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No evidence for a 17-keV neutrino in the electron-capture decay of **Fe
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Internal bremsstrahlung spectrum associated with electron-capture decay of **Fe was measured
using a HPGe detector to search for the presence of a heavy neutrino in the mass range 5-30 keV.
A 17-keV neutrino with sin®4 < 0.007 has been excluded at the 50 confidence level.

PACS number(s): 23.40.Bw, 14.60.Pq

I. INTRODUCTION

Since 1985 when Simpson [1] reported a distortion in
the tritium [-decay spectrum which he interpreted to
be the result of emission of a 17-keV neutrino, the pos-
sibility that the electron neutrino couples to a 17-keV
mass eigenstate with a mixing probability of some per-
cent has been investigated in many experiments. Several
results obtained with semiconductor detectors have been
interpreted as an evidence of emission of a 17-keV neu-
trino [2-6]. However, some semiconductor experiments
reported negative results [7,8] and in the recent high-
precision experiment [9] with a superconducting solenoid
focusing 3 electrons from 3°S on a Si(Li) detector no ev-
idence for a heavy neutrino has been found. All results
obtained with magnetic spectrometers have been nega-
tive [10-15]. Attempts have been made to describe the
observed spectrum distortion in semiconductor detectors
by screening effects, calibration effects, and by absorp-
tion and backscattering of [ electrons. A recent com-
prehensive study of this problem has stressed the role
of systematic errors and application of proper statistical
criteria in data evaluation [16].

The investigation of internal bremsstrahlung accom-
panying electron-capture decay (IBEC) has been another
approach in the semiconductor sector. The measurement
of IBEC spectra eliminates many problems of 3 spec-
trometry, as absorption and backscattering of electrons,
external bremsstrahlung of electrons, calibration prob-
lems, etc., because this technique has the advantage of
detecting photons rather than electrons. The first IBEC
investigations showed negative results, however, they did
not achieve the statistical accuracy of the most accurate
( spectrometry experiments and the mass range investi-
gated was too limited [17-19]. Zlimen et al. [20] using a
71Ge source reported positive findings for a 17-keV neu-
trino in the mass range 17.2713 keV with 1.6 + 0.79%
probability at 95% confidence level. However, another
group recently excluded these results at a 99% confidence
level [21]. A preliminary result obtained with a high-
activity %°Fe source suggested neutrino existence in the
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mass range 21+2 keV [22], however, the final results sup-
ported with high statistics data excluded the existence of
a 17-keV neutrino [23]. In a very recent experiment Hindi
et al. [24] using a '2°I source excluded a 0.8% admixture
of a 17-keV neutrino at the 99.6% confidence level.

These experiments are close to their limits of observ-
ability and therefore the question of why some semicon-
ductor experiments have seen kinks in the spectra is still
open. Wahile statistical accuracy is of obvious impor-
tance, systematic errors and overestimates of a spectrom-
eter’s sensitivity are probably even more important.

The aim of the present study was to measure the IBEC
spectrum of a low-activity 3°Fe source in low background
installation, where the role of pileup effects would be neg-
ligible, and to rule out detector response function prob-
lems with proper detector calibration, spectrum evalu-
ation, and Monte Carlo modeling. Preliminary results
were reported in [25].

If we suppose the existence of a heavy neutrino in the
EC decay, the observed IBEC spectrum will be a super-
position of two spectra given by

dN(k) dN(k,m.) dN(k,mp) . o
= —_— 1
7k Ik cos“ 6 + Ik sin” 6 (1)

or in a more suitable form for spectrum evaluation [26]

/2
dN  dN(k,m. = 0) . m2 \'

()

where k is the photon energy, m. and mj, are masses of
the electron and heavy neutrinos (considering me = 0),
respectively, 6 is the mixing angle, and @ is the total
decay energy. The fraction of heavy neutrinos is given
as R = sin® . The test of the presence of a heavy neu-
trino in the EC decay is based on the study of the spec-
trum shape as given by Eq. (2). The spectrum will have
a sharp discontinuity (kink) at & = Q — m; and the
difference in amplitude above and below the kink. The
kink can be associated with capture from different initial
atomic states but capture from the 1s state is dominant
for the investigated mass range (5-30 keV). The IBEC
theory has been comprehensively reviewed in [27]. The
theoretical spectrum for various values of m; and R is
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fitting the experimental data and the lowest x? deter-
mines the result. The analysis of experimental data may
be influenced by unexpected smooth distortions in the
spectrum, therefore various widths of the fitted energy
regions and careful evaluation of the detector response
function are needed.

II. EXPERIMENTAL PROCEDURES

55Fe decays via EC to the ground state of *Mn by
allowed transition with @ = 231.7 + 0.7 keV, a proba-
bility of IB emission of 3.25 x 107° and Ty, = 2.73 yr
[28]. Two sources of **Fe of different activities have been
used during measurements. The first source, a low ac-
tivity one, was a 15-yr-old ~ 3-MBq source with small
impurities (~ 3.4 x 1072 Bq of ®°Co and ~ 1.6 x 1072
Bq of 137Cs). The second source of higher activity (~110
MBq) was a 3-yr-old 3°Fe source with impurities of °Co
(~ 4.2 x 1072 Bq) and ¥7Cs (~ 1 x 1072 Bq). Both
sources were purchased from Amersham Intern. The °Fe
sources were prepared as pointlike sources by evaporation
of dropped radioactive solution on the plastic foil. The
source was placed in a holder to keep reproducible con-
ditions during measurements. A HPGe detector (70%
relative efficiency, 1.2-keV energy resolution at 200 keV)
placed in a low-level background shield [29] has been used
for IBEC spectrum measurements. The low background
Cu cryostat of the Ge detector with thickness of 1.5 mm
sufficiently suppressed the Mn x rays from the %°Fe de-
cays. Silena electronics (Amplifier 7716, ADC 7419) has
been used during the measurements. A total of over 200
days of data collection were split in 10-day intervals us-
ing a PC-based acquisition system. Background spec-
tra were accumulated between IBEC measurements in
10-day intervals, too. The raw IBEC and background
spectra are shown in Fig. 1. After subtracting back-
ground and impurity lines, the IBEC spectrum of the
low-activity *°Fe source contained 4.1 x 10* counts/keV
at 208 keV (the expected place for the most dominant 1s-
capture kink for a 17-keV neutrino) and 7.6 x 107 counts
in the 65-231 keV energy interval. The IBEC spectrum
of the “high”-activity 5°Fe source contained after pileup
corrections 8.2 x 10° counts/keV at 208 keV and 1.6x10°
counts in the 65-231 keV energy interval.

The photon response of the HPGe detector was mea-
sured using test sources of 24'!Am, 1°°Cd, 57Co, 13°Ce,
203Hg, and 85Sr in a similar geometry as the 55Fe sources.
The 11-parameter detector response model function con-
sisted of the full energy peak and the Compton contin-
uum. It has been found that the full energy peak is not
of pure Gaussian form. While the deformation at higher
energies may be neglected, the lower-energy part should
be taken into account. The function describing the defor-
mation may be added to the main Gaussian multiplica-
tively, by convolution or additively [30]. In our case the
peak shape function composed from five parts (Gaussian,
distortion, step function, background, and Compton con-
tinuum) was incorporated into the main Gaussian addi-
tively. The Compton response was approximated by a
six-parameter function. The response model function fit-
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FIG. 1. The raw *°Fe IBEC spectra for low- (top) and

“high”- (bottom) activity sources with background and im-
purity spectra.

ted the normalized test source experimental spectra and
a simple function in energy fitted the energy dependence
of the parameters of the response model function. In
this way all possible effects on the efficiency and response
functions (including absorption of Mn x rays in the de-
tector’s cryostat) have been included in calculations.

For verification of the detector response in the investi-
gated energy region a Monte Carlo model of the photon
response of the detector based on the GEANT code [31]
has been developed. A very good agreement between the
response determined by both methods has been found.
The detector full energy peak efficiency was measured
by a set of calibration y-ray sources and a semiempirical
six-parameter function [32] fitted the experimental data
well.

As the IBEC spectra were investigated in the 170-230
keV energy region, it was sufficient to consider the de-
tector response in the energy interval given by the full
energy and 50% of the energy distance between the full
energy peak and the Compton edge (the 50% region).
The probability that photons will be registrated in this
50% region [eso(k)] is given by a shape of the detector re-
sponse function and it was determined using test sources.
This approach was necessary because we used theoretical
IBEC spectra convoluted not only by pure Gaussian, but
by the whole response function. A comparison of the full
energy peak area with the 50% region shows that the rest
of the area (i.e., the area of the 50% region without the
full energy peak area) is not negligible.

A pileup rejection has been used only with the “high”-
activity source. The IBEC spectrum obtained with the
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“high”-activity source was corrected for residual pile-up
effects using the IBEC spectrum measured in the same
geometry as the low-activity source.

III. RESULTS

The theoretical IBEC spectrum was calculated on the
basis of the theory developed by Martin and Glauber
[33,34] and Inteman [35] for 1s,2s states and De Rujula
[36] for 2p, 3s states. The IBEC associated with the cap-
ture of s initial states is given by

dN,s(k,m)
dk

x k(Q — Bps —

k)V/(Q — Bns — k)2 — (mc?)2 Ry, (k)
3)
and p initial states by

dNpp(k, m)
dk

o K(Q = Brp — k)4/(Q — Bap — k)2 = (mc?)2P2, (k) .
(4)

B, and B,, are binding energies of the s and p states,
m is the mass of neutrino, and R,,(k) and P,,(k) are
correction factors for relativistic and Coulomb effects.
The IBEC spectra have been calculated for 1s, 2s, 2p,
and 3p transitions. Contributions from different atomic
shells have been corrected for screening effects, too [27].
A two-decay-channel mode as given by Eq. (1) has been
assumed in the calculations. The decay spectrum (cal-
culated for 1s, 2s, 2p, and 3p) multiplied by the effi-
ciency function eso(k) and convoluted with the detector
response function ResF'(ai(k),...,a11(k),k) was com-
pared with experimental data in different energy inter-
vals. This instrumental spectrum dNinet,/dk, with re-
spect to eso(k) and ResF is valid from 170 keV. The
energy interval (170—Q) (keV), i.e., approximately 510
degrees of freedom (DOF) allows one to obtain optimum
results corresponding to given statistics. The x? mini-
malization procedure

N 1 ] 2
N~1' — N‘z )
2 -instr expt
X=) — i (5)
Z (a.expt:)2

0

has been applied in two different ways looking for a min-
imum value: (a) for the four free parameters: A (a pulse
height normalization factor), @, mp, and R; and (b) for
the given values of m;, and R (over the physically accept-
able space, mj from 5-30 keV, R from 0-4 %) and two
free parameters A and Q.

Figure 2 shows the ratio of the experimental data (com-
pressed to 1.17-keV bins) to the theoretical fit. The solid
line represents the ratio of the theoretical prediction ob-
tained with m; = 17 keV and a mixing fraction R = 0.7%
to that obtained with mj; = 0. It can be seen that there
is a significant deviation of the experimental data from
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FIG. 2. The experimental data normalized to the theoret-
ical spectrum for my = 0. The solid line represents the ratio
of the theoretical prediction obtained with m; = 17 keV and
R = 0.7% normalized to that obtained with ms = 0. The
experimental data are compressed to 1.17-keV bins (sum of
10 channels).

the theoretical prediction.

To check the sensitivity of the method of analysis a
Monte Carlo program was developed to generate data
sets according to the experimental arrangement. Figure
3(a) shows x? contours of the fit to Monte Carlo data
with a 17-keV neutrino and 1% mixing. The x2 analysis
gives in the energy range 170-230 keV the minimum x?
value (x2 = 519.8 units/510 DOF) for the neutrino mass
my = 17.1+£0.8 keV and R = 1.05+0.22% at 68.3% C.L.
(10). The Monte Carlo data generated for m;, = 0 [Fig.
3(b)] (x® = 513.4 units/510 DOF) excluded a 17-keV
heavy neutrino for R > 0.7% at 99.9997% C.L. (4.70).

The experimental data, similarly as synthetic data,
were analyzed in different energy regions for mj from 5
to 30 keV to eliminate an unexpected smooth distortion
[Fig. 3(c)]. The obtained results show that the difference
between the null and a 17-keV neutrino with 0.7% mix-
ing is 24.4 units, i.e., a 17-keV neutrino with 0.7% mixing
is excluded at 99.9997% C.L.(4.70). The best fit in the
energy region 200-220 keV (Fig. 4) with x? = 156.2
units (for 168 DOF) is of 6.7 units below the fit with a
17-keV neutrino and 0.7% mixing, i.e., the null hypothe-
sis excludes a 17-keV neutrino at 96.5% C.L. (2.10). The
end-point energy (Q) has been assumed in all fits as a free
parameter, because the experimental data define differ-
ent @ for my = 0 and for the two-neutrino decay mode.
For the best fit (R = 0) we have found Q = 231.0 + 0.1
keV.

For the spectrum calculated with photopeak response
function and pure Gaussian shape a value of x2/DOF was
acceptable only for short energy intervals of experimental
(and Monte Carlo) data. A combination of pure Gaussian
convolution with the polynomial

P3 = Qg + alk + a2k2 + a3k3 (6)

gives acceptable xZ/DOF on short intervals, but we could
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FIG. 3. x? contours of fits of Monte Carlo generated data
sets with mp = 17 keV, R = 1% (a), mp = 0, R = 0 (b), and
experimental data (c) in the energy region 170-230 keV (510
DOF).

not use it on the long interval (170-230 keV) because
this polynomial has appeared not to be flexible enough
(x2/DOF:>>1 has been obtained).

IV. CONCLUSIONS

The presented analysis of continuous IBEC spectra is
based on the careful experimental evaluation of detec-
tor response (verified by Monte Carlo calculations) and
the efficiency function in the energy region satisfying the
data analysis interval (170-230 keV). The decay energy
Q as a free parameter reduces the influence of an uncer-
tainty in the tabulated @ value (£0.7 keV [27]). The

R [%]

m,, [keV]

FIG. 4. x? contours of fits of experimental data in the en-
ergy region 200-220 keV.

analysis is very sensitive to the precise evaluation of the
detector response function. An incorrect shape or an
insufficient approximation of the response function may
considerably influence the results. An incorrect response
function may cause distortions interpretable as the pres-
ence of a heavy neutrino at a significant confidence level.
For example, for Monte Carlo generated data with real
shape of ResF (mp = 0 keV, R = 0% and of total count-
ing rate ~ 108 in the energy interval 65-231 keV) and
analyzed using the FEP convoluted spectrum, a 17-keV
neutrino with mixing ratio R = 2% may be found at 40
C.L. The magnitude of R depends on shape differences
between the used approximation and the real ResF. A
fit in a wide energy interval may be influenced by an un-
expected smooth distortion. Therefore data analysis in
different energy intervals is needed. The results obtained
for shorter intervals (at lower confidence levels) and the
possibility of fitting the wide energy interval (170-230
keV, i.e., 510 DOF) without other corrections have been
found essential for the proper data evaluation.

The analysis of experimental data showed no evidence
of a kink or other distortion, and obtained results did
not confirm any heavy neutrino in the 5-30 keV energy
interval. The presented result gives the lowest limit on
the emission probability in the widest mass range as ob-
tained from IBEC measurements. The effects reported
previously and interpreted incorrectly to be due to a 17-
keV neutrino are not in fact caused by a massive neutrino
but by a nonproper use of detector response functions. It
is very probable that detector response functions will also
play a dominant role in other experiments. Reported dis-
tortions in spectrum shapes might be due to a nonproper
evaluation of spectra.
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