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The properties of the Kamiokande-II detector and the method of measurement are described in
detail. The data on the neutrino burst from the supernova SN1987A on 23 February 1987 at 7:35:35
UT=1 min are presented, with records of earlier and later observation periods in which other neu-
trino events possibly associated with SN1987A might have occurred. There is no evidence in the
data for any excess of neutrino-induced events, either in a burst of a few seconds duration or over a
longer time interval, relative to the usual count rate, excepting only the neutrino burst at 7:35:35
UT. The nature of the single, observed neutrino burst coincides remarkably well with the elements
of the current model of type-1I supernovae and neutron-star formation. This is the first direct ob-

servation in neutrino astronomy.

I. INTRODUCTION

Supernovae, which follow the demise of certain stars
when their nuclear fuel is exhausted, have been the sub-
ject of speculation for many centuries, and recently, of
experimental study and theoretical modeling.! Within
the last 25 years, two principal types of supernovae have
been delineated.? Briefly, supernovae of type I seem to
follow from the accretion of mass by an aged star of rela-
tively low initial mass, which then, exceeding the Chan-
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drasekar limit,3 ultimately becomes unstable and ex-
plodes, leaving behind only debris. Supernovae of type II
are thought to involve stars of mass greater than about
eight solar masses wherein the central core of roughly 1.5
solar mass, having carried out nuclear fussion to the
point of diminishing return, can no longer resist the pres-
sure exerted by its internal gravitational force, and col-
lapses to a neutron star of small dimension, perhaps 10
km in radius, and nuclear density (10" kg/m’). By vari-
ous mechanisms the remainder of the star is excited and
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radiates energy over much of the electromagnetic spec-
trum.

Soon after the distinction was made between type-I and
type-II supernovae, it was recognized that the release of
the binding energy of the neutron star, amounting to
0.1-0.2 solar mass, or approximately 10°* ergs, would not
take place by the emission of photons, but would be pos-
sible through the emission of neutrinos. Neutrinos
would be created in the formation of the neutron star via
the reaction e~ +p-—v,+n, and, subsequently, in
greater abundance in the rapid cooling down of the neu-
tron star from an initial temperature kT in the vicinity of
3-5 MeV. On the basis of quantitative modeling,’ it had
been expected that the average neutrino energy would be
in the vicinity of 15 MeV which, for a total emitted ener-
gy of ~3X10% ergs, indicated a total neutrino yield of
10°7-10%® neutrinos. Furthermore, neutrino emission
would occur in a time interval of at most a few seconds.

This plausible description of type-II supernovae has
been in place without confirmation of its basic elements
for roughly two decades. In this paper we describe the
direct observation on 23 February 1987 at 7:35:35 UT=1
min of a burst of neutrinos® in a massive, imaging water
Cherenkov detector, known as Kamiokande-II, located in
a deep mine near Kamioka, Japan. The number of neu-
trino interactions observed, their characteristics, and the
time interval in which the burst occurred are all in excel-
lent agreement with the general aspects of the current
model of type-II supernovae mentioned above. The neu-
trino burst specifies the time of the core collapse of the
blue supergiant star Sanduleak —69° 202 in the Large
Magellanic Cloud’ (LMC), now identified as the progeni-
tor of SN1987A, which was first sighted optically® about
3 h after the core collapse. The Earth-LMC distance is
approximately 55 kpc.

The observation in Kamiokande-II of the neutrino
burst from Sanduleak —69° 202 constitutes direct obser-
vation in real time of neutrinos from a stellar body out-
side the Galaxy, and direct evidence of the mechanism of
neutron-star formation. A search in the data of another
massive, imaging water Cherenkov detector, the Irvine-
Michigan-Brookhaven (IMB) detector, located in a salt
mine near Cleveland, Ohio, yielded a similar neutrino
burst on 23 February 1987 at 7:35:40 UT (Ref. 9), thus
directly confirming the Kamiokande-II observation.

In Sec. II of this paper we describe in detail the proper-
ties and method of measurement of the detector
Kamiokande-II in which the neutrino burst was ob-
served. The neutrino burst data are presented in Sec. III,
with records of earlier and later observation periods in
which other neutrino events possibly associated with
SN1987A might have occurred. Data analysis and inter-
pretation are given in Sec. IV, and a summary and con-
clusions in Sec. V.

II. THE KAMIOKANDE-II DETECTOR

A. Mechanics and electronics

The Kamiokande-II water Cherenkov detector is locat-
ed in the Kamioka mine in Gifu prefecture in the region

of the Japan Alps. Access to the detector is by a 2800-m
adit, at which point the shielding overhead amounts to
minimum of 2400 mWe (meters of water equivalent).

A schematic view of the detector is shown in Fig. 1. A
detailed description of the original detector is given in the
theses listed in Ref. 10. In the upgraded Kamiokande-II
detector, 948 photomultiplier tubes (PMT’s), each 0.5 m
in diameter, are uniformly placed facing inward on a 1-m
grid on the entire surface with dimensions 14.4 m in di-
ameter by 13.1 m high, which contains 2140 metric tons
of water. The total photocathode surface area of all
PMT’s is approximately 20% of the total surface area of
the 2140-ton fiducial volume. Each PMT is shielded
against magnetic fields, and the tank is surrounded by
coils in which currents are passed to cancel out the mea-
sured Earth’s magnetic field. An elaborate water
purification system ensures that the attenuation length of
the tank water for Cherenkov radiation (300-500-nm
wavelength) exceeds 50 m at any time. The attenuation
length is regularly monitored by means of cosmic-ray
muons passing through the detector. In addition since
September 1986 ion-exchange columns have maintained
the uranium and radium content in the tank water at less
than 10~ pCi/liter, corresponding to less than 1072 Hz
in trigger rate. A 4 solid-angle anticounter, also a water
Cherenkov counter with 123 PMT’s of 0.5 m diameter,
surrounds the inner detector. The mean thickness of the
water in the anticounter is 1.5 m, and is useful as shield-
ing against gamma rays and neutrons entering the detec-
tor as well as for its veto function.

The electronics system provides multihit time and
charge measurement capacity for each PMT. The block
diagram of the system is shown in Fig. 2. The system
records any signal larger than 0.35 photoelectrons (PE’s)
in a given PMT when an event trigger is present. The
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FIG. 1. Schematic outline of the detector, Kamiokande-II.
The anticounter is shown by the dashed area. Dimensions are
in mm.
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FIG. 2. Block diagram of the Kamiokande-II electronics.

hardware (global) trigger is formed when 1712 PMT sig-
nals are present within a 100-nsec interval, the spread
arising primarily from the time dispersion of the indi-
vidual PMT signals. The software event trigger is formed
by requiring 20 or more PMT signals within 100 nsec,
corresponding to 7.5-MeV energy for electrons and posi-
trons, and the trigger deadtime is less than 50 nsec. The
trigger efficiency dependence on energy is shown in Fig.
3. The timing information is vital for reconstruction of
the vertex position of low-energy electrons. The Monte
Carlo-calculated lo error on each of the x, y, and z
coordinates of the reconstructed vertex position of 10-
MeV electrons is 1.0 m. The Monte Carlo model of the
detector also yields the energy and angular-resolutions
for 10-MeV electrons as mean uncertainties of 22% and
28°, respectively.

B. Energy measurement and calibration

Single low-energy electrons and positrons produced by
neutrinos and antineutrinos incident on the detector
cause the emission of Cherenkov light with a total inten-
sity nearly proportional to the energy of the charged par-
ticle. In the energy regime of the events discussed here, a
typical PMT response corresponds to the detection of one
photoelectron. Thus, the energy of the charged particle
may be estimated by an appropriate sum of the number
of PMT’s which respond to the signal.

The actual response of the detector to the Cherenkov
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FIG. 3. Trigger efficiency vs electron energy for the 2140-ton
fiducial volume. There are 948 PMT’s in the central detector
and 123 PMT’s in the surrounding anticounter.

light depends on attenuation of the Cherenkov light by
absorption in the water, Rayleigh scattering in the water,
and reflection from the side of the detector, as well as the
variation in response of individual PMT, and geometrical
effects arising from event location and the location of the
responding PMT’s. A description of the energy deter-
mination for low-energy electrons and positrons, and of
the absolute calibration of the energy scale with an uncer-
tainty of less than 5% are given in Ref. 11.

For the supernova events, after the vertex position of
an event is found, a good approximate energy is given by
the number of hit PMT, N,;,, for which the residual time
(t; —time of flight from vertex to PMT;) is within 15
nsec, where ¢; is the measured time in PMT,;. The single
photoelectron time response of the PMT is 13 nsec full
width at half maximum (FWHM). For Monte Carlo
events generated throughout the detector using the ener-
gy scale discussed in Ref. 11, Ny;, =26 corresponds to 10
MeV total energy and N,;, =73 corresponds to 30 MeV.
There is no significant difference between the energy
scales for electrons and positrons in the detector. The
calorimetric response of the detector compensates for the
slight differences in energy-loss mechanisms between elec-
trons and positrons.

For each supernova-induced event, the actual energy
determination utilized the reconstructed event vertex.
Sets of Monte Carlo events of fixed energy differing by a
small amount from that inferred from the scale in the
preceding paragraph were generated with the vertices in
each set varied within the vertex resolution described
above. The generated angles were not varied since the
multiple scattering, which is included in the Monte Carlo
calculation, dominates the angular resolution. The Ny;,
distributions of each Monte Carlo event set were com-
pared to the Ny, of the actual event. The estimated ener-
gy for the event was chosen to be that energy for which
the mean N,; of the Monte Carlo data reproduced the
Ny;, of the event.

C. Trigger rate
At the time that the neutrino burst from SN1987A was

observed, the total rate of triggers in the detector was
0.60 Hz on average, of which 0.37 Hz was due to
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penetrating cosmic-ray muons. The total trigger rate had
been stable at that value for several months, apart from
small perturbations introduced by efforts to reduce the
amount of 2>?Rn (half-life 3.8 days) dissolved in the tank
water. At the low-energy trigger rate of 0.23 Hz, most of
the rate is due to the B decay of *'*Bi (8 spectrum end
point 3.26 MeV), a daughter of ???Rn. A smaller fraction
of the 0.23-Hz rate comes from y rays and neutrons from
radioactive elements in the walls of the mine cavity and
the detector itself, e.g., the PMT. The presence of 2Rn
which is dissolved in the water is observed by measuring
its lifetime when fresh water is added to the main detec-
tor; the detection of low energy of electrons from the
214Bj decay results from the energy resolution and trigger
time window of the detector for few MeV electrons, and
is done with an efficiency <10~%.

III. THE NEUTRINO BURST

Scatter plots of Ny; against time during a number of
17-min intervals on 23 February 1987 are given in Fig. 4.
In these plots each point represents a single event with a
given value of Ny;, which occurred at the time indicated.
Most of the observed events have Ny; <20; the average
rate of events with Ny;, > 23 during the 10-h period from
2:27 UT to 22:27 UT is <1072 Hz. The events with
Ny, <20 are largely due to *'*Bi decay, while those with
Ny >23 are consistent with higher-energy products of
radioactivity at or outside the tank wall. We have also let
stand in Fig. 4 a number of events known to have been
produced by muon interactions in the detector water (see
below) to convey the nature of the data in its almost raw
state. A scatter plot of the radial () and longitudinal (z
axis of the detector) distribution of the vertices of events
in the 10-h interval with N,; >23, shown in Fig. 5(a),
makes clear the concentration of such events at the sur-
face of the detector. The scatter plots of z and r versus
cosine of the angle with respect to the normal to the sur-
face of the nearest PMT, shown in Figs. 5(b) and 5(c),
show the direction of those events to be inward to the
central volume of the detector.

The neutrino burst at 7:35:35 UT is evident in Fig. 4(e).
The coordinates and direction cosines of the electrons or
positrons of the 12 events in the 13-sec time interval be-
ginning at 7:35:35 UT, relative to x, y, and z axes with
origin at the center of the detector, are given in Table 1.
The occurrence times, energies, and angles relative to the
LMC are given in Table II. Since the burst data were
presented in Ref. 6, an independent program has been
used to check on the reconstruction of the 12 events in
the burst. Within the known error in reconstruction, the
coordinates of the vertex positions of all events obtained
from the two programs are in excellent agreement. In ad-
dition, there is agreement between the results of the two
programs on the energies of all events within the quoted
error.® Furthermore, with one exception, all of the
reconstructed angles with respect to the LMC from the
two programs agree within one standard deviation. The
sole exception occurs in event 2 for which the original
reconstruction gave 6(e, LMC)=(151+27) deg, while the
later reconstruction yields 8(e,LMC)=(40+27) deg. This
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FIG. 4. Scatter plots of Ny, against time for eight intervals
of 17-min duration in the time period covering 5 h before and 5
h after the neutrino burst at 7:35:35 UT. Six of the eight inter-
vals were chosen at random. The interval beginning at 2:47 UT
contains the time (2:52 UT) at which an event burst was report-
ed by M. Aglietta et al. [Europhys. Lett. 3, 1315 (1987)].
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FIG. 5. (a) Scatter plot of the radial (r) and longitudinal (z)
coordinates of the 355 events with Ny >23 in the 10-h time
period discussed in the text. (b) Scatter plot of longitudinal (z)
coordinates and direction cosines with respect to the normal to
the surface of the nearest PMT of the events in (a). (c) Scatter
plot of the radial (r) coordinates and direction cosines with
respect to the normal to the surface of the nearest PMT of the
events in (a). The origin of the z axis is 0.60 m below the
geometric center of the tank. Low-energy events with vertices
within 1 m of an edge of the fiducial volume are reconstructed
to a common position 0.25 m from that edge by the reconstruc-
tion program.

result lessens the likelihood that event 2 originated from
v, scattering; otherwise the event reconstructions and in-
terpretation given in Ref. 6 remain unchanged. The ob-
served patterns of hit PMT for events 1, 9, and 12 are
shown as examples of such events in Figs. 6—8.

A plot showing all events, including through-going
muons, observed in an interval of 48 sec surrounding
7:35:35 UT is given in Fig. 9. We have considered the
possibility that the event burst at 7:35:35 UT might have
been caused by one or more of the muons in Fig. 9. This
possibility may be unequivocally rejected as follows. The
characteristics of events produced in energetic nuclear
cascades by cosmic-ray muons have been studied in detail
for the energy calibration, and as a spallation background
for solar-®B neutrino events.!! The relative rate of spalla-
tion leading to one or more low-energy electron events is
less than 103 per incident muon. The measured multi-
plicity distribution of low-energy electron events follow-
ing an incident muon in time yields a probability of mul-
tiplicity >3 of 31073, The low-energy electron-event
background from spallation has the following principal
properties: (1) It consists of a component which exhibits
an exponential time structure with half-life 18.2+1.8
msec, and also a component with a longer exponential
time structure of 1.2£0.5 sec, with relative rates 2:1, re-
spectively; and (2) the resultant B-decay electrons with
observed energies above 15 MeV occur with less than 4%
probability.

KAMIOKANDE 2-P

NUM 1

RUN 1892

EVENT 139364

TIME 2/23/87
16:35:35JST

TOTAL ENERGY 20MeV
TOTAL PE. 72(1)
MAX PE. 13(1)
THRES PE. 0.2(1.0)

KAMIOKANDE 2-P

(b)
NUM 1

RUN 1892
EVENT 139364
TIME 2/23/87

16 35'35JST

TOTAL ENERGY 20MeV
TOTAL PE 72(1)
MAX PE 13(1)
THRES PE 04(10)

FIG. 6. (a) Three-dimensional reproduction of event 1 listed
in Tables I and II. (b) Exploded view of event 1. Each small
circle represents a struck PMT; the diameter of the circle is pro-
portional to the charge output of the PMT. The numbers in
parentheses refer to quantities measured in the anticounter.
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TABLE I. Cartesian coordinates and directional cosines with respect to axes in the detector of the
12 observed SN1987A neutrino-induced events. The system of axes is right handed with the z axis

along the detector zenith.

Event

X y z cosa cospB cosy
1 2.64 —4.43 —1.88 —0.441 0.867 0.234
2 —1.09 —7.03 3.26 —0.841 0.049 0.539
3 —6.72 2.29 —5.51 0.838 0.078 0.542
4 3.75 6.13 —5.63 —0.793 —0.460 0.399
5 —2.00 5.03 6.47 —0.073 —0.909 —0.409
6 —3.87 0.13 —4.00 —0.325 0.606 —0.726
7 3.69 —5.35 —5.82 —0.812 0.189 0.553
8 4.51 —5.57 —2.98 —0.481 0.427 0.766
9 2.08 0.41 1.50 —0.806 0.087 0.585
10 —5.56 —4.54 7.01 0.641 0.211 0.737
11 3.65 —2.16 —1.73 —0.191 0.334 0.923
12 0.83 —4.21 —-0.97 0.281 —0.221 0.934

Consequently, the overall probability that any of the
muons, ¢l to u4, was the progenitor of the event burst in
Table II is extremely low, much less than 1073x3x 1073
% (0.04)*, where the last factor follows from taking the
four events (Nos. 1, 7, 8, and 9) in Table II with
(E,—10)>15 MeV. Note that the probability of
8 10~12 does not include factors from either the details
of the internal time structure of the data in Table II, or
the time separation of the entire burst from any of the
preceding muons, or the geometrical correlation of the
low-energy electrons from spallation with the muons that
produced them.

We have also searched the data over a period of 2.7
days from 21 February to 24 February to determine the
statistical significance of the burst at 7:35:35. This is in-
dicated by the Poisson distributions shown in Fig. 10 for
events with Ny;, >20 and Ny, >30. It is seen that the
probability of occurrence of a burst with 9 events per 10
sec (N > 20) or 6 events per 10 sec (Ny;, > 30), based on
the observed distributions in Fig. 10, is less than

5.7% 1078 or less than 1.4x 1078, respectively, for the
2.7-day interval. In addition, a search was made on a
larger data sample of 42.9 days, 9 January 1987 to 25
February 1987, and no other burst candidates were
found, where a burst candidate was defined as an event
multiplicity >4 per 10 sec with Ny;, per event > 30.
Furthermore, we have intensively searched the data in
the 10-h period from 2:27 UT to 12:27 UT for any evi-
dence of other event bursts, perhaps smaller in event
number or lower in energy than the burst at 7:35:35 UT.
For events with Ny, > 20 in that period there is no event
cluster per 10-sec interval that deviates from the Poisson
distribution in Fig. 10(a). It has also been shown in Fig. 5
that the r-z, z—cosf,, and r—cosf, distributions of
events with N, >23 are consistent with events mainly
emanating from the detector surfaces and not a volume
distribution. In addition, we show in Fig. 11 histograms
of the numbers of events per 30 sec with N, <20 in eight
17-min periods corresponding to those in Fig. 4. There is
no evidence of any statistically significant excess of events

TABLE II. Measured properties of the 12 electron events detected in the SN1987A neutrino burst.
The angle in the last column is relative to the direction of the LMC. The errors on electron energies
and angles are one-standard-deviation Gaussian errors.

Event Number Electron Electron
Event time of PMT energy angle
number (sec) (Npie) (MeV) (deg)
1 0 58 20.0+2.9 18+18
22 0.107 36 13.5£3.2 40127
3 0.303 25 7.5£2.0 108+32
4 0.324 26 9.24+2.7 70+30
5 0.507 39 12.8+2.9 135123
6 0.686 16 6.3+1.7 68+77
7 1.541 83 35.4+8.0 32+16
8 1.728 54 21.0+4.2 3018
9 1.915 51 19.8+3.2 38122
10 9.219 21 8.61£2.7 122430
11 10.433 37 13.0+2.6 49+26
12 12.439 24 8.9+1.9 91139

2See text.
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KAMIOKANDE 2-P

NUM 9
RUN 1892
EVENT 139372
TIME 2/23/87
16:35:37 JST

TOTAL ENERGY 19.8 MeV

TOTAL P.E. 51(0)
MAX PE. 4(0)
THRES P.E. 0.2(1.0)

KAMIOKANDE 2-P
®) \um 9

RUN 1892

EVENT 139372

TIME 2/23/87
16 35 37 JST

TOTAL ENERGY 198MeV

TOTAL PE 51(0)
MAX PE 4(0)
THRESPE 02(10)

FIG. 7. (a) Three-dimensional reproduction of event 9 listed
in Tables I and II. (b) Exploded view of event 9.

with Ny, <20 in any of those 17-min periods. The Pois-
son distribution for events with Ny; <20 per 30 sec for
the entire 10-h period 2:27 UT to 12:27 UT is shown in
Fig. 12, and indicates that an excess of 10 events above
the mean of 5.4 events in a 30-sec interval would be
recognized. This result holds proportionally if the unit of
time is chosen to be 10 sec rather than 30 sec.

Finally, a sample of triggers was chosen primarily to
monitor the trigger rate, for which the trigger threshold
was lowered to N,;, =14, corresponding to 5.6 MeV at
which energy the efficiency was roughly 35%. During
the 12.44-sec interval of the observed neutrino burst

KAMIOKANDE 2-P

NUM 12
RUN 1892
EVENT 139378
© TIME 2/23/87
16 3547 JST
TOTAL ENERGY 89MeV
t TOTAL PE 20(1)
MAX PE 1(0)
THRES PE 02(10)

FIG. 8. Exploded view of event 12.
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FIG. 9. The time sequence of events in a 45-sec interval cen-
tered on 7:35:35 UT 23 February 1987. The vertical height of
each line represents the relative energy of the event. Solid lines
represent low-energy electron events in units of the number of
hit PMT, Ny, (left-hand scale). Dashed lines represent muon
events in units of the number of photoelectrons (right-hand
scale). Events pul1-u4 are muon events which precede the elec-
tron burst at time zero. The upper right figure is the 0—2-sec
time interval on an expanded scale.

(Table II), the observed number of triggers (after sub-
tracting the supernova burst) was 138112, compared
with the expected value of 127 obtained from the average
background trigger rate of 10.2 Hz for several subruns
around the supernova time. During the 10-sec interval
between 2:52:36 UT and 2:52:46 UT, there were 99+10
triggers when 102 were expected from nearby time inter-
vals.

We conclude that there is no evidence in the data of
Kamiokande-II for any excess of neutrino-induced
events—either in a burst of a few seconds or over a
longer time interval—relative to the usual count rate, ex-
cepting only the neutrino burst at 7:35:35 UT.

IV. ANALYSIS AND INTERPRETATION
OF THE BURST DATA

The total energy and angle relative to the LMC of the
12 electrons observed in the burst are given in two
columns of Table II. For each event the energy and the
1o error on the energy were calculated as described in
Sec. IIB. The approximately Gaussian errors on
6(e,LMC) in Table II were obtained from the Monte
Carlo events used to estimate the event energies and un-
certainties.

A scatter plot of E, vs cosf(e,LMC) is shown in Fig.
13(a), and projections on each axis in Figs. 13(b) and
13(c). The angular distribution in Fig. 13(c) is consistent
with an isotropic distribution of the electrons relative to
LMC. This is in turn consistent with the energy depen-
dence of the neutrino cross sections'? shown in Fig. 14(a),
where it is seen that the dominant cross section is
0(V,pgee—€ tn) with the isotropic angular distribution
given in Fig. 14(b). Accordingly, the energy of the in-
cident v, is given by E(¥,)=E(e*)+(m,—m,)
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FIG. 11. Histograms of the number of events per 30 sec with
N <20 as a function of time for the same eight intervals as in
Fig. 4. The horizontal dashed lines indicate the mean value of
the Poisson distribution in Fig. 12.
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number from Tables I and II. The two projections of the scatter
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=E(e*) + 1.3 MeV, and is so calculated for all but the
first event in the burst. Event 1 is consistent with pro-
duction through o(v,e”—v,e”). [The latter recon-
struction program yielded for event 1, 6(e,LMC)
=(101+18) deg in agreement with the original value of
(18%18) deg.] As seen from Fig. 14, of order one event
from that reaction might be expected in Kamiokande-II.

Given the electron energies in Table II, the electron
detection efficiency versus energy relationship in Fig. 3,
and assuming all but event 1 are due to ¥,pg.. —e *n, the
resultant integrated flux of ¥, in the burst at 7:35:35 is
1.1x 10" cm~? for ¥, with energies above 8.8 MeV. This
in turn leads to a v, output of SN1987A of 9 10°? ergs
for an (observed) average energy of 15 MeV.

The internal time structure and the energies of the
events in the burst, as given in Fig. 9 and Table II, have
been addressed in studies'® that attempt to extract the
initial-state properties and time evolution of SN1987A.
A detailed, precise comparison of the burst data from
Kamiokande-II and from the IMB detector’ is not possi-
ble because the absolute time of the beginning of the neu-
trino burst in Kamiokande-II is given with an error of *1
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FIG. 15. Scatter plot of energy and time of the 12 events in
the burst sample observed in Kamiokande-1I, and the 8 events
in the burst sample observed in the IMB detector. The earliest
event in the sample of each detector has, arbitrarily but not un-
reasonably, been assigned ¢t =0.

min, the uncertainty arising from the absence of an abso-
lute time calibration source in the Kamiokande-II equip-
ment. It would have been straightforward after
SN1987A to have made an absolute calibration of the
clock in the event time circuit (see Fig. 2) which assigned
a precise relative time to each event, but an abrupt power
outage took place in the Kamioka mine on 25 February
1987, and precluded that alternative measure. If it is as-
sumed, arbitrarily but not unreasonably, that the earliest
events observed by the two detectors coincided in time,
the plot in Fig. 15 is obtained. Figure 15 suggests that
the two observations agree on a cluster of 14 events
within the first 2 sec, and indicates a tailing off of the
remaining 6 events to 12.44 sec.

V. SUMMARY AND CONCLUSIONS

The event burst at 7:35:35 UT, 23 February 1987, ob-
served in Kamiokande-1I, is a genuine neutrino burst.
This is the only burst found in Kamiokande-II during the
period 9 January to 25 February 1987. Intensive analyses
of the Kamiokande-II data of shorter time intervals sur-
rounding 7:35:35 UT have yielded no statistically
significant evidence for another similar burst of perhaps
fewer events, or of an enhanced rate in the lower-energy
region of the background in the detector. We conclude,
therefore that the burst on 23 February 1987 at 7:35:35
UT was the only burst observed in Kamiokande-II.

The properties of the event burst coincide remarkably
well with the current model of the basic nature of type-II

supernovae and neutron-star formation. The observed
energies of the neutrinos, their number, and type of in-
teraction, in conjunction with the time duration of the
burst, are consistent with the free-fall collapse of the core
of a massive star, and the evaporation within a few
seconds of all flavors of neutrino-antineutrino pairs with
total energy amounting to ~ 3 10°? ergs from the newly
born neutron star at temperature kT =4 MeV. To elicit
descriptions and explanations of more specific properties
such as, for example, the time separation of events within
the burst, the time interval between the core collapse, and
the earliest optical sighting, and the possible influence of
the bounce of the in-falling massive core and the resul-
tant shock wave on neutrino emission is the subject of
much present theoretical study.

There are two principal conclusions of significance in
elementary-particle physics which may be reached from
the Kamiokande-II neutrino burst data. First, the life-
time of v, and ¥, must be greater than about
1.7X10°[m(v,)/E(v,)] yr, taking the distance to the
LMC to be 55 kpc. Second, an upper limit on the mass of
v, and v, may be obtained from the burst data subject to
simplifying assumptions. The totality of attempts to do
so using a variety of assumptions has led to upper-limit
estimates ranging'* from a few eV to 24 eV.

The observation in Kamiokande-II and in the IMB
detector of the neutrino burst from SN1987A is the first
direct observation in neutrino astronomy. The coin-
cidence in time with the optical sighting of SN1987A,
and the clarity of the burst signal in the neutrino detec-
tors suggest that future observations in neutrino astrono-
my may well proceed independently of other astronomi-
cal observations. If the expected rate of occurrence of su-
pernovae in the Galaxy,!® i.e., one supernova per 10-20
yr, is roughly correct, the detailed study of neutron-star,
and perhaps even black-hole, formation may become a
reality, providing that adequate neutrino telescopes are
maintained as active instruments over long periods of
time. Clearly, observation of additional neutrino bursts
from supernovae would also contribute importantly to
improved determinations of the intrinsic properties of
neutrinos.
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