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Owing to the rapid progress in laser technology, very high-contrast femtosecond laser pulses of relativistic
intensities have become available. These pulses allow for interaction with microstructured solid-density
plasma without destroying the structure by parasitic prepulses. This opens a new realm of possibilities for laser
interaction with micro- and nanoscale photonic materials at relativistic intensities. Here we demonstrate, for
the first time, that when coupled with a readily available 1.8 J laser, a microplasma waveguide (MPW) may
serve as a novel compact x-ray source. Electrons are extracted from the walls and form a dense helical bunch
inside the channel. These electrons are efficiently accelerated and wiggled by the waveguide modes in the
MPW, which results in a bright, well-collimated emission of hard x rays in the range of 1 ~ 100 keV.
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During the last decade, the research on high-brightness
compact x-ray sources has made significant progress while
being motivated by many applications in fundamental
science, industry, and medicine. Synchrotrons [1,2] and
free-electron lasers [3,4] can now produce x-ray beams with
unprecedented photon flux and brilliance. These large
facilities are excellent x-ray sources being booked by a large
community of international users. However, these are unique,
expensive, and large-scale devices. In parallel—as an alter-
native approach—interest in laser-plasma based sources of
secondary radiation is growing constantly [5—8]. The recent
progress in laser technologies and laser-plasma acceleration
has enabled the development of a compact all-optical
Compton source of hard photons [9,10] or a laser-plasma
synchrotronlike source [ 11-14]. Laser beams with intensities
of 10*! W/cm? are readily available at several facilities
worldwide [15-18]. The interaction of these ultraintense
laser pulses with matter accesses unexplored experimental
regimes, ushering in advances in x-ray sources.

For laser-plasma x-ray sources, previous studies have
mainly been focused on radiation from electrons generated
by laser-driven wakefield accelerators (LWFAs) [19] or
hot electrons produced in laser-foil interactions [20-24].
However, the total charge of the electron bunches produced in
LWFAs is relatively low owing to the underdense plasma
required, which limits the photon yield. On the other hand, in
the laser-foil interaction, a high laser-to-photon conversion
efficiency (> 1%) can be achieved for a PW laser pulse [24],
but the typical radiation divergence is several tens of degrees,
making it unsuitable for many applications. Recently, the
focus has shifted towards using high contrast laser coupling
with structured targets with the aim of increasing laser
absorption and the subsequent energy conversion in the
secondary radiation [25-27]. With recent advances in laser
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pulse cleaning techniques, laser peak-to-pedestal contrast
ratios higher than 10'° have been achieved using the cross-
polarized wave generation (XPW) technique [28], which
allows for interaction with fine plasma structures such as
nanoparticles [29], snowfakes [30], and microplasma wave-
guides (MPWs) [31]. It has been shown that spatially periodic
electron beams with attosecond duration and an over-critical
density can be acquired from an intense laser pulse interacting
with a MPW [31-33]. These electrons are extracted from the
boundary by an intense laser pulse, and accelerated forward
via the longitudinal component of the electric field that
arises from transverse magnetic (TM) modes [34,35].
Simultaneously, the intrinsic asymmetric transverse fields
of the waveguide modes provide efficient wiggling as the
superluminal phase overtakes the electrons. Hence, these
ultrashort dense energetic electron bunches have the potential
to be an excellent source for x-ray emission.

The sketch of our simulation setup is shown in Fig. 1(a). A
circularly polarized laser enters the MPW from the left side,
the electrons from the skin layer of the channel boundary are
extracted into the channel, forming a helical bunch. Electrons
with proper phase can be accelerated with a peak acceleration
gradientof 4 TV /m as shown in Figs. 1(b) and 1(c). The map
of longitudinal fields in the MPW [Figs. 1(b)-1(d)] shows an
interference between different optical modes excited in the
MPW, which overtake the accelerating electron bunches
and wiggle them efficiently. As a result, bright synchrotron
radiation is generated in forward direction [Fig. 1(e)]. The
waveguide modes slowly separate from each other owing to
the different group velocities, some pure high order mode
patterns are observed in the rear of the simulation box behind
the main laser pulse as shown in Fig. 1(d). Although a similar
geometrical setup has been proposed by Bulanov et al
[36,37], the underlying physical processes are completely
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FIG. 1. (a) Sketch of x-ray production
by laser interaction with a MPW. When a
circularly polarized laser (blue-red se-
quence in the middle) propagates inside
a MPW (white cylinder and blue wire-
frame), it extracts electrons out of the
walls. These electrons form a helical
bunch, which oscillates in the laser field
and emits x-ray photons (orange block).
The longitudinal electric fields of optical
modes excited in the MPW are shown at
three cross sections: middle slice (b), right

¢ @ & 05 Q" slice (c), and left slice (d) at t = 50T, The

S e O] ; | l go colorbar in (a) presents the electron energy

ot '5-:‘ o6 NG at this time. The electron positions at cross

_________ of £% 3 1o §, sections (b) and (c) are shown by black

™ Q" dots. On the slice (d), we have shown the

- i e 23 3 longitudinal electric field and magnetic
T Zz . B, S P field (inset) observed behind the main
a 6 3 0 3 6 N pulse, where some high-order optical

y x (’1) mode patterns can be seen. (e) Typical

different. In the present work, the x-ray emission results from
the electron oscillation in superluminal modes, while in
Refs. [36,37], the underlying mechanism is the multiple
reflection of the laser pulse by relativistic oscillation mirrors
(ROMs) [38,39]. Moreover, since the radiation frequency is
limited by the density of the channel boundary in the
proposed mechanism by Bulanov et al., it is unlikely to
produce hard x-ray photons beyond 1 keV as discussed in the
remainder of this work.

Keeping in mind the possible applications [40—44] of
hard x-ray photons, we focus on the angular distribution of
radiation and its spectrum, along with the x-ray generation
efficiency. We carried out 3D particle-in-cell (PIC) simu-
lations with the code VLPL [45] to explore the electron
dynamics and the synchrotron radiation in the MPW, where a
moderately high-intensity Gaussian laser beam with tempo-
ral FWHM duration 15 fs, focus spot 3.54 (4 = 0.8 um is
the laser wavelength) is employed to drive the MPW x-ray
source. The normalized amplitude of the laser is ay =
eEy/m,cwy, = 15 (intensity ~10?° W/cm?), where E, is
the amplitude of the laser, m, is the mass of an electron, e is
the unit charge, and o) is the laser frequency. The dimensions
of the simulation box are x x y X z = 124y x 124y x 204,
and are sampled by 300 x 300 x 1000 cells with 3 particles
in each cell. The time step is dt = 0.016T,, where T, =
2.67 fs is the laser cycle. The MPW has a density of ny =
10n, (n, = m,w3/4xe* is the critical density), an inner
radius of Ry = 54, and longitudinal length of 400 um. It
should be noted although the density of the MPW is limited
by computational efficiency, in real experiments, the laser

radiation pattern and divergence. Here 6 is
the angle between the emission and laser
propagation direction. The laser pulse has
the wavelength 1y = 800 nm, the pulse
energy is 1.8] and the duration is 15 fs.
The MPW radius is 4 um.

can hardly penetrate into the area with n > 10n, due to finite
density gradients. In addition, the short-wavelength electro-
magnetic emission is calculated following the approach of
classical synchrotron radiation as elucidated in Ref. [8],
which has been implemented in PIC codes [46], and
demonstrated in several recent experiments [47,48].

Figure 2(a) presents the dependence of radiation intensity
on emission angle and photon energy. By integrating over the
photon energy, one obtains the dependence of the radiation
intensity on the emission angle, as presented by the blue
curve in Fig. 2(b). Obviously, the x rays are dominantly in the
forward direction, most of the x-ray photons are concentrated
in the range of 0-20 mrad, and the radiation intensity
decreases rapidly as the observation angle increases beyond
20 mrad. The root mean square (RMS) opening angle is
Orms = 17 mrad. Similarly, the red curve in Fig. 2(c) is
obtained by integrating the angle dependence in Fig. 2(a),
which shows the photon energy spectrum. One can see a
broad frequency band covering the total range from soft x
rays to hard x rays, with a center frequency around 20 keV.

Figure 2(d) presents the photon yield and radiation energy
plotted against the propagation distance; a linear growth is
observed up to 1504, which then turns to saturation slowly.
The total photon yieldis 3 x 10'* /shot. Taking a divergence
of 17 x 17 mrad®, spot size 16z ym?, and x-ray pulse
duration ~15 fs (equal to the duration of laser pulse), the
peak brilliance is 1.4 x 10>} photons/s/mm?/mrad?/0.1%
bandwidth, comparable to or even greater than state-of-the-
art third-generation synchrotron sources. Consider one of the
most brilliant x-ray sources, PETRAIII [1] for example. In
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FIG. 2. (a) Angular dependence of the emitted photon energy,
and dependence of radiation intensity on (b) angle and (c) photon
energy. (d) Total photon yield and radiation energy. Here, 0 is the
same as in Fig. 1(e).

the energy range of 50-150 keV, the photon flux generated is
10'3 photons/s/0.1% bandwidth. With an extremely low
horizontal emittance (~1 nmrad), the brilliance attained is
10%° photons/s/mm?/mrad®/0.1% bandwidth, which is 3
orders of magnitudes lower than of the proposed MPW x-ray
source. The total radiated energy is 0.09 mlJ, while the
incident laser energy is about 1.8 J in the simulation,
which results in a reasonable laser-to-photon conversation
efficiency of 5 x 1073,

In order to obtain a deeper insight into the radiation
mechanism, we now analyze the electron dynamics in
MPWs. Owing to the axially symmetric structure, we
consider the cylindrical coordinate system (z, r, ¢),
choosing the z axis as the axis of symmetry of the
cylindrical MPW; the laser propagates towards the —+z
direction. The electric and magnetic fields in a MPW can be
expressed in terms of two Hertz potentials I1¢ and I1* [49]:

82He . 82Hh
EZ - 6Z2 +k2H N HZ :8—Zz+kznh, (1)
OMIe . 1011 oM Y 1011¢ 2)
=————iouy——— =———+iweyg——,
r=ozor Hy op’ " 0z0r Y
1 0%11° on’ 16°11" on1e
E = 1 H N -
P) raza¢+la)ﬂo o Ho r 9200 iweg—~ (3)
where

I¢(z,r, ) = Zaﬁ]n(Tmr) sin(ng)e % +c.c., (4)

" (z,r,¢) = Zaﬁ],,(Tmr) cos(ng)e=*k* +c.c.  (5)
n,m

Here, €, and u, are the permittivity and permeability of

vacuum, a® and a are coefficients determined by the

incident laser amplitude, k., is the longitudinal wave number,

T, = \/k* —k* = x,,/R, is the transverse wave number,
and x,, is the mth root of the eigenvalue equation [49]

A(n)[B(n) = 2C(n)] + % C(mK(n) =0,  (6)

where
A(n) = J(n) + K(n), (7)
B = A + 2 [0/ - K] )
C(n) = n/x*+n/y?, 9)
0= K= o
mmy:V@E%@SfﬁJﬂmmmm%mmmmmﬁ

the first kind, K, (y) is the modified Bessel function of the
second kind. Since the dominant modes in the MPW are
TM;; and TE;, in the following we only take these two
modes into consideration for simplicity. A brief discussion
about the multimode effect will be given after the underlying
physics features are addressed. In this case, the amplitude of
Hertz potential in Eqs. (4) and (5) can be obtained
by a¢ = \/uo/€pd! =\ 2agm,caekT.

Since the electron energy plays a key role in the
radiation, the acceleration procedure should be discussed
first. The energy gain of electrons within the right phase
[see Figs. 1(b) and 1(c)] can be calculated as
27[2R0a0 2

m,c*, (11)

Emax X eE L, ~ 1o
where E,~ TE,/2k is the average longitudinal electric
field due to the TM;, mode, L, =4z’R3/x3)y is the
dephasing distance. By numerically solving Eq. (6), one
obtains x; = 2.5. So the phase velocity and dephasing
distance for the TM; mode is wv,~ 1.0032¢ and
L, = 1504, respectively. The maximum energy attained
is €pax & 300 MeV, which agrees with our simulation as
shown in Fig. 3. Since the electron bunches ejected into the
MPW are overdense [32], the total charge generated is as
high as 2.4 nC, which could extract significant energy from
the laser pulse in the 400-ym interaction and result in a
yield of abundant x-ray photons.

Because the critical frequency of synchrotron radiation is
proportional to y>F | , the energy attained allows the electrons
to radiate at high frequency in the x-ray domain. Meanwhile,
in order to study the radiation features, one should also take
into account the transverse fields in the MPW,

292
\/Emecwoaoxlﬂo

: ,—ik,
872K Jo(Tyr)ie™™ +c.c..

Fi+Fyr
(12)

where we have assumed that the electron velocity is close to
the speed of light (f ~ 1) and that the electromagnetic wave
propagates mainly along the z axis, i.e., T;/k < 1.
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FIG. 3. The electron energy spectrums at different times.

Equations (12) indicate that the optical modes excited in
a MPW exert a net transverse force on the ultrarelativistic
copropagating electrons. The asymmetry in the transverse
electric and magnetic fields arises from the transverse
component of the wave number 7';, which induces partial
electric (or magnetic) field coupling in the longitudinal
direction via reflection by the channel wall. Since the
radiation power scales with the square of the transverse
force (P o y>F?), this asymmetric structure of the wave-
guide modes greatly enhances photon emission. Figure 4(a)
presents the dependance of radiation power on the laser
amplitude a,, which shows a rapid growth as a increases.

When an electron oscillates in an optical mode described
by Egs. (12), the critical frequency is determined by the
Lorentz factor of the electron and amplitude of the
oscillating transverse field, i.e.,

_ 3V2Pa125a0

3\/571'2&8
W, = ~ ,
167[2R%

@ 16 0-

(13)

Equation (13) allows us to estimate the emitted photon
energy. By taking ag = 15, Ry = 54, the average Lorentz
factor 7 & ymax/2 ~ 300, we obtain the critical frequency
hw. = 15 keV, which agrees well with our PIC simulations
as seen in Figs. 2(a) and 2(c). The average photon energy
(total radiation energy divided by photon yield) is plotted as a
function of laser amplitude a, for a fixed channel radius R, =
54y inFig. 4(a). Itis shown that the numerical observation can
be fitted by cube scaling, as suggested by Eq. (13).

The divergence of the radiation is determined by the
maximum angle between the electron velocity and propa-
gation axis. The highly collimated photon beam can be
attributed to the relatively small transverse wiggling force
in a MPW [~0.01¢E, as suggested by Eq. (12)] and
sufficient acceleration can be attained. As the electrostatic
field in the MPW is eliminated by the magnetic field due to
the surface current [50], one can estimate the maximum

transverse displacement for a near axis electron
[Jo(T,r) =~ 1] by double integrating Eq. (12),
4+/27R}
o 2R (14

xtAo¥

Therefore, the maximum opening angle of the radiation
cone can be calculated as
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FIG. 4. Dependence of synchrotron radiation power (red
triangles), frequency (blue squares) and RMS opening angle
(black circles) on (a) laser amplitude and (b) channel radius. The
blue curve in (a) shows the g fitting of average photon energy,
and the black curve in (b) presents the 1/R fitting of divergence.

_ 277"rmax ~ \/§a0 ~ \/ix]j'o

v
/Iu Y 7T2R0

, (15)

where 1, ~ 87*R3/x3 is the wiggler spatial period.
Equation (15) provides an estimate of the maximum radiation
divergence of 70 mrad, which agrees with our numerical
observations in Fig. 2(b). Furthermore, Eq. (15) indicates for
a fixed MPW, the radiation divergence does not depend on
ag, which is confirmed by our PIC simulation as shown in
Fig. 4(a). Moreover, from Eq. (15), one can also obtain the
wiggler strength by [5] K = 7V ~ v/2a,.

Finally, we discuss the multimode effects in the MPW.
As a laser pulse propagates in the MPW, many modes are
excited simultaneously, and the electron motion is sub-
jected to the combined fields of these modes. Normally, the
energy proportion coupled into different modes is mainly
dependant on the MPW radius, which makes it an impor-
tant degree of freedom to adjust the radiation power and
photon energy. In addition, the phase front curvature and
nonsymmetric structure can also affect the coupling con-
ditions, a detailed discussion can be found in Refs. [51-54].

Typically, higher order modes produce a larger trans-
verse wiggling force as more energy is coupled into
longitudinal fields in these cases. Hence the critical
frequency and radiation power are enhanced if other
parameters remain the same. However, due to the difficulty
in obtaining the exact amplitudes and energy loss rate for
each optical mode in the MPW, one has to rely on PIC
simulations to study the effects induced by high-order
optical modes. As it can be seen in Fig. 4(b), the average
energy of synchrotron photons and radiation power remains
almost unchanged when Ry, is small and starts to grow with
R, when it exceeds 64, (laser amplitude is fixed at ay, = 15
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and the spot size varies proportional to the channel radius).
Simultaneously, the divergence of radiation departs from
the 1/R, scaling predicted by Eq. (15). This indicates the
excitation of higher optical modes so that the transverse
force cannot be estimated by considering the TM;; and
TE;; modes alone. Our numerical results show when
increasing the MPW radius, the radiation power is
enhanced, and the photon energy increases, while the
RMS opening angle decreases and saturates at around
15 mrad as presented in Fig. 4(b).

In conclusion, the interaction of electrons with electro-
magnetic modes in a MPW has been studied through 3D
PIC simulations and theoretical analysis. The proposed
novel mechanism has the potential to accelerate electrons to
several hundreds of MeV and efficiently wiggle them,
resulting in the emission of hard photons with high
brightness, broad bandwidth, and very low divergence.
The underlying physics is discovered, which can be
attributed to the fierce acceleration via the longitudinal
electric field of TM modes, as well as the asymmetric
structure of transverse optical mode components. We also
discussed the effects of high-order optical modes, which
have the ability to enhance the radiation power and photon
energy. These effects become increasingly important as the
channel radius increases. The emitted tunable brilliant x
rays and y rays have promising features and might have
diverse applications in imaging, medical treatment, isotope
production, following chemical processes, and nuclear
physics.
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