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Coupled-channels equations

Wn

Ho spectrum: Hoyp, = Ep,

Hy = in 2

Ist order: a, ~ 0 ,
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H=Hy+ V solution

Y = Ean(t)wn e—iEnt/h

dak l i(Ex-E,)t/h
= —£;an(t)an(t)e

Vo= [w, VO y dr
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Multipole expansion

point-like
projectile

Ve(r,r')=2Z e p(l‘ ) d’r

lr —r'l

_ ZPe n p .3f‘ + l Qij:irj
r r 2 r
p= fr'p(r')d3r' (dipole)

Q, = f(3r'l.r'j—r'2 5lj)p(r')d3r'
(Quadrupole)

target

Semiclassical method: r = r(t)

distance of closest approach  Z,Z,e”

>> |

wavelength hv
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Example: low-E central collision

projectile 17 ezQi
Ve(t) =~ !
) _— 2 (1)
M,E,v,Z, Qﬁ=f1/Jf (r' ( zz—r'z)wi(r') d’r
target, Z;

Z,e°Q; = e 4Q,E’
ag = f dt =

excitation amplitude: l. —
2ih (1) 372, Z e hv

do

do| - _ 4oy
dQ

dQ x|a ? ME‘Qﬁz
6=180"

al =
0=180" 18h2Z3

Cross section:

HW1: X-section does not depend on Z,! Why is it larger for
heavier projectiles?



General multipole expansion

\/ reer) i ¥
r(t) r(t)-r E2L+1r“1(t) Fua (BT (F)

LM

Calculate a¢; and W, 2‘
. fi= 4
average over spins: 2J.+1 f W,
do _do do,

AN "W, =
orbital integral

do 2
dQ2
E -FE .
Nl .z 3.|2| reduced matrix
s i B(EL) Ur 9,7 element




Virtual photon numbers
V-E()=0 E, B-field of projectile
- V- B( t) -0 divergence free

d dE. d
jl> dZQL:fEY drgl;(EV’H)GZ(EV)

b

photonuclear X-section: o, ~ EyzLH B(EL) E,=E,-FE,

virtual photon numbers:

impact parameter _dn . 4 dn
dependence: nL(E b)= © -~ sin'(0/2)— 2




Electric Field . ,\" . Ex
Magnetic excitations: b
more complicated (involves ZIS |
currents, spins), but ’ b
straight-forward.
v=10
1E+3 1 llll”ll I \lllllll I llllllll LILLBLLALL
° N\
Virtual photon numbers 1E+2
a— 10
low energy scattering: (R
— =
2 D psT ]
\'% f} st S
Rp, == g == Ny = 2 il = 0.0 M1 T
[
c 1E-3
1E-4

Virtual photons "seen” by a Pb target

1 IIIIIIII 1 llIIIllI 1 IIIIIIII I'.J l\lllll

N 1E-5
due to the passage of an O pro\]ec‘rlle@ 0.01 0.1 1 10 1E+2
at 100 MeV/nucleon and b = 15 fm Ey [MeV]




Maximum effective impact parameter

AdiGbGCiTy [ Maximum effective excitation energy

” 1 - A0
IL((U) = f dt L+1 Yy (l‘(t))e t
. (t)
orbital integral /
low energy scattering
2
(1/2) distance of closest approach a = ZP ZTe
2F .

. 1 -
if ltl>t,_ ~— then ¢

00,

oscillates too fast: I, small

: a 1
if ltl>t , ~— then —— toolarge: T small

r

Leotl ~ aw diabacit
coll. 21 _ ~ adiabacity
t jl> C - <l parameter

exc

excitation possible if




I, (w)=| dt

|
o rL+1(t)

high energy collisions

Closest approach distance = b
b<b

min

nin > huclear interactions

Byim ~ Rp + Ry ~12(A° + A" fm

R
[, ~— ( ¥ due to contraction)

coll

Y ., (f’(t))e"‘”

orbital integral

Excitation possible if g

Lorentz y-factor



Estimates - Ea . E R
hv A%
low energy collisions high energy collisions

. 200MeV. fmy
E < =10MeV.
a, bmin ~ 20 fm j|> Y 20 fm Y

1E+3 Ll llllllll I \lllll]l I lllll"l 1 llllﬂg

N\
1E+2
T 10
£ 1
= 04 = - small y's: giant resonances
S
< 001F VI . o
- - large y's: giant resonances,
> e quasi-deuteron,
1E-4 ._ deltas,
1E_5 Lol v ol Ll ] "1 l\lllll mesOns (ex: J/q})
0.01 0.1 1 10 1E+2

Ey [MeV]



IL((U)=f:df%w)YLM(f’(t))ei“” orbital integral
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nL(E b)~

] | | | | | ] | —>
v<<C
' [ J [ | [ | [
v =100
v~C

nL(a)) = fdan(

o large, ¢'“'oscillates fast: I, small

2
IL(a)ﬁ,H)‘ also smal

low-energy:

2
v

Ng, >>Np == Ny, =

high-energy:

Mg, ~ Ny ~ Ny

Low-energies: multipolarities of
virtual photons have different
weights

High energies: multipolarities have
same weight

a),b)

5> Mgy
C
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Virtual x real photons
do dE,
db J 2 E,

Coulomb excitation: virtual photons

Each part (multipolarity) of a real
photon has a different weight n_

nL(Ey,b)GZ(EY)

High-energy:

Np, ~ Ngy ~ Ny

do  (dE
o =S5 (E ) (E)

14

GY(EY)=EGZ(EV)

L

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.

Z,> makes number of photons
large.
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Nuclear response to multipolarities

2

ol ~ EX**' B(EL) B(EL) ~ ‘ [rop, d*r

Estimate

(3pﬁ. = qj; Y. Y, ~yYP, ~ ﬁ, ifr <R, O otherwise

B(EL) ~ R* > o) ~ (kR)ZL k=—L

GL +1

~ (kR)2 <1 for low lying states
GL
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Sum-rules

S = E(Ef -E,)
j1> S - %<z‘ 1H.01.0]

2
S=h_<,-
2m

(f

0=1() >

Example: electric dipole operator

O=ez 4>

A-particles:
~2

ﬁ:E - +V(z,)

b _2mb

O

2

)

(A)E(A)(Z) I§V=pZ +V(Z)

)

4
dz

7

(g

2 2
he

2m

independent of V(z) !

a

@=Eeaza jl> 5= e’
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Effective charges, c.m. motion

dz = Eeaza =EearaY10(r
a a

d = Eea(za —RZ)

= epzzp + enzzn
D n

z, 27, - R

<

ZCI
R, = EX (center of mass)

S+ 3

Z——
A

effective
charges

S=Y Ed;
f

h'e* NZ

=2mN A

2m,,

Thomas-Reiche-Kuhn sum-rule
|
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Nuclear response to photon energies
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Giant resonances

Macroscopic models, liquid drop
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Coulomb excitation of GRs dey oLor(E)
g2 Gor( Ty

Estimate sum-rules y
(Eope) ) ~0.22A%"° MeV
Np\ EGpr ’ Other GRs
GC ~ £ deyGGDR(Ey)
GDR
dE
+ g, Ecor) Ecor E—;UéQR
14
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Excitation Amplitude

E (GeV/nucleonl
1ab

Non-negligible possibility to excite a giant
resonance excited on top of another giant
resonance

E/(YZelb?)




Mulfiphonon GRs ‘ L ,
nhw Sa— "
Estimate : | e=Tpestol
: 2T
2ha

Harmonic oscillator:

1- d=|ag|? from 15t order \ 2 - / rone I p=Zenlol
2- All orders: heo \s / vl 0 P 0 expl- @]
q)N 0 \—/ I" =0 T
~®
P N phonons = We ; I ' I ' I
> 200F T 1
J(NZY = S0R —) | 130xe
O p6or ~Zp F 2 +i B
S y H'q.
136Xe + C 3! 100 i " |
N \
136Xe + Pb é - .," C(x2) ”ﬁ ‘.. - Pb
~16eV/nucleon O v om\oo W .
.00 o000 2P et BT ook
GSI/Darmstadt, 1993 0 10 20 30 40 50

Excitation Energy [MeV] 20



Quantum scattering effects

2
vy
2u

Y=FEY K

Partial wave expansion:

u,(r)—— >é{H§_)(kr)—S,H§+)(kr)}

) L Outgoing wave

“Survival” amplitude
(5-matrix)

Incoming wave

Sl = eml (6, =Phase shift)

2
S = "“Survival” probability <1
[ P Y



High energy collisions (E,,, > 50 MeV/nucleon)
Eikonal Waves AE << E, 06<<1radian, [Ayp/y],., <<1

Z —> OO0 after the collision: _—

W(r) = S(b) ™"

S(b) = ¢™")

A . .
= exp __f V(r')dz' Eikonal waves (reactions) Pearls of quantum
A% Harmonic oscillator (structure) mechanics
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Eikonal Waves: Applications
(sometimes called “Glauber theory")

Roy Glauber in Tucson, University of Arizona

Few days after winning 2005 Nobel prize
(another “Glauber theory")
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S-matrices ("Survival” Amplitudes)

“ k|

b = impact parameter
| = kb (‘actually | + 172 = kb)

S| S(b)
R —> 'l
transmissio eikonal f
absorptio : n
Heieaaees )
0 ' . 0 i
kR, | (discrete values) 5
Ex: Elastic Scattering
] do 2
: —_— =
f(6) =31+ (1= S))P,(cos6) —o =17

[

.

£(0) =ik [ dbbJ,(kb){1- S(b)}
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Ex: Probing nuclear densities

N 1 * ~ ~
X ®) == | 44ap.(@P5(@) 1,1 (@)To(gb)

n

k )
— nn ; _ﬁnn q
fnn(q)_ A7 Onn (l + ann)e
(from nn scattering)
g
101
100
<
=
[
2 101
10-2 12C + 12C
| 85 MeV/nucl
103

0 - 8 12 16

OcMm [degrees]

20
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0.1
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0 [degrees]

solid curves: Glauber
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Quantum treatment of Coulomb excitation

(60)~ [ d'rd r o (r) e, (¢)Ve (r) 9 () ()

N

eikonal waves

- R egEe ¥ FETHNA

I B PRI

--------------
...........
-----
1 %e ay

RN

semiclassical

\ eikonal
i 0 /
67_ 90 ‘

Excitation of GDR
| | | followed by y-decay

3 4 5 6

208Pp(170,17Q'y) at 84 MeV/nucleon
for fixed angle 6,=90° and .= 270°
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dO/d€2 [b/sr]

m

1E+5 E T R T T [: T T T
1E+4 ' g
= GDR -
1E+3 S - - TN E
1E+2 3 y \':“ -
B l / \“.“ il

10 LN s ST e P

0.0 0.2 0.4 0.6 0.8

O [degrees]

Excitation of GRs in Pb+Pb
collisions at 640 MeV/nucleon

/dEde [b/MeV/str]

C

dC

i ! | ! | ' | !
Quant.

—————— Semicl. ~

O [degrees]

Excitation of 8B projectiles on
Pb at 50 and 250 MeV/nucleon.

E,= 1.2 MeV
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Coulomb excitation of loosely-bound nuclei
Spectroscopic factors

Nucleon removal from ®,,; will leave mass A residue in
the ground or an excited state - amplitude for finding nucleon
with sp quantum numbers /,j, about core state ®_ in ®,,, is

C

OEj(r ) = <r,(I)C lq)A+1>’ SN = EA+1 -E

overlap integral
[&’r 10;,(r) F=CS(4))

Spectroscopic factor - occupancy of the state

Usual to write

O (r) =CS(t)) 9,(¥);  [dr1g,(r)I=1
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Coulomb excitation of loosely-bound nuclei
L 2 d’k
<1/JkHi’ YLH¢0> (27)’

\ J
|
Py ~ eXp(-nr)/r

dB(EL) K
Estimate dE :

do
d—Ej ~ny, (E,)xC*S

Y _‘T

0 ) Halo state
k-r _nr
lpk ~ € ¢y = ;e !

aB(EL)  SEL
= 2L+2
> dEY (Erel + S)

h2 2

E =EFE - S S = nn Separation energy of fragments with

re Y

2u  reduced mass p
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Electric response of loosely-bound nuclei

o) ~ E;*" B(EL)

dB(EL) ~ ’\/EELH/Z

rel

~

Y rel

dE (E + S)2L+2
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Ex: Cou

dB(E1)/dE, (e*fm?)

lomb breakup of !!Be

1.5

1.0—

05—

I I 1 T l '

"11Be+Pb - 10Be + n + Pb

70_ MeV/nucleon
(3.29 +0.06 W.u)

S =0.54 MeV

0.0

peakat F = %S =0.76 MeV

dB(EL) ~S(E,-S)"

P~

dE E*

Y x

] B(E1) =1.05+0.06 ¢*fm”
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k2

Isp = <¢kH’"1Y1H¢0> =~ (k2

E rel

+ 172)2 _

—~

(S+E rel)z
Final state interactions

O = scattering phase shift
a = scattering length
ross = effective range

Strongly ddependent on
final state interactions
(phase-shifts)

g

1Z,,12 [MeV fmd]

u

cosO + sinod

n(n2 + 3k2)

2k’

VS(S+3E,,)

2h*

|

—1/a+(uE

rel

/hz)reﬁ_
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Pigmy resonances

- + +8 . e
- + + -
- I B
X . F :I;. i SJ
+—> '

y [fm]

Y &

B(EL) ~ ‘ [rtop, d%‘ .

dp
GT ST .
‘Spp(r) ~ Zeﬂ Oer dro + Zeﬁ‘aSJ.Il(kr)pO(r)
Y —
0.16
5
= 0.12
2 0.08
0.04
050,044
0.02 ’
0.01 0

-0.01
-0.02
-0.03

-0.04

33



Estimate

EPR =

3%’ )
2aRm, A,

pygmy GR

rN— VN=—VF=

hydrodynamical model

R = nuclear size

A = AC(A _ AC)/A a = difuseness

i> E,, ~1 MeV

3 |2E, E. ~35 MeV
4 mN R""Sfm

jl> I'~6 MeV  usual GR

v ~ relative velocity of core and halo E, — E, ~1MeV

> I' ~1MeV

only accurate microscopic models
can resolve pygmy from direct breakup
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The Coulomb dissociation method

do _ 1 dnl(Ey,Q)
dEde Ey dEde

: > \
Q’ Theory

Gy+a—>b+c (Ey)
t

detailed balance

. o 2(2j,+1) K .
b+c—=a+y — (2]b + 1)(2]C + 1) kyz y+a—b+c

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

35



Ex: Coulomb breakup of B

32

N
N

Sq7 (eV b)

16

12

0

Solar neutrino problem
is due to v-oscillations

But this reaction needs
to be known more
accurately

- J. Bahcall
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Needs consideration

1- Usual theoretical inputs: interactions, many-body problem.

2- Nuclear breakup contribution

3- Additional reaction problems: inverse methods only studies ground
state transtions, etc.

THIS occurs in stars THIS is obtained in lab

s,d S,p,d,f

El1+E2

El

P3/2
. A4 P3/2

capture break-up




Higher-order effects

Coulomb breakup of !Li on Pb
at ~ 50 MeV/nucleon

velocity of neutrons

Counts/ch

velocity of °Li

MSU, 1993

j|> post-acceleration effect
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Schroedinger equation on a space-time lattice

R i A
iha_w - Hy Y(t+ At) = exp[—%HAt}w(t)
ot
132 discrete space lattice: x;, j=1,2,.., N
H = o + VN(x) + Vc(x,t)
u n
S1;(6) =Y Ve, (1)
Lo My g k
T T T
W, (t+Ar) = l Y, (1) hAt
1 A(z) At V T = 2
TS T 4u(Ax)
Good to order (At)3
- three-dimensions straightforward preserves unitarity

From g any observable can be calculated
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Continuum discretized coupled-channels (CDCC)

fI“,.(E)I“J.(E)dE =0,

U

semiclassical coupled-channels

da,

dt
V= [w vy d'r

—iEgt/h

(Po>=
@u)=€ """ [T,(E)E.JM)dE

E-)t/h

—%gaj(t)ij(t)ei(Ek_ f

From a, calculate @ and observables of
interest
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Eikonal €DCC Y= S,(2.b) exp(ik ), (&)

J

Sy = %f;V(r')dz' (ground state) V = VC + VN
i 95 ;Zz,b) _ ;( iVim)S,,(z.b) exp[~(k, - k;)2] (excited states)

t.d. equation with z = vt dt

Note similarity with semiclassical da, _%E aj(t) ij(t)ei(Ek—Ej)t/h
J

Corrections due to energy conservation (v # constant) straightforward

From S, calculate Y and observables of interest
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Theory movie in next 5 tranparencies (enjoy!)*

r (k)

=)

X | R (K)

,)}\

i B‘r/eakup

¢ (k)

500 ()

Discretization

>
7gS.

gs.
(I) 0 (kO)

L W ER) = 9y (ks P 0 (Ko R) + [ 9k F) (K, R)lk

" Copyright: PIXAR
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i B’r/eakup

¢ (k)

7gs¢()>(ko)

A

Discretization

>
zg.S.

N\

- >¢i

j <ko>>

W(F.R) = (ks P) 0 (Ko R) + [ 9k F) (K R)dk
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| § B’r/eakup

¢ (k)

783(1)0»0(0)

Discretization

>
zg.S.

A

N\

4 (‘Qko)>

W (F.R) =y (kos )0 (Ko R) + [ (k. F) (K R)dk

Truncation and Discretization

L}
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i B:;akup

¢ (k)

jgsq»o’ (ko)

Discretization N

> >
&S gs.
; o (Ko)

VR = oot (Koo R + 3 [ 90K 7) (K Ry

L}

Truncation and Discretization
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i B’r/eakup

¢ (k)

jgwo’ (ko)

Discretization A

/
)

>

j (ko)

VR = oo )t (Koo R+ 3 (KL R 0k )lk

L]

Truncation and Discretization

46



i B’r;aakup

¢ (k)

783 ¢ : (Ko)

Discretization A

—

7gs ’ j? ? <o;

Y7, R) = (ks Pty (Koo B+ 3 (K, R) [k, F)dlk
i=1 -

Ready to
go.

L}

o O (7, R) = 2(/5,@;2,- (K,.R)

Truncation and Discretization
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Ex: 8B breakup by 2%8Pb at 250 A MeV

=
%

0.4

0.2

Relative difference

Correction to the CDCC due
to retardation effects

(not discussed here)
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COVER: Inside of a compact
high-frequency linear accelerator
for heavy ions developed at the
Technical University of Munich
and at GSI in Darmstadt,
Germany. The polished copper
structure uses a quadrupole field to
focus highly charged ions.
Accelerators of this design at GSI
and CERN bring ions up to high
enough energies that the main
accelerators can take them to
relativistic energies. In their

N article on page 22, Carlos Bertulani
and Gerhard Baur discuss the
physics one can probe by colliding
relativistic heavy ions without
nuclear contact.

WITHOUT NUCLEAR CONTACT

The large electromagnetic field generated by a fast heavy nucleus
allows investigation of new electromagnetic processes not
accessible with real photons.

Carlos Bertulani and Gerhard Baur

An increasing number of physicists are investigating
nuclear collisions at relativistic energies. (See figure 1.)
Accelerators completely devoted to the study of these
collisions (such as the Relativistic Heavy Ion Collider at
Brookhaven National Laboratory) are under construction.
So are hadron colliders (such as the Large Hadron Col-

mately by b/yv and that the electric (or magnetic) field
during this time interval is very intense: E =~ yZe/b®. The

factor y, which is (1 - v%¢?)™'2, is very large (on the order
of 10°~107) in relativistic heavy-ion colliders.
Theory 49



