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Evidence for a 17-keV Neutrino
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A search for neutrinos of mass 10-40 keV has been made by studying the internal-bremsstrahlung
spectrum of 'Ge. We find evidence for a 17.2-keV neutrino with a mixing ratio of 1.6%.

PACS numbers: 23.40.8w, 14.60.6h, 27.50.+e

In 1985 Simpson [1] claimed that (2-4)% of neutrinos
emitted in tritium p decay have a mass of 17 keV. Other
P-decay investigations gave negative results, as did
searches with internal bremsstrahlung in electron capture
(IBEC) [2-4]; these investigations, and other possible ex-
planations of Simpson's result, have been recently re-
viewed [3,4]. Recently, Simpson and Hime found new
evidence for 17-keV neutrinos and observed a relative in-

tensity of 0.73% with S, and (0.6-1.6)% with tritium
[5,6]. A recent investigation [7] of IBEC from Fe
could not exclude the recent results of Simpson and Hime
in the 15-20-keV mass range. We have studied IBEC
with 'Ge and find evidence for a 17-keV neutrino; pre-
liminary results were reported [8,9].

Assuming both light and heavy neutrinos the IBEC
spectrum involves contributions from both types and is
given by

dIIr(k) d W(k, mL), d W(k, mH )
dk dk

'" '+
dk

where k is the photon energy, mL and mH are the masses
of the two neutrinos, and the fraction R of heavy neutri-
nos is given by R =sin 6. We searched for heavy neutri-
nos in the 10-40-keV mass region and we took ml as
zero.

A comprehensive review of IBEC is available [10].
IBEC associated with capture from initial S states is
given by

d~„,(k, m, )
dk
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and for initial P states by

d8'„p, (k, m„)
dk
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where Q is the transition energy and B(nS) and B(nP~).
are the binding energies of the respective S and P states.

R„g(k) describes modifications of the Coulomb-free re-
sults and exact expressions were developed by Intemann
[11]. Q„p.(k) was introduced by Glauber and Martin
[12] and calculated in greater detail by De Rujula [13].
All the quantities in Eqs. (2a) and (2b) are known and
the shape of the IBEC spectra can be calculated for
diAerent heavy neutrino masses, and for diA'erent R
values. However, in order to increase the accuracy of our
own determination we remeasured Q for the 'Ge decay.

Heavy neutrino emission will produce a kink, or distor-
tion, in the IBEC spectrum. The decay of 'Ge is an al-
lowed transition, 100% to the ground state of 'Ga.
There is excellent general agreement between theory and
experiment for allowed decays [2,14]. In our technique it
is only necessary that the theory is sufticiently well known
that we can be confident there are no kinks in the IBEC
spectrum, other than those associated with heavy neutri-
no emission. The theoretical distributions were calculat-
ed for IBEC associated with capture of S and P initial
states. Kinks can be associated with capture from diff'er-

ent initial atomic states but capture from the 1S state is
dominant for the mass range investigated, and we
searched for kinks at the Q

—B(1S)—mHc position.
Our measured Q value was 229 —+II9 keV (95% C.L.) and
B(1S)=10.367 keV. The R„s(k) function involved in

1S capture has smooth energy dependence and it can be
calculated exactly [11] and the other terms in Eq. (2a)
are phase-space contributions; one can be confident that
there are no kinks in the internal-bremsstrahlung (IB)
spectrum region analyzed unless there are contributions
from heavy neutrinos.

A 10-mCi 'Ge source (T~I2=11 d) was made by the
(n, y) reaction on natural germanium. Radioactive im-
purities of Sc, Cr, Co, Se, As ' Sb, and ' Cs
were identified. Radiochemical techniques were used to
reduce these impurities to & 10 of the 'Ge activity.
The Ge02 source was 3 mm thick and had a 14-mm-
diam, 0.6-mm-thick Plexiglas window. Gamma rays were
detected in a 47-mm-diam, 36.5-mm-thick HPGe detec-
tor which had a measured resolution of

[0.75 ~ 0 01+ (0 002 37 ~ 0 00005 )k ] 'i,
where k is in keV and the uncertainties are at the 1o lev-
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el. The source and detector were shielded by 6 cm of lead
and data were accumulated in a 4096 channel multichan-
nel analyzer with an energy dispersion of 0.157
keV/channel. Data were recorded for about 8 d with an
equal time for the background measurement. The energy
calibration was checked every day and drifts were & + 2
channels.

A sum of five functions was used to describe the detec-
tor response: two Gaussians, an arctangent plateau, an
arctangent multiplied by a Gaussian (to describe Comp-
ton backscattering), and another arctangent multiplied
by the Compton cross section to describe the Compton
plateau [15]. The response function has twelve parame-
ters and they were determined using such standard
sources as Co, ' Ba, ' Cs, and 'Am. Our response
function f„,p is in general agreement with other analyses
[16,17]. The efficiency ops for carrier-free point sources
was investigated using standard Co, Co, ' Ba, ' Cs,
and ' Eu sources and was found to be accurately repre-
sented by a function which is proportional to
k "exp(Bk ), where 2, 8, and D are constants.
Values of A =1.030 ~ 0.011, B = —9318+ 50, and
a =2.16+ 0.01 were found, with uncertainties being at
the 1a level. In order to allow for the source thickness
Cps was multiplied by a polynomial P, where
P =a+ bn+ cn, with a, b, and c being constants and n is
a channel number. P is a smooth function of energy.
Both ups and P are reasonably standard expressions [18].

A corrected experimental spectrum N pt was prepared
for the fitting procedure by subtracting room background,

contributions from radioactive impurities, and pileup con-
tributions. The pileup contributions were estimated by
separate measurements with a variety of radioactive
sources. An IB spectrum, with background, impurity,
and pileup contributions, is shown in Fig. 1. In a 5-keV
interval near 200 keV, the IB contributions were 682000
counts, the background contributions were 6.8%, the pile-
up contributions were 3.1%, and contributions from im-
purities were 0.3%. There were no impurity peaks in the
region of interest, which was on the downward slope be-
tween 155 keV and the IB end point. The kink for 17.2
neutrinos is at 201.6 keV.

The basis of our technique has been described previous-
ly [3,4]. In the region above a possible kink position
(which depends on the mH being investigated) X,„pt was
divided by the theoretical spectrum NiqEc, which had
been modified by multiplying by cps and had been convo-
luted with f„,p. The width of that energy region was
linearly increased with mH value and was about 10 keV
for mH in the 15-20-keV range. In this region above the
kink there is no influence of heavy neutrinos (except from
electron capture involving higher atomic states which
could be neglected). A, 8, and D had already been fixed
in the carrier-free source investigation and the coefticients
a, b, and c adjusted to give the best fit to the ratio of the
experiment to theory by fitting P with

(&expt/~ I BECSpsf resp )above ~

This allows an accurate determination of a, b, and c in
the region where there is no heavy neutrino contribution.
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FIG. 2. g' distributions for m~ =17.2 keV. The five distri-
butions are for five different degrees of freedom (d. f.), corre-
sponding to using diferent numbers of channels in analysis.

Values of a =3.881 ~ 0.002 b = ( —4.198 ~ 0.001)
x10 ', and c=(1.8256+'0.0014) &&10 were obtained
with uncertainties being at the 1o level.

The possible existence of heavy neutrinos was then in-
vestigated by extrapolating P below the kink position (for

the same number of channels as used above the kink) and
a g comparison was made between the extrapolated P
and (N „~t/NlaEcep+„e, ~)be]0 in this region for different
values of R, introduced in N~qqc. As the best values of a,
b, and c had been determined in the region where there
are no massive-neutrino contributions, only R was varied
in the g comparison in the region where massive neutri-
nos can contribute. For each m~ investigated R was
varied from —1% to +2% in steps of 0.1%., the
significance of possible negative R values has been dis-
cussed previously [3].

In order to reduce any arbitrariness in choosing the
number of channels used in the analyses, five diA'erent

numbers of channels were used for each mH value investi-
gated. The final R value in each case was the average of
the values which corresponded to minima in g . Our pro-
cedure involved 100 g analyses for the mH range investi-
gated. In the case of m~=17.2 keV the 5 g distribu-
tions for the different numbers of channels (and degrees
of freedom) are shown in Fig. 2. The minimum reduced

g values are about 1.
A g analysis was also used to determine Q. Our value

of 229.2+0.9 keV is smaller than the best-fit value of
235.7+ 1.8 keV obtained by Wapstra et al. [19]. How-
ever, our value is in agreement with 231 ~ 3 keV obtained
in the most accurate IB measurement [20]. If IB analy-
ses have some bias to smaller Q values, we assume it
would also reduce the position of the kink. In that case,
it would not alter the value of R and we would still expect
our estimate of rnH to be accurate.

The evidence for a small kink is not apparent in a visu-
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FIG. 3. The experimental corrected IB spectrum divided by the theoretical spectrum which assumes m~ =0, normalized to the re-
gion just above the expected kink. The dashed line represents the theory for mH =17.2 keV and R =1.6'.
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FIG. 4. The mixing ratio R obtained for possible heavy neutrino masses mz in the 10-40-keV mass range; the values correspond
to a 2-standard-deviation confidence level.

al inspection of the IB spectrum. However, if we normal-
ize the spectrum to a spectrum which assumes mH =0,
the kink becomes visible at Q

—8(IS)—mHc corre-
sponding to 201.6 keV. This is illustrated in Fig. 3.

The uncertainty in R has three components: (a) the
uncertainty associated with the g analysis, (b) the
dispersion associated with using five diA'erent numbers of
channels for each mH value, and (c) the error involved in

projection of P into the region below the kink. At the 1o.
level the uncertainties are 0.51%, 0.12%, and 0.1%, re-
spectively. If the errors are added quadratically, this
gives R =(1.60+ 0.53)%. At the 3cr level the uncertain-
ties are 0.89%, 0.35%, and 0.3%, respectively; this results
in R =(1.60 ~ 1.01)% (99.7% C.L.).

The R values for m~ in the 10-40-keV mass range are
shown in Fig. 4. There is clear evidence for a nonzero
mH value. We obtain mH =17.2 —+I'1 keV (95% C.L.) and
an R value of (1.6 ~ 0.79)% (95% C.L.).

Our result, which is obtained for a decay process
different from P decay and involves using a different ex-
perimental technique, is in general agreement with that
of Simpson and Hime and confirms the existence of the
heavy neutrino. It is also supported by the recent results
of Norman et al. [21].
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ences and Engineering Research Council of Canada for
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