Proc Indian Natn Sci Acad, 70, A, No.1, January 2004, pp.53-61

© Printed in India.
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Beginning with the very first detection of the electron anti-neutrino by Reines and Cowan, reactor neutrinos have
played an important role in our understanding of the properties of the neutrinos. This article summarises the recent
experiments with reactor neutrinos which is now in a decisive phase.

Key Words: Reines-Cowan Experiment; Spectrum of Reactor Neutrinos, Bugey Experiment; CHOOZ Exper-

iment; KamL AND Experiment
1 Introduction

While the existence of a neutrino (v) was postulated
in 1930 by Pauli, the experiments on/with it could
start only after an experimental verification of its exis-
tence in 1953 by Cowan and Reines?, via the reaction
Ve+ p— € +n. Davis? could not observe the reaction
Ve+ 3'Cl — e + 37Ar, while this could be observed
with neutrinos from the Sun. Thus it was shown very
early that in the inverse 3 decay reactions ve’s can re-
sult in e whereas ve will result in the production of
et. Since then several types of neutrinos and anti-
neutrinos have been identified (v, vy, vy, V) and ex-
periments with some of them have become possible.
Among extra-terrestrial sources are the solar neutrinos
(Ve up to about 15 MeV in energy), relic neutrinos (of
all types), neutrinos from supernovae (of energies up
to tens of MeV), neutrinos produced by cosmic rays
(atmospheric neutrinos of all types up to tens of GeV
and even above), and all of these except the relic neu-
trinos have been detected and important physics in-
sights have been obtained, for example, neutrino prop-
erties, solar neutrino problem, atmospheric neutrino
anomaly and their explanation in terms of neutrino os-
cillations. Among the terrestrial sources are the neu-
trinos associated with naturally occuring beta emitters
inside the Earth, and the laboratory sources like reac-
tors, neutrinos resulting from the decays of particles

* This article is based on a talk given at Neutrino-2001 at The
tute of Mathematical Sciences in Chennai. The information
contained in this article is compiled from original sources by the
author and is not based on original research.

produced at accelerators and strong beta-radioactive
sources. Experiments with these sources also have
been helpful in the understanding of neutrino physics.

For a complete understanding of neutrino physics
it is necessary to do experiments with all these sources
of neutrinos. In this article we shall discuss some of
these experiments that have been conducted with ve’s
from nuclear reactors. There have been two excellent
reviews recently on this topic®*. Reactors are copious
sources of electron antineutrinos Ve of energies up to
a few MeV. Some of the salient features of these ex-
periments are:

1. Since these experiments are with ve they are, in
principle, different from experiments with ve,
for example from the Sun, and can be useful in
testing CPT and CP violations.

2. Most of the reactor neutrino experiments use
the reaction

Vet+p—n+et. ...(2)

These experiments are insensitive to the possi-
ble production of v, ; as a result of oscillations
since the charged current interactions of these
to produce u, T are energetically not possible
due to the low energy of reactor anti-neutrinos.
Thus only disappearance or depletion experi-
ments (reduction of ve flux) are possible.

3. Solar neutrino experiments showed a reduc-
tion of ve’s expected on the basis of the Stan-
dard Solar Model (SSM). Similarly the atmo-
spheric neutrinos also showed a deficit in the
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expected flux of muon neutrinos and muon-
anti-neutrinos. These experiments have been
interpreted in terms of neutrino oscillations
among the three flavour eigenstates®. These
flavour eigenstates are mixtures of three neutri-
nos vy, V,, v, of masses m;,m,, m;. The param-
eters that enter any neutrino oscillation model
are the two mass-squared differences 6,, =
|mg —mé|, 6,5 = |m& — mj| and the three mixing
angles 6,,,6,5,0,; that characterise the mix-
ing between the three pairs of states. The at-
mospheric neutrino anomaly indicated a o in
the region 10~3 — 10~2 eV? and the solar neu-
trino problem points to a & of 107> — 104 eV?
showing that there are two distinct mass scales.
For the case of vacuum oscillations the survival
probability Ps(ve — Ve) of an original electron
antineutrino of energy E;, after travelling a dis-
tance L is given by®

Ps = 1-—cos*(6,3)sin?(26,,)sin?(g,)
—sin?(26,5)[cos’ (6y,) sin’ (&15)

+5in%(6),) sin?(£y3)] ..(2)

where & i’ give the energy dependence of Pg
with

1.275;(ev?)L(meters) 3

&= E,(MeV) @)

One can see that the sensitivity of a deple-

tion experiment depends on &; since this factor

should be of the order of unity for a measur-

able energy dependent depletion. This expres-

sion can be further simplified if there is a hierar-

chy among masses such that &, << 8,5 ~ 0,5°.

Such a hierarchy is suggested by the two mass

scales that we mentioned already. With this pro-
viso the survival probability is given by

P = 1-—cos*(6,5)sin?(26,,)sin?(e,)
—sin?(20,5) sin?(g,). (4

For reactor neutrinos (E; ~ few MeV) g; is
significant only for 6”- in the range 1073 —
10~2eV? for L of the order of 1 km. While
for L of the order of 100 km, &;; in the range
105 — 10~*eV? gives observable effects for
reasonably large mixing angles. If one identi-
fies 0,5 with the first range and 9,, with the sec-
ond one can see L =~ 1 km experiment is sen-
sitive to the third term in the above equation

while L ~ 100 km experiment is also sensitive
to the second term so that a combination of the
results of both these experiments can lead to a
better understanding of the oscillation problem.
As shown later the CHOOZ and Palo Verde (L
around 1km) and KamLAND (L around 180
km) accomplish this. Thus even among reactor
experiments one can get complementary infor-
mation from experiments with different base-
lines. Further, we can see from the above ex-
pressions that several experiments with neutri-
nos of various energies are required to get com-
plete determination of parameters in neutrino
oscillation models.

4. Other experiments with reactor antineutrinos
leading to further understanding of neutrino
physics are possible if detectors using different
reactions, especially those having low detection
threshold are used (see later).

2 Reactor Antineutrinos and their Detection

Most, if not all, of the reactor ve experiments need a
knowledge of the flux and the energy spectrum as in-
puts. For example, the depletion experiments measure
the spectrum and flux at a given distance from one or
more power reactors and depend on a knowledge of
the original energy dependent antineutrino flux. The
utility of these reactor experiments comes from the
fact that the yield and the spectrum can be known to
a good accuracy. Almost all the reactor experiments,
especially those on neutrino oscillations, use the reac-
tion (1) for their detection.

Flux and Energy Spectrum

In nuclear power reactors the antineutrinos are
produced isotropically from the 8~ decay of the fis-
sion fragments from the thermal neutron induced fis-
sion of 235238, 239py and 241pu. A simple estimate of
the total ve production rate can be made from the fact
that the energy released per fission is about 200 MeV
and the number of ve is about 6 per fission. Using this
fact the neutrino yield per second at the core is given

by,

v P, (GW)6.24 x 10! x 6
Ve 200

..(5)
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which works out to 2 x 10%° vg’s per second at the
core of a reactor with 1GW thermal power. This yield
and the energy spectrum are slightly different for the
four fissile nuclei mentioned above. They can be ob-
tained either through calculations® or through empiri-
cal means’.

In the first approach all the beta decay chains from
the fission of each of the fissile nuclei are calculated.
Combining these and the fission fragment distribution
data the ve spectrum can be calculated. The uncer-
tainties in such calculations are mainly due to the un-
known decay schemes of short lived fission fragments.

In the empirical approach the B~ spectrum from
fission of each of the fissile nuclei, continuously bom-
barded by thermal neutrons, is measured, decomposed
into a large number of B~ spectra with different end
points and mean charge distributions assuming al-
lowed B decays. From such a decomposition the Ve
spectrum can be reconstructed. The 3~ spectra were
found not to change with time after about ten hours
from the start of the thermal neutron irradiation, for
B energies above a certain minimum energy reflect-
ing the fact that the half lives of the activities that give
rise to these B ’s is less than a few hours. The ab-
solute flux of B~ and hence Vg is also experimentally
determined from neutron flux and target atom number
measurements. The yield and flux for each of these
fissile nuclei is slightly different. The relative abun-
dances of these fissile nuclei evolve with the reactor
running. This can be taken into account from a contin-
uous data about the operating parameters of a reactor.
The flux and spectrum calculated and empirically de-
termined agree with each other to about one percent.
It is thus estimated that the yield is known to an over-
all accuracy of about 1.5 percent®.

Detection

Some of the convenient reactions that can be used to
detect and measure Ve energy are listed in Table | be-
low along with the threshold and an energy averaged
cross-section per fission.

The energy dependent cross sections of the first four
reactions in Table I are known to a very good accuracy
up to about 2 percent. The most common reaction
used especially in neutrino oscillation experiments is
the first one using a liquid scintillator as a target. The
reaction is identified by measuring a “prompt” signal
due to the stopping and annihilation of e*. The ob-
served “prompt” energy (T,. +2me = Ej; — 0.8MeV)

Tablel

Table showing various reactions for neutrino detection. The last two
rows refer to neutrino excitation of nuclel via neutral and charged
current reactions

Reaction Threshold (MeV) < g > (cm?)/fission
Ve+p— e +n 1.8 60 x 10~
Ve+d— et +n+n 4.0 1.2x10~%
Ve+d— Ve+p+n 2.3 29x10°%
Vet € — Vete 0.6x10~%

(for Te > 1 MeV)
Ve+A— et A
Ve+A— Ve+ A

leads to a measurement of the antineutrino energy.
This prompt signal is to be followed by another sig-
nal generated by the neutron usually after thermalisa-
tion. This signal is delayed because of the slowing
down time of the neutron in the detector, which is de-
tected by observing a 2.2 MeV gamma ray following
ny,+ P — d+y or a high energy (approximately 8
MeV) gamma ray from the neutron capture in a mate-
rial with large thermal neutron cross section (usually
Gd or Cd) loaded in the medium. Requirements on
the position of the prompt and delayed signals and the
delay between them help in the better identification of
the event. Some experiments detect neutrons by mea-
suring the charged particles produced in the neutron
induced nuclear reactions like n+°Li — a +t and
n+3He— d+t. A summary of some of the exper-
iments with reactors using eq.1 is given in Table II.

3 Searchesfor Neutrino Oscillations at Nuclear
Reactors

Searches for neutrino oscillations using reactor neu-
trinos by detecting a depletion started as early as in
1977%°. Some of the experiments looked for a devi-
ation of the flux from a 1/r? dependence*. Such an
approach does not need an exact knowledge of the ab-
solute flux of the antineutrinos. As our understand-
ing of the energy dependent flux became more precise,
most of the later experiments relied on a comparison
between the measured and calculated fluxes. None
of the experiments, with the exception of the recent
KamLAND, could detect a depletion and could obtain
upper limits on the mixing parameters. Such limits,
however have been very valuable for example in lim-
iting the value of 6,;. Recent experiments are long
baseline experiments and are often done underground
to reduce backgrounds. The improvement in the qual-
ity of the experiments can be gauged from Table Il. A
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Tablell

Summary of the reactor neutrino experiments around the world
Experiment depth Power Distance  Mass Overall Rates
(year) (MWE)  /Flux (Tons) Eff. signal(bkg)
Hanford?® surface 0.3 0.4/min (2.0/min)
(1953)
Savannah® surface  10%3/cn?/s 2x0.2  0.26/hr 3/hr(0.6/hr)
1956-59
ILL surface  10%2/cm?/s  9m 0.194 1.6/hr(1/hr)
1977
Goesgen? surface 40-60m 04 0.167 1.5-4/hr(1.8/hr)
1985
Bugey'? surface 2.8 GWth 15-95m 3x0.6 042 63-1.4/hr(2-7/hr)
1995
CHOOZ13 300 8.5GWth 1.1 km 5 0.698 25/day(1.2/day)
1997-99
Palo Verde* 32 11.6 GWth 0.8 km 11 0.1 20/day (25/day)
1998-99
KamLAND®® 2700 130 GWth 180 km 1000 0.78 2.3/day (0.1/day)
2001-

brief description of some of the typical experiments is
given below.

Bugey Experiment

This experiment was done at several distances (15
to 90 m) from 2.8 GWth reactors at Bugey®, using
three detectors of 600 litres each. Each of these detec-
tors/targets was segmented into 98 cells and consisted
of 0.15% 6L loaded scintillator. The scintillations in
each of these cells were isolated and viewed by three
photomultipliers. The neutron after thermalisation
was detected by the n+6Li — a +t reaction, the a
and t being identified in the scintillator by pulse shape
detection techniques. From a comparison of fluxes at
several distances limits on & of 0.05 — 0.01 eV2 were
placed for a maximally mixed two flavour scenario.

The CHOOZ and Palo Verde Experiments

The CHOOZ experiment was set up at a site near
two pressurized light water moderated nuclear reac-
tors with a total thermal power of 8.5 GWth. The
detector® was located at a distance of about 1 km from
each of the reactors with about 300 m water equivalent
of rock overburden to reduce the cosmic ray muon flux
by 300 to 0.4 m—2 sec™1.

The detector (see Fig.1) consists of a Gd-loaded
(0.09%) 5 ton liquid scintillator placed in a transparent
plexiglass container which acts as a neutrino target.

An intermediate region with about 17 tons of un-
loaded liquid scintillator (0.7 m thick) viewed by
192 twenty cm diameter photomultiplier tubes (PMT),
shields the target from PMT radioactivity and contains

26 b0 o bédeddd o
optical
barrier

veto steel
tank

Y=o = | containment
n%thrgtlo =3 d region
|t

acrylic
vessel

fF?P?2P?P??????T¢%
| low activity gravel shielding

[ [ [ [ [ [ ]
0 1 2 3 4 5 é6m

Fig. 1 The CHOOZ detector. The neutrino target consists of a 5
ton 0.09% Gd loaded liquid scintillator. The containment
region consists of 17 ton liquid scintillator. Surrounding
these is a 90 ton active muon veto shield. Figure taken
from ref. [13].

the high energy gamma rays produced during the cap-
ture of thermal neutrons in Gd.

An outermost region which is optically isolated
from the inner two regions consisting of 90 tons of
scintillator (0.8 m thick) viewed by 48 twenty cm di-
ameter PMTSs provides an active cosmic ray veto sig-
nal.

The antineutrinos were detected through the reac-
tion shown in eq.1. The experiment requires a de-
layed coincidence between a ‘prompt’ signal with en-
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Fig. 2 (a) Distribution of energy release in n-capture on Gd. (b)
Distribution of time delay between the prompt and sec-
ondary signals. (c) Distribution of distances between et
and n. The histograms indicate Monte-Carlo estimates.

ergy deposit 1.3 - 8 MeV and another, a ‘secondary’
signal, with energy deposit 6 - 12 MeV within 2 -
100 usec., and a spatial correlation to within a me-
ter of each other. The former includes events with a
stopping positron and leads to a determination of the
prompt energy and the latter aims at emphasizing the
neutron capture gamma ray signal following its ther-
malization. The neutron response was measured us-
ing a 252Cf source placed at the center of the detector.
The peaks arising from the neutron capture on hydro-
gen (2.2 MeV) and on Gd (8 MeV) were used to cali-
brate the detector. Typical energy resolutions at these
two energies were 9% and 6%, respectively. The over-
all detection efficiency was found to be (69.8+1.1)%.
Distributions of the energy released by neutron cap-
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Fig. 3 (above): the measured background corrected ‘prompt’ en-
ergy spectrum in the CHOOZ experiment together with a
histogram of the expected spectrum with no oscillation;
(below): ratio of measured to expected spectra.

ture, the e —ntime and spatial correlations are shown
in Fig.2. Since the reactors came on line after the de-
tector was ready the neutrino event rate- reactor power
correlation could be seen. After selecting events based
on the energy, time and position criteria, the positron
energy spectra were generated. The final background
corrected spectrum is shown in Fig.3. The calculated
no oscillation and measured spectra agree with each
other fairly closely. The energy averaged ratio of the
measured to calculated neutrino signal is 1.01+ 0.028
(stat)£ 0.027 (syst).

A similar experiment was performed* at 0.8 km
from the power reactors at Palo Verde with a com-
bined thermal power of 11.6 GWth, using 11.3 tons
of 0.1% GD loaded liquid scintillator, segmented into
6 x 11 array of 9 meter long cells viewed at both ends
by 12.7 cm dia photomultipliers to reduce the cos-
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Fig. 4 A schematic diagram of the KamLAND detector from ref. [15]

mic ray backgrounds which were considerably larger
than in the CHOOZ experiment. The overall detec-
tion efficiency was about 0.1. The energy averaged
ratio of the measured to calculated neutrino signal is
1.0140.024(stat)4-0.053(syst).

Combining the results of the CHOOZ and Palo
Verde experiments with the solar neutrino results, al-
lowed regions of & and sin?(20) have been deter-
mined in two flavour oscillation scenarios*. How-
ever, the importance of these results is evident if we
consider the simplified expression in the three flavour
case, as given by eq.4. As mentioned earlier, the de-
pletion for these experiments mainly comes from the
term sin?(26,) sin®(&;5). The measured upperbounds
on depletion from these experiments have placed lim-
its on sin?(26,3) < 0.15. It has not been possible to
obtain such a limit from other experiments. There are
even some proposals for similar experiments* so as to
obtain better limits on 6.

The KamLAND Experiment

The KamLAND experiment® is a long baseline ex-
periment searching for neutrino oscillations with a
sensitivity for large mixing angles to & in the range
107° eV2 to 10~4 eV? (3,,) since the L/E in this case
is in the range 10° to 10* m MeV—! (see eq.3). The
experiment located at Kamioka in Japan with a rock
overburden of about 1 km, consists of 1 kT liquid

scintillator ( see Fig.4) of ultra-high purity, detecting
antineutrinos from the surrounding nuclear power re-
actors (numbering 51 with total power 130 GWth) at
distances between 130 and 220 km. The U/Th and
40K impurities in the scintillator are of the order of a
few parts in 101® while the radon impurity gives an
activity of about 4 Bg/m3. This is surrounded by a
2.5 m thick mineral oil shielding. These are placed
in a 18 m diameter stainless steel spherical container
with 2000 PMTs of 43 and 50 cm diameter on the in-
side viewing the scintillator. This gives a photocath-
ode coverage of about 30%. Outside the stainless steel
container is a tank of 3.2 kiloton water-Cherenkov de-
tector, viewed by 225 25cm dia PMT’s to veto cosmic
ray events. The PMT signals are digitized by analog
transient waveform digitizers. This helps in discrim-
inating the alpha background from U/Th/Rn activi-
ties through pulse shape discrimination. The fast time
response of the scintillator is used to get a position
information from the relative times of the PMTs fir-
ing. The position resolution is about 25 cm (FWHM).
The energy resolution of the liquid scintillator detec-
tor is approximately 7.5%/+/E(MeV). The antineu-
trino events were selected on the basis of cuts in the
fiducial volume, time and position correlations be-
tween the ‘prompt’ and delayed or secondary signals
produced by n-capture on hydrogen after thermalisa-
tion. The overall efficiency was (78.3+1.6)%.

The background corrected ‘prompt’ energy spec-
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trum obtained in a 145 day run (corresponding to an
overall exposure of 162 ton-yr), together with a calcu-
lated no oscillation spectrum are shown in the lower
part of Fig.5. An energy dependent depletion of an-
tineutrinos in a reactor experiment has been observed
for the first time in this experiment. An energy aver-
aged (for E;_ > 3.4 MeV) ratio of the measured events
to those calculated in the absence of oscillations was
found to be 0.611+0.085(stat)+0.04(syst).
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Fig. 5 Top: Expected ‘prompt’ energy spectrum due to antineutri-
nos from the reactor and background sources at the Kam-
LAND detector. The lower panel shows a histogram of
the measured *prompt’ spectrum along with one expected
in the absence of oscillations. The lower histogram in the
lower panel shows the best fit with oscillations.

The data of this experiment together with those of
earlier ones was analysed in a two flavour scenario to
yield a value of 5 ~ 6.9 x 10~%eV2 and sin?26 = 1.0
(see ref. [15] and the plot in Fig.6). For the conditions
of the KamLAND experiment, eq.4 approximates to

P~ cos* 05[1 —sin®20,,sin’e,].  ...(6)

With the limit sin?26,; < 0.15%, the KamLAND
result leads to 0.86 < sin®26,, < 1.00.

The observed depletion in the KamLAND exper-
iment singles out the so-called Large Mixing Angle
solution to the solar neutrino problem if CPT invari-
ance is assumed. It is expected that more data from

KamLAND will result in more precise values for the
mixing parameters.
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Fig. 6 Excluded and allowed regions in the & (shown as An? in
the figure) and sin26 from the various reactor based anti-
neutrino oscillation experiments. The allowed LMA( large
mixing angle) solution from the solar neutrino analysis is
also indicated. The thick dot indicates the best fit to the
KamLand data. The 95% confidence level allowed regions
from KamLAND are also shown. Figure taken from ref.
[15]

4 Magnetic Moment of the Antineutrinos

As has been mentioned earlier, additional antineutrino
properties can be obtained if the experiments can be
performed at lower energies. In addition to establish-
ing bounds on the (anti)neutrino magnetic moment,
reactor experimental searches for decay of heavier
neutrinos have been performed. Again bounds have
been established on the decay rates*. Apart from
its effect on the solar neutrino problem, the exis-
tence of a magnetic moment for neutrino is of great
fundamental importance (for example, u, is possi-
ble only if the mass is nonzero). Several experiments
have already placed upper limits on p; in the region
2 —4x 10710, One of the possible ways of mea-
suring the magnetic moment is through the energy de-
pendence of ve — e elastic scattering, since the ampli-
tude for this scattering has a different energy depen-
dence from that due to weak interaction. This cross
section as a function of the recoil energy T of the elec-
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Fig. 7 A schematic view of the arrangement of the MUNU experiment. It measures the recoil energy and angle of the electron following

antineutrino-electron elastic scattering

tron for an incident energy Ej is given by*

do - _
d—T(Ve—Ve)
2G,2:me 2 2 T 2 rneT
= T 9R+9L(1—E_\7) _ngRE—\% +
ma?uZ 1 —T/E-
H, /B .7
m2 T

where gg = sinBy,9, = gg+1/2 and G is the Fermi
coupling constant. The second term containing the
fine structure constant a is due to the magnetic mo-
ment of the ve. It can be seen that for sin 8, = 0.23
and E;, =~ me the first term vanishes for backward scat-
tering since T /E;, = 2/3. Thus a measurement of this
cross section at backward angles (forward recoiling
electron) for E; around me is very sensitive to the
magnetic moment i (see ref. [20]).

The experiment MUNU has been setup at the
Bugey reactor to measure the magnetic moment of
the antineutrino. The detector (see Fig.7) is placed
about 18 meters from the core of the power reactor
(2.7 GWth) and consists of a time projection chamber
filled with CF, gas at 5 bar pressure. The X-Y posi-
tion information of the recoiling electron subsequent
to a (Ve, €) elastic scattering event is recorded via the
signals on the anode plane in addition to the drift time

which gives the Z information. The energy spectrum
of the recoiling electrons from, (ve, €) elastic scatter-
ing will be used constrain the magnetic moment of the
antineutrino. Preliminary results®* from MUNU give
an upper limit of 1.5 x 10~10 Mg on the magnetic mo-
ment of the electron antineutrino.

The Texono collaboration® uses a high purity ger-
manium detector in a low background environment to
search for an excess of low energy scattering events
arising from antineutrino scattering due to a possible
magnetic moment. The first results place an upper
limit of 1.5 x 10~19 Hg on the magnetic moment of
the electron antineutrino®.

5 Conclusions

Since the first experiments in 1953 that lead to the
experimental discovery of the (anti)neutrino, nuclear
reactor based neutrino experiments have provided us
with a wealth of information. In recent years such
experiments have complimented other neutrino exper-
iments at high energies. Some of the on-going ex-
periments like the KamLAND will help in precise de-
termination of the oscillation parameters. Additional
properties of the (anti)neutrino like a possible mag-
netic moment are expected to be understood as a re-
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sult of some of the on-going and planned experiments
at nuclear reactors, using various types of detectors,
especialy at low energies.
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