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PART I 

MEASUREMENT OF THE FREE ANTINEUTRINO ABSORPTION CROSS SECTION BY PROTONS --- - - 

8 F. Reines and C. L. C o w ,  Jr. 

I. INTRODUCTION 

A determination of the cross section for the reaction: antineutrino 
( v - )  on a prokon (p+) to yield a positron (p+) and a neutron (no) 

Y - + p+ + p+ + no (1) 

enables a check to be made on the combination of f’undamental parameters on 
which the cross section depends. 
cross section are: 

Implicit in a theoretical prediction of the 

1. 
2. 

!The principle of microscopic reversibility, 
m e  spin of the v,, 
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3. 
4. 
5. The spectrum of the incident v, 's .  

The particular neutrino theory employed: 
The neutron half-life and i t s  decay electron spectrum, 

e.g. 2 or 4 component, 

An experiment t o  identify antineutrinos fram a fission reactorL was per- 
formed which yielded an approximate value for this cross section. 
t h i s  work, however (and prior t o  the parity developments involved in  point 3) 
the equipment w a s  modified i n  order t o  obtain a better value of the  cross 
section. The modification consisted i n  the addition of a cadmium salt of 
2-ethylhexanoic acid t o  the sc in t i l l a tor  solution2 of one of the detectors 
of reference 1, ut i l iz ing the protons of the solution as targets for  anti- 
neutrinos, and making the necessary changes i n  circuitry t o  observe both 
positrons and neutron and neutron captures in  the detector resulting f r a  
anti-neutrino induced beta decay i n  the detector. In addition, a second 
detector used i n  the experiment of reference 1 was now used as an anticoin- 
cidence shield against cosmic-ray induced backgrounds and s t a t i c  shielding 
was  increased by provision of a m t e r  tank about 12-inches thick below the 
target  detector. 
tron pulse followed by the capture of the neutron w a s  observed as a function 
of reactor power, and an analysis of the reactor associated signal yielded, 
i n  addition t o  an independent identification of the free antineutrino, a 
measure of the cross section for  the reaction and a spectrum of first pulse 
(or v - )  energies. Since the antineutrino spectrum is simply related t o  the 
f3+ spectrum the measurement yields an antineutrino spectrum above the 1.8 Mev 
reaction threshold. The spectrum is, however, seriously degraded by edge 
effects i q t h e  detector. 

i n  1953.3 
identification (whereas the W o r d  experiment was not) due t o  a series of 
technical improvements coupled w i t h  the bet ter  shielding against cosmic rays 
achieved by going underground. 
isolated power supply t o  diminish e lec t r ica l  noise from nearby machinery, 
bet ter  shielding from the reactor gamma ray and neutron background, a more 
complete anticoincidence shield against charged cosmic rays through the use 
of a l iquid sc in t i l l a t ion  detect0 and use of a large detector containing 
6.5 times as many proton targetsot'  In addition, oscilloscopic presentation 

d and photographic recording of the data assisted materially i n  analyzing the 
signals and rejecting e lec t r ica l  noise. 

Following 

The delayed coincidence count rate resulting frcm the posi- 

This experiment is identical i n  principle with that performed a t  Hanford 
It was, however, definitive from the point of view of antineutrino 

The improvements consisted i n  the use of an 

c' 

11. THE EXPERIMENT 

Figure 1 represents schematically the sequence of events which occur 
when an antineutrino is captured by a proton. 
process for  an average fission v, is determined f'ram the relationship 

The cross section Z for  the 
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where: R is the obse ed signal rate i n  counts/hr, 

assuming N = 6.1 v,/fission, 

n = 8.3 x 102 r i s  the number of target protons, 
f = 1.3 x 1013 u-/cm2 sec i s  the antineutrino flux of the detector, 

&p+ i s  the positron detection efficiency, and 
G O  is the neutron detection efficiency. 

Note that the mean cross section per fission,ZN, is independent 
of the number of antineutrinos assumed emitted by the fission- 
fragments per fission, N. 

Uncertainties i n  the v, flux f (5 - 10%) arise f r o m  imprecise knowledge of 
reactor power, uncertainty concerning energy released per f iss ion and the 
number of v, per fission, and incomplete knowledge of the f iss ion fragment 
distribution in the reactor. The v, energy spectrum is  determined f r o m  a 
measured f3+ spectrum (or the first-pulse spectrum of the antineutrino pro- 
duced delayed-coincidences a f t e r  appropriate energy resolution corrections). 
The energy EV, of the v, i s  related t o  Ea+, the kinetic energy of the product 
p+ , by the equation 

E,- = 3.53+Ea+ (mc2 units)  

We have neglected the  few kilovolt recoi l  energy of the product neutron. 

With these quantities i n  mind we w i l l  describe the ex riment i n  con- 
junction with a schematic diagram of the equipment, Fig. 2. ?f Assume that an 
antineutrino induced reaction occurs i n  the detector. 
by each of two interleaved banks of 55, 5-inch Dumont photomultiplier tubes 
i n  prompt coincidence within the 0.2 wec resolving time of the equipment. 
The signals are added by preamplifiers whose gains have been balanced t o  
allail for  slight differences in the response of the two phcrtamultiplier banks, 
amplified further and sent via  a 30 irsec delay-line t o  the deflection plates 
of a recording oscilloscope. 
separately t o  a prompt coincidence unit  (marked f3+) which accepts them i f  they 
correspond t o  pulse height amplitudes between 1.5 and 8 W v .  
an acceptable signal, the p+ scaler is tripped, and a gating pulse i s  sent t o  

(3/4 r25-3/4 Crsec) following the f3+ pulse, a neutron pulse corresponding t o  
an energy deposition of 3 t o  10 hlev i n  the antineutrino detector occurs (again 
in  prompt coincidence from the two interleaved photamultiplier banks) the 
neutron coincid.ence unit  signals a delayed coincidence. 
dence i s  registered by a scaler end triggers the scope sweep, allowing the 
ent i re  sequence which has been stored i n  the  30 irsec delay l ines  t o  be dis- 
played and p otographed. The neutron prompt coincidences are also recorded 
by a scaler.' Therefore, the r a w  data obtained for  analysis are the following: 
the  rates i n  the positron and neutron gates; delayed coincidence rate, scope 
trigger rate, pulse amplitudes and time intervals between pulses as seen on 
the recording oscilloscope. These data axe obtained w i t h  the reactor on and 
off and w i t h  gross changes i n  bulk shielding. 

The pf signal is seen 

A t  the same time the two signals are sent 

On receipt of 

the second coincidence unit (marked n). If during a prescribed time 5 4 \  

This delayed coinci- 
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tion t o  the above arrangement there is provision for  the reduc- 
t ion of cosmic ray associated background by means of an anticoincidence 
detector placed above the antineutrino detector as shown i n  Fig. 2. 
example, a pulse occurs i n  the anticoincidence detector of amplitude)O.5 Mev 
i n  coincidence w i t h  otherwise acceptable @+-like pulses, the event is not 
accepted by the @+ coincidence-anticoincidence unit  and hence is not recorded 
by the oscilloscope. 
radiation which m i g h t  reach the anticoincidence detector for  a bonafide v, 
event i s  a t  most 0.5 Mev. In order t o  reduce the background from events 
secondary t o  the passage of high energy (> 8 h v )  charged cosmic rays and 
delayed i n  time, the @+ coincidence uni t  had incorporated into it a long 
upper gate which rendered the system insensitive for  
a pulse. 
of the distinctive visual record. 

If, for  

This is  a reasonable cri terion since the annihilation 

60 psec following such 
Pulses triggered by e lec t r ica l  noise are a lso e l m n a t e d  by means 

IIa. CALIBRATIONS 

Calibrations of energy and time-interval response were made periodically. 
The first was accomplished by employing the p-meson "through-peak" energy, the 
second by means of standard time markers put directly on the oscilloscope 
traces f r o m  a crystal  oscillator. 
delay calibrator designed for  the purpose. Fig. 3 shows the through-peak, a 
pulse-amplitude distribution resulting f r o m  the ver t ical  passage through the 
tank of penetrating cosmic ray p-mesons, taken before and after the present 
experiment for  each of the two interleaved shotomultiplier tube banks. Since 
most of the mesons are mfn ionizing, and the depth of the liquid i s  
60 cm, the specific energy% i n  the liquid of 1.57 Mev/cm gives the loca- 
t ion of the peak as 100 Mev. 
than that calculated from the energy loss/cm times the tank depth because of 
the f i n i t e  lateral extent of the tank and the angular distribution of the 
cosmic rays. 
response is proprotionalto the energy deposited i n  it, a stmdard linear 
pulser was  calibrated with the through-peak amplitude and then used t o  cali-  
brate the system in turn and s e t  the appropriate gates. 
using a r t i f i c i a l  radioactive sources and the p-meson decay electron spectrum 
end point i n  our large l iquid scint i l la t ion detectors, the error i n  energy 
calibration is  believed t o  be l e s s  than f 103. 

G&e lengths were checked against a time 

The peak represents a slightly higher energy 

The peak is  located t o  an accuracy of k 5$. Since the detector 

Based on measurements 

IIb. DETERMINATION OF THE SIGNAL RATE, R 

The signal rate R was determined f r o m  the four  series of measurements 
surmnasized i n  Table I. In principle the procedure i s  straightforward: the 
accidental background rate A ( h r - l )  is determined for  each run from the relation 

where: Z = 25 x sec, delayed coincidence gate length, - n and B+ are the rates averapr? over each run as measured by the 

a = overlap factor for  counts i n  n and p+ gates. 
scalers, and 
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We see from a canparison of the delayed coincidence ra te  a s  given by the 
scalers and film analysis, however, that about l /3  of the scaler ra te  i s  
rejected a s  unsuitable on inspection of the film traces. This means that 
the accidental background ra te  calculated for  the record n and f3+ scalers 
is too high by a factor of about l/3. In addition, since the energies in 
the n and p+ gates overlap, and Judging by the rates i n  these gates, 
1.23) 0 ) 1.00. Basing our calculations on the scope films, we find the 
net ra tes  ( to t a l  l ess  accidental) for the four categories of runs which we 
l i s t  i n  Table 11. 
quote R = 36 f 4 hr-l, where f 4 includes the s’ ta t is t ical  error l i s t ed  i n  
column @ and an allowance for  the drift i n  the energy calibration, which 
analysis of the data shows l ikely t o  have occurred i n  the period between the 
ser ies  of runs A and C. The r a t io  of the z/p+ rates is lower for  runs C than 
for  A. 
since the background spectrum decreases monotonically with increasing energy, 
and an increase i n  gain would bring i n  relatively more later energy pulses. 
Runs  D were made t o  demonstrate that the sawdust shield, though effective i n  
reducing neutron signals from an Am-& source (and hence reactor neutrons) 
by a factor of 15 and gammas by a factor of 2, had no effect  on the anti-  
neutrino signal. 
change i n  reactor parer which happened t o  coincide w l t h  these m s .  When 
corrected for  this rise in reactor pmer the resul ts  from D are consistent 
w i t h  the other runs. 

Since a (1.23 and t h e  t ru th  i s  between @ and @ , we 

This is consistent with an increase i n  the overall gain of the system, 

The antineutrino flux during D was up by lo$ because of a 

IIC . SIGNAL/BACK(IROUND 

From Tables I and I1 we conclude that the signal t o  t o t a l  background 
r a t io  is approximately l /5  w i t h  the background about equally divided between 
correlated and accidental events. 
neutrons produced by p-meson capture in the vicinity of the detector: 
f irst  pulse is produced as a proton recoil, the second by the capture of the 
neutron i n  the sc in t i l l a tor  cadmium. The correlated reactor associated back- 
ground i s  deduced from the absence of an observable effect  due t o  the 75 cm 
sawdust shield (density 0.5 g./cm3, neutron shielding factor; 15) t o  be 41/10 
the signal. An accidental background increase of 15 hr-l  was associated w i t h  
the reactor so that the si@ t o  accidental reactor-associated background 
r a t io  was about 2/1. 

Correlated events ar ise  primarily from f a s t  
the 

IId. EFEICIENCY ESTIMATES 

~n order t o  evaluate the cross section, we require the efficiencies cp+ 
and Since these quantities were inferred rather than measured directly, 
some discussion of the efficiency evaluation procedure employed is  i n  order. 

It is evident that the fl+ detection efficiency is high because of the s m a l l  

1.5 + 8  
To estimate this probability, plots were made of the first pulse spectrum 

probability of p+ leakage from the detector. 
w h a t  probability the event f e l l  within the energy gates employed, i.e. 
Mev. 

The problem is t o  determine with 
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w i t h  the reactor on and off as measured i n  runs A, B, C. 
spectrum of first pulses scaled t o  run time of 47.3 hrs. 
points are seen t o  drop sharply, a fac t  attributed t o  the effect  of energy 
gates cutting into the spectrum. 
t o  r i s e  with decreasing energy, the reactor on-off difference was scaled up by 
a factor determined from an extrapolation to lower energies and is shown on 
the first pulse difference curve on Fig. 5.  In deriving the difference curve, 
no account was  taken of the increase in  accidental background associated with 
the  reactor, and so the curve r i s e s  more sharply at  lower energies than does 
the true p+ spectrum. The p+ detection efficiency was deduced from t h i s  curve 
by extrapolating t o  the origin and measuring the fraction of the -ea i n  the 
experimental vs the extrapolated curve. 
efficiency sa- hat because a subsequent measurement of the ungated spectrwn 
seen from a Cugx, f3+ source dissolved i n  the  sc in t i l l a tor  showed no pulses of 
energy < 0.45 Mev, whereas we have here assumed pulses down t o  0 Mev, 
ingly, the p+ efficiency estimate from Fig. 5 ,  (0.81) is raised slightly and 
taken t o  be = 0.85 ?r 0.05, where 0.05 is  meant t o  indicate the limits of 
error i n  €p+. 

Figure 4 shows the 
The lowest energy 

Since the backgkound spectrbn should continue 

This procedure underestimates the 

Accord- 

The neutron detection efficiency is  somewhat more d i f f icu l t  t o  estimate. 
This efficiency is given as the product of three factors: 

‘n 
where: €nl = 

en2 

(5) 
probability tha t  the neutron w i l l  not leak out of the system, 
probability that the neutron w i l l  be captured i n  the sc in t i l l a tor  
cadmium in  the 25 wec time interval (3/4 -+ 25-3/4 wec)  after 
i t s  birth. 
probability that the neutron capture gamma rays w i l l  produce a 
signal which falls within the chosen energy gates, 3 - ) lo  hv. 

GL is  estimated 
within an antineutrino produced neutron mean free path of the detector surface. 
Frau the conservation laws applied t o  reaction (1) the neutron energy is  
5 10 kev and therefore has a mean free path i n  the sc in t i l l a tor  of about 1 cm. 

The fraction of the detector volume within 1 cm of the edge is about 6% and 
approximately 1/2 (or 3$) of the neutrons born i n  this region w i l l  be travel- 
l i ng  outward, hence €nl = 0.97. 

is  the leas t  certain of the factors involved i n  the neutron detection 

calculated via  the Monte Carlo method for  casespinvolving higher Cd/H rat ios  
than the one used i n  t h i s  experiment (here Cd/H = 0.000145) and by integration 
of the cadmium capture probability for  thermal neutrons f’rom 3/4 +25-3/4 psec 
after the i r  introduction in to  the scint i l la tor .  The interpolation gives 
en2  = 0.15 w i t h  a f 0.02 uncertainty. 
sc in t i l l a tor  hydrogen the mean time for  capture Zm = 161 psec, and the 
capture probability i s  calculated t o  be 0.142. Since the mean capture time i n  

f r o m  a consideration of the detector volume f’raction 

iciency. It was estimated i n  two ways: by interpolation of the curves 

Neglecting capture competition by the 



- 7 -  

scintillator hydrogen rE = 235 Psec, the hydrogen captures in this period 
lower the captures in Cd so that e = 0.135. n2 

en is estimated in much the same way as was e@+. 
pulse 3spectra in runs A and B normalized to 47.3 hrs . 
difference spectrum and ALIIL;! = 0.68. 
no allowance was made for the accidental background, we take 

Figure 6 shuws the first 
Fig. 7 shows the 

Since, as with the first pulse spectrum, 

where & 0.05 is meant to indicate the limits of error in €n2. 

Summarizing, 6, = 0.97 x 0.75 x 0.14 = 0.10. It seems reasonable to 
asbign error limits of f 205 to this efficiency. ~n experimental attempt to 
measure the neutron detectiw efficiency succeeded only in setting a lower 
limit of 6$. 
between the pairs of pulses ccunprising the delayed coincide ces. 

Figs. 8 and 9 show the distribution of time delay intervals 
The curves 

are characteristic of neutron captures in the scintillator. IS  

IIe. THE CROSS SECTION 

Inserting the efficiency numbers etc. into Eq. (2) we find the cross 
section for fission antineutrino absorption by protons. 

36 4 
0 u =  

3600 x l.=O13 x 8.3~30~' x (0.85 f 0.05) x (0.10 f 0.02) 

or, 
3 = 6.7 e . 4  x loA3 cm2/fission 

where the 2 is obtained by adding the listed errors and hence is a severe 
estimate of the uncertainty. 

IIf. TEEE v, SPECTRUM FROM FISSION FRAGMENTS 

It is possible to deduce the fission fragment v, spectrum from a measure- 
ment of the @ energies in reaction (1) and a knowledge of the cross section 
for the process. Because of the large experimental error involved in our 
determination of the f3+ spectra, the resultant v, spectrum is very poorly 
determined. A p a r t  
f'ram statistical fluctuations the major uncertainty is in the energy resolution 
of the system. 
lation gamma ray frm the detector and the poor energy resolution (;t 25%) for 

Nonetheless it seems worthwhile to make such a deduction. 

W s  uncertainty is due to leakage of one 0.511 Mev annihi- 
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1 Mev deposited in the large detector. 
the spectrum was checked by dissolving a C~~~-octoate source in the scintil- 
lator and measuring the energy spectrum. It was somewhat distorted, but the 
main effect was to drop the energy by about 0.5 Mev. 

The effect of gamma ray leakage on 

The p+ spectrum n(Ep+) and v, spectrum m(Ev,) are related 9 by the equation 

Fig. 10 shows m(Ev,). Gamma ray leakage was considered in that the f3+ curve 
was shifted to the right by 0.5 &v prior to the calculation. 
not considered sufficiently accurate to warrant estimation of the distortion 
due to the energy resolution of the detector. 

The data are 

111. REMARKS CONCERNING AN IMPROVED MEASLHiEMENT 

At least two major improvements could be made in this measurement to 
increase the counting rate and improve the energy resolution. 
detection efficiency can be raised from its present 10s to about 80$ by 
increasing the cadmium content of the scintillator by a factor of 20. 
can be done without unreasonable reduction in the light transmission and 
scintillator efficiency by using the highly purified cadmium octoate, recently 
developed by A. R. Ronzio.10 

The neutron 

This 

In addition, redesign of the detector using an inner “cadmiated” region 
enclosed in a noncadmium bearing scintillator would minimize end effects due 
to gamma-ray leakage from the detector. Such an increase in detection efficien- 
cy would enable a factor of ten reduction in the size of the antineutrino 
sensitive (or cadmiated) volume without undue sacrifice in signal rate. 
presently available antineutrino fluxes, a signal rate of 30 hr-l or more would 
result from the smaller improved detector. The signal-to-accidental background 
ratio would be raised by a factor of about ten for a 25 psec delayed coincidence 
gate because of the increase in the signal rate and the decrease in detector 
size. 
ray correlated events which are due to a neutron produced by cI-meson capture 
in the vicinity of the detector. 
tubes placed around the cylinder w a l l  would make for a uniform light collection 
and hence improved energy resoltition. 
cosmic rays with the anticoincidence detector as before, and much the same 
electronics could be used. 

At 

The uncadmiated scintillator blanket should help shield against cosmic 

A cylindrical shape w i t h  photomultiplier 

This detector could be shielded against 

IV. RESULT 

The measured cross section for the absorption by protons of fission 
fragment antineutrinos is ‘ON = 6.7 k 2.4 x 10-43 cm2/fission. 
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PARTS LIST 

Electronics parts list Model LASL Rrawing Number 

Preamplifiers 250 4Y-26448 C-3 

Amplifiers 251 4Y -26760 

Positive HV Supplies 21 4Y-26794 C 

Scalers 720 4Y -26722, 4Y -26062 

75a 4Y-26065 C-8 

Coincidence-wticoincidence units 1 4Y-26845 D-2; 4Y-26844 D-2 

Recording Oscilloscope 2 4Y-26807 

Pulser 5 6  4Y -26689 

Pulse-height Analyzer 103 4Y-26522 

Scope Camera Power Supply 33-22101, c-i 

Time Delay Calibrator 101 4Y -26179 

Delay Lines 

Scope Camers 

HH 2000 .I RG 176/u 

35 mm Fairchild Model F-246A 
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Figure 5. Positron spectrum, A1/(A1 + +) = 0.81. No correction is  made here 
for reactor associated background. 
energy part of the spectrum and hence €p+ > 0.81. W e  
“p+ = 0.85 f 0.05. 

This background raises the lower 



- 18 - 

v) 
K 
I 

800 I I I I I I I I 
I 

'\ 

1 I , 4X:HRS UORMALIZED I TO I \j 
IO0 

0 2 4 6 8 IO 

400 

> w 
300 

t- 100 w 

0 

SECOND PULSE, MEV 

CONSERVATIVE LOWER LIMIT 

2 4 6 8 IO 
NEUTRON CAPTURE SPECTRUM, MEV 

Figure 6. Second pulse spectrum. 
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PART I1 

EXPECllED CROSS SECTION FROM MEASUREMENTS OF FISSION 
FRAGMENT ELECTRON SPECTRUM 

R. E. Carter, F. Reines, J. J. Wagner, and M. E. W y m a n *  

I. 1 ~ O D U C T J . O N  

I n  Part I of t h i s  paper a measurement of the cross section for the re- 
action v-(p+,no)p+ for  antineutrinos from fission fragments is described. In  
order t q p r e d i c t  the average cross section for  t h i s  reaction, one needs t o  know 
the energy spectrum. 

A measurement of the electron (beta) energy spectrum fram fission, en- 
ables a determination of the end point distribution for the beta emitters in- 
volved. 
spectra, one can calculate the required antineutrino spectrum. Muehlhause and 
Oleksal made such a measurement but the i r  resul ts  did not permit an unambiguous 
interpretation of the cross section i n  t e r n  of the two-component or  four- 
canponent theory of the antineutrino. 

Since th i s  is a l s o  the end point distribution for the antineutrino 

In the present experiment (Fig .  1) a single plastic sc in t i l l a tor  was 
used as the electron spectrometer. This type of detector has a low gamma sen- 
s i t i v i t y  wi th  nearly 100 percent efficiency for electron detection. A gas flow 
proportional counter placed between the f iss ion source and the sc in t i l l a tor  w a s  
used as a transmission cOunter t o  signal the passage of an electron through it 
in to  the scint i l la tor .  
the number of events subjected t o  pulse height analysis was about 1/4 the t o t a l  
sc in t i l l a tor  counts. A fission counter was used as the source of f iss ion elec- 
trons i n  order t o  determine the number of fissions involved i n  the measurement. 
This sc in t i l l a t ion  spectraneter with its known gemetry and a suitable energy 
calibration was used t o  measure the number. of electrons per f iss ion as a func- 
t ion of energy from 1.5 t o  8 b v .  

Using t h i s  system for  gating a pulse height analyzer, 

* University of California, Los Alamos Scientific Laboratory, Los Alamos, 
New Mexic 0. 



11. MPERIMFmwJTEcHNIQUES 

The electron detector (Fig. 1) was a right c i r c u a r  cylinder of Plasti- 
fluor B,2 1-1/2 inches long and 1-1/2 inches i n  diameter, cemented t o  a mUnont 
62% photanultiplier. 

The fission beta source 
cylinder, and was sufficiently 
i n  essentially paral le l  paths'. 
for scattered electrans, was 4 
8 Mev electron, 

was located on the axis of the sc in t i l l a tor  
distant so that all detected electrons traveled 
The resultant path i n  the scint i l la tor ,  except 

gms/cm2, which is about the maximum ran@ of an 

The 1.0639 MeV gamma ray of Biz07 which converts i n  both the K and L 
shells t o  give an effective electron l ine  of .991 MeV (for the resolution of 
t h i s  system) was adopted a s  a convenient calibration standard (Fig. 2). An 
aluminum absorption measurement, using other conversion l ines  of Bi2 7 ( E r  = 
.>TO Mev) and Cs137 (E = .660 MeV) indicated an energy loss of -043 MeV at 

The energy scale WRS checked within 1 percent at  2.526 MeV us i  
line. A measurement of the end points of the beta spectra of 3 0  and A128 agreed 
with the w e l l  known values of 5.41 and 2.87 Mev, respectively (maxi 
ta inty 2 percent). In  the course of the present experiment the Rhlrend point 
was determined a s  2.45 MeV. 

the .991 l ine  due t o  t x e materials present between the source and the detector. 
the T12@(Th C " )  

Uncer- 

The resolution (fill width at half-maximum) for  monoenergetic electrons 
w a s  18.5 percent fo r  the 624 kev Cs137 line,  and 15.3 percent for  the 976 kev 
Biz07 l ine  (K-conversion l ines  only). 

The proportional counter of Fig. 1 was made of two parallel subcounters 
w i t h  a square cross section, with .005-inch s t e e l  center wires. 
w a l l  between these two subcounters and the two sides in  the path of the elec- 
trons were .OOO25-inch aluminized Mylar. 
gave a relatively small spread i n  pulse heights f'rosn monoenergetic electrons 
of minimum specific ionization, and also gave reasonably small variations i n  
the time of formation of the pulse a f t e r  the electron had traversed the counter. 
The counting gas, 97 percent argon and 3 percent ethane, flawed continuously. 
The electrons traversed 6.9 mg/cm2 of material i n  going through the counter. 
The most probable pulse size produced by a 991 kev electron was 4.2 kev. 

The common 

This system was chosen because it 

The pulses frcnn the photomultiplier were amplified by both a relatively 

The signal frcxn the fast amplifier, together with that from 

The signal from the slow amplifier w a s  analyzed 
The widths of the pulses i n  the co- 

slow (.3 psec r i s e  time) l inear amplifier, and a fast (.1 psec r i s e  time) am- 
p l i f i e r  (Fig. 2). 
the transmission counter, were fed t o  a coincidence circui t ,  the output of which 
gated a 100-channel analyzer. 
i n  the 100-channel pulse height analyzer. 
incidence c i rcu i t  (1 psec t o t a l )  and the width of the gating signal t o  the 
analyzer (4 psec) were narrow enough so that, w i t h  the counting rates employed, 
not m o r e  than .1 percent of the analyzed counts could have been accidental. 

Studies &e w i t h  a pulser on the pulse widths and delays of the two 

An additional empirical check on the ent i re  
channels of the coincidence circui t  proved that the coincidence and gating sys- 
tem w a s  100 percent efficient.  

2 



system was made by ccurparing the singles counting ra te  i n  the sc in t i l l a tor  
with the number of amalyzed counts for a pure beta emitting source. 
measurement gam an efficiency greater than 95 percent, 

graunds caused by the reactor (Omega West Reactor at Los Alamos Scientific 
Laboratory). The number of electrons from the source which might be scattered 
in to  the sc in t i l l a tor  by the lead was reduced by the polyethylene ring system. 
The sc in t i l l a tor  i t s e l f  defined the solid angle for detection. In’order t o  
minimize the energy loss of the electron before entering the sc in t i l l a tor ,  the 
lead collimator and i t s  5-inch diameter aluminum eztension were capped w i t h  
.0002p-inch mlar, and the chamber thus formed was f i l l e d  w i t h  helium. 

This 

The purpose of the lead shield shown in Fig. 1 was t o  reduce the back- 

Concern about the effect  of the shield system on the f iss ion electron 
spectrum led t o  a measurement both w i t h  and w i t h o u t  the  shield. The electron 
spectra in the two cases were almost identical. 
allowed beta spectra showed sane distortion, but the indications are  that the 
f iss ion spectrum i n  the energy range fran about 1 t o  8 MeV is distorted very 
l i t t le.  

For a point source, the background could be obtained by absorbing the 
electrons i n  a conical shadaw shield placed at the appropriate point between 
the source and detector. 
electrons, and w a t l d  allow a l l  scattered electrons and other counted radiation 
t o  be properly subtracted f’romthe gross counting rate. 
not permit this, and a shadow cone placed a t  even the optimum position wi l lun -  
fortunately remove sane of the electrons which should properly be considered 
background. For the present measurements, a 3/4-inch thick graphite shadow 
shield was inserted as shown i n  Fig. 1, and the resulting counts were subtract- 
ed as background. This w o u l d  leave a net count which tends t o  be too large. 
On the other hand, without the shadow shield, stme electrons which start fran 
the source towards the sc in t i l l a to r  w i l l  be scattered out by gas and winduws 
before reaching it. This w i l l  ive too l a w  a counting rate,  Indications are  
( f r c o n  a calibrated B i 2 q  source f that neither of these two effects, which tend 
t o  canpensate, is greater than 10 percent. 

of the system, it was necessary t o  know the number of fissions. 
complished by making the fissionable material the collecting electrode of a 
f iss ion counter (Fig. 1). 
thicker f o i l  produced a count in this chamber, so the fission source strength 
was obtained by d t i  lying the fissgon counting ra te  by the accurately known 
re lat ive amounts g f $35 on the two foi ls .  The reactor operating at  800 ICW 
produced about 10 slow neutrons per cm2/sec on the fo i l .  The uncertainty i n  
the source strength is not more than 2 percent. 

Similar measurements with 

Such a shaduw cone w o u l d  remove only the primary 

A f in i t e  source does 

In order t o  canpute the number of betas per fission f r c p n  the gemetry 
This was ac- 

None of the fission fragments produced i n  the 

Additional measurements were made of the increase w i t h  time of the num- 
After the fission f o i l  had been irradi-  ber of betas per fission above 1Mev. 

ated for  about an hour, t h i s  quantity reached a value which is within 3 per-. 
cent of the value a t  the end of a 6-hour irradiation. 
started after the source had been under irradiation for 1-1/2 hours. 

The present data were 

3 



111. CORRECTIONS 

A f t e r  a 2 percent counting ra te  correction and background subtraction 
were made the spectrum was raised 0.063 Mev t o  canpensate for  the energy 
degradation by material between the beta emitting fission fragment and the 
p las t ic  detector. 

If the resolution f'unction of the system (its response t o  monoenergetic 
radiation) is known, the correction for a continuous spectrum is straight- 
forward.3 Since monoenergetic electrons i n  the region of 1.5 t o  8 MeV were 
not available, the resolution function could not be measured. The probable 
form of t h i s  function mst be considered i n  order t o  estimate the effect  on 
the f inal  result .  

An electron, stopped i n  a scint i l la tor ,  produces a finite number of 
photons. 
t ion f'unction. 
not deposit a l l  the i r  energy i n  it. 
strahlung, the photons escaping fromthe scint i l la tor .  
in to  bremsstrahlung for  a p las t ic  of th i s  type i s  less than 3 percent i n  the 
important energy region of the spectrum (between 2.5 and 5 Mev). 
electrons entering the sc in t i l l a tor  are scattered back aut the front surface 
without depositing their  full energy. The backscattering from this sc in t i l -  
l a to r  material has been observed t o  be 4 p rcent for the beta spectrum of Ytgo 
which has an end point energy of 2.18 Mev.' The fraction of electrons back- 
scattered a t  higher electron energies is  assumed not t o  increase markedly. 
The effect  of electrons which scat ter  out the sides of the sc in t i l l a tor  was 
studied for  the f iss ion beta spectrum. 
sc in t i l l a tor ,  the sc in t i l l a tor  itself determined the aperture of the system 
and should exhibit a maximum edge effect. 
inches diameter by 3 inches thick) the shield acted as a sanewhat inefficient 
collimator w i t h  at  least half the sc in t i l l a tor  area shielded. 
shapes as seen by the two dissimilar systems were identical but the larger 
sc in t i l l a tor  gives about 5 percent more betas per fission at any energy. 
sets an upper l i m i t  on the number of electrons scattered aut the sides of the 
1-1/2 inch sc in t i l l a tor ,  since the uncertainty i n  the  geometry for  the larger 
system could account for the ent i re  difference. This also demonstrates that 
the small sc in t i l l a tor  i s  thick enough t o  detect the high energy end of the 
spectrum. 

The s t a t i s t i c s  af this process give a predictable gaussian resolu- 
However, some of the electrons incident on a sc in t i l l a tor  do 

Scme electron energy is l o s t  t o  btems- 
The t o t a l  energy going 

Some of the 

For the data  taken w i t h  the 1-1/2 inch 

With a larger sc in t i l l a tor  ( 2 4 2  

The spectral 

This 

Hence the resolution func thn  i s  the sum of two components. The first 
is the gaussian resulting from about 90 percent of the electrons which deposit 
the i r  full energy i n  the scint i l la tor .  
relatively small displacement, upward i n  energy, has been ccmputed t o  be 3 kev 
at  1 Mev increasing t o  48 kev a t  8 MeV. 

Its effect  on the true spectrum, a 

The form of the other component, corresponding t o  the remaining 10 per- 

Various experimentalists have found that 

A rectangular ta i l  extending t o  zero energy has the greatest effect  

cent of the electrons, is unknown, except that it w i l l  appear as a "tail" on 
the l o w  energy side of the gaussian. 
the'shape of the "tail" may range f r o m  triangular through exponential t o  rec- 
tangular. 
on the spectrum. I n  t h i s  case, the electrons i n  the "tail" would not contribute 
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perceptably t o  the presently observed spectrum above 2 Mev. 
trum would be too low by the f‘ull 10 percent. 
be about 7 percent. 
the true value. 
a correction equivalent t o  about half that considered above for  agreement with 
the theoretical shape. 

The observed spec- 
A t  1Mev the correction w o u l d  

Only sanewhere beluw .5 Mev would the curve r i s e  above 
It should be noted that the A128 spectrum of Fig. 3 requires 

IV. m m m  
The distribution of sc in t i l l a tor  pulse heights for  the electrons emitted 

f r c p n  f ission fragments is sham i n  Fig. 4. 
inch thickness of graphite as a shadow absorber i s  shown on the same figure. 
During the course of experimentation the fission beta spectrum was measured 
w i t h  different solid angles, w i t h  and without shielding, and w i t h  different de- 
tectors. 
(within s ta t i s t ics ) .  
as described and represents only one of the many measurements. 
rected as indicated i n  Section I11 and transformed t o  betas per f iss ion per 
MeV is shown i n  Fig. 5. 

The background obtained w i t h  a 3/4 

In  each case the shape of the spectrum above l MeV was invariant 
The data presented here are from the experimental system 

The data cor- 

Y(Ep) = 3.88 exp [ -.575 EB - .055 $1 
(Ep is the electron kinetic energy i n  Mev) is an analytic f’unction which f i ts  
the experimental data i n  the important energy region. 
solid l ine  on Fig. 5. 
distribution was calculated on an IBM 704 electronic cmputing machine for 
emitters with Z = 32 and a lso  for Z = 60 (Fig. 6 ) .  
tributions the neutrino spectra were calculated. 
culation see Appendix II. 
beta spectrum. 

It i s  represented by the 
U s i n g  t h i s  analytic expression, a beta spectra end point 

From these end point dis- 
For the de ta i l s  of t h i s  cal- 

These spectra are shown i n  Fig. 5 along w i t h  the 

The antineutrino absorption cross section per fission is then given by 

NU = 4 E  V -  1 P (E v-)a v ,  (2 1 
1.8 M ~ V  

the theoretically predicted cross section as a fbnction 
of %he antineutrino energy (for details see Appendix I) .  

the number of antineutrinos per fission per MeV a t  energy 
E .  v -  

The number of antineutrinos per f iss ion above the threshold for  the re- 
action is 

N =  ( 3 )  
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The average absorption cross section per antineutrino above the thresh- 
old for the reaction i s  

U s i n g  the values of P(E v ) from Fig. 5, N;, N and were calculated 
for  Z = 32 and 60. The results &e shown i n  ?lable I. 

TABU3 I. Summary of Results 
- 

Z N'ii N (above 1.8 MeV) U 

32 5.2 x cm2/fission 1.85 v-/fission 2.8 x an2/ v ,  

60 6.2 1 0 - ~ 3  2.02 3.1 10-43 

2 As the best value of N'zi we quote NG = 5.7 x cm /fission. 

v. I I L I T Y  

It is  d i f f icu l t  t o  determine the errors i n  an experiment of th i s  type 
where absolute values of quantities are required. 
sources of error and an estimate of t he i r  effect  on the final cross section pre- 
diction: 
( c )  background, +8 percent; (dJ uncertainty in  applying corrections for  energy 
loss and symmetrxcal part of resolution, +1 percent; (e )  analytic f i t  t o  data, 
+2 percent; ( f )  uncertainty i n  the theorezical cross section for  monoenergetic 
&ineutrinos caused by the uncertainty in the  measured neutron half-life, - +l3 percent; ( g )  distribution of the Z ' s  of the fission product beta emitters, - +5 percent (see Table I )  . 

The following is a list of 

(a) t o t a l  fissions +2 percent; (b) energy calibration, 21 percent; 

Considering only the sources of error indicated above, a maximum uncer- 
ta inty of +25 percent could be assigned. 
the correcx answer should f a l l  within +l5 percent. 

It seems reasanable t o  beliete that  
- 

There is an uncertainty which is not included i n  the above. It was not 
possible t o  correct our results for  the asymmetric resolution of the scint i l -  
l a to r  and the departure from secular equilibrium of the fission beta spectrum. 
The correction would be such as t o  increase the cross section per fission by an 
amount which should not exceed 10 percent. 

He ce our resul t  of 5.7 x 10-43 cm2/fission could e raised as high as 
6.3 x &3 cm2 and should have a reliab l i t y  of +1 x 10$3 cm2/fission. A 
reasonable resul t  would be 6.0 + 1 x 10' t 3 cm2/fi&ion. - 

On the same basis, the value of the antineutrinos per fission above 1.8 

The cross section per antineutrino above 1.8 MeV would be 3.1 + .4 x 10-43 

MeV i s  2.0 - + .2 v-/fission. 

cm2/ v - . - 
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APPENDIX I 

The predicted cross section for  y,(p+,no)p+ 

For a monoenergetic V-  a s  derived for the four-component neutrino by 
Konopinski (private communication - 1953), and others, 

r .I- -- 

2 Mn - M = neutron, proton mass difference and mc is the rest energy of the . 
P electron. 

I- 1 - = 2.530 and threBhold is a t  2.530 + 1 = 3.530 

= 3.530 x O . 5 l l  = 1.804 Mev. 

According t o  DuMond and Cohen,' h/mc = 2.426 x cm, or 

As pointed aut by Lee and Yang, and others,6 the formula can be generalized t o  
include the two-canponent neutrino by addition of a factor P which is unity i n  
the far-component theory and 2 for the two-ccnrponent neutrino. 
follows frcunthe restr ic t ion i n  the two-cosnponent theory of final s ta tes  i n  the 
neutron decay. 

This resul t  

u(E v,  ) = - 2 %  O2 x 1.491 x (E V ,  -2.530) 4 (E V, -2.530)* -1 ( 6 )  

where : E =  
V ,  

G2 = 

P =  

antineutrino energy i n  mc2 units 

appropriate f3 coupling constant 

parity factor = 1, four-cosnponent V ,  

= 2, two-component v,. 

We w i l l  evaluate 

If we redefine G i n  terms custamrily used i n  p decay theory, 

@ - at'rom the properties of neutron decay. 
2 

2 4  G2/2 a = g2/2r x m f i  . 
7 



Then 

and 

where /0.693 = (12 - + 1.5/0.693) x 60 = 1040 5 130 sec and7 

the Fermi function F(7  o) = F(P-/mc) = F(2.324) = 1.633. 
7n = '1/2 

The f3' spectrum from neutron decay measured by J. M. Robson8 is consist- 
ent wi th  an allowed shape having an end point of 782 kev. 

77 2.426 x 10-lo)3 1 1 
( 2 a  1040 - + 130 1.633 = 

3 x lO1O 

01 = 1.12 - + 0.14 x lo-& cm2, 

so that the desired cross section for  a monoenergetic antineutrino is 

Y -  ) = (1.12 + 0.14) x (E v, - 2.53) - 2.53)2 -1 

2 2 where u i n  cm and E i s  i n  mc units. V -  

APPENDIX I1 

The cross section for  fission fragment antineutrinos 

The p' spectrum from fission fragments differs frm the associated U, 
spectrum because of the f i n i t e  mass of the electron and the spectral distortion 
due t o  e lectrostat ic  a t t ract ion between the electron and nucleus. Since, given 
an end point and coulomb factor, both the p' and V ,  are  determined, the prob- 
l e m  is viewed as one of determining the end point distribution, considering 
caulmb effects. However, we do not as yet know the detai ls  of the short  lived 
f iss ion product chains and hence it is not possible t o  accurately predict these 
effects. 
expected cross section. 
the superposition of a continuous distribution of p' emitters, each one having 
an allowed shape but a l l  w i t h  the same nuclear charge Z. 
of 2 (2 = 60,321 are assumed so as t o  place upper and lower l i m i t s  on the 
coulomb distortion of the p', and hence the v ,  spectrum. The end point dis- 
tr ibution i s  then determined by solving the appropriate integral equation and 
the cross section of Appendix I is  integrated over the resulting v ,  spectrum. 

Consequently, we adopt a procedure which enables us t o  bracket the  
We assume that the observed p- spectrum results from 

Two extreme values 
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The experimentally determined B' spectrum Y{EB) is related t o  the end 
point distribution n(E,Z) by the integral  equation 

Y(EB) sz n(E,Z)B(E,Z) f (E,EB,Z)CLF: 
E = EB 

where B(E,Z) is the normalization f'unction for the alluwed 8' spectrum 
' f (E, E@, z 1 

B - ~ ( E , z )  = Jm f (E ,EB , z 'aB (9) 
E = 1  

B 
and EB is  the t o t a l  beta energy, including the rest energy. In general 

f(E,EB,Z) = E; (E - EB)2 G(Z,PB) (10) 

where G(Z,PB) = (p&) F(Z,Pg). (11) 

F is  the Fermi coulomb f ' u n ~ t i o n , ~  and Pp is the electron mmentum. 
For Z = 32, G(32,Pp) = a, which is  constant t o  +6 percent and 

Z = 60, ~ ( 6 0 , ~ ~ )  is represented t o  within - +2 percent by the f'unction 
f(32,Eg,E) = @(E - E B ) ~  a. (12) 

For 
G(Eg) = be -0.16 ,/- 

Over the range E@ = 1 - 15 mc2. 

We naw solve, for  n(E,Z), assuming independent of E. Rewriting (8), 

where m(E,Z) = n(E,Z) B(E,Z). 
Differentiating (9.4) w i t h  respect t o  E@ three times, we find: 

"(E@ , z 1 3 4 2  2kQfd (16) 
% 

and the end point distribution is obtained fran (15) and (16). 

The f iss ion fragment v -  spectrum, P (E,Z) is  then given by adding the 
spectra having the calculated end point distribution, n(E,Z) 

n(E,Z)B(E,Z) f '(E ,E,Z)dE (17) P(E,Z) = Jm V -  
E = E  + 1  

V -  

9 



z = 32, f' = (E - E )2E2 , v -  v -  

Z = 60, f' = (E - E - )?E2 v -  exp ['-.16 [E - E V -  (18) 

The average 
tnxn is then given 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Nz( 2) 

The number, 

N =  

cross section per fission, (NZ), for the fission V- spec- 
by 

N, of antineutrinos above a certain energy is 
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THE FREE ANTINEUTRINO ABSORPTION CROSS SECTION 

INTERPRETATION OF RESULTS 

The measured cross section for the reaction ~ ' - ( g + , ~ ~ ~ f j +  for antineu- 
Pis trinos from fission fragments i s  UN = (6.7 + 2.4) x 10- 3 cm /fission. 

resul t  i s  i n  agreement w i t h  theoretical exp&tation,l ZN = 6.0 + 1 x 10- 3 
cm2/fission, based on the measured fission f3' spectrum, the twokaponent 
theory of the neutrino, the principle of microscopic reversibil i ty,  and the 
measured characteristics of neutron decay. 
absorption cross section is of interest  i n  order t o  sharpen our conclusions 
and indeed such increased precision i s  now feasible. 

A more precise measurement of the 

An independent prediction made by King and Perkins from a consideration of 
the detai ls  of the fission chains gives for  the two-component neutrino 
theory the result UN = 9 x 10-43 cm2. 

K i n g ,  R. W. and Perkins, J. F., Inverse Beta Decay and the Two-Component 
Neutrino ( t o  be submitted t o  the Physical Review). We wish t o  thank 'Dr. 
King for  t h i s  information i n  advance of publication. 
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