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III Nuclear Reactions

Reactions classification

Timeline overview

fluorescent

radiation source (radium)
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III Nuclear Reactions Reactions classification

Timeline overview
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III Nuclear Reactions Reactions classification

Timeline overview
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Hans Bethe & Carl Von Weizsdcker
demonstrated the fusion reactions of CNO

cycle in the sun (1938-1939)




III Nuclear Reactions Reactions classification

2" of December 1942,

the first controlled

.........

'\ within Chicago-Pil

fission reaction chain
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Fritz Strassmann, Lise Meitner, Otto Hahn, realized
the first induced fission experiment in 1938 (Berlin)
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Reactions classification

Timeline overview

THE ANHAT'[A

DDOJ’EGT

Launched in 1943, the
Manhattan project during
the WWII, gathered a
number of notable
. scientists leaded by R.
y Oppenheimer to build the
first A-Bomb

On 6 and 9 August 1945, the USA detonated two atomic bombs over
the Japanese cities of Hiroshima and Nagasaki. The bombings killed
between 129,000 and 226,000 people, most of whom were civilians,

and remain the only use of nuclear weapons in an armed conflict.
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III Nuclear Reactions Reactions classification

Timeline overview

The first time that heat from a nuclear reactor was used to
generate electricity was on December 21, 1951, at the

Experimental Breeder Reactor I, powering four light bulbs.
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III Nuclear Reactions

Timeline overview

Reactions classification

TOroidalnaia KAamera s MAgnitnymi Katushkami :
Toroidal chamber with magnetic coils

The proposal to use controlled thermonuclear fusion
for industrial purposes and a specific scheme using
thermal insulation of high-temperature plasma by an
electric field were first formulated by the Soviet
physicist Oleg Lavrentiev in a mid-1950. In 1951,
Andrei Sakharov and Igor Tamm proposed to modify
the scheme by proposing a theoretical basis for a
thermonuclear reactor, where the plasma would have
the shape of a torus and be held by a magnetic field.
The first TOKAMAK or Fusion Reactor was built in
1954 in USSR.



III Nuclear Reactions Reactions classification

Timeline overview Nuclear (fission) Power Plant [NPP]
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On June 27, 1954, the world's first nuclear power station

to generate electricity for a power grid, the Obninsk

Nuclear Power Plant, commenced operations in the
Soviet Union to deliver an electric output power of 5SMW.

;u‘-_-ﬁim i « With four units of 60MWe each, Calder Hall NPP in the

( IIL United Kingdom, opened on October 17, 1956 and was

also meant to produce plutonium.

Another NPP devoted to electricity production was the
Shippingport Atomic Power Station in Pennsylvania

(USA) with an electric power of 60MWe, which was

connected to the grid on December 18, 1957.
* By 1970’s NPP reactors has been resized to produce
about 1000MWe



III Nuclear Reactions Reactions classification
Definition and typography

Nuclear transformations

Radioactive decay: Nuclear reactions:
 Spontaneous * |nduced
* Without projectile * With projectile

* No energy threshold * With energy threshold
* Half-life * No half-life



III Nuclear Reactions Reactions classification
Definition and typography

Nuclear reactions are physical processes where nuclei are involved. They represent a physical

interaction between two parts:

- Incident particle/nucleus: Projectile

- Bombarded nucleus: Target

Usually, projectiles are lighter than targets and according to the nuclear reaction outputs, other
nuclei and particles are produced. Hence, we can talk about:

- Exit particles, usually detectable

- Residual nucleus, not necessary observed

Standard nuclear reaction is written as follows:
Projectile + Target Nucleus = Residual Nucleus + Detected particles
Or in condensed form:

Target (Projectile, Detected Particle)Residual nucleus : X(a, b)Y



III Nuclear Reactions

Classification

Nuclear reactions are classified according to
the projectile, target, detected particle(s),
and residual nucleus.

We can enumerate the following main classes

and sub-classes of nuclear reactions:

1. Scattering
In this type of reaction, the projectile and
target are identical to the detected particle
and residual nucleus.

X(a,a)X

Two sub-classes of scattering are possible:

Reactions classification

1.1. Elastic scattering:

When the residual nucleus (same as the
target nucleus) is left in its lowest or ground
state after the reaction, we talk about “elastic
scattering”. Specifically, in this case, besides
of the total energy, the overall Kinetic energy
of the system before and after the reaction is
conserved. The bombarding of gold foil by
alpha particles in the Rutherford experiment

is a classical example :

JHe + 121 Au > 137Au + JHe: Au(a, a)Au



III Nuclear Reactions

Classification
1.2. Inelastic scattering:

In contrary of elastic scattering, when the
residual nucleus (same as the target nucleus)
is left in excited state after the reaction, the
reaction is “inelastic scattering”. In this case,
the overall kinetic energy is not conserved,
but the total energy of the system does.
in+ 130 - 130" + in: 130(n,n) 150"
Inelastic Scattering is a threshold reaction

and occurs above threshold energy.

Reactions classification

2. Direct reactions
In a direct reactions is assumed that
nucleons taking part in the process enters or
leaves a given shell orbit of the target nucleus
without disturbing the other nucleons in the
target. Two sub-classes are considered in this
case according to if the target gains or loses
nucleons:
2.1. Pickup reactions: the projectile gains
nucleons from the target:

iH + 30 - 30 + 3H: '§0(d, t) 30

1H + 33Ca - 33Ca + He: 55Ca(H, a)30Ca



III Nuclear Reactions

Classification

2.1. Stripping reactions: the projectile loses
nucleons from the target:
SH + 30Zr - J0Zr + 1H: 0Zr(d, H) 35Zr

1H + 23Na - %3Mg + 2H:%3Na(H, d)4;M

N.B: Both pickup and stripping reactions are often
observed at high enough energies.

3. Compound nucleus:

An opposite type of direct reaction is the one
in which the incident projectile and target
form a new nucleus, known as “Compound
nucleus”, which lives for a short time in a

excited state and then decays.

Reactions classification

The lifetime of typical compound nucleus is of the
order of T = 107 1%s. Even too short to allow the
direct observation of the formed nucleus, it is
much longer than the required time for a
projectile to traverse a nuclear distance, which is
about At = 10721,

« particle or IHe'
) W

‘He ' , "/
@@

Compound nucleus

Y rays

- @

Cooling down

It is therefore assumed that the decay of
compound nucleus does not depend on how it is
formed; the compound nucleus does not

“remember” how it was formed.
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Reactions classification

Classification
3. Compound nucleus:

There are wusually several different
reactions that will give rise to the same
compound nucleus, and also several
different modes or channels in which this

compound nucleus can decay.

As an example, for the compound nucleus

12N formed in excited state [1‘7’N]*, we can

have the following reactions.
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Classification

3. Compound nucleus:

Some reactions of interest implying compound

nucleus:

3.1 Fission reaction:

Incoming neutron enters the target and a new isotope

is formed. Disrupted by this furtive and invasive

particle, the new nucleus is so instable that almost at

once it explodes into:

* two fragments known as Fission Products (FP)

 accompanied with few neutrons (with an average
number v

* And somey — rays.

Time

Reactions classification
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Classification

3. Compound nucleus:

3.2. Radiative capture reaction:

In similar way than previous case, incoming
neutron enters the target and a new excited
isotope is formed, but in this case, the
instable compound nucleus will deexcite by
emitting a y —ray to reach its stable or

ground level.

emission

Excited compound nucleus
n+1 neutrons

I could be emitted.

Reactions classification

3.3. Fusion reaction:

Under specific conditions (high temperature
and pressure) light nuclei (H, d, t, He, ...)
could be combined through compound
nucleus process to produce heavier new

nucleus in very short time. Some particles

p > (P > Q) — OO — O\
24 \ n
1
C+ I p
e+
; gHe
1H n

p > (P > B —> Gk




III Nuclear Reactions Nuclear cross-section

1. Probability of interaction
Since there is no guarantee that an incident particle will interact with the target, a very

convenient way to express the probability that such interaction will occur is the concept of cross

section, denoted o as it was the case in Rutherford scattering experiment.

For a given interaction, the cross-section of interaction of a specific projectile (with a given
incident energy E;,.) bombarding a given target nucleus present with specific atom density in

volume unit, measures the probability that a nuclear reaction will occur in a given region of

target material:
number of reactions per second per nucleus
e

"~ number of projectiles incident per second per area

The customary unit for nuclear cross-sections is the barn, where:
1barn = 1b = 10~%**cm? = 100fm?

Which is of the same order of magnitude as the geometrical cross section of a nucleus.
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Nuclear cross-section

1. Probability of interaction

At individual nucleus level if we consider that
each target as presenting a certain area,
called its cross section, to the incident
particles, (Fig. in opposite), any incident
particle that is directed at this area will
interact with the target particle.

The interaction cross-section of a target
particle varies with the nature of the process
involved and with the energy of the incident
particle; it may be greater or less than the

geometrical cross section of the target.

Only these
particles wil

/
l\ﬂr\nrwmr\rl\r\rl\r\nnr\rw [\r\nr\r\rl\r\nrmnr \F\F\F\f‘\fl\ﬂﬂf'\f‘\f

Incident
particles

Geometrical
Cross section

Interaction
Cross section
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Nuclear cross-section

1. Probability of interaction
The opposite figure depicts the case of

different nuclear cross-sections of the

Incident Thermal Neutron

nuclear interaction between thermal . -
neutron (E,, = 0.025eV) with the isotope //
U235 including:

- Scattering : ¢ = 10[b]

- Capture: o, = 99|b] Y
- Fission: 6y = 583(b]

Fission —
583 barns

Capture
99 barns =

Scatteri
10 barns
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2. Microscopic and Macroscopic cross-section n atoms/m’ | Area=A
' / > j
Consider a slab of some material with an area s
A and thickness dx. The material contains éﬂ ” N-dN
N incident< — [ particles
n|atoms/cm3|. Therefore, a total number of particles — > emerge
from slab
nuclei present in the slab is: n. A. dx. ] _
If each nucleus has an individual o for specific > | 0 / > g
i . ] G = cross section/atom -~
interaction, then the aggregate (macroscopic) dx dN/N = ne dx

cross-section of all the nuclei in the slab is: interacting ptles ~ dN - N o dx

Z[cm‘l] —n.o incident ptles N N.A
dN
Consequently, for a given beam with N T dx = —X.dx

incident particles by 1cm?, the number dN of The sign (-) means that interacting dN

interacting projectiles could be obtained by: particles are removed from the initial beam N.
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3. Attenuation of incident beam
The next

expression represent the

attenuation of initial beam by given

interaction through a slab with a thickness x:

N
d_N — F — —Nnox — —Ux
=-no | dx > N = N,e = Nye
No N 0

0

Where N: the initial number of incident particles

4. Mean free path

We define the mean free path A of a particle
in a material as the average distance crossed

between successive interactions:

B foooxe‘""xdx 1

fooo e "oxXdx no

Alm]

1
.

Nuclear cross-section

5. Reaction rate

When we know the cross section for a nuclear
reaction caused by a beam of incident
particles, we can find the reaction rate, at
which the reaction occurs in a given sample of
the target material:

AN Ny—N N,

R = 1-
At At At(

If the slab is thin enough so that none of the

e—nax)

nuclear cross sections overlaps any others:

fory =nox <1< e =1-y,sothat:
_dN Ny

dx
R = e dtna.dx—NO (E)na— PX

ptls ] is the flux of incident particles

Where:Ny.v = ¢ [

s.cm?



III Nuclear Reactions Nuclear cross-section

5. Resonance 105

The cross sections for most nuclear reactions

depend on the energy of the incident particle.

e
-
'

The presence of an excited state may be 3cd(n,y)iicd
detected by a peak in the cross section versus
energy curve (known also as “Excitation

function”) of a particular reaction, as in the

Cross section, b
-
o
[

neutroncapture reaction shown here for the

el
<,
et

radiative capture of neutron reaction:

13Cd(n,y)'j3cd

10
0.001 0.01 0.1 11 10

Neutron energy, eV
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Nuclear cross-section

5. Resonance

This resonance peak signifies that a
compound nucleus is more likely to be
formed when the provided incident energy
matches exactly one of its energy levels.

The narrow peak at 0.176 eV is a resonance

effect associated with an excited state in the
12%Cd nucleus. The mean lifetime 7 of an
excited state is related to its level width I' by

the formula:

~N| s

Cross section, b

10°

e
-
'

102

el
<,
et

10
0.001

0.01

Neutron energy, eV

10



III Nuclear Reactions Nuclear cross-section

6. Experimental and evaluated cross-section data

* To produce sufficient data about nuclear 10° A B Sk B I

cross-section for a given reaction, a large : 235 236

number of experiments are necessary in 10’ 92U (Tl, V) 92U
high accuracy labs (international
collaborations are often necessary)

* The large size of data must be presented
in computer-readable form to be
exploited

» At certain energies, when data are

missing, one must resort to theoretical

© Andreev (1959)
e Corvi (1975-1982)

Hopki 1962
model calculations to fill these lacks ZKEED:;((,?QBH))

(evaluated data) 10° L + Muradyan (1977)
* When more than one measurement exist x Spivak (1956)

Capture cross section (barns)
=)

for the same specific reaction, with

certain error, an evaluation is necessary
to obtain the “best estimate” value

10’ 10
Energy (eV)
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6. Experimental and evaluated cross-section data

Several international data libraries are available including evaluated cross-section on the basis
of experimental values and evaluation models: ENDF(Evaluated Nuclear Data File), JEFF(Joint
Evaluated Fission and Fusion), JENDL(Japanese Evaluated Nuclear Data Library), BROND(in
Russian = Library of Recommended Evaluated Neutron Data), CENDL(Chinese Evaluated Nuclear

Data Library), TENDL(TALYS Evaluated Nuclear Data Library project)

1[:][:”:] b_ — ENDFIII.E_UIHI:I 1 I 1 1 1 1 I 1 1 I 1 |
= JEFE-3.3 1
2 100b- JENDL-4.0u 1H(Tl; total) -
o — |ENDL/HE-2007
" 10b9— BROND-31
" CENDL-3.2
E Lby . TenpL-2019
S 100mb T

| i | | i | | | | i | | i |
10 peV 1 meV 100 meV 10 eV 1 ke 100 ke 10 Me 1 CeV

Incident energy
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LY Local N ENDF/B-VIL1 SIG U235
File Tools Selected Help

% Integral data for nudide Uranium 235 ground state %

Incident neutron data / ENDF/B-VII.1 Tabulated data VS plOttEd data

MT=18 : (z,fission) MT=102 : (z,v)

Incident en...
a(E) o(E)
0,01625 742,9087 131,1456 — —
0,0175 714,136 125,1435 File Tooks Selcted Help
0.01875 638, 2405 119, 7537 ZE Intearal data for nucide Uranium 235 ground state S Cross sections £ Cross sections
|:|r|:| 7 EE4,?’583 1 1_43[' 11 Incident neutron data / ENDFIB-VII.1 | U235 I MT=18 : (z,fission) I Cross section
0,021325 642,1328 110,2463
0,02265 621,4685 106,0293
0,0235975 602,4935 102,192
0,028002  |553,0281 92,37884 .
0,029352 538,651 89,53795 5
0,030703 525,1835 87,002 8 Wl
0,033405 500,6195 82,36123 U
0,036106 478,7434 73,31665
0,033308  |459,0834 74,7564 T
0,041509 441,246 71,5879 .
0,044211 424,9544 63, 74585 A
0,0465913 410,0097 66,18337
0,05 394,363 63,54689 ‘.
0,053125 379,8743 61,14819 ' ' ' ' ' ' ' ' ' ’ '

Incident energy (MeV)
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10°° 10™ 10" 10° 10° 10’

o | ——— 92U235 (n, fission) ENDF/B-VII.1 »

=t
Q
S
qv]
— =
D 5
o) =2 10? unresolved | gt?
(= 5 Linear behavior: \ resonance
() S peaks
o)
u n -
o 7))
3 3
8 S 10° 4 10°
; " high
2] igh energy |
S
= 107 107
-

Incident Energy (eV)
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10°° 10™ 10" 10° 10° 10’
— = T T W e |

‘ 92U235 (n, fission) ENDI/B-VII.1

10* <4 10°
|
l
7 I ' | ]
S5 58
C .= = 107 | - 10°
= D S ?
@ O 3 |
Q = ~
v o5 3
I o |
% EP O  10°| 4 10°
o D |
G 5 Thermalregion Epithermal region: Fastregion_d
s 10”
107 10" 10' 10° 10° 10’

Incident Energy (eV)
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— 92U235 (n, fission) ENDF/B-VII.1

10* | - 10*
2 - 05(0.025eV) = 585[b] B et i
E _____________ I O'f . e -

g o 3 2 | or(2MeV) )
 py .ED g 10 : \ e
= 2 :
@ O 3 |
Q M~ o | i
? > § | ar(2MeV) = 1.27[b]
A p======-SiiiLh i = oo o= B (0’
o 9 i i
i 5 : N

10° ' 10°

Incident Energy (eV)
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Conservation laws

1. Mass number conservation

For a given reaction X(a,b)Y, we should
always verify the conservation of the mass
number (nucleons):

Ay + A, = A, + Ay
It should not be confused with nuclei’s mass,

where the mass is not necessarily preserved.

2. Charge number conservation

The charge number should also be conserved
before and after reaction:

Zx‘l‘Za:Zb‘l‘Zy

3. Angular momentum conservation
The total angular momentum: J=L+S
should be conserved:
Jx+Ja=Jp+]Jy

4. Momentum conservation
The total momentum (impulsion) before and
after the reaction should be also conserved:

Py +P,=P,+Py
Which could be rewritten:

Mxl_;X + ma1_7>a = mb1_7>b + My1_7>y
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Conservation laws

5. Total energy conservation

The total energy of the system before and
after the reaction should be preserved:
Ex+E,=E,+Ey
For free particles and unbound target, for
each particle the total energy is given by:
E; =T; + m;c?
We recall that:

T;: is the kinetic energy of the particle i

m;c?: is the rest energy of the particle i
The equation could be rewritten:

Ty + Myc?* + T, + myc? = Ty + Myc? + T, + myc?

6. Special case of elastic scattering

In the specific case of elastic scattering, an

could be

extra conservation equation

considered about the conservation of total

Kinetic conservation:

Ty+T,=T,+Tg
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Kinetics of nuclear reactions

1. Laboratory coordinate system

The analysis of a given nuclear reaction is conducted by studying both kinetics and dynamics of

the reaction. Thus, we note each phase of the reaction :

Let’'s consider a simple
binary reaction where the
target is considered at the
rest, thus its initial

velocity (pre-reaction) is
taken to be null: Vzl- = 0.

After reaction we got also

two exit nuclei.

(a) Pre-reaction: before the reaction

(b) Post-reaction: after the reaction

1
TOoT
Tbefore =Ta+Tx = Emavczl
" ‘*l I,
I — —— — — — — —

(a) Before the collision

| |_*
A
,f vicos 6
.\
/ —————————
______ -
Vo -
~ . Ir-_}_',' COS 0
Ifh]
4N
oSN @ L ——=
'.Jr ‘_*:Illr.

(b) After the collision
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Kinetics of nuclear reactions

1. Laboratory coordinate system
In the lab. Coordinate system, the study of the

reaction is based on both conservation laws:

- Total energy conservation
- Total momentum conservation

In general one can write:

T, +mgc? + Myc? =Ty + myc® + Ty + Myc?
m,v, = muvy, + MyVy

This could be reduced to:

T,+Q=Ty,+Ty

m,v, = muvy, + MyVy

Where the Q-value of the reaction:
Q = m,c? + Myc? — myc? — Myc? = Amc?

In most nuclear reactions, we have v; < c,
which implies a non-relativistic treatment of

momentum and Kinetic energy:

T P
T; = Emivi . om,

Taking 0 and ¢ the angles made by v, and Vy
with horizontal axis (incidence axis), the both

conservation equations could be rewritten:

2m,T, + 2myTy, — 4/m,myT,Tcos0 = MgVy

2My(T, + Q — Tp) = M7V}



III Nuclear Reactions Kinetics of nuclear reactions

1. Laboratory coordinate system
We can obtain the following equation:

ZmaTa + ZmbTb = 4\/mambTaTbc030 = ZMy(Ta + Q ~ Tb)

After rearrangement, we will obtain:

(mg + My)T, — 2./ mom,T,Tycos0 — (My — m,)T, + MyQ) =0

By setting: A = . Y/ma this equation will take the final form:

m
1+ AT, — 2\/m—bTaTbc050 — ((A — 1T, + MYQ) =0

a
Which could also considered as 24 order equation, by choosing suitable variable x = ,/T}:

a.x’*—b.x—C=0

m
a=1+A4);b= 2\/m—bmbTaC059} ¢ = ((A - DT, + MYQ)

a
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2. Case of elastic neutron scattering

In the case where the projectile is a neutron

m, = my, =m, experiencing an elastic
scattering Q = 0; My = My, the 2" degree

equation will become:
1+ AT, —2T,T' ,cos60 — ((A—1)T,)=0
Where usually known T, denotes the kinetic
energy of neutron before collision, and T',
denotes the energy of neutron after collision to
be found:

a.x*—bx—C=0

a=(1+A4);b=2T,cos0;C=((A-1T,)

Kinetics of nuclear reactions

We note that if we approach m, = 1u, then the

value 4 = Mx/mn will define the mass number of
the target nucleus.
The determinant of such equation is given by:
A'=T,cos*0+(1+A)(A-1T,
A =T,(cos?0 + A% — 1) = T, (A% — sin?0) = 0
Only the physical solution is kept in this case:
cosO + VA% — sin%0
%s =Tn 1+ A4)
implies that post-reaction neutron

Which

energy will be:

2
cosO + VA? — sin’6
(1+A4)

T’n == x%_ = Tn = aTn
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2. Case of elastic neutron scattering

Let’s examine few specific cases according of

well-known values of scattering angle 0:

* 0 = 0: forward scattering (no loss of energy)

2
, 1+A
Tﬁ"“”a[m] =T
e 0= g : depends on A (light of heavy targets)
2
o [\/A2—1] _ . [A-1
"ol A+1 ] MA+1
* 0 = m: backward scattering (max loss of energy)
2
A-1

T " =T, = aT,

A+1
In the latter case we define the coIIision parameter
cos0 + VAZ — sin20)|
a =
1+ 4) A+1

log{AE, / En}

100}

1071}

102}

1073 ¢

104 L

1075}

Kinetics of nuclear reactions

This could be seen from the point of view of |

incoming neutron, when it loses its enerqy:

2
AT, T,-T, ’ cosO + VA? — sin?0
T, T, (1+ A)

— A=1(H)
— A=2(D)
— A=12(C)
— A=16(0) -

A =56 (Fe) ]
— A =238(U) ]

/2 m
B[rad]
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2. Case of elastic neutron scattering

It could be seen now, that light nuclei are more
suitable to reduce neutron velocity through
elastic collisions. The average value of neutron
energy loss (a logarithmic value called average
lethargy) could be obtained through

sophisticated calculation (we use E instead of T) :

in (£ j n(Z) p(E = EYdE =1+ -1
— — — —_— . - —_ _—e— —>BRP
'3 n I n I p N na

This expression could be reduced in the case of light
nuclei to the following approximation:

2

S~ aT2/3

Kinetics of nuclear reactions

Element nl:/llst a ¢
H 1 0 1.000
D 2 0.111 0.725
Be 9 0.640 0.209
C 12 0.716 0.158
o 16 0.779 0.120
Na 23 0.840 0.0825
Fe 56 0.931 0.0357
U 238 0.983 0.00838

The number of collisions required to reduce

the neutron energy from E, to the desired

one E,, is given :

n

E
E,
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Kinetics of nuclear reactions

3. Center of Mass coordinate system

Another alternative to carry out the
calculation of reaction Kkinetics, is to choose a
suitable system of coordinate related to the
center of mass (CM) of both part of the
reaction (projectile and target).

To do, we define the position of this CM as:
- I_é ma7a + Mxl_éx
T = =
& m, o= MX

The velocity of CM is obtained by deriving rcy:

N — dT_")CM ma'l_}a + MX[_iX ma’l_ja
vCM = V = = =

Taking that VX = 0 (fixed target in lab-system)

Center of mass N, my

m A V=
o —v)-— —» My + Mg

(a) Motion in the laboratory coordinate system before collision

Center of mass _y mp

Q0

mg v-V
O —>

(b) Motion in the center-of-mass coordinate system
before collision

Now, both projectile and target velocities

could be expressed in the CM as:
My

(%
_ma —

v
ma‘l‘MX a

—_—

v,=V,—V=

éé

Vy=Vx-V=-V=
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3. Center of Mass coordinate system

The first consequence of such system of
coordinate is the conservation of null-

momentum of the reaction:

oy = MeMx
mgv, + XX_m -I-MXva_
a

Implying:

Pa+Px =P, +Py=0
This means, that is possible to provide exit
particle/nuclei after reaction with null
velocities (without Kinetic energies) as

threshold of reaction (Q < 0).

Pas
Q. Collision
Pii 9/\\\\/ [ Pai
oL S B
0
Pir

In CM system, the total Kinetic energy:

1 1
Tem =T'a+T'x = 5maV'a +5MyV'y

2 2
1 My 1 —m
TIOT — —m V| +=M v
M =27\ m,+ My 2 f\m,+My;
After rearrangement, we get:
My Mx

1
TTOT _ 2 TTOT
o (ma + MX> 227 \m,+ My ) lab
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3. Center of Mass coordinate system

The conservation law of total energy will be written in the CM:
T, +myc*+T'y+Myc> =T, + muc? + T'y + Myc?
Which will be equivalent to:
T'a+Tx+Q=T,+Tyo Ty +Q=T7%
With: Q = (m,c? + Mxc?) — (myc? + Myc?)

The minimal energy corresponds to an exit particle/nuclei with null Kinetic energy:

/ / TOT TOT ——
(Tb+TY)mm_O—)[T in +Q= 0_)[T min 4
Replacing TL)! = (m ijw ) T19! into the conservation law:
a X

MX TOT : m, + MX
Kma m Mx) Tich | 0=l [Tiap | =Ta" =~ M, Q
min
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Kinetics of nuclear reactions

—

v vCM:[_i:
1 _— ,

Cent QO\V‘Q ' A e |
enter |
of mass \\ Q : | ,.)

3 | F|

Vg | O . ‘\* V

d?CM » ma'l_;a + MX[_iX
dt 0 m, + MX

CM




III Nuclear Reactions

1. Q-value of nuclear reaction:

As defined previously, the Q-value of a given

nuclear reaction is defined as:

Q= Zmicz - mecz
i f

o=)

Where index “i” stands for initial masses
before reaction, and “f” index stands for final
masses after reaction (exit products).

According to the algebraic values of Q, three
distinctive classes of nuclear reactions could

be defined, from energetic point of view:

Energetics of nuclear reactions

e Casel1:0<0

The reaction is “endoergic” or “endothermal”

when it requires an input of energy to occurs.
e Case2:0=0

The reaction is “elastic” (scattering) and it

occurs with conservation of Kinetic energy

before and after the reaction

e Case3:0>0

The reaction is said

“exoergic” or
“exothermal” when it releases energy and it

occurs with any value of incoming projectile.
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2. Excess of mass: According to that definition, it is also possible
Any nucleus is defined by a number of mass A to calculate the Q-value of any nuclear
representing the number of nucleons forming reaction by using the excess of mass:

the nucleus.

The excess of mass of a given nucleus (Z,4) is i 7

defined as the difference between real mass
= Z[Acz + AM(Z,N)c?|,
of nucleus and the mass of A units of mass: . y

l
AM(Z,A)c* = M(Z,A)c?* — A x 1uc?
i) 8 - Z[Ac2 + AM(Z, N)c?| ’
AM(Z,A)c* = M(Z,A)c*> — A x931.5[MeV] 7

ST Using the conservation law of mass number:

1
1u——12MC 1.66 X107 “"kg — 1uc” = 931.5MeV Q = § AMiCZ— E AMfCZ
i f
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Isotope(Z,N) Mass [u.m.a] Au[u.m.a] Mass excess [KeV]
n 1.008665 1 8071.31806
1H 1.007825 1 7288.971064
iD 2.014102 2 13135.722895

2He 4.002603 4 2424.91587
12¢ 12.000000 12 0.0
130 15.994915 16 -4737.00217
1iNa 22.989770 23 -9529.85352
134l 26.981538 27 -17196.864
seFe 55.934942 56 -60607.163
4749 106.905093 107 -88406.700
1954u 196.966552 197 -31139.751
“82Pb 207.976636 208 -21748.519
52U 238.050783 238 47307.732

235Es 252.082972 252 77294.610
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