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Search for a 17 keV neutrino in the internal bremsstrahlung spectrum of 12sI
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We have searched for evidence of the emission of a 17 keV neutrino in the internal bremsstrahlung
(IB) spectrum accompanying the electron capture decay of I. The IB spectrum, recorded in a
planar Ge detector, has 1.2 x 10 counts per keV at 17 keV below the 2p end point. We set an upper
limit of 0.4% for the admixture of a 17 keV neutrino, at the 90% confidence level, and exclude a
0.8% admixture at the 99.6% confidence level. The QEo value is found to be 185.77 6 0.06 keV. We
also Snd that the recent calculations of Suric et at. , which employ relativistic self-consistent-6eld
atomic wave functions, reproduce the shape and relative intensity of IB partial spectra within a few
percent.

PACS number(s): 23.40.—s, 14.60.Pq, 27.60.+j

I. INTRODUCTION

There have been claims of observation of a massive
(- 17 keV) neutrino in the beta spectra of sH [1,2], 14C

[3], ssS [4,5], ssNi [6], and in the internal bremsstrahlung
(IB) spectrum of "1Ge [7]. These claims are contradicted
by experiments on sH [8,9], ssS [10—12], ssNi [13,14], ssFe

[15], 71Ge [16], 12sl [17], and 77Lu [18]. If neutrino mix-

ing does occur, then it should be a universal phenomenon
and should occur in electron capture decay, as well as in
beta decay. We have conducted an experiment to search
for the admixture of a 17 keV neutrino in the IB spec-
trum of I. A search for neutrino mixing in the IB spec-
trum of I has been conducted before by Borge et al.
[17], but that experiment was designed to test the initial
claim [1] of a mixing fraction of about 2—4% and it does
not reject the later claims of —1% mixing fraction with
a high degree of statistical confidence. Although some
of the most recent negative experiments [15,14,11] reject
the 17 keV neutrino hypothesis with a high degree of con-
fidence, and although a consensus that the 17 keV neu-
trino does not exist is emerging, we feel it is worthwhile
to present our data (which were collected in 1992 [19])
for the following reasons. Since all of the positive claims
were obtained with solid state detectors, while many of
the negative results were obtained with magnetic spec-
trometers, there have been suggestions [20] that the kinks
in the observed spectra are possibly due to solid state ef-
fects. Our negative result, which was obtained using a
solid state detector, suggests that such is probably not
the case. The signature in I for a 17 keV neutrino is
dominated by two kinks, one 17 keV below the 2p IB end
point (E 128 keV), and one 17 keV below the 3p IB
end point (E 132 keV). This signature is qualitatively
diHerent &om that appearing in the studies reported thus
far, namely a spectrum dominated by one kink. In ad-
dition to providing an independent test of the 17 keV
neutrino hypothesis, our high statistics data also provide
a stringent test of the recent IB calculations of Suric et
aL [21]. These calculations are fully relativistic and take
screening into account by employing atoxnic wave func-
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FIG. 1. Decay scheme of I. The level energy is in keV.

tions obtained using a relativistic self-consistent field in
an independent particle approximation. To our knowl-
edge, only the data of Wietfeldt et at. [15] on ssFe have
higher statistics (in IB studies) than ours, but they did
not use theoretical IB spectral shapes in their analysis.
The data of Borge et al. [17] on 12sl have considerably
lower statistics than ours, and have been analyzed using
a nonrelativistic calculation. Finally, the qEC value of
186.1 6 0.3 keV obtained by Borge et al. [17] is in dis-
agreement with a more recent, albeit less accurate, value
of 179.3+2.0 keV obtained by Flower et al. [22]. Our data
give a more accurate qEC value for 1 I (185.77 6 0.06
keV), which is in much better agreement with Borge et
al. 's value.

The decay scheme of I is shown in Fig. 1. The de-
cay to the first excited state of Te at 35.5 keV is an
allowed transition, while the decay to the ground state is
a second-forbidden nonunique transition. From the sys-
tematics of second-forbidden nonunique transitions [23]
one obtains a log ft value ) 11, which corresponds to
a branch of ( 4.4 x 10 4% for the decay to the ground
state in Te. Thus, for our purposes, IB associated
with decay to the ground state, if present at all, can be
ignored. Because of this exclusive decay to the excited
state, whose decay radiation is easily attenuated relative
to the higher energy IB radiation, and the relatively low
end-point energy of 150.3 keV, I presents a favorable
case for the study of IB spectra and for the search for a
17 keV neutrino.

0556-2813/94/49(6)/3289(8)/$06. 00 49 3289 1994 The American Physical Society



3290 M. M. HINDI, R. L. KOZUB, AND S. J. ROBINSON 49

II. EXPERIMENTAL PROCEDURE

A 200 mCi I source was purchased from Amersham
Corporation. The I is incorporated in a resin bead
1 mm in diameter which is sealed in an aluminum alloy
capsule and mounted in a stainless steel holder with a 5

pm titanium window. Gamma rays emitted by the source
were detected in an intrinsic planar Ge detector with a
16 mm diameter, 10 mm depth, and a 0.128-mm-thick
Be window. Four copper sheets, each 0.5 mm thick, and
backed by several Al foils with a total thickness of 0.5
mg/cm2, were placed between the source and the detec-
tor. In addition to reducing the count rate of the Te x
rays and the 35.5-keV p rays in the detector, the copper
served to reduce the summing probability of IB with x
rays to negligible levels. (Since i sl decays 100% of the
time to the first excited state of Te, the IB is always
accompanied by internal conversion x rays or 35.5-keV p
rays from the decay of that level; thus, true summing of
x rays or 35.5-keV p rays with the IB is possible, lead-
ing to a distortion of the measured IB spectrum. ) The
transmission of probability the 35.5-keV p rays through
the copper sheets was measured to be 6 x 10 and that
of the Te x rays to be 2 x 10 . These transmission prob-
abilities then result in a total summing probability of less
than 1 x 10, which is negligible. In the above count-
ing geometry the distance between the source and the
Ge crystal was 8 mm. The detector and source were
surrounded by a graded shield made of 0.1-cm-thick Al
plates, 0.95-cm-thick Cu plates, and 10.2-cm-thick lead
bricks.

The signal &om the preamplifier was fed into two am-
plifiers (ORTEC models 570 and 572) with 1-ps shaping
times, but with different gains. One of the amplifiers
(ORTEC 572) was equipped with pileup rejection cir-
cuitry. The amplifier signals were digitized in two chan-
nels of a 13-bit (8192 channels) CAMAC analog-to-digital
converter (ADC, ORTEC model AD413), with disper-
sions of 33 eV and 39 eV per channel. This duplication
of signals served as a check that any observed distortion
in the spectrum was not an artifact of the amplifiers or
the ADC.

Four separate spectra were collected (pileup-accepted
and pileup-rejected spectra for each of the two ampliffers)
using a VAX 11/730 computer. The spectra were saved
to disk every 12 h. Counting with the I source in place
lasted for 71 days. The count rate at the beginning of the
counting period was 650 s and the final rate was 290
s . The gain stability of the system was monitored by
collecting spectra of Cd, Co, and Ba every 3—4
days, with the I source in place. Room background
spectra were collected for a period of 10 days before col-
lecting the I spectra and for a period of 7 days after-
wards, for a total of 17 days.

To determine the response function of the detector to
photons in the energy region of interest, we collected
spectra of calibrated point sources of Cd and Co; for
energy calibrations Ba was used in addition to these
sources. The energy resolution of the system at 122 keV
was 560 eV.

The relative efficiency was determined using a Ta

source. To avoid summing, the Ta spectra were taken
with the source at distances of 6 cm and 8 cm from the
normal position of the 2sl source (0.8 cm from the de-
tector). The possible variation in the relative efficiency
as a function of distance Rom the detector was examined
by looking at the ratio of yields of lines from Cd and

Co as a function of distance. The change in the ratio
of the 88-keV —to—136-keV lines, as the source was moved
from 0.8 cm to 8 cm, was found to be ( 3%, and the
change in the ratio of the 122-keV —to—136-keV lines was
found to be ( 1%.

The dynamic range of the preamp-amp combination on
the planar detector allowed a maximum photon energy
of = 320 keV to be observed. To check for contaminant
lines at higher energies (up to 2.7 MeV) radiation from
the source was counted in a 91 cm coaxial Ge detector
for 10.7 days and the background for 6.5 days. Lines were
observed from the decay of I, which Amersham had in-
dicated was present in the source at a level ( 5 x 10
We confirmed that the lines are due to I by following
the decay curve of their activity and finding a half-life
of 12.2 6 2.1 days, which agrees with the I half-life of
13.0 days. A long-lived line at 662 keV, which we ascribe
to Cs, was also observed. Since the source was made
in a reactor by neutron capture on enriched Xe gas

[
2 Xe+ ~ —i Xe(17 h) ' I], the ~Cs could have

been produced by neutron capture on residual amounts of

issXe in the gas [ Xe+n —i Xe(3.8 min): Cs].~, i37

A search was conducted for other contaminants, espe-
cially those that can be produced from neutron interac-
tions with the other stable isotopes of Xe; no evidence
for any other contaminant lines was found.

The I IB spectra presented here were collected
beginning approximately 3 months after arrival of the
source, at which point the I had decayed to a negli-
gible level. To determine the contribution of the Cs
contaminant, spectra of a calibrated Cs point source
were measured in each of the planar and coaxial Ge de-
tectors. The procedures for subtracting the Cs and
background spectra &om the I source spectrum are
described in the next section.

III. DATA REDUCTION

Before consolidating the 12-h spectra into a single spec-
trum, the stability of both the gain and the energy resolu-
tion was checked by measuring the centroids and widths
of peaks in the calibration spectra as well as the 35.5-keV
p-ray peak in the I spectra. The standard deviation of
the centroids of peaks was 15 eV and that of the widths
was 2 eV. These deviations are small compared to the
energy resolution of the detector (560 eV at 122 keV).
Hence, all the I spectra and background spectra were
summed together, without applying any shifts.

Figure 2 shows the total raw I spectrum (with elec-
tronic pileup rejection) for ADC 1, compressed 8 chan-
nels to a bin (0.311 keV per bin). The total live counting
time is 61 days. Also shown are the background, Cs,
and residual pileup spectra. These spectra are normal-
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FIG. 2. Spectra of the I source and of the scaled back-

ground, Cs contaminant, and pileup. p-ray energies are
given in keV.
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FIG. 3. The data points show the portion of the spectrum
above the IB end point, after background and Cs subtrac-
tion; the solid line shows the pileup spectrum, obtained as
described in the text.

ized properly (in a manner to be described below), so
that their relative contribution can be deduced Rom the
figure. The region of the IB spectrum which was used in

searching for a 17 keV neutrino was from 120 to 150.5
keV. The raw spectrum has 1.2 x 10 counts per keV at
17 keV below the 2p end point (128.6 keV). At that point
the background contribution is O. ll%%uo, the srCs 0.07'%%uo,

and the pileup 0.25'%%uo.

The background spectrum represents a total counting
period of 17.2 days and has been multiplied by a factor
of 3.54, the ratio of live counting times for the I and
background spectra. This ratio is in agreement with the
ratio of the full energy peak counts of the U line at
185.7 keV and the 2 Pb line at 238.6 keV in the two
spectra (3.31 6 0.28). The effect of a systematic change
of +6%%uo in the background normalization factor has been
investigated and is described later. The Cs spectrum
from the calibration source was normalized to the raw

I spectrum in the energy range 290—311 keV, after
background subtraction. In this energy region the pileup
contribution is negligible. The resulting normalization
factor (0.077) agrees well with the normalization factor
of 0.078 + 0.003, obtained &om the ratio of the yields
of the 662-keV line, measured in the 91-cm coaxial Ge
detector.

The shape of the residual pileup spectrum was com-
puted with the assumption that it is due to events which
occur sufBciently close in time to escape the pileup rejec-
tion circuitry of the amplifier (measured resolving time
of 300 ns). In that case the two events should produce a
pulse with height equal to approximately the sum of the
heights of the pulses due to the individual events. The
resulting pileup spectrum can then be obtained by con-
voluting the raw 2 I spectrum with itself, subtracting
the result from the raw I spectrum to obtain a first-
order pileup-corrected spectrum, and then repeating the
process using the new I spectrum, until the process
has converged. The pileup spectrum was normalized by
fitting it to the I spectrum in the region above the end
point, after background and Cs subtraction. Figure 3
shows the resulting portion of the I spectrum above

the end point, together with the computed pileup spec-
trum. The fit with one parameter (normalization factor)
has a y2 of 503 for 425 degrees of freedom (reduced X2

of 1.18). The resulting statistical error in the normaliza-
tion factor is 0.5'%%uo, the effect of a change of +0.5%%uo in the
pileup normalization factor has been investigated and is
described below.

After subtracting the room background, the contribu-
tion of the Cs contaminant, and the residual pileup,
the spectra were compressed to 8 channels per bin [0.311
keV per bin for the spectrum collected via the first
amplifier-ADC combination (ADC/AMP 1), and 0.266
keV per bin for the spectrum collected with the second
amplifier-ADC combination (ADC/AMP 2)].

The energy scale of the spectrum was determined us-

ing the iosCd 88.0341-keV line [24], the Co lines at
122.0614 and 136.4743 keV [24], and the issBa line at
160.613 keV [25]. The residuals of the fits using a linear
energy calibration were less than 4 eV.

The response function of the detector to gamma rays
was measured using the Cd and Co lines. Figure 4
shows the 122-keV line of Co and the response shape
which was used. The response shape was parametrized
as the sum of a Gaussian peak, an exponential tail on the
low energy side (which arises mainly from forward scat-
tering in the Cu absorber), Ge Ko. and KP x-ray escape
peaks, and a flat tail. Both the exponential tail and the
flat tail were convoluted with a Gaussian that had the
same width as the main Gaussian peak, so these compo-
nents did not drop sharply to zero at the peak centroid,
but smoothly, with a width reflective of the detector res-
olution. The shape parameters were interpolated as a
function of photopeak energy from the shape parameters
obtained for the Cd and Co lines. It should be noted
here that the low energy part of the response function in-
cludes a pronounced backscatter peak, which cannot be
adequately reproduced with a flat tail. In the present ap-
plication, however, the energy region being fitted (when
searching for a 17 keV neutrino) is 120—150 keV. For such
an energy range the backscattered peak is at & 94 keV,
and hence the fitting region always falls on the fiat (or
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FIG. 5. Relative eKciency of the detector. The data points
(solid circles) are from Ta lines with the source at 8 cm from
the detector. The solid line is the 6t. The open triangles are
from the Co lines with the source at 0.8 cm.

FIG. 4. The data points show the response of the planar
HPGe detector to the Co 122-keV line; the solid line shows
the parametrized line shape which modeled the response. The
dashed lines show the limits which were used in the system-
atics tests.

cm, and the resultant fit. Also shown, for comparison,
are the relative efficiencies of the Co lines, measured at
the position of the I source.

exponential) part of the tail of the higher energy gamma
rays.

The relative efficiency of the planar Ge detector, as
a function of photopeak energy, was obtained Rom the

Ta spectra. The intensities of the Ta lines were
obtained from the recent measurements of Kempisty and
Pochwalski [26]. The measured efficiencies were fitted as
a function of energy with the functional form

IV. DATA ANALYSIS AND RESULTS

After subtracting the contributions of pileup, room
background, and the Cs contaminant, the region from
120 to 150.5 keV was fit with a theoretical shape that
was convoluted with the measured response function and
integrated over the width of a bin. The theoretical IB
spectral shape is given by

e(E) = (aiE —1) (a2 e ' + a4),

where the a s are the fitting parameters. Figure 5 shows
the measured efficiencies for the spectrum collected at 8

I

= ) q„, iM„, (E)i E (Qp —B„,—E) (Qp —B. „~ —E) (2)

I

gies were obtained from the tables of Larkins [27]. The
IB electron capture (IBEC) matrix elements were calcu-
lated using the code developed by Suric, Horvat, and Pisk
[21]. This code calculates IBEC matrix elements in an
independent-particle approximation, with atomic wave
functions obtained &om a relativistic self-consistent-field
potential.

The fitting function which was used is

of the detector, and the result integrated over the binning
width AE of the data (311 eV for ADC/AMP 1, 266 eV
for ADC/AMP 2) [28]. To absorb possible deviations
of the theoretical shape f'rom the true spectral shape,
and to account for any residual smooth variations in the

It contains an incoherent sum of IBEC spectra associated
with the emission of two neutrinos, one with zero mass
and emission probability 1 —c and the other with mass
m and emission probability c. The theoretical spectral
shape is convoluted with the response function R(E, E )

where F is the IB photon energy, m is the mass of the
neutrino, M„~ (E) is the energy-dependent IB matrix el-
ement for capture from subshell j in the major shell n,
rI„~ is the number of electrons in the orbital nj, Qp is the
energy of the transition, and B„~ are the atomic binding
energies in the daughter atom (tellurium). The summa-
tion runs over all the filled orbitals in the parent (iodine)
for which a transition is energetically allowed, i.e., for
which E ( Qp —B

&
—m. The atomic binding ener-

I
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efBciency, response function, and pileup subtraction, the
spectrum is multiplied by a linear shape factor of the
form P(E) = 1+ai(E —151 keV), where the parameter
aq is allowed to vary &eely.

Since the ability of the current IB theory to repro-
duce the absolute magnitudes of the IB spectra from
different shells has not, to our knowledge, been tested
to the level necessary for the current study, we allow in
the fitting procedure the possibility of including an in-

dependent scaling parameter for each of the nj IB com-

ponents. [That is, in Eq. (2) we replace ~M„~(E)~ by

r„~ ~M„~ (E)
~

.] To reduce the number of free parameters,
we have restricted the fitting region to 120—150.5 keV;
therefore, the 1s component, which has an end point of
118.4 keV, does not enter the fit. The difference in end

points between the different subshells j for a given n is
not sufBcient to enable an independent normalization of
each in the fit; i.e., if one allowed the normalization of
both the 2s and 2p components (or the 3p and 3s com-

ponents) to vary simultaneously, one would get large and

highly correlated errors on the normalizations of the 8

and p components. Also, since the contribution of IB
&om shells with n ) 3 is small over most of the fit-

ting region and contributes independently only over the
last 0.8 keV of the spectrum, no attempt was made to
scale the contribution of shells with n & 3 independently.
Therefore, in the final fits presented here, only the scal-

ing parameter of the n = 3 shell was allowed to vary
freely. Thus, in the fitting procedure, four parameters
were allowed to vary &eely: an overall normalization pa-
rameter A, the scaling parameter r (—:vs~) of the n = 3
IB spectrum, the end-point energy Qo, and the linear
shape parameter aq.

To search for massive neutrinos a least-squares fit of
the data to the shape described above was conducted.
For a given value of the pair (m, c) the y2 value was min-
imized by allowing the parameters A, r, qo, and ai to
vary &eely. This procedure was conducted for the data
collected through both ADC/AMP 1 (98 data points)
and ADC/AMP 2 (114 data points). Figure 6 shows the
resulting yz contours. For ADC/AMP 1 the yz value
for a single massless neutrino is 102.8. (The probabil-
ity of obtaining a smaller y2 for 94 degrees of freedom
is 75.0%%uo.) The absolute minimum of y in the region
searched is 100.2 [at (m = 24.5 keV, c = 0.6'%%uo)]. Accord-
ing to statistical theory, if the null hypothesis holds, i.e.,
if the data are well represented by a fit with one massless
neutrino, then the difference in the g value between a fit
with a single massless neutrino and a fit with two addi-
tional parameters (m and c) should itself be distributed
like a y distribution with two degrees of &eedom. There-
fore, if the two additional parameters are superHuous, the
expected improvement in the y is about 2 units. The lo-
cal minimum at (m = 24.5 keV, c = 0.6%), which is lower
by 2.6 units than the y for a single massless neutrino,
corresponds to a confidence level of 73%%uo, and hence is not
statistically very significant. The y for a 17 keV neu-
trino with a mixing probability of 0.8%%uo, the lowest central
positive value reported in the literature [5], is 114.6, i.e.,
14.4 units higher than the minimum, and hence can be
excluded at the 99.93%%uo confidence level. The upper limit
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FIG. 6. Contour lines of y as a function of neutrino
mass and mixing probability. (a) Data collected through
ADC/AMP 1 (98 data points). The g for zero mixing is
102.8; the minimum is 100.2 at (m = 24.5 keV, c = 0.6%).
(b) Data collected through ADC/AMP 2 (114 data points).
The y for zero mixing is 110.6; the minimum is 109.5 at
(m = 25.0 keV, c = 0.6%).

on the mixing fraction of a 17 keV neutrino is 0.4'quoi at
the 90% confidence level.

To test for the possible dependence of the above re-
sults on amplifier or ADC nonlinearities, the data routed
through AMP/ADC 2 (0.266 keV per bin, 114 data
points) were also analyzed in the same manner. The cor-
responding results are for a massless neutrino y2 = 110.6
(the probability of obtaining a smaller yz for 110 de-

grees of freedom is 53.5%); absolute local minimum of
= 109.5 at (m = 25.0 keV, c = 0.6'%%uo), which is 1.1

units lower than that with a massless neutrino and cor-
responds to a confidence level of 42%; the g2 for a 17
keV neutrino with a mixing probability of 0.8% is 120.5,
and hence is excluded at the 99.6'%%uo confidence level. The
limit on a 17 keV neutrino is 0.4%, at the 90% confidence
level.
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Figures 7(a) and 7(b) show, respectively, for
ADC/AMP 1 and ADC/AMP 2, the ratio of the data
to the fit for massless neutrinos; the solid curves show
the ratio of the fit for a 17 keV neutrino with a mixing
fraction of 0.8'%%up to that obtained with m = 0. The fit
parameters are listed in Table I. The systematic errors
appearing in the table are discussed below. The agree-
ment in the values of the parameters extracted from the
two AMP/ADC combinations indicates that the effects
of integral nonlinearities are negligible; the slight differ-
ence in the statistical significance of the fits indicates
that there are some residual differential nonlinearities (in
ADC/AMP 1), but they are not large enough to negate
our main conclusion: the hypothesis of a 17 keV neutrino

FIG. 7. (a) Ratio of experimental data to the theoretical fit
with a single massless neutrino. The solid curve is the ratio of
the theoretical fit obtained with m = 17 keV, sin 8 = 0.8'Po to
the theoretical 6t with m = 0. The data are those obtained
through ADC/AMP 2. (b) Same as (a) for data obtained
through ADC/AMP l.

admixed with the electron neutrino with a mixing frac-
tion of 0.8'% is rejected at a confidence level of 99.6%.
To be on the conservative side, we have adopted the re-
jection limit from ADC/AMP 2, which gives the lower
confidence level.

The sensitivity of our results to various systematic ef-
fects was tested by conducting fits (with and without a
0.8% 17 keV neutrino) in which the following parame-
ters have been modified: (1) The normalization of the
subtracted background spectrum was changed by +6%.
(2) The normalization of the subtracted is7Cs spectrum
was changed by +4%%up. (3) The normalization of the sub-
tracted pileup spectrum was changed by +0.5%. (4) The
starting bin used in the compression was changed. Since
the data were binned by summing every eight ADC chan-
nels together, we performed fits where the first channel
used was 1, 2, . . . , 8. This should test for any periodic-
ity in the differential nonlinearity in the ADC. (5) The
energy calibration of the IB spectrum was changed by
(a) shifting the zero by +15 eV, (b) changing the linear
term by the error obtained from the energy calibration
fit, and (c) using a quadratic energy calibration, instead
of a linear one. (6) The flat tail term in the detec-
tor response function was changed by +10%%up. (7) Dif-
ferent efficiency curves were generated by (a) omitting
the low energy points in the eKciency data, (b) using
data obtained with the Ta source at 6 cm instead of
those obtained at 8 cm, and (c) replacing the intensi-
ties of the is2Ta lines (from Ref. [26]) with those from
Ref. [29). The latter differ slightly from those of Ref.
[26] at the lower energies. (8) A quadratic shape factor
[P(E) = 1+ai(E —151) + a2(E —151)2] was tried. The
fits were conducted on the data set through ADC/AMP
2 (0.266 keV binning, 114 data points). The y2 for a fit
with an admixture of a 0.8%%up 17 keV neutrino was always
higher than the y for a single massless neutrino by 9
units or more. Because of the concern raised by Ref. [30]
about the possibility that a large fraction of the differ-
ence between the y for a massive neutrino and that for
a massless neutrino is due to systematic effects near the
end point, we have also performed fits which exclude up
to the last 10 keV (120—140 keV), and obtained, again, a

for a 0.8'%%up 17 keV neutrino that is 9 units higher than
that for a massless neutrino.

The relevant parameters for fits with and without a
0.8% 17 keV neutrino for each AMP/ADC are shown in
Table I. The systematic errors on each of the parameters
were taken to be one-half of the range of values obtained

TABLE I. Fitting results.

Data points
x'
Qsc (keV)

ai (MeV ')

m=0

98
102.8

185.763
1.04

—0.59

ADC/AMP 1
m=1? keV

sin 0 = 0.8%
98

114.6
185.730

1.06
0.48

m=o

114
110.6

185.771
1.03

—0.63

ADC/AMP 2

m=17keV
sin2 0 = 0.8'Po

114
120.5

185.738 + 0.05 + 0.03
1.05 + 0.06 + 0.03
—0.03 + 0.12 + 0.9

QEC = Qo + 35.492 keV.
Errors are + statistical + systematic and are the same for all entries in the same row.
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in the systematics fits described above. The statistical
errors are the one standard deviation errors obtained
from the fits. Our EC Q value (QEc = Qp + 35.492)
of 185.77+0.05(stat) + 0.03(syst) keV is within one stan-
dard deviation from the value 186.1 + 0.3 keV reported
by Borge et aL Their value was obtained kom fits to IB
spectra using a nonrelativistic theory, however, and we
believe the difference between the two results is essen-
tially due to their use of the nonrelativistic theory. In-
deed, we had also initially [31] performed fits using their
theoretical model and obtained QEc = 186.94+0.06 keV,
which is in better agreement with their result. As we
demonstrate shortly, the relativistic model of Suric et al.
[21) is in better agreement with our data than the non-
relativistic model of Borge et al. [17], and therefore the
QEc, value we present here should be more accurate than
both our preliminary value [31] and that of Borge et al.
Our value is in disagreement with the value of 179.3+2.0
keV obtained by Flower et al. [22].

The shape parameter a1 ———0.63 + 0.12 6 0.9 MeV
is small and corresponds to a change P(120 keV)—
P(150 keV) of 1.9'%%up over the 30-keV fitting interval. With
the effect of systematics taken into account it corresponds
to a change that ranges from —0.9'%%up to +4.5%%up. In com-
parison, Borge et al. , who used a shape factor of the form
P(E) = exp[n(E —110 keV)], get a = —3 x 10 s for one
of their spectra and n = —4.5x10 3 for the other. These
values of a correspond to changes of +9.4%%up and +14.5%%up,

respectively, over our 30-keV fitting interval. Hence our
values are at least a factor of 2 smaller than those of
Borge et aL We believe this difFerence is due primarily
to our use of the relativistic IB calculations of Suric et
al. Indeed, when we performed fits using Borge's nonrel-
ativistic theoretical IB spectra we obtained shape factors
which were much closer to theirs.

The scaling factor r = 1.03+ 0.06 6 0.03 of the n = 3
IB spectra is consistent with unity, and justifies, a poste-
riori, our setting of the normalization factors for n & 4
IB spectra (whose contribution is small compared to that
of the n = 3 spectrum) to 1. Figure 8 shows the net IB
spectrum together with the n = 2 and n & 2 components
of the fit with a massless neutrino. The figure demon-
strates the sensitivity of our data to the n & 3 partial IB
spectra.

Because of the closer agreement of the shape factor
with unity, and the correct prediction of the ratio of the
n & 3 to n = 2 partial IB spectra, we believe the rel-
ativistic calculation of Suric et aL is superior (in the
sense that it gives better agreement with the data) to
that of Borge's nonrelativistic calculation. The energy
region which we fitted in our search for the 17 keV neu-
trino is dominated by p IB spectra, and, as mentioned
earlier, no attempt was made to extract the relative con-
tributions of the s and p IB components in these 6ts.
Since Borge et al. obtained 0.45 + 0.15 for the scaling
factor of s IB spectra (which indicates that their calcu-
lation does not give the correct relative intensities of s-
to p-IB spectra), we were interested in seeing if this was
the case for Suric's calculations too. Therefore we per-
formed a fit over the energy region 110—150 keV (which
includes the last 8 keV of the ls IB spectrum), in which

10
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FIG. 8. Experimental IB spectrum, after pileup, back-
ground and contaminant subtraction. The solid line is the
6t for m = 0; the dashed line is the contribution of the n = 2

IB spectra, the dash-two-dotted line is the contribution of the
n & 2 IB spectra.

the scaling factor r1, of the 18 IB spectrum was allowed
to vary &eely. We obtained r1, ——0.94+0.03+0.07 with
m = 0, and 1.00+0.03+0.07 with m = 17 keV, c = 0.8%%up.

The proximity of this factor to unity is another indica-
tion that Suric et al. 's calculation reproduces IB spectra
very well, and justifies equating the scaling factors of the
different j components (for n ) 2) in our fits.

V. CONCLUSIONS

To summarize, we have searched for evidence of the
admixture of a 17 keV neutrino with the electron-type
neutrino in the IB spectrum accompanying the electron
capture decay of I. We reject the hypothesis of a 17
keV neutrino admixed with the electron neutrino with
a mixing fraction of 0.8'%%up at a confidence level ) 99.6%%up.

Our upper limit for the admixture of a 17 keV neutrino is
0.4% at the 90% confidence level. We obtain an improved
QEc value of 185.77 6 0.06 keV, which is in agreement
with the value 186.1 + 0.3, obtained by Borge et al. [17],
but in disagreement with the most recent value of 179.3+
2.0 keV, obtained by Flower et at. [22]. We also find that
the recent calculations of Suric et al. [21] reproduce the
shape and relative intensities of IB partial spectra within
our systematic uncertainty of a few percent.
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