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with u-e universality, the former to an accuracy
of ~20 % and the latter to an accuracy of ~14%
when the present uncertainty in the ratio f_/f,

is taken into account.

We would like to thank Dr. D. Berley, Dr. A,
Prodell, and the crews of the Brookhaven Nation-
al Laboratory 30-in. hydrogen bubble chamber
and alternating-gradient synchrotron for their
generous assistance, and our scanning staff for
their persistent and loyal scanning efforts.

*Work supported in part by the U. S. Atomic Energy
Commission.

TWork is based on a dissertation in partial fulfillment
of the requirements for a Ph. D. degree at the Univer-
sity of Maryland.

i Present address: Institute for High Energy Physics,
Heidelberg University, Heidelberg, Germany.

IE, C. G. Sudarshan and R. E. Marshak, in Proceed-
ings of the Padua-Venice Conference on Mesons and
Recently Discovered Particles, September, 1957 (Soci-
etd Italiana di Fisica, Padua-Venice, 1958), reprint-
ed in P, K, Kabir, Development of Weak Interaction
Theory (Gordon and Breach, Publishers, Inc., New
York, 1963), pp. 118-128; R. P. Feynman and M. Gell-
Mann, Phys. Rev. 109, 193 (1958).

H. Pietschmann and E. Streeruwitz, “On the u-e
Ratio for Semi-Leptonic Hyperon Decays” (to be pub-
lished).

SN. V. Baggett, University of Maryland Technical Re-
port No. 973, 1969 (unpublished).

“The coupling constants are defined according to

M. M. Nieto, Rev. Mod. Phys. 40, 140 (1968). The
values used here are derived from the most recent
values of the Cabibbo parameters: F=-0.49+0.02,
D=-0.74+0.02, and 6 =0.235+0.006, given by H. Fil-
thuth, review talk at the Topical Conference on Weak
Interactions, CERN, Geneva, Switzerland, January,
1969 (unpublished) [ CERN Report No. CERN 69~7 (un-
published)].

SFilthuth, Ref. 4. This average includes data from
the Columbia—Stony Brook Collaboration, and the Mary-
land, Heidelberg, and Princeton groups, contributed to
the Proceedings of the Fourteenth International Confer-
ence on High Energy Physics, Vienna, Austria, Septem-
ber, 1968 (unpublished)).

8G. Ang, F. Eisele, R. Engelmann, H. Filthuth,

W. Fohlisch, V. Hepp, E. Leitner, P. Mokry, W. Pres-
ser, H. Schneider, M. L. Stevenson, H. Strobele, and
G. Zech, in Proceedings of the Fourteenth Internation-
al Conference on High Energy Physics, Vienna, Aus-
tria, September, 1968 (unpublished), Contribution No.
572,

"R. Macek, A. K. Mann, W. K. McFarlane, J. B. Rob-
erts, K. W. Rothe, C. H, West, and L. B. Auerbach,
Phys. Rev. Letters 22, 32 (1969); D. R. Botterill,

R. M. Brown, I, F, Corbett, G. Culligan, J, McL. Em-
merson, R, C. Field, J. Garvey, P. B. Joens, N. Mid-
dlemas, D, Newton, T. W, Quirk, G. L. Salmon,

P, Steinberg, and W, S. C. Williams, Phys. Rev. 171,
1402 (1968), and Phys. Rev. Letters 19, 982 (1967).

83, W. Cronin, in Proceedings of the Fourteenth In-
ternational Conference on High Energy Physics, Vien-
na, Austria, September, 1968 (CERN Scientific Infor-
mation Service, Geneva, Switzerland, 1968), p. 284.

WHAT NEXT WITH SOLAR NEUTRINOS? *

John N. Bahcallf
California Institute of Technology, Pasadena, California 91109
(Received 27 June 1969)

The capture rate of solar neutrinos is estimated for a number of targets that have been
suggested previously as possible detectors of solar neutrinos. It is shown that the most
important feasible experiment to be carried out in the future employs "Li as a detector.

The purpose of this Letter is to suggest that ac-
cording to certain criteria the most important,
feasible experiment involving solar neutrinos,
following the *’Cl experiment of Davis, Harmer,
and Hoffman,! is one in which "Li is used as a de-
tector. We first summarize the present theoreti-
cal and experimental situations regarding solar
neutrinos and then present a table of the estima-
ted capture rate of neutrinos for a number of pos-
sible targets. Using this table we show why,
among the many experiments that have been pro-
posed previously,®”® an experiment using "Li now
seems most desirable.

Recent theoretical work has established the de-

pendence of the estimated capture rate in the 3’Cl
experiment on the parameters assumed and the
assumptions made concerning the way nuclear fu-
sion reactions generate the solar luminosity.® It
is convenient in discussing solar neutrino experi-
ments to introduce a solar neutrino unit: 1 SNU
=1073% capture per target particle per second.™
If the CNO cycle is the dominant energy sourcs
in the sun the expected capture rate is 35 SNU,"!
the rate estimated from the p-p chain using
“standard values” for all nuclear and composi-
tion parameters is 6 SNU,'®!2 the rate deter-
mined by using*® "Li(r, n’)"Li(x, v)?Li to estimate
the low-energy cross-section factor (S,,) for the
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Table I. Expected rate of neutrino captures for various targets. The total capture rate and the capture rate from
the important individual sources are given. The unit is 1 SNU= 1036 capture per second per target particle. The

neutrino fluxes used are stated in the main text.

7Be BB 13N + 15

Target Total Rate pep p-pP 0]
(snu) (snu) (sxu) (snu) (snu) (sNu)
2y 4 0 0 0 i 2 x 107
3y 4 x 10° 6 x 107 3 X 10° 5 x 102 8 8 x 10°
T 2 x 10t 1 x 10t 0 0 5 6
11y 2 0 0 0 2 0
3Tq 3 3 x 107t 0 8 x 107t 2 2 x 107t
Sy 1 2 x 1072 0 5 x 1072 6 x 1072 1x 1072
S b 1x10t 3 5 x 1071 1x1072 1x10t
Mq 3 % 10° 6 2 x 102 b x 10% 8 x 107t 7
87kp 5 x 10° 9 b X 10° 6 X 10 1% 10t 1 x 10t
v-e scattering 6 x 107 0 0 0 6 x 107> 0

(E > 8 MeV)

recoil energy

crucial reaction "Be(p, v)®B is 3 SNU, general
ideas about the solar interior imply a capture
rate of 1-3 SNU more or less independent of nu-
clear cross-section factors,® and the basic idea
that the sun shines because of nuclear reactions
in its interior implies a minimum capture rate of
0.3 SNU from the reaction p +e ~ +p - 2D +v.1*

Davis, Harmer, and Hoffman have shown that
the capture rate in the *'Cl experiment is probab-
ly less than 3 SNU. The factor of 2 discrepancy
between the rate estimated using “standard” val-
ues of all parameters and the observational re-
sult for the 37Cl experiment has led to a number
of papers that speculate'® ™8 on various things
that could be wrong with the current theory of so-
lar models or weak interactions. Further infor-
mation from solar neutrino experiments is re-
quired before one can decide if the present dis-
crepancy between theory and observation is
caused by inaccuracies in the “standard” param-
eters or requires a more fundamental revision
of some aspect of current theory.

The expected number of neutrino-induced reac-
tions per target particle are given in column 2
of Table I for ten targets that have been suggest-
ed previously as possible detectors of solar neu-
trinos.?™® The contribution to the total capture
rate of the important neutrino sources in the sun
are indicated separately. The absorption cross
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sections have been computed in the usual way.'®
The neutrino-producing reactions included in
these calculations are (with their estimated® neu-
trino fluxes at Earth, given in parentheses, ex-
pressed in units of 10’ cm ™2 sec™!): p+p-2D
+e*+v (6.35), p+e +p~2D+v (1.65%x1073), e~
+™Be~"Li+v (2.9x107}), *B~°*Be*+e* +v (1.2
x107%, and ®N~-C+e” +v (2.2x1072), We as-
sume in what follows that the **N and *°0 neutrino
fluxes are equal; this simplification causes only
negligible errors in our calculations for practi-
cal experiments.?® In order to obtain consistency
with the experimental results of Davis, Harmer,
and Hoffman,' we have adopted the value of S,, de-
termined'® from experiments involving "Li (which
is a factor of 3 smaller than the “standard” val-
ue® of §;,). We use this indirectly determined
S,, because it enables us to make somewhat more
plausible estimates for the rates of future solar
neutrino experiments, not because of any criti-
cism of the “standard” measurement,*

Several theoretical considerations are relevant
in deciding what is the best target to use in fu-
ture solar neutrino experiments. First, a feasi-
ble experiment should be possible with only neu-
trinos from the p-p or pep reactions in order to
test (if necessary) the basic hypothesis that the
sun shines because of nuclear fusion reactions in
its interior (reason against using ?H, B targets
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and also against electron scattering as originally
proposed?). Second, the estimated capture rate
(cf. Table I) should contain a significant contribu-
tion (*3) from neutrinos that are detectable in

the 3’C1 experiment in order that interpretations
of the new experiment and the 3’Cl experiment
can serve as mutual checks (against *H, °Mn,
"Ga, and ®'Rb). Third, the expected rate should
contain a significant contribution from some neu-
trinos not believed to be important in the 3'Cl ex-
periment in order that new information can be
obtained about the solar interior (against *H, !'B,
51Y). The only target listed in Table I that is not
faulted by any of the above considerations is "Li. l

In addition, "Li requires the smallest weight of
material with natural isotopic abundances for a
given capture rate (4 tons of lithium per neutrino
capture per day) and may be the least expensive
target to use. The chief experimental difficulty
is in counting the "Be atoms produced by the cap-
ture of solar neutrinos. Three schemes for
counting the "Be atoms have been discussed brief-
ly by Davis.®?

In order to make clear which parts of the neu-
trino spectrum are observed in the "Li and *'Cl
experiments, we give below the capture rates
(in SNU) for these two targets. Expressed in
terms of the fluxes listed earlier (in units of 10'°
cm™2 sec”!), the rate for "Li is

so(pep)> ( ¢(8B)> < ¢(13N)>
10(1,65x10'2 +5{1T2x10-%) "8\ 32x102/ (1a)
and the rate for 3’Cl is
@ (pep) ¢(°B) ( @(°N) ) ( ¢("Be) )
0'3<1.65><10‘2>+1'6<1.2><10'4 +0.2( 5557077 %-8(Z.g%10-2/ (1b)

The expressions in parenthesis in the above equa-
tions are all equal to unity for the fluxes listed
previously. Had we adopted the standard value
for S,,, the parenthesis containing ¢(®B) would
have been equal to 3. For the convenience of oth-
er astrophysicists who may wish to calculate ex-
pected rates for the "Li experiment, we summar-
ize the cross sections for neutrino absorption by
"Li used to obtain Eq. (1a) (in units of 10 ™% cm?):
o(pep)=5.9, o(*B)=4.5x10% ¢(**N)=0.45, and
0(**0) =2.3. Note that the pep and CNO neutrinos
together dominate the rate for the "Li experi-
ment, and the ®B and "Be neutrinos dominate the
rate for the *'Cl experiment,.

One may consider two classes of explanation
for the unexpectedly low counting rate in the *'Cl
experiment: (1) The high-energy ®B neutrinos
are even rarer than calculated originally,'®™'7 or
(2) some previously unknown phenomenon affects
all neutrinos in their transit from the solar inter-
ior to the earth’s surface (cf. Gribov and Ponte-
corvo'®). These two classes of explanation lead
to different expectations for the rate of the "Li
experiment given the rate of 3’Cl experiment. If
we assume that the usual theory of weak interac-
tions is correct (i.e., ignore class-2 explana-
tions), then a measurement of the capture rate
with both "Li and 3"C1 targets would provide de-
tailed information about the relative frequency of
nuclear reactions in the solar interior. Such in-
formation would be a stringent test of the theory
of stellar interiors and of the usual ideas about

|

nuclear astrophysics.
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ARE ABSORPTIVE CORRECTIONS INCOMPATIBLE WITH UNITARITY ?*

Luca Caneschi
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We find that absorptive corrections to production amplitudes can generate, through
unitarity, absorptive corrections to two-body amplitudes.

Theoretical and phenomenological arguments
favor the existence of Regge cuts; this kind of
singularity is spontaneously generated in the
framework of some models by the iteration of
“input” Regge poles, and therefore does not
spoil the predictivity of the theory with the intro-
duction of new parameters.

Two well-known models of this kind, the re-
scattering model™? and the absorptive3-eikonal* ®
model, have recently been compared by Finkel-
stein and Jacob® (FJ); they found that, to good
approximation, the cuts predicted by the two
models have the same structure, but opposite
sign!

Let us briefly recall the results of the two mod-
els.”

(A) Absorptive-eikonal model.—The amplitude
for an inelastic reaction is obtained by correct-
ing the “Born” term (which we assume to be the
exchange of a Regge pole R ) for the elastic re-
scattering in the initial and final states®:

T a5 = (Saa)VZXR g5 X (Sp) 2. 1)

Assuming that S,, =S, = 1+2{P, where P is the
amplitude for Pomeranchuk exchange, we obtain

Tab=Rab+2i(RabXP)- (2)

A possible way of extending Eq. (2) to elastic
scattering is to identify the eikonal phase with
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pure Pomeranchuk exchange,* obtaining
T, =P+i(PXP)+++-, @)

(B) Rescattering. — The unitarity relation for an
elastic scattering amplitude can be written, sep-
arating out the contribution of the elastic inter-
mediate state, as

ImT ;=T ;¥ XTpy + Z; qu’n T o0n*T o, (4a)
nza
the inelastic analog of (4a) being
ImTab =Re(Ta,,*><Taa +Tbb*XTab)
+ % Jd®,Ty*T,,.  (4b)

n#a,b
Assuming a multiperipheral model (MPM) for the
production amplitude, the sum over the multipar-
ticle intermediate states behaves at large s as a
Regge polel !1:
> Ja® , M, *M,, =ImP +a low-lying cut, (5a)

nxa

> [d®, M, *M,,=ImR

n=a,b
+a low-lying cut, (5b)

where M,, is the multiperipheral production am-
plitude. In the approximation of neglecting ReT,,
and ReP with respect to Im7T,, and ImP, on in-
serting Eqs. (5) in the unitarity relations (4) it is
possible to solve them by iteration.? The solu-
tion has the form of a power series expansion in



