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Z+ from the reaction E'+P ~Z++srs. Tracks 6 and I
are consistent with either E+ -+ tt++ v or Z+ —+ sr++st.
However, the short lifetime of Track 6 strongly favors
the Z+ interpretation —if track 6 is a E+ it lived 1.9
&(10 ' mean lives, if a Z+, 0.6 mean lives. Finally we
remark that in event 3 the neutral E lived 2.6 E1' mean
lives, and in event 8, 3.0 E1' mean lives.
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A calculation is made of the fraction of the 7r-mesonic decays of the hypertriton &H' which yield the two
final products He' and v. . This fraction is a function of the spin of gH' and of the ratio p/s of the amplitudes
for decay of the free A via the s- and p-wave channels, The results are compatible with the present experi-
mental data. They indicate that probably p/s~& 1, and that the spin of sH is -„which implies that the
singlet A-nucleon interaction is more attractive than the triplet. These results are in agreement with those
of a previous calculation by Dalitz for zH'.

NALYSIS of the binding energies of the light
hypernuclei shows that, in the absence of strong

three-body forces, the A-nucleon intera, ction must be
spin dependent. On this basis Dalitz and Downs' have
been able to calculate the strengths of both the singlet
and the triplet interactions for either interaction more
attractive than the other, but neither the hypernuclear
binding energies nor the radius and shape of the
nuclear cores are known accurately enough to determine
which of these interactions is in fact the more attractive.
A more sensitive indication is provided by the proba-
bility for two-body mesonic decay of the light hyper-
nuclei, since this depends strongly on the spin of the
parent hypernucleus. Dalitz and Downs have made a
qualitative estimate of this probability, and Dalitz' a
detailed calculation, for the decay of qH4; Dalitz has
also made a rough calculation for qH'. 1he present
work gives a more exact calculation for the qH' case.

Although data on the hypertriton are at present
rather scarce, the greater simplicity of the three-body
problem increases its importance. For A &3, it has been
necessary to describe the hypernucleus as a A bound to a
core nucleus which is not greatly distorted by the
presence of the A. For A =3, on the other hand, calcu-
lations can be made with a wave function that takes
into account correlations between each pair of particles.
Because of this, we expect results obta, ined for ~H' to be
eventually the most reliable.

The A decay interaction is H=s+pq e/qs, where

q is the pion momentum and q~ its value for free A

* Supported by the joint program of the U. S. Atomic Energy
Commission and the Office of Naval Research.

' R. H. Dalitz and B. W. Downs, Phys. Rev. 111,967 (1958).' R. H. Dalitz, Phys. Rev. 112, 605 (1958).

f=q ~pH, ~p IIQAH~dV-Q q„p,p IIQ&H~dU-
The square of the matrix element in the numerator
splits into two factors: (1) the square of the overlap
integral between the space parts of the initial- and
Anal-state wave functions, which represents the
probability of the product nucleons sticking together in
the He' configuration, and (2) a factor depending upon
the &H' spin which represents the proportion of suitably
oriented initial spin states. The denominator is a more
difficult rnatter, and Dalitz' has found it expedient to
use two approximations: (1) Since the observed pion
momenta all lie in a rather narrow range (q=113
Mev/c for the two-body and 85—100 Mev/c for the
many-body decays'), we should be able to replace the
q„'s by an average value qA„. (2) Since the overlap with

the qH' space wave function can be expected to be
small for final states of high internal energy among the

'Levi-Setti, Slater, and Telegdi, Nuovo cimento 10, 68 (1958)
and W. E. Slater (private communication). We are indebted. to
Dr. Slater for sending some unpublished data.

decay, and e is the A spin vector. Since the spin of the
product nucleus He' (we consider only or decay) is —,',
two-body decay can proceed only through the p-wave
channel if sH' has spin —',, but through both the s and p
channels if the gH' spin is —,'. The proportion of m

decays which yield two final products (sH' ~ He"+sr )
is given by the ratio of the two-body transition proba-
bility to the sum of the transition probabilities of all
modes which give a ~
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nucleons, extending the summation over all energies to give the completeness relation (remembering anti-
symmetry requirements) should be a fair approximation. From this point the calculation is straightforward.

With these methods, Dalitz derives the following expressions for the fraction of two-body decays.

If the gH' has J=—'„

, (ql', , pq &', 1(qy',
f=a
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'I he factors in the denominators containing the sticking
probability F' are corrections for underestimate of the
two-body mode; the q's arise from requiring anti-
symmetry in the two final protons, F(q), the overlap
integral, is given by

F(q)= I@H, (Anp)@,H*(AnP)

Xexp[t'q (R~—R, , ,„.)]dRqdR„dR~ (2)

(Rit is the coordinate of the A particle before the decay
and that of the product proton afterward), and the
exchange integral p by

I yprr~(AnP)yi, H (PnA)

Xexp[iqi, (Rit —R„)]dRgdR„dR„,. (3)

For the He' wave function we use

QH s=lV exp[ —n(rg&+r&„+f„i)j,
with o. taken as 0.41 fermi ' to give the correct Coulomb
energy with protons of rms charge radius of 0.72 fermi.
For the qH', we use the six-parameter wave function of
Downs and Dalitz, 4

PiH~= N'[exp( ari~)+x exp( —b—ri,„)]
X[exp(—ar„i)+x exp( br„q))(e ""~+y—e ~'"~),

obtained by a variational calculation for the strength
of the h.-nucleon interaction needed to give a A binding
energy of 0.25 Mev with an interaction range corre-
sponding to the exchange of two pions. ' (The character
of the A-nucleon interaction and the Beld-theoretic
investigations concerning it are discussed in the paper
of Dalitz and Downs'; in particular, the work of
Lichtenberg and Ross' and Ferrari and Fonda' indicates

' S.W. Downs and R. H. Dalitz, Phys. Rev. {tobe published).
'The values of the parameters used are: a=0.11, 6=0.80,

a3= 0.38, b3= 1,14, x™=1.69, y =2.14; the final value of x of Downs
and Dalitz is slightly smaller, but this makes no appreciable
difference in the present work.

6 D. B.Lichtenberg and M. Ross, Phys. Rev. 103, 1131 {1956);
and Phys. Rev. 109, 2163 {1958).'

F. , Ferrari and I,, Fotida, Ntiovo cimento 5, 842 (1958),

that predominant two-pion exchange is most likely,
and furthermore that the singlet interaction is stronger
than the triplet. ) The appropriate pion momenta are
q=113 Mev/c, qit=101 Mev/c, and the average over
all the observed decays qA„——104 Mev/c, ' (the inclusion
of several uncertain identi6cations does not a6ect this
value). With these wave functions and momenta, "'we

find (see the Appendix) F(q)=0.61, F(qA, ) =0.63, and
g= 0.31.

As for the remaining parameter p/s of Eqs. (1),
Dalitz' shows that the channel amplitudes s and p are
approximately real, and that the up-down asymmetry
coefFicient for free A decay indicates 0.45&~ p/s(~2. 25.
Thus we have as ranges for f: J'= —'„0.04& f&0.15;
J=-,', 0.24~& f~&0.10.

The experimental data' include 9 two-body and
perhaps 10 to 15 many-body m decays, giving
f,„~ 0.42; this is—about 12 or 2 standard deviations
higher than the extreme calculated value of f, 0.24.
Furthermore, the experimental value is more likely to
increase than to decrease, since in general two-body
decays are more likely to be overlooked. ' A real dis-
agreement may be present, but it would take more
data, to establish it.

Such a discrepancy might arise from the approxi-
mations involved in evaluating the denominators of
Eqs. (1) (see reference 2); this effect would be difFicuit
to evaluate. It might also arise from the wave functions
themselves. Aside from the fact that a wave function
from a variational calculation is always somewhat
suspect, we may note that both the He' and the &H'

functions fall off too rapidly at large separations (e.g. ,
the wave function for He' for one proton far out goes as
e ' ' instead of the correct e ""/r; that for itH' for
large separation goes as e~'" instead of the e o t"/r
required by a binding energy 0.25 Mev). However, this
in itself should make the sticking probability
slightly too large rather than too small because the
exp[itl (Rit —R, .)] factor in the integral emphasizes

' +, E, Slater (private communicatioii),
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the close-in behavior. A change in the rather uncertain
value of the binding energy produces only small
changes (in fact, too small) in the qH2 wave function
parameters, 4 so that the sticking probability should not
be much affected on this account.

In any case, we can say that the spin —,
' hypertriton

is indicated, which implies that the singlet A-nucleon
interaction is stronger than the triplet, in agreement

with Dalitz e] ul. ' ' and with the field-theoretic calcu-
lations. '2 In addition, p/s is probably ~&1, also in
agreement with Dalitz.

APPENDIX: EXPLICIT EVALUATION OF
2/ AND E(q)

Making use of the triangular coordinates, q can be
written immediately as

00 Qo ~ r~n+r~qV
sing A~rgy

2/= 82r2 I r„gdr„g I r„„dr» ' rp„dry„ppH~(/t22p)ppH3(p224)
0 ~

O
"

t ~pn —~a~I

%ith the above wave function, we have

2/= 82r2cV"{G(2a)+2xG(a+5)+x'G(2b) ),
with

(4)

G(P) =H(P, a+a2)+xH(P, b+a2)+yH(P, a+b2)+xyH(P, b+b2),

H(P, V) =I(P, V, a+a&)+xI(P, V, b+a2)+yl(P, V, a+b2)+xyI(P, V, b+b2),
1(P,v, b)

1
=—Im t exp{—$(P iqA, )rq„+—vr»+br„.q]}drq~dr„„dr„q

q„ aver~

2
=——Im

q., avab (P+v 2q„) (P+b—iq„) (v+8—)

(2P+v+b) L (P+v) (P+~) —oA.2]$(P+v+b) 2+v& —qA2] —(P+v+b) {((P+v) (P+b) —aA.2]2—(2P+v+&) 2qA, 2}
=8-

(v+5)'{L(P+v) (P+5) —qA„']'+ (2P+v+5)'qA~ )'
To evaluate F(q) we can write

F(q) = ($n, 3(A22p)ygH3(h22p) exp(i-', q p)dt2dr„, ,

where
y= -2, (R„+R„)—Rg.

Then using the wave functions gives

F(q) =1V1P{K(a,a2,a)+2xK(a, a2, b)+2xyK(a, b2, b)+yK(a, b2, a)+x2K(b, a2, b)+x2yK(b, b2,b)),
with

K(P—a, v n, b ——n)

=K'(P,V,b) =,t expL —(Pr2 +Vr „+br„q)]exp(i-', q y)dgdr„

8 f
' dy exp(i ,'q y) d-r„„e &"~

~

dl exptl il (p+-2'r—„„)].D2+P2] '
(22r2) 2 Bp85~

y t dm exp[ im (g——.'r—„„)][m2+b2]—'

~dl(/2+p2) ') dm(222'+5') 'p(m —l)'+v'] 'b(2q —I—m)= —8
Op+88&

{93
=—32 t {(P+p')I (22q —21)2+4v']I (2q —I)2+82]}-'dl

BpBvÃ~

(/2+52+ (4/9) q"-—(4/3) q/) (4/2+4v2+ (4/9) q'+ (8/3) q/)

&/2+h2+ (4/9)q'+(4/3)q/& t 4P+4v'+(4/9)q' —(8/3)q/&

+2{I4/2+4v2+ (4/9)q2]2 L(8/3)q/]2} 1+2{(/2+$2+ (4/9)q2]2 L(4/3)q/]2} 1

oo

=81922rPV8 52/2+4V2 252 (4/9) q—'] ' —{(4/3) qlL2l+4V' 2P—(4/9) q']) '—
(/2+ P2) 2
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where we have made repeated use of the Fourier electronic computer of the Cornell Computing Center
transform to give the values quoted in the text.

exp( —il x) (2+2')—' dl.
BA

LNote that E'(P,y,3) =E'(3,y,P), despite the unsym-
metric appearance of P and 3 in the last integral. ] This
last integral was integrated numerically with the
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An optical potential has been derived which includes, to first order in g, the eGect of the nucleon-nucleon
angular dependence. Nucleon-nucleon scattered amplitudes calculated from the 310-Mev nucleon-nucleon
phase shifts have been put into the potential and the proton-carbon scattered amplitudes calculated from
it by WKB approximation. Good agreement was obtained with the scattered amplitudes as derived directly
from the 313-Mev proton-carbon data using an extension of the analysis employed previously by Bethe.
The inclusion of the nucleon-nucleon angular dependence in the potential was found to be important
in order to obtain the correct value of the imaginary part of the forward scattered amplitude and the
correct proton-carbon angular dependence at moderately small angles. Phase shift solutions 1 and 6 of
Stapp et al. were investigated and found to give essentially the same agreement with the differential cross
section at small angles. Solution 6 was found to give a better 6t to the polarization data than solution 1,
but the signi6cance of this is not clear.

I. INTRODUCTION

' N the direct-interaction model' of nuclear reactions
- one tries to understand the interaction of an incident

particle with the nucleus in terms of the interaction of
the particle with the individual nucleons composing
the nucleus. At high energies the effect of binding is
small and the particle-nucleus interaction can be
related directly to the particle-nucleon interaction.
In particular the optical potential for the elastic
scattering of protons from nuclei at high energies can
be simply related to the nucleon-nucleon scattering
matrix. ' Since the nucleon-nucleon scattering matrix
is determined entirely by the nucleon-nucleon scattering
phase shifts, a detailed analysis of the elastic scattering
of protons from complex nuclei provides a good test
for the direct-interaction model. Furthermore, such an
analysis should provide a method for distinguishing
between sets of possible nucleon-nucleon phase shifts.

Recently several authors have made such an anal-
ysis. ' 4 Bethe, in his analysis of the small-angle scatter-
ing and polarization of 313-Mev protons by carbon,

* Supported in part by the joint program of the Once of Naval
Research and the U. S. Atomic Energy Commission.

' K. M. Watson, Revs. Modern Phys. 30, 565 (1958).
~ B. W. Riesenfeld and K. M. Watson, Phys. Rev. 102, 1157

(1956).' H. A. Bethe, Ann. Phys. N. Y. 3, 190 (1958}.This paper will
be referred to as B.

4 S. Ohnuma, Phys. Rev. 111, 1173 (1958}.

showed that the proton-proton scattering phase shifts
of Stapp et al. ' and the neutron-proton phase shifts of
Gammel and Thaler' were in quantitative agreement
with the proton-carbon data. He was unable to dis-
tinguish between the five different phase shift solutions
of Stapp, however; all solutions gave essentially the
same agreement.

In his analysis of the experimental data Bethe found
the value 8.6 f (1 fermi=10 " cm) for g~r(0), the
imaginary part of the spin-independent scattered
amplitude at O'. This agreed with the value calculated
from the optical potential derived from the nucleon-
nucleon phase shifts. A more reliable value of g~r(0)
can be obtained independently from the total neutron
cross section at this energy. Since the cross section is
nearly constant over a wide energy interval about 313
Mev, its value is known quite accurately. The cross-
section data' give g~r(0) =9.45 f.s This is in disagree-
ment both with the proton-carbon data and with the
direct-interaction model as calculated in B.

However, because of the over-all success of the

s Stapp, Ypsilantis, and Metropolis, Phys. Rev. 105, 302 (1957}.' The T=0 phase shifts calculated by Gammel and Thaler are
given in reference 3. Also see J. L. Gammel and R. M. Thaler,
Phys. Rev. 107, 1337 (1957).

r J. DeJuren, Phys. Rev. 70, 27 (1950};R. Fox et aL, Phys.
Rev. 80, 23 (1950); A. Ashmore et a/. , Proc. Phys. Soc. (London}
70, 745 (1957); V. A. Nedzel, Phys. Rev. 94, 180 (1954).' R. Wilson (private communication).


