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Traveling-wave Thomson scattering for electron-beam spectroscopy
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We propose a method to use traveling-wave Thomson scattering for spatiotemporally-resolved electron
spectroscopy. This can enable ultrafast time-resolved measurements of the dynamics of relativistic
electrons in the presence of extremely intense light fields, either in vacuum or in plasma, such as in laser
wakefield accelerators. We demonstrate, with test-particle simulation and analysis, the capability of this
technique for measurements of various high field phenomena: radiation reaction of electrons due to
scattering, dephasing of a laser wakefield accelerator, and acceleration of electrons in multiple buckets by a

laser wakefield.

DOI: 10.1103/PhysRevAccelBeams.24.032901

I. INTRODUCTION

Relativistic electron beams provide the foundation for
accelerator-driven x-ray light sources, including synchro-
trons [1], free-electron lasers [2] and Compton sources [3].
A variety of methods have been developed to diagnose
electron beam qualities. For instance, dipole magnet
spectrometers are in standard use to measure electron
energy. However, accurate measurement of multi-GeV
electrons requires large and expensive magnets, the amount
of spectral information is limited, and the measurement
itself necessarily perturbs the electron beam under scrutiny.

An alternative electron-energy diagnostic is Thomson
scattering (TS), also referred to as inverse Compton
scattering (ICS). When laser light is TS by a relativistic
electron, the energy of the scattering photon is Doppler-
upshifted by an amount proportional to the electron energy.
This dependence allows the electron energy to be measured
simply by measuring the energy of the scattered photon, as
was demonstrated experimentally over a large energy range
[4,5]. TS has also been shown to be useful in diagnosing
other electron beam parameters, such as energy spread and
beam emittance [6-9]. Also, because the energy of the
electron changes only negligibly after scattering, electron
spectroscopy with TS is a noninvasive diagnostic.
Moreover, it is quite convenient to use TS spectroscopy
to diagnose electron beams that are either driven by laser-
driven accelerators or used in ICS x-ray light sources [10],
because the same laser can drive them all.
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Accurate spectroscopy with TS must satisfy two require-
ments: (1) high TS conversion efficiency, and (2) a spectral
shift that depends primarily on electron energy, rather than
on the detailed characteristics of the laser pulse, such as its
intensity and pulse duration. However, it is challenging to
satisfy both these requirements simultaneously, at least
with typical Gaussian laser-beam focusing, due to the
physics of TS (discussed in detail below). To achieve high
conversion efficiency, the scattering laser pulse must be
focused to high intensity, which causes a redshift as well as
a broadening of the TS spectrum [11]. Additional spectral
broadening results when ultrashort-duration laser pulses are
used to reach high-intensity because the electrons undergo
only very few oscillations during TS in this case [12].

We propose a method to circumvent these drawbacks by
replacing the usual Gaussian beam focusing with travel-
ling-wave focusing. In this case, an obliquely propagating
ultrashort laser pulse with pulse-front-tilt co-moves with
the electrons. The TS spectrum then does not become
broadened and depends primarily on the electron energy,
not the laser intensity or pulse duration. The reasons are
two-fold: (1) the laser intensity is low (because the focal spot
size can be large), and (2) the number of electron oscillations
is large (a thousand-fold larger than with Gaussian focusing)
because the laser pulse moves colinearly along with the
electrons. This geometry for TS is commonly referred to as
traveling-wave Thomson scattering (TWTS) [12,13]. Our
concept to use TWTS as a magnet-free spatiotemporally
resolved spectrometer for relativistic electrons is also advan-
tageous as compared to the conventional Thomson scattering
spectrometers because of the spatiotemporal locking
between the laser pulse and the electron beam. As a result,
and as discussed in this paper, the TWTS spectrum becomes a
dynamic diagnostic for various spatiotemporal processes,
such as electron-energy loss due to radiation reaction, and the
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acceleration-dephasing length or the electron-bunch profile

in a laser-wakefield accelerator (LWFA).

It should be noted that TWTS has been proposed as high-
efficiency and narrow-bandwidth ICS x-ray sources, as
well as for electron bunching in optical free electron lasers
[14]. To achieve TWTS, particular arrangements of com-
pressor gratings have been designed for accurate dispersion
control. The traveling-wave geometry has also been
proposed for several other applications, including THz
generation [15], ultrafast electron diffraction [16], travel-
ing-wave excitation of x-ray lasers [17-19], and plasma
based Raman amplification and compression [20,21].

This paper is organized as follows. In Sec. I, a brief
model description is provided; in Sec. III, simulation results
on three applications are presented; and in Secs. [Vand V, a
discussion and summary are found.

II. MODEL DESCRIPTION

The two-dimensional simulation model consists of two
parts: a test-particle model and a radiation model. The
relativistic test-particle model simulates the motions of
single electrons inside the high-intensity laser fields:

dp

—=F F 1
ar L+ ¥gr (1)
pP= y(v)mev (2)
F, =¢(E +vxB) (3)
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where p is the electron momentum, F; is the Lorentz
force and Fgy is the radiation reaction force expressed by

the Lorentz-Abraham-Dirac (LAD) equation [22]; y =

1/4/1 —=v?/c* is the Lorentz factor, v is the electron
velocity, ¢ is light velocity in vacuum, e is the electron
charge, m, is the electron rest mass, E is the electric field,
B is the magnetic field, H is the magnetizing field.

Based on the electron trajectory calculated by the test-
particle simulation, the radiation model simulates electron
radiation, using previously demonstrated method based on
Fourier transformations [23].

The simulation layout is briefly sketched in Fig. 1(a).
The right propagating electron spatiotemporally overlaps
with an obliquely propagating and pulse-front titled laser
pulse. The overlap is achieved and maintained when the
electron-laser crossing angle ¢ and the pulse-front tilt angle
a satisfy [12]:

(1 — B cos ¢>ﬂ~l,(/;~0
a = arctan

W = ¢/2 (5)
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FIG. 1. (a) Geometry of TWTS, for which the pulse-front tilted

laser pulse is spatiotemporally locked with the relativistic
electron. The normal pulse, without pulse-front tilt, slips out
of the electron after a short distance of propagation. Another
pulse can be added, for example, to investigate the radiation
reaction process; (b) A typical spectrum of TWTS. Due to the
small amplitude of the TWTS laser field, the central x-ray photon
energy is the linear limit [Eq. (6)]. The bandwidth is inversely
proportional to the number of electron oscillations in TWTS laser
field, or equivalently, inverse proportional to the traveling-wave
distance.

where f = v/c is the normalized electron velocity. The
fundamental x-ray wavelength of TWTS is

2y3(1 — Bcos @)
x 3 22
1+ a5/2 4 ;0

(6)

OTwTs = W

where wy = 27/ is the laser angular frequency, A is the
laser wavelength, y, is the initial Lorentz factor of the
electron, @ is the observation angle that results in off-axis
Doppler shift. The laser intensities are denoted by the
normalized vector potential:

0.855 A d 2 7
do =5 1 um/) \1 x 102 Wm )

where [ is the laser intensity. The bandwidth of the
spectrum is inversely proportional to the number of electron
oscillations N inside the laser field:
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where dy.,, is the diameter of the beam “used” for the
TWTS process.

III. SIMULATION RESULTS

The simulation parameters are summarized in Table 1.
The relativistic electron is assumed to be initially propa-
gating in +x direction. A pulse-front-tilted laser pulse, the
so-called TWTS pulse, is instantly applied to and comoves
with the electron. As a result, the electron trajectory is
modified by the electromagnetic field of the TWTS pulse;
in addition, the electron oscillates in the y direction. These
small transverse oscillations lead to the x-ray radiation
emission mainly in the electron general propagation direc-
tion. The calculation of the x-ray radiation emission is based
on the electron trajectory post-processing. The electron
trajectory calculation takes into account the radiation reac-
tion process based on the Lorentz-Abraham-Dirac (LAD)
model, which will be discussed in Sec. III A.

Section A, B, and C discuss TWTS for the measurement
of radiation reaction, dephasing limit of a laser wakefield
accelerator, and multiple electron beams in a laser wake-
field accelerator, respectively.

A. TWTS for the measurement of radiation reaction

This subsection investigates the application of TWTS as
an electron spectrometer to detect the radiation-reaction
process. As shown in Fig. 1, another intense laser pulse,
called radiation-reaction pulse, coming from the right,
counterpropagates with the electron and collides with it
at point zero, which is the middle of the simulation.

Understanding the radiation-reaction process is a long-
standing physics challenge [22]. It stems from the back-
reaction on an accelerated electron from the radiation it
emits. Because accurate descriptions of radiation reaction
require complex calculations using quantum electrodynam-
ics, simplified quantum models are necessary. Those
simplified quantum models need testing, especially for
the damping-dominated regime, which usually requires the
quantum nonlinearity parameter

©)

close to 1. In the definition above, y, is the Lorentz factor of
electron before radiation reaction and q gg is the normal-
ized vector potential of the radiation reaction pulse. A
preliminary experiment based on ICS [24] toward the
quantum regimes of the radiation reaction reaches yg ~
0.07 and an energy loss ~10%. Another experiment [25]
reaches yy~ 0.2 and an energy loss ~30%. However,
pointing fluctuation of the high-intensity laser pulse makes
its overlap with the electron beam unstable, and the RR

X0 = 6 x 10%yaq rr

measurements from those experiments were based on
statistical analysis of many shots.

Single-shot measurements of RR are being discussed, as
they remove the ambiguity of the RR measurements in the
modern ICS experiments. In [26], the electron bunch is
larger than the focused laser pulse and only its central part
overlaps with the laser pulse and feels the radiation-reaction
force. As a result, the beam’s energy divergence spectrum
automatically distinguishes components that do and do not
experience the radiation reaction. TWTS has a potential to
be alternative single-shot measurement of radiation reac-
tion for ICS experiments. In a single shot, electrons have
different energies before and after radiation reaction energy
loss occurs, and this energy difference can be examined in
the TWTS x-ray spectrum.

The radiation reaction model used in this paper is the
Lorentz-Abraham-Dirac (LAD) model [22], which violates
the principle of causality. Nonetheless, it approximates the
perturbation regime of the full quantum model of radiation
reaction. As shown in Egs. (1)—(4), it is numerically
straightforward to implement, as the phase space of the
previous numerical step is used for the calculation of
radiation force, which will be used to compute the phase
space of the next numerical step.

The parameters are given in the appendix and the results
are shown in Fig. 2. In (a), the radiation reaction takes
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FIG. 2. A relativistic electron is continuously diagnosed with
TWTS for its spectrum when it is decelerated by the radiation
reaction force. (a). Electron energy drops by a certain amount due to
radiation reaction friction. (b). Electron TWTS spectrum contains
two peaks that correspond to energies before and after radiation
reaction process. Simulation parameters can be found in Table 1.
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places in the middle of the simulation and lasts for the time of
about 34 fs, which is the FWHM duration of the RR laser
pulse. The RR decreases the electron energy by about two
percent. The x-ray wavelength shift is related to the electron
energy shift, which according to Eq. (6) is about four percent,
in agreement with the simulation results shown in (b).

B. TWTS for the measurement of the dephasing limit of
a laser wakefield accelerator

Although laser wakefield accelerators (LWFA) have a
much larger acceleration gradient (~GV/cm) than conven-
tional RF accelerators (~MV /cm) [27], there are upper limits
of the energy attainable from the LWFA, resulting from
pump-laser depletion and electron dephasing. There have
been methods proposed to overcome the pump depletion and
dephasing limits: for instance, cascaded LWFA, traveling-
wave LWFA [28], and pulse-train LWFA [29].

To measure accurately the dephasing limit of LWFA is
beneficial for understanding and sharpening the LWFA
performance. The energy measured by a magnetic spec-
trometer for LWFA might not be the highest energy
attainable from the wakefield. Instead, the detected electron
bunch might leave the plasma either still in an acceleration
stage or already in a deceleration (dephasing) stage. Until
now, there lacks a sophisticated method to measure the
dephasing limit of LWFA. This difficulty of measuring the
dephasing limit can be resolved by a single-shot TWTS
spectroscopy. The TWTS spectrum of an electron in a
wakefield is a continuum, because the electron undergoes
continuous acceleration or deceleration. Therefore, TWTS
is also a method for the generation of x-ray supercontin-
uum, and its bandwidth can be controlled by controlling the
diameter of the laser pulse, in other words, truncating the
TWTS at a specific time.

A standard case of LWFA is used as a demonstrative
example. In particular, based on the scaling laws for 3D
nonlinear wakefield [30], a 60 TW laser pulse is assumed to
accelerate electrons up to 440 MeV in the plasma of electron
density of n, = 6 x 10'® cm™3. The corresponding wake-

field amplitude E.[V/cm] = 0.96+/n, [cm~] [27] within a

plasma wavelength 1, [cm] = 3.3 x 10°//n, [em™] [27]
gives approximately the wakefield amplitude slope near the

center of the bubble:

dé E. n,[em

9o 1y jem?| = Sz e M )
[V/em] 33 % 100

_3]
Z
di A

(10)

Compared to the typical form of the wakefield acceleration
field, Eq. (10) considers only its linear part as what is justified
within the bubble center. The wakefield experienced by the
trapped electron is also changing in time. The electron is
initially a little behind, but travels faster than, the bubble
center. In the very beginning, the electron is being accel-
erated. Later on, as the electron reaches the bubble center the
acceleration drops to zero, but the electron still moves faster
than the bubble center. As the electron surpasses the bubble
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FIG. 3. A relativistic electron is continuously diagnosed with
TWTS for its spectrum when it is in a laser wakefied accelerator
and near the dephasing limit. (a) An electron accelerated by the
wakefied to an energy plateau, before a decrease takes place due
to the dephasing of the acceleration. (b) Electron TWTS spectrum
contains a continuum which corresponds to the electron energy
continuum. Simulation parameters can be found in Table 1.

center, it experiences deceleration field and is so-called
“dephased.”

In Fig. 3(a), electron accelerates and decelerates due to its
propagation in wakefield. Between the acceleration and
deceleration stages, there is an energy plateau region, which
is a result of very small acceleration or deceleration fields.
Thus, the three energy stages of the electron acceleration
process generate a particularly shaped TWTS x-ray super-
continuum spectrum. The acceleration and deceleration
stages have lower electron energies, and therefore yield a
low-energy tail in the spectrum. It should be noted here that
the interference pattern for the low-energy tail is due the
single-electron simulation treatment. For a practical electron
beam with finite emittance, such a spectral feature does not
exist because electrons emit radiation randomly with respect
to each other. The energy plateau stage has the largest
electron energy, which thus corresponds to the maximum
x-ray energy. In addition, the spectrum intensity is peaked
near the maximum x-ray energy, because the electron stays in
the energy plateau for a relatively long time of several
picoseconds. Thus, this serves as an efficient method to
diagnose the dephasing limit. Moreover, assuming the
symmetrical wakefield, it is possible to derive the wakefield
slope from the energy evolution curve, which can be derived
from the measured TWTS x-ray spectrum.

032901-4
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C. TWTS for the measurement of multiple electron
beams in a laser wakefield accelerator

A recent study [31] presents the generation of the
electron beam train with the comblike energy spectrum
by trapping the electrons into several following plasma
wave periods. Such beam trains have potential to improve
pump-probe studies considerably. A TWTS energy spec-
trometer has the potential to measure the temporal structure
of the electron beams. By scanning the delay between the
electron beams and the TWTS laser pulse, the temporal
structure is mapped into the x-ray spectrogram. This
method is complementary to the original indirect method
based on beam-loading, and another method based on the
emitted coherent transition radiation [32,33].

To simulate the process of TWTS spectroscopy for
multiple electron beams, three co-propagating relativistic
electrons with different energies are separated from each
other by the factor of one plasma wavelength. The first one
refers to the electron that travels ahead of the other two, and
the same definition for the other two. We assume the three
electrons have different energies since they are injected in
different bubbles: the 1st electron has an energy of 280 MeV,
and the 2nd and 3rd have 240 MeV and 220 MeV,
respectively.

By scanning the delay of the TWTS laser pulse, it
overlaps and comoves with different parts of the electron
bunch train for a certain distance. Due to the travelling-
wave geometry, the respective Thomson scatterings are all
narrow-band, and therefore could be distinguished from
each other; although the energy differences between differ-
ent electrons are very small. The spectrum can be scanned
and put together, as shown in Fig. 4.

In Fig. 4, the spectral intensity is shown in logarithmic
scale, as a function of x-ray photon energy and TWTS delay
time. Three different delay times are used, each of which
gives its own TWTS spectrum. The spectral lines shift as the
delay is scanned, because the TWTS pulse overlaps with
different electrons. Therefore the temporal structure of the
electron array is resolved, with temporal position and energy
for each electron simultaneously identified. In addition, this
method is nondisruptive, and therefore can be complemen-
tary to a magnetic spectrometer [34-36].

IV. DISCUSSION

This paper presents simulation results for a TWTS
spectrometer measurement of the energy of single elec-
trons. Several challenges need to be discussed to enhance
the robustness and practicality of the method.

Traveling-wave Thomson scattering involves a spatio-
temporal overlap of a laser pulse and an electron beam, with
an accuracy of a few microns and a few femtoseconds. This
is experimentally very challenging to achieve, due to the
inherent pointing instabilities of the laser pulse, near
10 prad, and that of the electron beam from laser wakefield

1t | Ee = 220 MeV Delay =-45 fs
i Delay =0fs
| rd
1 (3 Bubble ) Delay =45 fs
\
=05) “‘ || E, =240 MeV
c [
5 d
> ‘ | | \‘ (2" Bubble ) E, = 280 MeV
Sost | \ (1 Bubble )
z |
202+ ‘
2 |
2 .l
‘ |
01 ]

60 70 80 90 100 110 120 130 140
w (keV)

FIG. 4. TWTS x-ray spectrogram for investigating the temporal
structure of the electron beam bunches. Here three electrons,
representing three electron beams in respective wakefield bub-
bles, are diagnosed with the delay-scanning TWTS. Three time-
resolved spectral lines corresponds to respective energies of
electrons in different bubbles.

accelerator, near 1 mrad. The electron beam jitters much
more than the laser beam, and needs to be stabilized,
although not much effort has been made to reduce the
pointing instability of LWFA electron beams. A common
method to increase the frequency of occurrence of overlap
is to overlap near the exit of the LWFA, so that the spatial
mismatch is reduced due to limited propagation distance of
the electron beam. Nevertheless, such overlap is still not
that stable, and usually statistical analysis is required. More
work on stabilizing the pointing of the LWFA electron
beams is required.

Our simulations are limited to the dynamics of an
electron in a plane geometry. Although this simplified
geometry grasps the basic physics and insights of the
TWTS as an electron spectrometer, it nevertheless neglects
macroscopic effects and phase-space effects. For example,
in multi-electron beams, finite electron-beam emittance
broadens the Thomson x-ray spectrum:

(ACUTWTS>2 _ <ﬂ>2 + (P22 + (M)z
DTWTS 4 @y
bt (PO (1)
NOSC
where Ay is the energy spread of the electron beam, o, is
the electron angular spread and Awj is the laser bandwidth.
Therefore, for applications requiring high spectral resolu-
tion, it is necessary to reduce unwanted broadening effect
as much as possible. The electron beam needs to have very
small energy spread and divergence, such as that has been
demonstrated [9], in order not to smear-out specific spectral
lines of TWTS for measurements of radiation reaction
and diagnostics of multi-bubble injection LWFA. More
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specifically, a divergence of 0.4 mrad for a 400-MeV
electron beam induces a natural energy spread of 10% in its
TWTS spectrum. From an experimental point of view, such
a spectral broadening effect limits its accuracy. As a result,
when TWTS of such a electron beam is used for the
measurement of radiation reaction, according to Eq. (6), the
minimum measurable deceleration amount is around 5%.
Thus, the simulated results presented in Fig. 2 are currently
not achievable in practice, and further improvement in the
electron beam emittance is needed.

The free spectral range of the TWTS spectrometer is very
large. As shown in Eq. (8), the x-ray energy is dependent on
the crossing angle between the electron and laser pulse
propagation. As a result, any range of electron energy can
be mapped into x-rays with different scales, by changing
the crossing angle. The pulse-front tilt-angle can be tuned
correspondingly to maintain the traveling-wave structure.
For convenience, small crossing angles can be used to map
the (ultra-)relativistic electron beams into, for example,
EUV or soft x-rays, which can be measured by many
commercial x-ray spectrometers.

Another important parameter of a spectrometer is the
noise level, while the method to increase of signal-to-noise
ratio depends on the process itself. For example, the
radiation reaction process not only decelerates electrons
in the propagation direction, but also induces large-ampli-
tude electron oscillations perpendicular to the propagation,
which generate intense and red-shifted Thomson x-rays in
the electron propagation direction, which might overlap
with the main TWTS signal. In other words, the RR process
may itself hinder measurement by the TWTS spectrometer.
Nevertheless, the TWTS signal can be increased to over-
whelm the RR noise, by either increasing the TWTS laser
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FIG. 5. Noise analysis for the simulations presented in
Fig. 2(b). The field strength of the radiation reaction pulse is
varied here to see the changes in noise for x-ray spectrum from
the radiaiton reaction process. For ay = 10 the TWTS signals are
dominated by the noise. To increase the TWTS signals, either a
stronger TWTS laser pulse or a longer TWTS interaction length is
needed.

strength or the traveling-wave distance. We did the former
for our simulations to save the simulation time. As an
example, for the investigation of RR noise, we started from
the simulations presented in Fig. 2 and varied the strength
of the radiation reaction pulse to see the change in the noise
level. The results and analysis are presented in Fig. 5, where
case ay = 8 is identical to that in Fig. 2(b). With increasing
ag, the radiation reaction noise becomes larger and larger.
For ay = 9, the main two TWTS peaks sitting on the RR
noise are only marginally apparent, while for a; = 10, the
RR noise dominates the TWTS signals. Thus, either a
stronger TWTS pulse or a longer TWTS distance is needed
to increase the TWTS signal amplitudes such that they can
emerge from the RR noise.

V. SUMMARY

In summary, traveling-wave Thomson scattering is
proposed as a high-resolution spectrometer for the spatio-
temporal energy measurement of relativistic electron
beams. The TWTS spectrometer is applicable to many
laser-based experiments. For example, the long-standing
problem of radiation reaction can be unambiguously
measured by TWTS in a single shot, and thereby enable
quantitative examination of fundamental nonlinear QED
theory. For another example, electron acceleration and
deceleration in a wakefield can be probed by TWTS, with
the dephasing limit accurately measured and the laser-
wakefield amplitude determined. The broadened TWTS x-
ray spectrum, due to the continuous electron acceleration
and deceleration, is also a method for the generation of
controlled x-ray supercontinuum. Last, multibucket elec-
tron injection can also be temporally diagnosed with
TWTS, which helps to differentiate between different
injection mechanisms and improve electron-injection con-
trol. The proposed single-electon method calls for macro-
scopic studies to fully picture the physics involved in the
full phase space. In addition, future studies of travelling-
wave Thomson scattering require reduced electron-beam
emittance and stabilization of electron-beam pointing.
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APPENDIX: SIMULATION PARAMETERS

This Appendix provides a detailed table of simulation parameters for respective results presented in Sec. III of the
manuscript. The last three columns of the table respectively give parameters for the simulation of “TWTS for the
measurement of radiation reaction,” simulation of “TWTS for the measurement of the dephasing limit of a laser wakefield
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