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My plan for the talks...

e Lecture 1: Elastic scattering
0 Phenomenology: Rutherford, Fresnel and Fraunhofer scattering
0 The optical model

e Lecture 2: Inelastic scattering: coupled-channels (CC) method
0 Collective model

[0 Cluster model

Lecture 3: Transfer reactions: DWBA method

e Lecture 4:: Reaction involving continuum

0 Breakup: CDCC method
[0 Spectroscopy to unbound states: the transfer to the continuum method
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Lecture 1: Elastic
scattering: optical model
calculations

O Direct versus
compound reactions

0 Elastic scattering

0 Effective interaction
0 Rutherford scattering
O Fraunhofer scattering
(0 Fresnel scattering

(0 The optical model

0 The scattering LeCtu re 1

amplitude

00 Halo versus normal
nuclei

O Fresco code

0 OM with Fresco

[0 Optical potential

O Input example for
ANi+58N

O Xfresco interface

[0 Dynamical effects

O angular distributions

0 S-matrix

00 Proposed homework:
81i+208pp

0 8li+208pb exercise

Elastic scattering: optical model calculations

TRIUMF Summer Institute

4-15 August 2008 — 3 / 156



Direct versus compound reactions

DIRECT: elastic, inelastic, transfer,. ..

e only a few modes (degrees of freedom) involved

¢ small momentum transfer

e angular distribution asymmetric about /2 (peaked forward)

COMPOUND: complete, incomplete fusion.

e Mmany degrees of freedom involved

e large amount of momentum transfer

"lose of memory” = almost symmetric distributions forward/backward
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Elastic scattering

d+ *®Ni at E=80 MeV
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Elastic scattering: phenomenology

EFFECTIVE PROJECTILE-TARGET INTERACTION:
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Elastic scattering: phenomenology

[1 Depending on the bombarding energy E and the charges of the interacting nuclei, we
observe different types of elastic scattering.
[] This can be characterized in terms of the Coulomb (or Sommerfeld) parameter:

 Z1Zs€”
- Ameghw

o FE well above the Coulomb barrier (n < 1) = Fraunhofer scattering

e F around the Coulomb barrier (n > 1) = Fresnel scattering

o FE well below the Coulomb barrier (n >> 1) = Rutherford scattering
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Elastic scattering: phenomenology

RUTHERFORD SCATTERING

A Near-side waves 4He+58Ni @ E=5 MeV
105“\“\“\“\“\“

Far—side waves

do/dQ (mb/sr)
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e Purely Coulomb potential (n >> 1)
o Bombarding energy well below the Coulomb barrier

e Obeys Rutherford law:
do 27 e 1

dQ ~ 4AE sin*(6/2)
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Elastic scattering: phenomenology

FRAUNHOFER SCATTERING:

Near—side waves

Strongly absorbed waves

*He+>°Ni @ E=25 MeV

crloR
N

Far—side waves al

e Bombarding energy well above Coulomb barrier
e Coulomb weak (n < 1)

o Nearside/farside interference pattern (difracction)
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Elastic scattering: phenomenology

FRESNEL SCATTERING:

Strongly absorbed 4 58, ..
i Near-side waves He+ Ni @ E=10.7 MeV
———

cr/crR

Far-side waves
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e Bombarding energy around or near the Coulomb barrier
e Coulomb strong (n > 1)
o ’llluminated’ region = interference pattern (near-side/far-side)

'Shadow’ region =- strong absorption
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Elastic scattering: optical model

How does one describe the motion of a particle in quantum mechanics?

e Hamiltonian: H =Tr + U(R)
U(R): optical model = effective projectile-target interaction
e Schrodinger equation: [H — E]¥(R) =0

o Partial wave expansion of the model wavefunction:

A

¥(R) = LEA; ctM @YLM(R)

e f"(R) obtained as solution of:

nt At RL(L A1)

_ _E| fE —
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Elastic scattering: optical model

Numerical procedure:
1. Fix a matching radius, R, such that V,uc(Rm) <
2. Integrate f(R) from R = 0 up to R,,, starting with the condition:

. L o
Ry () =0

3. At R = R,, impose the boundary condition:
f*(R) — IL(R) = S:Or(R)
[1 Sp=scattering matrix

[0 Ir and Op, are the so called incoming and outgoing waves:

]L(R) — %(KR) hE(KR) o e—i(KR—nlogZKR)
v
OL(R) = %(KR) hi(KR) i(KR—nlog 2K R)
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The S-matrix

o S =coefficient of the outgoing wave for partial wave L.
o Phase-shifts: S, = e?*r
e U(R)=0= Noscattering= S =1= 9 =0
e Ureal= |S.| =1= 4 real
U complex = |S.| < 1 = 61, complex

o FOrL>=5;, —1
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Elastic scattering: the scattering amplitude

Which one of the many solutions of Schrodinger equation is the one that correspond to a

scattering experiment?
/ @etector

AN

Source
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Elastic scattering: the scattering amplitude

Scattering amplitude: A(6)

o Partial wave decomposition:

Z CEM fL RV (R) — % S"CM [IL(R) — SLOL(R)] Yo (R)

Incident plane wave:

e = N ArYy (K)i"You (R)jL(K R)

Outgoing spherical waves:

COR) = S TV v (R (1 - S Y (R)OL(R)
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Scattering amplitude and cross sections

e Scattering amplitude:

[0 Nuclear potential alone:

A(0) = % S" (2L + 1)Py(cos 0)(1 — 8%

0 Nuclear+Coulomb: A(0) = Ac(0) + A’(0)

Ac(0) = 5 > (2L 4 1)(1 — **7%) Py (cos 6)
A'(0) = % ST 2L+ 1) (1 = §7) Py (cos )

e Differential cross section:

do o 2
o =1A(0)
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Extracting structure information from elastic scattering
measurements

Eg: deuteron polarizability from d+°*Pb:

[1 Deuteron polarizability: P = aE
[0 For E < V4, the main deviation from Rutherford scattering comes from dipole

polarizability.
u . - - 2
[ In the adiabatic limit (E; > ): Vaip = —« Zlgig%le
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Halo and Borromean nuclei: the %He case

e Radioactive:
°He = °Li  (t1/2 ~807 ms)

4
——————— 0.973- - Hern+n
o Weakly bound: o+ g.s.
er, = —0.973 MeV 6 \
He B~ g.s.
e Neutron halo 6Li

e Borromean system:
n-n and «-n unbound

e ~ 3 body system: o - 0
« almost inert &
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Normal versus halo nuclei

How does the halo structure affect the elastic scatterig?
"He+*°Pb @ E=22 MeV

®He+**®Pb @ E=22 MeV
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o “He+208Pp shows typical Fresnel pattern — strong absorption

o SHe+298Pp shows a prominent reduction in the elastic cross section due to the flux going to
other channels (mainly break-up)

e OSHe+298Pp requires a large imaginary diffuseness — long-range absorption
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Optical model calculations for  ®He+2"3Pb

‘ RADIUS OF SENSITIVITY OF V(R) AND W(R) I
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Imaginary part = long range compared to strong absorption radius
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Normal versus halo nuclei; Fraunhofer

~No c¢ontinuum

Including continuun

N

Be ¥ C @ 49 MeV/A
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I In Fraunhofer scattering the presence of the continuum produces a reduction of the
elastic cross section
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Fresco, Xfresco and Sfresco

e Whatis FRESCO?

Program developed by lan Thompson since 1983, to perform coupled-reaction
channels calculations in nuclear physics.

o Some general features:

0 Multi-platform (Windows, Linux, Unix, VAX)

0 Treats many direct reaction models: elastic scattering (optical model), transfer,
inelastic excitation to bound and unbound states, etc

0 Can be run in text mode and graphical mode (XFRESCOinterface)

0 FRESCOand XFRESCOcan be freely downloaded at
http://ww. fresco. org. uk/

0 SFRESCO. Extension of Fresco, to provide x* searches of potential and
coupling parameters.
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Optical model calculations with Fresco

Essential ingredients of an OM calculation:

e Physical:
e ldentify projectile and target (mass, spin, etc)
e Incident energy

e Parametrization of the optical potential

e Numerical:
e Radial step for numerical integration (HCM in fresco)
e Maximum radius R for integration (RMATCH)

e Maximum angular momentum L. (JTMAX)

RMATCH and JTMAX are linked by: kR, (1 — 2n/kRy) =~ Ly + 1/2
(L,=grazing angular momentum)
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Elastic scattering: optical model

Effective potential: U(R) = Unuc(R) + Ucoul(R)

e Coulomb potential: charge sphere distribution

Z1Zoe> R2 _
o= { (- f) rre

2 .
212y it R > R.

o Nuclear potential (complex): Woods-Saxon parametrization

Vo Wo
1+ exp (£fo)

Unuc(R) =V (r) +iW(r) = —

Typically: Ro = ro(Ay > + A}/?)

0 ro=reduced radius (ro ~ 1.1 — 1.4 fm)

0 Ap,A:: projectile, target masses (amu)
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Elastic scattering: effective potential

Effective potential: U(R) = Unuc(R) + Ucour(R)

T T T T | T T T T ! T T T T T T T T
58, ;-
40~ z,2,€R o+ Ni -
i E=25 MeV T
S 20 =
g I E=10 MeV |
@

§ i
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o — - Nuclear (imaginary) .
*§ _40 — Nuclear (Real) _
T i
60 ]
L V=191.5 MeV, W=23.5 MeV, M= 1.37 fm, a=0.56 fm |
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OM example: *He+°3Ni

Input example: 4he58ni _el0.in

4he58ni _el10.in: 4He + 58N elastic scattering Ecn=10.0 MV
NAMELI ST
&FRESCO hcm=0. 1 rnmat ch=25.0 jt nax=30

thm n=1.0 t hmax=180.0 thinc=2.0

smat s=2 xst abl =1

el ab=10.7 /

&STATES j p=0. 0 bandp=1 ep=0.0 cpot=1 jt=0.0 bandt=1 et=0.0 /
&partition /

&POT kp=1 at=58 rc=1.4 /
&POT kp=1 type=1

pl=191.5 p2=1. 37 p3=0.56 p4=23.5 p5=1. 37 p6=0.56 /
&pot /

&overlap /
&coupling /

&PARTI TI ON nanmep=" ALPHA" massp=4 zp=2 nanet =" 58N’ masst=58 zt =28 nex=1 /

TRIUMF Summer Institute
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Elastic scattering example

&FRESCO hcm=0. 1 rmat ch=25.0 jt max=30
General variables t hm n=1. 00 t hnax=180. 00 t hi nc=2. 00
smat s=2 xstabl =1

el ab=10.7 /

&PARTI TI ON nanmep=" ALPHA" massp=4 zp=2 nanet =" 58N’ nmasst=58 zt =28

Mass partitions nex=1 /
&STATES j p=0. 0 bandp=1 ep=0.0 cpot=1 jt=0.0 bandt=1 et=0.0 /

& states &partition /
&POT kp=1 itt=F at=58 rc=1.4 /
Potentials &POT kp=1 type=1
pl=191.5 p2=1. 37 p3=0.56 p4=23.5 p5=1. 37 p6=0.56 /
&pot /
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Elastic scattering example

Essential input variables: FRESCO namelist

&FRESCO hcm=0. 1 rmat ch=25.0 jt max=30
t hm n=1. 00 t hmax=180. 00 t hi nc=2. 00
smat s=2 xst abl =1
el ab=10.7 /

o hcm step for integration of radial equations.

e rmat ch: matching radius (for R > RMATCH asymptotic behaviour is assumed)
o el ab: laboratory energy

e | t max: maximum total angular momentum (projectile+target+relative)

e Snmat s: trace variable
smat s=2 — print elastic S-matrix

e Xst bl : trace variable
xst bl =1 — print cross sections
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Elastic scattering with Fresco

Essential input variables: partitions and states

&PARTI TI ON nanmep=" ALPHA" massp=4 zp=2 nanet =" 58N’ nasst=58 zt =28
nex=1 /

e nanep / nanet : projectile / target name

e Massp / masst : projectile / target mass (amu)
e zZp/zt: projectile / target charge

e nex: number of (pairs) of states in this partition

&STATES j p=0. 0 bandp=1 ep=0.0 cpot=1 jt=0.0 bandt=1 et=0.0 /

e | p/]t: projectile /target spins
e bandp /bandt : projectile / target parities (+ 1)

e cpot : index of potential for this pair of states.
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Elastic scattering with fresco

&POT kp=1 type=0 ap=0 at=58 rc=1.4 /
&POT kp=1 type=1 shape=0

pl=191.5 p2=1. 37 p3=0.56 p4=23.5 pb5=1. 37 p6=0.56 /
&pot /

o kp: index to identify this potential

e ap, at: projectile and target mass, for conversion from reduced to physical radii:
}%::'r(ap1/3-+—a$1/3)

e type, shape: potential cathegory and shape: =
[0 type=0: Coulomb potential
shape=0: uniform charge sphere
0 type=1: volume nuclear potential
shape=0: Woods-Saxon shape
e rC: reduced radius for charge distribution
e p1, p2, p3: Vo, 7o, ao (real part)
o p4, p5, p6: Wy, r;, a; (imaginary part)
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Xfresco interface

General variables:

File Edit Run Options Ahout
Integration | Trace | CC, iterations. .. | Paritions | Potentials |Overlaps |Couplings |
Integration Jinterval
Radial step: HCM 0.1 JMAIN (=J1: 1]
Matching radius: RMATCH 25.0 dMAR (=.13): 40
Intervals for M-L kernelsls (RINTF): 0.5 []Use absend 0
Step size for ML range: HML 0 [ Include anly incaming channel far J<JMIM
Jint Is ..
Center for ML range: CENTRE 0 | ervas
ML range: RRL 0 Meat-side / Far-side analysis
_ _ | Elastic channel  + || Usual cross sections »
Step size for 2N distance: HRM 0
kin. radius for 2N distance: RMIN 0 Angular range
hax. radius for 2N distance: RMM 0 THAIN 1.00
THRAAX 180.00
State radius for s.p. states: RSP n x
THIMC 2.00 -
[TUse Coupled Coulomb w.f.
Incoming channel
Energy intervals: ELAB | 10.7 0 0 0 MLAE: |0 o 0
Incoming plane waves are present in parition (PEL) 1 = with excitation pair (EXL) 1 =
Especified energies refer to (LINy | projectile = | for padition (LAB) |1 = in excitation pair (LEX) 1 =

Ok
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Optical model with XFRESCO

Partitions & states:

File Edit Run Options

Integration ‘Trace |CC, iterations... EPar‘[itinnsj

Potentials |Overlaps |Coup|ings |

About

Projectile Target
: : @-value: 00000 | [JPWF
Mucleus A z Mucleus A Do nat print xsec
ALPHA |4 2 | [ssni 58 28 | posuates | O forthis partiion
[NEX<0]
Frojectile hass z Target Mass z G walue PWE x5ec? Feadstates

Excited states for selected partition

ngex:| | J  Copy Band

E K.

[]FEXCH

J1avore

‘ INF &hd=0

Projectie 0.0 || | 0o ||

ng

|i| | Insert after |

| ‘ OUTF &M=0

z ‘

Sl

Targst |00 || | oo JIL JI | Optical patential [CPOT]: |1 [ Delete

Jproj. |Copy P.| Band P. E proj.

K proj | T proj.

cpot | Jtarg. |Copy T

Band T. | E targ.

[»

K targ. | T targ. [Ex

T

[<]

L«]

S

0] 4
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Optical model with XFRESCO

Potentials:

File Edit Run Options

Integration ‘Trace |cc, iterations. . | Partitions | Potentials

Fot. Index  patential
(kP)

Overlaps |Coup|ings |

About

Farameters

&dd

Type : |1 -Central potential, volume |v| Tmf_\';m ;:'_23;”:') 3_35{5&':'5 Iup:?l Insert
ABE shape |0 -Woods-Saxon| |v| pe#) pS () pB fan a @

Dprevinus |23.5 ”1.3? ”D_EB | L] IE

| kP | Type [shape| it | p1-vo | pz-r0 | pa-ao pa-w piri | peai | p7 | Addprev |

1 0 0 F 0 o 1.4

0] 4
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Useful output information in OM calculations

Useful output files:

o Main output file (stdout)

o fort. 201 : Elastic scattering angular distribution

0 thmax > 0: relative to Rutherford.

0 thmax < 0: absolute units (mb/sr).
e fort.7: Elastic S-matrix (real part, imaginary part, angular momentum)

e fort.56: Fusion (absorption), reaction and inelastic cross section for each angular
momentum
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Elastic scattering: optical model

Dynamical effects:

« 71 >> 1: Rutherford scattering: o(0) oc 1/sin*(0/2)

*He+"®Ni at E=5, 10.7, 25 and 50 MeV

Elab n k A= 1/]€ 2&0
(MeV) (fm=Y)  (fm)  (fm)
S 7.95 0.920 1.087 17.2
10.7 5.62 1.34 0.746 8.06
25 3.55 2.06 0.485 3.44
50 251 291 0.343 1.69

e 1> 1: Fresnel scattering (rainbow)

o 1 < 1: Fraunhofer scattering (oscillatory behaviour):

TRIUMF Summer Institute
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Elastic scattering: energy dependence

*He+>®Ni @ E=5 MeV
O e A

do/dQ (mb/sr)
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Rutherford scattering

106; T T T
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5] — Rutherford formula
107 ¢ E
o
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G sl
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T YT T IS T H
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‘ ey
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30 60 90 120 150 180
em (deg)
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Elastic scattering: S-matrix elements

Elastic (nuclear) S-matrix (f ort . 7): f5(r) = I (r) — S50 (r)

el

58, ,. . . . . .
o+ Ni elastic scattering 0(+58N| elastic scattering
1 1 200 T T T T ‘ T T T T ‘ T T T T ‘ T

=
a
o

100

Reaction cross section (mb)
a
o

0 5 10 15 20 % 0

kR, (1 —2n/kRy) ~ Ly +1/2

= the number of partial waves required for convergence grows approximately as v E
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Elastic scattering: exercise

Proposed exercise:

a) Calculate elastic angular distribution (do /dS2) for "Li+*°*Pb OMP at 33 MeV.

b) Elastic distribution and reaction cross section for ®Li+?°®Pb at 33 MeV using the "Li

potential.

c) Elastic distribution and reaction cross section for *Li+*°®*Pb at 33 MeV using the °Li

potential.

Syste m Vo Tx ao Wo a;

Li+*®*Pb 15.4 1.3 065 13.2 0.65
8Li+%°®Pp 154 1.3 0.65 584 0.70

re = 1.25fm, Ry = 15 (ALY + A3
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4-15 August 2008 — 37 / 156



SLi+208Pb

FRESCO inputfile: i 8pb_e34.in

NAMELI ST
&FRESCO hcne0. 05 rnat ch=40. 0 jt nax=60
t hm n=5. 00
t hmax=160. 00 t hi nc=2. 00
smat s=2 xst abl =1
el ab= 34. 404 /

&PARTI TI ON nanep='Li -8 massp=8 zp=3 nanet =" Pb- 208’
masst =208 zt =82 qgval =0. 0000 pwf =T nex=1 /

&STATES j p=2. 0 bandp=1 ep=0.000 cpot=1 jt=0.0
bandt =1 et =0. 000 fexch=F /

&partition /
&POT kp=1 ap=8 at =208 rc=1.25 /

&POT kp=1 type=1l itt=F pl=15.4 p2=1.3 p3=0.65 p4=58.3 p5=1.3 p6=0.7 /
&pot /
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8Li+208p

(do/dQ)/(do/dQ)

o
=

0.01

8Li + 208Pb around Coulomb barrier

e Notre Dame data (E,, =34.3 MeV)

L 7Li+208Pb

- — = ®Li+*®pp with 'Li potential

— ®Li+*®®pp potential

! | |
30 60 90 120 150
0 (degrees)
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SFRESCO

SFRESCO: Can be used together with FRESCOto do determine automatically optical
model parameters by means of a x? analysis of experimental angular distribution.

We need 3 input files:

1. FRESCO inputfile: 1'i 8pb_e34.in
2. MINUIT input file: sfresco. i n

3. SEARCH input file: search.in

sfresco.in =—> search.in— 11 8pb_e34.in
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SLi+293Pb with SFRESCO

Performing fits with SFRESCO:

1.- FRESCO inputfile: | i 8pb_e34. i n (previous slide)

2.- MUNUIT input file: sfresco. in

search.in
nm n

fix

m gr ad
end

q

show

pl ot
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SLi+293Pb with SFRESCO

Performing fits with SFRESCO (continued):

3.- SEARCH input file: search.in

"1i8pb_e34.in" '|i8pb_e34.out’ 2 1

&vari abl e ki nd=1 nanme="V kp=1 pline=2 col=1 val m n=5.0 val max=150. 0 st ep=0. 2/
&vari abl e ki nd=1 nanme="W kp=1 pline=2 col=4 val m n=5.0 val max=100.0 step=0.2 /

&data type=0 iscale=2 idir=1 | ab=F abserr=T/
43.7 1.01026 0.014

73.76 0.67003 0.014

103. 537 0.11577 0.01394

121. 296 0. 06194 0.00778

133. 351 0.04369 0.00888

151. 332 0. 02763 0. 00701

&

sfresco < sfresco.in > sfresco. out
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Lecture 2: Inelastic
scattering: DWBA and
Coupled-Channels
method

0 Coupled-channels
method

0 Boundary conditions
0O DWBA approximation

O Partial wave
decomposition

0 Scattering
wavefunction

[0 Scattering amplitude
O Cluster models
O Collective excitations

0 11Be+12C inelastic
scattering

0160 +208pp
inelastic scattering

0 Coulomb vs Nuclear
0 Effect of excitation
energy

O Effect of incident
energy

Lecture 2: Inelastic scattering: DWBA and
Coupled-Channels method
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Coupled-channels method

The Hamiltonian: H = Tr + h(§) + A(R, §)

Internal states: h(§)da(€) = cada(§)

e Model wavefunction: V(R, &) = ¢a (&) xa(R) + ¢ar (&) xar (R) + ...

Coupled equations: [H — E|V (R, &)

£ —€a —Tr — Va,a(R)] xa(R) = Z Voo (R)Xar (R)
a'#a

Coupling potentials:

Vi (R) = / A€ dor (€) AR €)ba(€)

1 ¢a (&) will depend on the structure model (collective, single-particle,etc).
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Boundary conditions and scattering amplitude

e Boundary conditions:

) eiKOR
X(()+)(R) — 0T 4 Ag0(0) 7 (elastic)
e'LKnR
Xo(;r)(R) —  Apn0(0) T n # 0 (non — elastic)
[ If Coulomb is present, then
£ N lei(KR—?ﬂKR)
R R
e Cross sections:
dO_n(Q) Kn 2
= "A,
o = o Ano(®)
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DWBA approximation

o DWBA approximation:

o
)
E—€a—To — Vaa(R) ] Xa(K,R) = 0 . DWBA
[E — €/ — Ta’ — Va’:a’ (R)] 5(/04’ (Kla R) = 0 : |
e Scattering amplitude:
AR K) = =2 [aRT (K RV (T (K. R)
T

[l The DWBA approximation amounts at solving the CC equations to first order (Born
approximation)

[1 In practice, phenomenological optical potentials that fit the elastic cross section in the
respective channels are used instead of V,, o and V,,/ -

Va,a(R) = (a|A(R, §)|a) — Ua(R)
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Partial wave decomposition: the channel basis

e The channel basis:

O (R,€) = Y i Yaar, (R)nIMr) (LML IM;|TMy)

MMy,

o Partial wave expansion of the total WF:

VR, = > C'W Mﬁ%(ﬁ, £)

R
nLIJM
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Coupled equations

e The coupled equations:

+ €n,

B & RPL(L+ 1)
21 dR? 2uR?
/8 = {n? L? I}

e Coupling potentials:

Vilar(R) = [ dR dg®)™ (B€)" AR, 9L (R.¢)
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Boundary conditions

Solution of the coupled equations:

1. Integrate the differential equation for R € [0, R,,] with the condition:

) J B
lim f5.5,(R) =0

2. Match the solution at R,, with the asymptotic form = S-matrix:

f5.5,(R) — 08,8, 13(R) — S 5,05(R)

I3(R) = (KnR)hL(KnR)/\/vn
Op(R) = (KnR)hi(KnR)/v/vn
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Scattering wavefunction

o Wavefunction that corresponds to the experimental condition:

\PKivniIiMi (Ra 5) — 6iKi.R|niIiMi> T X%),niliMi (Rv 5)

e The outgoing wave:

271 (o « ~
i mron, RE) = Y TS (LN L M| TM )Y, (K)
JMjL;N; ¢
X Z <5n,n¢51,1¢5n,n¢ - ST{IL:nZ-IiLi) q)i%‘] (R, £)Onir(R)
nlL

e The scattering amplitude:

271 A
AK:, K)n, ;M1 = Z (LiNi i Mi| JM 7) YT, N, ()
VKK JM ;L; N;

X SO LNIMIIMYin(K) (Snini01.1.00,0, = Siizmr,r, )

nlL N
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Scattering amplitude and cross sections

e Elastic and inelastic cross sections:

do 1

mz’_)n - m Z ‘A(K“K)nzIzM@,nIM 2

M M,

[1 Coupled channels calculations give elastic and inelastic cross sections, if the states are
properly described, if the interactions are known, and if all “relevant” channels are included
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Inelastic scattering: cluster model

e Some nuclei permit a description in terms of two or more clusters:
d=p+n, ®Li=a+d, “Li=a+3H.

e Projectile-target interaction:

V(R, I‘) = Ul(Rl) + UQ(RQ)

’H
e Internal states: [h — €4]pa(r) =0 %
n

o Transition potentials:

Voo (R) = / dr g (£)V (r, R) b (r)
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Inelastic scattering: collective models

e Projectile-target Coulomb interaction:

V(R

47reo Z \R — 1|

R Target

o Multipolar expansion:

! 7“{\ 4 A L
R—7[ D oy g e EYAu(R) (R > 1)
A
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Inelastic scattering: collective models

e Electric multipole operator: M(EX, p) = e >, 73 Y, (7;)

e Monopole and transition operator:

V(R,&) = Vo(R) + AR, ¢) = Zze” 4 Ze s M(EX, p) Yxu(R)

AdmegR €0 o INX+1 RML
e Transition potentials:
A (R) = Z€ (NI M| M (EX, )| mdm M) Y (R)
T e 22 +1 RMI
AZ£O, 1
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Inelastic scattering: collective models

e Multipole expansion: r(6, ¢)

o Transition operator:

= Ro + ZAH 5>\MY>TM (67 ¢)

(SA,,J:deformation length operators)

V(R,§)

= Vo(R — Ro) —

o Central and transition potential:

dVO(R Ro)

Z(SMYM (6, ¢)

Anm(R)

dVo(R — Ro)

dR

> (i M| o | mdm M ) Y3, (R)
A

[] The nuclear transition potentials are proportional to the matrix element of the deformation

length operator.

TRIUMF Summer Institute

4-15 August 2008 — 55 / 156



Physical ingredients for collective excitations

e Coulomb excitation — electric reduced matrix elements

A

_ Ze (nInMp|M(EX, p)|mIn My) Y3, (R)

A (R) =
( ) €0 o 220+ 1 RAH1

(nL,||M(EN||mIy) =/ (21, + 1)B(EX; I,, — I,,)

o Nuclear excitation (collective model) — deformation lengths

~ dVo(R — Ro)
dR

Apm(R) = > " (0l My |0 | M) Yx,, (R)

A

within the rotational model:

(nLn||0x]|mIm) = 6av2In + LI KAO| I, K) 5x = BrR
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Inelastic scattering example:

Example 1: "'Be+ **C — ''Be(1/2™,1/27) + '2C at 49.3 MeV/A

Phys. Rev. C 67, 037601 (2003)

Input file: bellcl2 inel.in

03,
Ay
\ 6 6l

At A e A
5.24

389 396  3/2-
34|

269
I.778 (5/2,3/2)*

—

0.3200 : 1/2-

H J’r_=I/2+;
65 Be T=3/2
le+t-p
7-89
23

“ r.Jiv

7316  S®He*n

%Be+2n

—27/2

0.503
OBe+n

B_

11 Be+12C

10y

22
1P

15/,

; i 25
1Py
0000 & 1
o0 06 ls,
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11Be+12C inelastic scattering

General variables:

&FRESCO hcm=0. 05 rnmat ch=60.0 jtm n=0.0
j tmax=150. 0 t hm n=0. 00 t hmax=45. 00 t hi nc=0. 50
I bl ock=2 nnu=24 chans=1 smat s=2 xst abl =1
el ab=542.3 /

e i bl ock=2: number of channels coupled exacly.

Partitions & states:

&PARTI TI ON nanep='11Be’ massp=11.0 zp=4 nanet="12C masst=12. 0000 zt=6 nex=2 /
&STATES j p=0.5 bandp=1 cpot=1 jt=0.0 bandt=1 /
&STATES | p=0.5 bandp=-1 ep=0.3200 cpot=1 jt=0.0 copyt=1 /

e nex=2: This partition will contain two pairs of states.

e copy=1: The target of the second pair of states is just the same (a copy) of the first target stat.

&PARTI TI ON nanmep=' 10Be’ massp=10. 0000 zp=4 nanet="12C+n’ nmasst =13. 0000 zt=6 nex=1 /
&STATES j p=0. 0 bandp=1 cpot=2 jt=0.0 bandt=1 /
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11Be+12C inelastic scattering

Projectile-target Coulomb potential (monopole):

&POT kp=1 ap=11.000 at=12.000 rc=1.111 /

Neutron-target & core-target potentials:

&POT kp=3 ap=0.000 at=12.000 rc=1.111 /
&POT kp=3 type=1 pl1l=37.400 p2=1. 200
p3=0. 750 p4=10. 000 p5=1. 300 p6=0.600 /

&POT kp=2 ap=10.000 at=12.000 rc=1.111 /
&POT kp=2 type=1 pl=123. 000 p2=0. 750
p3=0. 800 p4=65. 000 p5=0.780 p6=0.800 /

Neutron binding potential:

&POT kp=4 ap=0 at=10.000 rc=1.0 /
&POT kp=4 type=1 pl1l=87.0 p2=1.0 p3=0.53 /

TRIUMF Summer Institute
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11Be+12C inelastic scattering

Bound state wave functions:

&OVERLAP knl1=1 icl1l=1 ic2=2 in=1 nn=2 sn=0.5 |1=0 j=0.5
kbpot =4 be=0. 500 isc=1 /

&OVERLAP knl1=2 icl=1 ic2=2 in=1 nn=1 | =1 sn=0.5
j =0.5 kbpot =4 be=0.180 isc=1 ipc=2 /

knl=1, 2: Index for this WF

i c1/i c2: Index of partition containing core (*°Be) / composite (**Be)

e I N=1/2: WF for projectile/target
e NN, sn, |, j: Quantum numbers for bound state

be: separation energy.

e kbpot =3: Index KP of binding potential.
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11Be+12C inelastic scattering

Couplings:

&COUPLING i cto=1 icfrome2 kind=3 ipl=4 ip2=1 pl=3.0 p2=2.0 /

e ki nd=3: Single-particle excitations of projectile

e i ct o=1: Partition containing nucleus being excited (' Be)
e i cfron¥2: Partition containing core (1°Be)

e i pl=4: Maximum multipole for coupling potentials

e pl/p2: KP index for fragment-target / core-target potentials

Spectroscopic amplitudes:

&CFP in=1 i b=1 ia=1 kn=1 a=1.000 /
&CFP in=1 i b=2 ia=1 kn=2 a=1.000 /

e i n=1/2: Projectile/target
e iDb/ia: Index for composite/core state

e a=1. 0: Spectroscopic amplitude
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160 + 208pp inelastic scattering

Physical example: 0 + ?%®pp — %0+ 29¥pp(3—,27)

+
_q 407 5
.

261 —
=2 =3
1 g.s.v v o

208
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Inelastic scattering

Input example 2: *°*Pb(*°0,'°0)*"*Pb(3~,2") (016pb_ccla.in)

0l6pb_ccla.in: 160+208Pb 80 MeV &POT kp=1 itt=F ap=208. 000 at=16.000 rc=1.200 /
NAMELI ST &POT kp=1 type=13 shape=10 itt=F p2=54.45 p3=815.0 /
&FRESCO hcne0. 05 rmat ch=100. 0 &STEP i b=1 ia=2 k=3 str=815.0 /

jtm n=0.0 jtnax=300.0 &STEP i b=2 ia=1 k=3 str=815.0 /

t hm n=5. 00 t hnax=-180. 00 thi nc=2.50 &STEP i b=1 ia=3 k=2 str=54.45/

i bl ock=3 &STEP i b=3 ia=1 k=2 str=54.45 /

smat s=2 xst abl =1 &step /

el ab= 80.0 / &POT kp=1 type=1 shape=1 p4=10. 000 p5=1. 000 p6=0.400 /

&POT kp=1 type=-1 pl1=60.500 p2=1.179 p3=0.658 /
&PARTI TI ON namep="16-0 nassp=15. 9949 zp=8 &POT kp=1 type=13 shape=11 p2=0.400 p3=0.8 /
nanmet =" PB- 208’ masst =207. 9770 zt =82 &STEP i b=1 ia=2 k=3 str=0.8 /
nex=3 / &STEP i b=2 ia=1 k=3 str=0.8 /

&STATES j p=0. 0 bandp=1 ep=0. 0000 cpot =1 &STEP ib=1 ia=3 k=2 str=0.4 /

jt=0.0 bandt=1 et=0.0000 / &STEP i b=3 ia=1 k=2 str=0.4 /
&STATES j p=0. 0 copyp=1 ep=0. 0000 cpot =1 &step /

jt=3.0 bandt=-1 et=2.6100 fexch=F /
&STATES j p=0. 0 copyp=1 bandp=1 ep=0. 0000 cpot =1 &pot /

jt=2.0 bandt=1 et=4.0700 /
&partition / &overlap /

&coupling /
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208pp(160,160)2Y8Pb inelastic scattering

General variables:

&FRESCO hcnr0. 05 rmat ch=100.0
jtm n=0.0 jtnmax=300.0
t hm n=5. 00 t hmax=-180. 00 t hi nc=2.50
I bl ock=3
smat s=2 xst abl =1
el ab= 80.0 /

| bl ock: Number of states (including gs) that will be coupled to all orders.
e | bl ock=1: only elastic scattering

e i bl ock=2: elastic scattering + 1st inelastic channel (*°*Pb(37))

e i bl ock=3: elastic scattering + *°*Pb(37) + 2°®*Pb(2™")
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208pPp(160,160)%"8Pb inelastic scattering

Partitions and states:

&PARTI TI ON nanmep="16- O mnmassp=15. 9949 zp=8 nanet =" PB- 208’ nasst =207. 9770 zt =82

nex=3 /
&STATES j p=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 /

e nex: number of states within the partition

e ep, et : excitation energy for projectile / target

copyp=1 tells FRESCOthat the 2nd and 3rd projectile states are just a copy of the
ground state.
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208pp(160,160)2Y8Pb inelastic scattering

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 /

e type=13: couple target states by deforming previous potential

e p1,...

, p6: consider couplings for multipolarities k£ with pk= 0

e shape=10: usual deformed charge sphere: A,..,,(R) o« M (Ek)/R*!

&STEP i b=1 ia=
&STEP i b=2 ia=
&STEP i b=1 ia=
&STEP i b=3 i a=
&step /

NN WW

str=815.0 /
str=815.0 /
str=54.45 /
str=54.45 |/

-ia,

e k: multipolarity

o str=(ib||M(Ek||ia) = \/(2L. + 1)B(EX\;ia — ib)

| b: couple from state number i a to state i b
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208pp(160,160)2Y8Pb inelastic scattering

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 p1=60.500 p2=1.179 p3=0. 658 /
&POT kp=1 type=13 shape=10 itt=F p2=0.400 p3=0.8 /

e type=13: couple target states by deforming preceding potential

e shape=10: usual deformed nuclear potential: A,,.,,(R) x dx,dU(R)/dR

&STEP i b=1 ia=2 k=3 str=0.8 /
&STEP i b=2 ia=1 k=3 str=0.8 /
&STEP i1 b=1 i a=3 k=2 str=0.4 /
&STEP i b=3 ia=1 k=2 str=0.4 /

e Str=(ib||0x||ia) (reduced deformation length)
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208pp(160,160)2Y8Pb inelastic scattering

Useful output files:
e Main output file:
OCUMULATI VE REACTI ON cross section 11. 22270 <L> = 47. 07

OCUMULATI VE out goi ng cross sections in partition 1 : 0. 00000 7.67943 0. 99138
OCumul ati ve ABSORBTI ON by I magi nary Potentials 2.55189 <L> = 6. 99

e Angular distributions:

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

e fort.56: 3 columns: Fusion (absorption), reaction and inelastic cross section for
each total angular momentum J.

Oreac = Oinel + Oabs
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208pp(160,160)2Y8Pb inelastic scattering

Angular distribution of the ejectile in c.m. frame

Absolute cross section Ratio to elastic cross section
15— 0.02—mMm8 ———————————————
- |— 3 (E=2.61 MeV) 208, (16 ~ 16 208 . - §
F|— 2 (E=4.07 MeV) Pb(*0, 70y Pb ] ;:; 2%51(*°0,"°0)*%®Ph(3) 7
=~ I ] 0.015- E
%] - C ]
s 1 o
£ | 5— 001E
g8 I
\B : -O -
g% 0.005-
: i3
00 .
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208pp(160,160)2Y8Pb inelastic scattering

Coulomb and Nuclear excitations can produce constructive or destructive interference:

/dQ (mblsr)

inel

do.

N
IIIIIIIII|IIIIIIIII|IIIIIIIII

[EEY

— Coulomb & Nuclear|  208pp, 165 165y208p 37y

— Coulomb only
Nuclear only

| L L
30 60 90 120 150

O m. (deg)

180
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208pp(160,160)2Y8Pb inelastic scattering

CC versus DWBA:
o Full coupled-channels: i bl ock = 3,iter =0

e DWBA:Iiblock = 0,iter = 1

T T I T T I
208Pb(160,160)

T T T T
| |— FullCC 208

' |— DWBA Pu3):

do, /dQ (mb/sr)
T

i L I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 |
0 30 60 90 120 150 180
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Inelastic scattering

Effect of the excitation energy:

&STATES | p=0. 0 copyp=1 ep=0.0000 cpot=1 jt=3.0 bandt=-1 et=2.6100 /

5: T T T T T I T T I T ]
— EX:1 MeV 208Pb(16o’160)208pb(3-)
F|— EX:2.61 MeV 1

45| — E =4 MeV E

2
£ 3F E
c f E
St ]
22K =

o [ 7
T .
1F

50 100 150
6,.m (deg)
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208pp(160,160)2Y8Pb inelastic scattering

Effect of the incident energy: In FRESCO main output:

OCUMULATI VE REACTI ON cross section = 11.22270 <L> = 47.07 <Lx*2> = 3441.3
OCUMULATI VE out goi ng cross sections in partition 1 : 0.00000 7.67943 0.99138

208Pb(160’160)208pb(3-’2+) N

1 1 I 1 I 1 I
60 80 100 120 140
E,_, (MeV)
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Example for inelastic scattering

Proposed exercise:

For the reaction ®Li+*°®Pb at E...,.=24 MeV and 33 MeV evaluate the inelastic cross
section to the first excited state of Li (E, = 0.98 MeV, 1) in the following situations:

e Coulomb excitation alone
e Only nuclear couplings
e Coulomb + nuclear excitation

Data: B(E2;2%7 — 17) = 30 e* fm* and §,=1.75 fm.

(further details from Phys.Rev. C 68, 034614 (2003))
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SLi+2"3Pb inelastic scattering

Input example: i 8pb_inel.in

8Li +208Pb quasi el asti c

NAMELI ST

&FRESCO hcm=0. 1 rnmat ch=100 jt max=150
t hm n=2. 00 t hmax=-180. 00 thi nc=1. 00 i bl ock=2
smat s=2 xstabl =1 el ab=34. 404 /

&PARTI TI ON nanmep='Li -8 massp=8 zp=3 nanet =’ Pb- 208’

masst =207. 977 zt =82 qval =0. 0000 pwf =F nex=2 /
&STATES j p=2. 0 bandp=1 ep=0. 000 kkp=1 cpot=1 jt=0.0 bandt=1 et=0.000 /
&STATES | p=1. 0 bandp=1 ep=0.981 kkp=1 cpot=1 copyt=1 /

&partition /

&POT kp=1 ap=8 at=208 rc=1.25 /

&POT kp=1 type=10 shape=10 itt=F p2=10.00 /

&POT kp=1 type=1 itt=F pl=15.4 p2=1.3 p3=0.65 p4=80 p5=1.3 p6=0.70 /
&POT kp=1 type=10 shape=11 p2=1.75 /

&pot /
&overlap /
&coupling /
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Inelastic scattering in exotic nuclei

EAS
5.8l

f ;—*—:\
\\: T -
. ™~
x K

N |

2Cey 716192

27022
124 195 _8

1o

~  1-L5018

590 — [E2rrs b $+ ”
547~ o961 08zl e M
11036 a*
- 9.845 ot
gggi9.585 3PPy |
488719 2
6917l 621 e
604961299 | Jov 37
K
JT=0%T=0
IGO

“l.JI\J
203 7316 ®He+n
\\ R 6117777777 SBe+2n
\ Aol Ao e ot
5.24
g'i? 396 3| .
269 )
.7 78 (5/2,3/72)*
03200, e 2905
I JT=1/72% Be*n
65 Be T=3/2
le+t-p B~
7-89
T -11,506
23 'y
1-p

[1 Exotic nuclei are weakly bound = coupling to continuum states becomes an important
reaction channel

TRIUMF Summer Institute

4-15 August 2008 — 76 / 156



Lecture 3: Transfer
reactions: the DWBA
method

O Post/prior
representation

0 CRC equations
[0 DWBA approximation
[0 Spectroscopic factors

[0 Extracting structure
information

00 Example: d+56Fe—
Ef;iinorequwa'ence Lecture 3: Transfer reactions: the DWBA method

[0 Dependence with
binding energy

00 Dependence with
beam energy

O Sensitivity with |
0 CCBA method
0 Summary
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Transfer reactions: prior/post representation

e Transfer process:. (a +v)+b — a4+ (b+ v)
N—— SN——

e Projectile—target interaction:

0 Prior form: Vicior = Vs + Uap = Ua + (Voo + Uap — Ua)

A\ 7

Ve

Aprior

0 Post form: Viost = Voo +Uab = Ug + (Vaw + Uap — Up)

Apost

0 U., Ug: average proyectile-target interaction in entrance/exit channel
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Coupled Reaction Channels

¢ Model wavefunction:

U =¢a(§,1)0(E)xa(Ra) + da(§)er(E r")xs(Rs)
. Coupled-reaction channels (CRC) equations: [H — E] ¥ — 0
B~ o= Ti— Ua(Ro) Xa(Ra) = [ dRaKas(Ro Ro)xs(R)
£ —es —Tr —Us(Rp)| xs(Rg) = /dROzKa,B(RaaRB)Xa(Ra>

e Non-local kernels:

Ko,5(Rg, Ra) = /dﬁdﬁldr ¢a(§)¢p (€, x")(H — E)pa(€,r)¢n(€)

[0 CRC equations have to be solved iteratively due to NL kernels.
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DWBA approximation

o Distorted wave Born approximation:

[ —€a —Thr — Ua(Ra)] Xa(Ra) =
[E—es —Tr —Us(Rg)] xp(Rp) =

o DWBA amplitude (prior):

pI‘lOI‘ //N( ) RB Cbaqu‘Aprlor‘qugbb)N(—'_)(Ra)dRadr

e Structure form-factor:

(¢adB|Aprior|padp) = /dﬁdﬁ' $a(§)¢5 (€, 1) Apriorda (&, 1) (€
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Spectroscopic factors

o Parentage amplitudes:

0 Projectile: ¢4 (¢,1) = m 210y Aries [6a(8) @ ¢es; (r)]

0 Target: qbé,M/ (5/7 I'/) \/T_B Zjﬁj AIJ’;ESj |:¢b (5/) ® SOESJ' (I'/)} J' M’

[0 Arj.es; = Spectroscopic amplitudes

O Sry.es; = |Ars.es;|? = spectroscopic factors

o DWBA amplitude (prior)

pI‘lOI‘ = A1, ESJAI’J’ ARy I //N( ) RB Pelsj/ ( ,)Apriorwe«s]( )%SL)(ROC)dROédr

[J In DWBA, the transfer cross section is proportional to the spectroscopic factors
SIJ;ESjSI/J/;E/Sj/
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Extracting structure information from transfer reactions

108phid, p)i®Ph
1L BMeV 20.1MeV 26.8MeV

\
m,{/
i
1

do/dR [mblsr]

1.0

[ Angular distributions of transfer cross sections is very sensitive to the single-particle
configuration of the transferred nucleon/s.
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Brief summary on transfer reactions

¢ Inclusion of transfer couplings in the Schrodinger equation gives rise to a set of
coupled equations with non-local kernels (Coupled Reactions Channels)

o If transfer couplings are weak, the CRC equations can be solved in Born
approximation = DWBA approximation

o The DWBA amplitude is proportional to the product of the projectile and target
spectroscopic factors.
o The analysis of transfer reactions provide information on:

[0 Spectroscopic factors
0 Quantum number for single-particle configurations (n, ¢, 7).
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Transfer example

Physical example: °°Fe(d,p)°"Fe at E; = 12 MeV

e 56
—p- P d+ Fe e
Lefn, Qo
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Transfer example: °°Fe(d,p)°"Fe

DWBA transfer amplitude:

A
TDWB A Af< 57F ¢57Fe|vpr10r/post|xd 56Fe¢d>
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Transfer example: °°Fe(d,p)°"Fe

DWBA transfer amplitude:

A
TDWB A Af< 57F ¢57Fe|vpr10r/post|xd 56Fe¢d>

* Xa-56Fe, Xp_57Fe. INitial and final distorted waves
e ¢4 projectile bound wavefunction( p — n)

e ¢s7r.: final (residual) wavefunction (n+°°Fe)

e A;, Ay initial / final spectroscopic amplitudes.

e Virior/post: transition potential in PRIOR or POST form
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Transfer example: °°Fe(d,p)°"Fe

DWBA transfer amplitude:

A
TDWB A Af< 57F ¢57Fe|vpr10r/post|xd 56Fe¢d>

PRIOR POST

o Vpost — Vp—n + Up—56Fe - Up—57Fe
Vprior = Vh—56Fe + Up—56Fe - Ud—56Fe - ~ ~
.

/
v remmant
r enmant
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Transfer example: °°Fe(d,p)°"Fe

Essential physical ingredients in a DWBA calculation:

o Potentials (5):

e Distorted potential for entrance channel (complex): d+°°Fe

Distorted potential for exit channel (complex): p+°*Fe

e Core-core interaction (complex): p+°°Fe
e Binding potential for projectile (real): p+n

e Binding potential for target (real): n+°°Fe

e Spectroscopic amplitudes:  A;,As
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Transfer example: °°Fe(d,p)°"Fe

Physical ingredients: Optical and binding potentials (NPA(1971) 529)

System Vo o ao W4 r; a; r¢
(MeV) (fm)  (fm) (MeV) (fm) (fm) (fm)
d+°°Fe 90 1.15 0.81 21.0 1.34 0.68 1.15
p+°®°"Fe 479 1.25 0.65 115 125 047 1.15
p+nt 7215 0.00 1.484 - - -
n+°°Fe B.E. 1.25 0.65 - - -
— Cl R 10 d+CFe optical potential
UR)=—Vofws(R)+4ia Wy fﬂ;Sé ) i V. (R#V_,(R)
2 of
1 3
R) = g of W,(R)
fWS( ) 1—|—eXp(R_aRO) %_10
: : , B o V,=90 MeV, r =115 fm, a,=0.81 fm |
Gaussian geometry: V (r) = —Vp exp[—(r/ag)”]. W=21 Mev, r =134 fm, a=0.68 m ||
R (fm)
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Transfer example: °°Fe(d,p)°"Fe

Input example for °°Fe(d,p)°"Fe: f e56dp_dwba. i n

6Fe(d, p)57Fe @ Ed=12 MeV;
AVELI ST
FRESCO hcne0. 1 rmat ch=20. 000

rintp=0.20 hnl=0.100 rnl=4 centre=-0.45
j t max=15

t hm n=1. 00 t hrax=180. 00 t hi nc=1. 00
ito=1 iter=1

chans=1 snmat s=2 xstabl =1

el ab= 12 /

PARTI TI ON namep="d" massp=2.014 zp=1 nanet="56Fe
masst =55. 934 zt =26 nex=1 /

STATES j p=1. 0 bandp=1 ep=0.0 cpot=1 jt=0.0
bandt=1 et=0.0 /

PARTI TI ON nanep="p’ nmassp=1. 0078 zp=1 nanet =" 57Fe
masst =56. 935 zt =26 qval =5. 421 pwf=F nex=1 /

STATES j p=0.5 bandp=1 ep=0.0 cpot=2 jt=0.5
bandt=-1 et=0.0 /

partition /

POT
POT

itt=F at=56 rc=1.15 /
type=1 itt=F p1=90 p2=1.15 p3=0.81 /

POT
pPOT
pPOT
POT

kp=3 itt=F at=56 rc=1.00 /
kp=3 type=1 itt=F pl1=65.0 p2=1.25 p3=0.65 /
kp=4 itt=F ap=1. 0000 at=0.0000 rc=1.0000 /
kp=4 type=1 shape=2 itt=F pl=72. 1500

p2=0. 0000 p3=1. 4840 /
kp=5 itt=F at=56 rc=1.15 /
POT kp=5 type=1 itt=F pl=47.9 p2=1.25 p3=0.65 /
POT kp=5 type=2 itt=F p4=11.5 p5=1.25 p6=0.47 /
pot /

POT

OVERLAP knl=1 icl=1 ic2=2 in=1 nn=1 sn=0.5
j =0.5 kbpot =4 be=2.2250 isc=1 /

OVERLAP knl1l=2 icl=1 ic2=2 in=2 nn=2 | =1 sn=0.5
j =0.5 kbpot =3 be=7.646 isc=1/

overlap /

COUPLING icto=2 icfrom1l kind=7 ip2=-1 ip3=5/
CFP in=1 ib=1 ia=1 kn=1 a=1. 0000 /

CFP in=2 ib=1 ia=1 kn=2 a=1. 0000 /

cfp /

coupling /

POT type=2 itt=F p4=21 p5=1.34 p6=0.68 /
POT
POT
POT

itt=F at=57 rc=1.15 /
type=1 itt=F pl=47.9 p2=1.25 p3=0.

65 /
type=2 itt=F p4=11.5 p5=1.25 p6=0.47 /
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Transfer example: °°Fe(d,p)°"Fe

General variables:

56Fe(d, p) 57Fe @ Ed=12 MV,

NAMELI| ST

&FRESCO hcne0. 1 rmat ch=20. 000
rintp=0.20 hnl =0.100 rnl =4 centre=-0.45
j t max=15
t hm n=1. 00 t hmax=180. 00 t hi nc=1. 00
1t0=1 iter=1
chans=1 smat s=2 xstabl =1
el ab= 12 /

e rnl: range of non-locality
e Centre, rintp, hnl : parameters for numerical integration (see f r esco manual)

e | ter: Number of iterations so, for DWBA, i t er =1
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Transfer example: °°Fe(d,p)°"Fe

Partitions and states:

e Incoming (initial) partition: d+°°Fe

&PARTI TI ON nanmep="d’ massp=2. 014 zp=1
namet =" 56Fe’ masst =55. 934 zt =26 nex=1 /
&STATES j p=1.0 bandp=1 ep=0.0 cpot=1 jt=0.0 bandt=1 et=0.0 /

o Outgoing (final) partition: p+°"Fe

&PARTI TI ON nanmep="p’ massp=1. 0078 zp=1
namet =" 57Fe’ masst =56. 935 zt =26
gval =5. 421 nex=1 /
&STATES | p=0.5 bandp=1 ep=0.0 cpot=2 jt=0.5 bandt=-1 et=0.0 /

e gval : Q-value for gs-gs transfer
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Transfer example: °°Fe(d,p)°"Fe

Interactions:

o Entrance channel distorted potential: d+°°Fe

&POT kp=1 itt=F at=56 rc=1.15 /
&POT kp=1 type=1 itt=F pl=90 p2=1. 15 p3=0.81 /
&POT kp=1 type=2 itt=F p4=21 p5=1. 34 p6=0.68 /

« Exit channel distorted potential: p+°7Fe

&POT kp=2 itt=F at=57 rc=1.15 /
&POT kp=2 type=1 itt=F pl=47.9 p2=1.25 p3=0.65 /
&POT kp=2 type=2 itt=F p4=11.5 p5=1.25 p6=0.47 /

e Core-core potential: p+°°Fe

&POT kp=5 itt=F at=56 rc=1.15 /
&POT kp=5 type=1 itt=F pl=47.9 p2=1.25 p3=0.65 /
&POT kp=5 type=2 itt=F p4=11.5 p5=1.25 p6=0.47 /
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Transfer example: °°Fe(d,p)°"Fe

Interactions (continued ...)

Binding potentials:

e N+ °°Fe: Woods-Saxon

&POT kp=3 at=56 rc=1.0 /
&POT kp=3 type=1 pl=65.0 p2=1.25 p3=0.65 /

e N+p: Gaussian

&POT kp=4 ap=1.0 at=0.0 /
&POT kp=4 type=1 shape=2 pl=72.15 p2=0.00 p3=1.484 /
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Transfer example: °°Fe(d,p)°"Fe

Bound wavefunctions (overlaps):

e d=p+n: simple 1S model

&OVERLAP knl1=1 icl1l=1 ic2=2 in=1 nn=1 | =0 sn=0.5 j=0.5
kbpot =4 be=2. 2250 isc=1 /

o °"Fe=°°Fe+n: assume 2p, ,» configuration

&OVERLAP knl=2 icl=1 ic2=2 in=2 nn=2 | =1 sn=0.5 j=0.5
kbpot =3 be=7.646 isc=1 /

0 1 n=1: projectile
| N=2: target

0 nn, |, sn,j: quantum numbers: [ + si = j
0 be: binding (separation) energy
0 kbpot : potential index
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Transfer example: °°Fe(d,p)°"Fe

Transfer coupling between the two partitions:

&COUPLI NG i cfromel icto=2 kind=7 ipl=0 ip2=-1 ip3=5/

e | cfrom index for partition of initial state

| ct o: index for partition of final state

e ki nd: kind of coupling. kind=7 means finite-range transfer.

| p1=0: post representation
| p1=1: prior

e | p2=-1: include full remnant

i p3: index for core-core potential (p+°°Fe)
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Transfer example: °°Fe(d,p)°"Fe

Spectroscopic factors:

61) = > AL [#1(6) ® e (v)]

JM
1¢5

So, for example:

|57Fe; 1/2—> — [|56Fe;gs> R ’I/2p1/2>] o 4+ 6 [|56Fe; 2+> &) |I/2p3/2>} 1/2- + ...
o «, [3,....spectroscopic amplitudes

la)?, |8]?, ...: spectroscopic factors
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Transfer example: °°Fe(d,p)°"Fe

Spectroscopic amplitudes:

&CFP in=1 ib=1 ia=1 kn

1
&CFP i n=2 ib=1 ia=1 kn=2

e I n=1: projectile state
| Nn=2: target state

e | b: index for state of composite
| a: index for state of core

e a: spectroscopic amplitude

TRIUMF Summer Institute
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Transfer example: °°Fe(d,p)°"Fe

Post and prior equivalence:

207 L e ]
56 7 ]
Fe(d,p) Fe . |

|
6]
T T T T T
|

— POST: RNL=4 fm
© PRIOR: RNL=20 fm

do/dQ (mb/sr)
o)
I

PV

=
eSS o s o
=S SSa
> SSa

o
o2
SQaaceo®

[1 Post and prior give identical results, provide that the parameters are adequate for
convergence.
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Transfer example: °°Fe(d,p)°"Fe

Dependence with binding energy:

&OVERLAP knl=2 (...) be=7.646 /
&OVERLAP knl1=2 (...) be=5.646 /
&OVERLAP knl1=2 (...) be=5.646 /
&OVERLAP knl1=2 (...) be=3.646 /
&OVERLAP knl1=2 (...) be=1.646 /
&OVERLAP knl1=2 (...) be=0.100 /
50— L A B
- 56 7
- Fe(d,pf FegS
40}
N — S,=7.646 MeV
LED 30 — $,=5.646 MeV
= — $.=3.646 MeV
S 20i — S =1.646 MeV/
St — S,=0.5MeV
1)
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Transfer example: °°Fe(d,p)°"Fe

Dependence with beam energy:

o Calculating several energies in one single run. In f e56dp_ebeam i n:

&FRESCO (...) elab(1:4)= 2 40 0 0 nlab(1:3)= 38 0 0 /

will run FRESCOfor F1,1,=2, 3, 4, ..., 40 MeV.

e Extracting total inelastic cross sections from main output:

grep "partition 2" fe56dp_ebeamout | awk '{print NR+l, $9}’ > xsec_vs_el ab. dat

20— —T
56Fe(d,p)rﬂFe ]

=
C1 I

e ]
0 10 20 30 40
Incident energy (MeV)
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Transfer example: °°Fe(d,p)°"Fe

Dependence with beam energy
o FE > Vj: diffractive structure, forward peaked.

o I < Vi smooth dependence with 6, backward peaked.

1 T T T T T
56 57
~ Fe(d,p) Fe,s

do/dQ (mb/sr)
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Transfer example: °°Fe(d,p)°"Fe

Selectivity of /.
&OVERLAP (...) nn=2 [ =0 sn=0.5 j=0.5 kbpot =3 be=7.646 /
&OVERLAP (...) nn=2 I =1 sn=0.5 j=1.5 kbpot =3 be=7. 646 /
&OVERLAP (...) nn=2 1=2 sn=0.5 j=2.5 kbpot =3 be=7.646 /
&OVERLAP (...) nn=1 [ =3 sn=0.5 j=2.5 kbpot =3 be=7.646 /
&OVERLAP (...) nn=1 1=4 sn=0.5 j=4.5 kbpot=3 be=7.646 /
50_‘ I L
A — :3(1) 56Fe(d,p)rﬂFe ]
40} — =2 .
- i — [=3
L 0
O
530;
B!
T 20
B I
© L
10f
% 20 40 60 80 100

O m (deg)
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Beyond DWBA: CCBA formalism

When there are strongly coupled excited states in the initial or final partition, the CC and
DWBA formalisms can be combined — CCBA

cc .. DWBA
; o
56, ...
d+ Fe -
S7
p+ Fe
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Proposed exercise: 2°®Pb(3Li, "Li)2°?Pb

Proposed exercise: Calculate the transfer differential cross section angular distribution
for 1 neutron transfer reaction 2°®*Pb(®Li,” Li)?°?Pb, leading to the ground state of the **°Pb
nucleus (J™ = 9/27).

Ingredients:

o for the optical potentials, you may use those of the previous exercises.

o for the bound wavefunctions, use a WS potential with ro = 1.25 fm and
ao = 0.65 fm.

e assume unit spectroscopic factors for the initial and final states.
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Proposed exercise: 2°®Pb(3Li, "Li)2°?Pb

Input example for 2°®Pb(3Li, "Li)*°°Pb: | i 8pb_trans.in

208Pb( 8Li, 7Li ) 209Pb(gs) i nput exanple

NAMELI ST

&FRESCO hcm=0. 05 r mat ch=60. 000 ri nt p=0. 2
hnl =0. 025 rnl =3 centre=0.00 jtm n=0.0 jtnax=80.
thm n=2. 00 t hnmax=180.00 thinc=2.00 it0=1 iter=1 smats=2
xst abl =1 el ab=34. 404 /

&PARTI TI ON namep=' 8Li' massp=8. 0225 zp=3
namet =" 208Pb’ masst =207. 9766 zt =82 qgval =0. 0000 pwf =T
nex=1 /

&STATES j p=2. 0 bandp=1 ep=0. 0000 kkp=1.0 cpot=1
jt=0.0 bandt=1 et=0.0000 kkt=0.0 fexch=F /

&PARTI TI ON namep="'7Li* massp=7. 0160 zp=3
nanmet =" 209Pb’ nmasst =208. 9810 zt =82 gval =1. 9040 pwf =T
nex=1 /

&STATES j p=1.5 bandp=-1 ep=0. 0000 cpot=2 jt=4.5
bandt =1 et =0. 0000 fexch=F /

&partition /

TRIUMF Summer Institute
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Proposed exercise: 2°®Pb(3Li, "Li)2°?Pb

(continued ...)

&POT kp=1 ap=8 at =208 rc=1.25 /
&POT kp=1 type=1 itt=F pl=15.4 p2=1.3 p3=0.65 p4=58.3 p5=1.3 p6=0.7 /

&POT kp=2 itt=F at=209. 000 ap=7.000 rc=1.250 /
&POT kp=2 type=1 itt=F pl=15.4 p2=1. 300 p3=0. 650
p4=13. 2 p5=1. 3 p6=0.65 p7=0.000 /

&POT kp=3 type=0 shape=0 itt=F ap=7 at=0.000 /
&POT kp=3 type=1 shape=0 itt=F pl=44.675
p2=1. 25 p3=0.65 /

&POT kp=4 itt=F ap=208. 000 at=0.000 rc=1.250 /
&POT kp=4 type=1 itt=F pl=60.000 p2=1.250
p3=0. 650 /

&POT kp=5 itt=F at=208.000 ap=7.000 rc=1.250 /
&POT kp=5 type=1 itt=F pl=15.4 p2=1. 300 p3=0. 650
p4=13. 2 p5=1. 300 p6=0.65 p7=0.000 /

&pot /
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Proposed exercise: 2°®Pb(3Li, "Li)2°?Pb

(continued ...)

&OVERLAP knl=1 icl=1 ic2=2 in=1 nn=1 | =1 sn=0.5
la=1l j=1.5 i b=1 kbpot=3 be=2.0330 isc=1
anpl =0. 0000 /
&OVERLAP knl1=5 icl=1 ic2=2 in=2 nn=2 | =4 sn=0.5
] =4.5 kbpot=4 be=3.9440 i sc=1 nam=1 anpl =0. 0000 /
&overlap /

&COUPLING i cto=-2 icfrom=l kind=7 ip2=-1 ip3=5/
&CFP in=1 ib=1 ia=1 kn=1 a=1 /

&CFP 1 n=2 ib=1 ia=1 kn=5 a=0. 8450 /

&cfp /

&coupling /

TRIUMF Summer Institute
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Lecture 4: Calculations
including continuum
states

00 Halo and borromean
nuclei

0 Continuum
discretization
0 CDCC formalism

0 Bin wavefunction
O Application to
deuteron scattering

[0 CDCC applied to
exclusive breakup

O Application to 6He
and S Li scattering

00 Four body CDCC
calculations

0 Spectroscopy to
unbound states

OThe 10Liand 11Li
systems

09Li+d — 10Lj+p

Lecture 4: Calculations including continuum states
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Exotic nuclel, halo nuclei and Borromean systems

o Radioactive nuclei: they typically decay by G emission.
E.g.: °He Z—SLi  (t, /o ~807 ms)

o Weakly bound: typical separation energies are around 1 MeV or less.
o Spatially extended

e Halo structure: one or two weakly bound nucleons (typically neutrons) with a large
probability of presence beyond the range of the potential.

e Borromean nuclei: Three-body systems with no bound binary sub-systems.
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Exotic nuclei, halo nuclel, and Borromean systems

Proton number

.

R N W b 01 O N 0O ©

130
12y
9% |10c|iic
8B
Be
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oo

17N

18y

19y

2] PANN

16c

17c

18¢c

7
w7

19 [20¢

Stable
Unstable

1 2 3 4 5 6 7 8 910 11 12 13 14

Neutron halo

Borromean

>

Neutron number
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Why study reactions with exotic nuclei?

[0 Many properties of nuclear structure (level spacing, magic numbers,etc) could be
different from normal nuclei.

[J Many reactions of astrophysical interest are known to involve nuclei far from the

stability valley.

Nuclear Landscape

stable nuclei

known nucls._?i

\\_— : e - terra incognita

neutron stars

TRIUMF Summer Institute

4-15 August 2008 — 110 / 156



Some difficulties inherent to the study of reactions with exo tic
beams

Experimentally:

e EXxotic nuclei are short-lived and difficult to produce. Beam intensities are typically
small.

Theoretically:

o Exotic nuclei are easily broken up in nuclear collisions = coupling to the continuum
plays an important role.

e Effective NN interactions, level schemes, etc are different from stable nuclei.

o Many exotic nuclei exhibit complicated cluster (few-body) structure.
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Indirect measurements for nuclear astrophysics

[0 Many reactions of astrophysical interest at energies too low to be measured e at
present experimental facilities.

[0 Coulomb breakup and transfer reactions provide indirect information for these

processes.

Example: The rate for the “Be+ p — ®B + ~ reaction depends mainly on the overlap
(°B|"Be), which can be investigated by means of other direct reactions:

Transfer reactions:
E.g.: d("Be, ®B)n

Be

.

Coulomb breakup reactions:
E.g.: °B+°%®*Pb — "Be+ p + *°®*Pb

5B o/Be
® -
\

ol J
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Some difficulties inherent to the study of reactions with exo tic
beams

[1 First evidences of the existence of halo nuclei came from reaction cross sections
measurements.

7351 i

NE B

=

% 3.0 o Lithium isotopes

'_'U (=

= L

=

" g

25

= L

= |6

=

m L.

spl a0 0 [ 4§
2 4 6 8 10 Tanihata et al, PRL55, 2676 (1985)

Number of neutrons

TRIUMF Summer Institute 4-15 August 2008 — 113 / 156



Failure of the calculations without continuum

Three-body calculation (p+n+°®Ni) with Watanabe potential:

Voo (R) = / 01 s (1) (Vipt + Vnt) s (1)

(do/dQ)/(do/dQ)

10 E T T I T T I T T I
' __ d+Niat E=80 MeV
= A
20 ooy
18 o 0g00g
100 ) /Qe ,g;\a i o° ° o E
U o N
L~ ? é 9/o ooo\\
I ll ;) g oo\\
4 oy °°\o\a
10 E_ I|| g (\)\ E
r |
: ||| O\Q
I Q
\ Q
i s
10-2 2 \\30 E
r \\
L o Stephenson et al (1982) \
"---- No continuum (Watanabe potential) N
-3 1 1 I 1 1 I 1 1 I 1 1
1079 30 60 90 120
ec.m.

[1 Three-body calculations omitting breakup channels fail to describe the experimental

data.
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The role of the continuum in the scattering of weakly bound
nuclei

The origins of the CDCC method:

e Pioneering work of Johnson & Soper for deuteron scattering: PRC1,976(1970) =
pP-n continuum represented by a single s-wave state.

PHYSICAL REVIEW C VOLUME 1, NUMBER 3 MARCH 1970

Contribution of Deuteron Breakup Channels to Deuteron
Stripping and Elastic Scattering

R. C. Jounson

Department of Physics, University of Surrey, Guildford, Surrey, England
AND
P. J. R. Soprer*

International Centre for Theorelical Physics, Trieste, Italy
(Received 10 November 1969)

We present a model of deuteron stripping and elastic scattering which treats explicitly the contributions
from channels in which the deuteron is broken up into a relative S state and the target is in its ground
state. An adiabatic treatment of these channels leads to a description of deuteron stripping which resembles
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The role of the continuum in the scattering of weakly bound
nuclei

o More realistic formulation by G.H. Rawitscher [ PRC9, 2210 (1974)] and Farrell,
Vincent and Austern [Ann.Phys.(New York) 96, 333 (1976)].

PHYSICAL REVIEW C VOLUME 9, NUMBER 6 JUNE 1974

Effect of deuteron breakup on elastic deuteron-nucleus scattering

George H. Rawitscher*
Center for Theoretical Physics, Massachuselts Institute of Technology, Cambridge, Massachusetts 02139
and Department of Physics, University of Survey, Guildford, Survey, England
(Received 1 October 1973; revised manuscript received 4 March 1974)

The properties of the transition matrix elements V,,(R) of the breakup potential V) taken
between states ¢,(T) and ¢,(r) are examined. Here ¢,(r) are eigenstates of the neutron-proton
relative-motion Hamiltonian, and the eig_fnvalues of the energy €, are positive (continuum
states) or ne_gaﬁv_f (bound deuteron); V{r, R) 19_._the sum of the phenomenclogical proton nu-
cleus V,—4(|R ~3T|) and neutron nucleus V,_,(|R+ 3 T|) optical potentials evaluated for nu-
cleon energies equal to half the incident deuteron energy. The bound-to-continuum transi-

o Full numerical implementation by Kyushu group (Sakuragi, Yahiro, Kamimura, and
co.): Prog. Theor. Phys.(Kyoto) 68, 322 (1982)
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Inclusion of the continuum in CC calculations: continuum
discretization

Quantum Hamiltonian

Bound states Unbound states

- Discrete - Continuous

- Finite - Infinite

- Normalizable - Non-normalizable

Continuum discretization:  represent the continuum by a finite set of square-integrable
states

True continuum —  Discretized continuum
Non normalizable — Normalizable
Continuous —  Discrete
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Continuum discretization

SOME POPULAR METHODS OF CONTINUUM DISCRETIZATION:

e Box method:
Eigenstates of the H in a large box.

e Sturmian basis

o Gamow states: complex-energy eigenstates of the Schrodinger equation.

e Pseudostate method:
Expand continuum states in a complete basis of square-integrable states (eg. HO)

e Bin method:
Square-integrable states constructed from scattering states.
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Bound versus scattering states

ol

9,1

. V(r) [MeV]

Unbound states are not suitable for CC calculations:
e Continuous (infinite) distribution in energy.

e Non-normalizable: (¢x ()" |pr/ (7)) o< §(k — k')
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CDCC formalism

Example: discretization of the deuteron continuum in terms of energy bins.

ground state
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CDCC formalism

Bin wavefunction:

2 2
wesnlr) =\ [ 0 ()
1

e k: linear momentum

e wuys; k. Scattering states (radial part)
o w(k): weight function

1
0.5 .
C | | | | TN
= 0 1 1 1 1 1 ‘
-0.51- -
— Continuum WF at sX:Z MeVv | |
— BinWF: eX=2 MeV, '=1 MeV
- ‘ L I T AW 4 T I AV Al I
0 20 40 80 100 120

60
r (fm)
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CDCC formalism for deuteron scattering

¢ Model wavefunction:

e Hamiltonian: H = Tr + h. + Vpi(rpt) + Ve (tnt) / o
2H
r

e Coupled equations: [H — E]¥(R,r)

R [ d* L(L+1
[_2u (dR2_ (Rz )>+ ]fo“] +ZL T Vit (B) fars (R) =0

= {L? '67 S?j? n}

e Transition potentials:

VaJ;oz/<R) — /dr¢a(r)* [th(R—F g) + Ve (R — g)} Par (T)
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Application of the CDCC formalism: d+  °®Ni

10— E
_10°% E
C FY 8 .
) . ]
"

3 . 1 |
= 10F E
C C V .
o C ]
S C ]
S A i
10'25— o  Exper. EONE
C ---- No continuum N
i —— CDCC: s+d waves '\
L \
10-3 T B B
0 30 60 90 120
eC.I’I’l.

[ Inclusion of the continuum is important to describe the data
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Application of the CDCC formalism: d+  °®Ni

Observables for exclusive breakup can be obtained from the S-matrix elements:

do3

\IJCDCC R .
(. R) = Sesn = o 10.dE,

o
12 >
d < 8,
///. \\l
\\‘.’//

N. Matsuoka et al., Nucl. Phys. A 391, 357 (1986).
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Application of the CDCC formalism: d+  °®Ni

Observables for exclusive breakup: proton angular distribution

3L a0 o Matsuoka (1982) |
10 E en_15 — Faddeev ]
- . |~ CDCC ]
C\l: i
= _
~~
Q 2
£ 10 E_ —
a C
G -
3 _
<
© AR
<'_\
©

=
o

T T T 7T ||'|\
I

*c(d,pn)"*C @ E,=56 MeV
100 | ! | I | I | I | L | L |
60 40 20 O

ep (deg)

A.Deltuva, A.M.M., E.Cravo, F.M.Nunes, A.C.Fonseca, Phys.Rev. C 76, 064602 (2007)
[1 Very good agreement with Faddeev calculations!
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Application of the CDCC formalism: d+  °®Ni

Observables for exclusive breakup: proton energy distribution for fixed 6,, and 6,

6 30 T | T | T | T | T | T 15 T | T | T | T | T | T o Matsuoka (1982)
— Faddeev
4 2.0 -—- CDCC-BU
’5 2 1.0
[}
=
“C 0 0.0
Y 06 —{ 0.6
o
E T }% P 1
~ 041 —{ 04
o
S, 02 ' — 02
G B N A
go)
o 00 (AR 00
ST 0,=45"
T 04 —4 04
0.2 — E{ — 0.2
0.0 Cl w1 0.0 Ll a1 00—~'|||‘n' [
0 10 20 30 40 50 60 O 10 20 30 40 50 60 O 10 20 30 40 50 60
Ep (MeV) Ep (MeV) Ep (MeV)

A.Deltuva et al, Phys.Rev. C 76, 064602 (2007)
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Application of the CDCC method: °Li and ®He scattering

[0 The CDCC has been also applied to nuclei with a cluster structure:
e SLiza+d

e SHe=a + *n

@ E, =156 MeV 1

T I T
Pb @ 27MeV]

T T T T I
6, . 40 208
Li+ Ca

6
e He+

l\ /
n\“‘ \’/‘\
A

: : E 0.4 o LLN data \ 7
10 | ° Experment = - |-- no continuum
- |—— No continuum 3 02 |— CDCC
- |— CDCD: nS:15, nd:30 ] i
wEe—— 0 A R T R e
0 20 40 60 80 0 20 40 60 80 100
0, (deg) 6, (deg)

[0 CDCC works for °Li but fails for °He!
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SHe+298Pp within a di-neutron model

L | L | L | LI L
—— 3-body model
0.81 - — Dineutron 7
N - .
[¢))
= 061 -
N
£
& - .
)
ﬁ 0.4 —
a | |
=)
B o2t §
0 11 1 | | I I | | | I I | | II\IT|8~I I-I I_

0 2 4 6

dB(E2)/de (e°fm*/MeV)

20IIIIIII TTTT[TTT T[T TT T[T TT T [TTTT

[EEY
(=)
I

OIIII' I|IIII|IIII|IIII|IIIIII

0 1.2 3 4 5 6 7 8

€ (MeV)

[1 The dineutron model tends to overestimate the coupling to the continuum: we need a more

sophisticated model for °He = « +n +n
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Four-body CDCC calculations

Extension of the CDCC method to 3-body projectiles:
four-nody CDCC calculations
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Four-body CDCC calculations for %He+2°3Pb

2-body case: § 1 single degree of freedom (inter-cluster relative coordinate)

o () = Rt (1) Yern (), o—©
p n

‘ 3-body case: I

o 2 degrees of freedom (6 coordinates)

;

e 3-body Hamiltonian: H =T + Vi + Via + Via + Vana
e The 3-body wavefunction can be expressed in different coordinate systems:

00 Jacobi coordinates: {x,y}

0 Hypersherical coordinates: {p, Q.,€,,a} p°=2°+y*> tana =

a
1 Al laly 4 X
Uim(p D) = 575 >~ Bus(p) [ 5" (e, 2,0) © X5
B=1

jm
n

< 8
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Four-body CDCC calculations: °He+2%®Pb

I I | I | I | I
' - "He+**Pb @ 27MeV-

0.4= | o LLN data
- |-+ no continuum

0.2 3-body CDCC
- |— 4-body CDCC .
] | ] | ] | ] | .... |
% 20 40 60 80 100
O m. (deg)
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Present and future developments

o Calculation of nucleon-nucleon and nucleon-core correlations from three-body
breakup

 Application to more complicated Borromean nuclei: *'Li, **Be, etc

o Core excitation: ''Be='"Be* + n
Summers, Nunes and Thompson, Phys.Rev. C 74, 014606 (2006)
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‘ Spectroscopy to unbound states: the °Li(d,p)'°Li case I
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Spectroscopy to unbound states

‘ The '°Li and ''Li systems I
o MLiradioactive:

1 2, 11 (t1/2 ~8.5 ms)

_______ 025_ — _9|:I_+_2£]_
g.s.
 ''Li key example of Borromean nucleus: ST,
. 11
0 n+n and n+°Li unbound but, Be

0 n+n+°Li has a (weakly) bound state.

e The structure of ''Li depends critically on:
0 n+n — well understood.

pP-wave resonance

Lo . : _
0 n+“Li — dominated by: { swavevirtual state

} — not weall understood
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

The Experiment:

« REX-ISOLDE (2002) L
9 o~
_ Li \\ |
e “Libeam on D target at £ = 2.75 MeV/u [ — - ot
o The experiment provided angular and energy @ P
- - _— 2
. . . . H
distributions for protons = °Li.
6F 1 = 30 ‘ ‘
*Lid,p)"°Li’ s | (6,,,=98-134°) O REX-ISOLDE (S367)] ]
Q i
- =
&4t s S 20+ % % % :
2 @
E 2
c IS
S| ¢ 3
St ?3 t . ~8/x1of % % % % .
3% woe
07 L | L | L | L | L | L | L | L 07 L L L L | L L L L Pary T 6 OO |
0 20 40 60 80 100 120 140 160 0 0.5 1.5
O¢.m. (deg) E, (MeV) (above °Li+n threshold)
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

MOTIVATION: What spectroscopic information can be obtained from the '°Li distributions?
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

MOTIVATION: What spectroscopic information can be obtained from the '°Li distributions?

IMPORTANT QUESTIONS TO ADDRESS:

e Q: What is the mechanism producing protons?

A: Direct (compound estimated to be very small)

e Q: How does the reaction mechanism affect the '°Li energy spectrum?
(eg. relationship between observed bump and continuum structures)

A: Requires a proper reaction calculation; not just a fit to data
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

| STRUCTURE + REACTION I
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

STRUCTURE + REACTION

/ L0 \

i + n =10y
3/2_ + 81/2 ﬁl_/Z_
3/27 4+ py =172

pP3/2 bound state (e, ~ 4.1 MeV)

s1/o : deeply Os bound state
virtual 1s virtual state

p1/2 - low energy resonance

\_
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

STRUCTURE + REACTION

/ 10| j \ / Transfer to the continuum \

(direct mechanism)
i - n =101

3/27  + sy = 170127 cbce
3/27 4+ py =1tRT A
pP3/2 - bound state (e, ~ 4.1 MeV) BA PEEE

° . LT
s1/2  deeply Os bound state Li +d \

virtual 1s virtual state
10 Li*+ p

kpl/2 . low energy resonance \ /
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Spectroscopy to unbound states:

Vi?l V=‘70.2

p1/2 resonance

150

100

50

p,,, Phase-shift (degrees)

Li(d,p) °Li case

5 66 67 68 69
Potential depth (MeV)
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

Appearance of a virtual state in '*°Li="Li+n:

= -
[}
é 7] O === T T T T |
0’ -0.6 f Virtual  Bound __ 5 r (fm) 10
08 |— (K2 W — 10
-l 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 11 _ 20_ V(r)
:I T T T | T T T 71 | T T 7 %
02| E = b — V=102 MeV
i . — — V=118 MeV
__oap ] \;,
e | ] 40 -
£ o+
X B ]
02F _:
:I 1 1 | | I T | | I T | | I T | | | I | 1 1 | I:

90 95 100 105 110 115 120
Potential depth (MeV)
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Spectroscopy to unbound states:

Li(d,p) °Li case

Vs (virtual state)

180

0
o
£ 120 .
]
E 4
= | |v=107
< V=105
2 60 V=102
a |l 1v=99
e
5 {v=91
(/):| 0
_60 Il Il Il Il | Il Il Il Il | Il Il Il | Il | Il Il Il Il
0 0,2 0,4 0,6 0,8 1
E. (MeV)
Scattering length:
d(k
as = — lim tan Q
k—0

E_(MeV)

E OF i
< [
s |
g 20¢ -
(@]
£
5 |
8 -40 -
U) i 1 1
C 1 1 | 1 1 | 1 | 1
90 95 100

Potential depth (MeV)
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

Structure: p; /» resonance —| Reaction

10 T T T T T . : : . :
=08° ° = = i
8,,,=98%134") |u-aV,=66MeV (E,=0.53 MeV)

do/dE, (mb/MeV)
(6)]
I
|

0.8 -
2 0.6 . ™
\2./ I ,’, “m
04 ] ‘/ \l\
— | v/ LW n
o LR ol
0.2 — . | Tag - = “m
0 ._l--"-;’ 1 1 | 1 1 1 1 | "|7.’ 1 1 1
% 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 O 0-5 1 1-5
5 66 67 68 69 E, (MeV) (above *Li+n threshold)

Potential depth (MeV)
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

Structure: P1/2 fesonance —| Reaction
1 T T T T T T T T T T T T T T T T T T
10—————————71 7
- (ecm:980'1340) =-a V=66 MeV (E=0.53 MeV)| 1
i o oV =66.5 MeV (E=0.44 MeV)| .
I
[}
0 H—+—+—+——+—+—+———+—+———f————— = |
L 4 o)
0.8F = £ s .. B
< /e
[ = §
N B | ,f'l ,/F‘i\‘i
° AR
— o /,’ /‘ \.\ l\l
® L SR > N
T i ,’/,Il'/- ‘\‘:‘&:':;'_ ;.;J'\'\\. i
. 0 .__._:.::.:" 1 1 I 1 1 1 1 -.'i:':.::fstl 1 1
% 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 O 0-5 1 1.5
5 66 67 68 69 E, (MeV) (above *Li+n threshold)

Potential depth (MeV)
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

Structure: p; /» resonance —| Reaction

1 T T T T T T T T T T T T T T T T T T

10 T T T T I T T T T I T T T T
G =98°-134°%) [s-aV, =66 MeV  (E,=0.53 MeV)| 1
o oV =66.5 MeV (E=0.44 MeV)| .
a-aV =67 MeV  (E=0.38 MeV)

do/dE, (mb/MeV)
(6)]
I
|

0 0.5 1 15

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
%5 66 67 68 69 o .
Potential depth (MeV) E, (MeV) (above "Li+n threshold)
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Spectroscopy to unbound states:  °Li(d,p) '°Li case

Structure: s; /5 V.S. —| Reaction
] T
—0a0.1 240 o V=102 MeV (a=-132 fm)
101 (ec.m._98 1347 V=99 MeV (0=-16.2 fm)| _|
o—o V=95 MeV (a=-5.9 fm)
< A-AV=90 MeV (0=-2.3 fm)
(O]
=
E O ] E
(Uw Lux 57 —
5 o
o S~~~
£ -20 - 3 M S
(@)
£
o
g -40 -
wn B o 1 1 1 I | I I I | | | | | |
i Lo b 0 0.5 1 15
90 95 100 E, (MeV) (above n+°Li threshold)

Potential depth (MeV)
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Spectroscopy to unbound states:  °Li(d,p) ‘°Li

| BEST FIT RESULTS: I HP.Jeppesen et al, PLB642 (2006) 449

e pi1/2 resonance (17/2* doublet): F, ~ 0.38 MeV, I = 0.2 MeV

e sy/o Virtual state (17/2~ doublet): as ~ —24 fm

20 T T T T T 30 T T T T T T
. o REX-ISOLDE data|- | (6,,,=98-134°) O REX-ISOLDE (IS367)
| - = Syp 1 - - Estado virtual s,
15+ — Py - —— Resonacia Py
- — S12 TPy, — Sipt Py, .

N
o
T T T T ‘ T
- o—
L o——
—O0—

do/dQ (mb/sr)
(SN
o

dN/dE, (counts per 100 keV)

(=Y
~ ©

f
|
1 H
—0O—
—O0—

00—
|

r

Il Il ‘ Il Il Il — 6 Fany Fany |
0 0.5 T T 15
E, (MeV) (above %Li+n threshold)
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“Tharks:

't

@

TRIUMF Summer Institute 4-15 August 2008 — 144 / 156



‘ Appendix: commented example for CDCC calculations with FRESCO I
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CDCC formalism: physical ingredients

e Physical example: d+°®Ni at E = 80 MeV

e \We need to provide FRESCOwith the following ingredients:

 Participants: projectile (core+valence) and target: p, n, °®Ni

e Potentials:

- Valence-target and core-target (complex)

- p-n potential (for gs wavefunction and continuum states)

o Multipolarities (Q) for coupling potentials

e Binning squeme for each spin/parity combination:

- Average bin energy: €,
- Width for each bin: Ae¢,
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CDCC formalism: d+ °3Ni

CDCC input example for d+°®Ni: dni _e80 cdc.in

d+ 58Ni at E=80 MeV (CDCC) s+d waves

&CDCC

hcm=0. 1 r mat ch=60

el ab=80 pel =1 | ab=1 j bord=100

t hmax=180 t hi nc=1 chans=1 smats=2 xstabl =1
nk=200 ncoul =0 reor=0 =2 hat =F /

&NUCLEUS part="Proj’ nane="d’ charge=1 mass=2.0 spin=0. parity=1 be=2.225 n=1 |1=0 j=0. /
&NUCLEUS part="Core’ nane='n’ charge=0 mass=1.0 spin=0 parity=+1 /

&NUCLEUS part =" Val ence’ nane='p’ charge=1 mass=1 spin=0.0 /

&NUCLEUS part="Target’ nanme=' 58N’ charge=28 nass=58.0 spin=0. parity=1 /

&BI N spi n=0.0 parity=+1 start=0.01 step=5.0 end=30 energy=F
&BI N spin=2.0 parity=+1 start=0.01 step=5.0 end=50 energy=F
&BI N /

= =0.0 /
= =2.0 /

0]
2 ]

&POTENTI AL part="Proj’ al=58. rc=1.25/

# Becchetti-Geenless potential for p +58N
&POTENTI AL part='Val ence’ al=58 rc=1
V=44.9 vr0=1.17 a=0.75 w=6.1 w 0=1.32 aw=0. 53
wd=2. 21 wdr 0=1. 320 awd=0.53 /

# Becchetti-Geenless potential for p +58N
&POTENTI AL part="Core’ al=58 rc=1.25
V=42.6 vr0=1.17 a=0.75 w=7.24 w 0=1.26 aw=0.58
wd=2. 590 wdr0=1.26 awd=0.58 /

# Gaussi an potential for p-n
&POTENTI AL part="Gs’ shape= 2 V=72.150 a=1.484 /

TRIUMF Summer Institute
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CDCC formalism: d+ °3Ni

General variables: CDCC namelist

&CDCC hcme0. 1 r mat ch=60
el ab=80 j bor d=100
t hm n=0 t hmax=180 t hi nc=1
smat s=2 xst abl =1
nk=200 ncoul =0 reor=0 gq=2 hat =F /

e ncoul =0: Coulomb + nuclear couplings
ncoul =1: only nuclear couplings
ncoul =2: only Coulomb couplings

e (: number of multipoles

e nk: number of continuum states to construct the bin.
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CDCC formalism: d+ °3Ni

NUCLEUS namelist:;

&NUCLEUS part="Proj’ nanme=d’
be=2.225 n=1 1=0 | =0. /

&NUCLEUS part =" Val ence’ nane="n’ charge=0 nmass=1.0 spin=0 parity=+1 /

&NUCLEUS part="Core’ nane='p’ charge=1 mass=1 spin=0.0 /

&NUCLEUS part="Target’ nane=' 58N’

charge=1 nmass=2.0 spin=0. parity=1

char ge=28 nmass=58.0 spin=0. parity=1/

e part : specifies each cluster :
part="proj’ = projectile —d
part="val ence’ —n
part="core’ —n
part="target’ — °°Ni

e nane, charge, nass, spi n,parity
e be: binding energy

e N, |, j:quantum numbers

(for simplicity, the neutron and proton spins are ignored)
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CDCC formalism: d+ °3Ni

BIN namelist:

&BI' N spi n=0.0 parity=+1 start=0.0 step=5.0 end=30 energy=F [ =0 j=0.0 /
&BI N spin=2.0 parity=+1 start=0.0 step=5.0 end=50 energy=F [ =2 j=2.0 /
e Spin, parity: total angular momentum and 1=0

parity o
R
- s n=3 =
e St art: minimum excitation energy _ g
end: maximum excitation energy A B
st ep: make N=(end-start)/ st ep bins n=1 t
_ _ —_— £ =-2.22 MeV
e ener gy=T: bins evenly spaced in energy ground state

ener gy=F: bins evenly spaced in k

e |, : orbital and total angular momentum of va-
lence particle
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CDCC formalism: d+ °3Ni

Potentials:

e projectile-target potential (only Coulomb potential is needed here)

&POTENTI AL part="Proj’ al=58. rc=1.25/

e valence-target and core-target potentials:

&POTENTI AL part='\Val ence’ a2=58
V=44.9 vr0=1.17 a=0.75 w=6.1 w0=1. 32 aw=0. 53
wd=2. 21 wdr 0=1. 320 awd=0. 53 /

&POTENTI AL part="Core’ a2=58 rc=1. 25
V=42.6 vr0=1.17 a=0.75 w=7.24 w0=1. 26 aw=0. 58

wd=2. 590 wdr 0=1. 26 awd=0.58 /

e p-n potential (for gs and bins):

&POTENTI AL part="Gs’ shape= 2 V=72. 150 a=1.484 /
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CDCC formalism: d+ °3Ni

o Generate the FRESCOinput (dni _e80 cdcc. i n) from the CDC input
(dni _e80_cdc. i n):

cdc < dni _e80 cdc.in > dni _e80 cdcc.in

e Run fresco input:

fresco < dni _e80 cdcc.in > dni_e80 cdcc. out
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CDCC formalism: d+ °3Ni

Useful output files:
o fort. 16: Angular distributions. Also separately in:

0 fort. 201: elastic angular distribution

O fort. 202: breakup angular distribution for 1st bin
O fort. 203: breakup angular distribution for 2nd bin
0 ...

o fort. 13: total (angle integrated) cross section for each bin.

e fort.56: Four columns:J, Fusion , Reaction , Breakup
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CDCC formalism: d+ °3Ni

Total breakup angular distribution:

sunbins < fort. 16 > sunbi ns. out

10—

d+>°Ni - p+n+ N[

do/dQ (mb/sr)

20 30 40 50
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CDCC formalism: d+ °®Ni

Breakup energy distribution for each spin configuration

sunxen < fort.13 > sunxen. out

. —— T
Fd+2Ni p+n+ ]
10l oo s-waves (I=0) |
. mm d-waves (1=2)
>
)
<
O
E
w
2
@)
[®)
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Useful scripts and post-processing codes:

e cdc. f: Application to create FRESCO inputs for CDCC calculations.

e get smat. sh: Extract S-matrix from fort.7 file
getsmat < fort.7 > smat. out

e sunbi ns. f: Adds all non-elastic angular distributions fromfort. 16
sunbins < fort. 16> sunbi ns. out

e sunxen. f: Energy distribution for each spin/parity fromfort. 13
sunxen < fort. 13> sunxen. out

o frto2col. f: Converts overlaps written by fresco in a two column format.
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