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Supernovae & Neutrinos

3Image: Cassiopeia A, Chandra X-Ray Observatory. X-ray: NASA/CXC/SAO; Optical: NASA/STScI; Infrared: NASA/JPL-Caltech/Steward/O.Krause et al.
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Credit: David Malin, Anglo-Australian Observatory
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Core-Collapse Supernovae

!
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bomb ever tested 

× 1,000,000,000,000,000,000,000,000,000 
(a billion billion billion)

0.01%: Electromagnetic radiation
1%: Ejecta Kinetic Energy

98.99%: Neutrinos!

Supernova Energy Loss
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<latexit sha1_base64="c/dMRJ3xyR02r7NpFHe2JEIdGpw=">AAACJ3icbVDLSsRAEJz4frvq0cvgIgjKkvj2JgriUcFVYbNKZ7azOzgzCTMTYQn5CT/DL/CqX+BJ9OjB/3Cy7sFXQ0NRVU13V5QKbqzvv3kDg0PDI6Nj4xOTU9Mzs5W5+XOTZJphnSUi0ZcRGBRcYd1yK/Ay1QgyEngR3RyW+sUtasMTdWa7KTYltBWPOQPrqOvKWtgGKYGu0vwq39ouQgm2o2V+hEUR2oQGGyGItFMaNp296tf8XtG/IOiDKunXyXXlI2wlLJOoLBNgTCPwU9vMQVvOBBYTYWYwBXYDbWw4qECiaea9rwq67JgWjRPtWlnaY79P5CCN6crIOcujzW+tJP/TGpmNd5s5V2lmUbGvRXEmqHu3jIi2uEZmRdcBYJq7WynrgAZmXZA/tsTYVTItXC7B7xT+gvp6ba/mn25W9w/6AY2RRbJEVkhAdsg+OSYnpE4YuSMP5JE8effes/fivX5ZB7z+zAL5Ud77J11ApeE=</latexit><latexit sha1_base64="c/dMRJ3xyR02r7NpFHe2JEIdGpw=">AAACJ3icbVDLSsRAEJz4frvq0cvgIgjKkvj2JgriUcFVYbNKZ7azOzgzCTMTYQn5CT/DL/CqX+BJ9OjB/3Cy7sFXQ0NRVU13V5QKbqzvv3kDg0PDI6Nj4xOTU9Mzs5W5+XOTZJphnSUi0ZcRGBRcYd1yK/Ay1QgyEngR3RyW+sUtasMTdWa7KTYltBWPOQPrqOvKWtgGKYGu0vwq39ouQgm2o2V+hEUR2oQGGyGItFMaNp296tf8XtG/IOiDKunXyXXlI2wlLJOoLBNgTCPwU9vMQVvOBBYTYWYwBXYDbWw4qECiaea9rwq67JgWjRPtWlnaY79P5CCN6crIOcujzW+tJP/TGpmNd5s5V2lmUbGvRXEmqHu3jIi2uEZmRdcBYJq7WynrgAZmXZA/tsTYVTItXC7B7xT+gvp6ba/mn25W9w/6AY2RRbJEVkhAdsg+OSYnpE4YuSMP5JE8effes/fivX5ZB7z+zAL5Ud77J11ApeE=</latexit><latexit sha1_base64="c/dMRJ3xyR02r7NpFHe2JEIdGpw=">AAACJ3icbVDLSsRAEJz4frvq0cvgIgjKkvj2JgriUcFVYbNKZ7azOzgzCTMTYQn5CT/DL/CqX+BJ9OjB/3Cy7sFXQ0NRVU13V5QKbqzvv3kDg0PDI6Nj4xOTU9Mzs5W5+XOTZJphnSUi0ZcRGBRcYd1yK/Ay1QgyEngR3RyW+sUtasMTdWa7KTYltBWPOQPrqOvKWtgGKYGu0vwq39ouQgm2o2V+hEUR2oQGGyGItFMaNp296tf8XtG/IOiDKunXyXXlI2wlLJOoLBNgTCPwU9vMQVvOBBYTYWYwBXYDbWw4qECiaea9rwq67JgWjRPtWlnaY79P5CCN6crIOcujzW+tJP/TGpmNd5s5V2lmUbGvRXEmqHu3jIi2uEZmRdcBYJq7WynrgAZmXZA/tsTYVTItXC7B7xT+gvp6ba/mn25W9w/6AY2RRbJEVkhAdsg+OSYnpE4YuSMP5JE8effes/fivX5ZB7z+zAL5Ud77J11ApeE=</latexit>

Photodissociation

This endothermic reaction 
absorbs 124 MeV of energy

e� + p ! n+ ⌫e
<latexit sha1_base64="I2KTJPrufBQFP99ur6FTn5Wi6ck=">AAACEHicbZDNSgMxFIUz9a/Wv6q4chMsgiCWqQjqrujGZQVrC+04ZNI7bWgmE5KMMAx9Cp/ArT6BK3HrG/gAvodpOwtbPRD4OPde7s0JJGfauO6XU1hYXFpeKa6W1tY3NrfK2zv3Ok4UhSaNeazaAdHAmYCmYYZDWyogUcChFQyvx/XWIyjNYnFnUgleRPqChYwSYy2/vAcPJ/gYS9w1MRaWuiLxwS9X3Ko7Ef4LtRwqKFfDL393ezFNIhCGcqJ1p+ZK42VEGUY5jErdRIMkdEj60LEoSATayybnj/ChdXo4jJV9wuCJ+3siI5HWaRTYzoiYgZ6vjc3/ap3EhBdexoRMDAg6XRQmHNuvjrPAPaaAGp5aIFQxeyumA6IINTaxmS0hpCKSI5tLbT6Fv9A8rV5W3duzSv0qD6iI9tEBOkI1dI7q6AY1UBNRlKFn9IJenSfnzXl3PqatBSef2UUzcj5/AH57m+Q=</latexit><latexit sha1_base64="I2KTJPrufBQFP99ur6FTn5Wi6ck=">AAACEHicbZDNSgMxFIUz9a/Wv6q4chMsgiCWqQjqrujGZQVrC+04ZNI7bWgmE5KMMAx9Cp/ArT6BK3HrG/gAvodpOwtbPRD4OPde7s0JJGfauO6XU1hYXFpeKa6W1tY3NrfK2zv3Ok4UhSaNeazaAdHAmYCmYYZDWyogUcChFQyvx/XWIyjNYnFnUgleRPqChYwSYy2/vAcPJ/gYS9w1MRaWuiLxwS9X3Ko7Ef4LtRwqKFfDL393ezFNIhCGcqJ1p+ZK42VEGUY5jErdRIMkdEj60LEoSATayybnj/ChdXo4jJV9wuCJ+3siI5HWaRTYzoiYgZ6vjc3/ap3EhBdexoRMDAg6XRQmHNuvjrPAPaaAGp5aIFQxeyumA6IINTaxmS0hpCKSI5tLbT6Fv9A8rV5W3duzSv0qD6iI9tEBOkI1dI7q6AY1UBNRlKFn9IJenSfnzXl3PqatBSef2UUzcj5/AH57m+Q=</latexit><latexit sha1_base64="I2KTJPrufBQFP99ur6FTn5Wi6ck=">AAACEHicbZDNSgMxFIUz9a/Wv6q4chMsgiCWqQjqrujGZQVrC+04ZNI7bWgmE5KMMAx9Cp/ArT6BK3HrG/gAvodpOwtbPRD4OPde7s0JJGfauO6XU1hYXFpeKa6W1tY3NrfK2zv3Ok4UhSaNeazaAdHAmYCmYYZDWyogUcChFQyvx/XWIyjNYnFnUgleRPqChYwSYy2/vAcPJ/gYS9w1MRaWuiLxwS9X3Ko7Ef4LtRwqKFfDL393ezFNIhCGcqJ1p+ZK42VEGUY5jErdRIMkdEj60LEoSATayybnj/ChdXo4jJV9wuCJ+3siI5HWaRTYzoiYgZ6vjc3/ap3EhBdexoRMDAg6XRQmHNuvjrPAPaaAGp5aIFQxeyumA6IINTaxmS0hpCKSI5tLbT6Fv9A8rV5W3duzSv0qD6iI9tEBOkI1dI7q6AY1UBNRlKFn9IJenSfnzXl3PqatBSef2UUzcj5/AH57m+Q=</latexit>

Electron Capture
Further energy loss 
through neutrinos
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Gravity crushes the core into 
a proto-neutron star

The object reaches the density of 
a nucleus, stops, and bounces

1

2

A shock wave moves outward, 
leading to an explosion

3
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Neutrino Production

e� + p ! n+ ⌫e
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1. Capture Phase

Early on, these come right out

2. Neutronization Burst
Neutrinos are trapped behind the very 
dense shock wave, until it grows and 

the density is reduced 

3. The Proto-Neutron Star
This is extremely hot and produces 
many neutrino/antineutrino pairs
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the 8B solar neutrinos through neutrino-nucleus elastic
scattering in a few years of running.

III. SUPERNOVA NEUTRINOS AND THEIR
DETECTION IN DARK MATTER DETECTORS

Detection of neutrinos from SN 1987A [22–24] estab-
lished beyond doubt that some supernova explosions are
associated with emission of a large number of neutrinos.
According to the present understanding of core collapse
supernovae, as the core of a large star starts to collapse after
the nuclear fuel gets exhausted, the density in the inner core
region at some point goes beyond the nuclear matter
density. In the earlier stages of the collapse, the neutroni-
zation of matter produces νe’s, but later at very large
densities both neutrinos and antineutrinos of all three
flavors (i.e., νe, ν̄e, νμ, ν̄μ, ντ and ν̄τ) get produced in
much larger numbers. Almost all the enormous energy
released in the gravitational contraction, roughly a few
times 1053 ergs, comes out through the emission of these
neutrinos over a time scale of ∼10 seconds.
As already mentioned, the CENNS process, being flavor

blind, will be sensitive to νμ, ν̄μ and ντ, ν̄τ (hereafter
collectively referred to as νx) in addition to νe and ν̄e.
This will allow a direct estimation of the total energy emitted
in neutrinos in the SN process. Combined with information
about νe and/or ν̄e event rates for the same SN event in other
(conventional CC) detectors, this would then allow one to
estimate the average νx energies emitted in the SN event.
While exploring these possibilities one has to be careful,

however, as the SN neutrino properties like average energy,
luminosity and energy distribution change with the post-
bounce time. There are three important stages of neutrino
emission in a SN: the neutronization burst phase, the
accretion phase and the cooling phase. In Fig. 2 the
luminosities and average energies of different neutrino
flavors for the different phases are shown for the Basel/
Darmstadt simulation. The neutronization burst phase,
which is associated with the deleptonization of the outer
core layers during shock breakout, lasts for about 50 ms

post-bounce and is characterized by a sharp peak in the
electron neutrino luminosity with little contribution from
other flavors. This is followed by the accretion phase,
which is powered by infalling matter, and lasts for about 0.5
seconds. During this phase the electron neutrino contribu-
tion to luminosity gets reduced and the contributions from
other species start building up. Finally, we have the cooling
phase, which lasts for about 10 seconds, when all six
species diffuse out of the core. More than 80% of the total
energy emitted in the SN event comes out during this
cooling phase. The luminosities of all the neutrino species
in the cooling phase show an approximately exponential
decrease with time, whereas their average energies show a
slow linear decrease.
From the above it is clear that the expected number of

events in the different emission phases will be different due
to different luminosities of the emitted neutrinos during
these phases. Therefore, measuring the temporal structure
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FIG. 1 (color online). Left: Recoil energy spectra (differential event rate as a function of recoil nucleus kinetic energy) for 8B solar
neutrinos in a dark matter detector with three different target materials, namely, 19F, 28Si and 131Xe. Right: The integral recoil energy
spectra (total event rate above a threshold recoil energy) as a function of the threshold recoil energy of the detector.
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(lower three panels) for different neutrino flavors corresponding
to the neutronization phase, accretion phase and cooling phase
(from left to right, respectively), for the Basel/Darmstadt simu-
lation of a 18M⊙ progenitor SN.
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the 8B solar neutrinos through neutrino-nucleus elastic
scattering in a few years of running.

III. SUPERNOVA NEUTRINOS AND THEIR
DETECTION IN DARK MATTER DETECTORS

Detection of neutrinos from SN 1987A [22–24] estab-
lished beyond doubt that some supernova explosions are
associated with emission of a large number of neutrinos.
According to the present understanding of core collapse
supernovae, as the core of a large star starts to collapse after
the nuclear fuel gets exhausted, the density in the inner core
region at some point goes beyond the nuclear matter
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which is powered by infalling matter, and lasts for about 0.5
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tion to luminosity gets reduced and the contributions from
other species start building up. Finally, we have the cooling
phase, which lasts for about 10 seconds, when all six
species diffuse out of the core. More than 80% of the total
energy emitted in the SN event comes out during this
cooling phase. The luminosities of all the neutrino species
in the cooling phase show an approximately exponential
decrease with time, whereas their average energies show a
slow linear decrease.
From the above it is clear that the expected number of

events in the different emission phases will be different due
to different luminosities of the emitted neutrinos during
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SN1987A

Credit: ALMA (ESO/NAOJ/NRAO)/A. Angelich. Visible light image: the NASA/ESA Hubble Space Telescope. X-Ray image: The NASA Chandra X-Ray Observatory
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Kamiokande-II Experiment
Kamioka, Hida, Japan
February 23, 1987, 07:53 UTC

38 OBSERVATION IN THE KAMIOKANDE-II DETECTOR OF THE. . . 451

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 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 P decay of ' Bi (P 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 Rn
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
' Bi decay results from the energy resolution and trigger
time window of the detector for few MeV electrons, and
is done with an eSciency ~ 10
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III. THE NEUTRINO BURST 4:54 56 58 0 8

Scatter plots of Xh;, 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 Nh;, which occurred at the time indicated.
Most of the observed events have Nh;, &20; the average
rate of events with Nh;, ~ 23 during the 10-h period from
2:27 UT to 22:27 UT is (10 Hz. The events with
N», &20 are largely due to ' Bi decay, while those with
Nh;, & 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 (r) 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 7:35:35UT 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 7:35:35UT, relative to x, y, and z axes with
origin at the center of the detector, are given in Table I.
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 9(e,LMC}=(15+27) deg, while the
later reconstruction yields 8(e,LMC}=(40+27) deg. This
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FIG. 4. Scatter plots of Nh„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 7:35:35UT. 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. Aghetta et al. [Europhys. Lett. 3, 1315 (1987}].
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SN1987A Neutrinos
Exp. Time (s) Energy (MeV) Angle (degrees)
K-II 0 20.0 18
K-II 0.107 13.5 40
K-II 0.303 7.5 108
K-II 0.324 9.2 70
K-II 0.507 12.8 135
K-II 0.686 6.3 68
K-II 1.541 35.4 32
K-II 1.728 21.0 30
K-II 1.915 19.8 38
K-II 9.219 8.6 122
K-II 10.433 13.0 49
K-II 12.439 8.9 91
IMB 0 38 80
IMB 0.412 37 44
IMB 0.650 28 56
IMB 1.141 39 65
IMB 1.562 36 33
IMB 2.684 36 52
IMB 5.010 19 42
IMB 5.582 22 104

Baksan 0 12.0
Baksan 0.435 17.9 
Baksan 1.710 23.5
Baksan 7.687 17.6
Baksan 9.099 20.3

The world's 
collection of 
supernova 

neutrino data...
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SN1987A
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Figure 2
Time-integrated effective ν̄e spectrum from SN1987A. The colored curves indicate results reconstructed
through use of only the Kam-II data, the IMB data, or their combination. The gray shaded region is a
thermal spectrum with parameters Eν̄e ,to t ∼ 5 × 1052 erg and Eν̄e ,avg ∼ 15 MeV. Figure modified from
Reference 63.

for predicting the DSNB (63). The SK 2003 search used a positron energy threshold of 18 MeV,
and future searches may reach 10 MeV; redshift effects enhance the importance of high-energy
emission.

5. SECOND INGREDIENT: COSMIC SUPERNOVA RATE
Supernovae are infrequent in the Milky Way, but not in the universe. Because the lifetimes of
massive stars are very short on cosmological timescales, their cosmic birth and death rates are
exactly equal. The cosmic star-formation rate has been measured precisely, by means of a great
variety of techniques, principally based on the emission of massive stars. This measurement is
enough to accurately give the rate of core collapses, and it is supplemented by direct measurements
of the optical supernova rate, which have lower precision but are in good agreement.

5.1. Measured Star-Formation Rate
Star-formation rate measurements do not literally probe star formation, but begin with the total
luminosity of the stars in a galaxy. If these stars were all of the same luminosity, so that their
mass and lifetime were given by stellar evolution theory, then the star-formation rate would be
determined by the total mass of these stars divided by their lifetime; this rate is the birth (and
death) rate needed to keep the number of stars in equilibrium. The main star-formation rate
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Neutrino energies (and times) 
compatible with the theory
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Borexino, Italy SNO+, Canada

Super-K & Hyper-K, Japan

DUNE, US

Jinping, 
China

Supernova Neutrino Detectors

NOvA, US
HALO, 
Canada

IceCube, 
South Pole

LVD, 
Italy

Daya Bay, 
China

KamLAND, 
Japan

SBND, 
USA

MicroBooNE, 
USA Everyone 

is looking for 
supernova neutrinos!
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 

Neutron scope

(c)       Neutron scope (d)        Neutron scope

(e)       Positron scope (f)        Neutron scope

(a)      Positron scope  
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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(b)      Positron scope  Neutron scope

I

II

III

I

II

III

I

II

III

I

II

III

e+
n

(Cowan & Reines, 1956)

⌫̄e + p ! n+ e+
<latexit sha1_base64="UUz1Z3gV5atYUcviVNhGnM/Bfvc="></latexit><latexit sha1_base64="UUz1Z3gV5atYUcviVNhGnM/Bfvc="></latexit><latexit sha1_base64="UUz1Z3gV5atYUcviVNhGnM/Bfvc="></latexit>

!+ +
p

⌫̄e e+

W

n
<latexit sha1_base64="Ful5HgV4UbqCGY6kpq5D7CUv3HU="></latexit><latexit sha1_base64="Ful5HgV4UbqCGY6kpq5D7CUv3HU="></latexit><latexit sha1_base64="Ful5HgV4UbqCGY6kpq5D7CUv3HU="></latexit>

CC
charged current

!+ +
⌫
x

+ p ! ⌫
x

+ p
<latexit sha1_base64="IxGc3akbeGOxJib89Xq+u3i+6Ro=">AAACEnicdVDLSgMxFM34rPVVdeHCTbAIgjCkra2dXdGNywqOLbRlyKSZNjSTGZKMOJR+hl/gVr/Albj1B/wA/8P0oVjRA4Fzz7mXm3v8mDOlEXq3FhaXlldWM2vZ9Y3Nre3czu6NihJJqEsiHsmmjxXlTFBXM81pM5YUhz6nDX9wMfYbt1QqFolrnca0E+KeYAEjWBvJy+23ReLdwRMYw7aO4Hfl5fLIdspOCRUhsitVVCkjQ1DJQdUqLNhogjyYoe7lPtrdiCQhFZpwrFSrgGLdGWKpGeF0lG0nisaYDHCPtgwVOKSqM5wcMIJHRunCIJLmCQ0n6s+JIQ6VSkPfdIZY99Vvbyz+5bUSHVQ7QybiRFNBpouChENz6jgN2GWSEs1TQzCRzPwVkj6WmGiT2dyWgKYijEcml6/j4f/ELdqOja5O87XzWUAZcAAOwTEogDNQA5egDlxAwAg8gEfwZN1bz9aL9TptXbBmM3tgDtbbJ1J7nYQ=</latexit><latexit sha1_base64="IxGc3akbeGOxJib89Xq+u3i+6Ro=">AAACEnicdVDLSgMxFM34rPVVdeHCTbAIgjCkra2dXdGNywqOLbRlyKSZNjSTGZKMOJR+hl/gVr/Albj1B/wA/8P0oVjRA4Fzz7mXm3v8mDOlEXq3FhaXlldWM2vZ9Y3Nre3czu6NihJJqEsiHsmmjxXlTFBXM81pM5YUhz6nDX9wMfYbt1QqFolrnca0E+KeYAEjWBvJy+23ReLdwRMYw7aO4Hfl5fLIdspOCRUhsitVVCkjQ1DJQdUqLNhogjyYoe7lPtrdiCQhFZpwrFSrgGLdGWKpGeF0lG0nisaYDHCPtgwVOKSqM5wcMIJHRunCIJLmCQ0n6s+JIQ6VSkPfdIZY99Vvbyz+5bUSHVQ7QybiRFNBpouChENz6jgN2GWSEs1TQzCRzPwVkj6WmGiT2dyWgKYijEcml6/j4f/ELdqOja5O87XzWUAZcAAOwTEogDNQA5egDlxAwAg8gEfwZN1bz9aL9TptXbBmM3tgDtbbJ1J7nYQ=</latexit><latexit sha1_base64="IxGc3akbeGOxJib89Xq+u3i+6Ro=">AAACEnicdVDLSgMxFM34rPVVdeHCTbAIgjCkra2dXdGNywqOLbRlyKSZNjSTGZKMOJR+hl/gVr/Albj1B/wA/8P0oVjRA4Fzz7mXm3v8mDOlEXq3FhaXlldWM2vZ9Y3Nre3czu6NihJJqEsiHsmmjxXlTFBXM81pM5YUhz6nDX9wMfYbt1QqFolrnca0E+KeYAEjWBvJy+23ReLdwRMYw7aO4Hfl5fLIdspOCRUhsitVVCkjQ1DJQdUqLNhogjyYoe7lPtrdiCQhFZpwrFSrgGLdGWKpGeF0lG0nisaYDHCPtgwVOKSqM5wcMIJHRunCIJLmCQ0n6s+JIQ6VSkPfdIZY99Vvbyz+5bUSHVQ7QybiRFNBpouChENz6jgN2GWSEs1TQzCRzPwVkj6WmGiT2dyWgKYijEcml6/j4f/ELdqOja5O87XzWUAZcAAOwTEogDNQA5egDlxAwAg8gEfwZN1bz9aL9TptXbBmM3tgDtbbJ1J7nYQ=</latexit>

p

⌫
x ⌫

x

Z

p
<latexit sha1_base64="vKcaXZ5viCd119GRJltTtZB+B5k="></latexit><latexit sha1_base64="vKcaXZ5viCd119GRJltTtZB+B5k="></latexit><latexit sha1_base64="vKcaXZ5viCd119GRJltTtZB+B5k="></latexit>

Any type (νx) of neutrino 
gives a proton a kick

NC
neutral current

J. Rum
leskie, SNO

+
, TAUP 2017

200 events

J. Rum
leskie, SNO

+
, TAUP 2017

%Dessert: Proton Elastic Scattering



26

Supernova Neutrinos in SNO+
$ Main Course: Inverse Beta Decay

The Reines-Cowan Experiments

Number 25  1997  Los Alamos Science  

he Reines-Cowan Experiments

4 Los Alamos Science Number 25  1997

target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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429 events?
195 events
7 events
3 events
44 events
2 events
13 events

Hundreds of events 
for a supernova at 10 kpc 

(33,000 light years)

Thousands across all detectors

SNO+, Adv. in High Energy Physics 2016, 6192450 (2016)

%Dessert: Proton Elastic Scattering
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Patience...?
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Diffuse Supernova Neutrino Background
(DSNB)

Earth

Milky way: CC-BY-SA 3.0, A. Colvin and F. Michel, Wikimedia Commons

Milky Way
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Diffuse Supernova Neutrino Background
(DSNB)

Earth

50 kpc 
(163,000 light years)

SN1987A

Milky way: CC-BY-SA 3.0, A. Colvin and F. Michel, Wikimedia Commons

Milky Way
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Diffuse Supernova Neutrino Background
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100 kpc 
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50 kpc 
(163,000 light years)

SN1987A

Milky way: CC-BY-SA 3.0, A. Colvin and F. Michel, Wikimedia Commons

Milky Way
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Diffuse Supernova Neutrino Background
(DSNB)

Earth

100 kpc 
(325,000 light years)

50 kpc 
(163,000 light years)

SN1987A

!

!

!

!

!
!

! !

!

!

Milky way: CC-BY-SA 3.0, A. Colvin and F. Michel, Wikimedia Commons

Milky Way



29

Diffuse Supernova Neutrino Background
(DSNB)

Shock

Proto-Neutron Star
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Production of neutrino-antineutrino pairs
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FIG. 1. Neutrino energy spectra. The upper panels show different power-law parametrizations for supernova neutrinos. (Left) Fixed-width
and varying average energies (a); (right) varying width for two different values of the average energy (b). The lower panels show the equivalent
Fermi-Dirac distributions. The width w is expressed in units w0 = ⟨εν ⟩√

3
, for which power-law (with α = 2) and Fermi-Dirac spectra (η = ∞)

coincide.
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FIG. 2. Michel spectra, showing the νe and νµ energy distribu-
tions stemming from pion decay at rest.
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FIG. 3. Normalized β-beam neutrino spectra stemming from
18Ne for different boost factors γ between 3 and 15, for a target
with a cross-sectional area of 4 m2, located 10 m from one end of the
ring, which has a straight side length of more than 90 m.
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3.2 Solar Neutrino Oscillations

Figure 3.2: Solar neutrino spectrum. This figure shows the energy spectrum of neutrinos
predicted by the standard solar model (Bahcall and Pinsonneault 2004). The neutrino fluxes
from continuum sources (like pp and 8B) are given in the units of number per cm2 per second
per MeV at one AU. The line fluxes (pep and 7Be) are given in number per cm2 per second. The
spectra from the pp chain are drawn with solid lines; the neutrino energy spectra from reactions
with carbon, nitrogen, and oxygen (CNO) isotopes are drawn with dotted lines. Figure from
Reference [33].
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Looking for DSNB 
electron antineutrinos 
via inverse beta decay

The Reines-Cowan Experiments

Number 25  1997  Los Alamos Science  

he Reines-Cowan Experiments

4 Los Alamos Science Number 25  1997

target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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Figure 4
Predicted diffuse supernova neutrino background ν̄e event rate spectrum in positron energy. The labeled
bands and their widths are as in Figure 1. Integrated event rates are tabulated in Reference 23. The 2003
exclusion from SK is shown; it is largely independent of the assumed temperature. The energy range of the
irreducible reactor background is shaded; backgrounds at higher energies depend on whether gadolinium is
added to SK. Figure modified from Reference 23.

In Figure 4, we show predictions for the DSNB detection spectrum, taking up-to-date inputs
and their uncertainties into account. The range due to different emission parameters, especially at
high energies, indicates the uncertainties to be reduced by measuring the DSNB. The uncertainty
on the supernova rate is already modest and will soon be smaller. The detection reaction is neutron
inverse β decay in SK, which is well understood. Because the expected number of DSNB events is
at most a few per year, the Poisson statistical uncertainty will initially be significant. This predicted
event rate spectrum can be directly compared with measured data, which are a combination of
DSNB signal and detector backgrounds. The DSNB is especially sensitive to the important high-
energy part of the emission spectrum. The predictions for different temperatures converge near
10 MeV, so a measurement there would probe Eν̄e ,to t alone; the falloff of the spectrum would then
probe Eν̄e ,avg alone.

8. SUPER-KAMIOKANDE 2003 UPPER LIMIT ON THE DIFFUSE
SUPERNOVA NEUTRINO BACKGROUND
It takes extraordinary efforts to operate a gigantic detector such as SK with low background rates
at low energies. The SK DSNB limit (101) improved upon the Kam-II limit (102) by a factor
of ∼100, establishing the only experimental limit within range of contemporary predictions—an
extremely important achievement.
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 

Neutron scope

(c)       Neutron scope (d)        Neutron scope

(e)       Positron scope (f)        Neutron scope

(a)      Positron scope  
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(Cowan & Reines, 1956)
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Figure 4
Predicted diffuse supernova neutrino background ν̄e event rate spectrum in positron energy. The labeled
bands and their widths are as in Figure 1. Integrated event rates are tabulated in Reference 23. The 2003
exclusion from SK is shown; it is largely independent of the assumed temperature. The energy range of the
irreducible reactor background is shaded; backgrounds at higher energies depend on whether gadolinium is
added to SK. Figure modified from Reference 23.

In Figure 4, we show predictions for the DSNB detection spectrum, taking up-to-date inputs
and their uncertainties into account. The range due to different emission parameters, especially at
high energies, indicates the uncertainties to be reduced by measuring the DSNB. The uncertainty
on the supernova rate is already modest and will soon be smaller. The detection reaction is neutron
inverse β decay in SK, which is well understood. Because the expected number of DSNB events is
at most a few per year, the Poisson statistical uncertainty will initially be significant. This predicted
event rate spectrum can be directly compared with measured data, which are a combination of
DSNB signal and detector backgrounds. The DSNB is especially sensitive to the important high-
energy part of the emission spectrum. The predictions for different temperatures converge near
10 MeV, so a measurement there would probe Eν̄e ,to t alone; the falloff of the spectrum would then
probe Eν̄e ,avg alone.

8. SUPER-KAMIOKANDE 2003 UPPER LIMIT ON THE DIFFUSE
SUPERNOVA NEUTRINO BACKGROUND
It takes extraordinary efforts to operate a gigantic detector such as SK with low background rates
at low energies. The SK DSNB limit (101) improved upon the Kam-II limit (102) by a factor
of ∼100, establishing the only experimental limit within range of contemporary predictions—an
extremely important achievement.
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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(c)       Neutron scope (d)        Neutron scope

(e)       Positron scope (f)        Neutron scope
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(Cowan & Reines, 1956)
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Figure 4
Predicted diffuse supernova neutrino background ν̄e event rate spectrum in positron energy. The labeled
bands and their widths are as in Figure 1. Integrated event rates are tabulated in Reference 23. The 2003
exclusion from SK is shown; it is largely independent of the assumed temperature. The energy range of the
irreducible reactor background is shaded; backgrounds at higher energies depend on whether gadolinium is
added to SK. Figure modified from Reference 23.

In Figure 4, we show predictions for the DSNB detection spectrum, taking up-to-date inputs
and their uncertainties into account. The range due to different emission parameters, especially at
high energies, indicates the uncertainties to be reduced by measuring the DSNB. The uncertainty
on the supernova rate is already modest and will soon be smaller. The detection reaction is neutron
inverse β decay in SK, which is well understood. Because the expected number of DSNB events is
at most a few per year, the Poisson statistical uncertainty will initially be significant. This predicted
event rate spectrum can be directly compared with measured data, which are a combination of
DSNB signal and detector backgrounds. The DSNB is especially sensitive to the important high-
energy part of the emission spectrum. The predictions for different temperatures converge near
10 MeV, so a measurement there would probe Eν̄e ,to t alone; the falloff of the spectrum would then
probe Eν̄e ,avg alone.

8. SUPER-KAMIOKANDE 2003 UPPER LIMIT ON THE DIFFUSE
SUPERNOVA NEUTRINO BACKGROUND
It takes extraordinary efforts to operate a gigantic detector such as SK with low background rates
at low energies. The SK DSNB limit (101) improved upon the Kam-II limit (102) by a factor
of ∼100, establishing the only experimental limit within range of contemporary predictions—an
extremely important achievement.
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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(Cowan & Reines, 1956)
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Figure 4
Predicted diffuse supernova neutrino background ν̄e event rate spectrum in positron energy. The labeled
bands and their widths are as in Figure 1. Integrated event rates are tabulated in Reference 23. The 2003
exclusion from SK is shown; it is largely independent of the assumed temperature. The energy range of the
irreducible reactor background is shaded; backgrounds at higher energies depend on whether gadolinium is
added to SK. Figure modified from Reference 23.

In Figure 4, we show predictions for the DSNB detection spectrum, taking up-to-date inputs
and their uncertainties into account. The range due to different emission parameters, especially at
high energies, indicates the uncertainties to be reduced by measuring the DSNB. The uncertainty
on the supernova rate is already modest and will soon be smaller. The detection reaction is neutron
inverse β decay in SK, which is well understood. Because the expected number of DSNB events is
at most a few per year, the Poisson statistical uncertainty will initially be significant. This predicted
event rate spectrum can be directly compared with measured data, which are a combination of
DSNB signal and detector backgrounds. The DSNB is especially sensitive to the important high-
energy part of the emission spectrum. The predictions for different temperatures converge near
10 MeV, so a measurement there would probe Eν̄e ,to t alone; the falloff of the spectrum would then
probe Eν̄e ,avg alone.

8. SUPER-KAMIOKANDE 2003 UPPER LIMIT ON THE DIFFUSE
SUPERNOVA NEUTRINO BACKGROUND
It takes extraordinary efforts to operate a gigantic detector such as SK with low background rates
at low energies. The SK DSNB limit (101) improved upon the Kam-II limit (102) by a factor
of ∼100, establishing the only experimental limit within range of contemporary predictions—an
extremely important achievement.
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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(Cowan & Reines, 1956)
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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(Cowan & Reines, 1956)
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Image: Nucl. Phys. B 908:14 (2016)

Looking for DSNB 
electron antineutrinos 
via inverse beta decay

The Reines-Cowan Experiments
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 
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(Cowan & Reines, 1956)

There's hope that Super-Kamiokande will 
detect the DSNB soon!

(this work starts in June!)

By adding gadolinium, the ability to 
detect neutrons (and therefore inverse 
beta decay) is greatly improvedGadolinium

157.25

Gd
6450,000 tons 

of water 
+ 

Gadolinium
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Supernova Neutrinos

Credit: ALMA (ESO/NAOJ/NRAO)/A. Angelich. Visible light image: the NASA/ESA Hubble Space Telescope. X-Ray image: The NASA Chandra X-Ray Observatory
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Supernova Neutrinos

Credit: ALMA (ESO/NAOJ/NRAO)/A. Angelich. Visible light image: the NASA/ESA Hubble Space Telescope. X-Ray image: The NASA Chandra X-Ray Observatory
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Supernova Neutrinos

Credit: ALMA (ESO/NAOJ/NRAO)/A. Angelich. Visible light image: the NASA/ESA Hubble Space Telescope. X-Ray image: The NASA Chandra X-Ray Observatory
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crucial to the existence of the 
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Like with the Sun, neutrinos 
can teach us about SNe, 
and SNe about neutrinos
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While we wait for a SNe neutrino burst, 
we can study the DSNB, and learn about 

the average behavior of supernovae
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Supernova Neutrinos

https://what-if.xkcd.com/73/

"How close would you have to be to a supernova to 
get a lethal dose of neutrino radiation?"

https://what-if.xkcd.com/73/
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Next Week

Neutrino Cosmology 
with 

Dr. Marco Raveri 
KICP, UChicago

"study of the origin, evolution, and 
eventual fate of the universe"

What can the structure of the universe 
 teach us about neutrinos, and vice versa?

Saturday, April 21, 2018



Thank You!

40Image: Cassiopeia A, Chandra X-Ray Observatory. X-ray: NASA/CXC/SAO; Optical: NASA/STScI; Infrared: NASA/JPL-Caltech/Steward/O.Krause et al.


