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Inelastic scattering

o Nuclei are not inert ofrozen objects; they do have an internal structure of
protons and neutrons that can be modified (excited) duriagafiision.

@ Quantum systems exhibit, in general, an energy spectrumbeiind and
unbound levels.
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Inelastic scattering

]

Direct reactions~ nuclei make “glancing” contact and separate immediately.

©

Energymomentum transferred fronelativemotion tointernalmotion so the
projectile andor target are left in an excited state.

@ Involve small number of degrees of freedom.

©

The colliding nuclei preserve their identitg:+ A — a* + A*

(]

Typically, they are peripheral (surface) processes.

ISOLDE Nuclear Reaction and Nuclear Structure Course A. Mt U¥  Universidad de Sevilla 4/50



Inelastic scattering
O0@00000000

Models for inelastic excitations

© COLLECTIVE: Involve a collective motion of several nucleons which can be
interpreted macroscopically astationsor surface vibrationsf the nucleus.

Q@ FEW-BODY/SIGLE-PARTICLE:Involve the excitation of a nucleon or cluster.

1lge*
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Types of collective excitations

The nucleons can move inside the nucleus in a coherent ¢tioégway.
@ Vibrations(spherical nuclei): small surface oscillations in shape.

@ Rotationgnon-spherical nuclei): permanent deformation.
© Monopole(breathing) mode: oscillations in the size (radius).

@ Isovectorexcitations (protons and neutrons move out of phase) (egt dipole
resonance)
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Types of collective excitations

O The type of collective motion is closely related to the kifédpergy spectrum.

@ Rotor:Ej o« J(J + 1)
@ Vibrator: E; = nfiw
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Microscopic description in the IPM: théBe case
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Models for inelastic excitations

Microscopically what we describe in both cases are quantum transitionsleetw
discrete or continuum states:
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O Collective excitations can be regarded as a coherent superposition of many
single-particle excitations.
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@ By doing inelastic scattering experiments measure the response of the
nucleus to an external field (Coulomb, nuclear). This respasirelated to some
structure property of the nucleus.

Example: for a&Coulombfield:

. 1
B(ELi — f) = ZI_—+1|<\Pf|M(EA)|\Pi>|2

where M(EA, u) is the electric multipole operator:

%
MELE) =e) 1Y, @)

@ The structure?;; can be described in a collective, few-body or microscopic
model.
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Energy balance for inelastic scattering

o For projectile excitationa+ A — a* + A
EL, + MaC® + MaC? = ELy + MEC? + MaC?

Mg = Ma + Ex  (Ex=excitation energy)

@ Q-value:
Q = MaC? + Mac? - M;¢% — Mac? = —-Ex < 0
- :
Ecm = Etl:m + Q
e So
Ey = EL, — Efm
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What do we measure in an inelastic scattering experiment?

(] In general, one measures theattering anglandenergyof outgoing particles

ExampLE: p+'Li — p+/Li*

Outgoing proton (detected)
proton beam L4
(]

‘7@'

Target

O Eg. energy and angular distribution of the outgoing protons.
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What do we measure in an inelastic scattering experiment?

O The proton energy carries information on fle excitation spectrum.
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Data from Nuclear Physics 69 (1965) 81-102
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What do we measure in an inelastic scattering experiment?

O The proton energy carries information on fle excitation spectrum.
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What information do we get from an inelastic scattering expent?

@ The proton energy spectrum shows peaks which correspohe ttdtes of the
target (Li)

@ The heights of peak~(cross section) are fierent for each state> not all states
are populated with the same probability.

@ Some peaks are narrow, other are broad. Why?...

@ Above a certain excitation energy, the spectrum becomdincamus and
structureless.
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What information do we get from an inelastic scattering expent?
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Reminder: single-channel case

@etector
LA

. \‘\ 9 -
K; Ky Gl
[ u \ R i B B S B \ 6
Source AK’.
- D : eiKi-R
@ The incident projectile is described by&ne wave—

@ The scattered projectile is described at large distancesitmoing spherical
iKfR
waves — T
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Reminder: single-channel case

e Wavefunction ‘I’f{'i)(f, R) = qﬁo(f)/\/g“)(Ki, R)

AL R) - R 4 1(0) S
0 ’ R
f(0)=scattering amplitude

@ Cross section:

do
2O =P

O f(6) isthe coefficient of the outgoing spherical wave at large distances.

O Thesquare of f(6) gives the probability that the particle be scattered at an angle
0.
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Multi-channel case: the coupled-channels method

We need to incorporate explicitly in the Hamiltonian thesimial structure of the
nucleus being excited (edgarge).

|H=Tr+h()+V(R,2)|

o Tr: Kinetic energy for projectile-target relative motion.
o {&}: Internal degrees of freedom of the target (depend on theethod
@ h(¢&): Internal Hamiltonian of the target.

| h(©)¢n(£) = engn(©) |

o V(R,&): Projectile-target interaction, eg:

N
V(R.€) = ) Viilri)
i=1
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Defining the modelspace+d°Be — d+1°Be* example

0 P space composed by
ground states (elastic chan-

d+%Bex! nel) and some excited states
R (inelastic scattering)

Loror

d+°Be p+nBe

Boundary conditions:

PR, £) > &R () +foo(9)—¢0(§) + ano(Q) @

n>0
——e
incident elastic inelastic
Cross sections: 4o (0)
o (6 Kn P
— = —I|fno(0
( aQ )0_)n Kol n,O( )|
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CC model wavefunction (target excitation)

We expand the total wave function in a subset of interna¢stéthe P space):

¥rnodelR, £) = do(é)xo(Ko, R) + > én(@)xn(Kn, R)

n>0

Boundary conditions for then(R) (unknowns):

gKoR
R

¥ (Ko, R) — €XoR 4 15,0(0) for n=0 (elastic)
eiKnR

R

XK, R) = fr0(6) for n>0 (non-elastic)
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Calculation ofy{”(R): the coupled equations

@ The model wavefunction must satisfy the Schrodinger eqoati

H-E¥YY) (R =0

mode

@ Multiply on the left by eachy,(£)*, and integrate ovef = coupled channels
equations fofyn(R)}:

[E- &0 = TR = Van(R)]xn(R) = D Varn(Rxw (R)

n#n

@ Coupling potentials:

wmm=f®%@wm@%@

[l ¢n(&) will depend on the structure model (collective, single-particle,etc).
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Optical Model vs. Coupled-Channels method

Optical Model

@ The Hamiltonian
H=Tr+ V(R)

9 Internal statesJustgo(£)

@ Model wavefunction:
Yimod(R, €) = xo(K, R)¢o(é)

@ Schrédinger equation:
[H - Elxo(K,R) =0
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Optical Model vs. Coupled-Channels method

Optical Model

@ The Hamiltonian
H=Tr+ V(R)

9 Internal statesJustgo(£)

@ Model wavefunction:
Yimod(R, €) = xo(K, R)¢o(é)

@ Schrodinger equation:
[H-Elxo(K,R) =0

[Coupled-channels metho}i

@ The Hamiltonian
H =Tr+h(£) + V(R,¢)

@ Internal states

h(&)¢n(&) = engn(é)

@ Model wavefunction:
leodeI(Rsf) = ¢0(§)X0(K’ R) + Y0 ¢n(§)Xn(K7 R)

@ Schrodinger equation:
[H — E]¥moue(R.£) = 0
U
[E— &0 = Ta = Van(R) L xn(K, R) = )~ Vo (R)xw (K, R)

n#n
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Two-potential formula fofg . (6)

Introduce auxiliary potentidllz(R) and rewriteV; as

Vi(R, &) = Up(R) + [V(R, §) - Up(R)]

such that the scattering solutiond is solvable:
[Ts+Us —Ealy (R) =0 Ep=E -z

Then, theexactscattering amplitude can be written &s« «):

fhal6) = ~50 f f 75" (K, ROV, — U ¥Ry
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Deriving the DWBA approximation from the exact scatterimgpditude

o Assume that we can write the p-t interaction ¥éR, &) = Vo(R) + AV(R, &)
o Apply the two-potential formula taking as auxiliary potiehtlz(R) = Vo(R):

exaci 0)

i—f

27rh2 f dR x{7" (K1, R) AV(R, &) ¥ (Ki, R)d¢dR

with A
|[Tr + Vo(R) - Er 0P (Ki.R) =0 (Er = E - &)

@ Make theBorn apprOX|mat|onT(+)(R &) =~ YK, R)¢i(&), with

|Tr + Vo(R) - B[ ¥V (Ki,R) = 0
@ The scattering amplitude becomes (DWBA):

f2YPA6) = - 27rh2 f dRy{ " (K1, R) AVi(R) ¥ (K, R)

with thetransition potential

AV (R) = f deg (&) AV(R. £) ¢i(€)
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Physical interpretation of the DWBA method

o DWBA can be interpreted as a first-order approximation ofila fu
coupled-channels calculation:

DWBA CC

o The auxiliary potentialz generating the entrance and exit distorted waves is
usually chosen in order to reproduce the elastic scattatitiye corresponding
c.m. energy.

ISOLDE Nuclear Reaction and Nuclear Structure Course A. Mt U¥  Universidad de Sevilla 23/50



Inelastic scattering
oooe

Multipole expansion of the interaction: reduced matrixedats

@ In actual calculations, the internal states will have defispinparity:

¢i(é) = 1iM;) and  ¢(¢) = [11Mg)

@ The projectile-target interaction can be expanded in ipoléis:

V(R.€) = Var 3 Vi (R &Y (R)
Au

@ CC and DWBA calculations require the transition potentials

AMEV(R, &MY = Var ™ (1 Me V(R 1M Yau(R)
Au

@ Wigner-Eckart theorem» reduced matrix elements

EMEIVAL(R EIM) = (215 + 1) Y20 MM A (VA (R )LD
N———— — ™

rm.e
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Inelastic scattering: Coulomb excitation

@ Projectile-target Coulomb interaction:

ZP
Z€
Ve(R,€) = |Rt—l"|; &=1{ri} Target
I
@ Multipolar expansion:
1 pib 4 I'l/1
R—ri| 20+ 1R VLEYR® - R>)

o Electric multipole operatorM(EA, u) = ezz" riy: L (FD)

tzpe2 An  Ze

2t 2 o 1 MEL YR =
A>0,u

Ve(R.€) =

Zti’ez +AV(R, &)
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Coupling potentials for Coulomb excitation

@ Transition potentials:

Ao Zie

AR = 2, R
A>0,u

(£ e MAIM(EA, )li; MY, (R)

@ Wigner-Eckart theoress» reduced matrix elements:

(5 1M M(E )11 iy = (215 + 1) Y20 M Al Me )(E; TIM(E, )1l 1iDem

@ Relation to physical quantities

(EHIMEL W Tdem = V2 + 1BEA; i — 1y)
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DWBA expression for Coulomb excitation

o Projectile—target interaction:
Z,Z,€
V(R.8) = UnueR) + Ve (R €) = UniR) + =2

—_—
Vo(R)

+AV(R, &)

@ UseVp(R) as auxiliary potential for entrance and exit channels:

[Tr + Vo(R) - E|¥’(K.R)=0  (E=E-a&)
|[Tr + Vo(R) - Bt ]¥{"(Ki,R) =0 (Er =E - &)

o DWBA scattering amplitude for a transition of multipolarit:

_ u 4nZe
T o2t 22+ 1

F @ f dR 7" (K1, R) AVO(R) T (K1, R)
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Scattering amplitude and cross sections

DWBA SCATTERING AMPLITUDE FOR A TRANSITION OF MULTIPOLARITY A:

M dnZe
2?21+ 1

f(@)imotvy = = (F; [e My IM(EL )l 1iM) f dRY{ " (K¢, R) Yulh )*”(Ki,R)

Ri+1 Xi

CROSS SECTIONS:

do Ks 2
—_ = — f 0 iM: —
(dQ)iM,—»fo Ki ' Ol fo'

UNPOLARIZED CROSS SECTION: 7

do 1 K )
(E).ﬁ.f @ +1)EM% [f @ | |
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What can we learn measuring Coulomb excitation?

[l For ainelastic excitation— f of multipolarity A the diferential cross section is
proportional to theslectric transition probabilit3(E1; I; — ;) because

1
B(EL T = f) = == F LIMEIi I Deml?

U

d .
% o< [KF I IM(E)i 1)1 o< BEEA; 1 — 1)

L If the approximations involved in the derivation of the DWBA approximation are valid, the
transition probabilities B(EA; I; — |;) can be obtained comparing the magnitude of the
inelastic cross sections with DWBA calculations.
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Nuclear collective excitations

@ The nuclear interaction is of short-range, so it dependfeistance between
the surfaces of the projectile and targets:

UndR) =V(R-Ry), Ry=Ri+R
E.g.: Woods-Saxon parametrization

Vo i Wo
1+ exp(%) 1+ exp(%)

Unuc(R) ==

@ For spherical nuclelJ(R) will not depend on the orientation of the nuclei.

.

'R-R, -R, |
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Deformed potential

o Deformed surface:

1(6,6) = Ro+ ) 6.3,(&)Yau(6, 9)

Ap

S/m(g) =deformation length operator
o Deformed potentialV(R- Ry) —» V(R-r(6, ¢)) = V(R, &)
@ Multipole expansion of the potential:

dV(R Ro)

V(R.£) = V(R-Ro) - Zam(s) Yu(6,4) + ... = Vo(R) + AV(R,£)

@ Transition potentials for a multipole

dV(R-Ro)

= h 1t Mg 181,015 1M Y,(R)

‘AV}?(R) = (flAVWiy = —
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DWBA amplitude

DWBA SCATTERING AMPLITUDE.

£(0)1, Mty My = 27rh2<f 1+ M 16 i; |M>de~‘ (K, R) YM(R) YK, R)

CROSS SECTIONS:

do(6) K
(W)i—»f = Ki (Zﬂ'hz) '<f Ifo|51ﬂ|l 1iM; )l

oo, dvV . 2
0RE( (K, R) SV (RIEV(K, R)]

[l Thedifferential cross section is proportional to the deformation parameters

U If the approximations are valid, the deformation parameters can be

obtained comparing the magnitude of the inelastic cross sections with
DWBA calculations.
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Summary of physical ingredients for collective excitaton

@ Coulomb excitation— electric reduced matrix elements

Ao Ze
d21+1 Ri+1

AVit(R) = (I MAM(ER, )li; MDY, (R)

@ Nuclear excitation (collectlve moded deformation lengths

dv,
AVir(R) = - 0Z<f 1M 160,15 1iMi) Y (R)
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Strict rotor model

o |=total spin (angular momentum) of the
nucleus

o K=projection ofl along symmetry axis

@ The nucleus is described by a permanent deformationadferandcharge

@ Thechargedeformation for a multipola is characterized by the Coulomb
intrinsic deformationM,(EA)

@ Thematterdeformation for a multipold is characterized by the deformation
parameterf,) or the deformation length parametég)

@ Transitions occur among states with the same valué€. of
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Description of a deformed surface

[Spherical nucleugs(= 0) ] Deformed nucleus3(# 0) ]

r(#) = Ro[1+B2Y20(¢, 0)]

O Axial deformed nucleus characterizedfy(deformation parameters)
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Surface of a permanently deformed nucleus (rotor model)

o Deformed nucleus with axial symmetm(®’) = Ry [1 + 32Y20(¢, 0)]
d2 = B2Ro = (quadrupole) deformation length
@ Yoo(#', ¢’) can be transformed to the laboratory frame:

Yol 0)= Y\ 1 V(B0 9)
u

( S= {60, #o} gives the orientation of the symmetry axis in the lab frame)
@ Definedefor mation length operator:

4

624(€) = B2Ro T

m®| =5

@ Deformed surface in LAB frame:

1(6,6) = Ro+ ) 62,(6) Yu(6, 9)
u
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Reduced matrix elements in the strict rotor model

Coulomb excitation:

(K KIMEDIK lidem = v21i + L{;iKA0[:KYM,(EQ)

O Mn(EA)=reduced matrix element of the charge deformation in iniciframe.

For nuclear excitation:

(F K IelI6alli; K liyem = 21 + KK A0/ K)B,Ry

@ 3,= deformation parameter
@ §, = 3,Ro= deformation length parameter

0 Mp(EA) andg, represent the charge and matter deformation in the intrfrsme

328, R

Mn(ED) = —

ISOLDE Nuclear Reaction and Nuclear Structure Course A. Mt U¥  Universidad de Sevilla 38/50



Inelastic scattering
O0000000e

Coulomb+ nuclear potential

@ We expect the&€oulombexcitation to be more important when:

o The projectile antbr target charges are large (i.e. laiy&, > 1)
@ At energies below the Coulomb barrier (where nucleteats are less important).
o At very forward angles (large impact parameters).

@ If both Coulombandnuclearcontributions are important the scattering
amplitudes for both processes should be added:

do Kf | 112
(E)i—ﬁ B E lfi(f:ou " fi?uc

O Inthis case, interferences effects will appear!
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Collective excitations: example

Physical example: 180 + 208Ph — 160+ 208pp(3-,2*)

Outgoing'®0 energy:

(a) Metallic target

+ o

=g 407 2 0 B
A z

I

261 3 3

(b) Sulphide target

Number of Counts
b=

2615 MeV(3)

Nucl. Phys. A517 (1990) 193

800 1200 1600

Channel Number
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160+208ph dfective interaction

160+%%pp effective potential
200 ! : ! : !
L -~ Coulomb pontentigl{
— Nuclear
1501;\ — Coulomb + Nuclea]
100- LV, ~78 MeV 1
[}
= 501 B
> L !
0 f | : | .
50 -
~ . | . | .
1005 30
R (fm)
O Coulomb barrier:
ZpZtez
Vbarrier ~ 78 MeV

ISOLDE Nuclear Reaction and Nuclear Structure Course A. Mt U¥  Universidad de Sevilla 41/50



Inelastic scattering

[e]e] le]elele]

Collective excitations: example

10 —]
1 e e—E — 10 '
. poeo
[ 107" M“‘*M, \a/
! 74 Mcv. )
M'i — 69.1 MeV 107} 82 Mev
) e s S o 1 10
10 f s % o
N 0805, ° .
= M e E o * o ) <f
= ' S T2 86 MeV
o | - 3
© a ) <3 f’*
W ——eeeotieg ©
. o 10°} 7%
10 . 86 McV b g
| M
; 3 . 10} 94 Mev
WY et
1
i B, 10'
1 \ 5~ }
. % LN
10* N, 94Mev 10 \
104 MeV \ r
L 9% B s 80 120 160 40 80 120 160
de
0, (deg) 6., (deg) 6., (deg)
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Collective excitations: example

10° —
: 70 MeV. 10° Jlm
717 EED——————— L 5 so-os
[ o M,‘N \\Q/
! 74 MeV A
M-i — 69.1 MeV 107} 82 Mev
G I8 MoV o 10 10
G oo s P a .
E ool “N I A
T A 9 =10 e
= 1 w2 L) 86 MeV
L | . 3
le] a ) <3 f’*
(] —eereeta, ©
\,\ o 10} ’j\ Y
10 . 86 McV 3 %
| .,
; 3 . 10} 94 Mev
WY et
1
10 B 10/
! s, 5 A }
‘ . PN
107 Ny % Mev 10 \
104 MeV \ r
0 90 120 150 80 120 160 40 80 120 160
de
0, (deg) 6., (deg) 6., (deg)

O Coulomb barrier:
ZpZte2

— P~ 78MeV
1.44(°% + A

Vbarrier *
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Inelastic scattering
O00@000

208pp 60 150)?%8Ph inelastic scattering

Coulomb and Nuclear excitations can produce construotigkestructiventerference:

ZOSPb(lGO,lGO)ZOBPb*(S-)

T T T T T T T T T m|
r|— DWBA: Coulomb + nuclear b
- - DWBA: Nuclear 7
10—~ DWBA: Coulomb i
= ]
Y r -7 ]

g
g N
S F e

=2 r
[7)
bE ° |
T 0.1 / E
F ’ o 7
r / 1
r Elab:78 MeV // ]
/
1 | A [
0.0 50 100 150
GC m (deg)
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Inelastic scattering
0O000e00

208pp 60 150)?%8Ph inelastic scattering

Below the barrier, the Coulomb excitation is dominant, draibterference is smaller:

20851180, 1002 % p¥(3)

O T A S R S R T S A S S TS S S A
— DWBA: Coulomb+Nuclear
11— - DWBA: nuclear 4
F|— - DWBA: Coulomb ]
E L ]
o) L 4
E |
®]
S 0.1 i
£ ]
(o) ]
gl ]
I g =69 MeV P
ab R
oo ¥ N A AP AR AP P
’ 40 60 80 100 120 140 160 180
8 m. (deg)
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Inelastic scattering

[e]e]ele]e] o]

208pp 60 150)?%8Ph inelastic scattering

Effect of the incident energy:

10 208Pb660,160)208PD(3,2+) 7

L L L L 1 L L
60 80 100 120 140
E‘ (MeV)
lab
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Inelastic scatteri
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Extra stuff...
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Inelastic scattering

DWBA approximation as 1st order CC

@ Two-states modet =0, 1:

(R, ¢) = ¢o(Exo(R) + $2(E)x1(R)

elastic inelastic

@ Coupled-channels equations:

[E - &0 = To — Voo(R)] xo(R) = Vou(R)x1(R)
[E - &1 - T1 = Via(R)] x1(R) = Vio(R)xo(R)

¢ lterative solution of the CC equations (DWBA):

[E — &0 — To — Voo(R)] xo(R) ~ 0
[E - &1 - T1 = Vua(R)] x1(R) = V1o(R)xo(R)
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Inelastic scattering

DWBA approximation as 1st order CC

o Asymptotically:
'KlR
xR - flo(e)

with (not proven here!)

f10(6) =

- f dRY; " (K1 R)Vao(R)¥g (Ko. R)

whereyo(Ko, R), ¥1(K1, R) are solutions of:

[E - &0 — To — Voo(R)] xo(Ko,R) = 0
[E-e1-T1 - Vua(R)x1(K1,R) =0

[1 The DWBA approximation amounts at solving the CC equations to 1st order (Born
approximation)
a’ —
DWBA
a
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Inelastic scattering
(o] lele]

Reminder of Wigner-Eckart theorem: reduced matrix elesient

(1sMrOdliMiy = C(1i, 1g, )< Mg 4l iMi) (I IO111)
——

rme

Two popular conventions in Nuclear Physics:
@ Bohr-Mottelson (BM)convention:C(l;, I+, 1) = (2l + 1)7%/2

(MO M) = (21 + 1)1 Me i MOl e
@ Brink-Satchler (BStonvention:C(l;, I¢, 1) = (-1)*
MO = (=121 Ml iM ) 1Oalllies

So, the r.m.e. are related by:

A1OMem = +/21s + LlIOallldes
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Inelastic scattering
00e0

Reminder of the independent particle model (IPM)

197:2 b,s=1/2 .
A iy

1g (50 N js =4 1/2
1g9/2
2 2p1/2 ¢
4 e
If —— (28) 2psp S
0 17,2
1d3/‘ =+ 5
2 e Vis(r)l - s
—i )
1p — i:m V(r) + Ve(r)t-§
32
Is Isy;2 1Vso('r) <0
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Inelastic scattering
{eJele] ]

Microscopic description in the IPM: thé€Be case

Extreme IPM model:

750 ot

7.371

2 b—— .

TR )
5.95839:

H

3.36803 2+

=0hT=1

IOBJe

| First excited state (9 |

| Ground state (O)I

wl 0o P

} 25—+ 25
wl "o P > § |

| : / 1py,
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Inelastic scattering
{eJele] ]

Microscopic description in the IPM: thé€Be case

But life is not that simple. ..

Ground state (0 |

f°Be(gs;0+)>=

[°Bé (2)>=
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