VoLuME 10, NUMBER 12

PHYSICAL REVIEW

LETTERS 15 JUNE 1963

Professor D. G. Ravenhall for several valuable
discussions.

fWork supported in part by the U. S. Office of Naval
Research.

13. S. Pruitt and S. R. Domen, National Bureau of
Standards Report No. 6218, 1958 (unpublished).

R. S. Storey, W. Jack, and A, Ward, Proc. Phys.
Soc. (London) 72, 1 (1958).

3J. C. Robertson and J. G. Lynch, Proc. Phys. Soc.
(London) 77, 751 (1961).

4R. B. Murray and A. Meyer, Phys. Rev. 122, 815
(1961).

5A. S. Penfold and J. E. Leiss, University of Illinois

Physics Research Laboratory Report, 1958 (unpublished).

®M. Verde, Helv. Phys. Acta 23, 453 (1950).

J. C. Gunn and J. Irving, Phil. Mag. 42, 1353 (1951).

8C. Rossetti, Nuovo Cimento 14, 1171 (1959).

%We wish to thank Dr. Cranberg for sending us his
data, which indicate a strong sin? contribution: 0.37
+(1+0.8cosf)sin%6. See L. Cranberg, Bull. Am.

Phys. Soc. 3, 173 (1958).

1% e thank Professor R. Hofstadter for communicat-
ing these results prior to publication.

"F charge is defined by Eq. (A-23) in D. R. Yennie,

M. M. Levy, and D. G. Ravenhall, Rev. Mod. Phys.
29, 144 (1957). Experimental values for the proton
were taken from F. Bumiller, M. Croissiaux, E. Dally,
and R. Hofstadter, Phys. Rev. 124, 1623 (1961).

(p,2p) ANGULAR CORRELATIONS IN THE DISTORTED-WAVE BORN APPROXIMATION*
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The angular correlation in a (p, 2p) experiment
involving a proton in a definite shell-model state
contains information about both the shell-model
state and the distortion of the wave functions of
the unbound particles in the entrance and exit
channels.! In order to see what information can
be reliably identified, it is necessary to do a dis-
torted-wave Born-approximation calculation. Pre-
vious calculations® of angular correlations have
used plane waves modified by space weighting fac-
tors calculated semiclassically.

A fully distorted-wave calculation of the angular
correlation in the case where the momentum vec-
tors of the final-state particles are symmetrical
about the incident direction and coplanar with it
has been coded for the IBM 7090. The struck
proton may be initially in either an s state or a
p state. A parameter study on the results of the
155-MeV C*3(p, 2p)B* experiment of Garron et al.®
is reported here.

The approximations used are as follows:
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This formula involves the extreme single-particle
model with j-j coupling. J,, j, and J are the
angular momenta of the residual nucleus, the
struck particle, and the initial nucleus; M,, m,

and M are the magnetic quantum numbers; [/ and
s are the orbital angular momentum and spin of
the struck particle. m, is the proton mass.
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x'*? and x7* are optical-model wave functions
for ingoing and outgoing particles. hﬁo is the mo-
mentum of the incident proton, and hﬁL and hER
are the momenta of final-state particles scattered
to the left and right, respectively; k) =kp, and
they are on opposite sides of the k, direction at
an angle 6. All quantities are in the center-of-
mass system. The optical-model parameters
used were V,, W,, R, and «a for the initial state
and V,, W,, R, and a for the final state describ-
ing Woods-Saxon form factors.

For the shell-model wave function y,”* of the
struck proton, we have used finite square-well
wave functions treating the radius R p as a param-
eter and adjusting the binding energy to be equal
to the experimentally observed removal energy,
thus neglecting rearrangement energy.

The impulse approximation has been shown? to
give the right order of magnitude. We feel that
this is all it can do, so we have retained one ar-
bitrary normalizing parameter v,, and have not
attempted to describe the absolute magnitude of
the cross sections. Provision has been made for
finite-range interaction, and a more realistic
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description of the potential and an attempt to fit
magnitudes will be described later.

The kinematics of the final-state three-body
problem is not trivial and requires an approxima-
tion. After separating off the equation of motion
of the center of mass, the two final-state particles
are described by
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The coordinate systems for the left and right par-
ticle relative to the residual nucleus are described
by the subscripts L and R, E is the total energy
in the center-of-mass system, U; and Up are
the optical-model potentials, and u =mM/M +m),
where m and M are the masses of the proton and
reS1dua1 nucleus, respectively. If the term in
VL‘VR is treated as a perturbatlon then to first
order y; p is separable and VL VR can be replaced
by its eigenvalue - k k

Neglecting terms of order m?/M* and n%/E 5,7,
where 7 is the difference between Eaps the inci-
dent energy in the laboratory system, and the
summed energies of the final-state particles in
the laboratory system, the wave function of each
of the final-state particles is a solution of
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The order of magnitude of the effect of relativis-
tic kinematics has been estimated in the approxi-
mation n=0. For 155-MeV incident energy the
difference between 6 calculated with relativistic
and nonrelativistic kinematics is about 1° in the
region of interest. If we consider this as a linear
perturbation on realistic nonrelativistic results,
we would say that relativistic kinematics would
give values of § about 1° smaller than nonrelativis-
tic kinematics. This is marginally significant in
the present context and has been neglected.

The experimental features which we have taken
into account in fitting the angular correlation
curves for s and p states are (1) the location of
the curve on the 6 axis, (2) the over-all width of
the curve, and (3) the ratio of magnitudes of s-
state to p-state curves. The depth of the mini-
mum and ratio of peak heights in the p-state curve
are not considered to be sufficiently well defined
experimentally to fit.

The best fit is shown in Fig. 1. The parameters
used were as follows: V,=5 MeV, W,=15 MeV,
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FIG. 1. The (p,2p) angular correlation in the labora-
tory system for 155-MeV protons on c!? for n=-16 MeV
(circles) and -36 MeV (crosses). The data are those of
reference 3. Parameters are given in the text. The
units on the ordinate scale are arbitrary but the same
for each curve.

=40 MeV, W,=10 MeV, R=3 F, ¢=0.65 F,
Ry=2.4F (s state), and 3.5 F (p state). The
average values of n were used as the binding en-
ergy for the square-well wave functions. They
are -16 MeV for the s state and -36 MeV for the
p state.

In fitting the experimental data, we first ob-
tained a good fit to the p-state curve by adjusting
the parameters V,, W,, V,, W,, R, a, v, and
Rp. For the s state it was found that we only
needed to adjust Ry, to fit both the over-all width
and the relative magnitude of s-state to p-state
cross sections simultaneously.

A study of the effect of the parameters on the
curves showed that the effect of Ry, the only
parameter representing properties of the shell-
model wave functions, was very different from
the effects of the optical-model parameters. Thus
Ry can be determined quite accurately for both

the s and p states independently of the optical
model.
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The location of the curve on the 6 axis can be
shifted to larger angles by increasing V, and R
(thus maintaining the well-known VR ambiguity
in the optical model) and to smaller angles by in-
creasing V, and |Inl, the energy difference between
entrance and exit channels, which is determined
experimentally and not treated as a parameter.
The effect of varying V, is much larger than that
of varying V,, since V, determines two optical-
model wave functions, V, only determines one.

It was found that a large difference between V,
and V, was necessary to locate the curves proper-
ly. The values quoted are not unique.

The over-all width is determined almost exclu-
sively by R;. Increasing Ry decreases the over-
all width and increases the magnitude of the cross
section at the center of the curve. It is found that
when the best value of Ry, is used in each state,
the relative magnitudes are automatically fitted
well.

The effects of increasing W,, W,, and a are
small. Increasing W, and W, decreases the mag-
nitude of both curves slightly. In fitting the p-
state curve, V, and V, have opposite effects on
the ratio of peak heights. Increasing V, increases
the ratio. Increasing both V, and V, reduces the
depth of the minimum by a very small amount.

The physical conclusions which we tentatively
draw from this calculation are rather significant.
For finite potentials there cannot be significant
differences between single-particle wave functions
whose principal quantum number, angular momen-
tum, binding energy, and rms radius are given.
Hence it seems that a distorted-wave analysis of
(p, 2p) experiments determines the single-particle

wave functions very well.

The rms radius of the charge distribution in C!?
given by our empirical values of R is 2.5 F. The
experimental value obtained from electron scat-
tering is 2.4 F. The rms radius for s-state pro-
tons is 1.7 F, which is the experimental value
for the a particle. Whether this is true for s
states in other light nuclei is, at present, being
investigated by a systematic study of the available
data. Finer points concerning curve fitting are
also being investigated.
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UNITARY SYMMETRY AND LEPTONIC DECAYS
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We present here an analysis of leptonic decays
based on the unitary symmetry for strong inter-
actions, in the version known as “eightfold way,’?
and the V-A theory for weak interactions.??® Our
basic assumptions on J wr the weak current of
strong interacting particles, are as follows:

(1) J,, transforms according to the eightfold
representation of SU,. This means that we neg-
lect currents with AS=-AQ, or AI=3/2, which
should belong to other representations. This
limits the scope of the analysis, and we are not

able to treat the complex of K° leptonic decays,
or Z*~n+e* +v in which AS=-AQ currents play
a role. For the other processes we make the
hypothesis that the main contributions come from
that part of J m which is in the eightfold represen-
tation.

(2) The vector part of J,, is in the same octet as
the electromagnetic current. The vector contri-

bution can then be deduced from the electromag-
netic properties of strong interacting particles.
For AS=0, this assumption is equivalent to vector-
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