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Lecture 1 
Electromagnetic Excitation 



En 
ψn 

E ψ 

H0 spectrum: H0ψn = Enψn 

H = H0 + U solution 

1st order:    
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ak = −
i
!

dtUk0 t( )ei Ek −E0( ) t / !∫
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peaks very strongly at x = 0 ! |Ukm|2 and dn/dEk 
can be taken out of the energy integral 

€ 

sin2 x / x 2

  

€ 

ak = −
i
!

dtUkme
i Ek −E0( )t / ! =

Ukm

Ek − Em

1− exp i Ek − Em
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w = wk =
ak∑

2

Tk≠m
∑
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1
T
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∞

∫
2 dn
dEk
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=
4
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∫
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Ek − Em( )2
dn
dEk

dEk

  

€ 

w =
2π
!
Ukm

2 dn
dEk

Decay rate: 

Fermi’s Golden Rule 

  

€ 

σ =
w
va

=
ma

!ka
w

rate of transitions induced 
by projectiles a, divided by 
incident flux = va   

€ 

dσ =
ma

!ka
2π
!
Ufi

2
dn(E f )

Cross section 
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€ 

p'≈ p

1+
2E
Mc 2

sin2θ /2

€ 

T ≈ E 2

Mc 2
2sin2θ /2

1+
2E
Mc 2

sin2θ /2
≈ E − E '

€ 

q ≈ 2psinθ /2

1+
2E
Mc 2

sin2θ /2

electron final momentum 
nucleus kinetic energy 

momentum transfer 
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€ 

w =
2π
!

f ,p' H i,p
2 dn
dE f

golden rule 

€ 

H = e2 1
r − rkk

∑
  

€ 

dn
dE f

=
p'dΩL3

c!3
1

1+
2E
Mc 2

sin2θ /2

interaction density of states 
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f ,p' H i,p =
4πe2

L3q2
Φ f eiq ⋅rk

1

Z

∑ Φi

plane wave for electrons 
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dσ
dΩ

=
e2

2E
⎛ 

⎝ 
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⎞ 

⎠ 
⎟ 

2
1

sin4 θ /2
1

1+
2E
Mc 2

sin2θ /2
Φ f eiq ⋅rk

1

Z

∑ Φi

2

Φ = nuclear wavefunction 
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€ 

Ψj r,t( ) = uj exp
i
!
p⋅ r −Et( )

⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 

€ 

u1 = −pz / p, u2 = − px + ipy( ) / p, u3 =1, u4 = 0

u1 = − px − ipy( ) / p, u2 = pz / p, u3 = 0, u4 =1

uj = spinor 

spin up 

spin down 

€ 

dσ
dΩ

= u' j
* u j

1

4

∑
2

_______________

×
dσ
dΩ

spinless( )

€ 

u' j
* u j

1

4

∑
2

_______________

=
1
2
1+ cosθ( ) = cos2θ /2

€ 

dσ
dΩ

=
e2

2E
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2
cos2θ /2
sin4 θ /2

1

1+
2E
Mc 2

sin2θ /2
Φ f eiq ⋅rk

1

Z

∑ Φi

2

spin average 

PWBA 
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€ 

Φi eiq ⋅rk
1

Z

∑ Φi = d3rρch r( )∫ eiq ⋅r ≡ F q( ) charge form-factor 

€ 

dσ
dΩ

=
Ze2

2E
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2
cos2θ /2
sin4 θ /2

1

1+
2E
Mc 2

sin2θ /2
≡σM

Mott cross section 

€ 

F q( ) =
4π
q

dr rsin qr( )ρch r( )∫
spherical nuclei 

€ 

dσ
dΩ

=
σM θ( )
Z 2

F q( )
2

€ 

ρch r( ) = ρp r'( ) fEp r − r '( )dr'∫ + ρn r '( ) fEn r − r '( )dr'∫Nuclear  
physics 

10% effect, mainly surface fEp = charge dist. in proton 

fEn = charge dist. in neutron 
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12C  

Hofstadter, 1953  

PWBA 

•  electron wavefunction attracted 
to the nucleus 

•  a measured q probes a larger q 
= qeff  in  F(q) 

€ 

dσ
dΩ

=
σM θ( )
Z 2

F qeff( )
2

Still valid.   But with 

€ 

qeff = q 1− V 0( )
E

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

= q 1+1.5 Ze
2

ER
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ , R ≅1.2A1/ 3 fm
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€ 

F q( ) = dbbJ0 qb( ) eiX b( )∫

~ dbbJ0 qb( ) 1

1+ exp b − R
a

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

∫

~ R
q
J1 qR( ) exp −πqa( )

€ 

q = 2k sin θ /2( )

Neglecting coulomb distortions at low E/A, 

Data:    Ichihara, PLB 1994, NPA 1995 

€ 

dσ
dΩ

~ F q( )
2
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experimental precision  
inverse scattering problem  

€ 

ρch r( ) =Θ Rmax − r( ) an j0 qnr( )
n=1

∞

∑

€ 

Fch q( ) =
4π
q

an
−1( )n

q2 − qn
2

n
∑ sin qRmax( )

test case: 8B  

€ 

qn =
nπ
Rmax

Fourier-Bessel expansion 
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Classical:  

Quantum:  

Non-linear 
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Classical:  

Quantum:  

Classical:  

Quantum:  
Non-linear 
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Shoemaker-Levi comet 
break into many pieces  
Classical and complicated  
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Coulomb breakup much 
simpler – only few pieces  

Quantum and simple  

Shoemaker-Levi comet 
break into many pieces  
Classical and complicated  
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Electron scattering 

€ 

dσ
dEdΩ

Δp, ΔE( )

  

€ 

dσ
dEdΩ

Δp =
ΔE
!c

~ 0, ΔE
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ~ σγ

Same matrix elements as real 
photon 

Probes EM matrix elements 
s function of Δp and ΔE 
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€ 

∇⋅ E t( ) = 0
∇⋅ B t( ) = 0

b 

Coulomb scattering 

€ 

dσ
dEdΩ

ΔE( ) ~ σγ

Always probes same matrix 
elements as real photon 

Electron scattering 

Same matrix elements as real 
photon 

Probes EM matrix elements 
s function of Δp and ΔE 
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€ 

VC (r,r') = Zpe
ρ r'( )

| r − r' |∫ d3r'

=
Zpe
r

+
p⋅ ˆ r 
r3 +

1
2
Qijrirj
r5 +!

€ 

p = r'ρ r '( )d3r'∫
Qij = 3r'i r' j −r'

2δ ij( )∫ ρ r '( )d3r'

(dipole) 

(Quadrupole) 

Semiclassical method: r = r(t) 

Validity:  
  

€ 

η =
distance of closest approach

wavelength
=
Z1Z2e

2

!v
>>1

target 

r’ 

r 

point-like 
projectile 

v 

r’-r 
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€ 

w fi =
1

2Ji +1
afi

M iM f

∑
2Calculate afi and 

average over spins: 

Cross section: 

€ 

dσ
dΩ

=
dσR

dΩ
⋅ w fi =

dσL

dΩL>0
∑

€ 

1
r(t) − r'

=
4π

2L +1L,M
∑ r'L

rL+1(t)
YLM ˆ r (t)( )YM

* ˆ r '( )
(if r > r’) 

€ 

dσL

dΩ
~ ZP

2 B(EL) IL ω fi( )
2

€ 

IL ω( ) = dt 1
rL+1 t( )−∞

∞

∫ YLM ˆ r (t)( )eiω t

  

€ 

ω fi =
E f − Ei

!

orbital integral 

reduced transition 
strength 

€ 

B(EL) ~ rL∫ δρ fi d
3r 2

r’ 

r(t) 
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E, B-field of projectile 
divergence free  

photonuclear X-section: 
€ 

dσL

dΩ
=

dEγ

Eγ

∫ dnL
dΩ

Eγ ,θ( )σL
γ Eγ( )

€ 

σL
γ ~ Eγ

2L+1B(EL)

€ 

dnL
dΩ

~ ZP
2 IL ω fi,θ( )

2

€ 

Eγ = E f − Ei

virtual photon numbers: 

€ 

nL E γ ,b( ) ≡ dnL
2πbdb

~ sin−4 θ /2( ) dnL
dΩ

impact parameter 
dependence:  

€ 

∇⋅ E t( ) = 0
∇⋅ B t( ) = 0

b 



22 

Magnetic excitations: 
more complicated (involves 
currents, spins), but straight-
forward. 

low energy scattering: 

€ 

nE2 >> nE1 >> nM1 =
v2

c2
nE1

Virtual photons “seen” by a Pb target 
due to the passage of an O projectile 
at 100 MeV/nucleon and b = 15 fm  
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Adiabacity	 Maximum effective excitation energy  
Maximum effective impact parameter. 

low energy scattering € 

IL ω( ) = dt 1
rL+1 t( )−∞

∞

∫ YLM ˆ r (t)( )eiω t

orbital integral 

(1/2) distance of closest approach 

€ 

a =
ZPZTe

2

2Ec.m.

€ 

| t | > t exc ~
1
ω

if then 

€ 

eiω t oscillates too fast:    IL small 

€ 

| t | > t coll ~
a
v

if then 

€ 

1
rL+1 too large:    IL small 

excitation possible if  

€ 

t coll

t exc

˜ < 1

€ 

ζ =
aω
v

˜ < 1 adiabacity 
parameter 
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€ 

IL ω( ) = dt 1
rL+1 t( )−∞

∞

∫ YLM ˆ r (t)( )eiω t orbital integral 

Excitation possible if  

€ 

ξ =
ωR
γv

˜ < 1

b 

Closest approach distance = bmin 

b < bmin   !  nuclear interactions 

€ 

bmim ~ RP +RT ~ 1.2 AP
1/ 3 +AT

1/ 3( ) fm

€ 

t coll ~
R
γv

(      due to contraction) 

€ 

γ =
1

1− v
2

c2
Lorentz γ-factor 

adiabacity 
parameter 
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-  small γ’s: giant resonances 

-  large γ’s: giant resonances, 
                  quasi-deuteron, 
                  deltas,  
                  mesons (ex: J/ψ)                                   

€ 

E γ
˜ < 

200MeV. fm γ
20 fm

=10MeV. γ

€ 

a, bmin ~ 20 fm

low energy collisions 

  

€ 

ζ =
E γa
!v   

€ 

ξ =
E γR
γ!v

high energy collisions 
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€ 

IL ω( ) = dt 1
rL+1 t( )−∞

∞

∫ YLM ˆ r (t)( )eiω t

orbital  integral 
large, 

€ 

eiω t oscillates fast:  IL small 

€ 

nL E γ ,b( ) ~ IL ω fi,θ( )
2

also small 

/c 

low-energy (tidal) 

€ 

nE2 >> nE1 >> nM1 =
v2

c2
nE1

high-energy (contraction) 

€ 

nE2 ~ nE1 ~ nM1
Low-energies: multipolarities of 
virtual photons have different 
weights 
High energies:  multipolarities have 
nearly same weight 

€ 

nL ω( ) = 2π dbb nL ω,b( )∫
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Coulomb excitation: virtual photons 
Each part (multipolarity) of a real 
photon has a different weight nL 

High-energy: 

€ 

nE2 ~ nE1 ~ nM1
Coulomb excitation for a fixed 
energy Eγ  probes the same physics 
as a  real photon. 

But each Eγ has a different weigth.  

ZP
2 makes number of photons large. 

€ 

ξ =
ωR
γv

˜ < 1

€ 

σγ E γ( ) = σL
γ E γ( )

L
∑

Real photons 
All parts (multipolarities) 
have the same weight  

€ 

dσ
db

=
dE γ

E γ

n E γ ,b( )σγ E γ( )∫

CB, Baur, Phys. Rep. 163, 299 (1988) 



29 

€ 

δρfi =ψf
*ψi

€ 

σL
γ ~ kR( )2L
€ 

B(EL) ~ rL∫ δρfi d
3r 2

Estimate	 

€ 

ψf ~ψi ~ 1
R3

, if r < R,    0 otherwise 
€ 

σL
γ ~ E γ

2L+1B(EL)

€ 

B(EL) ~ R2L

  

€ 

k =
E γ

!c

€ 

σL+1

σL
~ kR( )2

<< 1 for low lying states
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€ 

i,p' H i,p =
4πe2

q2
i ui

*ui( ) Ui
*Ui( ) − ui*αeui( ) Ui

*αNUi( )[ ] i
averages over initial and sum over final spins 

€ 

u'i
* uiU'i

* Ui∑
2

________________________

=
Mc2

E
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 4cos2 θ /2

  

€ 

u'i
* αeuiU'i

* αNUi∑
2

_______________________________

=
!2q2c2

E
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 2tan2 θ /2

  

€ 

dσ
dΩ d

elast

=
e2

2E
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2
cos2 θ /2
sin4 θ /2

1

1+
2E
Mc2

sin2 θ /2
1+
!2q2

4Mc2
2tan2 θ /2( )

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

“Dirac” elastic cross section of an electron on a proton (with µ = eh/Mc) 
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€ 

f,p' H i,p =
4πe2

q2
f eiq ⋅rk

1

Z

∑ uf
*ui( ) Uf

*Ui( ) − uf*αeui( ) Uf
*αNUi( )[ ] i

•  expand exp(iq.r) into multipoles 

•  averages over initial and sum over final spins 

€ 

dσ
dΩ
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
inel

=
σM θ( )
Z2

FCλ qeff( )
2

λ

∑ +
1
2

+ tan2 θ /2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ FEλ qeff( )

2

λ

∑
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

€ 

dσ
dΩ
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
inel
≅
dσ
dΩ
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
DWBA

€ 

FCλ q( )∝ dr r2 jλ qr( )δρif r( )∫

€ 

FEλ q( )∝ dr r2 Jλ ,λ +1
if r( )jλ +1 qr( ) + λ,λ −1( )[ ]∫

Jλ ,λ +1
if r( ) = f Jif ⋅ Yλλ '1 i
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€ 

Ex << E, θ <<1
qR <<1   

€ 

FCλ q( ) ≅ Ex /!
q

λ+1
λ
FEλ q( )

Siegert’s theorem 

€ 

dσ
dΩdE γ

=
dN(Eλ ) E,E γ ,θ( )

dΩdE γ

σγ
(Eλ ) E γ( )

λ

∑

€ 

dN(Eλ ) E,E γ( )
dE γ

=
dN(Eλ ) E,E γ ,θ( )

dΩdE γ
E γ / E

θm∫

€ 

σγ
(Eλ ) E γ( )∝ dB Eλ( )

dEx

dB Eλ( )
dEx

∝ dr r2 rλ δρif r( )∫

response function 

virtual photon spectrum 
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comparison with Coulomb 
excitation  

€ 

E =1GeV

€ 

E =1GeV/nucleon

PLB 624, 203 (2005) 
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€ 

dσ
dE γdΩ

=
1

E γ

dnl(E γ ,Ω)
dE γdΩl

∑ σγ +  a →  b +  c (E γ )

Theory 

Applications to radiative capture (n,γ) and (p,γ) reactions in 
nuclear astrophysics.  

€ 

σb+c→ a+γ =
2 2ja +1( )

2jb +1( ) 2jc +1( )
k

bc

2

k γ
2 σγ+a→ b+c

detailed balance 

Baur, CB, Rebel  
NPA 458 (1986) 188 
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Navratil, CB, Caurier 
PLB 634, 191 (2006) 

" CD data: GSI, RIKEN 
★   direct measurements (Seattle/Rehovot) 

CB 
Rev. Mex. Fis., 54, 11 (2008) 

€ 

S17 =  20.8 ± 0.7 (exp) ±1.4 (theor) eV b Adelberger et al.,  
Rev. Mod. Phys. 83, 195 (2011) 

p 7Be 
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EM reponse in exotic nuclei 

Collective response or  
Direct breakup? 
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€ 

r2 δρif r( )∝ uf
* r( ) ui r( )

€ 

uf
* r( )

vcore 

vn 

€ 

dr∫ r2+1δρif r( )∝ Er

Sn +Er( )2
1+FSI( )

€ 

dB(Eλ)
dEr

∝
Er

λ +1/ 2

Sn +Er( )2λ +2 1+FSI( )2

€ 

Er
(Eλ )peak ≅

λ+1/2
λ+ 3/2

Sn

€ 

Er
(E1)peak ≅

3
5
Sn

CB, Sustich, PRC 46 (1992) 2340 
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€ 

Ψ x,y( ) =
1
ρ5 / 2

ΦKLS
lx ly

KLSlx ly

∑ ρ( ) ΓKL
lx ly Ω5( )⊗χS[ ]

JM

Ω5 = θx ,φx,θy ,φy,θ( )
y = ρsinθ, x = ρcosθ

€ 

δρfi
E1 ∝ dxdy

Φα ρ( )
ρ5 / 2

y2xup x( )uq y( )∫

  

€ 

Er =
!2

2mN
q2 + p2( )

€ 

dB(E1)
dEr

∝
Er
3

S2n
eff +Er( )11/ 2

1+FSI( )2

S2n
eff ≅1.8 S2n

CB, PRC 75, 024606 (2007) 
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N. Teruya et al,  

PRC 43, 2049 (1991) 

RPA + 2np-2nh excitations 
dineutron 

RPA 

“core” with p and n  

excess neutrons  

11Li 
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42 

A. Tamii et al., PRL 107, 062502 (2011)  
I. Poltoratska et al., PRC 85 (R), 041304 (2012)  

Constrains symmetry energy ! relevant to the description of neutron stars. 

  

€ 

α =
!c
2π2e2

σabs
ω2∫ dω

Reinhard, Nazarewicz, PRC 81, 051303(R) (2010). 



dσ
/d

E
 [m

b/
M

eV
] 

1 

0.1 

TRK percentage for 
the PDR: 
5% +/-1.5 
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CERN-SPS, PRL 1997 

AP+AT!(AP-1)+n+AT 

AP+AT!AP+AT +γ 

AP+AT!AP*+AT  

CB, Nathan, NPA 554 (1993) 158.  

GANIL data, Phys. Rev. C41 ( 1990) 920 
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scrap fragments, reaccelerate,  
then do something useful 

Relativistic Coulomb 
fission, 

then study decay 

Calculated fission fragment differential cross sections for 
the fissile nucleus 238U for excitation energies: of 12 
MeV.  

Calculations: O. Tarasov - MSU  
Experiments: J. Benliure – GSI 

“high energy” accelerators 
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