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Abstract

We present two interferometry schemes in the extreme ultraviolet, based on either the wave-front division of a unique
harmonic beam~1st scheme! or two spatially separated, phase-locked harmonic sources~2nd scheme!. In the first scheme
using a Fresnel bimirror interferometer, we measure the degree of spatial coherence of the 13th harmonic generated in
xenon, as a function of different parameters. A high degree of coherence, larger than 0.5, is found for the best conditions
in almost the full section of the beam. Then, we demonstrate that the second scheme can be used for interferometry
measurements with an ultrahigh time resolution. The 11th harmonic is used to study the spatial variation of the electron
density of a laser-produced plasma. Electronic densities higher than 2.1020 cm23 are measured.

1. INTRODUCTION

The interaction of high-intensity laser pulses with matter
produces high-density plasmas relevant to inertial confine-
ment fusion~Milchberget al., 1988; Cableet al., 1994; Levi,
1994; Workmannet al., 1995! and astrophysics~Perryet al.,
1991; Da Silvaet al., 1992; Rogers & Iglesias, 1994!. Op-
tical interferometry has been widely used to study such plas-
mas, in particular for electron density diagnostics. However,
this technique is severely restricted by free-free absorption
and refraction of the optical light by the plasma. These lim-
its constrain the measurements to low densities and plasma
regions with slow density gradients.Away to overcome these
limitations is to develop the interferometry technique at
shorter wavelengths, typically in the soft X-ray range, where
these effects can be minimized.Afirst demonstration in laser–
plasma diagnostic was reported by Da Silva and coworkers,
using a soft X-ray laser operating at 15.5 nm~Da Silvaet al.,
1995!. They probed a 1 mmlong CH plasma using a Mach–
Zender interferometer. More recently, electron density mea-
surements of a colliding plasma was achieved using the same

technique~Wanet al., 1997!. However, X-ray laser pulses
are typically 50 ps long or more and cannot be used as an
ultrafast diagnostic~typically subpicosecond!.

Besides its fundamental interest, high order harmonic gen-
eration~HHG! has the potential to become a useful XUV
source that can open new perspectives in laser–plasma di-
agnostic. In particular, the ultrashort pulse duration and the
coherence properties are unique in the XUV range, and of
obvious interest. Theobald and coworkers have taken advan-
tage of the short harmonic pulse for measuring the time-
dependent electron density of a laser produced plasma
~Theobaldet al., 1996; Theobaldet al., 1999!. The electron
density is determined from the transmittance of the plasma
at different harmonic wavelengths, respectively using the
5th and 7th orders. However, the derivation of the density
from the transmittance is not really straightforward.

The coherence properties of HHG make possible to use
harmonic light in interferometry. The analysis of interfer-
ence patterns can directly provide, in principle, 2D map of,
for example, refractive index, electron density or solid sur-
face. Moreover, the measurements are resolved in time at
the scale of;100 fs, so that ultra short processes can be
tracked. Finally, the tunability of harmonics by discrete step,
over a large spectral range 100–5 nm, allows us to adapt the
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probe wavelength to the spectral opacity of the plasma. The
coherence of HHG can serve to interferometry in different
ways. Besides the properties of spatial and temporal coher-
ence of one single harmonic source, HHG offers the possi-
bility of easily producing two mutually coherent~phase
locked! sources, either separated in space~Zerneet al., 1997!
or in time~Salièreset al., 1999!. The real, space separated,
mutually coherent sources are equivalent to theYoung’s two-
slits. The real, time separated, mutually coherent sources
lead to frequency-domain interferometry in the XUV. In in-
terferometry, the fringe shift is directly related to the elec-
tron density and a 2D map of the ionized medium can be
obtained. Both schemes have been recently demonstrated as
powerful subpicosecond interferometric probe for plasma
diagnostics~Descampset al., 1999, Salièreset al., 1999!.

For the space-separated sources, two schemes are rele-
vant, according to the source are either virtual or real. In the
first scheme, two secondary virtual sourcesS1 and S2 are
produced from the same harmonic beam using an interfer-
ometer based on wave front division, such asYoung’s double-
slits, Fresnel’s or Lloyd’s mirrors. The optics should, of
course, be appropriated to the XUV range~Svatoset al.,
1993; Zeitounet al., 1998; Le Déroffet al., 1999; Rocca
et al., 1999!. In the second scheme, one easily produces two
real harmonic sourcesS andS', separated in space~Zerne
et al., 1997!, from two fundamental beams which are sepa-
rately focused in the same medium.

It is of interest to compare the coherence properties which
are involved respectively in the first and second interferom-
etry schemes. Let us recall that if two rays, originated from
the pointsP ~in the beam section from sourceS1 or S! andQ
~in the beam section from sourceS2 or S'!, interfere at point
M, the intensity atM involves the complex degree of mutual
coherence between the vibrations fromP andQ. The com-
plex degree is defined as:

g~P,Q;t! 5 6g~P,Q;t!6ei ~aPQ2vt! 5
^EP~t !EQ

* ~t 2 t!&

!^6EP62&^6EQ62&
~1!

wheret is a delay introduced as an optical path difference in
the interferometer~aPQ is the phase ofg at zero delay!.

In the first scheme, for the two sourcesS1 andS2, PÞQ,
and an optical delayt much smaller than the pulse duration
tpulse, one measures the degree of spatial coherenceg~P,Q;0!,
for instance as a function of the distance between the two
points. We will show~next study in Section 2! that a high
enough degree of spatial coherence6g~P,Q;0!6$ 0.5 can be
achieved in almost the full section of the harmonic beam~up
to 3 mm!, in order that an object of size;1 mm can be
probed by interferometry with a good visibility of the fringes.
In the case where an interferometer based on amplitude di-
vision is used, we can haveP [ Q and an optical variable
delay 0# t # tpulse. One measures then the degree of tem-
poral coherenceg~P, P; t! and the coherence timeDt, that
is, the width of the6g~P, P; t!6 function.

The second scheme offers the obvious advantage of a sim-
ple realization of the two sourcesSandS', from two funda-
mental beams, using only visible optics. In this case, the
pointsP, Q can be said “homothetical” and are notedP, P'.
The conditiont ,, tpulse leads to measuring the degree of
mutual coherence at zero delay, we noteg~P, P';0!, between
the two sources. Because of the highly-controlled, coherent
physics of the harmonic generation, two coherent fundamen-
tal beams of the same intensity produce mutually coherent
harmonic sources. The6g~P, P';0!6 coefficient should be
therefore close to 1: the two sources are said to be “phase-
locked.” In practice, slightly different conditions in produc-
ing the two sources lead to a contrast of 30 to 90% in the
fringe pattern. Note that the mutual coherence of the two
sources at zero delay does not imply that each source should
be intrinsically coherent, neither spatially nor temporally.
However, by changing the delayt between 0 andtpulse, one
can also measure theg~P, P';t! function, equivalent to the
g~P, P; t! under the assumption of phase-locked sources,
from which the intrinsic coherence time of one source can
be obtained. The configuration for an interferometry exper-
iment, in which the object to probe should be inserted in one
of the two beams, corresponds to aYoung’s two-slits scheme.
It implies that the size of the object should not be larger than
SS';100mm.

In this paper, we first report in Section 2 an experimental
study of the spatial coherence properties of the high order
harmonic, using Fresnel’s mirrors interferometer~first
scheme!. Among the applications of the HHG, interferom-
etry in the XUV range serving to plasma diagnostic appears
very promising. To demonstrate its feasibility, we report in
Section 3 an interferometry experiment using two space-
separated phase locked sources~second scheme!, in which
we have measured the electron density of a laser produced
plasma.

2. SPATIAL COHERENCE PROPERTIES
OF HIGH-ORDER HARMONICS

At first sight, the spatial coherence of the harmonics is ex-
pected to be high since it should reflect that of the laser field.
The spatial and temporal coherence properties have been
studied revealing the complex underlying physics of high-
order harmonic generation~Ditmireet al., 1996; Belliniet al.,
1998; Le Déroffet al., 1999; Lyngået al., 1999!. From a
fundamental point of view, the coherence properties involve
the detailed history of the time- and space-dependent non-
linear polarization which vary differently in time at different
places in the medium. As a result, the fields produced at the
two pointsP andQ at the end of the medium will build up
through different histories and might subsequently show a
reduced degree of coherence6g~P,Q;0!6. The spatial coher-
ence of high harmonics has been thoroughly studied in a
Young’s two-slits experiment by Ditmire and coworkers~Dit-
mire et al., 1996; Ditmireet al., 1997!. They have reported
that the coherence degree of the 11th to 19th harmonic near-
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field can be larger than 0.5, within coherence cell of diam-
eter up to 15% of the full beam diameter. Moreover, they
have shown that the coherence is degraded as the atomic
density, and consequently the electron density produced by
ionization, is increased. Indeed, the electron density pro-
duced by laser ionization of the generating medium is a time-
and space-dependent factor which can chirp the fundamen-
tal beam, affect phase matching and the harmonic field prop-
agation, leading to a lower correlation of the fields in two
different points at the medium exit.

In our experiment carried out at the femtosecond LUCA
laser facility of CEA0DRECAM in Saclay, we have used an
interferometer of the Fresnel’s mirrors type to study the co-
herence of the 13th harmonic~H13! produced in xenon, over
the full section of the harmonic beam. The main differences
with the study by Ditmireet al. ~1997! are discussed in the
following description of the experimental set-up and results.
The experimental set-up is shown in Figure 1. A ring shaped
IR beam~,10 mJ at 800 nm; 60 fs; 20 Hz; numerical aper-
ture r0f ' 10200! is focused to an intensity of 1013–1014

W0cm2 in a xenon gas jet, then cut on a diaphragm when it
diverges, in order that only the harmonics emitted on axis
are transmitted. At a distanceD 51.3 m from the source, we
use a Mo0Si multilayer mirror and a self-supported 100 nm-
thick aluminum foil to effectively select the 13th and 15th

harmonics. The beam reflected towards the interferometer

is parallel, with a rather regular, close to Gaussian, spatial
distribution of intensity, the full width at 10e2 being around
3 mm. The Fresnel’s mirrors consist of two plane, silica half-
mirrors, which are tilted around their common straight edge
~Svatoset al., 1993!. The harmonic beam, incoming parallel
to and centered on the mirror ridge, is reflected at grazing
incidence on the two half-mirrors, in order that the two re-
flected half-beams cross and overlap under an anglea '
1 mrad, generating an interference pattern. With this geom-
etry, the rays that interfere at a given distanceZd after the
interferometer are all the pairs, respectively atP andQ in
the transverse section of the incident beam, such that,~1! P
andQ are horizontally aligned, and~2! P, Q are separated by
d 5 aZd , 3 mm. A 2D-interferogram is measured at dis-
tanceZd from the interferometer on a single shot detector. It
can be read as a map of the spatial coherence throughout the
beam, for a fixed distanced between all the interfering rays.
This makes the technique more straightforward than the
Young’s two-slits separated byd since, in the latter scheme,
a complete mapping of the coherence requires that the slits
are moved throughout the beam section, thus excluding any
single shot measurement. With the Fresnel’s mirrors setup,
the distanced is easily changed by simply varying the dis-
tanceZd between the interferometer and the detector. By
changingZd between 1 and 3 m, we probe the transverse
coherence of the beam at different distancesd51 to 3 mm.

Fig. 1. Experimental set-up showing the annular laser beam, diaphragm and Al filter, multilayer mirror, Fresnel’s mirrors interferom-
eter, and microchannel plate detector. The detector is tilted to increase the resolution.
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The fringe spacingi 5 l0a ' lZd0d ~60 mm for H13! de-
pends only on the wavelength, so that the interferograms
can be measured with the same resolution. As a drawback,
this technique introduces diffraction by the mirror central
edge. The detector is a CsI coated, two-microchannel plates
assembly, coupled to a phosphor screen on which the fringe
pattern is imaged with a CCD camera. The overall spatial
resolution of 90mm makes it necessary to tilt the detector,
so that the effective fringe spacing is multiplied by 7 on the
channel plates.

Figure 2 shows a 2D-interferogram measured forZd 5
2 m, that is,d5 2 mm, a pressure of 100 Torr in the jet and
a positionz5 180 mm of the jet relative to the laser focus
~z. 0 for a laser focused before the jet; the medium length
of 1 mm is small compared to the confocal parameter 50 mm!.
The almost symmetrical envelope of the distribution cor-
responds to the two crossed, half-Gaussian beams. Well
contrasted fringes are superimposed where the half-beams
overlap, indicating a good spatial coherence at the scale ofd.
Note that in Figure 2, we have performed a spatial frequency
filtering in the Fourier space to remove the 15th harmonic
~causing a beat modulation when superimposed with the 13th

harmonic fringe pattern!. By the same technique, we can
resolve the diffraction by the central mirror edge from
the interference modulation~Le Déroff et al., 1999!. After
analysis, we obtain the local degree of spatial coherence
6gd~P,Q;0!6 for the 13th harmonic. In most cases, it appears
rather uniform throughout the beam section: in the case of
Figure 2, it fluctuates around 0.6. We finally derive a mean
valuegd 5 ^6gd~P,Q;0!6&, averaged over the~P,Q! pairs in
the beam section. For the best conditions of focussing and
pressure, we obtaingd 5 0.8, 0.6, 0.4 within a6 0.1 uncer-
tainty, for respectivelyd 5 1, 2 and 3 mm. This means that
the coherent flux is almost equal to the total harmonic flux.
Therefore, the interferometry scheme with a large coherent
beam should allow probing large size object. Obviously, the
measuredgd is much larger than the one of the far-field pro-
duced from an incoherent source like X-ray lasers~Da Silva
et al., 1995; Zeitounet al., 1998; Roccaet al., 1999!, and
actually, it corresponds to the intrinsic coherence of the 13th

harmonic near-field. According to the van Cittert–Zernike
theorem~Born & Wolf, 1980!, the light emitted from a purely
incoherent source of radiusr will present a given degree of
coherence, saygd $ 0.6, within a cell of diameterd5 dincoh,

which increases with the distanceD from the source as
dincoh5 0.2lD0r. Using an estimated sizer ;100mm for
the harmonic source radius, the distanceD 51.3 m, we find
that the coherence cell has a diameterdincoh'160mm, much
smaller than the distanced 5 2 mm for which the same de-
gree of correlation is measured in the harmonic beam. How-
ever, note from the above discussion that, rather than the
intrinsic coherence, the brilliance of the source~number of
photons0s0unit of source area0unit of solid angle0fraction
of bandpass! should be the effective parameter for discuss-
ing its practical use in an interferometry experiment. To that
respect, X-ray laser compensate their poor intrinsic coher-
ence by a high brilliance.

As already reported by Ditmire and coworkers, we have
found that thegd decreases as the atomic density is in-
creased, due to the onset of time- and space-dependent elec-
tron density as ionization develops in the medium. In
Figure 3, we show the variation of thegd as a function of the
positionz of the jet relative to the laser focus. For a fixed
pressure of 100 Torr in the jet,d5 2 mm,gd increases from
0.3 when the laser beam is focused in the jet, to 0.7 when the
laser focus is atz5100 mm before the jet and the harmonic
signal close to its maximum value. The observed variation
should partially reflect the higher ionization which develops
in the focus region, leading to a degraded spatial coherence
as above mentioned. However, we claim that it mainly re-
flects the effect of the intensity-dependent, that is time- and
space-dependent phase of the nonlinear polarization~Salières
et al., 1995!. To prove this statement, we have performed
complete simulations of the 13th harmonic in the far-field
~Strong Field Approximation!, and computedgd as a func-
tion of z for different pressures in the medium~L’Huillier
et al., 1992!. The computedgd is shown in Figure 4. It de-
creases from 1 when the laser is focused either far before or
far after the jet, to 0.6 when the focus is at 20 to 30 mm after
the jet. The calculatedgd in Figure 4 are at least in qualita-
tive agreement with the experimental points: they both de-

Fig. 2. 2D interferogram of 13th harmonic beam, measured at distanceZd5
2 m, that is, for a distanced 5 2 mm between the interfering rays in the
incident beam,P5100 Torr in the jet and a positionz5 180 mm of the jet
relative to the laser focus. The spatial frequency associated to the 15th har-
monic has been removed by filtering in the Fourier space.

Fig. 3. Degree of spatial coherence ford5 2 mm, measured as a function
of the relative jet-to-focus position~z . 0 for focus before the jet!.
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crease to a minimum when the jet is close to the focus. The
calculatedgd exhibits a pronounced asymmetry with respect
to focussing in the jet~z5 0!, for the three pressures con-
sidered. The asymmetry means that the nonsymmetrical
phase of the nonlinear polarization~and nonsymmetrical
phase-matching! should be involved. The asymmetry is much
less visible on the experimental points. The experimental
minimum extends over a largerz region; it is lower~0.3!
than the calculated one. The obvious discrepancies between
computed and experimental points can be attributed, on the
one hand, to the large uncertainty~610 mm! on the absolute
origin ~focus position! in Figure 3. On the other hand, the
simulations use a Gaussian laser beam whereas it is exper-
imentally close to Gaussian but with a beam quality factor
M 2 5 2. As a result, the region of the jet close to focus,
where the dependence of the harmonic field with the funda-
mental is the most critical, may not be well enough de-
scribed in the simulations. However, we think that the
simulations prove the following important point: even at very
low pressure~1 Torr!, when the electron density plays no
role, the degreegd shows a marked decrease in the focus
region which can only be attributed to the intensity-
dependent, intrinsic dipole phase in the nonlinear polariza-
tion.At higher pressure, the calculated variation is very close
to the one with negligible electron density. Therefore, the
intrinsic phase still mainly determines the coherence de-
gree, the contribution of the electron density being limited.

3. APPLICATION OF HIGH-ORDER
HARMONICS TO HIGH-DENSITY
LASER-PLASMA DIAGNOSTICS

In this section, we report the successful application of high
order harmonic in XUV interferometry, namely to the dy-

namical study of a dense plasma in the subpicosecond re-
gime. As we recall in the Introduction, Zerne and coworkers
have shown that two real, phase-locked harmonic sources,
separated in space, can be generated from the same laser.
This scheme we call the second scheme has the advantage of
avoiding use of XUV mirrors, in particular of XUV beam
splitters, which are extremely difficult to produce in this spec-
tral range.

The experiment was carried out at the Lund High-Power
Laser Facility. The set-up is similar to the one previously
used to characterize the temporal coherence properties of
high order harmonics~Bellini et al., 1998; Lyngået al., 1999!.
A titanium-sapphire laser system delivers pulses at 790 nm,
of 200 mJ, 110 fs duration, at a repetition rate of 10 Hz.
Then, two pulses of equal intensity are produced in a
Michelson interferometer. The two beams are focused
under numerical aperturer0f 510100 into a pulsed krypton
gas jet. The energy is about 0.5 mJ for each pulse, which
leads to a peak intensity of the order of 1014 W0cm2 at
the focus. In order to produce two spatially separated foci in
the medium, one arm of the Michelson interferometer is
slightly misaligned. The two harmonic sources are thus real
and typically separated by 130mm, the configuration being
equivalent to the Young’s two-slits. After propagation, the
two diverging, mutually coherent beams overlap and inter-
fere in the far field. The visibility of the fringes is better than
30%. The harmonics are spectrally analyzed with a normal
incidence spherical~R51 m! grating with 1200 lines0mm.
The interference pattern is measured on microchannel plates
coupled to a phosphor screen. The images are then digitized
by a 16-bit CCD camera.

The feasibility of the method has been first demonstrated
by probing phase shifts induced by a thin aluminum foil.
The interferograms exhibit fringe shifts varying with the har-
monic order~from 9th to 15th! from which the thickness of
the foil can be determined. In this section, we focus on a
further application, in which we have measured the electron
density in a laser-produced plasma on a solid target. The
plasma is produced by irradiating a 50-mm thick aluminum
foil fixed on a flat glass support with a 300 ps, 790 nm, laser
pulse~pump! focused to an intensity of a few 1013 W0cm2.
The plasma is probed 1.2 ns after its production: one har-
monic beam passes through the expanding medium and is
phase shifted, whereas the second beam propagates in vac-
uum without perturbation. At the probe time, hydrodynamic
expansion and recombination have already occurred and the
electron density of the plasma is typically ranging from 1020

to a few 1022 cm23. The irradiated target is located 25 mm
after the focus of the one laser beam generating the harmon-
ics, so that the beam has diverged enough and does not per-
turb the plasma. The velocity of the ablated material is about
107 cm0s. We estimate that the plasma size is approximately
100mm at the time we probe it; it is slightly larger than the
harmonic beam size of about 70mm. In order to keep a phase
reference, the two harmonic sources~probe and reference!
are aligned at 458 relative to the target plane. In our case,

Fig. 4. Degree of spatial coherence ford5 2 mm, calculated as a function
of the jet-to-focus position for three different pressures. Coherence is min-
imum when the focus is close to the jet, even at very low pressure~1 Torr,
electron density negligible!. This indicates that coherence should be de-
graded through the intensity-dependent phase of the atomic dipole.
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100mm is an upper limit of the typical dimensions that can
be probed.

Figure 5 shows a radiography of the plasma, using the 7th

harmonic~113 nm! as a probe beam. This technique is sim-
ilar to X-ray shadowgraphy with the point projection method
~Yamanakaet al., 1982!. It allows us to check how the har-
monic probe is perturbed across the ionized medium. The
image in Figure 5 shows that the self-emission of the plasma
is not strong enough to fully override the harmonic beam
print on the detector. In absence of the plasma, the harmonic
beam profile is close to Gaussian. With the plasma, the trans-
mitted light is strongly reduced in the most dense regions,
where absorption or refraction take place. At wavelength
l 5 113 nm, the critical electron density is equal to 8–1022

electrons0cm3; it is one order of magnitude higher than the
typical densities of the plasma. Bremsstrahlung absorption
is therefore negligible in our conditions. Bound-free or
bound-bound absorption of multicharged ions are the most
probable processes at the origin of the beam attenuation ob-
served in Figure 5.

In Figure 6, we show single shot interference pattern ob-
tained with the two 7th harmonic probe beams and with
plasma present, in the same conditions as in radiography in
Figure 5. The initial target surface is approximately indi-
cated in the figure. We first observe that the harmonic is
perturbed at the same position as in Figure 5. In the upper
part of the image, the interference pattern has completely
disappeared due to atomic absorption of the harmonic beam.
In the lower part, the fringes are tilted compared to a vertical
reference~without plasma!. Because of absorption it is dif-
ficult to make reliable density measurements out of the data
with the 7th harmonic.

Now, the harmonic wavelength can be easily tuned to a
higher, less absorbed order, by simply tuning the spectrom-
eter. For example, the interference patterns recorded with
the 11th harmonic~72 nm! are presented in Figure 7. In this
case, the harmonic probe beam is not absorbed or refracted
by the plasma, as also confirmed by radiography measure-
ments. In Figure 7a, without plasma, the interference pat-
tern presents a good fringe visibility. When the plasma is
produced~Figure 7b and c!, we still clearly distinguish the
fringe pattern. The noise level has increased compared to
Figure 6, which is probably due to the presence of more Al
emission lines in this spectral range. The shift of the fringes
reveals the presence of high density plasma close to the ini-
tial target surface. The shift is quite regular indicating that
the plasma is rather homogeneous at the probe time. The
numberN of fringe shift at a wavelengthl is given by

N 5E
0

d 12 nref

l
dx'

L

2l

Ne

Nc

, ~2!

where:

nref 5 !12Ne0Nc 5 plasma refractive index,

and where the integral is taken over the plasma lengthL ;
100mm, assuming that refraction effects are negligible. In
Figure 7b, the harmonic probe beam is not fully embedded
in the plasma so that we observe unperturbed fringes aside
the plasma, far away from the target. Assuming that the
plasma is uniform along the probe path, we have a useful
reference which can be used to map the electron density in

Fig. 5. Single shot XUV radiography of the aluminum plasma using one
7th harmonic probe beam. The position of the plasma is shown in the figure.
The dashed lines sketch the expanding plasma.

Fig. 6. Single shot interference pattern of the two 7th harmonic probe beams,
with plasma present. Distortion of the fringes are clearly visible.
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the two dimensions of the expansion. In Figure 7b, we have
plotted some iso-density lines; they reveal that the hydro-
dynamic expansion of the plasma is mainly perpendicular to
the target plane. We measure densities ranging from
9{1019 cm23 ~line at bottom! to 2{1020 cm23 ~line at top!. In
Figure 7c, the fringes are tilted in the whole interference

field so that we do not have any reference. If we take as a
reference the position of the fringes at the bottom of the
image, we measure a minimum fringe shift of 0.8, corre-
sponding to an electron density of at least 2.5{1020 cm23. In
Figure 8, we have plotted the electron density profiles at
different timesDt of the plasma expansion, computed with

Fig. 7. Single shot interference pattern recorded using the 11th harmonic~a! without; ~b! and~c! with plasma. The position of the
plasma is shown in the figure, together with iso-density lines~dashed lines!.

Fig. 8. Solid lines: Simulations of electron density profiles at different delays between plasma creation and probe beam of the plasma
expansion, using the MULTI hydro-radiative code with parameterslpump5 800 nm, tpump5 300 ps~FWHM!, and Ipump5 3{1013

W0cm2. Triangle: experimental points from image 7b.
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the MULTI 1D hydro-radiative code~Ramis 1988!. The ex-
perimental points atDt 5 1.2 ns, measured from the inter-
ferogram in Figure 7b, are also shown. The agreement is
quite good and confirms the experimental observation of a
quite homogeneous plasma with linear gradients.

4. CONCLUSION

We have reported two interferometry experiments in the
XUV range, which both involve the coherence properties of
high harmonic generation in gas, from a Ti:Sa laser at 800 nm.

First, we use Fresnel’s mirrors interferometer to produce
two harmonics sources by wavefront division of the har-
monic beam, and to study its spatial coherence. With this
scheme, we can measure a 2D map of the degreegd of spa-
tial coherence, for a given distancedbetween the interfering
rays in the transverse section of the incident beam. As ex-
pected, the harmonic beam presents a relatively high spatial
coherence. For example, we measure an average degreegd$
0.5 in coherence cell of diameterd 5 2 mm, close to the
beam diameter: the coherent flux is almost equal to the total
flux. Interferometry experiment based on wavefront divi-
sion and probing large size objects is therefore possible with
harmonics. The study indicates that the intensity-dependent
phase of the atomic dipole should play a major role in the
spatial coherence properties of harmonic emission.

Second, we use an interferometry scheme analogous to
the Young’s two-slits, to measure the time-dependent elec-
tron density in a laser-produced plasma on a solid target.
The scheme, involving two phase-locked, space-separated
harmonic sources, has the advantage of avoiding any optical
XUV beam splitters. It demonstrates that subpicosecond
XUV interferometry, using harmonics, is now accessible
using a table-top laser. It emphasizes the advantage of hav-
ing a quasitunable XUV source, to overcome absorption and
refraction effects in plasma diagnostics.

The one or the other interferometry scheme can be used
for time-resolved measurements in various systems. We be-
lieve that it can be particularly useful as an ultrafast plasma
diagnostics, that is characterization of ultrafast processes such

as, for example, the propagation of ultrashort pulses in over-
dense plasmas.
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