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Multibeam synthesis of high-power subcycle field waveforms
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We identify physical scenarios whereby high-peak-power subcycle attosecond field waveforms can be
synthesized by coherently combining a multibeam high-order harmonic output generated by a laser driver
consisting of a pair of few-cycle pulses with different carrier frequencies. With the relative amplitudes, phases,
and group delays of these driver pulses carefully adjusted in each of the driver beams toward confining the
recollisions of highest-ponderomotive-energy electrons to an extremely short time gate within a fraction of the
driver field cycle, the phase-matched multibeam high-harmonic output can be tailored to yield an intense isolated
subgigawatt sub-10-attosecond field waveform. As a general tendency, propagation effects are shown to limit
the minimum pulse width of the multibeam high-harmonic output. Still, with appropriate optimization of the gas
pressure and the beam geometry, ~10-as field waveforms can be synthesized at the expense of one to two orders

of magnitude of the output radiation energy.
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I. INTRODUCTION

One of the key challenges confronted by rapidly progressing
attosecond technologies [1] is to address the growing demand
for the methods and sources for the generation of shorter, more
powerful, and better controlled attosecond field waveforms.
Within the past few years, ultrafast optical science has
benefited tremendously from bright sources of attosecond
pulses based on high-order harmonic generation [2—4], as
well as from the technology of light-wave synthesizers [5,6],
delivering isolated subcycle, few-femtosecond light pulses
in the ultraviolet—visible—near-infrared spectral range. These
approaches find growing applications for time-resolved studies
and precise manipulation of ultrafast electron dynamics in
gases [2,7-11] and solids [12—15] on an unprecedented time
scale.

Field waveform and field cycle engineering methods
[16,17] have been shown to be instrumental in helping address
the key challenges in attosecond technologies, allowing high-
order harmonics with higher energies and more extended
plateaus to be generated, thus opening avenues toward at-
tosecond pulses with shorter pulse widths and higher energies.
Optimized field waveforms providing the maximum electron
recollision energies have been envisaged by Chipperfield et al.
[18] as a way toward enhanced high-order harmonic genera-
tion. When implemented in a two-color laser field experiment,
this approach provides the increase in the high-harmonic yield
by orders of magnitude [19-21] and offers a tool for an
attosecond control of electron trajectories in high-harmonic
generation [22], promising a technique for the generation of
shorter attosecond pulses with a better controlled chirp. In a
recent theoretical study [23], two-color femtosecond pulses
combined with a sawtooth field waveform have been shown to
radically enhance the generation of ultrashort terahertz pulses.
A pair of orthogonally polarized ultrashort laser pulses has
been demonstrated to provide a powerful tool for steering
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ultrafast electron dynamics both in time and space, thus giving
an access to the fundamental electron processes underlying
laser-matter interactions [24-27].

As aroute toward attosecond pulses with even shorter pulse
widths, higher energies, and better controlled field waveforms,
we show here that coherent combining of high-order harmonic
fields generated by a multibeam laser driver consisting of
a pair of few-cycle pulses with different carrier frequencies
can advantageously integrate the concepts of subcycle pulse
synthesizers and high-harmonic attosecond sources into a
single multibeam laser scheme, enabling a synthesis of intense
subcycle attosecond field waveforms. Our numerical analysis
of the time-dependent Schrodinger equation (TDSE) presented
below in this paper shows that with the relative amplitudes,
phases, and group delays of the two driver pulses carefully
adjusted in each of the driver beams toward confining the
recollisions of the highest ponderomotive-energy electrons to
a minimum time gate within a fraction of the driver field
cycle, the multibeam high-harmonic output can be tailored to
coherently enhance the flash of harmonics emitted within this
extremely short time gate, and to simultaneously suppress,
through a destructive interference of high-harmonic beams,
the harmonic field outside this time interval. In this regime,
intense isolated sub-10-attosecond (as) field waveforms can be
synthesized.

II. MULTIBEAM HARMONIC GENERATION

Our approach to a multibeam synthesis of high-power
attosecond field waveforms is illustrated in Fig. 1. We
consider a high-power laser driver E(t) = E|(t) + E»(¢)
consisting of two few-cycle optical pulses with different
carrier frequencies. The field E(¢) is cycle engineered
by varying the relative phase shift A¢, the pulse delay
At, and the field amplitude ratio E,/E; of the pulses
Ei(t) and E»(t). Analysis presented in this paper was
performed for a driver E(t) = E; cos (wt)e~=AT/w)" 4
E;cos Qut + Aq))e’(’/’")z, consisting of a laser pulse with full
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FIG. 1. Multibeam synthesis of high-power subcycle attosecond
field waveforms. A carefully waveform- and cycle-engineered high-
power laser driver is split into several beams with different intensities
to generate high-order harmonics in spatially separated gas jets
(shown as a gas cell). High-order harmonic beams are separated
from the driver by spatial and spectral filtering and are coherently
combined to produce high-intensity attosecond pulses as a result of
multibeam interference.

width at half maximum Tgwpm = T4/ 2 In 2 at the fundamental
frequency wq and its second harmonic. The laser driver is split
into several beams with different intensities, which generate
high-order harmonics in spatially separated gas jets (Fig. 1).
High-order harmonic beams generated by such a multibeam
two-color laser driver are then separated from the driver by
spatial and spectral filtering and are coherently combined
to produce high-intensity attosecond pulses as a result of
multibeam interference (Fig. 1).

III. SEMICLASSICAL MODEL

To provide insight into the physics enabling attosecond
waveform synthesis in the multibeam scheme as outlined
above (Fig. 1), we first examine a semiclassical model of high-
order harmonic generation by a two-color laser driver. In this
model, the yield of photoelectrons as a result of field-induced
ionization is calculated analytically by using the Ammosov-
Delone-Krainov (ADK) model. The post-ionization dynamics
of free electrons driven by the two-color field is then calculated
using the Newtonian equations of motion with zero initial
velocity and nonzero coordinate zg = I,/[eE(t)], to take
into consideration a point at which electrons appear in the
continuum. Those free electrons that return to and recollide
with the nucleus emit optical harmonics [28,29]. The energy
of photons emitted as a part of this harmonic-generation
process is given by e,p(t) = I, + Up(¢) [29], where I, is the
ionization potential and U ,(¢) is the ponderomotive energy of
the recolliding electron at the moment of recollision #, which
is calculated through a numerical integration of the classical
equation of motion. The energy &,n(¢) is used in this qualitative
treatment as a measure of the maximum harmonic number N,,
in the plateau, i.e., the cutoff frequency w, = N,wy, in the
spectra of optical harmonics.

In Figs. 2(a)-2(f), we compare semiclassical calculations
performed for laser drivers with wy = 1.55 eV (corresponding
to an 800-nm output of a Ti:sapphire laser), A¢ = 0 [Figs. 2(a),
2(d)] and A¢ = 7 /2 [Figs. 2(b), 2(e)] and At = 0 [Figs. 2(c),
2(f)], and Ty /2 [Figs. 2(a), 2(b), 2(d), 2(e)], Ty = 27 /wy being
the driver field cycle. The intensity of the E,| field in these
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FIG. 2. (a)-(c) Maximum energy &p,(t) of photons emitted by
recolliding photoelectrons moving along classical trajectories. The
horizontal dotted line shows the edge of the transmission band of
the spectral filter, applied to block harmonic radiation with energies
below 70 eV. (d)—(f) Classical trajectories of photoelectrons driven
by the two-color laser field (left axis) and the rate of photoionization
induced by this field (right axis) as a function of time. (g)—(i) Maps of
the photoelectron probability distribution |y (z,)|> calculated using
the TDSE (shaded blue) and the field of the two-color laser driver
(dashed green line). Calculations are performed for a two-color laser
driver consisting of a fundamental field with wy = 1.55 eV and its
second harmonic, 2wy = 3.10 eV, with I; = 300 TW/cm?, Tpwim =
8 fs, Ey/E; = 0.3; A¢ = 0 in panels (a), (c), (d), (f); A¢p = 7/2 in
(b), (&); At = 01in (c), (f); and Tp/2 in (a), (b), (d), (e).

calculations is set equal to I; = 300 TW/cm?. The pulse
widths of both pulses are Tpwpm = 8 fs, and the amplitude
ratio is E>/E = 0.3. The maximum energy &p,(?) of photons
emitted by electrons moving along these trajectories is shown
in Figs. 2(a)-2(c). Classical trajectories of photoelectrons
undergoing ionization at different instants of time are presented
by blue lines in Figs. 2(d)-2(f). With a spectral filter set to
block harmonic radiation with energies below &, =70 eV
(corresponding to harmonic numbers N < 47), only a few
field half cycles near the center of the laser driver [shown
with shading in Figs. 2(a)-2(c)] can generate electrons whose
kinetic energies gained by the instant of recollision will be
high enough to contribute to the harmonic radiation behind
the filter. Trajectories of such electrons are shown in red
in Figs. 2(d)-2(f). The cycles of the two-color driver thus
need to be tailored, through an appropriate choice of A¢,
Az, and E,/E;, in such a way as to suppress harmonics
with gp, > 65 eV from the two field half-cycles adjacent
to the central, most intense half-cycle of the driver [red
shading in Figs. 2(a)-2(c)]. It is straightforward to see from
Figs. 2(a)-2(f) that, with A¢ = 0, the two unwanted field
half cycles [blue shading in Figs. 2(a)-2(c)] are strongly
suppressed through a destructive interference of E;(¢) and
E>(t). Photoionization is thus drastically reduced, producing
no photoelectrons to travel along the trajectories [shown in
red in Fig. 2(d)] that could potentially generate high-gp,
harmonics.

Optimization of At and E,/E|, on the other hand, helps
maximize the ratio of N,, within the central half cycle of the
field to N,, values in the adjacent half cycles. In particular,
with the time delay set at At = 0, photoelectrons produced
within the central field half cycle can generate harmonics with
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maximum numbers N, even higher than those attainable with
At = Ty/2 [cf. Figs. 2(a)-2(c)]. However, the ratios of N,
to the harmonic orders in the adjacent half cycles of a laser
driver with At = 0 are noticeably lower than those achieved
with At = Ty/2 [cf. Figs. 2(a)-2(c)], making a half-cycle
delay a much better choice for At in a two-color laser driver.
With a suitable choice of the field amplitude ratio E,/E|,
as numerical simulations presented below show, the highest
contrast of attosecond pulses of harmonic radiation can be
achieved.

IV. THREE-DIMENSIONAL TDSE ANALYSIS

For a quantitative analysis, we numerically solve the three-
dimensional TDSE for the electron wave function v (r,t) with
a modified Coulomb potential V(r) = —B(Z/r)exp(—yr) in
the presence of a few-cycle two-color laser driver E(t) =
E\(t) + E»(t). The radiation field re-emitted by electrons was
calculated as the second-order time derivative of the dipole
moment induced by the driver field. The general tendencies
in the behavior of the high-harmonic output as a function
of the parameters of the two-color laser driver were reliably
reproduced in simulations performed for a broad variety
of gas targets. For the highest intensities of high-harmonic
radiation, however, helium was used as a gas target [8 =
e2/(4neo), Z =2,and y = 0.707/ay, with ay being the Bohr
radius], allowing higher laser intensities to be applied without
saturating ionization [30]. Such a model potential, of course,
cannot reproduce all the energy levels of real helium atoms.
While many important properties of the optical response of the
system may depend on the specific structure of atomic energy
levels, attosecond pulses produced by the high-energy part of
high-harmonic spectra, considered in this work, are not very
sensitive to this factor.

The time-domain structure of the high-harmonic field
produced by a high-power two-color few-cycle driver is
generally quite complicated [Figs. 3(e)-3(h)]. The pulse
widths of both fields constituting the two-cycle driver in
our scheme, tpwym = 8 fs, are long enough to give rise to
multiple flashes of high-harmonic emission [Figs. 3(e)-3(h)],
representing recolliding photoelectrons driven to their parent
ions at different moments of time within the entire duration of
the driver. These photoelectron trajectories are visualized in
Figs. 2(g)-2(i) by the maps of the photoelectron probability
distribution | (z,1)|?, where |¥(z,1)|* = i W (z,0.0)*dp, p
being the radial coordinate in the plane orthogonal to the
z axis coinciding with the laser field polarization. The
close resemblance between these maps and classical electron
trajectories in Figs. 2(d)-2(f) verifies the predictive power of
the semiclassical model, which was used as a guide for driver
cycle engineering as explained above.

Results of TDSE simulations (Figs. 3 and 4) fully verify
predictions of the semiclassical model concerning the regimes
enabling the generation of isolated attosecond pulses of
high-harmonic radiation. For a two-color laser driver with
I, =300 TW/Cm2 and trwpm = 8 fs, a single pulse of high-
harmonic radiation with a typical pulse width of about 0.25 fs
is isolated behind a spectral filter with ¢ = 70 eV (the edge
of the transmission band of this filter ¢, is shown by the
vertical dashed line in Figs. 3(a)-3(d) when the variables
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FIG. 3. (a)—(d) Spectra and (e)—(h) field waveforms of optical
harmonics generated by a two-color laser driver with wy = 1.55 eV,
I} =300 TW/cm?, tpwim = 815, Ag = 0in (a), (c), (d), (e), (), (h);
/2 in (b), (f); At =0in (c), (g); Tp/2 in (a), (b), (d)—(), (h); and
E,/E; = 0.31in (a)—(c), (e)—(f) and 0.5 in (d), (h). The vertical dashed
line shows the edge of the transmission band of the spectral filter,
applied to block harmonic radiation with energies below e, = 70 eV.
The field waveforms of high-harmonic radiation behind this spectral
filter are highlighted with color in panels (e)—(h). The field waveforms
of high-harmonic radiation without spectral filtering are shown in
black.

of the laser driver are set at E;/E; = 0.3, A¢ =0, and
At = Ty/2 [Figs. 3(e)-3(h)]. As both semiclassical [Fig. 2(d)]
and TDSE [Fig. 2(g)] calculations show, a laser driver with
such parameters keeps the highest-U, recolliding electrons,
responsible for the highest-gp, harmonics, tightly confined to
a very short time gate within a small fraction of the driver field
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FIG. 4. (a)—(c) Spectra and (d)—(f) field waveforms of optical
harmonics generated by a two-color laser driver with wy = 1.55
eV, tewam =8 fs, Ap =0, At =T1,/2, E»/E, =03, and [, =
200 TW/cm? in panels (a), (d); 400TW/cm? in (b), (e); and
700 TW/ cm? in (c), (f). The vertical dashed line shows the edge of
the transmission band of the spectral filter, applied to block harmonic
radiation with energies below £, = 55 eV in (a), (d); 87 eV in (b), (e);
and 125 eV in (c), (f). The field waveforms of high-harmonic radiation
behind this spectral filter are highlighted with color in panels (d)—(f).
The field waveforms of high-harmonic radiation without spectral
filtering are shown in black.
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FIG. 5. (a) The spectrum (shading) and the spectral phase (solid
line) of the harmonic-radiation pulse generated by a two-color
laser driver with wy = 1.55 eV, I; = 300 TW/cmz, Trwham = 8 f5,
A¢p =0, At =Ty/2, and E,/E, = 0.3 behind the spectral filter
with e, =70 eV. (b) The field and (c) intensity waveform of a
harmonic-radiation pulse synthesized by coherently combining 11
spectrally filtered high-harmonic beams generated by an 11-beam
two-color laser driver with I; =200 TW/cm?, A = 100 TW/cm?,
TFWHM — 8 fS, A¢ = 0, AT = T0/2, and Ez/E] =0.3.

cycle, yielding extremely short, attosecond isolated flashes of
high-harmonic radiation [shown in red in Fig. 3(e)]. Elsewhere
in the parameter space, high-g,, harmonic generation by the
adjacent field half cycles is not fully suppressed, giving rise to
a multipeak structure of high-harmonic emission even behind
the spectral filter [shown in color in Figs. 3(f)-3(h)] This result
is also in full agreement with semiclassical [Figs. 2(e) and 2(f)]
and TDSE [Figs. 2(h) and 2(i)] calculations.

Two properties of subfemtosecond pulses produced in this
scheme of high-harmonic generation are of critical importance
for the entire multibeam synthesis concept examined in
this work. First, with properly optimized parameters of the
driver (E»/Ey = 0.3, A¢p =0, and At = Tp/2 in our case),
a subfemtosecond pulse whose phase is flat across its entire
spectrum is generated behind the appropriate spectral filter
[Fig. 5(a)]. Second, as higher laser intensities translate into
higher ponderomotive energies U, of recolliding electrons,
the cutoff &, in the harmonic spectra is shifted to higher
frequencies [Figs. 4(a)-4(c)]. Since the ponderomotive ener-
gies of recolliding electrons are increased for all the field half
cycles, harmonics of higher orders now need to be filtered to
isolate clean single subfemtosecond pulses of high-harmonic
radiation [Figs. 4(d)—4(f)]. This is achieved by shifting the
transmission edge e of the spectral filter [dashed vertical
lines in Figs. 4(a)—4(c)].

Thus, subfemtosecond pulses with a flat phase and tunable
spectra can be generated by using a two-color laser driver with
properly optimized parameters and a variable field intensity.
This suggests that with the laser driver split into M beams with
intensities in the E; beam [I; = I} + (j — 1)A, where j =
1,...,M and A is the increment in intensity from one beam
to another, an extremely short isolated pulse of high-harmonic
radiation can be synthesized by coherently combining the high-
harmonic outputs produced by individual beams of the laser
driver in M spatially separated gas jets (Fig. 1).

Such a coherent combining of high-harmonic outputs gen-
erated by an M-beam two-color driver is illustrated in Figs. 4,
5(b), and 5(c). In this example, we take wy = 1.55 eV, I} =
200 TW/cm?, A = 100 TW/cm?, and M = 11 with tpwiam =
81fs, A¢p =0, At = Ty/2,and E,/E; = 0.3 in each of the 11
beams. With a spectral filter set to reject the low-frequency
part of the spectrum [as shown in Figs. 4(a)-4(c)], viz.,
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harmonics with N < 36,47,56,65,75,83,90,97,103,109,115,
for j =1, ...,11, high-harmonic pulses with a pulse width of
0.2-0.3 fs [Figs. 4(d)—4(f)] are produced behind the respective
spectral filters in each of the 11 beams. Coherent addition
of these 11 high-harmonic pulses without any additional
phase compensation (which may still be needed to correct
for inevitable variations in the parameters of the gas jets
and individual beam geometries) yields an ultrashort field
waveform [Figs. 5(b) and 5(c)] with a pulse width, defined
as the FWHM of the field intensity profile [Fig. 5(c)], as short
as 8 as.

With a typical beam waist diameter in a gas jet set at
d ~ 35 um, the overall laser energy needed to deliver an
ultrashort-pulse multibeam driver with I, = 200 TW/cmZ,

=100 TW/cmz, and M =11 is about 0.5 mJ. With an
upper-bound estimate of 10~ for the efficiency of harmonic
generation in the considered spectral range [31], multibeam
harmonic generation implemented with submillijoule laser
drivers can be expected to yield sub-10-as high-harmonic
waveforms, as shown in Figs. 5(b) and 5(c), with a peak
power within the central peak of about 0.5 GW. Even
shorter, subattosecond pulses with tailored waveforms can be
generated through a finer multibeam driver optimization within
the class of driver fields comprising more than two laser pulses,
fields with incommensurate frequencies, or carefully chirped
supercontinua. Generation of subattosecond field waveforms
with peak powers of several gigawatts can be anticipated for
multibeam synthesis schemes with a larger number of laser
beams in experiments that could be implemented using the
available 100-TW-class laser sources.

V. MACROSCOPIC TREATMENT

The full analysis of the macroscopic high-harmonic re-
sponse of a gas medium to an ultrashort laser driver has to
include field-evolution effects [32,33], which tend to distort
ultrashort field waveforms synthesized as a part of high-
harmonic generation [34]. To include these effects into our
model, we solve the field-evolution equations for the laser
driver and high-harmonic fields E; and E},

AE(¢,r,w)
¢

= i(k(a)) - %)El(g,r,w) T

o’ o
+1 Zk( ) n[(ga r,w )_ Zk( )

2k( )ViE,(g r,w)

F{Em.), (1)

0E,(L,r,2)

- (k(m _2, za(Q)) En(¢.r.9)

2

W2
2k(2)

+l VJ_Eh({, ,Q)+l n[(C,V,Q),

2)

where El(g‘,r,t) is the laser driver field, E;(¢,r,w) is its Fourier
transform, ¢ is the propagation coordinate, r is the radial
coordinate, Ej(¢,r,$2) is the harmonic field, u is the driver field
group velocity, k(w) = wni(@) /c, o = o for the laser driver
and @ = Q for the high-harmonic field, n; (@) is the refractive

2k(2)
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FIG. 6. (a) Peak intensity of the driver and (b) high-harmonic
output energy as functions of the propagation coordinate for a two-
color driver with integral energy equal to 0.25 mJ, E,/E; = 0.3,
At = Ty /2, A¢ = 0 propagating through a helium jet with a pressure
profile shown in panel (a) with p = 0.025 bar (dotted blue line),
0.1 bar (dashed red line), 0.25 bar (dash-dotted black line), and 0.5
bar (solid green line). The gas jet is centered at ¢y = 0.497 m.

index, c is the speed of light in vacuum, «(£2) is the absorption
coefficient, F{} is the Fourier transform operator, n.(¢,r,t) is
the electron density, Py (¢,r, ') is the Fourier transform of the
nonlinear polarization, and m, and e are the electron mass and
charge, respectively. The field-evolution equations (1) and (2)
are solved jointly with the equation for the electron density

ne(¢,r.1),

on.(¢,rt)
ot

where W(¢,r,t) is the ionization rate and n4(¢) is the density
of neutral species interacting with the laser field.

We apply these equations to examine multibeam waveform
synthesis using high-order harmonic generation in a helium jet.
Due to its high ionization potential (U, & 24.6 V), helium
helps avoid ionization saturation within the considered range
of driver field intensities. Dispersion and absorption spectra
of helium were included in the model in accordance with the
standard reference data [35,36]. The spatial profile of neutral-
gas density in a gas jet [Fig. 6(a)] is modeled as n,(¢) =
pexp{—[(¢ — &)/A1%}/(kgT), where p is the gas pressure
at the center of the jet ¢ = ¢y, A¢ is the width of the gas jet,
T is the gas temperature in the jet, and kp is the Boltzmann
constant.

The nonlinear polarization giving rise to high-order har-
monic generation is written as Py (¢,7,Q2) = na(¢)d(r,<2), with
the dipole moment d(r,$2) calculated within the framework
of strong-field approximation (see, e.g., Ref. [37]). The laser
driver field is taken in the form of an ultrashort two-color
pulse with parameters as specified above [dash-dotted line in
Fig. 7(a)]. The ionization rate W in Eq. (3) is calculated using
the Yudin-Ivanov formula [38].

Unless special measures are taken toward optimizing the
gas pressure and beam geometry, phase and group-velocity
mismatch, the Gouy phase shift, ionization-induced absorp-
tion, and spatial self-action of the driver [Fig. 6(a)] strongly
influence high-order harmonic generation [Fig. 6(b)], heavily
distorting the field waveform emitted as a result of high-order
harmonic generation. Specifically, for gas pressures roughly
above 0.1 bar, these effects are prohibitively strong, leaving
no parameter space for attosecond pulse generation as a
result of multibeam high-order harmonic generation [Figs. 7(a)
and 7(b)].

= W(g?r’t)[nA(g)_ne(é‘srat)]v (3)
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FIG. 7. Waveforms [(a), (c)] and the spectra [(b), (d)] of the high-
harmonic field generated by a two-color ultrashort driver (dash-dotted
line) with field intensity 7 = 1000 TW /cm? in a helium jet with p =
0.10 bar [(a), (b)] and 0.25 bar [(c), (d)]. The green line shows the
high-harmonic field corresponding to the highest-frequency part of
the harmonic spectrum (shown by green shading). The beam waist is
located at f = 0.5 m. The gas jet is centered at {, = 0.497 m [(a),
(b)] and 0.5 m [(c), (d)].

As the gas pressure in the jetis lowered to approximately 0.1
bar, propagation-induced distortions become weaker. In this
regime, reasonably broad, continuous bands start to show up in
the high-frequency wings of high-harmonic spectra [Fig. 7(a)],
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FIG. 8. (a) On-axis waveform and (b) on-axis spectrum of the
high-harmonic field generated by a two-color ultrashort driver (dash-
dotted line) with field peak intensity / = 500 TW /cm? in a helium
jet with p = 25 mbar. The green line shows the high-harmonic field
corresponding to the highest-frequency part of the harmonic spectrum
(shown by green shading). (c) Waveform of the spectrally filtered
high-harmonic field integrated over the entire beam. (d) Spectrum of
the high-harmonic field integrated over the entire beam. The high-
frequency part of the spectrum corresponding to the attosecond pulse
in panel (c) is shown by blue shading. The beam waist is located at
f = 0.5 m. The gas jet is centered at {, = 0.497 m.
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FIG. 9. Same as Fig 8, but with a field peak intensity
I = 1000 TW /cm?.

exposing the properties of high-order harmonics as described
in Sec. IV and illustrated in Figs. 3 and 4. At gas pressures
below 0.1 bar, attosecond high-harmonic waveforms can be
generated with a careful optimization of the driver beam waist
relative to the gas jet. As two typical examples, Figs. 8 and 9
show that with the driver beam waist positioned 3 mm behind
the center of the gas jet, where the gas pressure is set at p =
25 mbar, high-harmonic pulses as short as 0.15-0.25 fs can
be produced through appropriate spectral filtering. Moreover,
the spectrum of the attosecond high-harmonic output can be
tuned, as shown in Figs. 8 and 9, by varying the intensity of the
laser driver. In a scheme of multibeam harmonic generation
(Fig. 1) with M = 11, this enables a synthesis of pulses as
short as approximately 10 as. The energy of these pulses is,
however, one to two orders of magnitude lower than the energy
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of sub-10-as pulses attainable in the regime of perfect phase
matching (Sec. IV).

VI. CONCLUSION

To summarize, we have identified physical scenarios
whereby subcycle attosecond field waveforms can be syn-
thesized by coherently combining a multibeam high-order
harmonic output generated by a laser driver consisting of a
pair of few-cycle pulses with different carrier frequencies.
With the relative amplitudes, phases, and group delays of
these driver pulses carefully adjusted in each of the driver
beams toward confining the recollisions of the highest-
ponderomotive-energy electrons to an extremely short time
gate within a fraction of the driver field cycle, the multibeam
high-harmonic output can be tailored to yield intense isolated
subgigawatt sub-10-as field waveforms. As a general tendency,
phase and group-velocity mismatch, the Gouy phase shift,
ionization-induced absorption, and spatial self-action of the
driver are shown to limit the minimum pulse width of
the multibeam high-harmonic output. Still, with appropriate
optimization of the gas pressure and the beam geometry,
~10-as field waveforms can be synthesized at the expense
of one to two orders of magnitude of the output radiation
energy.
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