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High-precision measurements were conducted on the time evolution of gamma-ray count rates during
reactor-on and reactor-off periods to investigate the possible inﬂuence of antineutrinos on nuclear
decay. This experiment was triggered by a recent analysis (Jenkins et al., 2009) of long-term
measurements suggesting a possible link to variations in nuclear decay rate and solar neutrino ﬂux. The
antineutrino ﬂux during reactor-off periods is mainly due to geoneutrinos and four orders of magnitude
lower than during reactor-on periods. No effects have been observed for the two branches in the decay
of 152Eu and the decay of 137Cs, 54Mn and 22Na. The upper limit determined of the ratio Dl/l for 22Na is
(  17 2)  10  4, and 54Mn is ( 1 7 4)  10  4. In comparison to the interpretation of Jenkins et al. our
measurements do not show any such effect to at least two orders of magnitude less. Hence either the
hypothesis of Jenkins et al. is not true or else one of two rather unlikely possibilities must also be true:
either the effect of neutrinos on b  decay differs considerably from the effect of antineutrinos on b +
decay, or the effect of antineutrinos on b + decay must be identical to their effect on b  and electroncapture decay.
& 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
A number of papers have recently addressed oscillations in
radioactive decay. These papers were triggered by oscillations
seen superimposed on top of the exponential decay as observed in
the count rate of g-rays following b  decay of 32Si by Alburger
et al. (1986) and of 226Ra and progeny as well as g-rays following
b  decay of 152Eu (Siegert et al., 1998). The oscillations in the
decay rate have a magnitude of the order of 10  3, have an
oscillation period of one year and extend over a period of several
years.
Oscillations of a much shorter period (7 s) were observed in
the electron capture of hydrogen-like 140Pr59 + and 142Pm60 + ions
in a storage ring at GSI, Darmstadt (Litvinov et al., 2008). Jenkins
and Fischbach (2009) showed a signiﬁcant decrease in the count
rate of g-rays in the decay of 54Mn by electron capture during, or
prior to, solar ﬂares at the end of December 2006. The reported
effects are of the order of 10  4. In another paper Jenkins et al.
(2009) attribute the oscillations observed by Alburger et al. (1986)
and Siegert et al. (1998) to variations in the solar-neutrino ﬂux as
a result of the annual three percent variations in Earth–Sun
n
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distance. Such ﬂux variations are also put forward as the reason
for the decrease in 54Mn g-ray count rate during solar ﬂares.
A number of papers (Semkow et al., 2009; Norman et al., 2009)
challenge the interpretation by Jenkins et al., and either explain
the oscillations by temperature variations in the experimental set
up (Semkow et al., 2009), or ﬁnd no evidence for such oscillations
(Norman et al., 2009) related to the variations in Earth–Sun
distance. At PTB, the oscillations were explained by a discharge
effect of the current measuring electronics (Siegert et al., 1998;
Schrader, 2007, 2010) caused by a background resulting from
radioactive decay via charged particles in the environment of the
electronics, e.g. radon and thorium and their progenies. Experimentally the situation is therefore not yet clear.
For solar electron neutrinos, the ﬂux at the Earth’s surface is
around 2  1010 cm  2 s  1 and is very hard to vary. The situation
for antineutrinos is quite different. One expects that if the effect is
present for neutrinos it should also be observable for antineutrinos. The ﬂux of antineutrinos coming from radiogenic processes
in the Earth is estimated to be about 106 cm  2 s  1. However,
anthropogenic antineutrino sources are available in the form of
nuclear reactors. A 1 GWth reactor produces about 3  1019
ﬁssions per second (one ﬁssion yields  3  10  11 J). If the ﬁssion
of uranium is exclusively of 235U (6 antineutrinos per ﬁssion), the
antineutrino source has a strength of about 2  1020 s  1. Ignoring
ﬂavour-oscillation effects, at a distance of about 280 m from the
core the ﬂux of antineutrinos is equivalent to the solar neutrino

Author's personal copy
R.J. de Meijer et al. / Applied Radiation and Isotopes 69 (2011) 320–326

2. Experimental set-up
The measurements were carried out at the Reactor Institute
Delft with the CAFIA detector, placed in the experimental vault of
the reactor at a distance of 8 m from the centre of the reactor core.
Except for the top and the side not facing the reactor, the detector
was surrounded by 10 cm of lead. CAFIA is a 33% HPGe detector,
connected to an ORTEC 574 spectroscopy ampliﬁer and supplied
with high voltage by an ORTEC 495 power supply. The signals
were digitised in a Northern NS 623 ADC and stored hourly in a
PC. For dead-time correction purposes a 25 Hz pulse generator
was fed to the preampliﬁer. Its pulses were shaped to mimic a
detector pulse.
For investigating a possible effect of antineutrinos on the b + decay, the g-ray transitions listed in Table 1, grouped by nucleus,
were chosen. The choice was made, apart from availability, on the
expectation that at the reactor, no effect is to be expected for b  decay and electron capture (EC). Moreover the nucleus 152Eu is
rather unique as its decay contains not only EC+ b + -decay but also
b  -decay. The ratio of the g-ray transition count rates of these
two decay modes should be less prone to systematic uncertainties
than a comparison between count rates of g-ray transitions from
radionuclides, which differ in half-life.
All measurements were made with the sources placed on the
detector end cap. One hour long measurements were made over a
period of 200 h. At the beginning of this period the reactor was on.
Table 1
Transitions, g-ray energies and half-life times used in the present work.
Transition

Eg (keV)

t1/2

Na(b + )22Ne
Mn(EC)54Cr
137
Cs(b  )137Ba
152
Eu(EC + b + )152Sm

1275
835
662
122
245
964
1112
1408
344
799
511

2.6019 a
312.2 d
30.17 a
13.542 a

22

54

152

Eu(b  )152Gd

m0c2 + 22Na

13.542 a

40
Averaged count rate *10-4 (cph)

ﬂux, and four orders of magnitude more than the ﬂux of
geoneutrinos. Under such conditions between reactor-on and
reactor-off, temperature effects on the source–detector distance
(Semkow et al., 2009) should be irrelevant. Larger antineutrino
ﬂuxes can always be obtained at closer distances to the reactor.
Another option is to conduct measurements at a research
reactor with smaller source strength but at a closer distance. In
this paper we report on the ﬁrst results of testing the hypothesis
that antineutrinos affect the decay rate of nuclei decaying by b + .
The experiments were carried out at 8 m distance from the centre
of the core of the 2 MWth research reactor at the Reactor Institute
Delft of Delft University of Technology, the Netherlands. The
estimated antineutrino ﬂux of 5  1010 cm  2 s  1 is about twice
the electron neutrino ﬂux coming from the Sun at the Earth’s
surface.
One of the motivations for this experiment is that, if this effect
would be as large as the one suggested by Jenkins et al., it could be
used as a compact and inexpensive way to monitor the status and
possibly even the composition of a nuclear power reactor.
Antineutrino monitoring of nuclear reactors has been demonstrated by e.g. Bowden et al. (2007) and Bowden (2008)
promoting the IAEA to adopt antineutrino monitoring as a tool
to safeguard for nuclear reactors (IAEA, 2009).

321

122 keV
Eu(Sm)

35

Reactor on1

30
662 keV
344 keV
Eu(Gd) 511 keV Cs

25
20
15

245 keV
Eu(Sm)

835 keV
Mn
779 keV 1112 keV
Eu(Gd) Eu(Sm)

10
5

1275 keV
Na
1408 keV
Eu(Sm)

0
0

500

1000
Channel

1500

2000

Fig. 1. Hourly gamma-ray spectrum averaged over reactor-on 1 period.

After 59 h the reactor was switched off for the weekend (65 h) and
after the weekend the reactor was started up again and for the
rest of the measuring time (76 h) remained on.
A truncated example of a g-ray spectrum from the collection of
sources is presented in Fig. 1. The pulser peak is situated near
channel 3900 and is shown in Fig. 6. It shows the strength of the
various g-ray transitions relative to the continuum.

3. Analytical method
A measurement time of 200 h is far too short to determine a
decay constant for a radionuclide with a half-life of the order of
1–10 years, even with count rates of 105–106 counts per hour. We
therefore opted for a method based on observing changes in
average count rate. The method follows straightforwardly from
the laws of radioactive decay and is schematically presented in
Fig. 2.
During the middle period with the reactor off, the literature
value of decay constant l applies, which will hereafter be referred
to as regular decay. During reactor periods 1 and 3, the reactor is
on and the decay constant becomes l + Dl. Count rates of gammarays are directly related to activities and will be indicated by A.
For a given number of nuclei of a radionuclide, N0, at t ¼0 the
count rates will depend on the value of the decay constant:
Al0  lN0 and Al0 þ Dl  ðl þ DlÞN0 so that Al0 þ Dl ¼ ð1 þ ðDl=lÞÞAl0 .
Note that for the same number of nuclei the initial count rate for
decay constant l + Dl is higher than for decay constant l. If the
source decays with decay constant l (h  1) or l + Dl, the count rate
after t hours will be given by
Al ðtÞ ¼ A0 elt

and

Al þ Dl ðtÞ ¼ A0 eðl þ DlÞt ,

respectively

ð1Þ

Here we note that the count rate for decay constant l + Dl
diminishes faster than for decay constant l. This explains why in
Fig. 2 the solid line starts higher but has a steeper slope. After
some time the solid line will cross the dashed line. It also implies
that more nuclei have decayed during the period with decay
constant l + Dl than would during regular decay. The number is
relatively small and for practical reasons may be ignored, but to
make the reader aware of this effect the solid line during period t1,
being the reactor-off period, will be slightly below the dashed
line. The ratio of the two count rates of the solid lines in Fig. 2 at
t¼ t0 represents the change of decay constant for the same
number of nuclei and corresponds to the factor 1 þ ðDl=lÞ. When
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values of Aoff , and Aon2 :
1þ

A0λ+Δλ

λ+Δλ

Counts per hour

A0 λ

Dl Aon2 eð1=2Þðl þ DlÞt2
¼
l
Aoff eð1=2Þlt1

ð8Þ

which reduces to Eqs. (8) and (9) with c ¼ ðAon2 =Aoff eð1=2Þlt1 Þ, and
d ¼ 12lt2 and
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!2
!2
u
sðAoff Þ
Aon2 1lt1 u
sðAon2 Þ
sðcÞ ¼
e2 t
þ
ð9Þ
Aoff
Aon2
Aoff

λ

4. Data analysis and results
t0

t1

t0

t2

t0+t1

t0+t1+t2

Time (h)
Fig. 2. Schematic diagram showing the count rates for decay constants l and
l + Dl during the three reactor periods (on–off–on) if there were to be an effect.

the reactor is switched on again at t¼t0 + t1 the decay constant
becomes l + Dl. Again the count rate increases by the same factor
1 þðDl=lÞ and the decay rate will be faster, similar to the situation
in period reactor-on 1.
The total number of counts collected over a period of t0 hours
is given by:
Z t0
Al ðtÞdt  Al t0
ð2Þ
nlt0 ¼
0

Al

in this equation is
The time-averaged hourly count rate
approximated by the (weighted) average of the count rates as
observed in a series of measurements where the duration of each
measurement (1 h) is very short compared to the half-life time of
the radionuclide. For the present measurements three average
values are deduced: Aon1 , Aoff and Aon2 .
At t ¼t0 the ratio of the count rates for the solid curves is given
by

Dl Aon1 eð1=2Þðl þ DlÞt0
1þ
¼
l
Aoff eð1=2Þlt1

ð3Þ

Since Eq. (3) cannot be solved analytically, we introducex ¼ 1 þðDl=lÞ, a ¼ Aon1 =Aoff eð1=2Þlt1 and b ¼ ð1=2Þlt0 . This
leads to solving the equation
x ¼ aebx

or

x¼

a
1
¼
1 þab
b þ 1a

ð5Þ

Propagation of uncertainties leads to
sðxÞ ¼ ð1=ðbþ ð1=aÞÞ2 a2 Þ sðaÞ ¼ ð1=ð1 þ abÞ2 ÞsðaÞ ﬃ sðaÞ since ab
is of the order of 10  4. Similarly

sðDlÞ ¼ lsðxÞ ¼ lsðaÞ

ð6Þ

with

sðaÞ ¼

Aon1
Aoff

where NL and NH are the contents of ROI-L and ROI-H,
respectively. The net number of counts Npnet and its uncertainty
DNpnet are given by
Npnet ¼ NP Nc

DNpnet

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!
u
m 2 N
u
NH
p
L
¼ t Np þ
þ
2
m2L
m2H

ð10bÞ

ð10cÞ

In Eqs. (10b) and (10c) NP represents the number of counts in ROIP and Eq. (10c) is based on the assumption that the uncertainties
in NP, NL and NH equal the square root of their values. To allow for
dead-time and pulse pile-up corrections, the set-up contains a
pulse generator operating at a rate of 25(725  10  6) Hz.
4.1. Background

ð4Þ

Since bx is of the order of 10  3, a series expansion is allowed
leading to
x ¼ að1bxÞ

Peak contents are often deduced by peak-ﬁtting procedures.
Peak integration is generally considered to be more straightforward than peak ﬁtting, especially with respect to uncertainty
estimation. For this reason we opted for peak integration. In peak
integration the continuum part under the peak is estimated from
the areas (regions of interest) to the high- and low-energy side of
the peak. The net peak content is then obtained by subtracting the
continuum part from the peak area.
Peak contents were derived from regions of interest denoted
by below the peak energy (ROI-L), around the peak energy (ROI-P)
and above the peak energy (ROI-H). These ROIs comprise mL, mP
and mH channels, respectively. The continuum under the peak, Nc,
is estimated by


mp NL
NH
þ
ð10aÞ
Nc ¼
2 mL mH

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!2
!2
u
u
sðAoff Þ
ð1=2Þlt1 t sðAon1 Þ
e
þ
Aon1
Aoff

ð7Þ

For the reactor-on 2 period the value of 1 þ ðDl=lÞ can in a
similar way as for the reactor-on 1 period, be derived from the

It is well known that during reactor-on periods, activation of
the air takes place in the reactor vault where one of the activation
products is 41Ar. The decay of 41Ar produces a Eg ¼1294 keV g-ray.
Fig. 3 shows the count rate of the Eg ¼1294 keV line per hour over
the entire period. One notices that during the reactor-off period
the count rate is low and that during reactor-on periods strong
oscillations occur with a diurnal oscillatory pattern. Fig. 4 shows
the total count rate during the entire measuring period of 200 h.
Firstly, one notices the high count rate of the spectra—about
6000 s  1. Secondly, the oscillatory pattern, as observed for the
Eg ¼1294 keV line, also shows up in the total count rate, but the
absolute magnitude of the oscillations is an order of magnitude
larger than for the full-energy peak at Eg ¼1294 keV. This is not a
surprise in view of the contribution from the Compton events and
the contribution by the electrons of the b  -decay. The oscillations
are of the order of 1% of the total count rate. Thirdly, the total
count rate seems to decrease with time. Fitting a decay function to
the total count rate during the reactor-off period reveals a half-life

Author's personal copy
R.J. de Meijer et al. / Applied Radiation and Isotopes 69 (2011) 320–326

12000
41Ar-1294keV

Count rate (cph)

10000
8000
6000
4000
2000
0
0

50

100
Time (h)

Fig. 3. Hourly count rate in the
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of 1.54  104 h¼1.24 a. Qualitatively this value seems to be
consistent with an interplay between the decay of 54Mn and 22Na.
Variations in the background should be part of the continuum
under the peak and the method to determine the net peak area
should remove these variations. One of the most stringent tests of
the background removal procedure is the analysis of the Eg ¼ 122
keV line, because of its good statistics due to the high count rate
and its wide ROIs due to the low-energy tail. The results are
presented in Fig. 5. Except for the panel with the net counts, the
three others clearly show the inﬂuence of the background
variations. The fact that in the net-count panel the background
variations are no longer visible supports the adopted procedure.
In the net-count panel there are some noticeable steps at the
transitions in reactor status. These steps are a likely indication of
changes in dead time and/or pulse pile-up. The scatter in the data,
however, is of a similar order as the effect that we are after.

41

Ar-decay peak at Eg ¼1294 keV.

4.2. Dead time and pulse pile-up

2.25x107

2.23x107

2.22x107

2.21x107
0
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100
Time (h)
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Fig. 4. Hourly total count rate.
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A pulse generator was included in the set-up to allow for dead
time and pulse pile-up corrections. The peak of the pulser was
positioned at the high-energy end of the spectrum. Fig. 6 shows a
part of the high-energy side of the time-averaged g-ray spectrum,
containing the pulser peak. It also shows that the pulser peak has
a tail extending to the high-energy end of the spectrum. The tail is
formed by pulse pile-up that includes a small peak near channel
4060, which is the pulse pile-up reﬂection of the Eg ¼122 keV
peak. Such a pile-up tail will be present at each peak in the
spectrum, but will not be clearly noticeable because of the
dominance of other continuum contributions such as Compton
scattering, and the fact that the peaks have a low-energy tail. As
we could not consistently analyse both the pulser peak and the
g-ray peaks in the spectrum in the same way, we abandoned this
attempt to correct for dead time and pulse pile-up.
As indicated in Section 4.1 the background variations are well
accounted for in the determination of the net count rates. The
remaining effects of dead time and pulse pile-up, however, are of
the same magnitude as the statistical variation in the data. To
improve the statistics we will consider the weighted averages
over each of the three reactor status periods. This implicitly

ROI-P

ROI-L

2320000
1030000

355000
610000

Net

600000
1020000

ROI-H

590000
0

50

100

150

200 0

50

100

150

200

Time (h)
Fig. 5. Counts per hour measurement as a function of time for the three ROIs and the net peak content for the 122 keV line of Eu.
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makes the assumption that the counts are normally distributed. A
comparison between the weighted average and the average gives
a difference of one count in more than half a million, and
therefore the use of a weighted average is justiﬁed. The procedure
of a weighted average has the advantage that a reduced w2-test
may be carried out. The deviations from unity will also indicate to
what extent the corrections for the oscillations have been
successfully handled.
Below, the weighted averages per reactor period are derived
for the transitions in the decay of 152Eu and 137Cs after the count
rates have been corrected for decay. If the decay rates are correct,
the only difference between the weighted averages will be the
change in dead time and pulse pile-up. Table 2 presents an
overview of the weighted averages of the net peak areas for
transitions in the decay of 152Eu to 152Sm and 152Gd for the three
reactor periods. One notices that for each of the reactor periods
the w2-values are close to unity, especially for the summed values.
From these values there is no indication that within a reactor
status period the actual decay rate differs signiﬁcantly from the
literature value. In the last row the dead time and the pulse pileup corrections based on the Eu decay are presented.
The case of 152Eu is particularly interesting since the decay to
152
Sm proceeds by EC and b + , whereas the decay to 152Gd is by
b  . If antineutrinos would inﬂuence the decay, one expects an
effect for b + -decay only. This makes the ratio of count rate of the

105
Pulse Generator
Reactor on1

Averaged count rate (cph)

104
103
102

two branches independent of dead-time and pulse pile-up effects.
The ratio for the three reactor periods is given in Table 3.
The results in Table 3 indicate that there is no count rate ratio
difference between reactor-on and reactor-off. Within an overall
relative uncertainty of 1.6  10  4 the value is constant. In the
137
Cs hourly count rate, the change was found to be consistent
with regular decay and hence 152Eu and 137Cs were used to
establish the relative change in the dead-time and pulse-pile-up
factor for the two reactor-on periods relative to the reactor-off
periods.
The results are presented in Table 4. As the results are decay
corrected, the ratios off/on are indications of the dead-time and
pulse pile-up corrections, which can be seen to be relatively small
(o2  10  3) and that within the statistical uncertainties the
correction factors remain unchanged after inclusion of the Cs
data. Somewhat disturbing is the fact that the corrections for
reactor-on 2 are larger than for reactor-on 1. This result is
contrary to the expectation, as during reactor-on 1 the average
count rate is higher than during the reactor-on 2 period, as can be
seen in Fig. 4. We have been through the analyses carefully
several times and we could not ﬁnd anything in our experiment
that could cause this. In this assessment we noticed that the
averages of the total count rate during reactor-on 1, -off and –on 2
are 2.236  107, 2.218  107 and 2.232  107 cph, respectively. The
difference in total count rate between the two reactor-on periods
seems too small for dead time to cause the difference in the off/on
ratios in Table 4. The difference in the ratios may rather be related
to the difference in the shape of the room background spectrum
and the ‘‘source’’ spectrum. The background spectrum has a
relatively stronger continuum component at low energies, in
comparison to the source spectrum.
Pulse-pile-up for the lines in the source spectrum will not
occur in the ROI-L, but mainly in ROI-H and to a lesser extent in
ROI-P (see Fig. 6). So pulse-pile-up is likely to affect the net count
rate and is dependent on the relative intensity of background to
source spectra. Fig. 4 indicates that during reactor-on 2 the

101
Table 3
Ratio of the count rates for transitions in the decay of 152Eu to 152Sm and 152Gd for
the three reactor periods and the average value.

100
10-1
3800

3900

4000

4100

Channel
Fig. 6. Hourly count rate near the pulse generator peak averaged over the reactoron 1 period.

Reactor status

Count-rate ratio

On1
Off
On2
Average

2.7412
2.7410
2.7408
2.7410

152

Sm/152Gd

(0.0008)
(0.0008)
(0.0007)
(0.0004)

Table 2
Averaged net peak areas, their uncertainties and the corresponding w2-values for transitions following the decay of 152Eu to 152Sm and 152Gd in spectra measured for 1 h
periods with the reactor-on and reactor-off. The values are derived under the assumption that the status of the reactor was inconsequential to the spectra. Values have not
been corrected for dead time but have been corrected for nuclear decay.
Transition

Eg (keV)

Mean

Unc.

w2

Mean

Reactor-on 1
152

Eu(EC + b + )152Sm

Sum
Eu(b  )152Gd

152

Sum
Overall Sum
Dead-time correction

122
245
964
1112
1408
344
799

1,024,500
172,120
103,380
90,210
110,030
1,500,200
440,000
107,290
547,300
2,047,500
1.00024

Unc.

w2

Reactor-off
300
90
60
50
50
300
100
60
120
300
20

0.87
0.70
0.89
1.25
1.13
0.86
1.18
0.95
1.13
0.87

1,024,800
171,840
103,470
90,340
110,160
1,500,600
440,070
107,400
547,460
2,048,000

300
90
50
50
40
300
100
50
100
300

Mean

Unc.

w2

Reactor-on 2
0.77
1.14
0.96
1.18
0.80
0.68
1.78
1.11
1.78
0.90

1,022,900
171,880
103,350
90,160
110,020
1,498,300
439,480
107,200
546,680
2,045,000
1.00147

200
80
50
40
40
300
90
50
140
300
20

1.14
1.01
0.83
1.34
0.87
0.94
0.96
1.12
0.94
0.89
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Table 4
Averaged hourly count rates for b  emitters

152

Eu,

137

Cs, corrected for decay, their sum and the ratio off/on for the three reactor periods.

Reactor status

152

137

152

On1
Off
On2

2,047,500(300)
2,048,000(300)
2,045,000(300)

604,360(120)
604,490(110)
603,190(103)

2,651,900(300)
2,652,500(300)
2,648,200(300)

Eu

325

Cs

Eu+ 137Cs

Table 5
Time-averaged hourly count rate, corrected for relative dead time and pulse pile-up, and relative changes in the decay constants for

Ratio off/on
1.00023(0.00017)
1.00163(0.00016)

22

Na and

54

Mn.

Reactor status

Að22 NaÞ

Dl/l (22Na)

Að54 MnÞ

Dl/l (54Mn)

On1
Off
On2
Average

353,430(100)
352,880(80)
352,150(90)

( 3 7 4)  10  4

195,781(80)
194,611(70)
193,228(70)

(4 75)  10  4

(17 3)  10  4
( 1 7 2)  10  4

background contribution is larger than in reactor-on 1 and hence
one expects a somewhat larger pulse-pile up correction. This
would also explain why in Fig. 5 the net count rate shows a slight
dip during reactor-on 2. The above also explains qualitatively why
we could not use the pulser peak for dead time and pulse-pile-up
correction, as discussed in the beginning of this section.
By taking the off/on ratios of Table 4 as correction factors of
dead time and pulse pile-up, their effects on gamma-ray spectra
for the sources is assumed to be compensated.
4.3. Results for

22

Na and

54

Mn

Together with the relative correction factors for dead time and
pulse pile-up, the equations presented in Section 3 can be used to
determine the relative change in decay constant due to the
changes in antineutrino ﬂux. Table 5 lists the time-averaged
hourly count rates, corrected for the relative corrections for dead
time and pulse pile-up and the resulting relative changes in decay
constant due to the presence of an antineutrino source. From
Table 5 one notices that for both 22Na and 54Mn, within the
statistical uncertainties, the values for Dl/l are the same.
Therefore within the precision of this measurement we can state
that, if antineutrinos affect b-decay at all, the effect on the decay
rate due to the presence of an antineutrino source is the same for
b + -decay, b  -decay and electron capture. There is also no
indication that such a hypothetical effect depends on the properties of the radionuclides involved (22Na, 54Mn, 137Cs and 152Eu).
Moreover the values are consistent with a dominance of statistical
over systematic uncertainties. This supports the approach of
making relative corrections for dead time and pulse pile-up.
Finally we would like to point out that this upper limit of a
possible effect of antineutrinos on the decay of 22Na or 54Mn agrees
very well with the upper limit deduced from the decay of 152Eu
into 152Sm and 152Gd. The values for the ratios of these two decay
branches of 152Eu are independent of the dead time and pulse pileup corrections. Again this agreement supports our conclusion.

5. Discussion and conclusions
Jenkins et al. suggested as an explanation for annual oscillations in the decay curve of 32Si, the inﬂuence of electron neutrinos
on b  -decay. In the present paper we have opted to test this
suggestion by examining possible changes in decay constant of
b + -decay under the inﬂuence of electron antineutrinos. We
carried out the experiment at a similar antineutrino ﬂux as the

(  67 5)  10  4
(  17 4)  10  4

solar ﬂux at the Earth’s surface. To obtain good statistics and
reduce inﬂuences from background we allowed high count rates,
despite the potential uncertainties due to dead time and pulse
pile-up. In this paper we have assumed that dead time and pulse
pile-up can be corrected for by comparing the decay corrected
count rates of g-rays emitted in the b  -decay of 152Eu and 137Cs.
The results support our assumption.
The present series of high count rate experiments near the
research reactor at Delft University of Technology has yielded no
indication for a change in decay constant for 22Na and 54Mn. An
upper limit for such an effect can be set at a few times 10  4. The
ﬂux of antineutrinos at a distance of 8 m from the reactor core of
this 2 MWth reactor is estimated to be about 5  1010 cm  2 s  1
during reactor-on and about 106 cm2 s  1 during reactor off
periods. This ﬂux with the reactor on is about twice the electron
neutrino ﬂux from the Sun.
Jenkins et al. argue that the 0.3% oscillations observed in the
decay of 32Si, reported by Alburger, are due to a change in the
solar electron neutrino ﬂux of 6% (1.2  109 cm2 s  1 at a ﬂux of
2  1010 cm2 s  1). In the present experiment the antineutrino ﬂux
changed nearly 100% (from 106 to 5  1010 cm2 s  1). One would
therefore expect a 16 times bigger effect in the decay-rate
oscillations, if the interpretation of Jenkins et al. (2009) were to
be correct. Our result of limiting any possible effect to o3  10  4,
is a factor of about 400 lower than would be expected, under the
assumptions that the inﬂuence of electron antineutrinos on b + decay is the same as for electron neutrinos on b  -decay and the
effect being proportional to the ﬂux. This limit also holds if we
assume that the inﬂuence of antineutrinos on b + -decay and b  decay is the same. Hence either the hypothesis of Jenkins et al. is
not true or the effect of neutrinos on b  -decay differs considerably from the effect of antineutrinos on b + -decay.
One of the motivations for carrying out the present experiment
was to investigate if a continuous measurement of the count rate
due to the decay of, e.g. 22Na could be used to monitor a nuclear
power plant with respect to its operation and/or to changes in its
fuel composition (Bowden et al., 2007; Bowden, 2008). The
antineutrino ﬂux at a distance of about 20 m from a 1 GWth
reactor will be about 4  1012 cm  2 s  1, two orders of magnitude
higher than in the present experiment. Again assuming a linear
dependence on antineutrino ﬂux, the upper limit deduced from
the present experiment, could still correspond to a 3% change in
decay constant. Such an effect could well be measurable and one
may even expect that changes in fuel composition could be
detected in this way at a distance of 20 m. Such a measurement
would therefore still be worthwhile.
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The present experiment has taught us the pitfalls of a highcount rate experiment in the vicinity of a reactor. We anticipate
utilising this experience to repeat this type of experiment near a
3 GWth power reactor.
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