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NUCLEAR REACTIONS

Problems and study subijects:

1.
2.

3.
4.
5

Nuclear properties
Exotic nuclear states (high excitations, super-
deformations, high spin states, etc.)
Synthesis and study of new nuclei
Nuclear reaction mechanisms (few body)
Applied nuclear physics (nuclear plants,
nuclear medicine, new materials, etc.)
Etc.

rrrrrrr
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NUCLEAR MASSES

10 ' ' ' ' ' '
M(A,Z)c? = Zm ¢+ Nm c? 8 E,,4(Z,A) I ]
gl u(“k _
Reaction: a+A hHb+B S o ]
2 2 L
MaC +MAC + Ekin,a: \2_, 6 X -
=M+ Mgc? + Egop + Bgng < - %B%O -
go) o9
c | OOO E (ZlA) - A
Q= Bynap * Bonap O Bonda O Bonga 3 5% bound
F e -
Q . elastic&inelastic scattering oL _
Q<>0: transfer reactions (rearrangement) 3 |
o A
0 L Lo e e oo e

0 50 100 150 200 250 300



Weizsacker formula:

A
2.2 2
E_(ZA) =c A—c_A? _3Z2¢ 1. (N=2) |,
n VO sur 5 RC 2 sym A

A
S>>
Volume Coulomb e
energy  Surface  energy Symmetry —
energy energy <
. ©
c,, = 15.56MeV Parring 5
c. =17.23MeV energy

surf

B Example: 1°7Au
Cyym = 46.57MeV A=197. Z=79 N=118

Problem: Compare charge radii of two mirror nuclei %Na

and Mg if E,4(**Na) = 186.564 MeV and E,,(**Mg) =
181.726 MeV neglecting symmetry and parring terms.
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EMPIRICAL NUCLEHARS

experiment

empirical
forI?nu|a shell effect

N
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NUCLEAR REACTIONS: CLASSIFICATIO

Over the collision energy:

1. Low energies (from 0 to 150 MeV/A)
2. Intermediate energies (sls MBWAH & GeV/A)
3. High energies (NI CAlSHGeVAH B [eX/B), ¢€)

Low energies: over the reaction channels (mechanisms)

Elastic scattering

Quasi-elastic scattering and few-nucleon transfer
Deep-inelastic scattering

Fusion

Fragmentation

Nuclear fission

o0k wNE

Exothermic and endothermic reactions:

2H+3HY 4He +n+ 14 MeV 2H + 208pp Y p+n+208pPhi 2.2 MeV
n+ 23U Y 1325n + 102Mo + 2n + 190 MeV 48Ca +248Cm Y 29116 +3nT 160 MeV
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NUCLEAR EXPERIMENTS

A

Ny 0 incident flux (particles/sec/cm ?) @
DN 0 detected particles (particles/sec) 0"’/
D W DS/d? & solid angle -

RSN

do (0) ~ AN (0)
N dQ v, AQ r 8 matter concentration in target
" target e (particles/cm 3)
reaction n & dparticles per second

h = r @3 8 all nuclei in the target available for collisions,
S sz, 6 visible (active) square of all these nuclei,

P = S/S d probability of reaction for one incident particle,

Vo N= n®= n@Q,003 number of reaction events per second
Cce\§:3§ DN(g) = n@ £ @S N detected at scattering angel q
P &(9) ) AN(6)
AQ vl AQ




actions
actions

€l
e

direct r
direct r,

elastic scattering
elastic scattering

«—q—
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sajoied weaq

SYSTEMATICS OF NUCLEAR REAC
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NUCLEAR KINEMATICS

Laboratory system A, + A, [bA; +X
mNA1V2 E Az _ M2 A1A2
2 o

c.m. :A A Elab_EVoo M= A
l+ 2 A1+ 2

lab

Center of mass system

A, A
A1V1:Ay2 vV, = v V2:—1V
A +A, ~ A +A, ~

A Ay A

2 = ~—v_ 3 velocity of the center of mass
o Al +A2 Al +A 2 . y
lab V3 Sine Sin9
Laboratory system: tan@.” = =
; ; V3 COS@ + Ucm Ucm
Elastic scattering: cost) + Ve
A U A i 3
vV, =V, = 2y ; - —=_L: tan 9';"0 — sind
A +A, T v, A, cosd +A A,

A=A, =tanf” =16



2-BODY EXIT CHANNEL
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3-BODY EXIT CHANNEL

pl

pg n pg
le 2m2 ng

E, =4 4

tot

- Q.

/- A L P I o (. =
pysinf, cosy, + p,sin b, cos, + pysinty cos g = 0.

/ . . . ! - - s / - - A -
pysinf, sin, + p;,sinf, sin g, + pysinfysingy = 0.

p{ cos 0, + pé cost, + pé costly = py

PRl RN S S S | — 1 8 1 1 1 14 3
14 - '0("*C,*He + d)y**Na . \
E,=30 MeV
12- O=-151MeV [ ~ 6-
> 10
(V] on
> 107 = S
O L - - 8
= 8- - 71_)\44 )
2 e Z.
= " a6
g 64, < =
4 - = 7 - D 4
2 1 2
0 +—— -0 () == i
-15 0O 15 30 45 60 75 4 0 20 40 60 80

0,,,, deg Blab(4He), deg

N
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LABORATORY CENTER OF MASS

Transformation of the scattering cross section from lab. system to c¢.m. system

d d d2 dcosd_, d
—O(Qab) - (6), S=—=2= o Wta & Jacobian of transformation
dQ 3dQ d_ dcosd_ dp__
/
In most general case: COS‘9|ab — Yo COS‘9cm Ly = ﬁ Lo = B 1+ i
\/042 + % + 2ay co__ A, H E..

2
. . o (o cosf
Thus Jacobian of transformation reads: & = (a+7 cm )

3/2

a® +v° + 20y cos_

Problem 1: proof equivalence of the expressions for ¢, on this (for cosine function) and
previous (for tangential function) slides in the case of elastic scattering.

Problem 2: translate the elastic scattering cross section from c.m. to lab. system (use data
provided by lector).
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CLASSICAL SCATTERING PROBLELN

ﬁy

Deflection function defines the scattering angle
J.m With impact parameter b

Om® = m =20

Classical Hamiltonian: H = %[r‘z +r 2¢2] +V €)

In the case of central interaction potential :

M = ,u[r ><V] =const= M = Urep = ,uvoobz

Classical equations of motion allow to write:

V() b®

2 ]

v b
dp=—=-dt, dr =v dt |1—
v r? > E r

cm
Classical scattering trajectory may be defined as follow:

°f bdr
o® = | ——
w0 2 p V(D
E re

cm




incident beam particles
YYVVVVVVYVYVYVYYVVY
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EXAMPLE(10 MeV) + 54N

Classical trajectories
] | ) | ] ! ] | | ! 15 ) —300

]
(e

Interaction potential:  17(r) = _ 1
r— 1.25AI/

1+ exp

0.65

Classical deflection function

45- L 1 L 1 i 1 i 1 L 1 L 1 L 1

-15 -10 -5 0 5 10 15 0 2 4 6
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CLASSICAL CROSS SECTION

Consider an uniform beam scattered by arbitrary
potential. Suppose one may define the relation
between impact parameter b and scattering angle g

Number of particles in the belt 1

AN = v 27bADb
equals to the number pf particles in the belt 2, and
corresponds to the particles scattered at angles qggD Q

The cross section reads
AN (6)

Yo

as well as the differential cross section

d_a 0 — (6) 1 Derivat
= — erivative of the
d<2 sind ‘d@/dq deflection function

Ao(0) =

2anan—2ei9 0o
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ELASTIC SCATTERING

Let us suppose that all the collisions with

impact parameters less than grazing one leave
the elastic channel (i.e. part of incoming flux is
oOabsorbedd in the inter

elastic scattering

direct reactions

«—b—

FEREENEREREY

direct reactions

elastic scattering

Black disk model



A.Oehrn et al., Phys. Rev.C77 (2008) 024605

% 04— S T
- ELASTIC SCATTERING | v ™
8 I | 1 n(B6Mev)+ Y
§ _ _ _ ) _ _ 10 4- i R8 ~ 1.30\(1/3 = 5.8m
o Black disk diffraction Approximation for Scattering N QEYE L
§ a8 amplitude:
- — ‘ J (2k Rsin? 5] ]
- 1Oy f(0) ~k R’ 1%, _ 2) S0 EEREEN
< k, —> % Xk Rsin? & | |

% N ?, _______________ 92 .E ; . i B i

E | — R ﬁj‘;‘;"_'j_el Zeros of Bessel function: o 1973 L
g) _b R / :% i Do i .
T i _ | | |

E K 2 ARsin_ ~ 38317 © ] AN AL
g K / 0 i A VRN

= e / 2k R sin—2 ~ 7.015¢ | |

ol — 0 2 0 I : [

E 05 B [
% RBQY (0) ~5.76fm; ng{ (0,) ~ 5.98fm | |

E Comparison with experimental data shows: 10-1 ' . | |

. 1. Radii are in very good agreement; 0 15 30 45 60 75 90

2. Experimental distribution is more smooth; 0
3. Amplitude of experimental data decreases faster
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NUCLEAR SIZE

ds/dW(mb/sr)
'So )

H
o
R

[EEY
o
IN

e (153 MeV) + Au,

Hahn, Ravenhall, Hofstadter, Phys.Rev., 101 (1956) 1131

point charge

~
~
~

N

RA: 5.38 fm
a =0.53fm

6,0

>

35
30
25

20

15

1,7

1,6

15+

1,4

1,3

1,2

0,8

55

o]
o) ® E.G.Nadjakov, K.P. Marinova, Yu.P. Gangrsky, ADNDT, 56 (1994) 133
2 O 1. Angeli,Heavy lon Phys., 8 (1998) 23

||||||||| TR TN S SN TN S N T T T T T T T T T T S S S [N S S A S T S S |

0 50 100 150 200 250A
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R i
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NUCLEAR SIZE

ds/dW (mb/sr)

3 h lei r()=r,= const 1
10 eavy nuclei 0 N
Elr?b =8 MeV Rmatter A) =15 A
S neutrons rpeter =1.2 + 1.25 fm
) gt \ a= 0.6+ 0.7 fm
10 o protons
> _ A nucleon
. . o= 7—,= 016 ———
4 8 4 pR3 fm 3
r, fm 3
101 366 40-48 . 8T - . ]
I Ca rms-Radii . oL 1 sn rms-Radii (theory)
Neutrons---"" -
362} pt-te i ]
E i I 24n E 54
3,58— //,’ 52 — -
N c [ g S< ., -
10O H/\Q' 354_ S H/\Q' | Neutrons
N el // N\ 4.8 7]
| Ry, N , Protons v - ]
1.0 0.0 -1.0 350l 7 4.6 -
€oSOcm I sl ]
neutron elastic scattering 36 il Protons ]
(B. Holmgquvist, T. Wiedling, Nucl.Phys., A188(1972) 24) 40 42 44 46 48 I I I I I I I

100 105 110 115 120 125 130 135 140

Mass Number Mass Number
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Interaction radii

Charge radii

ALi +12C, E = 80 MeV/nucleon,

e
................... +%t

8Li ILi 4

Total cross section and
“charge-changing” cross section

neutron skin (R, <R,)

<— 7 fm —>

48Ca

_ Interaction cross section: 6G; < ©
E = 790 MeV/nucleon proj __targ \o I R
GI =T (RI +RI )
I ( Tanihata et al., 1985 )
3.5+
E |
‘; 3.0
" i
25
' Ry( ML) > Ry (°Li)
M1y ~ 91
i RZ( Li) = RZ( Li)
20 1 1 | 1 | 1 1 | 1 1 1
6 8 10 12 14 16
Atomic number
100" Spatial density of 11Li nucleus
<> ore ~ 2.3 fin
=1
1071 <>~ 3.2 fm
= <Ihalo ~ 6.0 fin neutron halo
£ 1020 e
% 103
o
©
10—4 B
10'5 B
core valence neutrons
1 1 1 1 1
2 4 6 8 10

distance (fm)




ELASTIC SCATTERING .

N Nucl eus I s orasthde ¢
A nucleon 10

£ Po 7 -~ 0.16 2

§7TR fm

@X \Qj l.e. nucleus is semi-transparent and

black-disk model is quite rough.

potential energy, MeV
1 I’I\) 1
o
I

A L . 30 o6 1
We need realistic NA potential! 11:;2
2
Mean field model (for nucleon -nucleus nuclear interaction): 40 193
A 2 -V
VNA(r):ZfViN(r—r)‘gal(r)‘d?’z—quA(r) = ?—R o
V., (X)) ~ —u (X -

A
U (rpryar)=Allg, )
Spin-orbit interaction in addition: V¢, @)(I-9 AV 2 A ,1:! i

Each nucleon state is characterized by set of quantum numbers: ~ The potential represents spatial
_ _ o _ _ properties of nucl e
nLjp , )=l +s, p=—4,4 +L-) =1 reveal absorptive e
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COULOMB POTENTIAL:

C Point charge interaction: F Z,e
7.7, |
Ve(r) = —

v
C Folding interaction:

2

€ 3 3
VC(V):“pc,l(Vl) Peo(ry) d'n d'r,
k+ﬁ—g|

C Point-sphere interaction (empirical):

Ve(r)= lezez )

Potential energy, [ eV

300

250+

200+

150+

100+

50

folding

point charges

160 +208Pb I
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NUCLEAR INTERACTION

C Woods-Saxon potential Surface energy (liquid -drop model)
,, Vo +1W,
V()= — Vo 17| 42+ 4 = (4 4)" |
1+exp 4
a,
R, =125(4" +4,")
a, = 0.65

C Akyuz-Winther potential
VO = 167[}/0}?12; }E,} = RIRE s
1 R +R,
. 2 q - 4 ~1/3 ~1/3
R =124"-009, —=117[1+053(4" + 4]
i I aI Z

C Bass potential _

R, s
V()= — TR — TR TR R =1.164"-1394"
0-036Xp{—1_%1; 3]+0.006lexp[—1_ L ?]
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NUCLEAR INTERACTION: PROXIMI®

Proximity potential [ J. Blocki et al., Ann. Phys. 105 (1977) 427]

V. (r) = 4mb o r_Rl(Bl’Ql)_Rz(ﬁzgg
prox P(3,8,5,) b
~B1/'
g=0.951 MeV fm -2 9 surface tension
A r b=1 fm 0 nuclear surface layer
A P d local surface curvature

F & universal proximity function

R,(B,.€2) Ry(B1:€2,)



r, fm

- NUCLEAR 0-

. INTERACTIOI .

- L -207 ..

2 - Proximity

=

rS:LU GCJ -40 7

: D

= ©

= & -60- Akyuz-Winther

E le)] 4

% & Woods-Saxon

E -80-

G Bas 0 +°°Pb |
g -100 ' T ' T -
2 0 5 10 15
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NUCLEARITERACTICRAOLDING
G Folding interaction V() N

Effective nucleon-nucleon interaction, e.g. DDM3Y -Reid potential

Nuclear matter densities

R,(B,.€2) Ry(B€2,)



