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Some types of collisions
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Very simple measurements can 
tell us important things

I. Tanihata et al, PRL 55, 2676 (1985)

11Li

First experimental hint that 11Li was
special – simply a total interaction 
cross section



Coulomb trajectories

16O+208Pb E(16O)=130 MeV, VC~93 MeV
(Satchler, Direct Nuclear Reactions 1980, pp 36)

Lower energy –
does not penetrate nucleus

Distant trajectory

Peripheral
Trajectory

Close collision

“Grazing angle”:
angle corresponding to the trajectory
for which the two nuclei just touch
each other

(Important for Coulomb
Excitation later on)

(Important for nucleon
transfer later on)



Schematic evolution of elastic scattering with energy 
and angle

Low energy/large impact
parameter -
1 dominant trajectory
dσ/dΩ ~ dσR/dΩ

Higher energy/small impact
parameter:
absorption, 2 
interfering trajectories:
dσ/dΩ<<dσR/dσ

Grazing trajectories from
either side interfere 
constructively –
“Fresnel” or “Coulomb-
nuclear” interference
and dσ/dΩ > dσR/dΩ

θ<θGR
b>R12

θ>θGR
b<R12

θ~θGR
b~R12



Evolution of elastic-scattering 
angular distributions with energy

Figs. from Glendenning 2004, pp 38 and 39

Interference
Oscillations

3H+58Ni

13C+40Ca

θgr=48o

θgr=24o

θgr=37o

θgr=28o

θgr=9o

θgr=14o

θgr=8o

θgr=6.5o

Fresnel peak

P. D. Bond, PL 47B
231 (1971)

E. F. Gibson, PR 155, 1208 (1967)

Ra
tio

 to
 R

ut
he

rf
or

d



The Optical Model

• The optical model is a schematic model of nuclear 
scattering that sweeps all of the microscopic nuclear 
structure under the rug.

• It is called “optical” because it treats the incident and 
outgoing particles as waves scattered by some ~spherical 
region.  Those waves can also be absorbed (“cloudy ball”) 
and we can lose flux (particles), thus reducing the elastic 
scattering cross section.

• The combined effects of many complex states are 
averaged into a single nucleus-nucleus potential – called 
the Optical Potential



Formalism and Optical Model scattering
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U(r) is the Optical Potential, consisting of:
Volume, surface, and 𝒍𝒍 � 𝑺𝑺 (real and imaginary)

Need a solution to Schrödinger's equation

The asymptotic solutions are waves and an approximate (Born) solution is:
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A better treatment uses asymptotic solutions that are waves distorted by
the Coulomb Potential: 

“Distorted-Wave Born Approximation” or DWBA



Contributions to U(r)
• Coulomb part: VC(r) = Z1Z2e2/r
• Real Nuclear part: V(r)

• Comes from the nuclear attraction

• Imaginary Nuclear Part (!): W(r)
• Why? Other things can happen so we can lose elastic flux!  

There must be “absorption” of waves.

• Spin-Orbit (𝒍𝒍 � 𝑺𝑺) part: VSO(r)
• Why? There is a spin-orbit component to the nuclear force 

so it seems natural to have one between nuclei. Also, it 
seems to be needed to explain polarization data!

U(r)=VC(r) + V(r) + iW(r) +VSO(r)

Only the real parts contribute to elastic scattering



Volume and surface 
potentials
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1/3) is 
the radius where the
potential is ½ its maximum.

“a” is the “diffuseness” 
parameter. It describes the 
“spread” of  the potential 
about R.

Typically, the spin-orbit potential
is described as
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V0 typically 50-100 MeV
r0 typically 1.2 fm
a typically .5-.6 fm

Volume

Surface
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Inelastic scattering and channel coupling

Vibrational model

Rotational model

The α’s and β’s tell us about the collectivity of the nuclei
The 𝛽𝛽𝐿𝐿 in particular give the magnitude of different multipole deformations 

φα are the intrinsic states in a
collective model, and VINEL is a 
coupling potential

These correspond to 
distortions of the 
nuclear surface. 

Coupled differential equationsOptical potential

Coupling
potential 𝐸𝐸𝛼𝛼 − 𝑇𝑇𝛼𝛼𝛼𝛼 − 𝑈𝑈𝛼𝛼 𝑢𝑢𝛼𝛼0 = 0

𝐸𝐸𝛼𝛼𝛼 − 𝑇𝑇𝛼𝛼𝛼𝛼 − 𝑈𝑈𝛼𝛼 𝑢𝑢𝛼𝛼𝛼0 = 𝑉𝑉𝛼𝛼𝛼𝛼𝛼𝑢𝑢𝛼𝛼0

Continuum

𝑉𝑉𝛼𝛼𝛼𝛼𝛼~ < 𝜙𝜙𝛼𝛼𝛼 𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑟𝑟 𝜙𝜙𝛼𝛼 >

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑟𝑟 ~𝑅𝑅0
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝛼𝛼𝜆𝜆𝜆𝜆𝑌𝑌𝜆𝜆𝜆𝜆
∗ (𝑟𝑟)

𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 𝑟𝑟 ~𝑅𝑅0
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝛽𝛽𝐿𝐿𝑌𝑌𝐿𝐿𝐿𝐿 (𝑟𝑟)



Coupling to rotational states

Elastic scattering alone can be
fit with an optical model...

Channel-coupling is needed to fit 
the inelastic channels.  Everything 
is treated simultaneously.

α+154Sm

0+

2+

4+

6+

0+

2+

4+

6+



Continuum coupling: 11Be+64Zn

Elastic scattering and 
Coupled Channels

Breakup events and 
Coupled Channels

DiPietro et al., PRC 85
054607 (2012).

Continuum Discretized Coupled Channels



16C+proton scattering

Mp, Mn: proton and neutron matrix elements
bp,bn: proton and neutron interaction strengths

Large ratio of Mn/Mp indicates particular 
sensitivity to neutron motion



22O-proton scattering



Coulomb Excitation as a spectroscopic tool

K. L Yurkewicz et al, PRC 70,
054319 (2004)

2+→ 0+ transition

65 s-1

3300 s-1

8000 s-1



SEGA(MSU, 2004) and GRETINA (Now)

SEGA MSU Circa 2004 GRETINA circa 2017



Coulomb excitation
and octupole deformation

CARIBU+GRETINA+CHICO2

~3000 146Ba s-1



Theory for octupole-
deformed Ba nuclei

Note positive and negative parity
rotational sequences, with 
cross-transitions



Combining Coulomb and nuclear scattering

Coulomb Excitation Nuclear Excitation Mp and Mn

~10 s-1!



Conclusions

• Simple scattering reactions can already inform us about nuclear 
structure

• Since cross sections tend to be large, these can be extremely useful if 
the intensity of the beam is small

• We should understand scattering reactions before we turn to the 
more complex problem of extracting nuclear-structure information 
from re-arrangement (transfer) reactions.
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