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Systematic studies of the temporal coherence properties of high-order harmonic radiation are presented.
These complement our previous investigati¢Bgllini et al, Phys. Rev. Lett81, 297 (1998], where we
showed the separation of the far-field pattern of high-order harmonics into two distinct spatial regions with
different coherence times. Here we show how the coherence time of the inner and outer regions changes as a
function of the harmonic order, the laser intensity, and the focusing conditions. Good agreement with the
predictions of the semiclassical model of harmonic generation is obtdi8&0850-2947®9)10312-3

PACS numbd(s): 32.80.Rm, 42.65.Ky

[. INTRODUCTION intense electromagnetic laser field, can tunnel through the

barrier formed by the resulting potential, and subsequently

High-order harmonic generation has been studied exterbe accelerated by the laser field. For a linearly polarized laser
sively during the past years. A good understanding has noweld, the electron may be driven back toward the core and
been reached of the fundamental processes behind harmorigcombine. When decaying to the ground state, it gives rise
generation, and the harmonic radiation has been charactef2 the emission of a high-energy photon. For the generation

ized through systematic theoretical and experimental studie§f Some particular harmonic there are several possiile

Important properties like the pulse lendth2] and the spa- jectoriessuch that the electron returns to the core with the

tial coherencd3] have been investigated. The harmonic ra-COITect energy, depending on the times of release from and

diation presents a unique source in the extreme ultraviol€tUm to the core. In Ref11] it was shown that for a har-

(XUV) spectral region, and has recently been used in severg?o.nic belonging to the plateau region, there are two trajec-

applicationd4]. A characterization of the coherence proper-:]Orles thatgl_on}lnate the ge_:nerfiltlor:j prochess. ;I'h;z phlase of _the
ties of the source is required for applications such as intert@'menic dipole moment is related to that of the electronic

ferometry and spectroscopy in the XUV region. In addition, V&€ function, and is c_IassicaIIy gqual to the action .Of the
coherence properties are of fundamental interest for the stu jectory of.the Iaser—drl\(en returning e'ec“fo.”- In_partlcular,
of the dynamics of the harmonic generation process, sincé; 'S prc_)port!onal to the intensity Of. the drl_vlng field. The
for instance, the temporal coherence gives information aboﬁoportlo?‘allty fac_tor, pmgasehcoefﬂmenbz, f's. clos;]a ly rle-
the time dependence of the phase of the harmonic radiatiotft€d {0 theexcursion time 7, the amount of time the elec-

In a previous experimer6], we measured the temporal 70N Spends in the continuum. The two trajectories, having
coherence of high-order harmonic radiation created witfifferent excursion times, therefore contribute to the dipole
100-fs titanium-sapphiréTi:S) laser pulses. This was done moment with different phase dependencies as a function of

by studying the far-field interference fringes of harmonic ra-the aser intensity. , ,
diation produced in two separate sources, originating from The mterpretaﬂon of the experimental results presented in
the same laser pulse, and therefore phase lof&édThe Ref. [5] is based on the_above result,_ na_mely, that fo_r each
coherence time was measured by varying the time delay bd2rmonicq there are mainly two contributions to the dipole
tween the two pulses generating the two harmonic sourcd@0ment at the harmonic frequency. Each of these compo-
and recording the decrease of contrast in the fringe patterﬁ‘.ents has a phase that is proportional to the intensity, and we

Very interestingly, we found that the far-field pattern con-can thus write the amplitude of the dipole moment of ditfe

sists of two distinct spatial regions with different coherence@monic approximately as

times. The innekcentra) region has a long coherence time, B . .
comparable to the estimated duration of the harmonic pulse, ~ da(l) =Aw(l)exp(—iail) +Ax(Dexp—iazl), (1)
while the outer region has a much shorter coherence time, of

a few femtoseconds. Our interpretation of the experimentaf/n€reA;(1) is the strength of the component corresponding

results[5] is based on a semiclassical model for harmonicl© the trajectony, anda; is the phase coefficient. Since the

generation{7—9]. (A more detailed theoretical analysis was NeNSity varies both in time and space, the harmonic radia-

also presented in Ref10].) tion field consists of two components with different temporal
Briefly, the semiclassical model assumes that an atom in-

teracting with an intense laser field can be described as hav-

ing only one active electron and only one bound state. The in previous papers the excursion time was referred to as the

electron, experiencing the sum of the Coulomb field and theeturn time.
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_ Michelson In Sec. Il, we describe the experimental setup and the
e N interferometer . . .
, method of analysis which we have employed to determine
Gas Jet o Spherical | the coherence times. Our theoretical model is presented in
Normal incidence Qrating . . .
. Sec. Ill, and the main results of this work are presented in

spectrometer

—— Sec. IV. We summarize in Sec. V.

Beam
splitter |

Laser T Il. EXPERIMENTAL SETUP AND METHOD

Beam
The laser used is the terawatt laser of the Lund High-
Power Laser Facility12], which is based on chirped pulse
amplification in titanium-doped sapphire. The laser operates
at 10 Hz, and produces pulses with an energy of up to 200
mJ in a beam of about 5-cm diameter. The wavelength is 800
Mopgne nm and the pulse length around 110 fs.
The experimental setup is shown in Fig. 1. It presents
FIG. 1. Experimental setup using the normal-incidence spectarge similarities with the one used in our previous experi-
trometer. ment [5]. A Michelson interferometer separates the laser
pulse into two identical pulses with a variable time delay
and spatial phase behaviors. The spatial variation with intenbetween them. The time delay is controlled by manually
sity gives rise to a curvature of the phase front, and therebfyranslating one pair of mirrorésee Fig. 1L One mirror is
a different divergence for each field component. This resultslightly tilted so that the two beams are not completely par-
in a complex far-field pattern for the total field, with two allel. The beams are focused by a lens placed after the inter-
regions, as observed in the experimé¢ht. Likewise, the ferometer into an argon gas jet. Since the two beams are not
temporal variation induces a time-dependent frequencgxactly parallel they are focused at two slightly different po-
variation (a chirp), different for each field component. This sitions, and we produce two sources of harmonics at a close
leads to different coherence times for the two spatial regionglistance but spatially separated. The harmonic beams from
The results presented in Regb] are probably some of the the two sources are practically superposed in the far field,
clearest experimental evidence for the semiclassical interpreiving rise to an interference pattern. A grating is used to
tation of harmonic generation, since their interpretation in-select a given harmonic order and project it onto a micro-
volves the existence of several contributing and interferingchannel plate, coupled to a phosphor screen. The image on
trajectories. However, they were obtained at a constant laséine phosphor screen is captured with a CCD camera. All the
intensity and only for a few low-order harmoni@gp to the images presented in this paper are single-shot recordings.
15th harmoniy. Measurements of the two coherence times The fringe separation in the far field is given hyy
for the two spatial regions of the far-field pattern were per-=L\/4, just as in a Young’s double-slit experiment, where
formed only for one harmonic, the 15th, generated in argonL is the distance between the gas(@t the image of the gas
The present work is a follow up of the experiment pre-jet) and the detection plane where the interference pattern is
sented in Ref[5]. We extend our previous experiment, and recorded) is the harmonic wavelength, ads the distance
perform more systematic experimental studies, as well as between the two sources. A smaller distance between the two
more detailed theoretical analysis. The coherence times dbci thus gives a larger fringe separation. For a given focus-
the inner and outer regions in the far-field profile are studiedng geometry(and more exactly for a given numerical aper-
as a function of several parameters: harmonic order, laseure, orf), the smallest distance between the two foci cannot
intensity, and geometrical conditiofigosition of the gas jet be less than the beam waist diameter. Below that distance,
relative to the laser fociisWe show how the coherence the two fundamental beams interfere and the two harmonic
times vary as a function of these different parameters, andources cannot be considered as independent. Consequently,
we compare the results with the predictions of the semiclasfor high harmonic orders the focusing geometry has to be
sical model. chosen to be relatively tight, and the two foci located as

CCD
Camera

FIG. 2. Interference pattern for the 13th har-
monic using a delay between pulses(af 7=0
fs and(b) 7=25 fs.

T Center of beam
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close as possible to be able to resolve the fringes. This is to The experimental studies presented below consist in mea-
the detriment, however, of the harmonic yield. Depending orsuring the coherence time in different regions of the spatial
the focusing geometry we typically work with a separationprofile as a function of several parameters. The coherence
between the foci of 100—15am. The laser beams are ap- time is equal to the half-width at half-maximum of the curve
ertured to a diameter of 9 mni € 28), except for the results V(7) representing the visibility of the fringes in some spatial
presented in Figs. 2 and 10 where an aperture of 6 rim (f€gion as a .fu.nf:fuon.of the' delay between t.he two pulses
=42) is used. Then they are focused by a 25-cm lens. WEL3]- The visibility is defined by the ratioV=(lmnax
estimate the spot sizes to be approximately 80 and®)  —!min)/(Imaxt Imin), Wherel max (Imin) is the maximum(mini-
respectively. The spot size is taken as the diameter of thg]um) intensity in the spatial region considered. The visibil-
Airy disk formed when focusing a top hat intensity function ity is theoretically equal to 1 when the two pulses are tem-
(estimating the laser to be 1.5 times diffraction limjtefle- ~ Porally overlapped and have equal intensity, and decreases as
pending on the laser energy and the size of the aperture, tifefunction of the time delay. To determine experimentally
peak laser intensity in each of the two foci is between 1the visibility curveV(7), we record several images at differ-
% 10 and 5x 10 W/cn?. ent time delays. For each image we calculate the visibility in
The optical quality and mechanical stability of the Mich- @ given spatial region and thereby determine (fbeal) co-
elson interferometer is critical to obtain accurate and reproberence time by plottiny/(7). This procedure is very time
ducible data. The dielectric mirrof§0-mm diameterare of ~ consuming. Since the aim of this work is to study the varia-
\/10 flatness. The beam splitter (680 mn?) is chosen to  fion of the coherence time as a function of different param-
be rather thin3 mm) in order to limit the influence of non- €ters and.to compare the results with the predictions of t_he
linear effects. Probably as a consequence of the small thickieémiclassical model, we have concentrated on studying
ness, the beam splitter used in our setup, in spite okfh@  trends rather than accurately determining absolute coherence
flatness requirement, presents a curvature. This leads #§nes. Therefore, for the systematic studies presented below,
slightly different divergences in the two beams after reflecWe Use an alternative, more approximate, method. It consists
tions on opposite sides of the beam splitter. The two foci ar@®f recording the time delays at which our eye stops or begins
therefore not strictly in the same plane. The minimization ofS€eing interference fringes. The time span over which the
this effect is another reason for us to use a relatively tighffinges are visible to the eye is then calibrated against the
focusing geometry. coherence time measured by recording a visibility curve. We
Working in the above mentioned intensity region meangind that our “eye’s visibility time™ corresponds to the co-
that we are around the saturation intensity for argmmout ~herence time multiplied by a factor of 3.7. Below we refer to
3% 10 W/cm?). We perform measurements in argon up tothis eye’s visibility time, Q|V|ded by the factor 3.7, as the
the 31st harmonic order, which corresponds to the cutoffXPerimental coherence time.
region where the harmonic intensity decreases rapidly with
the process order. We also observe interference fringes in ll. THEORETICAL BACKGROUND

neon. However, due to the tight focusing geometry the har- ) o
g 99 y We first recall some elementary definitions and results

monic yield is too low for systematic studies. lated h | coh . f |
Two different setups are used for the spectral analysis ofelated to the temporal coherence properties of an electro-

the harmonic radiation. For the lower-order harmonicsmadnetic field, before applying them to the particular case of

(13th—23rd we use a normal incidence spectrometer with aharmomc generation.

spherical grating(1200 lines/mm The normal-incidence
spectrometer(shown in the figure is well suited for an A. Definition of the coherence time

analysis of lower-order harmonics where a large number of The temporal coherence is characterized theoretically by
photons are available, but for high-order harmonics the rege first-order correlation function

flectivity of the grating is too lowtypically 2—3 %. For the

studies of the 17th—31st harmonics, we use a grazing- 0,2 R Y R

incidence toroidal grating with 700 lines/mm and a reflectiv- r(r, 7)= lim ff E(r,t+ )& (r,t)dt, @

ity of about 10%. This allows us to collect a larger number of Toe 100

photons, but to the detriment of the spatial profile. Indeed,

astigmatism and other aberrations are more severe with t i ) >
the normalized correlation functidialso called the degree of

use of a grazing incidence grating. | coh incid th the visibility f :
Figure 2 shows the far-field pattern of the 13th harmoni temporal co erengecoincides with the visibility function

for two different time delayss, between the pulse®) O fs mtrodl_Jced above, Whi_ch can be measured exp_erimentally. Its
and (b) 25 fs. The peak intensity is approximately 3 half-width at half-maximum is trle coherence timg.

x 10" Wi/cn?. Two distinct spatial regions can be seen, an  The correlation function")(r,7) is the Fourier trans-
inner intense region and an outer less intense region. Fringderm (FT) of the power spectrufE(r,w)|?, E denoting the
exist in both regions in@) while the fringes in the outer FT of the fieldE. Consequently, thélocal) spectral band-
region have disappeared (i), demonstrating that the coher- width, defined as the full width at half-maximum of the
ence time in the inner region is longer than in the outer. Thigpower spectrum, is inversely proportional to the coherence
confirms and generalizes the results of H&f, since the time. The proportionality factor depends on the shape of the
same effect is observed here at a higher laser intensity, withield amplitude. For example, for a Gaussian function,
a different setup and laser system, and for a different harT.Av=0.44 (with Av=Aw/27). The coherence time is in
monic order. general shorter than the pulse duration, and equal to it for a

here £ denotes the electromagnetic field. The modulus of
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FT-limited pulse. The measurement of the coherence time in
different regions of the spatial profile provides information
on the space-dependent spectral content of the harmonics.

Next we consider a field whose temporal dependence can
be written as exjp-i(wgt+ ¢(t))] (here we neglect the effect
of a finite pulse duration on the spectrum, concentrating on
the phase variation The spectral bandwidth is equal to the
frequency variation, the so-called chirp, during the pulse
given by Aw=Ad¢(t)/dt. The coherence time is thus a
measure of the chirp of the radiation at a given point in
space.

According to the semiclassical description of harmonic
generation, briefly described in Sec. I, a harmonic field can

Distance from the nucleus (arb. units)

Electric field

be approximately written gsee Eq.(1)] FIG. 3. Schematic representation of the electron trajectories in
R ) R ) R the continuum, corresponding to different emission times. For the
Eq(r,t)=Aexp(—ia;l(r,t))+Azexp(—ia,l (r,1)). sake of clarity, only the first half period of the laser field is ana-

3 lyzed. Trajectory(a) represents a trajectory where the electron is

i . accelerated away from the core and does not contribute to harmonic
For the sake of simplicity, we neglect for the moment thegeneration. Trajectoryb) returns to the core with zero kinetic en-
temporal variation of the amplitudes of the two contribu-grgy.

tions. As explained in Ref5], the different spatial variation

of the phase of the two contributions leads to their spatiahpproximately constant during a single optical cycle. The
separation in the far field. The measurement of the coherenggrce that the electron experiences is proportional to the laser
time in the two(inner and outérspatial regions gives infor-  glectric fieldE = Egsin(wt), and the solution of the classical
mation on the frequency variation of the two componentsequations of motion for the electron can be written as

This frequency variation, given bw;(t)=A[d¢;(t)/dt]

=Aaj[dl(t)/dt], presents a common term, namely, the de- V(t,tg)=—vocoq wt) +vocoq wty),

rivative of the fundamental field, and a factor specific to the (4)
trajectory: the phase coefficieat;. The coherence time is

therefore approximately proportional toa/ Comparing the 1 ) )
coherence times corresponding to different contributions X(tto) = — (= Vesin(wt) +vesin(wio))
thus gives information on the relative phase coefficients for

the corresponding trajectories. The coherence time therefore +(t—tg)vocoq wty).

gives direct information on the fundamental procédse
electronic trajectories leading to the emission of harmonics Herevy=qE,/mw, and we assume that the electron escapes
[10]. from the atom at the position=0 at timet=t, with a null

In the following we present the predictions of calcula- initial velocity.
tions, with different levels of complexity, of the variation of  Depending ori,, the electron may follow different routes
the coherence tim@r some parameter proportional tpfior  in the continuum. A pictorial representation of the electron
the two main trajectories contributing to harmonic generatiortrajectories for different emission times is shown in Fig. 3.
as a function of the harmonic order. The underlying assumpExamining just the first half optical cycle, it can be easily
tion of our analysis is that the temporal and spatial separationbserved that the electrons emitted while the field is growing
of the harmonic radiation into two components, and the corin absolute value (& t<T/4) are accelerated away from
responding coherence times, are closely related to the singléhe core and never return to it: such trajectories do not con-
atom dynamics. More specifically they are related to theribute to the process of harmonic generatjtnajectory(a)
phase imposed on the harmonic dipole moment by the dy-

namics of the electron in the continuum. These results are o
then compared to the experimental data in Sec. Il B. a7r ] 10?_
First we use the classical model from Rigg] to describe Return energy =
the electronic motion in the continuum. Then we proceed to & &
calculate the dipole moment in a much more sophisticated & 2 . g
way, by numerical integration of the time-dependent Schro 2 A Time in the continuum 4 055'
dinger equatiori14]. The third step in our calculations also E -
includes propagation of the generated radiation through the § 1T )
nonlinear medium. = g
0 . — 0.0%

B. Classical model 0.2 0.3 0.4 05 3

. . . . . Release time (optical cycle)
Using the classical model introduced in REg], we omit

the influence of the atomic core and consider only the motion  FIG. 4. Return kinetic energidsolid line), expressed in units of
of a free electron in a laser field. We also consider a fieldhe ponderomotive energy, and excursion timeslashed ling of
with a slowly varying amplitude, so that it can be treated ashe electrons as a function of their release tirge
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FIG. 6. Coherence times, calculated as the inverse of the phase
coefficientsa; (corresponding to the short trajectpnd a, (cor-

FIG. 5. Coherence times, calculated as the inverse of the excurr_espondlng to the long trajectonas a function of harmonic order.

sion times, using a simple classical model, as a function of th

ponderomotive energyUpeI\2). ?unction of photon energy follows that af,. Therefore, in

Fig. 5, we plot the inverse of the two classical excursion
times 1/ and 1/, to illustrate thevariation of the coher-

in the figurd. If the electron escapes at the peak of the fieldgnce times with the harmonic orders well as with the laser
oscillation ¢=T/4), its trajectory brings it back to the core intensity. In the figure, we see how the two curves merge
with a zero velocity after a full optical periddrajectory(b)  when the photon energiglectron return kinetic energy plus
in the figurd. Electrons emitted when the field is decreasingjonization potentiglincreases, becoming identical when the
in absolute value T/4<t<T/2) come back and recombine cutoff energy is reached.

with the core in a shorter time and with higher kinetic energy
(the high kinetic energy corresponds to a large slope when

. . o2 X . C. Single-atom calculations
crossing the time axjsFinally, electrons which escape into

the continuum when the field is close to zete-(I/2) spend A much more sophisticated description of the electron
a very short time before recombination, and acquire just &ynamics is achieved by considering a “real” atom in a
small amount of kinetic energy from the field. strong laser field, and solving the time-dependent Schro

In Fig. 4 we plot the return kinetic enerdgxpressed in dinger equation(TDSE). The calculation is performed in
units of the ponderomotive energy,,=1) and the timer ~ Several steps, described in detail in previous papers
spent in the continuurir=t, —t,, wheret, is the recombi- [10,14,1G. Briefly, we start by numerically integrating the
nation time defined by(t, ,t,) = 0] as functions of the emis- TDSE for an argon atom interacting with a short laser pulse,
sion timet,. as described in Ref14]. The calculation is performed for a

The kinetic-energy curve presents a well-defined pealkdser pulse with a given peak intensity, and the harmonic
corresponding to the maximum energy acquired by electron§Pectrum is calculated by Fourier transforming the time-
during the oscillation in a field of given intensity. This value dependent dipole moment. We then use an adiabatic approxi-
of the kinetic energy, added to the ionization enelrgypf the mation to extract the intensity dependence of the strength

atom, determines the maximum energy of the emitted pho2nd phase of each harmonic, as described in Rél. Hav-
tons and corresponds to the well known cutoff & "9 obtained the intensity dependence of the dipole moment,

~1,+3.17U, [8,15]. Harmonics close to the cutoff come dy(1), for each harmonic, we perform a quantum path analy-
from electrons that escape into the continuum only during £iS [10,17 of the harmonic phase, in order to extract the
restricted time interval~0.3T (see Fig. 4 weights of _the different pathEAj; see Eq.(;)] and thglr

On the other hand, for a given electron energy belowcOrreésponding phase coefficients;) as function of the in-
3.17U,, there are always two possible release times withif€nSI- Briefly, for each intensity, we multiply the dipole
each half period of the laser field. For relatively low ener-moment with a window functioV, (1) which has its maxi-
gies, there may be additional, longer, trajectories that bringnum atl=1I,. The Fourier transform oﬂq(l)W|o(|) then
electrons back to the core, but their contribution to harmonigyields the distribution of reciprocal intensities, or phase co-
generation is small, and we do not consider them here.  efficients,«, at the intensityl o:

Harmonics in the plateau are then essentially generated by
two different classes of electrons, with two different release
times and, correspondingly, different amounts of time spent
in the continuum. Electrons released shortly after the peak of
the field oscillation have a much longer excursion time com- A first estimate of the coherence timesTig=1/a;. The
pared to those released when the field amplitude is approachesults obtained in argon, for a peak intensity of 2
ing zero. These distinct classes of electrons are responsible10'* W/cn?, are presented in Fig. 6. These coherence
for the two components observed for harmonics generated itimes agree qualitatively well with those obtained by the
the plateau. classical calculatioriFig. 5).

In Sec. Ill A we discussed how the coherence timegis As explained in Sec. Il A, the above approximation for
proportional to 14; . The phase coefficient; is closely re-  the coherence times considers only the phase variation of the
lated to the excursion time;, and the variation ofx; as  field components, and neglects the effect of a finite pulse

A|0(a)=f dg(HW; (Dexplial)dI. (5)



4828 C. LYNGA et al. PRA 60

“fx “r ’\
~ 50f
g ‘\\*\ . @ sof ’/'\ —
N~ mnner region
g 41 v e--e-« 2 - ’\ :
£ . E o *~ .
g 30r . = \‘_,——0————3\
g y—v_ & < \
7] < =
£ 20f v~ NN S 3ol e
= ' ~ L
) / ~e = . ‘e
O 10F - S 20}k outer region o
O - ~a
ol 8=0—0=—B==B-"c-B-o0-0 | 8O Breg—o1
9 11 13 15 17 19 21 23 25 27 29 10 L— Q . L . L .

. 17 19 21 23 25 27 29 31
Harmonic order
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FIG. 7. Coherence times, calculated using the inverse of the

phase coefficients, and also accounting for the finite pulse duration FIG. 8. Coherence times measured experimentally as a function
(dashed ling Solid diamonds correspond to the short trajectory,of harmonic order. The dashed lines correspond to an intensity of
and open circles to the long trajectory. Coherence times calculate?x 104 W/cn? and the solid lines to an intensity of 4

in a fully macroscopic calculation are drawn with a solid line. Solid X 10" W/cm?. The inner region is marked with diamonds and the
triangles correspond to the short trajectory, and open squares to thaiter region with circles.

long trajectory.

) o ) ) o . culation. The results are presented in Figs@lid lines. The
duration. This is valid when the induced chirp is dominant,penavior of the coherence times is quite close to that shown
which is not the case for the component with the long coheryith gashed lines. This leads to the conclusion that the co-
ence time(top curve in Figs. 5 and)6For this component, herence times are essentially governed by the simple physics
the spectral broadening induced by the finite duration of thgontained in the classical model, with the correction that the

harmonic pulséthe Fourier-transform limited bandwidtis  effect of a finite pulse duration must be accounted for.
comparable to the bandwidth induced by the dipole chirp. To

account for the finite pulse duration in a simple and approxi-
mate way[18], we assume a Gaussian variation for the am-
plitude of the harmonic field and a linear frequency chirp, We measure the variation of the coherence times of the
b;, proportional to the phase coefficieat. The time de- two regions for different harmonic orders for two different
pendence of each component of the harmonic field can bitensities, 2<10'* W/cn? (dashed lines in Fig.)8and 4
written as E;(t)=exp(—apt’—i(wot—bjt?)), where ay %10 Wicn? (solid lines in Fig. 8. We observe two re-
=21n2/T%, andTy is the harmonic pulse duration. For such gions with different coherence times: an outer region with a
a field, the coherence time is shorter than the harmonic pulsghort coherence tim@pen circleg and an inner region with
duration by the factox/L+ (b;/ay)?. In Fig. 7, we show the a longer coherence timgsolid diamonds The coherence
coherence times calculated in the same conditions as in Figime for the outer region is approximately constant with re-
6, but accounting for the finite-pulse duration of the harmon-spect to both harmonic order and intensity, whereas the co-
ics (dashed lines We assume here that all the harmonicsherence time for the inner region decreases with harmonic
have a pulse length equal to half that of the fundamental. Agrder and increases with intensity. The dependence on the
expected, the longest coherence times are affected the mdwrmonic order is very similar to the theoretical predictions
by the finite pulse duration. (Fig. 7). There is some difference regarding the absolute val-
ues for the coherence timé@sigs. 7 and 8 especially for the
outer region but the trends are the same. Let us emphasize
again that the aim of our measurements is not to determine
Finally, we perform a complete calculation including accurate coherence times, but to study variations and trends.
propagation, and thereby phase matching, of the harmonic
field through the nonlinear medium. We use the single-atom
dipole moment—calculated as a function of the intensity—as -
a source term of the nonlinear part of the polarization field, sob
and solve the wave equation in the paraxial and slowly vary- inner region .
ing envelope approximations by numerical propagation a0t ,/ \
through the medium. This method was described extensively, ¢
for instance, in Refl16,19. We then calculate the harmonic
spe(ctrum at the exiet of the medium, by Fourier transforming outer region
the (space-dependenhharmonic time profile. From the spec- 20} ©
trum, which presents a superposition of two curves with dif- 0/ \0/0
ferent widths[10], we obtain the bandwidth and hence the 10 L L
coherence time of each of the two components. Note that in
this calculation very few approximations have been made.
We automatically take into account the small intensity de- FIG. 9. Coherence times measured experimentally as a function
pendency of the phase coefficients, since we are using thsf intensity for the 23rd harmonic. The inner region is represented
full dipole moment as a source term in the macroscopic calby diamonds, and the outer region by circles.

IV. EXPERIMENTAL RESULTS

D. Calculations including propagation
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FIG. 10. Interference pattern for different fo-
cus positions for the 13th harmoni@) the focus
is 2.4 mm before the gas jeth) the focus is in
the center of the gas jet; arid) the focus is 1.8
mm after the gas jet.

Center of beam

The difference between theory and experiment might simplyVe also find that the coherence times in the two regions do
be due to some systematic error owing to our method ofiot depend on the focus position. This is because they are
determining the experimental coherence times. essentially determined by the single-atom dynamics, and not

The behavior of the coherence time with respect to intenby propagation effects.
sity is presented in Fig. 9, where the coherence time for the
23rd harmonlc is plot_ted for increasing intensities. The co- V. CONCLUSION
herence time of the inner region increases with increasing
intensity, whereas the outer region remains relatively insen- We have studied the coherence times of high-order har-
sitive. An increase of the intensity corresponds to movingmonics produced in argon. The spatial profiles in the far field
harmonics in the plateau region away from the cutoff. Ac-separate into two distinct spatial regions having different co-
cording to our theoretical understanding presented above, theerence times, in agreement with previous results. We have
two trajectories and hence the two coherence times shoulcheasured the coherence times of the inner and outer regions
therefore differ more and more as the intensity is increasedas function of the harmonic order, the laser intensity, and the
This agrees with our experimental observations. position of the gas jet.

In Fig. 10, the influence of the focus position relative to  The coherence times vary both as a function of the har-
the gas jet is illustrated. We record the interference pattermonic order, and as a function of the laser intensity, in good
while moving the position of the focus through the gas jet foragreement with the predictions of the semiclassical model. In
the 13th harmonic. The beam is apertured to a diameter of this model, the two dominating quantum paths contributing
mm, and the peak intensity is estimated to be 3to the generation of some particular harmonic are distinct
X 10" Wicn?. We see how the relative importance of the when the harmonic is deep in the plateau region, and become
two regions varies for the different conditions. (@, where  more alike as the harmonic approaches the cutoff region. We
the focus is before the gas jet, the outer region has disambserve this effect on the coherence times, which directly
peared and harmonics are emitted only in the inner region. Ineflect the electronic trajectories. This is a clear experimental
(b) and(c), where the focus is positioned in the gas jet, andsignature of the semiclassical model. The fact that we can
after the gas jet, respectively, both regions can be seen. Thenhance one or the other of the two regions by macroscopi-
figure illustrates clearly how phase-matching conditions in-cally changing the focusing conditions is in good agreement
fluence the contributions of the two trajectories differently.with predictions taking into account phase matching of the
When the focus is before the gas jet, we see only the contriwo components of the field in the nonlinear medium
bution due to the shortest trajectofwith excursion time [10,21.

71). The contribution of the other, longer, trajectory is not

properly phase matched. This agrees well with theoretical ACKNOWLEDGMENTS

calculations presented in Rgfl0]. As the focus is moved

through the gas jet, the contribution of the other trajectory We would like to thank K.C. Kulander and K.J. Schafer
(with excursion timer,) is better phase matched and the for the use of their single-atom data. We acknowledge the
outer region becomes visible. Ift) the outer region is support of the Swedish Natural Science Research Council
slightly annular, which is consistent with previous measureand the EC “Access to Large Scale Facilities” Program
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