
PHYSICAL REVIEW A 68, 033819 ~2003!
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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I. INTRODUCTION

High-order harmonic generation~HHG! is now an effi-
cient way to generate coherent radiation in the extreme
traviolet ~euv! spectral range from 10 to 40 nm@1#. High
conversion efficiencies are obtained by focusing an ultras
and intense infrared laser beam on a rare-gas target, typi
a gas cell@2# or a gas-filled capillary waveguide@3#. High-
order-harmonic generation is then the result of the hig
nonlinear interaction between the short-pulse-high-intens
laser and the gas medium.

The efficiency of the process is the result of both mic
scopic and macroscopic considerations. The microscopic
larization comes from the quantum interaction betwee
single atom and the high electric field of the laser@4#. As was
stressed since the earlier time of nonlinear optics@5#, the
macroscopic response of a nonlinear medium results f
the phase matching inside it: the signal is optimized wh
the wave-vector mismatch is equal to zero. The latter is
fined asdk5kq2qk1, whereq is the harmonic order andk1
and kq are the wave vectors for the fundamental and h
monic radiation, respectively. In the case of a non-pha
matched, nonabsorbing medium of lengthL, the signal at the
exit is proportional toL2

„@sin(dkL/2)#/dkL/2…2 @6#. The sig-
nal variation as a function of medium length presents so
oscillations characterized by the so-called coherence le
( l coh in the following! which is the length over which the
harmonic signal can build up constructively. If the mediu
length becomes higher than the coherence length, destru
interferences occur and lead to coherence fringes, also c
Maker fringes @5#. This coherence criterion was first ob
served experimentally for a low harmonic order~H3! gener-
ated in gases by Puellet al. @6#.

This Maker fringe behavior is simple to observe in t
low intensity regime of nonlinear optics. In the strong-fie
regime reached nowadays and leading to the phenomen
HHG, it is far more difficult to observe experimentally fo
many reasons, among which the rather complicated de
dence of phase matching on time and space. Moreover,
of the best candidates for homogeneous phase matchin
the use of capillary waveguides whose length is imposs
to change easily to see coherence fringes. To our knowle
direct and precise characterization of coherence fringes
detecting a spatial periodicity of harmonic signal was ma
1050-2947/2003/68~3!/033819~7!/$20.00 68 0338
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only once by L’Huillier et al. @7#. The harmonic orders con
sidered and the pump-laser characteristics were neverth
quite far from those commonly studied now, as those auth
were studying harmonicsH9 to H13 of a 1064-nm, 40-ps
pulse duration laser. In recent experiments in which effici
harmonic generation was obtained up to very high orde
such as reported in Ref.@8#, a rough estimate of a minimum
value for the coherence length is usually given by the m
dium length for which a saturation of the harmonic phot
flux is observed. Strikingly, no other report of coherence
cillations in HHG were reported in the last ten years.

In a recent paper@2#, we presented a study on glob
optimization of high harmonic generation based on the
servation of Maker fringes, which allowed us to find the be
conditions for phase matching. The present article consist
a more complete study of the coherence fringes phenom
in itself. We show fringes from high harmonic orders (H17
to H27) obtained in argon with a 805-nm, 30-fs pulse du
tion laser in experimental conditions close to optimizatio
We then concentrate on the experimental determination
the coherence length and explain the influence of impor
parameters by presenting a set of experimental Maker frin
in different generation conditions.

The paper is presented as follows. In Sec. II, we show
experimental results and outline the conditions in which th
were obtained. After recalling in Sec. III the basic equatio
describing phase matching in a one-dimensional~1D! model
of high harmonic generation, we describe in Sec. IV the c
ditions required for observing high-contrast coheren
fringes. In Sec. V, we show that the observation of Mak
fringes allows us to better understand the role of parame
such as the quantum path on the phase matching of h
order harmonics.

II. EXPERIMENTAL EVIDENCE OF HIGH-CONTRAST
MAKER FRINGES

A. Experimental setup

We have performed the study of coherence effects on
high harmonic orders generated by a Ti:sapphire laser sys
delivering a train of 6-mJ, 30-fs pulses with a center wav
length of 805 nm at a repetition rate of 1 kHz. The importa
elements of the generation setup are presented in Fig. 1
infrared beam is first apertured to half of its waist~11 mm
©2003 The American Physical Society19-1
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KAZAMIAS et al. PHYSICAL REVIEW A 68, 033819 ~2003!
diameter! before being focused by a 1 mfocal lengthMgF2

lens@9# to avoid any nonlinear effect within the optical com
ponent. The resulting Rayleigh range (z0) is 17 mm and
guarantees a loose focusing geometry within the genera
medium.

The gas medium is composed by a varying length gas
that plays a central role for the phase-matching stu
whereas the entrance of the cell is fixed, the exit is motori
so that the cell length can vary from 0 to 7 mm with
absolute accuracy better than 0.2 mm. The gas pressure
adjustable parameter between 0 and 50 torr and is calibr
in absolute value by a piezoelectric pressure transducer.
lens is also motorized so that the cell entrance position r
tive to the laser focus can be simply modified. In the follo
ing, we will call z the distance between laser focus and c
entrance with the convention thatz.0 means the cell is
placed after the focus~see Fig. 1!. The harmonic generation
setup is placed in a vacuum chamber (P,1023 mbar) to
avoid any absorption of the euv radiation.

The harmonics are emitted collinearly with the infrar
laser and the latter has to be eliminated before the harmo
are sent into the spectrometer. This is technically done by
use of two 125-nm thick aluminum filters whose transm
sion is 20% in the 30 nm wavelength range and 0 for
infrared beam. The spectrometer is composed of a sphe
gold mirror and a transmission grating~2000 grooves per
mm! that separates all harmonic orders with the same s
tral efficiency (3% for the first diffraction order!. The har-
monic spectra are recorded with an extreme ultraviol
charge-coupled device~XUV-CCD! camera and the
acquisition times depend on the harmonic flux. The typi
values are from 0.1 to 1 s and represent 100 to 1000 las
shots, leading to reduced statistical uncertainties.

B. Experimental results

Figures 2 and 3 show the harmonic signal obtained in
torr of argon by varying the medium length from 0 to 7 m
by 0.5 mm steps. In Fig. 2, the cell entrance is either pla
2 mm before or after the laser focus, corresponding to
circles and triangles, respectively, and the laser intensit
331014 W/cm2. The behavior of the fringe contrast is rad
cally different between the two cases. Whereas the casez5
12 mm shows a quasiregular growth of the harmonic sig
with the cell length followed by a saturation, the casez5
22 mm shows a periodic variation with highly contrast
fringes. The ratio between the maximum and the minim
of the curve is indeed up to a factor of 100 for harmonic 2
The experimental instability of the harmonic flux is eval

FIG. 1. Experimental high harmonic generation setup.
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ated to 30% and cannot be the explanation for such h
contrast periodic fringes. We can conclude that the obser
period of the phenomena is 1.5 mm, which corresponds
twice the effective coherence length (l coh50.75 mm). The
number of emitted photons is also completely different: it
2 to 100 times higher when the cell is placed after the foc
where no fringes appear.

The fringe behavior for different harmonic orders is pr
sented in Fig. 3. Within the step resolution for the mediu
length (0.5 mm), the coherence length itself seems
changed, whereas the influence of harmonic order is cle
visible in the contrast ratio: the contrast is only 10 forH17
generated in argon and it grows to 100 forH25. This behav-
ior is close to the theoretical prediction for the contrast
harmonic 3 presented in Ref.@10#. From that study, the ab
sorption length of the atomic medium can be expected
play a role that will be discussed in Sec. IV.

This unexpected high-contrast level for coherence frin
will be studied in the following sections. We will first de
velop a one-dimensional time-dependent harmonic gen
tion model based on phase-matching considerations, w
allows one to understand the origin of Maker fringes. Fro
the dependence of some relevant parameters on time
space, we will then exhibit possible sources of a redu
contrast. This will explain why our experimental condition
are particularly adapted for this observation.

FIG. 2. Harmonic signal as a function of the medium leng
obtained for the 25th order generated in 15 torr of argon. The
circles represent the experimental points for a cell entrance plac
mm before the focus (z522 mm), whereas the triangles represe
a cell entrance placed after the focus (z512 mm).

FIG. 3. Harmonic signal as a function of the medium length
different harmonic orders generated in argon from 17th~circles!, to
21st ~triangles! and 25th~squares!. The gas pressure is 10 torr an
the cell entrance is placed 2 mm before the laser focus.
9-2
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OBSERVATION OF HIGH-CONTRAST COHERENCE . . . PHYSICAL REVIEW A 68, 033819 ~2003!
III. COHERENCE FRINGES IN A
TIME-INDEPENDENT MODEL

For the sake of completeness, we first recall the basic
phase matching in a one-dimensional time-independ
model in the spirit of Refs.@11,12#. The role of the coherenc
length will then be underlined.

The harmonic emission is the result of the laser-indu
nonlinear polarization up to high orders. Each gas atom
haves as a small dipole@4# so that theqth harmonic field at
the exit of the medium is the integral of all of these atom
dipoles along the medium. In the case of an absorbing
dium, the resolution of the paraxial Maxwell equations w
a high-harmonic polarization term leads to the following e
pression for the instantaneous harmonic field@2#:

Eq~ l med!5
iqv

e0c E0

l med
dq~z!expS z2 l med

2l abs
Dexp@ ifq~z!#dz,

~1!

where l med is the medium length,l abs is the absorption
length and characterizes the distance over which a harm
radiation is reduced by a factor of 1/e, dq(z) is the amplitude
of the high harmonic dipole,fq(z) is the total propagation
dephasing between the harmonic radiation and the lase
duced polarization at the exit of the medium,c and e0 are,
respectively, the speed of light and vacuum permittivity, a
v is the infrared angular frequency.

The dipole amplitude can be calculated in the full qua
tum theory of Lewenstein@4,13#. The dependence on lase
intensity can be properly fitted by a fifth-order power la
which we consider in the following. The most important fe
ture of Refs.@4,13# is the existence of two different quantu
paths that contribute to a given harmonic order, each with
own intensity-dependent quantum phase. Based on
saddle-point approximation, Lewensteinet al. demonstrated
that the quantum phases depend linearly on the laser in
sity I: the first one with a small coefficient (fat1
'210214I (cm2/W)) and the second one with a more im
portant one@fat2

'225310214I (cm2/W)#. This phase ef-
fect has an influence on phase matching as was show
Refs.@14,15#. The phase matching is indeed characterized
the phase termfq(z) which depends on quantum path.

If the generating conditions can be considered homo
neous all over the medium, the phase term reads as

fq~z!5kq•z2qk1•z1fat5dk•z5
pz

l coh
, ~2!

wherekq and k1 are the wave vectors for the harmonic r
diation and the infrared laser, respectively;fat is the atomic
phase for either the first or the second quantum path. In
case wherel coh is constant, Eq.~1! can be integrated analyti
cally, so that the number of photons emitted on axis per u
time and area is proportional to@12#
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Nout~ l med!}dq
2

4l abs
2

114p2
l abs
2

l coh
2

F11expS 2
l med

l abs
D

22 cosS p l med

l coh
DexpS 2 l med

2l abs
D G . ~3!

The cosine term in Eq.~3! clearly induces oscillations in
the signal as a function ofl med, known as Maker fringes
The fringe contrast ratio itself clearly depends on the abso
tion length through the exponential term.

IV. REQUIREMENTS FOR THE OBSERVATION
OF MAKER FRINGES

The appearance of Maker fringes is commonplace in s
dard nonlinear optics; the puzzling point is why such fring
were so rarely detected in experiments of high harmonic g
eration. In the following sections we will study the variation
of the coherence length both in time and space to unders
the role of these variations on the fringe contrast.

A. Spatial variation of the coherence length

One fundamental condition for observing high-contra
fringes is the existence of a well defined coherence length
over the medium at a given time in the pulse. If this con
tion is not fulfilled the contrast will be strongly deteriorate
Equation~2! gives the relation between the dephasing gra
ent and the coherence length:l coh5p/(]f/]z). Having a
constant coherence length thus means a constant phase

The phase mismatch can be calculated for each poin
the cell: it is given by the contribution of the electronic an
atomic dispersion terms and also atomic and geometr
phase gradients@15#. Using usual notations, the phase slo
reads as

dk5kq2qk11¹fat5q
v

c S ne

2nc
2~nat21! D

1q¹fG1¹fat , ~4!

wherene is the electronic density andnc the critical density
for the plasma created by the laser,nat is the index of refrac-
tion of the neutral gas,FG represents the Gouy phase exp
rienced by the pump laser as it is focused in the cell@14,16#.

A homogeneous phase slope means first that the electr
density is constant over the cell, second that the Gouy ph
and atomic phase gradients are constant too. The cond
on electronic density is fulfilled when the laser intensity
constant over the medium so that the ionization level is s
tially unchanged. At the same time, the atomic phase gr
ent @13# and the Gouy phase gradient are also very we
This happens when the Rayleigh range (z0) of the infrared
laser is much longer than the medium length itself@2#.

Figures 4~a! and 4~b! illustrate this by showing the
dephasing calculated from the commonly used ADK~Am-
mosov, Delone, and Krainov! ionization rates@17# for the
27th harmonic order generated in a 5 mmlong cell filled
9-3
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KAZAMIAS et al. PHYSICAL REVIEW A 68, 033819 ~2003!
with 10 torr of argon. Each curve represents a specific t
in the pulse compared to the maximum, the pulse dura
being 30 fs. Figure 4~a! corresponds to a Rayleigh rang
equal to the cell length and shows a nonconstant phase s
especially near the maximum of the pulse where the ion
tion plays an important role. On the contrary, Fig. 4~b! shows
that a Rayleigh range equal to four times the cell length
appropriate for linear phase and allows one to define a c
coherence length, although it still depends on time.

Figure 5 shows the instantaneous H27 harmonic flux a
function of medium length for t525 fs, inferred from Eq.
~1! and the phase variations of Figs. 4~a! and 4~b!. As ex-
pected, the contrast ratio is much higher in the case o
20-mm Rayleigh range~black line! than in the case of a

FIG. 4. Spatial variation of the dephasing experienced byH27
generated in 10 torr of argon, the cell is at focus so that only
first quantum path is considered. The maximum intensity is
31014 W/cm2 ~pulse duration 30 fs!. Different times in the pulse
are represented: 20 fs before the maximum~dotted line!, 10 fs be-
fore ~thick line!, 5 fs ~full squares!, and the maximum itself~full
triangles!; ~a! corresponds to a 5-mm Rayleigh range and~b! to a
20-mm one.

FIG. 5. Instantaneous harmonic signal forH27 at t525 fs vs
the medium length inferred from the phase variations of Figs. 4~a!
and 4~b!, gray line corresponds toz055 mm, black line toz0

520 mm. The dotted lines represent the corresponding phase v
tions in radians~gray line:z055 mm, black line:z0520 mm).
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reduced one~gray line forz055 mm), for which we observe
a nonlinear phase variation within the cell. As was shown
Ref. @9#, the use of an iris to aperture the beam, before i
focused into the cell, can increase considerably the Rayle
range of the infrared laser and guarantees homogen
phase matching.

In the experimental conditions for which we observ
Maker fringes, the iris aperture was 11 mm in diameter a
the resulting Rayleigh range was up to 17 mm. We a
checked that increasing the iris aperture makes the frin
disappear. In conclusion, a large Rayleigh range is requ
to observe fringes. The development in recent years of h
energy~several mJ!, ultrashort, high repetition rate system
favors such loose focusing geometries, using either very l
focusing@18,19# and/or aperturing the beam@9#.

B. Influence of the absorption length on the contrast

In recent analysis of optimized HHG, it was underline
that generation should happen in a strongly saturated reg
i.e., when the medium length is much longer than the abso
tion length, and the coherence length longer than the med
length @8,11,12#. In contrast, we have observed the highe
contrast fringes in conditions where the coherence is sma
than the maximum medium length, thus out of the stron
saturated regime.

Figure 6 shows, for instance, the comparison between
perimental signal and theoretical prediction following Eq.~3!
for harmonic orders 19 and 23 generated in the condition
Fig. 2 for which the coherence length is experimentally eq
to 0.75 mm. The absorption lengths involved are 1.08 m
for H19 and 2.19 mm forH23; they were computed from
Ref. @20#. As can be seen in Fig. 6, both the experimental a
the theoretical fringe contrasts are strongly influenced by
harmonic order considered: the contrast increases imp
sively with the order.

The reason for such behavior can be understood by stu
ing the theoretical contrastC defined as the ratio between th
first maximum of the signal~corresponding to a cell length
equal tol coh) and the first minimum~corresponding to a cel
length equal to 2l coh). C can be analytically calculated from
Eq. ~3!:

e
3

ia-

FIG. 6. Harmonic signal vs the medium length for harmon
23rd ~full squares! and 19th~full diamonds!. The experimental re-
sults are compared to theoretical prediction following Eq.~3!,
where l coh is taken equal to 0.8 mm andl abs is 1.08 mm forH19
and 2.19 mm forH23. The generation conditions are the same
for Fig. 2.
9-4
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Max~Nout!}dq
2

4l abs
2

114p2
l abs
2

l coh
2

F11expS 2
l coh

l abs
D

12 expS 2
l coh

2l abs
D G , ~5!

Min~Nout!}dq
2

4l abs
2

114p2
l abs
2

l coh
2

F11expS 2
2l coh

l abs
D

22 expS 2
l coh

l abs
D G . ~6!

The ratio of the two above terms can finally be expres
very simply as

C5S 11Ax

12x D 2

, ~7!

wherex5exp(2lcoh/labs).
We conclude that high-contrast Maker fringes are o

observable for harmonic orders for which the absorpt
length is high enough compared to the coherence lengt
contrast of 10 is obtained, for example, ifl coh / l abs50.8, it
would be 100 ifl coh / l abs50.2. Such values of the contra
were experimentally observed forH25 andH27 in argon for
which the former condition is fulfilled.

V. ANALYSIS OF THE FRINGE BEHAVIOR REGARDING
THE FOCUS POSITION

Figure 2 presents a very striking behavior of the fring
when the cell entrance position goes through the laser fo
When the cell is placed before the focus, the fringe cont
is high and the number of photons quite low. On the contra
when the cell is placed after the focus, the number of p
tons increases and fringes vanish.

This result is qualitatively reproduced in Fig. 7 by a on
dimensional time-dependent phase-matching code desc
in Ref. @9#. The 1D approximation is appropriate for ou

FIG. 7. Numerical simulations of the 25th harmonic signal a
function of the cell length. The conditions are the experimen
conditions of Fig. 1. Dotted line represents a cell entrance place
mm after the laser focus (z512 mm), the full line represents a
cell entrance placed 2 mm before the focus (z522 mm).
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experimental conditions for which the Rayleigh range
large compared to the cell length and the laser intensit
moderate (I 5331014 W/cm2). In those conditions, the
agreement observed between experimental and theore
predictions from the code presented in Refs.@2,9# shows that
phase matching essentially occurs on axis, which is very
portant for the definition of a proper coherence length. T
code itself is based on the time-dependent evaluation of
dephasing, following Eq.~2!. The knowledge of laser inten
sity and ionization level is required. We therefore conside
30-fs duration Gaussian pulse and calculate the ioniza
from the ADK rates@17#. The instantaneous harmonic flux
then given by Eq.~3! and the total harmonic signalS at the
end of the pulse is the sum of contributions from both t
first and the second quantum paths. Following Ref.@21# and
in order to underline the specific influence of phase mat
ing, we take equivalent weights for the dipole amplitude
each path, so that

S5 (
path1,2

E
0

tpulse
Nout1,2

~ t !dt. ~8!

Although the calculated fringe contrast presented in Fig
for the casez512 mm ~dotted line! and z522 mm ~full
line! is much smaller than in Fig. 5, these calculations ena
one to understand the difference between the two focus
sitions z522 mm andz512 mm. These two points are
symmetrical from the focus and all parameters are ident
except the atomic phase gradient, whose sign is oppo
The difference comes therefore from the influence of
second quantum path on phase matching. When the ce
placed before the focus, the atomic phase gradient induc
dispersion term that deteriorates phase matching, where
enhances phase matching when the cell is placed after
focus @2#. This leads to the fact that the first quantum pa
dominates when the cell is placed before the focusz
522 mm) and the second one when the cell is after
focus, the total harmonic signal being the sum of the t
quantum path contributions. This result is clearly visible
Fig. 8 that represents the separate contribution of each q
tum path in each focusing case. The fringes vanish forz5

a
l
2

FIG. 8. Numerical simulations of the 25th harmonic signal a
function of the cell length. The conditions are the same as for F
7 but the contribution of each quantum path is separately sh
~dotted line, total signal forz512 mm; open squares, first quan
tum path; open circles, second quantum path; full line, total sig
for z522 mm; full squares, first quantum path; full circles, seco
quantum path!.
9-5
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KAZAMIAS et al. PHYSICAL REVIEW A 68, 033819 ~2003!
12 mm because the second quantum path dominates an
lows the effective coherence length to be higher than
medium length.

The reduced contrast for the simulated fringes arises f
the time dependence of the coherence length within
pulse. It is represented in Fig. 9 for quantum paths 1 an
and for the two focus positionsz512 and 22 mm ~thin
black line and thick gray line, respectively, for quantum pa
2 and thick black line for quantum path 1 in both cases!. For
comparison, we represent the resulting instantaneous
monic flux for H25 in each case. We first note that the c
herence length value at the time of the maximum flux for
first quantum path contribution approximately correspond
what was observed experimentally@ l coh(tmax)'1 mm as
can be seen from the dotted lines intersection#. Surprisingly,
the experiment shows higher contrast level than theory:
indicates that the harmonic flux is more concentrated in t
than expected from the code. The latter predicts indee
significant variation of the coherence length at times wh
the harmonic flux is important, which is not consistent w
the data. Moreover, the code predicts the presence of s
ripples in the harmonic flux profile, equivalent to ‘‘tempor
Maker fringes’’: the harmonic emission is equal to zero e
actly at those times in the pulse when the medium length

FIG. 9. Computed time dependence of the coherence length
H25 generated in 15 torr of argon, the laser characteristics ar
intensity of 331014 W/cm2 and a Rayleigh range of 17 mm. Th
thick black line represents the contribution from the first quant
path, the thin black and thick gray lines represent the second q
tum path forz512 mm andz522 mm, respectively. The corre
sponding harmonic flux are represented with the same color co
S
.

us

e

.R
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pair multiple of the coherence length@see Eq.~3!#. The
fringe contrast is thus reduced by the existence of a se
coherence lengths that give rise to local maxima of the h
monic flux in the time domain. The very high contrast o
served experimentally could be due to a more complex
havior of the atomic response as compared to the strong-
approximation ~SFA! @4#. Recent time-dependent Schro
dinger equation calculations@22# showed, for example, som
discrepancies with the SFA model. From our data, we exp
that refined work on HHG dipoles may predict shorter bur
of XUV polarization than currenly considered in SFA mo
els.

VI. CONCLUSION

The detection of coherence fringes is thus an interes
way to study phase matching and in particular the spec
contribution of each quantum path. We showed the imp
tance of relevant parameters such as coherence and ab
tion lengths on the fringe contrast. We demonstrated how
loose focusing conditions were appropriate for the obser
tion of coherence fringes. In order to explain the contr
observed experimentally, as compared to theoretical pre
tions, we suggest that the harmonic emission may be sho
in time than expected from usual pulse envelope approxi
tion and SFA model.

Finally, we can emphasize the parallel between the c
ditions unraveled to observe highly contrasted Maker fring
and the conditions to obtain good phase locking of high h
monics leading to attosecond pulse trains. As was shown
Gaarde and Schafer in Ref.@23#, the smoother phase beha
ior of the first quantum path, both in time and space,
instrumental in reaching good phase locking. We obtain si
lar conditions to observe contrasted fringes. We can there
conjecture that the existence of well contrasted fringes
sign of proper phase locking. The present study may offer
easier control than direct harmonic phase measurement
the optimized generation of attosecond pulse trains in
XUV domain.
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