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The reaction d(v. ,e )2n has been observed using antineutrinos from a powerful fission reactor. The
measured cross section a,»z=3.0&1.5X10 "cm'/Gssion v, is consistent with expectations, 0'zh o =2.4+0.4
X10 4' cm'/fission s„based on the two-component neutrino theory and elementary considerations regarding
the structure of the deuteron.

INTRODUCTION

HE interaction between f, and the deuteron,
J.

9,+d ~ rt+I+e+, (1)

is completely specified at low energies by the theory of
weak interactions and a knowledge of the deuteron's
structure. However, unlike the reaction p(v„e+)tt with
its observed inverse neutron decay, the corresponding
inverse reaction for 9,+zf—i.e., rt+n ~ d+e +9.—is
not accessible to direct experimental check.

An additional feature of the deuteron reaction is the
pure Gamow-Teller or axial-vector coupling involved as
opposed to the mixture of Gamow-Teller and Fermi or
vector coupling associated with neutron decay. It will be
recalled that Gamow- Teller coupling is required in the
present case because the final state is an S state and the
Pauli principle requires that the product neutrons have
antiparallel spins. It would be interesting to see if the
expected factor-of-2 cross-section enhancement due to
parity nonconservation obtains in the deuteron case as
it appears to do in the proton case.'

From a strictly experimental point of view the
astrophysically important reaction p+p-+ d+e++v.

$ Supported in part by the U. S. Atomic Energy Commission.
~ Now Assistant Commissioner, South Carolina Commission on

Higher Education, Columbia, S. C. 29201.' F. A. Nezrick and F. Reines, Phys. Rev. 142, 852 (1966).
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has not been seen in terrestrial laboratories. An observa-
tion of the 9,+d reaction is, in the sense of charge inde-
pendence of the weak interaction strength, equivalent to
observation of this weak p+ p reaction.

An additional feature of the f,+d reaction is the low

energy which the product neutrons can have relative to
each other. This fact tends to accentuate the efI'ect of
the final-state e, e interaction.

Unfortunately, this first experiment was not of suffi-
cient accuracy, nor were the various particles involved
observed in sufFicient detail to give a better than ex-
tremely crude check on the various features mentioned.
In fact, the purpose of the experiment was largely to see
whether the numerous difhculties attendant on observing
a reaction with such a minuscule cross section ( 2
&(10 4s cms for fission 9,) could be overcome. The one
previous attempt made to observe this reaction only set
an upper limit. As we describe in this paper, we have
observed the reaction and the way is now somewhat
clearer to a more precise experiment.

The present approach again uses the copious Qux of
v, from a powerful fission reactor (2.8)& 10"9,/cm' sec)
and takes cognizance of the distinctive signature of the
reaction —a positron followed by the slowing down and
capture of two neutrons, to help reduce the background
to manageable proportions. Unlike the previous at-

' F. Reines and C. L. Cowan, Phys. Rev. 107, 1609 (1957).
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tempt, the deuterons were incorporated directly into the
liquid scintillator solvent, ' deuteron-substituted decalin
(CrsHsDre), p= 0.95'7 g/cm', so that it became possible
to obtain a measure of the spectrum of the short-range
product positron. The target deuterons were located
well inside a large scintillation detector which provided
total absorption of the p rays produced by annihilation
of the positron and by capture of the neutrons. The
detector had the further advantage that it shielded the
inner target volume, containing the neutron-capturing
Gd, from neutrons produced external to the detector by
the reactor and by the capture of cosmic-ray muons.

The detector was operated in several configurations to
establish the relationship between the signal and the
antineutrino Aux from the reactor. We demonstrated
that the time-correlated signal disappeared when the
deuterons were removed, that the signal disappeared
when the reactor was turned off (Table II), and that the
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Pro. 2. Block diagram of electronics. Discriminators marked by
an asterisk were upper and lower level, others were lower level
only. Trigger logic required an e+ signal followed within 60 psec by
two e signals. In addition to the features shown in this simpli6ed
diagram were scalers which recorded the various rates of interest,
e.g., e+-like pulses, neutronlike pulses, and delayed coincidences
with one or two neutrons. Also incorporated were such features as
an automatic count stop, 10-kHz oscillator for oscilloscope time
base calibration, and correction for system deadtime during
camera advance after each trigger.

' Dr. Henry M. Grotta of the Battelle Memorial Institute pre-
pared the target material by deuteration of napthalene. The
scintillators employed and the detector are described by T. I..
Jenkins and F. Reines, IEEE Trans. Nucl. Sci. NS-11, 1 (1964).

)liar bag~

FIG. 1. Sketch of the 2240-liter scintillator tank. 132 photo-
multiplier tubes are mounted in steel cylinders welded to the tank
wall. They view the liquid through clear plastic windows. The
transparent spherical 2-mil-thick Mylar bag (Rei. 20) contains
97 liters of deuterated decalin-based scintillator with 2.6 g/liter of
Gd in the form of gadolinium octoate. The scintillator in the outer
region was essentially mineral oil, CH2, p=0.872 gjcm3.

EXPERIMENTAL ARRANGEMENT

The detector consisted of 2.24)&10' liters of a scintil-
lator based on mineral oil, surrounding 97 liters of the
target volume of scintillator containing deuterons, ' all
of which was viewed by 132 5-in. photomultiplier tubes
I'ig. 1. In order to reduce backgrounds due to chance
coincidences from events which occur outside the target
region, a light divider or septum was located around the
equator of the bag between the upper and lower halves
of the detector. In the case of the neutron capture
pulses, a coincidence was required between the photo-
multiplier tubes located above (HI) and below (LO) the
septum. This requirement does not drastically reduce
the response to events which occur in the centrally
placed bag because these events can be seen by both
banks of photomultiplier tubes. However, because of the
geometry, the background which originates primarily in
regions nearest the tank wall is less well seen on the side
of the light divider opposite its occurrence.

The response of the liquid scintillators to a weak Y"
source inside and outside the target bag were roughly
matched. The ratio of responses inside to outside,
typically 0.82, varied between 0.72 and 0.91 throughout
the experiment. Thus, as a scintillator, the entire tank
was reasonably homogeneous while only the central
spherical region contained the gadolinium and the
target deuterons. We employed the coincidence re-
quirement between HI and Lo photomultiplier tubes
for the neutron pulses only, so as not to distort the first
pulse spectrum. This reduced the background by a
factor of 3 while reducing the neutron detection effi-

ciency by approximately a factor of 2.
The electronics is shown as a block diagram in Fig. 2.

When a delayed coincidence occurred in which the erst,
or positronlike, pulse in the energy range 1.75—6 MeV
was followed within 60 psec by two neutronlike pulses
in the energy range &1.5 MeV in the upper and lower
banks and totalling 5.5—10.0 MeV, the oscilloscopes
were triggered. The upper and lower pulses, as well a,s
the sum pulses which had been stored on the delay lines,
were photographed. Since this mode of operation was
sensitive to d(r „e+)2n, it was called the d mode. It was
also found useful for calibration purposes to operate the
equipment so as to be sensitive to the reaction p (v„e+)rs
or the p mode. This was accomplished by requiring only
one neutronlike pulse instead of two to trigger the
oscilloscopes. 4

The detector was enclosed in a massive lead shieM to
reduce the background due to reactor-associated p rays.

Sample oscilloscope traces are shown in I'ig. 3, where
the information from the two banks of photomultiplier
tubes is displayed for: a deuteronlike event LFigs. 3(a)

4 In this mode the 6rst pulse discriminator was set at 2.25 MeV
rather than 1.75 MeV.
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Thar. z I. Average count rates.

Configuration

Deuteron bag (reactor on)
Deuteron bag (reactor ofi)
No bagb (reactor on)
No bag (reactor oK}

Positron
gate

(min ')

50 000
43 000
45 000
35 000

Neutron
gate

(min r)

160
64

272
117

Delayed-coincidence
triggers'
(min ')

(60-@sec gate)

p /E

9.0 0.03
2.8 0.03

13 0.03
6 0.04

Calculated
accidentals

(min ')
(60-psec gate)

p d

8 0.003
2.5 0.0003

12 0.007
4.1 0.001

' N««he great excess of delayed coincidence triggers of the d type over the calculated accidental rate. These are due to the multiple pulse events such
as that illustrated in Fig. 3(e) and are seen to be independent of reactor and the presence of deuterons in the target.

b Bag volume occupied by CH2 based scintillator without Gd.

and 3(b)$, a protonlike event LFigs. 3(c) and 3(d)$,
and a noise or highly multiple delayed-coincidence burst
/Fig. 3(e)j.Since noise bursts are shown (Table I) to be
independent of the reactor and the presence of target
deuterons, we will not discuss them further here.

OPERATION OF EQUIPMENT

The energy calibration of the scintillator was ac-
complished by immersing in it a weak V' source, sealed
in a thin-walled aluminum capsule. The resulting pulse-
height spectrum showed a single peak corresponding to a
total absorption of the p rays emitted by the source
(2.76 MeV). The full width of the peak. at half-maxi-
mum was typically 20—25%. The gain of the system was
measured at intervals of several weeks using this source,
and was checked two times each day by the "through-
peak" monitor which measured the characteristic re-
sponse of the detector to cosmic-ray muons. The system

was found to be quite stable, varying less than & IO%%u~ in

gain over periods of two to three months, provided the
scintillator was not disturbed. ' Before and after every
run calibration pulses for both pulse amplitude and

time base were fed to the preamplifiers. Runs were made
in the d and p modes with reactor on and off. A check
was made of the relationship of noise events by running

without the target bag. Table I lists the count rates
typical of these operating modes.

DATA REDUCTION AND ANALYSIS

The film records obtained by photographing the
HI-LO and SUM oscilloscopes were scanned, and the
pulse amplitudes and relative times were recorded. for
each event. In the scanning procedure, all events ex-

hibiting more than three pulses above the lower limit
(I.75 MeV) of the amplitude for an e+-channel pulse
within. 60 @sec after the erst pulse were rejected. This
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(c) (d) ()
(a) Deu«ron»ke event HI-LO scope (sweep length was 60 psec); (b) deuteroniike event SVM scope; (c) protoniike event HI-Z.O

~~op~; (d) protonlike event SUM scope; and (e) noise event S'VM scope.

A loss of ~10'P0 in pulse height occurred when the deuterated scintillator was transferred from the bag to a container and back.
The scintillation response of the liquid between transfers was constant within ~3/0.
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mode, d-bag correlated rate:

0.119&0.025/h (distributed source),

0.141&0.028/h (central source) .
This shows the insensitivity of the results to the

precise form of the curve. The rate associated with the
distributed source is chosen as representing the actual
situation.

MAXIMUM-LIKELIHOOD CALCULATION OF
TIME-CORRELATED RATES

FIG. 4. Capture-time distributions for Pu-Be source centrally
placed X and uniformly distributed +.Also shown are results of
Monte Carlo calculation C made assuming 1-keV initial neutron
energy and infinite homogeneous medium.

eliminated a large class of multiple pulses which were
observed to trigger the system by accidentally satisfying
the coincidence requirements. In addition, acceptance
was contingent on the SUM film showing the first or e+

pulse with energy & 1.75 MeV, and &6.0 MeV; both the
second and third or neutron pulses with energy &5.5
MeV, and &10.0 MeV; and the time from the e+ pulse
to second neutron capture &60 @sec. The HI-LO film
was checked against the SUM record, and the further
criterion that HI and I 0 traces have an energy &1.5
MeV was applied.

We have used the high degree of time correlation ex-
pected in our experiment to distinguish the C(v„e+)2e
signal from uninteresting random backgrounds. A maxi-
mum-likelihood calculation was performed with filmed
oscilloscope data consisting of the amplitudes of the e+

channel, and the times to the first and second e-channel
pulses ti and t2.

lf the neutron-capture-time distribution is g(h), than
the differential probability distribution of ti and t2 is

C'Ns/Ch, Ch, =g(hi)g(h, ), hi&h, (2)

c2N Jg/chich2 ——7. g it~@ &t hy( h2 (3)

for the events arising from reaction (1). Events from
random coincidences will have a distribution in tj and f2

given by

NEUTRON CAPTURE VERSUS TIME

Since the identifying characteristic of the signal was
the time correlation between the e+ and neutron pulses,
it was necessary to determine the capture versus time
curve for a fast neutron introduced into the system.
This was done by combining a series of curves taken at
a series of radial positions with a Pu-Be source. The
resulting distribution was taken to be representative of
neutrons produced in the deuteron reaction. It is
recognized that the spectrum expected from the deu-
teron reaction differs from that of the source, but the
bag radius is sufficiently large I

1.5 m.f.p. (mean free
path) for a 5-MeV and -4 m.f.p. for a 1-MeV neutron]
so that the effect of leakage on the capture-time dis-
tribution should be small. In these source measurement,
the data were taken with the system operated in the p
mode except that the e+-channel gates were set to accept
the 4.4-MeV prompt 7 ray from the excited carbon
produced in the reaction Be'(n,n)Ci2*. The subsequent
neutron capture was counted in the e channel. The
results are shown in Fig. 4, which also includes the time
distribution observed for a centrally placed source and
the capture rates given by a Monte Carlo calculation in
an infinite medium from an initial energy of 1 keV.

The eGect of using the two drastically different
capture-time curves in a maximum-likelihood fit de-
scribed in the next section gives the results for the d-

where v is the mean time between rt-channel pulses. v.

was typically in the range 0.1—1 sec, and so the random
coincidence background was essentially constant over
the 60-psec range of interest of tj and t2. The maximum-
likelihood calculation then consisted of Inaximizing the
function'

W(S,B)=g 1nLSg (hi,.)g (hg, )+Bl

gm ax gm ax

s= gtao+ ~1

t Sg(hi)g(h2)+B]chich, (4)

with respect to the signal 5 and the background rate B.
ti,g is the minimum time between pulses which can be
clearly distinguished on the oscilloscope screen. This
expression for W(S,B) can be rewritten as

W(S,B)=Q 1nLSg(hi, )g(h2f)+B$ —SXI—BXAi, (5)

where g(h) is the single neutron-capture-time distribu-
tion normalized so that

1=0 2=0
g (hi) g (t2)chick 2

——1, (6)

~This formula is an application of the extended maximum-
likelihood method. See, e.g., J. Orear, University of California
Lawrence Radiation Laboratory Report No. UCRL-8417, 1958
(unpublished).
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TABLE II. Summary of maximum-likelihood results. A, G, C, and Il have Gd in the target bag;
5 is the time-correlated signal; 8 is the random background.

Run
configuration

and mode

A d mode
d bag

G @mode
d bag

Cb ™ode
p bag

tg mode
no bag

tg mode
no bag

p mode
tg bag

Integrated
Qux

(i ./cm')

1 08 X1020

1.97X10"

5 49X10'~

4 47 X1018

Run length
(Ii)

1079.5

102.2

198.1

571.6

53.9

42.6

Maximum
likelihood
(counts)

S=129&27
8 = (0.121~0.016)/v sec'

S=O+1

S=1.3+7.2
8=0.0220+0.0066

S=3.2+5.3
8=0.015~0.004

S=1+1

S„=535+87

Rate
(h ')

0.119 ~0.025
0.403 +0.053' (60-iisec gate)

0 +0.01

0.007 +0.036
0.399 &0.120

0.0056+0.0093
0.095 &0.025

0.02 +0.02

12.6 a2.0

To obtain the random background rate from the listed figures, multiply B by the square of the delayed-coincidence-gate length in microseconds and
divide by the run length in hours, e.g., (0.121&0.016) X (60)~/1079.5 =0.403 &0.053.

b The time correlation between pulses was taken here to be that for the deuterated scintillator. Since the actual capture-time curve is more peaked to-
wards shorter times. this assumption should accentuate the correlated signal, if any.

o The signal here is for the reaction p (ue, e+)n. As described in the section below on the determination of ed, protons external to the bag contribute to the
observed reaction rate. Neutrons produced in such external regions necessarily take more time, on the average, to disuse to the bag and be captured by the
Gd there. The time correlation associated with the centrally placed neutron source (Fig. 4) is, perhaps fortuitously, reasonably representative of this
situation, and hence was used in calculating the reactor-associated signal.

and I is the double integral over the visible region

4a ax tm ax

(7)

For the proton reaction,

ev~= Rv/Npo yf eve

=0.63&0.11,
t1= ttzp t2= tla p+ t1

It is to be noted that S is the total number of signal
events, visible plus invisible, and 8 is the similar total of
background events, but per psec'. In this experiment the
summation over i extends over all the events for which
the e-channel pulse delay times (ti,. and t2,.) lay within
the limits t1,& ti„, t2,.—t1,.& ti„, where t 1„——3.0 psec and
ts,.&60 @sec. W(S,B) was maximized relative to S and B
by a simple search procedure on the Case Univac 1107
computer. The results of these calculations are given in
Table II. Errors given are statistical only and were
calculated from the derivatives of the likelihood func-
tion at its maximum, i.e., at

where (see Ref. 7)
R„=535~87, proton signal,

nv=3.0S)&10"protons (in target bag),
o.„=(1.07&0.07))&10 4' cm'/fission v. ,

f= 4.47X 10"v,/cm',

e„.+= 0.58, positron detection efficiency,

e„„=neutron detection efficiency.

For the deuteron reaction,

dn &dn

eg = e„=(0.63+0.11)
&pn &yn

(10)

ÃV/Bn, =0,
where n1 ——S, a2 ——8, and the errors in S and 8 are ob-
tained from the error matrix. '

EFFICIENCY ed

Our interest is in determining the e%ciency ed for
detecting the reaction d(v„e+)2e. This requires a
knowledge of the efficiencies for positron and neutron
detection, ed,+ and ed„. The quantity ed„ is determined
by relating it to the detection efficiency for neutrons
produced in the reaction p(v„e+)I observed with the
same detector. Here ed, + is obtained from a consideration
of the positron and neutron spectra predicted for
d(v„e )2e. The ratio ed /ev„ is a function only of the
difference in the associated neutron spectra and the
location of the reaction.

In this calculation ed„refers to a source of P,-induced
reactions which produces neutrons within the deuterated
scintillator. e„„,on the other hand, takes into account
the contribution from target protons both inside and
outside of the deuterated bag. ' Here, the neutrons from
the proton reaction are reasonably considered to be
thermal, those from the deuteron reaction 0.25 MeV.
A Monte Carlo calculation was made to determine the

e„,+ is the fraction of the positron spectrum with KE between)1.75 and (4.6 MeV. This can be determined from the dashed
curve in Fig. 11 of Ref. 1.

8 The apparent detection efficiency for the proton reaction is
increased by virtue of the neutrons which are born outside the bag
but diffuse and are captured by Gd in the bag.

9 In considering the leakage of neutrons in the several kilovolt
range into and out of the bag, a plane approximation is excellent.
Accordingly, the result is independent of initial neutron energy for
the proton reaction.
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Fio. 5. Probability g of a first pulse to exceed the 2.25-MeV
threshold versus E, the maximum energy available (E =Ev,—2.98 MeV).

e%ciency with which neutrons produce scintillation
light via recoil protons. "

The energy partition has been calculated on a phase
spac~ basis for a similar situation. "

Figure 5 shows the probability g of a first-pulse energy
exceeding the chosen threshold energy of 2.25 MeV
plotted against E the maximum energy available
(E„=E„-,—4.0+1.02 Mev).

The calculation of positron detection efficiency ed,+ is
completed by determining the fraction of the positron
spectrum above the threshold 2.25 MeV having folded
in the cross section oq(E„-,)," the fission v, spectrum
rs(E„-,), '4 and the factor g.

&de+ =
.25

'fl,O gdEe+
2.25

spatial distribution for the thermalized neutrons from
the deuteron reaction starting from a uniform distri-
bution throughout the deuterated target. The fraction
thermalized in the bag was insensitive to the initial
energy, remaining in the range 0.74+0.06 for an energy
range 0.01—1 MeV.

At this point an additional Monte Carlo calculation
could have been performed to determine the proba-
bilities of capture by the Gd in the deuterated scintil-
lator in our 60-psec time gate for the proton and
deuteron produced neutrons. However, this seemed too
elaborate and the captures were estimated by means of
time-independent diffusion theory. The trick here was
to vary the capture cross section in the region external
to the bag. In this way, the capture ratio ev„/ez„was
found to be relatively insensitive to the capture time in
the external region, varying from 1.47 for 30-@sec
capture time to 1.65 for 90 @sec."Since the time gate for
acceptance of delayed coincidences was 60 @sec, the
value es /eq = 1.57 calculated for this capture time was
used in determining e~„. The final result is ed„——0.40
+0.07.

An attempt was made to determine the neutron de-
tection efhciency more directly by averaging the re-
sponse to a Pu-Be source placed in various positions
within the bag. The result was in agreement with the
number quoted above, but the uncertainties were
diS.cult to estimate.

The positron detection efficiency e&,+ is somewhat
complicated to determine for the deuteron reaction be-
cause of the three-particle final state which allows the
positron a wide range of energies for each incident F,
energy. In determining the fraction of the first pulses
seen with a given discriminator setting, it is therefore
necessary to take into account the energy partition
between the positron and neutrons and the relative

"The diffusion-theory calculation showed that the probability
of capture by the Gd for thermal neutrons varied from 0.97 for
j.0 +sec to 0.98 for 90 psec when the neutrons were initially dis-
tributed uniformly throughout the bag. This result indicates the
essential independence of the fraction of thermal neutrons cap-
tured in the bag with respect to the initial distribution of thermal
negtrong jn the bag.

Combining ed„and See+ we obtain

~g ——~d e+eg„'——0.10+0.034. (12)

The small adjustment described in Ref. 15 raises this

"The apparent energy Eo of a recoil proton of energy E~ in the
&1-MeV range is E0——0.26E„. See J. H. Munsee and F. Reines,
Phys. Rev. 177, 2002 i1969l.

"The calculation performed in this reference was for the
reaction 7,+d —+ p+n+7, . See Appendix I of Ref. 11.In order to
apply it to the present case the energy of the outgoing f, is re-
placed by the energy of the product positron. A more precise
treatment by A. McCone, Jr. (private communication) in which
various scat tering lengths are considered for the final-state
interaction gives the same result within a few percent."J.Weneser, Phys. Rev. 105, 1335 (1957). The cross section
given in this reference should be multiplied by a factor of 2
because parity is not conserved.' The earliest calculation of the expected cross section was made
by C. O. Muelhause and S. Oleksa, Phys. Rev. 105, 1332 (1957),
who measured the equilibrium beta spectrum from fission, deduced
the antineutrino spectrum, and applied the theory of Weneser
(Ref. 13).Their result, adjusted for the parity factor, is 4)&10 4'

cm'. A more precise measurement of the fission beta spectrum was
made by R. E. Carter, F. Reines, J.J.Wagner, and M. E. Wyman,
Phys. Rev. 113, 280 (1959).' Since it may be of importance to future measurements of o-d,

we note that a small correction to this cross section is required
because of the contribution to the proton mode of deuteron events
in which only one neutron was detected. Simple combinatorial
analysis shows that each deuteron reaction has a probability P& of
producing only one detected neutron, Pi ——2ed„(1—ed„). If we take
into account Pi, the relative number of protons and deuterons, and
the ratio o-„/o-d, the resultant efFiciency for detection of the proton
reaction should be lowered by approximately 2%. This implies an
&ncre@st: in the deduced value of o.z of approximately 4/&.

CROSS SECTION 0'g

We are now in a position to evaluate the experi-
mentally determined cross section O.d for the reaction
d(v„e+)2e averaged over the fission v, spectrum.

od Rg/I .gf——eg

= (2.9&1.5)&&10 ' cm'/fission v„
where

R ~ ——121&47, deuteron signal,

rsvp= 3.82&& 10'r deuterons (in target bag), (13)

f= 1.08)& 10"v./cm',
eg

——0.10&0.034.
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value to

oe=- (3.0&1.5)X IO '"' «in'/fission t, .

2n(t)

This cross section is to be compared with the theo-
retically expected value (see the Appendix). Using the
work of Weneser for o e(E;,) and the spectrum tt (E;,) of
Carter et al. , the value ad=1.7X10 '" cm'/fission f, is
obtained. A better measured fission beta spectrum due
to Wyman and Kutcher" leads to a more accurate F,
spectrum and a, predicted o.d ——(2.2&0.4)X10 4' cm'/
fission P,. The error in Oq reflects primarily the un-

certainty in the Gamow-Teller P coupling constant as
quoted by Winther and Kofoed-Hansen. "

A thorough study of fission chains by Avignone et al. '8

leads to a u, spectrum from which a value of op= (2.4
&0.4) X 10 "cm'/fission r, is deduced.

We find no disagreement between theory and experi-
ment but the errors are too large to make a detailed
comparison.
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Argument That d-Node Signal Is Due to
d(v„e+)2n Reaction (Table II)

A comparison of A and 6 shows a time-correlated
reactor-associated signal S. A and C indicate that the
signal is associated with the presence of target deu-
terons. Runs D and E are consistent with the absence of
a signal when deuterons and Gd capturer are absent.
Further identification of the reaction is provided by the
time correlation of the data shown in Fig. 6 which is
consistent with that expected for the known capture-
time distribution of neutrons in the target.

A maximum-likelihood analysis of the data obtained
in configuration A yielded a crude spectrum of first
pulses, i.e., those due to the positron slowing down and
annihilating and the neutron slowing down. This
spectrum as well as the first-pulse spectrum due to
accidental delayed coincidences is shown in Table III.

Argument That p-Mode Signal Is Due to p(v„e+)n

Independent runs not shown in Table II indicate the
presence of a time-correlated reactor-associated signal S.
These runs were consistent with the absence of a signal
when the reactor was off. The problem here is to be
convinced that the reactor-associated time-correlated
signal listed in Table II was not due to neutrons making
a recoil-proton pulse and then being captured in the
centrally located Gd.

'e M. E. Wyman and J. Kutcher (private communication);
J. W. Kutcher, Ph. D. thesis, University of Illinois, 1966
(unpublished).

"A. Winther and O. Kofoed-lansen, Kgl. Danske Videnskab.
Selskab, Mat. -Fys. Medd. 26, No. 6 (1951); Phys. Rev. 82, 96
(1951).These authors give CGT'/Cp'=1. 28&0,04, and g„'= (0.50
~0.06) X10 . Since gP/g =3CGT /(3CGT +Cp ) one obtains
g~'= (0.40+0.05) &410 ".E. J. Konopinski and L. M. Langer in
Annual Reviews of Nuclear Science (Annual Reviews, Inc. ,
Stanford, Calif. , 1953), Vol. 3, p. 261, quote a larger uncertainty,

30Po zn g' F.T.Avignone III, S.M. Blankenship, and C. W. Darden III,
Phys. Rev. 170, 931 (1968).

This possibility is ruled out by the shielding which the
outer scintillation liquid ()37 cm thick, p=0.9 g/cm')
provides to the neutron-capturing target. An earlier
experiment" showed that a reactor-associated signal ob-
tained with an unshielded target region was not affected

by the addition of such a shielding thickness although
the response to an Am-Be neutron source was reduced

by a factor of 15.

IMPROVEMENTS

The experiment could be improved in several ways:
Sharpen the time resolution so as to avoid the losses due
to the overlap of pulses; reduce the accidental back-
ground by decreasing the neutron-capture time and
hence the 60-@sec time gate; increase counting times so
as to reduce statistical errors. If all these steps were
taken, then a more thoroughgoing series of calculations
of positron and neutron spectra and associated neutron

TABLE III. Spectrum of first pulses from reaction d(P„e+)2N and
the accidental background spectrum.

(Mev)

2.6
3.5
48

Signal
(Mev ')

87+27
35&15
18& 7

Accidental
background

(60-psec time gate)

332~57
143~33
32&12

"F. Reines and C. L. Cowan, Phys. Rev. 113, 273 (1959).

0 I I I I I I I I t t t

0 5 IO I5 20 25 30 55 40 45 50 55 60
TIME AFTER INITIAL PULSE, t (psec)

FIG. 6. Measured capture-time distribution run A (d mode,
d bag). Notes: (1) 0—5 and 55-60@sec values adjusted to take
account of loss of pulses due to 3-psec resolving time (t~«) of
oscilloscope record. 0—5 psec scaled up to —',, 55—60 jmsec scaled up by.
—,'+ss X—',= 1.75. (2) Crude Gt made to measured neutron capture-
time curve. Points denoted by )(.
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slowing down and diffusion would be warranted as a
basis for more precise interpretation of the data.
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FIG. 7. Energy dependence of cross section for reaction
d(j„e+)2N after Weneser (Ref. 13). 2ge'&(10~'=8)&10 4'

cm'/MeV'.

where'(E„-, ) is the fission f, spectrum, and oq(E„-,) is the
theoretical cross section for f, of energy E;,.

From Weneser's paper we derive Fig. "l, which enables
an interpolation for o q(E„-,) between the values which he
calculated.

4,0 0

n (E„-,)dE„,= 6.I.p./fission-
~50-,

TAnLE IV. v, spectrum and cross section for d(v„e+)2n
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FIG. 8. Probability of reaction per Gssion versus
antineutrino energy.

The neutrino spectrum ts(E„-,) is derived from the
work of Vfyman and Kutcher" by simply reading
E„-,=Ee-+0.51 MeV. Table IV lists o q(E„-,), e(E;,), and
eo-~ in the range 4—10 MeV. Figure 8 is a plot of eo.~.


