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ABSmACT 

Several procedures for calculating the average cross-section per anti

neutrino from u235 fission are given to test the predictions of the two-component 
. - . ~ 2 neutrino theory. A firm lower limit of a > 7 x 10 em is deduced from the 

- p . 
known decays of the fission products. Three different procedures, if weighted 
. - ~ 2 
equally, give a "best value" of a = 14 x 10 em to be compared With there-

p - -44 2 
cently increased experimental value a = 11 ± 4 x 10 · em • It is concluded 

p 
that predictions of the two component neutrino theory are iri accordwith the 

~xperimental res-ulti=k:on iinve:ree beta decay. 

tSummer (1958) visitor at the University of California Radiation 
Laboratory, Berkeley, California which is operated under the 
auspices of the United States Atomic Energy Commission. 

* . Assisted in part by contract with the Air Force Office of 
Scientific Research. 
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INTRODUCTION 

The cross section for inverse beta decay provides a further test of the 
1 predictions of the two-component neutrino theory. Previous to the development 

of the two-component concept agreement had been claimed between the directly 

measured cross 'section2 and that calculated from an indirect determination of 

the antineutrino spectrum from a reactor. 3 After the proposal of a two component 

neutrino, it was realizecit that the calculated value of the cross-section should 

be twice as large as that derived from a four component theory with parity con

servation. This factor stems from the fact that the number of initial states 
- + in the reaction v + P ~ N + e is reduced by a factor- of two. 

'Because of the uncertainty involved in obtaining the antineutrino 

spectrum, the disagreement of a factor of two was not interpreted as very 

significant. The present work was instituted to determine if any of the un

certainties in the antineutrino spectrum could be removed to permit positive 
' 

conclusions. Our results showed.a strikingly larger cross-section than that 

determined by Cowan and Reines and these results were initially preseni;;ed at 

the Mid-West Cqnference on Theoretical Physics4 to point up the large-discrepancy 
I . . 

between our ca~culated cross-section and the cross-section measured by Cowan and 

Reines. Since that time, however, a numerical error has been discovered5 that 

raises the experimental cross-section by a fac-tor of five. This factor of five 
1) 

now brings the experimental cross-section into' agreement with our calculated 

value and removes the last major experimental discrepancy with the predictions 

of the two-component neutrino theory. These recent develo_pments thus change the 

purpose of our paper from one of pointing out a dis~hrbing disagreement to a 
further confirmation qf the two-component neutrino theory;. 

/ 

tSummer (1958) visitor at the University of California Radiation Laboratory, 
Be!'keley, California, which is operated under the auspices of the United States 

*Atomic Energy Commission. 
Assisted in part by contract with the Air Force Office of .Scientific Research. 
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CROSS-sECTION OBTAINED FROM EXPERIMBNTAL DETERMINATION 

OF REACTOR BETA SPECTRUM 

The most recent and widely used determination of the antineutrino spectrum 

"'~ is that due to Muehlhause:,.and Oleksao 3 Their determination of the- -flux of anti

neutrinos contai~s (in addition to an experimental measurement of the beta spectrum 

'' from a reactor) two assumptio$.: 

(i) The distribution of beta decay end points is assumed to be a 

gaussian of the form N(E ) = exp [ -E2 . · /2(6 E ) 2 ] where max max max 
the parameter 6 Emax is adjusted so ·that it yields the experi-

mental beta spectrum. 

(ii) The equilibrium spectrum of.beta rays is assumed to be equal 

to that of the antineutrinos. 

Adoption of (ii) of course limits the use of (i) to the extent that it is 

employed only for purposes of extrapolating the experimental beta spectrum to 

higher energies. At attempt to justify (ii) is made on the grounds that, in 

the energy range of interest (threshold = lo8 Mev), both the electron and anti

neutrino are highly relativistic and share equally the energy available. In 

the present work this assumption has been found to be unsatisfactory. It is 

the ~ass effect and the coulomb effect th~t influence most strongly the low 

energy electrons; however, these e'lectrorls ~e associated with the high energy 

neutrinos which are, in turn, just those responsible for driving the reaction. 
. I 

We have carried out the calculations in which assumption (i) is accepted 

along with the experimental beta spectrum given by 11uelhause and Oleksa but in 

place of assumption (ii) we have. calculated N;E) the sum of the individual anti

neutrino spectra which are complementary to the indivip.ual beta spectra whose end 

points give the proper gaussian distribution. The magnitude of the correction 

thus effected can be estimated by calculating the ratio, 

I-y/If3 = [ S Nv (E) crp(E) dE J / [S Nf3(E) crp(E) dE J 
where I_;,is proportional to the reaction rate when a neutrino flux :N- is present 

V• V 
and If3 i

1
s proportional to the reaction rate when a neutrino flux identical with 

the beta flux is present. The quantity crp, which is the cross-section for the 

inverse beta-decay of the neutron, can be expressed in terms of the comparative 



I ) .,, 

half-lif~ (ft value) for the neutron 

~·..;3ln2 
ap = 2~c(ft)neutron (Ev-~) 

-~--

as follows, 

[
- 2 J 1/2 
(Ev-~) -1 . 
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, (1) 

where A. is the Compton wave len·gth 9.f the electron, Ev is the antineutrino 

energy and~ is the neutron.:proton mass difference. Both Ev and~ are in units 

of electron ref\lt masses. 

A va,lue of Iv/II3 ~ 1,.6 is found when the gaussian distribution of end 

points is ass~ed. A .c9rr~ction of 60% tS thus necessary to the cross-section 

calculated from the measured beta .spectrum if assumption (11) is employed. If 
. ~- I · 6 

then, (a) we accept the beta spectrum determined by Muehlhause and Oleksa 
. ' . ,, ... 

(b) a gaussian distribution of end points is assumed and (c) the cross-section 

from the two component theory is employed:, the predicted average cross-section 
. - -44 2 per antineutrino emitted from the reactor is a ~ 14 x 10 em • This is to 

' p 5 - · .. -44 2 
be compared with the most recent experimental value a = 11 ± 4 x 10 ,em . ' p 0 

LOWER LIMIT OF THE CROSS-SECTION FROM KNOWN DECA~ 

In addition to the cross-section calculated from the experimental beta · 

spectrum, we ~nd it possible to establish a firm lower limit on the average 

cross-section :ffom the known decays of the fission products. In a previous 

work on the energy r~lease from fission products7 it was necessary for us to 

collect all of the experimental data available .on the decay of the fission 

products. 8 The decay schemes and yields included in ·the compilation accounted 

for 3.8 of the 6.1 beta~:J/fiss~on.9 Fission yields were taken from the work of 
10 ll . 

Katcoff and Pappas. 

Because the distribution of beta-decay end points is known for these 

3.8 beta~/fission (see Fig. l), it w~~ possible to determine the complementary 

antineutrino spectrum associated with these decays taking into account the 
' ' asymmetry caused by bot:P. the mass effect and the coulomb effect. 

Of these 3.8 b~tasjfission it was found that 1.8 of the beta transitions 

had end points above threshold (1.8 ~v+ev) .for the reaction, and for this group 

we were able to calculate an average cross-section per antineutrino a l.'8 group 
~ 1 -44 2 
= 10 ~ 0 em • It is reasonable to assume that virtually all of the neglected 

2.3 betas/fission have end points above threshold, since the reason that they do 
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not have determiped decay schemes, is their short life time caused by high 

disintegration energies. Virtually all of the neglected decays belong to 

those nuclei far removed from stability with very large disintegration energies. 

It is thus a conservfative stat~ment to say that the average cross-section per 

antineutrino of this neglected group is larger than that of the known group. 

(Equation 1 shows the cross-section to increase rapidly with energy.) We may 

thus write the average cross-section per antineutrino for the entire 6.1 betas/ 
i 

fission as, 

' r1 
p 

a 18 (1.8+2.3) > • group 
.1 

This.value then represents a firm lower limit to the cross-section. Because 

of the increase -of a with energy, it is felt that this is a conservative limito 
p 

CROSS-SECTION FROM SUMMATION OF ALL DECAYS 

In this section we make an attempt to estimate the contribution of the 

2.3 betas/fission whose decay characteristics are not known' in order to obtain 
-

an estimate of the beta and antineutrino spectrum from the reactor. Since we 

are interested in the antineutrino spectrum during operation, the 2.3 betas/ 

fission that are not included in the known decays need only have their beta 

energies estimated without regard to half~life. Since it is realized that this 

task requires methods of rather questionable accuracy, we estimated the total 
. . ' . . 12 

disintegration energies for the unknown decays from two different sources. 

It was necessary then to determine a correction factor 5 to account for decays 

to ·excited states. For this purpose the types of decays were divided into 

six classes. · Parity changes were determined fr·om the strong-spin orbit coupling 

sh~ll model. 13 The relative vreighting of 5 for the different classes was de-

termined from a survey of known levels and the constant C is adjusted to give 

the .proper total r energy releas~14for all of the fission product decayso Fis

sion yields and distributions were again taken from references .10 and 11. 

The distribution of end points thus determined for Levyvs and Cameronvs 

(,"') mass differences are shown in ·Figo 1. The predicted composite beta spectrum 

is then exhibited in Fig •. 2 and co~pared to both the Meuhlhause and Oleksa ex

periment and a recent determination by the Los Alamos group.l5 The curve 
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obtained from Levy's mass differences is seen to fall between the two experi

mental determinations. The agrTement is perhaps better than should be expected. 

Cameron's mass differences give· a beta spectrum that is weighted more toward 

• the higher energies 0 . The beta spectrum obtained from the known decays tabulated 
!1-

. ) 

\,,/· 

in reference 7 is also exhibited as a function of time after shutdown of the 

reactor 0 

A 

Even 

Even 

Even 

Even 

Odd 

Odd 

Table I 

Classification of Beta Transitions 

Parity Change Type 

Yes odd-odd ~even-even 

Yes even-even ~odd-odd 

No odd-odd ~ even .. even 

No even-even ,..-+odd-odd 

Yes 

No 

C(§_) 
A 

C(~) 
A 

c(!) 

c ( .!.) 
A 

C(~) 
A 

c(!) 
A 

Figure 3 shows the corresponding antineutrino spectra obtained and 

Table II gives a .summary of results for the average cross-section per anti

neutrino from u235 fission products along :with the corresponding total beta 

and anti-neutrino energy per fission. All calculated values fall within the 

experimental limits of error with the single exception of the cross-section 

obtained using Cameron 1 ~· mass differences; but even in this case; a reasonable 

error on the calculated .value could provide overlap • 
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Table II 

S1Jlllillary of Results~ 

Total beta and antineutrino energy per fission and cross section for 
+ 

V+P~ N+e. 

Balffs' of Calculations 

Lower limit from known decays 

Muehlhause 'and Oleksa Gaussian 

Known decays +levy 

Known decays + Cameron 

Cowan-Reines Experiment 

* E~ = SE . N~ (E) d E. 

Ly/I~ 

1.61 
1.61 
1.47 

CONCLUSIONS 

* ** E~ Ev a 
p 

(Mev) (Mev) (10-44cm2) 

--- >7 
7.8- 10.3 14 

7.4 9.9 10 

8.8 11.3 19. 
11 ± 4 

It is concluded that the safest procedure for calculating the average 

cross-section to be compared with the Cowan-Reines experimental results is· 

the method used in obtaining this cross-section from the experimental determi

nation of the reactor beta spectrum. This is because IV/I~ is reasonably in

sensitive to the shape of the beta spectrum and to the distribution of beta 

decay end points. A good measurement of the beta spectrum thus implies a good 
\'(' 

value' fo;r:1 crp. On the other hand, the lower lil:nit fran known decays plus esti-

mates for the unknown decays give very reasonable agreement with the newly 

corrected experimental value of the ?oVerage cross-se,ction. On the basis of 

the above considerations, it can be sa~d that experiment gives results that 

are no longer inconsistent with the two-component neutrino theory. 
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Fig. 1. Distribution of Beta Decay End Points. 
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o M. AND 0. EXPERIMENT 
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Fig. 2. Energy Spectrum of Betas from u235 Fission Products. 
(Also included is the spectrum as a function of time 
after shut down of the reactor.) 
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Fig. 3. Energy Spectrum of Antineutrinos from u235 Fission Products. 
(Also included is the spectrum as a function of time after shut 
down of the reactor.) 




