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Electromagnetic Excitation



Coupled-channels equations (t.d. version)
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Nuclear decay rate & Cross sections
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Electron scattering



Kinematics
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Spinless electron
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Electron with spin
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Elastic Scattering
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DWBA corrections
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_Electron (or ion) elastic (or inelastic - PWBA) scattering
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experimental precision
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Coulomb scattering
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Classical:

graviton

Quantum:
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graviton

gravitons

=0

Non-linear
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Gravity

Classical:  p_¢

graviton gravitons

QuanTum: mgm/w’faﬂ = O

Non-linear

photon

Quanfum: photon

E) ¢ Scattering angle
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Shoemaker-Levi comet
break into many pieces

Classical and complicated
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Shoemaker-Levi comet
break into many pieces

Classical and complicated

E) = Scattering angle

Coulomb breakup much
simpler - only few pieces

Quantum and simple
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Electron scattering

&

do
dEdQ (Ap’ AE)

Probes EM matrix elements
s function of Ap and AE

Same matrix elements as real
photon
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Electron scattering

Probes EM matrix elements
s function of Ap and AE

do (\ Apl=2E Lo, AE)~U
dEdQ

hic /
Same matrix elements as real
photon

Coulomb scattering

) V-E(t) =0
A V-B(t) =0
b
v
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AE) ~
agag AF)~

Always probes same matrix
elements as real photon
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Coulomb Excitation
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General multipole expansion
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Cross section:

orbital integral
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Virtual photon numbers

photonuclear X-section:

virtual photon numbers:

" V-E()=0

E, B-field of projectile

V- B(1) =0 divergence free
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impact parameter (
dependence: Ny
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Electric Field ETWI. Es
Magnetic excitations: N\ \/ £z
more complicated (involves * — |
currents, spins), but straight- | ~
forward. AN
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low energy scattering: £
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Adiabacity Maximum effective excitation energy

)= [ dt LM(r(t)) ot

orbital integral /

Maximum effective impact parameter

low energy scattering A :
AV
(1/2) distance of closest approach q=—+—1
2EC.II1.
1 .
if Itl>t, ~— then e'" oscillates too fast: I, small
0)
‘ a
if Itl>t,,~— then — ftoolarge: I, small
\Y r

e = . :
excitation possible if —<2L X1 ::> C aw adiabacity

arameter
Cexe - p
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I (w)= f:dt rLj(t)YLM(f-(t))ei"”t orbital integral

high energy collisions Q
.................................. >
A
Closest approach distance = b, ,
b<b,,,, @ nuclear interactions
\4
Boim ~ Rp + Ry ~1.2(A)° + AY®) fm
1
Y =
ten ~ — ( ¥ due to contraction) i v’ Lorentz y-factor
v _
o2
Excitation possible if jé — @ <1 adiabacity
YV parameter

24



Energy budget E a

: E R
A% Yhv
low energy collisions high energy collisions
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Energy budget
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1

Multipolarity budget I (0) = [ dt L+1(t)YLM(f‘(t)) aint
I §

orbital integral
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v<<c

04 06
oR/c

0.8

1.0

e

w large, e

' oscillates fast: I, small

n, (E,.b) ~|I (w;.0) \2 also small

low-energy (tidal)

2
v

Ng, >>Ng, ==, = o2 Npg,

high-energy (contraction)

Ng, ~ N ~ )y

Low-energies: multipolarities of
virtual photons have different
weights

High energies: multipolarities have
nearly same weight

n, (w) =25 [ dbb n, (w,b)
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Virtual
R,
'YV

Coulomb excitation: virtual photons
Each part (multipolarity) of a real
photon has a different weight n;

High-energy:

Ng, ~ N ~ Iy,

do _
db

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

Real photons
GY(EY) N zoi(Ev)

Real photons
All parts (multipolarities)
have the same weight

Coulomb excitation for a fixed
energy E, probes the same physics
as a real photon.

But each E, has a different weigth.

Zp* makes number of photons large.
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Nuclear response to multipolarities

ol ~E>*'B(EL) B(EL) ~ \ [r*op, d3r‘ 2
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B(EL)~R* [ |o! ~(kR)" k=-2t
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~ (kR)2 << 1 for low lying states
OL
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Comparison with electron
scattering

30



Electron scattering: Magnetic interaction

)= 25 ({{a) (010 - e 00 )

averages over initial and sum over final spins

‘Eu uU' 2 (N]IEC )4COS 0/2

(i,p'H]i

) ) ) hZ 2.2
‘Eu'i ou U' =( %C )2tan26/2

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

do™ (e cos’0/2 1 h°q’
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d€2q 2E ] sin"0/2 2E

1+—sin 0/2
Mc*

e (2tan2 6/2)}
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Inelastic electron scattering

o) - 25 <f S fua)(U0)- e U0 )] i>

 expand exp(iq.r) into multipoles

e averages over initial and sum over final spins
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Electron-ion collider mode
EX <<E, 0 <<1 Siegert s theorem
qR <<1

d dN"*M(E.E. 0
dQ(?EY -2 dQ(dEYY )O(YEM(EY)

A

virtual photon spectrum

S
dN(E”(E,EY) N dN(E”)(E,Ey,G) é
dE, “Jer dQdE, T
response function E)
dB(EA ©
O(YEM(EY) > dEE )
d]ZgEk) o fdrrzrx 5p,(r)

X
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Electron-ion collider mode

comparison with Coulomb
excitation

— E=1GeV

E =1GeV/nucleon

2 4 6 8
E, [MeV]

PLB 624, 203 (2005)
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Example Applications
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Coulomb dissociation and nuclear astrophysics

Baur, CB, Rebel do 1 Ednl(EY,Q) E )
NPA 458 (1986) 188 = a b
dEYdQ EY 1 dEYdQ ! T !
L8 \
/” Theory
d ”,’ /‘/
C
detailed balance
2(2j,+1) K’

O

b+c—a+y = (2Jb + 1)(2JC + 1) k:)Z: O-\(+aeb+c

Applications to radiative capture (n,y) and (p,Y) reactions in
nuclear astrophysics.
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Solar physics: "Be(p,y)"B

Navratil, CB, Caurier
PLB 634, 191 (2006)
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S¢7 (eV b)

12 :

|
® (CD data: 6SI, RIKEN \
28 - % direct measurements (Seattle/Rehovot)

20 _“\Ts\[ *‘*¥— -
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e

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

0.5

0.75
Erel (MeV)

1

1.25

S, = 208 +0.7 (exp) x1.4 (theor) eV b

1.5

Adelberger et al.,
Rev. Mod. Phys. 83, 195 (2011)
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Response in exotic nuclei

=
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nuclei

light —
medium —

‘eavy _>

Giant Resonance

decay

o, N, O
n,p, o
fission,n

Strength

-

EM reponse in exotic nuclei

Collective response or

Direct breakup?

dB(EIVAE [ fm /MeV]
o o
LS ] Ln

=
b

=
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~~
L
.
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=
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Direct breakup

dB(EN) B2

2h+2 (1 + FSI)2

dE, (Sn +Er)

CB, Sustich, PRC 46 (1992) 2340

g _ M+1/2
f A+3/27"

S

(El)peak
E r n

I
| W

1Z,,2 [MeV.fm5]

20

10

r*8p;(r) o ug(r) u;(r)
£ —(1+FSI)
(Sn + Er)
|
1 2 3
E, [MeV]
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Direct breakup in the 3-body model

1
,y 5/2 E(I)KLS [ (Q )®XS]JM
KLSI, 1,
/ g s = (GX 0.9, ,¢y,e)
y = Psin0, X = Pcos0
¢ 77
_'(2
o =
f)pﬁ1 o fdxdy “5(/2)) yzxup(x)uq(y) %
P £
@
B n’ 2, .2 _‘
Er - sz (q +p ) %
dB(E1) E’ , W
. 1+ FSI
dEr x (S;frf_l_Er)n/z( + ) %

S =188,

CB, PRC 75, 024606 (2007)
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DB(E1)/DE (e*fm?/MeV)

Collective response in light neutron rich nuclei
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2
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N. Teruya et al,
PRC 43, 2049 (1991)

RPA + 2n,-2n,, excitations

} oy

GDR

excess neutrons

/
=

“core” with p and n
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B(E1)? (e°fm?)

Pigmy Resonance and Neutron Skin in Pb

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

04 F 1

2.2 2

h
oL = C anbsd(D
17 2n°e Q)

0.2

0.0

H o

0.0 Hll -kl H (Y
m

04 = . .
a 25 Exp. 208Pb _
m

02 | 1% & " Ref. [8]

: = 23 -
3[\)
o
N
<
(0]
=

Dipole Polarizability a,, (fm®/e?)
N

04 | 19 F -
42 17 -
02 | I
» >
15 b
0.0 = ' ' ' : 0 0.12 0.14 0.16 0.18 0.20 0.22
5 10 15 20 °
Excitation Energy (MeV) Neutron Skin Thickness (fm)

Constrains symmetry energy =2 relevant to the description of neutron stars.

Reinhard, Nazarewicz, PRC 81, 051303(R) (2010).
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Pigmy resonance in %®Ni

do/dE [mb/MeV]

o
-

PRL 102, 092502 (2009) PHYSICAL REVIEW LETTERS A

Search for the Pygmy Dipole Resonance in ®*Ni at 600 Me V/nucleon

0. Wieland," A. Bracco,'” F. Camera,'” G. Benzoni,' N. Blasi,' S. Brambilla,' F.C.L. Crespi,'” S. Leoni,"* B. Million,'
R. Nicolini,"* A. Maj,” P. Bednarczyk,” J. Grebosz,” M. Kmiecik,” W. Meczynski,* J. Styczen,” T. Aumann.* A. Banu *
T. Beck,* F. Becker.* L. Caceres,** P. Doomnenbal *' H. Emling,* J. Gerl,* H. Geissel,* M. Gorska,* O. Kavatsyuk,*
M. Kavatsyuk.* 1. Kojouharov.* N. Kurz,* R. Lozeva,* N. Saito,” T. Saito,* H. Schaffner.* H. ). Wollersheim.” J. Jolie,’
P. Reiter,” N. Warr,” G. deAngelis,® A. Gadea,® D. Napoli.® S. Lenzi,”® S. Lunardi,”® D. Balabanski,™'* G. LoBianco,”'”
C. Petrache,’* A. Saltarelli,™'’ M. Castoldi,'' A. Zucchiatti,'' J. Walker,"* and A. Biirger'**

I N 1 N 1 = | . I . I N 1

... GDR
--- PDR

1 — Total TRK percentage for
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5% +1-15
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p Q
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8 10 12 14 16 18 20
E, [MeV]
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do/dE, [arb. units]

c(170,170'y) [arb. units]

500 ——————————————— Probing mere collective states
- 208Pb(170’ 170’) :
400 | CB, Nathan, NPA 554 (1993) 158.
300 |
200l GANIL data, Phys. Rev. C41 ( 1990) 920
100 1= * 10 7717177 "7
AptAT2 AR AL C Ap+AD (As-1)+n+A; i
°s 10 12 12 18 18 i i
Ey [MeV] i i
i i i
- 208Pb (170, 170"y) |
i A 1 10

G gis [P]

I
S
1

! CERN-SPS, PRL 1997
1 | I 1 I 1 I 1 I 1

. “ ¥ 0 20 40 60 80 100
8 10 12 14 16 18 Z1
Ey [MeV] 44




Preduction off rare isotiopes: Coulomb fission

“high energy" accelerators

mm@"=>..m,.....,m....mm.....m,....-m,.....muimm...mm. s nniveresaaans

scrap fragments, reaccelerate,
then do something useful

Protons (Z)
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Difffission CS: 10.00mb;  Exic.Energy: 12.0MeV,

b +
g

90 110

=
o
o
-~
=
-] =
o &
— ©
=

.
.
_____
.-
N

Relativistic Coulomb
fission,
then study decay

Calculated fission fragment differential cross sections for
the fissile nucleus 2*3U for excitation energies: of 12

Calculations: O. Tarasov - MSU
Experiments: J. Benliure — GSI
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End Lecture 1
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