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We show that the quasistatic dipole moment can be induced by a short extreme ultraviolet (XUV) pulse
(XUV rectification effect) in atomic gas medium subjected to an intense infrared (IR) field (IR-dressed
atoms). The general theory of the XUV rectification effect for a single IR-dressed atom is presented, which
explicitly relates IR-modified polarizability of an atomic system in the XUV range with the induced
quasistatic dipole moment. We illustrate general properties of the XUV rectification effect in an atomic
system within the analytical zero-range potential model by presenting the dependence on the IR-field
intensity and the time delay between XUV and IR pulses.
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The optical rectification effect (ORE) is one of the well-
known phenomena in nonlinear optics discovered theoreti-
cally and experimentally in the early 1960s [1–3]. This
effect consists of inducing of the quasistatic dipole moment
(QSDM) in a target system interacting with an intense
low-frequency laser field. For a perturbative laser field,
ORE can be phenomenologically described and analyzed
within the second order of the perturbation theory (PT) [1],
which provides an explicit expression for the second-order
nonlinear susceptibility. Since the laser electric field and
laser-induced dipole moment are polar vectors, the general
symmetry properties with respect to the inversion reduce all
even-order nonlinear susceptibilities to zero for systems
having a center of inversion. From this symmetry reason,
ORE cannot be observed for optically transparent systems
with central symmetry (e.g., for unpolarized single atom
neglecting decay effects). ORE is mainly studied for non-
linear crystals (including piezo- and ferroelectrics) [4,5],
semiconductors [6–8], graphene [9], with further promising
application in the development of ultrafast optical gate. For
the linearly polarized laser field, the physics of this effect
consists of the dichotomy of the target’s response to a
“positive” and “negative” directed field, e.g., caused by the
presence of a preferable direction (or directions) in a target
system, which breaks central symmetry. Since ORE is
forbidden in the dipole approximation for centrally sym-
metric systems, this effect has not drawn too much attention
to atomic targets. To the best of our knowledge, there was
discussion of ORE in an atomic system only in Ref. [10],
where it was shown that ORE can be caused by the nondi-
pole effects in laser-atom interaction together with laser-
induced dissipation channels. Since ORE is a second-order
effect in the incident laser strength, the magnitude of
QSDM is much less than the linear polarization response
of the medium. However, ORE is well observed exper-
imentally (see details in Refs. [2,3,6–9]), because QSDM

and linear polarization response manifest in predominantly
different frequency ranges: ORE is realized at the near-zero
frequency range, while the linear polarization response
contributes at the carrier frequency of the laser field.
In this Letter, we show that QSDM can be induced in

an atomic system jointly interacting with a short extreme
ultraviolet (XUV) and intense infrared (IR) laser pulses.
We find that the proposed XUV rectification effect in
IR-dressed atom can be realized even in the absence of
any dissipation channel (e.g., XUV- or IR-induced ioniza-
tion), and it can be described within the dipole approxi-
mation. If XUV-induced ionization takes place, it leads
to appearance of the photoelectron alternating current
with near zero frequency accompanying the XUV
rectification.
Before rigorous quantum mechanical description of the

XUV rectification effect for IR-dressed atom, we would
like to give qualitative explanation of the physical mecha-
nism of the proposed effect by specifying importance
of shortness of the XUV pulse and IR dressing. Let us
consider an atomic system jointly interacting with an
intense IR and short XUV pulses. The duration of the
XUV pulse (T XUV) is assumed to be much smaller than the
IR-field period (TIR). The condition T XUV ≪ TIR allows us
to consider the IR field on the timescale T XUV as a static
field with strength F τ ¼ FIRðτÞ corresponding to the
instantaneous IR-field strength FIRðtÞ at the time-delay
moment (t ¼ τ) between XUVand IR pulses. This “static”
field determines a preferable direction distorting the central
symmetry of a target, thereby creates a necessary condition
for the XUV rectification effect on the time scale of the
XUV pulse. During the time T XUV, an atomic system
becomes polarized through the virtual absorption and
emission of the XUV photon in the presence of effective
dc fieldF τ. Obviously, the XUV-induced polarization of an
atomic system leads to the dynamic Stark shift ΔE of the
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bound state level in XUV and dc fields, so that the dipole
moment at near-zero frequency D can be found as the first
derivative of ΔE with respect to the strength F τ [11,12]
(atomic units are used throughout this Letter unless
specified otherwise):

D ¼ −
∂ΔE
∂F τ

; ΔE ¼ −
F2
XUV

4
αðωXUV;F τÞ; ð1Þ

where α is the dynamic polarizability of an atomic system
in dc field F τ, FXUV and ωXUV are strength and carrier
frequency of the XUV pulse. Here, we assume that both
fields are linearly polarized in the same direction.
In order to confirm result (1), we proceed our further

analysis of the XUV rectification effect within the adiabatic
approximation for IR-dressed atomic system [13,14] and
the PT with respect to interaction of an atom with XUV
pulse. The adiabatic treatment of IR-field-atom interaction
is valid under the smallness conditions for the Keldysh
parameter: γ ¼ κωIR=FIR ≪ 1 (where κ ¼ ffiffiffiffiffiffiffi

2Ip
p

, Ip is the
ionization potential of an atomic system, FIR and ωIR are
strength and carrier frequency of the IR field, respectively),
and the frequency: ωIR=Ip ≪ 1. The PT in FXUV can be
used even for comparatively high intensity ∼1016 W=cm2,
while its validity is ensured by the smallness of the para-
meter βXUV ¼ κFXUV=ω2

XUV < 1 (see Refs. [15–18]).
In the frame of the adiabatic approach and the second

order of the PT in FXUV, the polarization response of
IR-dressed atom at the near zero frequency, i.e., QSDM
dðtÞ, is given by the expression [19],

dðtÞ ¼ F2
XUV

4
f2XUVðt − τÞ

×
h
hΦ̃dcjzjΦdcihΦ̃dcjzðG2

−1 þG2
1Þz0jΦdci

− hΦ̃dcjzðG−1z0G−1 þ G1z0G1 þG0z0G−1

þ G0z0G1 þ G1z0G0 þG−1z0G0Þz00jΦdci
i
; ð2Þ

where fXUVðtÞ is the envelope of the XUV pulse, Φdc,
G�1 ≡GE0�ωXUV

, and G0 ≡G0
E0

are the wave function,
Green’s function, and reduced Green’s function of an
atomic system in the dc field F t ¼ FIRðtÞ, respectively,
E0 is the energy of the IR-dressed bound state (i.e., E0

involves the dc-induced Stark shift in the field F t). In
Eq. (2) for the dipole moment we neglect the depletion
effect of the IR-dressed bound state. This effect can be
taken into account by introducing the factor PðtÞ,

PðtÞ ¼ e−
R

t

0
Γðt0Þdt0 ; ð3Þ

where ΓðtÞ≡ ΓðF tÞ is the total ionization rate of the
IR-dressed bound state in the dc field F t.

The sum of matrix elements in Eq. (2) can be converted
to the derivative of polarizability by utilizing the method-
ology of the Hellmann-Feynman theorem [19]:

dðtÞ ¼ F2
XUV

4
f2XUVðt − τÞ ∂αðωXUV;F tÞ

∂F t
: ð4Þ

For nonresonant ωXUV < jE0j, the atomic polarizability
α is a smooth function of F t, while for ωXUV > jE0j,
it rapidly oscillates as F t changes. The physical origin of
these oscillations has been clarified in Refs. [23,24] (see
also review [11]) and connected to the two-path interfer-
ence in a dc field. The first semiclassical path represents the
electron motion from the dc-induced barrier, while the
second path consists of electron motion toward the barrier
with subsequent reflection [24]. The semiclassical phase
difference between two paths is Δϕ ¼ 2ð2EÞ3=2=ð3F tÞ,
where E ¼ E0 þ ωXUV is the photoelectron energy. With
decreasing F t, the phase difference Δϕ increases, what
leads to fast oscillations of QSDM in Eq. (4). From the
mathematical point of view, the atomic Green’s function
GEðF Þ in dc field F has singular point at F ¼ 0, that
causes the presence of analytical and nonanalytical parts in
the functionGEðF Þ. The analytical part of Green’s function
has the finite derivative with respect to F at F ¼ 0 for any
E, while the corresponding derivative of the nonanalytical
part is zero for E < 0 and infinity for E > 0. It can be
shown that only the nonanalytical part of the Green’s
function GEðF Þ results in the aforementioned oscillations.
In the expression (4), these oscillations exceed the level
of accuracy of the adiabatic approach (which assumes a
smooth dependence of the IR-dressed state Φdc as F t
changes [14,25]). Therefore, the expression (4) for dðtÞ
should be regularized by averaging over the period of fast
oscillations with respect toΔϕ. Such regularization leads to
elimination of all nonanalytical dependencies of dðtÞ on
F t, i.e., only the analytical (smooth) part of the Green’s
functions should be utilized for calculation of polarizability
α in Eq. (4) for QSDM. After regularization, the result for
dðtÞ involves the analytical (averaged) counterpart of the
polarizability, ᾱðωXUV;F tÞ, replacing αðωXUV;F tÞ in
Eq. (4). For smallF t, Eq. (4) provides a simple asymptotics
for dðtÞ:

dðtÞ ≈ F2
XUV

4
f2XUVðt − τÞF tβðωXUVÞ;

βðωXUVÞ ¼ lim
F→0

1

F
∂ᾱðωXUV;F Þ

∂F
: ð5Þ

Since the time dependence of dðtÞ is primarily deter-
mined by the envelope of a short XUV pulse
(T XUV ≪ TIR), the Fourier spectrum,DðωÞ, of dðtÞweakly
depends on ω in the ω≲ 1=T XUV domain, i.e., there are
no allocated frequencies. We calculate the static dipole
moment D≡Dðω ¼ 0Þ induced by XUV and IR pulses
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[i.e., the zeroth harmonic of QSDM dðtÞ] by averaging dðtÞ
over the time of XUV-pulse duration T XUV. Since the IR-
field strength does not change sufficiently during the time
T XUV, the averaged QSDM can be estimated by evaluating
dðtÞ in Eq. (4) at the instant t ¼ τ and multiplying it by a
factor S depending on the shape of the XUV pulse:

D ¼ 1

T XUV

Z
∞

−∞
dðtÞdt ≈ F2

XUV

4

∂ᾱðωXUV;F τÞ
∂F τ

S;

S ¼ 1

T XUV

Z
∞

−∞
f2XUVðtÞdt: ð6Þ

Our rigorous quantum mechanical result (6) for the
averaged QSDM D differs from the qualitative expression
(1) by the pulse-shape factor S (which is close to unity for
most shapes) and the averaged dynamic polarizability ᾱ.
We emphasize that for ωXUV > jE0j the atomic polar-

izability has the imaginary part indicating a dissipative
process through the one-photon ionization (the contribution
of the tunneling ionization channel induced by the IR field
is negligible for the moderate IR-field intensities consid-
ered in this work). In order to interpret the physical
meaning of real and imaginary parts of QSDM, keep in
mind the meaning of real and imaginary parts of polar-
izability α. The real part of α contributes to the Stark shift of
an atomic level, and thereby determines the polarization of
an atomic target at the XUV frequency, while the imaginary
part of α gives the one-photon ionization rate or the total
laser-induced photoelectric current. Similarly, the real and
imaginary parts of complex QSDM represent, respectively,
the polarization of an atomic target and the total current at
the near zero frequencies.
The analytic form of the dc-field-distorted dynamic

polarizability αðωXUV;F Þ for arbitrary F is unknown
for any neutral atom, and its calculation is on the same
footing of complexity as the numerical integration of
the time-dependent Schrödinger equation. For this reason,
we proceed our analysis within the zero-range potential
model [26], for which the analytic expression of
αðωXUV;F Þ is known and presented in terms of a product
of Airy functions [11]. For regularization αðωXUV;F tÞ,
i.e., for averaging it over the fast oscillations with respect
to Δϕ ≫ 1, we use the representation of Airy functions
in terms of modulus and phase. Since the phase of the
involved Airy functions is well approximated by Δϕ [27],
the regularization procedure consists of the averaging of
products of Airy functions with respect to their phases [19].
For our modeling calculation we consider an artificial

atomic system with the ionization potential Ip ¼ 15.76 eV.
The IR field is considered as the 3-cycle pulse with sin2

envelope having carrier frequency ωIR ¼ 0.0285 a:u:
(ℏωIR ¼ 0.775 eV, and λIR ¼ 1.6 μm), the pulse duration
T IR ¼ 16 fs (i.e., FWHM is 8 fs), and the peak intensity in
the range IIR ¼ cF2

IR=ð8πÞ ¼ 0.05 − 0.5 PW=cm2 (c is the
speed of light):

FIRðtÞ ¼ FIRfIRðtÞ cosðωIRtÞ;

fIRðtÞ ¼
�
sin2ðπt=T IRÞ; for t∈ ½0; T IR�;
0; otherwise:

It is worth noting, that for intensities used in our calcu-
lations, the model-based estimation of the depletion factor
PðtÞ in Eq. (3) gives PðtÞ≳ 0.98, so that the depletion
effects of initial state should not lead to any noticeable
distortion of our further results. [The magnitude of PðtÞ
depends on multielectron effects in an IR-perturbed atomic
system and can differ significantly from the single-active
electron model (see, e.g., Ref. [28]).] The XUV pulse with
Gaussian shape is parametrized as

FXUVðtÞ ¼ FXUVe−ð2 ln 2Þt
2=T 2

XUV cosðωXUVtÞ;

where the carrier frequency ωXUV ¼ 2.205 a:u: (ℏωXUV ¼
60 eV), the pulse duration T XUV¼600 as (T XUV¼0.1TIR),
and the peak intensity IXUV ¼ cF2

XUV=ð8πÞ ¼ 0.1 PW=cm2.
In Fig. 1 we present the dependence of averaged QSDM

D on the time delay τ [29]. For small and moderate
intensities (up to IIR ¼ 0.1 PW=cm2), the time delay
dependence of both real and imaginary parts of D perfectly
replicates the waveform of the IR pulse. For this range of
intensity, the average QSDM can be approximated by the
linear dependence on FIRðτÞ, that agrees with approxima-
tion (5) for dðtÞ. For higher intensities (see line for IIR ¼
0.5 PW=cm2 in Fig. 1), noticeable deviations from the

FIG. 1. The ratio of real (a) and imaginary (b) parts of averaged
QSDM to the peak IR-field strength (D=FIR) as functions of the
time delay τ between XUV and IR pulses for different IR-pulse
intensities IIR shown in the figure legend. Dashed black lines
show the scaled profile of −FIRðτÞ.
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linear dependence D ∝ FIRðτÞ appear in the regions of
local extrema of the function FIRðτÞ lying near the center
of the IR pulse. In order to specify the contribution of
nonlinear effects in ᾱ with respect to the IR-field strength,
we introduce the nonlinear factors η1 and η2:

η1 ¼
1

F tReβ
∂Reᾱ
∂F t

; η2 ¼
1

F tImβ

∂Imᾱ

∂F t
: ð7Þ

If nonlinear effects are small, factors η1 and η2 are close to
unity. The dependence of η1 and η2 on the instantaneous
IR-field strength F t and corresponding IR-field intensity
It ¼ cF 2

t =ð8πÞ is shown in Fig. 2. As is seen from the
figure, the contribution of nonlinear effects appears for
F t ≳ 0.05 a:u: (It ≳ 0.1 PW=cm2). Note that for high
intensities (I ≳ 0.5 PW=cm2), along the nonlinear effects,
the IR-induced depletion of a target can have a significant
impact on the XUV rectification.
In Fig. 3 we present a color-coded map for the depend-

ence of the real part of QSDM, Red, on the time t and time
delay τ between IR and XUV pulses [the result is obtained
within Eq. (4), where α is replaced by ᾱ]. We do not present
the imaginary part of QSDM, since as it follows from
approximation (5) (which is appropriate for the used IR-
field intensity, IIR ¼ 0.1 PW=cm2), Imd=Imβ ≈ Red=Reβ,
and both real and imaginary parts of d have similar
behavior. Our calculations show that the distribution of
dðt; τÞ is localized around the line t ¼ τ forming the stripe
with effective width T XUV=

ffiffiffi
2

p
. For fixed τ, the temporal

profile of QSDM is presented by a narrow burst (see violet
lines in Fig. 3) with full width at half maximum equal to
T XUV. The shape of these bursts for most τ replicates the
profile of the squared XUV-pulse envelope f2XUVðtÞ.
However, for a time delay near zero t0 of the IR field
[i.e., for jτ − t0j≲ T XUV, where FIRðt0Þ ¼ 0], the t depend-
ence of QSDM becomes asymmetric with respect to the

time t ¼ τ [see red and black lines in Fig. 3(b)]. For τ ¼ t0,
dðtÞ represents odd (sin-like) dependence [see violet line
for τ ¼ 0.417T IR in Fig. 3(a)].
In conclusion, we have theoretically shown that the XUV

rectification effect can be observed for a single IR-dressed
atom. Our approach is based on the second-order PT (in the
XUV field) for an atomic system, whose IR-laser-induced
dynamics is considered within the adiabatic approximation.
Our theoretical analysis shows that the atomic QSDM dðtÞ
can be induced on the attosecond timescale determined by
the XUV pulse duration. The direction of dðtÞ is given by
the opposite direction of IR-field strength FIRðτÞ at the
instant corresponding to the time delay τ between IR and
XUV pulses. The short duration of QSDM and its IR-
controllable direction make it possible to use the XUV
rectification for ultrafast optical gating. The detection of the
XUV rectification effect requires in fact the measurement
of a weak static electric field (determined by the static
polarization), which can be realized through the application

FIG. 2. The dependence of nonlinear factors η1 (solid red line)
and η2 (dashed blue line) [see Eq. (7)] on the instantaneous IR-
field strength F t and instantaneous intensity It. Vertical dotted
lines indicate values of F t and It corresponding to the IR-pulse
peak intensities in Fig. 1.

FIG. 3. (a) Color-coded map for the time evolution of the real
part of QSDM, RedðtÞ, as a function of the time delay τ. Thick
violet lines show the temporal profiles of RedðtÞ (in arbitrary
units) for fixed values of τ: 0.417T IR—solid line; 0.5T IR—
dotted line; 0.6T IR—dashed line. (b) RedðtÞ for different τ: each
solid line from left to right corresponds to the value of τ=T IR from
0.513 to 0.653 with increment of 0.02. Vertical dashed gray line
indicates the position of IR-field zero t0 ¼ 0.583T IR, vertical
solid gray lines indicate points t0 � T XUV. Thin solid pink lines
in both panels show the scaled temporal profile of −FIRðtÞ. The
laser parameters are the same as in Fig. 1, IIR ¼ 1014 W=cm2.
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of the E-field sensor technology [30]. Assuming that the
time delay between two pulses is well stabilized, the
measurement of the laser-induced QSDM using the E-field
sensing implements the optical gating.
The XUV rectification effect is illustrated within the

zero-range potential model. Despite the known limitations
of this model, it allowed us to identify the main qualitative
features of the considered effect. In particular, along with
the indicated properties of the time dependence of QSDM,
we have presented the range of IR-field intensities for
which IR-induced nonlinear effects become significant,
thereby illuminating the limits of linear approximation for
the XUV rectification effect with respect to the IR-field
strength. It should be noted that XUV-induced inner
collective electron dynamics is implemented on the atto-
second timescale [31–33] and can significantly change the
magnitude of QSDM up to its elimination. For this reason,
the considered XUV pulse durations should be much longer
than relaxation or excitation times of a target, because it
ensures the system integrity for the XUV-interaction time.
An analysis of the collective electron dynamics effects
deserves separate consideration.
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