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Observation of high-contrast coherence fringes in high-order harmonic generation
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We present a direct measurement of the coherence length in the high-order-harmonic generation process up
to orders as high as 25. The harmonic signal generated in an argon gas cell by a 805-nm, 6-mJ, 30-fs laser is
studied as a function of medium length and shows very high-contrast coherence fringes. From a one-
dimensional time-dependent model, we unravel the conditions for which such Maker fringes can appear in
high-order harmonic generation.
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[. INTRODUCTION only once by L'Huillieret al. [7]. The harmonic orders con-
sidered and the pump-laser characteristics were nevertheless
. L quite far from those commonly studied now, as those authors
C|en_t way to generate coherent radiation in the extr_eme UI\'Nere studying harmonicsl9 to H13 of a 1064-nm, 40-ps
traviolet (euv) spectral range from 10 to 40 nfd]. High e duration laser. In recent experiments in which efficient
conversion gff|0|en0|es are obtained by focusing an U“rasjho'ﬁarmonic generation was obtained up to very high orders,
and intense infrared Ias_er beam_on arare-gas target, typically(,ch as reported in Ref8], a rough estimate of a minimum

a gas cell2] or a gas-filled capillary waveguid@]. High-  yajue for the coherence length is usually given by the me-
order-harmonic generation is then the result of the highlydium length for which a saturation of the harmonic photon
nonlinear interaction between the short-pulse-high-intensityflux is observed. Strikingly, no other report of coherence os-
laser and the gas medium. cillations in HHG were reported in the last ten years.

The efficiency of the process is the result of both micro- In a recent papef2], we presented a study on global
scopic and macroscopic considerations. The microscopic p@ptimization of high harmonic generation based on the ob-
larization comes from the quantum interaction between aervation of Maker fringes, which allowed us to find the best
single atom and the high electric field of the lapélt As was  conditions for phase matching. The present article consists of
stressed since the earlier time of nonlinear opfisl the @ more complete study of the coherence fringes phenomena
macroscopic response of a nonlinear medium results frorin itself. We show fringes from high harmonic ordetd {7
the phase matching inside it: the signal is optimized wherio H27) obtained in argon with a 805-nm, 30-fs pulse dura-
the wave-vector mismatch is equal to zero. The latter is detion laser in experimental conditions close to optimization.
fined assk=k,—qk;, whereq is the harmonic order arkj, ~ We then concentrate on the experimental determination of
and k, are the wave vectors for the fundamental and harthe coherence length and explain the influence of important
monic radiation, respectively. In the case of a non-phaseparameters by presenting a set of experimental Maker fringes
matched, nonabsorbing medium of lengttthe signal at the in different generation conditions.
exit is proportional td_2([ sin(skL/2)]/ skL/2)? [6]. The sig- The paper is presented as follows. In Sec. I, we show the
nal variation as a function of medium length presents somé&xperimental results and outline the conditions in which they
oscillations characterized by the so-called coherence lengtivere obtained. After recalling in Sec. Ill the basic equations
(I¢on in the following which is the length over which the describing phase matching in a one-dimensigaal) model
harmonic signal can build up constructively. If the mediumof high harmonic generation, we describe in Sec. IV the con-
length becomes higher than the coherence length, destructigitions required for observing high-contrast coherence
interferences occur and lead to coherence fringes, also calldtnges. In Sec. V, we show that the observation of Maker
Maker fringes[5]. This coherence criterion was first ob- fringes allows us to better understand the role of parameters
served experimentally for a low harmonic ordet3) gener- ~ such as the quantum path on the phase matching of high-
ated in gases by Puedt al. [6]. order harmonics.

This Maker fringe behavior is simple to observe in the
low intensity regime of nonlinear optics. In the strong-field 1. EXPERIMENTAL EVIDENCE OF HIGH-CONTRAST
regime reached nowadays and leading to the phenomena of MAKER FRINGES
HHG, it is far more difficult to observe experimentally for
many reasons, among which the rather complicated depen-
dence of phase matching on time and space. Moreover, one We have performed the study of coherence effects on the
of the best candidates for homogeneous phase matching légh harmonic orders generated by a Ti:sapphire laser system
the use of capillary waveguides whose length is impossiblelelivering a train of 6-mJ, 30-fs pulses with a center wave-
to change easily to see coherence fringes. To our knowledgéngth of 805 nm at a repetition rate of 1 kHz. The important
direct and precise characterization of coherence fringes bglements of the generation setup are presented in Fig. 1: the
detecting a spatial periodicity of harmonic signal was madénfrared beam is first apertured to half of its waigil mm

High-order harmonic generatiofHHG) is now an effi-

A. Experimental setup
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FIG. 2. Harmonic signal as a function of the medium length
obtained for the 25th order generated in 15 torr of argon. The full
ncircles represent the experimental points for a cell entrance placed 2
Am before the focusz= —2 mm), whereas the triangles represent

diametej before being focusedyba 1 mfocal lengthM4F,
lens[9] to avoid any nonlinear effect within the optical com-
ponent. The resulting Rayleigh rangey) is 17 mm and
guarantees a loose focusing geometry within the generati
medium.
. . . Il ent laced after the f +2 .

The gas medium is composed by a varying length gas ceﬁ1 cell entrance placed after the focus=(+2 mm)

that plays a central role for the phase-matching study, ted to 30% and cannot be the explanation for such high-

whereas the entrance of the cell is fixed, the exit is motorized. S
. contrast periodic fringes. We can conclude that the observed
so that the cell length can vary from 0 to 7 mm with an

absolute accuracy better than 0.2 mm. The gas pressure is Eﬁmd of the phenomena is 1.5 mm, which corresponds to

adjustable parameter between 0 and 50 torr and is calibrate%'&ié?%fegg?ggg Cﬁgfgﬁgﬁf ;?Sr;gtc%ﬁzlgt'gf ?ifnfgr.el—theit is
in absolute value by a piezoelectric pressure transducer. T t0 100 times hi hgr when the cell is Ie:lcedyafter the f.ocus
lens is also motorized so that the cell entrance position rela\ivhere no frin esga ear P ’
tive to the laser focus can be simply modified. In the follow- The frin egbeha\?i%r fdr different harmonic orders is pre-
ing, we will call z the distance between laser focus and cell ring - . P

. . . sented in Fig. 3. Within the step resolution for the medium
entrance with the convention that-0 means the cell is

placed after the focugee Fig. 1. The harmonic generation length (0.5 mm), the _coherence length |_tself seems un-
. : 3 changed, whereas the influence of harmonic order is clearly
setup is placed in a vacuum chambé&t<(10 ° mbar) to

avoid any absorption of the euv radiation visible in the contrast ratio: the contrast is only 10 Fbt7
The harmonics are emitted collinearly with the infrared generated in argon and it grows to 100 FP5. This behav-

laser and the latter has to be eliminated before the harmonid® 'S close to the theoretical prediction for the contrast of
are sent into the spectrometer. This is technically done by th armonic 3 presented in Re{ﬂ.O]. From that study, the ab-
use of two 125-nm thick aluminum filters whose transmis—s'?rptlon Ilenﬁth of"tge (zja_tomlc n&e'dmsm C?\r} be expected to
sion is 20% in the 30 nm wavelength range and O for the’ a%"?‘ role that \;\”d h_e hlscu?se ; Im Ie? . h i
infrared beam. The spectrometer is composed of a spherical.II bg utnz).(ggq N theI%‘oII(;on'r:aS eec\t/'?)n Or\fv(; er_ﬁnfgetrgges
gold mirror and a transmission gratif@000 grooves per Wi studied in wing sections. WIRTITS

mm) that separates all harmonic orders with the same spe(\f/-eIOp a one-dimensional time-dependent harmonic genera-
tral efficiency (3% for the first diffraction orderThe har- lon model based on phase-matching considerations, which

. . : allows one to understand the origin of Maker fringes. From
monic spectra are recorded with an extreme ultraviolet—

charge-coupled  device(XUV-CCD) camera and the the dependence of some relevant parameters on time and

" : . icgtPace, we will then exhibit possible sources of a reduced
acquisition times depend on the harmonic flux. The typlcacontra:st This will explain why our experimental conditions
values are from 0.1ot1 s and represent 100 to 1000 laser ' P y P

shots, leading to reduced statistical uncertainties. are particularly adapted for this observation.

1 t } t f t }
B. Experimental results
Figures 2 and 3 show the harmonic signal obtained in 15
torr of argon by varying the medium length from 0 to 7 mm
by 0.5 mm steps. In Fig. 2, the cell entrance is either placed

10"

normalized harmonic
signal

-
2 mm before or after the laser focus, corresponding to full 10 _ﬁ_gg
circles and triangles, respectively, and the laser intensity is ~H25

3x 10" W/cnm?. The behavior of the fringe contrast is radi- 10

cally different between the two cases. Whereas the zase

+2 mm shows a quasiregular growth of the harmonic signal 0 2 4 6 8
with the cell length followed by a saturation, the case cell length (mm)

—2 mm shows a periodic variation with highly contrasted FiG. 3. Harmonic signal as a function of the medium length for
fringes. The ratio between the maximum and the minimunitferent harmonic orders generated in argon from 1ttcles, to

of the curve is indeed up to a factor of 100 for harmonic 25.21st(triangles and 25th(squares The gas pressure is 10 torr and
The experimental instability of the harmonic flux is evalu- the cell entrance is placed 2 mm before the laser focus.
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Ill. COHERENCE FRINGES IN A 2

4] |
TIME-INDEPENDENT MODEL Nout(I med % 02 ——22— 1+exp< - l:::)
For the sake of completeness, we first recall the basics of 1+47r2:—bs
phase matching in a one-dimensional time-independent IZon
model in the spirit of Refd.11,12). The role of the coherence | O
length will then be underlined. 5 CO&{ 7 med exp< med 3)
The harmonic emission is the result of the laser-induced lcon 2l aps

nonlinear polarization up to high orders. Each gas atom be-
haves as a small dipo[d] so that theqth harmonic field at ) . )
the signal as a function df,,.4, known as Maker fringes.

the exit of the medium is the integral of all of these atomic : o
dipoles along the medium. In the case of an absorbing mel e fringe contrast ratio itself clearly depends on the absorp-

dium, the resolution of the paraxial Maxwell equations with i length through the exponential term.

a high-harmonic polarization term leads to the following ex-

pression for the instantaneous harmonic fi@# IV. REQUIREMENTS FOR THE OBSERVATION
OF MAKER FRINGES

The cosine term in Eq.3) clearly induces oscillations in

iqw (med 21, ed The appearance of Maker fringes is_ cqmmonplace ir_l stan-
Eq(|med)= _J dq(z)exp( me )exp:i ¢q(2)]d2, dard nonlinear optics; the puzzling point is why such fringes
€CJo 2l aps were so rarely detected in experiments of high harmonic gen-
() eration. In the following sections we will study the variations
of the coherence length both in time and space to understand

. . . . the role of these variations on the fringe contrast.
where | o4 IS the medium length] s is the absorption ¢

length and characterizes the distance over which a harmonic

radiation is reduced by a factor ofel/d,(z) is the amplitude

of the high harmonic dipole¢,(2) is the total propagation One fundamental condition for observing high-contrast

dephasing between the harmonic radiation and the laser irfringes is the existence of a well defined coherence length all

duced polarization at the exit of the mediumand ¢, are,  over the medium at a given time in the pulse. If this condi-

respectively, the speed of light and vacuum permittivity, andion is not fulfilled the contrast will be strongly deteriorated.

w is the infrared angular frequency. Equation(2) gives the relation between the dephasing gradi-
The dipole amplitude can be calculated in the full quan-ent and the coherence lengthy,,= w/(d¢/dz). Having a

tum theory of Lewensteifi4,13]. The dependence on laser constant coherence length thus means a constant phase slope.

intensity can be properly fitted by a fifth-order power law, The phase mismatch can be calculated for each point in

which we consider in the following. The most important fea-the cell: it is given by the contribution of the electronic and

ture of Refs[4,13] is the existence of two different quantum atomic dispersion terms and also atomic and geometrical

paths that contribute to a given harmonic order, each with itphase gradientsl5]. Using usual notations, the phase slope

own intensity-dependent quantum phase. Based on theads as

saddle-point approximation, Lewensteshal. demonstrated

A. Spatial variation of the coherence length

that the quantum phases depend linearly on the laser inten- —k—ak + _ 2(&_ _

sity I: the first one with a small coefficient ¢ k=Ko~ akatVa=ar 2n, (Nag—1)

~—10 " (cm?/W)) and the second one with a more im- QY b+ V oy @
at»

portant onef ¢,;,~—25x 10~ (cm?/W)]. This phase ef-

fect has an influence on phase matching as was shown ipheren, is the electronic density am, the critical density
Refs.[14,15. The phase matching is indeed characterized byor the plasma created by the lasey, is the index of refrac-

the phase terng(z) which depends on quantum path. tion of the neutral gaspg represents the Gouy phase expe-
If the generating conditions can be considered homogerienced by the pump laser as it is focused in the [t} 16].
neous all over the medium, the phase term reads as A homogeneous phase slope means first that the electronic

density is constant over the cell, second that the Gouy phase
and atomic phase gradients are constant too. The condition
on electronic density is fulfiled when the laser intensity is
constant over the medium so that the ionization level is spa-
tially unchanged. At the same time, the atomic phase gradi-
ent[13] and the Gouy phase gradient are also very weak.
wherek, andk; are the wave vectors for the harmonic ra- This happens when the Rayleigh rangg)(of the infrared
diation and the infrared laser, respectivaly; is the atomic laser is much longer than the medium length it$2lf

phase for either the first or the second quantum path. In the Figures 4a) and 4b) illustrate this by showing the
case wheré.,, is constant, Eq(1) can be integrated analyti- dephasing calculated from the commonly used AD¥n-
cally, so that the number of photons emitted on axis per unimosov, Delone, and Kraingvionization rateg17] for the

time and area is proportional {4.2] 27th harmonic order generated & 5 mmlong cell filled

mZ
(bq(z):kq’z_qkl'Z‘l' ¢at=5k.Z:_' (2)

Icoh
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z position in the cell (mm) cell length (mm)

o 60 FIG. 6. Harmonic signal vs the medium length for harmonic
. 23rd (full square$ and 19th(full diamonds. The experimental re-
_‘::_ 40 | sults are compared to theoretical prediction following E8),
22 wherel ., is taken equal to 0.8 mm arlg, is 1.08 mm forH19

.E i‘-‘, and 2.19 mm foiH23. The generation conditions are the same as
g

=

=

&
.

' ‘ ' reduced onégray line forzy=5 mm), for which we observe
1 . 2 . 3 4 5 a nonlinear phase variation within the cell. As was shown in
z position in the cell (mm) Ref.[9], the use of an iris to aperture the beam, before it is
FIG. 4. Spatial variation of the dephasing experienced2y focusedflntﬁ th_e fcell,é:aln |ncreas(,je conS|deranyhthe Rayleigh
generated in 10 torr of argon, the cell is at focus so that only thdange o the infrared laser and guarantees homogeneous

first quantum path is considered. The maximum intensity is 3phase matching.

<

X 10" Wicn? (pulse duration 30 fs Different times in the pulse In the experimental conditions for which we observed

are represented: 20 fs before the maximighatted ling, 10 fs be- ~ Maker fringes, the iris aperture was 11 mm in diameter and
fore (thick line), 5 fs (full squares, and the maximum itselffull ~ the resulting Rayleigh range was up to 17 mm. We also
triangles; (a) corresponds to a 5-mm Rayleigh range dbpto a  checked that increasing the iris aperture makes the fringes
20-mm one. disappear. In conclusion, a large Rayleigh range is required

to observe fringes. The development in recent years of high

with 10 torr of argon. Each curve represents a specific timinergy(several mjl ultrashort, high repetition rate systems

in the pulse compared to the maximum, the pulse duratio
being 30 fs. Figure @ corresponds to a Rayleigh range
equal to the cell length and shows a nonconstant phase slope,

especially near the maximum of the pulse where the ioniza- B, Influence of the absorption length on the contrast
tion plays an important role. On the contrary, Figo¥shows

that a Rayleigh range equal to four times the cell length '§P

ropriate for linear ph nd allows one t fin I : .
appropriate for linear phase and allows one to define a cle I.e., when the medium length is much longer than the absorp-

coherence length, although it still depends on time. ; .
Figure 5 shgws the ins%antaneouspHZY harmonic flux as Fon length, and the coherence length longer than the medium

function of medium length for —5 fs, inferred from Eq ength[8,11,17. In contrast, we have observed the highest
(1) and the phase variations of Figs(zi)ﬁland Ab). As ex. contrast fringes in conditions where the coherence is smaller
pected, the contrast ratio is much higher in the case of ghan the maximum medium length, thus out of the strongly

i ) . : Saturated regime.
20-mm Rayleigh rangéblack ling than in the case of a Figure 6 shows, for instance, the comparison between ex-

perimental signal and theoretical prediction following ER).

for harmonic orders 19 and 23 generated in the conditions of
Fig. 2 for which the coherence length is experimentally equal
to 0.75 mm. The absorption lengths involved are 1.08 mm
for H19 and 2.19 mm foH23; they were computed from

avors such loose focusing geometries, using either very long
ocusing[18,19 and/or aperturing the beaff].

In recent analysis of optimized HHG, it was underlined
at generation should happen in a strongly saturated regime,

10*

harmonic signal
(arb. units)

: B
1 1108 Ref.[20]. As can be seen in Fig. 6, both the experimental and
— %=20mm © the theoretical fringe contrasts are strongly influenced by the

1 ‘ ‘ ‘ 0 harmonic order considered: the contrast increases impres-

0 1 2 3 4 5

sively with the order.
cell length (mm)

The reason for such behavior can be understood by study-

FIG. 5. Instantaneous harmonic signal 127 at &=—5 fs vs NG the theoretical contrast defined as the ratio between the
the medium length inferred from the phase variations of Figs. 4 first maximum of the signalcorresponding to a cell length
and 4b), gray line corresponds ta,=5 mm, black line toz,  equal tol ) and the first minimunicorresponding to a cell
=20 mm. The dotted lines represent the corresponding phase varitgngth equal to B.,,). C can be analytically calculated from
tions in radianggray line:zo=5 mm, black line:zzy=20 mm). Eq. (3):
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FIG. 7. Numerical simulations of the 25th harmonic signal as a FIG. 8. Numerical simulations of the 25th harmonic signal as a
function of the cell length. The conditions are the experimentalfunction of the cell length. The conditions are the same as for Fig.
conditions of Fig. 1. Dotted line represents a cell entrance placed Z but the contribution of each quantum path is separately shown
mm after the laser focuszE +2 mm), the full line represents a (dotted line, total signal foe=+2 mm; open squares, first quan-

cell entrance placed 2 mm before the focas-(-2 mm). tum path; open circles, second quantum path; full line, total signal
for z=—2 mm; full squares, first quantum path; full circles, second
2 guantum path
Max(Nyy) < dj 4Iab52 1+ ex% - :C—Oh)
5 labs abs experimental conditions for which the Rayleigh range is
1+am® 5= large compared to the cell length and the laser intensity is
con moderate (=3x10“W/cn?). In those conditions, the
lcon agreement observed between experimental and theoretical
+2 exp( - 2|abs> } ©) predictions from the code presented in R€E9] shows that

phase matching essentially occurs on axis, which is very im-
portant for the definition of a proper coherence length. The

2
Min(Nout)“dé 4Iab52 l+exp{ - 2||°°h) code itself is based on the time-dependent evaluation of the

,labs abs dephasing, following Eq(2). The knowledge of laser inten-
1+4m"—— sity and ionization level is required. We therefore consider a
coh 30-fs duration Gaussian pulse and calculate the ionization

lcon from the ADK rateq17]. The instantaneous harmonic flux is

-2 ex;{ - w” (6)  then given by Eq(3) and the total harmonic sign& at the
aps,

end of the pulse is the sum of contributions from both the
The ratio of the two above terms can finally be expressedi"St @nd the second quantum paths. Following fRef] and
very simply as in order to underline the specific influence of phase match-
ing, we take equivalent weights for the dipole amplitude of
2 each path, so that

1
) @

c= 1-x

S= >
wherex=exp(—l¢on/lapg- pathl,2
We conclude that high-contrast Maker fringes are only . o
observable for harmonic orders for which the absorption Although the calculated fringe contrast presented in Fig. 6

length is high enough compared to the coherence length: #r the casez=+2 mm (dotted ling andz=—2 mm (full
contrast of 10 is obtained, for example,| if,p/l ;<= 0.8, it line) is much smaller than in Fig. 5, these calculations enable

would be 100 ifl ¢/l aps=0.2. Such values of the contrast One to understand the difference between the two focus po-
were experimentally observed f&¥25 andH27 in argon for ~ Sitions z=—2 mm andz=+2 mm. These two points are
which the former condition is fulfilled. symmetrical from the focus and all parameters are identical
except the atomic phase gradient, whose sign is opposite.
The difference comes therefore from the influence of the
second quantum path on phase matching. When the cell is
placed before the focus, the atomic phase gradient induces a

Figure 2 presents a very striking behavior of the fringesdispersion term that deteriorates phase matching, whereas it
when the cell entrance position goes through the laser focusnhances phase matching when the cell is placed after the
When the cell is placed before the focus, the fringe contrasiocus[2]. This leads to the fact that the first quantum path
is high and the number of photons quite low. On the contrarydominates when the cell is placed before the focas (
when the cell is placed after the focus, the number of pho=—2 mm) and the second one when the cell is after the
tons increases and fringes vanish. focus, the total harmonic signal being the sum of the two

This result is qualitatively reproduced in Fig. 7 by a one-quantum path contributions. This result is clearly visible in
dimensional time-dependent phase-matching code describédg. 8 that represents the separate contribution of each quan-
in Ref. [9]. The 1D approximation is appropriate for our tum path in each focusing case. The fringes vanishzfer

tpulse
o Nou,(Ddt ®)

V. ANALYSIS OF THE FRINGE BEHAVIOR REGARDING
THE FOCUS POSITION
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N
w
w
>

pair multiple of the coherence lengflsee Eq.(3)]. The

E = fringe contrast is thus reduced by the existence of a set of

E 140 5 coherence lengths that give rise to local maxima of the har-

= 2 monic flux in the time domain. The very high contrast ob-

g0 15 | 130 & ,

£ 1 ser\_/ed experlmen_tally could be due to a more complex be-

g 10 | 120 & havior of the atomic response as compared to the strong-field

g o approximation (SFA) [4]. Recent time-dependent Schro-

5 5| | 10 = dinger equation calculatiorf22] showed, for example, some

'§ = discrepancies with the SFA model. From our data, we expect
""""""""""" 0 that refined work on HHG dipoles may predict shorter bursts

=
'
—_
=]

of XUV polarization than currenly considered in SFA mod-
els.

FIG. 9. Computed time dependence of the coherence length for
H25 generated in 15 torr of argon, the laser characteristics are an VI. CONCLUSION

intensity of 3x 10" W/cn? and a Rayleigh range of 17 mm. The _ ) ) ) _
thick black line represents the contribution from the first quantum The detection of coherence fringes is thus an interesting

path, the thin black and thick gray lines represent the second quaiY@y t0 study phase matching and in particular the specific
tum path forz=+2 mm andz= —2 mm, respectively. The corre- Contribution of each quantum path. We showed the impor-
sponding harmonic flux are represented with the same color codefance of relevant parameters such as coherence and absorp-
tion lengths on the fringe contrast. We demonstrated how our
+2 mm because the second quantum path dominates and #&ose focusing conditions were appropriate for the observa-
lows the effective coherence length to be higher than theion of coherence fringes. In order to explain the contrast
medium length. observed experimentally, as compared to theoretical predic-
The reduced contrast for the simulated fringes arises frontions, we suggest that the harmonic emission may be shorter
the time dependence of the coherence length within thén time than expected from usual pulse envelope approxima-
pulse. It is represented in Fig. 9 for quantum paths 1 and #on and SFA model.
and for the two focus positions=+2 and —2 mm (thin Finally, we can emphasize the parallel between the con-
black line and thick gray line, respectively, for quantum pathditions unraveled to observe highly contrasted Maker fringes
2 and thick black line for quantum path 1 in both cas&®r  and the conditions to obtain good phase locking of high har-
comparison, we represent the resulting instantaneous hamonics leading to attosecond pulse trains. As was shown by
monic flux for H25 in each case. We first note that the co-Gaarde and Schafer in R¢R3], the smoother phase behav-
herence length value at the time of the maximum flux for theior of the first quantum path, both in time and space, is
first quantum path contribution approximately corresponds tanstrumental in reaching good phase locking. We obtain simi-
what was observed experimentally.,n(tmaxy=1 mm as lar conditions to observe contrasted fringes. We can therefore
can be seen from the dotted lines intersedti®urprisingly,  conjecture that the existence of well contrasted fringes is a
the experiment shows higher contrast level than theory: thisign of proper phase locking. The present study may offer an
indicates that the harmonic flux is more concentrated in timeasier control than direct harmonic phase measurements for
than expected from the code. The latter predicts indeed the optimized generation of attosecond pulse trains in the
significant variation of the coherence length at times wherXUV domain.
the harmonic flux is important, which is not consistent with
the data. Moreover, the code pfedicts @he presence of small ACKNOWLEDGMENT
ripples in the harmonic flux profile, equivalent to “temporal
Maker fringes”: the harmonic emission is equal to zero ex- We want to thank Ph. Zeitoun for the loan of the XUV-
actly at those times in the pulse when the medium length is €CD camera.
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