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NFORMATION on properties of coupled fields may
be obtained by considering equations satisfied by
quantities of the type

(out]O()|in) W

[O(x) Heisenberg operator, |in) state of incoming par-
ticles, |out) state of outgoing particles].

The main difference between such quantities and
“covariant wave functions” previously used'™ is that
(1) contains only one Heisenberg operator and several
creation and annihilation operators for outgoing and
incoming particles.

As an example, let us consider two Dirac fields ¢ p(x)
and yYn(x), interacting through a pseudo-scalar field
A(x), corresponding to particles of rest-mass u. The
interaction term in the Lagrangian is then

Lr=gA @) [y (x)+ ¥ (2)].
We introduce the quantity of type (1)
o (2,9) =0 lyw>* (W r () | P),

where |0) is the true vacuum, and | P) is an eigenstate
of the total energy-momentum four-vector of the inter-
acting fields, corresponding to eigenvalues P,. It is easy
to show that

¢(x)y) = ¢(x_y)eipy1

where ¢(x)=(0|¢x"*(x)¢r(0) | P).

The equation satisfied by ¢(x) will be nonlinear. The
interaction of lowest order in g gives, however (as is
most easily seen by starting from the Bethe-Salpeter
equation), a linear equation,

2,

g
Pn H— Dy k—4-m) p ( =
(Puiv*— puy*+m) px (p) Ry

% fQN(P) v vpx(g)do(q)
(p+9) w2

where
vyt = —2g", gh=—1, Qn(p)= (m— puy*)n/2mu,
x(p) is defined by

o= ny [ eliprh(p)in(s)

and

3
do(p)=d*p/EN, EN= (Z:l p+my?)h

Using nonrelativistic notation, ¥(—p)=x(p)/E,",
and working in the center-of-mass system (Pl=pP?
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= P3=0, P*=M), we obtain

2

(apt-mB-+E,¥ — M) p(p)=—
(2m)8

Py(—p)ByBryvvr Pn(—q)¢(q)
f #q, (3)
(p— @)+ (B, —EN)*+u?

where Py(p)= (E,"+ap+mB)n/2E,".
Equation (3) may be checked by applying it, suitably
modified, to the problem of the hydrogen atom. It then

reads
62
(ap+mB+E, ) (p)=——

22

PP - Clpde——l Pp -
< PO

(p— Q)+ (E,P—EF)?

where the subscripts ¢ and P indicate electron and
proton quantities, respectively.

The first term of a development with respect to
me/mp gives, in the coordinate space, the familiar
Dirac equation for a particle in a Coulomb field.

The advantages of Eq. (2) are: first, it contains the
eigenvalue parameter M linearly; second, it is mani-
festly covariant; third, it can be handled, in principle,
by the same methods as the usual one-body Dirac
equation; fourth, it can readily be extended to many-
body problems.

In a forthcoming paper, Eq. (2) will be discussed in
more detail, and higher-order equations for ¢(x) will
be considered,
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T has been pointed out by Wolfenstein! that triple-
scattering experiments can give information beyond
that obtainable with simple double-scattering polar-
ization measurements. The difference between these
varieties of experiments can be stated as follows: in a
typical double-scattering experiment a polarized beam
is incident on a hydrogen target and the intensities of
the scattered protons in various directions are measured,
whereas in a triple-scattering experiment the change in
the state of polarization caused by the scattering on
hydrogen is measured.
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F16. 1. Scale drawing of targets and counters for measurement
of the depolarization parameter D. Target 1, a beryllium target
inside the cyclotron, is not shown in this figure.

The two simplest independent cases are those in
which the triple-scattering experiments are performed
as indicated schematically in Figs. 1 and 2. In the con-
figuration represented by Fig. 1 all the scattering
processes occur in the same plane and, in an over-
simplified schematization, one measures the probability
of flipping the spin in the collision occurring at target 2.
Targets 1 and 3 act as a polarizer and analyzer, respec-
tively. The asymmetry e, observed after the scattering
on target 3 is connected with a coefficient D (for
depolarization) defined by Wolfenstein as

63n=P3(P2+DP1)/(1+P1P2), (1)

where P; is the polarization generated by scattering an
unpolarized beam on target 7.

Figure 2 represents the triple-scattering experiment
in which the second scattering plane is perpendicular to
the first. The scattering on target 2 rotates the spin in
a complicated way and by analyzing the polarization
by scattering on target 3 we find the component of the
spin P; in the direction »; perpendicular to the plane #”.
The asymmetry after the scattering on-.target 3 is

F16. 2. Perspective drawing showing the orientations of the
successive scattering planes in the triple-scattering experiment to
measure the rotation parameter R. The positions of targets 1, 2,
and 3 are indicated by spheres 1, 2, and 3. The plane of scattering
at target 2 (indicated ') is perpendicular to the plane of scattering
at target 1(w). The plane of scattering at target 3(x’’) is per-
pendicular to the plane #’. The figure is not to scale.
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F1c. 3. Depolarization factor D plotted against center-of-mass
scattering angle @ for proton-proton scattering at 310 Mev.

given by
633=P1P3R; (2)

which defines the rotation parameter R.

The experiments have been performed by use of the
polarized beam of the 184-inch Berkeley cyclotron and
will be described in a later paper. The average energy
of the protons incident on target 2 was 310 Mev in the
laboratory system and their polarization was 0.74.

Figures 3 and 4 give graphs of D and R as obtained
in our measurements. The differential cross section I,
the polarization P, R, and D are connected with the
elements of the p-p scattering matrix as indicated by
Wolfenstein! [Egs. (3) and (5)].

The information obtained from our investigation
should be sufficient to determine the phase shifts of
the various partial waves up to and including F waves.
Expressions for the observable quantities in terms of
the phase shifts have been obtained by Stapp? and the
numerical calculation with an electronic computing
machine has been initiated.

The two varieties of triple-scattering experiments
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Fi1c. 4. Rotation factor R plotted against center-of-mass scattering
angle 6 for proton-proton scattering at 310 Mev.
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discussed here have in common the property that,
(a) the beam incident on the second target is polarized
perpendicular to the direction of incidence, and (b) the
direction of analysis of the polarization is perpendicular
to the scattering direction. Other independent triple-
scattering experiments would involve auxiliary mag-
netic fields that would alter in a known fashion the
relative orientation of the directions of the beam and
of the polarization.

* The contents of this letter were presented at the 1954 Winter
Meeting of the American Physical Society (Berkeley, December,
1954

T This work was performed under the auspices of the U. S.
Atomic Energy, Commission.
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HE model of Johnson and Teller,! which deals
with the neutron and proton distributions in
nuclei, requires direct experimental evidence, which
should be possible by using suitable probe particles.
Courant? offered the first method to determine its
reality from the interactions of high-energy pions with
Pb nuclei. His proposal, however, has not been verified
experimentally.

This report gives evidence for the Johnson-Teller
(J-T) type model from the analysis of the total cross
sections for scattering of high-energy neutrons (275-410
Mev). The experimental data in these regions do not
agree with the Fernbach-Serber-Taylor® (F-S-T) theory
as discussed by Nedzel,* who suggested that the diffi-
culties originate from the assumption of uniform nuclear
densities in the usual models. The author has extended
the optical method of F-S-T to the J-T type non-
uniform nuclear model, and derived the corresponding
formulas for oy, o, and o4 for the neutron scattering.
The division of a nucleus into an inner zone with radius
R; and an outer zone extending to the whole radius R
is the same as that of Courant. We use the usual nota-
tion of the optical model, with quantities in the inner
and outer zones described as K, &, and K, k; respec-
tively. Putting Ri/R= (Z/N)*=v, we will define

K=C(0np+0nn)3Z/47(vR)3, {

K=C0,,3(N—2)/4nR3(1—~5%), ()
whereas in the usual F-S-T theory K is given as
Kp=C(Zopp+Nony)3/4wR3. C is a common factor
(independent of elements) of order unity, which reflects

the character of many-body problems and upon
the basic structure of the optical model itself. The
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are based respectively on our formulas (2)-(2d), the Fernbach-
Serber-Taylor theory (uniform), and Heckrotte’s theory (para-
bolic distribution). R=ro4¥X10™¥ cm, where 7,=1.36 for the
curve NV and F. The values of K (in 108 cm™) for the curve N (Ky)
are given in Table I, and for the curve F the value of K(Kr) is
taken to be 0.33. For the curve H Heckrotte’s values were used:
70=1.6, K9=0.32, and %;=0. The dots are the experimental
values (reference 4).
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fact that for incident neutrons K/K=(34424) mb/
24 mb=2.4~2 permit us to determine the following
analytical formulas.

or=mR{2—T,— To+(1—v)2(Te+T2)/2}, (2)
where the outer zone gives the term 7} and the core
gives the other terms. In the limit of y—1 (uniform
distribution), T, gives the well-known F-S-T formula,
while the other terms vanish. o, and ¢; will not be
considered here. The complete expressions for the terms
in (2) are too bulky to be listed here. High-energy
neutron scattering experiments show that the total
cross sections are nearly constant for the energies con-
sidered; hence, we may put k=0 in our present
analysis. With this simplification, the formulas are as
follows:

To=4(KR)*{[1+3(1—7*)*KR]
Xexp[—3(1—7)*KR]—[1+3(1+7)KR]

Xexp[—3(147)IKR]}, (2a)
Tp=16(KR)~{1—[14+3(1—v?*KR]
Xexp[—3(1—v%)!KR]}, (2b)
|1 KR [ 3(1—y"iER
c—{l_vz—m} exp[—3(1—7? ]
[ ! KR} [—3(+7KR], (20
— —— eXpL—3 y C
(1+v)? 2(1+7v) P v
2 3(1+7KR
Ta= (KR) f (e72/x)dx. (2d)
4 3(1—)KR



