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APRESENTAÇÃO

A coleção “Cultura, epistemologia e educação em ciências exatas e da terra” é 
uma obra que objetiva uma profunda discussão técnico-científica fomentada por diversos 
trabalhos dispostos em meio aos seus 17 capítulos. Esse 1º volume abordará de forma 
categorizada e interdisciplinar trabalhos, pesquisas, relatos de casos e/ou revisões que nos 
transitam vários caminhos das Ciências exatas e da Terra, bem como suas reverberações 
e impactos econômicos e sociais a luz da epistemologia. 

Tal obra objetiva publicizar de forma objetiva e categorizada estudos e pesquisas 
realizadas em diversas instituições de ensino e pesquisa nacionais e internacionais. Em 
todos os capítulos aqui expostos a linha condutora é o aspecto relacionado às Ciências 
Naturais, tecnologia da informação, ensino de ciências e áreas afins correlatos ao locos 
cultural.

Temas diversos e interessantes são deste modo, discutidos aqui com a proposta 
de fundamentar o conhecimento de acadêmicos, mestres e todos aqueles que de alguma 
forma se interessam por inovação, tecnologia, ensino de ciências e demais temas. Possuir 
um material que demonstre evolução de diferentes campos da engenharia, ciência e 
ensino de forma temporal com dados geográficos, físicos, econômicos e sociais de regiões 
específicas do país é de suma importância, bem como abordar temas atuais e de interesse 
direto da sociedade.

Deste modo a obra Cultura, epistemologia e educação em ciências exatas e da 
terra apresenta uma profunda e sólida fundamentação teórica bem com resultados práticos 
obtidos pelos diversos professores e acadêmicos que desenvolvem seu trabalho de forma 
séria e comprometida, apresentados aqui de maneira didática e articulada com as demandas 
atuais. Sabemos o quão importante é a divulgação científica, por isso evidenciamos também 
a estrutura da Atena Editora capaz de oferecer uma plataforma consolidada e confiável 
para estes pesquisadores exporem e divulguem seus resultados. 

Francisco Odécio Sales
Karine Moreira Gomes Sales
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CAPÍTULO 1
 A SHORT NOTE ON THE ELECTRON-POSITRON 

PAIR CREATION

Data de submissão: 21/09/2021

Eduardo De Paiva
Instituto de Radioproteção e Dosimetria, 

Divisão de Física Médica
Rio de Janeiro – RJ

ttps://orcid.org/0000-0002-2108-4616

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 kth for these reactions are respectively 
~ 2m0c2 or 4m0c2 (m0 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 
<< m0c2) collides with an ultra-relativistic electron 
(E >> m0c2). 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.
KEYWORDS: Pair production. Electron-positron 
pair. Triplet pair production.

RESUMO: A criação de pares elétron-pósitron 
é um dos vários mecanismos de interação do 
fóton com a matéria e o par pode ser produzido 
quando o fóton interage com um núcleo atômico 
ou com um

elétron. As energias limiares do fóton kth para 
estas reações são respectivamente ~ 2m0c2 ou 
4m0c2 (m0 é a massa de repouso do elétron e 
c é a velocidade da luz no vácuo). Um aspecto 
interessante da criação de par elétron-pósitron 
ocorre quando um fóton de energia muito baixa (k 
<< m0c2) colide com um elétron ultra-relativístico 
(E >> m0c2). Nesta nota a cinemática da colisão 
entre um elétron e um fóton é revista e o aspecto 
particular e interessante da produção de tripleto 
quando elétrons ultra-relativísticos colidem com 
fótons de baixíssimas energias é brevemente 
descrito.
PALAVRAS-CHAVE: Produção de pares. Par 
elétron-pósitron. Produção de tripleto.

1 |  IINTRODUCTION
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 other 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 

https://orcid.org/0000-0002-2108-4616
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its initial incident energy. At low photon incident energy k (< 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/k3 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 energy and is fairly independent of atomic number. 
The contribution of pair creation to the total attenuation process has a threshold of 2m0c2 
(m0c2 = 0.511 MeV, where m0 is the rest mass of the electron and c is the speed of light in 
vacuum) and increases with Z2 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 ~ 2m0c2 or 4m0c2 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 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), and the experimental and theoretical 
studies of these processes began soon after the prevision of existence of the 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 
the 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 >> m0c2) 1 and in this case the minimum photon energy can be much 

1 Sources of such ultra-high energy electrons can be found in astrophysical events and these electrons can also be produced in large 
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lower than m0c2. 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 interact with soft photons will be briefly discussed.

2 |  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 E 
and momentum Pe collide at an angle θ, 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  and .

The use of relativistic invariants (i.e., independent of a coordinate system in which 
they are 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 E2 - P2c2 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 

Figure 1. A simplified schematic view of the kinematics of collision between a photon and an electron.

particle linear accelerators. 
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laboratory system and to the final state in the center-of-mass system we can write

(1)

or

(2)

since  by definition. Considering the horizontal axis and reminding that |k| = 
k/c the above equation can be rewritten as

(3)

where  is the total energy available in the center-of-mass system. 
Solving for k we obtain

(4)

or taking into account that  where v is the velocity of the primary electron,

(5)

The energy of the electron is  , or in another way 
, and we can write

(6)

Suppose now that the center-of-momentum system of reference moves horizontally 
with constant velocity  relative to the laboratory reference frame and the factor  is 
defined by

(7)

Again, P and E denote the total x-momentum and energy of the interacting particles. 
Thus, we can write
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(8)

3 |  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  and from equation (6) we obtain

(9)

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 

(10)

And from (8) the corresponding factor  is

(11)

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

(12)

(13)

where  and  are the final energy 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 labora-
tory frame the three particles move together to the left with constant 
velocity  and with equal energy and momentum (  and 
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), so that

(14)

(15)

Noting that  we have

(16)

or

(17)

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

(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., 

 and  which implies that  and  (the center-of-
momentum moves to the right with constant velocity ).

For an ultra-relativistic electron  and for  it can be easily seen from the 
equation (11) that the center-of-mass frame moves to the left with respect to the laboratory 
frame. In Figure 2 is shown how the photon energy threshold given by equation (10) varies 
as a function of the primary ultra-relativistic electron  in a head-on collision. 
As can be seen from the Figure 2, the photon energy threshold can be as low as ~5 eV           
( ) for an electron energy about ~100 GeV ( ).

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 (DE 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).
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4 |  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

Figure 2. The photon energy threshold as a function of the energy of primary relativistic electron.

electron is briefly discussed and is shown that it can be as low as a few electrons-volt.

5 |  REFERENCES
ANDERSON, C. D. Energies of cosmic-ray particles. Physical Review, v. 41, p. 405-421, 1932.

ANDERSON, C. D. The positive electron. Physical Review, v. 43, p.491-494, 1933.



 
Cultura, epistemologia e educação em ciências exatas e da terra Capítulo 1 8

CHEW, G. F.; LOW, F. E. Unstable particles as targets in scattering experiments. Physical Review, 
v. 113, p. 1640-1648, 1959.

DE PAIVA, E. Sobre o espalhamento Compton inverso. Revista Brasileira de Ensino de Física, v. 36, 
p. 3303, 2014.

DIRAC, P. A. M. The quantum theory of the electron. Proceeding of the Royal Society. A, v. 117, p. 
610-624, 1928a.

DIRAC, P. A. M. The quantum theory of the electron. Part II. Proceedings of the Royal Society. A, v. 
p. 118, 351-361, 1928b.

EISBERG, R.; RESNICK, R. Física Quântica. Rio de Janeiro, Ed. Campus, 1979. Cap. 2, p. 69-74.

HAUG, E. Pair production by photons in a hot Maxwellian plasma. Astronomy and Astrophysics, v. 
416, p. 437-440, 2004.

HEITLER, W. The quantum theory of radiation. New York, Dover Publications, 1984. Chap. 5, p. 256-
268.

KHAN, F. M.; GIBBONS, J. P. The Physics of Radiation Therapy. Philadelphia, Willianns & Wilkins, 
2014. Chap.5, p. 62-70.

MASTICHIADIS, A. Relativistic electrons in photon fields: effects of triplet pair production on 
inverse Compton gamma-ray spectra. Monthly Notices of the Royal Astronomical Society, v. 253, p. 
235-244, 1991.

MASTICHIADIS, A; PROTHEROE, R. J.; SZABO, A. P. The effect of triplet production on pair-
Compton cascades in thermal radiation. Monthly Notices of the Royal Astronomical Society, v. 266, 
p. 910-916, 1994.



 
Cultura, epistemologia e educação em ciências exatas e da terra 207Índice Remissivo

ÍNDICE REMISSIVOÍNDICE REMISSIVO

SÍMBOLOS

1-3 dioxolanas  163

A

Agricultura  12, 48, 66, 93, 108, 122, 149, 172

Alfabetização espacial  5, 110, 111, 115, 117, 118

Alfabetização geográfica  110, 112, 114, 115, 118

Amazônia  4, 9, 10, 11, 12, 13, 14, 81, 83, 93

Aprendizagem baseada em problemas;  15

Aromas;  15, 16

Auto-aldolização  6, 163

Avaliação  7, 19, 29, 38, 82, 93, 109, 111, 156, 157, 159, 160, 190, 191, 194, 195, 198, 200, 
201, 202, 204, 206

B

B3LYP  172, 174

C

Cetalização  6, 163, 166, 167

Cetonas protonadas  163

Cromo (III)  172

D

Década do oceano  42, 48

Demanda hidrica  82

DFT  172, 173

Diagnóstico energético  94, 96, 97, 98

Dinâmica de fluidos computacional  5, 130

Diseño y análisis de experimentos  139

E

Electron-positron pair  4, 1, 2, 5, 7

Ensino de Física  8, 121, 128, 129, 203

Ensino de química  15, 16, 23, 24, 25

Ensino e aprendizagem  130, 191

Estratificado  181, 184, 185, 187, 189



 
Cultura, epistemologia e educação em ciências exatas e da terra 208Índice Remissivo

F

Fenômenos de transporte  6, 130, 131, 138

Ferro (III)  172

G

Geoquímica  4, 9, 12, 13

H

Hidrólise de cetais  163

História da física  121, 127

Hospitalidade  6, 154, 156, 160, 161

I

Iluminação artificial  94, 96

J

Johannes Kepler  121, 122, 124, 125, 128, 129

L

LED  94, 95, 96, 97, 101, 102, 103, 105, 107, 108, 109

Lisímetros  82, 83, 84, 85, 86, 93

M

Malacocultura  42, 43, 45, 46, 47, 49

Meio ambiente  33, 34, 35, 36, 38, 51, 64, 69, 70, 71, 76, 78, 94, 95, 97, 101, 102, 106, 
154, 161

Metodología  6, 139, 140, 141, 153, 189

Metodologia ativa  23, 25, 190, 193, 202

Modelos  32, 82, 83, 97, 132, 135, 138, 139, 141

Movimento planetário  121, 123, 124, 125, 126, 127, 129

Muestreo  181, 182, 183, 184, 185, 186, 187, 189

O

Oceanografia  41, 42

P

Pair production  1, 2, 3, 6, 7, 8

Pensamento espacial  110, 111, 112, 114, 115, 117, 118, 119

Piscicultura marinha  42, 44, 47, 49, 63

Planejamento  27, 31, 95, 155, 161, 162, 192, 201, 206



 
Cultura, epistemologia e educação em ciências exatas e da terra 209Índice Remissivo

Población  181, 183, 184, 185, 186, 187, 189

Posicionamento estratégico  154, 157

Propostas de aulas  121, 123, 124, 125, 126, 127, 128

Q

Química computacional  172, 174

S

Sideróforo  172, 173

Sílica sulfonada  163, 165

Superficie de respuesta y pruebas de hipótesis  139

Sustentabilidade  10, 12, 13, 14, 27, 33, 34, 35, 38, 40, 42, 47, 48, 102, 155, 157, 159, 160

T

Tamaño de muestra  181, 183, 184, 185, 186, 189

Team based learning  7, 190, 192, 202

Terras pretas  4, 9, 10, 11, 12, 13, 14

Triplet pair production  1, 3, 6, 7, 8

U

Uso consciente  35

V

Vigna unguiculata L  82, 87

W

Walp. Penman-monteith  82








