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Spectrum of positrons produced due to interaction of gamma-ray quanta

with X-ray pulse of curvature radiation
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An electron beam moving in circular orbits at ultrarel-

ativistic velocities generates highly collimated and, in the

general case, polarized magnetobremsstrahlung radiation.

Although the formation region of a pulse is macroscopic

in length (∼ 0.1mm−10m), its radiation frequency may

well lie within the X-ray or gamma range. The pulse length

turns out to be comparable to its (inverse) frequency [1]. If a
single bunch of particles enters the pulse formation region,

its radiation becomes (at least partially) coherent. Such

pulses may be produced at specialized synchrotron radiation

sources, including possibly the
”
SKIF“ synchrotron radia-

tion source [2] that is currently under construction. These

pulses may also be generated by radio pulsars.

The process of production of an electron–positron pair

from one gamma quantum in vacuum contradicts directly

the laws of conservation of energy and momentum. How-

ever, a strong electromagnetic field may establish conditions

under which the production of an electron–positron pair

from one gamma quantum becomes consistent with these

laws. This process was considered, for example, in the case

of a plane monochromatic wave [3–5] and a long almost

monochromatic pulse [6].

In the present study, we discuss the process of production

of an electron–positron pair from one gamma quantum in

the field of an X-ray pulse. The X-ray pulse is regarded as a

plane electromagnetic wave with its profile coinciding with

the profile of a magnetobremsstrahlung pulse emitted by an

ultrarelativistic particle moving along a circle of radius ρ. Its

vector potential A(x, t) may then be written in the following

approximate form [7]:

A(x, t) = A0
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where x = rez is the observation point, amplitude

A0 = −2qγ/rex , q is the particle charge, and ω = 2γ3/ρ is

the X-ray pulse frequency. Vector potential (1) far from the

source (i.e., at large r) may be written in the approximate

form A = A(t − z ) · ex (a plane linearly polarized electro-

magnetic wave propagating along axis z ). The width of this

pulse is δt50 ≈ 42.1/ω, and its spectrum takes the form
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where w is frequency and E is energy. Its maximum is

reached at frequency wmax ≈ 0.83ω; therefore, coefficient ω

may be regarded as the characteristic pulse frequency and,

since δt50wmax ≈ 35, it can be said that the pulse duration

corresponds approximately to the characteristic (inverse)
frequency of the pulse. Formula (2) matches the spectrum

from expression (3.37) [8] at angle β = 0 (i.e., for radiation
strictly co-directional with the particle motion).
The wave function of an electron in the field of a plane

electromagnetic wave A(x) may be written as [3,6]

9p(x) =
1√
2E
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1 +
ek̂Â
2(k p)

]

exp(iS)up,

S = −(px) − e

η
∫

0
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2

A2(ϕ)

k p

)

dϕ,

where p = (E, p) is the electron 4-momentum, up is the

Dirac bispinor, and k = (ω, k) is the 4-momentum of an

external wave such that k2 = 0 and kA = 0; the normalizing

volume is assumed to be equal to unity. The following

notation is also introduced: scalar product of 4-vectors

(ab) = aµbµ and convolution â = (aγ) of a γ-matrix with

4-vector a .
The amplitude of electron–positron pair production in the

field of a short X-ray pulse takes the form

S f i = −ie
∫

d4x9−(x)Â(x , k ′)9+(x), (3)

where wave function of a gamma quantum

A(x , k ′) =
√
2ω′ε exp(ik ′x); ε and k ′ = (ω′, k′) are

the polarization 4-vector and the 4-momentum of a gamma
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Figure 1. a — Spectrum of produced positrons at ω′ = 102mc2 . b — Dependence of the probability of positron production on energy

ω′ of a gamma quantum. In both cases, ω = 10−2mc2 and qA0 = 10−3mc2 .

quantum, respectively. Here and elsewhere, subscripts +
and − indicate that a certain quantity corresponds to a

positron or an electron, respectively.

Integration in x , y, z and ξ = ω(t − z ) in (3) yields delta
functions and integrals J0, J1, and J2, respectively:

S f i = ie(2π)3
Tf i

2ω
√

2ω′E−E+

δ(1z − 1t)δ(1x )δ(1y),
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− Â0k̂ ǫ̂

2ω̹+

)

uJ1+
eA2

0(kǫ)
2ω2̹−̹+

v̄ k̂uJ2,

where v̄ is the bispinor corresponding to a positron,

1i = pi
+ + pi

− − k ′i (pi and k ′i are momenta components)
and ̹± = E± − pz

±, and
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∫
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The squared modulus of scattering amplitude Tf i summed

over the polarizations of an electron and a positron and

averaged over the polarization of a photon takes the form

|Tf i |2 = 8|J0|2
(
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)
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.

The differential probability of production of an electron–
positron pair per unit time and unit area within element

d3p+d3p− of the momentum space of a positron and an

electron at a unit photon flux is given by

dW f i = |S f i |2
d3p−d3p+

(2π)6
= e2δ(1z − 1t)δ(1x )δ(1y )

× |Tf i |2
d3p−d3p+

8ω2ω′E−E+
dSdt.

Integration over the positron directions yields the proba-

bility of production of a positron per unit time within the

energy interval

dW f i

dtdSdE+
= e2

∫

|Tf i |2
|p+|d�+

8̹−(p+)ω2ω′
.

In Tf i , a dependence of the energy and momentum of

an electron on the momentum of a positron arises after

removal of the integral over d3p− by delta functions.

The resulting spectra at amplitude qA0 = 10−3mc2 and

several values of ω′ and ω are shown in panels a of

Figs. 1−3. The presented spectra have a single-peak profile.

It follows from Figs. 1, a and 2, a that the peak width
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Figure 2. a — Positron spectrum at ω′ = 103mc2 . b — Dependence of the probability of positron production on energy ω′ of a gamma

quantum. In both cases, ω = 10−3mc2 and qA0 = 10−3mc2.
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Figure 3. a — Positron spectrum at ω′ = 104mc2 . b — Dependence of the probability of positron production on energy ω′ of a gamma

quantum. In both cases, ω = 10−4mc2 and qA0 = 10−3mc2.

at ω′ = (102−103)mc2 is approximately equal to half the

energy of a gamma quantum, while Fig. 3, a demonstrates

that the width at ω′ = 104mc2 is approximately equal to

the total energy of a gamma quantum. The total probability

of production of an electron–positron pair per unit time

at various X-ray pulse frequencies ω and fixed amplitude

qA0 = 10−3mc2 is shown in panels b of Figs. 1−3. The

obtained results may help develop the methods for probing

the properties of such pulses at the
”
SKIF“ accelerator that

is currently under construction [2].
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