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Nuclear Interactions 

QCD (Lagrangian) is simple is write down

its fundamental equations (figure 1). You should not nec-
essarily be too impressed by that. After all, Richard Feyn-
man showed that you could write down the Equation of
the Universe in a single line: U = 0, where U, the total
unworldliness,3 is a definite function. It’s the sum of con-
tributions from all the laws of physics:

U = UNewton + UGauss + . . . ,

where, for instance, UNewton = (F – ma)2 and UGauss =
(∇!E – r)2.

So we can capture all the laws of physics we know,
and all the laws yet to be discovered, in this one unified
equation. But it’s a complete cheat, of course, because
there is no useful algorithm for unpacking U, other than
to go back to its component parts. The equations of QCD,
displayed in figure 1, are very different from Feynman’s
satirical unification. Their complete content is out front,
and the algorithms that unpack them flow from the
unambiguous mathematics of symmetry.

A remarkable feature of QCD, which we see in figure 1,
is how few adjustable parameters the theory needs. There
is just one overall coupling constant g and six quark-mass
parameters mj for the six quark flavors. As we shall see,
the coupling strength is a relative concept; and there are
many circumstances in which the mass parameters are
not significant. For example, the heavier quarks play only
a tiny role in the structure of ordinary matter. Thus QCD
approximates the theoretical ideal: From a few purely
conceptual elements, it constructs a wealth of physical
consequences that describe nature faithfully.4

Describing reality
At first sight it appears outrageous to suggest that the
equations of figure 1 or, equivalently, the pictures in the
box, can describe the real world of the strongly interacting
particles. None of the particles that we’ve actually seen
appear in the box, and none of the particles that appear in
the box has ever been observed. In particular, we’ve never
seen particles carrying fractional electric charge, which
we nonetheless ascribe to the quarks. And certainly we
haven’t seen anything like gluons—massless particles
mediating long-range strong forces. So if QCD is to
describe the world, it must explain why quarks and glu-
ons cannot exist as isolated particles. That is the so-called
confinement problem.

Besides confinement, there is another qualitative dif-
ference between the observed reality and the fantasy
world of quarks and gluons. This difference is quite a bit
more subtle to describe, but equally fundamental. I will
not be able to do full justice to the phenomenological argu-
ments here, but I can state the essence of the problem in
its final, sanitized theoretical form. The phenomenology
indicates that if QCD is to describe the world, then the u
and d quarks must have very small masses. But if these
quarks do have very small masses, then the equations of
QCD possess some additional symmetries, called chiral
symmetries (after chiros, the Greek word for hand). These
symmetries allow separate transformations among the
right-handed quarks (spinning, in relation to their
motion, like ordinary right-handed screws) and the left-
handed quarks.

But there is no such symmetry among the observed
strongly interacting particles; they do not come in oppo-
site-parity pairs. So if QCD is to describe the real world,
the chiral symmetry must be spontaneously broken,
much as rotational symmetry is spontaneously broken in
a ferromagnet.

Clearly, it’s a big challenge to relate the beautifully

simple concepts that underlie QCD to the world of
observed phenomena. There have been three basic
approaches to meeting this challenge:
! The first approach is to take the bull by the horns and
just solve the equations. That’s not easy. It had better not
be too easy, because the solution must exhibit properties
(confinement, chiral-symmetry breaking) that are very
different from what the equations seem naively to sug-
gest, and it must describe a rich, complex phenomenology.
Fortunately, powerful modern computers have made it
possible to calculate a few of the key predictions of QCD
directly. Benchmark results are shown in figure 2, where
the calculated masses5 of an impressive range of hadrons
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QED and QCD in Pictures.

The physical content of
quantum electrodynam-

ics is summarized in the
algorithm that associates a
probability amplitude with
each of its Feynman graphs,
depicting a possible process
in spacetime. The Feynman
graphs are constructed by
linking together interaction
vertices of the type at left,
which represents a point

charged particle (lepton or quark) radiating a photon. To
get the amplitude, one multiplies together a kinematic
“propagator” factor for each line and an interaction factor
for each vertex. Reversing a line’s direction is equivalent to
replacing a particle by its antiparticle.

Quantum chromodynamics can be similarly summa-
rized, but with a more elaborate set of ingredients and ver-
tices, as shown below. Quarks (antiquarks) carry one pos-
itive (negative) unit of color charge. Linear superpositions
of the 9 possible combinations of gluon colors shown
below form an SU(3) octet of 8 physical gluon types.

A qualitatively new feature of QCD is that there are
vertices describing direct interactions of color gluons with
one another. Photons, by contrast, couple only to electric
charge, of which they carry none themselves.
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are compared with their measured values. The agreement
is encouraging.

Such calculations clearly demonstrate that confine-
ment and chiral-symmetry breaking are consequences of
solving the equations of QCD. The calculations show us no
massless gluons, nor any fractionally charged particles,
nor the enlarged multiplets that would indicate unbroken
chiral symmetry. Just the observed particles, with the
right properties—neither more nor less.

While these and other massive numerical calcula-
tions give impressive and useful results, they are not the
end of all desire. There are many physically interesting
questions about QCD for which the known numerical
techniques become impractical. Also, it is not entirely sat-
isfying to have our computers acting as oracles, delivering
answers without explanations.
! The second approach is to give up on solving QCD
itself, and to focus instead on models that are simpler to
deal with, but still bear some significant resemblance to
the real thing. Theorists have studied, for example, QCD-
like models in fewer dimensions, or models incorporating
supersymmetry or different gauge groups, and several
other simplified variants. Many edifying insights have
been obtained in this way. By their nature, however, such
modelistic insights are not suited to hard-nosed con-
frontation with physical reality.
! The third approach, which is the subject of the rest of
this article, is to consider physical circumstances in which
the equations somehow become simpler.

Extreme virtuality
The most fundamental simplification of QCD is illustrat-
ed in figure 3. There we see, on the left, the jet-like
appearance of  collision events in which strongly interact-
ing particles (hadrons) are produced in electron–positron
annihilations at high energy. One finds many particles in
the final state, but most of them are clearly organized into
a few collimated “jets” of particles that share a common

direction.6 In about 90% of these hardron-producing
events, there are just two jets, emerging in opposite direc-
tions. Occasionally—in about 9% of the hadronic final
states—one sees three jets.

Compare those multiparticle hadronic events to colli-
sions in which leptons, say muons, are produced. In that
case, about 99% of the time one observes simply a muon
and an antimuon, emerging in opposite directions. But
occasionally—in about 1% of the muonic final states—a
photon is emitted as well.

If history had happened in a different order, the
observation of jet-like hadronic final states would surely
have led physicists to propose that they manifest under-
lying phenomena like those displayed on the right-hand
side of figure 3. Their resemblance to leptonic scattering
and QED would be too striking to ignore.

Eventually, by studying the details of how energy was
apportioned among the jets, and the relative probabilities
of different angles between them, the physicists would
have deduced directly from experimental data that there
are light spin-1/2 and massless spin-1 objects lurking
beneath the appearances, and how these covert objects
couple to one another. By studying the rare 4-jet events,
they could even have learned about the coupling of the
spin-1 particles to each other. So all the basic couplings we
know in QCD might have been inferred, more or less
directly, from experiment. But there would still be one big
puzzle: Why are there jets, rather than simply particles?

The answer is profound, and rich in consequences. It
is that the strength with which gluons couple depends
radically on their energy and momentum. “Hard’’ gluons,
which carry a lot of energy and momentum, couple weak-
ly; whereas the less energetic “soft’’ gluons, couple strong-
ly. Thus, only rarely will a fast-moving colored quark or
gluon emit “radiation” (a gluon) that significantly redi-
rects the flow of energy and momentum. That explains the
collimated flows one sees in jets. On the other hand, there
can be a great deal of soft radiation, which explains the

.

FIGURE 1. THE QCD LAGRANGIAN ⇒ displayed here is, in principle, a complete description of the strong interaction. But, in
practice, it leads to equations that are notoriously hard to solve. Here m

j
and q

j
are the mass and quantum field of the quark of jth

flavor, and A is the gluon field, with spacetime indices m and n and color indices a, b, c. The numerical coefficients f and t guaran-
tee SU(3) color symmetry. Aside from the quark masses, the one coupling constant g is the only free parameter of the theory.
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F. Wilczek, Physics Today (2000)
but is difficult to solve at low energy. 
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mess, we invoke a procedure that is often useful in theo-
retical physics. I call it the Jesuit Stratagem, inspired by
what I’m told is a credal tenet of the Order: “It is more
blessed to ask forgiveness than permission.’’ The strata-
gem tells you to make clear-cut simplifying assumptions,
work out their consequences, and check to see that you
don’t run into contradictions.

In this spirit we tentatively assume that we can
describe high-temperature QCD starting with free quarks
and gluons. In an ideal (noninteracting) gas of quarks,
antiquarks, and gluons at high temperature, most of the
energy and pressure will be contributed by particles with
large energy and momentum. How do interactions affect
these particles? Well, significantly deflecting such a parti-
cle requires an interaction with large momentum transfer.
But such interactions are rare because, as asymptotic
freedom tells us, they are governed by rather weak cou-
pling. So interactions do not really invalidate the overall
picture. To put it another way, if we treat the hadron jets
generated by quarks, antiquarks, or gluons as quasiparti-
cles “dressed” in hadronic garb, then we have a nearly
ideal gas of quasiparticles. So it seems that ignoring the
interactions was a valid starting point. The stratagem has
succeeded.

Remarkably, the thermodynamic behavior of QCD as
a function of temperature is another one of those things
that can be calculated directly from the equations, using
powerful computers.10 Figure 6 shows the qualitative
expectations dramatically vindicated. At “low” tempera-
tures ( ! 150 MeV or 1.5 × 1012 K), the only important

particles are the spinless pi mesons: p+, p–, and p0. They
represent 3 degrees of freedom. But from a quark–gluon
description we come to expect many more degrees of free-
dom, because there are 3 flavors of light spin-1/2 quarks,
each of which comes in 3 colors. If you then include 2 spin
orientations, antiquarks, and 8 gluons, each with 2 polar-
ization states, you end up with 52 degrees of freedom in
place of the 3 for pions. So we predict a vast increase in
the energy density, at a given temperature, as you go from
a hadron gas to a quark–gluon plasma. And that is what
the calculations displayed in figure 6 show.

What about real experiments? Unfortunately our
only access to the quark–gluon plasma is through the pro-
duction of tiny, short-lived nuclear fireballs, of which we
detect only the debris. Interpreting the data requires com-
plicated modeling. In the quest for evidence of the
quark–gluon plasma, there are two levels to which one
might aspire. At the first level, one might hope to observe
phenomena that are very difficult to interpret from a
hadronic perspective but have a simple qualitative expla-
nation based on quarks and gluons. Several such effects
have been observed by the CERN heavy-ion program in
recent years.11 But there is a second, more rigorous level
that remains a challenge for the future. Using fundamen-
tal aspects of QCD theory, similar to those I discussed in
connection with jets, one can make quantitative predic-
tions for the emission of various kinds of “hard” radiation
from a quark–gluon plasma. We will not have done justice
to the concept of a weakly interacting plasma of quarks
and gluons until some of these predictions are confirmed
by experiment.

High density QCD
The behavior of QCD at large net baryon density (and low
temperature) is also of obvious interest. It answers yet
another childlike question: What will happen when you
keep squeezing things harder and harder? It is also inter-
esting for the description of neutron star interiors. But
perhaps the most interesting and surprising thing about
QCD at high density is that, by thinking about it, one dis-
covers a fruitful new perspective on the traditional prob-
lems of confinement and chiral-symmetry breaking.

Why might we hope that QCD simplifies in the limit
of large density? Again we use the Jesuit Stratagem.
Assume we can neglect interactions. Then, to start with,
we’ll have large Fermi surfaces for all the quarks. (The
Fermi surface bounds the smallest momentum-space vol-
ume into which you can pack all those fermions, even at
zero temperature.) This means that the active degrees of
freedom—the excitations of quarks near the Fermi sur-
face—have large energy and momentum. And so we might
be tempted to make essentially the same argument we
used for the high-temperature, low-density regime and
declare victory once again.

On further reflection, however, we find this argument
too facile. For one thing, it doesn’t touch the gluons, which
are, after all, spin-1 bosons. So they are in no way con-
strained by the Pauli exclusion principle, which blocks the
excitation of low-momentum quarks. The low-momentum
gluons interact strongly, and because they were the main
problem all along, it is not obvious that going to high den-
sity really simplifies things very much.

A second difficulty appears when we recall that the
Fermi surfaces of many condensed-matter systems at low
temperature are susceptible to a pairing instability that
drastically changes their physical properties. This phe-
nomenon underlies both superconductivity and the super-
fluidity of helium-3. It arises whenever there is an effec-
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FIGURE 4. THE RUNNING COUPLING “CONSTANT” as for the
strong interaction is predicted by QCD to decrease with
increasing energy and momentum. That’s asymptotic freedom.
The red curve is the predicted dependence of a

s
on Q, the mag-

nitude of the four-momentum transfer at a QCD vertex. An
empirical input is the measured coupling of a quark pair to a
virtual gluon at the Z boson mass; the orange swath reflects its
uncertainty. The theory yields excellent agreement with a
great variety of experiments,14 shown by the data points and
labels. The open points are results based on the general shapes
of many-particle final states in momentum space.

The low energy QCD vacuum is non-
perturbative:  

• It confines quarks to color singlet 
states.  

•Spontaneously breaks chiral 
symmetry.   

It gets simpler at high energy 
(asymptotic freedom).



Nuclear Interactions 
•Baryons and mesons are the relevant low energy degrees of freedom 

at low energy. Interactions between them are strong, complex, and 
short-range.   

•Pions are special. They are the Goldstone bosons associated with 
chiral symmetry breaking and provide the longest range force 
between nucleons.   

•Other mesons are significantly heavier. It is not very useful to single 
them out as mediators of the strong interaction between composite 
color singlet states.  

•How then can we write down a theory of strong interactions between 
nucleons at low energy ? 

Potential Models Effective Field Theories (EFT) 
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Nuclear Forces at Short Distances

They are essential 
even at low energy.  

Are constrained by 
nucleon-nucleon 
scattering data 
(phase shifts).    

Models favor strong 
repulsion. (hard-core) 

Range of these forces 
is comparable to the 
intrinsic size of the 
nucleon.    
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A Realistic Potential Model

Vij =
X

p

vp(rij) O
p
ij

Intricate spin, isospin and 
tensor structure.



Potential is Neither Unique Nor Observable (in QM)
Potential Models: Relies on a set of (reasonable) assumptions about the 
short distance behavior to solve the Schrödinger equation and fit 
observables.  
Effective Field Theory: Relies on a separation of scales to Taylor 
expand potential in powers of momenta or inverse radial separation.   
Coefficients of the expansion are determined  by fitting to observables.   
A simple (heuristic) EFT example: 

Exchange of heavy bosons at 
low energy cannot be resolved.    

V!(q) =
g2!

q2 +m2
!
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� g2!
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q2
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!
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+ + ..

When several heavy particles may be exchanged, or when the underlying 
mechanism is unknown, the general expansion is    

V
short

(q) = C
0

+ C
2

q2

⇤2
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Nucleons are composite with internal excitations
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2N Force 3N Force 4N Force

LO

(Q/��)0

NLO

(Q/��)2

NNLO

(Q/��)3

N3LO
(Q/��)4

Figure 1: Hierarchy of nuclear forces in ChPT. Solid lines represent nucleons and dashed lines pions. Small dots, large solid
dots, solid squares, and solid diamonds denote vertices of index � = 0, 1, 2, and 4, respectively. Further explanations are
given in the text.

The reason why we talk of a hierarchy of nuclear forces is that two- and many-nucleon forces are created
on an equal footing and emerge in increasing number as we go to higher and higher orders. At NNLO, the
first set of nonvanishing three-nucleon forces (3NF) occur [70, 71], cf. column ‘3N Force’ of Fig. 1. In fact, at
the previous order, NLO, irreducible 3N graphs appear already, however, it has been shown by Weinberg [52]
and others [70, 127, 128] that these diagrams all cancel. Since nonvanishing 3NF contributions happen first
at order (Q/��)3, they are very weak as compared to 2NF which start at (Q/��)0.

More 2PE is produced at � = 4, next-to-next-to-next-to-leading order (N3LO), of which we show only
a few symbolic diagrams in Fig. 1. Two-loop 2PE graphs show up for the first time and so does three-pion
exchange (3PE) which necessarily involves two loops. 3PE was found to be negligible at this order [57, 58].
Most importantly, 15 new contact terms � Q4 arise and are represented by the four-nucleon-leg graph with
a solid diamond. They include a quadratic spin-orbit term and contribute up to D-waves. Mainly due to
the increased number of contact terms, a quantitative description of the two-nucleon interaction up to about
300 MeV lab. energy is possible, at N3LO (for details, see below). Besides further 3NF, four-nucleon forces
(4NF) start at this order. Since the leading 4NF come into existence one order higher than the leading 3NF,
4NF are weaker than 3NF. Thus, ChPT provides a straightforward explanation for the empirically known
fact that 2NF ⇥ 3NF ⇥ 4NF . . . .

4. Two-nucleon interactions

The last section was just an overview. In this section, we will fill in all the details involved in the ChPT
development of the NN interaction; and 3NF and 4NF will be discussed in Section 5. We start by talking

19

Chiral EFT

Systematic approach to 
low energy nuclear 
interactions.  

Expectation is that the 
expansion will remain 
valid up to nuclear 
density. 

Consistent treatment of 
two, three and many-
body forces.   

Weinberg (1990), Ordonez, Ray, van Kolck (1996), Kaplan, Savage, Wise (1996),  Epelbaum, Meissner, Gloeckle (1999), 
Machleidt (2001)  … 



Ground State Energy

E(⇢n, ⇢p) : Energy per particle

two-body nucleon-
nucleon potential is well 
constrained by scattering 
data. 

three-neutron potential is 
constrained  by light 
nuclei. 

Quantum  Many-Body 

Theory: 

Quantum Monte Carlo

Diagrammatic Methods 


(perturbation theory) 



Diagrammatic Methods 

G G G

nucleon-nucleon interaction

Sum certain classes of Feynman 
diagrams  to capture non-perturbative 
aspects.   

Eg. Bruckner or G-matrix Theory:



Quantum Monte Carlo

Variational Monte Carlo:

Greens Function Monte Carlo:

• Evolve particle coordinates.
• MC kinetic terms. 
• Explicitly compute potential.  

Fermion sign problem - limits  GFMC 
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Nuclei exist here 
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Symmetric Matter 

S=32±5 MeV

L = 50 ± 40 M
eV (E
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t)  

    
= 45 ± 15 M

eV (T
heory)

Neutron Matter 

⇢0 = 2.6⇥ 1014 g/cm3

Energy of Uniform Matter: Nucleons in a Large Box

Given a Hamiltonian and a many-body theory we can calculate the energy 
of N neutrons + M protons in a box. 
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Figure 1: The energy per particle of neutron matter for different values of the nuclear symmetry
energy (Esym). For each value of Esym the corresponding band shows the effect of different
spatial and spin structures of the three-neutron interaction. The inset shows the linear correlation
between Esym and its density derivative L.

strength of the short-range 3n interaction AR is taken to be a free parameter adjusted to yield

the experimentally accessible nuclear symmetry energy. This procedure will attribute missing

effects such as relativistic and four and higher nucleon forces to the strength of the 3n inter-

action. Although not proven, we make two reasonable assumptions: 1) relativistic effects in

neutron matter show a similar density dependence to the short-range three-nucleon interaction

as carefully studied in Ref. (25); and 2) four-nucleon force contributions are suppressed rela-

tive to the 3n force for densities up to 2-3 �0. This assumption can be justified at nuclear density

by the high precision fits to light-nuclei obtained with only 3n forces (21), at higher density this

model assumption can be tested by its predicted correlation between properties of neutron-rich

nuclei and neutron stars.

Our assumption is that the symmetry energy is defined as the difference between the en-

ergy per particle in symmetric nuclear and neutron matter at nuclear density and is denoted by

Esym = Eneutron(�0) � Enuclear(�0). It is determined from model fits to nuclear masses favors

7

Neutron Matter & 3N Forces

Gandolfi, Carlson, Reddy (2010)



Nuclear Saturation, (A)symmetry Energy & Neutron Matter 

Symmetric matter has zero pressure and is self-bound at a 
characteristic density    

Energy per particle of symmetric matter is about -16 MeV.  

Its costs energy to make matter asymmetric. 

Kinetic (Fermi) energy and potential energy costs are 
comparable. Total cost at saturation is about 30 MeV.  

It is possible to calculate the energy of pure neutron matter  
up to about twice nuclear saturation density. Errors due to  
uncertainties in nuclear Hamiltonian (especially three-body 
forces) grows rapidly with density.       

n0 ⇡ 0.16 fm�3



Nuclei as drops of nuclear matter 

Nuclear saturation density n0≈ 0.16 fm-3

Volume energy/nucleon ≈ -16 MeV
Symmetry energy/nucleon ≈ 30 MeV
Surface tension ≈  1 MeV/fm2

Coulomb energy ≈ 0.86 (Z2/A1/3) MeV 
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Figure 2: The rms charge radii for 687 nuclei plotted as a function of the
atomic number A. The dashed line is the liquid-drop model with a sharp surface
R = roA1/3 with ro = 1.20 fm.
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Figure 3: The rms proton radii for 687 nuclei plotted as a function of the
atomic number A. The dashed line is the liquid-drop model with a sharp surface
R = roA1/3 with ro = 1.185 fm. The solid line uses the form of Eq. (2.7) which
takes into account the diffuseness.

http://www.nscl.msu.edu/~brown/Jina-
workshop/BAB-lecture-notes.pdf

points: data
dashed curve: sharp surface

thin solid curve: diffuse surface 

Nucleus as a Liquid Drop

Prblm 1.1: Derive the above expression for the Coulomb energy and surface tension. 
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Liquid drop model: 

Question 1.1: Why does the liquid drop model of the nucleus provide a 
fair description of nuclei ?  

1 NUCLEAR MASSES 12
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Figure 7: An expanded portion of the experimental values for BE/A (points
connected by a line). The liquid-drop model is shown by the dashed line.

This process is characterized by the Q value:

Q =
∑

i

M(Ni, Zi)c
2 −

∑

f

M(Nf , Zf)c
2 =

∑

f

B(Nf , Zf) −
∑

i

B(Ni, Zi). (1.8)

Spontaneous decay involves a single initial nuclear state and is allowed if Q > 0. In

the decay, energy is released in the form of the kinetic energy of the final products.

Reactions involving two initial nuclei and are endothermic (a net loss of energy) if

Q < 0; the reactions are exothermic (a net release of energy) if Q > 0.

We can consider the Q values associated with the removal of one or two nucleons

from a nucleus. These are conventionally defined in terms of the one-nucleon and

two-nucleon separation energies, S:

Sn = −Qn = B(N, Z) − B(N − 1, Z), (1.9)

Sp = −Qp = B(N, Z) − B(N, Z − 1), (1.10)

S2n = −Q2n = B(N, Z) − B(N − 2, Z), (1.11)

and
S2p = −Q2p = B(N, Z) − B(N, Z − 2). (1.12)

http://www.nscl.msu.edu/~brown/Jina-
workshop/BAB-lecture-notes.pdf

Expt.: Solid dots
LD model: Dashed curve 

http://128.208.190.199/~intuser/ld.htmlThe website: 
allows you to modify the liquid drop model 
and a refit parameters:  

Binding Energy:

BE(A,Z) = ↵bulk A� ↵sym
(N � Z)2

A
� ↵S A2/3 � ↵C

Z2

A1/3

↵bulk = 15.49 MeV

↵sym = 22.6 MeV

↵S = 17.23 MeV

↵C = 0.697 MeV



Surface and Coulomb Energies
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Shell Structure - Magic numbers 
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Figure 18: Same as in Fig. (1.16) but only for even-even nuclei.
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Figure 19: Same as in Fig. (1.17) but only for even-even nuclei.
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Woods-Saxon
Potential

Woods-Saxon
Plus Spin-Orbit
Potential

Neutron Single-Particle Energies
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Figure 1: Neutron single-particle states in 208Pb with three potential mod-
els, harmonic oscillator (left), Woods-Saxon without spin-orbit (middle) and
Woods-Saxon with spin orbit (right). The numbers in square brackets are the
maximum number of neutrons in that each level can contain, the following num-
ber is a running sum of the total. In addition the harmonic oscillator is labeled
by the major quantum number N = 2n + ℓ, the Woods Saxon is labeled by n, ℓ
and the Woods-Saxon with spin-orbit is labeled by n, ℓ, 2j.

Figures: http://www.nscl.msu.edu/~brown/Jina-workshop/BAB-lecture-notes.pdf

Spin-orbit force is 
strong in nuclei.
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where N and Z are the neutron and proton numbers and Eb is the binding
energy of the nucleus. The proton pairing gaps are defined in a similar way.
With the above definition, the gaps are positive for normal pairing. The
neutron pairing gaps are shown as a function of neutron number in Fig. 1.
The data for this plot was obtained from nuclear binding energies given in
the 2003 mass table.1 The upper panel shows the gaps centered on odd N .
Typically, the odd-N nuclei are less bound than the average of their even-N
neighbors by about 1 MeV. However, one sees that there can be about a
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Chapter 1

Nuclear pairing: basic phenomena revisited

G.F. Bertsch

Institute for Nuclear Theory and Dept. of Physics, University of

Washingtion, Seattle, Washington

I review the phenomena associated with pairing in nuclear physics, most
prominently the ubiquitous presence of odd-even mass differences and
the properties of the excitation spectra, very different for even-even and
odd-A nuclei. There are also significant dynamical effects of pairing, vis-
ible in the inertias associated with nuclear rotation and large-amplitude
shape deformation.

1. Basic phenomena

In this section I will present some of the basic manifestations of pairing in
nuclei, using contemporary sources1,2 for the experimental data. In later
sections, I will describe in broad terms the present-day theoretical under-
standing of nuclear pairing, emphasizing the many-body aspects rather than
the aspects related to the underlying Hamiltonian.

1.1. Pairing gaps: odd-even binding energy differences

The basic hallmarks of pair condensates are the odd-even staggering in
binding energies, the gap in the excitation spectrum of even systems, and
the compressed quasiparticle spectrum in odd systems. To examine odd-
even staggering, it is convenient to define the even and odd neutron pairing
gaps with the convention

∆(3)
o,Z(N) =

1

2
(Eb(Z,N +1)− 2Eb(Z,N) +Eb(Z,N − 1)), for N odd, (1)

∆(3)
e,Z(N) = −

1

2
(Eb(Z,N+1)−2Eb(Z,N)+Eb(Z,N−1)), for N even. (2)
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Chapter 1

Nuclear pairing: basic phenomena revisited

G.F. Bertsch

Institute for Nuclear Theory and Dept. of Physics, University of

Washingtion, Seattle, Washington

I review the phenomena associated with pairing in nuclear physics, most
prominently the ubiquitous presence of odd-even mass differences and
the properties of the excitation spectra, very different for even-even and
odd-A nuclei. There are also significant dynamical effects of pairing, vis-
ible in the inertias associated with nuclear rotation and large-amplitude
shape deformation.

1. Basic phenomena

In this section I will present some of the basic manifestations of pairing in
nuclei, using contemporary sources1,2 for the experimental data. In later
sections, I will describe in broad terms the present-day theoretical under-
standing of nuclear pairing, emphasizing the many-body aspects rather than
the aspects related to the underlying Hamiltonian.

1.1. Pairing gaps: odd-even binding energy differences

The basic hallmarks of pair condensates are the odd-even staggering in
binding energies, the gap in the excitation spectrum of even systems, and
the compressed quasiparticle spectrum in odd systems. To examine odd-
even staggering, it is convenient to define the even and odd neutron pairing
gaps with the convention

∆(3)
o,Z(N) =

1

2
(Eb(Z,N +1)− 2Eb(Z,N) +Eb(Z,N − 1)), for N odd, (1)

∆(3)
e,Z(N) = −

1

2
(Eb(Z,N+1)−2Eb(Z,N)+Eb(Z,N−1)), for N even. (2)

1

Systems with odd number of neutrons or protons have lower 
relative binding energy.

There is a gap in the single particle spectrum. 
 
Pairing is ubiquitous in Fermi systems we shall return this latter. 



Pairing is Ubiquitous
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Cooper Pair condensation results 
in superfluidity and 
superconductivity: 
•Energy-gap for fermions 
•New collective excitations 
(Goldstone modes)    

Ω(Δ)

Δ

E(p) =

�
(

p2

2m
� µ)2 + �2 ⇥phonon = vs q

� / µ exp

✓
�1

gN(0)

◆


