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Abstract 

The massive antineutrino recently reported by Simpson in an experiment on 
tritium decay has not been confirmed by experiments on 35S decay. As an 
independent check, we report here the negative result of a search for the 
corresponding antiparticle (a massive neutrino) using the decay of '251. As a 
by-product, we give accurate data on internal-bremsstrahlung spectra which 
we have followed over close to four decades in intensity, and we report a new 
way of measuring its El/Ml ratio. The experiment provides a new and very 
accurate value for the 1251-'25Te mass difference of 186.1 i 0.3keV. 

1. Introduction 

Whether neutrinos are massive or not is not known. This 
question has given rise to much activity in recent years, partly 
due to the published indications [I] of an electron anti- 
neutrino mass around 35eV. While this result has been 
questioned [2, 31, several experiments now seem on the verge 
of giving improved limits, as can be seen from a recent 
overview [3] of the field. In the following, we shall be con- 
cerned with a phenomenon that may occur if neutrinos are 
massive, namely neutrino-mixing. This takes place if the 
"weak" eigenstates v,, v,, and v, are not at the same time mass 
eigenstates, so that in weak processes, here nuclear beta decay 
or electron-capture decay, the neutrinos will have two or 
more mass components. Searches for admixtures of heavy 
neutrinos in beta decay have been performed [4-101 with 
tritium, %U, and 35S. A non-zero result was reported by 
Simpson [5] ,  who interpreted an upbend below 1.5 keV elec- 
tron energy in the tritium decay as evidence for a 2-4% 
component of a 17.1 keV neutrino. There have been some 
attempts [ll-121 at alternative explanations of these data; 
most likely [12], the effect can be attributed to neglect of 
atomic corrections. Independent checks performed [7-101 on 

S provide limits that disagree with Simpson's interpretation, 
but Simpson has recently argued [3] that not all of the exper- 
iments were correctly analyzed, and that some of them may 
even favour the existence of an m, N 17 keV component of 
the electron neutrino. Rather than entering this controversy 
here, we provide our own independent piece to the puzzle. 

The e- beta-decay experiments probe the mass of the 
antineutrino. In order to determine the mass of the corre- 
sponding antiparticle, one must study positron spectra or, 
better, spectra of internal bremsstrahlung (IB). This latter 
approach is interesting for two reasons, viz. (i) it provides a 
test of CPT for neutrinos, and (ii) under favourable circum- 
stances, it could provide a more sensitive method than e- 
decay. De Rujula [13] has shown that this may be the case i f  
the Q value is resonant with one of the s-electron binding 
energies. In the following is described the use of the IB 

35 

technique in a search for heavy neutrinos and, as a by- 
product, a new way of determining the relative intensities of 
M1- and El-IB is reported. The case selected for this exper- 
iment is '"1, which decays exclusively by electron capture by 
a relatively fast allowed transition to the first-excited level (at 
35.5 keV) of Iz5Te, as shown in the inset in Fig. 4. 

2. The experiment 
2.1. Source preparation and set-up 
The source of 1251 was obtained as decay product of Iz5Cs. 
Cesium nuclei were produced by spallation of a molten 
lanthanum target with a 1.5pA beam of 600MeV protons 
from the CERN synchro-cyclotron and subsequently mass 
separated in the ISOLDE on-line isotope-separator facility. 
The 1.8 nA "'CS' beam was collected in A1 foils, producing 
a source of 2.1 x l O I 5  atoms. Small contaminations of the 
neighbouring masses were present, most noticeable about lo7 
atoms of IZ7Xe. The sources were dissolved and purified 
radiochemically. After addition of 10 mg I carrier, standard 
radiochemical procedures [ 141 based on CCll extractions and 
AgI precipitations were applied. After the chemical separ- 
ation the AgI was sealed in a polyethylene tube. No traces of 
127Xe in the final source could be seen above the background. 
At the start of the data-taking, the source contained less than 
io5 atoms of lZ7Xe. 

For the main part of the measurement, we used a set-up 
with two intrinsic Ge planar detectors, both of thickness 
7 mm and area 200 mm2. To reduce the count rate of the pray 
and the X-rays from '"Te, absorber foils were placed between 
the source and the detectors, in the final set-up approximately 
0.2 mm Ag, 0.075 mm MO, and 0.3 mm Cu. The source was 
sandwiched between the two detectors, which were shielded 
with copper and cadmium foils, the entire set-up being 
surrounded by a 20 x 20 x 20cm3 box filled with lead 
shots. The singles data from both detectors were stored on 
magnetic tape. The total measuring time with the final set-up 
was 55 days. 

2.2. Calibration and data reduction 
Measurements of the background were performed inter- 
mittently through the counting period, and no major struc- 
tures were seen. Standard sources of 133Ba, 241Am, and 57C0 
were used for the calibration measurements, which were 
repeated regularly to check the stability of the set-up. The 
system was slightly non-linear in energy (variations of 1 keV 
with total range 400 keV); this was corrected for, so that the 
resulting energy calibration is good within - 0.1 keV. Long- 
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term fluctuations in the amplification of up to 1% were seen 
(probably stemming from the electronics). The data were 
corrected for these fluctuations, giving a final uncertainty of 
the energies in the IB region of less than 0.2 keV. 

To test the differential linearity of the electronics we also 
measured the flat part of the high energy D- spectrum from 
a source of ‘06Ru with a plastic scintillator. No periodic 
structures or irregular jumps were observed. We therefore 
conclude that our set-up can detect local structures at inten- 
sities of relative order 

To correct for the absorption in the foils and the efficiency 
of the detector, the absorption coefficients of the tables of 
Veigele [15] and the detector data sheets from the manufac- 
turer were used. The total detection efficiency (including the 
effect of the foils) was checked with the calibration sources 
and found to agree with the calculated values within the 
uncertainty of a few per cent. In doing this, we had to correct 
the absorption coefficients for the finite solid angle (5-10Y0) 
of detection. 

The main noteworthy feature of the detector response 
function at these photon energies is the backscatter peak 
(created by photons Compton-scattered from the surround- 
ings into the detector), which here lies fairly close to the main 
peak. Its magnitude, found from calibration runs, was 2-10% 
of the full energy peak in the IB region. Pile-up was found to 
be important due to the relatively large shaping time used 
(6 p s  on the amplifiers), giving a contribution of order of 1 YO 
at 100 keV and of 5% at 130 keV. From the s7C0 runs, the 
pile-up spectrum was seen to consist of a peak at the summed 
energy with an intensity that could be reproduced in a calcu- 
lation, assuming an effective pile-up time of 22 = 2 . 4 , ~ ~ .  In 
addition, there was a fairly constant plateau down to the 
main peak, which required 27 - 20 p s  with large uncertainty. 
This agreed well with the pulse lengths, as seen on an oscillos- 
cope. 

The energy resolution of the detectors was 400-600 eV in 
the range studied, but played no role in the analysis as the 
recorded spectra were converted to give linear spectra with 
1 keV per channel and then added. For a search for heavy 
neutrinos such a bin size is sufficient. Background was 
subtracted, and the spectra were unfolded on the basis of 
a simplified detector response function consisting of a 
&function at the full energy (77%) and a constant plateau 
extending down to zero (23%). As the intensity is rapidly 
decreasing for increasing energy, and as we are mainly 
interested in the spectral endpoint, this is more than adequate 
for our purpose. We note that there was no higher energy 
lines capable of giving Compton edges or back-scatter peaks 
in the IB region. Small traces of the nuclei I7*Hf and ’73Lu, 
corresponding to (2-3) x lo7 atoms of each isotope, were 
found in the spectra. They both give lines in the region 
80-140 keV that is of special interest in the IB spectrum. The 
amounts of these contaminations were determined from their 
higher energy lines, and the calculated impurity lines in the 
region of interest were subtracted from the spectra with their 
intensity suitably corrected for total detection efficiency. The 
spectra were corrected for pile-up with the 22 = 2.4 p s  for the 
summed energy peak found above; in view of the large uncer- 
tainty on the “plateau correction”, we varied the 22 for this 
part and used this and a remaining constant background to 
get a clean spectral endpoint. The pile-up plateau correction 
found in this way was always of the order indicated by the 

ENERGY (keV) 

Fig. 1. The raw data (solid line) and the same data corrected for detector 
response, pile-up, and background (dashed line) are shown as a function of 
photon energy on a logarithmic scale. The inset displays the endpoint on a 
linear intensity scale (same energy scale) to bring out the endpoint behaviour 
more clearly. The peak at 182 keV stems from 172Hf. The data are taken from 
the second detector and represent 9.4 days of data-taking. 

57C0 runs. This final correction was unambiguous as the IB 
spectrum and the background were clearly separated, as 
illustrated in Fig. 1. We chose to apply the corrections for 
absorption and detector efficiency to the theoretical spectrum 
when fitting the data. This resulted in two final spectra, one 
for each detector and having roughly the same counting 
statistics. In the analysis these spectra were compared with a 
theoretical model to be discussed in the following section. 

3. Theoretical model 
3.1. The theory of internal bremsstrahlung 
The general theory of internal bramsstrahlung was developed 
by Glauber and Martin [16] and a review of the theoretical 
and experimental work on IB has been given in [17]. The 
recent interest in low-energy IB stems from the observation 
by De Rujula [13] that information on the mass of the elec- 
tron neutrino can be found from the IB spectrum. This is 
analogous to the way limits on the mass of the electron 
antineutrino are found from the electron spectrum in tritium 
decay: In both cases, one studies the spectral endpoint, at 
which the low-energy neutrinos, if massive, must become 
non-relativistic. The low-energy IB is predominantly p-wave 
(El multipole order) and is strongly resonant [16]. The special 
advantage in the p-IB spectrum is that the resonances under 
favourable circumstances may give large enhancements in the 
intensities. These “resonances” are, in fact, nothing but the 
X-rays following electron capture beta decay. The ideal case 
would be to have an X-ray at the IB endpoint, which implies 
that the Q value for beta decay should equal the binding 
energy of an atomic s-state. In this case, it is possible to 
measure the neutrino phase-space factor for low neutrino 
energies by studying in detail the shape of this X-ray. Unfor- 
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tunately, an exact coincidence of atomic and nuclear energies 
does not seem to occur for any known nucleus, although 
several candidates have been studied during the last years 

A detailed study of the low energy p-IB based on realistic 
models of atomic structure has recently been performed [19]. 
We refer to this work for details of the theory used in the 
present analysis. For explicit numerical calculations, non- 
relativistic Hartree-Fock wave functions [20] and atomic 
binding energies [2 11 are needed, and the calculations then 
proceed similarly to model (I) of Ref. [19]. The spectral 
intensities can consequently be calculated with the Q-value 
and the neutrino mass as the only free parameters. If neutrino 
mixing occurs, the statistical weight factor S (eq. (2a) of [19]) 
is modified to have components of intensity c, for mass mi, so 
that 
S = 

[181. 

2 4 112 cik(Q - Bnp - k)[@ - B, - k), - m,c ] , 

where k is the photon energy and Bnp the binding energy of an 
np-electron. 

The Q-value of ‘251 is favourable for a search for a neutrino 
with mass 15-30 keV, and very strong sources can be made of 
this activity. The high Q value also implies that s-IB will 
contribute as well. The intensity can be calculated from the 
expression given by Glauber and Martin [ 161, here in the 
notation of [19], 

where 1)~!(0) is the value of the wave function at the origin, 
and S is in anlogy with eq. (1) a statistical factor. Note that 
by use of realistic t,bn,(0) values, screening is taken approxi- 
mately into account [ 171. 

3.2. Parameters 
In the analysis we made the simplifying assumption that only 
two neutrino masses enter in eq. (l), with the largest com- 
ponent having a negligible mass (Le., m, = 0, cI = 1 - c,, 
ci = 0 for i 2 3). We thus have three parameters in the 
theoretical spectrum, namely Q, m, and c,. As the non- 
relativistic theory is known [17, 191 to reproduce the shapes 
of p-IB and s-IB much more accurately than the absolute 
magnitudes, we weight the theoretical p-IB and s-IB spectra 
with factors of 1 and b, respectively, in addition to the over- 
all normalization factor c. The parameter b is thus a correc- 
tion factor of order unity, to be determined from exper- 
iment. As the absorption and efficienty corrections (see Section 
2.2) could not be determined with the same accuracy as the 
spectrum itself, we have taken this uncertainty into account 
by multiplying the theoretical spectrum (to which the absorp- 
tion and efficiency corrections were applied) by a factor 
exp (a(k - 110 keV)), where k is the photon energy and a an 
extra free parameter. This factor could also absorb in- 
accuracies stemming from the rough unfolding of the detec- 
tor response, and as o! turns out to be small it cannot in any 
way introduce local structure in the spectrum. We note that 
it is common to use correction factors with linear and 
quadratic terms [I, 7, 81 but feel that the exponential term is 
easier to justify since it resembles the uncertain terms, and is 
certain to vary smoothly. We end up with a total of six free 
parameters, Q, c, b, a, m2 and c,. 

4. Data analysis and search for a heavy neutrino 

In order to bring out clearly the problems in the determi- 
nation of m, and c, from the measured spectra, we proceed 
here in a stepwise fashion. We attempt first to solve the 
problem by inspection and then proceed to more powerful 
and refined statistical methods. 

4.1. The shape-factor plot 
Choosing as our reference a theory with c, = 0 (no heavy 
neutrino), it is possible to represent the data relative to this 
theory, adjusted in the best possible way with four par- 
ameters. This is illustrated in Fig. 2, in which the upper part 
is a simulation with “pseudo data” generated in a calculation 
with m, = 17 keV, c2 = 0.03. It is striking that the effect of 
the heavy neutrino to a large extent can be absorbed by the 
other parameters, in this example by small changes in b and 
Q away from their “true” values. Thus, in comparing dif- 
ferent hypotheses for m,, c, it is essential each time to carry 
out an independent adjustment of the other free parameters. 

Analogous problems occur, of course, in the 35S exper- 
iments [7-lo]. We feel, in complete agreement with the 
opinions expressed by J. J. Simpson in a contribution to [3], 
that the limits on c, derived in [9] are misleading as the 
parameters were not fitted again under the assumption of a 
heavy neutrino; instead the contribution from this was simply 
added to the shape factor plot. The approach taken here and 
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Fig. 2. Shape factor plots showing (a) a simulation, in which the constructed 
spectrum had a 3% component corresponding to a neutrino mass of 17 keV, 
and (b) the experimental results for the second detector with the dashed line 
indicating the statistical error at the lo  level. The comparison spectrum, 
which is divided into the data to obtain the shape factor, was in both cases 
calculated from a theory without a heavy neutrino and with an independent 
adjustment of all the free parameters. It is for this reason that the simulation 
shows a kink also at the 1s bremsstrahlung end-point. 
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also in Refs. [7] and [lo] leads to much more conservative 
limits on c2. 

The shape factor plot of the experimental data from the 
second detector resembles the simulation strikingly and these 
data taken alone favour a heavy neutrino (Fig. 2(b)) although 
the effect still is consistent with a statistical fluctuation. No 
such effect was seen in the data from the first detector and in 
the combined analysis (below) of the results more restrictive 
limits can be put. 

4.2. Two-dimensional x2 adjustment 
We have performed a combined analysis of the two data set 
in the interval 100-139keV. The parameters Q, ct and c were 
adjusted individually for each of the two spectra, whereas 
common values were used for b, m2 and c2 .  In the analysis the 
X2-function was minimized for each value of the pair (m2,  c2), 
thus giving 73 degrees of freedom; the resulting contour plot 
of x2 is given in Fig. 3. In order to interpret Fig. 3 we now 
recall some basic elements of statistical analysis by means of 
likelihood ratios. 

Assume a hypothesis H, depending on s free parametersp,, 
p2, . . . , ps. The likelihood L(x,, H,) is proportional to the 
probability of having the outcomes x, ,  x2, . . . , x,. The x, 
are taken to be the measured values. The parameters p l ,  
p2, . . . , p s  are chosen to maximize L, or, more often, a 
quantity S = In L, occasionally called support. It is well 
known that this procedure is identical to a minimization of x2 
for the case of a normally distributed variable. 

For a f i x e d  set x, of measured values we now wish to 
compare the hypothesis H, with one H,,, that has t additional 
free parameters. To judge the value of this increase in the 
parameter space we consider the resulting increase in support 
or, equivalently, the decrease in x2 at the new minimum 
-Ax2 = X2(n - s) - X2(n - s - t). It can be shown [23] 
that if the zero hypothesis holds, that is if the t new par- 
ameters bring no essential improvement in the fit, the quantity 
-Ax2  is distributed according to a x2 distribution with t 
degrees of freedom. 

We now return to Fig. 3 and note that the value of x 2  
on the x-axis of 69.2 is in comfortable agreement with the 
expected value of 73. This is a confirmation of our basic 
hypothesis that apart from small deviations in the absolute 
values the standard theory of internal bremsstrahlung works 
well. We consider now the effect of adding two more theoreti- 
cal parameters, m2 and c,; there are then 71 degrees of 
freedom away from the x-axis. Even if m2 and c2 should turn 
out to be unnecessary, we still expect from the arguments 
given above that the minimum in x2 will decrease by two 
units, that is to 67.2. For two degrees of freedom there is a 
10% probability that the decrease will exceed 4.6 units, 
corresponding to 64.6 for x2. A minimum deeper than this 
may be taken as an indication for a second neutrino at the 
90% confidence level. 

In the part of the (m2 ,  c2) subspace examined there are 
three minima, two local ones at x2 = 65.2 and 65.8, and one, 
extending along the axis for slightly negative c 2 ,  also around 
66. By the criterion developed above, neither of these are 
significant. The 90% confidence level contour lies at 
approximately 70, i.e., 4.6 units higher than the lowest mini- 
mum. This contour is open, that is it includes zero; upper 
limits of c2 well below 1 O h  are obtained for m2 between 17 and 
35 keV. 

c2 

m2 (keV) 

Fig. 3. Contour plot of x2 as a function of the neutrino mass m2 and the 
mixing parameter c 2 .  The curves are labelled by the value of x 2 .  The absolute 
minimum value of x2 is 65.2 and is marked with a cross, and there are 71 
degrees of freedom when all six parameters are adjusted. The 90% con- 
fidence limit [22, 231 (see text) lies near the contour with x2 = 70, and the 
permitted region extends along the axis and includes all local minima. The 
99.5% confidence level lies near the xz = 76 contour. The loss of sensitivity 
at m2 = 34 keV (a few keV above the Is-binding energy) arises when the 
ls-IB endpoint and the neutrino-mass signal from the np-IB spectra coincide 
(see Fig. 2(a)). The point with error bars is Simpson’s [5] result from the 
tritium experiment. 

Simpson’s 17.1 keV neutrino with a c2 of 0.02-0.04 is also 
shown in Fig. 3, from which it is seen that the corresponding 
antineutrino would have a x2 of 72.6 and 79 for the ends of 
the c2 interval. This means that the exclusion is at confidence 
levels of 98% and 99.9%, respectively. 

5. Experimental results 

We now summarize the conclusions drawn from the analysis 
discussed in Section 4. 

5.1. The parameters Q and b 
The only other reported measurement of the IB-spectrum of 
1251 gave a Q-value [24] for the decay to the first excited state 
of 12’Te of Q = 141.5 f 2keV. From the fits with c2 = 0, 
we find from the first detector 150.35 f 0.15 keV and from 
the second detector 150.88 f 0.16 keV. Taking into account 
the uncertainty due to the allowed range of c2 and m2 values, 
we get instead 150.4 f 0.4keV and 150.8 i: 0.4keV. Adding 
the uncertainty from the energy calibration (0.2 keV) in 
quadrature and taking the mean value of our two measure- 
ments gives the final Q = 150.6 f 0.3 keV, which implies a 
total Q-value for the decay of I2’I to the ground state of 12’Te 
of 186.1 k 0.3 keV. This is in disagreement with [24] but does 
not conflict with other known data [25] on 1251. 

For the b-parameter, which is the empirical correction 
factor for the relative s-IB intensity, we find similarly for the 
two detector 0.38 i: 0.04 and 0.49 & 0.02 when setting 
c2 = 0, and we find 0.35 f 0.10 and 0.49 f 0.06 when c2 is 
allowed to vary. The systematic uncertainty associated with 
the absorption and efficiency correction is hard to calculate 
and could very well be different for the two detectors. We 
believe that a safe estimate is b = 0.45 f 0.15. For a given 
energy the intensity of p-IB is always much larger than the 
intensity of s-IB, the difference being smallest at photon 
energies near 100 keV, here amounting to a factor of four. 
That we nevertheless are able to make a rather precise deter- 
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mination of b indicates that the IB spectral shapes are 
given very well by the theory over large intervals. The E- 
parameters found for the two spectra are around - 3 x 
and - 4.5 x lop3 respectively, so that the correction factor 
exp (a(k - 1lOkeV)) gives at most a 10% change over the 
energy regions used in the fits. (The normalization constants 
also agree with the value expected from the estimated number 
of atoms in the source.) 

5.2. Absolute normalization of intensity 
A measurement with the source at a distance of 40 cm from 
the detectors (to reduce the count rate) and without any 
absorber was used to find the absolute activity of the source. 
From the known decay scheme [26] and the number of Te K 
X-rays measured, corrected for self-absorption in the source, 
the activity can be found. The intensity of the Ag X-rays seen 
in the spectrum was used to estimate the amount of self- 
absorption in the source, which consists of AgI. The total 
number of atoms in the source found in this way agreed with 
the estimated strength (Section 2.1). Immediately before this, 
a short experiment in close geometry was done with the 
second detector using 0.1 mm Ag and 0.3 mm Cu as absorber 
and a shaping time of 3ps. The solid angle of this detector 
was determined to be 11 & 1% by comparing runs with a 
'33Ba source in different geometries and further checked with 
other calibration sources of known activity. With this infor- 
mation the experimental internal bremsstrahlung spectrum 

136- ZLA 

5' 
T 60.2d 

10 0 %  

f i y  (35.46 keV) 

'25Te 

log c -  Experiment -1.. 
I l l  , , I I , , I I  

50 100 
E NE RGY ( keV 1 

Fig. 4. The internal bremsstrahlung spectrum of 1251. The solid line gives the 
theoretical value, the dots the experimental spectrum, both on an absolute 
scale. The data are from the second detector and were taken with 0.1 mm Ag 
and 0.3 mm Cu absorbers and a shaping time of 3 p. They are corrected for 
absorption and detector efficiency and unfolded for detector response. Back- 
ground is subtracted, but no correction for pile-up has been attempted. The 
peak at 35 keV is the y line stemming from the decay of the excited level in 
Iz5Te. The inset shows the decay scheme of '251. 

can be displayed on an absolute scale as shown in Fig. 4. We 
did not attempt to correct this spectrum for pile-up, as a 
proper correction is difficult and as the effects of pile-up are 
not large. As indicated in the figure, the bumps around 
65 keV are due to pile-up. At the end of the experiment, this 
determination of the absolute intensity of the IB was 
repeated, now with the activity spread out on a larger area in 
order to reduce the self-absorption in the source. The two 
determinations of absolute intensity agreed to within 10%. 

Figure 4 also gives the theoretical IB-curve, where Q = 
150.5keV and b = 0.5 was used. The spectra can be com- 
pared from the K, line of Te at 3 1 keV up to 140 keV, the only 
interfering structure being the pray at 35 keV and the pile-up 
peaks around 65 keV. The shape is reproduced very well. As 
was clear from the shape-factor plots, local structures are 
reproduced within From the region above the pile-up, 
we conclude that the global shape is reproduced within at 
least lo%, allowing for systematic errors in the absorption 
correction. The theoretical and experimental intensities agree 
within the uncertainty on the experimental spectrum, which 
is given mainly by the uncertainty of the normalization. We 
estimate this to be 30%. Thep-IB is thus given absolutely by 
theory, whereas the s-IB theoretical intensity is a factor of 
two too high (as b = 0.5 was used). 

6. Conclusions 

As can be seen from Fig. 3 and the discussion in Section 4.2, 
our experiment excludes a 17 keV neutrino of 24Oh [5] at 
confidence levels of 98% and 99.9% for the ends of the 
interval. It supports the results of the " S  measurements 
[7-lo], which exclude the corresponding antineutrino. The IB 
experiments are more complex than those based on j- decay, 
and our limits are necessarily less restrictive than those of 
Refs. [7-lo]. We have extended the limits of Schreckenbach 
et al. [6] for the electron neutrino from 50keV down to 
10 keV. There is to the best of our knowledge no published 
experiment covering the region below lOkeV based on 
nuclear beta decay (although other types of experiments 
cover this region [27]). 

The internal bremsstrahlung spectrum of Fig. 4, as well as 
the shape-factor plot of Fig. 2, show that the shape of the IB 
spectrum is given very accurately by the present theory. The 
absolute magnitudes for both p-IB and FIB are given within 
a factor of two, in full accordance with the conclusions of 
[19]. The present experiment, with its larger sensitivity, only 
strengthens our confidence in the theory of the shape of 
low-energy internal bremsstrahlung near resonances. Our 
sensitivity has furthermore allowed us to determine the 
El /Ml ratio of the IB directly from the singles spectrum. 

We intend to continue work on IB as it provides a valuable 
independent check on the mainstream experiments that use 
tritium decay. The early hopes [13] on IB as a possible new 
way in neutrino-mass measurements were justified, but so far 
Nature has failed to provide the resonant case that could 
permit a major step ahead for IB experiments. Calorimetric 
measurements of electron-capture decays [28] are, however, 
still a source of hope. 
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