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The results of an experiment designed to observe the inverse beta-decay of the proton are
presented. Antineutrinos from two reactors at distances of 32.8 and 92.3 m from the detector,
respectively, were recorded. The measured inverse beta-decay cross section was found to be
u = [6.19 f 0.2(stat.) f 0.3 (syst.) ] X
cm2/fission. The following limits were obtained
for the neutrino oscillation parameters: A2<0.014 eV2for sinZ20 = 1 (68% CL) and
sin2 20~0.14forA2> 1 eV2 (68% CL).

INTRODUCTION

The study of the internal properties of antineutrinos as
elementary particles, their interaction with matter, and their
use in the investigation of the structure of hadrons has been a
major part of weak interaction physics during the last thirty
years. At present, the question of the mass of the neutrino is
an important aspect of neutrino physics. The question is being examined by direct experiments on the shape of the betaray spectra, neutrino-free double beta-decays, and searches
for neutrino oscillations. Most of the experiments that have
been carried out have not provided evidence for a nonzero
neutrino mass, but there are several publications that, in our
opinion, suggest that the neutrino does have a nonzero mass.
These are, above all, the report1 of an anomaly in the betaray spectrum oftritium, suggesting that the antineutrino has
a rest mass of the order of 30 eV, the results of Simpson2 on
"heavy" neutrinos, the flux of solar neutrinos that is too low
by a factor of three, which could be an indication of the
existence of neutrino oscillations, and, finally, the evidence
for the existence of neutrino oscillations provided by the ex, ~ those pubperiments on the Bugey reactor in F r a n ~ eand
lished by the Reines group.5
A solution of the problem of neutrino oscillations
would be important not only because it would indicate the
existence of different mass states of the neutrino, but also as
evidence for a departure from the conservation of lepton
n ~ m b e rwhich
,~
is of direct significance for the grand unification theory.
The considerable increase in the course of the last few
years in the number of experiments using reactor antineutrinos has been due to the fact that, when compared with
other terrestrial sources, such reactors enable us to achieve
maximum sensitivity to AZ (difference between the squares
of neutrino masses) and, moreover, the initial flux contains
only one type of particle, which makes the interpretation of
the results easier. The inverse beta-decay of the proton
o,+p-+n+e+,
(1)
is the most accessible to experimental investigation because
it has the highest cross section among all possible antineutrino interactions.
The cross section for the elementary inverse beta-decay
process7 is
o ( E )= (9.41k0.09) .10-'"(E-1.293)

x[ (E-1.293) '--(0.511)'1
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where a is the cross section in cmz and E is the antineutrino
energy in MeV.
In the above formula, we used the recommended neutron decay constant T, = 899.7 + 8.9 (Ref. 8). Since an initial energy selection of the neutrinos is not possible in reactor
experiments, it is convenient to use the concept of the cross
section per fission of 235U (the principal fuel component
used in modern reactors), i.e.,

where rice ( E ) is the normalized spectrum of reactor antineutrinos. The present uncertainties in the spectra produce a
spread in the calculated values of the integrated reaction
cross sections for the inverse beta-decay process, as indicted
in Table I.
In our work, we used the antineutrino spectrum obtained by averaging the spectra reported in Refs. 11-16. The
corresponding total cross section is 5, = (6.23 f 0.21)
X
cmz/fission, where the uncertainty was deduced on
the assumption that each antineutrino spectrum could be
assigned the same weight. When corrections for recoil effects, weak magnetism, and single-photon exchange17 are
taken into account, the calculated total cross section for inverse beta-decay in the case of an equilibrium antineutrino
spectrum becomes

INTEGRATING NEUTRINO DETECTOR (IND). PRINCIPLE OF
THE EXPERIMENT

IND is a plexiglass parallelepiped ( 80 x 80 x 97 cm)
which is also the hydrogen-containing target (total number
of protons N, = 2.78 X 10'" and moderator of neutrons
produced in reaction ( 1). A neutron is slowed down to thermal energy and is effectively absorbed in one of the 105 proTABLE I. Integrated cross sections (calculated).

a x lof4',
cmz/fission

cm2/fission

ax

8.11 (Ref. 9 )
7.38 (Ref. 10)
6.53 (Ref. 11)
6.27 (Ref. 12)

6.23 (Ref. 13)
6.16 (Ref. 14)
6.10 (Ref. 15)
6.07 (Ref. 16)
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FIG. 1. External view of the detector; 1-gamma ray field
(copper), 2-neutron shield (borated polyethylene), 3active shield, &moderating target (plexiglass), 5-scintillation section. C 3 H e neutron counters.

portional 3He neutron counters inserted into the moderating
target (Fig. 1). This produces the following reaction in the
counter:
When 765 keV of energy is released, it is concluded that
a neutron has been detected. The IND is sensitive only to one
secondary particle from reaction ( I ) , i.e., the neutron. The
energy threshold for the detection of the antineutrino is the
physical threshold for the inverse beta-decay process
(E,, = 1.8 MeV).
Figure 2 shows the differential pulse-height spectrum of
signals from all the 105 IND neutron counters. The peak at
765 keV is due to thermal-neutron capture in reaction ( 2 )
and the continuous plateau is due to alpha-particles emitted
by the metallic bodies of the counters, which contain a certain number of alpha-active elements. The left-hand part of
the plateau is somewhat higher than the right (relative to the
peak). This is due to the wall effect [the ranges of the products of reaction (2) do not completely fit into the working

N, rel. units

FIG. 2. Differential pulse-height spectrum produced by IND. Arrows
define the neutron detection window.
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volume of the counter]. The arrows mark the neutron detection window. The smooth shape of the alpha-particle spectrum enables us to extrapolate the alpha-particle background from the region near the neutron peak to the region
under the peak and thus correctly take into account this
component of the background.
The IND is surrounded by a passive shield consisting of
at least a 30 cm thickness of borated polyethylene. It is also
surrounded on four sides by a 10-cm layer of electrolytic
copper, which reduces the external neutrino flux by a factor
of more than 50. The IND is shielded from cosmic-ray mesons by covering it at the top with scintillation plates having
a total area of about 10 m2. The amount of matter above the
detector corresponds to several tens of meters of water
equivalent.
The antineutrino detection efficiency of IND is wholly
determined by the neutron detection efficiency: E
= E ~ 1( - v ) , where co is the neutron absorption probability
of 3He and 7 represents the wall effect.
The quantity 7 can be measured with good precision in
a thermal neutron beam, but c, cannot be found experimentally because there is no source that completely simulates the
neutron spectrum from inverse beta-decay. The neutron absorption probability was therefore determined for the IND
by the Monte Carlo method, in which the coordinates of the
point of creation, the neutrons, their energy, the direction of
emission, the scattering angles, and so on, were defined by
random sampling. The calculation was performed using 2 1group nuclear-physics constants in a program simulating
processes occurring in heterogeneous reactors.'' It was assumed that the neutrons were created uniformly throughout
the target and the external hydrogen-containing shield (borated polyethylene). A special analysis was carried out of the
effect of initial anisotropy in the emission of neutrons in reaction ( 1). This was done by simulating neutron absorption
in the counters with the initial direction of the neutron flux,
respectively, parallel (tt) and transverse ( 5 ) to the
counters. These calculations showed that the difference
between the corresponding efficiencies among themselves
and when compared with isotropic neutron emission ( E ~ ,)
was small in comparison with the uncertainty introduced by
the method itself: E, = 33.7%, E = 34.3%, E, = 33.9%.
The program was checked by comparing the calculated
and measured neutron detection efficiencies E,C~and &$for a
252Cfsource placed inside the IND. To avoid the necessity

-

Vidyakin eta/

244

TABLE 11. Luminosity of different detectors.
Type of detector
Luminosity EN, (lo2')

Differential Integrated
(Ref. 4)
(Ref. 19)
5.4

5.0

Integrated
(Ref. 20)

Integrated, I N D

6.2

8.7

for absolute source intensity calibration, we used a "start
method" in which we started with the first neutron and measured the distribution of the number of recorded neutrons in
a given time window T after the-"start." This distribution
uniquely determined E?, which was found to be 63.7%. The
calculated value was 65.3%. As can be seen, the two agree to
within 2.5%. The 3% level was taken to be the systematic
error in the neutron detection efficiency. The efficiency of
detection of neutrino-proton interactions in the IND, including the wall effect 7,is thus found to be E = 31.1
0.9%.
An important parameter of the detector 1s its lummosity ENp which, other things being equal, determines the efficiency of antineutrino detection for each particular detector.
Table I1 lists the values of this parameter for different detectors.
The principal feature of our experiment is that the detector recorded antineutrinos from two reactors located at
distances R = 32.8 m and R2 = 92.3 m from it, respectively.
When the neutrino oscillation parameters were determined,
this enabled us to use the method of two distances, which
had the significant additional advantage of constant background.

,

rCf= 1390 f 5 d (Ref. 21). Optimization with respect to
the two independent parameters No and 7 yields r = 1356
59 d withx2 = 0.59. The satisfactory agreement between
the decay constant rCfand the measured T confirms the presence of the 252Cfnuclei in the detector. Naturally, the detector records events involving several neutrons, but only for
those 252Cfnuclei that are located in its central part. On the
other hand, contamination of the peripheral part of the system provides mostly contributions to single-neutron events.
Actually, the count rate corresponding to single-neutron
events was found to decrease systematically in the course of
the experiment. Figure 3 also shows the results of measure) regime for which the principal contriments in the ( bution to the neutron count rate was determined by the
background. Thex2analysis of all the measurement regimes
yielded a background level due to 252Cfat the beginning of
the experiment, as follows: Ncf = 167.3 f 8.3 events during
one standard series of measurements. The decay coefficients
of californium (a)listed in Table I11 represent the intensity
of the neutrino background component averaged over the
duration of the measurements:

+

+

a=

(

AT,)
k

AT. e x * ( - - ~ J T ) ,

-I
k

EXPERIMENTAL RESULTS

The IND was exposed for about 1200 days, during
which we recorded about lo5 antineutrino-proton events.
Table I11 lists the results only for the one-reactor regimes,
when only one of the two reactors was working and when
both reactors were shut down (background measurements).
Detailed analysis of the IND background showed that
practically the entire neutron background of this detector
\\;as due to 252Cfdecays. A small amount of 252Cfnuclei
(about lo7) entered the detector when it was used in a previous experiment on the fission parameters of this element.
In each of the series of measurements, we recorded events in
which the number of neutrons within the time interval of 270
,us (four neutron lifetimes in the system) was between one
and four. Figure 3 shows the rate of events with several ( 2 2 )
neutrons as a function of time from the beginning of the
experiment. The straight line was optimized by thex2 method and represents the function N = No exp( - t /ref) with

where t , is the time during the k th series of measurements,
measured from the beginning of the experiment, and AT, is
the duration of the k th series.
To calculate the effect due to each reactor, the initial
data (Table 111) were arranged in the form of the following
set of linear equations:

where N, and N2 are the effects due to the first (nearer) and
second (further) reactors in one standard series of measurements, scaled to the same output power, and N, is the constant component of the background.
Solution of this set of equations yields

TABLE 111. Experimental results.
Regime
No.

Reactor
regime

Number of neutrino events
A, + A , per series
of measurements

Mean decay constant
of 25ZCf

Footnote. The plus sign signifies that the reactor is turned on, and minus that it is shut down. The
first column of these signs refers to the nearer reactor and the second to the more distant reactor.
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FIG. 3. Event count rate as a function of time for events with one
and several neutrons, respectively.
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depends on the disWhen oscillations are present, T,(,,
tance R between the reactor and detector:

,

If we impose the additional relation (R ,/R2)' = 0.127 (R
and R, are the effective distances between the detector and
corresponding reactor), which represents the inverse square
reduction in the antineutrino flux in the absence of oscillations, we can use the entire accumulated statistics to determine N,. The set of equations given by (3 ) then contains a
degree of redundancy and its solution, based on X2 minimization, yields the following results: N, = 247.6 & 8.0, N,
= 28.9 + 5.9, and P = 93.2% (degree of agreement). We
can then use this solution to find the integrated inverse betadecay cross section per fission of 235U,corrected for the composition of the fuel. The result is

~e,,=[6.19+0.20 (stat.) k0.3 (syst.) 1. lo-" cm2/fission.
The systematic uncertainty includes uncertainties in the luminosity of the detector ( - 3 % ) , the reactor power
( 3 % ), and the effective distance ( 1% ) .
This result is in good agreement with the calculated
value

-

-

Table IV lists the results of other experiments, in which the
inverse beta-decay cross section was measured.
ESTIMATES OF THE PARAMETERS OF NEUTRINO
OSCILLATIONS

S

and 8 is the mixing angle for the different mass states of the
neutrino. These formulas are derived in all treatments of
oscillations. We note that the oscillations term I ( R ) tends to
4 as A2- W . In practice, this value of I ( R ) was reached in
our experiment for A2>1 eV.2
The values of N, and N2, obtained by solving (3), lead
to the following cross sections:
a:,'; = [6,20f 0.22 (stat.1 k0.30 ( s ~ s t1.1

cm2/fission,

1

cm2/fission.

a;:; = [6.30&1,25 (stat.) k0.30 (syst.

The corresponding limits (curves 1 and 2) are shown in Fig.
4. The region of allowed neutrino oscillation parameters lies
to the left and below the curves. When the oscillation parameters were estimated by the other method, we compared the
quantities

and
theor

The search for neutrino oscillations can be made in two
ways: by comparing the measured cross section with calculated values and by comparing effects at different distances
from the reactors. We used both methods.

A2

I ( R )= I/tTr o (E) n; (E)sinz (i.27 - R) d E .
E
E

=

1-1 (Rz)sinz20
1-I(R,) sinZ20

'

This ratio is not very sensitive to the shape of the antineutrino spectrum, which was verified for the two spectra exhibiting the maximum differen~e.~.'"
For maximum mixing (sin228= 1) ,the values of K ,,

TABLE IV.
Experiment
SX
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cm2/fission

(Ref. 22)
5.8

(Ref. 19) (Ref. 20)
6.24
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5.97

(Refs. 2&25)

This
Paper

-6.1

6.2
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Bugey, and Rovno. It is clear from the figure that the limits
obtained in our experiments are in good agreement with the
results obtained at Gosgen, which substantially reduces the
reliability of the positive conclusions drawn from the Bugey
experiment.
The authors are grateful to S. T. Belyaev and L. P. Feokistov for their constant interest in this research and for useful discussions, to S. E. Averochkin, S. P. Pugachev, E. V.
Turbin, A. I. Kireev, and I. V. Panov for help with preparations and in the actual experiment, and to the reactor personnel for providing us with good conditions for our experiments.
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FIG. 4. Experimental limits on neutrino oscillation parameters obtained
in this research.

for these two spectra differ by only about 2%. It follows that
the main uncertainty involved in the comparison of K,,,
with K ,, is due to the experimental uncertainty. The limits
on the oscillation parameters obtained by this method are
indicated in Fig. 5 (curves 3 ) . The confidence limit (CL) for
all the curves in this figure is about 68%.
Figure 5 shows the results obtained in experiments on
neutrino oscillations, performed on the reactors at Gosgen,

FIG. 5. Comparison of the limits on neutrino oscillation parameters: 1Ref. 5,2-Ref. 4, 3-Ref. 10, &Ref. 25, broken curve-present work.
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