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Attosecond lighthouses in gases: A theoretical and numerical study
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We present an extensive theoretical and numerical study of the attosecond lighthouse effect in gases. We study
how this scheme impacts the spatiotemporal structure of the driving laser field all along the generation medium,
and show that this can modify the phase matching relation governing high-harmonic generation (HHG) in gases.
We then present a set of numerical simulations performed to test the robustness of the effect against variations of
HHG parameters, and to identify possible solutions for relaxing the constraint on the driving laser pulse duration.
We thus demonstrate that the lighthouse effect can actually be achieved with laser pulses consisting of up to
~8 optical periods available from current lasers without postcompression, for instance by using an appropriate

combination of 800- and 1600-nm wavelength fields.
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I. INTRODUCTION

In the past decade, attosecond metrology has enabled the
development ([1] and references therein) and characteriza-
tion [2,3] of attosecond light sources, for probing electron
dynamics in atoms [4], molecules [5], and solids [6] with
an unprecedented time resolution. Attosecond pulse trains
are naturally released during HHG with multicycle lasers.
However, so far, most of the applications used pump-probe
schemes that require single attosecond pulses. Such isolated
bursts remain difficult to produce routinely, because they ne-
cessitate to use either extremely short phase-stabilized driving
laser pulses (~4 fs), with [7,8], or without [9] a polarization
gate, or multicycle laser pulses (~30 fs) using a two-color
gating scheme [10-12] or by combining a polarization gate
with two-color mixing [13,14].

An approach called the attosecond lighthouse scheme,
that uses space-time couplings (STCs) on the driving laser,
has recently been demonstrated. STCs [15], which are
often considered spurious effects in laser physics, are used
here to angularly separate the successive pulses of the
attosecond pulse train produced with a multicycle laser pulse.
Proposed [16] and observed [17] for HHG on plasma mirrors,
it was rapidly generalized to HHG in gases [18,19]. Very
recently, the method was also demonstrated with driving
lasers in the midinfrared wavelength range [20,21], thus
enabling the production of single attosecond pulses with
spectra extending up to the water window [21]. Note that
besides the generation of isolated attosecond pulses, a major
interest of this effect is the spatial encoding of the attosecond
pulse train, which makes it possible to use the HH signal to
probe electron dynamics, e.g., in molecules, on a single pump
laser shot with a time resolution of half a laser period—a
measurement scheme called photonic streaking [18,19].

This paper presents an extensive theoretical and numerical
study of the attosecond lighthouse effect in gases, and is
organized as follows: In Sec. II, we first briefly remind of the
general principle of the attosecond lighthouse effect, which
exploits laser beams with a STC at focus known as wave-front
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rotation (WFR), induced by applying pulse front tilt (PFT) to
the beam prior to focusing. Because this effect was discovered
in the context of HHG from plasma mirrors, where generation
occurs in the focal plane, its initial analysis only considered
the space-time structure of the laser field exactly at focus.
The situation is very different for HHG in gases, where the
generation occurs over a certain propagation distance around
focus. A proper understanding of the attosecond lighthouse
scheme in gases thus requires an analysis of the modifications
induced by STC on the amplitude and phase of the driving laser
along its propagation direction. We provide such an analysis
in Sec. III using analytical expressions, and qualitatively
discuss the consequences on HHG in gases, in particular on
its phase-matching conditions. The second half of the paper
is dedicated to numerical simulations. In Sec. IV, we briefly
describe the numerical model used for simulating HHG in
gases, and present a simulation of the lighthouse effect that will
be used as a reference case in the rest of the paper. Section V
presents the results of a parametric study performed using this
numerical model. Section V A is devoted to the study of the
influence of HHG parameters on the lighthouse effect. We
show that the phase-matching relation, which rules HHG in
gases, is modified due to STC introduced on the laser pulse.
Section V B proposes and demonstrates solutions to relax the
constraints on the driving laser pulse duration required to
obtain attosecond lighthouses in gases. A summary of the
results is provided in Sec. VI.

II. PRINCIPLE OF THE ATTOSECOND LIGHTHOUSE
EFFECT

The attosecond lighthouse effect relies on the use of a
laser field whose propagation direction rotates in time at
focus, on the femtosecond scale. This space-time coupling
corresponds to a temporal rotation of the field wave-front.
In these conditions, attosecond pulses produced in successive
cycles (or half cycles in the case of gases) of the laser pulse
propagate in slightly different directions, and can be angularly
separated in the far field if the wave-front rotation velocity is
large enough.

Such a temporal wave-front rotation at focus can be induced
by using a laser beam described by the following electric field
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prior to focusing:

2t ; 2
Ei(xi,yi.t) = Eexp [_M}
1L

i+
RZ

X exp [— ] expli(wLt +¢o)l, (1)
where ElO is the peak electric field and o = /2 X In(2). R is
the beam waist. x; and y; are the transverse coordinates in the
plane of incidence and ¢ is the time coordinate. 7, is the full
width at half maximum (FWHM) Fourier-transform limited
pulse duration, e/ is the pulse central frequency, and ¢y is the
carrier-envelope phase (CEP). £ is a STC parameter known as
pulse front tilt (PFT), expressed in [s/m]. It accounts for a tilt
between the beam wave front and pulse front.

We consider throughout the paper a linearly polarized laser,
propagating along the z axis, in the positive z direction. We
assume that the field is Gaussian in time, as well as in space,
unless otherwise stated. Moreover, since STC only operates
on the x; spatial transverse coordinate, we restrict our analysis
to this coordinate, thus dramatically reducing the computation
time in the simulations presented in Sec. V. We therefore
disregard the y dependence in all the equations of Secs. III
and IV.

Once focused, such a laser field does not present any more
PFT in the focal plane, but only wave-front rotation (WFR).
To demonstrate this, we now calculate the electric field at
the focus of an optics of focal length f, which is the spatial
Fourier transform of the incident field E;(x;,t). By doing so,
we implicitly assume that the optical element or system used
for producing PFT, for example a glass wedge, is placed in the
object focal plane of the focusing optics [22]. When this is not
the case, the different frequencies composing the laser pulse
can start separating spatially (spatial chirp) before reaching
this object focal plane, and this additional STC then has to be
taken into account in the calculation of the field. This additional
effect, which can modify the position of the plane where
pure WFR is obtained, will be discussed in a forthcoming
article. In our case, the field E¢(xy,7) in the focal plane
writes

0 sz[
Ey(xy.t) = Ejexp {‘wg[l + (@€ER/t1)*] }

a?t?
e {_ri[l + (@ER/TL ] }

x expligf(xy,0)], 2
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Qr(xp,t) =owpt +Erxyst + ¢y, 3)
with ¢y = W[fﬁ%' wy = % is the usual diffraction

limited beam waist at focus. A; and x denote respectively
the laser wavelength and the transverse coordinate in the focal
R E?exp(i%)

w0 /T4 @ER T R

focus. The instantaneous direction of propagation of light, g,

plane. EY = is the peak electric field at

is given by f ~ % [16], where k; = i—’z is the laser wave
vector and k| = 2% is its transverse component. For the
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field of Eq. (2), B, and therefore the instantaneous wave-front
direction, depends on time. This is the key effect used in the
attosecond lighthouse scheme. The WFR velocity, v, [rad/s],
is given by

d_ﬁ _ é-_f _ Ol2R2 %-
dt — kp  ft} 1+ (@€R/T)?

The effective waist, wes, and pulse duration, t.g, of the
beam at focus are given by

Wesr = woy/ 1 + (@ER/TL)?, )

Ur(f) =

“4)

and

Tt = £/1+ (@ER ). ©6)

o

Due to the PFT & initially applied on the laser beam, both
parameters are increased compared to the nominal case
where £ = 0. As a result, the peak intensity at focus, 12 =
%60C|E?f|2, is also reduced, by a factor 1 + (¢& R/7;)>. From
an experimental point of view, this is the price to pay to obtain
WER at focus.

An essential feature of the WFR velocity given by Eq. (4)

i i 3 max _ _oR _ I
is that it reaches a maximum of v™* = 5 T for &max = J%.

When v, = v;"*, the laser intensity at focus is only half the one
reached with & = 0. We have plotted in Fig. 1 the WFR velocity
at focus as a function of the STC parameter £ for three values
of the laser pulse duration 7. Calculations are performed
for a I-m focal length optics and a 25-mm incident beam
waist. The rotation velocity is maximum for 7, = 5 fs (black
squares). The corresponding optimum coupling parameter is
Emax = 0.17 fs/mm. As expected from the expression of v;"™,
doubling the pulse duration leads to an optimum coupling
parameter twice the one obtained with 5-fs duration pulse
(empty circles), and the maximum WFR velocity is divided by
2. On the other hand, the curve flattens with increasing pulse
duration. For 20-fs pulse duration (black stars), v, is almost
constant for £ greater than 0.4 fs/mm. In the following, the
calculations are performed with the maximum WFR velocity
obtained for &,,x, unless otherwise stated.

Attosecond lighthouses consist of N well-separated beam-
lets in the far field, each of them carrying a single attosecond
pulse. For separating adjacent beamlets, the rotation A =
v, At of the wave-front in the time interval At between the
emission of two successive attosecond pulses must be larger
than the divergence 6, of light beam around frequency gw.
In the optimal case, i.e., when v, = v"™, this leads to the
following condition:

0, 1
P : (7)
GL chycle

where 8, = & is the laser beam divergence, and Neycle = J—;L is

the number of optical cycles in the pulse. 7} is the laser period
and p is the number of attosecond pulses emitted per cycle
(p = 2 for gases and p = 1 for plasma mirrors). Therefore,
assuming the same ratio of harmonic and laser divergence,
attosecond lighthouses in gases necessitate laser pulses twice
shorter than those required for plasma mirrors. Note that the
divergence 6, involved in condition (7) is actually the one
obtained in the presence of WFR, which can be different from

033825-2



ATTOSECOND LIGHTHOUSES IN GASES: A ...

-3

34 x10
2 :
B2
N1 :
> M

O At

00 02 04 06 08 1.0

€ (fs/mm)

Sy
=
N
=

0.04+— . . . .
e}
&
N
_ex

FIG. 1. (a) WFR velocity as a function of STC parameter &
calculated for t;, = 5 fs (black squares), 10 fs (empty circles), and
20 fs (black stars). (b) Normalized WFR velocity as a function of
the distance to the focus z; = z — z; (in units of zg), for 7, = 5-fs
and for & = 2/3 x &« (dashed green line), &,,,x (solid red line) and
3/2 x &nax (dotted blue line). The corresponding WFR velocities
in z; = 0 are indicated by the vertical lines in (a). (c) Variation of
the phase with the distance to the focus in x = wy, with the same
parameters and same color codes and symbols as in (b). The curve
with black circles depicts the phase of a focused regular Gaussian
beam.

the one obtained with a standard STC-free driving laser beam
(see Fig. 3 in Sec. III).

III. ANALYTICAL DESCRIPTION OF THE LASER FIELD

When a laser beam with PFT is focused, there is a gradual
transition from this initial PFT to WFR at focus, over a
distance of the order of the Rayleigh length. In the case of
harmonic generation in gases, the condition given by Eq. (7),
although necessary, may thus not be sufficient to ensure a good
separation of adjacent beamlets in the far field, because the
harmonic field builds up while copropagating with the driving
field, over distances such that the spatiotemporal structure of
the laser field can evolve. It is therefore necessary to consider
this spatiotemporal structure out of focus. We calculate the
field at a distance z; = z — 2y from the focus by means of
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the Huygens-Fresnel integral. It is convenient to perform the
calculation in the frequency domain. To start, we thus calculate
the time Fourier transform of the field at focus [Eq. (2)]:

2

X
Ef(xy,0) = eﬁ\/—Eo exp [——;}
Wegr

.[2
X exp [—4;@ Cpxp+o— wL)z]. ®)

The field at each point of coordinates (x, z) is then given by

2 2
)(C )2}: p[——)[C(z)erw wr] }

9 ()
X exp [i

E(x,w,7) x exp[

(@ — op)* + iY(2)x(w — CUL):|
)

Note that E(x,w,z7) = E r(x,w). w(z) is the laser beam waist
at position z along the propagation axis, given by

2
w(z) = wo\/l + (““) + (Z—1> (10)
TL ZR
z 2
= weff\/l + <—‘> (11)
ZRWefr/Wo

with zg = the Rayleigh range corresponding to & = 0.
Similarly to the effective waist [Eq. (5)], one can thus define
an effective Rayleigh range, a key parameter for HHG in
gases:

Zeff _ nwoweff

14 (%R 12
AL +< ) (12)

TL

Note that the beam waist and associated Rayleigh range are
unaffected for the other transverse spatial coordinate y ;. 7(z)
is the local Fourier-transform limited pulse duration:

) =L w/ (13)

‘N 1EE)

For z = zy (z; = 0) in Egs. (10) and (13), we recover Egs. (5)
and (6). The spatial chirp ¢(z) at position z is given by

+ (€R)?
4 (Z5) 4 (2)

By taking z = z, one recovers ¢ (zy) = ¢. The z-dependent
PFT parameter ¥ (z) writes

() =¢y (14)

(/zR)ga
1+ (2)

This equation shows that there is no PFT at focus [¥(z) =
0], as previously mentioned. The ¢®(z) term, correspond-
ing to the frequency chirp induced by the propagation
of the laser spectral components in different directions, is

V() = 15)
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written
(f/zr)*E%z)
k[1+ ()]
One can note that there is no frequency chirp at focus (z; = 0)
and far from it (z —> ©0).
Coming back to the time domain by calculating the

Fourier transform of Eq. (9) with respect to w, we split the
spatiotemporal phase into three parts:

P(x.1,2) = ¢xi(2) = ax(2) + b1 (2). a7

Using Egs. (13)-(16), we derive ¢,,(z) = v,(2)t, with v,(z)
the z-dependent WFR velocity given by

p?(z) = (16)

1 7(2)*¢(2) + 8¥(2)9P(2)

(7)) = — 18
) = TG + 60T 1o
By rewriting v,(z) as a function of ("‘f—LR)2 and ;—;, it gives
L+ (SR 4 ()
v(2) = oL [+ G T+ ()] (19)

K[l (S50 + ()T + (59 ()

As expected, for z =z, v, = i—z Letting z — o0 leads to
v, —> 0, confirming that there is no WFR far from the focus.
Figure 1(b) displays the relative WER velocity as a function of
the distance from the focus normalized to the Rayleigh range.
The calculation is performed for a 5-fs initial pulse duration,
for three values of the coupling £ parameter, equal to 2/3 x
Emax> Emax, and 3/2 x &nax, depicted respectively by green,
red and blue lines. The two parameters & = 2/3 x &, and
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3/2 x &max lead to the same WFR velocity right at focus, that
corresponds to 90% of v;"®, as shown by the vertical dashed
lines in Fig. 1(a). However, the variation of v, with the distance
to the focus z; is very different in the two cases, becoming
stronger as & decreases. In z = £z, the WFR velocity drops
t00.7 X v-(z7) (0.6 x V™) for& = 2/3 X &y while itis still
0.9 x v,.(zf) (0.8 x V") for & = 3/2 X &nax. This is due to
the increase of the beam waist [see Eq. (5)], and consequently
the Rayleigh range, with £. Hence, one must emphasize that
two different values of & giving the same WFR velocity at
focus do not lead to the same evolution of the laser pulse out
of focus—Ilarger £ leading to a slower evolution that should be
more favorable for HHG in gases.

The application of PFT on the unfocused beam also gives
rise to an additional term in the laser spatial phase ¢, (z) which
then writes as

_ x? 21/2R -1
¢xx(Z) = F—l T (Zl/ZR)2 — tan ZI/ZR
2TRYEEEPDE) — Y ()] -4 (2)°¢0(:)
7(2)*+16[¢p?(2)]? ’
(20)

where the two first terms on the right-hand side of the equality
are the usual phase terms for a focused regular Gaussian beam;
the first corresponds to wave-front curvature, and the second
one, independent of the transverse coordinate x, is the well-
known Gouy phase. The third term is exclusively due to the
presence of STC. After replacing 7(2), ¥ (2), £(2), and ¢®(z)

The off-axis phase is significantly modified by STC,
as shown in Fig. 1(c), which displays ¢..(z) for x = wy.
Calculations are performed for the same values of coupling
parameter and are displayed with the same color codes and
symbols as in Fig. 1(b). For —0.5 < z;/zg < +0.5, this phase
varies linearly with z, with a slope larger in magnitude than in
the absence of STC (black circles) that increases with &.

Finally, the last term on the right-hand side of equality (17)
is the z-dependent temporal chirp, given by

49 ()1

¢ (2) = (2)* + 16[¢pD () (22)
When replacing ¢®)(z) by expression (16), we obtain
2.2 aéR 1+
fu(e) = L 5L () 0+ )] . 23)

ER 721\212 £R\4 2

o ar [ () + ()T + (29 (2)
To illustrate the effect of STC on the laser pulse while
propagating, we have reported in Fig. 2 the space-time

distribution of the electric field, E(x,t,z), calculated at four
positions z along the propagation axis. We consider an incident

in Eq. (20) by their expression as a function of (“ER )? and ;,
and after some simplifications, we finally get
wER\2 2 4
S IE) + () -1
211272 aER\4(z1\2 — ftan ZI/ZR. (21)
DT HES) (2

laser beam of 25-mm waist and 5-fs FWHM Fourier-transform
limited pulse duration, focused by a f = 1 m optics. The
waist at focus is wp = 10 um, and the Rayleigh range is
zgr = 400 um. The STC parameter is 0.17 fs/mm. Figure 2(a)
displays the laser field distribution at focus. One clearly sees
wave-front rotation in time. As the laser beam propagates,
PFT appears and progressively dominates on WFR, as can
be observed in Figs. 2(b)-2(d), computed for propagation
distances of respectively 0.5 x zg, 1.0 X zg, and 2.5 x zj.

From the results summarized in Figs. 1 and 2, one can
anticipate that the evolution of the spatiotemporal shape of
the field out of the best focus will complicate the attosecond
lighthouse effect in gases, compared to the case of plasma
mirrors. This will most likely be detrimental when the length of
the generation medium or its distance to the best focus become
comparable or larger than the effective Rayleigh length zeff
On the other hand, the increase in effective Rayleigh length
resulting of the application of PFT can be beneficial for the
HHG efficiency. To study these different effects quantitatively,
we now turn to a numerical model of HHG in gases, described
in the next section.
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FIG. 2. Space-time laser electric-field distribution calculated for
1, =51s, £ =0.17fs/mm, and zzx = 400 um. (a) Distributions at
focus and (b) after propagation on distances of 0.5 X zg, (¢) 1.0 X zg,
and (d) 2.5 x zg. Time is normalized to the laser period 7.

IV. DESCRIPTION OF THE MODEL

In the present study, we use a nonadiabatic model in
Cartesian geometry, in a two-dimensional (2D) version—one
dimension in the transverse direction and one along the
longitudinal direction. We numerically solve the coupled
wave equations for the fundamental and the harmonic fields,
in the paraxial approximation. A detailed description of the
principle of this code is given in Refs. [23-25]. In contrast
to the codes described in Refs. [23-25], we do not assume
cylindrical symmetry and therefore use Cartesian rather than
cylindrical coordinates. This is simply achieved by changing
the Laplacian operator in the equation of propagation of the
laser and harmonic fields from vi = ;’—;2 + ;la_ar to 03—;2 We
thus briefly outline here the main stages of the calculation. We
first solve the wave equation for the fundamental field which is
then used for calculating the source term in the wave equation
for the harmonic field. The atomic dipole moment entering
the source term is calculated in the strong-field approximation
(SFA), following the model described in Ref. [26]. The optical-
field ionization (OFI) of the gas, leading to the depletion of
the medium, to the refraction of the fundamental field, and
to the electron dispersion on the harmonic field, is modeled
by Ammosov-Delone-Krainov (ADK) tunneling rates [27].
Atomic dispersion and absorption of the gas are also taken
into account in the wave equation for the harmonic field for
photon energies greater than 10 eV [28]. The effect may be
significant, even though we consider thin (<1 mm) targets
here. The coupled wave equations are solved in the frame
moving with the laser pulse, using a finite-difference scheme
in space. Time derivatives are eliminated from the equations
by a Fourier transform of the fields. Here, we typically use
28 points in time per optical cycle, which is large enough
for resolving the highest frequency in the simulations. The
step size is 0.5 um in the transverse direction and 2 yum in
the propagation (longitudinal) direction. The grid size is four
times the target width along z. The laser beam is initialized
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FIG. 3. Far-field space-time square modulus of the attosecond
pulse electric fields generated by a laser beam (a) without WFR
(£ =0) and (b) using pulse parameters of Fig. 2. In both (a) and
(b), the peak intensity in the middle of the jet is 8.65 x 10" W/cm?.
(c) Temporal intensity profile of the attosecond pulses obtained by
integrating the signal between the white lines in (a) and (b). The pulse
duration of individual attosecond pulses is 160 as (FWHM) without
WER (dashed line) and 240 as with WER (solid line).

by numerically back-propagating in vacuum the field at focus,
given by Eq. (2), up to the entrance of the numerical grid.
Note that we could in principle have used Eqgs. (9)-(16) for
calculating the initial field out of focus, but we found it much
more convenient to propagate it numerically.

The results of a simulation of the attosecond lighthouse
effect with this code are presented in Fig. 3(b), which displays
the far-field space-time distributions of the attosecond pulses,
calculated when the laser field given in Fig. 2 is used for the
generation. It is compared to the results obtained in the same
conditions without any WFR for (§ = 0), shown in Fig. 3(a).
In both cases, the peak intensity in the central part of the
gas medium is 8.65 x 10'* W/cm?. This value corresponds to
the saturation intensity, /s, of neon, the gas used in all the
simulations reported hereafter. Working around the saturation
intensity of the gas of generation allows one to optimize the
HHG efficiency. The best focus is 200 um (0.5 x zg) in front
of a 100-um-long super-Gaussian jet, and the maximum gas
pressure in the jet is 10 mbar. The parameters used here define
the reference case for the attosecond lighthouse, with which
we will compare the results of the parametric study presented
in Sec. V. They closely match the ones of the experiment
reported in Ref. [18]. One can clearly see in Fig. 3(b) the
lighthouse effect, with the generation of individual attosecond
pulses propagating in different directions. Such an effect leads
to modulations in the time-integrated far-field angular intensity
profile, as we are going to see in detail in Sec. V. Note the very
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significant reduction in divergence of the attosecond pulses
when WFR is applied, which is favorable for the attosecond
lighthouse effect [smaller 6, in Eq. (7)]. This reduction is
partly due to the increase in the laser focal spot size associated
to the application of WFR.

Figure 3(c) depicts attosecond pulses obtained by spatially
integrating the signal between the white lines in Figs. 3(a)
and 3(b). The duration of the central attosecond pulse
generated with WFR (solid line) is 240 as (FWHM), against
160 as for the one generated without WFR (dashed line).
The generation efficiency with a regular spatial and temporal
Gaussian beam is a bit stronger than the one achieved with
a pulse experiencing WFR, but we observed that the ratio
generally hardly exceeds a factor of 2.

V. RESULTS AND DISCUSSION

A. Influence of HHG parameters on the lighthouse effect

As is well established now, HHG in gases is ruled by a
phase-matching relation between the laser and harmonic field
wave vectors, which is conveniently written as the sum of
four terms, accounting for the laser focusing, the single atom
response, the electron dispersion, and the atomic dispersion
and absorption. The first two terms in the sum, respectively
called geometric and dipole terms later on in the text, are
proportional to V¢(x,z) and VIs(x,z) [29], respectively,
where ¢(x,z) is the spatially dependent phase of the laser,
given by Eq. (20) with & = 0, and /;(x,z), its intensity. When
& #0, ¢(x,z) is replaced by ®(x,¢,2) [Eq. (17)], and I7(x,2)
is modified due to the stretching of the waist [Eq. (10)]. One
thus expects significant changes of the geometric and dipole
contributions to the phase mismatch due to STC. The two last
terms in the sum can also be modified through a reduction
of the ionization yields due to the decrease of the peak laser
intensity induced by the stretching of the waist and of the
pulse duration [Egs. (10) and (13)].

In the study presented below, we vary the different target
and laser parameters one by one, except the CEP whose effect
was studied in Ref. [18], and compare the high-harmonic
far-field angular intensity profile obtained in these different
conditions to the one of our reference case. Considering the
far-field angular intensity profile is highly relevant because this
provides a direct measurement of the spatial encoding of the
attosecond pulse train, as demonstrated both numerically and
experimentally in Ref. [18]. These far-field intensity profiles
are obtained by a time integration of the harmonic field
obtained after propagation over the distance separating the exit
of the generating medium from the observation plane. The
propagation is achieved through a spatial Fourier transform
applied to the—spectrally filtered—radiated harmonic field.
The selected spectral bandwidth matches the plateau region of
the harmonic spectrum, which extends here from 30- to 140-eV
photon energy. The normalization of the profiles is performed
relative to our reference case. Negative 0 values correspond
to early times in the laser pulse. Such a representation is
illustrated in Fig. 4 for our reference case, that compares
the temporal profile of the generated attosecond pulse train,
obtained by spatially integrating the harmonic signal in the
far-field (gray curve) and the time-integrated far-field angular
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FIG. 4. Comparison of the HH time-integrated far-field angular
intensity profile (black line), and the spatially integrated attosec-
ond pulse train temporal intensity profile (gray line). Negative 6
(upper scale) values correspond to early times in the pulse. The
correspondence between 6 and ¢ is given by 6 = v"*¢, with v"™* =
3 x 1073 rad/fs.

profile (black curve). A very good qualitative matching is
observed between these two curves, thus demonstrating the
time-to-space mapping induced by WFR.

In the spectral range of interest here, namely the plateau
region of the spectrum, the contributing trajectories are of
quite generic types for high harmonics, whatever the atom.
There are mainly two electron quantum paths contributing to
HHG, called short and long path (or trajectory), respectively.
The relative contribution of these two trajectories depends on
the focus position with respect to the gas target, through the
geometric and the dipole terms. When focusing in front of the
gas target, the short quantum path is favored, while the long
path, whose phase varies typically 25 times faster than that
of the short one with laser intensity, prevails when focusing
behind the target. Note that such a general trend could be
modified when using a beam with PFT, since new phase terms
are involved for the laser field. This point will require further
studies in the future.

We have reported in Fig. 5 the evolution of HH far-field
intensity profiles with focus position z; for values of z;/zg
ratio equal to —1.25 (a), —0.5 (reference case) (b), 0.0 (c), and
-+0.5 (d). Negative z values correspond to focus positions
in front of the gas target. The structures in far-field profiles,
characteristic of the attosecond lighthouse effect, survive for
values of |z /zg| > 1 [Fig. 5(a)], but with a slight decrease of
the intensity of the peaks, which move and broaden, compared
to the reference case. This is most likely due to the reduction
of the WER velocity of the driving field far from the focus. For
a focus position in the middle of the medium, the peaks are
well separated [Fig. 5(c)], like in the reference case [Fig. 5(b)].
By contrast, when focusing behind the target [Fig. 5(d)], at a
symmetric position to our reference case [Fig. 5(b)], the peaks
broaden again. However, in that case, the modifications in the
profile are due to the geometric and dipole contributions to the
phase mismatch. As previously stated, when focusing behind
the target, the long trajectory, whose divergence is much larger
than the short one, dominates the emission, and hence, the
condition given by Eq. (7) is no longer fulfilled.
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FIG. 5. Evolution of HH (relative) far-field intensity profile with
focus position for (a) z s /zg = —1.25, (b) —0.5, (c) 0.0, and (d) 4-0.5.
Negative values of z s /z correspond to focus positions in front of the
gas target. Normalization is performed with respect to our reference
case, displayed in (b). See text for details.

For optimizing the harmonic signal, it may be beneficial to
increase the length of the medium. We observe that the far-field
profile then rapidly gets degraded when increasing the target
width beyond the Rayleigh range, as shown in Fig. 6, which
depicts HH far-field profiles calculated for values of Lyeq/zr

1.0 ~
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g |
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FIG. 6. Influence of the medium length on HH far-field intensity
profile for I;(x =z =0)= Iy, 7, =5fs, P =10 mbar, and (a)
Liea/zr = 0.25 (reference case), (b) 1.25, and (c) 2.5.
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FIG. 7. Evolution with focal length of HH far-field intensity
profile. I, (x =z =0)= Iy, 1, =5fs, and P = 10 mbar. Black
curve: f = 1 m (reference case). Gray curve: f =2 m.

ratio ranging from 0.25 to 2.5. The peaks merge while their
intensity globally increases with target length.

One can overcome this problem by increasing the Rayleigh
range of the focused beam. The most straightforward way for
doing so is to increase the focal length of the focusing optics.
This of course slows down the WFR velocity, whose maximum
value scales as f~!. But this simultaneously decreases the
laser beam divergence 6;,, and hence the harmonic divergence
60, (assuming a constant ration 6,/6; when the focal length
is changed). This is why the separation criterion given by
Eq. (7) does not depend on the focal length parameter—this
parameter is thus not expected to affect the quality of the
angular separation of the beamlets produced by attosecond
lighthouse effect. To confirm this prediction, Fig. 7 shows
HH far-field intensity profiles calculated for f =1 m and
f =2m optics. Due to the smaller rotation velocity, the
overall divergence of the collection of beamlets is divided by a
factor of 2 when doubling the focal length. But the divergence
of individual beamlets is also reduced by a factor of about
2, so that the individual peaks are still well separated. As
expected, we observed that with a 2-m focal length optics,
the attosecond lighthouse effect is less sensitive to a change
of focus position or/and to an increase of medium length, as
compared to the case when a 1-m focal length optics is used.
The robustness of attosecond lighthouses against variations of
focus position and/or target length can thus be significantly
improved by increasing the Rayleigh range of the beam, hence
favoring WFR on PFT. As in usual HHG experiments, the limit
on the beam Rayleigh length is only imposed by the energy of
the driving laser pulse, which has to be high enough to reach
the intensities required for efficient HHG.

When varying the laser intensity, one affects the degree of
ionization of the medium. This impacts the phase matching at
different levels. By changing the electron density, one modifies
the electron and atomic dispersions of the medium, as well as
the number of emitters inside the interaction volume. This
could also disturb, both spatially and spectrally, the driving
laser field, resulting in modifications of the geometric and
dipole terms in the phase-matching relation. For intensities
well below the saturation intensity of the gas [Fig. 8(a)],
the electron dispersion is negligible, and the attosecond pulse
emissions occur near the maximum of the laser pulse. When
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FIG. 8. HH far-field intensity profile calculated for P = 10 mbar,
1, =51s, and (a) I;(x =z =0)=0.6 x Iy, (b) Iy (reference
case), (c) 2 x Iy, and (d) 4 x I,. The arrow indicates the time
direction. Panels (e) and (f) display the spatiotemporal intensity
distributions of the attosecond pulses in the middle of the gas medium
(in z =0) for I, (x =z = 0) = Iy [case of panel (b)] and 2 X Iy
[case of panel (c)], respectively.

increasing the laser intensity to Iy, and beyond, the emission
moves towards the leading front of the pulse. For laser
intensities exceeding the saturation intensity of the gas, a
single bright peak emerges whose position shifts towards large
negative angles (corresponding to early times in the laser
pulse) with increasing intensity [see Figs. 8(c) and 8(d)]. This
indicates that harmonics are efficiently emitted earlier and
earlier in the pulse with increasing intensity, before the gas
target is fully ionized.

This peak is followed by a slightly weaker quasicontinuous
signal, which one might attribute to a loss of the attosecond
temporal structure of the emission. This is however not
the case, as illustrated in Figs. 8(e) and 8(f). These two
panels compare the spatiotemporal intensity distribution of the
harmonic field in the middle of the gas medium (in z = 0) for
I1(x =72 =0)= I and 2 x Ig. Due to the spatiotemporal
dependence of the ionization, for I;, = 2 x I (f), harmonics
are first emitted on the leading front of the pulse, resulting in
the initial bright peak in Fig. 8(c) and, later in the laser pulse,
are only generated in the spatial wings of the beam. This more
localized spatial distribution of the source implies a much
larger divergence for these subsequent attosecond pulses. As
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FIG. 9. Evolution with pressure of HH far-field intensity profile.
I;(x=2z=0)=1Iy, and 1, =51fs. (a) P = 10 mbar (reference
case). (b) P = 20 mbar. (c) P = 80 mbar.

a result, the separation criterion Eq. (7) is no longer satisfied
for these pulses, and the simple time-to-angle mapping of the
attosecond lighthouse effect is lost in this time range. In this
regime, the angular profile of the harmonic beam no longer
provides reliable information on the temporal structure of the
emission after the rising edge of the pulse. Note that we verified
that in this parameter range, the spatial and temporal shapes
of the laser (not shown here) remain unchanged whatever the
intensity used: it is only the harmonic field that is affected by
the ionization of the medium, not the driving field.

Increasing the gas pressure from 10 to 80 mbar also leads
to strong distortions of the HH far-field intensity profile, as
shown in Fig. 9. However, in this case, the decrease of the
signal after the initial bright peak at the leading front of the
pulse rather comes from the wave vector mismatch due to
the free electrons, whose density, and hence dispersion, scale
linearly with pressure. Here, the electron dispersion is not
compensated by the atomic dispersion; the latter remains low
in the conditions of generation we consider (short medium),
even for the highest gas pressure.

One can control and optimize the lighthouse effect through
variations of the STC parameter. As discussed in Sec. II,
this changes the maximum WFR velocity of the driving
laser field as well as its variation along the propagation axis,
thus modifying the phase-matching relation. We now test the
influence of small variations of v, around v;"™** on attosecond
lighthouses. The results are reported in Fig. 10. Figure 10(a)
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FIG. 10. Dependence of HH far-field intensity profile on STC
parameter. I, (x =z =0) = I, and P = 10 mbar. (a) § = % X Emax-
(b) & = &4« (reference case). (c) & = % X Emax-

corresponds to the case & = % X &max, Whereas the curve in

Fig. 10(c) was obtained for & = % X Emax- Both are compared
to the reference case & = &, [Fig. 10(b)]. A significant
change is observed in the far-field profiles between the two
cases £ = % X Emax and % X Emax, although the WFR velocity
atfocusis 90% of v"** (see Fig. 1) in both cases. A significantly
stronger signal is in particular observed for & = % X Emax- This
can be attributed to the increase of the effective Rayleigh range
with £ [Eq. (12)]. This shows that attosecond lighthouses in
gases should preferentially be driven with & 2 &.x, provided
the associated reduction in peak intensity can be compensated
with a higher input energy of the laser pulse.

So far, we considered extremely short laser pulses, that
are typically obtained using postcompression techniques.
However, it would be interesting to generalize the previous
results to longer pulses, so as to make attosecond lighthouses
accessible to a broader community. The main problem is that
increasing the laser pulse duration reduces the WFR velocity.
An increase by a factor of 2 of the pulse duration divides the
maximum WFR velocity by a factor of 2, thus doubling the
number of attosecond pulses in a given angle range, as shown
on the gray curve in Fig. 11. The angular separation of the
peaks is thus degraded. The decrease in HH intensity observed
for T, = 10 fs is due to the increase of the gas ionization with
pulse duration at the leading edge of the pulse.

Finally, we studied the influence of the spatial intensity
profile of the laser beam prior to focusing. Indeed, in all
analytical calculations, this profile is assumed to be Gaussian,
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FIG. 11. HH far-field intensity profiles calculated for t;, = 5 fs,
& =0.17fs/mm (black line, reference case), and 7, = 10fs, £ =
0.34fs/mm (gray line). I.(x = z = 0) = I, and P = 10 mbar.

while itis typically closer to a top-hat beam in experiments. We
thus chose a flat-top spatial profile, and compared the results
to our Gaussian reference case. The comparison, displayed in
Fig. 12, shows little difference between flat-top and Gaussian
initial spatial beam profiles.

B. Lighthouse effect with midinfrared and two-color pulses

In order to relax the requirement on pulse duration for pro-
ducing attosecond lighthouses in gases, we studied different
schemes using midinfrared (MIR) and/or a combination of
two-color laser pulses, in the same spirit as the two-color
gating [30,31], and further derived schemes, like double-
optical gating (DOG) [13] and generalized-double-optical
gating (GDOG) [14]. The key idea in a two-color experiment is
to increase the time separation between successive attosecond
pulses in the train produced with multicycles lasers, in order
to facilitate the isolation of a single pulse. To this end, one
generally uses a combination of w; and 2w, frequency fields.
The high-frequency field is used as a dressing field to the
low-frequency driving field for controlling electron trajectories
on a subcycle time scale. Depending on the relative phase
between the two fields, one can thus select electron trajectories
in order to obtain a single emission per cycle. On the other
hand, the idea of using MIR pulses is actually very simple:
for a given pulse duration, the number of optical cycles

—
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Relative intensity
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FIG. 12. Influence of spatial laser beam shape on HH far-field
intensity profile. I, (x = z = 0) = Iy, and P = 10 mbar. Black line:
Gaussian (reference case). Gray line: flat-top.
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FIG. 13. Comparison between the HH intensity far-field profile
obtained by mixing 400 and 800-nm wavelength fields of 10-fs
duration (¢ = 0.34 fs/mm) (gray line) and our reference case (black
line). I;(A; = 800 nm) = I and I; (A; = 400 nm) = 0.1 x I in
x=2z=0.

decreases with increasing wavelength. Thus, one expects to
obtain approximately the same result with, e.g., a 5-fs pulse
duration, 800-nm wavelength laser on the one hand, and a
10-fs duration, 1600-nm wavelength laser, on the other hand.
Using drivers in the MIR wavelength range is also attractive
for generating very broadband harmonic spectra, extending up
to the water window, and consequently very short attosecond
pulses. It was however predicted that the harmonic yield would

scale as AZ(S_@ [32], at constant driving laser intensity, and the
dipole phase as ki [33], making HHG with long-wavelength
drivers very challenging. In the gas jet generation configuration
relevant for the attosecond lighthouse scheme, this trend has
been confirmed experimentally [34].

We first report results on a configuration using 400 and
800-nm wavelength copropagating pulses of 10-fs initial du-
ration. The dressing ultraviolet (UV) pulse is purely Gaussian
(¢ = 0) whereas the near-infrared (NIR) one has WFR, with
optimum & = 0.34 fs/mm. Note that such a configuration has
already been successfully explored in lighthouse experiments
in gases [35], but with 5-fs initial duration NIR pulses. The
intensity of the UV beam is 10% that of the NIR (I, = I
in the middle of the gas jet). The relative phase between
the two pulses has been set to zero. Other conditions are the
same as for our reference case. The resulting far-field intensity
profile is reported in Fig. 13 (gray line) and is compared to
our 5-fs duration reference case (black line). The modulation
has the same periodicity with the 10-fs duration bichromatic
field as with the 5-fs duration NIR field alone. The factor
of 2 on the pulse duration is compensated by the blocking
of one of the two electron quantum paths per cycle of the
NIR. The use of an additional 2w, frequency field thus allows
us to relax the constraint on the pulse duration of the NIR
driving field by a factor of 2, despite the fact that only the
NIR pulse has WFR. The worsening of contrast and the global
increase of HH intensity could be explained by the absence of
WER on the UV dressing pulse: the UV pulse alone produces
a strong background in the 30 —-90-eV photon energy range.
This background could certainly be reduced by decreasing
the intensity in the UV pulse and/or by varying the relative
phase between the NIR and UV pulses. Finally, note that
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FIG. 14. HH intensity far-field profiles calculated for a 7, =
5-fs, A, = 800-nm laser field (a) (f =2m), (b) a 7, = 10-fs,
A = 1600-nm field (§ = 0.34fs/mm), and (c) a 20-fs duration
bichromatic field obtained by mixing 800 and 1600-nm wavelength
(¢ = 0.68 fs/mm). In the first two cases, I}, = I inx = z = 0, while
in the latter one, I; (A; = 800 nm) = 0.1 x Ig.

the background could be overestimated because the dipole
is calculated in the strong-field approximation, which is
marginally valid for 400-nm driving wavelength.

We next consider the production of attosecond lighthouses
with a 10-fs duration, 1600-nm wavelength laser pulse of
I (x = z = 0) = Iy, alone. Such a short pulse is at the frontier
of currently available systems operating in the MIR range [36].
Despite the above-mentioned difficulty for fulfilling the
phase-matching condition with long-wavelength drivers, in
the conditions of generation considered here, the intensity
of the brightest peak in the HH far-field profile obtained
with the MIR laser field alone [Fig. 14(b)] is only a factor
of 3 smaller than the one calculated with a NIR field of
same divergence [Fig. 14(a)]. The important point is that the
contrast of the peaks gets worse with laser wavelength. Only
two peaks can be observed on the profile corresponding to the
MIR pulse, with a peak-to-valley ratio of 1.5, against almost
four with the NIR field. This overlapping of adjacent beamlets
is likely due to the condition on the divergence angles, given
by Eq. (7), which is marginally fulfilled here. This is due
to the fact that for given harmonic photon energy and beam
aperture, the dipole phase—giving the wave-front curvature in
the far field—scales as Ai while the laser divergence scales
as A} '. The ratio of harmonic and laser divergence thus tends
to increase with the driver wavelength, making it more and
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more difficult to separate the beamlets for larger wavelengths.
Note that one could force condition Eq. (7) by reducing the
bandwidth to low-order harmonics, since harmonic divergence
increases with order, but this would lead, in turn, to an increase
of attosecond pulse durations.

We finally use a combination of 800 and 1600-nm wave-
length beams, for improving the contrast of the modulations
and for increasing the pulse duration. As in the scheme using
a mixing of UV and NIR pulses, only the driving MIR beam
has WFR, with & = &,,x = 0.68 fs/mm. The dressing NIR
pulse intensity is 10% of the MIR one, the latter being
equal to Iy in the middle of the gas target. We assume
a zero relative phase between the dressing and the driving
fields. Both of them have 20-fs pulse duration. The resulting
HH far-field intensity profile is given in Fig. 14(c). We first
observe that attosecond lighthouse effect still exists with 20-fs
duration pulses, showing that it can be obtained with currently
available lasers without pulse postcompression. Second, we
note a significant improvement of the contrast, compared
to that obtained with the 10-fs duration MIR field alone.
We also observe a drastic drop of efficiency, indicating that
phase matching is difficult to achieve in this case. Further
investigations are thus required for optimizing the emission
while preserving the lighthouse effect. One could, for instance,
play on the ratio between NIR and MIR pulse intensities or/and
on the relative phase between the two pulses.

VI. SUMMARY

In summary, we have presented an extensive study on the
attosecond lighthouse effect in gases. We derived analytical

PHYSICAL REVIEW A 93, 033825 (2016)

expressions describing the laser field with STC out of focus,
assuming linear propagation. These can be used to qualitatively
understand how the different laser and interaction parameters
(e.g., the PFT coefficient or the medium length) affect the
attosecond lighthouse effect in gases. We then performed
a parametric numerical study, which aimed at testing the
robustness of this effect against variations of high-harmonic
generation parameters on the one hand, and at relaxing the
requirement on the driving laser pulse duration on the other.
The optimal results (Figs. 3 and 4) were obtained for a thin,
100-pum-long, gas target (Lyeq/zr = 0.25), thereby favoring
wave-front rotation on pulse front tilt, and a laser focus position
200 pm in front of the target (z/zg = —0.5), thus promoting
the phase matching of the short electron quantum path in the
emission process. As in standard cases, higher signals can be
obtained using longer focal lengths (Fig. 7), provided the laser
intensity can be maintained. The attosecond lighthouse effect
is not sensitive to pressure variations in the 10-20-mbar range
nor to the incident laser beam spatial profile. By contrast, it
is quite sensitive to deviations from the optimum space-time
coupling parameter, and our study revealed that using a pulse
front tilt parameter slightly larger than the one that maximizes
the wave-front rotation velocity can be beneficial, due to the
increase in effective Rayleigh length. Of course, the shorter
the laser pulse duration, the better the separation of adjacent
beamlets. However, partial separation is still observed when
increasing the pulse duration from 5 to 10 fs. In the last part
of the paper, we demonstrated that it was even possible to
increase the pulse duration of the driving laser to 20 fs, by
mixing midinfrared and near-infrared fields, thus making the
use of the attosecond lighthouse effect accessible to a broad
community.
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