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ments, using 30-cycle modulation. Measurements were made
with a dual system, excited by a single oscillator at 27.2 Mc, and
incorporating two samples in separate probes in the field. The
difference in resonance magnetic fields for the two samples was
obtained by measuring alternately the dc field-biasing current
necessary to center first one resonance on an oscilloscope and then
the other. The small difference in the applied fields at the two
samples, due to residual field in homogeneities, was cancelled in
the case of H;O versus mineral oil by interchanging samples.

The effects of bulk diamagnetism are appreciable. The field, H;,
in the sample will differ from the applied field Ho, by an amount?

H;—Hy=($r—a)cH;= (47— a)xH,.

Here « is the volume susceptibility of the sample, and « is the
demagnetization factor which is 2« for an infinite cylinder and
47/3 for a sphere. Spherical samples are indicated but experimental
difficulties prevented their use. Instead, “infinite cylinders” 8 in.
long and % in. in diameter were used for H;O and mineral oil.
Diamagnetic corrections were made using an « of 2z and «’s of
—0.70 and —0.654-0.05X107% cgs units for H,O and mineral oil
respectively. The mineral oil x was estimated from hydrocarbon
data. k for H, may be neglected.

H, was observed at 30 atmos in the pressure probe shown in
Fig. 1. A photograph of its resonance and that of mineral oil is
reproduced in Fig. 2. The phasing of the 30-cycle voltage on the
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F1G. 1. Pressure probe for nuclear magnetic resonance experiments
with gases. A null-T rf bridge was used with this assembly.

x-axis of the oscilloscope is adjusted to superimpose the first
relaxation wiggle; this provides a sharper setting point than the
resonance line itself. The pressure and reference probes were
mounted rigidly in the gap. A length of #%-in. copper tubing con-
nected to the bottom inlet of the pressure probe was used to
introduce, or remove hexane from the sample cavity. By com-
paring its resonance field with that of a hexane sample of the
same shape in the reference probe, the difference in applied
fields at the two positions was obtained. In all experiments with
H, the sample in the reference probe was contained in the same
Pyrex tube, 8 mm internal diameter and 8 in. long, with a thin
glass barrier at the middle, and placed in the same position with
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FI1G. 2. Proton magnetic resonance lines in H2 gas at 30 atmos (top) and
mineral oil (bottom). The phasing of the 30-cycle reference voltage on the
oscilloscope x-axis is adjusted to superimpose the first relaxation wiggles
to provide a sharper setting point. Total modulation sweep is about 0.75
gauss,

the glass film below the bottom of the rf coil. For “infinite
cylinders” the whole tube was filled.

The results are summarized in Table I. The stated errors are
probable errors, which include the calibration of the field-biasing
current, uncertainties in the diamagnetic corrections, and the
probable error of the measured field-biasing currents themselves.
The H;0 versus mineral oil results are in good agreement with
those of Lindstrom, whose data are equivalent to the applied

TasLe 1. Magnetic shielding of the proton resonance in Ha, H20, and mineral oil at

27.1 Mc (6365 gauss). The applied field for mineral oil is higher "than for Ha. Field
differences are in gauss.

Dxﬁ'erence in Difference in Fractional

d field Fractional effect lied fiel effect for

corrected for  corrected for for “infinite “infinite

Sample di t d 1 cylinders” cylinders”
Ml(neral oil 0.02352-0.0020 (3.7+0.3)X107¢  0.0150:0.0010 (2.30.15)X10"8

H:0 (distilled)  0.0020-0.0020 (0.3+0.3) —0.00750.0010 (—1.20.15)

Ha: (g, 30 atmos) 0.0000=:0.0020 (0.0+0.3) 0.0000=0.0020 (0.03-0.3)

field for Hz0 being less than that for paraffin oil by the fractional
amount 4.13:3.0X107% The absolute value of the proton mag-
netic moment is virtually unaffected® by the results reported
herein, because differences in magnetic shielding constitute only
about five percent of the stated error in the most recent de-
termination.”
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The Production of =-Mesons in Proton-Proton
Collisions
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ECENT measurements! on the production of w-mesons in
345-Mev p—p collisions have shown that the spectrum of
the mesons has a strong maximum near the upper energy limit.
This has been attributed to the interaction between the resulting
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proton and neutron and to the possible formation of a deuteron.?
The cross section in the laboratory system was estimated to be
20X 10~® cm?/sterad-Mev in the forward direction.?

We have carried out calculations which confirm this interpreta-
tion. A phenomenological interaction between nucleons has been
assumed, following Foldy and Marshak.t It proves to be im-
portant, however, to give a more accurate account of the nuclear
wave functions. The method employed is similar to that used by
various authors® for the discussion of bremsstrahlung. The inter-
action Hamiltonian

7= [ y+ @) Qs ¥z

between the nucleon and the meson field is written as
2
H’=f f [‘l/l* z:l Qi‘b(xi)\ﬁo]dx;dxg

in terms of the two-particle wave functions ¥, and ¥y of the initial
and final state. For nonrelativistic nucleons the 8-component
spinor functions can be reduced to 4-component Pauli functions
by a procedure in which a certain allowance is made for negative
energy contributions. For the nonrelativistic approximation solu-
tions of the appropriate Schrodinger-Pauli equation with empirical
potentials Vo and V; can be taken. Serber’s suggestion for zero
interaction in odd states was adopted, but recent refinements in
the p—p interaction were not included.

Detailed calculations have been carried out for the case of a
pseudoscalar charged meson with pseudovector coupling. The
potentials were assumed to be of the Hulthén form

V=IO /(1—6)

for even triplet (s=3) and even singlet (s=1) states, with V=0
for odd states. The result for the cross section corresponding to
the formation of a deuteron is approximately

bo_p__BO-D __pe
d vu? (14+[(B+1)x/2p02}2 pob

G +Go) Sl

Here v is the relative velocity of the protons; b=MJ® /k2;
AJ=J®—J®; k and w are the momentum and energy of the
meson, and p, is the initial proton momentum. Inserting values
corresponding to Peterson’s experiments and taking 1/k=1.17
X107 cm one finds that

do/d2=1912(1—0.7 cos?) X 107% cm?.

The isotropic term dominates near the threshold; both terms are
of the same order of magnitude for 345-Mev protons. It will be
seen that after transformation to the laboratory system the
magnitude of the cross section at 30° is of the observed order
(if an experimental energy resolution of 6 Mev is assumed). At 0°
the agreement does not appear to be as good. The angular distribu-
tion depends on the type of meson theory assumed; the magnitude
of the cross section is strongly dependent on the internucleon poten-
tial. Singular potentials give large values for the cross section;
a square well leads to a reduction by a factor of 50. This is in
contradiction with the earlier results of Foldy and Marshak and
illustrates the importance of using a reasonably accurate wave
function for small separations of the nucleons.

The transitions to the continuous spectrum of the proton-
neutron system can be treated in a similar manner. The virtual
1S-state of the deuteron tends to produce a peak near the upper
end of the meson spectrum. This peak, however, is completely
masked by the dominating transitions to a final continuous
3S-state. The differential cross section is approximately

do 27 b kM [Zp. 8uk? cos’&]-

dod@” ou? (1FLG+HDe/20 1 o LM
In the zero momentum system the continuous spectrum consists
of an isotropic part proportional to the meson momentum, %,
and a cos?d term proportional to k3. One finds by integration that
the numbers of mesons produced in the discrete and continuous
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spectra are of the same order. This is consistent with the ob-
servations.

The calculations here reported will be presented more fully else-
where. They are capable of immediate extension to other meson
fields and to more complicated nuclear systems.
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Nuclear Audiofrequency Spectroscopy by Resonant
Heating of the Nuclear Spin System
N. F. Ramsey AND R. V. PounD

Department of Physics, Harvard University, Cambridge, Massachuseits
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N nuclear magnetic induction and resonance absorption experi-
ments, the sensitivity decreases rapidly with decreasing fre-
quency! if the size of the sample being tested is kept constant. This
decrease in sensitivity is due to various causes including the re-
duction in the difference in the Boltzmann factor for the states
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F1G. 1. Audiofrequency spectrum of the LiF in different magnetic fields.
The ordinate is the ratio of the strong field Li? nuclear magnetization after
and before the resonant heating of the nuclear spin system in the indicated
magnetic field.



