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equivalent simple arguments~ yield a qualitative estimate of the
amount and character of the polarization phenomena. The fact
that the 6rst Born approximation yields a polarization is a conse-
quence of the use of a complex central potential. The polarization
is a result of the selective absorption of nucleons scattered with
spins up (j=l+p~} and with spins down (j=l—~~).

It is the purpose of this note to point out that the Born approxi-
mation result for the polarization is independent of the shape of
the nuclear potential if the spin-orbit potential is taken to be
proportional to the gradient of the central nuclear potential. 4

The central potential is taken to be V.(r) =—(ppp+id/p)/p(r) in Mev,
where /p(r} represents the radial dependence of the potential.
The spin-orbit potential is taken to be V, = —U, (r) pr. L/h, where
II,(r) = —(/p/pp/r)(d///dr) Rou. ghly speaking, /p can be considered
as the depth of an equivalent square well of radius a.

In Born approximation, the scattered amplitude f(8) is given
by

(2//p/hs) f(8) =A (8)+ppr n sin8B(8),

where

A (8) =fjp(gr) V, (r)r'dr,

k2
B(8)= ——j &(gr) U, (r)rPdr

n is the unit vector normal to the plane of scattering, k is the
incident wave number, g is the momentum transfer, and jp and
j~ are spherical Bessel functions. ' Using the fact that x'jp(x)
= (d/dx)t xsj&(x)) and performing a partial integration on A(8),
one can show that

1. d
A(8) =—jp(gr) ——V. r d.

rdr

Accordingly, A(8) and B(8) have the same functional form and
the scattered amplitude can be written as

25$ . . PG2p.
f(8)= 1—pp—r nsin8 . A(8).

Qp+ZWp

The polarization is given then by
—2hsuP/pm/p/(p/p'+u p')P = . sin6}.1+(k'8'p, sin'8)/(Qp +Kp~)

The polarization is thus independent of the shape of the nuclear
potential, except that up, mp, and p must be adjusted to yield the
total and absorption cross sections for a particular choice of the
radial dependence, p(r). The result is also independent of the
target nucleus unless such a dependence is introduced into pa~

(say, for example, a~A&).
If we take, for example, a square well, the constants obtained

in 6tting the total nuclear cross sections for 300-Mev neutrons
are Np —0 and grp=18 Mev If we use pg~=5X10 Mev cm
which corresponds to y=-,' Mev when u is equal to the radius of
carbon, the polarization is given by

—8.5
1+18.1 sin~e

The polarization obtained in the Born approximation can be
expected to hold only for forward scattering angles. For larger
angles the angular dependence of B(8) relative to A (8) changes
sufficiently to introduce large corrections to the Born approxima-
tion result, particularly in the region of the di6raction minima.
Thus, it is principally in these latter regions that model-dependent
features of the polarization can be expected to appear. In addition,
if non-square well shapes are taken, it has been found that Np

and xp must be increased over their square well values in order
to 6t the observed cross sections. In some cases the increase is
sufBcient to invalidate the Born approximation. The results of
more accurate calculations for neutrons and protons and for a
number of well shapes is in the course of preparation.

I wish to thank Dr. Burton Fried for a discussion during which

the observation on the polarization in Born approximation was
made.
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'HE hyper6ne structure of the atomic 2P8/2 ground state of
the stable isotope of iodine has been studied by the atomic-

beam magnetic-resonance method. As will be shown, the measured
intervals cannot be 6tted by dipole and quadrupole-like interac-
tions alone.

The hyperfine structure interaction Hamiltonian, which in the
absence of external 6elds is diagonal in an F, my representation,
gives for the relative positions of the energy levels':

(
IV uIC ',E(E+1) I(I+1-)I(I+1)—
fz & 2 2I (2I—1)J(2J—1)

Ep+4Ep+spE"L 3I(I+1)I(I+—1)
+I(I+1)+I(I+1)+3) 4I(I+1)I(I+—1)

4 I(I—1) (2I—1)J(J—1) (2J—1)

where u and b are the nuclear magnetic dipole and electric quad-
rupole interaction constants, respectively, ' and c is the nuclear
magnetic octupole interaction constant. It can be expressed as

hc=(rPPp dpvM)/, /(r 'Pp dlvM)g, g. (2)

(Here M is defined by the relation curlM = i/c. The current den-
sity includes spin as well as orbital currents. ) We have de6ned

(p (Ss' —3srs) divM)/, r

as the octupole moment.
By using second-order perturbation theory, matrix elements

of the dipole and quadrupole moment operators which, for a given
F, are nondiagonal with respect to J, may be calculated. 4 The
effects of these perturbations by the neighboring 2P&/2 6ne-struc-
ture level,

[E(P7/p) B(P3/ ))/h=2. 28X10' Mc/sec,

must be included. The measured zero-field intervals are:
Uncorrected Corrected

F=4~F=3: 4226. 172&0.015 Mc/sec; 4226.161&0.015 Mc/sec,
F=3~F=2: 1965.884+0.010 Mc/sec; 1965.895&0.010 Mc/sec,
F=2~F=1: 737.492+0.008 Mc/sec; 737.492&0.008 Mc/sec.
Experimental values for each of the three intervals were obtained
by observing transitions for which d F= &1, in the region of zero
external magnetic 6eld.

The corrected intervals give the following values for the inter-
action constants:

/p= 82/. 265 &0.003 Mc/sec,

h= 1146.356 &0.010 Mc/sec,
c= 0.00245&0.00037 Mc/sec (all errors rms).

Prom this value of c the nuclear magnetic octupole moment is
calculated:

Q(5sP —3sr') divM)/, = /+3 0X/p1N0 P4 cm'
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This result is not inconsistent either in magnitude or sign with the
octupole moment to be expected for iodine. In fact, it is in good
agreement with the result predicted from a detailed theory for a
d~/2 proton in a single-particle orbit. ' The authors would like to
point out that this result has no relation to that found by Tolansky
from a study of the optical spectrum of ionized iodine.

Consideration of the form of the octupole interaction shows
why, for a given octupole moment, the interaction energy is
appreciably larger in iodine than in the elements of group III or
the remaining halogens. The hyperfine structure of some of these
elements has been studied by atomic-beam methods with com-
parable precision and no octupole-like departures have been
found. ' Details of this and other considerations (relativistic
eRects, configuration interactions, etc.) will be discussed in a
forthcoming paper, which will describe the experimental method
as well. It will be accompanied by a paper by C. Schwartz on the
theory of the hyperfine structure interaction.

We are indebted to Charles Schwartz for his valuable co-
operation.

*This work was supported in part by the Signal Corps, the Air Materiel
Command, and the U. S, Office of Naval Research,

t On leave from the University of California at Los Angeles. Present
address, Physics Department, University of California at Los Angeles,
Los Angeles, California.' Here K =F(F+1)—I(I+1)—J(J+1). For J=3/2 only these inter-
actions exist. This does not preclude, for I =5/2, the existence of an electric
nuclear 24 moment.

2 For a closed shell minus an electron the interaction constants may be
expressed as:
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&HE hyperfine structure intervals in the 2P&» state of In"'
have been measured with a high precision in a search for

eRects arising from a nuclear magnetic octupole moment. Previous
measurements' allowed the description of the observed intervals
in terms of a magnetic dipole and an electric quadrupole inter-
action only, within experimental error. The present measurements
were made on an apparatus in which the weak field, ranging from
0.43 to 1.48 gauss in the several runs, which determined the mag-
netic splitting of the lines is extremely uniform. The lines are thus
sharp and free of asyrnmetries and it is possible to determine their
frequencies to very high precision. The inhomogeneous deflecting
fields of the apparatus are su%ciently low so that the atoms are
in the {F,mz) quantization in these fields. Accordingly almost
all transitions AIi =~1, Am+= &1,0 are accompanied by signifi-

cant changes in magnetic moment and it is possible to observe
a large number of the Zeeman components of each line. The quad-
ratic terms in the energy levels were small in all cases.

The measured frequencies of the zero field lines are as follows:

F=6~P=5: f6 = 1752.6851~0,0006 Mc/sec,

F= 5~F=4: f5=1117.1693&00005 Mc/sec,

F=4~F=3: f4 668——.9638&0.0005 Mc/sec.

It is remarkable that these three frequencies can be very accurately
represented by an expression for the energy levels which includes
only the dipole and quadrupole interaction. In fact, if f6 and f4
are assumed as given, f5 becomes 1117.1692 Mc/sec. However,
the levels of the 'P3/2 state are perturbed by the 'Pi/. state. The
perturbations serves to shift the F=5 level upwards by 8.2 kc/sec
and the F=4 level upwards by 1.0 kc/sec. The attempt to de-
scribe the corrected line frequencies by an expression which in-
cludes only dipole and quadrupole interaction terms leaves
residual discrepancies between observed and calculated line fre-
quencies of the order of 5 kc/sec, far beyond the uncertainties of
the experimental data.

If we use the expression for the energy levels given by Jaccarino
et at, in the preceding letter and which includes magnetic dipole,
electric quadrupole, and magnetic octupole terms, we find

a= 242. 16485+0.00006 Mc/sec,

b =449.5524&0.0006 Mc/sec,

c=0.000497&0.000033 Mc/sec,

where, in each case, the quoted uncertainty is the rms sum of the
uncertainties in each of the terms of the linear equation which
determines the quantity in terms of the line frequencies. No
attempt is made to include uncertainties in the small correction
terms which have been applied to the observed frequencies. The
quantity c is about fourteen times the uncertainty in that quan-
tity and the reality of an octupole-like interaction term is, there-
fore, not subject to significant doubt. The determination of the
octupole moment itself from the interaction constant cannot be
made without further extensive calculation.

These measurements were made in consequence of the observa-
tion of a much larger octupole interaction energy in I'" by the
group at the Massachusetts Institute of Technology whose letter
appears immediately before the present letter. '

+ This work was supported in part by the U. S. Office of Naval Research.' A. K. Mann and P. Kusch, Phys. Rev. VV, 427 (1950).
~We are indebted to Dr. V. Jaccarino and Mr. Charles Schwartz for

access to their calculations of the relevant perturbation energies.' V. Jaccarino et al. , preceding letter )Phys. Rev. 94, 1798 (1954)].

Cou1omb Effects in Pion-Proton Scattering
at Re1ativistic Energies

FRANK T. SQLMITz
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received April 22, 1954)

AN HOVE' and Ashkin and Smith' have shown how to
separate Coulomb and nuclear eRects in pion-proton scat-

tering at nonrelativistic energies. One simply considers the Cou-
lomb force negligible inside the region (of radius of the order of
the meson Compton wavelength) in which the nuclear forces act,
and uses the appropriate Coulomb wave functions outside. It
then turns out that the scattering amplitude for not too low
energies can be written, to quite good approximation, as the sum
of the nuclear amplitude in terms of phase shifts and the Coulomb
Born approximation amplitude.

Thus the cross section in the center-of-mass system (including
nuclear s and p waves only) is of the form

dn/dQ=
i (1/2ik) (P+Q cos8)+f&"r&(t&) ~'

+( (1/2ik)R sin9+f~r&(8) ~s; (1)

Ak and 8 are the momentum and scattering angle in the c.m.


