Gamma - decay

The importance of gamma — rays as a source of information
about nuclear energy level , has been discussed in connection

with a -decay and f —decay. In y - ray decay the nucleus

passes from an excited state to less excited state or to ground
state of the nucleus.
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Therefore 7y -rays are radiation of nuclear origin with
wavelength smaller than 10> Fermi (1 Fermi=10"1"m) and
energy larger than 0.1 MeV.
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The study of gamma —ray depend on the ability to measure

the energy and since the y - rays are electromagnetic
radiation and have no electric charge , they cannot be deflected
by magnetic or electric fields so it's impossible to measure the

energy of y-—ray directly.

x Interaction of gamma with matter :-

The interaction of y —rays with matter different from that of

charge particle such as a or B - particle.

The difference in that the rays have much greater penetrating
power, than that charged particles and in the absorption laws.



When a beam of y -ray is incident on a thin absorber each
photon of gamma - ray that is removed from the beam is
removed individually.
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Where (Iy) , (I) are the intensities of the incident and
the transmitted beams respectively

u = lIs the linear absorption coefficient
x = Thickness of the absorber

The event may be absorption in this case, the photon
disappear for scattered out of the beam.

Three processes can occur in the absorption of
gamma — ray .

(D Photo electric effect
(2) Compton scattering (Compton effect)

(3) Pair production (electron — position pair
production)

The probability of each process can be expressed as
an absorption coefficient or as a cross — section.

B (E)= Ppet e+ lpy

r,,. (E) = isthe total absorption coefficient which

depends on the energy of the incident y — ray.



Hpe s Be. s Bpp are the photoelectric, Compton and pair
production coefficient respectively.
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(1) Photo electric effect :- Photoelectron

In the photoelectric effect all the energy (hv) of the
incident photon absorbed by a bound electron which is
ejected from the atom with kinetic energy T, equal to

T,=(hv)-Be—T,
Be = isthe binding energy of the ejected electron

T, = the recoil energy of the atom which can be neglected
since m, K M,

m
a

Therefore = T,=hv — Be

The most tightly bound electrons has the greater
probability of absorbing the incident photon. About 80% of
the photo effect take place (occur) in the K - shell, where
the electrons strongly bounded than in the L - shell or any
other shell.
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i.e. W, decreasesrapidly as Z decreases and hv

increases.



@ Compton scattering :-

Incident photon

|

Free electron

l

In Compton effect and incident photon with energy

hv .
E = hvy and momentum TO struck an atomic electron

(assumed free)

The scattered photon is emitted at an angle (0) with energy

(hv) and the electron recoils at angle (¢) with momentum
P, and KEE — T,

h
The photon momentum % shared between the scattered

photon and Compton electron.
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The energy of the incident photon cannot be transferred
totally to a free, but it also can be shared between the
scattered photon and Compton electron.



(DéWl)  hug=h0+T, --------- ®

using the relativistic relationship.

P, =/T(T + 2m,c?)

And same algebra, a useful relationship can be obtained

from the three eq. @ ) @ ) @



A) Compton shift :-
pes pge age (HLW) Lald) caal

h
Compton shift wave length . A\ = — (1 —cos0)
0

Where Ay, A are the wave length of the incident and the
scattered photons respectively.

(ﬁ) = is the Compton wave length of the electron.
0

() = 2.24x 107 cm = 0.024 A°
0

1A =10 8%cm=10"19m

since A =§ , then
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Note that the Compton shift in wave length in any direction
is independent on the energy (hvg) of the incident photon

B) Energy of the scattered photon :-
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* — when 6=0 = cos0=1 = hv =hy,
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** — when 0 =180 = cos0 =-1 , therefore

C) Energy of the struck electron :- ——— (o3\e) (535l (uSe)

Te = hUO — hﬁ

hvg __ hvga(1-cosB)

= hvy — = v
0 1+ a (1- cos 0) 1+ a (1- cos 0) 0

0=180 = cos0=-1
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hvg[1+2a] hvg [1+2a-1]
x T =20 hug =
e (max) 1+2a hvg 1+2a
_ 2a hUo _ hUo

1+2a - 1+ i
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** >0=0 = cos0=1 = T,(min)



hvg[1+ a (0)] —hUO=M=0 Osigdl Al &

Te(min) = 1+ a (0) 1

The K.E of the electron has its maximum value when

cos 0 =-1, when 0 =180° i.e. when the photon scattered
directly backward. The electron energy in this case is

h
T,(max) = —%
1+ L
2a

The electron received the least energy (T, (min)) when
the photon continues with its initial frequency in the

forward direction (0= 0) and the electron is ejected with
nearly Zero velocity in the direction perpendicular to that of
the photon path.

@ Pair Production :-  z)s)¥) (268

Atomic electron

e~
- -—
< - 0.511 MeVv

0.511 MeV



The pair production (electron - positron)

Production occurs when the incident photon E, >1.022

MeV in this interaction the photon is completely absorbed
and in its place appears a positron - electron pair whose
total energy is jut equal to hv.

hv = (T, + m.c*) + (T, + m,c?)
=T, + T, +2m,c?

hv=T,+T, +1.022 MeV where T, and T, the K.E of

e  and e*

m,c* = 0.511 MeV = therestenergy of e~ and e*

The minimum energy needed for pair production to occur is
E,=1.022 MeV , in thiscase T, and T, equal to Zero =

T,+T,=Zero.

* electron - positron pair is generally projected in the
forward direction relative to the direction of an incident
photon i.e. in small angle.

As the energy of photon increases the angle decreases

* The pair production process can be described by Dirac
theory.



Dirac theory for pair production

Electron exist in negative energy state transmitted to the
positive state , where can be considered as real or
observable particle.

The vacancy in the negative state appears as particle with
positive energy and positive charge

This imply place or Dirac hole would have had a position.

* The cross - section is zero for photon energies less than
1.022 MeV, for greater energies if increases at first slowly

then may rapidly p,, XZ 2



(pe=)

The (e~, e*) pair can be produced only in the neighborhood
of third particle which can take some momentum so that the
conservation law of energy and momentum can be satisfied

together.



Interaction of positron [e+l with matter :-

The energy loss of positron passing through matter as the of
electron occur by ionization and Bremsstraglung in
addition , positron can annihilate with electron a process
which is the inverse of pair production . In the annihilation
process the positron after being formed by pair production
is solved down by collision with atoms, then interacts with
electron which is also practically at rest. The two particles
(e”, e*) disappear and two photons (2y) appear moving in
opposite direction (0 = 180°) as the conservation of linear
momentum requires, each photon with the energy of

0.511 MeV . This radiation (photons) is called annihilation
radiation

e +et -2y h

e"—> e 180°
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The annihilation probability increases as the positron slows
down and it is maximum for very slow (v,+ = 0)

* Positronium :-

A positron and electron can form a type of atom, in
which each of the two particles moves about its common
center, a positronium is short - lived (107 1%sec. or
10~ 7sec.) , depending on the relative spin orientation of the



two particles because of the electron and positron annihilate
each other.



Decay constant of y - decays :-

Electromagnetic waves are an oscillating electric and
magnetic field . The changing electric field induces a
magnetic field , and the changing magnetic field induces an
electric field , and soon such a wave can be generated by
oscillating electric charge which sets up an oscillating E
field or by oscillating E - current which sets up oscillating
M - field . In the first case we have what called electric
multipole radiate (Ui saaia 4l 108 d2i0) discreted as EL ,
and in the second case it is magnetic multipole radiate
(UaBY) Baswtia Luphalitg 4280) discreted as ML .

In a given transition usually one and at most two.
multiple radiation are of importance.

A’Y =A'Y (El) +7\,Y (Ml) +7\,y (Ez) +}\,Y (Mz) i
a certain set of terms is eliminated by the selection rules.

The decay constant of the multiple of lowest order usually
exceeds that of all other multiples, by a factor of at least 102
to 10% i.e.

MEr)  MEq)

or =~ 10% — 104
ME2)  A(Mq)

This means that, the magnetic multipole radiation is less
probable than the electric multipole radiation of the same
order, but the two multipoles E; and M, for example can
never occur together because their parities are different.
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Internal conversion :- sl J gl

I, X-ray

When a nucleus transmitted from an excited state to a lower

state without the emission of photon (y — ray), this process
called the internal conversion .

The energy transition (E; — Ey) can be transferred directly

to a bound electron of the same atom , the kinetic of ejected
electron is called the internal conversion electron (I.C.), is
equal to :

T,=(E; —Ef) — Ep

Where Ep = isthe binding energy of the ejected in the
atomic shell from which electron it has been ejected.

* Internal conversion is produced by the time varying
coulomb field of the nucleus which has a radiate direction,

which the y -ray emission is caused by transverse
electric and magnetic field.
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The two processes (I.C. and y - emission) are
independent

Aiot. = 7")/ +Ae = )"y(l +a)
Where a; =ag + a; + ay + .....

Where = A, the probability per unit time for the emission
of photon (decay constant)

= A, decay constant of electron or the probability
per unit time for transformation of energy
(E; — Ey) to abound electron

Ae = Ak + AL+ Apg + oo

Experimentally these processes can be distinguished by the

different energies of the emitted electrons from different
shells.

The total internal conversion coefficient (a) is defined as

- Ae N,

Ay Ny

where N, and N, are the numbers of conversion electrons

and photons emitted in the same time internal.

a = increases as L and Z increases and decreases as
(E; — Ef)
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* For non relativistic calculation of internal conversion

coefficient for electric and magnetic multipolarity giving
the following values :

a(E )—Z_g(—L ) : )4 2mct) 2 x
L — n3 L+1 137 Ei_ Ef llllllllll
3 4 2 L+3/2
M) = Z_ 1 2mec x
a( L) — n3 137 Ei_ Ef llllllllll

Where n is the principle quantum number of the atomic
shell (m=1,2,3 for K,L,M alternatively).

From what it shown , we can notice the following
characteristics for the internal conversion coefficient.



1 - The internal conversion coefficients increases with Z3 ,
so, the internal conversion process is much important
for heavy nuclei than for light nuclei.

2 - The internal conversion coefficient decreases much
rapidly as the transition energy (E; — Ej) increased,
while the probability of y — emission increases rapidly

with the increase of excitation energy.

3 - The internal conversions increase rapidly with the
increase degree of multiples, i.e. as (L) increases,
thatis A, >4, .

4 - Internal conversion coefficients for high atomic shell

. 1
n > 1) decreases with — so what we expect that the
n3 p

ag > a; > ay and % = c while the experimental
L

values the ag/a; are about (3 - 6).

Auger electron :

Internal conversion is always accompanied with secondary
process because the atom left in an excited sate of energy Ep

The energy released by the x - rays or auger electrons which
are released from the outer atomic shell and they carry away
the available excitation energy.



Selection Rules :-

The selection rules are conditions which are necessary
for a given process to occur. A photon emitted or (absorbed)

by a nucleus carries an angular momentum h ./£(£ + 1) in
Z - direction with a magnitude (m, h). That is the vector
difference between the angular momentum of the initial
state (J;) and the final state (J¢). This means that angular

momentum of Y - direction determined by the quantum
numbers "#" and "m" . For photon can have only non zero
values iie. £=1,2,3,4

* The angular momentum is conserved between 7y - rays
and the emitting system (nucleus). So that

"£" is the vector difference between the angular momentum
"]i" and "]f"

B = Il <L <1+ Jgl

If Ji=)f => ie. L=0 (forbidden)

In this case there is no y - radiation because of the nature
of electromagnetic wave in whichno L=0

** From the consideration of parity when the transition is
occurring , we have

m; =my + Am — firstselection rule

** From the consideration of angular momentum requires
that

Ji=)s+ L, — second selection rule

Where L, = is the angular momentum carried by

Y - radiation

— The parity change (Am) is directly related to "L" and
equal to

(1) Am = (—1)* for electric multiple radiation (E}).

(@ Am = (—1)L*1 for magnetic multiple radiation (M).



Name ‘ Abbreviation Ik ‘ ATt
Electric dipole E, 1 —1 (yes)
Magnetic dipole M, 1 +1 (No change)
Electric E, 2 +1 (No)
quadruple
Magnetic M, 2 —1 (Yes)
quadruple
Electric octuple E; 3 —1 (Yes)
Magnetic M, 3 +1 (No)
octuple
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* Examples of gamma - decays

Initial state ‘ Final state All possible ‘ Predominate
decay Models decay models
2% ot E,, M3 E,
1+ ot M,,E, M,
T 1 E,, m, E,
2 2
2% 27 M, ,E, M,
9* 1_ M,,Es M,
2 2
ot ot No change

5§38 (AL eS el OYBEYE (and — Agr) Jiaill & yusd Gaa 1) (D)

b yeS Saal) CVEEYE (Y «— Ar) Bladll (& yuss sy o 131 (2)
LA ombliaa 5 a0

@ 2+ 0ot
« = [Ji = Jf| SL <[l + Iy
2 -0|<L<|2 + 0]
2<L<2 = L=2



»#+ = Am=(—-1)’=+ = E;
Am=(—-1)**1=- = M, it Fiaa
(besl) il 8 s Caaay ol 13)
50 S — A aylEny) .
My (5t oim) 538 puibline
iae VG M3 + Ej -

(g sy pa) JYI) By Ol 81

@ 1t —— o0+
Ji = Je| SL< |1+ Jg
1-0|<L<|1+0]
1<L<1 = L=1
Am=(-1D1=— - EJ i
Am=(—DM"l =+ » M J s Sosy

My + Ep S cSadl o

M, el g

1~ 1t
®; —

1 1 1 1

33l =t<f+3]

0<L<1
L=0 oSee e
Am=(-1)1=- it Chas

A= (—1)2 =+ s Sany 4l

2 emubaline (a5 5 (Tl eS (5208 0S4 Goa (o) 33U (s
E1 C)"‘M‘J MZ JEl



(@ 2t —— 27
2 -2|<L< |2+ 2|
0<L<4
L=1,2,3,4
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E;— E;>1.022 MeV



* But the transition — pge
0t —— 0~

This transition can occur only by two photons emission, but
it has not detected yet.

* Inthe 07 —— 0% — pga

|—> (1) No y — decay (absolutely forbidden)
No E.M. waveswith L=0
(2) Internal conversion can occur
(3) Decay by e~ — e* pair can occur

If E; — Ef >1.022 MeV , it can predominate over LC. if
the decay energy (E; — Ey) is high enough



