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Simulations show that a static electric field periodically distributed in space can be used to control the

production of coherent light by high-order harmonic generation in a wide spectral range covering extreme-

ultraviolet and soft x-ray radiation. The radiation yield is selectively enhanced due to symmetry breaking

induced by a static electric field on the interaction between the driving laser and the medium. The spectral

position of the enhancement is tuned by varying the periodicity of the static electric field which matches

twice the coherence length of the harmonics in the desired region. We find that the static electric field

strength inducing enhancement decreases for shorter wavelengths and predict an increase of more than

two orders of magnitude for harmonics in the water window spectral range with a static electric field as

weak as 1:12 MV=cm.
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The generation of coherent light in the short wavelength
region of the electromagnetic spectrum by high harmonic
generation (HHG) has been extensively studied and im-
portant advances have recently been made [1–4]. Potential
applications suffer from the low efficiency of HHG espe-
cially for high photon energies typically near the cutoff
region. In this regard, the effect of a static electric field has
received considerable attention in the last few years.
Adding an electric field with a constant strength in the
time scale of the nonlinear HHG process is known to cause
several effects; for instance, it enhances the yield of the
harmonics on the plateau [5,6], it can extend the plateau
beyond the usual cutoff energy, and in some cases it
produces a second plateau at higher energies [7]. Indeed
the presence of a static electric field breaks the inversion
symmetry in the nonlinear process of the driving laser
interacting with the atom or molecule, which can result
in double-plateau scenarios and produce together even and
odd-order harmonics [8,9]. A static electric field has
proven to be a very sensitive means for controlling the
generation of high-order harmonics.

The limitation in the conversion efficiency of HHG is
mainly due to the difficulty to phase match the nonlinear
process, and the challenge is thus to correct for this phase
mismatch at photon energies covering from the extreme-
ultraviolet to the x-ray regions of the spectrum. Different
approaches have been investigated to date to overcome this
problem. Conventional phase matching using different
driving laser wavelengths requires pressure tuning and
the enhancement of HHG is obtained only at specific
regions [10,11]. The increase of the conversion efficiency
has also been investigated by using nonadiabatic self-phase
matching techniques [12,13], where the coherence length
of the nonlinear conversion is extended due to the subcycle
evolution of an intense few-cycle pulse. This method is

however limited to very short propagation distances due to
absorption and defocusing of the driving laser and does not
work close to the cutoff. Quasiphase matching techniques,
on the other hand, have been used to tune a larger range in
the harmonics spectrum. For example, modulated wave-
guides which periodically modulate the laser intensity
were considered in [14–16], but in this case the energy of
the enhanced harmonics is limited by the waveguide di-
ameter which sets the minimum modulation period effec-
tive for enhancement. Other techniques use a train of
counterpropagating pulses [17,18] such that the harmonic
emission is suppressed in the propagation regions where
the driving field is out of phase with respect to the gen-
erated harmonics, or a counterpropagating quasi-cw field,
which mediates a sinusoidal modulation of the phase of the
emitted harmonics [19] with a comparable result.
However, although these two last methods succeed to
enhance a particular region of the harmonic spectrum,
the ability for tuning is limited by the physical mechanism
implementing the phase-matching effect. In the first case,
the separation between pulses provides the tuning mecha-
nism, which limits the enhanced region to periods of some
micrometers, and in the second case the spectral selectivity
arises from the wavelength of the perturbing cw field,
which confines its applicability to relatively large photon
energies. Finally, phase matching by considering Bessel
pulses [20] is promising in that slow intensity and carrier-
envelope phase modulations can enhance photon yields in
the extreme-ultraviolet spectral range by means of a so-
phisticated harmonics phase modulation effect, although
this technique also fails to tune the multiple regions of
interest.
The method that we present allows enhancement of

harmonic yield near the cutoff region, it is tunable in the
short wavelength range of the electromagnetic spectrum,
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and is relatively simple to implement. We exploit the
sensitivity of HHG on the driving electric field shape
[21] and consequently to a symmetry breaking of the
single-atom microscopic response induced by an added
static electric field [8]. Our approach is based on adding
such a static electric field periodically along propagation
direction to the driving laser field effectively influencing
the nonlinear interaction in the sense that the resulting
driving field is altered in one direction along the field
polarization direction. In the semiclassical picture of
HHG, this will result in a slight modulation of the quantum
paths that the classical electron takes in the continuum and
therefore the amplitude and phase of the radiated harmon-
ics. Affecting the microscopic response through a periodi-
cally added static field will then lead to a collective phase-
matched conversion process. We carefully tailor the ge-
ometry of the interaction volume, the strength of the driv-
ing field and the length of the zones over which the static
field is added such as to sum enough phase to the already
accrued slippage from the driving laser for the total emis-
sion to add constructively. As we will show, for the first
time the HHG enhancement can be tuned without limita-
tions from the phase-matching mechanism, covering all
characteristic coherence lengths from extreme-ultraviolet
to x-ray radiation.

To demonstrate our technique in a simple case we con-
sider a laser pulse linearly polarized in x direction with
Gaussian temporal and spatial distributions of 5 fs and
40 �m diameter of focus (FWHM), central wavelength
of 800 nm and peak intensity at focus 7� 1014 W=cm2.
This pulse propagates from the focus into a gas medium
producing high harmonics with a photon energy cutoff at
� 154:16 eV. The medium that has been chosen in our
calculations is neon (ionization potential 21.56 eV) at
20 mbar. As illustrated in Fig. 1(a), our phase-matching
scheme is based on the presence of a static electric field
spatially distributed in the direction of propagation and
oriented in the same direction as the polarization of the
laser field, i.e., the x direction in this case. We performed
numerical simulations based on a three-dimensional propa-
gation model in cylindrical coordinates using the nonadia-

batic strong-field approximation [22] to calculate the
atomic response, as outlined in [23]. The input laser field
can be written as E ¼ E0 exp½�ðr=�Þ2� exp½�ðt=�Þ2��
cosð!Ltþ�Þ, where E0 is the peak amplitude at focus,
r and t are the radial and temporal variables, � and �
provide the width of the transverse and temporal profiles,
respectively, !L is the central angular frequency of the
laser and � the initial phase. The static electric field is
taken into account by adding a constant value ��E0 to the
laser field, distributed such that � ¼ 0 at 2n�s < z <
ð2nþ 1Þ�s and � ¼ 1 elsewhere, with z being the longi-
tudinal coordinate and n ¼ 0; 1; 2; . . . . The strength of the
static electric field is thus defined by the parameter �,
which is the fraction of the laser peak amplitude at focus,
and �s is half the period of the static electric field
distribution.
In the results displayed in Fig. 2 the peak amplitude of

the driving laser field at focus is taken as E0 �
726 MV=cm, and we have considered a static electric field
such that � ¼ 0:01 with different periodicities, as indi-
cated. As it is clear from the simulations, the spectral
region that corresponds to harmonics H93–H99 near the
cutoff (�140–160 eV) can be enhanced with respect to the
spectrum obtained in the absence of the static electric field
(black line) by more than two orders of magnitude, which
has been computed in this case with a static electric field
periodicity such that �s ¼ 125 �m (red line). Figure 2
also shows how increasing the period of the static electric
field spatial distribution in the enhanced region shifts to
lower photon energies in the spectrum. Furthermore, the
cutoff is not extended for the static electric field values
used in our simulations when a periodicity shorter than the
coherence length of the cutoff harmonics is chosen (see the
gray line in Fig. 2 for �s ¼ 100 �m). Indeed, the coher-

FIG. 1 (color online). (a) Focused laser pulse linearly polar-
ized in x direction propagating in a medium with a periodically
distributed static electric field also oriented in the x direction.
(b) Implementation of the periodic electric field: A pulsed CO2

laser is collimated and sent through a small wedge with a binary
amplitude mask whose amplitude pattern generates the desired
periodic field modulation after each multiple of the Talbot
distance zT . The wedge ensures equal field strengths of the
periodic pattern.

FIG. 2 (color online). Spectral power of the harmonics (radi-
ally integrated spectral energy—in Joules per photon energy
unit—in eV) versus photon energy near the cutoff region after
a propagation distance of 2 mm with E0 � 726 MV=cm and
� ¼ 0. The black line corresponds to � ¼ 0, and the other lines
show the calculations for a static electric field strength such as
�7:26 MV=cm (� ¼ 0:01) spatially distributed along the z
direction, with periodicities �s ¼ 100 �m, 125 �m, 150 �m,
200 �m, and 300 �m as indicated. The colored areas indicate
the photon yield enhancement with respect to � ¼ 0 with a
maximum efficiency tuned by �s.
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ence length of the different harmonics, which is usually
defined as Lcq ¼ �=j�kqj, with �kq ¼ qkl � kq being the

difference between q times the laser and the q-order har-
monic wave vectors, can be computed numerically from
the evolution in z of each harmonic in the absence of static
electric field (� ¼ 0).

The static electric field periodicity needed to enhance
the region near the cutoff corresponds to the coherence
length of the harmonics H93–H99. The coherence length
depends on the interaction parameters, and decreases as a
function of the harmonic order as 1=ðneqÞ, where ne is the
plasma electron density [18]. The enhanced harmonics
region can thus be tuned using our phase-matching tech-
nique by simply increasing or decreasing the period of the
static electric field distribution. Figure 3(a) shows the
growth of different harmonics along propagation for � ¼
0:01 together with the corresponding behavior without the
influence of the static electric field [Fig. 3(b)]. The steplike
increase observed for � ¼ 0:01 is typical for quasiphase
matching mechanisms. In Fig. 3(b), a slight change of the
coherence length (Lcq) of the different harmonics as a

function of the propagation distance can be appreciated,
which is expected due to different propagation effects such
as group-velocity dispersion and refraction [18]. This last
effect can be fine adjusted by matching the evolving co-
herence length with the period of the static electric field
distribution along z. The static electric field and spatial
distributions used in our simulations can be implemented
in the experiment in a very simple and elegant way with an
optical interferometry technique and a long-wavelength
laser. Figure 1(b) shows such implementation with only
one optical element; it should therefore be simple to realize
experimentally. We propose to use a binary amplitude
mask on the transverse profile of a CO2 laser making an
array illuminator based on the Talbot effect [24]. The mask
is deposited onto a small prism which is used for synchro-
nizing the CO2 pulses with the driving field along the

interaction region, which is placed at the Talbot distance
zT ¼ 2a2=�CO2

, where a ¼ 2�s. The electric field strength

and periodicities required to reproduce experimentally the
simulations reported in Fig. 2 can readily be obtained with
this scheme considering state of the art CO2 laser technol-
ogy, using, e.g., a ZnSe prism of thickness d ¼ 833 �m
and a 10:6 �m CO2 laser of 1 J=pulse and 0.5 ns pulse
duration.
To demonstrate tunability of our method towards higher

spectral energies, we carried out calculations with doubly
ionized Ne ions (ionization potential 63.45 eV) as the
interacting medium, increased the peak intensity of our
beam up to 3� 1015 W=cm2, used �s ¼ 32 �m, and kept
the other parameters as in the previous simulations. This
new configuration gives a cutoff of the generated harmon-
ics at 631.75 eV, well into the soft x-ray water window
spectral range. We find that as the energy of the generated
harmonics increases, the strength of the static electric field
that is needed to enhance the harmonics yield decreases
substantially, which is consistent with the results reported
in [19]. In Fig. 4 we illustrate the results obtained for the
enhancement in these higher photon energies. Spectra for
� ¼ 0 and for a strength of the periodic static electric field
such that � ¼ 7:5� 10�4 at a propagation of 0:3 mm are

FIG. 3 (color online). Evolution of the spectral power for
different harmonics as a function of the propagation distance z
with � ¼ 0:01 (a). The dynamics with no static electric field
(� ¼ 0) is shown in (b), from where the coherence length Lcq is

evaluated.

FIG. 4 (color online). Spectral power of the harmonics (radi-
ally integrated spectral energy—in Joules per photon energy
unit—in eV) versus photon energy near the cutoff region after
a propagation distance of 0.3 mm with a static electric field
periodicity such that �s ¼ 32 �m. In (a) the carrier-envelope
phase of the driving field is � ¼ 0; the dotted black line
corresponds to � ¼ 0 (absence of static electric field), and the
violet full line shows the calculations with � ¼ 7:5� 10�4

(1:12 MV=cm). In (b) the carrier-envelope phase of the driving
field is � ¼ �=2, and the other parameters are as in (a), as
indicated.
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shown. The effect of the carrier-envelope phase � on the
generated harmonics for an intense ultrashort driving pulse
such as the one we are considering is known to be impor-
tant with reported phase-dependent effects near the high-
harmonics cutoff [25]. It is thus worth considering whether
the enhancement mediated by our periodic static electric
field is also sensitive to the carrier-envelope phase. With
this purpose, we have calculated the generated spectra for
two different values of the initial carrier-envelope phase,
� ¼ 0 and � ¼ �=2. As it is shown in Figs. 4(a) and 4(b),
the localization of the enhancement is well centered in the
cutoff region of the spectra, as expected for �s ¼ 32 �m.
Moreover, we find that the regions of maximum enhance-
ment efficiency are clearly correlated to the carrier-
envelope phase-dependent spectra in the absence of the
static electric field (� ¼ 0). This phase effect can certainly
be used as a carrier-envelope phase measurer. It is also
worth noting that the spectral width of the enhanced yield,
which is about 150–200 harmonic orders (�300 eV) in our
simulations, can be associated to the small variation of the
coherence length of the corresponding harmonics in this
region, and agrees well with what was previously reported
by using other enhancement mechanisms [19]. Indeed, at
this gas pressure (20 mbar), the coherence length for H407
(631.75 eV) is roughly 32–38 �m and for H257
(398.29 eV) is 35–42 �m. Our simulations therefore pre-
dict an enhanced coherent radiation of more than two
orders of magnitude in the soft x-ray spectral range, which
is mediated by a static electric fields as weak as
1:12 MV=cm. Finally, if we reduce the strength of the
static electric field in these operating conditions the en-
hancement can be localized in a narrow spectral range of a
few tenths of eV, as it is shown in Fig. 5 where a sharp
localization in the range 580–600 eV has been obtained
with � ¼ 3� 10�4 (450 kV=cm).

In summary, we have reported a novel phase-matching
effect for high-order harmonic generation to enhance the
yield of the coherent radiation near the cutoff region by
more than two orders of magnitude; tunability of the

enhancement in all regions of the spectrum can be accom-
plished by varying the strength and periodicity of a spa-
tially distributed static electric field covering the
interaction region. The effect of the initial phase � on
the enhanced harmonics provides a precise carrier-
envelope measurer which will be described elsewhere.
The periodicities and strengths of the static electric field
needed to implement our scheme are relatively high for
low photon energies but they decrease for higher photon
energies being attainable in practice by optical interferom-
etry techniques. In previous research different mechanisms
have been extensively investigated which are capable to
enhance the harmonic yields, in particular, spectral ranges
and interacting conditions. For the first time a method that
is able to tune the HHG enhancement to cover all charac-
teristic coherence lengths from extreme-ultraviolet to x-ray
radiation without limitations from the phase-matching
mechanism is reported. This work thus represents an im-
portant advance in overcoming a critical challenge in high-
order harmonic generation and coherent x-ray science.
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FIG. 5 (color online). The spectral power obtained with � ¼
3� 10�4 (450 kV=cm) is compared to the case with no electric
filed (� ¼ 0). The initial phase is � ¼ �=2 and the other
parameters are as in Fig. 4. The enhanced region results highly
localized at about 580–600 eV.
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