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Types of Nuclear Reactions

Scattering vs Reaction

1- Elastic Scattering (always present) , No energy change X(a,a)X

a+A >a+A, Q=0, 2*Mg(*?C12C)**Mg
2- Inelastic Scattering , Energy change X(a,a™)X*
a+A >a*+A*, Q<0, 2*Mg(12C 12C*)**Mg*
3- Inelastic Reaction, Energy and nucleon change
a+A >b+B, 1*N(*He,p)}’O
4- Radiative Capture
a+A ->B+gamma, 2C(*He,gamma)!O
5- Photo Reaction
gamma+A > B+b, 1O(gamma, *He)!2C
6- Transfer Reaction
X(d,p) or X(p,d), 1?C(°He, *He)!4C

Q = (Miniriar — mf:'m::JC'



Observables

Experiment:

« Angular distribution: E fixed, 0 variable

« Excitation function: 0 fixed, E variable

Coulomb field
(potential)

Nuclear field
(potential)

>—> Coulomb scattering 1

p

| inside nucleus

Theory:

» “Direct” problem: determine cross-section
from the potential

» “Inverse” problem : determine the
potential V from cross-section

, . Rutherford
elastic = scattering
. . Coulomb
inelastic = —

. excitation

near nuclear surface = shape-elastic scattering

(potential scattering)

= resonant scattering
(compound-elastic scattering)




Nuclear Reactions:

Compound
Small b values (head-on)
Low energy

Two step: No relation to
entrance channel

a+A 2> C* (creation of CN)
C* > b+B (decay of CN)
Timescale: 1016 -1018s

|sotropic/Symmetric X-
section (~6=90°)

Direct
Large b values (peripheral)
High energy
One step
a+A 2 b+B

Timescale: 1022 s

Forward peaked-Oscillatory
X-section



Differential cross section

Direct

Compound
nucleus \

90
Centre-of-mass angle (degrees)

180



Cross-section:

a+A Sb+B Probability of a reaction to occur

¢

L '— V(r)

0

solid angle dQ

I, = current of incident particles a = no. particles / unit time

N = no. target nuclei / unit area

R, = no. detected particles b / unit time ("rate”)

Proportionality relation: R, ~I, N

Define: s ™\
cross section ¢ G =

cross section has dimension of AREA
unit for cross section .

barn = 1072* em?2 = 100 fm
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Collision theory: elastic scattering

b=impact parameter
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Two body problem: Schrodinger Equation with effective potential

Two Body Problem

1.

2.

Move from LAB system

To CM.

Seperate the CM

motion " , , : C
Find the reduced mass Reducing the interaction of projectile
mm and target nuclel to interaction of the
" e m reduced mass with a potential

Define the total between them.”
Central Potential V(r)

Solve the Sch. Eq. For
this V(r).

b=impact parameter




Effective Potential

Z1Z~e2  h20(0+ 1
V(r) = Vy(r) + 22227 | P 1)
r 2u r

Nuclear Potentials
Microscopic Double Folding

Phenomenological

P /p

\

U (R)=[d 11 [d 0, (r)p,(r W (R-T 14 12)

-

pi(r1) — Density of A

P (?i)—> Density of a

V(Fz_ ri+r2)— NN interaction
+exchange tferm

XPE2) 4 5, (E)5(r)

EXP(=AN) 5134

v(r)=7999
(r) 4r



Feel Potansivel Derinligi (Mew)

71 Zne?
V(r) = Vy(r) + 21225

_|_

Rh2e(0 4+ 1)

Coulomb Barrier vs Energy
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Nuclear
Astrophysics

Below the barrier
Very few { values
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Near the barrier

Limited £ values—> partial wave expansion

ex: Optical, CC, CDCC, DWBA, etc.




Two body problem: Numerical Solution of Schrédinger Equation

Analytic solution of the Schrodinger equation is limited to few potentials: SW, HO
In general, there is no analytic solution = numerical approach
R d?

gy )+ (V) = Byug(r) =0

up(r) — Fy(kr,n) cosdy + Gy(kr,n) sindy,

Numerical solution : discretization N points, with mesh size h

* u,/(0)=0, u,(h)=1 (or any constant)

* u/(2h) is determined numerically from u,(0) and u,(h) (Numerov algorithm)
* U, (3h),... u,(Nh)

« for large r: matching to the asymptotic behaviour - phase shift

Bound states (E<0): same idea
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Born and Distorted Wave Born Approximation

L (Op(N) =U@)p(r) whee L=k

Multiplying by L, (r)  and integrating all over the space we get

w(r) =4 () + [Urw (L (NS —r)dr’

d.(r) =e™ is the free particle solution (V=0). Using Green functions:

1 eik|r—r’|
Az |r—r']

L, (NS(r' =r)=G,(r-r") Gy (r—r)=-

1 eik|r—r’| 1

+ _ . ’ + ' ' zé _r'! i~ . /
vy (1) = . (r) 4ﬁjlr_r,lu(r)wk(r)olr —— =~ k|r—r'lkkr—kr

eikr

At

vy (1) = 6, (1) —— [e ™ Uy (r)dr’



Scattering Amplitude and Cross-section

1 —ik".r’ ’ + [y ! ’
f(0.0) == [e™ Uy (rdr

If we use plane wave for the l//lj (r) scattering amplitude in Born Approximation is:

fan (0,0) =~ [ U (re*"dr
A
’ 1 igr 4 3
d=k—K’; fou(0,0) =—-—[U(r)e""d°r
A

iar 472' .
For spherically symmetric potential jU (r)e"d’r = FIU (r)rsin(gr)dr

= 1£(0)]2, o—/—ds?




Distorted Wave Born Approximation

U — U1 +U2 SUCh that U1 > U2 Incoming and outgoing waves
\
[VZ+k* -U,(NInk,) =0  nkn=x &kn+z k)
kN —= 7, e
f(0,p)=1
GElEEl lgn . A e T e
fowea (€, 90) = VI )

(E-Hyy=Vy —=(E-H,)"v=G,(EVy
v =¢0+GNVp+G VGV +...

m
27’

Udre‘”z"rV(r)e”z'r j dr j dr'e "V (r)G, (r, r')V (re™" + j dr j dr’ j dr” + ]
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Example: Gaussian Potential

Ry .
Vi =Vve®  f(0)-= jv( )S'”qr dr - g=2Ksin(;)
A RY: 3 _(aR)?
f(O)=-V,[e ® SN 4 2r2dr = —(27)2V,R% 2
0 qr
d_o- _ Ce—(2kR)25in2(§)
dQ

A V() =l
o

S N
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Schrddinger equation IT: Partial wave methods

We must solve:

> (0+1)  2pu
- E.. —Up; D) —
(drz r2 + hg[ CTTL Uﬁj(?‘)]) ugj.(:-“) ()

241| Eep|

ﬁ‘l
T

2 .
( d; ) MTL 1) Q—ﬁUgj(-r) B ;{E) s (1) = 0 [ = Discrete

d‘?""‘} '?“3 7

For bound states g <0 g, = \/

Spectrum

20
For scattering states Fopy >0 Kk = \/ '{ th

d*>  ((l+1) 2u ) Continuous
(i T i )i o= [
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General Solution:
U,(r)=F () +I1G,(r) + S,[G, (r) —1G, (r)]

F (r) =krj (kr)  Bessel functions

G, (r) = —krzn, (kr) ~ Neumann functions

1 l=00 _
f(0) = f.(6)+ ﬂZ(zl +1)(S, —1)e* P (cos@)  scattering amplitude
=0
i -~ 9
ol = 13 > 20+ 1)1 S
£=0

Otot = Oel + OR

0n =7 2 (214D, ]
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Bessel and Neumann functions

(21 + !
(21 1)1

XI+1

For small x Ji(X)—

n,(X) = —

2 s e

J(0,kr)

ko5 o
kr

0.5

For large x

j,(x)—>%sin(x—lﬂ/2)

n, (x)—>—1cos(x—l7r/2)
X

1,kr) £0.5 -
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Phase Shift

V attractive

10

V repulsive

—10%
1

o =1.75908

X\

V=0 u(r) Ssin(kr-172)
=0

o =-0.73517

I o>0 =V attractive I

V#0 = u(r) 2sin(kr-122+)
0<0 = V repulsive




‘[ Continuum

Optical Model
Excited States
AV =
2+
. Iy Vo = Vg
« Feshbach’s formalism
1 .
I — — N/
\ Nuclear _Vaa +Va,3 (+) V’ga _Vaa + AV (E) NVR + |W
E'" —H 58
 Nuclear Potential:
— Complex
— Non-local

— Energy and model space dependent
— Resonant...



Model: General

* Optical Model (Elastic Scattering)
!ﬁ? 1 (d‘ﬁ , L(L+1)

— k
2 r |

1 Ve
dr? 2

r r

) (ﬂ:SL.I | I;I | ﬂ:SL.I:] ] X:i_ﬁ(;.!, I') ()

* Coupled-Channels Model (Elastict+Inelastic)

?.'3 1 2 _ rer! : - I
!;—— (d e LA ”) (' SIT |V, | o' ST T~ h]
20T

dr? 2 . n

1
L (Kor) = X (@ ST | Vi | " S"E"T) =, (K1)
j,.

P#p o
where p=alS, pf=a'l'S (aSL] |V, | aSLT) = Voo, (/SL'T |V, [ "S"L"T) =V,
» Deformation (Rotationel)

R = Ro [1 + ﬂ1Y20(91;¢1) + IBZYZO(92’¢2)] £ <0 =0 p>0



Optical Potentials
Imaginary & Real Potentials

Real & Effective Real Potentials
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12C_12C,

32-127.5 MeV Single-2*

—_
L]
-

doid e frmbyse)
5 &
k|

qu
-

0.7 Mey Vo= duy 102 Mey T
it gL LMY 105 MeV
742 ey <
W\.}* P ™
106.9 MeV %

r
; 1171 Me¥
3
10° |
il
a 121.6 Me¥
10
r
10
'S ] %"‘N’V
; 1 | 1 | 1 | 1 1 1 | 1 1 | 1 | 1 | 1 |
00 20 400 800 8OO 100000 300 B0DO VOO 800
Scattering Angle [Degree) Scattering Angle (Degree)

T T T T

Tr TR TR T

New CC
« Exp. Data 3

—-——=- Stanc.‘art cc

e -\-"‘-\..-""-.f"'_-
-
n"
-..- !ﬂ! ate

242 Moy “{d\ﬁw

W

r

a 1267 Me¥

r

E 1 1 1 L 1 1 1 1

00 200 400 EBOOD &OOD  100ODD 300 500 YOO S0O
Seattering Angle {Degree) Seattering Angle {Degree)



Thanks
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