phy5|c§“

ha Open Research of 1

This is the accepted manuscript made available via CHORUS, the article has been
published as:

High-Gain Thompson-Scattering X-Ray Free-Electron Laser
by Time-Synchronic Laterally Tilted Optical Wave
Chao Chang, Chuanxiang Tang, and Juhao Wu
Phys. Rev. Lett. 110, 064802 — Published 5 February 2013
DOI: 10.1103/PhysRevlLett.110.064802


http://dx.doi.org/10.1103/PhysRevLett.110.064802

High-gain Thompson scattering X-ray Free Electron Laser by time-synchronic
laterally tilted optical waves

Chao Chang,! Chuanxiang Tang,? and Juhao Wu*!

1SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94309, USA
2 Department of Engineering Physics, Tsinghua University, Beijing 100084, People’s Republic of China

A novel approach to generate coherent X-rays with 10 — 10'° photons and femtoseconds duration
per laser pulse is proposed. This high intensity X-ray source is realized first by the pulse front
tilt of lateral fed laser to extend the electron-laser synchronic interaction time by several orders,
which accomplishes the high-gain Free-Electron-Laser-type exponential growth process and coherent
emission with highly microbunched electron beam. Secondary, two methods are presented to enhance
the effective optical undulator strength parameter. One is to invoke lenses to focus two counter-
propagating lasers which are at normal incidence to the electron beam as a transverse standing
wave; the other is to invent a periodic microstructure which can significantly enhance the center
electromagnetic field realized by resonant standing wave and the quadrupole waveguides. The energy
coupling efficiency between the electron beam and laser is therefore greatly improved to generate
the high brightness X-rays, which is demonstrated by analytical and simulation results.

PACS numbers: 41.60.Cr, 42.25.Kb

Free-electron lasers (FEL) are the most powerful X-
ray radiation sources to support many frontier researches;
however, the large-scale magnetic undulator and RF elec-
tron accelerator limit only a few sources existed world-
wide [1]. The optical undulator and laser-plasma acceler-
ators on the other hand, may provide the potential to sig-
nificantly reduce the size and cost of these X-ray sources
to the university-laboratory scale [2-5].

For a nonlinear relativistic Thompson Scattering [6],
the magnetic and electric fields of the light have the same
effect on the electron motion, and electrons emit X-ray
photons through the relativistic motion [7, 8]. The opti-
cal wave in the nonlinear Thompson Scattering serves as
an electromagnetic undulator [9], whose periods are sev-
eral orders-of-magnitude shorter than the conventional
undulator with alternating static magnetic field used for
synchrotron radiation or FEL. There are various applica-
tions of such Thompson/Compton X-ray sources includ-
ing measurement of the plasma parameters in Z-pinch
[10] and energy and energy spread of electron beam [11],
imaging of atomic-scale spatial resolution [12], and bio-
logical and medical diagnostic systems.

The conventional method for Thompson Scattering us-
ing counter-propagating laser with electron beam has
confronted bottleneck: the highest yield of X-ray flux
was reported about 2 x 107 photons with several picosec-
onds duration [13]. The reason is that the interaction
time for the close-to-speed-of-light electron beam and the
counter-propagating laser mainly depends on the laser
pulse duration. Thus, a long laser pulse is naturally de-
manded. For instance, in order to realize FEL in an
optical undulator with a 10-20 gain length, i.e. about
3 cm long, an ultra-long 200 ps and ultra-intense Ter-
awatt counter-propagating laser pulse is needed, which is
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hardly to realize. For a laser co-propagating with beam,
the electric force and magnetic force on the relativistic
electron cancel with each other, leading to a very low net
field strength. Consequently, only incoherent or weak co-
herent radiation is emitted. In order to decrease the gain
length and enhance the X-ray yield, increasing the beam
current or decreasing the electron energy is proposed. For
instance, electron beams with peak current 20 kA, low
energy 30 MeV, emittance 0.3 mmm-mrad, and relative
energy spread 0.4 % were proposed [14]; however, there
is still no experimental demonstration on generating such
an ultrahigh current and low energy beam. In Ref. [15],
an electron beam of low energy 5.88 MeV, current 0.5 kA,
and relative energy spread of 0.01 % is needed to interact
with a Terawatt laser of 1 um transverse spot size and
20 ps pulse duration to generate 0.3 MW X-ray. Conse-
quently, how to realize 10® photons with femto-seconds
duration in a single laser pulse is still a critical problem.
In this letter, novel methods to significantly increase the
coherent X-ray numbers by several orders with several
femto-seconds duration are proposed, which may finally
realize a table-top X-ray FEL envisioned by Ref. [16].

In our first method, after focused by cylindrical lenses,
two counter-propagating laser pulses with the equal am-
plitude, same vertical electric polarization £, and iden-
tical phase are at normal incidence to the electron-beam
channel, as illustrated in Fig. 1. A standing wave along
the optical propagation of z-direction is formed, which
has a total y-polarized (pointing outward from the page)
electric field with the expression of 2E, ,,,(x, z) cos(wt +
¢) cos(kx), where w, k, Ey, n(x,2), ¢ are respectively the
angular frequency, the wave number, the amplitude, and
the injection phase of the laser; and the z-polarized mag-
netic field is parallel to the beam motion. The field ampli-
tude of the standing wave at the central plane is strength-
ened because of the focus effect of the cylindrical lenses.
Thus, at the central plane x = 0 of the beam chan-
nel, electrons undergo an intense transverse electric force



2eE, (0, z) cos(wt + ¢) and a negligible magnetic force.
In this configuration, the undulator period is A, = A, as
compared to A, = A\/2 for a backward wave.
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FIG. 1: Time-synchronic interaction of electrons with
pulse front tilted lasers: (a) top view; (b) side view.

The time-synchronic interaction of the beam and waves
is realized by the pulse front tilt, which is created by us-
ing an optical diffractive grating element with angular
dispersion, as illustrated in Fig. 1(a), where v is the tilt
angle between the pulse front and the phase front. The
pulses still have their phase front perpendicular to the
propagation direction [17-19], but the arrival time of the
laser pulse at interaction area is synchronously delayed
with the electron beam flying. It is illustrated in Fig. 2
that electron beam moves along z-axis, while the normal-
incident laser propagates in z-direction. The three num-
bers are the propagation of beam and laser in order of
time precedences: beam at the left top of the laser pulse,
beam at center, and beam at the right bottom. It is im-
plied that the beam always moves inside a diagonal area
of the rectangular pulse shape. Consequently, a tilted
pulse is equivalent to a full rectangular pulse as seen by
the beam. Therefore, the interaction length can extend
to the entire transverse width of the laser pulse, which
is on the order of several centimeters, long enough to re-
alize the FEL exponential growth process, leading to a
significantly enhanced coherent radiation.

It should be emphasized that the synchronization be-
tween the laser and beam is realized by using pulse
front tilt, whose technology has been used in precise
synchronization of fast electron diffraction [17, 20]. In
our methods, the two lateral lasers could come from
the split of a single laser after a single grating struc-
ture to avoid the timing jitter between lasers. More-
over, sub-100 attoseconds timing jitter between multi-
ple optical pulse trains have been stably generated from
mode-locked lasers [21, 22]. The synchronization between
the remote optical pulse trains and microwave signal has
achieved the rms timing jitter within 1 femtosecond [23],
beneficial for synchronization between laser with beam
[24]. Moreover, if the laser power is sufficient high, a sin-
gle laser as a lateral traveling wave could avoid the time
jitter and realize a more uniform K distribution, while
the basic scheme of the synchronous interaction of beam
and laser keeps the same with the standing wave case.

The necessary pulse front tilt « is determined by the
incidence angle o between the laser and highly relativistic
beam [17]: v = 7/2 — arctan|[cot(a/2)]. For a normal

incidence a = 7/2, tilt angle is v = 7/4, which can be
created by an angular dispersion de/dA from a diffractive
grating satisfying [18, 19], v = arctan[Ao(de/dA)]. The
angular dispersion de/d) is calculated from the groove
spacing d and the incidence angle # between the laser
and the grating [17], e(\) = arcsin[A/d — sin(6)]. For
Ao = 10 pm and 6 = 45°, a grating of 97 grooves per
millimeter is demanded.

The dimensionless strength parameter K =
eBeg Ay /(2mmc), where the equivalent magnetic field
Bet = 2E, 1 /c; or we can write K = 2eE, ,\/(2mmc?)
for the undulator period A\, = A. The peak field at the
grating elements is limited by its breakdown thresholds,
which is about 2 J/cm? for an ultra-short laser pulse
with 7 < 1 ps [25] for the commercial high power
gratings. The cylindrical lenses located between the
grating structure and interaction area further enhance
the peak field by focusing the transverse size, while
keeping the synchronously delayed time of the laser with
the electrons. Thus, K reaches 1 to 2 for laser with
wavelength 10 pm at the vacuum interaction area.

The influence of laser intensity on the resonant wave-
length is important, by aspheric lens pairs, the trans-
verse intensity profile of laser can be transformed from
a Gaussian beam to a flat-top beam, whose field E, ,, is
illustrated in Fig. 2 (b), and the rms flatness of power
intensity for the flat-top has been improved to 0.23 %
[26]. Because of the relation AP/P = 2AFE/E, the rms
flatness of electric field has reached 0.12 %.
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FIG. 2: (a) Equivalence of the tilted pulse and a full
rectangular pulse; (b) side view of the flat-top laser.

FIG. 3: The 3D view of the periodic microstructure for
the interaction of electrons and bi-laterally fed lasers
with pulse front tilt; the vacuum channel width W, and
the height H, and width W for the silicon waveguide.

The second method for enhancing the central electro-



magnetic field is to design a microstructure, including
a central electron-beam vacuum channel and periodic-
quadrupole dielectric waveguides, which have periodi-
cally varying index of refraction (silicon and vacuum)
along the channel. Full-wave 3-D electromagnetic simula-
tion HFSS software [27] is used to study the microstruc-
ture. Two optical plane waves at normal incidence to
the beam channel with the equal amplitude, same polar-
ization and identical phase are oppositely and laterally
coupled into this optical structure, as illustrated in Fig.
3. The polarized electric fields E, are perpendicular to
the central Z axis of the channel. When the two incident
waves arrive at the central vertical Y Z plane, the elec-
tric fields with the same polarization and identical phase
form a resonant standing wave, leading to a significant
enhanced amplitude, and the central Y Z plane is equiv-
alent to a magnetic boundary by symmetry. In order to
further strengthen the central field, a quasi-quadrupole
structure shown in Fig. 3 is designed, where the bi-lateral
lasers are guided and propagated in the bi-lateral upper
and lower waveguides, which are separated by a substrate
layer. The incident phases in the ipsilateral upper and
lower waveguides are the same so that the y-directional
polarized electric field adds, and there is the strongest
field at the center of the quadrupole aperture, as illus-
trated in Fig. 4. By symmetry, the horizontal X Z plane
is equivalent to an electric boundary. The crystalline sil-
icon with high index of refraction is selected as the ma-
terial of the dielectric waveguides, SiO2 or sapphire with
lower refractive index is applied as the substrates.

(a)

FIG. 4: (a) The complex magnitude field in the quarter
of the quadrupole structure. (b) Snapshot of the
electric field vector on the central vertical plane.

Electron beams fly towards +Z direction.

By adjusting the periodic incident phases of the optical
waves, a nonzero phase difference A¢ between the adja-
cent waveguides along Z-direction is generated, which re-
sults in a traveling wave along the central channel, a -11
dB reflection loss of incident wave, and its snapshot elec-
tric field are illustrated as Fig. 4. When the flying direc-
tion is opposite to the energy flow, relativistic electrons
meet a backward wave, and undergo the sum of electric
and magnetic forces. For a channel width W, ~ 1.3\,
the optimized center field distribution is shown as the red
curve in Fig. 5, which implies that the field is distinctly
strengthened with the ratio Ey ,,,/E,, ~ 1.7, correspond-
ing to a total force (Ey m + ¢Bym) ~ 3.4E,,.

In Ref. [28], an optical Bragg waveguide with an in-
ner diameter 0.2\ and a corresponding E, ,,,/E,, < 0.5
was proposed to enhance the X-ray brightness by two
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FIG. 5: The normalized complex magnitude of electric
field E,/E,, along the center line of the Si waveguide in
X direction (Green curves) and along the central line of

quadrupole channel in Z direction (Red curves) for
We =13\, Hs = 0.3\, Wy =0.19), Lo = 0.42),
A¢ =0.727, E,, is the peak field in the waveguide.

orders since the laser is guided and focused inside the
channel. As a comparison, the channel width 1.3\ and
Eym/Em ~ 1.7 for our structure are much better than
those in the Bragg waveguide. With regard to fabrica-
tion, a 3-D micro-structure with a 3 cm long and detailed
size ~ 1 pum has been demonstrated since 1996 [29].

The rms opening angle o of the forward cone of X-ray
radiation for undulator periods N = 5000, rms K = 1,
and v = 100 is ¢ = 1.5 x 10~ rad [30], the transverse
width of the radiation cone oL ~ 4.5 ym for L = 3 cm,
smaller than the half channel width. Thus, the dielectric
channel walls do not influence the main X-ray radiation.

The beam quality has important influence on FEL
[31]. Laser-driven plasma accelerator could deliver high-
quality electron beams [32, 33]. Recently, the high-
brilliant beam was generated with peak current 10 kA,
normalized emittance of €,, = 0.3 — 0.4 rmm-mrad, beam
energy 125 MeV, charge 10 pC, and beam size 1 pm
[34]. By X-ray spectroscopy measurement, an ultra low
€n = 0.1 7mm-mrad was demonstrated with beam energy
450 MeV, and bunch radius 0.1 pm [35]. Since the beam
size 1 pm or even 0.1 pym is much smaller than the CO4
laser wavelength and laser transverse dimension, beam
mainly sees a uniform field; besides, the beam size could
be much smaller than the channel width 13 pm.

We model the above described process of method one
as an effective optical undulator. The electron bunch
has centroid energy 60 MeV, o, = 0.06, normalized emit-
tance of €, ;(,,) = 0.2 Tmm-mrad in both z- and y-plane,
and peak current I, = 3 kA. There is no focusing chan-
nel. The initial bunch transverse size is 04 ,) = 10 ym.
For this setup, the optical undulator period is A, = 10
pm, assuming a COq laser, and the effective undulator
rms parameter K = 1.5. With this set of parameters, the
FEL Pierce parameter is about p = 3.0 x 10~* [8, 12],
hence the saturation power at the end of exponential
growth is about 140 MW [36]. We double check this an-
alytical calculation against GENESIS simulation [37].The
GENESIS code has been demonstrated to be correct in



optical undulator, since the analytical theory [15] and
the code built for optical undulator [14, 38] were consis-
tent with the GENESIS simulation. The simulated FEL
power is shown as the red solid curve in Fig. 6; the an-
alytical power with gain length Lg = 0.7 mm [8, 12] is
the dashed red curve. With a total charge of 50 pC,
there are about 1.4 x 10! photons/pulse. By using MHz
repetition-rate lasers, this source has the capacity of gen-
erating high-repetitive X-ray photon of 106 to 1017/s.
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FIG. 6: Genesis simulation (solid red) of a 1 keV FEL

together with analytical results (dashed red) and that

(solid blue) of a 6.5 keV FEL together with analytical
results (dashed blue).

To compare the hard X-ray of 6.5 keV as reported in
Ref. [13], the centroid energy of electron bunch is 117
MeV, with the same other parameters and conditions as

those for the above 1 keV FEL case. The FEL Pierce
parameter is about p = 2.0 x 10~* [8, 12], hence the sat-
uration power is about 50 MW [36]. Similarly, the GEN-
ESIS simulated FEL power and analytical power with
Ls = 2.5 mm are shown as the solid and dashed blue
curves in Fig. 6, where a linear power growth is seen
after the exponential growth ceases. With a total charge
of 60 pC, there are about 1.0 x 10° photons with a 10 to
20 fs duration, in contrast to 2 x 107 photons in a 3.5 ps
pulse reported in Ref. [13].

Besides, if the quality of laser and beam does not sup-
port a high-gain FEL, for the spontaneous undulator ra-
diation, the total photon flux in the forward cone is pro-
portional to the square of the undulator periods N, and
the total flux in the opening angle is proportional to N
[30]. Thus, the proposed lateral tilted lasers could sig-
nificantly improve the total X-ray flux by extending the
number of undulator periods in several orders.

To restate, by invoking two pulse front tilted lat-
eral lasers, high-gain exponential growth is made pos-
sible to generate FEL-type X-ray source via Thomp-
son Scattering. The critical improvement is lengthen-
ing the electron-laser synchronic interaction time by sev-
eral orders; cylinder lenses or periodic micro-structure
are adopted to enhance the central electric field, realizing
the high photon number 10° to 10'° with femtoseconds
duration, and the brightness enhanced by 4 to 5 orders.
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