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Possible Deter*~lrtation of the Syin of the a- from the Angular
Asy ~e~y of Its Decay*
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Argonee Nationa/ Laboratory, Argorine, IIL&sois

(Received 1 October 1962)

The ™hyperon is produced in a parity-conserving interaction involving only a proton and two spinless
X mesons. Therefore, the beam in any direction consists of an equal, incoherent mixture of two pure spin
states which go into each other under 180' rotation in the production plane. This condition implies a new
restriction upon the angular distribution of the decay products. In particular, the distribution
I(8,&)=1+2 cos8 is impossible for A &0 unless the = spin is $.

1. INTRODUCTION

ECENT experiments' suggest the possibility that
the usual methods of analyzing angular distri-

butions in the decay of the ™hyperon may not be
able to distinguish between spin ~ and spin ~3 for the
hyperon. In these experiments, the hyperon is pro-
duced in one of the reactions

K +p~ . +K+,

K—+p —+ . +K+m, .

and subsequently decays according to

(1.3)

The method of Adair' suGers from the paucity of
production events wherein all particles move nearly
along the line of the incident K—beam. The method
of Lee and Yang' applies to all directions. However,
it results at best in a series of inequalities which cannot
exclude spin Junless the measured decay asymmetry
satis6es

i (cose) i )1/6J (1.4)

for some production direction of the ™. The polar
angle 8 in relation (1.4) is that formed by the momen-
tum of the decay pion, in the rest system of the hyperon.
The polar (s) axis is perpendicular to the plane con-
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Mittra, G. C. Moneti, R. R. Rau, N. P. Samios, I. O. Skillicorn,
S. S. Yamamoto, M. Goldberg, L. Gray, J. Leitner, S. Lichtman,
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taining the momenta of the and the incident E .
This method of analysis involves no assumptions about
the production process, and is therefore incapable of
making eGective use of the azimuthal angular distri-
bution in decay.

The asymmetry theorems of Peshkin' also fail to
decide between the possible spins of ~~ and —,

' for the
The failure here is due to discarding the information
contained in the odd part of the angular distribution
in parity-mixing decay.

The discussion below extends the second asymmetry
theorem of reference 4 to cover decay of hyperons
produced in reaction (1.1). The argument makes use
of the zero spin of the E meson and of parity conser-
vation in the production process. The result is an
unambiguous test between spin ~ and spin —,', provided
that the decay gives some evidence of parity mixing,
and that the decay angular distributions are measured
with sufhcient accuracy. Thus the right-hand side of
inequality (1.4) is replaced by zero.

2. ASYMMETRY CONDITIONS

In reaction (1.1), the initial beam consists of an
equal, incoherent mixture of two pure quantum states.
In one state the proton spin is parallel to the K—
momentum; in the other it is antiparallel. These two
states go into each other under the symmetry operation
which consists of space inversion followed by 180
rotation about the normal to the production plane.
Under the same symmetry operation, the momentum
of the goes into itself. Therefore the —"beam" in a
given direction consists of an equal, incoherent mixture

' M. Pesh&i~, Phys. Rev. 123, 637 (1961).
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(2L+1)(2J+L+2) (2J—L+1)

4s (2J+1)(2J+2)

of two pure spin states, ' represented by Pq and Rfq, quantities given by
where R represents the rotation described above. These
two wave functions need not be orthogonal. They may
even be identical. In terms of the eigenfunctions @~„
of J„

4~=2.PA~. )

where the P„are (2J+1) complex numbers obeying

XC(J+-';, L, J+ g ', 0, 0), (2.12)

for even J.&2J, and by

Z. l~, l'=1 (2.2)
(0 IIY IIV')=—

Except for a phase factor, the rotated spin state is

represented by

I.(I,+1)(2L+1)

4r(2J)(2J+1)

XC(J+-', , L, J—2; 0, 0), (2.13)
(2.3)

Upon decay, @g„ takes the form

P (Y&—1'Itk)&I +d(Y&+.''Ii:)&y. (2.4)

I P I'+
I
d I'=1. (2.5)

I'hey determine the parity-mixing coefTicient. o. throu h

It. obeys
n =P~d+Pd~.

—1&n& 1.

(2.6)

(2 7)

Let the a,ngular distribution I (8,&) of the decay pions
be expressed, in the same coordinate system, as

The spherical harmonic V refers to the relative mo-

mentum of the x, A' system in the coordinate system
described under Eq. (1.4). The spinor Al is a spin wave
function for the A' hyperon. The dot product indicates
vector coupling, with the Condon-Shortley phase
convention. ' The complex numbers p and d are normal-
ized so t.hat

for odd 1.~&2J.
Relations (2.11) constitute a set of restrictions on

the asymmetry coefficients a(L,M) for LAO, since they
must be satis6ed by (2J+1) complex numbers P„and
one real number a in the ranges given by Eqs. (2.2)
and (2.7). The restrictions on a(L,O) alone are those
given by Lee and Yang. ' Those for M&0 are new and
independent. The second asymmetry theorem of
reference 4 is implied by, but is not as strong as, the
conditions (2.11).

3. REJECTION CRITERION FOR J=-',

AVhen the data are sufhciently numerous to determine
all the a(L,M) accurately, the hyperon spin is deter-
mined unambiguously, except in one case which is
discussed below. Any u(L, M) ditTerent from zero for
L) 1 excludes J=-', . Vanishing of a(L,M) for all L) 1
excludes4 J&-,'. Ke now consider the most interesting
case, J= ~3, in detail.

Equations (2.11) for M=O are just the conditions of
Lee and Yang, 3 which they express in the convenient
form

I(~A) = Ez ~ a(L,M) Yz~(~A),

u(L, M)= (—1)~a(L, —M)*

Yzir(8, $)*I(8,&)dQ, (2 9)
where

It+I t = (1/2) —(5/2)(P2),

I:+I:=(»2)+(5/2)(P.),
(I1—I-:)= —(9/2)(Pi)+ (7/~i)(P3)

(I: I :)= (3/2)(—P )-—(7/—2)(P ),

(3.1)

~(L,M) =l[gzI Yz~*lgz)+(&Pzl Yz~'I&gz&j

=lL1+(—1) j(k~l YzM*IW~) (2.10)

(3 2)

(P )= (—1)zL4r/(2L+1) j'i2u(L, O). (3.3)

Thus the angular distribution upon decay is that from
a single quanta state, except that the odd-3f terms
are absent. Combining Eqs. (2.1) and (2.10) gives

(L, -M) =«.II Y.ll~.)
XQ„P„+.v'P„C(J,L,J; p,M), (2.11)

where the last factor is the vector-coupling coefhcient. '
The reduced matrix elements are purely geometric

' The usefulness of a limited number of pure states was pointed
out by P. Eberhard and M. I.. Good, Phys. Rev. 120, 1442 {1960}.

~ M. E. Rose, Ejeesenkwy Theory of Angular Monsenkcm {John
Riley R Sons, Inc. , New York, 1957}.

The two Eqs. (2.11) for M=2 are conveniently com-
bined to give the new condition

o2(I(I ;+I;I I) =n'(25/4=8)
I (Pg2) I'
+ (49/432)

I (P32)
I

', (3.4)

4ir (L+2)! '"
(P..&= (-1)' s(L,2). (3.5)

2L+1 (L—2)!

Now it is easy to see that if all the asymmetry
coefficients for L) 1 vanish, then Eq. (3.4) contradicts
Eqs. (3.1) unless n=O, in which case (Pi& must also
vanish. Therefore, any set of accurate data decide
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unambiguously between J=-', and J=-'„unless the
decay is isotropic. Isotropic decay also excludes J= ~

if o. is knov n from other evidence to differ from zero.

4. FINITE SAMPLES

When the measured (P) are subject to statistical
errors, the asymmetry conditions exclude J=-,'with
large probability unless there is a satisfactory set a, I„
which satisfies Eqs. (3.1) and (3.4) with reasonable
probability. Although the (I'I.) depend upon the
momentum of the, it is possible to average all decay
events in testing Eqs. (3.1), because the equations are
linear in the (I'I,) and n is fixed. Even production
events from reaction (1.2) may be included, since the

assumption of only two quantum states is not involved
in Eqs. (3.1). In practice, a more severe test is obtained
from a separate treatment of the " produced in
di8erent cones about the axis of the K—beam, so
chosen that each (Pr) is nearly constant in each cone.

However, if the hypothesis J=—', "passes" the test
(3.1), then the data must be divided into separate
cones to perform the test (3.4). For typical possible
values of n, one must solve Eqs. (3.1) for the I„and
their correlated errors, using only data from reaction
(1.1).Then if, for all values of a, the measured

~
(PI,2) ~

-"

fail the test with high probability for some cone, or if
they pass with only fair probability for each cone,
J= 2 is excluded with high probability.
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Cross sections for the formation of a number of nuclides in the mass range 65—74 in the bombardment of
In, Au, and U with 2.9-GeV protons have been measured. Four isobars of mass 72, three of mass 67, and
three of mass 66 are included. Charge distribution curves have been constructed from the data, using A"/Z
the ratio of neutrons to protons in the nucleus, as abscissa. The curves are not symmetric about the peak,
falling less steeply toward large E/Z, with U having the most asymmetry. The peak position shifts to
larger iV/Z as the target mass increases. The data for In. are consistent with a cascade-evaporation mechanism
involving a long evaporation sequence, while the U data show the importance of low-excitation-energy
fission in the formation of neutron-excess nuclides.

INTRODUCTION

ADIOCHEMICAI. studies of the interaction of
protons of energy in the GeV range with heavy

elements (uranium, '~ lead,"and tantalum') have led
to the following general description of the mass-yield
curve. The cross section for forming nuclides of a given
mass number decreases as the mass number decreases,
with no indication of any prominent 6ssion peak, until
low mass numbers are reached, where the cross section
rises with decreasing mass number. There is a region of
intermediate masses where the cross section is approxi-

Research performed under the auspices of the U. S. Atomic
Energy Commission.' R. H. Shudde, Atomic Energy Commission Document, Uni-
versity of California Radiation Laboratory Report UCRL —3419,
1956 (unpublished).

2 C. L. Carnahan, Atomic Energy Commission Document, Uni-
versity of California Radiation Laboratory Report UCRL —8020,
1957 (unpublished).' G. Friedlander and L. Yaffe, Phys. Rev. 117, 578 {1960).' B.D. Pate and A. M. Poskanzer, Phys. Rev. 123, 647 (1961).

5 R. L. Kolfgang, E. %'. Baker, A. A. Caretto, J. B.Cumming,
G. Friedlander, and J. Hudis, Phys. Rev. 103, 394 (1956).' J. R. Grover, Phys. Rev. 126, 1540 (1962).

mately constant. This behavior is in contrast to that
observed at lower energies, where two distinct regions
corresponding to spallation and fission are separated by
a region of very low cross sections. It is evident from
emulsion studies' ' that fission occurs to an appreciable
extent at GeV energies, even with nuclei as light as Ag
and Br. The problem is to determine the relation, if
any, of the cross sections observed at these energies to
the concepts of fission and spallation which have been
useful at lower energies. A third process, fragmentation,
which is a speci6cally high-excitation-energy process,
has been postulated to account for the yields and
excitation functions of nuclides with mass number less
than about 40.

Previous work has shown that nuclides on both sides
of the beta stability line are formed in appreciable
amounts, and that stable nuclei, which are usually not

7 N. A. Perfilov, 0.V. Lozhkin, and V. P. Shamov, Uspekhi Fiz.
Nauk 60, 3 (1960}LYranslation: Soviet Phys. —Uspekhi 3, (60),
1 (1960)j.

8 E. W. Baker and S. Katcoff, Phys. Rev. 123, 641 (1961);126,
729 (1962).


