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ficacy of various wall coatings has not been com-
pletely determined but we have had good results
with the treatment described, and we have found
that bare Pyrex is certainly inferior. The sam-
ple described is obviously a superior one and
exhibits not only longer nuclear relaxation time
than others but also shows much better optical
pumping signals than usual.

This technique should be applicable to any
noble gas having a nuclear moment. It should
not be applicable to any molecular gas since the
nuclear relaxation time is greatly shortened by
the interaction between the nuclear moments and
the rotating charge distribution of the molecule.
Although the amount of polarization (0.01%) is as
yet not useful in nuclear physics experiments,
we hope to improve it by better wall coatings,
by the use of hotter walls to reduce the dwell
time of the He', or possibly by the use of "mixing"
frequencies" to increase the transition rate of
the Rb-He flips.

It has recently been suggested' and discussed"
that a possible study of the relaxation time in a
monatomic gas might give information about the
electric dipole moment of the nucleus through its
interaction with the electric field produced during
collisions. It is tempting to think that this meth-
od of study of the He' relaxation would be useful
in this respect, but the actual frequency and den-
sity conditions of this experiment are still sev-
eral orders of magnitude away from the optimum
conditions for study of this question, in spite of

the fact that our observed relaxation times are
longer than a shortest estimate" for such a re-
laxation mechanism. The wall relaxation again
appears to be a limiting factor.
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The great success of effective-range theory
(ERT) in the analysis and interpretation of low-
energy nuclear two-body scattering data has sti-
mulated its application to a wide variety of-other
fields, in some cases perhaps somewhat less
critically than might be warranted. It should
therefore be stressed that there are limitations
to the applicability of ERT in its usual form.
For long-range forces, for example, the very
form of the expansion as a power series in k' is
incorrect.

The simplest derivation' of ERT for zero angu-
lar momentum starts with the identity

k coty= -1/A+ —,'r(0, k) k',

where

—,'v(o, k} f (vv, -vvv} dv
Q

u(r) and ue(r) are the solutions of the Schrodinger
equation with the potential V(r) at energies E and
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0, respectively, which satisfy the boundary con-
ditions

u(0) = 0, u(r)- sin(kr+ rl)/sing = v(r) for

u, (0) =0, u, (r)-1- r/A -=v~(r) for r-~

where

and

[v '(r) -u '(r)]dr,

The original derivations were concerned prima-
rily with strong, short-ranged (range =R) poten-
tials. It was argued that (1) the limits of integra-
tion could effectively be replaced by 0 and R,
since u(r) =v(r) and u~(r)=v~(r) for r&R, and (2)
in the region 0 to R, for E small compared to
some average of V(r) in that region, the replace-
ment of u(r) byu~(r) and of v(r) by v, (r) intro-
duces an error of order k'.

One then obtains the shape-independent approxi-
mation,

k cotrl = -1/A + 2 r~ k'+ O(k ),
where the energy-independent effective range,
rp, is defined by

rp vp Qp dr.
0

This form of expansion cannot however be cor-
rect, for example, for a potential which behaves
asymptotically as (2 p/8') V(r) - - P'/r4. (Effec-
tive potentials of this form arise, in the adia-
batic approximation, in the scattering of charged
particles by a neutral polarizable system. ) For
this potential, one finds that for r-~

P r Pu (r) -—sin ———cos—
0 P r A

=-0(.)=~-A1~ ~ -6 ~ ~ ~

p' p'

from which it follows that rp= ~. The approxi-
mations noted above are then clearly invalid for
this potential. The point is that if V(r) approaches
zero faster than any power of 1/r the same will be
true for u~(r) - v~(r), whereas for the present po-
tential u~(r) - v, (r) approaches zero so slowly that
the contribution to r(0, k) from large values of r
is anything but negligible.

The solution of the differential equation with a
potential proportional to 1/r4 can be expressed
in terms of Mathieu functions. ' This enables one
to derive the modified shape-independent approx-
imation

k coty=- —+ ~k+ k' ln —
~

1 mp~ 4pm 2 pkl

w g 20l3' 8l3', mg' m'g'

0 S 9A SA SA' . 9A'p

@~2) = I"(-')/I" (&) = 0.0865.

Equation (1) is valid for k real and non-negative
(and small). For k real and nonpositive, a dif-
ferent asymptotic expansion of the Mathieu func-
tion must be used, and one finds that k must be
replaced by -k on the right-hand side of Eq. (1).
k coty is therefore even in k for real k, as it
must be.

To the extent that the adiabatic approximation
is valid for the low-energy scattering of ions'
and even of electrons by neutral atoms or mole-
cules, as seems to be the case, Eq. (1) as ap-
propriately modified to include symmetry effects
is applicable to these situations. In this connec-
tion, we note the recent application4 of ERT in
its usual form to the singlet scattering of low-
energy electrons by hydrogen atoms. The au-
thors of that paper, however, expanded about the
energy of binding of the H ion and it so happens,
for reasons which we will go into at a later time,
that this is a reasonably accurate approach.
This explains the good agreement between their
numerical result for the singlet scattering length
and that deduced through the use of a rigorous
minimum principle. ' We also note that the ef-
fects of the term linear in k on continuous ab-
sorption due to free-free transitions in hydrogen
are not negligible. '

Another application of Eq. (1) is to the scatter-
ing of neutrons by charged systems. ' Due to the
small polarizability of the neutron, the P'/r'
term can be treated as a perturbation. [No such
approximation was necessary for the derivation
of Eq. (1).] Doing so, Thaler found the term
linear in k.

For L & 0 and V(r)~l/r, even the leading term
of ERT is not of the correct form. Thus, it is
k' coty which approaches a constant as k 0, ra-
ther than k + coty as is the case for short-
range potentials.

One cannot expand k + coty as a power se-
ries in k' for any long- range potential [V(r)~1/ ]r
though the point at which new types of terms ap-
pear depends upon the potential. For Van der
Waals scattering at L=0, for example, new
terms will appear between k' and k4. New terms
mill also appear, taking L = 0 again, in the ex-
pansion of C'k coty, where C' is the Coulomb
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penetration factor, for the scattering of charged
particles in the presence of another long-range
potential. This would, for example, be the case
for the scattering of protons by a nucleus, though
the coefficients of these new terms might be quite
small since they are proportional to the polariz-
ability of the nucleus. New terms will also ap-
pear in nucleon-nucleon scattering due to the
long-range magnetic interactions; for n por -p-p
forces it is clear from our previous discussion
that there will also be additional (though gener-
ally very small) terms due to the nucleon polariz-
abilities.

A detailed report is in preparation. This re-
port will also include some applications, with
emphasis on electron scattering by hydrogen.
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Recent experimental evidence points towards
the importance of a long-range interaction, i.e.,
-nz~ ', in high-energy collisions of m mesons
with nucleons and of nucleons with nucleons. ' A

natural model to investigate is that in which the
two incident particles collide by exchanging a
single virtual g meson. In this note it is shown
that if these graphs dominate in collisions in
which the square of the virtual pion's four-
momentum is very small, then a simple field-
theoretical model of such collisions results.

Because the kinematics and field theory dis-
cussed in this note are not restricted only to
processes involving m mesons and nucleons, we
consider a general inelastic two-particle colli-
sion as shown in Fig. 1.' Particles A and A',
with four -momenta pf and pf', exchange a boson
B with four-momentum 4z, and two groups of
particles emerge: C, with total four-momentum
P, and C', with total four-momentum P'. A and
A' have rest masses ge and gr',

p. = -SU and p. ' = -Bl',
Z Z

I

I

I

P;= A QE
FIG. 1. A general binary inelastic collision in

which particles A and A', with four-momenta P& and
Pf', interact by the exchange of a single boson B, with
four-momentum g, leading to two groups of final
state particles: C, with total four-momentum P, and
C', with total four-momentum P'.

and the "rest masses" 8" and W' of C and C' are
defined by

+2 = -gl and Q + = -gaia.

The over-all barycentric coordinate system (U)
is defined by

p p+P.U'=0
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