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Elastic scattering: ground state

very low energies:  < 5 MeV

-low momentum transferred to the 
nucleus: poor resolution
-the target appears as point 
charge: Mott cross section
-no information about nuclear 
structure

Al (e,e)

0.4 MeV

0.5 MeV

-properties of the nuclear ground state are investigated by 
varying the  momentum transferred to the nucleus
-only inclusive experiments: no excitation nor particle emission

ω2 − q2 ≤ 0
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-diffraction pattern: nuclear size (as in optics!!!)

|FL(q)|2 =
4π

Z2

1

2Ji + 1

∞�

λ=0

���Jf�MCoul
λ (q)�Ji�

��2 ; MCoul
λµ (q) =

�
dr jλ(qr)Yλµ(r̂) ρ(r)

|FT(q)|2 =
4π

Z2

1

2Ji + 1

∞�

λ=1

����Jf�T el
λ (q)�Ji�

��2 + |�Jf�Tmag
λ (q)�Ji�|2

�
;

T el
λµ(q) =

1

q

�
dr∇× [jλ(qr)Yλλµ(r̂)] · J(r) , Tmag

λµ (q) =

�
dr jλ(qr)Yλλµ(r̂) · J(r)

σMott =

�
α cos θ

2

2 �i sin
2 θ

2

�2

frec = 1 +
2 �i sin

2 θ
2

MT

qµ = (ω,−q) Jµ(r) = [ρ(r),−J(r)]

dσ

dΩ
= Z2 σMott f

−1
rec

�
q4µ
q4

|FL(q)|2 +

�
−1

2

q2µ
q2

+ tan2
θ

2

�
|FL(q)|2

�
dσ

dΩ
= Z2 σMott f

−1
rec

�
q4µ
q4

|FL(q)|2 +
�
−1

2

q2µ
q2

+ tan2
θ

2

�
|FT(q)|2

�



Electron scattering - Otranto 2013Electron scattering - Scuola Raimondo Anni- Otranto 2013

Elastic scattering: ground state 16O (e,e)
    = 420 MeV�i

DWBA

PWBA

-diffraction pattern: nuclear size (as in optics!!!)
16O: Ji = 0

|FL(q)|2 =
4π

Z2

1

2Ji + 1

∞�

λ=0

���Jf�MCoul
λ (q)�Ji�

��2 ; MCoul
λµ (q) =

�
dr jλ(qr)Yλµ(r̂) ρ(r)

|FT(q)|2 =
4π

Z2

1

2Ji + 1

∞�

λ=1

����Jf�T el
λ (q)�Ji�

��2 + |�Jf�Tmag
λ (q)�Ji�|2

�
;

T el
λµ(q) =

1

q

�
dr∇× [jλ(qr)Yλλµ(r̂)] · J(r) , Tmag

λµ (q) =

�
dr jλ(qr)Yλλµ(r̂) · J(r)

σMott =

�
α cos θ

2

2 �i sin
2 θ

2

�2

frec = 1 +
2 �i sin

2 θ
2

MT

qµ = (ω,−q) Jµ(r) = [ρ(r),−J(r)]

dσ

dΩ
= Z2 σMott f

−1
rec

�
q4µ
q4

|FL(q)|2 +

�
−1

2

q2µ
q2

+ tan2
θ

2

�
|FL(q)|2

�
dσ

dΩ
= Z2 σMott f

−1
rec

�
q4µ
q4

|FL(q)|2 +
�
−1

2

q2µ
q2

+ tan2
θ

2

�
|FT(q)|2

�



Electron scattering - Otranto 2013Electron scattering - Scuola Raimondo Anni- Otranto 2013

Elastic scattering: ground state 16O (e,e)
    = 420 MeV�i
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Elastic scattering: ground state

more information than just nuclear 
radii: charge distributions

ρ(r) =
ρ1

1 + exp[(r − c)/z1]

ρ(r) =
ρ2

1 + exp[(r2 − c2)/z22 ]

ρ(r) =






ρ3 , 0 ≤ r < c− z3 ,
ρ3

c+z3−r
2z3

, c− z3 ≤ r < c+ z3 ,
0 , r ≥ x+ z3 .

Fermi:

modified Gaussian:

trapezoidal:
Hahn, Ravenhall, Hofstadter

Phys. Rev. 101 (1956) 1131
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Elastic scattering: ground state

“model-independent densities”
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orthonormal basis: sum of 
Gaussians, Fourier-Bessel, 
Hermite, Laguerre, ...
-cut of the series: uncertainty 
in the density
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lack of knowledge for large q: 
uncertainty in the density

twelve orders 
of magnitude
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ρ(r) =
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n=1

An Pn(r)

number of terms: cannot be 
increased above certain value!!!
[Anni, Co’, Pellegrino, Nucl. Phys. 
A 584 (1995) 35]
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“model-independent densities”
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Elastic scattering: ground state

-cross section: well described 
by theory up to 2 fm-1

-charge densities: well 
described by theory at the 
surface 

largest discrepancies: 208Pb 
where “mean field approach” is 
supposed to work very well !!!
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Elastic scattering: ground state

3s1/2
2d3/2

3p1/2

2f5/2

3s1/2
2d3/2

3p1/2

2f5/2

neutrons protons

208Pb 207Tl

206Pb 205Tl

polarization effects: coupling of low-lying 
excited states of 206Pb to 3s proton hole

mean-field

Co’, Speth, Z. Phys. A 326 (1987) 392
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Elastic scattering: ground state

short- and long-range correlations

Anguiano, Co’, J. Phys. G 27 (2001) 2109

short-range correlations

IPM-SRC

Gaussian

state-dependent 
correlation
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IPM

IPM+SRC+LRC
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Elastic scattering: ground state

             “even-even” nuclei: nothing elseJi = 0

what about nuclei with              ? Ji �= 0

T
P

even odd odd
even even odd

MCoul
λµ T el
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-at forward angles: negligible 
contribution of the magnetic 
part
-at backward angles: the 
magnetic contribution 
dominates the cross section 

30º-70º 

175-300 MeV
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Elastic scattering: ground state

             “even-even” nuclei: nothing elseJi = 0

what about nuclei with              ? Ji �= 0

T
P

even odd odd
even even odd
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λµ

-Coulomb/magnetic separation: combination of forward/backward 
measurements, or
-Rosenbluth separation:                     for fixed     and     (straight line)

-slope: proportional to the (full) transverse magnetic contribution

-ordinate at origin: gives the (full) longitudinal Coulomb part

-but valid only if distortion effects are negligible: otherwise DWBA cross section 
required

dσ

dΩ
vs. tan2

θ

2
ω q

dσ

dΩ
= 4π σMott f

−1
rec

1

2Ji + 1

�
q4µ
q4

�

λ≡even

|�Ji�MCoul
λ (q)�Ji�|2

+

�
−1

2

q2µ
q2

+ tan2
θ

2

�
�

λ≡odd

|�Ji�Tmag
λ (q)�Ji�|2

�
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1
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�
q4µ
q4

�

λ≡even

|�Ji�MCoul
λ (q)�Ji�|2

+

�
−1

2

q2µ
q2

+ tan2
θ

2

�
�

λ≡odd

|�Ji�Tmag
λ (q)�Ji�|2

�
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Elastic scattering: ground state

simplest situation: Ji =
1

2
-only C0 and M1 multipoles survive

3s1/2
2d3/2

3p1/2

2f5/2

3s1/2
2d3/2

3p1/2

2f5/2

neutrons protons

208Pb 207Tl

206Pb 205Tl

207Pb (1/2-) and 205Tl (1/2+) difficult experiment: no data below 1 fm-1

-Coulomb form factor > transverse form factor 
even at 180º: imposible separation

-precise measurement of 208Pb cross section and 
charge scattering ratios 207Pb/208Pb and 205Tl/208Pb

-this permitted to correct from distortion effects 
and to separate Coulomb/magnetic responses

207Pb (e,e) 205Tl (e,e)

Papanicolas et al., Phys. Rev. Lett. 58 (1987) 2296
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Elastic scattering: ground state

simplest situation: Ji =
1

2
-only C0 and M1 multipoles survive

3s1/2
2d3/2

3p1/2

2f5/2

3s1/2
2d3/2

3p1/2

2f5/2

neutrons protons

208Pb 207Tl

206Pb 205Tl

207Pb (1/2-) and 205Tl (1/2+) difficult experiment: no data below 1 fm-1

-Coulomb form factor > transverse form factor 
even at 180º: imposible separation

-precise measurement of 208Pb cross section and 
charge scattering ratios 207Pb/208Pb and 205Tl/208Pb

-this permitted to correct from distortion effects 
and to separate Coulomb/magnetic responses

207Pb (e,e) 205Tl (e,e)

Papanicolas et al., Phys. Rev. Lett. 58 (1987) 2296

(7/2-)
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|FL(q)|2 =
4π

Z2

1

2Ji + 1

∞�

λ=0

���Jf�MCoul
λ (q)�Ji�

��2 ; MCoul
λµ (q) =

�
dr jλ(qr)Yλµ(r̂) ρ(r)

|FT(q)|2 =
4π

Z2

1

2Ji + 1

∞�

λ=1

����Jf�T el
λ (q)�Ji�

��2 + |�Jf�Tmag
λ (q)�Ji�|2

�
;

T el
λµ(q) =

1

q

�
dr∇× [jλ(qr)Yλλµ(r̂)] · J(r) , Tmag

λµ (q) =

�
dr jλ(qr)Yλλµ(r̂) · J(r)

σMott =

�
α cos θ

2

2 �i sin
2 θ

2

�2

frec = 1 +
2 �i sin

2 θ
2

MT

qµ = (ω,−q) Jµ(r) = [ρ(r),−J(r)]

dσ

dΩ
= Z2 σMott f

−1
rec

�
q4µ
q4

|FL(q)|2 +

�
−1

2

q2µ
q2

+ tan2
θ

2

�
|FL(q)|2

�
dσ

dΩ
= Z2 σMott f

−1
rec

�
q4µ
q4

|FL(q)|2 +
�
−1

2

q2µ
q2

+ tan2
θ

2

�
|FT(q)|2

�
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nuclear current: 
one-body nuclear current
-convection: due to proton movement
-spin-magnetization: due to nucleon spin
-but “continuity equation” tells us:
 
 the hamiltonian: 
  and                                        is satisfied
  as a consequence:
and a two-body nuclear current                must 
be considered 

H = T + V

JOB(r, t)

∇ · JOB(r, t) = −i[T, ρ(r, t)]−

∇ · JMEC(r, t) = −i[V, ρ(r, t)]−

JMEC(r, t)

∇ · J(r, t) = −∂ρ(r, t)

∂t
= −i[H, ρ(r, t)]−
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Elastic scattering: ground state
meson-exchange currents (MEC)

-lack of MEC signatures in medium/heavy nuclei: 
uncertainties in the nuclear wave function

207Pb (e,e) 205Tl (e,e)

IA+POL+MEC

IA+POL

IA

strong interference MEC/POL?
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   momentum)

-the polarization of the outgoing electrons is 
not measured

(θ∗,φ∗)
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-the nucleus is polarized: 

-the incident electron is polarized: helicity

  (projection of the electron spin over its  
   momentum)

-the polarization of the outgoing electrons is 
not measured

(θ∗,φ∗)

h

�
dσ

dΩe

�h

= σMott f
−1
rec

��
vLRL + vTRT + vTLRTL + vTTRTT

�
+ h

�
vT�RT�

+ vTL�RTL�
��
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Elastic scattering: ground state

              nuclei open a new possibility:   polarization            �A(�e, e)Ji �= 0

-the nucleus is polarized: 

-the incident electron is polarized: helicity

  (projection of the electron spin over its  
   momentum)

-the polarization of the outgoing electrons is 
not measured

(θ∗,φ∗)

h

�
dσ

dΩe

�h

= σMott f
−1
rec

��
vLRL + vTRT + vTLRTL + vTTRTT

�
+ h

�
vT�RT�

+ vTL�RTL�
��

-for relativistic electrons               and    /    separation can

be carried out with two measurements for the two helicities

h = ±1 Σ ∆



WL
J (q) =

�

J �J≥0

X J �JJ
i (0, 0) tCJ � tCJ

WTT
J (q) =

1�
(J − 1)J (J + 1)(J + 2)

�

J �J≥1

X J �JJ
i (1, 1) ζ(J � + J) tMJ � tMJ

WTL�

J (q) =
2
√
2�

J (J + 1)

�

J �≥0;J≥1

X J �JJ
i (0, 1) ζ(J � + J + 1) tCJ � tMJ

tCJ = �Ji�MCoul
J (q)�Ji�

tMJ = �Ji�Tmag
J (q)�Ji�
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Elastic scattering: ground state

              nuclei open a new possibility:   polarization            �A(�e, e)Ji �= 0

  ’s: electron kinematic factors; involve:                             v qµ,q, θe, (ω = 0)

e.g.: vL =
q4µ
q4

; vTT = −1

2

q2µ
q2

; vTL� = − 1√
2

q2µ
q2

tan
θe
2

-nuclear response functions:

RL = 4π
�

J≥0

ξ(J )PJ (cos θ∗) f i
J WL

J (q)

RTT = 4π
�

J≥2

ξ(J )P 2
J (cos θ∗) cos 2φ∗ f i

J WTT
J (q)

RTL�
= 4π

�

J≥1

ξ(J + 1)P 1
J (cos θ∗) cosφ∗ f i

J WTL�

J (q)

100% target polarization:

                                  (no polarization)

f i
J =

(2Ji)!
√
2J + 1

(2Ji + J + 1)! (2Ji − J )!

f i
J =

δJ ,0√
2Ji + 1

�
dσ

dΩe

�h

= σMott f
−1
rec

��
vLRL + vTRT + vTLRTL + vTTRTT

�
+ h

�
vT�RT�

+ vTL�RTL�
��
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-study 11B (3/2-), 13C (1/2-), 15N (1/2-), 17O (5/2+), 39K (3/2+)
looking for MEC effects: distortion effects reduced
-extreme shell model (MEC effects similar to more 
sophisticated models including core-polarization terms)
-current operator: OB+MEC
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-extreme shell model (MEC effects similar to more 
sophisticated models including core-polarization terms)
-current operator: OB+MEC
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WS

HO

�
dσ

dΩe

�h

= ΣOB

0

�
Σ0

ΣOB
0

+ Σ+∆

�

Σ0 = 4π σMott f
−1

rec f
i
0

�
vL WL

0 (q) + vT WT

0 (q)
�

Σ =
Σ− Σ0

ΣOB
0

∆ =
∆

ΣOB
0
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Elastic scattering: ground state

-lower nuclear spins: 13C (1/2-), 15N (1/2-)

-more relevant in      than in  

-momentum transfers: 200-400 MeV/c

-backward angles

-target polarized on the scattering plane

Σ∆

OB+MEC

OB

MEC effects larger than 20%
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elastic scattering
(e,e):
ground state 
properties

inelastic scattering (e,e’) / (e,e’...): 
giant resonances properties

inelastic scattering (e,e’)/(e,e’   ):
bound nuclear excited states properties

γ

Outline
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments

nuclear states
-collective states: involve the excitation of many nucleons

-particle-hole states: formed by excitation of one or a few particles

FC
λ (q) =

1√
2Ji + 1

� ∞

0
dr r2 jλ(qr) ρλ(r)

FE
λ (q) = − 1�

(2Ji + 1)(2λ+ 1)

� ∞

0
dr r2

�

s=−1,1

s
�

λ+ δs,−1 jλ+s(qr) Jλ,λ+s(r)

FM
λ (q) =

1√
2Ji + 1

� ∞

0
dr r2 jλ(qr) Jλ,λ(r)

ρλ(r) =

�
dΩ �Jf�ρ(r)Yλ(r̂)�Ji�

Jλ,λ�(r) = i

�
dΩ �Jf�J(r) ·Yλλ�(r̂)�Ji�

dσ

dΩ
= 4π σMott f

−1
rec

�
q4µ
q4

∞�

λ=0

|FC
λ (q)|2 +

�
−1

2

q2µ
q2

+ tan2
θ

2

� ∞�

λ=1

�
|FE

λ (q)|2 + |FM
λ (q)|2

�
�
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments

nuclear states
-collective states: involve the excitation of many nucleons

-particle-hole states: formed by excitation of one or a few particles

FC
λ (q) =

1√
2Ji + 1

� ∞

0
dr r2 jλ(qr) ρλ(r)

FE
λ (q) = − 1�

(2Ji + 1)(2λ+ 1)

� ∞

0
dr r2

�

s=−1,1

s
�

λ+ δs,−1 jλ+s(qr) Jλ,λ+s(r)

FM
λ (q) =

1√
2Ji + 1

� ∞

0
dr r2 jλ(qr) Jλ,λ(r)

ρλ(r) =

�
dΩ �Jf�ρ(r)Yλ(r̂)�Ji�

Jλ,λ�(r) = i

�
dΩ �Jf�J(r) ·Yλλ�(r̂)�Ji�

-natural                    parity transitions:                                  calculated from 

-unnatural                          parity transitions:           calculated from 

-extraction of densities: similar situation to charge density in (e,e) experiments

-form factors include contributions from all multipoles: 

ρλ, Jλ,λ+1, Jλ,λ−1 FC
λ , FE

λ

FM
λJλ,λ

Ji = 0 −→ λ = Jf

[Π = (−1)J ]

[Π = (−1)(J+1)]

dσ

dΩ
= 4π σMott f

−1
rec

�
q4µ
q4

∞�

λ=0

|FC
λ (q)|2 +

�
−1

2

q2µ
q2

+ tan2
θ

2

� ∞�

λ=1

�
|FE

λ (q)|2 + |FM
λ (q)|2

�
�
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments - collective states: the 3- at 2.615 MeV in 208Pb

Saclay

MIT

-transition density is obtained using the Fourier-Bessel 
expansion:

           is the k-th zero of 

ρλ(r) =






�

k

Ak q
[λ−1]
k jλ(q

[λ−1]
k r) , r ≤ Rc

0, r > Rc

Rcq
[λ]
k jλ(z)

microscopic view: excitation of many particle-hole pairs
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments - collective states: the 3- at 2.615 MeV in 208Pb

Saclay

MIT

-transition density is obtained using the Fourier-Bessel 
expansion:

           is the k-th zero of 

ρλ(r) =






�

k

Ak q
[λ−1]
k jλ(q

[λ−1]
k r) , r ≤ Rc

0, r > Rc

Rcq
[λ]
k jλ(z)

microscopic view: excitation of many particle-hole pairs

structure 
explained only in 
terms of indiviual 
nucleon orbits: 
the experimental 
accuracy requires 
microscopic 
models
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Inelastic scattering: bound excited states
larger discrepancies 
wiht calculations:

-relativistic effects, 
MEC, ... play a more 
important role in 
currents

inclusive (e,e’) experiments: other collective states
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Inelastic scattering: bound excited states
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wiht calculations:

-relativistic effects, 
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-M5, E8 in 48Ca

-M4 in 16O
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inclusive (e,e’) experiments - particle-hole states: the high-spin states in 208Pb

high-spin states identified 

in (e,e’) experiments:

-E10, E12, M12, M14 in 208Pb

-E7, M7, M10 in 90Zr

-M8 in nickel region

-M5, E8 in 48Ca

-M4 in 16O

common characteristic: 

very few particle-hole states contribute to their 
wave function due to the high multipolarity

discovered in (e,e’) experiments by:

Lichtenstadt et al. Phys. Rev. Lett. 40 (1978) 1127; 
Phys. Rev. C 20 (1979) 427
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inclusive (e,e’) experiments - particle-hole states: the high-spin states in 208Pb

discovered in (e,e’) experiments by:

Lichtenstadt et al. Phys. Rev. Lett. 40 (1978) 1127; 
Phys. Rev. C 20 (1979) 427

Ex = 7.06 MeV : π(1i13/2 1h
−1
11/2)12−

Ex = 6.74 MeV : ν(1j15/2 1i
−1
13/2)14−

Ex = 6.43 MeV : ν(1j15/2 1i
−1
13/2)12−
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Inelastic scattering: bound excited states   Krewald, Speth, Phys. Rev. Lett. 45 (1980) 417

-residual interaction: δ + π + ρ

V (q) = C0 (f0 + f �
0 τ · τ � + g0 σ · σ� + g�0 σ · σ� τ · τ �)

+ 4π τ · τ �
�
f2
π

m2
π

�
1

3
σ · σ� − σ · qσ� · q

m2
π + q2

�

+
f2
ρ

m2
ρ

�
2

3
σ · σ� − σ × qσ� × q

m2
ρ + q2

��
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11/2)12−�

|12−; 7.06 MeV� = −a |ν(1j15/2 1i−1
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�
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11/2)12−�

Hintz, Lallena, Sethi Phys. Rev. C 45 (1992) 1098
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σexp
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Inelastic scattering: bound excited states Hintz, Lallena, Sethi Phys. Rev. C 45 (1992) 1098

Q =
σexp

σtheor

V (q) = C0 (f0 + f �
0 τ · τ � + g0 σ · σ� + g�0 σ · σ� τ · τ �)

+ 4π τ · τ �
�
f2
π

m2
π

�
1

3
σ · σ� − σ · qσ� · q

m2
π + q2

�

+
f2
ρ

m2
ρ

�
2

3
σ · σ� − σ × qσ� × q

m2
ρ + q2

��

residual interaction: V (q) = VLM + V στ
π + V T

π + V στ
ρ + V T

ρ

            chosen to reproduce the 
energies of the two 1+ states at 
5.85 MeV and 7.30 MeV in 208Pb

g0, g
�
0
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Q =
σexp

σtheor

V (q) = C0 (f0 + f �
0 τ · τ � + g0 σ · σ� + g�0 σ · σ� τ · τ �)

+ 4π τ · τ �
�
f2
π

m2
π

�
1

3
σ · σ� − σ · qσ� · q

m2
π + q2

�

+
f2
ρ

m2
ρ

�
2

3
σ · σ� − σ × qσ� × q

m2
ρ + q2

��

residual interaction: V (q) = VLM + V στ
π + V T

π + V στ
ρ + V T

ρ

V (q) = VLM + V στ
π + V στ

ρ + β (V T
π + V T

ρ )

-the tensor interaction is too strong 
to be used in RPA calculations (~30%)
Nakayama, Phys. Lett. B165 (1985) 239
Co’, Lallena, Nucl. Phys. A 510 (1990) 139

-but (p,p’) requires of an additional 
reduction
Drozdz, Tain, Wambach, Phys. Rev. C34 (1986) 345
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Q =
σexp

σtheor

V (q) = C0 (f0 + f �
0 τ · τ � + g0 σ · σ� + g�0 σ · σ� τ · τ �)

+ 4π τ · τ �
�
f2
π

m2
π

�
1

3
σ · σ� − σ · qσ� · q

m2
π + q2

�

+
f2
ρ

m2
ρ

�
2

3
σ · σ� − σ × qσ� × q

m2
ρ + q2

��

residual interaction: V (q) = VLM + V στ
π + V T

π + V στ
ρ + V T

ρ

V (q) = VLM + V στ
π + V T

π + ε (V στ
ρ + V T

ρ (m∗
ρ)) ,

m∗
ρ

mρ
=

1√
ε

                               permits a consistent description of both 
                               (p,p’) and (e,e’) quenching factors
ε = 1.6

�
m∗

ρ

mρ
= 0.79

�
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Inelastic scattering: bound excited states Steffen et al., Nucl. Phys. A 404 (1983) 413

  -dependent quenching: 

                              effects ?

q

∆− h

extra quenching due to:             
2nd-order core-polarization and 
tensor correlations effects

inclusive (e,e’) experiments - particle-hole states: 
the 1+ state at 10.23 MeV in 48Ca
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                              effects ?

q

∆− h

RPA calculation with 
Amaro, Lallena, Phys. Lett. B 261 (1991) 229

δ + π + ρ

inclusive (e,e’) experiments - particle-hole states: 
the 1+ state at 10.23 MeV in 48Ca
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  -dependent quenching: 

                              effects ?

q

∆− h

RPA calculation with 
Amaro, Lallena, Phys. Lett. B 261 (1991) 229

δ + π + ρ

inclusive (e,e’) experiments - particle-hole states: 
the 1+ state at 10.23 MeV in 48Ca

ν(1f5/2, 1f
−1
7/2)

ν(1f5/2, 1f
−1
7/2) + ν(2d5/2, 1d

−1
3/2)

[AJ(ph) ≥ 0.1]

Q=0.68/0.55

MEC
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  -dependent quenching: 

                              effects ?

q

∆− h

RPA calculation with 
Amaro, Lallena, Phys. Lett. B 261 (1991) 229

δ + π + ρ

inclusive (e,e’) experiments - particle-hole states: 
the 1+ state at 10.23 MeV in 48Ca

ν(1f5/2, 1f
−1
7/2)

ν(1f5/2, 1f
−1
7/2) + ν(2d5/2, 1d

−1
3/2)

[AJ(ph) ≥ 0.1]

MEC

core-polarization+tensor correlations 
effects: phenomenological reduction of 
the isovector part of the magnetic 
moment of the nucleon 
Härting, Kohno, Weise, Nucl. Phys. A 420 (1984) 399

found 0.85
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inclusive (e,e’) experiments: pairing effects

  Conci, Co’, Speth, Phys. Lett. B 155 (1985) 318

QRPA vs. RPA+ ∆− h
             components are not 
needed to explain the 
quenching of the data with 
recpect to shell-model 
calculations

RPA +             is unable to 
reproduce data above 1 fm-1

∆− h

∆− h
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments -  magnetic states in 48Ca

[AJ(ph) ≥ 0.1]

[AJ(ph) ≥ 0.5]

effect of the small components of the 
RPA wavefunction
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inclusive (e,e’) experiments -  magnetic states in 48Ca

MEC effects
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments: the continuity equation

dσ

dΩ
= 4π σMott f

−1
rec

1

2Ji + 1

�
q4µ
q4

∞�

λ=0

|tCλ (q)|2 +

�
−
q2µ
q2

+ tan2
θ

2

� ∞�

λ=1

�
|tEλ(q)|2 + |tMλ (q)|2

�
�

tCλ (q) = �Jf�MCoul
λ (q)�Ji�

tEλ(q) = −
�

s=−1,1

s

�
λ+ δs,−1

2λ+ 1
tλ,λ+s(q)

tMλ (q) = tλ,λ(q)

tλ,λ�(q) = �Jf�i Tλλ�(q)�Ji�

Tλλ�µ(q) =

�
dr jλ(qr)Yλλ�µ(r̂) · J((r)
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inclusive (e,e’) experiments: the continuity equation
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tMλ (q) = tλ,λ(q)

tλ,λ�(q) = �Jf�i Tλλ�(q)�Ji�

Tλλ�µ(q) =

�
dr jλ(qr)Yλλ�µ(r̂) · J((r)

the continuity equation:

-formulates (relativistic) charge-current 
conservation

-follows from gauge invariance of the 
electromagnetic field and its coupling to the 
particle field

-only three of the four multipoles are independent 
the fourth being restricted by CE

[H, ρ(r)]− = i∇ · J(r)
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ω

q
tCλ (q) = −

�
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�
λ+ δs,1
2λ+ 1

tλ,λ+s(q)

ω = Ef − Eithe continuity equation:

-formulates (relativistic) charge-current 
conservation

-follows from gauge invariance of the 
electromagnetic field and its coupling to the 
particle field

-only three of the four multipoles are independent 
the fourth being restricted by CE

[H, ρ(r)]− = i∇ · J(r)
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inclusive (e,e’) experiments: the continuity equation
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tλ,λ+s(q)

ω = Ef − Eithe continuity equation:

-formulates (relativistic) charge-current 
conservation

-follows from gauge invariance of the 
electromagnetic field and its coupling to the 
particle field

-only three of the four multipoles are independent 
the fourth being restricted by CE

[H, ρ(r)]− = i∇ · J(r)
-corrections to calculations involving 
nonrelativistic wavefunctions and/or 
nucleon degrees of freedom are less 
severe in charge (v2/c2) than in 
current (v/c):

one of the two electric multipoles is 
eliminated by using CE  
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-corrections to calculations involving 
nonrelativistic wavefunctions and/or 
nucleon degrees of freedom are less 
severe in charge (v2/c2) than in 
current (v/c):

one of the two electric multipoles is 
eliminated by using CE  

-usually: Siegert’s theorem is satisfied! 

but also:

t̃λ,λ+1(q) = tλ,λ+1(q)

t̃λ,λ−1(q) = −
�

λ+ 1

λ
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�
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-corrections to calculations involving 
nonrelativistic wavefunctions and/or 
nucleon degrees of freedom are less 
severe in charge (v2/c2) than in 
current (v/c):

one of the two electric multipoles is 
eliminated by using CE  

-usually: Siegert’s theorem is satisfied! 

but also:

t̃λ,λ+1(q) = tλ,λ+1(q)
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�
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-if CE is satisfied all prescriptions 
provide the same results, but what 
happens if this does not occur?
-is this a way to “restore” CE?
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments: 

the continuity equation - a model calculation

H = − �2
2m

∇2 + V0 +
�2
2m

r
2

b4
+ VLS l · s

CE

CE

CECE

if                                                CE is verified 
and we get X

-we consider                                     and we get:

P0   if                                     CE is not verified

P+   if                                      CE is verified

P-  if                                       CE is verified

J(r) = JC(r) + JM(r) + JLS(r)

J0(r) = JC(r) + JM(r)

(t̃λ,λ−1(q), tλ,λ+1(q))

(tλ,λ−1(q), tλ,λ+1(q))

(tλ,λ−1(q), t̃λ,λ+1(q))
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-we consider                                     and we get:

P0   if                                     CE is not verified

P+   if                                      CE is verified

P-  if                                       CE is verified

J(r) = JC(r) + JM(r) + JLS(r)

J0(r) = JC(r) + JM(r)

(t̃λ,λ−1(q), tλ,λ+1(q))
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(tλ,λ−1(q), t̃λ,λ+1(q))

P verifies CE and reproduces the 
electric multipole as found for P0
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments: 

the continuity equation - a model calculation

CE

CE

CECE

if                                                CE is verified 
and we get X

-we consider                                     and we get:

P0   if                                     CE is not verified

P+   if                                      CE is verified

P-  if                                       CE is verified

J(r) = JC(r) + JM(r) + JLS(r)

J0(r) = JC(r) + JM(r)

(t̃λ,λ−1(q), tλ,λ+1(q))

(tλ,λ−1(q), tλ,λ+1(q))

(tλ,λ−1(q), t̃λ,λ+1(q))

P verifies CE and reproduces the 
electric multipole as found for P0

the procedures to impose CE by hand in 
calculations based on models that do not 
verify it are misleading and do not 
warrant better o more reasonable results
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments:
polarization            �A(�e, e�)

�
dσ

dΩe

�h

= ΣOB

0

�
Σ0

ΣOB
0

+ Σ+∆

�

Σ0 = 4π σMott f
−1

rec f
i
0

�
vL WL

0 (q) + vT WT

0 (q)
�

Σ =
Σ− Σ0

ΣOB
0

∆ =
∆

ΣOB
0

-wider spectrum of possibilities than 

-best situation: 11B 

-forward angles in      and backwards in   

-momentum transfers: 60-400 MeV/c

-target polarized on the scattering plane

Σ ∆

�A(�e, e)



Electron scattering - Scuola Raimondo Anni- Otranto 2013

Inelastic scattering: bound excited states

inclusive (e,e’) experiments:
polarization            �A(�e, e�)

�
dσ

dΩe

�h

= ΣOB

0

�
Σ0

ΣOB
0

+ Σ+∆

�

Σ0 = 4π σMott f
−1

rec f
i
0

�
vL WL

0 (q) + vT WT

0 (q)
�

Σ =
Σ− Σ0

ΣOB
0

∆ =
∆

ΣOB
0

described in the extreme shell model

-wider spectrum of possibilities than 

-best situation: 11B 

-forward angles in      and backwards in   

-momentum transfers: 60-400 MeV/c

-target polarized on the scattering plane

Σ ∆

�A(�e, e)
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Inelastic scattering: bound excited states
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Inelastic scattering: bound excited states

(e,e’   ) experimentsγ
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elastic scattering
(e,e):
ground state 
properties

inelastic scattering (e,e’) / (e,e’...): 
giant resonances properties

inelastic scattering (e,e’)/(e,e’   ):
bound nuclear excited states properties

γ

Outline
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inelastic scattering (e,e’) / (e,e’...): 
giant resonances properties

Outline
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Inelastic scattering: giant resonances

Co’, Krewald, Nucl. Phys. A 433 (1985) 392
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Inelastic scattering: giant resonances

-the nucleus is excited in the continuum

-nucleons have finite probability to be 
emitted after electron-nucleu collision

-all multipole contribute to cross section: 
inclusive experiments are unwise

-the extraction of the radiative tail is 
complicated

Co’, Krewald, Nucl. Phys. A 433 (1985) 392
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Inelastic scattering: giant resonances

-the nucleus is excited in the continuum

-nucleons have finite probability to be 
emitted after electron-nucleu collision

-all multipole contribute to cross section: 
inclusive experiments are unwise

-the extraction of the radiative tail is 
complicated -coincidence experiments are mandatory

-better in light nuclei

Co’, Krewald, Nucl. Phys. A 433 (1985) 392
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Inelastic scattering: giant resonances

-the nucleus is excited in the continuum

-nucleons have finite probability to be 
emitted after electron-nucleu collision

-all multipole contribute to cross section: 
inclusive experiments are unwise

-the extraction of the radiative tail is 
complicated -coincidence experiments are mandatory

-better in light nuclei

σ/σMott ∝ vL WL + vT WT + 2 vLT WLT cosφp + 2 vTT WTT cos 2φp

the model:

-must describe properly nuclear excitations 
in the continuum

-must include the coupling between decay 
channels

Co’, Krewald, Nucl. Phys. A 433 (1985) 392
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Inelastic scattering: giant resonances

-the nucleus is excited in the continuum

-nucleons have finite probability to be 
emitted after electron-nucleu collision

-all multipole contribute to cross section: 
inclusive experiments are unwise

-the extraction of the radiative tail is 
complicated -coincidence experiments are mandatory

-better in light nuclei

Q ~ 0.4

the model:

-must describe properly nuclear excitations 
in the continuum

-must include the coupling between decay 
channels

Co’, Krewald, Nucl. Phys. A 433 (1985) 392
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(e,e’p) experiments in 40Ca

Inelastic scattering: giant resonances
Co’, Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684
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Co’, Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684
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(e,e’p) experiments in 40Ca

Inelastic scattering: giant resonances

20%

50%

-photoabsorption cross section does not 
give any information about quadrupole 
and octupole excitations

Co’, Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684
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Inelastic scattering: giant resonances

(e,e’p) experiments in 40Ca
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Inelastic scattering: giant resonances

(e,e’p) experiments in 40Ca
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Inelastic scattering: giant resonances

(e,e’p) experiments in 40Ca

-calculation performed including all 
multipoles up to J=6 (both parities)

-dotted line; without 2+

2s1/2

1d3/2
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Inelastic scattering: giant resonances

(e,e’p) experiments in 40Ca

-calculation performed including all 
multipoles up to J=6 (both parities)

-dotted line; without 2+

2s1/2

1d3/2

2s1/2

1d3/2

1d5/2

2s1/2: not much involved in ph configurations
(quasi-free knock-out emission)
1d states: involved in nuclear collective 
excitations (resonant emission)
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Inelastic scattering: giant resonances

                     experimentsA(�e, e�p)

Co’, Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684
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Inelastic scattering: giant resonances

                     experimentsA(�e, e�p)

                     

fifth response 
function

σ/σMott ∝ (vL WL + vT WT + 2 vLT WLT cosφp + 2 vTT WTT cos 2φp) + h 2 vLT� WLT� sinφp

-it can be separated using helicity

-must be measured out-of-plane

Co’, Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684
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Inelastic scattering: giant resonances

                     experimentsA(�e, e�p)

                     

fifth response 
function

σ/σMott ∝ (vL WL + vT WT + 2 vLT WLT cosφp + 2 vTT WTT cos 2φp) + h 2 vLT� WLT� sinφp

-it can be separated using helicity

-must be measured out-of-plane

2s1/2

1d3/2

without 2+

without 1-

2s1/2 proton can be emitted via 1- and 1d3/2  do not

Co’, Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684



Electron scattering - Otranto 2013Electron scattering - Scuola Raimondo Anni- Otranto 2013

Inelastic scattering: giant resonances

                     experimentsA(�e, e�p)

                     

fifth response 
function

σ/σMott ∝ (vL WL + vT WT + 2 vLT WLT cosφp + 2 vTT WTT cos 2φp) + h 2 vLT� WLT� sinφp

-it can be separated using helicity

-must be measured out-of-plane

2s1/2

1d3/2

without 2+

without 1-

2s1/2 proton can be emitted via 1- and 1d3/2  do not

1d5/2
1d3/2

Co’, Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684


