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Introduction

@ Semiclassical methods
@ Classical trajectories
o Time-dependent solution of the scattering problem
@ Application to Coulomb excitation
@ Application to Coulomb dissociation of halo nuclei
@ Higher-order &ects
@ Relation to radiative capture
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The scale of the nucleus

e Typical sizeof the nucleusR ~ 5x 101> m
@ Typical energyof a nucleon in a nucleu€ ~ 30 MeV (v ~ ¢/5)
@ De Broglie associated wavelength:

Z:E:—h ~z(;zlfm
p m-v mc

O gquantum effects are important inside the nucleus = cannot be treated
classically!
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The scale of the nucleus

e Typical sizeof the nucleusR ~ 5x 101> m
@ Typical energyof a nucleon in a nucleu€ ~ 30 MeV (v ~ ¢/5)
@ De Broglie associated wavelength:
Zzﬁz—h ~%z1fm
p m-v mc?
O gquantum effects are important inside the nucleus = cannot be treated
classically!

For a particle moving with momentum A4 = 72/

TABLE 2.1 Reduced de Broglie wavelengths X, in fm, for various particles and energies

Energy Photon  Electron  Pion  Proton  o-Particles '¢O  *°Ar ?°°Pb
1 MeV 197 140 12 4.5 2.3 1.14 0.72 0.32

10 MeV 19.7 18.7 3.7 1.4 0.72 0.36 0.23 0.10

100 MeV 2.0 2.0 1.0 0.45 0.23 0.11 0.072 0.032
1 GeV 0.20 0.20 0.17 0.12 0.068 0.035 0.023 0.010
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Classical vs semi-classical scattering?

@ CrassicAL SCATTERING: classical particles moving along classical
trajectories

/T:L<<R
m-v

@ SEMI-CLASSICAL SCATTERING: quantum particles moving along classical
trajectories.
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Classical vs semi-classical scattering?

@ CrassicAL SCATTERING: classical particles moving along classical
trajectories

/T:L<<R
m-v

@ SEMI-CLASSICAL SCATTERING: quantum particles moving along classical
trajectories.

O To define a classical trajectory with a given veloaifyone must assume
that the relative motion is not muclffected by the internal excitations of the
projectile, i.e.:

A:” < 1| and ATL” <1
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Description of a classical trajectory

A classical trajectory can be characterized by the polaabbes ¢, ¢).

+Ze

The equation of the trajectory is obtained from:
@ Energy conservation:

1 (dr L2
=§ﬂ(a) 2ﬂ2+V(r) qu2

@ Angular momentum conservation:

L= yrzd(f_y-vo'b:cte
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Equation of the trajectory

-1
d¢ L L2
a = r—2 I:\/Z/J(E— m —V(r))
@ Effective potential:
L2 b)?
VerL(r) = w +V(r) = E(F) + V(r)
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Equation of the trajectory

@ Effective potential:

L2 b 2
2ur +V(r) = (F) +V(r)
@ Turning point:corresponds to the distance of closest approach, i.e:
dr L?

— =0 = E=
dt rmin Zﬂr,?ﬂ-n

Vef,L(r) =

+ V(rmin)
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Equation of the trajectory

@ Effective potential:

L2 b\2
Vea(0) = 5oz + VO = ()] + 00
@ Turning point:corresponds to the distance of closest approach, i.e:
dr =0 = E= . + V(rmin)
dt lrmin 2ur2,
@ Trajectory:
r L
#a(r) = - duuzm
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Time dependent solution of the scattering problem: Hamigho

We need to incorporate explicitly in the Hamiltonian theemial structure of
the nucleus being excited (eg. projectile).

[H=T +h(&)+V(,9]|

@ Tgr: Kinetic energy for projectile-target relative motion.

o {£&}: Internal degrees of freedom of the projectile (depend emtbdel).
o h(¢): Internal Hamiltonian of the projectile.

I h(f)¢n(f) = En¢n(§) I

o V(r,&): Projectile-target interaction.
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Time-dependent solution of the scattering problem

O Projectile-target interaction:

V(r, &) = Vo(r) + Veoudr. €)

O Vo(r) is used to obtain the classical trajectesyr (t)
O Time-evolution of the projectile wavefunction:

Q¥ 6.1
dt

= | Veourlr (6.1).£) + h@)| ¥(€. 6.1)

O Initial condition att = —co:

[¥(=c0)) = 10)
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Time-dependent solution of the scattering problem: caltplannels method

@ Expansion of solution irign(£)}

| WE0.) = 3 cal0,)e T go(6)
n=0

O Initial condition: ¢cy(6, —0) = dng
e Coupled-channels equations:

dea(6,t)

% p

Z g (EnE/iy, (6, t)cm(6, 1)
m

@ (Time-dependent) coupling potentials:

Vorn(0.1) = f AE6%(E)VooudT (6, ), E)br(©)

TALENT Module Nb. 6 A. M. Moro uw  Universidad de Sevilla 9/36



Semiclassical methods
000@00000

Excitation probabilities and cross sections

@ Excitation probability for 0— n transition:
Pn(6) = lcn(6, °°)|2

o Differential cross section:

da’) (da’)

o =lgg] P®
(dQ 0—n dQ clas "

@ Conservation of total probability:

D PO =) e =1
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First-order perturbative solution

AssumeVm(6,t) “small”:
0 cp~1
O ¢y < 1(n>0)

L den(0.1) _

dt

Z e_i(Em—En)t/hVnm(e, t)cm(6, t)
m

~ e Eo-Ent/y (9 1)co(6, 1)
~ e BNy (1)

cn(0) = cn (6,

o) = % f GV

(9]
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Adiabaticity parameter: adiabatic and sudden limits

O Characteristic excitation timeex. ~ %/(En — Eo)
O Adiabaticity parameter:

collisiontime 7. En—-Ep
=S = = Teol
excitation time  Texc h

Gad

Cngt) (0) - % f exp{i En ; Bo t} Vno(e, t)dt

—00

O Limits:
@ &9 < 1 (sudderdimit)  (fast collision/ small excitation energies)
@ &£5q > 1 (adiabatidimit)  (slow collision/ large excitation energies)
[ oscillatory integrand= P,(6) small ]
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Adiabaticity parameter: adiabatic and sudden limits

O Characteristic excitation timeex. ~ %/(En — Eo)
O Adiabaticity parameter:

collisiontime  7co  En-Ep

~ excitation time  Texe 7

Gad

Cngt) (0) - % f exp{i En ; Bo t} Vno(e, t)dt

—00

O Limits:
@ &9 < 1 (sudderdimit)  (fast collision/ small excitation energies)
@ &£5q > 1 (adiabatidimit)  (slow collision/ large excitation energies)
[ oscillatory integrand= P,(6) small ]
O Optimal collision energy to produce maximum excitation:

(En - EO)
h

Teol 1

fad =
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Perturbative solution; higher ordeffects

@ AssumeNV(r,&) = Vo(r, &) + Vi(r, &) (V1 < Vo)
@ Expand solution cdécients as:

c®) =9+ + ...

@ Zero-order solution\(; = 0) = ¢¥

dc9, 1)
dt

(En— Em)

in
h

Z e—lwnm’[<nlvo(0 t)|m>c(0)(9 t) Wpm =

@ First-order correctioss ¢tV
dc(l)(e )
dt

Z e “mt(nVo(, timycD(e, t)

+ Z e_lw”mt<n|Vl(0’ t)|m>C(n?)(9, t)
m
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Alternative expression for the first-order solution

@, _ 1 T O) s Ao 0) for i A\ s
G’ (00) = o %‘ Im & V() Imye ot )eXp{£(EI - Emt }dt

O éﬁ?’)o(t) and(ﬁ)(t) solutions of coupled-equations fgp with boundary
conditions:

0 c0(~o) = dom

U él(,?])(+oo) = On)
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A simple exampleVy(r) independent of

O V(r, &) = Vo(r) + Vi(r,€)
O Vo(r) does not produce transitions between the internal states:

) =5 [ ) Va0 o) exp{ 5 En - Eo o

(o)

n n n
o Ovl(t): 0
(oo I
Vo ()
Vp(t o® ..
o @ Mg 9
57
V; (1)
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Application to Coulomb excitation

o Half of distance of closest approach in head-on collision:

_ KZpZte2
- 2E
@ Distance of closest approach for scattering adgle
1
b(0) =ap |1+ sin(@/Z)] =ag[l+¢€]

(e=excentricity)
o Adiabaticity parametefor head-on collision:

En—E En-E
o= Eon(0 = m) = E2 Dy < S0 B0
e Adiabaticity parametefor general collision
E, — Eg) b(8 1
MQ =&o-n [1 ]

foonl®) =5 " Sner2)
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Validity of the semiclassical approximation

Sommerfeld parameter:

17

T a1
The projectile is described by a wavepacket of dimensiar) which must be
small compared to the dimensions of the classical trajggtory):

I<g =2n>1
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Validity of the semiclassical approximation

Sommerfeld parameter:

17

T a1
The projectile is described by a wavepacket of dimensiar) which must be
small compared to the dimensions of the classical trajggtory):

I<g =2n>1

Also, the trajectory must be barely perturbed by the monmargnd energy
transfer to the projectile:

AE
D <1

A
7{) < 1 and
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Multipole expansion of Coulomb potential

@ Multipolar expansion of Coulomb potential

th€2 4nZie Y, (F)
* 21 + 1M(E/l”u) A+l
A>0,u

= Vo(r) + Vcoup(raf)

V(r.é) =

O Vo(r) determines de trajectory, but does not induce excitations

o Internal states are conveniently labeled by their intdrsgiin and its
projection:
Iy — [IhMp)

TALENT Module Nb. 6 A. M. Moro uw  Universidad de Sevilla 18/ 36



Semiclassical methods
[eleYe] Yolo)

First order Coulomb excitation probability

@ Vo(r) determines de trajectory, for eagh
o In terms of the dimensionless parameter

pw) =r(w)/ap = ecoshw+1
#(w) = arctan(Ve? — 1 sinhw/(e + coshw))
0(w) /2

7(w) = t(w)v/ag esinhw + w

(. J

TALENT Module Nb. 6 A. M. Moro uw  Universidad de Sevilla 19/36



Semiclassical methods
000000

First order Coulomb excitation probability

In general:
1™
ci(g) = = f dEB/y (6, t)dt

For the Coulomb case:

47rZe TalIM(ED)1o) {(1nMp|AuloMo) f Y,m(G )]
(1st) t § i (En—Eo)t/7
Cn (9) (2/1 n 1) 2|n — dte /1+1

) g) = 228 3 (InlIM(E)ll0) ¢InMnlAztloMo)

ihv @1+ Deal V2 +1 L yu(€, €)Yau(7/2,0)

O Coulomb integrals:

Lyu(e.€) = [ i dwp(w) ™ expliér(w)] expliug(w)]
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First order Coulomb excitation probability

@ Excitation probability:

b _ (47theZ)2 B(EA,g — n)

2
nv (21 + 1)3ezag,1 Zﬂ: (Yflﬂ(n/z)l/l,ﬂ(e, f))

@ Differential cross section:

(d_o-) _ (g)z B(EA,0 - n)
ae), . \ av a2l

f/l (9’ ‘i:) |

A2
(22 + 1)3sin*(6/2)

Z [Y/ly (7r/2,0)l 4,.(e, f)]z

u

f1(6.8) =
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Coulomb integrals

f1(0,¢) for 2 = 1 (E1) transitions:

20 ; - T
-0

=t
a2

O f,(0, &) small for larget (adiabatic
limit)

0 Forf — 0= &n(0) = 0 =
Pn(®) - 0

L L L L

1 L 1 L
5] Ll e ny
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Application to Coulomb dissociation of halo nuclei

o For excitation to bound states {6 n)

dr\ _ (z€\*B(ELO0— 1)
(6),..~ (%) e

f/l (0’ é:)

@ Halo nuclei are weakly bouneb excitation occurs to unbound
(continuum) states

dr(E1)  (z€\" 1  dB(EA) dfy(6,8)
dQdE ‘( hv) 2?2 dE dQ
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Photo-absorption cross section: virtual photon desonipti

O Photo-absorptioifnot proven here)y +a— b+c

photo_ (2031 +1) (E,\*"" dB(EQ)
TEL T 24+ )12 (_) dE

0 1% order Coulomb breakup cross sectiarterms of photo-absorption:

dO'(E/l) 1 dng, O_photo
dQdE, Ey do

(Equivalent Photon Method)

with thevirtual photon number

dng, - 72 A2+ H)M? - a)( ) dfea
0 e+ W da
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ExtractingdB/dE from CD experiments

0 Assume that Coulomb breakup is dominated by E1:

phowy_ 16C°E, dB(ED) | _d’o _ 16¢° dnes dB(EL)
71 T 79 nc dE, dQdE;, . 9 dQ dEy

0 Assume that CD is Coulomb fdr> b (6 < 6gr)

do dnEl O'E/l _ O'E/l
0<% = f; do-got o =

do 1673 dB(E1)

d_Ex(e < ggr) =79 NeA(Ex)—=— dE,
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Application a CD of 1n-halo nuclei

@ Halo nuclei are weakly boungb the systems are easily polarized in
strong electric field (large E1 response)
o Large Coulomb dissociation probability with heavy targets
@ Atsmall-angles (large impact parameters) the dissociai@&oulomb
dominated and hence can be used to extracEth&ansition probability
using:
do 1673 dB(E1)

d—EX(9<9gr)= 5 Nea(Ex) aE,
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Example:11Be dissociation

11Be+208ph —; 10Betn+208Ph @ 69 MeVu

Impact parameter b (fm)
T 1 T

T

T T T
1030 20 ) ‘ "Be+Pb->"Be+n+X (a)
1.5 $0°£60<6° !
" 10 (a)
03 L Be+Pb->"Be+mn+X “] +0°s6s1.3°
1.0
102 ¢ o I <
e, >
- 10! F R E = 05
@ 0SB,y S5MeV ~N
~ 100 | ¢ 2
3 o
= i AT 10
% ® = Be+C-» "Be+n+X (v)
T 3L ] S 0.06F $0°29<12° B
_g } & $0°£6<0.5° (x4)
102 1
. S 0.04fF b
; |Osr %
10 R E
0SB,y <1MeV e
o b SEq S ] 0.02 5 24200 0% ]
. o ° 4000
L ‘ 0, P00 9]
o 1 2 3 4 5 6 0.00 L ot st
0 (deg) 0 1 2 3 4 5
E,o (MeV)

Fukuda, 2004

TALENT Module Nb. 6 A. M. Moro uw  Universidad de Sevilla 26/36



Semiclassical methods

[e]e]e]ele] ]

Comparison of 1st order with full quantum-mechanical cialtton

Eg: 1Li+2%8Pb at Coulomb barrier energies

O Ejap ~ Vb = Coulomb important

0 At small angles, breakup
o 10%k ' ] dominated by E1 Coulomb
o102k £ [ B {1 JP Fernandez-Garciaet al, PRL110,
E ¥ — 4b-CDCC (coulomb + nucledr) 1
10—3; / — Semiclassical (1st order E1)| ] 142701(2013)
E ]
well s
10k () E,=29.8 Mev ]
_ 10
L, E
o® 197
10’%
1053 e0 90 120 150

8.5 (deg)
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Higher-order corrections

Deviations from 1st orddEl perturbation theory:

@ Higher multipoles {>1)
@ Higher orders in a expansion gf amplitudes

cr=cP+c? ...

Eg.:8B+1%Au — "Be+p+1°’Au @ 40 MeVu

150

.., dynamic
G perth e
. El

oo L O Asymmetry due to E/E2 interference

reduce fect

dofdPy (arb.)

0 1 1 -
1850 1900 1050 2000
Pp (MeVie)

Esbensen, NPAGOO, 37 (' 96); Data: Kelley, PRL77, 5020 (296)
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Second order perturbative amplitude

@_y (2} ™ gV L€, - E
Cn —ZZ:(%) j:oo t(n| 1(t)|z>eXp{ﬁ( n— z)t}

. .
X f dt’<2|V1(t’)|0>exp{'%(Ez—Eo)t’}
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The dfect of the inelastic couplings on the elastic scattering

Eg: deuteron polarizability from-€f°8Pb:
[0 Deuteron polarizabilityP = «E
0 ForE < Vj, the main deviation from Rutherford scattering comes from
dipole polarizability.
[0 The second order correction can be included inféecéive (polarization)
potential. In the adiabatic limitgi, = _qle

2RA
1 oo,l.,.\b;,.,L.:..—. ""T; g H
\gg\w Rodning, Knutson, Lynch and Tsang,
5 i ki
Phe Ny N
099F & ia0e N v
% \
RE) I ___nucLear errects +i \\ 1
o BT 1S, :
——SUM OF ALL EFFECTS |
WITH a=0.70 fm éi PRL49, 909 (1982)
0.97F %7 a = 070i 005 frn3
| L Ll
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Post-accelerationfects

1 i+Pb— °Li+n+n+Pb @ 28 MeVu

Counts/0.0027c

T
o
—a—
BN =

200

150

100

50

||||r\|||1—|—rwll\1||1

»
w®e® | 1T

0 P - .
-0.04 -0.02 0.00 0.02

(Vg = Va)/c

0.04

Sacket, PRC48, 118 (1993)
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Uy

0 After breakup®Li accelerated
due to Coulomb field

0 Not explained by first order
model.
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Post-accelerationfiect (cont.)

@ The projectile approaches as a whole, and breaks up at adjstamce
from the targetRyy)

@ At this energy, the potential energyV¥¢Ry,) = ZpZtez/ Rou

@ After breaking up, this energy is transformed into kinetiergy, but
only of °Li.
AECLI) ~ ZpZ€* /Ry
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Coupled-channels calculations with Coulosmuclear

80
A 8B + Nj
] \
60 \\ Ejp =26 MeV
= “

o ! Y\ Nunes and Thompson
3 W mmm-- present work
-\3 40 N
® | N

20 ‘~-\

0 L T T T T

0 20 40 60 80 100
0 (deg)
H.D. Marta, PRC66, 024605 (' 02)

TALENT Module Nb. 6

A. M. Moro

O Full coupled-channels (all orders)

0 Coulombtnuclear trajectory

[0 Several multipoles

W Universidad de Sevilla
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Relation to radiative capture

| Radiative captureb+c — a+y| | Photo-absorptiona +y — b+ c|
o | I R
ECV“ ECIT!
tm Yy & 0
Q E,~E,*Q AN

0 Related by detailed balance:

2
(ro) _ 2(2Ja + 1) ky (phot)

TEUT (23 + D)2 + D K27 E

(iky = E,/C)

O Astrophysical S-factor:

SEcm) = Ec.m.O'(Er,Cl) exp[2tn(Ecm)]

TALENT Module Nb. 6 A. M. Moro uw  Universidad de Sevilla 34/36



Semiclassical methods
0®0

Example: p1%0 - 1F + y

Morlock, PRL79, 3837 (1997)

TR S WIS TSR SRS RS NI S S N

’ IE]L, i T T T T T T
@ r
ERUMG
s w0k DC — 502 4
S0’ F ]
210 1
—~ 1S ea
0Tk . . J : . : . 1
0 500 = 1000 1500 2000 2500 3000 3500 4000
T E, 1 (keV)
Y o
=1 ™
— ‘DC u\ll’ulmmn‘ ' '
i
10 i 16 O+p
H
\ H
% \ pC— 12" ; _______ /\J\/—\EJ&{—‘
Ers % o
‘&w i NN ALE,
: 1/2+
DC— 512 | Q
et 5/2+
0 h e L g
0 500 1000 1500 2000 2500 3000 3500
Eep (keV)
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Radiative capture from Coulomb dissociation experiments

[0 Capture reactions have typically small cross sections
[0 Use breakup (Coulomb dissociation) reactions:

do (phot) . (ro)
d0dE.. et el SEcm)
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