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The nucleon is a composite system. It
consists of quarks and gluons and is
described by quantum chromodyna-
mics. Consequently, the nucleus should
be viewed as an assembly of quarks and
gluons. However, nature suggests a
grossly simplified picture of the nucleus
as a satisfactory approximation for nu-
clear dynamics: All quark and gluon
degrees of freedom are to be collected in
the motion of nucleonic clusters, which
are then considered as elementary. This
is the long-standing classic picture of
the nucleus with non composite nucle-
ons as basic building blocks. There is
overwhelming evidence for its approx-
imate validity: Experimentally, the nu-
clear mass is given, within 1%, by the
nucleons as nuclear constituents and,
theoretically, the classic picture has
been highly successful in describing a
multitude of nuclear structure and scat-
tering phenomena qualitatively. This
classic picture freezes all subnucleonic
degrees of freedom. It is often amended
to revive at least some of them in an
average way by allowing nucleons to ex-
change mesons and undergo transitions
to excited nucleonic states, which one
calls isobars. The latter description of
the nucleus as a system of nucleons,
isobars and mesons is sufficiently detail-
ed for most low- and intermediate-ener-
gy nuclear phenomena. The real quark-
gluon substructure of the nucleon only
gets visible in the nucleus, when high-
energy projectiles probe the nucleus
with a resolution better than 1fm, the
nucleonic size. Thus, depending on the
phenomena studied different theoretical
pictures of the nucleus are appropriate.
In which of the alternative pictures do
three-nucleon forces arise ? How do they
arise?

Consider as an illustrative example
the process of Fig. 1 for which the des-
cription of the nucleus as a system of

Fig. 1 — Sample process contributing to the
interaction in a three-nucleon nucleus. Only
its intuitive implication is significant.

baryons and mesons is used. The bary-
ons are either nucleons or isobars. Fig. 1
and the diagrams in the following figu-
res, picture the time evolution of the
considered system, they are meant to
transmit an intuitive understanding of
what happens physically. In Fig. 1 the
vertical lines stand for the paths of three
nucleons in time. Time runs upward and
simultaneous events are portayed on the
same horizontal level. At some moment
nucleon one emits a meson which tra-
vels freely to the second nucleon, where
it gets absorbed. During this period three
nucleons and a meson are present in the
system. Later on the exchange of a
meson is repeated between nucleons
three and two, but the absorption of the
meson turns nucleon two into an isobar.
The subsequent intermediate state con-
tains a single isobar besides the nu-
cleons. The following interactions now
have an obvious meaning. In this des-
cription of nuclear dynamics there are
no instantaneous two-, three- or many-
nucleon forces. Instead, there is a me-
chanism for meson emission and ab-
sorption from baryons.

If the meson exchange which lasts a
finite time, is assumed to occur instan-
taneously, ie., if the meson degrees of
freedom are not treated explicitly and
only the baryonic ones are kept, one si-
mulates the process of Fig. 1 by the two-
baryon interactions of Fig. 2a. They are
unretarded and are indicated by horizon-
tal dashed lines. They depend on the co-
ordinates of both baryons and include
transition potentials which excite a
nucleon to an isobar. If furthermore the
isobar is not allowed to propagate a
finite time, i.e., if its degree of freedom is
also frozen and the physical process of
Fig. 1 is considered to occur between
nucleons only, an instantaneous effec-
tive three-nucleon force arises as shown
in the centre of Fig. 2b. It depends on the
coordinates of all three nucleons.

We see, that two-, three or many-nu-
cleon forces are not created by nature as
truly fundamental interactions. They
arise only when subnucleonic and me-
sonic degrees of freedom are frozen in a
theoretical description of nuclear dyna-
mics. They are an artifact of theoreti-
cians who prefer to work with a restrict-
ed number of collective degrees of
freedom. But as indicated they do so for
good reasons.

Two Different Strategies for Describing
the Three-Nucleon Force

By example, Fig. 2 illustrates the
strategies for the theoretical description
of the physical processes underlying the
three-nucleon force. Clearly not all ac-
tive degrees of freedom can be followed
up in a practical calculation. One may
either pick out some non-nucleonic de-
grees of freedom, believed most impor-
tant, and treat them explicitly. Then the
force structure remains comparatively
simple as in the example of Fig. 2a, in
which two-baryon potentials suffice for
the description. Or one decides to work
with nucleonic degrees of freedom only,
but then one has to face effective three-
or, in general, many-nucleon forces
explicitly as in the example of Fig. 2b.
Research is being pursued according to
both strategies.

Since there is no full understanding of
the two-nucleon force, the understan-
ding of the three-nucleon force must be
correspondingly limited. This is why
both approaches for the three-nucleon
force employ physically incomplete and
at present different dynamic input in
their practical procedure. They yield only
approximative pictures of the three-
nucleon force, pictures which are even
physically unequivalent. They are based
on meson exchange. Their small-distan-
ce phenomenology will have to be repla-
ced later on by a quark-gluon description
as it is developing for the two-nucleon
force. Both approaches should and can
be enriched finally to contain the same
dynamics though in different descrip-
tions.

Both approaches have their advan-
tages and disadvantages. At present,ap-
proach one makes the choice of keeping
as non-nucleonic degree of freedom
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Fig. 2 — Freezing degrees of freedom into
instantaneous potentials. In Fig. 2a the
meson exchange which lasts a finite time is
assumed to occur instantaneously whereas
in Fig. 2b, the isobar also is not allowed to
propagate over a finite time.



Fig. 3 — Sample isobar contributions to ef-
fective three-nucleon (Figs. 3a and 3b) and
two-nucleon (Fig. 3c) forces. Consistency
requires that all two- and three-nucleon con-
tributions of this type have to be calculated
together.

only the A-isobar. The /\-isobar is the
lowest-lying excited state of the nu-
cleon, its mass is about 300 MeV
heavier than that of the nucleon. It has
spin 2 and isospin % Allowance for
A-iso%ar excitation in nuclear dynamics
yields the processes of Figs. 3a - 3c as
samples for those considered in ap-
proach one. Figs. 3a and 3b represent
contributions to the three-nucleon force.
They are composed of simpler two-
baryon interactions, but cannot be built
up as a sequence of two-nucleon poten-
tials. The /\-isobar is seen predominant-
ly in P-wave pion-nucleon scattering.
The central part of Fig. 3a is just such a
meson-nucleon scattering process, in
which a meson hits a nucleon, excites it
into a /AA-isobar, which then propagates
and turns itself back into a nucleon by
the re-emission of the meson.

Clearly approach one exploits only
part of the knowledge on meson-nu-
cleon scattering. In contrast, approach
two, which uses nucleonic degrees of
freedom only, can absorb much richer
physics in its instantaneous three-
nucleon force. The central shaded area
of Fig. 4 is meant to represent all
physical process which contribute to
meson-nucleon scattering in instan-
taneous approximation. Among them
there is the process with the /\-isobar as
intermediate state on which approach
one relies. But other isobars and
nucleon-antinucleon pairs can con-
tribute as well as two-meson reson-
nances which are formed by the in- and
outgoing meson and which also couple
directly to the nucleon. The latter
mechanism is realized by the rho-meson
in pion-nucleon scattering. The program

Fig. 4 — Two-meson exchange three-
nucleon force of approach two. At present
only the two-pion exchange is used. It con-
tains the process of Fig. 3a in an instan-
taneous description besides other two-pion
exchange processes.
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of approach two has been carried out for
the two-pion exchange part of the three-
nucleon force and is being extended to
other mesons. Approach one goes
easier beyond the level of two-pion ex-
change by basing the transition poten-
tial from nuclear to isobar configurations
on any meson exchange or on subnucle-
onic degrees of freedom.

The effective two- and three-nucleon
forces of approach one are energy-
dependent due to isobar propagation as
shown in Fig. 3; they feel the presence
of other nucleons and can adjust to the
nuclear medium. This medium effect
turns out to be important for the process
of Fig. 3c. Two nucleons interact, and
one is thereby excited to a /\-isobar.
After propagation the /\-isobar is de-
excited to a nucleon through a second
interaction with the same nucleon. This
process also occurs in the isolated two-
nucleon system; it is a contribution to
the two-nucleon force. The presence of
the third nucleon, which is of course at-
tached to the other two through interac-
tions — prior and later to the interaction
sequence illustrated in Fig. 3c and there-
fore not shown there —, modifies the
propagation between the two transition
potentials. The attraction is reduced in
bound systems, the medium effect of
Fig. 3c on the two-nucleon force is ef-
fectively repulsive. In contrast, the two-
and three-nucleon forces of approach
two are in its present form instanta-
neous and do not adjust to the surroun-
ding nuclear medium. In approach one
there is a worked-out consistency bet-
ween two-and three-nucleon forces and
corrections for electromagnetic and
weak currents. The corresponding con-
sistency in approach two has not been
studied yet.

What Does the Three-Nucleon Force
Look Like?

One has a good picturesque under-
standing of the structure of the two-
nucleon force. Its short range repulsion
is followed by the intermediate-range at-
traction which has the long-range one-
pion exchange tail. In contrast, the
three-nucleon potential is a highly com-
plicated object. It depends on the coor-
dinates, spins and isospins of all three
nucleons. It is hard to visualize. We at-
tempt to do so for that part of the two-
pion exchange three-nucleon force of
Fig. 4 in approach two, which is generat-
ed by P-wave pion-nucleon scattering
and which corresponds to the process
of Fig. 3a in approach one mediated by
the /\-isobar. This part of the three-
nucleon force exhibits a strong and phy-
sically important spin-isospin depen-

dence. This dependence is — for the
purpose of a more transparent graphical
presentation — averaged out. The ave-
raging is carried out according to a total-
ly antisymmetric spin-isospin depen-
dence which is in the three-nucleon
bound state the wave function part of
overwhelming weight.

Important geometrical configurations
are indicated in Fig. 5. A sample contour
plot of the resulting spatial distribution
of the three-nucleon potential energy is
shown in Fig. 6. It demonstrates the at-
traction of the three-nucleon force when
the three nucleons are in an equilateral
triangle configuration. The force be-
comes repulsive when the nucleons lie
on a straight line. This interesting distri-
bution of attraction and repulsion in the
three-nucleon force is distinct from the
three-nucleon potential energy of the
two-nucleon pair interactions. In the lat-
ter case, there remains a strong attrac-
tion also in the collinear configuration. It
is obvious that more insight into the geo-
metrical properties of the full three-
nucleon force with the inclusion of spin-
isospin dependence is badly needed for
intuitive estimates of its importance.

Fig. 5 — Distinct geometrical configura-
tions of three nucleons.

Evidence for the Three-Nucleon Force

Effective three-body forces are not
particular to nuclear physics. Histori-
cally, nuclear theory is modelled after
the successful quantum-mechanical de-
scription of atomic phenomena. There,
the photon degrees of freedom are
usually frozen into electromagnetic po-
tentials, and two-body interactions
seem to suffice for a quantitative ac-
count of experimental data. However,
three-body forces arise conceptually as
showninFig. 7. They are tiny indeed due
to the small electromagnetic coupling
constant and are therefore unimportant
in atomic physics. In other systems
three-body forces can be sizeable. On
the subnucleonic level the confining
quark forces resulting from gluon elimi-
nation must be very strong and many-
body in nature. On a more macroscopic
scale, the electron degrees of freedom
are often suppressed in chemical. pro-
blems. Due to the polarizability of the
electron clouds the interaction between
two atomic clusters depends on the pre-
sence of other atoms, and substantial
three-atomic forces emerge. Thus, de-
pending on the system three-body for-
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Fig. 6 — Contour plot of the
spatial distribution of the
three-nucleon potential ener-
gy where the two nucleons are
kept at a fixed distance of 0.88
fm. The position of the third
nucleon is varied according to
the insert; contour values are
given in MeV. The geometrical
configuration of strongest at-
traction is shielded by the re-
pulsive core of the two-nu-
cleon force.
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ces may be small or large. What is the
size of the three-nucleon force? What is
the evidence for its importance?

The intuitive theoretical estimates on
the size of the three-nucleon force are in-
conclusive and appear even contradic-
tory: The three-nucleon force would
derive its possible importance from con-
figurations in which three nucleons are
simultaneously close. However, two nu-
cleons strongly repel each other at small
relative distances. Consistent with Fig.
6, the configuration in which the strong-
est attraction could be gained from the
three-nucleon force, is shielded by repul-
sion due to the two-nucleon potential.
This is the reason why effects of the
three-nucleon force have often been ar-
gued to be small. If, on the other hand,
nucleons are spatially rather extended
quark-gluon clusters which strongly
overlap in the nuclear medium, the
three-nucleon force cannot easily be dis-
missed as unimportant. Obviously our
present theoretical understanding of the
three-nucleon force is incomplete. One
should therefore look for quasi-experi-
mental evidence on the importance of
the three-nucleon force. Unfortunately,
this evidence is rather indirect.

Fig. 7 — Particular two-meson (Fig. 7a) and
two-photon (Fig. 7b) processes contribu-
ting to the interaction in the three-nucleon
nucleus and in the helium atom where the
solid lines indicate electrons, the double line
the helium nucleus and the wavy lines the
photons. The processes contain interme-
diate states with two pions and two pho-
tons. Freezing the meson and photon de-
grees of freedom yields intantaneous three-
body forces.
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Quasi-experimental evidence is ob-
tained from the failure of traditional
nuclear theory to explain experimental
data. The classic format of nuclear
theory views the nucleus as a system of
nucleons only, which interact through
two-nucleon potentials without the
three-nucleon force according to the
rules of nonrelativistic quantum mecha-
nics and which couple to the photon
through one-nucleon currents. Within
this format, the solution of the many-
nucleon problem is a complex task. It
has been accomplished with satisfying
numerical accuracy only for some isola-
ted states in a few nuclear systems, ie.,
in the three-nucleon system, in the light
doubly closed-shell nuclei, in some sim-
ple shell-model nuclei and in nuclear
matter.

The numerical solution is by far best
checked and technically most advanced
in the three-nucleon bound state. Ir-
respective of the particular choice of the
two-nucleon potential off-shell, the
classic format cannot account for the
experimental data quantitatively. In
bound systems it is unable to describe
simultaneously nuclear binding and nu-
clear size. The theoretically calculated
electromagnetic properties turn out to
be in poor agreement with the experi-
mental data. The failure of traditional
nuclear theory is documented in the
Table. Scattering states can be calcula-
ted with confidence only for the three-
nucleon system, and some encouraging
gross agreement with experiment has
been obtained. However, two striking
problems exist. First, for all realistic two-
nucleon potentials the resulting zero-
energy neutron-deuteron doublet scat-
tering length turns out to be too large by
more than 0.5 fm. This discrepancy is
correlated to the binding-energy pro-
blem. Secondly, the 'So neutron-neutron
scattering length, which cannot be mea-
sured directly in a scattering experi-
ment, has been extracted from the inter-
action of two neutrons in the final state
through a theoretical model-dependent

analysis. The deuteron break-up by a
neutron, i.e., n + d — (nn) + p, and by
pion capture, ie, n” + d — (nn) + yyield
two different values: -16.3 + 0.6 fm and
-18.6 + 0.5 fm. If the inconsistency in
the extracted values would survive addi-
tional experimental scrutiny, the incon-
sistency has to be related to the fact that
both reactions differ by the number of
hadronic bodies in the final state and
may signal the working of the three-nu-
cleon force.

Itis tempting to interpret the indicated
failures and inconsistencies as due to
the missing of non-nucleonic degrees of
freedom in the traditional nuclear theory
with two-nucleon forces. The added
non-nucleonic degrees of freedom will
yield many-nucleon forces and many-
nucleon currents. At present, one can
also not exclude the possibility that part
of the existing discrepancies is not relat-
ed to unaccounted dynamical degrees
of freedom but rather to the relativisti-
cally improper non-covariant treatment
of the nuclear kinematics. In any case
the existing discrepancies between
theory and experiment are often not
dramatic, e.g., for the binding energies,
the discrepancy is of the order of a few
percent in the potential energy. The dis-
crepancies only ask for a modest correc-
tion of traditional nuclear theory, eg., for
a small effect due to the three-nucleon
force. A complete replacement of the
traditional picture of the nucleusis not at
all indicated.

Why is Research on the Three-Nucleon
Force Exciting?

Building models is a large part of
nuclear theory. There are many extreme-
ly useful phenomenological models
which describe selected aspects of the
nuclear many-body problem qualitative-
ly. The models have a number of para-
meters, eg., effective masses, effective
charges, effective potentials, which are
usually not derived in a microscopic
sense from the underlying dynamics of
the nuclear constituents. Research on
the three-nucleon force is different. It is
part of our search for a microscopic
theory of nuclear phenomena which is
practicable and quantitatively success-
ful.

A microscopic nuclear theory is more
ambitious but more limited than pheno-
menological models and also remains a
model. It is more ambitious, since it is
more fundamental. It is much more limi-
ted in its range and ease of applicability,
since it is technically very demanding.
The ideas on an improved microscopic
theory can at best be tested in simple
systems for simple observables, obser-
vables, which often appear physically
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3H and 4He binding energies and properties

Theory Experiment
E(3H), MeV |- 7.3 + 0.3|- 8.5
E(%He), MeV|— 22 + 2 |- 28.3
nuclear
matter:
E/A, MeV - 17 2 - 15.5 £ 0.5
ke, fm1 1.6 + 0.2 1.33 + 0.04

The results refer to calculations within the
classic format of microscopic nuclear struc-
ture employing two-nucleon forces. The
quoted values are obtained for the Reid soft-
core potential. In the theory column the
spread of values indicates numerical inac-
curacies and variations due to the use of dif-
ferent two-nucleon potentials. The numeri-
cal erroris smallest for the triton calculation.

unexciting compared to the wealth of
nuclear phenomena. Clearly, heavy-ion
scattering of '*O from *°Ca or the fission
barrier in ?*°Th are not appropriate tes-
ting grounds.

The heavy technique inherent in any
microscopic theory blurs handwaving
physics. For understanding complicated
properties of nuclear systems it may be
unnecessary and even undesirable to at-
tempt the connection with the underly-
ing forces. Finally, any microscopic
theory of nuclear phenomena is bound
to be a simplifying theory, since the full
account of all quark-gluon degrees of
freedom will not be possible. Even the
envisaged microscopic nuclear theory
with the three-nucleon force is after all
only a model. However, it is a unifying
model providing the conceptual basis on
which phenomenological descriptions
rest, and it is therefore microscopic in
the nuclear physics sense.

What has been established in the re-
search on the three-nucleon force? Bin-
ding energies and electromagnetic pro-
perties of some nuclear bound states
and simple scattering states have been
calculated microscopically with the in-
clusion of the three-nucleon force. Ap-
proach one, which keeps some subnu-
cleonic degrees of freedom in the des-
cription of nuclear phenomena as in Fig.
3, and approach two, which works with
nucleons only and the explicit three-
nucleon force of Fig. 4, have been used
in the three-nucleon bound state. Ap-
proach two is being applied to the three-
nucleon scattering states, the four-
nucleon problem and nuclear matter. All
calculations still have to mature techni-
cally.

The resulting effects of the three-
nucleon force or the effects of the dyna-
mics underlying the three-nucleon force
are usually beneficial, although no quan-
titative success in removing long-stan-
ding theoretical problems can be claim-
ed. The three-nucleon force yields addi-
tional binding as required. The two-pion
three-nucleon force increases the bin-
dingin*H by -1.1 MeV, in*He by -7.2 MeV.
It overbinds nuclear matter at too high a
density. This behaviour is expected,
since the force lacks any short-range
dynamical modification. In contrast,
balancing repulsive mechanisms are
seen in approach one, which may stabi-
lise the binding-energy results for higher
densities. Despite the different physics
content, the dominating part of the
three-nucleon force, indicated in Fig. 3a,
yields additional binding for the three-
nucleon bound state, comparable in size
to the value of approach two. Besides
the attraction there are two repulsive
mechanisms incorporated in approach

one: (i) the rho-exchange screens part of
the attraction arising from the pion-
exchange for single-isobar excitation;
(ii) the isobar is allowed to propagate in
the nuclear medium thereby decreasing
the effect of the three-nucleon force and
the attraction of the two-nucleon in-
teraction as pointed out before. Com-
pared to a description with frozen isobar
degrees of freedom, repulsion results.
Approach one always aims at a consis-
tent description of other nuclear obser-
vables besides binding energies and
finds there the effect of the mechanisms
yielding the three-nucleon force disap-
pointingly small.

Building an effective theory, though
microscopic in the nuclear sense, is a
slow process. The first results on the
three-nucleon force indicate that we are
only at the beginning of a long road. The
road will lead through the territory of
mesonic and subnucleonic degrees of
freedom and connects nuclear pheno-
mena with insights of particle physics.
The new territory is exciting for nuclear
physics. Exploting this territory is an im-
portantintellectual challenge. The three-
nucleon force is an interesting site in this
territory.
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