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Introduction

@ General features of inelastic scattering
@ Formal treatment: Coupled-Channels method
o Partial wave analysis
@ Scattering wavefunction
@ Coupling potentials in the channel basis

© Modéels for inelastic scattering
@ Coulomb excitation
@ Collective nuclear excitations: rotor model
@ Microscopic folding models

© Input examples for inelastic scattering
@ Collective models
@ Example for rotor model’Li + 2%8Pb
@ Example for collective model with general matrix elemenf©+ 2°%Pp
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General features of inelastic scattering

Remainder: direct versus compound reactions

Direct: elastic, inelastic, transfer,. ..
e only a few modes (degrees of freedom) involved

o small momentum transfer

@ angular distribution asymmetric abouyt2 (peaked forward)

Comprounp: complete, incomplete fusion.
@ many degrees of freedom involved

@ large amount of momentum transfer

@ “lose of memory”= almost symmetric distributions forwatthckward
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General features of inelastic scattering

Inelastic scattering to bound states

@ Nuclei are not inert ofrozenobjects; they do have an internal structure
of protons and neutrons that can be modified (excited) duhiag
collision.

@ Quantum systems exhibit, in general, an energy spectrumbaiind
and unbound levels.
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General features of inelastic scattering

Inelastic scattering

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

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

Involve small number of degrees of freedom.

The colliding nuclei preserve their identitge+ A — a* + A*

Typically, they are peripheral (surface) processes.
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General features of inelastic scattering

Models for inelastic excitations

© COLLECTIVE: Involve a collective motion of several nucleons which
can be interpreted macroscopicallyrasationsor surface vibrationef
the nucleus.

. llBe*

@ SIGLE-PARTICLE:Involve the excitation of a nucleon or cluster.
1‘1:Be

—/
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General features of inelastic scattering

Models for inelastic excitations

Microscopically what we describe in both cases are quantum transitions
between discrete or continuum states:
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[ Collective excitations can be regarded as a coherent sugsgtipn of many
single-particle excitations.
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General features of inelastic scattering

Energy balance for inelastic scattering

o For projectile excitationa+ A — a* + A

EL + MaC? + Mac? = ELy + MEC? + Mac?

Ma: = Mg+ Ex  (Ex=excitation energy)

o Q-value:
Q= MaC2+MAC2—M;CZ—M§C2=—EX<0
r ,
Ecm = E::m + Q
o So
Ex=EL — Ebm
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General features of inelastic scattering

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@

O Eg. energy and angular distribution of the outgoing protons
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General features of inelastic scattering

What do we measure in an inelastic scattering experiment?

[0 The proton energy carries information on the excitation spectrum.
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General features of inelastic scattering

What do we measure in an inelastic scattering experiment?

[0 The proton energy carries information on the excitation spectrum.
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General features of inelastic scattering

What information do we get from an inelastic scattering expent?

@ The proton energy spectrum shows peaks which correspomhe stdtes
of the target {Li)

@ The heights of peak~(cross section) are filerent 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 becomeicmus and
structureless.
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General features of inelastic scattering

What information do we get from an inelastic scattering expent?
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General features of inelastic scattering
©00000000

Formal treatment: the coupled-channels method

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

|H=Tr+h()+V(R,9|

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

o {&}: Internal degrees of freedom of the target (depend on thestpod
o h(¢): Internal Hamiltonian of the target.

| h(f)‘ﬁn(f) = 8n¢n(§) |

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

N
VR, &) = > Vyilrpi)
i=1
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General features of inelastic scattering
0®0000000

Model wavefunction (target excitation)

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

Pinode(R, €) = o(Eo(R) + ) #n(@)xn(R)

n>0

@ ¢o(¢): target ground state wave function.

@ yo(R): describes the projectile-target relative motion with tdxget in
the initial state= elastic scattering

@ ¢n(¢): target internal wave function in the excited state

@ yvn(R): describes the projectile-target relative motion with téget in
the excited stata = inelastic scattering
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General features of inelastic scattering
0®0000000

Model wavefunction (target excitation)

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

Pinode(R, €) = o(Eo(R) + ) #n(@)xn(R)

n>0

@ ¢o(¢): target ground state wave function.

@ yo(R): describes the projectile-target relative motion with tdxget in
the initial state= elastic scattering

@ ¢n(¢): target internal wave function in the excited state

@ yvn(R): describes the projectile-target relative motion with téget in
the excited stata = inelastic scattering

¥n(R) = unknowns
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General features of inelastic scattering
00®000000

Physical meaning of,(R): scattering observables

0 Thequantumscattering is a wave process:

P @etector

Source

@ The incident projectile is described bykane wave— gKiR
@ The scattered projectile is described at large distancesitgpoing
iK¢R
spherical waves— % (more generallyH™") (K;, R))
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General features of inelastic scattering
000800000

Physical meaning of,(R): scattering observables

In the problem WITHOUT internal degrees of freedom...
@ Scattering amplitudef(9)

. Rs . iKiR

POR) = R 1 yOR) — iR 4 f(@)—éR

o Cross section:

do . 2
‘ E(H) = [f(0)]

O f(0) is the cogicient of the outgoing spherical wave at large distances.

0 The square of(0) gives the probability that the particle be scattered at
an anglef.
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General features of inelastic scattering
0000@0000

Physical meaning of,(R): scattering observables

In the problem WITH internal degrees of freedom...
@ Scattering amplitude:

KQR

YOR. & - {éKoRnoo(e) }¢o(§) (elastic)

) grof
YORE - o) R

én(€), n#0 (non- elastic)

o Cross sections:
da’n(b?) Kn

dQ

|fn 0(0) = [fr0(0)?

O f.0(0) is the cogficient of the outgoing spherical Wayé”(R) at large
distances.

O The square ofn,o(e) gives the probability that the particle be scattered
an angled with the target ending up in the excited state
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General features of inelastic scattering
00000@000

Calculation of)(fﬁ)(R): the coupled equations

@ The model wavefunction must satisfy the Schrédinger eqoati

H-EYY) (R&)=0

mode|

@ Projecting onto the internal states one gets a system ofetgguations
for the functionsjy(R)}:

| [E - o0 — TR~ Vo R)xa(R) = > Vour R (R)

n#n

@ Coupling potentials:

Vo (R) = f 026 (&) V(R. )6n(&)

O ¢n(€) will depend on the structure model (collective, singletide,etc).
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General features of inelastic scattering
000000800

Optical Model vs. Coupled-Channels method

Optical Model I

@ The Hamiltonian
H=Tgr+ V(R)

@ Internal states
Not considered
explicitly

@ Model wavefunction:
Yei(R) = xo(R)

@ Schrddinger equation:
[H - Elxo(R) =0
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General features of inelastic scattering
000000800

Optical Model vs. Coupled-Channels method

Optical Model I

@ The Hamiltonian
H=Tgr+ V(R)

@ Internal states
Not considered
explicitly

@ Model wavefunction:
Yei(R) = xo(R)

@ Schrddinger equation:
[H - Elxo(R) =0

TALENT Module Nb. 6

| Coupled-channels methaj

@ The Hamiltonian
H=Tr+h(é) +V(R,$)

@ Internal states

h(€)¢n(€) = engn(€)

@ Model wavefunction:

Pmode(R, &) = ¢o(E)xo(R) + Znso En(E)xn(R)

@ Schrodinger equation:
U
[E - &0 = Tr = Van(R)xa(R) = ), Vaw (R)xw(R)
n#n
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General features of inelastic scattering
000000080

DWBA approximation as 1st order CC

o Two-states modeat = 0, 1:

Y(R,£) = do(é)xo(R) + d1(6)x1(R)

elastic inelastic

@ Coupled-channels equations:

[E - &0 — To — Voo(R)] xo(R) = Vo1(R)x1(R)
[E-é&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 - V1a(R)] x1(R) = V1o(R)xo(R)
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General features of inelastic scattering
000000080

DWBA approximation as 1st order CC

@ Asymptotically: ‘
) o
X1 (R) = f10(0)

with (not proven herel!)

hol®) =~ [ R (K1 RVIGRITS (Ko R)

42
whereyo(Ko, R), x1(K1, R) are solutions of:
[E - &0 — To = Voo(R)] xo(Ko,R) = 0
[E-&1-T1-Vuu(R)]x1(K1,R) =0

[0 The DWBA approximation amounts at solving the CC equatmdst order

(Born approximation)
a T
DWBA
a
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General features of inelastic scattering
000000000

Summary of the DWBA approximation for inelastic scattering

@ Assume thaV (R, ¢) = Vo(R) + A(R, &)
o Calculate the “unperturbed” initial and final waves:

[E-& - Ti - Voi(R)¥(Ki,R) = 0
[E- & - Ti = Vos (R) 7P (K¢, R) = 0

o TreatA(R, ¢) in first order (Born approximation):

0) =~ | ORTKe RIARIF(Ki.R)

o Aj (R) is the transition potential

At (R) = f 467 (E)AE R) ()
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General features of inelastic scattering
®00

Partial wave analysis: the channel basis

@ The channel basis (projectile excitation)

QMR E) = > Vi (Rignim, (LMLIM1IMr)

MM

= [V R ® 4 (@)],,,

@ The total WF is expanded in the channel basis:

2R
YOR, )= ) cﬂ’JMT)%cD;MT(Rg); B = (nLI)
B.I.Mr

o For atotalJ, there will be a certain numbeN] of channels3
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General features of inelastic scattering
o] Yo}

Calculation of)(g(R): radial coupled equations

@ The coupled equations:

2 d®  KPL(L+1)
(it o

B Gk B E)X,;(R) + 3 V(R (R = 0
ﬂ/

@ Coupling potentials in the channel-basis:

Vig(R) = f dR ;' (R £)"V(R, 0" (R f)’
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General features of inelastic scattering
ooe

Solution of the coupled equations: boundary conditions

@ For each] = N coupled dff. equations (one for ea@) = N indep. solutions

@ Standard choice: build solutions characterized by a givéraace channel
Bi = {ni, Li, li}: ,
X35 (R .
¥ (R&) = ) =0l (R o)
B

@ The radial functiongg;ﬁl(R) verify:
0 Regular at the origing}., (R=0) = 0
0 Asymptotic behaviour:
) (K R) = [HOKRS5s — S HO (KR
X5 (Kss )—’2[ L (KsR)dgs, %ﬁ L (Kg )]

= [FLKsR)Sp 5, + T 5 H (KsR)]

BB

Sg,ﬁi =opp + 2T, (Multi-channel $T-matrix)
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General features of inelastic scattering
©0000

Scattering wavefunction

@ Wavefunction corresponding to the experimental condition
WO (R.E) = X @) + X, i (RE)

@ Can be constructed making a l.c.{6f, J, Mt} solutions:

K Nl M 1iM; Bi Mt 1iM;
ﬁlJMT BIJMT

WO (R.E) = Z BT+ _ Z b JMTZXBﬁu( )(DJMT(R £)
B

Comparing with the partial-wave expansionefi'R [EXERCISH:

JM 47T * 7
i = %“ i CLiNMIIME)YE  (Ki)
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General features of inelastic scattering
0®000

Scattering amplitude and cross sections

@ The scattering amplitude is the dheient of é¥R/R:

~ 27 N
f(Ki, K)niiminiv = ——= Y (KCLiNiL MiJIMy)
VKK; JMTZL;Ni
x > (Snn0i 0Lt = S, (LNIMIIMD YN (K)
niLN

o Elastic and inelastic cross sections:

do
(d_Q)i a2 +1 Z [{GSRSUvEYIL

TALENT Module Nb. 6 A. M. Moro u¥  Universidad de Sevilla 26/71



General features of inelastic scattering
0000

Multipolar expansion of coupling potentials iV ) basis

O General multipole expansion MR, &):

V(R,£) = Var Y Vi (REYi(R)
Au

Vi (R) = (tMeIV(R, Ol1iMi) = VA > (e MeValliMi) Y (R)
Ap

0 Inmany interesting case¥,, (R, £) = Fa(R)7,(£)

VR, = Var 3" FaR) D T V(R
1 H

(eMEIV(R, OIM) = Var 3" Fa(R) > It MeIT 3, ()M Y (R)
1 H

TALENT Module Nb. 6 A. M. Moro u¥  Universidad de Sevilla 27/71



General features of inelastic scattering
0000

Remainder of Wigner-Eckart theorem: reduced matrix elémen

(MOl = C(li, I, ) MelduliMi e IOallT)
N —
r.m.e

Two popular conventions in Nuclear Physics:

@ Bohr-Mottelson (BM)convention:C(lj, I¢, 2) = (21 + 1)7/?

UM IOLIMIY = (21 + 1) Y200 Me 4l iM IO e
@ Brink-Satchler (BStonvention:C(l;, If, 1) = (-1)*

UMt O IMY = (=140 M| duliMi X104 Yes

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

A0l YBM = /21 + 11O, llldBs
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General features of inelastic scattering
0000®

Coupling potentials in terms of reduced matrix elements

Using BM convention:
© General case:

(I Mg Auli M)
MEIV(R, OIiMiy = Var
v - S

UeIVA(R MY Yau(R)
———
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General features of inelastic scattering
0000®

Coupling potentials in terms of reduced matrix elements

Using BM convention:
© General case:

(I Mg Auli M)
MEIV(R, OIiMiy = Var
v - S

UeIVA(R MY Yau(R)
———

@ If the structure part can be singled out:

(It Mg |Auli M;)
ItMs[V(R, |liM;) = V4 -
(s MrIV(R, E)I1iMi) vn; N

FA(RIT )N Yau(R)
D —
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General features of inelastic scattering
0000®

Coupling potentials in terms of reduced matrix elements

Using BM convention:
O General case:

(I Mg Auli M)
MEIV(R, OIiMiy = Var
v - S

UeIVA(R MY Yau(R)
———

Q@ If the structure part can be singled out:

(s Mg | Auli M)
MEIV(R, OIM;Y = Var
v - D

FARINTEN) Yau(R)

\

I The structure information is condensed in thansition pot

Vi (R) = (VAR &)llti) = Fa(RIIHIT; ()l
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General features of inelastic scattering
°

Coupling potentials in the channel basis

O For projectile excitations> g = {n(LI)}  (channe):
ﬂﬁ’(R) — ((Lsl£)IrIVI(Lil)Ir)
O Coupling potentials in channel basis:
(L) I IVILi 1) Iy = \/4_7TZ(_1)/1+Li+If+JT
A
L J
% {Ifl Llf /lT}<Lf||Y/l|||—i>7:/z(R)<|f||T1|||i>

O All structure (model) contained in theansition potentials

ViH(R) = Fa(RXIIT I
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Models for inelastic scattering

Models for inelastic scattering
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Models for inelastic scattering
Strategy

© Identify the projectile-target interactiof(R, &) consistent with our
structure model.

@ Perform a multipole expansion:

V(R.€) = Var 3" V(R )Y(R)
Ap

© Evaluate the matrix elements in the basis of internal states

(I Mg |AuliM;)
M |[V(R, IliM;) = V4 _
UMV (R, €)I1iM5) «/n; T

© Identify the multipole transition potentials

(eIVAR E)IIDYau(R)

VAR) = (elIVa(R Il = Fa(RIIT 5 (N
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Models for inelastic scattering

Types of collective excitations

The nucleons can move inside the nucleus in a coherent ¢tode way.

@ Vibrations(spherical nuclei): small surface oscillations in shape.
© Rotations(non-spherical nuclei): permanent deformation.
© Monopole(breathing mode: oscillations in the size (radius).

© Isovectorexcitations (protons and neutrons move out of phase) (egt g
dipole resonance)
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Models for inelastic scattering

Types of collective excitations

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

1200 ¢
\
AY
~1000} K
> P
- N [ L
N\
, 800} \
(4] Ay
« " _—
2 Y et
Z s00t o .
N \ —

z N \
© o0} 2 N
= 400 Ny \ .
é ‘\ \k‘* -
L ~ -

- 2+
ﬁ 200 S

N
3 ———pt
L 0{__ __ob- --.00-
:] Sm 150 gy 152 g 154gm,

TALENT Module Nb. 6 A. M. Moro u¥  Universidad de Sevilla 33/71



Models for inelastic scattering
€000

Inelastic scattering: Coulomb excitation

o Projectile-target Coulomb interaction:

Zp Ztez . R_F

V(R,¢) = |R ot & ={ri} R Target

° Multipolar expansion:

1 4o 1f
R—r| 2/l+1Rﬂ+1 Y

WEYL®)  (R>n)

@ Electric multipole operatoM(EA, u) = e r ”Y* (r )
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Models for inelastic scattering
fo] Yolo)

Inelastic scattering: Coulomb excitation

@ Monopole and transition operator:

Z:Z,& M(EA, 1) Yau(R)
VR.8) = VolR) + AR.&) = 2% 4 anze 3 HELM U
A>0,u

o Transition potentials:

A Zie ~
Vam(R) = —_1<n|nMn|M(E/L/J)|m|mMm>Y/w(R)
/I>ZO;;4 21+ 1 R

o Wigner-Eckart= Multipolar transition potentials:

W Zie
21 + 1 R+

Vin(R) = (N5 1nlIM(E, )11 1m)
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Models for inelastic scattering
fole] Yo)

DWBA expressions for Coulomb excitation

DWBA SCATTERING AMPLITUDE FOR A TRANSITION OF MULTIPOLARITY A

AnZie

_ Y1 (R
x [ REOK RIEDEK.R)

(5 1eMeIM(EA, )i ;M)

CROSS SECTIONS:

|2

do Kt
(E)iMi—ﬂ‘Mf - E |f(Kf’ KI)IMi_}fo

UNPOLARIZED CROSS SECTION (L.E. Mj AND Mf NOT MEASURED):,

do 1 K .
(dQ)i_)f (2l + 1) K; M%\:/lf | (K, Ki)im fo|

TALENT Module Nb. 6 A. M. Moro W Universidad de Sevilla 36/71



Models for inelastic scattering
oooe

What can we learn measuring Coulomb excitation?

[0 For ainelastic excitation— f of multipolarity 1 the diferential cross section is
proportional to theslectric transition probabiliti3(E4; |; — I) because:

. 1 .
‘B(Exl;l —f)= me HIM(Ei 1)

U

d ,
30 [F IIMED 1) & BEX 1 = 1)

O If the approximations involved in the derivation of the DWdg#roximation are
valid, the transition probabilitie®(EA1; |1 — It) can be obtained comparing the
magnitude of the inelastic cross sections with DWBA catauia.
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Models for inelastic scattering
©0000000000000000

Nuclear collective excitations

o Central potential Typically U (R) = V(R-Ry), Ro=Ri +R».
[0 Eg: Woods-Saxon parametrization
Vo . Wo

UnudR) = _1 + exp(%) - Il + exp(%)
g

'R-R -R, !
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Models for inelastic scattering

O®@000000000000000

Collective excitations of a deformed nucleus (rotor model)

Axial deformed nucleus characterized fy=deformation parameters

Spherical nucleusi(= 0) | | Deformed nucleusi(# 0) |

z

r(#) = Ro[1+ B2Y20(¢', 0)]
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Models for inelastic scattering
00®00000000000000

Surface of a deformed nucleus

@ Deformed nucleus with axial symmetm(8’) = Ry [1 + 32Y20(¢', 0)]
d2 = 2Ry = (quadrupole) deformation length
@ Yoo(¢,¢’") can be transformed to the laboratory frame:

Yio(#/,0) = Z 0@ B, 7)Y (6, 6)

Z)ﬁ ,=rotation matrix a, B, y=Euler angles.
o Definedeformation length operator:

82;4 =620 o(a' B:y) = p2ReD 0((1’ B:7)

o Deformed surface in LAB frame:

re,¢) = Ro+ Z 62, Y2,.(6, 9)
7

TALENT Module Nb. 6 A. M. Moro W Universidad de Sevilla 40/ 71



Models for inelastic scattering
000®0000000000000

Deformed potential

@ Deformed potential in intrinsic frame:
V(R-Ro) = V(R-r(¢,¢")) = V(R,¢)
o Multipole expansion:

VRY,¢') = Var Y Va(RYa0(0',¢)
A

V(R) = % f VR- 1, 6,0 6)

o Deformed potential in LAB frame:

V(R 6,9) = Var > Va(RIDk(. 8. 7)Yi(R)
A
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Transition potentials

o Internal states:

A~

|
EK 1M = @D'MK(a,ﬁ,y)

@ Coupling potentials:

Vit (R) = (K 1iMeIVIK 1M} = Var ) Vi(RI(K It MDAl 1 Mi)Y,(R)
Au

o Multipolar transition potentials:
Vi (R) = Va(R(K T IDYIK 1)
o Structure reduced matrix elememR®ROVE IT!

K IHIDYIK 1yem = Ti(li K A1 0/lf K)
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Small deformations

@ Multipole expansion of the potentiéihtrinsic frame):

dVo(R -
V(R.0.¢) = VoR-Ro) - 3 5, B-F)
A

iR Y,l(g,(]ﬁ)-l-

1 5 dVo(R - Ro)
Var = dR

@ Transition potentials for a multipolé

Va(R) = -

1 dVo B ~ 1
\/_ dRél(K DK 1i) = \/_ dR<K 1£116111K 1)

U For small deformations, the nuclear transition potentiate proportional to
the matrix element of the deformation length operator

Vi(R) -
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DWBA amplitude

DWBA SCATTERING AMPLITUDE:

. N
FC, K = =5 ) [ aRE < R SRY.,(6. 07 . R

CROSS SECTIONS:

do(6)
(d—ﬂ)iﬁf e GO

s ondV ?
g U RFD K, RIGR V0. AT (K. R)

i?)

[J The dfferential cross section is proportional to the deformati@rgmeters|

U If the approximations are valid, the deformation parametean be

obtained comparing the magnitude of the inelastic cross@es with
DWBA calculations.
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Rotor model for the Coulomb excitation

For Coulomb excitation we had:

4 Zte /ly (R)

Vi(R) = ) 5o (I MAIM(EL )l iMi) =5
>0

If the nucleus has a permanent deformation in intrinsic &#am

(K I IM(EDIIK 1)) = Mp(EQTi(1iKA0]11K)

O Mn(EQ) is the reduced matrix element of the (charge) deformatidhen
intrinsic frame.
O Mp(EQ) is the same for all transition within a given rotational b&kdl
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Summary of physical ingredients for collective excitation

o Coulomb excitation— electric reduced matrix elements

AnzZie Y (R
Vir(R) = ) 5 i IiMiIM(EL )l M) — 5

>0
@ Nuclear excitation (collective modef deformation lengths

dVq
Vir(R) = —2 Z ¢ 1Mi1d 01 M) Yau(R)
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Summary of physical ingredients for collective excitation

o Coulomb excitation— electric reduced matrix elements

4nZie

Vit (R) =
>0

21+ 1

(f; 1 M¢IM(EA, )li; liMi) ———

ﬂu(R)
RA+1

@ Nuclear excitation (collective modef deformation lengths

V|f (R) =)

dVo

0O Within the rotational model:

O

Z<f 1M 184,01 1M Y (R)

(KIIMEIK Ti) =

Mn(E)Ti(1iK A0/ K)

K Ielioalli K 1y = 6,0iiKA0lIKY | 6, = BiR
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Coulomb+ nuclear potential

@ We expect the&Coulombexcitation to be more important when:

s The projectile angbr target charges are large (i.e. lafj&, > 1)

s Atenergies below the Coulomb barrier (where nucldteas are less
important).

o Atvery forward angles (large impact parameters).

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

i K
dQ i—>f_Ki

O In this case, interferencegfects will appear!

nucl 2

coul
fif  +fi
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Collective excitations: example

Physical example:60 + 298ph — 160+ 208pp(3-,2+)

Outgoing!®0 energy:

(a) Metallic target

+ -

i=3 4.07 2 -
A >

! 10 2

2.61 3~ E

5

(b) Sulphide target

Number of Counts
=

2615 MeV (37}

Nucl. Phys. A517 (1990)
193

800 1200 1600

Channel Number
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160+2098pp dfective interaction

160+%%pp effective potential

200, ‘ : : ‘ :
L -~ Coulomb pontentigl{
— Nucl
150:\\ —_ Cgﬁlgﬁnrb + Nuclea[™]
100- LV, ~78 MeV 1
[]
S 50 g
N L .
0 f | : | .
50~ g
-1005 ‘ 0 2 30
R (fm)
0 Coulomb barrier:
Vbarrier ~ 78 MeV

14402 + A3y
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Collective excitations: example

10 —]
; 70 MeV. 1 a
m.[ N\ . }M\,\\/
10" e,
74 MeV -
m-i Am—-mmmm‘ 69.1 MeV 107} 82 Mev
10
o o 10
s N ™~
g i R J‘“a\
T — =~ e
g 1 Tt 82 MeV 70 MeV 86 MeV
o | iy 3 © <
E‘ L e - % 10 ﬁ’\
-
. ) s, ol 24 {9
10 n_86 MeV 1o S ¥ ‘e\
“u : \
| e
! B 74 MeV/ 107} 94 Mev .
101 —eeefeg
- ) 10°) 10"
\ oo, P
\ N
10 N, MV 10" “’“Fﬂ
78 MeV 104 MeV \
0 a0 20 150 80 120 160 40 80 120 160
(deg) 6, (deg) 6., (deg)
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Collective excitations: example

10 —
i 70 MeV 10° a
] e—————————- ey e
[ 10" o, \\/
! 74 MeV! -
M-i R 69.1 MeV 107} 82 Mev
78 MoV o 10 10
P Z
| 2 | )| /TN
107 |10 G
Z - 2 e i
Ux 1 5 3 70 MeV 86 MeV
3 |n"} ST Z A
~ ) B @ f"‘;\: N
10 \\"(ch\' 1o % ¥ “‘e\
= \
““i . il 74 MeV/ 107} 94 Mev .
] —eeessay
%
- ) 10°) 10"
= o
o
L Y \
w0 Ny 94 MeV 10" 10°)
78 MeV 104 MeV \
0 a0 20 150 80 120 160 40 80 120 160
0, (deg)
e (0 6., (deg) 6., (deg)

0 Coulomb barrier:

~ 78 MeV
14402 + A3y

Vbarrier ®
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208pp 60 160)2%8pPp inelastic scattering

Coulomb and Nuclear excitations can produce constructivadestructive
interference:

Pb( ok 0) Pb*(3')

| [— DWBA: Coulomb + nuclear
- DWBA: Nuclear
10kL[~- DWBA: Coulomb

do; ./dQ (mb/sr)

[ /
1 ' | ' ' ' Al ' ' ' ' | '
0.01—"454 100 150

9, (deg)
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208pp 60 160)2%8pPp inelastic scattering

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

208Pb(160,160)208Pb*(3-)

= DWB)—\: Coulo‘mb+Nu‘cIear ‘

1+-|—- DWBA: nuclear -

F|—- DWBA: Coulomb 1

/dQ (mb/sr)

o
-

inel

do.

E,,,=69 MeV e

| P N B AR IR RN BRSSP
0.01 40 60 80 100 120 140 160 180
8, ., (deg)
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208pp 60 160)2%8pPp inelastic scattering

Effect of the incident energy:

.
10°H— 2

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

L L | L | L |
60 80 100 120 140
E_, (MeV)
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When running your calculations...

-

pelpLul
Tips

@ Do not confuse&, (deformation parameter in intrinsic frase) W&J{]ﬂ
(deformation length operator in LAB frame):
e 0, is a c-number and is the same for all transitions within thmeesa
rotational band
e 4., is characterized by its matrix elements, which arféedént for each
transition.
@ When USinq“”S&”h) from literature, make sure what convention is use
for the Wigner-Eckart theorem.

@ FRESCO Uses Bohr-Mottelson convention so
(ellSallliy = lillallle)
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Microscopic folding models

© Single-folding potential:

VR) = [ psmn(R - s)ds -
O pi(s)=target g.s. density. R

© Double-folding potential:

V(R) = f Pp(S)Pt(SIVNN(R + S — stl)dsds: H B
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Diagonal and transition densities

o Density operator:

A
psé) =) d(s-r)  £={n)
i=1
o Ground-state density:

Pgs(s) =(990(S. 6)I99) = (Pp(r1, . ... TA)IP(S, E)Ipo(ra,....TA))

@ Transition density:

(o(s. ) =< (ra, ... rAO(S E)i(r 1, ... TA))

@ Multipole expansion of density operator:

p(s€) = Var Y puls Y
A
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Relation to physical quantities:

9o 1 =0 = matter densities:
[ongas=n [oQds=z [ ped=n

@ 1> 0= electric moments, transition probabilities,etc

(¢lIEAII) = fo el ®yr2dr

BEL | — 1) = (21 + 17 V2@ [N i #f
Q, = +/161/5 (2 + 1y Y2 1201y (LE2NY 1=l =1>0
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Multipole expansion of the potential

VR &) = Var Y [ (s 1 @mn(R - shds
A
Comparing with the general expansion,

V(R,&) = Var Y ViR YR
A

one gets

cosp)=7-8§

ViR &) = f Ban(S V(R — S)Pa(cos))ds

(elVa(RINY = V¢ = f<|f||ﬁ/l|||i>VNN(|R — §)Pa(cosg))ds
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Input examples for inelastic scattering
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Remainder of some important formulae

The main physical ingredient of CC and DWBA calculationstagecoupling
potentials:

VAR) = (elIVa(R &Iy = Fa(RIIIT ()

o 7 ,(R)=radial formfactor
o (|17} (&)Illi)=structure reduced matrix element
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Reduced matrix elements for inelastic couplings

| Coupling | TYPE | P(K) \ STR |
Coulomb | 10,11 Mn(K)
(rotational)
Coulomb | 12,13 #0 M(EK) = (=1)= 2 (I"IM(EK)III})
(general) (arbitrary)

Nuclear 10,11 | DEF(K) = RBk -

(rotational)

Nuclear | 12,13 | DEF(K) = R8¢ | RDERK) = (=1)~=(I'|Isulll}
(general)
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Input example for inelastic scattering with collectiverfofactors

Inelastic scattering within the rotor modéfBe + 1H

TALENT Module Nb. 6 A. M. Moro u¥  Universidad de Sevilla 62/71



Input examples for inelastic scattering
oe

Input example fof°Be + 1H

OBe+p @ 63.7 MeV/u DWBA (rotor model)
AMELIST
FRESCO hcm=0.05 rmatch=40.0
jtmin=0.0 jtmax=50 absend=-1
thmin=0.1 thmax=90.00
iter=1 nnu=24
smats=2
xstabl=1
elab=637.7 /

PARTITION namep='10Be’ massp=10.0113 zp=4

namet="p’ masst=1.0078 zt=1 nex=2 /
STATES jp=0.0 bandp=1 ep=0.000 cpot=1 ep=0.0 jt=0.0 /
STATES jp=2.0 bandp=1 ep=3.368 cpot=1 copyt=1 /
partition /

POT kp=1 ap=10 at=0.0 rc=1.0 /

POT kp=1 type=10 shape=10 p2=7.8 /

POT kp=1 type=1 pl=31.64 p2=1.145 p3=0.69
p4=8.78 p5=1.134 p6=0.69 /

POT kp=1 type=10 shape=10 p2=1.97 /

step /

pot /

overlap /

coupling /

TALENT Module Nb. 6 A. M. Moro

@ iter=1: Solve CC to 1st order
(DWBA)

o For the excited paircopyt=1

@ Coulomb deformation:
type=10 (rotor)
shape=10 (usual deformed
charge distribution)
Mn=7.8 e fn?

@ Nuclear deformation:
type=10 (rotor)
shape=10 (derivative of
undeformed potential)
02=1.97 fm.
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Collective excitations from general matrix elements

Example:2°8Pb{80,1%0)?%8Pp(3,2%)

+
—g 407 2
!
261 :  g-

=2 ——

=1 95V ' of

208 Pb
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Input example for%Pb60,180)?%8pPh(3,2%)

Input example 2298pPb80,160)?%8Ph(3",2%) (016pb-ccla.in)

olépb_ccla.in: 160+208Pb 80 MeV &POT kp=1 itt=F ap=208.000 at=16.000 rc=1.200 /
NAMELIST &POT kp=1 type=13 shape=10 itt=F p2=54.45 p3=815.
&FRESCO hcm=0.05 rmatch=100.60 V
jtmin=0.0 jtmax=300.0 &STEP ib=1 ia=2 k=3 str=815.0 /
thmin=5.00 thmax=-180.00 thinc=2.50 &STEP ib=2 ia=1 k=3 str=815.0 /
iblock=3 &STEP ib=1 ia=3 k=2 str=54.45 /
smats=2 xstabl=1 elab= 80.0 / &STEP ib=3 ia=1 k=2 str=54.45 /
&step /
&PARTITION namep=’'160" massp=15.99 zp=8 &POT kp=1 type=1 shape=1
namet='PB208’ masst=207.98 zt=82 b4:10.000 p5=1.000 p6=0.400 /
nex=3 / &POT kp=1 type=-1 p1=60.500 p2=1.179 p3=0.658 /
&STATES jp=0.0 bandp=1 ep=0.0 cpot=1 &POT kp=1 type=13 shape=11 p2=0.400 p3=0.8 /
jt=0.0 bandt=1 et=0.0 / &STEP ib=1 ia=2 k=3 str=0.8 /
&STATES jp=0.0 copyp=1 ep=0.0 cpot=1 &STEP ib=2 ia=1 k=3 str=0.8 /
jt=3.0 bandt=-1 et=2.61 fexch=F / &STEP ib=1 ia=3 k=2 .4/
&STATES jp=0.0 copyp=1 bandp=1 ep=0.0 cpot=1 &STEP ib=3 ia=1 k=2 str=0.4 /
jt=2.0 bandt=1 et=4.07 / &step /
&partition /
&pot /
&overlap /
&coupling /
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208ppL50,160)?%8Ph input example

General variables:

&FRESCO hcm=0.05 rmatch=100.0
jtmin=0.0 jtmax=300.0
thmin=5.00 thmax=-180.00 thinc=2.50
iblock=3
smats=2 xstabl=1
elab= 80.0 /

iblock: Number of states (including gs) that will be coupled to atlars.
e iblock=1: only elastic scattering

e iblock=2: elastic scattering 1st inelastic channef{ePb(3°))

e iblock=3: elastic scattering 2°8Pb(3") + 2°8Pb(2")
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208ppL50,160)?%8Ph input example

Partitions and states:

&PARTITION namep='160’ massp=15.99 zp=8 namet=’208Pb’ masst=207.98 zt=82

nex=3 /
&STATES jp=0.0 bandp=1 ep=0.0 cpot=1 jt=0.0 bandt=+1 et=0.00 /
&STATES copyp=1 cpot=1 jt=3.0 bandt=-1 et=2.61 /
&STATES copyp=1 cpot=1 jt=2.0 bandt=+1 et=4.07 /

&partition /

@ nex: number of states within the partition
@ ep, et: excitation energy for projectilgtarget

@ copyp=1 tellsFRESCO that the 2nd and 3rd projectile states are just a
copy of the ground state.
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208ppL50,160)?%8Ph input example

Coulomb excitation:

&POT kp=1 ap=208.000 at=16.000 rc=1.2 /
&POT kp=1 type=13 shape=10 p2=54.45 p3=815.0 p4=0 p5=0 p6=0 /

@ type=13: couple target states by deforming previous potential
@ pl,...,p6: consider couplings for multipoldswith pk+ O
@ shape=10: usual deformed charge sphek& (R) o« M(EK)/R<+1

&STEP ib=1 ia=2 k=3 str=815.0 / g 407 o

&STEP ib=2 ia=1 k=3 str=815.0 / !

&STEP ib=1 ia=3 k=2 str=54.45 / 2 8L 37

&STEP ib=3 ia=1 k=2 str=54.45 / P

&step / =1 g%(ﬁ
Pb

@ ia, ib: couple from state numbera to stateib
o k: multipolarity
o str=(ib||M(Ek]lia) = v/(2I5 + 1)B(EA;ia — ib)
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208ppL50,160)?%8Ph input example

Nuclear excitation:

&POT kp=1 type=1 shape=1 p4=10.000 p5=1.000 p6=0.400 /
&POT kp=1 type=-1 shape=0 pl1=60.500 p2=1.179 p3=0.658 /
&POT kp=1 type=13 shape=10 itt=F p2=0.400 p3=0.8 /

@ type=13: couple target states by deforming preceding potential
@ shape=10: usual deformed nuclear potential¥ (R) « 6, dU(R)/dR

&STEP ib=1 ia=2 k=3 str=0.8 /
&STEP ib=2 ia=1 k=3 str=0.8 /
&STEP ib=1 ia=3 k=2 str=0.4 /
&STEP ib=3 ia=1 k=2 str=0.4 /

o str=(ib||sk/lia) (reduced deformation length)
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208ppL50,160)?%8Ph input example

Useful output files:
@ Main output file:

OCUMULATIVE REACTION cross section = 11.22270 <L> = 47 .07
OCUMULATIVE outgoing cross sections in partition 1 : 0.00000 7.67943 o
OCumulative ABSORBTION by Imaginary Potentials = 2.55189 <L> = 6.99

@ Angular distributions:

- fort.201 : Elastic scattering angular distribution
- fort.202: 1st state angular distribution
- fort.203: 2nd excited state angular distribution

@ fort.56: 3 columns: Fusiolfabsorption), reactioand inelasticross
section for each total angular momentum J.

Oreac = Tinel T Oabs
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208pp 60 160)2%8pPp inelastic scattering

Angular distribution of the ejectile in c.m. frame

Absolute cross section Ratio to elastic cross section

— 3 (E=2.61 MeV) zospb(leo 160)208Pb* 0.02 T T T T
—2 (E,=4.07 MeV) - ; 20850160, 2028y (3)
5 0.015
3 1 ] ~
S i~
= ke
g =5 001
o =
% s
o 0.5 B
° 0.005
0 T T 0 £y 60 T T 1o
0 50 100 150 0 2%
8. . (deg) .m. (deg)
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