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We explore experimentally and numerically the physics underlying the optimization of high-order harmonic
generation by intense laser pulses, whose temporal profile is tailored by a learning genetic algorithm. Based on
a large set of optimization data obtained under different generation parameters, we show that the algorithm
converges toward a class of very special profiles on the leading edge of the pulse. The behavior of the harmonic
signal is then compared with theoretical simulations based on the time-dependent Schrödinger equation, al-
lowing one to identify separately the role of microscopic and macroscopic phenomena in the temporal dynam-
ics of high-harmonic generation and optimization.
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I. INTRODUCTION

High-order harmonics generation �HHG� is a highly non-
linear process occurring when an intense linearly polarized
laser field interacts with an atomic gas. High-order harmonic
generation has become a standard technique for producing
extreme ultraviolet radiation in the 5–50 nm wavelength,
thus opening the field of attosecond atomic, molecular and
optical physics. Much of the basic physics is now well un-
derstood, in spite of the intricacy of the process, which in-
volves both subtle quantum effects at the single atom level,
and complex phase matching issues between the driving la-
ser field and the harmonics �1�. Two main trends may be
distinguished in the current research in this field. The first is
the general push toward the generation and control over
single attosecond pulses, largely thanks to progress in laser
technology, that provides methods to amplify laser pulses as
short as two optical cycles, and to play with the polarization
vector of the light to prevent attosecond pulses generation
except in a controlled temporal gate �2,3�. The second trend
is to further increase the yields of extreme UV radiation, as
required to ease the ongoing applications of this femtosecond
or attosecond source to other scientific domains. The aim is
to produce high-order harmonic sources beyond the micro-
Joule level �4,5�, with very good spatial and temporal coher-
ence, and short pulse duration. In order to increase the yield
to such levels, high-order harmonics may be generated with
an intense laser system delivering 25–100 fs pulses, and
having up to 100 mJ of energy per pulse. Such high energies
allow for a very loose focusing of the beam �5,7�, resulting in
an extremely homogeneous phase matching along the inter-
action region, very much like guided propagation in hollow-
core fibers �6,8�. However, it was also considered whether
one could enhance the yield of the process by an active con-
trol of the laser parameters. This refers not only to harmonic
signal optimization through a detailed analysis of the genera-
tion characteristics, such as propagation geometry, gas spe-
cies, and density or/and medium geometry; but also to much
more complex methods to control the laser pulses through
temporal or spatial shaping of laser pulses. Harmonic signal

optimal control by temporal pulse shaping was first proposed
by Bartels et al. �9�, followed by Reitze et al.�10�. More
recently, “closed-loop” optimal control experiments have
shown that specific orders near cutoff can be enhanced
through temporal laser shaping �11�. Closed-loop optimal
control is based on the use of evolutionary algorithm that
searches spectral phase configurations to produce the desired
harmonic output. This method permits us to easily find the
best solution of a complex multiparameter problem which is
not evident a priori, and does not require any knowledge of
the system. Closed-loop optimal control was therefore used
to increase a brightness of one given harmonic order, and
was demonstrated to be very efficient to gain a factor of 10
on signal maximum. We concentrate on a different goal,
namely, the optimization of absolute photon number, irre-
spective for the phase of the harmonic radiation, as this is
one of the most important parameters for most applications
of high-order harmonics radiation. As often emphasized, the
physics underlying the optimization process may be of con-
siderable interest, provided one may find methods to unravel
it from the optimization data. Bartels et al. �12� have under-
lined phase effects, of direct impact on the temporal phase of
high-order harmonics emitted by single atoms, and hence-
forth on the spectral brightness of the measured harmonic
peaks. We present here the first systematic study of the com-
plex influence of temporal shaping of a laser pulse on the
total high-order harmonic generation yield, including both
the single atom response and phase matching. This is
achieved by interplay between experimental optimization
data obtained in a wide range of generation parameters, and
numerical simulations describing the atomic response and
phase matching, using as an input the experimentally ob-
tained optimal laser temporal profiles. This allows us both to
control harmonic photon number via laser temporal shaping,
and to unravel the microscopic and macroscopic mechanisms
driving the optimization. The paper is organized as follows.
In Sec. II, we describe the laser system, the experimental
apparatus, and procedure. The main experimental results,
consisting of systematic studies of harmonic signal evolution
with temporal shaping of laser pulse are presented in Sec. III
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and discussed in Sec. IV on the basis of comparisons with
numerical simulations. We summarize and conclude in
Sec. V.

II. DESCRIPTION OF THE EXPERIMENT

The laser used is a 1 kHz repetition rate Ti-sapphire sys-
tem, based on chirped pulse amplification producing 6 mJ,
40 fs pulses, at 810 nm. An acousto-optical programmable
filter �DazzlerTM� located before the first amplifier stage is
placed to control the pulse spectral phase and, thus, a tem-
poral profile of laser pulse. In principle, such a filter can be
used to modify also the spectrum �spectral amplitude� of the
laser pulse: The shaping of the laser spectrum is reached by
varying of the acoustical wave power in the filter crystal and
usually used to compensate the gain narrowing effect during
laser amplification �13�. In this experiment we perform the
temporal shaping only with spectral phase because the phase
is less influenced by further amplification in crystals than
spectral amplitude. The spectral phases of the pulses at the
output of the laser system are measured by the SPIDER
method �14�. We checked that spectral phases imposed by
the DazzlerTM correspond exactly to those measured by the
SPIDER, demonstrating a reliable calibration of the SPIDER
and a low level of nonlinear B integral in our laser system
�14,15�. The learning algorithm optimizes the output HHG
flux by searching the best spectral phase. The spectral phase
is parametrized by ten arbitrary values across the spectrum
�bounded in the range of 0 to 2�� and two value �2 and �3,
the second- and third-order Taylor coefficients. This param-
etrization is chosen to provide a sufficiently complex phase
structure while working within the limitations of the acousto-
optical programmable filter. A fitness function is defined,
based on a fit of each individual harmonic peak as a Gauss-
ian function specified by its wavelength, height, and width,
with appropriate weight and sensitivity to fit. The value of
this function allows one to compare the experimental spec-
trum with a desired one and to observe convergence or non-
convergence of the learning algorithm. From the fit param-
eters, a large number of fitness functions may be chosen, in
order to optimize the peak brightness, or the rejection of
neighboring harmonics, or the central harmonic wavelength,
etc. We concentrate on a fitness function basically related to
the area of the harmonic profile in a given spectral window,
which yields the best possible estimate of the total photon
flux for that particular harmonic. It is important to note that
before starting any optimal control we correct the intrinsic
laser phase, by imposing the reverse of the uncorrected laser
spectral phase. The starting point of all optimizations is
hence a Fourier transform-limited pulse with a quasiflat
spectral phase to within 0.25 rad.

After passing through a variable-diameter aperture, the
beam is focused by a 1 m focal length lens into the vacuum
system containing a 2 mm length gas cell �Fig. 1�. The IR
beam and the harmonics generated in the gas cell copropa-
gate towards a XUV spectrometer. The IR beam is blocked
between the gas cell and the spectrometer using two 300-nm-
thick aluminium filters. The XUV spectrometer is composed
of a 1 m focal length gold coated toroidal mirror and an

XUV grating at grazing incidence. The signal is measured by
a back illuminated XUV CCD device, enabling an absolute
calibration �16�, only limited by the unknown aging of the
CCD sensor, which can only lead to an underestimation of
the flux. The experiment proceeds in three steps. Before us-
ing the optimization algorithm, we first optimize at best the
harmonic signal by adjusting macroscopic generation param-
eters such as gas pressure, lens position, and iris diameter.
The resulting number of photons is as high as 108 photons
per shot for H25 at the source. The effects of these param-
eters on HHG are multiple, coupled, and not trivial. For in-
stance, the variation of iris aperture results in a geometrical
increase of focal zone and consequently in a larger volume of
laser-gas interaction. Kazamias et al. �16� have demonstrated
that a small iris aperture configuration gives rise to very
similar conditions of generation than a capillary �6�, in the
sense that phase matching is kept homogenous over the
whole interaction zone. The gas density is the other impor-
tant parameter for harmonic generation: From a microscopic
point of view, higher density corresponds to higher number
of emitting atoms, while from a macroscopic point of view,
higher density induces an increase of the absorption of the
generated XUV light and affects phase matching via the
atomic and electronic dispersion terms. The third
parameter—focal point position with respect to the cell
entrance—plays an important role in optimization as well.
This parameter leads not only to a variation of the intensity
level in the interaction zone, but also to changes in the laser
wave vector and the gradient of intensity, which affects
phase matching. In a second step, we explore harmonic op-
timal control via laser pulse shaping in these macroscopic
optimal conditions. We record the evolution of the fitness
function along with the generation number in the genetic
algorithm, as well the optimal high-order harmonic spectra,
and the laser spectral phase in the final conditions. In the
final step, we perform a series of experiments for slightlydif-
ferent values of iris diameter, gas pressure and position of
focusing lens, in order to go further in understanding the
major mechanisms of photon yield enhancement, and in
studying the influence of these three parameters on adaptive
control optimization. This crucial last step, which is essen-
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tially the only one detailed below, is meant to allow us to
disentangle the roles of microscopic processes and of phase-
matching effects on the harmonic optimization.

III. EXPERIMENTAL RESULTS

Two spectral ranges, interesting from an application point
of view, were explored in this study. The first range is around
32 nm corresponding to the 25th harmonic generated in ar-
gon, for which the conversion efficiency is highest �about
10−5 �8��. The second spectral range corresponds to the high-
est orders �around the 41st harmonic� that pass through alu-
minium filter and are observed in the experiment. For H25
generated in the cell at a pressure of 22 mbar of argon, the
signal maximum is obtained for an iris diameter of 16 mm
�laser energy=1.8 mJ, Rayleigh length=10 mm�, and for a
cell placed 2 mm after the laser focus, resulting in a peak
intensity in the cell of 1014 W /cm2, much lower than the
ionization saturation intensity for Ar. In all conditions for the
study of the 41st harmonic, and in the conditions just men-
tioned for the 25th, the learning algorithm resulted in a sig-
nificant but moderate enhancement of the integrated har-
monic flux. The ratio between the integrated fluxes before
and after laser optimization �gain factor� is generally about 2
for the 41st harmonic, and for the 25th harmonic in those
low intensity conditions. The algorithm is then always ob-
served to converge towards a near Fourier-limited pulse, for
which intensity in the medium is maximal, with better accu-
racy than the SPIDER based suppression of the laser spectral
phase. Note, however, that the gain factor can reach values as
high as 10 if the initial temporal shape is not Fourier-limited,
that is, if the procedure consisting of bringing the spectral
phase to zero based on a SPIDER measurement is not fol-
lowed, even though the pulse duration as measured by the
SPIDER may seem hardly larger than its Fourier-limited
value, namely, typically 45 fs instead of 40 fs.We will con-
centrate in the following on the photon yield optimization of
harmonic 25, because it leads to the most interesting results
about high-order harmonic generation physics. We have pre-
formed three systematic studies of H25 signal optimization
versus �i� iris diameter, �ii� gas pressure, and �iii� focus-cell
distance.

In order to study the gain factor variations versus the iris
diameter, other series of optimal control were performed
with iris apertures of 18.5 and 20 mm. For all these experi-
ments, the peak intensity in the cell is estimated to 1.5
�1014 W /cm2 and 1.8�1014 W /cm2, respectively, which is
still under the intensity of barrier suppression for the first
ionization level of Ar, IBSI=2.3�1014 W /cm2. Figures
2�a�–2�c� shows the evolution of harmonic spectra for three
harmonics �23rd–27th� during 14 iterations. The most effi-
cient optimization was observed for an iris aperture of
18.5 mm, yielding a gain factor of 3 for the integrated flux,
whereas this factor is 2 for the 20 mm aperture. The conver-
gence time of the algorithm is about 15 to 20 minutes.

Figures 2�d�–2�f� presents the evolution of the integrated
H23–H27 signal over the generations. Finally, the compari-
son between the best 25th harmonic integrated signal before
learning algorithm optimization �iris diameter=16 mm,

pressure=22 mbar, focus position=2 mm� and the best sig-
nal after optimization �iris diameter=18.5 mm, pressure
=22 mbar, focus position=2 mm� is about 2.5.

The measurements of temporal profiles of the IR pulse
corresponding to the final results of the three optimal control
series are illustrated on Fig. 3. The initial pulse is represented
by a solid line and corresponds to the starting point of algo-
rithm. A negative time corresponds to the beginning of pulse.
Figure 3 emphasizes one surprising tendency, general for all
three optimizations: The algorithm performs a complex spec-
tral phase manipulation to get a pulse temporal profile with a
quasilinear leading edge slope. Thus an increase of the iris
diameter is accompanied by the optimized pulse becoming
longer and the leading edge is getting gently sloping.

Another set of experiments was performed to study the
signal of H25 before and after optimizations versus gas pres-
sure �Fig. 4�. The argon pressure inside the generating cell is
varying from 10 to 30 mbar. At even larger values of gas
pressure, the processes of XUV reabsorption and ionization-
induced defocusing start to play an important role, limiting
the yield to the so-called absorption limit, and making the
propagation too complex for the present study. For an aper-
ture diameter fixed to 18.5 mm, the gain factor is about 2 for
high pressures and equal to 1.7 for 10 mbar and 15 mbar:
Figure 4�a� shows a linear interpolation of gain factor over
pressure values. There is clearly no essential difference be-
tween high- and low-pressure conditions for gain factor and,
interestingly, the final pulses for 10 mbar optimization and
for 30 mbar optimization are measured to have the same
temporal shape �Fig. 4�b��. This leads us to the first main
conclusion that phase-matching effects related to atomic or
electronic densities do not play a major role in the optimiza-
tion process. However, it is not possible to conclude at this
stage that phase matching is passive in the optimal control,
as will be clear from the following.

Finally, we have performed a study of the optimization
process versus cell entrance with respect to the laser focus.
Figure 5 presents the harmonic yield for different focal point
positions, before and after the optimal control process, and
the ratio between them. Here, the iris diameter is 18 mm,
corresponding to a Rayleigh range of 8.8 mm, and the gas
pressure is 22 mbar. Before the laser shape optimization we
observe a maximum of signal when the laser is focused at the
cell entrance. When the cell is placed 8 mm after the focus,
the intensity is nearly divided by 2, so that H25 reaches the
cutoff regime and the signal drops. After the optimal control,
we note that the signal is maximal when the cell is placed
6 mm after the focus. Moreover, the signal ratio after and
before the learning algorithm optimization increases when
the cell is placed far away from the focus, where the intensity
is low and the intensity longitudinal gradient is high. We
deduce that the optimal control process does depend on
phase-matching, through a process that has to be related to
the intensity gradient. The experimental data above show
that as the learning algorithm finds pulses that enhance the
25th harmonic, the yields of the 23rd and 27th harmonic
orders increase accordingly. The algorithm is very effective
at increasing the brightness of the 25th–27th harmonics by
nearly an order of magnitude and the integrated photon num-
ber by factor 2 to 6 �Fig. 5�, by means of a combination of
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microscopic and macroscopic processes. Our experimental
results show that the complex spectral phase optimizations
result in a family of quite particular temporal shapes of laser
pulse, exhibiting a quasilinear leading edge slope, with a
smaller time derivative as for a Gaussian pulse. Thus our
experimental data confirm that the Gaussian profile of laser
pulses is not optimal for efficient high-order harmonic gen-
eration for this spectral range, unless the initial laser inten-
sity is fairly low.

IV. DISCUSSION

In order to understand the physics underlying the optimi-
zation in the various conditions explored experimentally, we

resort to numerical simulations of the HHG process, both at
the single atom level, and at the macroscopic propagation
and phase-matching level.

We first compute the atomic response of the noble gas to
the shaped laser pulses. The atomic dipole acceleration is
calculated by solving the time-dependent Schrödinger equa-
tion �TDSE� for one active electron along one dimension.
The principle of TDSE code has been first proposed by Ku-
lander et al. �17�; we use an implementation developed by
Véniard and Taieb �18�. The dipole acceleration for a single
argon atom is calculated in the case of interaction with an IR
laser pulse, in the velocity gauge. The program is based on
time propagation of the spatial wave function for one active
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FIG. 2. �Color online� H23-H27 spectra evolution during optimal control for iris apertures �a� 16 mm, �b� 18.5 mm, and �c� 20 mm.
Evolution of integrated harmonics signal for iris aperture of 16 mm �d�, 18.5 mm �e�, and 20 mm �f�.
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electron in a 1D colombian potential. The wave function is
discretized in space and time. Then we calculate the mean
value of the dipole acceleration for this wave function. As we
will see, 1D calculations have been sufficient to explain our
experimental results. So, 3D calculations have not been de-
veloped for this purpose. Experimentally, the learning algo-
rithm reshapes the driving laser pulse to optimize the fitness
function; as we have measured the spectrum and the spectral
phase of all reshaped laser pulses, we can easily introduce
them into the TDSE simulations. Figure 6 shows the calcu-
lated dipole emission versus time for each optimized pulse
shape given by the experiment with varying aperture, corre-
sponding to Fig. 2. As one can see, the harmonics are gen-

erated principally at the leading edge of the pulse, where the
instantaneous intensity is not large enough to ionize the me-
dium. At the top of the pulse, high ionization levels deplete
the neutral medium and spoil the generation. It is important
to realize that the dipole emission is longer in the case of the
optimized pulse than for the nonoptimized one and that the
algorithm adjusts the laser pulse to ensure almost the same
amplitude of dipole emission.

When the iris diameter increases, the leading edge slope
decreases and the laser pulse duration increases: The total
intensity remains constant when the transmitted energy in-
creases. The ionization probability is maintained at a low
value and remains weak for a longer time at the pulse leading
edge. Consequently, the harmonic signal is generated during
more optical cycles than for the nonoptimized case. How-
ever, by finding a smooth leading edge of pulse using the
learning algorithm, one obtains a relatively long harmonic
emission: Figure 7 shows the theoretical values of XUV
emission duration calculated before and after the optimal
control experiment for different apertures. These data dem-
onstrate that the enhancement of harmonic photon yield is
involved by increasing the optical cycle number participating
in harmonic generation. Thus a theoretical analysis of the
data can validate the mechanism for learning algorithm op-
timization. Even though this behavior was not known or pre-
dicted previously but was rather discovered by the experi-
mental optimization process, we note this ability to enhance
HHG using shaped light pulses is quite consistent and natural
with our understanding of the physics of HHG. During the
leading edge of a transform-limited laser pulse, the increas-
ing laser intensity leads to a rapidly increasing gas ionization
and, generally, at the peak of the pulse there are no neutral
atoms enough to generate harmonics. The rapid ionization is
partially delayed by adjusting the temporal intensity profile
of the laser during optimization processes. Thus the har-
monic generation occurs during a larger number of laser op-
tical cycles and a significant enhancement of the harmonic
yield is observed.

After this first explanation in terms of single atom re-
sponse, we focus on the macroscopic effects and especially
on phase matching. We have performed a one-dimensional
calculation of the time varying mismatch between the phase
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FIG. 3. Temporal laser shape after each optimal control for dif-
ferent iris diameter. Solid line: Fourier-limited pulse; dash-dotted
line: 16 mm iris diameter; dotted line: 18.5 mm iris diameter;
dashed line: 20 mm iris diameter.

N
o

rm
a

li
ze

d
la

se
r

p
u

ls
e

N
o

rm
a

li
ze

d
la

se
r

p
u

ls
e

N
o

rm
a

li
ze

d
la

se
r

p
u

ls
e

N
o

rm
a

li
ze

d
la

se
r

p
u

ls
e

Time (fs)Time (fs)Time (fs)Time (fs)

a)a)a)a)

b)b)b)b)

H
a

rm
o

n
ic

2
5

si
g

n
a

l
(a

rb
.u

n
it

s)
H

a
rm

o
n

ic
2

5
si

g
n

a
l

(a
rb

.u
n

it
s)

H
a

rm
o

n
ic

2
5

si
g

n
a

l
(a

rb
.u

n
it

s)
H

a
rm

o
n

ic
2

5
si

g
n

a
l

(a
rb

.u
n

it
s)

FIG. 4. �Color online� �a� Harmonic integrated signals before
and after laser optimal control vs gas pressure P �dots and square:
nonoptimized signal; solid line and circles: optimized signal; tri-
angles: ratio between optimized and nonoptimized signals; solid
slope: guide to the eyes for signal ratio�. �b� Laser intensity profile
before �solid line� and after optimal control �dotted line corresponds
to optimal control for P=15 mbar; dashed line corresponds to op-
timal control for P=30 mbar�.

FIG. 5. Optimal signals vs cell entrance with respect to laser
focus �dots and square: nonoptimized signal; solid line and circles:
optimized signal; triangles: ratio between optimized and nonopti-
mized signals; solid slope: guide to the eyes for signal ratio�.
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of the harmonic radiation of 25th harmonic and the infrared
laser phase. Phase-matching of a harmonic q occurs when
the qth harmonic wave vector kq and the induced polarization
in the medium due to the laser field are equal. We define the
mismatch �k which is the result of the contributions of the
Gouy phase induced by focusing the infrared beam, the
atomic and electronic dispersions, and the atomic phase �in-
trinsic phase of the harmonic radiation� �19�. The result can
be expressed in terms of propagation wave vectors as follows
�20�:

�k = ��q = kq − qklaser + ��at, �1�

where q is the harmonic order and kq and klaser are harmonic
and laser wave vectors. From the plasma dispersion formula,
we have

nlaser = 1 −
ne

2nc�laser
, �2�

where ne is the ionization probability and nc is the critical
plasma density at a given wavelength. We neglect the plasma
dispersion at the harmonic wavelength �kq=q� /c�. The in-
fluence of focusing the laser on klaser is taken into account by
the Gouy phase gradient. Accordingly, the time varying wave
vector mismatch is given by

�k = q
�

c
� ne

2nc
− �nat� − q�Gouy + ��at. �3�

The first term of this equation corresponds to the elec-
tronic and atomic dispersions, the electronic density is cal-
culated by instantaneous ADK ionization rates �21�; the sec-
ond one is the geometric term �gradient of the Gouy phase�.
The third term is substantial to understand phase matching in
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FIG. 6. �Color online� HHG emission in time for �a�, �c�, �e� initial and �b�, �d�, �f� optimally-stopped laser pulses for different iris
diameters.
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our experimental configuration: It proportional to intensity
gradient �19� and changes sign when the cell is placed before
and after the laser focus. We define the coherence length as
the length over which the dipoles emission generated at dif-
ferent points in the gas medium destructively interferes. It is
given by

Lcoh =
�

�k
. �4�

This definition of coherence allows to find phase-
matching conditions and also to calculate their time-
dependent evolution. Turning back to experimental data, we
have calculated the coherence length versus time for
18.5 mm iris diameter and for the experiment with varying
gas pressure and lens position. Phase matching occurs when
the coherence length is greater than the cell length �in our

experimental conditions Lcell=2 mm�. Figure 8 shows the
temporal evolution of the coherence length for optimized-
nonoptimized laser pulses corresponding to a 18.5 mm aper-
ture condition.

In both cases of Fig. 8, the time span of phase matching is
similar: Phase matching lasts until near −22 fs with respect
to the peak of the pulse. Thus this comparison leads to the
conclusion that the optimization involves only microscopic
processes described above. We confirm by calculating the
coherence length for different pressures �10 mbars and
30 mbars� that phase matching does not play a role for opti-
mization. The duration of good phase-matching is rather the
same for the two pressure values. In this case, the signal
increase is only due to the microscopic response.

We now simulate the experimental data from the variation
in focusing lens position �Fig. 5�. We consider only two
cases: zfoc=−4 mm and zfoc=6 mm. The time span for good
phase matching is shown on Fig. 9 and corresponds to Lcoh
�Lcell �2 mm�. Indeed, better phase matching occurs for

Iris diameter (mm)Iris diameter (mm)Iris diameter (mm)Iris diameter (mm)

before optimizationbefore optimizationbefore optimizationbefore optimization

after optimizationafter optimizationafter optimizationafter optimization

16161616 18.518.518.518.5 20202020

x
u
v

x
u
v

x
u
v

x
u
v

FIG. 7. �Color online� XUV emission FWHM duration calcu-
lated for optimized laser pulse �circles� and initial gauss pulse
�squares� for three aperture diameters: 16 mm, 18.5 mm, and
20 mm.

FIG. 8. �Color online� Coherence length evolution for H25 gen-
erated in argon �iris 18.5 mm� before optimal control �solid line�
and after optimal control �thin dashed line�; measured pulse enve-
lope before optimization �thick dashed line� and after optimization
�thin dashed line�; the hatched zone corresponds to good phase
matching.

a)a)a)a)

b)b)b)b)

FIG. 9. �Color online� Optimized case: Coherence length evolu-
tion for H25 generated in argon for �a� zfoc=6 mm and �b� zfoc=
−4 mm. The dotted line corresponds to the measured pulse enve-
lope and the hatched zone corresponds to good phase matching.
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a time interval much longer for zfoc=6 mm than for zfoc
=−4 mm. Only for a cell placed after the focus, the dipole
phase gradient counterbalances the electronic dispersion and
Lcoh is higher. Comparing the duration for good phase match-
ing for the two positions of the cell, one notes that for zfoc
=6 mm it lasts 15 fs longer than for zfoc=−4 mm. The phase-
matching temporal gate is also enhanced and the algorithm
allows building constructively the harmonic signal for a
longer time. Combining both effects, we have explained that
the optimization process rests on longer dipole emission and
longer phase matching.

V. CONCLUSION

In conclusion, we have explored experimentally and nu-
merically how the active control of the laser spectral phase
may enhance the high-order harmonic flux. Starting from
laser pulses close to the Fourier limit, we have shown that
the optimization procedure has completely different effects
when the laser intensity is rather low, or when it is suffi-
ciently high that the laser temporal shape may be modified
while keeping the intensity in the correct range for high-
order harmonics. In the former case, the algorithm converges
towards the real Fourier-limited pulses, as experienced by
the nonlinear medium. In the latter case, the optimization
results in a tailored temporal laser profile, with a leading
edge shaped into a gentle slope that allows for a much longer
duration for effective high-order harmonic generation, thus

resulting in an increase of the XUV photon number by a
factor up to 6, and more often between 2 and 3. Analysis of
the complete data sets were used to study the role of micro-
scopic and macroscopic parameters of generation dynamics
and to validate this mechanism. In particular, the systematic
study versus the cell entrance position with respect to the
laser focus has shown that phase-matching effects play an
indirect but essential role in the pulse optimization: In the
conditions where the phase matching lasts longer, the algo-
rithm converges to better optimization solution. Thus phase
matching acts as a temporal gate which permits the learning
algorithm to shape a laser pulse profile inside its limits.

How to recover the physics underlying an optimization
based on a learning algorithm is a very difficult question.
Our proposal, based on an interplay between experimental
optimal control data and numerical simulations, has allowed
us to unravel the role of phase matching defining a temporal
gate; this is very complementary to other approaches, based
on the statistical analysis of the optimization data. All those
approaches should help enormously to control and increase
further the yields of high harmonics, now considered as an
efficient source of femtosecond or attosecond radiation, to be
applied to many scientific fields.
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