIS OF THE DATA AND RESULTS

After subtracting the contributions, of room back-
ground, residual contaminants and pileup from the total
spectrum, the experimental data were, thus, prepared
for the fitting procedure. For the analysis we used the
assumption of two neutrino mass eigenstates with the
largest component (m;) having zero mass. The capture
rate as a function of photon energy FE is given by

dW(E) _ dW(E,ml = O) dW(E, mg) R 20
dE dE dE o
(4.1)

cos2 8 +

where the fraction of massive neutrinos is sin?6, and each
term in Eq.(4.1) is of the form
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FIG. 6. Total experimental "*Ge spectrum, from which
room background and contaminants contributions have been
subtracted, along with the resulting pileup spectrum.

dW(E, m,-) — Z des(E,m.-)
dE dE

" Z dep:;l(EE’ mi) 4 ] , (4'2)
3

with n running over all the electronic shells. The the-
oretical IBEC rates for each shell were calculated using
the method of Intemann [22] (for a review see Bambynek
et al. [23]), and we allowed for the inclusion of electrons
captured from the 1s, 2s, 2p, and 3s shells. The rates
are given by

AW, (E)

dE NE[QE(}—B(TLS) ——E]

x {[Quc — B(ns) - E|?> — m2c*}"/* R,,(E)
(4.3)

for s states and,

AWy, (E)

a5~ F@sc — B(np;) - E]

X [(Qec — B(np;) — E)? —mict] 1/2
*Qrp, (B) (4.4)

for capture from p states. In the above Qgg is the energy
of the transition and B(ns) and B(np;) are the binding
energies of the s- and p-shell electrons, respectively. The
Rps and Qpp, functions correct for Coulomb and rela-
tivistic effects. The theoretical spectrum was corrected
to take into account the detector efficiency and the self-
absorption and finite size of the source. The resulting
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spectrum was finally convoluted with the experimental
detector response function.

The analysis was done as follows. On the assumption
of two neutrino masses present in the experiment with
the lightest one kept fixed (m; = 0), we have three pa-
rameters to fit in the theoretical spectrum: the electron-
capture @ value (Qec), the heavy neutrino mass (ms),
and the mixing fraction (sin?@). It is known [23] that the
theory reproduces the spectral shape of the contributions
from the different shells much more accurately than their
absolute magnitudes since there exists ambiguities be-
tween the experimental and calculated electron-capture
ratios (i.e., the observed P;/Pk, defined as the ratio of
capture probabilities, is different from the predicted L/ K
capture ratio). Therefore, we weighted with a parameter
A, the ratio between the first two major shells —K (1s)
and L (2s and 2p)—in addition to considering an overall
normalization constant (C'). An energy-dependent shape
factor [P(E) = 1 + 8(Qgec — E)] was included to com-
pensate for small uncertainties in the determination of
the detector efficiency (< 4%) and to absorb possible
deviations—very difficult to assess—in the shape of the
pileup spectrum into the region of interest. Thus, for the
fitting procedure we used a total of six parameters: Qgc,
me, sin?, C, A, and 8.

The background-subtracted experimental spectrum
was analyzed in an energy interval ranging from 180 to
220 keV and compressed into 0.5-keV-wide bins (81 data
points). A least-squares fit of the experimental data was
performed by comparing the theoretically expected spec-
trum for given values of m, and sin?6, and allowing the
other four parameters to vary simultaneously. The con-
tour plot of x? as a function of the neutrino mass and
the mixing fraction is shown in Fig. 7. The value of x2
obtained under the assumption of a single massless neu-
trino was 83.8. The minimum value of x? was 82.6 and
is indicated by a star in Fig. 7. The difference in x? be-
tween this minimum and the value obtained under the
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assumption of single massless neutrino (Ax? = 1.2) has
no statistical significance. Moreover, the 90% confidence
level contour, which lies at approximately x? = 87.2 (4.6
units higher than the absolute minimum), is open and
includes zero. The result of Ref. [5], namely a 17.2+]3
keV neutrino with sin%6 = (1.6 £0.7)%, is also indicated
in the figure with the label A. The massive neutrino de-
fined at the lower ends of my and sin?@ corresponds to
a x2 of 92. This means that it can be excluded at a
confidence level of 99.0% (Ax2? = 9.4). It is interesting
and curious to note that Borge et al. also found a local
minimum at the same mass value corresponding to our
best fit but at a very different mixing fraction, with simi-
lar lack of statistical significance (see Fig. 3 of Ref. [12]).
Further analyses carried out using data compressed in
1-keV-wide bins and/or in the energy range of 150-220
keV yield similar results.

The values obtained for the parameters at the mini-
mum of x?, quoted with 1o statistical uncertainty, are the
following: # = (2.2£0.7) x 10~* keV™!, A = 1.04 +0.05,
and Qgc = 232.1+0.1 keV. The small value of the param-
eter B indicates a weak energy dependence of the shape
factor. The slight 4% deviation in the value of the pa-
rameter A with respect to that given by Intemann [22] is
within the existing uncertainty bounds between theoreti-
cal and experimental values for Py, /Py ratios as given in
Table XV of Ref. [23]. We found that it is important to
include the contribution of the 3s subshell (which does it
at a level of about 1% with respect to the K shell) and
also to allow for some latitude in the L/K ratio through
the parameter A. This approach has made the local min-
imum reported in a preliminary analysis of this experi-
ment [19] statistically much less significant. The Qgc
value is in agreement with the 231 & 3 keV obtained by
Bisi et al. [24], but differs from the 235.7 + 1.8 keV of
Wapstra and Audi [25] and the 229%1' keV reported in
Ref. [5].

We performed a series of tests to establish the sensi-

FIG. 7. Contour plot of x? as a function
of the neutrino mass and the mixing frac-
tion. The absolute minimum is indicated by
a star. The data point ma = 17.2113 keV
(95% C.L.) and sin?4 = (1.6 = 0.7)% (95%
C.L.} corresponds to the result of Ref. [5] (A).
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tivity of our results to the uncertainties in the efficiency
and response function of the detector, and in the sub-
traction of the pileup and background spectra. Special
attention was paid to the systematic errors introduced
by the subtraction of the pileup spectrum which was ob-
tained using our unconventional method. The latter were
estimated to be less than 5% in sin20 and were negligible
in ma and Qgc. From these analyses and by summing in
quadratures the different sources of error, including the
uncertainty of the energy calibration (< 0.2 keV), we de-
termined the systematic errors in mg, sin?6, and Qgc to
be 2%, 10%, and 0.1%, respectively. For the parameter
B the systematic error is negligible, whereas A receives a
contribution of 6%.

Figure 8 shows the ratio of the data (compressed to 0.5
keV /channel) to the theoretical fit assuming the emission
of a single massless neutrino. For this least-squares fit the
parameters Qra, C, A4, and 8 were allowed to vary si-
multaneously. The horizontal line represents the shape
expected for zero-mass neutrinos. The solid curve corre-
sponds to the ratio of the theoretical prediction obtained
with my = 17 keV and a mixing fraction sin?6 = 1.0%
to that obtained with my = 0. We set an upper limit
of 0.5% mixing fraction for a 17-keV neutrino at 95%
confidence level. In Fig. 7 this confidence level contour
corresponds to a x2 of 88 which for a 17-keV neutrino
gives a mixing fraction of 0.45%. Taking into account
systematic errors of about 10% in sin?6, an upper limit
of 0.5% was thus obtained.

V. CONCLUSIONS

To conclude, we have measured the internal
bremsstrahlung spectrum of the electron capture (IBEC)
decay of "'Ge in search for a possible mass component
of the emitted neutrino. The present experiment has 20
times more statistics than a previously reported work
[6] for the decay of the same nucleus, thus improving
the sensitivity to the expected anomaly in the spectrum.
Special attention was paid to the determination of the de-
tector response function, the detector efficiency, includ-
ing effects due to the finite size of the source and photon
self-absorption, as well as the subtraction of the room
background, pileup, and residual contaminants. The
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FIG. 8. Experimental data normalized to the best theo-

retical fit with a single massless neutrino. The solid line cor-
responds to the ratio of the theoretical prediction obtained
with ma = 17.0 keV and a mixing fraction sin?6 = 1.0% nor-
malized to that obtained with ma = 0.

analysis of the experimental data shows no indication
of the 17.2%13 keV neutrino with a mixing fraction of
(1.6 £0.7)%, as claimed by the Zagreb group [5], at a
99.0% confidence level.
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