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Scattering of Polarized Electrons by Polarized Nucleons
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The differential cross section for the scattering of arbitrarily polarized charged spin one-half particles
by arbitrarily polarized charged spin one-half particles with an anomalous magnetic moment has been

calculated, including recoil effects.

CATTERING of polarized electrons on polarized

nucleons at high energies could be a useful tool to
investigate the charge and magnetic moment structure
of nucleons separately. Such experiments, either using
the polarized electrons arising from beta decay, or in
the form of double-scattering work, may perhaps be
feasible in the not too distant future. It is therefore
important to know as much as possible about the
effects theoretically expected.

Rosenbluth! has calculated the cross section for the
scattering of unpolarized electrons from unpolarized
protons with anomalous magnetic moments. Bincer?
has generalized this to the case when the fermions are
longitudinally polarized. The cross section for the
scattering of two identical spin one-half particles with
arbitrary spin directions and with no anomalous
magnetic moment has been calculated by Ford and
Mullin.? Newton? has calculated the cross section for
the scattering of longitudinally polarized electrons on
nuclei having magnetic moments and arbitrary spin
directions in the limit that the nuclei suffer no recoil.

We now extend the work of Bincer to the case when
the fermions have arbitrary spin directions. Although
throughout we refer only to the scattering of electrons
by protons, the calculations are valid for the scattering
of any two different spin one-half particles, one of
which has only a Dirac magnetic moment while the
other may have an anomalous magnetic moment. In
the case of scattering from the neutron, all terms
except those proportional to the square of the anomalous
magnetic moment should be omitted from the expres-
sions. The cross section was calculated in the first
Born approximation using the usual trace methods.
The spin directions of the fermions were included by
the use of the unit four-vector®
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where £ is the unit vector in the direction of the spin
of the fermion in its own rest system. This is the
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direction we refer to as the direction of the spin of the
particle.

The differential cross section for the scattering of
polarized electrons (particle 1) from polarized protons
(particle 2) with anomalous magnetic moment g, in
units of the nuclear magneton [ (14 g2)es/2m, is its total
magnetic moment ] in an arbitrary reference frame is

da/dQ= (e%?/28%) | pi’ |2 (a2 — miPmy?)
XLt | (ExtEz)—Ey | pr-t-p2| costy' T
X {[2a(a—b)-+bmz](1— g2b/2ms?)
+b(b4m1?) (14-g2)*+ (1+4go)mam.,
X [2bs1-so+51-ksa- b+ (g2b/ms?)
X (bs1>sa—s1-pasa-k)]}.

Here the unprimed quantities refer to the initial
particles and the primed to the final. 6’ is the angle
between p; and py, % is the four-momentum transfer
po' —pe=p1—p1’, a the invariant pi-po=p1-ps/, and
b= '—%k2 By Pl‘P2 1S meant P pz—ElEz. The charges
e; and e, are in units such that for a unit point charge
e?*=aq. If the charge and magnetic moment distributions
of the proton are taken into account, e; and g, should be
multiplied by Fi(k?) and F.(k%)/F1(k?), respectively;
F1(k¥?) and Fy(k?) being the charge and anomalous
magnetic moment form factors for the proton.®

In case particle 1 is initially unpolarized and its
final spin direction is observed, s; is replaced by si’
in the above expression and the entire expression is
multiplied by the factor one-half.

In the center-of-mass system the differential cross
section is

do/dQ=e2e [ 8p*(Er1+ E,)? sin(30) 1!
X{[2a(a—b)+bm>](1—g?b/2ms?)
+b(b+m?) (14 g2)*— 2 (14 g2)p? sin*(36)
X [2[ELE; cos?(30)+ p2(14-g2 sin?(36))]
X cosA1 cosho+ M sinf(Ey— (Ei1-+Es)
X (gap?/m2?)) coshy sinkg coska+miEs sind
X sin\1 cosky coshe+2mamo(sin? (360) (1— gep?/ms?)
X cosk1 coske~+[1— (gap?/ms?) sin?(36)]
X sink; sinkg) sin\; sink.]}.

6 See, for example, Hofstadter, Bumiller, and Yearian, Revs.
Modern Phys. 30, 482 (1958), for the definition of the form
factors. Notice that the Dirac moment has the same shape as
the charge, so that the entire magnetic form factor is (Fy4-g2F2).
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F16. 1. The relative change of the electron-proton differential
cross section due to reversal of the proton’s spin direction. The
cross sections are for longitudinally polarized electrons and
protons in the center-of-mass system; (; is the velocity of the
electron.

Here the initial direction of the electron is taken as
the 2z axis and its final direction is in the x—z plane.
The scattering angle is § and the polar and azimuthal
angles of the spin direction of the electron are \; and
k1, respectively, and those of the proton are Ay and «
(the azimuthal angles being measured from the «
axis). In the center-of mass system ¢ has the value
— (E1Es+$?) and b the value —24?sin?(30), where p
is the magnitude of the momentum of either particle.

The spin-independent term and the cos\; coshs term
constitute the cross section obtained by Bincer. The
remaining terms depend on the transverse polarization
of the particles. For scattering at high energies, the
only important spin-dependent terms are those depend-
ing on the longitudinal polarization of the electron,
the two terms proportional to sin\; being of the order
my/E1 smaller than those proportional to cosh;.

The coefficient of cos\; coshs divided by the spin-
independent term gives a quantity of experimental
interest:

doy—do_

Dy=—o
do+do_

The subscript of do refers to the direction of the spin
of the proton: 4 in the z direction, — in the —z
direction, # in the x direction, and d in the —x direction.
In the two special cases considered, the electron is
polarized in the z direction, i.e., in the direction of its
momentum. An analogous quantity,

doy—dog

D=—
do+do
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is given by the coefficient of cos); sin\, cosks divided
by the spin-independent term. Similar ratios can be
readily constructed when the particles are polarized in
other directions. D; and D, are shown in Figs. 1 and 2
for various electron velocities as functions of cosf.

For electron energies much larger than its rest mass,
the cross section in the rest frame of the proton is

do/dQ=[es2e?/4E? sin*(360) J[ 142 (E1/ms) sin?(36) ]2
X{[1+ (E1/ms) (24 g2 Er/ms) sin?(36) ]
X cos?(360)+2(E1/ms)? sin* (30) (14 g2)°
— (E1/ms) (14-g2) sin?(46) coshi[ 2[cos?(36)
+ (E1/ms) (1+g2) sin(36) ] coshz
+ (1—g2E1/m,) sinf sin), cosks ]}.

The meaning of the angles is the same as above. Since
we have already specialized to high energies, only
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Fig. 2. The relative cross-section change for longitudinally
polarized electrons and transversally polarized protons. The ratio
is plotted for scattering in the plane of proton spin and initial
momentum. For scattering in another plane, it must be multiplied
bly the cosine of the angle between proton spin and scattering
plane.

terms depending on the longitudinal polarization of
the electron appear.
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