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The energy spectrum of neutrinos from a fission reactor was studied with the aim of gaining information on

neutrino oscillations. The well-shielded detector was set up at a fixed position of 8.76 m from the pointlike core of

the Laue-Langevin reactor in an antineutrino flux of 9.8X10" cm ' s '. The target protons in the reaction

vg~+n were provided by liquid-scintillator counters {total volume of 377 1) which also served as positron

detectors. The product neutrons moderated in the scintillator were detected by 'He wire chambers. A coincidence

signature was required between the prompt positron and the delayed neutron events. The positron energy resolution

was 18% full width at half maximum at 0.91 MeV. The signal-to-background ratio was better than 1:1between 2

and 6 MeV positron energy. At a counting rate of 1.58 counts per hour, 4890+180 neutrino-induced events were

detected. The shape of the measured positron spectrum was analyzed in terms of the parameters 4' and sin' 20 for

two-neutrino oscillations. The experimental data are consistent with no oscillations. An upper limit of 0.15 eV (90%

C.L.) for the mass-squared differences 6' of the neutrinos was obtained, assuming maximum mixing of the two-

neutrino states. The ratio of the measured to the expected integral yield of positrons assuming no osciliations was

determined tobe JY,„JJY,„=0955+0035 (statistical)~0. 110 (systematic).

I. INTRODUCTION

Among the most fascinating challenges today is
the quest for the fundamental properties of neu-
trinos. The idea of neutrino mixing was first con-
sidered by Pontecorvo' for the v-v system, in
analogy to the E' system, and by Nakagawa et al,
and others, ' for the v, -v„system. The idea was
that physical neutrinos are not pure states in a
quantum-mechanical sense, but superpositions of
mass eigenstates. Accordingly, the physical
neutrinos oscillate in and out of their initial
states, provided the mass differences of the pure
states and the mixing amplitudes between them
are nonvanishing. Gribov and Ponteqorvo' sug-
gested that the observed low flux of solar neu-
trinos may be due to neutrino oscillations. Ex-
tended reviews on neutrino oscillations up to 1978
are contained in the articles by Fritzsch' and by
Bilenky and Pontecorvo. '

Recently (while this experiment was in pro
gress) neutrino oscillations have been discussed
extensively' as being expected on theoretical
grounds, creating new interest in the search for
oscillations.

After the success of the SU(2) x U(l) Weinberg-
Salam model' of the electroweak interaction, sev-
eral more general models attempting to unify the
strong and electroweak interactions have been
proposed. According to some of these models
(based on gauge symmetries), neutrinos are
massive and could oscillate. Oscillations of the
type v, -v„or v, - v, (flavor oscillations), or v,

—v, ~ (particle-antiparticle oscillations) might be
expected. The symbol v, ~ designates a left-
handed electron antineutrino.

The present experimental limits on the masses
of v, , v„and v, are 35 eV, ' 570 keV, ' and 250
MeV," respectively, which leaves ample room for
the magnitude of various parameters describing
neutrino oscillations. A recent experiment by
Lyubimov et al."suggests a finite mass of the
electron neutrino in the range between 14 and 46
eV. However, this result is preliminary, awaiting
confirmation.

Neutrinos. also play an important role in the
description of the early stage of the Universe.
Cosmological theories set limits on the neutrino
masses" and the number of neutrino types. '4 The
commonly accepted cosmological limit on the sum
of the masses of neutrinos is 40 eV." But the
cosmological arguments should only be used as a
guide.

The neutrino oscillation is also connected with
the fundamental question of lepton-number con-
servation. The mechanisms of p, -ey and double-
t) decay are cl.osely related to neutrino oscilla-
tions. Consetluently, in some models (which do
not have heavy leptons), a limit on neutrino oscil-
lations can impose more stringent limits on p,

—ey and double-P decay than the current experi-
ments are abl. e to provide.

Several recent high-energy experiments have
set limits for neutrino oscillations. However,
these limits" are not very restrictive, nor do
they pertain to all the possible oscillation chan-

1981 The American Physical Society



1098 H. KWON et ul.

nels. It is the purpose of this experiment to pro-
vide an answer, with better sensitivity, to the
question: Are there oscillations of electron anti-
neutrinos v, produced in a fission reactor'P

Recently, Reines et al."have claimed evidence
for v, oscillations. Clearly, an independent con-
firmation of this observation is most important.

Phenomenological model for oscillations

A brief description of neutrino oscillations and
the formalism which is relevant for the analysis
of the experiment are presented below.

Neutrino oscillations of the weak-interaction
eigenstates (v, , v, . . . ) may occur if these "phy-
sical" neutrinos are superpositions of the mass
eigenstates (v„v„.. . ). If we confine our dis-
cussion to the case of a two-neutrino system

, (which might well approximate the general case),
the superposition can be written as

(v,) f cos8 sin8) (v,)
( v j E-sin8 cos8j (v, j

where 8 is a mixing parameter. This descrip-
tion"' "allows for flavor oscillations (v
= v, v„.. . ) as well as for particle-antiparticle
oscillations (v = v, ~, . . .). The time development
of the system is given by

) v,(t) /' =
) v,(0)

/
jl ——,

' sin'28 [1—cos(E, —E,)t]],
where E, is the energy of neutrino v, . For mo-
menta p» m,. (m& being the mass), E~ —E,
= (~,'- m, ')/2p.

The oscillation length X (in meters) is related
to the neutrino energy E„(in MeV) and the mass-
squared difference h' = ~m, ' —m, '~ (in eV') by &

= 2.48 E,/n'.
The oscillations are thus characterized by the

parameters 4' and sin'28. The counting rate Y
in a v detector at a distance d from an antineu-
trino source, such as the reactor core, is (using
the same units) given by

Y(E„-,&2d, 8) — 2N(E„)o(E„)P(E„,6 d, 8),-(1)
where

P(E„,&~d, 8) = 1 —~ si-n' 28[1 —cos(2.53 4'd/E„)] . -

(2)
N(E„)is the reactor'-pr-oduced v spectrum and e
is the detection efficiency. The cross section
o(E~) (with E„ in MeV) of the detector reaction is
discussed below.

The manifestations of the oscillations depend
on the energy of the neutrino and the distance be-
tween source and detector. To detect neutrino
oscillations, one has to measure the neutrino flux

as a function of the energy, or the distance, or
both. The present measurement was carried out
as a function of energy, with good energy resolu-
tion, while the distance variation, for practical
reasons, had to be postponed for a subsequent ex-
periment.

At present the limits for 4' in the channels
v, - v, and v„-v, are 0.7 eV',"assuming full
mixing. Limits for other channels are reviewed
in Ref. 16.

II. EXPERIMENTAL METHOD

In this section the antineutrino source, the anti-
neutrino detection reaction, the experimental set-
up, the data acquisition, and data reduction are
discussed. The measurement of the detector
efficiency is also presented.

Neutrino source and neutrino spectrum

The inverse P decay of the neutron, v, +p-e'
+n, which has the most favorable cross section,
is used as the detection reaction. ' The cross
section is given by

g(E„)=(9.13+ 0.11)(E„-—1.293)

[(E~ 1.293)~ (Q 511)2]~&2 x I Q

(E„ is the neutrino kinetic energy in MeV). The
error in the cross section stems from the uncer-
tainty of the neutron lifetime, " T = (926+ 11) s.

From energy. -momentum conservation, the pos-
itron carries away most of the energy of the in-
coming neutrino. The neutron energy is around
20 keV. Therefore, the energy of the positron is
simply related to the energy of the neutrino by
E E Eo The reaction thre shold Eo is given
by E, =(m„- m)+m, = 1.80 MeV.

As a result, the positron energy spectrum con-
veys the information of the neutrino spectrum. A
deviation of the measured positron spectrum from
that expected without oscillations would indicate
the presence of oscillations. The expected posi-
tron spectrum is the neutrino spectrum folded
with the cross section and the detector efficien-
cies.

The experiment was carried out at the high-
flux reactor of the Institut Laue-Langevin (ILL),
Grenoble, France. The reactor has 57 MW
thermal power (which remains constant to better
than 1%). The fuel element of the reactor consists
of 8.5 kg of 93/o enriched "'U in the form of UAI, .
This almost pure "'U core has the advantage of
lending- itself to a well defined prediction of the
electron-antineutrino spectrum. Fission energy
release and neutrino production are time-depen-
dent. For example, for each fission of "'U, after



SEARCH FOR NEUTRINO OSCILLATIONS AT A FISSION REACTOR &Q99

a 30-day period, 5.3 electron antineutrinos are
emitted ' as a result of P decays of the fission
fragments. For the mean energy released per
fission for one measuring period (40 days) (not
including the antineutrino energy) we have taken
]99y 2 Me&. Thus the ILL reactor constitutes a
source strength of 9.5 x 10" electron antineutrinos
per second.

The reactor core is a cylinder, 40 cm in dia-
meter and 80 cm in height. This small "pointlike"
core makes the ILL reactor ideal for studying
short oscillation lengths for which the effects
would be averaged out in measurements at a
power reactor.

The operating cycle of the reactor consists of a
40-day reactor-on period followed by a 10-day re-
actor-off period. The reactor-off periods were
used to measure the background.

The detector was designed with emphasis on
good positron-energy resolution, low background,
and high detection efficiency. The effect of os-
cill.ations would be washed out with poor energy
resolution. A sensitivity to the parameter 4'
between 0.1 and 5 eV' should be achievable under
these conditions.

The most appropriate and accurate method for
obtaining the expected antineutrino spectrum emit-
ted from the reactor core is a measurement of
the electron spectrum accompanying "'U fission.
Such a measurement has recently been conducted'
at ILL using an on-line magnetic P spectrometer.
The accuracy of the relative shape measurement
is 2% to which a normalization error of 5% has to
be added. The uncertainty attributed to the neu-
trino spectrum, including a 4% conversion error,
is 6.5%. In the following anaiysis we have adopted
this ILL spectrum and shall. refer to it as "ex-
pected neutrino spectrum for no oscillations".

A recent electron-spectrum measurement at
ORNL (Ref. 25) tends to agree with the ILL re-
sults' although this experiment was not taken on-
line and thus is less sensitive to short-lived fis-
sion fragments.

There are several calculations of the reactor
antineutrino spectrum, notably those by Davis
et al."and by Avignone and Greenwood. " The
uncertainty in the spectrum of Davis et al.' is
estimated to be from 10% at 2 MeV to 80% at 8
MeV. The Davis et al. spectrum is found to be in
good agreement with the ILL spectrum. In con-
tra, st, the spectrum of Ref. 26 is systematically
80% higher than the ILL results.

The antineutrinos emerging from the P decays
of the surrounding material activated by the neu-
trons have low energies. In the case of the ILL
reactor, the core contains aluminum which can
emit antineutrinos with a maximum energy of 2.8

MeV. Since only events with E„&1MeV (i.e. ,
E„&2.8 MeV) are accepted in this experiment,
antineutrinos below 2.8 MeV are of no importance.
About 16% of the fission-product antineutrinos
have energies greater than 2.8 MeV.

Detection reaction

Umbrella

Target
Cells ~

AYEÃX/ip~Fi~" ';:

CH2

l,6 2,2 3,4 4,6 5,2

P,3

He
Chambers

izizzzizzzzzzi~~iui~
FIG. 1. Experimental arrangement of the detector

system and shielding.

The detector is set up at an effective distance
of 8.76 m (antineutrino flux of 9.8x10" cm ' s ')
from the reactor core in the basement of the reac-
tor building. The detector is a multilayer sand-
wich of five liquid-scintillator planes and four
'He-wire-counter planes as shown in Fig. 1.

A schematic representation of the detection
reaction is shown in Fig. 2. The antineutrino in-
teracts with a proton of the liquid scintillator in
the target cell, making a positron and a neutron.
The positron slows down by ionization in the
liquid scintil. lator producing a prompt light pulse
proportional to the energy of the positron. Upon
stopping, the positron annihilates into two 0.511-
MeV y rays. Most of the annihil. ation y rays
escape from the target cel.l, since their mean
absorption length is 14 cm in the liquid scintil-
lator. This effect was taken into account in the
analysis. A hardware threshold was set at about
0.85 Mev.

The neutron (of a few keV) does not make a
pulse in the liquid scintillator. Instead, it is
thermalized in the target cell within a few p. s
and diffuses into the 'He counter with a mean
diffusion time of about 150 p, s. The neutron is
captured in a 'He counter via the reaction n
+'He-p+'H+765 keV. 'He is chosen because
it has a large neutron capture cross section
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FIG. 2. Schematic representation of the vp e'n reac-
tion process in an element of the detector system.

FIG. 3. Performances of the target cell. Left figure:
energy spectrum of a ~Zn source. Right figure: PSD
spectrum for 1-MeV electron equivalent energy.

(5500 b for a thermal neutron) and because it is
insensitive to y rays due to the small number of
electrons in the 'He. Both the p and 'H are de-
tected by the 'He wire counter which operates
in the proportional region (multiplication factor
about 10).

A delayed coincidence between target cell and
'He counter pulses is the signature of a good event.

Background considerations

The background which gives rise to false events
is divided into two categories: reactor-associated
and reactor-independent. Each is suMivided into
an accidental component and a time-correlated
component, within the delayed-coincidence time
window.

The reactor-associated background is due to
neutrons and secondary capture y rays of energies
up to 10 MeV from the reactor core and was
eliminated in this experiment by means of mas-
sive shielding.

The reactor-independent background is mea-
sured during the reactor-off periods. Care is
taken to minimize the natural radioactivity in
the detector in order to reduce the accidental
coincidence rate. The more serious background
comes from neutrons created in cosmic-ray-
induced events. Fast and slow neutrons are creat-
ed by the nucleonic and muonic components of
cosmic rays. The nucleonic component is mostly
eliminated by the concrete shielding above the
detector. Direct muon hits are efficiently vetoed
by the anticoincidence system, but neutrons from
muons interacting in the surroundings of the
detector are only partially rejected.

A particul. arly dangerous background component
arises from time-correlated events due to single
fast neutrons. A fast neutron can produce a recoil
proton pulse in the target cell. The neutron sub-
sequently thermalizes in the target cell and is
capture'd in a 'He counter, simulating an anti-
neutrino event. To suppress this background, a

pulse-shape-discrimination (PSD) technique" is
used for the target-cell events.

Detector system: Target cells

The 30 target cells are arranged in five vertical
planes of six cells in each pl.ane. Each target cell
has an outside dimension of 9 emx 20 cmx 88 cm,
and is made out of 6 mm lucite. The width of the
cell was chosen to be thick enough for neutron
thermalization, yet sufficiently thin to prevent
excessive neutron absorption by the protons.

As a scintillant, a mineral-oil-based proton-
rich liquid scintillator NE235C, developed by
Nuclear Enterprises, "is used. The total volume
of the scintillator is 377 1, corresponding to 2.39
&&10" protons. (This scintillator is a modified
version of NE235H with added pul. se-shape pro-
perties. ) NE235C has an H/C ratio of 1.71+0.015
and a density of 0.861 g/cm'. Its light output is
61.5% that of anthracene and the light transmission
length is better than 2 m.

Each target cell is viewed at both ends by two
optically coupl. ed 7.5-cm Amperex XP2312 photo-
multiplier tubes. The XP2312 tube is a high-gain,
fast-timing, low-dark-eurrent tube. Total inter-
nal reQeetion at the air-lucite interface of the
target-cell walls provides the light collection.
To regain light not returned by total reflection,
the cells are wrapped with alumininized reflec-
tors. The end surfaces are covered by diffuse re.-
flectors with an air gap for maximum light out-
put. "

The target-cell energy resolution is 18%%u~ full
width at half maximum (FWHM) at 0.91 MeV

(Fig 3). Varia. tions in energy response through-
out the volume of the cell are less than 5%. This
result was obtained with forward-scattered Comp-
ton electrons from a single-line "Zn y-ray source,
the back-scattered y rays being detected with a
NaI detector in coincidence with the target cell.

For the absolute energy calibration the same
method was used, this time based on the 4.439-
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MeV y rays in "C*from an Am-Be source, and
the Compton edge of the 2.226-MeV y ray from
neutron capture on the proton. The energy cali-
bration error is less than Qp.

The PHD performance of the target cells is
shown in Fig. 3. The energy dependence of the
PSD is such that the two peaks become somewhat
narrower and closer with higher energies. The
valley of the PHD shifts slightly toward the y
(electron) peak as the energy gets larger. This
effect is corrected for in the analysis. The high-
energy neutron background is reduced by a factor
50 with a PSD cut.

38e wire counters

Four large 'He wire chambers, each with an
outside dimension of 8 em' 88 cmx126 cm, were
built. The sealed counters, each containing 80 l
of pure (99.99%) 'He gas at atmospheric pressure
mixed with 1'//&& of CO, quenching gas, are sand-
wiched between the target planes (Fig. 1). Special
care was taken to choose materials with low
natural radioactivities. The windows are 0.2-mm
stainless-steel sheets. A single stainless-steel
wire of 50 p, m diameter is threaded through the
chamber with a spacing of 2 cm.

The energy spectrum of a 'He counter is shown
in Fig. 4. The energy resolution at 765 keV (full
energy peak) is about 25% FWHM for the best
counter and 50% for the poorest one. The shoul-
der at the low-energy side is due to wall effects.
The smallest possible signal of detection is 190
keV where the triton is accompanied by an escape
proton. A hardware threshold is set at around
185 keV. The actual window used in the analysis
is between 275 and 1340 keV. The background
of each counter due to natural radioactivity is
about 0.75 min ' in this window. (The application

of solder and glue inside the chambers was avoid-
ed. )

Veto tanks

The assembly of the target cells and of the 'He
counters is completely surrounded by six mechan-
ically and optically independent liquid-scintillator
planes, arranged in such a fashion that the radia-
tion leaks between plane boundaries are small.
Each tank, made out of aluminum, is 12 cm thick.
The tanks are filled with the liquid scintillator
NE235H. Each tank is provided with light re-
flectors. The reflectors on the large surfaces
are lucite panels sealed on the edges to an alumi-
num sheet, thus providing an air gap allowing
total reflection at the lucite-air interface. Two
adjacent small faces are fitted with aluminum
sheets coated with TiO, paint and sealed with thin
lucite sheets. The two other small faces have
lucite windows. The scintillation light is collected
through these lucite windows by wavelength-
shifter bars coupled to two 7.5-em photomulti-
plier tubes (Amperex XP2312). The wavelength-
shifter bars are acrylic bars (16 mm thick) with
2 mg/l of BBQ (Ref. 28) concentration in which the
blue scintillation light is absorbed and reemitted
as isotropic green light propagating by total in-
ternal reflection to the end of the bar.

The six veto tanks are mounted on their mov-
able transport system, rolling on two pairs of
demountable tracks. The vertical front veto tank
is attached to the horizontal bottom tank and con-
stitutes a movable unit on which the target cells
and the 'He counters are installed, while the other
four veto tariks form the second unit. This ar-
rangement facilitates easy access to the central
detector unit for calibration and maintenance.

The energy spectrum of the cosmic muons pass-
ing through the top veto tank is shown in Fig. 5.

O
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O

0 E(keV)
FIG. 4. The energy spectra of the 3He counters. The

hardware threshold is shown by the arrow (&) with H.
The software threshold set by a data-acquisition pro-
gram is shown by the arrow (t) with S. The energy
window used in the analysis is shown by the arrow (t).

C3

0
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I—

O
C3

25
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50

FIG. 5. Energy spectrum of the cosmic muons passing
through the top veto tank. The arrow indicates the hard-
ware threshold.
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The hardware threshold is set so that the effi-
ciency of the veto tanks in detecting cosmic muons
is better than 99.8%.

The electronics for the veto pulse generate
a 320- ps signal (long veto). 'He events in coinci-
dence with this signal are rejected. This 320- ps
interval is a compromise between neutron re-
jection (it is about 95% efficient) and dead time
(about 8%). A 10-ps signal is also generated for
the anticoincidence with the target- cell events. It
reduces the target-cell count rates above 2.5 MeV
by a factor of 80.

The veto rejection efficiency for charged parti-
cles was better than 10 '. This number is re-
duced further by redundancy requirements of the
electronic system.

Umbrella veto

Four additional cosmic- ray veto scintillation
counters are installed on top of the lead house
(Fig. 1). They serve tn suppress neutrons and
electron bremsstrahlung coming from muons
stopped in the upper part of the lead house. Each
has 8 cm (thickness) x 130 cmx 150 cm outside
dimension, and contains NE235H. Wavele(ngth-
shifter bars are placed on two narrow sides of
the counter, while TiG, painted reflectors are
provided with an air gap on the opposite sides.
A 12.5-cm tube (Amperex XP1040) is used to view
the bars.

A 10-ps signal is generated by the umbrella
vetos, and is used in anticoincidence with the
target-cell events. This reduces fast neutron
events in the target cells by a factor of 2. In ad-
dition to the veto rejection, it further reduces
the y-ray rates above 2 MeV by 15%. Details of
the effects of these veto anticoincidences are dis-
cussed below.

high-energy y rays, some of which in turn were
detected by the target cells (above 4 MeV the
rate was found increased by a factor 5). This
extra accidental background was not significant,
however, compared to the total background. It
was observed that these slow neutrons did not
increase the 'He singles rates and the coincidence
rates. It is concluded that there is no reactor-
associated time- correlated background.

A total of 2.5 m of concrete shield over the
detector eliminates most of the cosmic-ray nuc-
leonic component and attenuates the muonic com-
ponent.

Pressurized air is blown continuously into the
veto house to keep out any radioactive gas, es-
pecially 4'Ar (1.29-MeV y rays). This pressurized
air, by passing through a copper coil immersed
in a refrigerant at constant temperature, also
serves to remove the heat generated by the photo-
multiplier tube bases and by the preamplifiers of
the 'He counters. As a result, the temperature
of the detector system is maintained to + 0.5 'C
for each run.

Efficiency of the detector

The positron yield &(E,,) is a function of the
neutron detection efficiency and the positron
response function, as well as of the finite size
of the reactor core and of the detector. The
neutron detection efficiency e (t ) depends on the
coincidence time window t . The positgon re-
sponse function is f~(E~,E~) =q(E-„,E~)A~zo,
where rt(E~, E,+) gives the distortion of the posi-
tron spectrum caused by various effects and&pro
is the acceptance of the PSD window. The posi-
tron yield is then [Eqs. (1) and (2)]

I

Y(E,„E'd, 6) N~E (1 ) fp(E=a'„d , &)alE „)f;(Z„--„,,Z;')-
Shielding

A 20-cm-thick lead shield was chosen based on

a measurement of the y-ray radioactivities at the
experimental site. Special low background lead
was used for the inner part of the construction.
The lead is supported in the inside by a 2-cm
steel house. The 15-ton lead door moves on
rollers and rails, so as to allow open access to
the veto house.

On the inside of the steel house, 15-cm-thick
polyethylene is used (Fig. 1) to moderate and
capture neutrons. The 12-cm-thick veto tanks
serve as additional absorbers.

Test measurements were performed with part
of a 1-m concrete dividing wall removed, allow-
ing some thermal neutrons from the reactor hall to
reach the Pb house. These slow neutrons were
captured in the lead and the steel, giving rise to

x h(d, d')dE „dd', -(3)

where N, is the number of the target protons,
(t)(E„-,d) is the antineutrino spectrum at the de-
tector ( =[N(E„)/4'']P(E-„, t),ad-, 8) in the two-
neutrino model), a'(E „) is the v, p- e'n -cross sec-
tion, with E,, =E„--1.8 MeV, and h(d, d') is the
weighting factor of the distance d' (d = 8.76 m is
the average distance). d is the distance between
the points of creation of a neutrino in the core
and its absorption in the detector.

The neutron detection efficiency was measured
using the MeV neutrons from an Am-Be source
and keV neutrons from a Sb-Be source. It was
also calculated using a neutron-transport compu-
ter program. '

With the Am-Be source, the energetic neutrons
produce a signal in the target cells. If one counts
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the single-neutron events in the target cell, iden-
tified as such by the PHD, and the coincidence
events in a target cell and the adjacent 'He coun-
ters, the, ratio of the latter to the former gives
the efficiency. After adding a 1% correction,
calculated by a neutron-transport program, to
correct for the difference between fast and slow
neutrons, a value of c„(t=~)=25.2+2.0% was
determined.

A spectrum of the time distribution between
a fast-neutron prompt pulse in the target cell
and a delayed pulse in the SHe counter is shown
in Fig. 6. This also shows the timing charac-
teristic of the v, P- e'n reaction since MeV and
keV neutrons take a similar time for thermali-
zation. A 200-p, s time window for the delayed
coincidence, which gives an 80.1% acceptance,
is used in the analysis as explained below. The
neutron efficiency from the Am-Be measurement
within this time window then becomes g(200 p, s)
= 20.2 a 1.6 %.

The Sb-Be neutron source32 is a calibrated
(+3%) standard source. Its neutrons have ener-
gies of. about 20 keV, comparable to those from
inverse P decay. The active dimensions of this
neutron source are 4 mm (diam) && 4 mm (long)
encapsulated in a stainless-steel cylinder. The
source was inserted into a specially built target
cell which was substituted for any target cell
within the detector array. %ithin the cell the
source could be moved in three dimensions, with
2-xnm precision, using stepping motors. Fifty-
six different source positions and three target-cell
positions were mapped. Each point was meas-
ured to about 2% statistical error.

Because of the high y-ray flux from this source,
the software threshold was set higher than in
the analysis. The resulting correction was meas-
ured using an Am-Li source (mean energy about
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500 keV) in various positions. This relative cor-
rection, which varies between 12 and 15%, was
applied in the efficiency calculation.

The variation of the efficiency along the 9-cm
target-cell width, using one 'He counter only, is
shown in Fig. 7. As can be seen, the efficiency
varies almost linearly with the distance. For the
central target cells, the neutron can be detected
in the 'He counter on either side, and the contri-
bution from each side has to be summed. The
resulting efficiency becomes a constant over the
whole width. Only a small fraction (less than
0.5%) of the neutrons will end up in a nonadjacent
He counter. The efficiency as a function of the

position in the target cell is shown in Fig. 8.
The efficiency remains constant over a wide range
and drops off at the edge.
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FIG. 6. Spectrum of the time distribution between a
fast-neutron prompt pulse in the target cell and a de-
layed pulse in the 3He counter. The 2DO- ps time window
is used in the analysis.
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zontal axis length, Fig. 8(b)f of the target-cell plane
(containing six target cells), using the 3He counters on
both sides. The distances are given with reference to
the center of the target-cell plane.

To calculate the overall neutron-detection effi-
ciency, the target cells are divided into four
groups (A to &) according to their positions as
shown below. The efficiency of the target cells
in each group is identical and depends on whether
the neutrons can escape the detector along the
length, height, or width of the cells. The effici-
encies for each group can be written as follows
(see Fig. 1):

&~= &o~l, ~ +=2~ 2; 2, 3; 2, 4; 2, 5;,4; 3 5;

3, 6; 3, 1; 4, 6; 4, 1; 4, 2; 4, 3,

~B ~O~I~H& += 2~ 1; 3, 3~ 4, 5i 2, 6; 3, 2; 4, 4,

&c=&ogggw, C=1, 6; 1, 1; 1, 2; 1, 3; 5, 2; 5, 3;
5, 4; 5, 5,

D= coal.qegw, a=1 5i 5 1i 1 4i 5 6

where &o is the efficiency for the center of the
target cell and q~, q~, q~ are the correction fac-
tors for the length, height, and width, respective-
ly, of the target cell. These efficiency values
are obtained from the results shown in Figs. 7
and 8 and are given by co=0.40+ 0.014, gl. = 0.87
+ 0.02, qH

—-0.75+ 0.03, @~=0.50+0.04. Then the
overall efficiency is obtained as follows (error
is systematic error):

f = 3o (12f& + 6as + 8Ec + 4 CD ) = (25.6 6 2.0) '%%up.

0'" I I

E(MeVj

FIG. 9. Positron energy spectrum before (dashed
curve) and after (solid curve) application of the positron
detection response q (E„-,E,+). The insert illustrates the
response of the detector to monoenergetic 5-MeV posi-
trons.

It should be noted that only the 'He counters ad-
jacent to plane 4 (Fig. 1) were used in the effici-
ency measurement. An additional correction ob-
tained from measuring the integral count rate
with a neutron source in two symmetric positions
has been applied to the 'He counters facing plane
2. The efficiency in the 3He energy window finally
obtained is c(t„=~) =24.3+2.0.

The efficiency within 200- p. s coincidence window
is then given by e(200 p, s) = 19.4 + 1.7%%uo. This value
has been used in the subsequent analysis.

The positron detection re-sponse q(E„,E,.) wa-s

calculated with a Monte Carlo program. The
positron yield without the response correction,
p (E„)tt y (E„-)c„(t„)A~n, is shown as a dotted line in
Fig. 9. The acceptance A~so of the PSD window
used in the final analysis is 98%%uo. Using this raw
spectrum, the program calculates the deformation
due to the effect of the finite range of the positron,
the 0.511-MeV annihilation z rays, the energy
resolution of the detector, and the antineutrinos
interacting in the lucite. The resulting positron
spectrum 1'(E,.) is shown with a solid line in Fig.
9. The distortion is not very significant.

Data acquisition

The electronic scheme consists of circuits for
the target cells, the 'He counters, the vetos, and

the umbrellas. The analyzed signals enter the
CAMAc system which communicates with a PDP
il/40 computer. Data are stored in the computer
memory by an on-line program and also written
on magnetic tapes for final off-line analysis.

The signals from four photomultiplier tubes of
each target cell are passively added together.
The 30 target cells labeled by i, A in (Fig. 1) are
arranged into five vertical planes (i =1 to 5) and
into six groups (k=1 to 6). The energy signals
from the same group but different planes are
fanned-in together (to reduce the number of elec-
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tronic modules). This particular method of fan-
ning-in minimizes the solid angle for the possible
accumulation of the 0.511-MeV annihilation y
rays in the same group of target cells. The energy
and the PSD signals from the'target cells are ana-
lyzed by an analog-to-digital converter (ADC).
The 12-channel ADC of 9 bits is charge sensitive
with a dead time of 9 p, s. The digitized signals
of each channel are incrementally stored in its
own 32-word buffered memory. When the memory
is full, it is cleared and a new sequence begins.

Each signal from a target cell above the hard-
ware threshold sets a bit in a TAG unit and re-
cords the time in a TIMER unit. Both the TAG

and the TIMER unit have 32 word memories which
cycle continuously and synchronously with the
target-cell ADC. Thus the time and the TAG

pattern of the previous target cell events are al-
ways available.

The TAG unit uses 47 bits (30 for the target
cells, 4 for the 'He counters, 6 for the veto tanks,
4 for the umbrellas, and 3 special veto bits),
which identify the detector modules. With the
'fIMEB and the TAG information an event can be
reconstructed indicating when and where it oc-
curred.

The signals from each 'He counter are shaped
and amplified and then analyzed in the 'He ADC
(peak sensing, 11 bits), with each counter having
its own channel. The 'He signals set a bit in the
TAG, and record the time in the TIMER. They
also generate a LAN in the CAMAC system.

Each veto or umbrella pulse above the hardware
threshold sets its own bit in the TAG. However,
this does not cause the TAG memory to increment.
The energies of the vetos and the umbrellas are
analyzed in their own ADC, but are not used in
the normal data-acquisition rr;ode. They are used
in the calibration of the vetos and umbrellas,
along with the TAG information.

The cosmic-ray anticoincidences are not hard-
wired. Instead, three special bits are provided
in the TAG unit for the vetos and the umbrellas.
A veto tank signal above the hardware threshold
generates a short veto signal (10 p, s) and a long
veto signal (320 p, s) which are set at the input
of the identification TAG. In the same manner,
an umbrella event generates a short umbrella
signal (10 p, s). The corresponding special veto
bits are set in the TAG memory whenever a target-
cell event or a 3He event occurs while these sig-
nals are on. These special veto bits are used
for the anticoincidences in the analysis.

With the electronics setup sketched above and
documented in detail in Ref. 33, the data acquisi-
tion works as follows:

(1) A signal from a 'He counter above the hard-

ware threshold (set just above the noise level
indicated by arrows in Fig. 4) generates a LAM

signal to the CAMAC, which triggers a computer
interruption. The time, the TAG, and the energy
of the 'He event are read into the computer.

(2) If the 'He event is above the software energy
threshold, the information from three preceding
target-cell events is then read and stored into
the computer memory. The idea is that by using
the second and the third previous events, the acci-
dental background can be measured "on-line".
This also allows the possibility of studying the
stability of the system and the correlated back-
ground.

(3) Data are written on a magnetic tape for the
off-line analysis. The on-line program monitors
the system and analyzes the data while the experi-
ment is running.

An "event" consists of a 'He event with three
previous target-cell events. The raw data re-
corded on the tapes are: time, TAG, and energy
of a 'He event as well as time, TAG, energy, and
PSD of three preceding target-cell events.

The rate of "events" is about 25 min '. With
this rate, a 2400-ft magnetic tape is filled in
three days. This time period constitutes a "run".
Between two runs, system checks are made as
desc ribed below.

After each run, an Am-Be source is inserted
inside the lead house for the energy calibrations
of the detector. The Compton edge of the 4.439-
5"eV y ray in "C*is used to check the gain of
each target cell. If necesary the gain is reset
to the nominal value by adjusting the high voltage
of the respective phototube. Simultaneously the
neutrons from the Arri-Be source are used for
the calibration of each 'He counter. The vetos
and umbrellas .are calibrated with the cosmic-
ray muon spectrum.

Various singles rates of the detector compo-
nents are monitored with the on-line program
during the measurements, and are shown in Table
I. It should be noted that the singles rates of
the target cells and the 'He counters are essen-
tially reactor independent. During the calibra-
tions, it was observed that the gain shift of the
target cells was less than 1%. Data collected for
3088.7 h (live time) with reactor on, and 1181.8
h (live time) with reactor off.

Dead time was measured, using a pulser, to be
15.5 and 20.0/o for reactor off and on, respective-
ly. The difference is due to the high rate in the
umbrellas for reactor on.

Data reduction

The mean time interval between the target-cell
single events is 4.5 ms (at a target-cell singles
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TABLE I. The count rates of the detector components sampled before and during the full
power operation of the reactor. These figures are 1% accurate, except for the umbrella
rates reactor on, which are 5'/0 accurate.

Reactor
status 30 target cells

Count rates (s )
4 He counters 6 veto tanks 4 umbrellas

Off
Qn

216.3
216.7

0.422
0.427

256.8
258.6

440
5384

~Counts above the hardware threshold.
"Counts above the software threshold ("event" rates).

rate of 220 s '), whereas the time window for
recording a neutrino event is about 200 p, s (Fig.
6). Consequently, only the first target-cell event
preceding the 3He event is considered to be a
candidate for a neutrino event.

Various conditions are imposed to suppress
backgrounds originating from various sources.
The selection of the good events is made as fol-
lows.

(1) Reject the first previous target-cell event
if it occurred in more than one cell. This is
meant to reject cosmi. c-ray-related events and a
possible Compton scattering of high-energy
br em sstrahlung.

(2) Reject a multi-'He event since there is only
one neutron created by a neutrino event. These
events are rare (0.05 min ').

(8) Reject a 'He event outside the energy win-
dow, to suppress the Z-ray background and the
electronic noise at low energy and the &-back-
ground at high energy. This condition reduces
the total 'He counting rate from 25 min ' (the rate
of the data acquisition) to 11 min '. Most of the
eliminated events are due to & activity in the 'He
counters.

(4) Reject a 'He event occurring in a plane not
adjacent to the plane of the first previous target-
cell event. This condition cuts down the accidental
background by a factor of 2.5 as can be seen from
a geometrical argument. This condition can be
imposed since the neutrons created in the reac-
tion cannot travel far without being absorbed as
mentioned above.

(5) Reject a He event which is in coincidence
with the long veto (320 ps). This rejects the
neutrons created in the shielding and in the de-
tector by cosmic rays which diffuse into the
system, and cuts the total 'He counting rate from
11 to 4 min '.

(6) Reject the first previous target-cell event
in coincidence with a short veto or a short um-
brella signal (10 ps). This suppresses the brem-
sstrahlung events caused by decay electrons of
cosmic muons stopped in the shielding. For cor-
related neutron —y-ray events, this overlaps the

long-veto rejection. The umbrella-event rejection
alone reduces the fast-neutron rate by a factor of
2.

(7) Reject a 'He event which comes more than
200 ps after the target-cell event. This is the
time window used in the analysis which accepts
80.1/o of the neutrino-induced events. This win-
dow is a compromise between good efficiency and
signal-to-background ratio. A 300-p, s window will
accept 94% of the events but the accidental back-
ground will increase by 50%.

(8) Reject an event if the two previous target
cell-events are separated by less than 300 ps.
This condition was first imposed since it would
not be known which of the two was the positron
event. It was found later that this condition re-
duces the background below 2 MeV by a factor
of 2. From the study of the double and the triple
target-cell events in coincidence with a 'He event,
the energy spectrum of those rejected events shows
a Compton edge around 2.0 MeV from neutron cap-
ture on protons. 'These events are caused pre-
sumably by multiple-neutron events created by
cosmic rays in the shielding. For example, two
neutrons are captured by protons in the target
cells creating 2.2-MeV y rays while a third one
enters the 'He counter.

(9) Reject neutron (recoil-proton) events of the
first previous target-cell events using the PSD.
As the valley of the PSD slightly depends on the
energy, the PSD spectrum of each target cell is
fitted as a function of the energy and shifted ac-
cordingly to bring the valleys to the same position
independent of energy. The PSD cut is made so
that the acceptance of the positron event, A(PSD),
is 98/o.

The rejection efficiencies of some of the impor-
tant cuts are shown in 'Table II.

After imposing the conditions (1)-(8), a two-
dimensional energy-PSD spectrum is constructed
from the data. The PSD spectra for a given ener-
gy region are shown in Fig. 10. The areas under
the neutron peak are the same for reactor on and
reactor off demonstrating that there are no reac-
tor-associated fast neutrons, whereas the area
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TABLE II. Event rates in h for various cuts illustrating the rejection efficiencies. The rejection conditions are
shown by 1 (imposed) or 0 (relaxed). The symbols are adj = adjacency- requirement, condition (4) in the text; T f2 —300-
ps veto for target-cell events, condition (8) in the text; VL=320-ps long veto for He events, condition (5) in the text;
V& =10-ps short veto for target-cell events, condition (6) in the text; and U&=10-ps short umbrella only for target-cell
events, condition (6) in the text.

Bejection conditions Dead y-ray energy range Neutrons
adj Tg2 Vi, V& U& time po) 1.0-1.3 MeV 1.3—2.2 MeV 2.2-4.2 MeV 4.2-8.8 MeV 1.3-8.8 MeV

Beactor off 1
715.516 h 1
real time 1

1
0
1
1

Beactor on 1
843.55 h 1
real time 1

1

1
1
1
0
1
1
1

1 1 1
1 1 0
0 1 1
1 1 1
1 1 1
0 0 1
0 0 0

1 1 1
1 1 Q

0 1 1
1 1 1

15.5
15.0
6.7
8.4

15.5
6.7
7.2

20.0
15.0
11.7
13.4

o.84{4)
O.95(4)
1,16(4)
1.ov(4)
1.94(e)
1.83(5)
3.ov(v)

1.O4(4)
1.1O(4)
1.38(4)
1.29(4)

1.Q5(4)
1.21(4)
1,66(5)
1.55 (5)
2.08(6)
2.79 (6)
4.55(s)

1,54(5)
1.68{5)
2.16(5)
2.12(5)

o.4v(3)
0.65 (3)
0.59 (3)
o.5v(3)
o.s3(4)
1.68 (5)
3.46{7)

1.2O(4)
1.34(4)
1.29(4)
1.3O(4)

O.32(2)
O.44(3)
o.3v(2)
0.38 (2)
o.4v(3)
1.29(4)
2.95(V)

O.43(3)
o.56(3)
o.4e(3)
O.49(3)

4.63(9)
e.89(»)
4.47(8)
4.5o(s)
5.63(10)
8.79(11)

16.17(16)

4.65(s)
7.08(10)
4.52(8)
4.54(s)

under the Z (electron or positron) peak is clearly
enhanced for reactor on due to antineutrino events.

The energy spectra for reactor on and reactor
off are obtained by rejecting the events under the
neutron peak [condition (9)], and are shown in
Fig. 11. 'These spectra are dead-time corrected. -

Stability checks

The 'He single rates (within the energy window)
with a long-veto (320 p,s) anticoincidence are
shown in the third column of 'Table III. When the
reactor is on, there are an estimared 5+1 h '
more counts in the 'He counters due to neutrons
from neutrino-induced events in the target cells
and the veto tanks. 'This rate has been subtracted

from the reactor-on rates in the third column of
the 'Table III. 'The examination of the reactor-on
and reactor-off data shows that the stability of
the 'He counters is better than 1/p. In total, the
count rates for reactor on and reactor off differ
by (0.4+ 0.8) /p. If this is interpreted as reactor-
associated single-neutron events, this could in-
crease the accidental background by that amount.

The fourth column of Table III shows the 'He
singles rates in coincidence with the long veto
[rejected by long veto in the analysis, condition
(5)]. These are the neutrons related to the cos-
mic rays. No change is seen whether the reactor
is on or off.

'The target-cell singles rates are much higher
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FIG. 10. PSD spectra for reactor off {dashed line)
and reactor on (solid line) for 2.7-4.2 MeV. For reactor
on the y-e' peak is enhanced due to neutrino-induced
positrons. The areas under the neutron peak are the
same for reactor on and reactor off.
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FIG. 11. Positron energy spectra for reactor or.
(3088.7 h live time) and reactor off (1181.8 h live time).
The accidental background is shown as a dashed line.
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TABLE III. Rates of the He counters and the target cells. The symbol V& means a 320-ps long-veto signal as ex-
plained in the text. Target-cell events between 1 and 7 ms after a He count in anticoincidence with P'L are accepted.
The errors are statistical errors only. The reactor-on entries are corrected for the neutrino-induced neutrons (5+ 1

counts/h). The data is illustrative of the system stability.

Reactor
status

Data taking
(real time in h)

3He count rates (h )
anticoinc. with V& coinc. with V&

Target-cell count rates (h )
1.0—1.3 MeV 1.3-2.7 MeV

Off
Qn
Off
On
Off
On
Off
On
Off
On
Off
On
On
Off

Total reactor on
Total reactor off
Total on —off

291.52
639.07
202.63
584.73
221.37
471.75
254.75
823.07
223.10
806.01
91.64

298.17
238.1O'
113.57 ~

3860.89
1398.58

245.9e(92)
246.75 (63)
244. 22 (1.10)
250.51{66)-
248.69(1.06}
250.97(74)
245.40 (98)
247.03 (55)
245.37(1.05)
245.61(5e)
244.2v {1.es)
24S.O9(91)
248.56(1.OS) '
252.45(1.49) '
24v. 4e {26)
246.S4(42)

I.12(49)

4S9.31(1.2S)
434.85 (82)
433.17(1.46)
437.8o(8v}
428.59(1.39}
4s8.ve(96)
432.60 (1.30)
42V.48(V2)
422.82(1.S8)
421.62(72)
431.54(2.1V)
443.82(1.22)
385.iS(1.2V) '
S8V.51(1.85) ~

428.63(33)
42v. v2(55}

0.91(65)

42.04(40)
42, 02(ZV)
38.51(46)
39.ov{2v)
ss.v9(44)
37.53(30)
38.33(41)
S9.64(2S)
37.50 (43)
39.60(2S)
sv.4o(ev)
39.54(39)
4O.31(44)
S9.81(62).

39.ev(11)
s9.ov(18)
0.61(21)

34.85(36)
34.66(25)
32.85(42)
SS.23(25)
32.98(4O)
32.43(28)
ss.95(s8)
34.77 (22)
32.28 (40)
34.14{22)
S2.18(62)
34.Q9 (36)
35.42(41) ~

ss.86(5v) ~

34.Q7 (10)
SS.41(16)
0.66(19)

~For these measurements, the efficiency of the He chambers was increased by 5.7%. The entries were corrected for
this. The average values are mentioned throughout the text. Also, the chambers were less sensitive to cosmic rays.

than the ~He rates (Table 1, third column). The
steep energy spectrum of the singles in the target
cell (Fig. 11) is used to test the stability of the
detector and the electronics. Target-cell events
arriving between j. and 7 ms before the 'He event
are considered. Except for this time window and
the condition (8), all other standard cuts are made.
The spectrum obtained here has good statistical
accuracy. It is sensitive to the gain shift of the
target cells, to the rates of the 'He counters, the
vetos and the umbrellas, and to the stability of the
electronics. It monitors the steep accidental
background.

The fifth and the sixth column of the Table III
show these target-cell event rates for two different
energy bins. Since these rates are proportional
to the 'He count rates, they were corrected for the
neutrino-induced neutrons when the reactor was
on (2% correction).

It is shown that the accidental background is
stable to +2%. As a whole, the reactor-on and
reactor-off spectra differ by less than 2%.

It is concluded that the detector is stable to
within 2%. Given the good signal-to-background
ratio, this does not 1.ead to any significant un-
certainty on the positron spectrum.

dental background (less than 1% of the total back-
ground).

The last column of the 'Table II shows that the
fast neutron events (events which are discrimin-
ated by the PSD) are the same for reactor on

and reactor off. 'This can a1.so be seen from Fig.
10, demonstrating that there are no fast neutron
events associated with the reactor. From the re-
sult of the differential shielding test, it is con-
cluded that there are no slow neutrons which can
give rise to a correlated event. Thus it is con-
cluded that there is no significant reactor-associ-
ated background.

'The reactor-independent background measured
during the reactor-off periods is the only signifi-
cant background in this experiment. The result
of the measurement is shown in Pig. 11, with
the accidental component given by a dotted line.
An important contribution to the accidentals can
be attributed to the 4'K contamination (1.46-MeV y
rays) from the glass of the photomultiplier tubes.
'The background above 3 MeV is due entirely to
time-correlated cosmic -ray events.

III. RESULTS AND DISCUSSION

Background

From the discussions of the previous section,
there is no significant reactor-associated acci-

In this section, the experimental positron spec-
trum is obtained and analyzed in terms of the par-
ameters of neutrino oscillations.
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Experimental positron spectrum

The experimental positron energy spectrum
is obtained by subtracting the reactor-off spec-
trum from the reactor-on spectrum. This spec-
trum is shown in Table IV and Fig. 12 with sta-
tistical errors only. 'The signal-to-background
ratio is 1:1at 2 MeV and better above that energy.
In total, 4890+ 180 neutrino-induced events have
been detected with a counting rate of (1.58+ 0.06)
h ' (live time) for E,++ & 1 MeV.

The expected positron spectrum for no oscilla-
tion is also plotted in Fig. 12. This spectrum is
based on the on-l. ine electron spectrum experiment
of Ref. 23 as discussed above.

Systematic errors affecting the positron spec-
trum are summarized as follows: (1) the un-
certainty in the normalization of the intensity of
the antineutrino energy spectrum (6.5%%uo); (2) the un-
certainty in the detection efficiency (8'%%uo); (3)
the uncertainty in the inverse-P-decay cross
section (neutron lifetime) (1.2%); (4) the uncer-
tainty in the energy release per fission (l%%uo);

(5) the instability of the reactor power (less than

1%); (6) all other uncertainties (less than 2%%uo).

Thus, there is a resulting ll'%%uo total systematic
error which is essentially energy independent.
In addition, a possible distortion of the spectrum
associated with a 2% energy calibration uncer-
tainty must be taken into account.

Results and discussions

The ratio of the experimental to expected integral
positron yield for E,,&1 MeV was found to be

= 0.955 a 0.035(statistical)fY. (E.+)dE:'

sb OSC 8 8

+ 0.11 (systematic) .
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FIG. 13. The ratio of the experimental to the theoreti-
cal positron yield. The errors shown with data points
are statistical errors only. The systematic errors are
given by the dotted banal as explained in the text. For
each set of 4 and sin 28 the normalization and gain
were varied, within their uncertainties, to find the low-
est values of y . Three curves corresponding to the indi-
cated sets of parameters are shown.
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TABLE IV. Experimental positron spectrum F,»(Ee+)
and expected spectrum for no oscillations F„«~(E~+).

g +e
(Me V)

1.182
1.487
1.792
2.097
2.402
2.707
3.012
3o317
3.622
3.927
4.232
4.537
4.842
5.147
5.452
5.757
6.062
6.367
6.672
6.977
7.282
7.587

&1.0

~no osc(Ee+)
"

(MeV h )

0.540
0.589
0.604
0.585
0.544
0.488
0.428
0.370
0.318
0.265
0.214
0.170
0.129
0.091
0.061
0.038

0.5i5(iog)
0.562(83)
0.620 (69)
0.517(56)
0.593(45)
0.503(37)
0.3g1(31)
0.301(29)
0.246 (28)
0.243(28)
0.169(26)
0.i39 (22)
0.126(19)
0.110(17)
0.061(i5)
0.040(14)
0.025 (13)
0.014(14)
0.015(13)

-0.004(13)
0.005 (13)

-0.003(13)

1.583(58) d

Channel width 0.305 MeV.
Predicted e' spectrum, assuming no oscillations,

from electront-spectrum measurements (Ref. 23).
'Experimental e' spectrum at d=8.76 m. The statis-

tical errors are given (68% C.L.).
Integral rate per h for E~+& 1 MeV.

A )(' test of R(E,,) as a function of 4' and sin'28
was performed to the data of the Fig. 13. 'The

11% uncertainty in the normalization and the 2'%%uo

uncertainty in the energy scale can lead to distor-
tions of the oscillation function. All the values
within these limits are assumed to be equally
probable. Therefore, for each set of &' and sin'
28, the normalization and gain were varied, with-
in their uncertainties, to find the lowest values'
of X . 'These values, normalized with regard
to the two mentioned free parameters, mere used
to determine the confidence limits in the 4' vs
sin'28 plane depicted in Fig. 14 where the 68/0
and 90% confidence limits are shown. The re-
gions to the left of the curves are allowed.

'The experimental data are consistent with no

The ratio Y, (E,+)/Y„„,(E,~) of the experi-
mental positron spectrum to the expected one
assuming no oscillation is plotted in Fig. 13. This
is to be compared with the corresponding ratio
based on Eq. (3),

YE d~' 8
(4)

5.0
4,0—
5.0 Q

2.0—
l. 5

2
I.o—

(eV )
07—
0.6—
0.5—
04—
0.3—

0.2—

O.I 5—

O. I

0
s ) I ~ s t t

0.5
sin 2 8

1.0

FIG. 14. The limits on the neutrino-oscillation parln-
eters 6 versus sin 28 given by the present experiment
for 68% and 90% confid'ence level (C.L.). The regions to
the right of the curve can be excluded. . The allowed re-
gions proposed in Ref. 17 are shown as a shaded area
contained by the curves labeled UCI.

'The present experiment furnishes stringent
limits on the neutrino-oscillation parameters
4' and sin'2e. The results are consistent with
~o oscillations, or with oscillations with a small

oscillations. At maximum mixing, a limit of
6'~ 0.15 eV' (90/0 C.L.) is found. For smallmixing
angles, various solutions are possible, including
those shomn as examples in Fig. 13. For very
large values of &' ()20 eV'), owing to the fine
resolution, our data are sensitive to sin'28 only.
This leads to an upper limit of sin'28(0. 32 (90/0
C.L.). The capes in Fig. 14 at 1.0, 2.4, and 3.V
eV~ stem from the low points between 3 and 4
MeV in our data (Fig. 13). A preliminary account
of this work has been presented in Ref. 34.

For comparison, the results published by Reines
et al."based on a study of the reaction yield
v,d-8'nn and v,d- van at 11.2 m from the reactor
core are also shown in Fig. 14. At the closest
point the 68%-confidence-limit results of Beines
et al. are about 1.5 standard derivation from our
90'%%uo confidence limit.

Experimental upper limits on oscillation para-
meters from studies of other channels, " in par-
ticular from the channel v„-v„'9 are considerably
larger and thus not inconsistent with the present
findings.

Conclusion
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mixing angle.
A continuation of this experiment is in progress

with improved background conditions. Data will.

be taken at two or more different positions from
the core of the G5sgen" and Bugey" reactors.
A sensitivity of 4'& 0.01 eV' for full mixing and
sin'28& 0.15 should be attainable with the experi-
ment" in the near future.
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