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[Nuclear reactions & Nuclear Scattering ] - @

Nuclear reaction:

The process in which two “particles” collide to produce one or
more “particles” that are different from the those that began the
process (parent “particles”). A nuclear reaction must cause a
transformation of at least one particle to another.

“Nuclear” ? “Particles” ?

Nuclear Scattering:

The process in which a “particle” interacts with another “particle”
and they then separate without changing their “nature” of any
nuclide.

“Nuclear” ? “Particles” ? “Nature” ?



[Nuclear “reactions” — in general

We use nuclear reactions to study nuclear properties
(structure and dynamics)

Coulomb excitation

Transfer and knockout reactions

Reactions in the resonance region to study resonances and spins-parities
Compound nucleus reactions

YV V V V

Heavy ion reactions — fusion evaporation reactions to study structure
properties of neutron-deficient nuclei
Fission and deep inelastic scattering to study nuclear structure or
neutron-rich nuclei
» Photonuclear reactions and Nuclear Resonance Fluorescence to study
the electromagnetic response of the nucleus
(Giant Dipole Resonance, Pygmy excitations, etc.)
> Inelastic scattering to low-lying states to extract spins

A\



[Nuclear “reactions” — in general

We study nuclear reactions to understand how ions interact
with nuclear matter and how nuclear species are produced

Surface and bulk analysis of materials

Radiation transport in materials

Production of radioisotopes for medical applications

Nuclear reactor inventories — production of neutrons, fission products,
delayed neutrons

Fusion plasma erosion of structural material

Production of nuclei in the universe: nucleosynthesis (astrophysical
reaction rates) etc.

YV V V
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{Nuclear reactions & Q-values

exit exit
reactants channel 1 channel 2
a+A > (b+B) + (d+D) + ...

\ J
|

target nucleus - A(a,b)B < residual nucleus (undetected part)

projectile ejectile
(incident beam) (detected particle)

Q-value = masses (before) — masses (after)
Ma + MA — MB _Mb (in energy units)*

Q-value > 0 : exothermic (exoergic)
Q-value < 0: endothermic (endoergic)
Q-value = 0 : elastic scattering



[Binding energy — Nuclear & Atomic mass — Mass Excess ]

The sum of masses of
nucleons is more than ~ My = ZMy, + Nmy —Am = Zm, + Nm, — (AE/c?)
the total nuclear mass

Nuclear Binding Energy = B(Z,N) = (Zmy, + Nmy — Myyc)c? A

the atomic mass

"B%T.i N Mﬁﬁ“ﬁ%ﬁ TR B Marom(A, Z) = Myy (A, Z) + Zm, — B, (Z)
:' stabin rich -

7% oo N Eusien "™ Nuclear reactions conserve the total charge,
l.e. In nuclear reactions:

Matom (4,Z) = Myyc (A,Z)

B
atomic mass excess
iy

M.E.= (mgrom(4,Z) — Am,)c?
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Reaction A(a,b)B: Q —value = ME, + ME, — MEgz — ME,



p+ 702> "N+ a: Q - value = 1191.83 keV

Chinese Physics C  Vol. 41, No. 3 (2017) 030003

The AME2016 atomic mass evaluation

(IT). Tables, graphs and references

Meng Wang (E£48)1%Y  G. Audi (BXFr75)°  F.G. Kondev!  W.J. Huang(¥#33)® S. Naimi® Xing Xu(fF£)!

N Z A Elt. Org. Mass excess Binding energy Beta-decay energy Atomic mass
(keV) per nucleon (keV) (keV) Hu
1 0 1 n 8071.3171 0.0005 0.0 0.0 iy 782346 0.001 1 008664.9158 0.0005
01 H 7288.97001 0.00009 0.0 0.0 * 1 007825.03224 0.00009
1 1 2 H 13135.72176 0.00011  1112.283 a & 2 014101.77811 0.00012
2 1 3 H 14949.80993 0.00022  2827.265 a b 18.592 a 3 01604928199 0.00023
1 2 He 14931.21793 0.00021  2572.680 a # 3 016029.32265 0.00022
0o 3 Li -pp 286704 2000# -2270# 6704# At 13740# 2000# 3 030780# 2150#
31 4 H -n 24620 100 1720 25 B~ 22200 100 4 026430 110
2 2 He 242491361 0.00006  7073.915 a ¥ 4 002603.25413 0.00006
1 3 Li P 25320 210 1150 50 BT 22900 210 4 027190 230
10 4 14 Be X 39950 130 4994 9 B~ 16290 130 14 042890 140
9 5 B 23664 21 6101.6 1.5 BT 20644 21 14 025404 23
§ &6 C 3019.893 0.004 7520319  a B~ 156476 0.004 14 003241.988 0.004
77 N 2563.41672 0.00019 7475.614 a ¥ 14 003074.00446 0.00021
6 8 O 8007.781 0.025 7052.278  0.002 Bt 5144364 0.025 14 008596.706 0,027
5 9 F -p 31960 40 52852 29 BT 23960 40 14 034320 40
12 5 17 B X 43720 200 5270 12 B~ 22680 200 17 046930 220
11 6 C 2p—n 21032 17 6558.0 1.0 g~ 13162 23 17 022579 19
10 7 N +p 7870 15 7286.2 0.9 B 8679 15 17 008449 16
9 B8 O -808.7635 0.0007 7750728 a & 16 999131.7566 0.0007
8 9 F 1951.70 0.25 7542328  0.015 fina 276047 0.25 17 002095.24 0.27
7 10 Ne 16500.4 0.4 6640.499  0.021 Bt 145487 04 17 017714.0 0.4
6 11 Na X 35170 1000 5500 60 Bt 18670 1000 17 037760 1080



Systems of reference in nuclear collisions: A(a,b)B

Target A in rest

Projectile a in move

B heavy product
b light product

mB>mb

Laboratory system

Projectile energy

Eq

— E
projectile a -@

Laboratory system

collimators

scattering chamber

cup

current
integrator

After:

Con 2O Center-of-mass system

"Projectile” energy

Eem=—"2—E,




Reaction thresholds & reaction kinematics (1/2)

Energy and linear momentum conservation allows to calculate the energy of the ejectiles

B JMmamyE, cos 6 N JimemyE cos20 + (my+mg)[mpQ + (mg — my)E,]} {.}€C
, =

JE

Eq. 1

my + mpg my + mpg

Non-relativistic kinematic formula for a two-body nuclear reaction
Similarly for £, by permuting symbols band B and replacing dwith ¢

Q-value < 0 : endothermic

Threshold energy £, Eq. 1: Two possible solutions for £),, acceptable only if:

mp, + mg —mpQ
E., = — — =

if £, <E,, - no reaction When £, < E, < E, . two groups of part. b are observed

and the emission angle 8 is between 0°<8< 4, .. <90°

* at £, part. bemerge at =00

 with increasing £, part. b C >{.}=0
are emitted in a cone that
becomes wider until its angle - _ —(my + mp)[mpQ + (mp —my)E,]
is maximized: 26, =180° €05 Omax = mompE,




Reaction thresholds & reaction kinematics (2/2)

Q>0 exothermic: £}, is single-valued function of 8; decreasing with increasing @, if m, < m,

~

[Q>O(ma<m3) 0rQ>O(Ea<Emax)] [Q>O(ma>m3) or 0 <0(m,. < m.)

N\

[ Eth = Ea < Emax

J

emitted particles b
emitted particles b

projectiles a

projectiles a

 Particles b are emitted in all directions;

* £}, increases at forward angles and
reaches maximum at 8 = 09;

£}, decreases at backward angles and
reaches minimum at 8 = 180°

* Particles b are emitted at forward angles
Only (9 = Hmax)

At each emission angle 6, two particle
energy groups are detected.



{Exercise 1. the ’Li(p,n)’Be reaction

« Which is the Q-value of the “Li(p,n)’Be reaction?

« Has the reaction a threshold? If yes what is the threshold energy?

« Which is the E, ., of the reaction, if applicable?

* If the proton-beam energy is 1.9 MeV, which direction(s) will the emitted
neutron(s) take?

« What energies can the emitted neutron have?

«  Which energy has the proton beam to have so that the “Li(p,2n) reaction occurs?

[Exercise 2: elastic scattering of a-particles ]

 (alculate the final energy of a 2-MeV a-particle scattered at 90° by #°Ca.
 In case 4%Ca is replaced by ®’Au, the energy of the scattered a-particle will decrease?

«  Which will be the final energy of the a-particle if subsequently scattered at 60° ?



[Reaction Cross section ]

reactions per time
—p —
atX—Y+b g (projectiles per area per time) X (target nuclei)
L b

—

14

beam of projectiles
(particles of type a)

Q [a: AN — AN 1b:10'24cm2]
NoeNypL  NyNg¢

beam intensity A = target’s atomic weight (g/mol) N, := number of projectiles a

M Y N, = Avogadro’s number (at/mol) N, := number of ejectiles b
—Hd:— ¢ := target radial density (g/cm?)

measure for probability that a certain reaction takes place at a given “projectile” energy E

[ Reaction rate (ov) ...the link to nuclear astrophysics ]

os]

SR L | E
— ] — s s ' 3
< oV > (ﬂﬂ) (KT)/? fa(E)Eexp( kT)dE reactions / sec / cm
0




[Types of measured cross sections

| N
Total cross section: =@ — Q%" —
or e 1\

do
Di tial tion: | == '
if ferential cross section (dﬂ) ./0

“angular distributions”

El

4

Double Dif ferential cross section: _
( d%c ) o— @ °

dE df)




Reaction thresholds — Q values — Cross sections

—
[

https://dol.org/10.1016/50969-8043(00)00386-2
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Classification of nuclear reactions *
y,

s

Always possible; can be due to simple Coulomb repulsion or

e Elastic Scattering atd ->A+a by more complicated nuclear interactions. When Coulomb

(Q — 0) forces dominant, then Coulomb or Rutherford scattering.
\ Plays key role in surface layer analysis. y
~N
a+A ->A"+a +Q Both A4 and a can be in excited state; if so
* Inelastic Scattering m. +m Q < 0) then excited state of A* decays via y-ray
Eg = —0Q —a A emission (for analysis purposes, y-rays are
\ my preferred to be detected, instead of a’ )
g d+ "N >'2C +a +13.575MeV |
a+A - B,+b+Q, or
' @ d+ "N - C*+ a+9.142 MeV
L 2C*at Ex = 4433 MeV
4 197 198 )
a+ Au—- "TTl+n+n+n-—254MeV
a+ A —>B+b1+b2++Q — 0or
- 197 Au(a, 3n) 17°T1
: 12 11 A
Yy+A ->B+b+Q y+ “°C—- "C+n—18.72 MelV
(Q <0) Carbon trace detection of 12C; highly sensitive analytical method)

- Energy calibration of electrostatic

a+A->C->C+y
2T Al(p,y)*8sSi accelerators
(00) (Resonances) [ % before 7990‘




Reaction mechanisms -1  (Direct reactions)

The incoming projectile interacts with one or few nucleons of the target nucleus and
transfers energy or picks up or loses nucleons to the nucleus in a single quick event
(10720 < At < 10722)

et a},-I
. :
fj}% o Elastic
,f”‘”ﬁa Transi
2 o, - ransier
r;'H"t (“g:‘:‘ :____, ﬁ:. e P
e LY, ge €%e/ ®
- y D
By e, e Breakup
f'u} .
B %e/ 4
: : * Inelastic scattering: individual collisions between the projectile and a single
» Elastic scattering target nucleon; the incident particle emerges with reduced energy
e |nelastic scattering » Pickup reactions: projectile collects additional nucleons from the target
« Transfer reactions d+ 150 - 30 + 3H (d, *H)
(stripping, pickup) 3He + 53Ca — 59Ca+ a (°He,a)

* Knock-out reactions . . - L
« Stripping reactions: projectile leaves one more nucleons behind in the target

e Break-up reactions
P d+ 30Zr - 35Zr+p  (d,p)

* Di re reaction
Direct Capture reactions 3He + 2Na - Mg +d  ( 3He, d)



Reaction mechanisms -2

(Statistical / Compound reactions)

(10716 < At < 10729)

When a properly low energetic projectile (<
50 MeV) enters the range of nuclear forces it
can be scattered or begin a series of collisions
with the nucleons. The products of these
collisions, including the incident particle, will
continue in their course, leading to new
collisions and new changes of energy. During
this process one or more particles can be
emitted and they form with the residual
nucleus the products of a reaction known as
pre-equilibrium.

At low energies, the largest probability is the
continuation of the process so that the initial
energy is distributed among all nucleons,
with no emitted particle. The final nucleus
with A + 1 nucleons has an excitation energy
equal to the kinetic energy of the projectile
plus the binding energy the projectile nucleus
has in the new, highly unstable system, the
compound nucleus.

Direct /N Single
_ _ interaction
| — before emission
(0
*

Small number
of interactions
- before emission

Pre-equilibrium

Large number
Compound of interactions
Nucleus before emission
Pre-equilibrium
Inelastic scattering Compound
Transfer reactions Nucleus

(stripping, pickup)
Knock-out
HI reactions

* Resonance
scattering
* Evaporation (incl.

radiative capture)
* Fission

Above =10 MeV
Incident energy




[Reaction mechanisms -3 (particle spectra) ]




Reaction mechanisms and differential cross sections

Angular distribution
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Elastic & Inelastic reactions and nuclear structure
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