














































































































FIGURE 19. SAM BLANKENSHIP SEATED AT THE ELECTRONICS CONSOLE 
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scintillator was observed. Hence, it is now clear that an acrylic cell 

with "0"-ring joints can be used to construct the outer cell. This con­

clusion has led to a significant simplification of the development phase 

of the project because the light collection properties of an acrylic 

cell of the required geometry and size were thoroughly investigated in 

the feasibility study of the acrylic prototype module. We have had the 

opportunity to study the light collection properties of the stainless 

steel cell lined with clear teflon and we find that the acrylic cells 

have significantly better light collection properties than that of the 

steel cell. In addition, the acrylic cells we have already tested defin­

itely have light collection properties which are more than adequate to 

perform the proposed experiment. 

Experimental Work in Progress 

The experimental simplifications inherent in a smaller number of larger 

modules was discussed in NR4-A, the previous progress report. To examine 

the relative merits of a larger central cell, a prototype eight-inch dia­

meter central cell was constructed of acrylic. (See Figure 20.) With such 

an inner detector, two modules would be sufficient to contain 40 liters 

of target scintillator. 

The central portion of the cell was filled with mineral oil based scintil­

lator and the light pipes with pure mineral oil. Amperex 60DVP nine-inch 

diameter photomultiplier tubes were coupled to each end. 

The cell was irradiated with gamma ray sources. A typical spectrum is 

shown in Figure 21. The association of energies with spectral characteristics 

was more complicated than that of the five-inch cells. The effects of more 

common multiple Compton events washes out many features from low energy gamma 



\ 
\\ 
\\ 
\1 
II 
II 
II 

" ,, ,, 

2 7" -------..~~I r- 13" 

FIGURE 20. DETAILS OF 8 INCH INNER DETECTOR PROTOTYPE 

j 
• II 
M 
u 
ll 
II 
\\ ,, 

9" PMT 



400 800 

CHANNEL NUMBER 

FIGURE 21. 8 INCH INNER DETECTOR PROTOTYPE RESPONSE TO 
137cs GAMMA RAYS 

V1 
0 



51 

ray spectra, which complicates the selection of the appropriate resolution 

function. While this work progressed, a preliminary energy calibration 

was obtained. 

Spectra were collected with the cell contained in Shield III, with 

and without CRUMB coincidence and veto gates. These are displayed in 

Figure 22 as a function of the preliminary energy calibration. These 

spectra may be compared to those obtained in the five-inch cell shown in 

Figure 16, page 41 of NR4-A. The spectra have similar features, although 

the differences in widths of CRUMB gates preclude direct comparison. 

Work is continuing to achieve a precise energy calibration and to 

investigate other parameters such as uniformity of response. These results 

will permit a comparison of the two cell sizes. 



30k 

~ 20k 
~ 

~ 
~ w 
~ 

~ 
~ u 
'-' 

w 
~ 

~ 1~ 

A. INSIDE SHIELD III 
B. INSIDE WITH CRUMB COINCIDENCE 
C. INSIDE WITH CRUMB VETO 

200 

ELECTRON EQUIVALENT ENERGY (KeV) 
(Preliminary Calibration) 

A 

B 

c 

400 

FIGURE 22. PULSE HEIGHT SPECTRA OF BACKGROUND IN 8 INCH 
INNER DETECTOR PROTOTYPE 



Chapter 4 

CONCLUSIONS 

The data obtained to date and described in the preceeding sections 

and in NR4-A lead to some positive conclusions about the feasibility of 

the proposed experiment. All aspects of the experiment design have now 

been investigated to some degree. The data are adequate to demonstrate 

feasibility. 

The event rate to be determined from the experiment is that of the 

reaction (1). For this experiment, it has the predicted value of 2.1 

per hour. 

where: 

I = ~- a- N = 2.1 per hour = 49.5 per day , 
o ve vd 

<t>-v 
e 

0 vd 

-2 -1 
em sec 

= 7.4 X 10-45 2 em 

N = 2.58 x 1027 deuterons/40 liters 

(14) 

The actual detected rate, S, due to this reaction will be smaller 

by a factor determined by the experimental efficiency and the number of 

reaction products falling within the signature limits . 

S = k ·k ·k ·I = 0.97 per hour= 23.2 per day , (15) 
p n T o 

where the fractions k , k and k are the fractions of the total number 
p n T 

of ve events which fall within the signature constraints ~Ep' ~En and ~T. 

The values are: 

53 



54 

k 0.58 p 

k 0.90 
n 

k 0.90 . 
T 

The measurement consists of a difference between signature event 

rates with the antineutrino flux present and not present. Adequate 

shielding isolates the detectors from the other radiations of the reactor 

and the experimental arrangement allows discrimination against the 

other antineutrino induced events. (See NR4-A, Section B) These pre-

cautions alone would allow a measurement of the antineutrino induced 

deuteron disintegration event rate to any desired precision given suf-

ficient time. The restraints imposed by long term instrumentation 

instability and the resources of the experimenter require that the time 

to produce the desired result be reasonable. Consequently, a feasibility 

analysis should emphasize those parameters which affect the counting time. 

The counting time was shown in NR4-A, Section B, to have the form 

2 T = 2B(k/S) , 

where B is the background rate and k is the constant specifying the 

statistical accuracy of the measurement • . This now reduces to 

2 T = 0.0037k B days 

(16) 

(17) 

or for k 4, a reasonable requirement for a statistically significant 

result, 

T 0.059B days • (18) 

The total background can be represented as the sum of three compon-

ents (see Chapter 3). The experimental results include measurements of 
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b2 + b
3 

for various experimental conditions. The rate of photodisintegra­

tion events, Iyd' was calculated (see NR4-A, Section C) and the "observed 

rate," the most significant term of b 1 , was obtained by applying the signa-

ture delimiter parameters to the nucleon energy distribution calculated 

for the photodisintegration process. The values so obtained for B are as 

follows: 

k ·k ·k ·I 
p n T yd (0.49)(0.9)(0.9) 4.25 1.7/hour 

= 41/day . (19) 

The measured value for b
2 

+ b 3 from Table 5 is 

b 2 + b 3 = 11.2/hour = 269/day (20) 

Consequently, 

b (21) 

and for six modules with 40 liters of target 

B = 6b = 1860/day . (22) 

It is now possible to estimate the counting time, T, for the proposed 

experiment. Substituting the background rate, B, from equation (22) into 

equation (17) gives 

T 

or from equation (18) 

2 6.88k days 

T = 110 days . 

(23) 

(24) 

This value is calculated with none of the readily available reductions 

in b 2 which are discussed in Chapter 3. The effect of b 2 upon T follows 

directly from equations (3), (18) and (22) and the relationship is dis-

played graphically in Figure 23. It is obvious that the reductions in 
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b
2 

and hence B
2 

will provide significant reductions in T. 

Simply the introduction of an updating discriminator will reduce 

b2 by 2.8/hours; hence 

and from equation (18) 

T 

8.5/hour = 203/day , 

6(b
1 

+ b
2 

+ b 3) = 1464/day 

86 days 

(25) 

(26) 

(27) 

The extension of CRUMB coverage of the shield alone is expected to 

reduce b 2 by 6.5/hours. By the same arguments 

T 55 days . (28) 

The above results display the independent addition of each reduction 

separately. If both were applied concurrently, as will be accomplished 

in the experiment, the combined effect is expected to reduce b
2 

by 0.154 cpm. 

This leads directly to 

T 31 days . (29) 

This estimate does not include the effect of using an updating CRUMB veto 

for the extended CRUMB, and thus is an upper limit for T. 

It is of great importance to note that these reductions are accom­

plished by simple hardware additions to the present experimental arrange­

ment and that these additions have always been planned for the actual 

cross section measurement experiment. Thus there is no impediment to 

their application nor the resultant reduction in B. 

In the actual experiment, an approximatelv equal amount of time would 

be required for background subtraction so that the experimental counting 

time would be 62 days. This counting time does not include the instrumental 
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dead time. The measured dead time of the apparatus due to the cosmic ray 

anticoincidence shield, at the present site which has no significant 

mass above, would imply approximately 50% for full shield coverage. How-

ever, this dead time is significantly reduced by a large amount of massive 

building material above the experiment that attenuates the cosmic ray 

flux. For a site at the anticipated reactor this reduction is almost an 

order of magnitude. 

There is good justification for viewing this computed value of the 

counting time as an upper limit to that which will actually be achieved. 

Several important effects were not included in the data and each can 

only reduce the value of T. These effects are: 

1. Application of prompt rejection of inner detector events by events 
in the outer detector. 

2. Application of prompt rejection for module-to-module scattering. 
At present the only prompt rejection is that between detectors in 
a single module. 

3. Incorporation of the planned data collection and analysis instrumen­
tation will allow exact optimization of the values for the event 
signature delimiters. This is not possible with the present 
instrumentation. 

4. Greatly increased overburden at the experiment site compared to 
the negligible amount at the present site. 

It is not unusual for neutrino experiments to consume many months or 

even years of counting time. The fundamental limitation on the length .of 

counting time is the requirement of maintaining apparatus and instrumen-

tation calibration so that accumulated data may be legitimately integrated. 

Very careful and detailed consideration has gone into the development of 

instrumentation and procedures for calibrating and monitoring performance. 

All of these produce a "coherence" time certainly measured in years. 

Thus not only is the proposed experiment feasible, but a very high degree 

of statistical accuracy is possible. 
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The spectrum of antineutrinos emitted by beta decaying products of 235U in secular equilibrium has been 
recalculated using more recent experimental decay-scheme data. The new data involve 26 nuclides with 150 
{3 branches and represent 22% of the total fission yield. The cross section for the reaction v, + d ___. p + n + v,, 
which proceeds only via the weak neutral current, is shown to be predicted consistently by three theoretical 
treatments in the literature. The total cross section was calculated by weighting the cross section by the 
normalized antineutrino spectrum and is 7.4 X w - •s cm 2. 

I. INTRODUCTION 

The Lorentz and isospin character of the weak 
neutral current is of fundamental interest at pres­
ent mainly because neutral currents are natural 
consequences of the various gauge theories of 
weak and electromagnetic interactions (see, for 
example, Refs. 1-3). There are several experi­
mental examples in which the observation of weak 
neutral processes were made using high-energy 
muon neutrinos. A well-known example is the 
elastic scattering of nucleons via the reaction 
p(v~,v~)P.4 The disintegration of the deuteron by 
electron-antineutrinos via the reaction, 

(1} 

which can only occur via the weak neutral current 
was proposed by King and Ahrens, and by Gaponov 
and Tyutin. 5 Also, total cross sections have been 
calculated for reactor antineutrinos (see, for ex­
ample, Ref. 6). Recently the measurement of the 
cross section for this reaction was experimentally 
shown to be feasible 7

; hence, the theoretical pre­
diction of the total cross section based on a re­
liable antineutrino spectrum becomes important . 

There are fundamental reasons why the cross 
section for reaction (1) with low-energy antineu­
trinos should be carefully measured. The actual 
quantity determined by such a measurement would 
be the axial-vector coupling constant associated 
with the semileptonic weak interaction of the neu­
tral components of the isovector currents. This 
measurement would be to neutral currents what 
the measurement of the axial-vector coupling 
constant in the decay of 12B, for example, is to 
charge-exchange currents. High-energy neutrino 
experiments are not nearly as reliable for the de­
termination of a coupling constant, since induced 
tensor interactions, momentum~transfer-depen­
dent form factors, and the presence of both vec­
tor and axial-vector interactions seriously com­
plicate the interpretation. In the low-energy limit 

17 

only the isovector axial-vector matrix element 
contributes, allowing the direct determination of 
that coupling constant alone .6

•
8 

The prediction of the total cross section re­
quires an accurate knowledge of the spectrum of 
antineutrinos from the p decays of the equilibrium 
fission products within the core of the source re­
actor. The total cross section can be defined as 
follows: 

a= j~ a(q)P(q}dq, 
0 

(2) 

where a(q} is the reaction cross section for an in­
cident ant ineutr ino of energy q and P (q )dq is the 
probability that any given antineutrino will have 
energy between q and q +dq. The quantity P(q} is 
simply obtained from the antineutrino spectrum 
N(q), discussed below, by straightforward nor­
malization. The antineutrino spectrum given in 
this paper is a new version of our earlier spec­
tra9 '10 and contains detailed decay-scheme infor­
mation updated to early 1977. There is an in­
crease of about 12% in the predicted value of a 
when the present spectrum is used over that 
quoted in Ref. 6 which was calculated with the 
spectrum given in Ref. 9. This change is larger 
than the 10% accuracy which is predicted in the 
recently completed feasibility study described in 
Ref. 7. There are two recent conflicting values 
of a in the literature, although both were calcu­
lated with the spectrum given in Ref. 9. Ahrens 
and Lang6 give the value a=6.5 Xl0- 45 cm2, while 
Gurr et al. 11 give a value of a =4.4 x 10- 45 cm2 

based on the theoretical calculations of Gapanov 
and Tyutin.5 The theoretical cross section of 
Gapanov and Tyutin, and of King and Ahrens were 
both weighted with the antineutrino spectrum 
again in the present work, and were found to give 
the same value of a =6.5 x 10- 45 cm2 when weighted 
by the spectrum of Ref. 9, and the value of 
a= 7.4 X 1 Q- 4 5 cm2 when weighted by the updated 
spectrum given in this paper. We have also 
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looked in detail at the results of the most recent 
theoretical treatment of this problem,8 and it is 
easily shown that with a simple but important cor­
rection, both the differential and total cross sec­
tions of Ref. 8 are practically the same as those 
given in Refs. 5 and 6 when considered at low en­
ergy. An experimental upper limit on the cross 
section of a=2.64X10- 44 cm2 is given in Ref. 11 
which is a factor of 3.6 greater than the present 
theoretical value. This factor was quoted as 6 
based on the theoretical total cross section 
(a= 4.4 x 10-45 cm2

) quoted in Ref. 11. We believe 
this latter value of a to be in error. 

II. THE THEORETICAL CROSS SECTION 

In the two theoretical treatments of the antineu­
trino disintegration of the deuteron given by King 
and Ahrens, and by Gapanov and Tyutin,5 the same 
general form of the Hamiltonian was used in which 
charge independence could be easily incorporated. 
In addition, the same allowed approximation was 
made which results in only the isovector, axial­
vector interaction contributing through the matrix 
element of T3a. In addition, the D-state contribu­
tion was neglected in the deuteron wave function 
in both of these treatments. The work by Gapanov 
and Tyutin5 included a finite range correction, 
while such a correction was also included in the 
later work of Ahrens and Lang.6 It is not sur­
prising then that the differential cross sections 
dcr(q)/dE 11 , in nucleon energy E,., can easily be 
shown to be identical. The differential cross sec­
tions of both Gapanov and Tyutin5 and Ahrens and 
Lang6 were integrated numerically over E 11 and 
found to be in excellent agreement with the inte­
grated cross section cr(q) given in closed form in 
Ref. 6. All of these cross sections give a total 
cross section of a-= 7.4 x 10-45 cm2 when folded 
into the present spectrum. 

The calculations given in Ref. 8 are based on 
the theory of Weinberg and Salam, while in this 
case also the D-state contribution to the deuteron 
wave function was neglected. In the low-energy 
limit then the momentum-dependent form factors 
F~ 3 >v =FJ 3 >v =0 and the expression for dcr(q)jdE,. 
given in their equation (2 .15) should reduce to 
those given in Refs. 5 and 6. We find, however, 
that it does not, and, in fact, numerical integra­
tion of their differential cross section over E 11 

differs from their plot of cr(q), given in their Fig. 
2, by a constant factor. This factor is found to 
be (1-y~,rt, where Y=(mE4 )

112 =45.71MeVandin 
which m is the reduced nucleon rest-mass energy 
and E 4 is the binding energy of the deuteron 
(Ed =2.225 MeV). The quantity r01 is the triplet 
effective range (r01 =0.008 66613 MeV- 1 ). Appar­
ently this factor was introduced in making the ap-

proximation that the nuclear force has a zero ef­
fective range in the final state but has a finite ef­
fective range in the bound deuteron state. This 
inconsistency leads to an extra factor of (1- yr0,r 1 

in the differential cross section. Somehow this 
factor canceled in their analytical integration of 
dcr(q)jdE 11 over E 11 , and the final result for cr(q), 
plotted in their Fig. 2 of Ref. 8, is in agreement 
with the analytically integrated result of Ref. 6 
and with the numerically integrated results of 
both Refs. 5 and 6. If the factor in question is re­
moved and if the coupling constants are defined as 
in Ref. 6, the differential cross section of Ref. 8 
can be written for low-energy antineutrinos, and 
for zero effective range, as follows: 

dcr(q) _2G2 m 3 hy(ya,-1)2E11
1h(q-E4 -Ek)2 

dE11 - 112 (mE,.a/ +1)(y2 +mE11 )2 
(3) 

which is in exact agreement with the corresponding 
results given in Refs. 5 and 6. In Eq. (3), a, is 
the singlet scattering length (- 0.1201 MeV- 1 ), 

and G=2.769X10- 22 cm2 /MeV. We have numeri­
cally integrated Eq. (3) over E,., which requires 
no further approximation, and found that it repro­
duces Fig. 2 of Ref. 8 and gives the same total 
cross section as given by the expressions in both 
Refs. 5 and 6. 

Ill. THE ANTINEUTRINO SPECTRUM 

We have assumed, as in the earlier calcula­
tions, 9 •

10 that the antineutrino spectrum from a 
reactor core is that of the fission products of 
235U in secular equilibrium. The details of the 
general method of calculating the spectrum are 
given in Refs. 8 and 9 and will only be outlined 
here. 

The number of antineutrinos of energy q per 
fission, per unit energy range, from the fission 
products in secular equilibrium is given by 

N(q) = L>1(ZA)b1Pi(q), (4) 
i 

where Y1(ZA) is the total yield of the fission 
product of charge Z and mass A, which decays 
through the jth branch, b 1 is the jth /3 branching 
ratio and P1(q) is the theoretical, allowed, Cou­
lomb-corrected antineutrino spectrum normal­
ized to give a total probability of unity. In the 
present work we have used an approximate rela­
tivistic Fermi function F(q,Z,A) which is based 
on the original Bethe-Bacher approximation for 
the complex r function, 12 combined with the mass 
and finite-size correction factor used in Bhalla's 
more recent workY A simplifying approximation 
is very important in this calculation because spec­
tra of approximately 650 {3 decays are Coulomb 
cocrected at each point for numerical integration 
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which means F(Q,Z,A) is used about 105 times. 
An accurate, iterative procedure for calculating 
the complex r function for this many computa­
tions is extremely time consuming and would re­
quire a reduction in the accuracy of numerical 
integration , With the above approximation, the 
Fermi function can be written as follows: 

4(1 +S/2) (2R(A)) 25 21T}' 
F(17,Z,A) [r(3+2S)]2 lifmoc 1-e 2"> 

(5) 

x{t( (1 +172 )(1 +4Y2 ) -1]}5, 

whereS+1=.(1-:::(Za)2l112 , y=aZ, Y=Y(1+11 2
)
112 /1J, 

R(A)=l.2X10- 13AII3 em, and 11 is the electron 
momentum in units of m 0c. The approximation 
for the complex r function used above was shown 
earlier to be far superior to the nonrelativistic 
approximation. 14 We find, for example, that for 
2-MeV electrons at Z =90, the difference between 
an accurate calculation of the relativistic Fermi 
function and the nonrelativistic approximation is 
92%, whereas, for the above approximation, the 
difference is 5%. The resulting changes in the 
antineutrino spectrum are small but observable 
and represent the elimination of a source of sys­
tematic error. 

The sources for the fission yields and charge 
distributions, and )3-decay Q values used for pre­
dicting the J3 shapes of decays associated with 
products of unknown decay schemes, are the 
same as those used in Ref. 10. A search of the 
literature shows that the changes in these param­
eters are not nearly as important as the effects 
produced by the new spectroscopy data. In addi­
tion we need rely far less on the theoretical pre­
diction of J3 end-point energies and branching ra­
tios because only 27% of the total yield of fission 
products is associated with nuclides of unknown 
decay schemes, whereas in the earlier treatments 
of Refs. 9 and 10 this figure was 65% and 49%, 
respectively. The new spectroscopy data consist 
of 26 new decay schemes containing 150 J3 
branches and represent 22% of the total fission 
yield. The resulting fission spectrum of antineu­
trinos is shown in Fig. 1 and is also given in 
Table I for computational purposes along with the 
uncertainties propagated from uncertainties in 
the input data. 

The quoted uncertainties are obtained by vary­
ing the values of the yields, 13-decay Q values and 
charge distributions over their ranges of uncer­
tainty and calculating the shift <\ (q) in the spec­
trum of the i th J3 branch at energy q. The total 
uncertainty due to that parameter is then given by 

(6) 

where a; is proportional to the product of the 

branching ratio and yield. These uncertainties 
for the errors in the various sets of parameters 
are then combined as independent errors. 

IV. SUMMARY AND CONCLUSIONS 

It can be argued that the measurement of the 
cross section for the disintegration of the deu­
teron, by low-energy electron antineutrinos, can 
independently yield the value of the isovector , 
axial-vector coupling constant of the weak neutral 
current. It was shown above that the differences 
in the total cross section a given in Refs. 6 and 11, 
using the results of the earlier theoretical treat­
ments of Refs. 5 and 6, are in fact the result of 
an error and that both predict the value given in 
Ref. 6 when the older antineutrino spectrum9 is 
used. When the present spectrum is used, a val­
ue of 0=7.4X10-45 cm2 is predicted using the 
numerically integrated, differential cross sections 
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TABLE I. Theoretical spectrum of antineutrinos from 235u fission products in secular equil-
ibr!um. N(q) is given in antineutrinos per MeV per fission. 

q (MeV) N(q) 

0.2 3.87 ± 0.21 
0.4 2.80±0.15 
0.6 1.98±0.11 
0.8 2.12±0.12 
1.0 2.06 ± 0 .11 
1.2 1.90 ± 0 .12 
1.4 1.59 ± 0 .10 
1.6 1.47 ± 0.09 
1.8 1 .39 ± 0.08 
2.0 1.27±0.08 
2.2 1.1 3 ± 0.08 
2.4 (9 . 78 ± o.60) x lo-t 
2.6 (8.60 ± o .52) x 1o-t 
2.8 (7 .65 ± 0.52) X 10~t 
3.0 (6.57 ± 0.47) x 1o-t 
3.2 (5.86 ± o.42) x 1o-t 
3.4 (5 .11 ± o.36) x 1o-t 

3.6 (4.41 ± o.31) x 1o-t 

3.8 (3.76 ± o .27) x 1o-t 

4 .0 (3.23 ± 0 .23) X 10-t 
4.2 (2 .72 ± 0.19) X 10-t 
4.4 (2.28 ± 0.16) X 10-1 

4.6 (1.91 ± 0 .14) X 10-t 
4.8 (1.57 ±0.11) X 10-t 
5.0 (1.30±0 .09) X 10-t 

5.2 (1.09±0.08) X 10-1 

5.4 (9.17±0.65) x 10-2 

da(q)/dE,. of either Gapanov and Tyutin5 or of 
Ahrens and Lang.6 The low-energy limit of a 
recent treatment of the antineutrino disintegra­
tion of the deuteron in the framework of Wein­
berg and Salam theory, given by Ali and Domin­
guez, 8 was also investigated. It was found that 
their differential cross section da(q)/dEil, when 
numerically integrated over Ek, did not reproduce 
their plot of a(q) until an erroneous factor of 
(1- yr0tt 1 was removed. Their differential cross 
section then is internally consistent and at low 
energy is equivalent to the zero-effective-range 
results given in the articles of Ref. 5. 

Finally, an improved version of the spectrum 
of antineutrinos from the fission products of 235 U 
in secular equilibrium is presented. The improve­
ment arises by including recently published, ex­
perimentally determined ~-decay Q values and 

q (M eV ) N(q) 

5.6 (7 .80 ± o .32) x lo-2 

5.8 (6.46 ± o .26 ) x lo-2 

6.0 (5.30 ± o.22) x 1 o-2 

6.2 (4.41 ± o .l8 ) x 10-2 

6.4 (3 .64 ± o .l5) x 10-2 

6 .6 (2.90 ± 0.09) X 10-2 

6.8 (2 .25 ± 0.07)x 10-2 

7 .0 (1. 79 ± 0 .05) X 10-2 

7.2 (1.45 ± 0.04) X 10-2 

7.4 (1.15 ± o.o3) x lo-2 

7.6 (8 .98 ± o.23) x lo-3 

7 .8 (6 .87 ± 0.18) x lo-3 

8.0 (5 .54 ± 0.14) X 10-3 

8.2 (4.40 ± 0.11) X 10-3 

8.4 (3.35 ± o.o8)x lo-3 

8.6 (2.81 ± 0.07) X 10-3 

8.8 (2.36 ± o.o6) x lo-3 

9.0 (1.97 ± 0.05) X 10-3 

9.2 (1.64 ± 0 .04) X 10-3 

9.4 (1.33 ± 0 .05) X 10-3 

9.6 (1 .06 ± 0.06) X 10-3 

9.8 (7 .95 ± 0.49) X 10-4 

10.0 (6.05± 0.38) ,x 10-4 

10.2 (4.46 ± 0.28) X 10-4 

10.4 (3.05 ± 0.19) X 10-4 

10.6 (1.89± 0.12) X 10-4 

branching ratios of 150 {3 branches in 26 nuclei 
representing 22% of the total yield. In addition, 
a far more accurate approximation to the rela­
tivistic Fermi function was used in the calcula­
tion of each point of every individual antineutrino 
spectrum. 
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