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Noncollinear gating for high-flux isolated-attosecond-pulse generation
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We propose an approach for producing high-flux isolated-attosecond pulses (IAPs) based on noncollinear
geometry of high-order harmonic generation (HHG). By combining a main driving pulse and an ultrashort gating
pulse in the interaction medium to form a tilt wave front in a very narrow overlapping time region, the attosecond
pulses generated in this region are spatially separated from the original beam in the far field. It gives a way
of extracting IAPs as well as fully characterizing an attosecond-pulse train (APT). Since this approach set no
restriction on the pulse duration of the main driving pulse, it is particularly suitable for high-flux IAP generation
by a high-energy laser which usually has multicycle pulse duration.
DOI: 10.1103/PhysRevA.93.033854
I. INTRODUCTION

Attosecond physics has enhanced our understanding of
the ultrafast electron dynamics in atoms, molecules, and
condensed matters with its unprecedented temporal resolution
since the first demonstration of isolated-attosecond-pulse
(IAP) generation in 2001 [1]. A lot of significant progress
has been made during the first decade of this new research
field, such as attosecond streaking [2], tunneling and recollision spectroscopy [3], molecular orbit tomography [4], and
controlling and probing dielectric properties [5,6].
However, the complete observation and manipulation of
ultrafast phenomena requires a true attosecond-pump and
attosecond-probe scheme which is currently very challenging
due to the limited flux of the IAP [7]. At present, up to
tens of microjoule high-energy attosecond-pulse train (APT)
generation has been reported applying the loosely focusing
geometry [8] which is sufficient for nonlinear attosecond
physics, but the generation of intense IAP remains to be tough
work, though advances have been made in recent years [9,10].
There are naturally two routes to improve the output flux
of IAP: improving the high harmonic conversion efficiency
and using high-energy driving lasers. The improvement of
conversion efficiency has been investigated in both single-atom
and macroscopic scales. An efficiency of 10−4 level has been
achieved [9]. On the other hand, the conventional gating
techniques for IAP generation such as amplitude gating [11],
polarization gating [12], and ionization gating [13] usually
require a sub-5 fs driving laser pulse, which prevents the use of
high-energy driving lasers with pulse duration typically longer
than 30 fs. Generalized double optical gating (GDOG) [14,15]
enables a relaxation on the driving pulse duration requirements
up to 30 fs. However, the relatively short pulse duration
still remains a key factor for reducing the ionization before
the arrival of the linear polarized gate, which is critical for
a good single-atom conversion efficiency [10]. Attosecond
lighthouse [16,17] based on wave front rotation (WFR) of the
driving pulses have been demonstrated to generate angularly
separated IAPs with simple implementation and relatively
long driving laser pulses, but maximum duration limit is still
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necessary to ensure the spatial separation of attosecond pulses
from subsequent half-optical cycles. Recently, noncollinear
optical gating (NOG) [18,19] has been demonstrated based on
noncollinear geometry and WFR technique for IAP generation.
Two identical pulses noncollinearly overlap with specific
temporal delay to form a rotated wave front for separating
IAP in the far field. The duration limit still remains, similar to
the attosecond lighthouse. Only the overlapped edge of the two
pulses can be used which limits the intensity and photoenergy
of the IAP. In these conventional IAP generation methods, the
driving pulse takes the responsibility for both attosecond-pulse
generation and the single pulse extraction. If the two tasks for
the driving laser pulse can be separated and taken by two
different pulses respectively, then the constraint on the driving
pulse may be completely released and a high-energy laser can
be used.
II. ANALYTICAL MODEL

In this paper we propose a scheme for generating highflux IAP, aiming at eliminating the driving pulse duration
limitation in IAP generation. Enlightened by the concept of
WFR, the scheme is based on the noncollinear geometry
of HHG. Noncollinear HHG provides natural separation of
HHG from a fundamental beam ideal for IAP selection. The
spatial separation of noncollinear HHG has been studied [20]
and employed for space-time measurements of attosecond
pulses [21], as well as the NOG technique mentioned above.
The scheme combines a main driving pulse regardless of
pulse duration for generating APT and a subcycle gating
pulse for exacting an IAP from the pulse train. The principle
of the scheme is illustrated in Fig. 1. The two pulses are
noncollinearly overlapped at the focus point and interact with
the medium. The isolated-attosecond pulse can be spatially
extracted when the duration of the gating pulse is short enough
and the laser wave front within only one half-cycle is tilted.
By completely releasing the constraint for the driving pulse,
the scheme is especially suited for IAP generation using a long
and intense laser pulse. The rigorous demand on driving pulse
duration is now transferred to the gating pulse, which serves
as a perturbation to the generation process and can be much
weaker.
Our approach is based on the WFR induced by the temporal
overlapping of two noncollinear driving pulses. As indicated
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FIG. 1. Principle illustration of the scheme of the IAP generation.
A long driving pulse and a short gating pulse with a noncollinear angle
θ and time delay t overlap in the gas medium. The distorted XUV
wave front induced by the gating pulse in the overlapping region lead
to off-axis IAP with a propagation angle ϕ.

in Fig. 1, the wave vector k of the synthesized field is inside
the angle sector of the two driving field k1 and k2 . The
instantaneous total wave vector is expressed as [18]
k1 + ξ k2
,
k = 
1 + ξ2

(1)

where ξ is the ratio of the field envelope of the two
driving field ε2 /ε1 . Assuming both pulses have Gaussian
temporal profile, ε1 = E1 exp[−2 ln(2)(t)2 /τ12 ] and ε2 =
E2 exp[−2 ln(2)(t − t)2 /τ22 ], where E and τ denote the
amplitude and pulse duration of the driving field, and t
denotes the time delay. Since the propagation direction of the
high-order harmonics follows the wave vector of the driving
field, we can expect the attosecond pulses deflected from either
direction of two driving beams. The time-dependent wave
 transfers to the spatial separation of the attosecond
vector k(t)
pulses in the far field. For small noncollinear angle θ , the
time-dependent deflection angle of the attosecond pulses can
be estimated as
θ ξ (t)
.
(2)
ϕ(t) =
1 + ξ (t)
Both attosecond lighthouse and NOG introduce such field
distortion to several subsequent half-cycles and acquire several
IAPs with different propagation angles in the far field. These
methods impose restrictions on the upper limit of the driving
pulse duration as a longer pulse can hardly afford sufficient
WFR to fulfill far-field separation [16,18]. In our scheme, the
secondary gating pulse is set to be short enough to confine
the field distortion to a few half-cycles (ideally, only one halfcycle) of the main pulse. The selected half-cycle leads to offaxis IAP while the rest of the APT remains on-axis, available
for further application, as shown in Fig. 1. The key parameter of
this scheme is the pulse duration of the short gating pulse. The
maximum gating pulse duration is defined by the condition
when the angular separation of the attosecond pulses from
subsequent half-cycles exceeds their angular divergence δ [22],


T
ϕ(t) − ϕ t ±
 δ,
(3)
2

w4
λh
δ=
(4)
1 + 4αj2 I02 4h ,
π wh
wf

where T is the optical cycle of the main driving pulse. λh and
ωh are the wavelength and beam waist of the harmonics, I0 and
wf are the peak power density and beam waist of the driving
field, and α denotes the intensity dependence of the dipole
phase [23]. The positive correlation of the deflection angle ϕ
and envelope ratio (not intensity ratio) ξ implies a minimum
requirement on the intensity of the gating pulse. According to
Eqs. (2) and (3), the ratio of the two involving fields requires
to be ξ0 = E2 /E1  δ/(θ − δ), usually no less than 0.1. The
time gate formatted by the gating pulse is denoted by the white
dashed lines in Figs. 2(b) and 3(a). It has a width of τg =

2log2 (2 + ξ0 )τ2 ∼ 1.5τ2 when τ2  τ1 . On the other hand,
at a certain adequate ratio ξ0 and in case E2  E1 and τ2  τ1 ,
the maximum gating pulse duration to separate subsequent
attosecond pulses can be approximated from Eqs. (2) and (3),

2 ln(2)
T
,
(5)
τ2 
2 ln(ϕ0 ) − ln(ϕ0 − δ)
where ϕ0 = θ ξ0 /(1 + ξ0 ) denotes maximum deflection angle.
The estimation given in Eq. (5) indicates that the gating pulse
duration is required to be in the scale of T /2. Considering
typical experimental parameters I1 = 2 × 1014 W/cm2 , τ1 =
30 fs, ωf = 100 μm, and θ = 10 mrad, the divergence δ is
estimated as 1.5 mrad at 1/e2 width for high orders of short
trajectory. When I2 = 0.2 × 1014 W/cm2 , corresponding to
ξ = 0.32, the maximum rotation angle at is ϕ0 = 2.4 mrad
and the gating pulse is expected to be shorter than 1.6 fs. The
generation of such a subcycle pulse is challenging, but already
demonstrated by waveform synthesizing [24].
Despite its technical difficulties, IAP extraction using a
short gating pulse has specific advantages. The gating pulse
perturbs the generation process only in a small fraction of the
main pulse. The IAP is changed little after selection and the
APT from the rest of the main pulse remains unchanged. Any
pulse in the APT can be extracted by simply changing the time
delay of the two pulses. The spectrum, relative intensity, and
pulse duration for each pulse in the train can thus be measured
respectively, while the reconstruction of attosecond beating by
interference of the two-photon transition (RABITT) method
that is typically used in APT characterization only provides
average temporal profile of the whole pulse train [25]. The
flexibility of selecting an arbitrary pulse is significant to ensure
the selection of the highest flux IAP since the peak of HHG
does not always coincide with that of the driving laser pulse
due to the ground state depletion and the propagation effect.
The concept of the scheme is similar to a pump-probe process
where the long intense main pulse acts as the pump and the
short gating pulse acts as the time-delayed probe. Therefore,
the scheme is potentially an in situ measurement of the HHG
process as demonstrated in [21].
III. NUMERICAL RESULTS

The numerical simulation is performed to check the
noncollinear gating technique we proposed above. The single
atom response is calculated by solving a time-dependent
Schrödinger equation in strong field approximation [26] along
one dimension in the radial direction and only short trajectory
contribution is considered. The far-field distribution at a
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FIG. 3. The far-field HHG spatio-temporal distribution generated
by (a) the same parameter in Fig. 2 except that gating pulse duration
τ2 = 3.5 fs (corresponds to gate width 5.4 fs as the dashed line shows).
(b) The fundamental pulse τ1 = 30 fs at λ1 = 1300 nm with power
density I1 = 1 × 1014 W/cm2 , the gating pulse τ2 = 3.5 fs, I2 =
0.1 × 1014 W/cm2 , and the second harmonics of the fundamental
beam I3 = 0.1 × 1014 W/cm2 , cross angle θ = 10 mrad, time delay
t = 2.8 fs.

FIG. 2. The simulation results for the noncollinear IAP gating
technique. The fundamental pulse τ1 = 30 fs at λ1 = 800 nm with
power density I1 = 2 × 1014 W/cm2 , and the gating pulse τ2 = 1
fs, I2 = 0.2 × 1014 W/cm2 , cross angle θ = 10 mrad, time delay
t = 0.6 fs. (a) The angular-resolved far-field spectrum of the on-axis
APT and off-axis IAP. (b) Spatio-temporal distribution in the far
field. The white dashed line indicates the gate width. (c) Blue line:
IAP selected from the off-axis propagation angle between 1.5 and 3
mrad in the far field [as labeled by the red bar in (a) and (b)]. Doted
red line: The corresponding attosecond pulse from APT without the
gating pulse.

distance of 1 m is calculated using Huygens integral in
Fresnel approximation. The propagation effect is not taken
into account.
The simulation result for HHG in neon is presented in
Fig. 2. The spatial distribution of the high harmonic spectrum
in the far field is shown in Fig. 2(a). The HHG from only one
half-cycle is selected due to the ultrashort gating pulse. This
off-axis continuum corresponds to a single attosecond burst.
The spatio-temporal distribution of the far-field attosecond
pulses in Fig. 2(b) fits well with the gate width (dashed
line) calculated from Eq. (2). The coincidence verifies the
validity of the simple analytical model given above. The
gate width provided by the 1 fs gating pulse is estimated as
1.55 fs, coincident to the T /2 time scale of a single half-cycle.
Figure 2(d) indicates the temporal profile of the off-axis IAP
selected from far field, while the dashed line indicates the
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corresponding pulse from the APT without the gating pulse.
The total intensity of the selected IAP is enhanced by the gating
pulse, and the pulse duration is also slightly changed (from 355
to 378 as). Another interesting issue is the spatial chirp of the
selected IAP in the far field. For a certain delay, the radiation
generated at different time corresponds to different gating
pulse intensity which leads to different propagation angles.
The intrinsic temporal dispersion of the attosecond pulse is
thus mapped into the spatial chirp in the far field. A shorter
gating pulse with steeper slope in the intensity profile results
in a stronger spatial chirp. In the noncollinear scheme, an
off-axis geometrical mismatching term due to the gating pulse
is added to the total wave-vector mismatch [27]. The additional
mismatch can be compensated by the collinear term or by
adjusting the experimental parameters. Thus the single atom
response by a wave front rotated driving pulse is expected to
survive in the macroscopic scale without inevitable decline in
the harmonic conversion efficiency under adequate conditions.
The contribution from long trajectories is also expected to be
suppressed in the propagation effect by properly adjusting the
gas jet position because the relatively large far-field divergence
angle of long trajectory demands a much stricter parameter on
the gating pulse.
As mentioned above, the main restriction of our scheme
is the gating pulse duration. In the estimation and simulation
results given above, the gating pulse is down to 1 fs which is
technically challenging and limits the experimental accessibility. The far-field spatio-temporal distribution of the HHG with
a 3.5 fs gating pulse which provides a 5.4 fs temporal gate is
shown in Fig. 3(a). A longer gating pulse results in the APT
off-axis in the far field. Several approaches can be used to relax
the requirement of a gating pulse. Increasing the cross angle is
the most straightforward method for better spatial separation,
in others words a more relaxed gating requirement. However,
the interference of the two driving fields leads to the multiple
sources radiation at a larger cross angle. The multiple sources
interference results in complicated spatial distribution of the
selected IAP in the far field, which is unwanted for normal
pump and probe experiments. Therefore, the noncollinear
angle must be limited to a proper region to minimize the
interference effect [17]. Another approach is to increase the
ratio ξ of the two fields, relaxing the gating pulse duration at
the cost of limiting the main pulse and gradually changing the
perturbative role of the gating pulse. In the special case ξ = 1,
the scheme is coincident to the NOG scheme in which two
driving pulses are identical.
The most appropriate way to relax the gating pulse duration
demand while maintain the advantage of our scheme is to
extend the factor T /2 according to Eq. (2). This scheme is
naturally more suitable for the main driving pulse with longer
wavelength due to the larger cycle T . By combining the second
harmonic with the main pulse that leads to only one attosecond

burst per cycle, the gating width is increased by a factor of 2
and the depletion effect by the leading edge is suppressed,
similar to the method of double optical gating [14]. The gating
pulse can be extended to sub-4 fs or even longer by applying
one or several of these approaches. As shown in Fig. 3(b), IAP
can be achieved even with a 3.5 fs gating pulse by employing a
1300 nm wavelength fundamental pulse with its second
harmonics. By stretching the spectrum of a Ti:sapphine laser
in a gas-filled hollow fiber and compressing the dispersion by
a chirped mirror, generation of sub-4 fs laser pulses is already
a routine in many laboratories [28].
The phase or time delay variation of the driving pulses
results in the shift of the high harmonics emission time and the
rotation of the synthesize wave front. Consequently, the temporal and spatial properties of the selected IAP vary with CEP.
It indicates that CEP and time delay stability of the driving
pulses is necessary to ensure the reproducibility for a long term
experiment, while at the same time it implies that the flexibility
of manipulating the number and relative intensity of the
selected attosecond pulses by controlling CEP or time delay.
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Schröder, M. Lezius et al., Nature (London) 446, 627 (2007).
[4] J. Itatani, J. Levesque, D. Zeidler, H. Niikura, H. Pépin, J.-C.
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