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Measuring the spatial properties of high-order harmonic beams produced by high-intensity laser-

matter interactions directly in the target plane is very challenging due to the extreme physical con-

ditions at stake in the interaction area. A measurement scheme has been recently developed to

obtain this information experimentally, which consists in adapting a lensless imaging method

known as ptychography. In this paper, we present a theoretical validation of this method in the case

of harmonic generation from plasma mirrors, using a combination of simple modeling and 2D

Particle-In-Cell simulations. This study investigates the concept of in situ ptychography and sup-

ports the analysis of experimental measurements presented in previous publications. Published by
AIP Publishing. https://doi.org/10.1063/1.5002523

I. INTRODUCTION

When a flat solid target is illuminated by an ultra-

intense (I > 1016W=cm2) femtosecond laser, this target gets

strongly ionized in a very short time. As long as the expan-

sion of this plasma layer into the vacuum at the target surface

remains short compared to the laser wavelength kL, it specu-

larly reflects the laser pulse just as usual mirrors do: this is a

plasma mirror.1 If the laser intensity is higher than

1018W=cm2, the electronic density oscillates with the inci-

dent laser field at relativistic speed along the target normal.

In this Relativistic Oscillating Mirror (ROM) regime,2 the

reflected laser beam is periodically distorted through the

Doppler effect, resulting in the generation of trains of atto-

second pulses, associated in the frequency domain to high-

order harmonics of the laser frequency xL,4 potentially up to

very high frequencies.3

For further applications, such as probing ultra-fast pro-

cesses in matter by pump-probe experiments,5 it is of prime

importance to control the divergence of those harmonic

beams. Noting EnðrÞ ¼ jEnðrÞj exp iunðrÞ the spatial field of

the nth harmonic order in the target surface plane, the angular

intensity of the harmonic beam is directly related to the

square of the Fourier transform ~EnðkÞ of this field,

InðkÞ ¼ j ~EnðkÞj2, with k the transverse wave vector. As a

consequence, the harmonic beam divergence Dhn, defined as

the angular full width at half maximum (FWHM) in the

intensity of the diffracted beam, is determined by two main

properties of the source in the focal plane: its spatial

extent—through the amplitude jEnðrÞj—and the spatial cur-

vature of its wavefront—through the phase unðrÞ.
Physically, those properties are determined by the size of the

laser focal spot on the target and the dependence of the har-

monic amplitude and phase on laser intensity.

Experimentally, due to the extreme physical conditions

in the interaction region, the only quantity that can be

accessed in a rather direct manner is the angular intensity

profile InðkÞ measured far away from the target, i.e., at a dis-

tance D large compared to the Rayleigh length of the focused

laser beam. This however only provides partial information

on the spatial properties of the harmonic source in the target

plane, as one given that angular profile InðkÞ can result from

multiple combinations of source amplitude and phase

profiles.

Removing this indeterminacy requires measuring the

harmonic spatial wavefront in the same plane, which is also

possible using, for instance, a short-wavelength Shack-

Hartmann wavefront sensor.6,7 The complex field in the tar-

get plane can then in principle be determined by numerically

back-propagating the field obtained in the measurement

plane. However, getting a reliable result from such a calcula-

tion requires a very high accuracy on the propagation dis-

tance D, much better than the Rayleigh length zn
r of the nth

harmonic (i.e., typically less than 100 lm in experiments),

which makes hardly exploitable in practice. Applying con-

ventional measurement methods to determine the spatial

properties of the harmonic beam in the target plane is thus

extremely challenging.

These properties have nonetheless been recently mea-

sured by adapting a coherent diffraction imaging method

called ptychography.8 Ptychography consists in measuring a

set of diffraction patterns Sðk; r0Þ of a probe beam PðrÞ onto

an object described by a complex transmission or reflection

function OðrÞ, for multiple relative positions r0 between the

beam and the object. The ptychographic dataset Sðk; r0Þ is

mathematically described by

Sðk; r0Þ ¼
����
ð ð

Pðr� r0ÞOðrÞeik:rd2r

����
2

: (1)

For sufficient sampling in r0, phase retrieval algorithms can

be used to reconstruct the object OðrÞ, as well as the probe

beam PðrÞ in the object plane, both in amplitude and

phase.9–11

In order to adapt this scheme to harmonics generated by

the non-linear interaction of an intense laser with a genera-

tion medium, the key idea is to spatially structure this gener-

ation medium, so that it acts as the object OðrÞ. The main
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difference with standard ptychography is that the probe

beam does not illuminate the object but is now directly gen-

erated onto this object: we call this scheme in situ ptychogra-

phy. In the case of harmonic generation from plasma

mirrors, what is required is a spatial structuring of the plasma

surface along the target plane.

This structuring can in principle be obtained by using

solid targets with initial surface structures, such as gratings.

However, given the significant pointing jitter of high-power

lasers, scanning the relative position r0 between the laser

focus and the target surface structure with sufficient control

and accuracy would be very challenging. Moreover, in prac-

tice, this approach provides only very limited control on the

parameters of the target structure.

A more efficient implementation of this measurement

method consists in optically inducing a spatial structure on

an initially flat target surface, using the so-called transient

plasma gratings (TPGs).12 This is achieved by ionizing the

target with a prepulse beam whose fluence is spatially modu-

lated, hence leading to a spatial modulation of the plasma

expansion velocity into the vacuum. This modulated expan-

sion in turn leads to a modulation of the position of the criti-

cal plasma density nc for the laser frequency, which can

serve as the diffracting object for the ptychographic mea-

surement of the harmonic beam. The depth, spatial period,

and lateral position r0 of this surface modulation can all be

controlled optically, thus greatly facilitating the implementa-

tion of the method. In addition, as the structuring prepulse

beam and the main beam driving harmonic generation typi-

cally originate from the same laser source, they both experi-

ence the same pointing fluctuations, and the laser pointing

jitter is no longer an issue.

In this paper, we assess the validity and accuracy of this

advanced measurement scheme, by performing a theoretical

study based on simple modeling and Particle-In-Cell (PIC)

simulations. As shown further, the present case is not a strict

ptychographic measurement. It is important to prove that this

in situ ptychographic method can be applied to the use of

TPGs by discussing the robustness of the reconstruction

procedure.

The main assumption of in situ ptychography compared

to standard one is related to the fact that the probe beam (i.e.,

the harmonic beam here) is not reflected on the structured

object but directly generated on its surface by the interaction

of a driving laser with this object. In these conditions, the

fact that the angular intensity profile of the harmonic beam

can be expressed under the form of Eq. (1), and that the con-

cepts and algorithms of ptychography can then be applied, is

not obvious and needs to be verified, whether structured solid

targets or TPGs are used. One should note that this hypothe-

sis was assumed in previous experimental works8,18 which

aim at analyzing the physics of the laser-plasma interaction.

In the present paper, this main difference with standard pty-

chography is fully investigated for the first time.

Furthermore, the central hypothesis of general ptychogra-

phy is that the object function OðrÞ and the probe function

PðrÞ must be independent of their relative position r0.9

However, in the specific case of TPG, the modulation of the

plasma expansion velocity leads to a modulation not only of

the critical density surface but also of the steepness of the den-

sity gradient at the plasma surface [see Fig. 1 in Sec. II]. This

steepness is expressed by the spatial scale length L of the den-

sity gradient. Previous experimental and theoretical studies13,14

have shown that the spatial properties of the harmonic beam in

the source plane (extent of jEnðrÞj, curvature of unðrÞ) depend

on this parameter L. As a result, when generating harmonics

on a TPG, the harmonic source properties actually vary with

the relative position r0 of the driving laser along the target sur-

face. Mathematically speaking, one then needs to replace

Pðr� r0Þ in Eq. (1) by Pðr� r0; LðrÞÞ ¼ Pðr; r0Þ. This viola-

tes the central hypothesis of ptychography.

It is of main concern to understand how the retrieval

procedure behaves in this particular case in order to validate

the performed measurements and evaluate the error that this

hypothesis violation implies on the reconstructions.

The outline of this paper is given as follows: First, in

Sec. II, we describe a high harmonic generation (HHG) pro-

cess from plasma mirrors: the most relevant physical param-

eters of the laser-plasma interaction are presented, and the

structure of TPG is specified. We then discuss in Sec. III the

spatial properties of the harmonic beam in the target plane

and their relationship with the diffracted angular profile of

this beam.

Section IV uses a simple model to analyze the effect on

the harmonic source of a modulated position of the target

surface and shows how the measured dataset encodes infor-

mation on this source. Applying a phase retrieval algo-

rithm8,17 to the dataset calculated with this model proves that

the standard ptychographic procedure can be applied to in
situ ptychography, even if the probe is generated on the

object instead of illuminating it.

All remaining sections consider the case of real TPG. In

Sec. V, the variation of the harmonic source profile EnðrÞ
with its position r0 on a TPG is calculated theoretically,

using an analytical model for the spatial phase and PIC

numerical simulations for the spatial amplitude. It enables us

to estimate how far the real measurement is from standard

ptychography described by Eq. (1). Finally, in Sec. VI, a pty-

chographic dataset for harmonics generated on a TPG is

obtained from PIC simulations and processed with the phase

retrieval algorithm. As the harmonic beam spatial properties

in the target plane can be directly extracted from PIC

FIG. 1. Spatial density profile of a TPG—plasma density around the target

surface, as given by Eqs. (2) and (3) with L0 ¼ kL=10 and dL=L0 ¼ 20%.

The isodensity surface zrðxÞ corresponding to the density nr ¼ nc cos2h is

plotted as a dashed line.
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simulations, we can then assess the validity of the harmonic

source reconstructed by the ptychographic approach. The

robustness of the method is demonstrated by a parametric

study, where ptychographic measurements are simulated for

different conditions of laser-plasma interaction. Sec. VII

provides a general conclusion.

II. PLASMA MIRRORS: INTERACTION CONDITIONS
AND STRUCTURING

We briefly review the main physical parameters of the

laser-plasma mirror interaction, how they are experimentally

controlled, and their consequences on the plasma structuring.

The two main physical parameters which determine the

coupling between laser and plasma are the laser intensity and

the steepness of the plasma density gradient at the target sur-

face. Experimentally, the laser intensity is simply controlled

through an attenuator consisting of a half-waveplate fol-

lowed by two reflective polarizers and/or by aperturing the

laser beam. The steepness of the plasma density gradient is

controlled thanks to a pre-pulse: this prepulse ionizes the tar-

get and triggers plasma expansion a few hundred femtosec-

onds to a few picoseconds before the main pulse that drives

HHG.

Experimentally, this prepulse is created by selecting a

small part of the main laser beam, obtained by placing a

small mirror in front of one of the large mirrors used to steer

this beam to the target.12 This part of the beam is focused at

a controlled delay before the main beam, typically in the pis-

cosecond range. Its intensity at focus is about 3 orders of

magnitude lower than that of the main beam. As the temporal

contrast of the laser is extremely high (more than 1011 at

1ps), the pre-ionization of the target is only due to this con-

trolled pre-pulse.

The density profile along the target normal z is exponen-

tial15,16 with a gradient scale length L

nðzÞ ¼ n0 exp � z

L
: (2)

In this study, we consider a maximum density n0 ’ 400nc

(nc critical density at the laser frequency) which typically

corresponds to the case of a fully ionized silica target.

L varies linearly with the delay spp between the pre-

pulse and the main pulse, L ¼ vespp, where the plasma

expansion velocity ve depends on the pre-pulse intensity Ipp.

In typical experimental conditions, Ipp � 5� 1015W=cm2,

leading to expansion velocities of the order of

L=spp ’ 50nm=ps.12 We can thus safely assume that the

gradient scale length is constant during the interaction with

the main pulse, which lasts only for sL � 25fs. In the case

where a single pre-pulse is used, its focal spot is typically

ten times larger than that of the main beam, so that the gra-

dient scale length can be considered as constant across the

main beam focal spot, LðrÞ ¼ L. When a flat initial solid

target is used, the plasma mirror can thus also be considered

to be “flat.”

The laser reflects around the density nr ¼ nc cos2h,

where h is the incident angle of the laser on the target. The

in situ ptychographic scheme in reflection consists in

inducing a variation of the position zr of this isodensity sur-

face along the target, zr ¼ zrðrÞ. As explained in the intro-

duction, such a structuring of the plasma can be obtained by

starting from a flat solid target and spatially modulating the

pre-pulse intensity. Experimentally, an easy way to get such

a modulation is to introduce a second pre-pulse which inter-

feres spatially with the first one on the target surface. The

angle between both prepulse beams implies a one-

dimensional intensity modulation of period d along spatial

coordinate x in the target plane, which leads to a spatial mod-

ulation zrðxÞ of the critical density surface. As explained in

the introduction, this typical structure is called a transient
plasma grating (TPG).12

Another consequence of this modulated expansion is the

fact that the gradient scale length L in Eq. (2) also becomes a

function of position x, which we write

LðxÞ ¼ L0 þ 0:5 dL cos 2p
x

d
; (3)

where L0 ¼ hLix is the average density gradient scale length

along the target surface and dL is the depth of the density

gradient modulation. The spatial density profile of the

plasma is given by Eq. (2), with L ¼ LðxÞ given by Eq. (3).

An example of such a density profile is shown in Fig. 1. In

this example, dL=L0 ¼ 20%, which is close to the conditions

used for experimental ptychographic measurements per-

formed so far.8 This is the typical configuration that we will

consider for the following theoretical study.

Using this expression, we can deduce the isodensity sur-

face for nr ¼ nc cos h: zrðxÞ ¼ lnðn0=nrÞLðxÞ. This isodensity

surface is plotted as the black dashed line in Fig. 1. For n0

¼ 400nc and h ¼ 45�, this leads to zrðxÞ � 6:6LðxÞ. The two

functions zrðxÞ and L(x) thus have the same spatial periods,

but the modulation amplitude of zr is significantly larger than

that of L.

III. RELATIVISTIC OSCILLATING MIRROR
MECHANISM: PHASE PROPERTIES

The ROM harmonic generation process is preponderant

when the laser amplitude is higher than a0 � 1 and the gradi-

ent scale length is larger than �kL=20, with a maximum gen-

eration efficiency at L � kL=10 for a0 � 1.13,14 In this part,

we describe how the spatial phase unðrÞ of a ROM harmonic

source generated on a flat plasma mirror depends on the

interaction parameters ða0; LÞ. This will help us to under-

stand, in part IV, how this spatial phase varies along a TPG.

To this end, we use an analytical model of this phase derived

in Ref. 13, which has been confronted to PIC simulations

and experiments and revealed very accurately. Note that

there is no such predictive model yet for the amplitude pro-

file jEnðrÞj of the harmonic source, which can therefore only

be studied numerically, using PIC simulations—see part IV.

The ROM spatial phase profile is determined by the

plasma surface bending under the effect of the intense laser

field. Indeed, at such high intensity, the plasma is pushed

toward the target during the interaction. For a given laser

amplitude a and gradient scale length L, the total distance zt

over which the plasma is pushed results from the
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combination of the displacements ze of the electronic density

and zi of the ion density

zt ¼ ze þ zi;

ze ¼ Lln 1þ 2kLð1þ sin hÞ a
2pL

nc

neðziÞ

� �
;

ziðtÞ ¼ 2Lln 1þ P0

2L cos h
c

ðt

�1
aðt0Þdt0

� �
;

where P0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rZme cos h=2Amp

p
, with r ’ 0:8 the plasma

reflectivity for the laser, Z and A the average charge state

and mass number of the ions, me the electron mass, mp the

proton mass, and aðtÞ / exp ð�2ln2t2=s2
LÞ the temporal pro-

file of the laser amplitude (sL the temporal FWHM of the

laser pulse).13

We consider that the spatial properties of the harmonic

beam are mostly determined by those of the attosecond pulse

of the highest intensity, which is generated when a(t) is max-

imum. At this time, it can be shown18 that zt can be

expressed as

ztða; LÞ ¼ Llnð1þ ðaþ 2bÞaþ b2a2Þ; (4)

with a ¼ kLð1þ sin hÞ=pL and b ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p=2ln2

p
P0csL=4L cos h. For a flat plasma mirror, only the

laser amplitude varies along the target surface

aðrÞ ¼ a0 exp � r2

w2
0

; (5)

with w0 the laser waist. Due to this variation of a0, zt is

deeper at the center of the focal spot than on its edges.

Therefore, the plasma is curved, and this curvature is directly

imprinted on the spatial phase of the harmonic beam through

unðxÞ ¼ �2knztðxÞ cos h (6)

for the nth harmonic order.

Figure 2 displays the spatial phase of the 12th harmonic

order, induced by this plasma curvature for three different

interaction conditions ða0; LÞ, as predicted by Eqs. (4)–(6).

In this intensity range, the higher the laser amplitude is, or

the longer the gradient scale length, the deeper the plasma is

pushed into the target [Eq. (4)] and the more curved the har-

monic spatial phase is [Eq. (6)].

IV. IN SITU PTYCHOGRAPHY ON PLASMA MIRRORS

This section reminds the principle of the measurement

method, explains how the obtained dataset encodes informa-

tion on the harmonic source properties, and tests the accu-

racy of the phase retrieval algorithm for datasets derived

from a simple model, thus showing that this scheme can

indeed be considered as a ptychographic measurement.

To this end, we analyze the case of a plasma created on

an initially structured target surface, resulting in a modulated

plasma surface, such that the position zrðxÞ of the critical

density surface is modulated, while the gradient scale length

L is spatially homogeneous. Such a source clearly induces a

spatial phase modulation on the reflected laser field. The key

idea of the method is that this modulated plasma surface also

acts as a spatial phase modulator on the harmonic source

generated by this laser pulse. In other words, we consider the

harmonic source EnðxÞ to be emitted from a varying position

zrðxÞ. The phase modulation gnðxÞ induced on the nth har-

monic source field is written as

gnðxÞ ¼ exp i 0:5 dun cos ð2px=dÞ½ �; (7)

with dun the depth of the phase modulation. In the experi-

ment, the spectrometer measures the angular intensity profile

of the diffracted harmonic beam, along one angular dimen-

sion and for each harmonic order. Using Fraunhofer diffrac-

tion, the measured signal is expressed as

Inðkx; x0Þ ¼
����
ð

EnðxÞgnðx� x0Þeikxxdx

����
2

; (8)

with x0 the relative position of the grating and laser focus

generating the field EnðxÞ. Comparing this expression with

Eq. (1) shows that this is the typical equation of one dimen-

sional ptychography. The dataset ½Inðkx; x0Þ�x0
for all x0 is

named in this particular 1 D case a ptychographic trace.

Figure 3 illustrates the effect of a sinusoidal phase mod-

ulation on the field of the 12th harmonic in the source plane

[panels (b)–(e)] and on its diffracted intensity profile

I12ðkx; x0Þ [panels (g)–(j)], for different x0. For this calcula-

tion, the harmonic source amplitude profile was assumed to

be Gaussian, with a source size of w12 ¼ w0=2 ¼ 3:1lm typ-

ical of experimental conditions.12 To calculate the source

spatial phase for a flat plasma mirror [panel (a)], we use the

analytical model of Sec. III, considering a plasma with a

homogeneous gradient scale length of L ¼ kL=15, curved by

a laser of maximum amplitude a0 ¼ 1. For the grating

parameters, we used d ¼ 20 lm and du12 ¼ 8:5 rad, which

are again typical values from previous experiments.

A key point of this measurement regime is that the mod-

ulation period d is significantly larger than the source size

w0. In these conditions, for values of x0 such that the phase

modulation is approximately quadratic, the phase grating

adds its local curvature to the harmonic phase [Figs. 3(b) and

3(d)], resulting in a change in the beam divergence [panels

(g) and (i)]. For the values of x0 such that the phase modula-

tion is quasi-linear [Figs. 3(c) and 3(e)], the local tilt of the

grating changes the emission angle [panels (h) and (j)]. As

shown in panel (k), those two effects vary continuously with

FIG. 2. Phase properties of a ROM harmonic source—spatial profiles of the

laser amplitude (full lines) and resulting harmonic phase (12th harmonic

order, dashed lines) generated on a flat plasma mirror, for different interac-

tion conditions ða0; L=kLÞ.
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x0. The resulting ptychographic trace [panel (k)] closely

resembles the ones that have been obtained experimentally

in the ROM regime.8

The information on the harmonic source amplitude and

phase is mostly encoded in the angular profiles measured at

positions x0 such that the phase modulation is quadratic.

Indeed, for these positions, the larger the harmonic source

size, the stronger the effect of the target curvature on the

beam divergence. Moreover, if the harmonic source has a

curved wavefront in the source plane, the grating curvature

will either enhanced or compensate this curvature depending

on their relative signs, thus either increasing or decreasing the

harmonic beam divergence. Note that this encoding of the

information in the ptychographic trace is totally analog to the

encoding of the temporal structure of single attosecond pulses

in FROG CRAB traces measured in the streaking regime.19

Figure 4 shows the trace reconstructed by applying the

phase retrieval algorithm to the simulated trace shown in

Fig. 3(k) and compares the two reconstructed functions

E12ðxÞ and g12ðx0Þ to the ones used as inputs in Eq. (8) to

simulate the trace. The error on the reconstructed trace Irec

[Fig. 4(a)], with respect to the simulated one Isim [Fig. 3(k)],

is defined by11

�I ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð

P
Isim � IrecÞ2P

I2
sim �

P
I2
rec

s
; (9)

where the sum
P

is on h and x0. The errors on the recon-

structed functions frec with respect to those used to simulate

the trace fsim are defined by

ef ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðfsim � frecÞ2

0:5 � ð
P

f 2
sim þ

P
f 2
recÞ

s
; (10)

where f can either be the phase modulation induced by the

grating f ¼ arg½gnðx0Þ� or the source spatial profile in ampli-

tude (f ¼ jEnðxÞj) or phase (f ¼ unðxÞ). In the case of Fig. 4,

these reconstruction errors, calculated on appropriate inter-

vals [for instance for x=w0 2 ½�1; 1� in panel (d)], are very

low: �I ¼ 1:8%; eg ¼ 1:1%; ejEj ¼ 1:4%, and eu ¼ 0:6%.

In summary, from the dataset of intensity diffraction

patterns ½Inðkx; x0Þ�x0
, the phase retrieval algorithm recon-

structs the grating and the harmonic source functions in

amplitude and phase in the target plane with very good accu-

racy, leading to two conclusions. First, this means that this

dataset contains all information necessary on the object and

probe to reconstruct them and can thus be considered as a

ptychographic measurement. Second, the phase retrieval

algorithms that we use8 are appropriate.

V. HARMONIC SOURCES PRODUCED ON TRANSIENT
PLASMA GRATINGS

We now turn to the case of measurements performed

using transient plasma gratings, for which both the critical

density surface zrðxÞ and the density gradient scale length

are spatially modulated. As shown in Sec. II, the harmonic

source properties depend on the plasma scale length.

Therefore, a TPG not only acts as a phase grating, like a

plasma created on a structured solid target does: at second

order, the harmonic source is modified as x0 is varied. As a

consequence, the diffraction pattern dataset Inðkx; x0Þ is not

exactly described by Eq. (8), where En and gn are two inde-

pendent functions. In this section, we study the dependence

of the phase and amplitude of En on x0 for realistic physical

parameters.

Figure 5 illustrates how the spatial phase profile of the

12th harmonic source is modified as x0 is scanned along a

TPG, for a0 ¼ 1:5 and L0 ¼ hLix ¼ k=10. u12ðxÞ is calcu-

lated for different x0 using Eqs. (4) and (6), taking into

FIG. 4. Ptychographic reconstruction of the simulated trace—Panel (a)

shows the trace reconstructed from the simulated trace displayed in Fig. 3(f).

The reconstructed functions in the focal plane (red dashed lines) are com-

pared to the simulated ones (blue full lines) for the phase grating

(arg½gnðx0Þ) in panel (b) and the harmonic source in amplitude [jEnðxÞj,
panel (c)] and phase [unðxÞ, panel (d)].

FIG. 3. Simulation of a ptychographic measurement on a plasma grating.

Panel (a) shows the amplitude jE12ðxÞj and phase u12ðxÞ profiles, in the target

plane, of the 12th harmonic generated on flat plasma mirror. The phase profile

is derived from the model of Sec. III. Panel (f) shows the resulting intensity

profile I12ðhxÞ, with its peak value normalized to 1. Panels (b)–(e): the ampli-

tude and phase of the harmonic source in the presence of a plasma surface

modulation for different relative positions x0=d ¼ ½0; 0:25; 0:5; 0:75�. The

dashed line reminds u12ðxÞ for a flat plasma mirror [panel (a)], and the red

lines corresponds to the phase modulation induced by the plasma grating and

the blue line to the total phase resulting from the combination of these two

terms. Panels (g)–(j): resulting diffracted intensity profile I12ðhxÞ, with the

same normalization as in panel (f). Panel (k): corresponding ptychographic

trace I12ðh; x0Þ for the 12th order harmonic, for x0=d 2 ½0; 3�.
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account the spatial dependence of a(x) and L(x) through Eqs.

(5) and (3). As the plasma is more strongly pushed inward

when the gradient scale length is larger, if the source is gen-

erated on a peak (x0=d ¼ 0, larger L, see Fig. 1) or on a val-

ley (x0=d ¼ 0:5, smaller L) of the TPG, the phase curvature

tends to be respectively increased or decreased compared to

the case of a flat plasma mirror of gradient scale length L0,

as observed in Fig. 5(a). When the harmonic source is gener-

ated on a grating slope (x0=d ¼ 0:25 or 0.75, see Fig. 1), for

the same reason, the plasma displacement is larger on one

side of the laser focal spot than on the other, and the phase

symmetry is slightly altered [see panel (b)].

For comparison, the black lines in panels (a) and (b)

show the phase profile of the source generated on a flat

plasma mirror of gradient scale length L0. The difference

between this phase profile and the one obtained on a TPG is

quantified by Eq. (10), and this error function � is plotted as

a function of x0 in panel (c). The highest values of �, about

8%, are obtained when the source is generated on the grating

slopes. The phase profile averaged on all x0 is plotted as an

orange dashed line on panels (a) and (b). It is extremely close

to the one generated on the flat plasma mirror of average

scale length L0 (error eu < 0:01%).

As far as the harmonic beam amplitude is concerned,

since no simple model is available at present to calculate it,

it has to be evaluated by means of extensive computational

simulations of the laser plasma interaction. The variation

with x0 of the amplitude profile of the harmonic source is

deduced by 2 D PIC simulations performed with the code

EPOCH. We simulate a laser beam with a Gaussian spatial

profile, focused with an incidence angle of h ¼ 45� on a

plasma grating whose density is given by Eqs. (2) and (3) for

n=nc 2 ½0:05; 400�. Using the numerical procedure described

in Ref. 13, we obtain the field in time and space in the target

plane, from which we can calculate the amplitude profile of

each generated harmonic.

As we need to compare the amplitude profiles of the har-

monic source obtained for different positions x0 on the TPG,

to limit the required computation time, the spatial resolution

of the simulation box is fixed to kL=250, with a corresponding

time step of TL=350. One simulation typically requires 6000

computation hours on a supercomputer. The simulations were

performed with a0 ¼ 1:5; L0 ¼ kL=10; dL=L0 ¼ 20%, for

twenty different values of x0 in the range x0=d 2 ½0; 0:95�.
The amplitude profiles obtained for the 12th harmonic

are shown in Figs. 6(a) and 6(b). The averaged profile is plot-

ted as the full black line on panel (b). These profiles are com-

pared to this averaged one through Eq. (10). This deviation e
is plotted on panel (c) and varies between 4% and 9.5%. It is

mostly due to variations of the harmonic beam profile occur-

ring around the center of the focal spot, as we can see on

panel (b). One additional PIC simulation is performed with

the same laser conditions but now on a flat plasma mirror of

scale length L0 ¼ hLix. The amplitude profile of the 12th har-

monic order obtained in this case is shown as a red dashed

line on panel (b). It differs from the profile averaged on all

x0 (black line) by only e ¼ 3:1%.

In summary, we have evaluated how the harmonic

source phase and amplitude profiles are modified as the posi-

tion of the main laser focal spot is scanned along a TPG.

Their maximum variations, which are smaller than 10%, are

representative of how far the measurement is from standard

ptychography. Moreover, the profiles averaged along the

plasma grating are very close to those generated on a flat

plasma mirror with a scale length L0 corresponding to the

average scale length of the TPG. This implies that at first

order, the plasma grating acts as a phase grating for the har-

monic source resulting from an interaction on a flat plasma

FIG. 5. Phase profile of the harmonic source for different positions x0 of the

main focal spot along the plasma grating—Simulated phase profiles of the

12th harmonic order generated on a TPG described by Eq. (3) with L0 ¼
kL=10 and dL=L0 ¼ 20%, for different relative positions x0 of the source on

the grating: on a peak or a valley of the TPG on panel (a) and on slopes of

the TPG on panel (b). The averaged profile for all x0 is plotted as the orange

dashed line on both panels, together with the phase profile of the source gen-

erated on a flat plasma mirror of scale length L0 in the full black line. The

normalized discrepancy � [Eq. (10)] between the phase profile generated on

the TPG and the one generated on the flat plasma mirror is plotted in panel

(c) as a function of x0.

FIG. 6. Variation of the harmonic source amplitude profile along the plasma

grating—Panels (a) and (b) display the amplitude profiles jE12jðxÞ of the

12th harmonic in the focal plane, obtained from PIC simulations, for 20 dif-

ferent positions x0=d 2 ½0; 0:95� of the laser focal spot (a0 ¼ 1:5) on the

plasma grating (L0 ¼ kL=10 and dL=L0 ¼ 20%). The full black line in panel

(b) corresponds to the profile averaged on all x0 and the red dashed line to

the profile resulting from the interaction with a flat plasma mirror of scale

length L¼L0, deduced from an additional PIC simulation. The variation

with x0 of the amplitude profile compared to the average profile is evaluated

through Eq. (10) and plotted on panel (c).
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mirror. At second order, this harmonic source is slightly

modified (less than 10%) depending on the position x0 on the

grating due to the change in the local scale length.

VI. PTYCHOGRAPHIC RECONSTRUCTION

We now address the reliability of the in situ ptycho-

graphic measurements of high order harmonics performed

with TPG as the diffracting object.

From the PIC simulations presented in Sec. V, we can

extract the harmonic diffraction pattern for each position

x0 of the laser focal spot on the TPG and thus obtain a

simulated ptychographic trace. Such a trace is displayed in

Fig. 7(a) for the 12th harmonic. It is qualitatively similar

to the ptychographic trace of Fig. 4(a), which was calcu-

lated using the simple model for a pure phase grating.

This supports the idea that the TPG indeed mostly acts as

a phase object.

We have then processed this ptychographic trace with

the same phase retrieval algorithm as the one used in Sec.

IV. In order to avoid reconstruction ambiguities, which were

more specifically observed when processing experimental

traces, we imposed the diffracting object to be a pure phase

function (amplitude fixed to 1).20 The obtained reconstructed

trace is shown in Fig. 7(b) and corresponds to a reconstruc-

tion error of �I ¼ 12:4%.

Panels (c) and (d) compare the amplitude and phase pro-

files of the retrieved harmonic source to the ones obtained

from an additional PIC simulation for a flat plasma mirror of

scale length L0 ¼ hLix. The difference is eu ¼ 7:6% for the

phase profiles (restricting the comparison to the interval

x=w0 2 ½�0:5; 0:5� where phase profiles are meaningful),

and eE ¼ 5:9% for the amplitude profiles. This shows that in

this physically realistic case, the reconstructed harmonic

source obtained from the ptychographic measurement on a

TPG is very close to the harmonic source generated on a flat

plasma mirror with the averaged TPG scale length. The fact

that the harmonic source properties are slightly modulated as

x0 is scanned, as shown in Sec. V, thus does not compromise

the validity of the measurement.

To further test the validity of this ptychographic method,

we have carried out a parametric study for different plasma

scale lengths and laser amplitudes, listed in Table I. In each

of these cases, like in the previous study, we have built a pty-

chographic trace by performing a set of PIC simulations for

different x0, applied the phase retrieval algorithm to the

resulting trace, and compared the reconstructed source to the

one generated on a flat plasma mirror of appropriate scale

length. In all cases, dL=L0 ¼ 20% for the TPG so that the

plasma grating surface is more strongly modulated when L0

is increased.

To limit the computation time, the resolution of the sim-

ulation box has been reduced compared to the previous simu-

lations, and the parametric study is made on the 5th

harmonic order. Figure 8 summarizes the outcome of this

study: for the interaction conditions considered, the ptycho-

graphic measurement is reliable, with reconstruction errors

eI�10% and differences between the retrieved and real

source profiles of less than 10% in most cases.

Three main limits are however highlighted. First, for

short plasma scale lengths, panel (a), the spatial variation

of the harmonic phase is weak and falls below the method

sensitivity, so that the retrieved phase is meaningless.

Second, when the TPG is “deep” (long gradient scale

length), panel (c), the source is still reconstructed with

good accuracy, but the error on the reconstructed trace is

higher (here, �I ’ 16%). This can be attributed to the fact

that the amplitude modulation of the source along the grat-

ing is higher, whereas it is not taken into account in the

reconstruction procedure. Finally, for high laser ampli-

tudes, the reconstruction error gets higher, panel (e), prob-

ably because the variations of source amplitude and phase

profiles along the grating get stronger. It is in this last case

that the error on the retrieved harmonic properties is

higher: the source size is slightly underestimated and the

phase curvature overestimated.

In summary, this study shows that, for realistic physical

conditions corresponding to our earlier experiments

(a0 2 ½1:2; 2� and L0 2 ½kL=20; kL=8�), in situ ptychographic

measurements based on TPG as a diffracting object provide

a reliable reconstruction of the harmonic source spatial prop-

erties. This retrieved harmonic source corresponds to the one

generated on a flat plasma mirror whose scale length is equal

to the averaged one along the TPG.

FIG. 7. Numerical validation of ptychographic measurements on TGP—

Panel (a) shows the ptychographic trace obtained by 20 PIC simulations for

different positions x0 of the main laser focal spot on a TPG. Panel (b) shows

the reconstruction of this trace by the phase retrieval algorithm. The corre-

sponding retrieved phase and amplitude profiles of the harmonic source are

plotted on panels (c) and (d) (red lines) and compared to the profiles

obtained from an additional PIC simulation on a flat plasma mirror of scale

length L0 (blue lines).

TABLE I. Different interaction conditions for PIC simulations of ptycho-

graphic measurements on TPG.

Conditions a0 L0

a 1.5 k=20

b 1.5 k=10

c 1.5 k=6

d 0.8 k=10

e 3 k=10
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VII. CONCLUSION

When an ultra-intense laser is reflected on a plasma mir-

ror, the curvature of the plasma under radiation pressure is

printed out on the spatial phase of the reflected beam and in

particular on the phase profile of the high order harmonics

generated on the surface, resulting in a converging XUV

beam. Measuring the harmonic source amplitude and phase

profile in the target plane is very challenging as the beam

can only be measured far away from the interaction. A solu-

tion has been demonstrated8 which consists in adapting a

coherent diffraction imaging method, named ptychography.

The principle of ptychography is to diffract out a probe beam

onto an object for different relative positions of one to the

other.10 By the use of targets with spatially structured surfa-

ces, it can be adapted to high harmonic generation on plasma

mirrors into the so-called in situ ptychography where the

probe beam is directly generated on the object.

In practice, the structuring can also be obtained by shap-

ing the expansion of the plasma through the interference of

two pre-pulse beams before the main interaction. This results

in a plasma object called a transient plasma grating (TPG),

which consists of a one dimensional modulation of the

plasma density gradient scale length along the target sur-

face.12 At first order, this results in a variation of the emitting

position of the harmonic beam along the surface and the

TPG acts as a phase object for this beam (part V). At second

order, the source profile is modified with the source relative

position on the grating, as the harmonic generation efficiency

and the spatial phase curvature (part II) depend on the

plasma scale length, which locally varies along the plasma

object here. It implies that this scheme is not strictly a pty-

chographic measurement because this method assumes the

probe beam and the object function to be independent. It is

yet very important to understand how far the experiment is

from a standard ptychographic measurement and what the

reconstructed harmonic source actually corresponds to.

The variations in the spatial phase and amplitude pro-

files of the XUV beam, evaluated by an analytical model or

by PIC simulations, are about e�8% (part IV), which is rela-

tively low. Furthermore, the average source amplitude and

phase profiles along the plasma grating are equal to those of

the harmonic source generated on a flat plasma mirror whose

scale length is equal to the averaged scale length of the grat-

ing L0 ¼ hLix. Finally, the ptychographic algorithm (part V)

reconstructs source profiles which correspond to good accu-

racy to the ones generated on a flat plasma mirror of scale

length L0.

In conclusion, this theoretical study shows that for the

experimental measurements performed with this technique,8

we can consider the reconstructed harmonic source profiles

as the profiles resulting from an interaction on a flat plasma

mirror whose scale length is the averaged one of the plasma

grating. In these experiments, we found errors on reconstruc-

tions of the ptychographic traces of about �I ’ 20%� 25%,

which is typical of standard ptychography.11 The present

study proves that a part of this error, about 10%–12%, is

intrinsically due to the measurement scheme. What is left is

most likely due to measurement fluctuations.
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FIG. 8. Ptychographic reconstruction

of traces obtained by PIC simulations

for different interaction conditions—

The different lines of the figure corre-

spond to the interaction conditions

listed in Table I. The first two columns,

respectively, show the PIC and recon-

structed traces with the reconstruction

error �I. The two last columns show the

retrieved source amplitude and phase

profiles (red lines), together with the

profiles obtained from a PIC simula-

tion performed for a flat plasma mirror

of scale length L0 (blue lines). The dif-

ferences between both, eE and eu, are

indicated on the top right corner of the

graphs.
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