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Abstract
Producing high-quality X rays could have important ap-

plications to high-precision medical imaging and national
security. Inverse Compton scattering involving the head-on
collision of a relativistic electron bunch with a high-power
laser offers a viable path toward the realization of a compact
x-ray source. A method consisting in reflecting a short-pulse
laser onto “relativistic mirror" (a moving thin sheet of elec-
trons) has been proposed and recently demonstrated as a way
to enhance the back-scattered photon flux by operating in the
coherent regime. In this contribution we present preliminary
particle-in-cell numerical simulations of the inverse Comp-
ton scattering process and especially investigate the impact
of the electron-beam distributions that could substantially
improve the x-ray production via coherent emission.

INTRODUCTION
The development of compact low-cost X-ray sources could

have profound implications on a large number of applications
including medicine, fundamental science, and security [1,2].
The availability of powerful off-the-shelve laser systems has
sparked an outburst of compact X-ray-source concepts em-
ploying inverse Compton scattering (ICS). In this type of
accelerator-based X-ray sources, an electron beam collides
“head-on" with a high-intensity laser resulting in the produc-
tion of radiation with upshifted frequency in the forward
direction given by
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where γ is the Lorentz factor associated to the electron beam,
ωL ≡ 2πc/λL (with λL being the laser wavelength), θ � 1
is the observation angle with respect to the electron-beam’s
direction, and a0 ≡ eE/(kLmc

2) is the laser normalized
vector potential amplitude (here kL ≡ 2π/λL is the wave
vector) . The on-axis single-electron angular-spectral fluence
associated to the scattered radiation is [3](
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where α is the fine structure constant and NL is the num-
ber of laser periods [3]. Therefore the efficiency of ICS is
rather small and alternative solutions involve the production
of coherently enhanced ICS radiation. In such a scheme,
the electron beam is bunched at a scale comparable to the
desired radiation wavelength so that in-phase emission of the

scattered radiation occurs. When multi-particle coherence
is significant, the expected on-axis angular-spectral fluence
scales as [4](
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where F (ω) is the Fourier transform of the line charge cur-
rent distribution. Coherent enhancement can be achieved by
either preparing an electron bunch with proper longitudinal
distribution [5] or by forming a microbunched beam via a
free-electron laser instability. In the latter case, the counter-
propagating laser effectively acts as an optical undulator [6].

SIMULATION MODEL
In practice, when colliding an electron beam with a

laser pulse an analytical prediction of the property of the
scattered pulse is not possible and one usually relies on
semi-analytical approach [7, 8]. Since our ultimate goal is
to eventually develop a model that could also be used to
explore the production of coherently-enhanced radiation,
we focus on elaborating a model that works from first
principles. Developing such a model is computationally
challenging. First, the electron beam under consideration
generally consists of a large number (∼ 108) of electrons.
Second, the laser pulse cannot be modeled by a simple
plane wave but needs to be described using a realistic
field amplitude and transverse distribution. Therefore, to
precisely understand the dynamics of the electrons in the
laser-pulse fields, we rely on numerical simulations based on
a finite-different time-domain (FDTD) technique combined
with a particle-in-cell (PIC) approach. We implement the
model within the warp open-source framework available
from Lawrence Berkeley National Laboratory [9]. Warp
is capable of solving, from first principles, arbitrary
electrodynamics problems [10].

The model especially takes advantage of warp’s ca-
pability to work in an arbitrary user-specified frame of
reference [11, 12]. We therefore carry our simulation in the
rest frame of the electron bunch. In this frame the laser
collides with the stationary bunch and partially reflects off
the bunch. In the electron-bunch frame the incident laser
has a Lorentz-contracted wavelength λ′L = λL/[γ(1 + β)]
(where β ≡

√
1− γ−2). The fraction of the laser reflected

off the bunch propagates backward in the rest frame and its
wavelength is also λ′L.
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Figure 1: Example of “difference" electromagnetic fields
computed in the reference frame (a) and Lorentz transformed
in the laboratory frame (b). Inset (c) is a close up of the back-
scattered pulse (frequency upshifted in the laboratory frame).
The calculations were carried for γ = 5 and a0 = 0.1 and
the field snapshot is obtained a posteriori to the laser-electron
collision.

The warp simulations are therefore performed in the
Lorentz-boosted frame; see Fig. 1(a). Upon completion of
the simulation the fields are Lorentz-transformed into the lab-
oratory frame; see Fig. 1(b). In this Lorentz-transformation
process the incident laser recovers its laboratory-frame wave-
length λL while the backscattered laser has its wavelength
further contracted in the laboratory frame to yield the final
wavelength λ = λ′/[γ(1 + β)] = λ/[γ(1 + β)]2, which
recovers Eq. 1 in the limit of a relativistic electron (β ' 1),
low laser intensity (a0 � 1), and for on-axis observation
angles (θ = 0). Because of the weak field associated to
the backscattered pulse, we carry our simulations in two
steps. First, a vertically-polarized laser pulse launched
from z > 0 is propagated along the −ẑ direction and its
field E0(x, t) recorded. In a second step, the electron
bunch is introduced and the same laser pulse is propagated
and the corresponding fields E(x, t) are logged. The
“difference" field defined ∆E(x, t) ≡ {E − E0}(x, t) is
then computed; see Fig. 1. As observed in the latter figure,
the difference-field map is non-vanishing at the present-time
locations of the incident and reflected pulses [corresponding
respectively to z′ ' ∓2 µm in Fig. 1(a)].

In our simulation the interaction occurs at z′ = 0 (the lo-
cation of the electron bunch center) and the electromagnetic
fields associated to the back-scattered pulse are recorded on
a spherical surface centered at z′ = 0 with radiusR = 2 µm,
and with angular acceptance limited by the transverse sizes
of the computation domains.These radiation fields, once
transformed in the laboratory frame, are then Fourier trans-
formed to yield the radiation’s spectral properties. The simu-

Figure 2: Benchmarking of warp simulated radiation fre-
quency (symbols) with analytical results from Eq. 1 as a
function of the normalized vector potential (left) and elec-
tron bunch’s Lorentz factor (right). In the left plot, the red
and blue traces correspond respectively to γ = 5 and 20.

lations were validated for a few cases illustrated in Fig. 2: the
obtained frequency agrees within a few percent with Eq. 1
and the results reproduce the expected red-shift occurring
as the value of a0 is increased.

MULTI-PARTICLE COHERENCE
To explore the onset of multi particle coherence, we

consider a vertically polarized laser with electric field
Ey(x, y, t) = E0 exp[−t2/(2σ2

t )] exp[−r2/(2σ2
r)] where

σt and σr are respectively the rms duration and transverse
size (r2 ≡ x2 + y2). The electron bunch it taken to be a

Figure 3: Simulated total energy deposited on the spherical
"observation" surface as a function of electron-beam length
L. The electron-beam radius is kept to r = 1 nm.

cylinder with longitudinal size L and transverse radius ρ
and is modeled as an ensembles of 5000 macroparticles.
The laser parameters in the laboratory frame are set to
λ = 800 nm, σt = 10 fs and σr = 1 µm. To investigate
coherence effect we record the total energy ∝ |E|2
deposited on the observation surface using the electro-
magnetic fields Lorentz-transformed in the laboratory frame.



Given the shape of the electron bunch − a
uniformly filled cylinder − we expect the lon-
gitudinal bunch form factor to be of the form
|F (ω)|2 = |1/(2π)

∫ +L/(2c)
−L/(2c) dte

−iωt|2 ∝ |sinc( ωL
2c )|2

where sinc(x) ≡ sin(x)/x. Because of the narrow
bandwidth of ICS, the bunch form factor is essentially
evaluated at ω = ωx. Therefore as the electron-bunch
length is scanned we expect the radiated power to display
strong suppression for length satisfying L = nλ where n is
an integer. Figure 3 confirms this feature (small-oscillation
features). Our simulations were limited to a very small
computational domain to avoid prohibitive execution time
and the bunch length in the rest frame was therefore limited
to L ≤ 1 µm. In addition the coherent enhancement
observed 4 × 103 is consistent with the number of macro
particle used to model the electron beam.

The influence of the transverse size is more intricate. First
as the electron beam size is increased the number of elec-
tron participating in the ICS process might decrease due
to partial transverse overlap between the electron and laser
beams. Second, an increase is transverse size leads to a
suppression of coherence and Eq. 3 needs to be altered to
include a suppression factor [13] that depends on the trans-
verse distribution. In our study we maintain the beam radius
to a size below the laser-spot size so that we are dominated
by the suppression factor. Figure 4 illustrate the simulated
suppression of coherence as a function of the transverse size.
The observed dependence is qualitatively similar to what
presented in Ref. [13] for the case of undulator radiation.

Figure 4: Simulated total energy deposited on the spherical
"observation" surface as a function of electron-beam radius r.
The three traces correspond to three cases of electron-beam
length (shown in the legend). The laser parameters are given
in the text and the condition r � σr implies r ≤ 0.1 µm.

CONCLUSION & OUTLOOK
We have developed a PIC FDTD model of the ICS

interaction using the warp framework. The model was
successfully benchmarked against expected properties of
ICS. It was finally used to explore coherently-enhanced
ICS process for a simple case of a bunch with variable
aspect ratio. The basic features of this coherently enhanced
radiation were observed. The developed model will be
expanded to explore more complex spatio-temporal shap-
ing that could possibly enhance the efficiency of ICS sources.
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