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Abstract. The feasibility of several novel ultrafast X-ray sources has been
demonstrated through the interaction between laser and a micro-structured target.
However, the resulting photon flux is still deficient for applications. Here, we proposed
a new method to yield high-flux synchrotron radiation by adopting a compact hollow
plasma waveguide. Linearly polarized laser pulses propagating in the waveguide are
mainly converted into the electromagnetic mode HE;; with a superluminal phase speed
of 1.02¢ when the pulse is coupled with the waveguide. The mode fields lead to a
strong oscillating force and a short oscillation period for energetic electrons, which
are accelerated via the longitudinal acceleration mechanism. Then, short X-ray pulses
are generated with high yield of 10'' — 10'2. The corresponding photon flux reaches
3.5 x 10%! photons/s - 0.1% bandwidth. High-flux source can be used for single shot
ultrafast imaging or the ultrafast X-ray diffraction and absorption studies.
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1. Introduction

High-energy radiation can be delivered by radioactive sources, X-ray tubes, and
Compton scattering sources based on conventional accelerators. Even though these
sources are widely used, they have limitations in terms of storage, pulse duration,
spectrum tunability, energy range, and source size. Hence, novel radiation sources
are being developed, e.g., betatron synchrotron radiation sources are generated in the
laser-driven wakefield electron acceleration (LWFA). Many theoretical and experimental
results have demonstrated the feasibility of these sources based on the LWFA [1,
2,3, 4,5, 6, 7,8, 9, 10]. However, their application in probing dense matter is
limited owing to a low energy efficiency and photon energy in the range of tens of
kiloelectronvolt. Meanwhile, it has been reported that a laser-ion channel (LIC) is also
used to produce a plasma wiggler with a considerably higher strength parameter than
the LWFA regime. This leads to an X-ray source that extends to much higher energies
than those achieved previously, with the benefits of brightness, short pulse duration, and
laser synchronization with other all-optical synchrotron sources [11, 12, 13, 14]. Even
a radiation source with flexible tunabilities can be realized based on an LIC [15, 16].
Usually, these radiation sources have large divergence in the LIC [12, 13].

The advancements in the laser and material science fields have made it possible
to overcome the above mentioned limitations. Recently, the feasibility of manipulating
high intensity laser beam has been demonstrated through a micro-structured target
(17, 18, 19, 20, 21]. Further, some synchrotron radiation sources based on the micro-
structured target also have been proposed directly [22, 23]. The emission of high-energy
(> 10 keV) photons attains a maximum conversion efficiency of approximately 10% at
1 x 102 W/cm? because a PW laser pulse is coupled into the nanowire target [22].
Moreover, the photon yield is found to be comparable with that achieved in a uniform
plasma of same average density; however, nanowire arrays provide efficient radiation
sources over a broader parameter range.

In this paper, we report a novel method to produce a brilliant synchrotron radiation
source from a compact hollow waveguide. Approximately 10 — 10'2 photons are
obtained in the waveguide of length 20pum. Through three-dimensional particle-in-
cell simulations, it is found that a linearly polarized laser pulse is mainly converted
to the electromagnetic mode HE;; with high phase speed inside the waveguide. The
electrsomagnetic mode traps and accelerates electrons to superponderomotive energies
through the longitudinal field components. The accelerated electrons are overtaken
by the transverse fields with the superluminal phase speed and wiggling with strong
transverse forces and short oscillation periods. As a result, an X-ray beam with high
flux and moderate divergence is produced. The typical photon flux of the synchrotron
radiation is 3.5 x 10%! photons/s - 0.1% bandwidth, and the corresponding spectral
brightness is 3.7 x 10?? photons/s - mrad? - mm? - 0.1% bandwidth with 100% energy
spread.

The remainder of this paper is organized as follows. In Sec.2, the mode conversion of
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Figure 1. Schematic of high-flux synchrotron radiation from a compact hollow
waveguide. Insets 1-3 represent the mode conversion of the laser fields. Therefore,
a considerable number of electrons are sufficiently accelerated by the longitudinal laser
fields. Then, they wiggle in the transverse fields and experience intense transverse
oscillations at the high phase speed. These oscillations of the energetic electrons tend
to generate high X-ray photon flux.

a linearly polarized pulse in the compact hollow waveguide is proposed and investigated
through three-dimensional particle-in-cell simulations. In Sec.3 and Sec.4, the radiation
properties and their tunabilities are discussed, respectively. Finally, Sec.5 concludes the

paper.

2. Propagation of a high intensity laser pulse in a compact hollow
waveguide

Figure.1 shows a schematic of high-flux synchrotron radiation from a compact hollow
waveguide. The compact hollow waveguide is likely to be produced by guiding a low-
level prepulse through a tube inside a photonic crystal fiber[24, 25]. A short pulse
with the intensity of 3 x 102° W /cm? is coupled into the waveguide, and the diameter is
comparable to the laser waist size. It is well known that the laser pulse cannot propagate
in the transverse electromagnetic mode inside the waveguide. Instead, as the subplots
1,2,3 in Fig.1 show, mode conversion into other electromagnetic modes is inevitable,
including the HE mode, EH mode, TE mode, TM mode, etc[26]. The conversion is
highly complicated and difficult to predict directly. Thus, to understand the underlying
phenomena, we performed three-dimensional particle-in-cell simulations with the open
source code EPOCH[27].

The simulation box size is 24\ x 10\ x 10\ with a mesh grid of 600 x 300 x 300
in the x, y, and z directions, where A = 1 um is the laser wavelength. A full-ionized
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Figure 2. Laser field components in the cross-section = 7 pym at t = 157. The upper
row shows the E,(a), Ey(b) and E.(c), and the lower row shows the B,(d), By(e)
and B,(f). The electric components are normalized by mowgc/e, and the magnetic
components are normalized by mgwp/e, where wy is the angular frequency of the laser,
my is electron mass, e is electron charge, and c is the light speed.

waveguide is placed in the middle of the simulation box. There is a vacuum gap of
5 pum between the waveguide and the left boundary of the simulation domain. The
ion density n; of C® is 16.6n., corresponding to an electron density n. of 100n.,
where n. is the critical density. The radius of the waveguide and the thickness
of the wall are ry = 2 pum and 1 pum, respectively. The initial ion and electron
temperature are both set as 10 eV. A p-polarized Gaussian laser with the vector potential
a = agexp[—(y*+2%) /wi — (t—279)?/72] is incident to the left boundary of the simulation
domain at 0°, where ag = 15, wg = 3\, 79 = 97", and T is the laser period.

As shown in Fig. 2, there are six normalized field components in the cross-section
x =17 pm at t = 157. Considering the strong skin effect caused by the overdense wall
shown in Fig.3, the hollow waveguide is similar to a metallic waveguide with dielectric
constant € — —oo at the earlier stage of the simulation. Thus, these components in
Fig. 2 are equivalent to a linear combination of the TE(H) and TM(E) modes[26]. For
simplicity, we assume that the incident wave is planar in our further discussion. The
corresponding TE and TM fields inside the waveguide can be expressed as[26]

cB" = Z o (Fopm) sin(ug)e™® + c.c., (1)
8%
ky ) ;
cBy = ; _iauu@u#(mwr) sin(ug)e™* + c.c.,

K .
By = —itu,——J} (k1) cos(up)e™=" + c.c.,
KR

8% v
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Figure 3. Radial averaged electron density distributions in the different cross-sections
at t = 15T (a) and t = 307T'(b).
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where r = \/y? + 2%, K(K,) = [k — k2(k.?),¢ = [0 — 27, au, b, are the
coefficients, pu, v are the subindices of the modes, k, k, are the wave number and wave
number in z direction, respectively, and J,, is the Bessel function of the first kind. From
the transverse electric field or the magnetic field components illustrated in Fig.2, the
modes in which the laser pulse operates can be deduced. It is clear that the patterns of
the E, = (Ef 4+ E}!) cos¢ — (ES + E})sin¢ and E, = (Ef + E}') sin¢ + (E¢ + E}') cos ¢
in Fig.2 can be a linear combination of TE;;, TE;s and TM;; mode. These modes are
separated from each other for the different longitudinal wavenumbers.
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However, as shown in Fig. 3, considerable number of electrons are pulled out and
piled on the wall of the waveguide by the laser fields, resulting in a dielectric structure
with graded refraction index because of the leading part of the laser pulse. Thus,
the waveguide behaves like a dielectric waveguide. One can predict that the hybrid
electromagnetic mode should dominate in the later stage[26], instead of the TM;;
mode[28, 29]. The corresponding fields inside the plasma waveguide can be changed
to the following

E, = Z A2 T (Kmn) cOs(m@)e™™® + c.c., (3)
B, = Z Lobmnk2, T (Fmn) sin(me)e™* + c.c.,

E, = — iZ[amnkxﬁan;n(/imnT)

I (KmnT)

+ by flowom ] cos(ma)e™=* + c.c.,

E¢ - Z.Z[bmn,uowoﬁmnjy/n(ﬁmnr)

m,n

] sin(ma)e™** + c.c.,

Jm mn
r

Br = - 7/,uO Z[bmnkr/{mnt];n(/{mnr>

m,n
T .
+ amnwoeomM] sin(mae)e™* + c.c.,
r

By = —iup Z[amnWOE(inan,/n(/imnT)

m,n

where K, = \/k? — k2, @y, by are coefficients, m, n are the subindices of the modes,
k, k. are the wave number and wave number in x direction, respectively, J,, is the
Bessel function of the first kind, €y, up are the vacuum dielectric constant and magnetic
permeability, respectively. By substituting b,,, = —amunk.s/wopo in Eq. 3, transverse
electric field components can be simplified to

Cmn = amnkz"imm (4)
]_ _
Er = —1 ; Cmn[TSJmfloﬁmnr)
1 + s ikyx
- Tt (Kmnr)] cos(me)e™® + c.c.,
1 _
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Figure 4. Laser field components in the cross-section £ =7 um at ¢ = 307. The
upper row shows E(a), Ey(b) and F.(c), and the lower row shows B, (d), By(e) and
B, (f). They are normalized by mowpc/e, where wy is the angular frequency of the
laser, myg is electron mass, e is electron charge, and c is the light speed.

_ 1+s
2

Tt (Kmnr)] sin(me)e®=* 4 c.c.,

where s is a coefficient. It is clear that the patterns of E, and E, in Fig.4(a), (b),
(f) agree well with the HE;; mode in Eq.4 as s >~ —1, ie.,, E, = —icmn[%Jo(nllr) —
2 Jo(k1ir) cos(2¢)]e*=® + c.c. and E, = iy, 52 Jo(k117) sin(2¢)e’*** + c.c.. According
to the boundary conditions Jy(r1179) & 0, the transverse number x1; = 1.2 x 105/m and
the phase speed v, = ¢/4/1 — (k11/k)? = 1.02¢ are obtained immediately.

3. Electron acceleration and synchrotron radiation

Owing to the simultaneous appearance of the transverse and axial electric fields in
Fig.4(a) and (b), some electrons are extracted from the wall of the waveguide by the
transverse components and injected into the longitudinal components for the phase
difference of m/2 between them from Eq. 3. Thus, the energy gain I' of the trapped
electrons in the laser field is governed by

t
DT +T. = e / (0sE, + v, B, + v, B.)dt, (5)
0

where the first term is relative to the longitudinal fields F, ~ kj1a9/k = 2.8 while
the last two terms are determined by the transverse fields £, and E,. Figure 5(a)
shows the electron energy gain from longitudinal components versus that from transverse
components at t = 307". The first term of Eq. 5 is the main contributor to the energy
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Figure 5. Electron energy gain from longitudinal fields versus that from transverse
fields at ¢ = 30T"; (b) Typical trajectories of energetic electrons.

gain of highly energetic electrons, and there is a small contribution from the transverse
field components. The corresponding dephasing length is 1/(1 — ¢/v,)\o/2 = 25 pm.

By integrating the energy spectra in Fig.6(a) at the end of the simulation, as many
as 7 x 100 energetic electrons (> 10 MeV) are achieved. The cutoff of the electron
energy spectra in Fig.6(a) exceeds the so-called free electron limit of (1 + a3/2)mgc?(30],
exceeding 100 MeV at the end of the simulation. Figure.6(b) shows the radial Lorentz
force which is seen by the energetic electrons. The maximum of the force is 0.2mowgcayg.
In fact, the amplitude of the Lorentz force that is perpendicular to the forward moving
electrons is

P, = e\/(ET . U—;B¢)2 +(By+ %Bm. (6)

Substituting Eq.3, @y, = mowocao/e€kkmn, bmn = —amnks$/wopo and s ~ —1 in Eq.6,
one can see that F| ~ (v,/c — 1)mocwpag = 0.02mocwpag qualitatively agrees with the
simulation results in Fig.6(b). Both the simulations and the analysis suggest that the
accelerated electrons can be overtaken by the mode fields and emit a large number of
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photons.

Figure 6(c) shows the radiation photon spectra in our simulations. Some important
parameters, such as strength parameter K can be determined approximately by the
synchrotron-like spectra. For the energetic electrons, the typical oscillating period is
A = 1/(1 — vy /v,)A0/2 >~ 1/(1 — ¢/v,)Ao/2 = 25 pm and the amplitude of oscillation
is r3 ~ 1 pm from Fig.5(b). As discussed above, ¢ = 27rg/A\, =~ 0.3, K = vy > 1.
Thus, the synchrotron radiation should be treated as a wiggler. Based on the well-
known synchrotron function, dI/dw x w/w, f:jw K5)3(w/we)dw/w,([T], where Kj/3 is
the modified Bessel function of second kind, and w, is the critical frequency of the
spectra. However, it is difficult to identify the critical energies hw. in the spectra
because of their deviation from the classic synchrotron radiation spectrum. Then, the
average photon energy (hw) is employed to estimate the photon yield. The number of
photons emitted per period and per electron at the average photon energy (fw) scales
is N = 0.033K[7]. The theoretical yield of the X-ray photons should be on the order
of 10" for one oscillating period. This agrees with the value of 1.7 x 10 from the
simulations. In contrast, for a 100-MeV wakefield electron beam undergoing betatron
oscillations in a plasma with a density of 2x 10 cm™3, the oscillation period is A\, = 150
pm. The critical energy of the radiation Aw, can reach 5 keV when K ~ 10. The number
of expected X-ray photons is in the range of 1037°[7, 2]. It is clear that the number
of X-ray photons from the waveguide is more than two orders of magnitude higher
than the photons from laser-wakefield acceleration. In Fig.6(d), we present the energy
radiated per unit solid angle dI/d€2. One can see that most of the emissions are within
5°, which is much smaller than the typical results, 0.87-1.57 radian, in the laser-ion
channel[12, 13]. This implies that the photon flux of the synchrotron radiation is equal
to 3.5 x 10*' photons/s - 0.1% bandwidth, and the spectral brightness is 3.7 x 10%*
photons/s - mrad? - mm? - 0.1% bandwidth with 100% energy spread. This value is
comparable to the current third-generation conventional wiggler light sources[7, 8].

4. Tunabilities of the radiation

From Fig.7(a), the fitting shows that the total yields are dependent on aj. The number of
energetic electrons is mainly determined by the laser energy. However, in contrast with
our expectations, the average photon energies (hw) scales as w, o< a2, deviate from the
w, o< aj scaling law. Because of the nonlinear evolution in Fig.8(a)-(c), the complicated
behavior of the mode fields may lead the scaling law to deviate from the cubic form.
Finally, we explore the dependence of the yields on the diameter of the waveguide. In
Fig.7(b), the yields start decreasing gradually, however, the average photon energies
continue to increase with the diameter for d > 4pm. In particular, it is interesting that
the yields fall to the order of 10'° despite the average photon energy increasing to 28
keV. It can be concluded that the optimal diameter of the waveguide is comparable to
the size of the laser waist wq for high-flux output. When the compact hollow waveguide
is adopted, the intense laser-wall interactions tend to construct a dielectric structure
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Figure 8. Subplots (a), (b), and (c) are the Poynting vector of the laser in the
cross-sections of x = 9 pym, x = 13 um, and x = 17 um respectively at ¢t = 307"

on the wall of the waveguide and excite the dominant hybrid mode HE;; with the high
phase speed 1.02¢, compared with the results in Ref .[28, 29]. This leads to oscillating
forces that are several times larger and reduced oscillating periods. Therefore, photon
yield with higher order of magnitude is realized.

5. Summary

In summary, we theoretically and numerically investigated the synchrotron radiation
in a compact hollow waveguide. We demonstrated that a linearly polarized laser pulse
mainly propagates inside the waveguide with the dominate hybrid mode HE;; for intense
laser-wall interactions. A considerable number of electrons are extracted from the wall
of the waveguide and trapped in the fields. Then, these electrons are accelerated via the
longitudinal acceleration mechanism and efficiently wiggled by the transverse net forces.
As a result, a bright directional X-ray beam is produced in this process. Compared
with the beam from the laser-wakefield and the laser-ion channel, the X-ray beam
possesses high-yield (10'* — 10'?) and moderate divergence(5°)[3, 4, 5, 6, 7, 8, 9, 15,
10, 11, 12, 13, 14]. This leads to an X-ray source with considerably more photons
in a single shot than achieved previously, and it has the benefits of other all optical
synchrotron sources. The X-ray beam typically contains 1.2 x 10~ of the laser energy,
compared with 107% from the LWFA and 107° from the LIC[7, 8]. The photon flux
of the synchrotron radiation is 3.5 x 102! photons/s - 0.1% bandwidth and the spectral
brightness is 3.7 x 10?? photons/s - mrad? - mm? - 0.1% bandwidth with 100% energy
spread. Furthermore, the tunabilities of the radiation can be realized by adjusting the
laser and waveguide parameters. Although it is possible to obtain a large spot of X-ray
with moderate emittance, the high-flux source can also be used for single shot ultrafast
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imaging assisted by the Kirkpatrick—Baez mirror[31, 32]. Meanwhile, the source may
also be applied to ultrafast X-ray diffraction and absorption studies[33].
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