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We theoretically demonstrate the generation of wavelength-tunable, narrow-bandwidth extreme-ultraviolet
(xuv) radiation by high-order harmonic generation (HHG) driven by an orthogonally polarized two-color laser
field, which is composed of a 10-fs, 1500-nm laser pulse and a 40-fs, 2400-nm laser pulse. By performing
classical analysis, we reveal that the rapid change of electron wave-packet dynamics at a subcycle time scale
confines high-order harmonic emission to a small spectral region, leading to the generation of narrow-bandwidth
xuv radiation. Furthermore, the central wavelength of the xuv radiation can be continuously tuned over a wide
range by changing either the peak intensity of the driver laser or the amplitude ratio between the two laser fields
at different wavelengths. It is also verified that the use of driver pulses at longer wavelengths leads to a better
spectral confinement of the xuv radiation.
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I. INTRODUCTION

High-order harmonic generation (HHG) [1–3], as a promis-
ing method to create table-top coherent extreme-ultraviolet
(xuv) and x-ray sources as well as to synthesize attosecond
pulses, has attracted great attention in the last two decades.
In particular, in recent years, the rapid development of optical
parametric amplifier (OPA) technology motivates the investi-
gations of HHG [4–12] and strong field physics [13] with the
mid-infrared laser pulses. In combination with the traditional
ultrafast lasers operated at ∼800-nm wavelength, the tunable
ultrafast laser sources provided by OPA also facilitate HHG
in wave-form-controlled two-color laser fields. HHG driven
by two-color fields has been intensively investigated in order
to obtain higher xuv flux, higher cutoff energy, broader xuv
supercontinuum, and so forth [10–12,14–21] Typically, high-
order harmonic emission consists of a few rapidly decreasing
harmonics followed by a plateau with a sharp cutoff at
Ip + 3.17Up (where Ip is the ionization potential and Up

the ponderomotive energy) [22], so that the HHG spectrum
always covers a considerably broad spectral range. On the other
hand, wavelength-tunable xuv radiation with a narrow spectral
bandwidth is of potential importance in many fields such as
three-dimensional (3D) biological imaging, nanolithography,
xuv interferometry, and so on. In order to create this kind of
coherent light source via HHG, a series of methods have been
explored. The most straightforward method is to use a filter or
grating to spectrally select the desirable spectral components
of the input beam [23,24]. However, these optical elements
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usually will induce a significant absorption or diffraction
loss in the xuv regime. Another approach to obtain narrow-
bandwidth xuv radiation from HHG is to precisely control
the phase matching by carefully tailoring the shape of driver
pulses in a feedback system [25] or by performing a quasi-
phase-matching technique [26,27]. However, these methods
based on phase matching are usually complex and difficult to
implement. Fortunately, HHG driven by a parallel-polarized
two-color field shows great potential to select and control a
high-order harmonic spectrum [28,29]. Besides, Sansone et al.
have recently demonstrated the spectral tuning of attosecond
pulses by a polarization gating technique [30]. However, for
these methods, the tunable spectral range is narrow.

In this paper, we theoretically demonstrate the generation
of wavelength-tunable, narrow-bandwidth xuv radiation via
HHG driven by an orthogonal-polarized two-color laser field
and reveal the underlying physics by performing classical
analysis. Our technique relies on control of the electron
wave-packet dynamics at a subcycle time scale. Namely, in our
technique, by two-color wave-form control only the electron
ionized at a specific phase in the light field can be driven back
to the parent ion while the electron ionized at the other phases
cannot. From the semiclassical picture of HHG [22], in such a
case, the electron that can recombine with the parent ion will
only possess one kinetic energy, which in turn gives rise to
the narrow-bandwidth xuv radiation with a clean background,
because generation of the harmonics at all the other frequencies
by the electron ionized at the other phases is prohibited.

II. MODEL AND NUMERICAL METHOD

In our simulation, the driver field consists of an intense
1500-nm, 10-fs laser field polarized in the x direction and a
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relatively weak 2400-nm, 40-fs laser field polarized in the y
direction. The synthesized field can be expressed as

�Es = E exp
[−2 ln(2)t2

/
τ 2

1

]
cos(ω1t) · x̂ + AE

× exp
[−2 ln(2)(t − Td )2/τ 2

2

]
cos[ω2(t − Td )] · ŷ. (1)

Here, ωi and τi (i = 1,2) denote angular frequency and
pulse duration of 1500-nm (i = 1) and 2400-nm (i = 2) fields,
respectively. The parameters A and Td are the amplitude ratio
and time delay between the two fields, respectively. It is well
known that the high-order harmonic signal is determined by the
quantum-mechanical expectation value of dipole acceleration.
The intensity of the nth harmonic from a single atom is
proportional to ω4

n · | �dn|2 [31], where ωn is the frequency of
the generated xuv photon, and �dn the corresponding Fourier
component of the field-induced dipole moment, which is
calculated using the Lewenstein model [32]. The atom used in
the numerical simulation is neon.

FIG. 1. (Color online) (a) 3D plot of the driver laser field
synthesized by a 1500-nm, 10-fs laser field polarized in the x direction
and a 2400-nm, 40-fs laser field polarized in the y direction. The
amplitude ratio and time delay between the two laser fields are 0.5 and
∼2.17 fs, respectively. (b) The x (red curve) and y components (black
curve) of high-order harmonic spectra generated by the synthesized
field in (a), showing that the x component is much weaker than the y
component. Inset: High-order harmonic spectra in a linear scale.

III. THE GENERATION OF NARROW-BANDWIDTH xuv
RADIATION AND CLASSICAL-TRAJECTORY

ANALYSIS

In our simulation, the intensity of 1500-nm laser field is
fixed at 6 × 1014 W/cm2. The amplitude ratio and time delay
between the 1500-nm and 2400-nm laser fields are set to be 0.5
and ∼2.17 fs, respectively. The evolution of the synthesized
electric field in 3D space is shown by the green curve in
Fig. 1(a). Its x and y components are indicated by red and
blue curves, respectively. Clearly, in the superimposing region
of the two laser fields, the polarization state of the laser field
exhibits a rapid and complex variation within an optical cycle.
The high-order harmonic spectra in the x and y directions
obtained with the driver field are shown by red and black
lines in Fig. 1(b), respectively. Surprisingly, both the x and y
components of harmonic spectra show a peak around 270 eV. In
this way, xuv radiation with a limit bandwidth is well selected
from the broad plateau region of the high-order harmonic
spectrum. To give a clear demonstration, the harmonic spectra
polarized in both the x and y directions are shown in linear scale
[see inset of Fig. 1(b)]. As one can see, in the y polarization,
the spectrum of the selected xuv radiation shows a smooth
profile and a bandwidth of ∼4 eV [full width at half maximum
(FWHM)], which allows us to synthesize isolated pulses
with subcycle duration. However, the xuv radiation in the x
direction, which has a broad spectrum with deep modulations,
is more than one order of magnitude weaker than that in the y
direction.

In order to gain insight into the physics underlying the
narrow-bandwidth emission of high-order harmonics, we
perform classical analysis based on the three-step model of
HHG [22]. Figure 2(a) shows the minimum returning distance
of an electron (blue solid curve) and its returning kinetic
energy (red dashed curve) as a function of birth time (i.e.,
the time at which the electron is tunnel ionized). It can be seen
that only the electron born at t0 (indicated by a red dot) can
accurately return to its parent ion (i.e., its minimum returning
distance approaches zero). When the electron is ionized
slightly before or after t0, the minimum returning distance
of the electron rapidly increases. Quantum mechanically, due
to the spreading of the electron wave packet, the electron
with a displacement less than the radius of the electron wave
packet will still have a decent probability to recombine with
its parent ion and can emit high-harmonic photons. However,
if the displacement is too large to be compensated for by
the spreading of the electron wave packet, the electron will
miss its parent ion. In this case, HHG efficiency will be
largely reduced. Therefore, the dominant contribution to the
high-order harmonic emission comes from the electrons born
within a small time window centered at t0, as indicated by the
rectangle (shaft-gradient color filled) in Fig. 2(a). Furthermore,
these electrons contributing to HHG have nearly the same
returning kinetic energy, ∼250 eV. Consequently, high-order
harmonics can only be efficiently generated in a small spectral
range around 270 eV. For a better understanding of the electron
motion in the specific laser field, in Figs. 2(b)–2(d) we depict
two-dimensional (2D) classical trajectories for the electrons
born at t0−0.05fs, t0, and t0 + 0.05 fs, respectively. The
electron born at t0 comes back to its initial position (the initial
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FIG. 2. (Color online) (a) Return kinetic energy (red dashed curve) and minimum returning distance of electron (blue solid curve) as a
function of birth time; 2D classical trajectories for electrons born at the times (b) t0 − 0.05 fs, (c) t0, and (d) t0 + 0.05 fs. Initial position of the
electron is indicated by a red solid dot in all figures, and the motion direction of the recolliding electron is indicted by red arrows in (c).

position is indicated by the red solid dots) at tr along a curved
trajectory [see Fig. 2(c)] and then a high-energy photon with an
energy equal to the kinetic energy plus the ionization potential
can be generated when the electron is captured by the parent
ion. We also notice that the recolliding electron moves in a
direction nearly parallel to the y axis, as indicated by the
red arrow in Fig. 2(c). Accordingly, the birth time (t0) and
the return time (tr ) of the electron are indicated by the black
dots and black squares in Fig. 1(a), respectively. As shown in
Fig. 1(a), because the recolliding electron is born near the peak
of the electric field, and then recombines with its parent ion
when the strength of electric field is near zero, the polarization
direction of high-order harmonic emission can be considered
to be the same as the direction of the electron motion (i.e., the
high-order harmonic emission from the trajectory is polarized
almost along the y axis) [33]. When the electron is ionized
0.05 fs before or after t0, the minimum distances between
the return electron and its parent ion reach up to ∼50 atomic
units (a.u.), as illustrated in Figs. 2(b) and 2(d). Therefore, in
these two cases, harmonic emission will significantly decrease
or even terminate because of a great drop in recombination
probability. The classical analysis given above clearly reveals
that by controlling the electron wave-packet dynamics in the
two-color driver field, HHG can be confined within a narrow
spectral region.

IV. TUNABILITY OF THE CENTRAL WAVELENGTH

In this section, we first investigate how the total high-order
harmonic spectra (defined as the summation of spectral inten-

sities in the x and y directions) changes with an increasing laser
intensity while both amplitude ratio and time delay between
the two fields remain unchanged. When the laser intensity of
1500-nm pulses increases from 3 × 1014 to 9 × 1014 W/cm2,
the selected xuv radiation gradually shifts to higher photon
energy, covering a wide tuning range from ∼150 to ∼400 eV,
as illustrated in Fig. 3(a). According to the three-step model of
HHG [22], with the increase of laser intensity, the recolliding
electron will obtain higher kinetic energy from the laser field,
leading to xuv radiation at higher photon energy. Interestingly,
the selected harmonics generated at different driver laser
intensities have nearly the same peak intensity and the same
bandwidth, which allows us to create a wavelength-tunable xuv
source only by removing all the low-order harmonics using a
thin metal foil (e.g., a piece of silver foil).

Next, we fix the intensity of 1500-nm pulses at 6 ×
1014 W/cm2 and adjust the intensity of the 2400-nm laser
pulses by tuning the amplitude ratio of the two laser fields (A).
With the increase of the amplitude ratio, the narrow-bandwidth
xuv radiation moves towards higher photon energy, as shown
in Fig. 3(b). At A = 0.2, a sharp peak appears around ∼63
eV and there is still weak background emission in the spectral
range from 70 to 230 eV. At A = 0.5, the selected spectral
range is the narrowest and with the highest contrast. When
A increases to 0.6 or even higher, the harmonic spectrum
shows a significant modulation, which should be the result of
the interference between high-order harmonics from different
quantum trajectories [34]. Thus, in order to obtain a tunable
and spectrally smooth xuv source, the amplitude ratio between
the two laser fields can only be chosen within a certain range.
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FIG. 3. (Color online) High-order harmonic spectra obtained
(a) at different intensities of 1500-nm pulses from 3 × 1014 to
9 × 1014 W/cm2 and (b) at different amplitude ratios (A = 0.2–0.7)
between 1500- and 2400-nm pulses. The time delay is optimized to
be ∼2.17 fs.

V. ROLE OF DRIVER WAVELENGTH

In order to further explore the physics behind the spectral
selection, we study the influence of driver wavelength on the
selective emission of high-order harmonics. To this end, the
wavelengths of the two laser fields are adjusted simultaneously
by a parameter R. Namely, we set one laser field as 1500/R

nm, while the other 2400/R nm. As a consequence, the time
delay between the two fields is kept at ∼0.27 optical period
of the 2400/R-nm laser field, and the pulse durations of the
short- and long-wavelength laser fields are set to be 2 and
8 optical periods of the 1500/R-nm laser field, respectively.
High-order harmonic spectra obtained at different driver
wavelengths are illustrated in Fig. 4(a). Clearly, the longer the
driver wavelength, the narrower the bandwidth of the selected
xuv. For gaining a deeper insight, we again perform the
classic-trajectory analyses by studying the minimum returning
distance of the electron at different driver wavelengths. As
shown in Fig. 4(b), for any driver wavelength, the electron
born at t0 will return to its original position. In the case of the
longest wavelength used (i.e., R = 1), a small variation in birth
time causes a most significant increase of minimum returning
distance. On the contrary, in the case of a short-wavelength
driver field (i.e., R = 3), the minimum returning distance of
the electron remains small in a broad range of birth time.
Particularly, for the electron born after t0, the minimum
returning distance is below 12 a.u., and thus it will still

FIG. 4. (Color) (a) High-order harmonic spectra and (b) the
minimum returning distance of the electron from its parent ion at
different driver wavelengths (R = 1–3) when the time delay between
the two fields is kept at ∼0.27 optical period of the 2400/R-nm laser
field.

have the probability to generate high-order harmonics. At a
given birth time, minimum returning distance of the electron
is approximately proportional to the square of the driver
wavelength (i.e., reversely proportional to R2). On the other
hand, it is also known that the excursion time of the electron in
the continuum and thus wave-packet spreading is proportional
to the driver wavelength, assuming a constant spreading rate
of the electron wave packet. As we have shown in our
previous investigation [7], the interplay between the electron
displacement and the spreading of the electron wave packet
at longer driver wavelengths leads to a sharper dependence of
the HHG efficiency on the ellipticity of the driver field. This
is exactly the underlying physics of why the narrower HHG
spectrum can only be obtained at longer driver wavelengths.
Moreover, with the increase of the driver wavelength, the
tunable xuv radiation will move towards higher photon
energy while its conversion efficiency drops dramatically.
This is in good agreement with the wavelength scaling law
of HHG efficiency, as has been reported by several research
groups [35].

Because the key point of this technique is to create a driver
field with a specific wave form by which only the electron
born at a unique time has the capability to be driven back to
the nucleus, the bandwidth of the tunable xuv sources should
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FIG. 5. (Color online) High-order harmonic spectra at different wavelength ratios: (a) k = 1.2, (b) k = 1.4, (c) k = 1.6, (d) k = 1.8, and
(e) k = 2.0. For each ratio, the time delay Td is optimized to achieve the narrowest bandwidth for the spectrum, as indicated in each figure.

naturally be sensitive to the ratio between the wavelengths
of two laser fields, which determines the synthesized wave
form. To verify this, we further investigate the influence of
the wavelength ratio on the high-order harmonic spectra. In
the calculation, we assume that one wavelength is 1500 nm,
and the other 1500 × k nm, where k is the ratio between
the wavelengths of two laser fields. The peak intensities
and amplitude ratio of the two driver fields are the same
as those used in Fig. 1(b). The pulse durations of the two
fields at 1500 nm and 1500 × k nm wavelengths are 10 and
40 fs, respectively. For each wavelength ratio k, the time
delay Td (indicated in each part of Fig. 5) is optimized to
achieve the narrowest bandwidth for the tunable xuv radiation.
As shown in Fig. 5, the wavelength ratio is indeed critical,
and the narrow-bandwidth high-order harmonic spectrum can

only be obtained with an optimized wavelength ratio of
k = 1.6.

Finally, we examine the feasibility of experimental demon-
stration of the generation of tunable, narrow-bandwidth xuv
radiation using the above technique. For this purpose, we
investigate sensitivity of the high-order harmonic spectra to
the fluctuation of the pulse duration of the 1500-nm field,
as well as to the jitter of the time delay between the 1500-
and 2400-nm fields. By numerical simulation, we find that
fluctuation of the pulse duration within ±1 fs (i.e., 9 to ∼11 fs)
can hardly influence the high-order harmonic spectrum (data
not shown). Although it is challenging to stabilize the pulse
duration within such a narrow window, it should still be
technically achievable. In addition, the time delay of the two
laser fields is also critical for obtaining the narrow-bandwidth
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FIG. 6. (Color) High-order harmonic spectra obtained by fine
tuning the time delay between the 1500- and 2400-nm laser fields at
a step of 50 as. Td is an optimized time delay (i.e., ∼2.17 fs). The
amplitude ratio between the two laser fields is 0.5. Laser intensity of
1500-nm pulses is 6 × 1014 W/cm2.

HHG. In Fig. 6, we show high-order harmonic spectra as a
function of the time delay with a step of 50 as. Here, Td is
an optimized time delay (i.e., ∼2.17 fs). From the results,
it is clear that the narrow-bandwidth xuv radiation can be
observed for a time delay ranging from −50 as (yellow dashed
curve) to +100 as (red dotted curve); however, the peak
intensity of HHG will decrease with increasing time jitter. If
the time jitter could be well controlled in a tighter range (e.g.,
±25 as), the spectrum of tunable xuv radiation will remain
almost unchanged. Thus, we expect that with the technique
development, experimental demonstration of this phenomenon
should be possible. And depending on the requirements of

specific applications, this technique may find use in the future.
Last but not least, with the mechanism shown in this work,
one might be able to further optimize the parameter settings
so that the experimental conditions or parameters can be less
stringent.

VI. CONCLUSIONS

We propose a method to generate narrow-bandwidth, coher-
ent xuv sources. By optimizing the time delay between the two
orthogonal-polarized laser fields, high-order harmonics only
can be efficiently generated in a narrow spectral range. The
central wavelength of the selected xuv radiation can be easily
controlled by adjusting laser parameters of the driver field.
Classical analysis reveals that the rapidly varying electron
motion in the two-color fields is the cause of the selective
emission of high-order harmonics. Finally, it is particularly
true that in many cases, phase matching can lead to the
change of both the phase and spectral profile of the high-order
harmonic due to the fact that the phase-velocity difference
between the harmonic and the driver laser varies with the order
of harmonic; however, in our scheme, the narrow bandwidth
of the xuv emission makes it less sensitive to the propagation
in terms of its spectral profile and its phase (e.g., chirp). In
principle, our technique also could take advantage of the phase
matching if the phase-matching condition is optimized for the
wavelength of the narrow-bandwidth xuv emission. Such a
narrow-bandwidth xuv source will have important applications
in many fields of science and technology, such as nanolithog-
raphy, xuv interferometry, biological imaging, and so on.
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