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Measurement of the degree of spatial coherence of high-order harmonics using
a Fresnel-mirror interferometer

L. Le Déroff,1 P. Salières,1 B. Carré,1 D. Joyeux,2 and D. Phalippou2
1CEA, DSM/DRECAM/SPAM, Centre d’Etudes de Saclay, 91191 Gif-sur-Yvette, France

2Institut d’Optique The´orique et Applique´e, 91403 Orsay, France
~Received 16 July 1999; published 3 March 2000!

We have studied in detail the spatial coherence of the far field of the 13th harmonic from a Ti:sapphire laser
generated in xenon, as a function of the generation parameters. Experimentally, we use Fresnel mirrors to
produce two-dimensional interferograms. This technique allows us to probe the coherence at different scales
d51 – 3 mm between the interfering rays, i.e., throughout the full section of the incident beam. A high uniform
degree of mutual coherencegd , larger than 0.5 in most cases, is measured as a function of the position of the
jet relative to the focus, and pressure in the jet. It confirms the high intrinsic spatial coherence already reported
for the extreme-ultraviolet harmonics, which is much larger than the one produced from x-ray lasers. Spatial
coherence decreases when the laser focus is moved toward the jet, and when the pressure is increased: the onset
of ionization, as well as the intensity-dependent phase of the nonlinear polarization, are rapidly varying factors
in time and space which degrade the correlation between the fields at two different points. Simulation of the
coherence degree emphasizes the role of the intensity-dependent phase in the evolution of the coherence
degree.

PACS number~s!: 42.65.Ky, 42.25.Kb, 42.25.Hz
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I. INTRODUCTION

High-order harmonic generation provides an efficie
source of radiation in the extreme-ultraviolet~XUV ! region,
with rather unique characteristics. The most remarkable
these are the very short pulse duration and the spatial
temporal coherence. The detailed characterization of the
monic light serves a double purpose. First, it reveals
complex underlying physics of the harmonic generati
Then it qualifies harmonic light in terms of a usable sou
for the applications. The two purposes are bound, sinc
good knowledge of the process now permits one to con
and shape harmonic beam parameters such as the dur
and the spectral and spatial distributions. The temporal
spatial coherence of the light is actually of great importan
for the applications. On the one hand, the temporal coh
ence would allow, in principle, interferometry experimen
using amplitude division. On the other hand, the spatial
herence grounds the possibility of interferometry using
wave-front division@1#. The high instantaneous brightne
and the short pulse duration of the harmonic radiation sho
allow one to perform time-resolved, single-shot interfero
etry measurements in, for instance, high-density ionized
dia or thin solid films.

The study of the spatial properties of harmonic radiat
first concentrated on a characterization of the far-field em
sion profiles. Peatross and Meyerhofer@2# and Tischet al.
@3# observed distorted profiles attributed to the effects of
intrinsic dipole phase and the ionization of the generat
medium, respectively Salie`res et al. @4# showed that unde
some focusing conditions, very regular near-Gaussian an
lar distributions could be obtained. In particular, a transit
from a centered profile to an annular profile could be o
served by moving the laser focus position from before
gas jet to inside@5#. This evolution was interpreted by th
1050-2947/2000/61~4!/043802~9!/$15.00 61 0438
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change of phase matching in the medium, due to the in
play between the intrinsic dipole phase and the geometr
phase shift at the focus. The study of the far-field profiles
not sufficient to characterize the beam quality fully. Recen
we measured the spot size of a harmonic beam in the f
region of a multilayer spherical mirror together with its fa
field profile @6#. Good quality beams, diffraction limited
nearly two times, are obtained at low pressure and sm
medium length, but degradation is observed when the p
sure or the medium length is increased.

Spatial coherence is related to the correlation of the te
poral fluctuations of the electromagnetic fields inside
beam; in other words, it is related to their ability to interfer
This is thus a field property distinct from the close-t
Gaussian character, which results in the possible focusin
the beam down to the diffraction limit. Actually, a close-t
Gaussian field should present a good spatial coherence
the reciprocal is not true in general.

The spatial coherence of the harmonics is expected to
high, since they build up coherently in the generating m
dium from the highly coherent driving field. However, se
eral factors involved are strongly time and space depend
The intrinsic dipole phase which enters the nonlinear po
ization depends directly on the laser intensity@7#. Moreover,
at an intensity close to the saturation intensity, ionizat
takes place, i.e., a time- and space-dependent electron
sity develops in the medium. As a result, the ‘‘building hi
tory’’ of the harmonic field varies across the transverse s
tion of the beam at the medium exit, and the spa
coherence should subsequently be reduced.

So far, the only measurements of the spatial cohere
were reported by Ditmireet al. @8,9#. With a Young two-slit
experiment they investigated the coherence of harmonics
to 19 of a frequency-doubled Nd: glass laser focused in
lium. The coherence was measured quite close to the fo
since the slit pair was placed 40 mm away from t
©2000 The American Physical Society02-1
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gas jet. A slit spacing between 25 and 100mm was used to
probe the coherence inside the 200-mm full width at half
maximum harmonic profiles. The observed good fringe v
ibility indicates a high spatial coherence that is strongly
graded at high intensity. The authors attributed this degra
tion to the free-electron dispersion introduced by t
ionization of the medium. However, they did not find a
significant change of the fringe visibility when changing t
backing pressure, which is quite surprising since the fr
electron dispersion should be all the more important as
pressure is high. The authors invoked the fact that harmo
may be efficiently generatedbefore the maximum electron
density is reached, so that the effective free-electron den
‘‘seen’’ by the harmonics may not change when chang
the backing pressure. Another puzzling trend is the chang
the fringe visibility when moving the center of the slit pa
across the harmonic beam. The visibility increases from
for the slits centered to 0.7 near the edge of the beam.
coherence would thus change significantly inside the bea

In this paper, we report systematic studies of the spa
coherence of the 13th and, to a lesser extent, the 15th
monics produced in xenon from a Ti:sapphire laser at 8
nm. We have measured the degree of spatial coherence 1
away from the generating medium, i.e., in a region wh
this coherence could be used in applications. We us
Fresnel-mirrors interferometer@10# ~described in Sec. II!, a
system that allows us to probe simultaneously the spa
coherence in the beam between all the pairs of rays dista
a given distanced in the transverse section of the incide
beam. The interference pattern can be read as a full-s
single-shot mapping of the spatial coherence throughout
beam, for a fixed distanced between the interfering rays. I
contrast, with the Young slit system, only two rays separa
by d interfere. A complete mapping of the coherence th
requires that the slits are moved throughout the beam sec
and, therefore, a single-shot picture is no longer measura
Another advantage of the Fresnel-mirror setup is that
distanced is easily changed by simply changing the distan
between the interferometer and the detector. By moving
detector away from the interferometer from 1 to 3 m, w
have probed the coherence inside the beam at distancd
between 1 and 3 mm. As a drawback, this technique in
duces diffraction by the mirror central edge. In order to
solve the diffraction from the interference effects, we ha
developed an analysis, described in Sec. III, that extracts
degree of coherencegd from the interferograms. The resul
are presented in Sec. IV. The two-dimensional mapp
shows a rather uniform degree of coherencegd . A relatively
high average value,gd>0.5, is measured for distanced as
large as 2 mm, of the order of the beam section diame
This is larger by at least one order of magnitude than
coherence of the field emitted by an incoherent source of
same diameter at focus. Thegd degree is found to decreas
significantly when the backing pressure is increased
when the gas jet is placed close to the laser focus. Fina
the variations ofgd with the focusing conditions and the ga
jet pressure are compared with simulations of the harmo
spatial coherence. This shows that ionization, that is sp
and time-dependent conditions for the generation and
04380
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propagation of the harmonic field, degrades the spatial
herence, as reported in Ref.@9#. Moreover, the intensity-
dependent, atomic dipole phase may equally play a role
the observed behavior.

II. EXPERIMENTAL SETUP: FRESNEL’s MIRROR
INTERFEROMETER

The experimental setup is schematized in Fig. 1. The la
is an amplified Ti:sapphire system that delivers 60-fs pul
at 800 nm, of as much as 100 mJ of energy, with a 20-
repetition rate~IR beam!; it is installed at the Laser Ultra
Court Accordable laser facility of the CEA/DRECAM in
Saclay. A ring-shaped IR beam~,10 mJ; numerical aperture
r / f 51/200) is focused in a xenon gas jet at an intensity
1013– 1014W/cm2 and then cut when it diverges at 1 m fro
the focus on a circular diaphragm of diameter 3.5 mm. T
allows one to get rid of most of the intense laser bea
whereas the harmonics, that are mainly emitted on the a
pass the diaphragm. To select one harmonic or a few
monics, we use a Mo/Si multilayer mirror and a se
supported 100-nm aluminum foil. Harmonics 13 and 15
the main components of the transmitted light through
system~referred to asH13 andH15, respectively!. The har-
monic source is placed at the focus of the multilayer mir
( f 51300 mm), so that the collimated XUV beam is reflect
parallel, under a full deviation of 14°, toward the interferom
eter located 2.6 m away. The harmonic profile is very re
lar, close to Gaussian, with a full width at 1/e2 around 3 mm,
depending on the generating conditions. The Fresnel mir
consist of two plane, highly polished, silica half-mirror
which are tilted at «55.44 mrad around their commo
straight edges. The harmonic beam, incomi

FIG. 1. Experimental setup. An annular shaped IR beam is u
to generate harmonics on the axis; it is cut on a diaphragm
diameter 3.5 mm and a 100-nm aluminum filter. The 13th and 1
harmonics are reflected and collimated to a parallel beam of di
eter 3–4 mm by a highly polished spherical multilayer mirror. T
geometry of the Fresnel mirrors is detailed in the inset—see
angle values in the text. From the beam cross section before
interferometer, only a strip of the harmonic beam is sketched wi
pair of parallel rays~defined byP1 andP2). All the rays separated
by d in the incident beam interfere at a distanceZd5ad from the
interferometer. The detector is tilted to obtain sufficient resoluti
2-2
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MEASUREMENT OF THE DEGREE OF SPATIAL . . . PHYSICAL REVIEW A 61 043802
parallel to and centered on the mirror edge, is reflected
grazing incidenceb594 mrad on the two half-mirrors. Two
reflected half-beams therefore cross under anglea52b«
'1 mrad and overlap, generating interference patterns. T
rays that interfere at a given distanceZd after the interferom-
eter areall the pairs of rays, respectively, atP1 andP2 in the
transverse section of the incident beam, whereP1 and P2
vary in the transverse section but satisfy the following co
ditions:~i! TheP1P2 segment is perpendicular to the vertic
plane of incidence, i.e.,P1P2 horizontal. ~ii ! The distance
d5P1P2 is equal toaZd , an upper bound being the bea
diameter of 3 mm. If we place a two-dimensional~2D! de-
tector at a distanceZd , we measure a 2D interferogram
which each point corresponds to a pair of interfering rays
the incident beam. Therefore, the 2D interferogram can
read as a map of the spatial coherence throughout the b
This shows an obvious advantage of this technique over
Young two-slit technique, as we recalled in Sec. I. By cha
ing the distanceZd between 1 and 3 m, we can probe t
transverse coherence of the beam at different distanced
51 – 3 mm. The fringe spacingi 5l/a'lZd /d depends
only on the wavelength, so that the interferograms can
measured with the same resolution for differentZd’s. The
fringe spacing is 60mm for H13. The width of the interfer-
ence field remains of the order ofd at distanceZd .

The detector at distanceZd consists of a CsI-coated, two
microchannel-plate~MCP! assembly~mounted in series!,
coupled to a phosphor screen on which the fringe patter
imaged with a charge-coupled-device~CCD! camera. The
two-stage MCP1phosphor screen have an overall spa
resolution of 90mm, which would not suffice to resolve th
fringe spacing. They are therefore tilted so that the incid
beam makes a grazing angle of 8° with respect to the
input plan, and the fringe spacing is magnified by a factor
7 up to 450mm. For determining the resolution of the who
system at the harmonic wavelength, we produce a kno
regular intensity pattern by using a calibrated mesh a
mask on the first microchannel plate. The response func
of the detector can be deduced from the measured pat
We find that the measured fringe contrast~the spatial degree
of coherence! should be multiplied by 1.7 to compensate f
the MCP response. After they are tilted, the MCP’s still ha
sufficient gain to obtain single-shot pictures.

III. DETERMINATION OF THE DEGREE OF SPATIAL
COHERENCE

We have measured interference patterns at three dista
Zd after the interferometer, i.e., for three separationsd in the
incident beam. Figure 2 shows two-dimensional interfe
grams, wherex andy are horizontal and vertical dimension
obtained forZd51, 2, and 3 m, i.e.,d51, 2, and 3 mm,
respectively, and their characteristic profiles along thex axis.
The angle of the fringes with the vertical~38°! comes from a
slight misalignment~0.6°! of the mirrors relative to the inci-
dent beam. In all cases, well-contrasted fringes are obtai
indicating a good spatial coherence over 3 mm. At a dista
Zd51 m @Fig. 2~a!#, the width of the interference field isd
51 mm, so that a small number of fringes is produced. A
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distanceZd52 m @Fig. 2~b!#, the two halves of the inciden
beam have clearly crossed and overlapped almost symm
cally. The interference field width and the number of fring
are doubled. The structures on both sides of the profile
enhanced due to the diffraction by the central edge of
mirrors. At a distanceZd53 m @Fig. 2~c!#, the contrast is still
large in the central part of the profile, where, for almo
symmetric rays in the two half-beams, the interfering elec
fields have equal amplitudes. The contrast is weaker on
sides where the electric fields along asymmetric rays in
fere with different amplitudes. Note that all interferograms
Fig. 2 result from the superposition of two fringe patterns
wavelengthsH13 ~61.53 nm! andH15 ~53.33 nm!, and thus
have slightly different spacings. A beat modulation of t
contrast is indeed clearly visible, especially in the profile
Zd52 m. In order to extract the spatial coherence of t
harmonic beam from the interferograms as simply as p
sible, we have grounded our analysis on the following si
plifying remarks and assumptions.

Resolving diffraction and interference effects

First we note in the profiles of Fig. 2 that Fresnel diffra
tion by the mirror edge should affect the intensity distrib
tion of each half-beam in thex dimension. The peak intensit
on each side is enhanced, whereas the pseudoperio
modulation is hardly apparent. Diffraction also occurs in t
y dimension, as it is visible in the interferogram forZd
52 m ~horizontal lines!; this is due to the limited vertica
aperture of the interferometer. Nonetheless, we assume~as-
sumption 1! that diffraction should not significantly affec
the interference, i.e., the contrast of the fringes through
the interferogram. More precisely, we claim that the frin
analysis can be separated from the description of the diff
tion. It is clear that vertical diffraction only results in modu
lating each line by the same factor; that is, there is no cha
in the contrast. To illustrate the case of the horizontal d
fraction, in Fig. 3~a! we show a spatial profileI d(x,y) along

FIG. 2. Two-dimensional interferograms at distances~a! Zd

51 m, i.e., for a separationd51 mm between the interfering ray
in the incident beam, jet-to-focus positionz5140 mm ~jet after
focus for positive abscissa!, backing pressureP51000 Torr; ~b!
Zd52 m, d52 mm, z5180 mm, andP51000 Torr; and~c! Zd

53 m, d53 mm, z5140 mm, andP5400 Torr.
2-3
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L. Le DÉROFFet al. PHYSICAL REVIEW A 61 043802
x in the interferogram forZd52 m ~thin line!, and in Fig.
3~b! the Fourier transformF@ I d#(k) of I d with respect tox.
The signalF@ I d#(k) presents two clearly distinct regions o
spatial frequencies. On the one hand, it exhibits two w
resolved peaks at spatial frequenciesk1352pa/l13 andk15,
corresponding toH13 andH15 fringe patterns, respectively
The ratio 1:3 of the amplitudes forH15 andH13 compo-
nents reflects their relative contributions to the harmo
beam. On the other hand, the low part of the spectrum,
tween 0 and 50 in Fig. 3~b!, corresponds to the long-rang
variation of the intensity profile, i.e., of Gaussian type
cluding diffraction. After suppression of the high comp
nents atk13 and k15 in the spectrumF@ I d#, we perform an
inverse Fourier transform to rebuild the profile which is plo
ted in Fig. 3~a! ~thick line!, including only the diffraction
effects. It displays a typical pseudoperiodical modulation
the Fresnel diffraction. Conversely, information on the frin
pattern is all contained in the high-frequency part of t
F@ I d# spectrum. Starting from an analytical representation

FIG. 3. ~a! 1D profile along thex dimension of the measure
I d(x,y) 2D interferogram at a distanceZd52 m (d52 mm); the
reconstructed profile including only diffraction by the mirror’s ed
is superimposed.~b! Fourier transformF@ I d#(k) of the I d(x,y) pro-
file as a function of thex-conjugate spatial frequencyk; the low-
frequency part of the spectrum corresponds to diffraction by
mirror’s edge—the two peaks atk13516.5 mm21 and k15

518.5 mm21 are clearly resolved.~c! Reconstructed 1D-profile
along thex dimension, including interference with a measuredgd

degree of coherence and diffraction; it compares reasonably
the experimental profile~a!.
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the Fresnel diffraction of a Gaussian profile, we checked t
the amplitude in the Fourier spectrum was negligible at
k13 frequency of the fringes. By means of this clear partiti
and simple operations onF@ I d# spectrum, we can analyz
either diffraction or the interference of the two half-beam

Two-dimensional mapping of the degree of spatial coherence

Thanks to the separation between the diffraction and
terference, we now describe the interference state at p
Q(Zd ,x) in the usual simple way as a sum of two geome
cal rays issued fromP1 andP2 , respectively, separated byd
in the transverse cross section of the incident beam. De
ing E(P1 ;t)eiw(P1 ;t) the electric field~modulus and phase! at
P1(P2), we recall that the complex degree of spatial coh
enceg(P1 ,P2) between the fields atP1 andP2 is expressed
as

g~P1 ,P2!5g12e
ia~P1P2!5

^E~P1 ;t !E~P2 ;t !eiDw~P1 ,P2 ;t !&

A^E~P1 ;t !2&^E~P2 ;t !2&
,

~1!

whereDw(P1 ,P2 ;t) is the phase difference, and the brac
ets denote the time average over the pulse duration.
g(P1 ,P2) degree dependsa priori on the absolute position
of P1 and P2 in the incident beam. Under the geometric
condition that the two rays interfere inQ, the coordinates of
P1 and P2 can be expressed in terms ofx, y, andd. Under
further condition that the time (P1Q2P2Q)/c is negligible,
the fringe pattern profileI d(x,y) relative to the wavelength
H13 can be written as

I d~x,y!5I 1d~x,y!1I 2d~x,y!12gd~x,y!AI 1d~x,y!I 2d~x,y!

3cos@k13x1a~P1P2!#. ~2!

In Eq. ~2!, I 1d(x,y)(I 2d) is the intensity 2D distribution in
the harmonic half-beam reflected by mirror 1~2!, including
diffraction by the mirror edge. In order to have a first es
mate ofgd , and to look at its eventual variations in spac
we have performed the following local analysis. To st
with, we build theI d map relative toH13, by skipping the
modulation at thek15 spatial frequency in the experiment
map in Fig. 2, using line-to-line spatial frequency filtering
the Fourier domain. We then obtain a determination of
local gd( x̄,y) at the coarse abscissax̄ using Eq.~2!:

gd~ x̄,y!5
I d

max2I d
min

4AI 1dI 2d

. ~3!

In Eq. ~3!, I d
max and I d

min are the maximum and minimum o
the I d mapping close tox̄, for y fixed. The intensity distri-
butionsI 1d andI 2d are obtained line by line, from a fit of the
interference-free profile, including only the diffraction i
Fig. 3~a!. For achieving the fit we choose a reasonable
scription of I 1d(I 2d): it is computed analytically as an ap
proximate form of the Fresnel diffraction, at a distanceZd

5d/a of a Gaussian amplitudeI 0
1/2exp(2x2 /w2), incident on

the bimirror and centered on the mirror edge@11#. The pa-
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MEASUREMENT OF THE DEGREE OF SPATIAL . . . PHYSICAL REVIEW A 61 043802
rametersI 0 and w, the half width at 1/e of the amplitude
distribution, are free in the fit. We find 2w ~the full width at
1/e2 of the intensity distribution! close to 3 mm, which cor-
responds to the value expected from the beam diverge
The resultinggd( x̄,y) in Eq. ~3! is mapped in Fig. 4 forZd
52 m; the conditions of harmonic generation are defined
the figure caption.gd is rather uniform as a function ofy; we
note that they-vertical range of'2 mm in Fig. 4 is smaller
than the 2w width of the intensity distribution. Moreover, i
does not show a noticeable variation withx except on the left
and right sides of the map. On these sides, the rays inte
with very different amplitudes, e.g.,I 1d maximum andI 2d
small, so that the normalization byI 2d in Eq. ~3! introduces
a large uncertainty. As a rule, thegd degree fluctuate slightly
around an average value of 0.6, with a standard deviatio
0.06. Note that the regular fringe pattern in Fig. 2 has alre
shown that the phasea(P1P2) of the complex coherenc
degree should essentially be constant throughout the m
The same type of rather uniform map is obtained for vario
conditions of harmonic generation. This is in contrast w
the results reported in Ref.@9#, where, surprisingly enough,
significant increase of thegd was measured as the pair
rays moves from symmetrical to very asymmetrical relat
positions in the incident beam. In our case, we assume~as-
sumption 2! that it is reasonable to compute the numbergd
5^gd( x̄,y)&, x̄ and y averaged over the full interferogram
This characterizes with one single number the average
relation between all the pairs of rays separated byd in the
incident beam.

Averaged degree of spatial coherence from Fourier analysis

Under assumptions 1 and 2, we have performed a sec
type of analysis where the averagedgd is computed from the
Fourier spectrumF@ I d# rather than the spatial spectrumI d .

FIG. 4. 2D map of thegd(x,y) degree of spatial coherenc
determined from a point-to-point analysis of the 2D interferogr
at a distanced52 mm, a jet-to-focus positionz5180 mm, and a
backing pressureP51000 Torr.x andy dimensions have an exten
sion close to 2 mm. The rather uniformgd(x,y) fluctuates around
0.6.
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We now write Eq.~2! with gd(y) independent ofx, but for-
mally keeping its dependence ony. We ignore diffraction so
that I 1d and I 2d are now purely Gaussian functions. At
distanceZd , the two half-beam maximums are separated
d, so thatI 1d(x) is centered atx52d/2 (x51d/2 for I 2d):

I 1d~x!5I 0e22~x1d/2!2/w2
Y~x1d/2!, ~4!

whereY(x) is the Heaviside function. The parametersI 0 and
w have been fixed from the fit of the interference-free profi
as previously explained. Except forgd(y), they dependence
of the line-to-line analysis is implicit. The Fourier transfor
F@ I d#(k) of I d in Eq. ~2!, using the expression in Eq.~4!, can
be calculated analytically. We simply obtaingd(y) by iden-
tifying the F@ I d#(k) expression at spatial frequencyk5k13
to the measured number in the profile in Fig. 3~b!:

gd~y!'
&F@ I d#~k13!

wApI 0 erfS d

&w
D ed2/2w2

. ~5!

The determination ofgd(y) from the Fourier spectrum in Eq
~5! allows one to filter the noise: this is equivalent to ave
aging the fringe-to-fringe determination in Eq.~3!. We check
that the parametersI 0 andw and the degreegd(y) are con-
sistently determined by rebuilding the full profileI d(x) in
Fig. 3~c!, close enough to the experimental profile in F
3~a!.

The above line-to-line analysis givesgd(y), which is in
good agreement with thex̄-averaged value from the 2D
analysis. Moreover, the same uniform behavior is measu
along they dimension, as further illustrated in Fig. 5. Ther
fore, 2D-averaged values ofgd are now discussed. The fu
analysis can be performed on a personal computer. This
allowed a systematic study of the spatial coherence of
harmonic beam, requiring the treatment of more than 10
interferograms.

FIG. 5. gd(y) degree of spatial coherence averaged over thx
dimension, determined from Fourier analysis of the 2D interfe
gram atd52 mm, a jet-to-focus positionz5180 mm, and a back-
ing pressureP51000 Torr. As in Fig. 4,gd(y) slightly fluctuates
around 0.7, so that they-averaged valuegd can be computed to
characterize the spatial coherence with a single number.
2-5
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FIG. 6. The 2D-averagedgd for d51 mm and 2 mm, as a function of the generation parameters: Backing pressureP51000 Torr
~pressure in the jet'P/10), andgd as a function of jet-to-focus positionz, @~a! d51 mm, ~c! d52 mm#; andz5220 mm, andgd as a
function of P @~b! d51 mm, ~d! d52 mm#.
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IV. INFLUENCE OF THE GENERATION CONDITIONS

We report in details the determination of the 2D-averag
gd for H13, at distanceZd51 and 2 m; that is, for pairs o
rays separated byd51 and 2 mm in the incident beam. It i
studied as a function of the harmonic generation parame
namely,~i! the position of the laser focus relative to the g
jet (z.0 for a laser focused before the jet!, and~ii ! the gas
pressure in the jet~the pressure in the pulsed jet is typical
ten times less than the backing pressure, notedP!. Similar
but less extended studies, on account of the weaker sign
Fig. 3~b!, have been performed forH15, but are not reported
here. For most of the measurements, the laser peak inte
is close to 231014W/cm2. For given conditions,P and z
fixed, we record at least ten single-shot images which
analyzed line by line as described above. The statist
analysis provides the shot-averagedgd(y), the shot- and 2D-
averagedgd’s and their standard deviations. The over
standard deviation ofgd is 0.06, of the order of that on
gd(y). This mainly reflects the laser intensity and gas d
sity fluctuations.

The gd values are plotted in Fig. 6 as a function ofz and
P, for Zd51 and 2 m. ForZd51 m, i.e.,d51 mm, gd is
larger than or equal to 0.7 in the whole range of paramet
For a fixed pressureP51000 Torr in Fig. 6~a!, gd increases
from 0.7 to 1 as the laser focus is moved away from the
For fixed z523 mm in Fig. 6~b!, gd remains quasiconstan
with pressure, although a slight decrease is observed at
pressure~1000 Torr!.

For Zd52 m, i.e.,d52 mm, gd is larger than or equal to
0.3 in the whole range of parameters. For a fixed press
P51000 Torr in Fig. 6~c!, gd increases from 0.3, when th
laser beam is focused in the jet, to 0.7 when the laser focu
at z5100 mm before the jet. The variation with the xen
density for fixedz5220 mm is also significant in Fig. 6~c!:
the gd value decreases almost linearly from 0.8 at 100 T
to 0.4 at 1000 Torr. Note that the two variations withz are
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reported in a range ofz values that is not symmetric about 0
Yet the interferograms were recorded while keeping appro
mately the same gain on the MCP, thus exploring a region
about constant harmonic generation efficiency. The rela
position of the laser focus and the gas jet has been meas
with an uncertainty of only610 mm. A possible explanation
for this is the asymmetry of the conversion efficiency due
phase matching, as reported in Ref.@7#.

In summary, the harmonic beam presents a good sp
coherence,gd>0.5, within a cell of diameter 2 mm, in the
rangeP<500 Torr for the backing pressure. The highest c
herence,gd close to 0.8 in the 2-mm cell, is measured at lo
pressure and for the laser focus about 100 mm before
medium.

Comparison with an incoherent source

The gd values for three distancesd are plotted in Fig. 7,
for the same conditions of focusing and pressureP

FIG. 7. Comparison ofgd for the 13th harmonic with that of an
incoherent source of the same diameter at distanceD51300 mm, as
a function of the diameterd of the coherence cell.
2-6
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51000 Torr, z5160 mm). We recall that we measure th
coherence of the harmonic beam not exactly after the sou
but after the beam has diverged over a source-spherical
ror distance of 1300 mm and propagated parallel over 2.
to the interferometer. We assert that the parallel propaga
does not affect the coherence. The diverging propaga
changes it slightly, at least at a very short scale in the w
front. According to the van Cittert–Zernike theorem@12#, the
light emitted from a purely incoherent source of radiusr will
present a given degree of coherencegd within a cell of di-
ameterdincoh which increases with the distanceD from the
source asdincoh[lD/r, where the proportionality factor de
pends ongd . An estimate of the size of the harmonic bea
at the exit of the jet is given byr5rL /p1/2, whererL is the
laser spot radius andp an effective order of nonlinearity in
general smaller than the harmonic order@13#. For harmonic
13, p;7 andrL;250mm ~the laser beam was diffractio
limited between two and three times! give r;100mm. In
Fig. 7, we compare the measured coherence, at distancD
51300 mm from the harmonic source, with the one from
incoherent source of same radiusr5100mm, as a function
of the coherence cell diameter. It is clear from Fig. 7 that
the incoherent source, the coherence cell in whichgd>0.4
has a diameterdincoh'300mm, much smaller than the dis
tanced53 mm for which the same degree of correlation
measured in the harmonic beam. Therefore, we actually m
sure the intrinsic coherence of the harmonics in the exp
ment. The comparison of the measured coherence with
of the field radiated by an incoherent source of same di
eter was also developed in Ref.@9#. Despite the different
generating conditions~a harmonic diameter of 70mm, the
laser focused withr / f 51/100) and distance where the c
herence was probed~only 40 mm away from the generatin
medium!, both comparisons are quite similar. Note, howev
that the parameter important in most applications is the
herent flux, i.e., the flux contained in the area where
coherence degree stays above, say, 0.4. We have shown
the latter condition can be met over the full diameter of
harmonic beam~3 mm!, which means that all the harmon
flux is coherent. In Ref.@9#, the coherence of the 13th ha
monic drops to 0.2 ford5100mm, for a full diameter of 350
mm, indicating a loss of coherence certainly due to the i
ization conditions.

Discussion: ionization and phase effects

For the purpose of discussion, we consider two pointsP1
and P2 in the harmonic transverse section at the exit of
medium. As clearly explained in Ref.@8#, all the processes
which cause different time histories of the rays emerging
P1 and P2 will lower the spatial coherence between the
We note from definition~1! that ug(P1 ,P2)u51 implies that
E(P1 ;t) and E(P2 ;t)eiDw are proportional everywhere i
time, i.e., have exactly the same history. In the case o
cylindrical geometry of the laser beam and medium, t
should be the case for symmetrical points. Generally spe
ing, different histories of the phases already produce a
crease of spatial coherence. In effect, the average value
the Schwarz inequality u^E(P1 ;t)E(P2 ;t)eiDw&u
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<u^E(P1;t)E(P2;t)&u are equal if and only if the phase differ
enceDw is constant everywhere in time. Now, in gener
both the modulus and phase of the harmonic field have
ferent histories at the two nonsymmetrical pointsP1 andP2 .
This is particularly the case when ionization takes place
the generating medium, producing a time-increasing den
of electrons which varies substantially from place to place
the simple ideal case of perfect phase matching, the phas
the harmonic fieldin the mediumis equal to the one of the
nonlinear polarization. To a first approximation~loosely fo-
cused beam, and weakly dispersive medium whose leng
small compared to the confocal parameter!, it can be ex-
pressed as the sum of two terms:~i! the phase
(qv/c)*0

zn1(r ,z8;t)dz8 of a quasiplane wave wheren1

5A12@Ne(r ,z;t)e2/mv2«0# is the refractive index at fre-
quencyv in the presence of an electron densityNe(r ,z;t);
and ~ii ! the intrinsic dipole phasewat5hI L , proportional to
the laser intensityI L @5#. The first term~i! should vary with
the time-increasing electron density; therefore it should v
differently in time along the rays that emerge inP1 andP2 ,
respectively. Actually, due to the radial laser intensity dis
bution, ionization of the medium is faster on the axis. F
term ~ii ! the difference of the dipole phasesh@ I L( l ;t)
2I L(2;t)# between any two nonsymmetrical points in th
medium is obviously timedependent, which should result
two different histories of the phases inP1 andP2 . Note that
the above discussion implies that, in principle, the deg
g(P1 ,P2) varies for a fixed distanced5P1P2 with the ab-
solute position of the (P1 ,P2) midpoint. This points out that
the choice, according to assumption 2~see Sec. III! of a
constantgd , which can be determined from the Fouri
analysis, should be carefully interpreted. It has the appro
mate meaning of an average value only wheng(P1 ,P2)
[gd(x,y) is slowly varying withx, as is the case in Figs.
and 5. In the general case, it should rather be viewed a
effectivegd .

From the above discussion, the variations ofgd as a func-
tion of the pressure in Figs. 6~b! and 6~d! can certainly be
attributed to ionization: the faster and higher the elect
density develops in the medium, the higher the decorrela
of the time-dependent fields at the medium end. Now,
variation ofgd with the laser focus and jet relative position
in Fig. 6~a! and 6~c! can be related to both~i! the strong
ionization at the maximum laser intensity close to focus, a
~ii ! the effect of the dipole phase, which is all the mo
important asI L is high. To attempt to unravel the two effect
we have performed a simulation of the 13th harmonic fie
and computed the degree of coherence for both near an
fields. The simulation code, which was extensively describ
in Ref. @7#, includes a computation of the nonlinear polariz
tion in the strong-field approximation and the coupled pro
gation of the fundamental and the harmonic fields in
presence of ionization. In Fig. 8, we plot the averagedgd as
a function of z, for three different backing pressures~the
pressure in the jet isP/10), at an intensity of 1014W/cm2.
The gd degree actually decreases from 1, when the lase
focused either far before or after the jet, to 0.6, when
focus is at 20–30 mm after the jet. Note that the curve is
2-7
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symmetrical. The overall variation of the calculatedgd is
compatible with the one measured in Fig. 6~c!. The simula-
tion also shows that for a focus position from far before to
mm after the jet,gd decreases with pressure. The depe
dence is more irregular at largerz after the jet, wheregd
seems to oscillate slightly withP. Beyond this agreemen
the quantitative comparison with the measuredgd is not per-
fect. First, the asymmetry in the simulation does not app
as clearly in the measured curve. The calculated value of
at the curve minimum remains higher than the one in F
6~c!. Actually, the laser field is only approximately modele
in the simulation: it is chosen as Gaussian with a confo
parameterb5120 mm, whereas it is experimentally close
Gaussian but withM252. As a result, the generation in th
jet close to focus, where the dependence of the harm
field with the laser intensity is the most critical, maybe n
well enough described in the simulation. Moreover, we
not account for the annular structure of the laser far field
leads to essentially the same laser field in the focus regio
the one resulting from a regular profile, but the differen
between annular and regular beams should increase as
moves away from the focus. Both approximations can
plain that thez scale is different between the calculated a
experimental curves. This could also explain that, wher
the experimentalgd in Fig. 6~d! as a function ofP is mea-
sured for a focus 10 mm after the jet, the simulated cur
display a poor pressure dependence in this range.

However, an important point can be underlined from t
simulation: the dominant part of the variation of thegd re-
mains at a very low pressure~backing pressureP510
31 Torr), where the electron density plays no role. We th
suggest that in a finite range of negative-z values, the marked
decrease ofgd can be interpreted as a decorrelation of t
fields mainly due to the intensity-dependent phase of
atomic dipole. Out of this range, for instance, forz values as
in Figs. 6~b! and 6~d!, where a variation ofgd with pressure
is clearly measured, the decorrelation should result from b
the onset of ionization and the variation of the atomic dip

FIG. 8. Calculated degree of spatial coherence ford52 mm, as
a function of the jet-to-focus position, for three different backi
pressures~the pressure in the jet is'P/10). Coherence is at a
minimum in the focus region even at very low pressure and ne
gible electron density in the medium. This indicates that cohere
is degraded through the intensity-dependent phase of the at
dipole. The coherence decrease with pressure, i.e., with elec
density, occurs first when the jet is after the focus.
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phase. This could be the true explanation of the decreas
the coherence with intensity observed by Ditmireet al., since
this decrease was not found to depend on the backing p
sure. In the present experiment, we have not systematic
studiedgd as a function ofz for a large set of pressure o
laser intensity; further investigation is envisaged.

Comparison with x-ray laser sources

It is of interest to compare the spatial coherence of
harmonic beam to that of the other short pulse XUV sourc
Here, we limit the discussion to x-ray laser sources~SXRL’s!
for which spatial coherence has been reported. These a
two types, depending on whether the plasma is produced
a solid target or in a capillary. In the solid target configur
tion, intensive studies were performed since the first m
surements at 20.6 nm@14#. Several experiments were don
using a Young two-slit interferometer with Ne-like SXRL’
at 19.6 and 23.2 nm@15,16#. The transverse coherence d
gree was studied as a function of amplification geometry
temporal region of the pulse@17,18#. A typical value for
these experiments is a spatial coherence length close to
mm (gd>0.8 for d<100mm), 1 m away from the source
corresponding to a diameter of about 100mm of the equiva-
lent incoherent source. This diameter is comparable to tha
the plasma source, and it varies similarly. Albertet al. mea-
sured the intrinsic coherence of SXRL’s by analyzing t
diffraction by a wire of small diameter@19#. They reported a
small value close to 10mm, which indicates that the coher
ence of the far field results mainly from the propagation,
account of the high brightness of the SXRL emission. T
latter technique has been used in the capillary discharge
figuration to measure the coherence length as a functio
the capillary length, 6 m away from the source, for
46.9-nm Ne-like Ar SXRL@20#. The best coherence lengt
of 4.5 mm has been measured for a 164-mm-long capilla
For comparison this would correspond to a coherence len
of 750 mm at 1 m from the equivalent incoherent source
diameter 50mm. This is about three times larger than th
coherence obtained from SXRL’s on a solid target, bu
remains smaller than the intrinsic coherence of the harmo
emission.

V. CONCLUSION

We have measured the degree of spatial coherencegd of
the 13th harmonic of Ti: sapphire at 800 nm, using a Fresn
mirrors interferometer. With this system, a two-dimension
mapping ofgd can be obtained as a function of the distan
d between the interfering rays in the incident beam. Analy
of the interferogram is based on an approximation wh
resolves the interference modulation from the diffraction
the beam by the mirror’s edge. A local determination sho
that gd is rather uniform in the beam section. An averag
value is measured as a function of the relative jet and fo
positions and of the backing pressure. As expected, the
monic coherence is high over the full diameter of the h
monic beam~3 mm at a distance 1300 mm from the gas je!.
Thegd degree remains higher than 0.8 within a cell of 1 m
in diameter, in the full range of focusing position and pre
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sure. It is larger than 0.5 within a cell of 2 mm in diamet
for focusing outside the jet and for low enough pressure. T
intrinsic coherence of the harmonic is much larger than
one of the x-ray lasers produced on solid targets, which
close to the coherence at a distance from an incohe
source. Coherence is degraded under the two condition
focusing in the jet and increasing pressure. Both prod
enhancement from ionization of a time- and space-depen
electron density, which can affect phase matching and
grade the coherence. Simulations ofgd lead to a qualitative
agreement with the measured values. Nonetheless, they
onstrate that coherence is degraded when focusing in the
even at very low pressure where ionization plays no ro
This suggests that the intensity-dependent phase of
P.
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atomic dipole is an important cause of field decorrelatio
that might explain previously reported coherence meas
ments.
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