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Generalities from classical to quantum scattering

Two-body quantum scattering: phase-shifts, resonances...

Formal theory of scattering to optical potential

Inelastic channels, Fusion

Direct reactions: continuum effect, Break-up, knock-out

Microscopic approaches to reactions: TDHF

Few-body approaches to reactions

General aspects

Research topics

Nuclear Physics
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Physics of Hadrons

Physics of Nuclei

Degrees of Freedom Energy (MeV)
A
940
tron mass
plon mass
baryons, mesons
8

proton separation
energy in lead

1.12

vibrational
state in tin

nucleonic densities
and currents

0.043

rotational
state in uranium

Here we consider that there is not enough
energy to excite internal degrees of freedom of

nucleons

High energy picture: from CMS (CERN)

Resolution

ard scale

Beam energy < 140 MeV/nucleon (r threshold)

P
o mfms
p

The low energy nuclear physicist viewpoint

 NN-interactionis a fundamental force
 Nucleons are considered as

collective coordinates

elementary (point-like) particles

From D. Furnstahl, Nucl. Phys. B Proc. Suppl. (2012).
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a

Typical experiment: > "Black Box"

EXxpt.
parameters Theory
e ,y,p, Nt 3He...Heavy lons...
. Scattered particles N Detector
Colimator AN
Incident‘beam P, !
*‘ Target choice Unsca tePed beam
Beam control: Role of reaction theory:
Beam energy, reactant polarization Reconstruct the unseen

history of the reaction
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0 /CNRS/IN2P3

laboratoire commun CEA/DSM E

Existing
experimental :
s halls Ed . . .

| . ting

A 4 accelerators Nowadays, scientists are

e \«@ interested in Radioactive
Experimental hall S ol Disé) IME - G1/G2 lon Beams (RIB) to
with exotic nuclei PGS 3 :
at low energy (DESIR) | N#7  CIME Cyclotron probe the physics far
N 65 A for e fsson ragmene - from the stability/ of
Experimentabhd \ ) .
Super SepArAtoRy ; extreme isospin/ of

SpectromQeg( astrophysical interest/ ...

Experimental hall

Neutrons For Sciehce (NESY Deuteron - Proton source

5 mA

Linear,SupraconductolN ¥
Accelerator LINAC
14.5 AMeV for ions Alq =
=40 MeV for deuteron?\
E = 33 MeV for protons

ECR Soyfce
AQ=3,1mA
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An example of experiment

 Precisely measure the ejectile
« Particle ID with good energy and angles

connectors

ASICs
16 channels
EandT

CsI(PD)
- Si(Li) 4cm
DSSD 128+128 4.5mm

. letectors
Y measurement “’O ( ] t 130 e MUST module 300um MUST2 module
MUST?2 Telescope )
I 1(]l T T T T T T T
| i (a) 004 1730
Beam | ‘1 ’%‘ ( L ) gs
Tracking ‘ — 5 40 17.3 MeV/nucleon
Detector [z \\ £ 3
0 &
‘ E 10"
il / PR TP R TP SR R R B
0 10 20 30 40 50 60 70
CD2 Target VAMOS 0., (deg)

Spectrometer

Cable trays to preprocessing electronics
- e VAMOS electronics

80 QGKI, % § i é Gate on 554
* %40 | T ?; Z m‘ \MJ LN2 autofill |
§ L{ u M 400 1200 ]
3 i :
Ag ata / g 2IDO 460 660 BOO 1000 Iﬁmﬁ:@mﬁﬁdﬂw
4 gamma-ray detector s S
FWHM 6keV @ 1 MeV e S

E~43%

VAMQOS spectrometer
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Why do we need so many beams/detectors ?

Reactions observables depends on the wavelength of the
projectile and how it interacts with target

/ Nucleon-nucleon collisions NN interactions \

or

200 -

I |

[ repulsive I |
100 core | o, w, o |
[ I |

I |

Ve (r) [MeV]

/ Electron scattering e~ Charge den
.ED-u-rI-urr-ur-

sities \
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/ Knockout reactions (high energy)

-

¢

Spectroscopic information \

— A

/ Transfer reactions (low energy)

Spectroscopic information \

7L

10
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PSRN Others give access to specific mode of excitations

/ Photonuclear reactions

GDR excitation

Also Bremsstrahlung:.

~

Collective motion \

8+

2749

0000

SDMWMMJ {detormed by soraibe totaon) | o

2112

0

2+
1233 1285

1741 i

11
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Out of equilibrium properties (away from nuclear density + cold)

ﬂactions at Fermi energy
(30 to 150 MeV/A)

t_oo

® .

Fragmentation \

200 MeV

C 20

QGP

Ions Collisions

12
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We control

Incoming channel

¢

RICHNESS AND COMPLEXITY OF NUCLEAR REACTIONS

Quasi-fission Spectator/participant

Quasi-elastic Transfer fragmentation
oo \'] (_t. ._, \{7&:\’/

= = /

g\Dlnucleus
;:u % Thermalization Formation of a
14 \%éw“’y compound nucleus
Vo3 4
Fusion Fusion
evaporation fission Fragmentation Vaporization
P o 13
O | | eé G L wi
{ d

7 .
7764806501k

Fusion barrier (5-30 MeV/A)

A N,

RN

Beam Energy
Fermi-Energy (30-100 MeV/A)

>
13
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Mass/Charge:
» Projectile (N, Z,)
« Target (N, Z;)
Beam Energy
¢ Eb/ArEp
Spin moments
« Projectile (p,,p,, ...)
« Target (q,,q9,5 -.-)

How the probe interacts
« Strong nuclear
» Electromagnetic
 Weak

14
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fer

tra

Entrance channel

A+a-A+ a
A+d—A+a

 A+a—>B+b
A+a-A+a+y

A+a—=B* +b* + -

\14+a+C”edmmy

X ™ Means that X is not in its ground state

Exit channel

2?77
Inclusive/exclusive

Strongly detectors
dependent

Elastic scattering A(a, a)A
Spin transfer 4(d, a)A
Transfer reaction A(a,b)B

Nuclear Bremsstrahlung

Inelastic scattering
Deeply inelastic...

Compound nucleus

15
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@ Total charge:
ZL:ZQ

@ Total Baryonic number; i.e. when E < E; treshold Protons and neutron
are equilibrated:
2470
i f

ZNi ZZNf
i f

@ Total energy Important kinematics relations
through, which one related quantities

@ Total linear momentum to initial parameter

® Total angular momentum \ Ji"iT; = Jf Ty
where

@ Total parity
. | (AL, 74, T, a( 1, TISW(r)

]]iniTi
@ Total isospin ;
~ f

7 (BUs, 15, T), by, TISH(@)]

T
fo

16
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"Black Box"

Challenge of nuclear reaction theory

‘ Understand the reaction mechanism to get information on nuclei
‘ Explain the diversity of nuclear phenomena

# Give a unified description of these phenomena

Challenge of this lecture

‘ Gives some hint on how these (some) phenomena are described

‘ Gives you some starting point/minimal background on nuclear
reactions models

Gives you overview of hot topics in the field

17
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Scattering in Classical
Mechanics

As an Introduction
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Yy
\
/

do

Differential cross-section

Ao hanne1 (6, @) _ (Number of scattered particle per unit time)(6, ¢)
dQ (Incident flux) (Scattering centers, n)(unit of solid angle)
n=1jf(0, (p)
].

Total cross-section

- jz dac(é' qo)

19
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Yy

In classical mechanic, equations are deterministic i.e. the trajectory depends on b

(or equivalently b(1)).
So number of scattered particle per unit time:

jim[(b + db)? — b?]~j;2mbdb
The differential cross-section is:
do.(6,9) b
d() ~ sind

db
do

20
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HARD SPHERE SCATTERING

21
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CENTRAL FORCE SCATTERING (COULOMB)

22
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aEp ek Eiplpe do [ Z,Z,e* \° 0
csct | =

e _
Geiger-Marsden experiment (1908-1913) 2 \8meymug

fluorescent

't E<7.7MeV

Geiger and Marsden's
data points

Theoretical scattering
of one point charge
off another

<’

radiation source (radium)

Rutherford
10°F | formula

Scatiered alpha pariicles
T

10

i i i i i i 5
0e 200 40° 607 BO® 1007 1200 1407
Scanering angle

Data: http://hyperphysics.phy-astr.gsu.edu

23
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ool ePhyiigpe & do [ Z,7,e% \° 0
7 csct | =

e | dQ \8meymuvg 2
_ Scattered particles X Detector Gel ger- Marsden
Colimator LV data
SETRAQ l

_— [nci.de;,n:l I:_i)e_am .
B L T T L et b e b e e L ...............................................g. [ ——
— ' Target \ilnscattered beam .,

The scattered intensity departs

from the Rutharford scattering

formula at about 27.5 MaV

M2

. E o0 Rutherford
 Detector at a fixed 6 angle 3o / formula
. E.% -ri..‘-.
 Scan for various beam energy i3 z
'-%E EXp.
gg 10
Alpha enargy
in Ma/

1 1 II II 1 [ ]
15 20 25 an a5 40
Eisberg, R. M. and Porter, C. E., Rev. Mod. Phys. 33,190 (1961)

24
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DEPARTURE FROM RUTHERFORD: INTERPRETATION

e ST e sique )
__db . e?7,7,
E ________ 27T€02E graZIng
do >
E
 popm O
The scattered intensity departs
from the Rutheriord scattering
formula at about 27.5 MaV
g 10%f
Rutherfor :
£ PLlilelfe Alpha particle are not
B o : / formula I:> . :
53 Qe point like-particle
o : Yaa,
2g : -
£38 :
2 | Exp. Butthis alone cannot explain the deviations
g8 10F § from Rutherford
Alpha enargy
in MaV/ )
S * Nucleons do interact also through
15 20 25 80 35 40 |:> the nuclear force.
Eisberg, R. M. and Porter, C. E., Rev. Mod. Phys. 33,190 (1961)  This interaction is a Short-range
interaction

25



ELECTRON SCATTERING TO PROBE NUCLEAR INTERIOR

’ V =
ki )
e
|
S

Lab
Iréne Joliot-Curie
LAbpaLo e Fiysique e” Nucleons or a scattering on nuclei are
o sensitive to both the nucleus spatial
B ] - ' S extension and the nuclear interaction

w Electron scattering is mostly sensitive to

See Z protons charged matter (proton) density

To probe nuclear properties with electrons, high energy electron beam are needed
(me K myg)

I:> L= % is not small and relativistic effects are important
Rutherford with relativistic effects (assuming no nuclear spatial extension):
do do ] , . ,0 0 ;
70 -\ 70 f* sin > valid for small Z
Ruth

Forg =1 I:> Mott scattering formula (%)M = (%)R ) coszg
ott ut

26
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do
10°
Or _ 4

e 10

10°
- dn
)d cosh .2
Scale 10°F Hofstadter's electron scattering
T i . data droppead below that expected
10! i for a point nucleus, indicating
" structure of the nucleus.
1 = L]
10 -1 L L 1 1 L 1 1 1
-1.0 -0.5 0.0 0.5 1.0

cos o
Hofstadter,R., et al., Phys. Rev. 92,978 (1953).

I:> Nuclear systems cannot be treated as point-like
particles and have finite extension
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Quantum collisions

What ? Why for nuclei ?



o BINARY ELASTIC COLLISIONS
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S g We assume that the “entities” interact through a central
potential V(|74 — 7,])
Classical picture Quantum picture

‘d by

Incoming beam il
= i Eg = s plane wave |p; 1% ekt
2M, B~ oM, i) e

Trajectories are deterministic Outgoing spherical wave

6) =3 Fle, 0

Ep

e

r 29
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Few implications of quantum mechanics

Trajectories are indistinguishab[ci/

» Impact parameter is not defined in
the quantum world

Particle-Target motion must be » Quantum interference phenomenon
described by wave functions

...\\\\\\\\

SO (¢ e

auun

> Interfering trajectories can be
constructive or destructive. 30
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We start from and
. T =)+ >
do (6,9) _Jr(6,0) ) =lo Jor N
= _ 00 - e
dq Ji wz(f)’”—>A<elk-’”+ £(0,¢)— )
Quantum current is defined as
. R jr(6,0) =] #7172
J =5 (@) vt —pitve)) < { o
H l Ji =] *Z
= - - - [ j (9; ) — lelZl (Gl )|2
J =Ji+tJr+ Jint e , ) 1;p| di
. . = A r eadin
We find the cross section to be: q vlAl contributigns

Jint = 0 for8 # 0

do (0,¢p) -
= = 1f (6,0 U

gives the optical theorem -
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Since nucleons are fermions One cannot distinguish
the two cases i.e. wf is

antisymetric

L LRI

This leads to /Eécattering of 12C+12C @ 5 @\

do (6, ¢)
do =|f(®;(p)+f(n_@:(p)|2 2 |- ; ‘ i
S Y ~“t \_ Rutherford
4 = e /
causes interferences ! g ~/
Note that the same happens with Coulomb . 1 .

TTTIT

32



