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Abstract
Thomson/Compton scattering is a method to produce high
energy photons through the collision of low energy photons
in a laser pulse onto relativistic electrons. In the linear (inco-
herent) Thomson/Compton regime, the flux scales linearly
with the number of primary particles and the bandwidth
of the produced photons depend, amongst other factors, on
the energy spread of them. In general, an increase of the
primary particles is connected to a larger energy spread (e.g.
non-constant acceleration gradients, collective effects, etc).
Therefore their number is restricted by the desired band-
width, and thus limits the flux. In our previous (theoretical)
studies we showed that the ideal Thomson spectrum can be
retrieved when an electron bunch with a linear energy cor-
relation of several percent collides with a matched linearly
chirped laser pulse.

Here we extend the scheme to allow for higher order en-
ergy correlations and quantify how the electron distribution
influences the bandwidth. Furthermore we discuss the prac-
tical viability to maximize the primary particles, with the
focus on linear accelerators (LINACS) for the electrons and
laser pulses based on the chirped pulse amplification (CPA)
scheme. These could potentially provide up to tens of nano-
Coulomb electron bunches and tens, or even over a hundred,
Joule lasers pulses respectively.

INTRODUCTION
High energy photons, i.e. keV-MeV, allow for higher res-
olution imaging [1, 2] and is used for material science or
medical applications [3], and allows for the study of physical
phenomena such as nuclear photonics [4]. Thomson scatter-
ing is a method to generate these photons by colliding highly
relativistic electrons on an intense laser pulse. Experimen-
tally this type of source has gained attention for two reasons:
1) because of the lower energy requirement on the electrons,
as compared to undulators/FELs, which reduces the size of
machinery, and moreover 2) the reduction in costs of high
energy density laser pulses operating at high repetition rate.
Current designs rely on maintaining the narrow bandwidth
by using (close to) ideal initial particles [5].

On the theoretical front many methods are being explored
in order to increase the number of (generated) photons, while

∗ marcel.ruijter@mi.infn.it

maintaining a high quality source. Several studies focus on
the compensation of the non-linear broadening due to the in-
tensity of the laser (meaning the amplitude of the normalized
vector potential 𝑎0 =

𝑒𝐴0
𝑚𝑐2 ≥ 1) which can be categorized

into using a chirped laser pulse [6] and polarization gat-
ing [7]. Others have investigated the use of the non-linear
broadening to compensate for the energy spread of electrons
[8]. In the linear Thomson regime (𝑎0 ≪ 1) studies have
been put forward on preparing the electron bunch, mono-
chromatically [9] and with energy spread [10], in such a
way to increase the coherency of the radiation they emit.
In our previous studies [11, 12] we showed that preserving
the monochromatic (incoherent) Thomson spectrum while
utilizing large energy spread electrons with a chirped laser
pulse is possible. In this work we extend the study of the
geometry where the energy correlation is along the propa-
gation direction of the electrons, as depicted in Fig. 1. The
relation for the instantaneous laser frequency and phase were
found to be
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where 𝛾 is the Lorentz factor of the electron, 𝛽 the velocity
normalized to the speed of light 𝑐, Z =

𝜔𝑙,0
𝑐

(𝑐𝑡 − 𝑧) the
unchirped laser phase with 𝜔𝑙,0 the central laser frequency.

For this geometry the primary beams need to collide under
an angle, and on top need to have a sufficiently small energy
gradient, in order for the correct frequency-energy matching
to occur. Thus a bunch with a large energy spread needs to
be long. This in fact means that electron bunches obtained
using plasma based acceleration schemes are not a viable
option as the energy gradient is too large. However, for
the traditional linear accelerators the requirement of a long
bunch is beneficial for the Thomson scheme: as was shown in
[13] 1) the long bunch reduces space-charge forces 2) allows
for much larger bunch charge, of several nano Coulombs [14–
17] . 3) the energy spread of the electrons and its correlation
is controllable. The dynamics of transporting large energy
spread bunches have been studied in detail in Refs. [18, 19]
for a similar concept: the Transverse gradient undulator.
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Figure 1: Schematic overview for the energy compensation
Thomson Scattering Scheme. The electron bunch has a
energy-position correlation along its propagation direction
that is matched to with a frequency within the laser pulse.
The produced radiation will be centered around the ideal
Thomson frequency.

Laser systems required for this application are readily
available, even on the commercial level [20]; Joule class
chirped pulse amplified laser pulses [21]. In principle the
laser system could be designed such that the Thomson inter-
action point lies within an amplification stage to maintain the
pulse energy. This potentially would lead to higher repetition
rate for the source and, moreover, the energy consumption
would decrease twofold; first the same pulse is being used
and second there is no need for compression that have losses
of about 25-30 %.

Various experiments have shown that the control higher
order dispersion can be controlled to high degree of precision
with high intensity laser pulses [22–24].

METHODS
The Thomson spectrum is calculated as the sum of 𝑁𝑒 in-
coherent (macro) particles in the far field though the, on
the Lienard Wiechert potentials based, double differential
equation
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where �̂� is the unit vector to an observation point on a spher-
ical surface, ®𝑟𝑛 and ®𝛽𝑛 are the trajectory and velocity of a
macro particle. The particle trajectories are obtained by us-
ing a 3D Lorentz force particle tracker. The detector works
as a numerical aperture and has a maximum azimuthal angle
of 𝜗𝑚𝑎𝑥 = 1

6𝛾 to maintain a semi-symmetric spectral en-
velope shape [25]. Increasing the acceptance angle further
does increase the number of photons collected, however their
energy will be lower due to the energy-angular dependency
(𝜔(𝜗) ∝ 1

1+𝛾2𝜗2 ).

Electron Bunch Parameters
Electron bunches are generally modeled and characterized
through variances of the phase space coordinates or com-
bined into a covariance matrix. Here we assume that the
transverse and longitudinal phase space are uncoupled. This
means that the longitudinal covariance matrix is given by

𝑀𝑧, 𝜖 =

[
⟨𝑧2⟩ ⟨𝑧𝛾𝛽𝑧⟩

⟨𝑧𝛾𝛽𝑧⟩ ⟨(𝛾𝛽𝑧)2⟩

]
. (4)

The determinant of this matrix gives the longitudinal emit-
tance. The term ⟨𝑧𝛾𝛽𝑧⟩ can be expressed in as the product
of ⟨𝑧2⟩⟨(𝛾𝛽𝑧)2⟩𝛼𝜖 . The parameter −1 ≤ 𝛼𝜖 ≤ 1 then con-
trols the direction of the slope and the amount of correlation
( |1| fully correlated & 0 fully uncorrelated). Per defini-
tion this distribution can at most have a linear correlation (
𝛾(𝑧) = ⟨(𝛾𝛽𝑧 )2 ⟩

⟨𝑧2 ⟩ 𝑧 + ⟨𝛾⟩, see left panel of Fig. 2). To explore
the possibility and dynamics of the compensation of higher
order energy correlation we transform the linear energy to
a quadratic using 𝛾(𝑧) = 𝐴𝑒𝑧

2 + 𝐵𝑒𝑧 + 𝐶𝑒 for each particle,
such that the average and energy spread remain equal. The
electron bunches generated for the simulations, see Fig. 2,
share similar characteristics as studied in Refs. [13, 26],
where they were obtained from beam dynamics simulations.

Laser Pulse
The instantaneous frequency of the laser pulse should change
slowly, as we want a single frequency in the interaction
region. Therefore the laser phase can be approximated with
the slowly varying amplitude approximation to give [11]

[(Z) ≈ 𝐴𝜔Z
2 + 𝐵𝜔Z + 𝐶𝜔 . (5)

The coefficients will depend on the electron energy correla-
tion according to Eq. (1). To denote the chirp order ([ O) we
will use 0 for unchirped ([ = Z ), linear 1 and quadratic chirp
2. Like in our previous study we use two Gaussian beams
that intersect at the interaction region. The longitudinal
profile is rectangular (flat-top).

RESULTS
Additional parameters for the simulation results in Figs. 3
and 4 are: the electron distribution has a charge of 1 nC,
a transverse emittance of 1 mm rad with rms spot size of
15 µm, the laser is linearly polarized and has a waist of 𝑊0 =

20 µm. The two beams collide at an angle of 52°, leading to
an interaction length of 100 µm as in Ref. [11].

Figure 3 shows a quadratic chirp is beneficial for a strong
quadratic correlation and high 𝛼𝜖 (meaning low uncorre-
lated energy spread). When increasing the energy spread we
see an increase in 𝑁𝑥 , as is shown in Fig. 4, which is the con-
sequence of having particles with higher energy than in the
other distributions in combination with the lower frequency
photons (i.e more laser photons in that section of the laser
pulse to scatter with). Since we are still in the linear regime
𝑁𝑥 increases with the intensity of the laser as expected.
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Figure 2: Electron distributions with an energy-position correlation along its propagation direction (−𝑧). For all cases
𝜎𝛾 = 0.016 (2.7 %), 𝜎𝛾𝛽𝑧 = 3.33 and 𝛼𝜖 = 0.996. Left: Linear correlation as can be obtain by a 6D Gaussian covariance
matrix. Middle: bunch transformed to have weak quadratic energy correlation (𝐴𝑒 = −76.19, 𝐵𝑒 = −70.47, 𝐶𝑒 = 200.1)
and Right: with strong quadratic signature (𝐴𝑒 = −416.66, 𝐵𝑒 = −108.33, 𝐶𝑒 = 201).

For a laser pulse with an amplitude of 𝑎0 = 5 · 10−2 and
quadratic chirp (𝐴𝜔 = 3.4 ·10−10, 𝐵𝜔 = 9 ·10−6, 𝐶𝜔 = .99)
the number of photons that pass through the (numerical)
aperture are 𝑁𝑥 = 2.9 · 108 within a bandwidth of 𝜎𝜔

𝜔
=

0.017.

Figure 3: Spectra for (red) unchirped, (blue) linearly chirped
and (green) quadratic chirped laser pulse for three different
electron bunch distributions with a bunch charge of 𝑄 =1 nC
and 𝜎𝛾 = 2.7 %, and a laser amplitude of 𝑎0 = 10−2 . Left:
𝛼𝜖 = 0.996 and quadratic relation (𝐴𝑒 = −76.19, 𝐵𝑒 =

−70.47, 𝐶𝑒 = 200.1) Middle: 𝛼𝜖 = 0.9998 and quadratic
relation (𝐴𝑒 = −416.66, 𝐵𝑒 = −108.33, 𝐶𝑒 = 201) Right:
𝛼𝜖 = 0.996 and quadratic relation (𝐴𝑒 = −416.66, 𝐵𝑒 =

−108.33, 𝐶𝑒 = 201).

Improvements on the photon number can be achieved mainly
by increasing the bunch charge, as with 𝑎0 = 5 · 10−2 we are
already close to the non-linear regime. For example, if the
bunch charge were 5 nC with an 𝛼𝜖 = 0.9998 the 𝑁𝑥 would
be a factor 6 higher and therefore reach up to 109 - 1010 per
shot.

Figure 4: Spectra for (red) unchirped, (blue) linearly chirped
and (green) quadratic chirped laser pulse for two different
electron bunch distributions with a bunch charge of𝑄 =1 nC
and 𝛼𝜖 = 0.996. Left: 𝜎𝛾 =2.7 % and 𝑎0 = 5 · 10−2 Right:
𝜎𝛾 =4.8 % and 𝑎0 = 1 · 10−2.

CONCLUSION
We showed that the ideal Thomson spectrum can be obtained
with an electron bunch with a higher order correlated energy
spread along its propagation axis together with a matched
chirped laser pulse. The technology for the envisioned pri-
mary beams are currently available through LINACS and
CPA respectively. The low energy gradient required on the
electron bunch for this Thomson scheme is actually ben-
eficial; it necessitates a long bunch length which reduces
the Coulomb forces and allows for higher charge up to sev-
eral nano-Coulombs. Foreseen advantages for the uncom-
pressed CPA laser pulse are the high repetition rate at which
a Thomson source can operate (kHz) coupled with higher
wall efficiency because the full energy is available (i.e. no
compression losses of tens of percent).

The number of keV photons obtainable with the proposed
scheme within a 2% bandwidth can reach up to 109 - 1010 per
shot, which can lead up to 1012 - 1013 photons per second.
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