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A Short Note On The Electron-Positron Pair Creation

Indicacoes Sobre a Criacgdo de Pares Elétron-Positron

Eduardo de Paiva®

Abstract

The electron-positron pair creation is one of the various mechanisms of interaction of photon
radiation with matter and the pair can be produced when the photon interacts with an atomic nucleus
or an electron. The photon energy thresholds &, for these reactions are respectively ~ 2m c? or 4m c*
(m, is the rest mass of one electron and c is the speed of light in vacuum). An interesting feature of
the electron-positron pair creation occurs when a very low energy photon (k << m c?) collides with
an ultra-relativistic electron (£ >> m c?). In this note the kinematics of collision between a photon
and an electron is reviewed and the particular and interesting feature of the triplet pair production
when ultra-relativistic electrons interact with soft photons is briefly described.
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Resumo

A criagdo de pares elétron-positron ¢ um dos varios mecanismos de interagdo do foton com a
matéria e o par pode ser produzido quando o foton interage com um ntcleo atdmico ou com um
elétron. As energias limiares do foton k, para estas reagdes sdo respectivamente ~ 2m c* ou 4m c?
(m, € a massa de repouso do elétron e ¢ ¢ a velocidade da luz no vacuo). Um aspecto interessante da
criagdo de par elétron-positron ocorre quando um foéton de energia muito baixa (k << m?) colide
com um elétron ultra-relativistico (£ >> m c?). Nesta nota a cinematica da colisdo entre um elétron
e um foton ¢ revista e o aspecto particular e interessante da producdo de tripleto quando elétrons
ultra-relativisticos colidem com fotons de baixissimas energias ¢ brevemente descrito.

Palavras-chave: Producdo de pares. Par elétron-positron. Produgdo de tripleto.
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Introduction

The knowledge the of mechanisms of interaction
between photon radiation and matter plays an
important role in scientific and technological areas,
such as radiation protection in industry and medicine,
medical diagnosis and treatment of diseases, security
surveillance in ports and airports, design of protective
barriers against radiation in radiotherapy facilities,
nuclear power plant shielding, and others applications.
The interaction of photon radiation with matter is
mainly governed by Rayleigh and Compton scattering,
and the absorption processes of photoelectric effect,
pair creation (in nuclear and electron field) and
photodisintegration (KHAN; GIBBONS, 2014).

The different manners of how photon interacts
with matter depend basically on its initial incident
energy. At low photon incident energy & (< 10 keV)
and high atomic number Z of the absorbing medium
the coherent or Rayleigh scattering, characterized
by no energy transferring, i.e, the scattered and
incident photons have the same energy, dominates
the interaction process, and therefore in high-energy
processes it can be neglected as for example in the
medical practice of radiotherapy with the use of linear
accelerators; the attenuation from the photoelectric
effect is the principal mechanism of interaction at
low incident photon energy due to the 1/k° energy
dependence. Photoelectric effect is also proportional
to the cube of the atomic number of absorber, and
this dependence has a special importance in diagnostic
radiology provided that the different Z of the various

tissues can increase or decrease the x-ray absorption;

as the photon energy increases, the contribution of
photoelectric effect drops sharply until the energy
of photon is greater than the electron bind energy
and Compton interaction begins to predominate. The
Compton scattering falls off with energy of incident
photon and is fairly independent of atomic number. The
contribution of pair creation to the total attenuation
process has a threshold energy of 2m ¢’ (m c* = 0.511
MeV, where m, is the rest mass of the electron and c is
the speed of light in vacuum) and increases with Z° and
k. So, as the energy increases, the contribution due to
the Compton scattering diminishes and the contribution
of pair production gets larger. At higher energies of
the incident photon radiation the pair production is the
dominant process of interaction. Finally, at energies of
the incident photon above 10 MeV nuclear reactions,
mainly with the emission of neutrons, begin to occur.
Now let us focus on the electron-positron pair
formation, which is the dominant process at high
photon energy as mentioned above. In reason of the
energy and momentum conservation laws the photon
materialization in an electron-positron pair is not
possible in free space and has an energy threshold of
~ 2m,c* or 4mc* if the collision occurs respectively
in the field of the nucleus (or proton) or in the field
of the electron (in this case referred to as triplet
pair formation, because the tracks of the recoil
electron and the electron-positron pair created can
be visualized in a cloud chamber forming a trident)
(EISBERG; RESNICK, 1979; HEITLER, 1984).
Electron-positron pair production by photons plays an
important role in various physical phenomena (HAUG,
2004; MASTICHIADIS,

1991; MASTICHIADIS;

PROTHEROE; SZABO, 1994),

Semina: Ciéncias Exatas e Tecnolégicas, Londrina, v. 38, n. 1, p. 101-106, jan./jun. 2017



A Short Note On The Electron-Positron Pair Creation

and both experimental and theoretical studies of these
processes began soon after the prediction of existence
of positron by Dirac as a consequence of the solutions
of the relativistic wave equation for a free electron
interacting with an electromagnetic field (DIRAC,
1928a, 1928b) and the further discovery of positron
by Anderson when he studied the cosmic rays using
a cloud chamber in which symmetrical tracks curving
in opposite directions could be observed, evidencing
a creation of an electron-positron pair (ANDERSON,
1932, 1933).

Electron-positron pairs can also be created when
a photon collides with an ultra-relativistic electron
(E >> my?) ' and in this case the minimum photon
energy can be much lower than m c*. In what follows
the kinematics of collision between a photon and an
electron is reviewed and the interesting feature of the
triplet pair production when ultra-relativistic electrons

interacts with soft photons will be briefly discussed.
The Kinematics Of Interaction

A schematic view of the collision between a photon
and an electron is shown in Figure 1. Initially in the
laboratory system of reference the incoming photon
of energy k and momentum k along the positive
x-direction and the incoming primary electron of
energy £ and momentum P_ collide at an angle 0, and
in final state in the center-of-momentum system (also
known as center-of-mass system, a system in which
the total momentum is zero) the photon disappears and
the three electrons (one recoil electron plus the pair
created, the so called triplet pair production) move
with individual energy and momentum respectively

given by Eif*, Ez'l’, E3" and P"f, ":*,P'l;.

1 Sources of such ultra-high energy electrons can be
found in astrophysical events and these electrons can also be
produced in large particle linear accelerators.

The use of relativistic invariants (i.e., independent
of a coordinate system in which it is calculated) to the
initial and final state of a two-body collision process
allow us to obtain information about the kinematics
of the reaction without knowing further details of
the interaction. The relation E? - P’c? is an invariant
(CHEW; LOW, 1959), where E and P denote the total
energy and momentum of the system of particles.
Applying it to the initial state in the laboratory system
and to the final state in the center-of-mass system we

can write

kK+EY¥ - (k+P.)yc*=(E"+E"+E7)F-

(PY + P7 + P5)*c? (M
or

k4+EY¥ - (k+P.)c* =(E,"+E" 5

+ Ez.'q-]! ( )
since Py +P7+P7=0 by  definition.

Considering the horizontal axis and reminding that | k]|

= k/c the above equation can be rewritten as
2kE + E® — 2kP.ccos 6 — P3c? = (), O3

where Ef"+E"+E" = EI':*

is the total energy

available in the center-of-mass system. Solving for k

we obtain
_ E-'I_s: — E? 4 P3¢? @
2E —2P.ccosf '
Be_v_,p
or taking into account that E c " where v is

the velocity of the primary electron,

Ef? —EX(1- B2
g b (1-52) )

2E(1 — Becos 0)

E = mgyc?
. 1 — gt .
The energy of the electron is Bs , or in

2 Ty — 43y T4 .
another way £°(1 — 52) = mgc® and we can write
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Figure 1 - A simplified schematic view of the kinematics
of collision between a photon and an electron.
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Suppose now that the center-of-momentum system of
reference moves horizontally with constant velocity
B:C relative to the laboratory reference frame and the

factor B¢ is defined by

B5: = Pc/E. (7)

Again, P and E denote the total x-momentum and
energy of the interacting particles. Thus, we can write
K I3 g

ctfecosb)C k4 EB. cosf (8)

Be = k+E k+E

The Photon Energy Threshold

Now, let us see what is the minimum photon energy
necessary to create an electron-positron pair in a
collision with a moving electron. At this point let us
do the hypothesis that the triplet pair is formed at rest
in the center-of-momentum frame, which corresponds
to the minimum total energy Er® =3mec? 3nd from
equation (6) we obtain

4mic

e 9
E(l - f.cosd) ©

ke

Finally, for a given electron energy, it follows directly
from the above expression that the minimum value of

the photon energy occurs in a head-on collision, that

is@=m ,
4mict
Koy =———, (10)
*TEA+B)
And from (8) the corresponding factor Be is
kew — EPB,
ﬁcti = = (11
k’ti + E
For an ultra-relativistic electron Ss ¥ 1 and for

kew <E it can easily seen from the equation (11)

that the center-of-mass frame moves to the left with
respect to the laboratory frame.

The photon energy threshold (eq. 10) can also
be obtained in an alternative way, considering the
initial and final state in the laboratory frame. The

conservation of energy and momentum gives

k+E=E; +E; +E; (12)

ke
-~ B =-IPi+P; + P;l, (13)

where ExEZ+ B3 and P1,P2. P3 are the final energy
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and momentum of each electron of the triplet pair.
The assumption that the triplet pair is formed at rest
in the center-of-momentum frame implies that in the
laboratory frame the three particles move together

to the left with constant velocity ‘Eﬂric and with

equal energy and momentum (Ef =E7 =E7 and
=FK=F ), so that
k+E =3E;] (14)
k
X _p =-3p (15)
€
Noting that Ey* = mic* + B c? we have
k+E=3 ,mic‘ + B (16)
or
1k :
Ic+E-‘=3Jm§c‘+E(Z—PE) c. (17

Squaring this equation and solving for & again we
obtain the photon energy threshold:

4mict

Ein :—E{i +ﬁﬂ].

(18)

Equations (18) and (11) reduce to the ordinary
case commonly cited in physics textbooks, when the
electron is at rest in the initial state in the laboratory
system, i.e., B: =0 and E =mec® which implies
that Kex = 4Mec® and Bee = {.-'fﬁ (the center-of-
'_i_m*nentum moves to the right with constant velocity
5°).

In Figure 2 is shown how the photon energy
threshold given by equation (10) varies as a function

of the primary ultra-relativistic electron (£ 3 mgc*

). As can be seen from the Figure 2,

the photon energy threshold can be as low as ™ 10 eV
("’2 x 1075m,c? ) for an electron energy about ™ 50
GeV (¥10%mgc®),

At last it should be pointed out that when a very
soft photon collides with an ultra-relativistic electron
not only the triplet pair production can take place but
also the inverse Compton scattering, when the energy
of the scattered photon can be as high as the energy of
primary electron (PAIVA, 2014). These processes can
play an important role on the electron energy-loss and
the triplet pair production can be a source of electron-
positron pairs in electromagnetic pair cascade in
astrophysical environments (MASTICHIADIS, 1991;

MASTICHIADIS; PROTHEROE; SZABO, 1994).

Final Remarks

When a photon traverses the matter, it can interact
in several ways. In particular, the electron-positron pair
production plays an important role on these processes
mainly at high photon energy. An interesting feature
of the pair formation occurs when an ultra-relativistic
electron collides with a very low energy photon and in
final state the photon disappears giving rise to one pair
electron-positron and one recoil electron, the triplet pair
production. The photon energy threshold for the pair
formation in a collision with an ultra-relativistic electron
is briefly discussed and is shown that it can be as low as

a few electrons-volt.
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Figure 2. The photon energy threshold as a function of
the energy of primary electron.
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