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Single-Cycle Terawatt Twisted-Light Pulses at Midinfrared Wavelengths
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Twisted-light beams with orbital angular momentum provide an additional degree of freedom in con-
trolling light-matter interactions, which are interesting for fundamental and applied research. Although
there are various methods that can produce twisted laser beams at submicrometer or shorter wavelengths,
it is still challenging to extend such beams to midinfrared (mid-IR) wavelengths with relativistic intensi-
ties. Here, we present a promising scheme to generate such pulses, which are converted through frequency
downshift of intense driver optical pulses via a plasma-based photon decelerator. The resulting near-single-
cycle vortex pulses cover a broad mid-IR spectral range up to 18 µm with an energy-conversion efficiency
of 4.8% (energy approximately 150 mJ) in the wavelength range above 7 µm. These long-wavelength
infrared pulses at the terawatt level can be focused to relativistically high intensities, which may offer
significant opportunities for high-field physics and ultrafast applications.
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I. INTRODUCTION

Twisted-light beams carrying orbital angular momen-
tum (OAM) exhibit typical screwlike spatial and phase
structures, called “optical vortices,” which are associated
with Laguerre-Gaussian (LG) modes and characterized by
the vortex topological charge. The OAM of light, first rec-
ognized by Allen et al. in 1992 [1], has found a wide range
of applications in diverse research disciplines, including
quantum information science [2,3], microscopy [4], opti-
cal manipulation [5], biology [6], and even astrophysics
[7]. In recent years, significant progress has been made
in the development of such light sources [8]. Twisted-
light beams with wavelengths of near-infrared, visible, and
extreme ultraviolet are produced [9–12] through optical
mode converters, such as cylindrical lenses, spiral-phase
plates, and phase fork gratings. However, these techniques
are not suitable for creating high-intensity laser pulses
at long wavelengths beyond those of a few microme-
ters. The high-intensity laser pulses can potentially push
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light-matter interactions into the relativistic regime and
even quantum electrodynamics [13–15]. Currently, high-
power intense midinfrared (mid-IR) pulses are highly
desired for many scientific studies [16–18], including
bright high-harmonic generation [19,20], time-resolved
infrared spectroscopy [21], and ultrafast imaging of molec-
ular dynamics [22]. These applications would benefit from
the long wavelength (λ), ultrashort pulse duration, and
high intensity (I0) of the driving electromagnetic fields,
which may lead to shorter and brighter attosecond light
pulses with higher photon energy (∝I0λ

2) [19,20]. The
development of high-intensity twisted-light sources in the
mid-IR region would combine the advantages of twisted-
light beams and intense mid-IR pulses. In particular, these
pulses, with tunable long wavelength, few-cycle duration,
and controlled carrier-envelope phase (CEP), are very use-
ful for ultrafast science [23] and high-field physics [24,25].
However, due to various limitations in optical materials
and elements such as wavelength coverage limit for ampli-
fication or optical breakdown, it is challenging to generate
high-intensity few-cycle long-wavelength light pulses with
current techniques.

To solve these problems, we propose a scheme to
generate terawatt- (TW) class, hundred-millijoule (mJ),
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near-single-cycle twisted-light pulses via a plasma-based
photon decelerator driven by a LG laser pulse in under-
dense plasma. In this scheme, the pulse frequency is tun-
able at a broad mid-IR spectral coverage, and its CEP and
topological structure are also controllable with laser and
plasma parameters. Such intense pulses, with high peak
power, broad infrared spectrum, vortex structure, and near
single-cycle duration, are extremely useful for a variety of
scientific applications.

II. SCHEME AND THEORY FOR PHOTON
FREQUENCY MODULATION

Figure 1 presents the schematic diagram of our mecha-
nism, in which an ultrashort intense LG laser pulse propa-
gates in underdense plasma and drives a wake [Fig. 1(a)].
This pulse experiences a strong and continuous frequency
downshift (so-called “photon deceleration”) due to the
group velocity dispersion and phase modulation by wake
excitation. The decelerated photons are trapped and accu-
mulate inside the wake bubble, where their frequency can
be as low as that of the plasma frequency, i.e., in the mid-IR
regime. The spatial and temporal structures of the mid-IR
pulse resemble the drive laser pulse, as shown in Fig. 1(b).
A plasma channel, as shown in Fig. 1(c), is adopted to
guide and confine efficiently the laser pulse propagation

in plasma over much longer than its diffraction length
[26,27]. The longitudinal density profile is trapezoidal,
where the lengths of the plateau and down ramp play
important roles in mid-IR pulse generation, as discussed
in the Sec. III.

In the following, we describe the basic physical
mechanism for frequency downshift. It is known that
a laser pulse can be modulated as it propagates in
plasma, which can lead to frequency shifts, tempo-
ral shaping, or compression of laser pulses [28–32].
The interaction of intense laser pulses with tenuous
plasma can be described by the following coupled
equations [33–36]: [(2/c)(∂/∂ξ)− (1/c2)(∂/∂τ)](∂a/∂τ)
= k2

p [a/(1 + φ)] and (∂2φ)/(∂ξ 2) = (k2
p/2){(1 + a2)/

[(1 + φ)2] − 1}, where ξ = x − ct, τ = t, kp = (ωp/c),
φ = (e�/mec2), and a = (eA/mec2) are the normalized
scalar and vector potentials associated with the wakefields
and the laser pulse, respectively; ωp =

√
(4πnee2)/me

is the plasma frequency, e is the unit charge, and me
is the electron mass. The excitation of laser wakefields
results in the photon frequency shift due to variations in
the phase velocity [27], where vp is given by vp(ξ) ≈
c{1 + [(ne(ξ))/(ne0)](ω2

p0/2ω
2
0)}, where ω0 is the initial

laser frequency and ne0 and ωp0 are the initial plasma elec-
tron density and frequency, respectively. The wavelength

(a)

(c)

(b)

FIG. 1. Schematic of the plasma photon decelerator for producing intense mid-IR vortex pulses. (a) A plasma wake with a bubblelike
shape is created during the propagation of an intense laser pulse in an underdense plasma channel. (b) An intense mid-IR few-cycle
pulse is generated inside the bubble, behind the drive laser pulse, after a propagation distance of 2 mm, when it undergoes a strong
frequency downshift. (c) The density distribution of the plasma channel, where the density is set to ne0 = n0 +
n0, the red line
indicates the background density profile along the x axis with n0 = 3 × 10−3nc at the plateau, the color map represents the channel
depth of
n0 = (πreσ

2
0 )

−1(r2/σ 2
0 ), r is the distance from the channel axis, re = e2/mec2 is the classical electron radius, σ0 = 20μm is

the laser spot size, and nc = meω
2
0/4πe2 = 1.1 × 1021cm−3 is the critical plasma density. Lp and Lf represent the longitudinal lengths

of the density plateau and down ramp, respectively.
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change of the radiated photons can be estimated by λ(τ) ≈
λ0 + τ
vp(ξ), where 
vp(ξ) ≈ λ0(∂/∂ξ)vp(ξ) is the dif-
ference of vp(ξ) between two adjacent phase peaks. Then,
one can obtain

λ ≈ λ0 + cτλ0(ne0/2nc)g(ξ), (1)

where g(ξ) = (∂/∂ξ)[ne(ξ)/ne0] is the plasma density gra-
dient, (ne(ξ)/ne0) = 1 + k−2

p (∂2φ/∂ξ 2) is the normalized
density perturbation, and cτ is the interaction distance.
In the short pulse limit, when |φ| � 1, there is φ(ξ) ≈
(kp/2)

∫ 0
ξ

a2
L(ξ

′) sin[kp(ξ
′ − ξ)]dξ ′ [33,34], where aL is the

laser pulse envelope and (∂φ/∂ξ) = 0 and φ = 0 at the
front (ξ ≥ 0) of the laser pulse are the boundary condi-
tions. For a given pulse profile, aL = a0sin2(πξ/L) for
−L ≤ ξ ≤ 0 and aL = 0; otherwise, for example, one can
obtain

φ(ξ) ≈
(

a0kpL
16π

)2
[

12
(
πξ

L

)2

+ 8cos
2πξ

L

− 1
2

cos
4πξ

L
− 15

2

]
. (2)

Therefore, g(ξ) can be estimated by

g(ξ) ≈ a2
0
π

4L

(
sin

2πξ
L

− 1
2

sin
4πξ

L

)
. (3)

This gives g(ξ) > 0 in the region of −L ≤ ξ ≤ −L/2,
where the laser pulse will undergo significant wavelength
redshift or frequency downshift. If we assume an average
density gradient of ḡ(ξ) ∼ 4μm−1, for the case presented
here when a0 > 1, the wavelength modulation can be as
high as 10λ0 over an interaction distance of 1.5 mm.
It should be noted that the above theory only describes
qualitatively the frequency modulation due to wakefield
excitation. For the quantitative description for LG pulses,
the self-consistent three-dimensional (3D) numerical sim-
ulation is necessary.

III. THREE-DIMENSIONAL SIMULATION
RESULTS

To investigate the development of mid-IR few-cycle
twisted pulses, we carry out fully 3D particle-in-cell (PIC)
simulations with the EPOCH code [37]. The size of the
simulation box is 70(x)× 120(y)× 120μm3(z) with cells
of 2450 × 600 × 600, sampled by four macroparticles per
cell. The incident linearly polarized laser pulse has a LG
profile of

a(LGl
p) = a0Cl

p
σ0

σ(x)

[ √
2r
σ(x)

]l

Ll
p

[
2r2

σ 2(x)

]

exp
[
− r2

σ 2(x)

]
exp(ilϕ) exp

[
i

kr2x
2(x2 + Z2

R)

]

exp
[
−i(l + 2p + 1)arctan

x
ZR

]

exp[i(kx − ω0t + ψ0)]sin2(π t/τ0)ey , (4)

where a0 = 3 is the normalized laser amplitude (inten-
sity approximately 1019 W/cm2), with λ0 = 1μm wave-
length, τ0 = 40fs duration, and approximately 3.1 J pulse
energy. Cl

p is the normalizing constant with a low-
order (1, 0) LG1

0 mode of l = 1 and p = 0, Ll
p is

the Laguerre polynomial, ϕ ∈ [0, 2π ] is the azimuthal
angle, (l + 2p + 1)arctan(x/ZR) is the Gouy phase, ZR =
(πσ 2

0 /λ0) is the Rayleigh length, σ(x) = σ0

√
1 + (x/ZR)

2

is the beam radius, and ψ0 is the initial phase. Such laser
pulses can be produced in several techniques [12,38,39],
which have been extensively used to investigate relativistic
laser-plasma interactions [40–45].

Figures 2(a)–2(c) present the distributions of the elec-
tron density and transverse electric field at different longi-
tudinal positions along the plasma channel. In contrast to
the wake driven by normal Gaussian laser pulses, the wake
driven by the LG laser pulse exhibits a donutlike structure
with an off-axis hollow density cavity. Along the channel
axis, a density up ramp is introduced at the beginning to
guide the laser pulse propagation into the plasma channel.
Within this region, there is no obvious frequency downshift
in the drive pulse, as shown in Figs. 2(a) and 2(d). After
a sufficient propagation distance, the laser pulse under-
goes both relativistic self-compression and self-focusing,
as shown in Fig. 2(b). As a result, the peak laser inten-
sity is enhanced and the density bubble is enlarged, which,
in turn, enhances the relativistic effects and density per-
turbation. The corresponding frequency spectrum of the
laser pulse, shown in Fig. 2(d), illustrates details of the
pulse evolution. The spectrum has two main peaks, which
result from the photon frequency modulation associated
with the plasma density variation. Frequency downshift
develops when (∂ne/∂ξ) > 0 and frequency upshift when
(∂ne/∂ξ) < 0. The peak of the laser pulse experiences
frequency downshift due to the sharp density rise via
wakefield excitation, which is mainly responsible for the
highest spectral peak at a wavelength of approximately
1.5 µm, while the second spectral peak mostly comes from
its leading edge. The laser pulse peak then experiences
strong frequency downshift with very-low-frequency com-
ponents close to ωp . The radiated infrared photons are
rapidly slipped back, relative to the bubble front, due to
the group velocity dispersion {vg ≈ c[1 − (ω2

p/2ω
2)]} and

are trapped inside the bubble. It is interesting to note that
there is no electron injection observed in the bubble cavity
due to the relatively low plasma density in our case. This is
beneficial for infrared photon trapping, and thus, acts as an
effective optical container for frequency downshifting con-
version. Finally, intense mid-IR pulses are produced with a
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(a)

(d)

(b) (c)

FIG. 2. Generation of relativistic mid-IR twisted pulses. (a)–(c) Distributions of the plasma density (ne) and transverse electric field
(Ey) in the ξ -y plane, and their longitudinal distributions at the transverse position of (y, z) = (

√
2σ0/2, 0). In (a), the laser pulse

front has just reached the end of the density up ramp. In (b), the laser pulse front has reached x ≈ 1595μm, where the frequency
downshift is still relatively small. In (c), the laser pulse front has reached the end of the density down ramp, where the plasma bubble
is filled with the mid-IR pulse. The upper insets in (a)–(c) show the transverse slices of Ey in the y-z plane, and the green dashed
lines plot their corresponding longitudinal positions. Here, the electric field and electron density are normalized to E0 = mecω0/e
and nc, respectively. (d) Spectral distribution of the modulated pulses, where the red line, green line, and blue line correspond to
the times in (a)–(c), respectively. The inset shows the temporal waveform of the electric field of the infrared pulse at the central
wavelength,λc ≈ 12μm. The drive LG laser pulse has a topological charge of l = 1.

high energy-conversion efficiency of 4.8% (energy approx-
imately 150 mJ) at a long-wavelength spectral range above
7 µm. The output pulse is less than two cycles. For the
example illustrated in the inset of Fig. 2(d), the duration is
near one optical period at the full width at half maximum.
The central wavelength of this pulse is about 12 µm with a
peak power of about 1TW and normalized field amplitude
of a = (eE/meωc) ∼ 3. The transverse distribution of the
mid-IR pulse shows a typical LG mode structure, as shown
in the inset of Fig. 2(c).

The robustness of this mechanism is confirmed by
using different plasma parameters. Here, we investigate
the effects of two main factors, the plasma plateau and
down ramp, on the mid-IR pulse generation. The up ramp
only serves as an entrance to guide the drive laser propa-
gation in the plasma and the frequency downshift in this
region is negligible. We first consider the effect of Lp on
mid-IR pulse generation. Figure 3(a) shows that a long
plateau is helpful in generating intense mid-IR pulses; this
allows a long interaction time for frequency downshift

and broadening, which agrees well with our theoretical
model,
λ/λ0 ∝ cτn0g(ξ). However, beyond an optimum
Lp ≈ 1750μm, the mid-IR pulse attenuates due to pump
depletion and absorption of the laser energy in plasma.

In the region of the down ramp, the bubble size (lw ≈√
a0λp ∝ √

a0/ne) tends to be elongated due to a rapid
decrease of ne, while there is a relatively small change
in a0, so that it can accommodate more photons to form
long-wave pulses. This results in an increase of the wave-
length, energy, and duration of the infrared pulse with Lf .
However, further increases of Lf will lead to pulse atten-
uation due to absorption and a small bubble size change
in an extremely long down ramp with a gentle change of
ne. As shown in Fig. 3(b), a moderate-to-long Lf is ben-
eficial for long-wave infrared pulse generation. Therefore,
the plasma down ramp not only acts as an exit to export
the infrared pulse from the plasma, but also plays a role in
tuning the output parameters.

The background plasma density also plays an impor-
tant role on the mid-IR pulse generation, enhancing its
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(a)

(b)

(c)

(d)

FIG. 3. Parameters and phase locking of the twisted mid-IR pulses. (a) Effect of the plasma plateau length, Lp , on the optical cycle,
energy-conversion efficiency, and electric field amplitude of the output mid-IR pulse, where 
Lp = Lp − Lp0 is the change of plasma
plateau length relative to the initial plateau length (Lp0 = 1650μm) shown in Fig. 1(c); all other parameters are unchanged. (b) Effect
of the density down-ramp length, Lf , on the optical cycle, energy-conversion efficiency, and central wavelength of the output mid-IR
pulse, while keeping all other parameters unchanged. (c) Effect of the background plasma density, n0, on the output mid-IR pulse,
while keeping n0Lp = 4.95nc μm fixed, where the drive laser pulse, and the length of density up and down ramps are unchanged. (d)
The CEP dependence of the output mid-IR pulse on the drive pulse for the case presented in Fig. 2. The inset plots the waveform of
the λc ≈ 12 μm infrared pulse for three different initial phases (ψdrive = 0, π/2, and π ) of the drive laser pulse.

tunability. When the plasma density n0 is increased,
sharper density gradients g(ξ) are formed; this makes it
easy to modulate the photon frequency (wavelength) over
a short interaction distance cτ , since 
λ/λ0 ∝ cτn0g(ξ).
This is verified by the simulation results shown in Fig. 3(c).
However, it should be noted that, if the plasma density is
too high, the drive laser may be unable to excite a suffi-
ciently large bubble to accommodate the long-wavelength
infrared photons. High-density plasma also leads to rapid
depletion and attenuation of the laser pulse.

Since the generated mid-IR pulse is only of a few
cycles in duration, it is interesting to examine its CEP
[46]. The CEP is known to play a significant role in
laser-matter interactions with few-cycle pulses, for exam-
ple, attosecond pulse generation [23]. Figure 3(d) shows
that the CEP of the output long-wavelength pulse is
locked to that of the drive pulse in our scheme. The
change in the pulse CEP is caused by the difference
between the group velocity (vg) and phase velocity (vp)

of light propagating in plasma. The phase shift between
the infrared pulse and the drive pulse can be approx-

imately estimated by 
ψ ≈
d/c
∫
0

[(vp − vg)/c]ωIR(t)dt ≈
∫ d/c

0 [ne(t)/nc][ω2
0/ωIR(t)]dt, where ωIR(t) is the infrared

photon frequency and d is the plasma length. This indicates

that the CEP variation of the infrared pulse will be fixed
for a given plasma, because the phase modulation caused
by the laser pulse propagating in the plasma is fixed. This
leads to a nearly linear relationship between the phases of
the infrared pulse and the drive pulse, as seen in Fig. 3(d).
Therefore, the CEP of the infrared pulse is controlled by
the drive pulse, which makes it possible to control or
measure the CEP in experiments.

IV. DISCUSSION

We now discuss the advantage of this scheme for gen-
erating high-intensity mid-IR light pulses with different
topological charges, l, that are directly associated with
the OAM states of photons [1,47], i.e., each photon can
carry OAMs of l�. The increase of the topological charge
of a light beam typically requires a more complex opti-
cal mode converter, which is technically challenging. It is
also difficult to generate a high-intensity light pulse with
a wavelength beyond 5 µm through conventional opti-
cal elements because they commonly suffer from optical
breakdown damage, with limited wavelength bandwidth
and low power-carrying capability. In our scheme, high-
intensity TW-level mid-IR pulses can be generated with
no damage limitation in plasma. Moreover, the topological

054024-5



XING-LONG ZHU et al. PHYS. REV. APPLIED 12, 054024 (2019)

(a)

(c)

(b) FIG. 4. Conversion from a drive
laser pulse with l = 2 to twisted
mid-IR pulses using a plasma pho-
ton decelerator. Distributions of
mid-IR pulses in the ξ -y plane (a)
and in 3D view (b). Here, the topo-
logical charge of the drive laser
pulse is changed from l = 1 to 2
for the case presented in Fig. 2; all
other parameters are unchanged.
The insets in (a) present the trans-
verse electric field slices of the
drive pulse and the mid-IR pulse in
the y-z plane. (c) Spectral distribu-
tions of the input drive pulse and
the output infrared pulse. The inset
plots the temporal waveform of the
electric field of the λc ≈ 10 μm
infrared pulse.

charge of the twisted mid-IR pulses can be controlled
by the drive laser pulse, without the need for additional
complex optical devices, as illustrated in Figs. 2 and 4,
where the drive LG laser pulses have l = 1 and 2, respec-
tively. Although the two drive laser pulses have different
topological structures, this does not significantly affect
the performance of the mid-IR optical vortex pulse gen-
eration scheme, where both show similar spectra. This
thus provides an approach towards the generation of high-
power high-intensity vortex-stabilized few-cycle mid-IR
pulses.

V. CONCLUSION

We demonstrate a promising and practical way to
generate TW-class hundred-mJ near-single-cycle mid-IR
twisted pulses via photon deceleration in plasmas. The
generated pulses not only cover a broad spectrum, up to
18 µm, but also reach relativistically high intensities. Fur-
thermore, the parameters of the output mid-IR pulses can
be flexibly tuned by varying the plasma parameters, and
the CEP can be locked and controlled by that of the drive
pulse. Such light sources, with relativistic high intensities
in the long-wavelength infrared spectral region, offer many
potential applications in high-field physics and ultrafast
science.

ACKNOWLEDGMENTS

This work is supported by the National Natural Sci-
ence Foundation of China (Grants No. 11721091, No.
11775144, and No. 11975154), the Office of Science
and Technology, Shanghai Municipal Government (Grant
No. 18JC1410700), the Science Challenge Project (Grant
No. TZ2018005), and EC H2020 EuPRAXIA (Grant No.
653782). X.L.Z. acknowledges support from the China
Scholarship Council. The EPOCH code is supported, in
part, by the UK EPSRC (Grant No. EP/G056803/1). All
simulations are carried out on the PI supercomputer at
Shanghai Jiao Tong University, Tianhe-II supercomputer
at the National Supercomputer Center in Guangzhou,
and ARCHER supercomputer in Edinburgh. Access to
ARCHER has been made via the Plasma HEC Consortium
supported by EPSRC (No. EP/R029148/1).

[1] L. Allen, M. W. Beijersbergen, R. Spreeuw, and J. Woerd-
man, Orbital angular momentum of light and the transfor-
mation of Laguerre-Gaussian laser modes, Phys. Rev. A 45,
8185 (1992).

[2] A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, Entangle-
ment of the orbital angular momentum states of photons,
Nature 412, 313 (2001).

054024-6

https://doi.org/10.1103/PhysRevA.45.8185
https://doi.org/10.1038/35085529


SINGLE-CYCLE TERAWATT TWISTED-LIGHT. . . PHYS. REV. APPLIED 12, 054024 (2019)

[3] G. Molina-Terriza, J. P. Torres, and L. Torner, Twisted
photons, Nat. Phys. 3, 305 (2007).

[4] S. Fürhapter, A. Jesacher, S. Bernet, and M. Ritsch-Marte,
Spiral phase contrast imaging in microscopy, Opt. Express
13, 689 (2005).

[5] M. Padgett and R. Bowman, Tweezers with a twist, Nat.
Photon. 5, 343 (2011).

[6] D. G. Grier, A revolution in optical manipulation, Nature
424, 810 (2003).

[7] F. Tamburini, B. Thidé, G. Molina-Terriza, and G. Anzolin,
Twisting of light around rotating black holes, Nat. Phys. 7,
195 (2011).

[8] A. M. Yao and M. J. Padgett, Orbital angular momentum:
origins, behavior and applications, Adv. Opt. Photon. 3, 161
(2011).

[9] M. W. Beijersbergen, L. Allen, H. Van der Veen, and J.
Woerdman, Astigmatic laser mode converters and trans-
fer of orbital angular momentum, Opt. Commun. 96, 123
(1993).

[10] G. Gariepy, J. Leach, K. T. Kim, T. J. Hammond, E.
Frumker, R. W. Boyd, and P. B. Corkum, Creating High-
Harmonic Beams with Controlled Orbital Angular Momen-
tum, Phys. Rev. Lett. 113, 153901 (2014).

[11] R. Géneaux, A. Camper, T. Auguste, O. Gobert, J. Cail-
lat, R. Taïeb, and T. Ruchon, Synthesis and characterization
of attosecond light vortices in the extreme ultraviolet, Nat.
Commun. 7, 12583 (2016).

[12] A. Leblanc, A. Denoeud, L. Chopineau, G. Mennerat, P.
Martin, and F. Quéré, Plasma holograms for ultrahigh-
intensity optics, Nat. Phys. 13, 440 (2017).

[13] G. A. Mourou, T. Tajima, and S. V. Bulanov, Optics
in the relativistic regime, Rev. Mod. Phys. 78, 309
(2006).

[14] X.-L. Zhu, T.-P. Yu, Z.-M. Sheng, Y. Yin, I. C. E. Turcu,
and A. Pukhov, Dense GeV electron-positron pairs gener-
ated by lasers in near-critical-density plasmas, Nat. Com-
mun. 7, 13686 (2016).

[15] X.-L. Zhu, T.-P. Yu, M. Chen, S.-M. Weng, and Z.-M.
Sheng, Generation of GeV positron and γ -photon beams
with controllable angular momentum by intense lasers,
New J. Phys. 20, 083013 (2018).

[16] A. Schliesser, N. Picqué, and T. W. Hänsch, Mid-infrared
frequency combs, Nat. Photon. 6, 440 (2012).

[17] I. Pupeza, D. Sánchez, J. Zhang, N. Lilienfein, M. Sei-
del, N. Karpowicz, T. Paasch-Colberg, I. Znakovskaya, M.
Pescher, W. Schweinberger, V. Pervak, E. Fill, O. Pronin, Z.
Wei, F. Krausz, A. Apolonski, and J. Biegert, High-power
sub-two-cycle mid-infrared pulses at 100 MHz repetition
rate, Nat. Photon. 9, 721 (2015).

[18] B. Wolter, M. G. Pullen, M. Baudisch, M. Sclafani, M.
Hemmer, A. Senftleben, C. D. Schröter, J. Ullrich, R.
Moshammer, and J. Biegert, Strong-Field Physics with
Mid-IR Fields, Phys. Rev. X 5, 021034 (2015).

[19] T. Popmintchev, et al., Bright coherent ultrahigh harmonics
in the keV X-ray regime from mid-infrared femtosecond
lasers, Science 336, 1287 (2012).

[20] J. Weisshaupt, V. Juvé, M. Holtz, S. Ku, M. Woerner,
T. Elsaesser, S. Ališauskas, A. Pugžlys, and A. Baltuška,
High-brightness table-top hard X-ray source driven by sub-
100-femtosecond mid-infrared pulses, Nat. Photon. 8, 927
(2014).

[21] C. R. Petersen, U. Møller, I. Kubat, B. Zhou, S. Dupont, J.
Ramsay, T. Benson, S. Sujecki, N. Abdel-Moneim, Z. Tang,
D. Furniss, A. Seddon, and O. Bang, Mid-infrared super-
continuum covering the 1.4–13.3 µm molecular fingerprint
region using ultra-high NA chalcogenide step-index fibre,
Nat. Photon. 8, 830 (2014).

[22] C. I. Blaga, J. Xu, A. D. DiChiara, E. Sistrunk, K. Zhang,
P. Agostini, T. A. Miller, L. F. DiMauro, and C. D. Lin,
Imaging ultrafast molecular dynamics with laser-induced
electron diffraction, Nature 483, 194 (2012).

[23] F. Krausz and M. Ivanov, Attosecond physics, Rev. Mod.
Phys. 81, 163 (2009).

[24] P. Colosimo, G. Doumy, C. I. Blaga, J. Wheeler, C. Hauri,
F. Catoire, J. Tate, R. Chirla, A. M. March, G. G. Paulus, H.
G. Muller, P. Agostini, and L. F. DiMauro, Scaling strong-
field interactions towards the classical limit, Nat. Phys. 4,
386 (2008).

[25] M. Zürch, C. Kern, P. Hansinger, A. Dreischuh, and C.
Spielmann, Strong-field physics with singular light beams,
Nat. Phys. 8, 743 (2012).

[26] A. J. Gonsalves, et al., Petawatt Laser Guiding and Electron
Beam Acceleration to 8 GeV in a Laser-Heated Capil-
lary Discharge Waveguide, Phys. Rev. Lett. 122, 084801
(2019).

[27] E. Esarey, C. Schroeder, and W. Leemans, Physics of laser-
driven plasma-based electron accelerators, Rev. Mod. Phys.
81, 1229 (2009).

[28] S. C. Wilks, J. M. Dawson, W. B. Mori, T. Katsouleas, and
M. E. Jones, Photon Accelerator, Phys. Rev. Lett. 62, 2600
(1989).

[29] F. S. Tsung, C. Ren, L. O. Silva, W. B. Mori, and T.
Katsouleas, Generation of ultra-intense single-cycle laser
pulses by using photon deceleration, Proc. Natl. Acad. Sci.
USA 99, 29 (2002).

[30] D. F. Gordon, B. Hafizi, R. F. Hubbard, J. R. Peñano,
P. Sprangle, and A. Ting, Asymmetric Self-Phase Modu-
lation and Compression of Short Laser Pulses in Plasma
Channels, Phys. Rev. Lett. 90, 215001 (2003).

[31] W. Zhu, J. P. Palastro, and T. M. Antonsen, Pulsed mid-
infrared radiation from spectral broadening in laser wake-
field simulations, Phys. Plasmas 20, 073103 (2013).

[32] Z. Nie, C.-H. Pai, J. Hua, C. Zhang, Y. Wu, Y. Wan, F.
Li, J. Zhang, Z. Cheng, Q. Su, S. Liu, Y. Ma, X. Ning, Y.
He, W. Lu, H.-H. Chu, J. Wang, W. B. Mori, and C. Joshi,
Relativistic single-cycle tunable infrared pulses generated
from a tailored plasma density structure, Nat. Photon. 12,
489 (2018).

[33] P. Sprangle, E. Esarey, and A. Ting, Nonlinear Theory
of Intense Laser-Plasma Interactions, Phys. Rev. Lett. 64,
2011 (1990).

[34] E. Esarey, A. Ting, and P. Sprangle, Frequency shifts
induced in laser pulses by plasma waves, Phys. Rev. A 42,
3526 (1990).

[35] Z.-M. Sheng, J.-X. Ma, Z.-Z. Xu, and W. Yu, Effect of an
electron plasma wave on the propagation of an ultrashort
laser pulse, J. Opt. Soc. Am. B 10, 122 (1993).

[36] W. B. Mori, The physics of the nonlinear optics of plas-
mas at relativistic intensities for short-pulse lasers, IEEE J.
Quantum Electron. 33, 1942 (1997).

[37] T. D. Arber, K. Bennett, C. S. Brady, A. Lawrence-Douglas,
M. G. Ramsay, N. J. Sircombe, P. Gillies, R. G. Evans,

054024-7

https://doi.org/10.1038/nphys607
https://doi.org/10.1364/OPEX.13.000689
https://doi.org/10.1038/nphoton.2011.81
https://doi.org/10.1038/nature01935
https://doi.org/10.1038/nphys1907
https://doi.org/10.1364/AOP.3.000161
https://doi.org/10.1016/0030-4018(93)90535-D
https://doi.org/10.1103/PhysRevLett.113.153901
https://doi.org/10.1038/ncomms12583
https://doi.org/10.1038/nphys4007
https://doi.org/10.1103/RevModPhys.78.309
https://doi.org/10.1038/ncomms13686
https://doi.org/10.1088/1367-2630/aad71a
https://doi.org/10.1038/nphoton.2012.142
https://doi.org/10.1038/nphoton.2015.179
https://doi.org/10.1103/PhysRevX.5.021034
https://doi.org/10.1126/science.1218497
https://doi.org/10.1038/nphoton.2014.256
https://doi.org/10.1038/nphoton.2014.213
https://doi.org/10.1038/nature10820
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1038/nphys914
https://doi.org/10.1038/nphys2397
https://doi.org/10.1103/PhysRevLett.122.084801
https://doi.org/10.1103/RevModPhys.81.1229
https://doi.org/10.1103/PhysRevLett.62.2600
https://doi.org/10.1073/pnas.262543899
https://doi.org/10.1103/PhysRevLett.90.215001
https://doi.org/10.1063/1.4813245
https://doi.org/10.1038/s41566-018-0190-8
https://doi.org/10.1103/PhysRevLett.64.2011
https://doi.org/10.1103/PhysRevA.42.3526
https://doi.org/10.1364/JOSAB.10.000122
https://doi.org/10.1109/3.641309


XING-LONG ZHU et al. PHYS. REV. APPLIED 12, 054024 (2019)

H. Schmitz, A. R. Bell, and C. P. Ridgers, Contemporary
particle-in-cell approach to laser-plasma modelling, Plasma
Phys. Control. Fusion. 57, 113001 (2015).

[38] Y. Shi, B. Shen, L. Zhang, X. Zhang, W. Wang, and Z. Xu,
Light Fan Driven by a Relativistic Laser Pulse, Phys. Rev.
Lett. 112, 235001 (2014).

[39] C. Brabetz, S. Busold, T. Cowan, O. Deppert, D. Jahn, O.
Kester, M. Roth, D. Schumacher, and V. Bagnoud, Laser-
driven ion acceleration with hollow laser beams, Phys.
Plasmas 22, 013105 (2015).

[40] A. Denoeud, L. Chopineau, A. Leblanc, and F. Quéré, Inter-
action of Ultraintense Laser Vortices with Plasma Mirrors,
Phys. Rev. Lett. 118, 033902 (2017).

[41] J. Vieira and J. T. Mendonça, Nonlinear Laser Driven
Donut Wakefields for Positron and Electron Acceleration,
Phys. Rev. Lett. 112, 215001 (2014).

[42] G.-B. Zhang, M. Chen, J. Luo, M. Zeng, T. Yuan,
J.-Y. Yu, Y.-Y. Ma, T.-P. Yu, L.-L. Yu, S.-M. Weng, and
Z.-M. Sheng, Acceleration of on-axis and ring-shaped
electron beams in wakefields driven by Laguerre-Gaussian
pulses, J. Appl. Phys. 119, 103101 (2016).

[43] X.-L. Zhu, M. Chen, T.-P. Yu, S.-M. Weng, L.-X. Hu,
P. McKenna, and Z.-M. Sheng, Bright attosecond γ -ray
pulses from nonlinear Compton scattering with laser-
illuminated compound targets, Appl. Phys. Lett. 112,
174102 (2018).

[44] L.-X. Hu, T.-P. Yu, Z.-M. Sheng, J. Vieira, D.-B. Zou,
Y. Yin, P. McKenna, and F.-Q. Shao, Attosecond elec-
tron bunches from a nanofiber driven by Laguerre-Gaussian
laser pulses, Sci. Rep. 8, 7282 (2018).

[45] W. P. Wang, C. Jiang, B. F. Shen, F. Yuan, Z. M. Gan, H.
Zhang, S. H. Zhai, and Z. Z. Xu, New Optical Manipulation
of Relativistic Vortex Cutter, Phys. Rev. Lett. 122, 024801
(2019).

[46] T. Wittmann, B. Horvath, W. Helml, M. G. Schätzel, X. Gu,
A. L. Cavalieri, G. G. Paulus, and R. Kienberger, Single-
shot carrier–envelope phase measurement of few-cycle
laser pulses, Nat. Phys. 5, 357 (2009).

[47] A. T. O’Neil, I. MacVicar, L. Allen, and M. J. Pad-
gett, Intrinsic and Extrinsic Nature of the Orbital Angular
Momentum of a Light Beam, Phys. Rev. Lett. 88, 053601
(2002).

054024-8

https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1103/PhysRevLett.112.235001
https://doi.org/10.1063/1.4905638
https://doi.org/10.1103/PhysRevLett.118.033902
https://doi.org/10.1103/PhysRevLett.112.215001
https://doi.org/10.1063/1.4943419
https://doi.org/10.1063/1.5028555
https://doi.org/10.1038/s41598-018-25421-9
https://doi.org/10.1103/PhysRevLett.122.024801
https://doi.org/10.1038/nphys1250
https://doi.org/10.1103/PhysRevLett.88.053601

	I. INTRODUCTION
	II. SCHEME AND THEORY FOR PHOTON FREQUENCY MODULATION
	III. THREE-DIMENSIONAL SIMULATION RESULTS
	IV. DISCUSSION
	V. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


