Nuclear Physics

(12" lecture)
NUCLEAR REACTIONS
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A Kinematics, laboratory and centre of mass (GM): systems
A Microscopic and macrescopic:-cross:sections

A Two additivities of the crosssseations.

A Differentiall cioss-sections.

A Excitation functions.

A Nuclear reaction mechanisms

A Direct reactions: knock-out, pick-up, stripping

A Compound reactions:ancresonances

Nuclear reactions

Importance Most of our knowledge about nuclei is gained from
studies on nuclear reactions

The firstartificially created (observe
nuclear reaction is from

E. Rutherford (1919)

Observation: cloud chamber

14 4 17 1
‘N+iHe- YO+H

a-particle from radium

Nitrogen, gas in the cloud.chamber e it

i
Picture: Blackettand Lees 2

Generally
a +—b c + d + e

Initial

state | Final statdg

(reaction of more/than two particles is not likely)

Often one of thesinteracting particles is at rest
in the laboratory—— target
The other is moving — projectile

a b ‘/v Initial state
'—>‘ |:> & Notatio@
projectile  target ’\ \

Final state
3

target
(at rest)

Scatteringsspecial nuclear reactions
where a =¢ (and b =d ), which means that the
type (composition) of the particles does not change.
Elastic scattering the particles do not get excited,
thetotal kinetic energy-is.conserved
Inelastic scatteringat least one of the particles get excited
(theng decay), the total kinetic energyNsDT conserved
Examples Name Notations

n+2U- 22U +ni elastic neutron scatterirfg,nd ) 2§§U(n,ni)2§§’U

23 235 . i H H A
n+*3U- *2U+nj+o | inelasticn-scatteringn , gh 6 25(n,np)22U

n+238y. 2364, |N-capture withgemission,
92 92

235 236
radiating capture(n,g) reaction 22U(n.9) 73U

1,9 12 a-inducedn-emission, Ipal1 )2
Ut,Be- sC+n (a,n) reaction :BeUn)iC
n+3%Co- $Co+2n |(n,2n)reaction s9co(n,2n)seCo
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Conserved quantities

Anucleon number4) (baryon charge)-14p , 4 17~y 1
Aelectric charge 7N+,He- ;O+H
Aleptonic charge  (if electron, positron, neutrino etc. participates i

the reaction)

Aenergy (taking into accouft = mc)
Amomentum
Aangular momentum

Kinematical
parameters

Energy'balance
The nuclear reaction: |a +b — Cc+ (|i

o—
M., M, etc. are thenasses o— ' |:> c
T,, T, etc. are th&inetic energies a D () -
The energy conservation: d
(MAZT)+HMAZT,) = (MAZTIHMAST)

|(Ma+ MyT M, T M)A2=T,+ T41 (T,+T,)=Q | *

Energy thresholdor endothernreactiongd Q<0).

SinceT, + T42 0, therefore (T, + T,) 2 1 Q >0.
The initial kinetic.energy of the particles should be at least at this
level, for the reaction to occur!

The reaction energy and the masses of the patticles

From the  (*) equatiorQ = (M_+ M, T M_T M,)A?

This way the reaction energy candzéculated

HereM,, M, etc. are not necessary the ground state rest masse
the particles! For example if partiabwas formed in aexcited state]
with E, energy, thenMy = M4(0) + E,/c?

ground state rest mass

Arranging the masses to the left hand side:
M+ My i M T MOA2=T, + Tyi T,i T,=Q| 0
Qs calledrreaction energy
Its physical meaninis clear from the second equation:
(Te+ T T (Ta+Tp)=0Q
The reaction produsinetic energy

(exothermigexoergicA e n.e r.gy - pr-odu

The reaction consurs&inetic energy
(endothermendoergicA e n.er gy comns U

The reaction consersehe kinetic energy
(For exampleelastic scatterir)g

Q>0—>
Q<0 —

Q=0 —

Activation energy (for example at electrically charged particles)
One of the main reactions of the fusion energy production:

2H+3H- ‘He+n+17,6MeV

This reaction does not occur. spontaneously, although it is exothe
Cause: the nuclear interaction has short rarges the reaction
partners have to getose together.

They need some! (kinetic) energy, because of the Cowi@pblsion!

The energy conditions: (without the kinetic energies):

2H, 3H close

reaction energy

activation energy 17,6 MeV

~ 0,1 MeV 4He + n(after the fusion)




Fundamentals .of the kinematic description of nuclear reactions

Starting point: energyand momenturtonservation.
Energyconservation has been treated already.

Momentunconservation: Pat Po = Pet Py vectorequation!!

Choice of coordinate syste

| Laboratory systeri1 Centre of mass: systefn

CM system
(the data of the measurements ( Y )
are produced here) ('Thils nivsl t h
The target nucleus is usually at regt, coordinate system)

i.e.p,=0, or p,=p+pPqy Pt Py =Pt Pg=0

pa pc

B,

By

Naturallyg,  , Gem 9

Additional note to thenergy threshold

We saw(T, + T,) 2 T Q However, this is valid only in Chsystem,
since'here'the total momentum and kinetic.energy.of the system is
TheseT, and T}, kinetic energies are the energie<ikl-system.
In laboratory system the total momentum of the system:is not zerdg

and this has to be conserved after the reaction!
Suppose, that the target nucleus is at res;=0.

. 3. M., g
The energy threshold for.an endotherm reactigf; > - Q%+ —2(
(try to demonstrate it at home!) ¢
HereT, is the kinetic energy in the laboratory system
If M,>> M, thenT,>> T Q!
(Inverse kinematics: the projectile’is:heavier than the target)

b =

For colliding beamdaboratory system = CM systen@ — «— @
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The probability of nuclear reactions

The nuclear reactions are stochastic processes.
(Remember: the radioactive decay was alstochastic process!)
They can beldescribed by statistical laws.

Model: Conis i d.e ra Rdlan? surtace pwherd =100 f
pieces of target area are scattered randomly. The surface of each
target area is = 1 cn?. A blind-folded player throws darts on:the
board./During 1 hour altogether 200 darts hit the baard200/h).
How many target hits can be expected in.an hour?

200

R=—""_0&00&cn? =2 —
10* cm?? —_
[

R=—ONG e
F —_—
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The name 0oF is: total, microscopicross-section

N .
Denote then/F by F. R= ECN G

Its meaning: the number of particliéging through unit areain
unit time.

The name ofF : scalarflux
Its unit is: 1/(imel. a j =e [&/(dcn?)]

Wiit'h 't hat, the numbelR=¢FON&Hi t
The name oRis: reaction rate
Its unit is: 1/time = [1/s]

Its unit is: -area = [cAp
Order of magnitude (of the surface of nuclei:

(10-14 m)2 =102 m? =10 % en? 1b=16%cn?

barn
12




The generatlefinition of the cross section:  |s =
Very important: NG
Although it was introduced using an illustrative model, this@T
the actual geometrical surface of the nucleus!!!

Even, thisis NOT/the.common geometrical area of target +
projectile system!

Every nuclear reaction has/ different cross section!

(sinceR determines, which reaction is considered)

Example the cross sections of the following two reactions are
different, although the target and the projectile are the same!
n+23%Y —238J + g (radiative capture)

n+2%Y — 233 + ;. ngd finelastic scattering)
Moreover, the cross section usuallypendslso on thesnergyof
the projectiles =s(E) (see later)

The microscopic cross sectia) (is a measure of the probability ¢f
a nuclear reaction. Its unit is barn [b] (F2@m?)
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Measuring the total microscopic cross section by transmission
0 x xtdx

If Fflux falls in parallel beam onto a
target slab (of surfade), this will

decrease somewhatXdistance, since Fo
the particles get absorbed or scattered

out. There remains only=(X) flux at X
depth.

F(X)

If ris the density of the target nuclei (numbefdgrthen the
number of target nuclei in ‘a layer @k thickness iN=r GF @Ix.
The number of any reactions in this layer (during unit time) is:

R=F(x)ONG, =F(X)dr &F GIX)G,
The decrease in flux in this laydR(F): df =- (r &, )@ (x) Gix
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From this we get:(;—f =-(r &,
X

The solution: | (X) = foe‘(’ét)@

This way the total microscopic cross section can be measured
Macroscopic cross section

. 81 . .G
Definition %mezg

The name ofS is: macroscopic cross section
The wnit.of the macroscopic cross section is: -1/distance (!!)

Therefore the above example can be written a%(x) = foe' S@

The total macroscopic cross section can be measured by
measuring the decrease in flux.
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The two additivities of the cross sections

. . . R
Remember: every nuclear reaction has its own cross seftien:——

NG
I. Additivity. : same reaction partners, different reactions

If the partners are the same, tiand # are also the same for the
different reactions, only the reaction rates are diffef@nti€1,2,3..).

Then Ry = Ry + R+ €
Therefore the total microscopic cross sectisp:(
s, = R"E?" = R1+R?.+"': Rl + R2 =S5,+5,+...
NU NJ NG NU
Multiplying both sides with the target nucleus dens

Obvious conditionall, mutually exclusiveeactions should be listed
in the right hand side

16



http://sukjaro.eu/SCsaba/Attenuation/Attenuation.htm

Il. Additivity . : composite target(composed of different elements)

Denote the nuclear densities (number of different nuclei per unit

volume) byry, Iy, I3, &y

The different materials act on the projectile beadependentlyi.e.
IS (resul) =S (1) +5,(2)+S,(3) +...+ S, (N))|

This is the! Il..additivity of the cross sections for.composite material

Note that this additivity iSNOT valid for the microscopic cross sectior

The mean free pathis the average distance that.a particle travels
in the matter without any interaction (reaction)

We sawf (X) = F,& **  This shows what fraction of the initial
flux reached th& depth without any interaction.( ) f(X)_ __sa
The probability. density function for this is £ e

0
The expectation value of the distance travelled without interaction:

<X> :M 1 The mean free pathigL = 1

ﬁJ(X)dX S, St 17

The solid angle betweey,J +dJ) = dW=2pGinJ @J
(with cylindrical symmetry)

Differential cross sectiona ¢ r-0s's-sec teicon Ae
certain parameter

Exploded according teolid angle|ds _
Its unit is: barrgteradian dw

f(J Depengls on'the
scattering.angle

Obviously, integrating for the scattering angles

p

e K- ;
rWIQ'U GinJ@J =s We get back/the cross section

0

Sometimes we do not explode it according to the'solid angle, but
according to thescattering.angte
ds

= =2p c"ginjcﬁjﬁ , asit.can easily be demonstrated.
dJ dw
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Differential cross section

_  Re——The rate of what we are
NG Acurilouso abo
We could be curious'about some details as well!

Angular distribution

reaction product
/ | projectile "/c(
8
a+h — c+d B Oir > -
\q) a scatttirmg
P angle

target

Definition: S

reaction product
In 3D we want to knovihow many r

particles fly inithedW - solid angle
determined byhe(J,J +dJ) angular
region for givenN and £ .

projectile

target
scattering
angle

Energy dependence of the cross sections - (excitation.functions)

Cross sectiof (E) = R(E) There can be particles with
N &df E)GiE? different energy in'the flux

gEE The flux in the intervalE, E+dE)

For example: neutrons with differemergycause reactions with

different probabilities; therefore the cross section will be energy
dependent.

o; (barn) The name o&(E) is: excitation function
10° P>
102 o
10 %-—ﬁ 238
— M U
1 4
10" («,

3 -2 -1 I I O L ¢
10 10 10 1 10 10 10 10 10 10 10 neutron energy (eV)

235y and 2% fission cross section depends on the 0
neutron energy




Nuclear reaction mechanisms

Potential scatterinb

Compound nucleus
Direct reaction forming nuclear reactions

These are Aextremed model s, o
1. Potential scattering

The projectile interacts: (gets:scattered),or
by the((nuclear) potential ofithe target
nucleus, therinternal structure of- the:nuele s |
doesrnot change,no exchange of inucleor 3,
etc. occursfOpitali reoacl on madse |5
spp:h edice” - mopdre:lesdcYier tnhhe
nucleus:asilightscatters on an uncleargl
spp-h emcecar (cAudnseibeesat: 0
absorption) e
It usually occurs at'small: projectile energies. /

It Aeelalsothenuclearinteractiore1

The scatiered intensity departs
from the Rutherford scattering
formula at about 27.5 MeV'

Relative intensity of sc

alpha particles at 60°

~ A

Most important types of direct reactions
a) Knockout reaction

. ./ The projectile interacts wit|
_‘ |:> a nucleon (orwith a small
cluster.or nucleons), and

d \ knocks it.out of the nucleug

Typical reactions: high energy projectiles,

(n,nd ) n,p), (0.n), (p.PS ) a.n), (&.p) etc.
Characteristics i
Athe knocked out particle is emitted in =

Aforwar do  didifeeeatiali oél‘:l;

g
cross section is:large at.small angles arv 103
small atlargea n g | e s (CAfior

Athe knocked out particle gets a substar ,":i _ Nk

L] 5 15 20 25

part of the totamomentum the rest of ithe T S
nucleus is only slightly kicked.

[0}

23

2. Direct reactions

The interaction between the projectile and the target (or with a
part of the target nucleus) occurs fast, in one step.

What does Afasto. . mean? As cd
Example:considemprotons with: 10.MeV energy
%m\/2 =10MeV =1,6(20" J We get forithe velocity

3,280% . m _
= |22 =44 m _ 14
16707 ° ao s The size of anucleus B ~1014m

The  Aintieraction tiimeod bet we g
2R, 2 0 This is the order of magnitudeof
t= v 8800%s~10 the time of the direct reactions

At the direct reactions the projectile interacts only with one or a fi
nucleon of the nucleus. The rest of the nucleus is not.involved in
rreact ion, we call it Aspect22at

b) Pick-up reaction

a
Qo
b
“d
Typical reactions: high energy projectiles,
(n,d), (p,d), (dBLi), (*HepbLi), (a,’Li) etc.

Characteristics N
/}the resulting particle is emitted in

Afror war do  didiffezeatiali ozm';
crosssection is large at small.angles ané
small at largangles( A f .o scatning Em.,,
Athe velocity of the emitted particle ~
velocity of the projectilethereforethe
momentum of the emitted. particlelis larger' s 2w s a0 100 120 140 180 18
than that ofthe projectile. The: remnant gets 0. (deg)

a nsmall Abackwar dodo moment ump

The projectile picks up a
nucleon (or.a small cluster
of nucleons), and they
leave together

—"Be('He, Li)'Li,

tge-




c) Stripping reaction
./' The trarget  nuc
O—»‘ |:> nucleon (or.small cluster of
nucleons) fromithe projectile,
- and only the remaining part wil
d be emitted

Typical reactions: high energy projectiles,
(d, n), (d, p),qi, d), (5Li, a) etc.

Characteristics

Atvhrerrremadconionig nplaritiidcl e iosc em
differential cross section is large at small angles and small at |a
angl es (((Aforward scatteringo

Athevelocity of the remaining particle is about the same as was tf
velocity of the projectile, therefore its momentum is; smaller

Athe target nucleus gets thmentumwhich the strippeaff part of
the projectile had before the reaction. 25

3.Nwicil earn: reacitinons Wit hiiAcompo
We assume that the reaction occurs in two consecutive steps:

a) The projectiléusionswith the target nucleus, a new nucleus is
formed: this is the compound nucleus (or intermediate nucleus)
The reaction energy of the fusion/will be distributed'to all degree
of freedomi At hhermal i zati ono.
The compound nucleus is created ireanited state

b) The excited compound nucledscays 'nt. o a decay

deca: ’/’
—@ ©

compound nucleus
(excited) d
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Characteristics of the compound: nucleus reaction mechanism

a) The time of the reaction is much larger than for. the direct react
(t>10%s).

b) The compound nucleus has a level scheme, and it can be

formedon [ y i n-one of  teboeancad liawe d

formation crosssection!

c) Because the reaction energy will be distributed to all degrees ¢
firreedomycaltAtthermal onequiileicbor i
thhoepccompoundo nucl eus does not
This has several consequences:

a) The angular distribution of the particles emitted during the
decay is not'/depending on the direction/of the projectile
(isotropic -angular distributiolm CM system)

b) The decay mode is determined only by the excited state of
the compound nucleus (not depending on the mode of the
formation of the compound nucleuByanching ratios

27

d) The cros section of the reaction can be splitinto to factors:

Heres, isthecross section for the formation of the compound n

®°C j s the Abranching ratiood.

Thebranching ratichows the ratio of the decay into the particular
¢ + d channel from all possible decay modes.

28




1. Exampl€eThe formation of the compound nucleus is possible on
certain energies— resonances

The shape of the resonances (G )2
Breit-Wigner formula: s (E)~ é

(E- E) +
It . \
AplacedoAwidt
The width of the resonance and
t lifetime of the state are relate

coe N
20

Yeray yield

and with thel half life:

Enargy Experiment: 23Na(p,g)2*Mg
L aoxio* ) = ]
©Na (p,y)**Mg
(3 MeV s Ey<13 MeV)
b2s
#Na +p g
a
c
p=}
8
24Mg
—~ PROTON ENERGY (KeV)
P. W. M. Glaudemans and P. M. Endt, Nucl. Phys. 30, 30 (1962).
29
Energy of protons in MeV
2. Example 5 9 13 17 2 25 29 3
—T

12 T

The decay mode does not ik
depend on the formation B

2Cu+p+n i 3 €N (a, pn) 62Cu,
[**Cu+p) il R
\ / #Cu (p, pn) ©2Cu
081 /( R

| 84Zn | 63Zn+n|

compound

. nucleus I
creation decay

modes modes

[ ©Ni (o, n) 20

Cross section (b)
o
o

©Ni (a, 2n) $2Zn
3Cu (p. 2n)%2Zn

P 4 . : !
8 12 16 20 24 28 32 36 40
Energy of & (MeV)

oL

cro Mana
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o 120 130 10 = herehis the Planciconstant

E @V

Heisenberg uncertainty principles

] (quantum mechanics)

EO 30
There are cases, when the Ad

mechani sms are Ami xed?o.

For example:
angular distribution of

25Mg(p,pd Mg

/ Experimental data
\Acompoundé cd

\ (almost isotropic)
Adirecto cont

(forward scattering) s




