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a b s t r a c t

A theoretical and phenomenological consideration is given to higher order, strong field effects in electron/
laser interactions. A consistent strong field theory is the Furry interaction picture of intense field quan-
tum field theory. In this theory, fermions are embedded in the strong laser field and the Volkov wavefunc-
tion solutions that result, are exact with respect to the strong field. When these Volkov fermions interact
with individual photons from other sources, the transition probability is enhanced in a series of reso-
nances when the kinematics allow the virtual fermion to go on-shell. An experiment is proposed in
which, for the first time, resonances could be used to generate high energy photons from relativistic elec-
trons at rates orders of magnitude in excess of usual mechanisms.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

The production of high energy photons from electrons interact-
ing with an external field is highly sought after in a number of
applications. In a free-electron laser, electrons interact with the
magnetic field of an undulator to radiate X-rays either incoherently
or coherently [1]. The interaction of a high intensity laser with rel-
ativistic electron produces gamma beams which can interact with
each other in a gamma collider [2].

Inverse Compton scattering provides the usual mechanism for
the production of high energy photons with an intense laser and
relativistic electrons. The analysis of the interaction is often via
classical electrodynamics [3]. However, the interaction can also
be treated using quantum field theory [4]. The quantum analysis
is advantageous since it takes into account quantum recoil, spin
coupling to the external field, and self energy effects [5].

A consistent quantum framework for the electron - strong laser
interaction is the Furry interaction picture [6] within intense field
quantum field theory (IFQFT). This treats the laser as a background
field and calculates the exact wavefunction for the electron embed-
ded in the external field [7]. In this framework, the high intensity
Compton scattering (HICS) which produces high energy photons
from the electron-laser interaction, is a first order term in the Furry
picture perturbation series (Fig. 1a).

The HICS process was successfully tested in the collision of
46.6 GeV electrons with a terawatt laser focussed to � 1018 W/
cm2. Transition rates matched expectations, showing a stepped
Compton edge for the onset of multiphoton effects. A predicted
mass shift for the electron rest mass was indeterminate due to
statistics and the limited laser intensity [8].

IFQFT predicts a series of novel behaviours; that the quantum
vacuum in the presence of a strong electromagnetic field can be
polarized, is birefringent, enables photon scattering and exhibits
an energy-level structure [9]. Thus, second and higher order terms
in the IFQFT perturbation series can be resonant due to transitions
between induced vacuum energy levels [10–12].

In this paper, the formula leading to the second order resonant
Compton scattering will be reviewed (Section 2). Resonance widths
and locations will be calculated with the aid of the self-energy
(Section 3). The laboratory set up required to produce the expected
higher rate of high energy photon productions is sketched in Sec-
tion 4. Natural units, c ¼ �h ¼ 1 are assumed.

2. Compton scattering in strong background fields

In the Furry picture, the external field, Ae is separated from the
quantised gauge field at Lagrangian level. For electrons, the result-
ing Dirac equation is minimally coupled to the external field
(Eq. (1)). The interaction of the bound electron and photon field
operators is handled in the usual perturbation theory [13]
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The minimally coupled Dirac equation can be solved exactly
when the external field is a plane wave. For an electron of momen-
tum pl ¼ ð�;~pÞ, mass m and spin r embedded in a plane wave elec-

tromagnetic field of potential Ae
xl and momentum kl ¼ ðx;~kÞ, and

with normalisation np and Dirac spinor urp, the Volkov solution is,
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When the external field is provided by a periodic laser field, the
Volkov solution can be expanded in a Fourier series of modes cor-
responding to momentum contributions nk
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Volkov solutions are quantised via their properties of orthogo-
nality and completeness [14,15]. The usual S-matrix theory then
allows the matrix element MSCS

fi of the second order stimulated
Compton scattering (SCS) to be written down with the aid of the
Feynman diagram (Fig. 1b),
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The resonant behaviour of the SCS transition probability is
related to the pole structure of the propagator, GFP

yx. In order to
gauge the effect on the tree level process, Furry picture loops need
to be examined.

3. Propagator poles and resonance widths

The normal Compton transition rate becomes very large as scat-
tered photon energy tends to zero. This IR divergence arises from
the denominator of the propagator, which reaches zero when the
photon energy vanishes. Similarly, the SCS process intermediate
particle has contributions from the external field, and its behaviour
is governed by the pole condition,

ðqi þ ki þ nkÞ2 ¼ m2ð1þ a20Þ; a0 ¼ ej~Aej
m

ð5Þ

qi ¼ pi þ
a2
0m

2
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There are a range of conditions that lead to a propagator pole,
for each of the external field photon modes n. These pole contribu-
tions are interpreted as transitions between energy levels in anal-
ogy to transitions between energy levels in an atom.

Thephysicalmechanismfor theseenergy levels induced in thevac-
uum by the strong external field, is thought to be the virtual charges.
Thesevirtual chargesfluctuate in limits setbyHeisenberguncertainty,
and formdipoleswhich screen electrons to give themtheir observable
charge. The virtual charges respond to a strong external field,
preferencing certain momentum states of propagator particles.

The Furry picture, in effect, renders the quantum vacuum a
dispersive medium, so that the one vertex HICS process can be con-
sidered a decay. Decays imply a lifetime, which appears in the
propagator as a line width, C of the induced energy levels.

By the optical theorem, the line width is given by the imaginary
part of the Furry picture electron self energy which is equivalent to
twice the HICS transition rate [16]

IRFP
p � iC ¼ 2WHICS ð6Þ
The resonance width can be included in the propagator via the

LSZ formula [17],
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The propagator poles are thus rendered as resonances. At reso-
nance, the SCS transition rate increases to a value determined by
its resonance width, trace and phase. An estimation of that
increase proceeds from consideration of a real experiment.

4. Experimental schema

Compton scattering in a strong background field can be created
by colliding a relativistic electron bunch (c � �p=m, b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c�2

p
)

head-on with a strong laser, typically optical (k ¼1 lm) and
focussed to an intensity of order 1019 W/cm2 (a0 J1). Initial state
photons can be provided by a tunable optical laser whose photon
energy xi, and angle of incidence hi can be varied (Fig. 2).

The resonant condition can be achieved by tuning the probe
photon. Fig. 3 shows the relationship between probe photon
energy (as a ratio of strong laser photon energy) vs probe angle,
obtained from the pole condition,

cos hi � 1þ bþ ð1þ bÞ2nx=xi þ a2
0=2c2

bð1þ bÞ � a20=2c2
ð8Þ

The resonance condition, combined with the conservation of
energy-momentum, gives the distribution of the radiated photons
at resonance (Eq. (9)). Compared to the one vertex HICS process, a
more energetic radiation peak centered around the forward direc-
tion of the relativistic electron results (Fig. 4)

xf ¼ ðnþ 1Þxcð1þ bÞ
cð1þ b cos hfÞ þ nxþ a2

0
cð1þbÞ

h i
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The advantage of the SCS process comes from the enhanced rate

of high energy photons at resonance. The precise value is obtained
only in the full calculation of the transition rate [12]. However an
approximate value can be obtained, by examining the likely
numerical value of the resonance width.

Fig. 1. Feynman diagrams for 1st and 2nd order strong field processes.
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