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in spite of the difficult and complicated analytical methods used. The
results of the experiments are now analyzed by means of a theory called
the effective range theory which yields two quantities called the effective
range and the scattering length. These quantities represent average proper-
ties of the potential and determine the scattering cross section; they are
related to both the range and magnitude of the potential, and are used
because they make the analysis of experimental data easier. In particular,
they allow calculations to be made on the basis of very general assumptions
about the nature of nuclear potentials. Both quantities have different
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values in the triplet and singlet cases. Recent results for the effective
range are, for the n-p forces,

triplet effective range = (1.70 & 0.03) X 10™'*cm,
717
singlet effective range = (2.4 =+ 0.4) X 10~*3 em.

Values for these quantities can also be obtained from other measure-
ments. An estimate of the triplet effective range based on measurements
of the cross section for the photodisintegration of the deuteron‘??-2? gives
a result in good agreement with the value 1.70 X 10~*2em. The cross
section for the capture of thermal neutrons by protons‘?* leads to a value
of 2.5 X 10~!2 e¢m for the singlet effective range.

Recent values for the scattering lengths are

triplet scattering length = 5.38 X 10™!3 cm,
(17-18)
singlet scattering length = —2.37 X 10™2 cm.

There is only one proton-proton force, or potential, corresponding to
antiparallel spins. This singlet interaction is a consequence of the Pauli
exclusion principle (Section 7-6) according to which two similar particles
cannot have the same quantum numbers. Two protons can interact
strongly only when their quantum states are the same except for the spins,
which must be antiparallel. The hypothesis of the charge independence
of nuclear forces would then require that the values of the effective range
and scattering length for the p-p potential be the same as those for the
ginglet n-p potential.
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Many proton-proton scattering experiments have been done with protons
of relatively low energy (10 Mev or less).*® Wellcollimated, mono-
energetic beams of protons can be obtained from a Van de Graaff electro-
static generator. The protons are scattered by the protons in a sample of
hydrogen gas, and the scattered particles are detected at different angles by
means of an ionization chamber. The cross section for the proton-proton
scattering process can be determined as a function of the energy of the
incident particles. The differences between p-p scattering and the Ruther-
ford scattering of a-particles by nuclei are interesting. In the latter case,
the measured scattering is caused by the Coulomb repulsion between the
a-particle and the nucleus. The repulsive forces are very large and devia-
tions from the Coulomb force law are observed only for highly energetic
particles and light nuclei. The occurrence of deviations points to the
existence of specifically nuclear forces. In p-p scattering, the Coulomb
potential is relatively small, and the bombarding particles are scattered
in a way which depends on the combined effect of the specifically nuclear
forces and the Coulomb forces. The effect of the Coulomb forces must be
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subtracted from the total effect to obtain the desired information about
the nuclear p-p force.

The results of the scattering experiments can be analyzed by methods
similar to those used for n-p scattering. Additional complications are
introduced into the theory by the Coulomb repulsive force between the
protons and by the fact that the bombarding and target particles are of
the same kind. When the experimental data are analyzed in terms of the
range and depth of the potential which fit the measured values of the cross
sections, the results agree quite well with those obtained for n-p scattering.
Thus, a square-well potential with a range of 2.8 X 107! em would have
a depth of 11.35 Mev as compared with a singlet n-p depth of 11.8 Mev for
the same range. If other shapes of the potential well are used, equally
good agreement is obtained between the strengths of the potential needed
for n-p and p-p forces. These results, together with those of Section 17-3
on the equality of the n-n and p-p forces (apart from the Coulomb effect),
provide experimental evidence for the validity of the assumption of the
charge independence of nuclear forces.

Just as in n-p scattering, p-p scattering results below 10 Mev do not give
details of the shape of the potential. The effective range theory has also
been applied to p-p scattering, and gives the results

effective p-p range = (2.65 = 0.07) X 107"% em,
(17-19)
p-p scattering length = (—7.67 £ 0.5) X 107! cm.

The value for the effective range agrees, within the stated limits of error,
with the value for the singlet n-p effective range {Eq. (17-17)]. The
scattering lengths are quite different in the two cases, a result which seems
to imply that the depths of the potentials are significantly different in the
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two cases. It has been shown, however, that there are magnetic interac-
tions between the particles, and that when these are taken into account, the
p-p and singlet n-p scattering lengths agree.

The results of the scattering work can be summarized, then, by the
statement that at relatively low energies (less than 10 Mev) the nuclear
potentials for the singlet n-p interaction and the p-p interaction are
identical, in agreement with the hypothesis of the charge independence of
nuclear forces.
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More detailed information about the n-p force is obtained from the
analysis of the scattering of neutrons by protons. In some typical scatter-
ing experiments,!®2%21 cyclohexane, CgHiz, was bombarded with
neutrons of known energy, and the transmission was measured in a “good
geometry” experiment. The neutron transmission is given by

I/Iy = e™*,

where ¢, is the total cross section in cm?, n is the number of scattering
nuclei per cubic centimeter, and z is the thickness of the scatterer in em.
Cyclohexane contains carbon in addition to hydrogen, and the effect of
the carbon was determined by doing separate transmission measurements
on a carbon target. The total cross section per atom of hydrogen is then

o(H) = ¢4{0:(CeH12) — 60,(C)}. (17-16)

The absorption cross sections of hydrogen and carbon are negligible com-
pared with the respective scattering cross sections in the neutron energy
ranges studied (0.35 to 6.0 Mev), so that the total cross section can be
taken equal to the scattering cross section.

The measured cross sections can be analyzed by methods which lead in
a not very direct way to information about the properties of the n-p po-
tential. The difficulties mentioned in connection with the problem of the
deuteron are met also in the scattering problem. At neutron energies less
than 10 Mev, which are relatively low for scattering experiments of this
kind, the range of the n-p potential turns out to be close to 2 X 107% cm
for the triplet potential. For a square-well potential, the corresponding
depth is 35 Mev. The results for the singlet potential are 2.8 X 10~!% cm
for the range, and 11.8 Mev for the depth. It has been found, however;
that for neutron energies less than 10 Mev, the details of the shape of the
potential cannot be obtained from neutron-proton scattering experiments,




