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Traveling-Wave Thomson-Scattering (TWTS) [1-3] is a
scheme for the realization of compact optical undulators.
TWTS utilizes high-power, short-pulse lasers providing sub-
mm undulator periods. These allow for operation of an X-ray
light source at A wavelength with only a few hundred MeV
electron energy. Here, we show that by carefully controlling
dispersion of a TWTS laser pulse it is possible to achieve
free-electron laser (FEL) operation, creating a TWTS optical
FEL (OFEL). The electron energies needed for X-ray radia-
tion are an order of magnitude smaller compared to existing
hard-X-ray FELs requiring several GeV [4,5]. Moreover,
with sub-mm undulator wavelengths the FEL process satu-
rates in sub-m interaction distances removing the need for
electron beam focusing during the interaction. Using a laser
undulator further has the advantage that no material is re-
quired for producing or containing the undulator field which
become a source of unwanted wakefields when aiming for
compact setups.

In Traveling-Wave Thomson-Scattering the interaction
distances needed to drive the FEL process until saturation
are achieved in two steps. First, by choosing a side-scattering
geometry, where laser and electron direction of propagation
enclose the interaction angle ¢. Second, by tilting the laser
pulse-front by half of the interaction angle ayg; = ¢/2 for
full spatial overlap of the electron bunch with the laser pulse
during the entire interaction (Fig. 1). Thereby, the maximum
number of undulator periods experienced by the electrons
becomes independent of the laser pulse duration which is
the limit for head-on Thomson scattering [6,7]. With TWTS
the interaction distance is limited by the laser pulse width
and thus by the available laser power.

The variability of TWTS with respect to the interaction
angle ¢ gives control over the scattered wavelength ArgL
independent of the available electron energy E, = yomc?
and the laser wavelength A¢:

Ao(1 +a/2)
2y2(1 - Bocos ¢)

where f is the electron velocity normalized to the speed
of light. Depending on the peak intensity Iy of the laser, an
additional redshift in the scattered wavelength is induced
through the laser strength parameter ag = 19V1Ip/13.7 GW.
TWTS furthermore gives control over the bandwidth of the
scattered radiation through the laser pulse width wg, which
determines the number of undulator periods N, experienced
by the electrons.
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This possibility makes TWTS interesting for applications
where a defined bandwidth is required.

The realization of a TWTS-OFEL requires dispersion con-
trolled laser pulses. Dispersion compensation is needed due
to the generation of the required pulse-front tilt in TWTS
with an optical grating, which also causes the frequencies in
the laser pulse to travel in different directions leading to laser
pulse lengthening. This lengthening can become severe thus
inhibiting high-gain in the FEL process. Dispersion com-
pensation can be accomplished with an additional grating
setup before the pulse-front tilting grating [1, 3].

For the first time, a fully analytic, three-dimensional de-
scription of TWTS laser pulses has been developed that
allows for optimum control of dispersion to all orders. With
this essential ingredient, we could prove that the electron
and radiation field dynamics in the TWTS undulator are
identical to the the dynamics in a standard magnetic FEL [3].
This work thus goes well beyond previous OFEL models
using TWTS scattering geometries [8—10] as it can provide
scaling laws for electron and laser beam requirements that
allow to find suitable parameters for OFEL operation.

The TWTS-OFEL pendulum and radiation field equations
for the electron phase 6 in the ponderomotive wave, the
scaled electron energy p, the scaled radiation field amplitude
« and the radiation field phase Y are

do; dp;

E:pj E:Zacos(9j+'1')
d dr 1
S8 (cos(@+T) = —— (sin(@+ D) .
dr dr a

Where time is measured in gain periods 7 = ct/Lg V3, pj =
(Yo — vj)/pyo and (-) is an average over all the electrons
in the bunch. The radiation field amplitude « is scaled to
reflect the ratio of the radiated power P to the electron beam
power P, = ygmczl/e and is given by a? = P/pP.. When
saturation is reached after roughly 16 gain lengths Lg, the
scaled radiation field amplitude becomes @ ~ 1 and thus
the radiated power can be approximated with P ~ pP,. The
power gain length of the TWTS-OFEL is

¢ 471\/5(1 — Bocos@)p |

which is similar to standard magnetic FELs with the only
difference arising from the effective undulator period 4, =
Ao/ (1 — Bo cos ¢) experienced by the electrons due to the
side-scattering geometry. The corresponding Pierce param-
eter of the TWTS-OFEL also takes the same form as in a
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Figure 1: Traveling-Wave Thomson-Scattering (TWTS) utilizes pulse-front tilted high-power laser pulses to maximize the
interaction distance in the scattering of relativistic electrons. The pulse-front tilt angle is chosen to provide continuous
spatial overlap of the laser pulse with the electrons during the interaction. In this way, the possible interaction distance
becomes independent of the laser pulse duration and is instead only limited by the laser pulse width and thus by the available
laser power. The interaction distances achieved are suitable for the realization of an optical free-electron laser (OFEL).

magnetic undulator
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with the electron beam peak current /, the electron beam
rms cross-sectional radius o, the Bessel function factor
f = [Jo(x) = Ji(Y)] with x = aj/(2+a) and the Alfvén
current I = 4ﬂ80mc3/e ~ 17kA.

The essential scaling laws for the electron and laser beam
requirements to realize a TWTS-OFEL are

Ay

1/3,2/3
— < pxy, A (L
Y0 0 FEL
1/3 ,2/3 11/2
ex < oe\2p e [y pn | @)
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PL[TW] = 34.29 x 10—3@1—2%t sing. 4)
0

These are deduced from the FEL gain bandwidth
AApeL/AreL = 2p together with the expression for the scat-
tered FEL wavelength Agg [3].

The first requirement (1) gives an upper limit on the elec-
tron beam energy spread Ay /yo. This limit ensures that all
electrons are radiating within the gain bandwidth. Its scaling
proportional to yé/ 3/112:]/51 shows that the maximum allowed
electron energy spread becomes smaller when aiming for
more compact setups, i. e. the chosen target wavelength re-
mains constant but the undulator period and electron en-
ergy is reduced. This is a general property of compact FEL
schemes and not unique to TWTS. The smaller the undulator
period and the required energy becomes for a given target
wavelength, the more the quality of the electron beam has to
be increased, since with less electron energy less radiation
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is produced and sufficient gain is only achieved when the
scattering bandwidth becomes smaller.

The second requirement (2) takes broadening of the band-
width due to divergence of the electron beam into account.
Electrons propagating under an angle to the central orbit of
the electron bunch radiate at a different wavelength due to
a different undulator period in this direction and a different
observation angle of the radiation [11]. The result is an
upper limit on the normalized electron beam emittance €.

Moreover, an increase in emittance causes a defocusing
of the electron beam during the interaction, resulting in
a reduced spatial overlap between the electron and laser
pulse, thereby degrading the gain. The third requirement (3)
ensures optimum spatial overlap and sets another limit on
the normalized electron beam emittance.

The required laser power Pp, for full spatial overlap of
electron and laser pulse is given in (4).

Comparing the two emittance requirements and the re-
quired laser power, it becomes clear that the interaction angle
can be used to minimize the requirements on the electron
beam parameters while trying to stay close to an available
laser system. This minimization requires either the electron
energy or the target wavelength to be chosen while the other
one remains free. The first of these two options represents
an optimization strategy for a proof-of-principle experiment
at an existing facility and the second option corresponds to
a dedicated design of a new light source. For most experi-
mental realizations, the emittance criterion will however be
the toughest requirement to meet.

The combination of laser wakefield acceleration (LWFA)
of electrons and a laser undulator allows for ultra-compact
all-optical FELs. Additionaly, the experimental realization
of a TWTS-OFEL with LWFA electrons offers inherent
synchronization of electrons and laser pulse when using the
same laser as the driver of the electron source and the optical
undulator.
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Table 1: An all-optical TWTS free-electron laser exam-
ple scenario using LWFA electrons in comparison to the
LCLS conventional magnetic FEL. The laser wavelength
is 49 = 1 um and the electron rms cross-sectional radius
e =11pm.

Parameter TWTS-OFEL LCLS
Resonant Wavelength [A] 1.5 1.5
Interaction angle [°] 5 -
Undulator period [mm] 0.26 30.0
Electron energy [GeV] 0.46 13.6

Peak current [kA] 5 3.5

Norm. emittance [mm mrad] 0.24 0.5
Rel. energy spread 0.02 % 0.01 %
Undulator parameter ag or K 0.2 3.5
Laser power [PW] 1.1 -
Gain length [m] 0.05 3.5
Interaction distance [m] 0.8 132
Peak X-ray power [GW] 0.5 40

Currently, LWFA experiments do not yet reach the re-
quired relative energy spreads and shot-to-shot stability in
combination with bunch charges of at least 10 pC. Relative
energy spreads are at the moment at a percent level [12—14]
but improvements are expected from approaches allowing
better control of the injection process, such as colliding pulse
schemes [15] or ionization injection [16].

Despite these current limitations, LWFA provides for nor-
malized emittances down to 0.1 mm mrad [17-21] and high
peak currents of several kA resulting from the ultra-short
electron bunch durations of a few fs [22-25]. Thus LWFA
is an ideal source for driving TWTS-OFELSs, as electron
energies of a few hundred MeV to GeV needed for operation
of an X-ray light source have been shown repeatedly [26,27].

An example scenario of an all-optical TWTS free-electron
laser radiating at 1.5 A wavelength is given in table 1 and
compared to the Linac Coherent Light Source (LCLS) [4].
The comparison shows that an all optical TWTS-OFEL radi-
ating at the same wavelength can be realized with an order of
magnitude smaller electron energy of 460 MeV and within
a two orders of magnitude smaller interaction distance of
78 cm. Numerical integration of the electron and radiation
field equations shows that the radiated power saturates after
this distance at about 500 MW (Fig. 2).

To conclude, with Traveling-Wave Thomson-Scattering
(TWTS) optical free-electron lasers can be realized. A
TWTS-OFEL operated in the X-ray range with state of the
art laser systems requires electron sources providing high
quality electron beams with very low emittances. This is
a general characteristic of compact FEL concepts and not
unique to TWTS-OFELs. However, with improving the field
quality and stability of existing petawatt laser sources, re-
strictions on the emittance can be loosened, paving the way
towards a realization of compact TWTS-OFELSs at existing
electron accelerator facilities.
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Figure 2: Gain curve of the all-optical TWTS free-electron
laser X-ray example from table 1 using LWFA electrons.
The increase in peak X-ray power during the interaction is
obtained from numerical integration of the TWTS-OFEL
pendulum and radiation field equations of motion. The ra-
diated power saturates at about 500 MW within an interac-
tion distance of 78 cm. The small undulator period of only
0.26 mm allows for such a short saturation distance. The
simulation used 1000 electrons with an initial relative en-
ergy spread of 0.02 % and a random distribution in initial
pondermotive wave phase in §; € [0,2r].

The presented example shows how an ultra-compact
TWTS-OFEL could be realized with a well controlled laser
wakefield accelerator. The combination of TWTS and laser
wakefield acceleration (LWFA) offers inherent synchroniza-
tion of laser and electron pulse and profits from the ultra-low
emittances and ultra-short electron bunch durations avail-
able with LWFA. These all-optical TWTS-OFELs would
provide “table-top” sources of high-brightness, spatially and
temporally coherent X-ray radiation pulses with femtosec-
ond pulse durations that could be used to resolve ultra-fast
processes at atomic scales in solid-density materials.
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