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Electron tunneling induced by a strong-field laser driver can lead to an ultrafast stepwise buildup 

of the photoelectron density ρ. When the laser field is strong enough, each such step in the 

temporal profile of ρ is confined well within the field cycle, providing an ultrabroadband, 

multidecade force that drives the photoelectron current j. However, whether or not the 

photocurrent can emit electromagnetic radiation with such an extraordinarily broad spectrum 

depends on the damping, which defines the low-frequency cutoff in the spectrum of this 

radiation. We show that, with a suitable choice of the gas pressure and parameters of the laser 

driver, the laser-induced tunneling photocurrent can serve as a source of a remarkably broadband 

electromagnetic radiation with a multidecade spectrum stretching from the vacuum ultraviolet all 

the way down to the microwave range. We demonstrate that the supercontinuum fields emitted 

by individual photocurrent steps, induced by different field half-cycles, can coherently combine, 

giving rise to well-resolved high-order harmonics on the high-frequency end of the spectrum 

yoked to a bright mid-infrared-to-microwave supercontinuum, dominating the long-wavelength 

part of the multidecade radiation output. 

 

 

I. INTRODUCTION 

Laser-induced electron tunneling is one of the central effects in strong-field optical physics, 

which brings quantum weirdness to ultrafast optical science [1 – 7] and which plays a prominent 
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role in a remarkable variety of nonlinear-optical scenarios, sometimes as diverse as high-order 

harmonic generation [8], laser filamentation [9, 10], and optical breakdown in gases and solids 

[11]. In a canonical picture of tunneling photoionization [12, 13], a strong laser field periodically 

modulates the potential that binds electrons in atoms, molecules, or sites of a crystal lattice, 

facilitating the tunneling of electrons through the resulting nonstationary potential barrier, with 

the maximum tunneling probability achieved near the maxima of the driver field [14, 15]. 

Photoelectron dynamics behind the barrier can often be described semiclassically [16, 17]. Once 

they have exited the potential barrier, the photoelectrons are accelerated by the laser field, 

gaining a kinetic energy. Electrons on suitable trajectories are driven back by the laser field to 

recollide and recombine with their parent ions or holes they have left behind [16]. Due to the 

strong nonlinearity of the potential that they overcome in this process, these electrons emit high-

order harmonics. This strong-field laser–matter interaction scenario is at the heart of rapidly 

growing attosecond technologies [8]. 

Other photoelectrons are on nonrecolliding trajectories. In the same semiclassical 

framework, supported by quantum-mechanical analysis [18, 19], the optical response of such 

electrons can be described in terms of the photoelectron current, 

j(t) = ׬ ݁௧ି
∞ v(t', t) (߲ߩ ⁄ݐ߲ |௧ୀ௧′)dt', where e is the electron charge, v(t', t) is the velocity of 

photoelectrons undergoing ionization at the instant of time t', and dρ(t') = (߲ߩ ⁄ݐ߲ |௧ୀ௧′)dt' is the 

photoelectron density produced by the laser field within the time interval from t' to t' + dt. Laser-

induced tunneling gives rise to a rapid, almost stepwise buildup of the electron density ρ(t), 

leading to an ultrafast modulation of the photoelectron current j(t). Since these ionization steps in 

ρ(t) are tightly locked to the maxima of the driver field, they recur every field half-cycle, making 

the photocurrent j(t) a source of odd-order harmonics [20], which can be detected via direct 

photoionization-yield measurements [21], as well as by all-optical means, using high-harmonic-

generation spectroscopy [22, 23].  

In a two-color field, consisting of, e.g., a laser pulse with a central frequency ω0 and its 

second harmonic, the temporal symmetry of the laser driver can be removed with an appropriate 

phase shift of one field with respect to the other [24 – 26]. In such a setting, the prohibition on 

even-order nonlinear processes is lifted, and the generation of low-frequency electromagnetic 

fields with central frequencies ranging from ≈ 0.1 to ≈ 50 THz becomes possible via 2ω0 – ω0 – 
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ω0 four-wave mixing (FWM) [27 – 31] or due to photoionization-current radiation [25, 26, 32 – 

37].  

As laser-based THz sources find increasing applications in molecular spectroscopy, 

bioimaging, and security scanning [38], the question as to whether or not optical methods of 

frequency down-conversion can be extended beyond the THz range, to enable millimeter-wave 

(MMW) or even microwave generation, remains open. As an important finding, the spectrum of 

conical emission from laser filaments has been shown to extend to the gigahertz (GHz) and even 

sub-GHz range [39, 40], suggesting a way toward a laser source of GHz and sub-GHz radiation, 

which would help avoid strong atmospheric absorption bands in the THz range, thus facilitating 

remote sensing applications. Moreover, progress in this area would pave the ways toward the 

integration of ultrafast photonics with rapidly growing MMW and microwave technologies [41 – 

43], thus opening new avenues in radio astronomy, remote sensing, telecommunication, medical 

imaging, and security screening [44 – 46].  

Here, we show that such an integration is possible. We demonstrate below in this paper that, 

with a suitable choice of the gas pressure and parameters of the laser driver, the laser-induced 

tunneling photocurrent can provide a source of a remarkably broadband electromagnetic 

radiation with a multidecade spectrum stretching from the vacuum ultraviolet all the way down 

to the microwave range. We will show that the supercontinuum fields emitted by individual 

photocurrent steps, induced by different field half-cycles, can coherently combine, giving rise to 

well-resolved high-order harmonics on the high-frequency end of the spectrum along with a 

bright mid-infrared-to-microwave supercontinuum, dominating the long-wavelength part of the 

multidecade radiation output. 

 

II. MODEL 

A. Photoelectron current and radiation field 

Our analysis of the photoelectron current as a source of low-frequency radiation is based on a 

standard semiclassical equation [9, 10, 47] 

∂j(η)/∂η + νej(η) = (e2/me)ρ(η)E(η),         (1) 

where η is the time in the retarded frame of reference, E(η) is the driver field, νe is the damping 

rate, e is the electron charge, and me is the electron mass.  
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The electric field radiated by the photoelectron current j(x', y', z', η) localized within a 

volume ΔV can be expressed in the form of the diffraction integral [48, 49], 
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where c is the speed of light in vacuum, ε0 is the vacuum permittivity, R2 = [(x' – x)2 + (y' – x)2 + 

(z' – x)2]1/2, and x, y, z are the spatial coordinates of the point of observation.  

In the far field, R2 >> (x')2 + (y')2 + (z')2, i.e., at large distances from ΔV, such that the 

spatial coordinates x', y', z' within ΔV are no longer resolved, with j(η) ≈ j(x', y', z', η), this 

integral reduces to Ej(η) ≈ –∆V(4πε0c2R)–1[∂j(η)/∂η], leading to a widely accepted relation [9, 10]  

Ej(η) ∝ ∂j(η)/∂η.           (2) 

The field intensity is then found as I0 = cε0n0 max([E(η)]2), where n0 is the refractive index 

and max([E(η)]2) stands for the maximum of [E(η)]2 within the pulse. 

The Fourier transform of Eq. (2) leads to the spectrum of Ej(η) in the form Ej(ω) ∝ ωj(ω), 

where j(ω) is the Fourier transform of the time-dependent photocurrent j(η),  

j(ω) = e2 [me(ω2 + νe
2)]–1(iω + νe)׬ ∞ି∞ߟሻ݁ି௜ఠఎ݀ߟሺܧሻߟሺߩ .      (3)  

The model of broadband radiation by a field-driven photocurrent as defined by Eqs. (1) – 

(3) does not include any propagation effects. However, the radiation source term in this model, 

∂j(η)/∂η, is consistent with a canonical picture of diffraction in the far field [48] and helps 

reproduce important signatures of far-field diffraction. Indeed, the Fourier transform of the field 

radiated by j(η), as defined by Eq. (2), leads to an intensity spectrum |ܧj(ω)|2 ∝ |ωj(ω)|2  with a 

signature ω2 factor, typical of far-field radiation spectra [49]. That |ܧj(ω)|2 decreases toward 

lower frequencies and vanishes at ω = 0 is consistent with dc-field no-propagation – another 

signature result of diffraction theory.  

 

B. Field-induced and impact ionization 

The electron density ρ(η) entering the broadband driver term in Eq. (1) is generally a sum, ρ(η) = 

ργ(η) + ρσ(η), of electron densities ργ(η) and ρσ(η) produced, respectively, via photoionization and 

impact ionization [9, 10]. The ratio  

Σ =  ׬ ஶିஶߟ݀ ρσ(η)/׬ ஶିஶߟ݀ ργ (η)         (4) 

is a function of the gas pressure, sort of the gas, and parameters of laser radiation.  
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A standard treatment of photoionization leads to 

dργ(η)/dη = w(η)[ρ0 – ργ(η)].          (5) 

Here, ρ0 is the density of neutral species undergoing photionization and the tunneling rate w(η) is 

calculated using the quasistatic-approximation Ammosov–Delone–Krainov-type equation [9, 

50],  

w(η) = ωa|Cn',l'|2 [U0/(2Ry)] [(2E0)/|E(η)|]α exp[–(2/3) E0/|E(η)|],        (6) 

where ωa ≈ 4.13·1016 Hz is the atomic unit of frequency, E0 = Ea(U0/Ry)3/2, Ea ≈ 5.14·1011  V/m is 

the atomic field, U0 is the ionization potential, Ry is the Rydberg constant, α  = 2n' – 3/2,  |Cn',l'|2 

= 22n' [n' Γ(n' + l' + 1) Γ(n' – l')]–1, n' = n – δl, l' = l – δl, δl = n – (U0/Ry)–1/2,  n' = n – δl, l' = l – 

δl, δl = n – (Ry/U0) 1/2, n is the principal quantum number, and l is the orbital quantum number. 

With a canonical model of impact ionization [9, 10], 

dρσ(η)/dη = (σ/Ui)ρ(η)I(η),          (7) 

where σ = e2τe[meε0n0c(1 + ω2τe2)]–1, Ui = U0 + Up, Up is the electron pondermotive energy, τe = 

1/νe is the collision time, and I(η) = cε0n0[E(η)]2 is the instantaneous field intensity. 

With atmospheric air at a variable pressure p chosen as a gas target, we take U0 = 12.1 eV, n 

= 2, l = 0, and ρ0 = 5.6·1018(p/patm) cm–3 [9], patm being the atmospheric pressure. The collision 

time τe is calculated using a standard approximation [9]  

τe = 350(patm/p) fs.           (8) 

The laser field is taken in the form  

E (η)=E0[exp(–η2/τp2)cos(iω0η)+ξ exp(–η2/τp2)cos(2iω0η+θ)],     (9) 

where τp2 = 0.64τ02, τ0 is the FWHM pulse width, and θ is the relative phase.  

In Fig. 1a, we plot the ratio Σ calculated as a function of the gas pressure p and the 

radiation wavelength λ0 for I0 = 200 TW/cm2, θ = π/2, and ξ = 0.3. As a general tendency, the 

relative significance of impact ionization monotonically grows with p and λ0. In the high-p long-

λ0 regime, impact ionization will thus dominate the buildup of the electron density [51, 52], 

setting a limit, in p and λ0, on ultrafast optical phenomena related to photoionization, including 

broadband radiation by photoelectron currents. In view of this limitation, we set the driver 

wavelength in our calculations at λ0 = 800 nm and vary the gas pressure within the range from ~ 

1 mbar to 1 bar. In this range of parameters, Σ < 2% (Fig. 1a). With impact ionization effects 

being negligible in the studied parameter space, we set ρ(t) = ργ(t) in all calculations below.  
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Integrating Eq. (5) with the photoionization rate as defined by Eq. (6), the field in the form 

(9), and ρ0 = 5.6·1018(p/patm) cm–3 for atmospheric air at p = 1 mbar, we find ρ ≈ 1015 cm–3. With 

an electron temperature Te ≈ 1 – 10 eV, this gives a Debye length λD ≈ 0.3 – 1 μm. The number 

of particles within the Debye sphere is then estimated as ρ(λD)3 ≈ 30 – 1000, satisfying the 

condition of plasma quasi-neutrality. Photoelectrons will thus interact with a screened potential, 

rather than with the Coulomb potential of individual ion cores, even at the lowest-bound pressure 

from the studied pressure range. 

 

C. Collision damping in the low-pressure limit 

Collision damping is included as a separate term in Eq. (1) for the dynamics of the photoelectron 

current, translating into a νe-dependent term in Eq. (2) for the spectrum of the photocurrent and, 

hence, for the spectrum of radiation. As will be shown below, the collision damping of the field-

driven photocurrent dynamics defines, along with the duration of photoionization steps in j(η), 

the low-frequency cutoff in photocurrent radiation spectra.  

Given the importance of the collision damping for the properties of broadband radiation 

generated by photocurrents, it would be meaningful to examine the validity range of the 

commonly accepted approximation of Eq. (8) for the collision rate, paying a particular attention 

to the behavior of νe as a function of the gas pressure in the range of low p. With this goal in 

mind, we represent the collision rate as a sum [53] 

νe = νeO + νeN + νei,           (10) 

where νeO and νeN are the rates of electron collisions with, respectively, O2 and N2 molecules in 

air, and νei is the rate of electron–ion collisions, dominated in the considered range of parameters 

by electron collisions with oxygen ions. 

The rates of electron–neutral collisions are estimated as [53, 54] 

νeO = (ρO – ρ) ξO(We) (We/me)1/2,        (11) 

νeN = ρNξN(We) (We/me)1/2,         (12) 

where ρO =  5.4·1018(p/patm) and ρN =  2.2·1019(p/patm) are the densities of O2 and N2 molecules, 

respectively, ξO(We) and ξN(We) are the cross sections of electron collisions with O2 and N2 

molecules, respectively, and We is the electron kinetic energy. 

The electron–ion collision rate is given by [53, 55] 

νei  ≈ 2.9·10–6 ρ λei(We)–3/2,         (13) 
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where ρ is in cm–3 , We is in eV, and λei is the Coulomb integral.  

The electron kinetic energy We enters into Eqs. (11) – (13) as an important parameter that 

has a significant effect on both electron–neutral and electron–ion collision rates. This parameter 

can be estimated from the drift velocity of photoelectrons [25]: 

υd = (eE0/(meω0))·sin φ + (eξE0/(2meω0))·sin (2φ + θ),     (14) 

where φ = ω0te and te is the instant of time when the electron undergoes photoionization.  

Setting θ = π/2 for the maximum yield of the low-frequency part of supercontinuum 

radiation [25], we arrive at  

υm = e/(meω0) (E0 + ξE0/2).          (15) 

With λ0 = 800 nm, E0 = 3·108 V/cm, and ξ = 0.3, Eq. (15) yields the mean electron kinetic 

energy We ≈ 9 eV. The cross sections of electron–neutral collisions for this electron kinetic 

energy are, according to the reference data [56], ξO(We = 9 eV) ≈ 5·10–16 cm2 and ξN(We = 9 eV) 

≈ 8·10–16 cm2. 

We then integrate Eq. (5) with the photoionization rate as defined by Eq. (6), the field in 

the form (9), and ρO = 5.4·1018(p/patm) cm–3 and ρN =  2.2·1019(p/patm) cm–3 for atmospheric air at 

p = 1 bar to find ρ ≈ 1018 cm–1. We now have all the ammunition to estimate the electron–neutral 

and electron–ion collision rates as defined by Eqs. (11) – (13): νeO ≈ 0.34 THz, νeN ≈ 1.9 THz, 

and νei ≈ 0.6 THz. The electron collision time is then estimated as τe = 1/νe ≈ 1/(νeO + νeN + νei) ≈ 

350 fs. This result is comforting indeed as it is in full agreement with a standard, commonly 

accepted estimate for τe in atmospheric air at p = 1 bar as given by Eq. (8).  

With this important check successfully passed, we can go back and inspect the pressure 

scaling of the collision rates νeO, νeN, and νei. Eqs. (11) and (12) are seen to predict a linear 

scaling of the electron–neutral collision rates νeO and νeN with the gas pressure p. Within the 

range of gas pressures studied here, this prediction is consistent with the available data (see, e.g., 

Refs. 53, 56 – 58). The pressure dependence of the electron–ion collision rate is, however, much 

more complicated. Indeed, even in an elementary approximation as described by Eq. (13), the 

electron–ion collision rate is a product of two pressure-dependent factors – the electron density 

and the Coulomb integral. For We < 10 eV, that is, for the range of electron energies relevant to 

photocurrent-driven broadband radiation generation, a standard estimate on λei reads [53, 55] 

λei ≈ 23 – ln[(ρ)1/2(We) –3/2].         (16) 
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Repeating the above-described routine of collision-rate calculations, this time for p = 1 

mbar, we find νeO ≈ 0.34 GHz, νeN ≈ 1.9 GHz, and νei ≈ 0.97 GHz. The electron–neutral collision 

rates are now patm/p = 103 times lower, as expected. The electron–ion collision rate, however, is 

only ≈ 620 times lower in a noticeable disagreement with the prediction of Eq. (8). Moreover, 

this collision rate is of the same order of magnitude as the sum of the electron–neutral collision 

rates, νeO + νeN ≈ 2.2 GHz. The electron collision time is then estimated as τe ≈ 1/(νeO + νeN + νei) 

≈ 310 ps. We see that, within the range of p from 1 mbar to 1 bar, the pressure dependence of the 

Coulomb logarithm gives rise to a maximum error of ≈ 11% in τe calculations relative to 

predictions of Eq. (8) with its approximation of patm/p scaling. While such an error can certainly 

be tolerated for approximate, order-of-magnitude analysis, we still choose to use a more accurate 

approximation provided by Eqs. (10) – (14) and (16) in our νe calculations and in our analysis 

through the rest of this paper. 

 

III. RESULTS AND DISCUSSION 

A. Photoelectron current as a driver of multidecade radiation 

Electron tunneling induced by a strong-field laser driver gives rise to signature steps in the 

buildup of the electron density ρ(η) [Fig. 1(b)], with each step locked to the field maximum 

within the respective field half-cycle [Figs. 2(a) – 2(c)]. The electron tunneling rate w(η), in 

accordance with Eq. (3), rapidly increases with the growth in I0, giving rise to steeper ionization 

steps in the temporal profile of the photoelectron current ρ(η) [Figs. 2(a) – 2(c)]. Specifically, for 

I0 ≈ 200 TW/cm2, a typical step duration, δt, becomes less than 0.5 fs for the chosen parameters 

of the field [Fig. 1(b)].  

With each ionization step confined well within the field cycle [Fig. 1(b)], ρ(η) provides an 

ultrabroadband, multidecade force F(η) = (e2/me)ρ(η)E(η), which drives, in accordance with Eq. 

(1), the photoelectron current j(η). A finite photocurrent damping rate νe, on the other hand, leads 

to an exponential decay of j(η) on a time scale τe [Fig. 1(c)] limiting the bandwidth of radiation 

emitted by j(η) and dictating, as can be seen from Eq. (3), a low-frequency cutoff, ωc ≈ νe, in the 

spectrum of this radiation [dotted vertical lines in Figs. 1(d) and 2(d)]. While collisions damp the 

photocurrent dynamics driven by the laser field, defining, along with the duration of 

photoionization steps in j(η), the low-frequency cutoff in photocurrent radiation spectra, the 

asymptotic behavior of photocurrent radiation spectra j(ω) at very low frequencies, below this 
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low-frequency cutoff, i.e., for ω << νe, follows the ω2 scaling regardless of the collision rate. 

Indeed, as perhaps best seen in Fig. 3b, for ω << νe, all the |Ej(ω)|2 spectra converge to a ω2 

asymptote.   

In a laser field consisting of M/2 cycles, radiation fields emitted by individual photocurrent 

steps coherently combine, giving rise to a signature interference pattern [47], Φ(M, ω/ω0) = [sin 

(Mπω/ω0)/sin(πω/ω0)]2. The main maxima of this interference pattern occur at frequencies ωl = 

lω0, l = 0, 1, 2, ..., and have a spectral width of δω ≈ ω0/M ≈ π/τ0 ≈ Δω, where Δω is the 

bandwidth of the laser driver. On the high-frequency side of the radiation spectrum, these 

maxima of Φ(M, ω/ω0) show up as peaks at harmonic frequencies ωl = lω0 with l ≥ 2 [Fig. 2(d)]. 

As the driver pulse width τ0 increases, leading to an increase in the number of field half-cycles 

generating ionization steps in ρ(η), the ωl ≥ 2 = lω0 harmonic peaks become better resolved as 

their spectral width decreases as 1/τ0 [Fig. 2(d)]. 

The lowest frequencies in the spectrum of the driving force F(η) = (e2/me)ρ(η)E(η) are 

suppressed by electron–ion and electron–neutral collisions, leading to an exponential decay of 

the photocurrent j(η) on a time scale τe [Fig. 1(c)]. To quantify the filtering ability of these 

collisions, included into our model via the phenomenological damping term νej(η) in Eq. (1), we 

focus on the low-frequency, ω/(2π) ≤ 100 THz part of the |Ej(ω)|2 spectra generated by a two-

color laser field (9) in atmospheric air. These spectra, shown in Figs. 2(d), 3(a), and 3(b), display 

a well-defined low-frequency cutoff, at ωc ≈ νe, and, perhaps less clearly resolved, yet definable 

maximum |Emax|2 at the frequency ωm, such that |Ej(ωm)|2 = |Emax|2 for ω/2π ≤ 100 THz. Filled 

circles in Fig. 3c show this frequency ωm for the numerically simulated |Ej(ω)|2 spectra in Figs. 

2d, 3a, 3b plotted as a function of the gas pressure p. As a clear tendency, ωm shifts toward lower 

frequencies at lower p.   

This behavior of |Ej(ω)|2 is readily understood in terms of the pressure dependence of the 

electron collision time νe. Lower gas pressures correspond to longer τe and, hence, lower νe in Eq. 

(3), thus red-shifting the maxima and the cutoff frequencies in |Ej(ω)|2 and allowing the 

supercontinua radiated by j(η) to be extended to lower frequencies. Specifically, at p = 1 mbar, 

the low-frequency cutoff is shifted, as can be seen from Figs. 2(d) and 3(b), to frequencies as low 

as a few gigahertz. In this regime, the photocurrent j(η) provides a source of broadband radiation 

with high-order harmonics on the high-frequency end of its spectrum yoked to a bright mid-IR-
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to-microwave supercontinuum, dominating the long-wavelength part of the multidecade 

radiation output [Fig. 2(d)].  

 

B. Multidecade supercontinua and their properties 

1. Low-frequency cutoff 

To gain deeper insights into the physics behind the properties of such supercontinua, we employ 

the following naïve approximation for the long-wavelength part of the supercontinuum radiated 

by the tunneling photocurrent [47]:  

|Ej(ω)|2 ∝ ω2/(ω2 + νe
2)exp(−ω2/σ2),         (17) 

where σ is the bandwidth of a typical tunneling peak in the ionization-rate profile w(η).  

With ω2 << νe
2, Eq. (17) correctly describes the ∝ ω2 scaling as a universal asymptotic 

behavior of |Ej(ω)|2, which is independent of the collision rate and is fully consistent with far-

field  diffraction analysis [48, 49]. Equating the derivative of |Ej(ω)|2 in ω to zero, we find that 

|Ej(ω)|2 reaches its maximum at ωq ≈ [(νe
4/4 + σ2νe

2)1/2 − νe
2/2]1/2. Since the tunneling peaks in 

w(η) are extremely short and we are interested in a weak-damping regime, we take the νe
2 << σ2 

limit to find ωq ≈ (νeσ)1/2 ∝ p1/2. Despite all the naivety of the arguments leading to this 

prediction, the ωq ∝ p1/2 fit [solid line in Fig. 3(c)] agrees remarkably well with the pressure 

dependence of the frequency ωm in numerically simulated |Ej(ω)|2 spectra [circles in Fig. 3(c)]. 

Notably, this p1/2 scaling of ωm and ωq is distinctly different from the pressure dependence of the 

long-wavelength cutoff frequency ωc, which is defined by the collision rate νe and follows the 

pressure scaling of νe (see Section II.C).    

 

2. High-frequency cutoff 

When the driver pulse accommodates multiple field cycles, the long-wavelength part of |Ej(ω)|2 

is seen to exhibit not only the low-frequency, but also a high-frequency cutoff [Figs. 2(d), 3(a), 

3(b)]. As an important tendency, the high-frequency edge of |Ej(ω)|2 becomes sharper as the 

driver pulse width τ0 increases [Figs. 2(d), 3(a), 3(b)]. These properties of |Ej(ω)|2 can be 

adequately explained in terms of the interference of ionization steps in the ρ(η) profile. Indeed, as 

shown above, the Φ(M, ω/ω0) factor dictates a high-frequency edge ωh of the long-wavelength 

part of |Ej(ω)|2 at ωh ≈ π/τ0.  



 11

We quantify the position of this cutoff in numerically simulated |Ej(ω)|2 spectra in terms of 

the frequency ωf in the high-frequency slope of |Ej(ω)|2 such that |Ej(ωf)|2 = 0.7|Emax|2, where 

|Emax|2 is the maximum of |Ej(ω)|2 within the frequency range ω/(2π) ≤ 100 THz. In Fig. 3(d), we 

plot the high-frequency cutoff frequency ωf defined for numerically simulated |Ej(ω)|2 spectra 

[Figs. 2(d), 3(a), 3(b)] as a function of the driver pulse width τ0. This dependence is seen to agree 

well with a simple ωh ≈ 1/τ0 prediction [solid line in Fig. 3(d)]. With τ0 = 10 fs, the long-

wavelength part of |Ej(ω)|2 exhibits a high-frequency cutoff at ωf/(2π) ≈  50 THz [green line in 

Fig. 2(d)], corresponding to a wavelength of 6 μm in the mid-infrared range. With its long-

wavelength cutoff at ~ 1 GHz, this supercontinuum spans over 4.7 decades, stretching from the 

mid-IR all the way down to the microwave range. 

Notably, while the low-frequency cutoff of |Ej(ω)|2 is controlled by the gas pressure and is 

independent of the pulse width τ0, the high-frequency edge of this spectrum is controlled by the 

driver pulse width, showing little to no sensitivity to the gas pressure. This finding suggests two 

independent control knobs to efficiently tune the microwave-to-mid-IR part of supercontinua 

emitted by ultrafast tunneling photocurrents. 

 

C. Sources of multidecade supercontinua: photocurrent versus four-wave mixing 

To better appreciate the remarkable ability of the tunneling photocurrent to generate 

supercontinua extending deep into the MMW-to-microwave range, it is instructive to compare 

the THz-to-microwave part of |Ej(ω)|2 with a generic spectrum of radiation generated by the 

third-order polarization via the 2ω0 – ω0 – ω0 two-color FWM, |Ep(ω)|2 ∝ |ω2׭ ሺ߱′ሻ∞଴ܧ E(ω'' – 

ω')E(ω – ω' – ω'')dω''dω' |2, where E(ω) = ׬ ∞ି∞ߟሻ݁ି௜ఠఎ݀ߟሺܧ . This equation has been shown to 

provide an adequate approximation for the spectra of FWM-related THz signals in the scenarios 

where the spectral distortions due to propagation effects are weak [59]. For a two-color driver 

field as defined by Eq. (9) with parameters as specified above, the Ep(ω) spectrum [shown by 

blue shading in Figs. 3(a) and 3(b)] displays a signature peak at ≈ 15 THz. Generation of longer 

wavelengths in FWM is strongly suppressed by the ω2 factor in front of the convolution integral. 

As a result, |Ep(ω)|2 rapidly falls off toward its low-frequency end, reaching a 0.1 level of its 

peak intensity already at ν = ω/(2π) ≈ 5.7 THz and yielding virtually no signal in the MMW and 

microwave ranges [Figs. 3(a) and 3(b)]. 
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IV. CONCLUSION  

To summarize, we have shown that, with a suitable choice of the gas pressure and parameters of 

the laser driver, the laser-induced tunneling photocurrent can provide a source of a remarkably 

broadband electromagnetic radiation with a multidecade spectrum stretching from the vacuum 

ultraviolet all the way down to the microwave range. We have demonstrated that the 

supercontinuum fields emitted by individual photocurrent steps, induced by different field half-

cycles, can coherently combine, giving rise to well-resolved high-order harmonics on the high-

frequency end of the spectrum along with a bright mid-IR-to-microwave supercontinuum, 

dominating the long-wavelength part of the multidecade radiation output. 
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FIG. 1. (a) The ratio Σ as a function of the gas pressure p and the radiation wavelength λ0 for I0 = 

200 TW/cm2, θ = π/2, and ξ = 0.3. (b) Electron density ρ(η) (blue line with shading) and 

tunneling photocurrent j(η) (pink line) induced by a two-color field waveform E(η)  (green line) 

as defined by Eq. (9) with τ0 = 2.5 fs, ξ = 0.3, I0 = 200 TW/cm2, and θ = π/2 in atmospheric air at 

p = 1 mbar. (c) The dynamics of the photocurrent j(η) damped by collisions on a time scale τe. 

(d) The spectrum of multidecade supercontinuum radiated by the photocurrent j(η) for p = 1 

mbar (solid line) and νe = 0 (dashed line).  
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FIG. 2. (a – c) Temporal profiles of the laser field (blue dashed line), ionization rate (green 

shading), and electron density (pink solid line) in atmospheric air at p = 1 mbar driven by a two-

color laser field as defined by Eq. (9) with λ0 = 800 nm, ξ = 0.3, θ = π/2, field intensity I0 = 200 

TW/cm2, and a pulse width τ0 = 5 fs (a), 10 fs (b), and 20 fs (c). (d) The spectrum of radiation 

generated in atmospheric air at p = 1 mbar by a two-color laser driver with λ0 = 800 nm, ξ = 0.3, 

I0 = 200 TW/cm2, and τ0 = 20 fs (solid line), τ0 = 10 fs (dashed line), 5 fs (dotted line), and 2.5 fs 

(dash–dotted line). The spectrum of the driver with τ0 = 5 fs is shown by blue shading. 
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FIG. 3. (a, b) The linear- (a) and log-scale (b) spectra of long-wavelength radiation induced by 

the tunneling photocurrent in the field of a two-color laser driver (9) with λ0 = 800 nm, ξ = 0.3, I0 

= 200 TW/cm2, θ = π/2, and τ0 = 40 fs in atmospheric air with a pressure varying from 1 to 800 

mbar, as specified in the plot. Also shown is the spectrum of THz radiation generated via two 

color FWM (blue shading). (c) The frequency ωm of the maximum in the low-frequency, ω/2π ≤ 

100 THz part of the supercontinuum spectrum as a function of the gas pressure p: (filled circles) 

results of simulations and (solid line) ∝ p1/2 fit. (d) The high-frequency cutoff frequency of the 

long-wavelength part of the |Ej(ω)|2 spectrum as a function of the driver pulse width τ0: (filled 

circles) results of simulations and (solid line) a 1/τ0 fit. 

 


