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Elastic scattering: ground state

-properties of the nuclear ground state are investigated by

varying the momentum transferred to the nucleus w? —q* <0

-only inclusive experiments: no excitation nor particle emission
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Elastic scattering: ground state
-properties of the nuclear ground state are investigated by
varying the momentum transferred to the nucleus w? —q* <0

-only inclusive experiments: no excitation nor particle emission

very low energies: <5 MeV Al (e.e)
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Elastic scattering: ground state
-properties of the nuclear ground state are investigated by
varying the momentum transferred to the nucleus w? —q* <0

-only inclusive experiments: no excitation nor particle emission

very low energies: <5 MeV Al (e.e)

-low momentum transferred to the
nucleus: poor resolution

-the target appears as point
charge: Mott cross section \

. . 0.4 MeV
-ho information about nuclear \ c
structure
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Elastic scattering: ground state
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Elastic scattering: ground state

0 (ee)
€i= 420 MeV

do /Rt /st
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Elastic scattering: ground state 1760 (é,e) |
€i= 420 MeV

-

do /Rt /st
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Elastic scattering: ground state
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Elastic scattering: ground state
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Elastic scattering: ground state
-diffraction pattern: nuclear size (as in opticslll)

160: Jz =0

do L 4r

Coul 2
dQ — Z OMott frec ZQ ‘ OHMO (Q)HO>’

2

T / dr 12 jo(qr) p(r)

do /d %1"“2/3’

(spherical charge distribution)

A

37 & .
— 5 v fud | [ drroar)
0

37
= q_R O Mott frec |Jl(qR)|

zeroes of Ji(x): x=449,773, ..

nuclear radius: R = ry A'/3
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Elastic scattering: ground state
-diffraction pattern: nuclear size (as in opticslll)

160: Jz =0

do L Ar
d_Q — 22 0 Mott freg ﬁ

(0| ME (g)0)|”

T / dr 12 jo(qr) p(r)

do /d %1"“2/3’

(spherical charge distribution)

o(r) = 2 O(R — 1)

4 __p3
37TR

37 a7 .
— 5 v fud | [ drroar)
0

3Z

= q_R O Mott frgg 71 (qR)|2

dQ

zeroes of Ji(x): x=449,773, ..

nuclear radius: R = rq AY/? B 440 s g 4.49 16 =
== = 1 tm.16t3 " 7
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Elastic scattering: ground state

-diffraction pattern: nuclear size (as in opticslll)

160: Jz =0

do L 4r

Coul 2
dQ — Z OMott frec ZQ ‘ OHMO (Q)HO>’

2

T / dr 12 jo(qr) p(r)

do /d %,'""2/9

(spherical charge distribution)

A

37 & .
— 5 v fud | [ drroar)
0

3Z

= q_R O Mott frec |Jl(qR)|

zeroes of ji1(x): x=449,773, .. 0 ~ 45° — g = 2¢; sin g ~1.6fm™*

nuclear radius: R = rg Al/3 4.49

R=449 — g = ~ 1.6 fm™*
1 1= 11 fm . 161/3 H
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Electron scattering - Scuola Raimondo Anni- Otranto 2013



Elastic scattering: ground state

more information than just nuclear
radii: charge distributions
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Elastic scattering: ground state

more information than just nuclear
radii: charge distributions
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Elastic scattering: ground state

more information than just nuclear
radii: charge distributions
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the three distributions fit the data equally well !l
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Elastic scattering: ground state

more information than just nuclear
radii: charge distributions

Fermi: p(7) =

CISTANGE - 16" CM

modified Gau
p(r)

- 1+ e

trapezoidal:
. all, Hofstadter
P3 - - 1 (1956) 1131
0, |

the three distributions fit the data equally well !l
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Elastic scattering: ground state

"model-independent densities”
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Elastic scattering: ground state

"model-independent densities”

o(r) = % /O " dqq? jolar) F(g)

lack of knowledge for large q:
uncertainty in the density
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Elastic scattering: ground state
twelve orders

"model-independent densities"” of magnitude
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Elastic scattering: ground state |
twelve orders |

“model-independent densities” of magnitude

B 1
- 92

/O ) dq ¢* jo(qr) F(q)

p(r)

10-2s5h

7

lack of knowledge for large q:
uncertainty in the density

40 (em
dfl

Cross section

orthonormal basis: sum of
Gaussians, Fourier-Bessel,
Hermite, Laguerre, ...

-cut of the series: uncertainty
in the density

2.0

Momentum transfer g { fm~7)
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Elastic scattering: ground state

"model-independent densities”

Flo) =4 [ e jolar) plr)

p(r) = ZAR P(r)

number of terms: cannot be
increased above certain valuelll
[Anni, Co’, Pellegrino, Nucl. Phys.
A B84 (1995) 35]
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Elastic scattering: ground state

"model-independent densities”
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Elastic scattering: ground state

"model-independent densities”
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Elastic scattering: ground state | EXPERIMENT
- —--- MEAN FIELD THEORY

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

-charge densities: well
described by theory at the
surface

LEN DL LA LA L
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Elastic scattering: ground state m~— EXPERIMENT
—-~~ MEAN FIELD THEORY

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

-charge densities: well
described by theory at the
surface

largest discrepancies: %°8Pb
where "mean field approach” is
supposed to work very well lll
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Elastic scattering: ground state

208 Pb

2 charge
——— Qpro’con
e @XPEriMent
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Elastic scattering: ground state

-charge density: sum of the
squares of single-particle w.f.

-single-particles are zero at
r=0, except "s" waves

-3s proton state: first
candidate being responsible of
the "bump” at r=0

208 Ph
% charge

——— Q;a"o’ton
e @XPEriMent
(e +p)
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Elastic scattering: ground state

208 Dy

-charge density: sum of the . @ cmroe
squares of single-particle w.f. =\ w=== Q oroton

e @XPEriMent
(e +p)

-single-particles are zero at
r=0, except "s" waves

-3s proton state: first
candidate being responsible of
the "bump” at r=0

is it possible to isolate experimentally
this proton single-particle state?
charge density difference p(***Pb) — p(**"TI)
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208 Ph

-charge density: sum of the . O charge
squares of single-particle w.f. =\ === Qproton

e @XPEriMent
(e +p)

Elastic scattering: ground state

-single-particles are zero at
r=0, except "s" waves

-3s proton state: first
candidate being responsible of
the "bump” at r=0

is it possible to isolate experimentally
this proton single-particle state?
charge density difference p(***Pb) — p(**"TI)
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Elastic scattering: ground state

208 Py
-charge density: sum of the | @ cmroe
squares of single-particle w.f. | N w=== Q oroton

e @XPEriMent

-

S (e+u)
\ \
N

-single-particles are zero at
r=0, except "s" waves

-3s proton state: first
candidate being responsible of
the "bump” at r=0

is it possible to isolate experimentally
this proton single-particle state?
charge density difference »(*"Pb) —p(
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Elastic scattering: ground state
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Elastic scattering: ground state

AC (r) (e fm-3)
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Elastic scattering: ground state
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Elastic scattering: ground state
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Elastic scattering: ground state

208 ;@D

—— ‘? charge

S proton N
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Elastic scattering: ground state - | ey
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Elastic scattering: ground state

short- and long-range correlations

long-range correlations: RPA
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(nlj)h

+ Z 2Jp + 1)(R(nlJ)P(

(nlj)p

< AOJ|A> — < A—1;i

+3 Y <ip||V]|[khy >

N pipz2hih2

> ) <ipi|[V|lkhi >

N plpoh h')

> 2in+1D)(Reun(r))’ !1 - =

Zjh +1

ZZ (2J 4 1)| Y (J,N)|?
h JN

1
2 2j5p +

— 1 >=<1i||OJ||k >
Pl (‘] “\ ) P2 h,,(Je -“\r)

< p2||Oyllhy >
€py — €hy —WN

Yy o (, N)Y2, (J,N)

< h-g (’)J 2 >
€p, + €h; — WN ” ||p

ZZ (2J + 1)|[Ypr(J, N)|?
p JN |

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

0.010

0.008 |
&= 0.006 f
g L
= 0.004 |
‘a-’ L
< 0.002

0.000

_0002 A ] L 1 L 1 L 1 L 1 L 1 A
r[fm]

T N T N T N T

.-\\\ LM force

“,J-SB force

0.000

0.010 ——

0.008
¢~ 0.006
g L
= 0.004 |

= .
<1 0.002 |

0.000

-0.002

1 2 3 4 5 6 7 8 9 1011 12
r[fm]

Electron scattering - Scuola Raimondo Anni- Otranto 2013



Elastic scattering: ground state

short- and long-range correla:
Ql
long-range correlations: RPA ph

AmpLrc(r) = Z (2jn + 1)(Rintjyn(r))? !1 3 Zjh 1 ZZ (2J +1)|Ypu(J,N)|?
p JN

(nlj)h

p

1
+ Z 2Jp + 1)(R(nlj)p( [E

(nlj)p

<A|0‘]|A>_<A_1;'i|0‘]|k;A_1>—<‘i||OJ||k>
w(LN)XE, (JN
S <V kg > 22 )R (BT

P2 h')
€ — € — W
"\' plp”hlh” P hl .\

 (JLN)Y*, (J,N)
-y Y <ip||[V]|khy > Yy

p')hf)
€ € —
N pip2hihs p1 T €h, WN

ZZ (2J 4 1)| Y (J,N)|?
h JN

< p2||Oyllhe >

< h2||Oy||p2 >

ra' T Dhue 27 (2001) 2109
U (RPA) >= QL |¥o(RPA) >

=Y Xpa(N)ajan — Yor(N)ajap

T L] T
160

IPM-LRC |

r[fm]

“,J-SB force

0.000

———————
.\\LMfor'ce

0.010

0.008
¢~ 0.006
g L
= 0.004 |

= .
<1 0.002 |

0.000

-0.002

12 3 4 5 6 7 8 9 101112

r[fm]

Electron scattering - Scuola Raimondo Anni- Otranto 2013



Elastic scattering: ground state

short- and long-range correlations

long-range correlations: RPA
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Elastic scattering: ground state Anguiano, Co', J. Phys. G 27 (2001) 2109
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Elastic scattering: ground state

11/21.205T] > a1(|3s1/2 >~ @ 0T 2% Pb >
0'2(|2d3/2 >_1 %) |2+,206 Pb >
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Elastic scattering: ground state

J; = 0 "even-even" nuclei: nothing else
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Elastic scattering: ground state what about nuclei with J; # 07?

J; = 0 "even-even" nuclei: nothing else
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Elastic scattering: ground state what about nuclei with .J; # 0?
Ts,,
odd

even

J; = 0 "even-even" nuclei: nothing else
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Elastic scattering: ground state what about nuclei with J; 7 07?

J; = 0 “even-even" nuclei: nothing else

ou 2
(T¢I (@) )]

MM () = /drj/\(qr) Yu(r) p(r)
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Elastic scattering: ground state what about nuclei with J; # 07?

TfL
odd

P even

J; = 0 "even-even" nuclei: nothing else

do 1 —q4
— =4 o —1 K . Coul
do — oMot Tree 97T | o > WHIME ()] )

i A=even

> UTIT (@) 7:)

A=odd
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Elastic scattering: ground state

J; = 0 "even-even" nuclei: nothing else

do
df)

= 4T oMott

175-300 MeV |

o8
BN

(@=155")

what about nuclei with J; % 07?

Coul el

even odd

P even | even

1 _q4
1 M E Coul 2
rec o 72 -1 4 |< H A (Q)H >|

B A=even

> > HEIT (@)l :)

A=odd

-at forward angles: negligible
contribution of the magneftic
part

-at backward angles: the
maghetic contribution
dominates the cross section
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Elastic scattering: ground state what about nuclei with J; # 07?
Ts,,
odd

even

J; = 0 "even-even" nuclei: nothing else

do —1 1 —q,flt Coul 2
d_Q = 47 O Mott rec 200 + 1 q4 Z |<J7’||M>‘ (q)||JZ>|

i A=even

1 ma,
1 <__q_“ + tan? —) Z (3 | T35 ( Q)| Ji))?

2q A=odd

-Coulomb/magnetic separation: combination of forward/backward

measurements, or

-Rosenbluth separation: j—g vs. taan for fixed w and g (straight line)

-slope: proportional o 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

Electron scattering - Scuola Raimondo Anni- Otranto 2013



Elastic scattering: ground state
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Elastic scattering: ground state

1
2

-only CO and M1 multipoles survive

simplest situation: J; =

do 1 1 _qﬁ Coul 2
d—Q — 47T0'Mott rec 2Jz +1 q4 Z ‘<JZHM>‘ (Q)||Jz>|

A=even

> KT ()l ) 2

A=odd

Electron scattering - Scuola Raimondo Anni- Otranto 2013



Elastic scattering: ground state

1
2

207Pb (1/2°) and 2°°TI (1/2%)

neutrons protons

3p1/2 3s1/2
21‘5/2 2(13/2

208Pb 207T1

3p1/2 3s1/2
2f5/2 2(13/2

206Pb 205T1

-only CO and M1 multipoles survive

simplest situation: J; =
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Elastic scattering: ground state

1
2

. difficult experiment: no data below 1 fm!
207ph (1/2) and 205T] (1/27) Hcuitexe f
sentaons -Coulomb form factor > transverse form factor
ﬁi‘ﬁ:ﬁ 2 even at 180°: imposible separation
-precise measurement of 2%8Pb cross section and
charge scattering ratios 2°7Pb/2%8Pb and 29°TI/2%8Pb

ﬁ -this permitted to correct from distortion effects
2np - and to separate Coulomb/magnetic responses

(3
o : 3 10

207pp (ee) 2057 (e e)

simplest situation: J; = = -ohly €0 and M1 multipoles survive

208Pb 207T1

I“‘ 1§ _ . "".“', f ‘\\.il
[ / ) \ ‘.'wv
3 Y -

4
|

- 1 I » ) . 1 l | ! L J
0.0 05 10 15 20 2.5 3.0 0O 05 10 5 20 2.8 3.0

(fm-1) -|
Qs (fm-1) Qe (frm7!)

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

1
2

. difficult experiment: no data below 1 fm!
207ph (1/2) and 205T] (1/27) Hcuitexe f
sentaons -Coulomb form factor > transverse form factor
ﬁi‘ﬁ:ﬁ 2 even at 180°: imposible separation
-precise measurement of 2%8Pb cross section and
charge scattering ratios 2°7Pb/2%8Pb and 29°TI/2%8Pb

ﬁ -this permitted to correct from distortion effects
2np - and to separate Coulomb/magnetic responses

(3
o : 3 10

simplest situation: J; = = -ohly €0 and M1 multipoles survive

208Pb 207T1

207pp (ee) 2057 (e e)

;’r ."':l; .t i 3 ‘\i

1; " { ‘ 4\ { g .’;I'I'
L e A

i WV

§
Vo

- 1 I » ) . 1 l | ! L J
0.0 05 10 15 20 2.5 3.0 0O 05 10 5 20 2.8 3.0

(fm-1) -|
Qs (fm-1) Qe (frm7!)

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

meson-exchange currents (MEC)
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Elastic scattering: ground state

meson-exchange currents (MEC)

(TP IMC (@15 MEe () Z/drjx(qr) Yau(®) p(r)

NTATS @I + KA @7 |

135(0) = [ dratar) Yo (@) - 3(0)
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Elastic scattering: ground state

meson-exchange currents (MEC)

huclear current:

one-body nuclear current Jog(r,t)
-convection: due to proton movement

-spin-magnetization: due to nucleon spin

-but “continuity equation” tells us:

V- J(r,t) = _apg;, D _ i, pr )]

the hamiltonian: HF=T+V

and V-Jog(r,t) = —i[T, p(r,t)]- is satisfied

as a consequence: V- Jurc(r,t) = —i[V, p(r,t)]-
and a two-body nuclear current Jygc(r,t) must

be considered
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Elastic scattering: ground state e S

ELECTRODISINTEGRATION

meson-exchange currents (MEC) . BN Resnam

t‘ "’," i
i:is?!u&?f’;u\hnﬂ

25 30 35

- Coi + 65
e McC +7C
s Ber+ 72
o Jon + 79
= Cov+ 82
a Dun+ 83

Q (im™)
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Elastic scattering: ground state TR e

ELECTRODISINTEGRATION

meson-exchange currents (MEC) AN R

IAsma 0+ A

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

3
o, .
S |
o |
o
o
B
.

t‘ o ij
u\h i)

- Coi + 65
e McC+7C
s Bers+ 72
o Jon + 79
= Cov+ 82
a Dun+ 83
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Elastic scattering: ground state LR T

ELECTRODISINTEGRATION
Rg =0.48 fm

>

O] 1

meson-exchange currents (MEC)

IAsma 0+ A

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

I

205T| (ee)

EEARNEE %His?!lii\?;u\n;ﬂ

10 18 20 25 30 35

=

L&

¢ { tm-2)

*He . Col + 85

e McC+7C

s Ber+ 72

o Jon + 79

! N o - y L ' . - A - - . = Cov+ 82

) Lo ' B oa : : \ s Dun+ 83
[ } -

IA"‘POL"‘MEC il :

00 05 10 15 20 2.5 3.0 0O 05 10 15
Quqy (M)

1
1.0 2.0

Aegs (tm H

strong interference MEC/POL?
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Elastic scattering: ground state
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Elastic scattering: ground state

Ji 7 0 nuclei open a new possibility: polarization ff(é’, e)
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Elastic scattering: ground state

Ji 7 0 nuclei open a new possibility: polarization %Y(é’, e)

Uy

-the nucleus is polarized: (6%, ¢™)

-the incident electron is polarized: helicity h

(projection of the electron spin over its
momentum)

!
|
|
, /
!
!
l
!
|

-the polarization of the outgoing electrons is
not measured
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Elastic scattering: ground state

Ji 7 0 nuclei open a new possibility: polarization ff(e_’, e)

Uy

-the nucleus is polarized: (6%, ¢™)

-the incident electron is polarized: helicity h

t
|
!
, /
!
!
l
!
!

(projection of the electron spin over its
momentum)

-the polarization of the outgoing electrons is
not measured

h
(dQ ) = OMott frod {(ULRL +orRY + oL, R™ +vprRY) + h (’UT/RT, + UTL,RTL’)}
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Elastic scattering: ground state

Ji 7 0 nuclei open a new possibility: polarization ff(é’, e)

Uy

-the nucleus is polarized: (67, ¢™)

-the incident electron is polarized: helicity h

t
|
!
, /
!
!
l
!
!

(projection of the electron spin over its
momentum)

-the polarization of the outgoing electrons is
not measured

h
(dQ ) = OMott froe {(ULRL +orR" + oL, R™ + vprRY™) + h (’UT/RT, + UTL,RTL’)}

>

terms occurring even if incident
electrons are not polarized
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Elastic scattering: ground state

Ji 7 0 nuclei open a new possibility: polarization ff(é’, e)

Uy

-the nucleus is polarized: (67, ¢™)

-the incident electron is polarized: helicity h

(projection of the electron spin over its
momentum)

t
|
|
\ /
!
!
1
!
!

-the polarization of the outgoing electrons is
not measured

h
<dQ ) = oMot free {(ULRL +vrRT +vrL R + UTTRTT) + h (’UT/RT/ + UTL/RTL,) }

) A

terms occurring even if incident terms occurring only if both target
electrons are not polarized and incident electrons are polarized
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Elastic scattering: ground state

Ji 7 0 nuclei open a new possibility: polarization ff(é’, e)

Uy

-the nucleus is polarized: (67, ¢™)

-the incident electron is polarized: helicity h

t
|
|
\ /
!
!
1
!
!

(projection of the electron spin over its
momentum)

-the polarization of the outgoing electrons is
not measured

h
<dQ ) = oMot free {(ULRL +vrRT +vrL R + UTTRTT) + h (’UT/RT/ + UTL/RTL,)}

) A

terms occurring even if incident terms occurring only if both target
electrons are not polarized and incident electrons are polarized

-for relativistic electrons h = 4+1 and »/A separation can

be carried out with two measurements for the two helicities
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Elastic scattering: ground state

Ji 7 0 nuclei open a new possibility: polarization %Y(é’, e)

h
dU ’ /
(dﬂ ) — OMott fr;(} {(ULRL + UT72T + UTLRTL -+ UTTRTT) —+ h (UT/RT -+ ’UTL/RTL ) }
v's: electron kinematic factors; involve: ¢,;Q,0e, (w =0) 100% target polarization:
_ (2J:)! V2T + 1

q, 14 YA X CN A oY
1 UTT = — 35 5 — t 5
q 2q 7.0

Vv2J; +1 (no polarization)

-nuclear response functions:

e.g.. UL =

R 41 J)P 0*) fo W
(T | MLSO ()] ;) > &(T)P(cost”) [ Wh(q)

<Ji||T;nag(Q)HJi> R 47TZ§ Pj (cos 0*) cos 2¢” fjW (q)
g5

RTL A Z E(T + 1)P(cos0%) cos ¢* f4 W?L/(q)

Z XiJ/Jj(Opo) tCJ/ tCJ 51

J'J>0

1 ;
XTI (1,1 (T + J) g tag
“DIJT + DT +2) J%;l

2\/§ J'JT /
X (0,1)C(J" +J + 1) tay tms
VI(T +1) J,g;,zl
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Elastic scattering: ground state
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Elastic scattering: ground state

-study !B (3/2°), 3C (1/2°), PN (1/2°), 170 (5/2%), 3°K (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

N

7
proocreosres

Ny
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Elastic scattering: ground state

-study !B (3/2°), 3C (1/2°), PN (1/2°), 170 (5/2%), 3°K (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

N, N N

7
proocreosres

Ny
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Elastic scattering: ground state

-study !B (3/2°), 3C (1/2°), PN (1/2°), 170 (5/2%), 3°K (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

N, N N

3 _
OB 0
AT OMott frae Jo (UL W(%(Q) +UT WOT(Q))
> — 2

5,0F

A
5,08
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Elastic scattering: ground state
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Elastic scattering: ground state %

i
3C; q=340 MeV/c | 3C; q=440 MeV/c

-lower nuclear spins: °C (1/27), °N (1/2°)
-more relevant in A thanin ¥
-momentum transfers: 200-400 MeV/c

-backward angles

-target polarized on the scattering plane

S Aaaanassnass
(a)i

1B, q=380 MeV/c

P Ajll“ AL 4 1 K
20 40 €0 80 100 120 140 180 180 O 20 60 80 100 120 140 180 180

8, [degrees] 0, [degrees]

MEC effects larger than 20%

A P SVR TP TIPS P B PO
40 60 80 100 120 140 160 180

6, [degrees]
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Outline
R (Q,Y)

NUCLEAR RESPONSE FUNCTION

elastic scattering GIANT
, RESONANCE _ L
(ee):

inelastic scattering (ee’) / (ee'..):

ground state . .
properties g|aPT_r-esonances properties ton_absorption _

/ SOMeV 300 MeV

SCATTERING A “"EMC”

Jﬁ*/ {W

_ Lepton scattenng

ELAST!C// QUASI -FREE DEEP INELASTIC

&/ NUCLEUS

j‘/ suisnc R -
" DEEP INELASTIC
“ QUARKS *

inelasTlc scattering (e,e')/(e.e'v): .
‘ ‘ Lepton scattering

bound nuclear excited states properties

ruvivN R =1 A=

2Myv
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Outline

R {Q,Y)
NUCLEAR RESPONSE FUNCTION

GIANT
RESONANCE

Photon absorption _ '}/

SOMeV 300 MeV

7 QUASI- FREE DEEP INELASTIC

/ SCATTERING “EMC”

Lepton scattenng

A/ NUCLEUS

\ .2
&/ ELASTIC
~/ i DEEP INELASTIC
* QUARKS *

inelastic scattering (e,e’)/(e.e'v): .
‘ ‘ Lepton scattenL

bound nuclear excited states properties

rRVIVN A= A=
2Myv
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments

huclear states

-collective states: involve the excitation of many nucleons

-particle-hole states: formed by excitation of one or a few particles
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Inelastic scattering: bound excited states
inclusive (e,e’) experiments

huclear states

-collective states: involve the excitation of many nucleons

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

o

do _ _q4 - 1 0 _
0 = Ao fd | 5 2 IFC@P + ( Lt tan? 5) S (FE@)? + [FM (o))
N A=0

A=1 i

o [ @i () = [ 42 lot) Va(@)1
1

— dr r? Sv/A+0s —1 Jxa+s(qr) Ia ags(T
Voror J AL VTR R Ry

\/2J1 + 1 /OO drr®ja(ar) Jaa(r) S (r) =1 /dQ (|| I(r) - Yo (T)[|J:)
( 0

Electron scattering - Scuola Raimondo Anni- Otranto 2013



Inelastic scattering: bound excited states
inclusive (e,e’) experiments

huclear states

-collective states: involve the excitation of many nucleons
-particle-hole states: formed by excitation of one or a few particles
2

rec 4
d€? q°

do _ _q4 = 1 AT _
— = 47'(' O Mott 1 L |F§\j(q>|2 o < 5 +tan2 ) Z (|F)]\E(q)’2 -+ |F)1\VI(Q)|2)

A=1 i

o [ @i () = [ 42 lot) Va(@)1
1

— dr r? Sv/A+0s —1 Jxa+s(qr) Ia ags(T
Voror J AL VTR R Ry

\/2J1 + 1 /OO drr®ja(ar) Jaa(r) S (r) =1 /dQ (|| I(r) - Yo (T)[|J:)
( 0

-natural [II = (—1)’] parity transitions: px, Jaa+1, Jaa-1 caleulated from Fy, Fy
-unnatural [II = (—1)Y*Y] parity transitions: Jxx calculated from F}

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

-form factors include contributions from all multipoles: J; =0 — A = Jy



Inelastic scattering: bound excited states

inclusive (e,e') experiments - collective states: the 3~ at 2.615 MeV in 2%8Pb
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Inelastic scattering: bound excited states

inclusive (e,e') experiments - collective states: the 3~ at 2.615 MeV in 2%8Pb

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 2%8Pb

microscopic view: excitation of many particle-hole pairs

E "= 2.615 MeV

J'= 3

@
2
E
-
©
N
=
©

7| @ Saclay

® MIT

® Previous Dato
- Best Fil
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Inelastic scattering: bound excited states

inclusive (e,e') experiments - collective states: the 3~ at 2.615 MeV in 2%8Pb

microscopic view: excitation of many particle-hole pairs

-fransition density is obtained using the Fourier-Bessel

expansion: E " 2615 MeV

ZAkq/\ 5 (q ][CA—l]T)j r <R, _

J'=3

()7 r > R,

R.q;" is the k-th zero of j,(z)

d7 /d0 (mb/sr)

100
—OXD. f -7 & Saclay
| ® MIT

® Previous Dato
- Best Fil

@
O

M
@)

previous ‘
experiment

=
Q

no
O

O
@)

Transition Charge Density (efm ) x |0 3

n
o
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Inelastic scattering: bound excited states

inclusive (e,e') experiments - collective states: the 3~ at 2.615 MeV in 2%8Pb

microscopic view: excitation of many particle-hole pairs

-fransition density is obtained using the Fourier-Bessel

expansion: o1l . D1 | E "= 2.615 MeV
S Avql iag M), r<R ' .
- .

0, r > R,

R.q;" is the k-th zero of j,(z)

100

d7 /d0 (mb/sr)

7y

—_ exp. A\ structure 7| » Saclay

Y
Ta¥ » MIT

-0 i\ explained only in
theory A\

@
O

;‘;’ /\‘\ . o ® Previous Dato
TR\ terms of indiviual —Best Fif
5

| \’\

D
d

»
@)

=/ previous f \ nucleon orbits:

experiment

the experimental
accuracy requires
microscopic
models

=
Q
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Q

O
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Inelastic scattering: bound excited states

inclusive (ee’) experiments: other collective states
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Inelastic scattering: bound excited states

inclusive (ee’) experiments: other collective states

5- states in 2°8Pb
TRANSITION CHARGE DENSITY TRANSITION CURRENT DENSITY

1 & T | S S T T

T T T T T ="

4 T |4 T T g
RIS R - Exp MEED | 3.198 Mev /\\ Exp O
SN
o ! (0} (a)
™ (b) - \
{c)-——-

Radius {fm]
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Inelastic scattering: bound excited states

larger discrepancies

inclusive (ee') experiments: other collective states . ,
wiht calculations:

5- states in 2°8Pb L
-relativistic effects,
TRANSITION CHARGE DENSITY TRANSITION CURRENT DENSITY

’ Y T Y T T T T T T ) MEC, 500 play C( more
3198 MeV ] 3.198 MeV . . .
| R P A ) important role in
(c) - - B currents

T L4 Y T Al L) L] h

(b) -

o | A 1 i i A A A A A I A 1 A A " L 1 3 i 1 i 1
O ) 2 3 4 5 6 7 8 9 101 2 ) 2 3 4 5 6 7 8 9 101l I
Rodius [fm) Radius {fm!
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Inelastic scattering: bound excited states

larger discrepancies

inclusive (ee') experiments: other collective states . ,
wiht calculations:

5- states in 2°8Pb

-relativistic effects,
TRANSITION CHARGE DENSITY TRANSITION CURRENT DENSITY
T Y LA LI B | v T T T T T T T T . MEC, coe play C( mor.e

RIS S Exp HOOEE 3198 Mev [\ Exp O

(o) important role in
currents

Single Porticle-
Model ]
Shell Model #

JT s a0 (/)

o | A 1 i 1 A A A A A 1 A 1 A A A 3 2 2 1 1 i 1
O 1» 2 3 4 5 6 7 8 9 101 12 ) 2 3 4 5 6 7 8 9 1©O11 12
Rodius [fm] Radius {fm]

r{fm)
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Inelastic scattering: bound excited states
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Inelastic scattering: bound excited states

inclusive (e,e') experiments - particle-hole states: the high-spin states in °%Pb
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Inelastic scattering: bound excited states

inclusive (e,e') experiments - particle-hole states: the high-spin states in °%Pb

high-spin states identified
in (e,e’) experiments:

-E10, E12, M12, M14 in %%8Pb
-E7, M7, M10 in 7°Zr

-M8 in nickel region

-M5, E8 in *8Ca

-M4 in 100
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Inelastic scattering: bound excited states

inclusive (e,e') experiments - particle-hole states: the high-spin states in °%Pb

high-spin states identified common characteristic:
in (e,e') experiments: very few particle-hole states contribute to their

_F10 E12 MI12 M14 in 298pb wave function due to the high multipolarity

-E7, M7, M10 in #°Zr
-M8 in nickel region
-M5, E8 in *8Ca

-M4 in 100
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Inelastic scattering: bound excited states

inclusive (e,e') experiments - particle-hole states: the high-spin states in °%Pb

high-spin states identified common characteristic:

in (e,e') experiments: very few particle-hole states contribute to their
_E10 E12 M12 M14 in 208pp Wave function due to the high multipolarity

-E7, M7, M10 in #°Zr

-M8 in nickel region

discovered in (e,e’) experiments by:

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

Observation of 12~ Magnetic Spin States in 208Pb

-M5 p E8 ln 8CG J. Lichtenstadt, J. Heisenberg, C. N. Papanicolas, and C. P. Sargent

Bates Linear Accelevatoy Cenley, Massachuselts Institute of Technology, Cambridge, Massachusetts 02139

and

_M4 | n 160 A. N. Courtemanche and J. S. McCarthy

University of Vivginia, Charlottesville, Vivginia 22901
(Received 16 February 1978}

States at 6.42-, 6.75-, and 7.06-MeV excitation have been observed in electron scatter-
ing on ?"®pb, The transverse character of the excitation cross section has been estab-
lished. The states have been interpreted as the v(fy »° 'jlm)m- ,1¢- and the mlhy p” 'i13/_,),3-
single-particle hole excitations of the 2’®Pb ground state, on the basis of the measured
momentum-transfer dependence and the magnitude of the cross section,

High-spin states of J” = 127, 14~ in 2®Pb studied by (e,e")
J. Lichtenstadt, J. Heisenberg,* C. N. Papanicolas, and C. P. Sargent

Bates Linear Accelerator Center and Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

A. N. Courtemanche and J. S. McCarthy
University of Virginia, Charlottesville, Virginia 22901
(Received 2 March 1979)

Inelastic electron scattering cross sections for the excited states at 6.43, 6.74, and 7.06 MeV in ***Pb were
measured with high resolution. The measurements were done in forward and backward directions covering
the momentum transfer range of 0.3 <q <2.5 fm~'. The state at 7.06 McV was identified as the
(132172 )12 and the states at 6.74 and 6.43 MeV as the V(j1si2i132 a 12— tespectively. The identification
was based on four criteria: (a) the agreement between the ¢ dependence of the measured form factor with
that of Hartree-Fock single particle-hole prediction, with no adjustment of radial parameters, (b) the absence
of a longitudinal form factor, (¢) the relative magnitude of the observed levels, and (d) the excitation
energies being close to the single p-h energies. The measured strength of each state was found to be 509% of
the single p-h prediction.
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Inelastic scattering: bound excited states

inclusive (e,e') experiments - particle-hole states: the high-spin states in °%Pb

- S 7.06 MeV : m(Lizg/s 1hyyy)10-

E,=7.06 MeV
v - | -
J 2 1

1r(:g(,;°.hn/;]|2- 6.74 MeV : V(1j15/2 1’1:13/2)14—
6.43 MeV : v(1j152 LiTy)5)12-

discovered in (e,e’) experiments by:

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

Observation of 12~ Magnetic Spin States in 2°8Pb

L A | ITT]—‘ -

IBO.7 MeV
160°

J. Lichtenstadt, J. Heisenberg, C. N. Papanicolas, and C. P. Sargent
Bates Linear Accelevatoy Cenley, Massachuselts Institute of Technology, Cambridge, Massachusetts 02139

and

A. N. Courtemanche and J. S. McCarthy

University of Vivginia, Charlottesville, Vivginia 22901
(Received 16 February 1978}

States at 6.42-, 6.75-, and 7.06-MeV excitation have been observed in electron scatter-
Ey= 674 MeV i [ 1 ing on ?"®pb, The transverse character of the excitation cross section has been estab-

J =147 . | ) \ . \ . lished. The states have been interpreted as the v(fy 4~ 1]'15/2)12',14' and the w(hyy 5™ g5 0) g0
vijs, ,ils/;' ‘ S AN = single-particle hole excitations of the 2’®Pb ground state, on the basis of the measured
. momentum-transfer dependence and the magnitude of the cross section,

Counts / Channel

T T 17117

274 MeV , High-spin states of J” = 127, 14~ in 2*®*Pb studied by (e,e")
20°

J. Lichtenstadt, J. Heisenberg,* C. N. Papanicolas, and C. P. Sargent
Bates Linear Accelerator Center and Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

A. N. Courtemanche and J. S. McCarthy
University of Virginia, Charlottesville, Virginia 22901
£,=6.43 MeV (Received 2 March 1979)

JT =12 . Inelastic electron scattering cross sections for the excited states at 6.43, 6.74, and 7.06 MeV in **Pb were
V%, , 013 ) - measured with high resolution. The measurements were done in forward and backward directions covering
the momentum transfer range of 0.3 < ¢ <25 fm~'. The state at 7.06 MecV was identified as the
(327, )12- and the states at 6.74 and 6.43 MeV as the v(j;si13, "4 12, respectively. The identification
was based on four criteria: (a) the agreement between the g dependence of the measured form factor with

& | I ‘ that of Hartree-Fock single particle-hole prediction, with no adjustment of radial parameters, (b) the absence

} H - I of a longitudinal form factor, (¢) the relative magnitude of the observed levels, and (d) the excitation

T |||||||V\11.ll

Ll

energies being close to the single p-h energies. The measured strength of each state was found to be 509% of

&ﬂ!{ |

A

5 . . 7.1

Excitation Energy (MeV) Electron scattering - Scuola Raimondo Anni- Otranto 2013

4- ‘ the single p-h prediction.
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Inelastic scattering: bound excited states Krewald, Speth, Phys. Rev. Lett. 45 (1980) 417

0 - - —
r JTa12° i o~ IT=12 [; Jm =14
ExsbiiMeV | \ Ex=705MeV Ex <6 AMeV

- 3 \ o
9:90° A =000 9290°
"/- A '-" : \\ I /’f_‘-\\
'/ 1 \ \ II ' \\
. \ A K S\
- I‘I \ L !
1 \ \ 4 -
\ VA |
| \ ) 'l'

J7=127
Ex=643MeV
. 9-160P
N\

Qeott :fl’."l-.]

-residual interaction: 0 + 7 + p

Co (fo + for-7 + goo-0" + g,o-0'1T-7")

2 /1 o-qo’-q
Arr- 17 |2Z | =00’ —
o [m% 377 T m2tg?

1 (2 , a><qo"><q)

+ —= o-o —
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Inelastic scattering: bound excited states

Krewald, Speth, Phys. Rev. Lett. 45 (1980) 417

W S

JE=147
Ex=6AMeV

: JR=.2' ‘\
Exs643MeV |
9:90°

JT=12° [;
N\ Ex 706MeV|

/ \? =90°
lI

J7=12"
Ex=643MeV
. 3= 160°
N\

15

-residual interaction: 0 + 7 + p
E, =7.06 MeV :
E, =6.74 MeV :
E, = 6.43 MeV :

m(Li13)2 1h11/2)12—
V(1j15/2 1113/2)14—
v(1715/2 1”51_31/2)12—
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Inelastic scattering: bound excited states Krewald, Speth, Phys. Rev. Lett. 45 (1980) 417

W S

r T2 — IT=12" t RS
ExsBLIMeN | , N Ex=705Mev] Ex <6 TuMeV

Krewald, Lallena, Dehesa, Nucl. Phys A 448 (1986) 685 2es / \WUO |

-

208
; - Pb (14767
Pb (12;;643MeV) | g% (e.€) "Pb (12;,7.06MeV) of (ee) “°Pb (147674Me/)
! t

| Pr(q)?

., 208
(e.€)

J7=12"
Ex=643MeV
. 3= 160°
N\

B, =

E, = 6. : | : -residual interaction: 0 + 7+ p

Ew — 6.43 MeV : V( ' ] . jas — 7.06 MeV (1’&13/2 1h11/2)12—

-large destructive interference E, =6.74 MeV :  v(1j15/2 Ligs)y)14-
among both p-h states By =6.43 MeV :  v(Lj15/2 liry)5)12-
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Inelastic scattering: bound excited states Krewald, Speth, Phys. Rev. Lett. 45 (1980) 417

W . —
L T2 — JF=127 ]: JZ=14 |
ExsBLIMeN | / "\ Ex=706Mev | Ex=6AMeV |

Krewald, Lallena, Dehesa, Nucl. Phys. A 448 (1986) 685 [T / \9 [ 9:00° |

< /2 ’/‘ - \\

2 T - S ) ' “\ 1 / RN

LEe(@f ; T _ (ee) °Pb (14767MeV) & LA 1/' \
-': I\ I'I- /

(ee) Pb (12;:643MeV) | g% le.) “°Pb (127, 7.06MeV)

X1

-

Ex:6MMeV

o,

o (A
/4.
." \'l.

W/ \

E, =
E, = 6. : | : -residual interaction: 0 + 7+ p
E:L- = 6.43 MeV : V( ' ] . ja: = 7.06 MeV : (1213/2 1h11/2)12—

-large destructive in erfe' ence E, =6.74 MeV :  v(1j15/2 1Z13/2)14—
among both p-h stat s By =6.43 MeV :  v(1j15/2 Lijs)s)12-

-MEC effects almost negligible
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Inelastic scattering: bound excited states

Krewald, Lallena, Dehesa, Nucl. Phys. A 448 (1986) 685

|[Fr(q)|”

., 208
(e.e)

208

Pb (12;643MeV) | 1 le.) “°Pb (127, 7.06MeV)

ta‘
Arx W
: J, i
s

-large destructive in erfe' ence
among both p-h stat :s

-MEC effects almost negligible

Lallena, Nucl. Phys. A 489 (1988) 70 a___

tee) *°Pb (14”.674MeV)

Krewald, Speth, Phys. Rev. Lett. 45 (1980) 417

W o

-

-

ExsB4IMeV

l' ]
|
|
'
J7=12"
Ex=643MeV
. q= 160°
py .

-—-==1pth
- Zp?'-

T
J”:.z- : ,,r—\\ Jx:12-
\ Exs706MeV|

’
. ¥ . \ -~
9-90° A 7\ 3=900
7N .J//< \ |
. i ; \
\ . \

\
\

JE=14" |
Ex:6AMeV |
9= 90°

-residual interaction: 0 + 7 + p

+m(1i13/2 1h1_11/2)12—? — 70R MoV« al(15.ma1Th—1 V.
-residual interaction: o

208Bpp (e, @
JT=12" E,=6.

PR ST WU [ ST S T S N S S T

[ 20Bpp (e, e
L J"=12" E,=7.06MeV

—beTrap
S

208phH (@, @)
JT=14" Ex=6. 74MeV

S+mw+p

~---$

Dk

.S 2

2.5

tFm—13
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Inelastic scattering: bound excited states

127;6.43 MeV) V(1 = a)? [v(1j15/2 1z;31/2>12—> + alm(lirg2 1hy))9)12-)
’12_, 706 M6V> = —CL‘ (1]15/2 1’&13/2 12— —|— \/ 1 — a ‘7'(' 1@13/2 1h11/2)12 >
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Hintz, Lallena, Sethi Phys. Rev. C 45 (1992) 1098

| ¥ 1

Inelastic scattering: bound excited states

Oexp

Q = 208p},
127;6.43 MeV) V(1 —a)?|v(Ljis,2 1i1_31/2)12—> + a|m(Liyz/o 1h1_11/2)12_> Ttheor

[127;7.06 MeV) —a|v(Lji5/2 17/13/2 12-) + V(1 = a)? |m(Liao 1}111/2)12 )

0.02 0.04 006 008 010 0.12
a
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Hintz, Lallena, Sethi Phys. Rev. C 45 (1992) 1098

) ) T )

Inelastic scattering: bound excited states

Oexp

: : : Q = 208ph
residual interaction: V(q) = Vim + VI + V! + VT + V! Otheor

= Co (fo+ for- 7 +go-0"+gyo-0'17-7)

fz (1 o-qo'-q
4 1L | 2.0 —
+4rT T [m% 30’ o m%—qu

3 2 oxqo xq
= |00 —
m2 \ 3 m?2 + g

go, g chosen to reproduce the
energies of the two 1* states at
5.85 MeV and 7.30 MeV in 2%8Pb

0.02 0.04 006 008 010 0.12
a
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InelaSTiC SCGTTering; bOLlnd eXCiTCd states Hintz, Lallena, Sethi Phys. Rev. C 45 (1992) 1098

¥ T

Oexp

: : : Q = 208ph
residual interaction: V(q) = Vim + VI + V! + VT + V! Otheor

Vig) = Co(fo+ foT T +goo-0 + gyo-o'1-7)
fg (1 / J-qa’-q)

— _0'.0' —
2 2 2
ms \ 3 ms +q

oxqo xq
mp

+A4r T - T’ [

Un(RPA) >= QL |Wo(RPA) >

QT = Z Xph(-l'\r)a;f,ah — th(i\")a}:ap

ph

0.02 0.04 006 008 010 012
Vig) = Vim + V7T + V7 + 8(V, + V) i

02

-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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InelaSTiC Scaffer-ingz bound eXCiTCd states Hintz, Lallena, Sethi Phys. Rev. C 45 (1992) 1098

¥ Ll

Oexp

: : : Q = 208phy
residual interaction: V(q) = Vim + VI + V! + V7T + V! Otheor

Co (fo + for-7 + goo-0" + g,o-0'17-7")

2 /1 : /L
+ArT - T’ [f—ﬁ (—a-a’—a 49 q)

mz \ 3 m2 + q°

2
L Jp (—a-a’— axqa’xq)

— oT T oT T *
Vig) =Vim + V77 + Vo + (V)7 + V, (my)), =7 002 004 006 008 010 0.2

al"’l:’b, 12~ States
Quenching Factors vs. ¢

g > permits a consistent description of both
(p,p') and (ee") quenching factors

1.0 12 1.4
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Inelastic scattering: bound excited states

inclusive (ee’) experiments - particle-hole states:
the 1* state at 10.23 MeV in *Ca
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Inelastic scattering: bound excited states

inclusive (ee’) experiments - particle-hole states:
the 1* state at 10.23 MeV in *Ca

Steffen et al., Nucl. Phys. A 404 (1983) 413

FORM FACTOR OF THE M1 TRANSITION TO THE 10.23 MeV
STATE IN *Ca AND THE ROLE OF THE A(1232)"

W. STEFFEN, H.-D. GRAF and A. RICHTER
Institut fiir Kernphysik der Technischen Hochschule Darmsiadt, D-6100 Darmstadt, W. Germany

A. HARTING and W. WEISE
Institut fiir Theoretische Physik der Universitdt Regensburg, D-8400 Regensburg, W. Germany
and
U. DEUTSCHMANN, G. LAHM and R. NEUHAUSEN
Institut fur Kernphysik der Universitiit Mainz, D-63500 Mainz, W. Germany

10

At aal

A
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Steffen et al., Nucl. Phys. A 404 (1983) 413

FORM FACTOR OF THE M1 TRANSITION TO THE 10.23 MeV
STATE IN *Ca AND THE ROLE OF THE A(1232)'

Inelastic scattering: bound excited states

inclusive (e,e’) experiments - particle-hole states:

the 1* state at 10.23 MeV in *8Ca W. STEFFEN, H.-D. GRAF and A. RICHTER
Institut fiir Kernphysik der Technischen Hochschule Darmsiadt, D-6100 Darmstadt, W. Germany

A. HARTING and W. WEISE
Institut fiir Theoretische Physik der Universitdt Regensburg, D-8400 Regensburg, W. Germany
and
U. DEUTSCHMARN, G. LAHM and R, NEUHAUSEN
Institut fir Kernphysik der Universitit Mainz, D-6500 Mainz, W. Germany

10

10”7

0 62 04 06 08
q/fm

g-dependent quenching:
A — h effects?
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Inelastic scattering: bound excited states

inclusive (ee’) experiments - particle-hole states:
the 1* state at 10.23 MeV in *Ca

Steffen et al., Nucl. Phys. A 404 (1983) 413

FORM FACTOR OF THE M1 TRANSITION TO THE 10.23 MeV
STATE IN *Ca AND THE ROLE OF THE A(1232)"

W. STEFFEN, H.-D. GRAF and A. RICHTER
Institut fiir Kernphysik der Technischen Hochschule Darmsiadt, D-6100 Darmstadt, W. Germany

A. HARTING and W. WEISE
Institut fiir Theoretische Physik der Universitdt Regensburg, D-8400 Regensburg, W. Germany
and
U. DEUTSCHMARN, G. LAHM and R, NEUHAUSEN
Institut fiir Kemphysik dor T Tninaveitiit Mainz D650 Mainz W Germany

~ extra quenching due to:
" F 2nd-order core-polarization and
l .
- Tensor correlations effects

~
.

10”7

0 62 04 06 08
q/fm

g-dependent quenching:
A — h effects?
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Inelastic scattering: bound excited states

inclusive (ee’) experiments - particle-hole states:
the 1* state at 10.23 MeV in *Ca

RPA calculation with § + 7 + p
Amaro, Lallena, Phys. Lett. B 261 (1991) 229

Configuration X Y

7(2p)s2. 1pi/}) -0.073
n( 152, 1p3sh) 0.131
v(3sy,2, 251,3) -0.070
V(st/z. ld;'lz) —0168
v(ifs), [£5,3) -0.989
v(2fs,5. 1f55) 0.064

A,(ph)=X%(ph)+ (—1)’Y7(ph)

g-dependent quenching:
A — h effects?
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Inelastic scattering: bound excited states

Lol paniu

(e,e')*®Ca(1:10.23MeV)

inclusive (e,e’) experiments - particle-hole states: _ _
; : v(Lfsj2 L7 5) + v(2ds 2, 1d3 )

the 1* state at 10.23 MeV in 48Ca

LI II"I]* LR A

Lo vood

RPA calculation with § + 7 + p
Amaro, Lallena, Phys. Lett. B 261 (1991) 229

| Ill"ll

Configuration X Y

n(2py,2, 1pis2) -0.073
n(fs2, 1p3)h) 0.131
(3812, 2513) -0.070
v(2ds,2. 1d5)3) —0.168
v(ifs), [£5,3) —0.989
v(2f5,,. 15) 0.064

H ll_lllll‘ A1 lllllll - | lllllll

1 Illll”l_ I l'll”ll

.O '
-

A,(ph) =X75(ph)+ (—~1)"Y7(ph)

g-dependent quenching:
A — h effects?
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Inelastic scattering: bound excited states

Lo L ALl

(e,e')*®Ca(1:10.23MeV)

inclusive (e,e’) experiments - particle-hole states: _ _
; : v(Lfsj2 L7 5) + v(2ds 2, 1d3 )

the 1* state at 10.23 MeV in 48Ca

LI lllll]i I LR

Lo od

RPA calculation with § + 7 + p
Amaro, Lallena, Phys. Lett. B 261 (1991) 229

| lll"ll

Configuration X Y

(2P, /2. 1pish) -0.073 0.025
n( 152, 1p3)h) 0.131 0.077
v(3s,/2, 251/5) -0.070 —-0.004
v(2ds,,. 1d35) —0.168 -0.015
v(1fs,5, 1£54) —-0.989 -0.222
v(2fs,5. 11555) 0.064 -0.025

H ll_lllll‘ A1 lllllll - | lllllll

1 llll”l_ I l'll”ll

3
10 L ' 1 l

(b)

A,(ph) =X3(ph)+ (—1)"Y3(ph)
(e,e")*®Ca(1*:10.23MeV)

rrrrn
11 1l

Q=0.68/0.55

yoeread

1 llllllll L llll"l,

g-dependent quenching:
A — h effects?

| ﬁl'l"l
Cod e v e el

LI llllll

w
o
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Inelastic scattering: bound excited states

Lol paniu

(e,e')*®Ca(1:10.23MeV)

V(1f5/271f7_/12) + V(2d5/271d;/12)
[Ar(ph) > 0.1]

inclusive (ee’) experiments - particle-hole states:
the 1* state at 10.23 MeV in *Ca

11 lllllll

|

(e,e)*Ca(1*;10.23MeV)

RPA calculation with § + 7 + p
Amaro, Lallena, Phys. Lett. B 261 (1991) 229

LILE LA

Lol Ll

LI

Configuration X Y

n(2p),2. 1Pih) -0.073
n( 152, 1p3sh) 0.131
v(3sy,2, 251,3) -0.070
u(2d5,2. ld;'lz) —0.168
(15, 1£55) -0.989
v(2fs,5. 1f55) 0.064

LI B R
o]
paned v aawet gy sl

lll"l[
11 uuul

A,(ph)=X%(ph)+ (—1)’Y7(ph)

| . | lllllll

core-polarization+tensor correlations
effects: phenomenological reduction of
the isovector part of the magnetic
moment of the nucleon

Harting, Kohno, Weise, Nucl. Phys. A 420 (1984) 399  °0
found 0.85

o aeend o e

| e l]lllll

W
o

g-dependent quenching:
A — h effects?
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' ' : Conci, Co', Speth, Phys. Lett. B 155 (1985) 318
Inelastic scattering: bound excited states onci, Co', Speth, Phys. Lett. B 155 (1985)

inclusive (e,e’) experiments: pairing effects

1" 3.486 MeV

A — h components are not
needed to explain the
quenching of the data with
recpect to shell-model
calculations

RPA + A — h is unable to
reproduce data above 1 fm’!

-

cxop/(I/EOtoaﬁfBJ
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Inelastic scattering: bound excited states

inclusive (e,e') experiments - magnetic states in *8Ca

E |
MeV) F

11 F

(27—

(2- 4+ 5%)

- )——




Inelastic scattering: bound excited states

) . , . . . E |
inclusive (e,e') experiments - magnetic states in *8Ca MeV) |

effect of the small components of the "t

RPA wavefunction

-3
10 | T

48Ca(2:6.00MeV)

Al T

L] llllll' LI llﬂllr
L.\ lillllj L L Lo

Ll

Lol

:

LR ALL
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(2- 4+ 5%)
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Inelastic scattering: bound excited states

) . , . . . E |
inclusive (e,e') experiments - magnetic states in *8Ca MeV) £

11 F

| |
4Cca(27:6.89MeV)
MEC effects

AL 1111

LB ‘IDIII
il llllll
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(2- 4+ 5%)
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments: the continuity equation
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Inelastic scattering: bound excited states

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

do o1 _qﬁ 1O 2 0, )2 2 _
d—Q:47TO'MOtt rec 2JZ—|—1 q4>\z_0‘t)\(Q)’ + _q— —|—tan = Z{‘t)\ | +‘t>\ )’ }

(Jel| My (q)||T5) tax(a) = {Jplli T (g)]|J)

Nto. . Tovul)) = / dr g (gr) Yo (F) - 3((r)
Z N+ 1 )\>\—|—S(Q)

s=—1,1
taa(q)
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Inelastic scattering: bound excited states

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

q* q°

do . 1 q q i
d_Q :47TUMott re(} 2<]7,—|_1 ’u = O‘t)\( )’2 + <_’u—|_tan —> Z{‘tA |2+‘t>\ )’2}

(Jel| My (q)||T5) tax(q) = (JrliTon (@)l )

N+o. . Tovu()) = / dr i (gr) Y (E) - J((r)
Z N+ 1 >\>\—|—S(Q)

s=—1,1

= taa(q)

the continuity equation: [H, p(r)]_ = iV - J(r)
-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
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Inelastic scattering: bound excited states

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

do o1 _qﬁ 1O 2 qu )2 2 _
d_Q:47TUM0tt rec 2J’L—|_1 q4>\z_o‘t)\(q)’ T q —|_tan 9 Z{‘tA | —I_‘t)\ )’ }

(Jel| My (q)||T5) tax(q) = (JrliTon (@)l )

N+o. . Tovu()) = / dr i (gr) Y (E) - J((r)
Z N+ 1 >\>\—|—S(Q)

S——ll W )\_|_631
— 1% (q) Z \/2)\+1 txa+s(9)

— tA,A(Q) q s=—1,1
- . w=FEy — E
the continuity equation: [H, p(r)]_ = iV - J(r)

-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
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Inelastic scattering: bound excited states

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

q* q?

dO-_4 1 1 q,u 4 2 q/2i t 29 - tE 1+t 2
d_Q_ T O Mott rec2JZ_+1 )\O‘)\()’ T __+an§ )\Zl{‘)\( ‘)\ ’}

(Jel| My (q)||T5) tx(q) e lli Tax (@)] 2)

T T (a) / dr g (gr) Yo (F) - 3((r)
Z N+ 1 5N >\—|—S(Q)

s=—1,1 W A+ 051
ot .
p S@)=-— > \/2)\+1 taa+s(q)

txa(q)

the continuity equation: [H, p(r)]_ = iV - J(r)
-formulates (relativistic) charge-current -corrections to calculations involving
imEEEE T nonrelativistic wavefunctions and/or
nucleon degrees of freedom are less
severe in charge (v¢/c?) than in
current (v/c):

s=—1,1

w:Ef—EZ-

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

particle field
one of the two electric multipoles is

-only three of the four multipoles are independent eliminated by using CE

the fourth being restricted by CE
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Inelastic scattering: bound excited states

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

do _ 1 q 2 =
dq 4™ oMot re§2ji+1 MZ"SA (9" + ( —5 + tan” _>>\Zl{t>\ (@) + X (@)}

t$(q) = (J¢||MY™(q)||J5) tx(q) e lli Tax (@)] 2)

o To) = [ deja(ar) Yo (@) - 3((0)
- N+ 1 (9)

s=—1,1 W A+ 051
— t5(q) Z \/2)\+1 txa+s(q)

t1>\\/I(Q) = 1y A(q q s=—1,1
W = Ef — Ez

- : Si ' i isfied! : : : :
usually: Siegert's ’rheorem s satisfied -corrections to calculations involving

baari(q) = (g nonrelativistic wavefunctions and/or
/A + 1 b aen (g 2\ + lw c t)\ nhucleon degrees of freedom are less
severe in charge (v¢/c?) than in
current (v/c):

7’5)\,)\—1(61)

but also: one of the two electric multipoles is

txar1(q) | eliminated by using CE

Exx—1 (q) , Electron scattering - Scuola Raimondo Anni- Otranto 2013



Inelastic scattering: bound excited states

inclusive (e,e’) exper'imen’rs: the con

do 1

Z 5 (g

)l i)

At 0s1;
oA 1 IS

df

— Coul

t (q) (Jr|| M

ZJ

s=—1,1

tax(q)

tx (q)

-usually: Siegert's Theor'em is satisfied!

£&A+&(Q) tax+1(q

/A—%l
txa+1(g

t
VA+1AA1

taa—1(

ka_q(q)

but also:

tax+1(q)

£&A—J(Q)

()

2A+1w

22 +1w o
q9) — 1/ ¢

-if CE is satisfied all prescriptions
provnde the same results, but what
happens if this does not occur?

-is this a way to “restore” CE?

T () /dP]A (q7) Yonu(r) - J((r)

- ¥y

s=—1,1

)\_I_dsl
2\ + 1

w:Ef—EZ-

W
- tg\j (Q) >\ JA+s Q)

q

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

one of the two electric multipoles is
eliminated by using CE
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Inelastic scattering: bound excited states _ Py Py

2m 2m b4

inclusive (e,e’) experiments:

the continuity equation - a model calculation
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments:

the continuity equation - a model calculation

16~. A -1 - -
0: 0 ——0231/21131/2 39K: 1d3/12 251/12

El, g=1 fm™’ N\ p- E2, q=1 fm ™’

if J(r) = J°(r) + IM(r) + IJ*°(r) CE is verified

and we get X

-we consider Jo(r) = J(r) + JM(r) and we get:

Po if (txx—1(q),txr+1(q)) CE is not verified
if (fA,,\_l( ) t>\ a+1(q)) CE is verified

P-if +1(g)) CE is verified

t,, [arb. units]
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Inelastic scattering: bound excited states _ Py Py

2m b4

inclusive (e,e’) experiments:

the continuity equation - a model calculation

16~. A -1 - -
0: 0 —=2sylpyn K. 1d3/12 251/12

El, q=1 fm™ | [\ p- FE2 q=1 fm™

if J(r) = J%)
and we get X

-we consider Jo(r) = J(r) + JM(r) and we get:

Po if (txx—1(q),txr+1(q)) CE is not verified
if (txx-1(q),tarr1(q)) CE is verified

P-if (tar_1(q),taxy1(q)) CE is verified

t,, [arb. units]

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

inclusive (e,e’) experiments:

the continuity equation - a model calculation

°0: 0" —=2si21P1fs K 145, 2512 the procedures to impose CE by hand in
R L NP calculations based on models that do not

| verify it are misleading and do not
warrant better o more reasonable results

if J(r) = J°(r) + IM(r) + IJ*°(r) CE is verified
and we get X

-we consider Jo(r) = J(r) + JM(r) and we get:

Po if (txx—1(q),txr+1(q)) CE is not verified
if (txx-1(q),tarr1(q)) CE is verified

P-if (tar_1(q),taxy1(q)) CE is verified

t,, [arb. units]

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

tA— [al'b umt&]
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Inelastic scattering: bound excited states

inclusive (e,e’) experiments:

polarization A(€,€’)

D _
»OB (Z—OOB+Z+A>
0

AT OMott free fo (UL Wy' (@) + vt W(')r(q»
> — 2

T

A
T

-wider spectrum of possibilities than A(¢,¢)
-best situation: 'B

-forward angles in X and backwards in A
-momentum transfers: 60-400 MeV/c

-target polarized on the scattering plane

Electron scattering - Scuola Raimondo Anni- Otranto 2013



Inelastic scattering: bound excited states

inclusive (e,e’) experiments:

L' ={< k')

polarization A(€,€’)

D _
»OB (E—OOB+Z+A>
0

AT OMott froe J§ (UL Wo'(q) + vt W(;F(q))

21— g : :
308 described in the extreme shell model
A

308

Nucleus Transition

"B w(1py,; = 1s;)
1C v(1p)2 — 1dsp)

v(Ipys2 — 2s1;2)
-best situation: B N TP, = 1p3))
70 v(1dsp; — 25,2)
YK w(1d3) — 25,3)

-momentum transfers: 60-400 MeV/c m(1dy) + 1d7))

-wider spectrum of possibilities than %Y(f?, e)
-forward angles in X and backwards in A

-target polarized on the scattering plane
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Inelastic scattering: bound excited states

U AR I I
"'B: m(1p3le ~ 1si)2)

LB RN

LIl l'l"l

L1 Llll]ll

. NP P R
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Inelastic scattering: bound excited states

Einc=67MeV, 8, =80°

(e,e'v) experiments

-
E

¢
m
~
— ———— —————

O

TO ELECTRON
SPECTROMETER

A

do rrf ‘ [ . 12 2 | aearenn | &
= XL WV, U, |F, (g)\2+ V,Uzp|Fr(q)|
dQ,dQ,dowdE, TMou| LULlFL(q r=ri-i -

+ V,Ucosd, Fy (q) Fr(q) + Vg Ugcos2d, Fr(q) Fr(q)

(e,e’y) Measurements on the 4.439-MeV State of '2C

C. N. Papanicolas, S. E. Williamson, H. Rothhaas.'®’ G. O. Bolme, L. J. Koester, Jr.,
B. L. Miller, R. A. Miskimen, P. E. Mueller, and L. S. Cardman

Department of Physics and Nuclear Physics Laboratory, University of Hinois ar Urbana-Champaign, Hlinois 61801
(Received 21 August 1984)

The relative phase of the longitudinal and transverse form factors of the 4.439-MeV J" =27 state
of "’C has been measured at g.=0.36 and 0.46 fm~"'. This phase was found to be negative, of the
same sign given by Siegert’s theorem in the long-wavelength limit. This measurement represents
the first nuclear structure result derived through the (e,e’y ) reaction.
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Outline
R (Q,Y)

NUCLEAR RESPONSE FUNCTION

elastic scattering GIANT
, RESONANCE _ L
(ee):

inelastic scattering (ee’) / (ee'..):

ground state . .
properties g|aPT_r-esonances properties ton_absorption _

/ SOMeV 300 MeV

SCATTERING A “"EMC”

Jﬁ*/ {W

_ Lepton scattenng

ELAST!C// QUASI -FREE DEEP INELASTIC

&/ NUCLEUS

j‘/ suisnc R -
" DEEP INELASTIC
“ QUARKS *

inelasTlc scattering (e,e')/(e.e'v): .
‘ ‘ Lepton scattering

bound nuclear excited states properties

ruvivN R =1 A=

2Myv
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Outline
R (Q,Y)

NUCLEAR RESPONSE FUNCTION

GIANT
RF SONANCE _ .-

inelastic scattering (ee’) / (ee'..):
giant resonances properties ton_absorption __  yJ

/ SOMeV 300 MeV

SCATTERING A “"EMC”

ELA?w// QU ASi- FREE DEEP INELASTIC

Lepton scattenng

A/ NUCLEUS

ELASTIC
DEEP INELASTIC
“QUARKS ”

Lepton scattering

PROTON
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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 / /F,

-the extraction of the radiative tail is
complicated

-coincidence experiments are mandatory

-better in light nuclei

O'/O'MOtt x v, Wi, + vp W + 2vpr Wi cos gbp + 2 vpT Wt cos qup

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

5 -better in light nuclei

E =118 Mev 78 =40° o =135°
1 e P

12 . 1
C(e,e'po)

- v v T —— W T T e e e e - -
E=~15.28 MaV l\\\\\ E=21 .65 MaV
ﬁf////j

| the model:

[nb MeV

£=19.52 MHeV

i -must describe properly nuclear excitations
1 in the continuum

PP
N G

.

dl de di]

-must include the coupling between decay
| channels

E=20.63 Mey

4
d O/dc‘
N W

' .
\‘ . -
- ‘.‘M -oq. "'.‘-
Obm e ———r

0 80 120 1BO 240 300 80 120 180 240 300 360
v Electron scattering - Scuola Raimondo Anni- Otranto 2013

Co’, Krewald, Nucl. Phys. A 433 (1985) 392




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

Inelastic scattering: giant resonances

(e,e'p) experiments in “°Ca
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Co', Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684

Inelastic scattering: giant resonances

PHOTCABSORPTION

L T ~r T

(e.e'’p) experiments in “°Ca
40

£ [MeVl
x
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Co', Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684

Inelastic scattering: giant resonances

PHOTORBSORPTION

ﬁ L A o ) |

(e.e'’p) experiments in “°Ca

40
Ca

AT ”’.Ol|.. TR
A MLLA 3 na =
{ AY 'J'A."A"'

SUM RULE

A

0 - | .\14

10 \Z0 30 40 50 6

50%

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

20
Ex [(MeV]
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Inelastic scattering: giant resonances

(e.e'’p) experiments in “°Ca
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Inelastic scattering: giant resonances L (e By 9 s (O By a0

-1

(e.e'’p) experiments in “°Ca

[mb MeV

e

d%s/de d0 [mb MeV ' sr
£ e
f

dza/ds df
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C
E_=17MeV ¥ =43 (e,e’) E =32MeV ~3c=60°

Inelastic scattering: giant resonances

\

(e.e'’p) experiments in “°Ca

=17 MeV £=183.3 MeV
§.=43" ¢ =135
| ] | T

251/2

daa/deFdQe [mb MeV ! sr '3
2 -1
d G/dsfdﬂe [mb MeV sr

%
>
o
e
(45 ]
L
=

00
-180.0 -i200 -60.0 : 600 1200 1800

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

C I
-dotted line; without 2 Electron scattering - Scuola Raimondo Anni- Otranto 2013
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Inelastic scattering: giant resonances L (TS Sty Bas L (o Eoey oo

(e.e'’p) experiments in “°Ca

E=17 MeV £=1833 MeV
§=43" ¢ =135

|

| 1

251/2

>
>
o
"
w
Ke)
=

 .1800 -1200 -600 00 600 1200 1800

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

-dotted line; without 2*

1073

1074

F
’ 2
: \
AN
I
. +
0 D PO
0]

£ =32MeV & =200MeV ¥ =680° ¢ =45°
x ! L] =]

daa/deFdQe [mb MeV ! sr '3
2 1
d G/dsfdﬂe [mb MeV sr

[no HeV

P

dl d

- 1ds/2

o l—_-r"{h..;.;;-“f.‘l:—{’ll L1
-180 -120 -80

dja/dc

2s1/2: not much involved in ph configurations
(quasi-free knock-out emission)

1d states: involved in nuclear collective
excitations (resonant emission)




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

A(€,e'p) experiments
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i X X Co', Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684
Inelastic scattering: giant resonances . . -
-it can be separated using helicity

A(€,€'p) experiments

-must be measured out-of-plane

O'/O'Mott X (UL Wy, + vp W + 2vr Wy cos ¢p + 2vpT W oS 2¢p) + h 2 v Wi sin ¢p

fifth response
function
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. ) . Co', Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684
Inelastic scattering: giant resonances

L -it can be separated using helicity
A(€, €'p) experiments -must be measured out-of-plane

O'/O'Mott X (’UL Wy, + vp W + 2vr Wy cos ¢p + 2vpT W oS 2¢p) + h 2 v Wi sin ¢p

fifth response
E=179M6X3°8‘=1813§2°M8V 2s1/2 proton can be emitted via 1"and 1ds/2 do not P
.= W‘_'::

function

a

f without 1- /& ~

(nb sr” MeV™)

without 2*

e e v—

4800 -1200 -600 00 BOO 1200 1800
8 (deg)
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. . . Co', Lallena, Donnelly, Nucl. Phys. A 469 (1987) 684
Inelastic scattering: giant resonances

I -it can be separated using helicity
A(e, e p) experiments

-must be measured out-of-plane

O'/O'Mott X (’UL Wy, + vp W + 2vr Wy cos ¢p + 2vpT W oS 2¢p) + h 2 v Wi sin ¢p

fifth response
function

E=17 MeV £=1833 MeV 2 . iq 1- 1
5 =43° ¢p=135° s1/2 proton can be emitted via 1" and 1ds/2 do not

F =32MeV £ =200MeV % =80° ¢ =a5°
x ] e =]
lo

(nb sr” MeV™)

without 2*

(nb MeV

1.0
o |

. i ' 1 | 1
| 80 -120 -60 120 180
-180.0 -1200 -600 Q.0 800 1200 1800 (deg)
6, (deg) :
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