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17-5 The interaction between two nucleons. It has been shown in the
earlier sections of this chapter how qualitative information about nuclear
forces can be obtained from the properties of complex nuclei. Quantitative
information can best be obtained from the experimental and theoretical
investigation of phenomena involving only two nucleons, and two-nucleon
problems are, therefore, the basic problems of nuclear physics. These
problems include the scattering of protons by protons, which gives informa-
tion about the strength and the range of the p-p forces, the scattering of
neutrons by protons, the properties of the deuteron, and the capture of
neutrons by protons, all of which give information about the strength and
range of the n-p force. The force between two neutrons cannot be studied
directly because there is no stable nucleus which consists only of neutrons,
and because experiments on the scattering of neutrons by neutrons are not
practical. The properties of complex nuclei are the only source of informa-
tion about the n-n force.

The analysis of the experimental results and the theory are both com-
plicated, involving the quantum-mechanical theory of collision processes
and of the deuteron. These problems are treated in some of the books
listed at the end of the chapter and in review articles'*®'71® and will not
be discussed in detail here. Instead, the ideas underlying the experiments
and theory will be sketched and some of the results will be indicated. We
start with the problem of the deuteron. .

The successful application of wave mechanics to a-radicactivity showed
that nuclear problems as well as atomic problems should be understandable
in terms of wave mechanics. There is, however, a serious difference between
atomic and nuclear problems; in the former the force between the posi-
tively charged nucleus and an electron is known to be derived from the
Coulomb electrostatic potential; in the latter the details of the force law
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are unknown. In the case of the deuteron, the simplest nucleus with more
than one nucleon, certain facts are known, and it is necessary to seek a
force law, or potential between the proton and neutron, which will account
for the facts. The most important experimental basis for the theory of
the deuteron is its binding energy, 2.23 Mev; in addition, the spin, mag-
netic moment, and quadrupole moment are known. The Schroedinger
equation for the deuteron is

vy + 2m 2 " E— Vv =0, (17-10)
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where V2 is the Laplacian second order differential operator which is, in
rectangular cartesian coordinates,
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m is the reduced mass,
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=~ M (of proton or neutron). (17-11)
The quantity E is known; for the ground state of the deuteron it is negative
and numerically equal to the binding energy. The potential V is not
known and the procedure used is to start with some reasonable assumed
function and modify it as necessity requires, keeping it as simple as the
experimental facts permit. The simplest assumption that can be made
about the force between the neutron and proton is that it is a central force,
acting along a line joining the two particles, and that it can be derived
from a potential V(r), where r is the distance between the particles. Since
the force is attractive, V(r) is negative and decreases with decreasing r.
The wave function is then a function of r only, and may be written as
¥(r). It is convenient to use spherical coordinates in the Schroedinger
equation. The lowest, most stable, quantum state is that for which the
angular momentum ! = 0 (the S-state). There is then spherical symmetry
and terms which involve the polar and azimuthal angles drop out so that
the Schroedinger equation for the deuteron becomes
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F1e. 17-2. Attractive potential between a neutron and a proton as a function
of the distance between the two particles. The dotted lines represent the square-

well potential.
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Equation (17-12) can be simplified by making the substitution

¥(r) = M (17-13)

with the result
du(r)

prs + :—f [B — V(")u(r) = 0. (17-14)

Various potentials can be used subject, of course, to the requirement that
the force has short range. The potentials which have been used most
frequently are

(a) square well: V(r) = —V, r<b
=0 r>0);

(b) exponential: V(r) = —Voe™

(c) Gaussian: V(r) = —Voee™

(d) Yukawa: V(r) = —Vole™ur).

The simplest of these is the square well shown in Fig. 17-2; the magnitude
of the potential is assumed to be significantly large only within the short
range 0 < r < b, and to be zero for r > b. This kind of potential was
used in the theory of a-decay (Section 13-6) to describe the interaction
between the a-particle and the residual nucleus except that a repulsive
(positive) potential was used there. The binding energy alone does not
permit the determination of both the magnitude and the range, but gives
only a relationship between these two quantities. The result of the analysis
may be written

b2V, = 1.48 X 107% Mev-em®. (17-15)
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If the range b is assumed to be 2 X 10~!% ¢m, a reasonable value for the
deuteron, then Vo would be 37 Mev. The other short-range potential
functions give about the same results as the square well.

The exact solution of the problem of the deuteron is complicated by
several factors. The n-p potential does not depend on r alone, since the
deuteron is known to have a quadrupole moment (see Section 8-5) and is,
therefore, not spherically symmetrical. The potential depends also on the
relative orientation of the spins of the neutron and the proton. In fact, a
detailed analysis of the ground state of the deuteron shows that a neutron
and a proton can form a stable deuteron only if their spins are parallel.
This stable state is known as the triplet state, in contrast to the unstable
singlet state in which the spins are antiparallel. To account for the shape
(quadrupole moment) of the deuteron, it is necessary to postulate that the
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n-p potential depends on the angle between the spins and the line of con-
nection of the two particles. The n-p force is consequently noncentral or,
more precisely, not completely central. Finally, the analysis of the deu-
teron alone does not give all of the desired information about the n-p
force, although it does provide useful clues to the solution of the problem.

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) = 14{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
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kind, the range of the n-p potential turns out to be close to 2 X 107'* em
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,
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
singlet 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 10~ 3 cm,
(17-19)
p-p scattering length = (—7.67 % 0.5) X 1073 em.
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




image17.png
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.

17-6 The status of the problem of nuclear forces, The information
collected in the last section about the interaction between two nuclear
particles at low energy can be summarized as follows: there exists a force
between nuclear particles which is attractive (except for the electro-
static repulsion between two protons), and which has a range of about
2 X 107! cm. The force is spin dependent, being different in the parallel
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spin (triplet) and antiparallel spin (singlet) cases. It is not completely
central, but depends to some extent on the angle between the axis of the
spins and the line between the two particles. The nuclear force does not
seem to depend on the type of nucleon; the same force can be assumed
between any pair of nucleons, two protons, two neutrons, or a neutron and
a proton, without coming into conflict with any low-energy result. In
other words, the nuclear forces seem to be charge independent at low
energies.

Unfortunately, the information just listed is incomplete and leads to
serious problems, some of which have not yet been resolved. One of these
problems has to do with the saturation of nuclear forces. The study of
complex nuclei has shown that the binding energy per nucleon is approxi-
mately constant and it has been deduced from this fact (Section 17-1) that
nuclear forces must have the property of saturation. It has also been
found that the nuclear radius is proportional to the cube root of the nuclear
mass, that is, the nuclear volume is proportional to the number of particles
in the nucleus, a result which also implies the saturation of nuclear forces.
It turns out, however, that if the nuclear forces are attractive, short-range
forces, they cannot have the saturation property required by the binding
energies and nuclear radii. A study of the potential and kinetic energy of
the nucleus as a function of the radius has shown2® that under the action
of purely attractive forces, the nucleus would be stable only if its radius
were about half as great as the range of nuclear forces. Each nucleon
would then interact with every other nucleon and the binding energy
would be proportional to A2 in contradiction with the observed fact that
the binding energy is proportional to A. Nuclear radii would be smaller
than the values obtained from experiment.
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The difficulty has been partially resolved by assuming that the force, or
part of the force, between two nucleons is sometimes attractive, sometimes
repulsive, depending on the state of the two nucleons with respect to each
other. A force of this kind is of a more general type than those used in
ordinary atomic physics, and it has been necessary to broaden the concepts
of potential energy and force in order to apply them to the nucleus. A clue
to the kind of generalization needed was supplied by the treatment of the
molecular ion H3, which consists of two protons and one electron. To
account for the properties of H, a force was needed which is a mixture of
ordinary and exchange terms. The exchange terms arose from the possi-
bility that the electron could exchange positions between the protons. It
was assumed that the electron could jump from one proton to the other,
and that the H3 ion could be regarded as consisting of a hydrogen atom
and a proton, which can change their positions. The possibility of this
exchange introduced new terms into the mathematical expressions for the
potential and the force, and the new contribution to the force is known
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as an exchange force. Exchange forces have the property of being attractive
or repulsive depending on the states of the particles involved, and it was
postulated that forces of this kind exist between nucleons. Although there
is not yet a satisfactory explanation for the existence of nuclear exchange
forces, these forces can be treated mathematically and lead to the correct
saturation properties. The introduction of exchange forces does not affect
the low-energy interaction between two nucleons, and removes the con-
tradiction with the saturation requirement which follows from the assump-
tion of purely attractive nuclear forces.

Although exchange forces cannot be described accurately in terms of
elementary ideas, a simple, if not entirely correct, picture can be given of
how they lead to saturation. Immediately after the discovery of the neu-
tron (1932), Heisenberg suggested that when a neutron interacts with a
proton the single electric charge jumps from one nucleon to the other so
that, in the first such jump, the original proton changes into a neutron and
the neutron into a proton. In this way, a neutron may interact with only
one proton at a time, and the n-p force has the property of saturation.
After Fermi proposed his theory of S-decay, these ideas were extended.
According to this theory, a neutron can change into a proton by emitting
an electron and a neutrino, and a proton can change into a neutron by
emitting a positron and a neutrino. Heisenberg suggested that nuclear
forces are exchange forces in which electrons (or positrons) and neutrinos
are exchanged between two nucleons. The strength of these nuclear forces
could then be calculated from the observed probability of g-decay. Un-
fortunately, when these calculations were made, the nuclear forces that
should result from the electron-neutrino interchange were weaker by a
factor of about 1071* than those required by a square-well potential with
a range of the order of 10™'3 cm. Although the theory was pretty, it did
not work.




image21.png
After the failure of this theory, Yukawa (1935) predicted the existence
of a particle, now called a meson, having a rest mass between the electron
and nucleon masses. He proposed a theory of nuclear forces which involves
these mesons and is referred to as the meson theory of nuclear forces. The
discovery of such a particle in the cosmic radiation stimulated a great
deal of experimental and theoretical research in the fields of nuclear theory,
cosmic rays, and high-energy particle physics. Several different mesons
with different charges and rest masses have been discovered, and many
attempts have been made to fit them into a consistent scheme of nuclear
forces. These attempts, however, have not yet succeeded in reproducing
quantitatively the known properties of nuclear forces.

Another serious problem has to do with the properties of nuclear forces
deduced from nucleon scattering experiments at high energy. It has been
emphasized that the hypothesis of the charge independence of nuclear
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forces seems to be valid at low energies. It has also been mentioned that
the low-energy data do not give definite information about the detailed
properties of the n-p and p-p potentials. It was expected on theoretical
grounds that the results of scattering experiments at high energies would
give results which are very sensitive to the details of the interaction, its
dependence on the distance between the particles, and to its exchange
properties. The development of high-energy particle accelerators has
made it possible to extend the energy range of neutron-proton and proton-
proton scattering to energies up to 400 Mev.

Several difficulties have appeared as a result of the work on high-energy
scattering, and the data available at present have led to confusion rather
than to clarity. The proton-proton scattering at high energies shows some
features which are quite different from the neutron-proton scattering. For
example, the p-p scattering cross section at energies greater than 100 Mev
is almost independent of the angle of scattering, in strong contrast to the
n-p scattering. Although certain differences between the p-p and n-p
scattering are to be expected even if the nuclear force law is the same, the
observed differences are such that they cannot be explained in terms of the
theory and forces that account for the low-energy results. The charge-
independent forces which account for the low-energy results seem to fail
when applied to the high-energy scattering data. This dilemma has not
yet been resolved; it is receiving a great deal of attention and it may still
be possible to find a force law which can account for both types of scattering.

Thus, in spite of the existence of a large amount of experimental material,
it has not yet been possible to analyze the forces which hold neutrons and
protons together. Although considerable progress has been made in recent
years, knowledge of the nature of nuclear forces is still in an early, if not
rudimentary, stage. It is, therefore, not possible to develop a theory of

nuclear structure based on the present knowledge of nuclear forces.
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1.9 NATURE OF NUCLEAR FORCES

The forces known in the beginning of the twentieth century—gravitational and electromagnetic
Coulomb forces could not account for the stability of the nucleus. Protons carry positive charge
and neutrons are neutral particles. The electrostatic force will be repulsive between two protons.
So, this force will cause the nucleus to break and thus it cannot account for the binding of the
nucleus. The gravitational force of attraction between two nucleons is extremely weak, it also
cannot explain the binding energy of the nucleus. This force is significant only on the macroscopic
scale, such as for astronomical objects.

The small size of the nucleus (~ a few fermi) and its great stability shows that the forces
operating among the nucleons are short-range forces, i.e. they are effective over very short
distances only (~ few fermi). This short-range character distinguishes the nuclear forces from
gravitational and electromagnetic forces, which act over large distances. If the forces operating
among the nucleons were long range, there would be interactions among distant nucleons in the
nucleus, as well as between those in close proximity; the total binding energy would increase
roughly as 4. However, the actual binding energy is approximately proportional to A. This
characteristics of the forces is called saturation property. Each nucleon attracts those in its
immediate vicinity, but is relatively indifferent to the others. This new force, called nuclear force
was introduced to accoynt for the stability of the nucleus. This force was assumed to be much
stronger than the repulsive Coulomb force between two protons. This force is attractive between
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2 protons, 2 neutrons or | proton and 1 neutron. Later on, these nuclear forces were found to be
highly complex. Some important characteristics of nuclear forces are:

Nuclear Forces are Charge-Independent

The force between n—n is same as that between p—p and between n—p. This is termed as charge-
independence of nuclear forces. This is clear from the formation of mirror nuclei. For example, 3H
and 3He are mirror nuclei. The former contains 1 proton and 2 neutrons, while the later contains
2 protons and | neutron. The binding energy of }H is 8.5 MeV and that of 3He is
7.7 MeV. The three types of forces (n-n, p-p, n—p) are equal in magnitude, the difference of
0.8 MeV in 1H and 3He is due to repulsive Coulomb energy between proton—proton in 3He nuclide.

Nuclear Forces are Very Strong in Nature

They are much stronger than electromagnetic and gravitational forces. They are stronger by a
factor of 137 from the electromagnetic force and are stronger by a factor of 10*” from gravitational
forces.

Nuclear Forces have Short Range

Nuclear forces are short-range forces and the range is of the order of nuclear dimensions. If the
range of the nuclear forces is larger than the dimensions of the nucleus. they would have definitely
affected molecular interactions, but no such effect has ever been observed in molecular structure.
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Nuclear Forces are Repulsive at Very Short Distances (~0.5 fmi

If this was not so, the nucleons inside the nucleus would collapse to the size of nuclear force
range.

Nuclear Forces are Saturated

The range of nuclear forces is limited. Saturation of nuclear forces implies that their interaction
is only with the nearest neighbours. The effect of saturation property of nuclear forces is that the
binding energy is proportional to 4.

Nuclear Forces are Non-Central

Electrostatic and gravitational forces are central forces, i.e. these forces act along the line joining
the two particles while nuclear forces depend not only on the distance between the nucleons, but
also on the angle that their spins make with the line joining the two nucleons.

Nuclear Forces are Spin and Angular Momentum-Dependent

Two nucleons having parallel spin have stronger force between them than those having anti-
parallel spin. This force depends on the angles between the spin and orbital angular momentum
vectors.

Nuclear Forces are Velocity-Dependent
Nuclear forces depend upon the velocity of the nucleons.
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"Nuclear Forces are Exchange Forces

It means that the force is produced by exchange of force carrier. It is described in detail in th

€ next
section. : |

1.10 YUKAWA THEORY OF NUCLEAR FORCES/M.eden.

Yukawa in 1935 proposed a theory to explain the nature of nuclear forces. Yukawa proposed that
when two nucleons are interacting, there is a field associated with this system and the cause of he
force between the two nucleons is an exchange of a quantum between them. A quantum is emitteq
by one nucleon and is absorbed by another.

This assumption is similar to the case of Coulomb force between two charged particles,
According to quantum field theory, the Coulomb interaction between the two is explained by
saying that one charged particle emits a virtual photon that is absorbed by the other. The zery
mass of photon explains the long-range nature of the Coulomb forces. According to Yukawa,
because nuclear forces being of short-range kind, the quantum exchanged between the nucleons
must have a finite mass. The mass of the quantum can be deduced from the range of nuclear
forces and was calculated by Yukawa as ~300 m,, where m, is the mass of electron. The quanta
involved in such interactions have been given name as g-mesons or pions. It was proposed that
there exisnd they were denoted as positively charged pion 7', neutral pion 7 and
negatively charged pion 7. All these three pions were discovered and their properties have been
measured.
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To explain neutron—proton interactions, a neutron decays by emission proton and 77, i.e.
n— p+ 7 and this 7 is absorbed by another proton or z~ + p — n. Similarly, proton—neutron
interaction is explained by the emission of 7", i.e. p = n+ 7" and n + 7° — p.

For p—p interaction, p — p’ + 7% where p’ is the new proton by emitting 7° and this 7° is
absorbed by another proton as 7° + p — p’ where 1’ is the new proton formed by absorbing 7°.

Similar equations can be written for n—n interaction.

In the case of single nucleon, the pions are constantly emitted and absorbed by the same
nucleon, i.e. a nucleon is surrounded by a cloud of pions.

There is another question we may ask. When a pion is emitted, will there be an apparent non-
conservation of energy by an amount AE = m,. ¢2? The answer lies in the uncertainty principle,
which allows non-conservation of energy by an amount given by AE n—> (7+7E

AE At~ h

or K+p - ”r
A~ b 24 /D,_gﬁ*ﬂ/
f~ " e <4x 105 nep’— P (138)

If pion is travelling with approximately equal to that of light or ¢, then in time Av, it will cover
a distance

Atxe=

=12x 10"
myc % 1= om (139)

which is precisely the range of nuclear forces.




