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Twisted light beams with orbital angular momentum provide an additional degree of freedom in controlling 

light-matter interactions, which are interesting for fundamental and applied research. Although there are 

various methods that can produce twisted laser beams at sub-micrometer or shorter wavelengths, it is still 

challenging to extend such beams to mid-infrared (mid-IR) wavelengths with relativistic intensity. Here, we 

present a promising scheme to generate such pulses 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 energy conversion efficiency of 4.8% (energy ~150mJ) in the 

wavelength range above 7 μm. This long-wavelength infrared pulses at the terawatt level can be focused to 

relativistically high intensity, which may offer significant opportunities for high-field physics and ultrafast 

applications. 
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I. Introduction 

Twisted light beams carrying orbital angular momentum (OAM) exhibit typical screw-like 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 recognized 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], optical 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 have been 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 a few 

micrometers. The high-intensity laser pulses can potentially push light-matter interactions into the relativistic 

regime and even quantum electrodynamics [13-15]. Currently, high-power intense mid-infrared (mid-IR) 

pulses are highly desired for many scientific studies [16-18], including bright high-harmonic generation 

[19,20], time-resolved infrared spectroscopy [21], ultrafast imaging of molecular dynamics [22], etc. 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 (∝ 𝐼0𝜆2) [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 useful 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 amplification or optical breakdown, it 

is challenging to generate high-intensity few-cycle long-wavelength light pulses with current techniques. 
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To solve these problems, we propose a scheme to generate terawatt (TW)-class, hundred-millijoule 

(mJ), near-single-cycle twisted light pulses via a plasma-based photon decelerator driven by a LG laser pulse 

in underdense plasma. In this scheme, the pulse frequency is tunable 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 

 

FIG. 1. Schematic of the plasma photon decelerator for producing intense mid-IR vortex pulses. (a) A plasma wake 

with a bubble-like 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 2mm, when it undergoes 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 = (𝜋𝑟𝑒𝜎0
2)−1(𝑟2/𝜎0

2 ), 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 = 𝑚𝑒𝜔0
2/4𝜋𝑒2 = 1.1 × 1021cm−3 is the critical plasma density. 𝐿𝑝 and 𝐿𝑓 represents the longitudinal length of the 
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density plateau and down-ramp, respectively. 

 

Figure 1 presents the schematic diagram of our mechanism, in which an ultrashort intense LG laser 

pulse propagates in underdense plasma and drives a wake [Fig. 1(a)]. This pulse experiences strong and 

continuous frequency downshift (so-called ‘photon deceleration’) due to the group velocity dispersion and 

phase modulation by the wake excitation. The decelerated photons are trapped and accumulate inside the 

wake bubble, where their frequency can be as low as 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 in order 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 the mid-IR pulse 

generation as discussed later. 

In the following, we describe the basic physical mechanism for frequency downshift. It is well-known 

that a laser pulse can be modulated as it propagates in plasma, which can lead to frequency shifts, temporal 

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
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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

𝜔𝑝0
2

2𝜔0
2], 𝜔0 is the initial laser frequency, 𝑛𝑒0  and 𝜔𝑝0  are the initial plasma electron density and 

frequency, respectively. The wavelength change of the radiated photons can be estimated by 𝜆(𝜏) ≈ 𝜆0 +

𝜏∆𝑣𝑝(𝜉), where ∆𝑣𝑝(𝜉) ≈ 𝜆0
𝜕

𝜕𝜉
𝑣𝑝(𝜉) is the difference of 𝑣𝑝(𝜉) between two adjacent phase peaks. Then, 
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one can obtain 

𝜆 ≈ 𝜆0 + 𝑐𝜏𝜆0
𝑛𝑒0

2𝑛𝑐
𝑔(𝜉),                                                               (1) 

where 𝑔(𝜉) =
𝜕

𝜕𝜉

𝑛𝑒(𝜉)

𝑛𝑒0
 is the plasma density gradient, 

𝑛𝑒(𝜉)

𝑛𝑒0
= 1 + 𝑘𝑝

−2 𝜕2𝜙

𝜕𝜉2  is the normalized density 

perturbation, and 𝑐𝜏  is the interaction distance. In the short pulse limit when |𝜙| ≪ 1 , there is [33,34] 

𝜙(𝜉) ≈
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front (𝜉 ≥ 0) of the laser pulse are the boundary conditions. For a given pulse profile 𝑎𝐿 = 𝑎0 sin2(𝜋𝜉/𝐿) 
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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 �̅�(𝜉)~4𝜇𝑚−1 for the case 

presented here when 𝑎0 > 1, the wavelength modulated can be as high as 10𝜆0 over an interaction distance 

of 1.5mm. It should be pointed out 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 simulation is necessary. 

III. Three-Dimensional Simulation Results 

To investigate the development of mid-IR few-cycle twisted pulses, we have carried out fully 3D 

particle-in-cell (PIC) simulations with the EPOCH code [37]. The size of the simulation box is 70𝜇𝑚(𝑥) ×

120𝜇𝑚(𝑦) × 120𝜇𝑚(𝑧) with the cells of 2450 × 600 × 600, sampled by four macro-particles per cell. The 

incident linearly-polarized laser pulse has a LG profile of 

𝒂(LG𝑝
𝑙 ) = 𝑎0𝐶𝑝

𝑙 𝜎0

𝜎(𝑥)
(

√2𝑟
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)

𝑙

𝐿𝑝
𝑙 (

2𝑟2

𝜎2(𝑥)
) exp (−

𝑟2

𝜎2(𝑥)
) exp(𝑖𝑙𝜑) exp (𝑖

𝑘𝑟2𝑥

2(𝑥2+𝑍𝑅
2)

)  

× exp [−𝑖(𝑙 + 2𝑝 + 1)arctan
𝑥

𝑍𝑅
] exp[𝑖(𝑘𝑥 − 𝜔0𝑡 + 𝜓0)]sin2(𝜋𝑡/𝜏0)𝒆𝑦,                  (2) 

where 𝑎0 = 3  is the normalized laser amplitude (intensity ~10
19 

W/cm
2
), with 𝜆0 = 1𝜇𝑚  wavelength, 
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𝜏0 = 40fs duration and ~3.1J pulse energy. 𝐶𝑝
𝑙  is the normalizing constant with a low-order (1, 0) LG0

1 mode 

of 𝑙 = 1  and 𝑝 = 0 , 𝐿𝑝
𝑙  is the Laguerre polynomial, 𝜑 ∈ [0, 2𝜋]  is the azimuthal angle, (𝑙 + 2𝑝 +

1)arctan
𝑥

𝑍𝑅
 is the Gouy phase, 𝑍𝑅 =

𝜋𝜎0
2

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 [40-44]. 

Figure 2(a-c) presents the distributions of the electron density and transverse electric field at different 

longitudinal 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 donut-like 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 undergoes both 

relativistic self-compression and self-focusing, as shown in Fig. 2(b). As a result, the peak laser intensity is 

enhanced and the density bubble is enlarged, which in turn enhances the relativistic effects and density 

perturbation. 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 the 

wavelength ~1.5μm, while the second spectral peak mostly come from its leading edge. The laser pulse peak 

then experiences strong frequency downshift with very low-frequency components 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 −
𝜔𝑝

2

2𝜔2)] and are trapped inside the bubble. It is interesting to note that there is no electron injection 
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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 

conversion. Finally, intense mid-IR pulses are produced with a high energy conversion efficiency of 4.8% 

(energy ~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 ~1TW and 

normalized field amplitude 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). 

 

FIG. 2. Generation of relativistic mid-IR twisted pulses. (a-c) Distributions of the plasma density ( 𝑛𝑒 ) and the 

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 has been filled with the mid-IR pulse. The upper insets in 
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(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 corresponding to the time in 

(a), (b), and (c), respectively. The inset shows the temporal waveform of the electric field of the infrared pulse at the 

central wavelength 𝜆𝑐 ≈ 12 𝜇𝑚. The drive LG laser pulse is with topological charge 𝑙 = 1. 

 

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 propagation in the plasma and the 

frequency downshift in this region is negligible. We first consider the effect of 𝐿𝑝  on the mid-IR pulse 

generation. Figure 3(a) shows that a long plateau is helpful in generating intense mid-IR pulses, allowing 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 whilst there is a relatively small change in 𝑎0, so that it can accommodate more photons 

to form long-wave pulses. This results in the increase of the wavelength, energy and duration of the infrared 

pulse with 𝐿𝑓. However, further increases of 𝐿𝑓 will lead to pulse attenuation 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 beneficial 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 important role on the mid-IR pulse generation, enhancing 

its tunability. When the plasma density 𝑛0 is increased, sharper density gradients 𝑔(𝜉) are formed, making it 
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easy to modulate the photon frequency (wavelength) in 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 sufficiently large bubble to 

accommodate the long-wavelength infrared photons. High density plasma also leads to rapid depletion and 

attenuation of the laser pulse. 

 

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 = 1650 𝜇𝑚) shown in Fig. 1(c), 

keeping all other parameters 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 fixed 𝑛0𝐿𝑝 = 4.95𝑛𝑐  𝜇𝑚, 

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. 

 

Since the generated mid-IR pulse is only of a few-cycle duration, it is interesting to examine its CEP 

[45]. The CEP is known to play a significant role in laser-matter interactions with few-cycle pulses, for 
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example, 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 approximately estimated by 

∆𝜓 ≈ ∫
(𝑣𝑝−𝑣𝑔)

𝑐
𝜔𝐼𝑅(𝑡)𝑑𝑡

𝑑/𝑐

0
≈ ∫

𝑛𝑒(𝑡)

𝑛𝑐

𝜔0
2

𝜔𝐼𝑅(𝑡)
𝑑𝑡

𝑑/𝑐

0
, 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, making it possible to control or 

measure the CEP in experiments. 

IV. Discussion and Conclusion 

We now discuss the advantage of this scheme for generating high-intensity mid-IR light pulses with 

different topological charge 𝑙 that is directly associated with the OAM states of photons [1,46], i.e., each 

photon can carry OAMs of 𝑙ℏ. The increase of the topological charge of a light beam typically requires a 

more complex optical mode converter, which is technically challenging. It is also difficult to generate high-

intensity light pulse with a wavelength beyond 5μm through the conventional optical 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 charge of the twisted mid-IR pulses can be controlled by the 

drive laser pulse without the need of additional complex optical devices, as illustrated both in Figs. 2 and 4, 

where the drive LG laser pulses have 𝑙 = 1  and 2, respectively. Although two drive laser pulses have 

different topological structures, this does not significantly affect the performance of the mid-IR optical 
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vortex pulse generation scheme, where both of them show a quite similar spectrum. This thus provides an 

approach towards the generation of high-power, high-intensity, vortex-stabilized, few-cycle mid-IR pulses. 

 

FIG. 4. Conversion from a drive laser pulse with 𝑙 = 2 to twisted mid-IR pulses using a plasma photon decelerator. 

Distributions of mid-IR pulses in the 𝜉 − y plane (a) and in 3D view (b). Here the topological charge of the drive laser 

pulse is changed from 𝑙 = 1 to 2 for the case presented in Fig. 2, but all other parameters are unchanged. The insets in 

(a) presents the transverse electric field slices of the drive pulse and the mid-IR pulse in the y − z plane. (c) Spectral 

distributions 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. 

 

In conclusion, we have demonstrated a promising and practical way to generate TW-class hundred-mJ 

near-single-cycle mid-IR twisted pulses via photon deceleration in plasma. The generated pulses not only 

cover a broad spectrum up to 18 μm, but also can reach relativistically high intensities. Furthermore, the 

output parameters of the mid-IR pulses can be flexibly tuned by 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 
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long-wavelength infrared spectral region, offer many potential applications in high-field physics and ultrafast 

science. 
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