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' Aim of the work

( 1- The project aims to study of the < 3- Digitizing experimental data from
behavior of the elastic scattering the graphs of articles using GSYS

differential cross section for program and Importing data iIn
different energies and different the NRV project for low energy
nucleon-target combinations codes

Derivation of expressions for: ( 4- Search for the optical potential
a- partial wave expansion of a plane parameters which produce best fit
wave. with the experimental data. And
b- relation between the elastic cross finally Interpreting the results

section and phase shifts.
c- relation between the scattering
amplitude and the phase shifts




The nuclear reactions:

A large fraction of our knowledge

 bam =102 cm’ S0lid angle AQ about the internal structure of nuclei is

 ham corresponds to an area of a circle
of diameter approximately equal to 8 fm.
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In the center of mass frame, the problem of scattering between two particles (p and t)
is reduced to the scattering of a particle of mass (i) by a finite range central potential

V(r). B X:

(VZ+k?)+V (F) [w(F)=0 (1)

i 2,u ) Scattered
=7 Spherical waves
incident plane % (Weoar)
waves (Yin)
__________________ )
The solution of this equation is:
l/)(7") = Pinc () + Ysca (1),
where .
>\ — lkoz
l/)inc(r) = Ae""0”,
145 , > a

lpsca(F) = A f(H, ¢) -

T



The most general solution of the Schrodinger equation (1) is

ug (1)

l/)(f‘)) — - Yim (0, ¢)

When the potential is central, the scattered wave function don’t depend on (¢) and hence m=0. Thus:

ug (1)

I/J(F)= - 1’10(9)

Where ug;(r) is the solution of the radial wave function, which is expressed as the following in case of free

particles (V(r) = 0): ,
d [(l+1
( T ( )) ug (r) = kug (r)

dr? 72

The general solution of this equation is given by a linear combination of the spherical Bessel and Neumann
functions

ug; = Aip ji(p) + Bip ny(p), p=kr

Thus one can generate plane waves from a linear combination of the spherical
Bessel and Neumann functions:

iRT = eikreost = % g (A, jy(p) + By m(0))Yio(6)
l



The most general solution of the Schrodinger equation (1) is

ug (1)

l/)(f)) — - Ylm(6: ¢)

When the potential is central, the scattered wave function don’t depend on (¢) and hence m=0. Thus:

ug (1)

I/J(f))= - Yw(H)

Where ug;(r) is the solution of the radial wave function, which is expressed as the following in case of free

particles (V(r) = 0): ,
d [(l+1
< T ( )) ug (r) = kug (r)

dr? 72

The general solution of this equation is given by a linear combination of the spherical Bessel and Neumann
functions

ug; = Aip ji(p) + Bip ny(p), p=kr

Thus one can generate plane waves from a linear combination of the spherical
Bessel and Neumann functions:

olhT = elkreost =% a,(4,ji(p) + By %))Yl()(e)

l




A substitution of a; and j;(p) into the previous equation:

. [ . [
" VAT ] 1 (e l(kr_%[) e _l(kr_fn)
el = z\/2l+1lYlO , > a
k l 21 r r (1)

Thus the scattered wave function is going to be

Y (7_")) = Yinc (7_2) + Ysca (7_2)

i(kr——) —i(kr——)
=@Z\/21+1ilyl021i<e ¢ i )+fk(8)e
l

The right hand side of equation (1) has to take the folloeing form:

. l : . l
i /—47_[ ) 1 e—l(kr—g)+2151 e—l(kr—g)
Y = TZ V21 + 1itY, >

r r
Where 9; is the phase shifts. By comparison (1) and (2) one can fined:

Finally S Ol

(3)

VA .
fi(8) =—— > V2l +1Y,5(0)e'sin(s,) .
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The Optical Poential:

There are basically two ways to describe the optical potential:

< (1) Phenomenological Optical potential ( (2) Microscopic Folding potential approach

r+r,-r,

V(r)==V/fi(r) areal volume term,
+ilW, fa(r)  an imaginary volume term,

—ilW32 f5(r)  an imaginary surface term,

—Vio2 2 f3(r)e /& areal spin — orbit term,
(.7

SUFING

8.0 p dy

an lmaginary spin — orbit term | U 4
' r

+Ve(r) and Coulomb term.
Varlr) = f Vyn{r = rg) pr(rr) dey.



Practical part
ﬁ f U NRV knowledge base

The NRV web knowledge base is a unique interactive research system:

 Allows to run complicated computational codes

* Works NRV browser, which can be downloaded free

 Has graphical interface for preparation of input parameters and analysis of output results
e Combines computational codes with experimental databases on properties of nuclei and

nuclear reactions
Contains detailed description of models ﬂqlia WECHenr  Kenciions Video
Rt oY s LOW €En@row Nucleor Knowledoe Bose

http://nrv.jinr.ru

'Nuclear Properties Nuclear Models |Nuclear Decays ’Nuclear Reactions

Nuclear Map Shell Model Alpha - decay lAvailable beams
. a | Stable beams: EU Institutions, FLNR. (Dubna) U400,
Systematics | FLNR (Dubna) U400M
i RIBs: GANIL, MSU

gLiquid Drop Model ‘Beta - decay

iElastic scattering iEIperimenta]
Classical |
Ge 1 S ed Senn:t‘;assiczl | Data
tting Start | Optical Model moe
| (Tutorial in Bmhn)

! Inelastic Scattering:

| DWBA model (DWUCKA4 code)

Adiabatic rotational model (FRESCO code)
Coulomb excitation

( l | Two-Center Shell Model | Fission

NRV Browser 3%
v 2.0.3 (19 Dec 2019)

NRV Browser 4§

. l Decay of excited nuclei
( v 2.0.3 (19 Dec 2019)

Please, quote us as...

‘Warning: sections marked by
this icon or without any icons
require installation of Java and
a Java-compatible browser

Java

All resources of the NRV Knowledge Base are free to use.
We, nevertheless, need a support of our project by official establishment

' Transfer reactions:

| Direct procesz (DWBA) a

| Semiclazsical approach (GCRAZING code)
| 3-body classical model

| Two-mucleon transfer

’ Maszive transfer

| Fragmentation
| EPAX v3

| Break-up (DWBA)

| Semiclassical model

'Fusion {

Empmical model
| Charmel Coupling
Langevin equations




] http:/ /nrv.jinr.ru
Y Practical part ttp:/ /nrv.
Optical Model calculation with NRV OM code

Main steps of calculation:

Physical

e Set projectile and target parameters (mass, spin, etc)
 Setthe incident energy

 Set the parameters of the OM potential

Model () Classical () Semiclassical (@) Optical NRV Description
Reaction Samiple Oip=n Save
Projectile B |4 < || = | mpf12 fm R|1.305 [fm
Target BN |58 < || » | mf12 fm R (4245 [fm
Energy 5672 |MeV (e)lab ( jecm ()EX
Experimental data Prepars Mo data
Global OMP OMP Compilations
Potential forces Vel |-150 MeVv rgvel |03 fm a¥® (088 fm
W. 5. Volume - Yip=r MeV s fm g=ur fm
Proximity b fm rpeeul | oEs fm
MNpe Mim Folding params
Absorptive pot. Wg¥el |3z MeV rgvel |18 fm av¥ol 0483 fm
Superposition s Wpsl | &8 MeV g™ (0833 fm g=' |0.42% fm
Spin-orbit interaction
spin (o @12 Vg (0.3 MeV Wy [0 MeV rp |03 fm a |0.444 fm




ST Practical part v/ mevjinr.r
Optical Model calculation with NRV OM code

Main steps of calculation:

Numerical

* Set the radial step for integration

 Set the maximum radius R for integration

 Set the maximum angular momentum L

Default values of int. paramsaters

%
%
N
N
N
Mo fit



ﬁCU PraCtica/part http://nrv.jinr.ru
Optical Model calculation with NRV OM code

Main steps of calculation:

Getting the results

 The differential cross section in absolute value or ratio to Rutherford.
* S-matrix

 The interaction potential

Optical Model parameters Other quantities
Coulomb (R}, fm Resl part Imaginany part S = 79.9 M=V
PRI vy mev] Ryt [a, tm|Wo. mev| iR tm [a | |2l = 7s13Mev
Volume| -32.50:| :1.235 (7.257)] 0847 -7.884) 1.235 (7.3 0847 | & = $.948 fm )
Surface -4 0ss) 1248 (7.224)] 0827| |n = 1.444
Spin-Orbit 4651 1.076 (8.375)] o.5% D&s8] 1076 8.375;] 053] |Rex = 18.35fm
Folding
Before fitting After fitting Fitting process
o , mb 1953 68 B Nzxeos = no fit
Oy . mb 3595 44 3 Axiix® = no fit
xz /N Use obtainaed OMP in
DWEA: Inslastic scsttenng (sxit channsl] N Submit
OM Interaction S-matrix Diff. Cross Section
WU (et 1.2 T T T T v T 3 do/d<C2 (mbisr)
p— - L} l L
100 | 10} e 10% |- -
——————————————— Eam = 0.8 =1
= 10%
o 0.6 et
50 x,
“ 0.4 —
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Figure 1:
n+<’Al elastic scattering:

The elastic scattering differential cross section
of n+2’Al at different incident energies. The
Woods-Saxon optical potential is used. The
experimental data taken from [1].
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[1] Koning, A., Delaroche, J.: Local and global nucleon optical models from 1 keV to 200

MeV. Nuclear Physics A 713(3-4), 231-310 (2003).
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Figure 2:
p+2’Al elastic scattering:

The elastic scattering differential cross section
ratio to Rutherford of p+2/Al at different
Incident energies. The Woods-Saxon optical

potential is used. The experimental data taken
from [1].

[1] Koning, A., Delaroche, J.: Local and global nucleon optical models from 1 keV to 200
MeV. Nuclear Physics A 713(3-4), 231-310 (2003).
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Optical Model parameters for n,p+%’Al. For all energies r =r,=1.168, a,=a,=0.674,

r.=1.295, a.=0.533, r

7 7SO

given in fm, while the potential depths in MeV.

Projectile pg Target g

E 2

=0.969, and a,,=0.59. The radius and diffuseness parameters are
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The energy dependence of the OP:-

By studying the elastic scattering of protons with different incident energies and different
targets, we got the following approximation relations for the real part of the optical
potential.

V = —65.75 — 1.837 (=) — 14.41 Eyqp + 15.57 ER3%°.

r, = 1.11 + 0.0025 4 — 1.95 X 107> 4% + 5.59 x 1078 43.

a, = 0.563 + 0.0025 A — 9.8 x 1076 A2,

These relations produce got fitting with the experimental data, as shown in the following

figures:
a®
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Figure 3:
p+2’Al elastic scattering:

The elastic scattering differential cross section
ratio to Rutherford of p+2/Al at different
Incident energies. The solid lines show OM
calculation results using Koning and
Delaroche global optical potential [1] while
the dashed lines show our results.

[1] Koning, A., Delaroche, J.: Local and global nucleon optical models from 1 keV to 200

MeV. Nuclear Physics A 713(3-4), 231-310 (2003).
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Figure 4:
p+°>%Fe elastic scattering:

The elastic scattering differential cross section
ratio to Rutherford of p+-4Fe at different
Incident energies. The solid and the dashed
lines same as Fig. 3.

[1] Koning, A., Delaroche, J.: Local and global nucleon optical models from 1 keV to 200

MeV. Nuclear Physics A 713(3-4), 231-310 (2003).
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Figure 1:
p+'29Sn elastic scattering:

The elastic scattering differential cross section
ratio to Rutherford of p+'20Sn at different
Incident energies. The solid and the dashed

lines same as Fig. 3.
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Conclusions

» We studied the elastic scattering theory and the Optical Model.

» We derived the expressions for
— partial wave expansion of a plane wave,
—a relation between the elastic cross section and phase shifts
— a relation between the scattering amplitude and the phase shifts

* We applied the NRV OM code to study elastic scattering of
proton and neutron off different targets at different energies

» We obtained approximate relationships for the real part of the
optical potential that give good fitting with the experimental
data.

» Good agreement between calculation results and experimental
data was achieved.
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