
Intro to Nuclear Physics

but really ...

Tidbits on nuclear/particle physics
gathered from electron scattering
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Down the rabbit hole we go ...

Human hair diameter ∼ 0.1 millimeters (mm, 10−4, ∼ 0.5×JLab
beam diameter)

Atom diameter ∼ 0.3 nanometers (nm, 10−9 m) - changes across
periodic table, bond type, net charge (± ion)... [2018.0]

Nucleus diameter ∼ 1.8 (H) - 12 (U) femtometers (fm, 10−15 m, also
called a fermi)

⇒ Atom ÷ Nucleus ∼ 50000 for a 6 fm nucleus
∼ football field length (360’) ÷ thickness of nickel coin (0.077”)

How do we “see” the nucleus arrangement ..?

Smash two of them together and see what comes out ..!? - yes, but it
is like determining the original shapes of two glasses out of the
fragments.

Can we do some sort of “precision surgery”? - yes, use electrons to
measure the charge and current distributions of a nucleus [1948.0].
e− interact electromagnetically only and show no structure so far.
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Throwback to ∼1929 - by then,

Becquerel [2018.2] had shown that the fast particles of β decay were
the electrons of Thompson [2018.1].

Einstein had introduced his special theory of relativity [2018.3] to
describe object motion when v → c

Stern-Gerlach had shown that the orbital angular momentum of
atomic electrons (Silver atoms) was quantized as expected from the
“old” quantum theory of Bohr. ([2009.0], Chapter 6)

Uhlenbeck and Goudsmit came to the 1/2 electron spin by analyzing
the hydrogen atomic spectra [1971.0]

The calculated (Schrodinger eq.) and measured ([1927.0]) magnetic
moment of hydrogen in the ground state did not match. Pauli fixed
the problem “by hand” (the 3 Pauli matrices). Dirac introduced the
relativistic wave equation for spin 1/2 massive particles like the
electron [2018.4]
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Poking the nucleus with e− - Mott scattering,

Mott calculated the differential cross section (an area) per unit of solid
angle (steradian, [2018.5]) for elastic scattering of relativistic electrons,
polarized (bunch of e− with their spin axes parallel) and unpolarized, off
point atomic nuclei ([1929.0]). For unpolarized, in the lab frame:

dσ

dΩ
=

(Z α)2 E ′ cos2(θ/2)

4E 3 sin4(θ/2)

Energy, momentum conservation:
E ′ = M E

M+2E sin2(θ/2)

p′ sin(θ) + pN sin(φ) = 0

θ
φ

e
electron "catch" box

Ω

(E, p) (M, 0)

(E', p')

(EN, pN)

α ∼ 1/137 - fine structure constant [2018.6].
We have neglected m2

e terms (0.52 << 9382 MeV2, hydrogen nucleus) ...
mass in MeV? - Yep!, “Natural units”: c = ~ = 1 and free use of
E = mc2.
How do we measure a cross section experimentally? - easy:

dσ

dΩ
= C

ecatched
ebeam Ntarg Ω
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DETOUR to pick up some needed nuts and bolts ......

How do we guide the electrons to where we want them?- mostly with
all types of electromagnets although in a few cases, permanent
magnets and electrostatic filters are also used.

What kind of electromagnets are used at JLab? - both resistive (i.e.
wound copper cable) and superconducting (i.e. Niobium-Titanium)
are used. At JLab, the superconducting magnets are clustered in the
experimental halls. Some of those magnets have iron poles others do
not - e.g., the Hall B CLAS12 detector system has two iron free
superconducting magnets (a Torus and a Solenoid)
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DETOUR: using magnets (or dusting off ”Intro to Physics”) ......

Particle trajectory is a circle (no en-
ergy losses) - must balance Lorentz
force (~F = q ~v × ~B) and “centrifugal

force” (~Fc = −mv2

r F̂ ):

mv = p = q B r

q/m = v/(B r)

Apparatus used by Thompson to mea-
sure the e− q/m ratio.

Quadrupole [2018.10]
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DETOUR: an spectrometer example ......

The Stanford Linear Accelerator Cen-
ter (SLAC) End Station A: the 8, 1.6
(left) and 20 (back) GeV spectrome-
ters.

See [1982.0] for further details on the
design of beam transports and spec-
trometers.
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Back at poking the nucleus with e− - elastic scattering off nuclei

As the e− energy is increased, its de Broglie wavelength (λ = h/p)
becomes smaller ⇒ scattering will behave as Mott predicted if the
nucleus is indeed a point, and different otherwise.

If the nucleus is not a point but a sphere, then ([1948.0]),

σ = σMott

∣∣∣∣∫
V
ρ(r) e i q·r dτ

∣∣∣∣2 ∼ σMott

[∫ ∞
0

4π

q
ρ(r) sin(qr) r dr

]2

= σMott F
2(q)

F (q) is called the elastic “form-factor” or “structure factor”. [1956.0]

λ = 3 fm

134-139 MeV
pi
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Elastic electron scattering off nuclei (II)

{1956.0], [1956.1]

More recently (e.g. [1993.0]),

Nucleon correlations and short distance behavior in nuclei through
(e, e ′N), (e, e ′2N), .... (e, e ′mN) knockout reactions to high q2.

Study the nuclear shell structure with (e, e ′N) reactions and
Hypernucleus ([2018.11]) spectroscopy.
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From elastic e− scattering off nuclei to nuclear forces ....

Study collective excitations, giant multipole resonances and
highly-distorted nucleus with large spin states via (e, e ′N), (e, e ′2N)
and, (e, e ′γ) reactions.

=====================

Take a pause from e− scattering off nuclei and go back to early 1900’s
and the identified radioactive decays then: alpha, beta and gamma.

Of the three decays, the particle ejected by an alpha decay [2018.12]
could easily transmute materials (it turns out an α is the nucleus of
helium - 2 protons and 2 neutrons) - the shorter range of the ejected
projectile meant a larger cross section/strength of interaction.

In the 1920’s, the nucleus was imagined to be made-up of protons
and electrons (to explain β-decay).

Chadwick discovered the neutron in 1932 by running α’s into
Beryllium ([1932.0], [2018.13]).
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The nuclear force

In 1933 Fermi explained β -decay by n→ p + e− + ν, the (electron)
neutrino, a new particle [2018.14] - the nucleus was made of p and n
without e−

A new force was required to keep the protons and neutrons together -
Yukawa (1935) proposed the exchange of a hypothetical new particle,
the meson (discovered in 1947), like the photon in quantum
electrodynamics ([1935.0], [2018.15]).

[2018.15]

Attractive
(an F150 truck)

np
Repulsive

The meson exchange nuclear force
is no longer considered fundamental
(because of QCD) but still best model
to understand effective N-N potential
and how nuclei are put together.
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DETOUR: scattering off particles with spin

( ) ˠ*

Kinematics,

ν = (E − E ′)

Q2 = 4E E ′ sin2(θ/2) = −q2

W 2
X = M2

t + 2 νMt − Q2

x = Q2/2Mt ν

In general, unpolarized [1/2,1/2], 1-photon, elastic ([1963.0]) and inelastic
([1964.2]) scattering (note the two form-factors in each xsection),

dσ

dΩ
=

(
dσ

dΩ

)
Mott

[
A(Q2) + B(Q2) tan2(θ/2)

]
d2σ

dΩ dE ′
= σNS

[
W2(x ,Q2) + 2W1(x ,Q2) tan2(θ/2)

]
σNS = 4α2 (E ′)2 Q−4 cos2(θ/2)
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An example: elastic electron scattering off 3He

3He nucleus: 2p+1n, spin 1/2

A(Q2) =
F 2
C (Q2) + µ2τF 2

M(Q2)

1 + τ

B(Q2) = 2τµ2F 2
M(Q2)

τ = Q2/4M

FC and FM are the
“charge” and “mag-
netic” form factors.

µ = magnetic moment

Separating FC and FM requires at least two measurements of the cross
section at the same Q2 but different θ (Rosenbluth separation):

Fexp = (1 + τ)

(
dσ

dΩ

)(
dσ

dΩ

)−1

Mott

= F 2
C + µ2τF 2

M [1 + 2(1 + τ) tan2(θ/2)]︸ ︷︷ ︸
ε−1
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An example: elastic electron scattering off 3He (II)

Locations of diffraction minimums
and strength of FC ,M coming out of
the minimums sensitive to meson ex-
change currents (MECs) (1 fm−2 =
0.0389 GeV2).
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Another example: elastic electron - proton scattering

Same elastic scattering machinery than before, form factor names are a bit
different,

dσ

dΩ
=

(
dσ

dΩ

)
Mott

[
G 2
E (Q2) +

τ

ε
G 2
M(Q2)

]( 1

1 + τ

)
and separate GE and GM by changing the angle in ε while keeping Q2

constant (as before).

However, with intense, highly polarized, electron beams, we can measure
the reaction: ~ep → e~p to get to GE and GM . In the one-photon exchange,

GE

GM
= −Pt

Pl

(E + E ′)

2M
tan(θ/2)

Pt and Pl are proton recoil polarization transverse (parallel) to the proton
momentum
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Another example: elastic electron - proton scattering (II)

.. and one gets something completely different ?!Proton Charge and Magnetization 

1) e + p Æ e’ + p 
GE

p/GM
p constant 

 
2) e + p Æ e’ + p 
GE

p/GM
p drops with Q2 

charge depletion in 
interior of proton 

smaller distance  

Orbital motion of quarks play a key role  
(Belitsky, Ji + Yuan PRL 91 (2003) 092003)    

2-g exchange  
important 

Charge & 
magnetization 

distributions in the 
proton are different 

JLab 
Finding 

Elastic electron-proton scattering 

The difference could be explained by two photon exchange but ... not
everything has fallen into place. The fall with Q2 will indicate a depletion
of charge towards the center of the proton
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The particle zoo ...

The discovery of the neutron opened the doors to the production of
many radioactive isotopes

The first particle accelerators appeared by the 1930’s,
I Cockcroft and Walton made a positive ion accelerator (protons and H+

2 ,
Emax ∼ 0.7 MeV) and used it to disintegrate Li ([1932.1], [1932.2]).

I The Van de Graaff electrostatic accelerator
I The betatron (to accelerate electrons)
I The cyclotron

Using particles subject to the nuclear force, by the late 1950’s and
early 1960’s, there was a zoo of “new” particles (actually, many did
not survive the test of time and many were nuclear resonances instead
of particles).

There could not be so many elementary particles - multiple ideas to
organize the particle zoo were being explored

Two particular ones: Gell-Mann ([1961.0], [1964.3]) and Zweig
([1964.1], [1980.0]) - both made use of hypothetical new particles
(“quarks” for Gell-Mann, “aces” for Zweig).
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Scaling in deep-inelastic scattering ....

No much progress until ....

ϴ = 10 deg.

[1969.0]
Inelastic electron-proton scattering at 10◦

and 7 ≤ E ≤ 17 GeV. See [2014.0]

Data taken with the SLAC 20
GeV/c spectrometer. Extended to
larger angles with the 8 GeV/c
spectrometer in 1972.

Cross section ratio for W ≥ 3 GeV
is ∼constant ⇒ electrons are
bouncing off something that looks
like a point.

Feynman realized this quickly and
called those points “partons”.
Bjorken and Paschos worked out the
machinery [1969.1]
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The standard model.....

≃2.2 MeV/c2 ≃1.28 GeV/c2 ≃173.1 GeV/c2

≃4.7 MeV/c2 ≃96 MeV/c2

≃105.66 MeV/c2

[2018.16]
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Quarks, gluons.....

Quarks carry more quantum numbers that spin and electric charge -
e.g. the strange quark has strangeness quantum number +1. More
importantly, they carry a “color charge” responsible for the strong
force holding them together.

There are 3 color charges: red, blue and green - the opposite color
charges are anti-red, anti-blue and anti-green (like the opposite of the
+ electrical charge is − and vice versa)

There are nine possible mediators of the color force, each carrying a
color-anticolor combination - these are the gluons.

Reminder - in the electromagnetic case there is only one carrier, the
photon, which carries no charge. In Quantum Electrodynamics (QED)
γ − γ coupling only possible in the presence of very high fields to
create virtual e−, e+ pairs and couple through them - theory is linear.
Gluons, because they carry color, couple to each other (besides
quarks) - theory is non-linear.
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Quarks, gluons.....(II)

The theory that describes the color interaction is called Quantum
Chromodynamics

Single quarks have not been found (there have been many
searches....) - we require that states have to be singlets - i.e. no net
color like (r r̄ + bb̄ + gḡ)/

√
3

Particles made up of quarks (like p, n and π-mesons) are called
hadrons - they are subject to the strong force. Leptons do not carry
any color force.

..but, much work, many puzzling questions remain - e.g.,
I QCD breaks CP but none has been detected - the “strong CP” puzzle.

A possible solution: a new particle (the Axion) - not found so far. The
neutron would have an electric dipole moment (charge separation)

I We are still working on showing the theory actually confines - e.g.
creates a proton
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Symmetries and Conservation Laws

Examples,

Invariance under space translations ⇒ conservation of linear
momentum.

Invariance under time translations ⇒ conservation of energy.

Invariance under rotations ⇒ conservation of angular momentum.

Gauge invariance of the electromagnetic field ⇒ conservation of
electric charge.

The above can be put on solid “theoretical” footing using Noerther’s
theorem [2018.7]. Others are “forced” on - if an invariance is obeyed in
Nature, it imposes a constraint on the form of the interaction.

Consider the requirement that a system be invariant under reversal of an
odd number of space coordinates (e.g. ~x → −~x) - i.e. under parity
inversion - It turns out that both the strong and the electromagnetic
interactions we have talked about are invariant under this operation!
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β-decay and Weak Interactions

... so, the suggestion by Lee and Yang (1956) that the weak interaction
responsible for β-decay [2018.9] (e.g. n→ e− νe p) did not conserve parity
was surprising but confirmed experimentally by Wu et al. (1957) [2018.8].

By the late 1960’s, Salam [1959.0] and Weinberg [1967.0] had proposed
independently a gauge theory [2018.17] that could unify the weak and
electromagnetic interactions.

These ideas required three new bosons to act as the mediators of the weak
force and the existence of a new a neutral current interaction. The neutral
current was observed in the Gargamelle bubble chamber at CERN [1973.0]
(νµ/ν̄µ + N → νµ/ν̄µ + hadrons)

It had been suggested by Zel’dovich in 1957 that if a neutral component
of the weak decay existed, parity violating effects in electron scattering
and in atomic spectra may be observable.
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Parity violation in e− scattering

Volume 77B, number 3 PHYSICS LETTERS 14 August 1978 

BEAM MONITORS 

ENERGY ~ .I MI~LLER I 
I ~  I POSITION "~  -- " ~ 1  
L T { ANGLE ~ #/"'--~ 

TO ELECTRONICS " e?'E"~ :~i:> C ~ ) ~  

4 TO ELECTRONICS 
Fig. 1. Schematic layout of the experiment. Electrons from the GaAs source or the regular gun are accelerated by the linac. After 
momentum analysis in the beam transport system the beam passes through a liquid deuterium target. Particles scattered at 4 ° are 
analyzed in the spectrometer (bend-quad-bend) and detected in two separate counters (a gas Cerenkov counter, and a lead-glass 
shower counter). A beam monitoring system and a polarization analyzer are only indicated, but they provide important informa- 
tion in the experiment. 

where + and - were assigned by the same random num- 
ber generator that determined the sign of the voltage ap- 
plied to the Pockels cell. For the shower counter we 
obtained a value o f ( - 2 . 5  + 2.2) × 10 -5  for Aex p di- 
vided by 0.37, the average value of Iee l for polarized 
beams from the GaAs source. The individual values 
were distributed about zero consistent with the calcu- 
lated statistical errors. We conclude that asymmetries 
can be measured in this apparatus to a level of about 
10-5.  

The same procedures were next appfied to a similar 
series of runs using polarized beams. The helicity of the 
electrons coming from the source depended on the 
orientation of the linearly polarizing prism as well as 
on the sign of the voltage on the Pockels cell. Rotation 
of the plane of polarization by rotating the calcite 
prism through an angle ~p caused the net electron hel- 
icity to vary as cos(2~bp). We chose three operating 
conditions: 

(a) prism orientation at 0 °, producing + ( - )  helicity 
electrons for + ( - )  Pockels cell voltage; 

(b) prism orientation at 45 °, producing unpolarized 
electrons for either sign of Pockels cell voltage; and 

(c) prism orientation at 90 °, producing - (+) heli- 
city electrons for + ( - )  Pockels cell voltage. 

Positive helicity indicates that the spin is parallel 
to the direction of motion. As the prism is rotated by 
90 °, Aex p should change sign since it is defined only 
with respect to the sign of the voltage on the Pockels 
cell. We may define a physics asymmetry, A, whose 

sign depends on the helicity of the beam at the target 

Aex p = IPelA cos(2~bp), (3) 

where ~p is the angle of orientation of the calcite prism 
Fig. 2 shows the results at 19.4 GeV forAexp/IPel. 

For the 45 ° point we used a value of 0.37 for [Pe[" 
These data are in satisfactory agreement with expecta- 

m 

b 
x 

2O 

I0 

- I0  

-20 

a Cerenkov Counter ,~ 
• Shower Counter /1  ~\ 

/ / 
! 

i / 
/ 

I 
/ 

/ \~/// 
I I L 

Prism 
Orientation - - I  

90 (degrees) 

Fig. 2. The experimental asymmetry shows the expected varia- 
tion (dashed line) as the beam helicity changes due to the 
change in orientation of the calcite prism. The data are for 
19.4 GeV and deuterium. Since the same scattered particles 
strike both counters, they are not statistically independent. 
No systematic errors are shown. No corrections have been 
made for helicity dependent differences in beam parameters. 
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SLAC experiment [1978.0]
~e− + d → (e−)′ + X

16.2 ≤ E ≤ 22.2 GeV, θ = 4◦

1 < Q2 < 2 (GeV/c)2

Asym = 10−4Q2

Volume 77B, number 3 PHYSICS LETTERS 14 August 1978 

mined from cavities 50 m apart. The beam charge was 
determined using the standard toroid monitors [18].  
The resolutions per pulse were about 10 #m in posi- 
tion, 0.3/~rad in angle, 0.01% in energy, and 0.02% in 
beam intensity. A microcomputer  driven feedback sys- 
tem used posit ion and energy signals to stabilize the 
average beam position, angle, and energy. Using the 
measured pulse to pulse beam information together 
with the measured sensitivities of  the yield to each of  
the beam parameters, we made corrections to the asym- 
metries for helicity dependent  differences in beam pa- 
rameters. For  these corrections, we have assigned a sys- 
tematic error equal to the correction itself. The most 
significant imbalance was less than one part per mil- 
lion in E 0 which contr ibuted - 0 . 2 6  × 10 -5  to A/Q 2. 

We combine the values ofA/Q 2 from the shower 
counter for the two highest energy points to obtain 

A/Q 2 = ( - 9 . 5  + 1.6) X 10 -5  (GeV/c) - 2  (deuterium). 
(6) 

We do not include the point  at 16.2 GeV because it 
contains fairly strong elastic and resonance contribu- 
tions. The sign implies a greater yield from electrons 
with spin antiparallel to momentum.  For  this com- 
bined point  the average value o f y  = 1 - E'/E 0 is 0.21 
and the average value of  Q2 is 1.6 (GeV/c) 2. The 
quoted error, based on preliminary analysis, is derived 
from a statistical error of  +0.86 × 10 -5  added linearly 
to estimated systematic uncertainties of  5% in the val- 
ue of  IPel, and of  3.3% from asymmetries in beam pa- 
rameters. We determined experimentally that  the n -  
background contr ibuted less than 0.1 X 10 -5  to A/Q 2. 
The result in eq. (6) includes normalization corrections 
of 2% for the 7r- background, and 3% for radiative cor- 
rections. 

Any observation of  non-conservation of  pari ty in 
interactions involving electrons adds new information 
on the nature of  neutral currents and gauge theories. 
Certain classes of  gauge theory models predict no ob- 
servable pari ty violations in experiments such as ours. 
Among these are those l e f t - r igh t  symmetric models 
in which the difference between neutral current neu- 
trino and anti-neutrino scattering cross sections is ex- 
plained as a consequence of  the handedness of  the neu- 
trino and anti-neutrino, while the underlying dynamics 
are pari ty conserving. Such models are incompatible 
with the results presented here. 

The simplest gauge theories are based on the gauge 

DEUTERIUM TARGET 

- - w s  - -  
b 
x sin2 OW 

-2  ~ \  0 . 5 0 -  
\\\ \ 

\ \  \ \ \  

< -12 O.aO 
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I ' , ' , '%. / \ \ \ ~  
-16 I -  o o 0 0.16- 

" / '\ ~ ~ ,  
-18 1 I I I I 'k N L I,, I 

0 0.5 1.0 
y 

Fig. 4. Comparison of our result for deuterium with two SU(2) 
× U(1) predictions using the simple quark-parton model for 
nucleons. The outer error bars correspond to the error quoted 
in the text (eq. (6)). The inner error bars correspond to the 
statistical error. The y-dependence ofA/Q 2 for various values 
of sin20w is shown for two models: Weinberg-Salam (solid 
lines) and the hybrid model (dashed line). 

group SU(2) × U(1). Within this framework the original 
Weinberg-Salam ( W - S )  model  makes specific weak 
isospin assignments: the left-handed electron and quarks 
are in doublets, the right-handed electron and quarks 
are singlets [19].  Other assignments are possible, how- 
ever. In particular, the "hybr id"  or "mixed"  model  
that assigns the right-handed electron to a doublet  and 
the right-handed quarks to singlets has not  been ruled 
out by neutrino experiments.  

To make specific predictions for pari ty violation in 
inelastic electron scattering, it  is necessary to have a 
model for the nucleon, and the customary one is the 
simple quark-parton model.  The predicted asymme- 
tries depend on the kinematic variable y as well as on 
the weak isospin assignments and on sin20w, where 
0 w is the Weinberg angle. Fig. 4 compares our result 
for two SU(2) × U(1) models. The simplest model  
( W - S )  is in good agreement with our measurement for 
sin20w = 0.20 -+ 0.03 which is consistent with the val- 
ues obtained in neutrino experiments.  The hybrid rood- 
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Asymmetry produce by interference between γ and Z exchange (both
neutral). Note GaAs to produce polarized e− - precursor to the polarized
JLab gun. Well stablished theory now - use it, for example, to measure the
neutron skin of nuclei, important for astrophysics.
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Thanks for your time ......
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