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Abstract
Infrared spectroscopy, ultra-fast x-ray high harmonic generation, and time-resolved imaging of
molecular structures benefit from the availability of intense mid-infrared wavelength pulses. Here
we present a new approach to generating these, in which an intense short laser pulse is incident
upon a near-critical density, spherical, mass-limited carbon target. After the laser pulse interaction,
the carbon ions produced form a central force field. Plasma electrons accelerated by the laser
return to the positively charged carbon target under the action of this field. The energy of these
electrons is reduced and is lower than their energy in the laser field. These low-energy refluxing
electrons start to oscillate with a rotating figure-of-eight motion around the positively charged
carbon target and emit relativistically intense mid-infrared pulses with the wavelength in the range
1 to 4 μm.

1. Introduction

Significant progress has been made in obtaining high-quality mid-wavelength infrared (MWIR) sources in
recent decades, which has opened new avenues of research in the field of laser-matter interactions. These
high-quality sources are important for a broad range of applications in ultrafast physics, chemistry, biology
and materials science, including infrared spectroscopy [1], ultra-fast x-ray high harmonic generation [2, 3],
time-resolved imaging of molecular structures [4, 5], attosecond pulse radiation [6] and filamentation [7].
Short pulse MWIR generation is, however, one of the challenges for ultra-fast laser technology.
Traditionally, laser-based infrared pulse generation depends on optical parametric amplifiers pumped by
lasers operating at 1 μm [8, 9], optical parametric chirped-pulse amplifiers in ZnGeP2 crystals [10, 11] and
CO2 lasers [12, 13], which typically produce wavelengths beyond 5 μm due to a lack of nonlinear crystals
with suitable optical and mechanical properties. Other infrared generation methods, such as difference
frequency generation [14], adiabatic difference generation [15], non-degenerate four-wave-mixing [16] and
optical rectification [17], have also been explored. These schemes involve nonlinear crystals that have the
energy-density damage threshold limitations for laser pulse power/intensity scaling. This problem is
inherently avoided by the use of plasma as the frequency conversion medium. Recently, for example, it has
been demonstrated that infrared pulses with wavelength from 5 to 14 μm can be obtained by utilizing
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Figure 1. (a) Schematic diagram of the laser-MLT interaction geometry. (b) The steps in the MWIR generation process: I.
Electrons driven forward by the laser light; II. Electrons reflected back by the positive charge; III. Electrons refluxing about the
positively charged ions to emit MWIR radiation outwards.

asymmetric self-phase modulation produced by a wake in a tailored plasma density structure, such that the
pump laser pulse continuously downshifts in frequency [18]. Theory and numerical studies have been used
to investigate the compression of a high power laser pulse to the order of the laser wavelength in plasma
[19] and pulse energy depletion and spectral shifts produced by large amplitude plasma waves [20]. These
processes result in the production of a strong mid-infrared pulse. Aside from plasma, high energy electron
beams have been shown to be a potential medium for the generation of mid-infrared pulses. A pump
electron beam is injected into a seed terahertz pulse, amplifying the field of the seed pulse and upshifting
the central wavelength to mid-infrared range [21].

The MWIR pulse generation research referenced above focuses on pulse compression and frequency
shifting. Another common method is to utilize the dynamics of collective acceleration and deceleration of
charged particles to emit electromagnetic waves in ultra-intense laser-plasma interactions. In the target
normal sheath acceleration regime for the acceleration of ions, energetic electrons generated by the laser
pulse at the target front side travel through the target and emerge at the rear side, generating a plasma
sheath with associated electrostatic field [22]. Under the action of the sheath field, the energetic electrons
experience acceleration and deceleration, and thereby emit electromagnetic radiation [23]. The use of a
mass-limited target (MLT) has been explored in theoretical [24, 25] and experimental [26, 27] studies. The
dimensions of an MLT can be less than, or comparable to, the laser spot size, enabling the whole target to be
pushed forward by the laser radiation pressure and for a large fraction of the electrons to be accelerated.
The electron oscillatory and recirculation motions are restricted transversely by the laser transverse
ponderomotive force, resulting in a strong longitudinal charge separation. When the laser intensity is high
enough, the kinetic energy of the electrons increase in the longitudinal direction [28] and ions [29] can be
directly accelerated longitudinally, together with the electrons. These accelerated particles emit ultrabright
x-rays [30] in the radiation pressure acceleration regime [31]. Thus, MLTs are often used as a pulsed source
of electromagnetic waves with high frequency, such as gamma ray [32] and EUV [33] radiation. In the limit
in which the laser intensity is not high enough to directly accelerate ions, and the charge separation field
does not accelerate ions, a portion of the electron population is pulled back towards the positively charged
ions. These electrons lose energy and reflux about the positively charged target. Their collective refluxing
motion can drive the production of low frequency radiation.

2. Simulation and discussion

This article introduces a novel method for the generation of mid-infrared pulses that utilizes the interaction
of refluxing electrons and the positively charged ions in an MLT. When a relativistically intense, short laser
pulse exerts radiation pressure on a near-critical-density, spherical, carbon MLT, almost all of the electrons
are displaced resulting in a strong charge separation field. The positively charged carbon ions left behind
start to experience Coulomb explosion (CE) [34, 35] and form a central force field. Part of the electron
population is attracted back towards the ions. The electrons overshoot the central potential and, under the
action of the central force field, oscillate about the carbon ions with a rotating figure-of-eight motion. This
collective motion forms a periodicity rotating current macroscopically and results in the emission of
mid-infrared electromagnetic radiation in the wavelength range from 1 to 4 μm. Figure 1 shows schematic
diagrams of the laser-MLT interaction geometry and the three stages of the MWIR generation process.
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Figure 2. An intense, short laser pulse interacts with a mass-limited, spherical carbon plasma (a)–(d): the distribution evolution
of the electrons and carbon ions at (a)t1 = 45 fs, (b)t2 = 50 fs, (c)t3 = 55 fs and (d)t4 = 60 fs, where the refluxing electrons are
marked by blue dots and the forward-directed electrons are marked by red dots. (e) The corresponding energy spectra of the
refluxing electrons at the same four sample times.

The MWIR generation is attributed to the periodic acceleration and deceleration of refluxing electrons
under the action of the central force. Normally, the magnitude of the central force field is only related to the
displacement of a particle with respect to the centre and is expressed as follows (according to Gauss’
theorem): �Er =

Q(R0)
4πε0

rnÊ. Here Q is the total positive charge, R0 is the initial radius of the charged particle
and r is the distance from the particle to centre. The trajectory of a particle with a given energy and
momentum, subject to the central force, can be accurately calculated. It is found that a large number of the
trajectories are non-closed orbits [36]. Each orbit has many apogees, perigees and turning points. This
phenomenon occurs for different central fields, in which n differs, or an extra magnetic field is added [37].
This provides the conditions for the acceleration and deceleration of the particle. In the following, the
electron trajectories are calculated using the Runge–Kutta method to solve the above formula.

The three-dimensional particle-in-cell (PIC) code EPOCH [38] was used to simulate the interaction of
an ultra-intense laser pulse with a near-critical-density carbon MLT, including the interactions between the
refluxing electrons and carbon ions. The simulation box was x × y × z = 30λ0 × 20λ0 × 20λ0, with spatial
mesh equal to 3000 × 640 × 640. Each cell had 32 macro-particles. A linearly polarized Gaussian laser pulse
with dimensionless peak amplitude a0 = 20 (where a0 is related to the laser intensity, I, through the relation
I = 1.37 × 1018a2

0 [Wcm−2]/λ2
0 [μm]) was incident in the x-direction from the left side of the simulation

box to irradiate the MLT. The laser wavelength λ0 = 0.8μm, pulse duration τ = 10 fs and the focal waist
w0 = 5λ0. The target was a uniform spherical carbon plasma with radius R0 = 0.8λ0 (which is smaller than
the laser spot size), with the centre located at [x = 15λ0, y = 10λ0, z = 10λ0]. The initial, uniform electron
density ne = 0.6nc, where nc = meε0ω

2
0/e2 is the critical plasma density (i.e. the density above which laser

light of a given wavelength cannot propagate).
Figure 2 shows the typical distribution evolution of the carbon ions (green) and electrons

(forward-directed electrons in red and refluxing electrons in blue), and the energy spectra distribution of
the refluxing electrons at stated times. There are several characteristic stages to the electron dynamics
during the interaction. At t = 40 fs, the laser pulse starts irradiating the carbon target. The outer wings of
laser pulse continue to propagate and envelop the whole target. Almost all electrons are instantly accelerated
forward in response to the laser pulse and a charge separation field forms between t1 = 45 fs and t2 = 50 fs.
The energy of the electrons involved in refluxing increases to a peak value of ∼6 MeV, as determined by the

electron ponderomotive energy (
√

1 + a2
0/2 − 1)mec2 = 6.75 MeV. The relatively immobile carbon ions

produce a strong central force field. The electrons that are located at the tail of the forward moving electron
cloud feel the combined potential of the central force field and the charge-separation field at the tail of the
laser pulse. Under the influence of these fields, this part of the moving electron population (now of the
order of a few microns away from the mass-limited target) is attracted back towards the positively charged
carbon ions. The energy of these refluxing electrons is reduced, at around t3 = 55 fs. The last of the
refluxing electrons start to oscillate around the carbon ions at about t4 = 60 fs. Beyond this time, the
refluxing electrons couple in oscillation with the carbon ions undergoing Coulomb explosion under the
action of the central force field. This will be described in detail later.
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Figure 3. (a) Projection of the motion of an electron in the XY plane for different initial position and velocity, and different n,
using the Runge–Kutta method (red and green) and from PIC simulation (blue). The electric field distribution from the PIC
simulation (black) and from theory (pink) are also shown. (b) The trajectory of an example electron oscillating about the central
force field produced by the carbon ions. (c) Projection of the charge density in the XY plane at (1)t1 = 80 fs, (2)t2 = 85 fs,
(3)t3 = 90 fs and (4)t4 = 95 fs, where the highly negative charge density region is marked by the black dashed circle.

The trajectory of an electron that enters the central force field depends on its initial energy, momentum
and incident angle [29]. Figure 3(a) shows a projection of trajectories in the XY plane (marked by the solid
line) of electrons with different initial energy and momentum, in different central force fields. A typical
electron, in the central force field with n = −2, firstly experiences acceleration (from A to O), passes the
centre of the force (O) and decelerates (from O to B) until it turns (point B). The electron thus oscillates
back and forth due to the central force field. Moreover, because the electron is injected at an angle, its
trajectory also rotates or precesses (from A to B to C). As shown in figure 3(a), for central force fields with
different n (=−2 or −1.9 in the examples shown), the electrons dynamics are similar. In other words, the
electron motion in a central force field has two components: an oscillatory back and forth motion, and a
precession. The combined effect is similar to a rotating figure-of-eight motion.

The central force field (generated by the positively charged carbon ions) in the PIC simulation is shown
in figure 3(a) by the dashed black line and exhibits two features: one is a linear change region inside the
target and the other is a rapid decrease in field strength with increasing radius outside the target. The
separation between the two peaks in the field is the diameter of the spherical target comprising of the
carbon ions. This distance is larger than that predicted by theory, as shown by the dashed pink line. The
separation of the peaks continues to increase with time in the PIC simulation because the positively charged
carbon ionic core also experiences CE. In fact, due to the presence of the refluxing electrons the rate of
increase is much lower than would be expected for CE of the ion core in the absence of electrons. Thus, the
interaction between the refluxing electrons and positively charged ions occurs over a time frame of about
70 fs and then the expected CE begins, as shown in the supplementary information (https://stacks.iop.org/
NJP/22/093007/mmedia). Figure 3(b) shows a 3D simulation of the trajectory of a refluxing electron about
the positively charged central force field. The trajectory projection of the same electron, in the XY plane, is
shown in figure 3(a) as the solid blue line. It is seen that an electron firstly experiences transverse oscillation
along the propagation axis, as defined by the laser pulse. Then it is pulled back towards the carbon ion
target and oscillates with the rotating figure-of-eight shape in the central force field, as shown in figure 3(b).
Because the energy of the refluxing electron interacting with the positively charged carbon ions is much
lower than the kinetic energy acquired in the laser field [39], the electron oscillation frequency is slower
than that in the laser field. The frequency of the generated radiation can therefore also be lower than laser
frequency.

In the PIC simulations, up to 85% of the refluxing electrons make this figure-of-eight trajectory.
Macroscopically, electrons with similar trajectories form a rotating current around the positively charged
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Figure 4. (a) Spatial distribution of the magnetic field in the YZ plane at x = 10λ0. (b) Temporal magnetic field waveform at
point [x = 10λ0, y = 10λ0, z = 10λ0]. (c) Corresponding Fourier frequency spectrum. (d) The synchrotron radiation produced
by the single electron of figure 3(b).

carbon ions target, as shown in figure 3(c). The charge density distribution is thus composed of two parts:
the electron cloud outside the target and the non-uniform charge density distribution inside the target. The
former is caused by a population of refluxing electrons that move outside the target to form an electron
cloud. Other refluxing electrons enter the area inside the target and neutralize the positively carbon charged
ions, locally reducing the positive charge density. The black dotted circle in figure 3(c) represents a highly
negative charge density region. The collective motion of the electrons in this negative charge density region
and the electrons cloud appears periodic and rotates counterclockwise, from t = 80 fs to t = 95 fs.
Macroscopically, the periodically rotating current generates unique synchrotron electromagnetic radiation.

The simulation results in figures 4(a)–(d) show the electromagnetic radiation produced in the
laser-MLT interaction. Figure 4(a) shows the spatial distribution of the magnetic field Bz, sampled in the
vacuum (x = 10λ0) at t = 65 fs. The electromagnetic radiation is emitted from the target within a cone
angle, presenting a ring-shape distribution in the YZ plane. The wavelength corresponding to one cycle of
the ring-shaped magnetic field is longer than the laser wavelength. Figure 4(b) presents the temporal
evolution of Bz at a fixed point (y = 10λ0, z = 10λ0) located at the centre of the circle in figure 4(a). The
evolution time frame is about 70 fs, consistent with the time frame of interaction between the refluxing
electrons and positively charged ions. After filtering the noise, the corresponding Fourier frequency
spectrum is presented in figure 4(c) and has a central peak value at around ∼2 μm and a wide range from
1 to 4 μm. This result is consistent with the synchrotron radiation of the single electron in figure 3(b) and is
presented in figure 4(d). It is the first numerical simulation to demonstrate mid-infrared pulse generation
in the interaction of refluxing electrons under the action of a central force field.

Through the comparison of 2D and 3D PIC simulations, it is found that the characteristics of radiation
generated are similar, and especially the central wavelength, as shown in the supplementary information.
Due to computing limitations, 2D simulations are used for parametric investigation of the dependence of
the radiation properties on the laser-plasma. With the exceptions of the variables a0, np and R0, all other
laser parameters are the same as those of the above 3D simulation. The 2D simulation box has dimensions
of 100λ0 × 100λ0 with 10 000 × 10 000 cells in x and y directions, respectively. Each cell has 8
macro-particles. The x axis is defined to be the laser pulse propagation direction and the y axis is the laser
pulse linear polarization direction. The energy and frequency spectrum of MWIR are detected at 10λ0 away
from the centre of the MLT. Figure 5(a) presents the effects of drive laser intensity on the energy conversion
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Figure 5. Dependence of energy conversion efficiency and MWIR central wavelength on: (a) laser intensity (in light amplitude
units); (b) initial electron plasma density (normalised to the critical electron density); and (c) initial target radius. The electron
plasma density is ne = 0.6nc in (a) and (c). The dimensionless amplitude of the laser light is a0 = 20 in (b) and (c). The initial
target radius is 0.8λ0 in (a) and (b).

efficiency and central wavelength of the MWIR generated. Note that the maximum value of the energy
conversion efficiency appears when the laser intensity is at an optimum value of a0 = 3. This is because
when a laser pulse with lower intensity interacts with the MLT, fewer electrons are accelerated, the number
of refluxing electrons is lower and the central force field is difficult to form, resulting in inefficient radiation
generation. With increasing laser intensity (a0 > 10), an increasing number of electrons are accelerated to
high energies by the laser ponderomotive force and, as a result, the number of refluxing electrons decreases,
reducing energy conversion efficiency to radiation. The energy of the refluxing electrons increases with
increasing laser intensity, which causes the radius of the refluxing electron population to increase, which in
turn means that the central wavelength of the emitted radiation increases.

In figure 5(b), the effects of initial plasma density on MWIR radiation generation are considered. The
energy conversion efficiency increases with the initial plasma density. The increase in plasma density can
bring about an increase in the number of refluxing electrons and the radiation energy therefore increases.
The energy conversion efficiency of the mid-IR pulse can be up to 2% when the electron density is 5nc. The
central wavelength of the radiation is inversely proportional to the plasma density. This observation is
explained by the fact that the central wavelength is positively correlated to the plasma wavelength of the
refluxing electrons, which is inversely proportional to plasma density. In addition, enlarging the target
radius also increases the number of refluxing electrons, further enhancing the radiation energy generated by
the refluxing electrons, as shown in figure 5(c). Increasing the target radius also causes the oscillation
period of the electrons refluxing around the positively charged ions to increase. As a result, the central
wavelength of the radiation emitted becomes longer. In summary, the central wavelength is mainly
determined by the oscillation period of the refluxing electrons around the carbon ions, whilst the energy
conversion efficiency is mainly determined by the number of refluxing electrons, when other parameters are
fixed.

To simplify the model and investigate the physics of the radiation generation mechanism, an initially
uniform density sphere is considered above. We also explored the use of different shapes of MLTs, namely
an ellipsoid and cylinder, and find that the fundamental properties of the electron dynamics are similar and
the MWIR pulse is produced in all these cases. In addition, we consider the role of plasma pre-expansion as
is likely to occur in experiment. A spherical target with a linear up-ramp density at the boundary and
uniform density distribution in the centre was used. The mid-IR pulses are still obtained when the density
scale-length of the up-ramp is twice as large as the radius of the uniform target, as shown in the
supplementary information.

3. Conclusion

In conclusion, a numerical study is reported in which mid-infrared pulses are observed for the first time in
the interaction of a relativistically strong laser pulse and an MLT. 3D PIC simulation results show that after
the laser pulse passes the MLT, a large fraction of the accelerated electrons are pulled back towards the
positively charged ion target by the central force field. These refluxing electrons oscillate with a rotating
figure-of-eight motion, form a periodically rotating current and emit mid-infrared radiation with central
wavelength from 1 to 4 μm. The properties of the MWIR radiation pulse can be changed by variation of the
initial laser and target parameters. The mass-limited target structure may prove to be a practical device for
generating mid-wavelength infrared pulses in the future.
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