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Generation of attosecond pulses in macroscopic media
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We describe theoretically the generation of ultraslisubfemtosecondpulses using high-order harmonics
of a laser pulse with a time-dependent degree of ellipticity. The single-atom response is calculated by using a
low-frequency strong-field approximation. Propagation effects are taken into account using a method going
beyond the slowly varying envelope approximation. Propagation modifies significantly the results obtained in
the single-atom response and, in certain conditions, makes the generation of one attosecond pulse possible. We
discuss prospects for the observation of these ultrashort pulses.
[S1050-294P@7)09411-0

PACS numbeps): 32.80.Rm, 42.65.Ky

I. INTRODUCTION laser field[8,9]. Several methods have been proposed to
modulate in time the laser degree of ellipticj#,10].
High-order harmonic generatidifiG) is a rapidly devel- Schafer and Kulander, and Christeval. [5,6] proposed

oping area in the field of intense laser-atom interactions. Oné use very short fundamental puldeelow 25 f3 to gener-
of the most exciting applications of these processes is thate very short harmonic pulses, especially for the harmonics
generation of pulses of electromagnetic radiation of veryin the cutoff region. Further compression can be achieved by
short duration(a few hundred attosecondsThis new topic compensating the dynamically inducégractically lineay
has gained enormous interest since it may open the way tchirp of the harmonic$§7,11].
attosecond spectroscopyd, generally speakingftosecond Finally, it is worth mentioning another scheme based on
physics[1]. high-order harmonics produced by laser pulses interacting
Several proposals for subfemtosecond pulse generationith solid targets[12—15. Using a simple model for the
have been put forward during the last few years. They albscillating plasma surface, Rzawskiet al.[16] showed that
involve high-order harmonic generation, mostly from gas-when a Ti-sapphire laser pulse is normally incident on a
eous media. There are essentially two types of propo&ls: surface, the reflected signal has the form of a train of ul-
those that rely on phase locking between consecutive hatrashort pulsegof duration=100 attosecondsThis result is
monics[2—-4], and (b) those that concern single harmonics rather interesting, since, on one hand, the harmonic spectrum
[5-7]. is monotonically decreasing and does not exhibit any plateau
The first type of proposals is based on the observation thdtl7], while, on the other hand, the production of those ul-
the harmonic spectrum consists of a plateau with peaks#ashort pulses does not require any filtering.
equally spaced in frequency and with nearly equal ampli- It should be stressed that most of the above-discussed
tudes. Farkas and Toth, and Hareisal. [2] speculated that, schemes have been considered only for single atoms. All of
by filtering out N harmonics from the plateau, one could these proposals require a careful study of macroscopic ef-
obtain atrain of intense ultrashort pulses of duratigi2N, fects, since propagation and phase matching in the macro-
where T is the laser period, provided the harmonics werescopic medium may significantly alter the single-atom sig-
locked in phase. Antoinet al. [3] showed that, though it nal. The purpose of the present work is to investigate in
does not turn out to be true on the level of individual atomsdetail, on a single-atom level, as well as including propaga-
the emission by the macroscopic medium does consist of @on, the feasibility of the proposal from Corkuet al.[4] to
regular train of short pulses thanks to the time filtering in-use laser pulses with a time-modulated degree of ellipticity.
duced by macroscopic propagation effects. FurthermoréyVe discuss under which conditions a single attosecond pulse
Corkum and his collaboratorgt] suggested that by using can be generated, and which power can be obtained.
laser fields with a time-modulated degree of ellipticity, it The plan of the paper is the following. In Sec. Il we
should become possible to generat@rgleattosecond pulse present our theoretical approach. The single-atom response is
thus, in a way, achieving extraction of a pulse from the traindescribed using our quantum mechanical th¢s} valid in
of attosecond pulses obtained with linear polarization. Thighe tunneling limit. Propagation equations are solved by us-
idea is based on the strong sensitivity of the harmonic coning an approximation that goes beyond the slowly varying
version efficiency to the degree of ellipticity of the driving envelope description, in order to account for a rapidly vary-
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ing degree of ellipticity for the fundamental field. In Sec. Ill slowly varying envelope can be applied, the frequency com-
we discuss our numerical results and in Sec. IV the effects gbonents reduce to the harmonics of the laser field.
dispersion and ionization. The general conclusion of our
work, presented in Sec. V, is that the scheme of Corkum and
co-workers does work in a macroscopic medium, provided
the duration of the fundamental laser pulse is short enough ) o
(below 30 f3. It is in fact the interplay between single-atom ~ We start from the general wave equation describing the
response and phase-matching effects that makes possible gpkopagation of an electromagnetic fid,t) in an isotro-
generation of one attosecond pulse. pic, globally neutral, nonmagnetic, dielectric medium, char-
acterized by an electronic polarizatid?(f,t) [here we use
Il. THEORETICAL DESCRIPTION Systera International(SI) units]:

B. Propagation equations beyond the slowly
varying approximation

We first discuss the case where depletion due to ioniza- R 1 2&(Ft) 1 J*P(Tb)
tion and dispersion is neglected. We will discuss in Sec. IV V2E(F,t)— 2 a2 e e
how the theory can be extended(fmartially) ionized media. €o

. 3

. The Fourier transform of this equation reads
A. Single-atom response

The details of our theory can be found in Rdfs8-20. . 02 . 02
Here we quote only the main results. Atomic units are used VZEo(F)+ =z €a(N==—2Pa(N). (4)
in this paragraph. The dipole moment of an atdft) in the 0
strong electric field of a laser of frequenayis calculated by

evaluating the integral:
X(t)=i fo dr d*[Ps—A(t)] absence of depletion, is simply proportional g(F), the
Fourier component of the atomic dipole moment, calculated
xexp[—iS(ﬁs,t,r)]f(t— T)ﬁ[ﬁs—,&(t— l+c.c. for t_he (ciomple& amplitude of 'the fundamenta[ field .at the
positionf” (we neglect wave-mixing processes involving ab-
(1) sorption of the generated fieldsVe now use the paraxial
) - o . approximation which assumes that the laser and generated
vis a positive regularization consta(t) denotes the vec- fie|ds propagate essentially like a plane wave. We introduce
tor potential of the electromagnetic fielé(t)= —JA(t)/dt  the envelopes Eq(F)=Ey(Nexpikgz) and Py(F)
is 9the (ilect:tnc ”f|elij (e_)”Ip”tIC?"y polarized, |r1 gene@l =P (N exp(—ikg2), with kg=0/c, in the absence of dis-
S(p.t,7)= [ dt{[p—A(t")]772+ 1} (I, denoting the ion-  persion.z denotes the coordinate on the propagation axis.
ization potential is the quasiclassical action, describing theWe assume tha (1) and P(F) vary slowly in the coor-
motion of an electron m0\£ing in the Iasgr field with a CoN- yinate z over the field wavelength. The linear part of the
stant canonical momentuf. Equation(l) is a generalized olarization cancels out with terms in the left-hand side in

Landau-Dyhne formula, obtained_ by using a saddle-poin g. (4) and we obtain the following equation for the enve-
method to integrate over all possible values of the momen

tum p with which the electron is born in the continuum. The opes:

integration variabler represents the possibteturn times of s 2

the electron, i.e., the times it spends in the continuum be- y2 EQ(F)+2ikQ IEq(F) — Q_ |3n|(r») (5)
tween the moments of tunneling from the ground state to the + Jz o

continuum and recombination back to the ground state. The

saddle-point value of the momentu(for which the quasi-  \yhere PI(F) is the nonlinear polarization envelope. It is
classical action is st%tlonan)and which enters in Ed1),is  \yorth stressing that, by solving E@5) for a continuous
Ps=Ps(t, 7)=J1_dt"A(t")/ 7. Finally, the field-free dipole range of frequencies, we go beyond the adiabéiowly
transition element from the ground state to the Continuum/arying envelopg approximation in time. In particular, we
state characterized by the momentgroan be approximated account for the time dependence of the fundamental in a

The polarizationP,(F) at frequency() consists of a linear
component, characterizing the linear response of the medium
3/2 at that frequency, and a nonlinear component, which, in the

- -

T
v+it/2

by nonadiabatic way.
712,514 6 To obtain the. time dependence of the .total fié(uf,_t),
d(p)=i —— —— (2)  one has to Fourier transform back to the time domain:
T (p*+a)®
with a=2l,, for the case of hydrogenlike atoms and transi- E’(F,t): % J' EQ(F)qu—i(Qt—kQZ)]dQ_ (6)

tions froms stateg21]. Since the propagation equations are
expressed in the frequency domain, in the general case, we ) . )
need to calculate the Fourier transfokig of %(t) for a con- ~ To investigate the response of a certain range of frequencies,
tinuous range of frequencies. When the field is periodic, ofay betweer) i, and Qpay, one simply limits the integra-
course, the set of frequency components becomes discrete. ign to that particular range. Finally, the integrated temporal
the case of linear polarization, and long pulses, for which thesignal is equal tof |&(F,t)|?27rdr.
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Time (units of optical period) Frequency (units of &)
FIG. 1. Time dependence of the ellipticity fAr= w732 (dashed FIG. 2. Frequency spectrum for a single neon atomXAer0
line) and A = /16 (solid line). (dots, linear polarization A =w/32 (dashed ling and A=w/16

(solid ling). The laser intensity is % 10 W/cn?, and the wave-
C. Electromagnetic field with a modulated degree of ellipticity length 825 nm.

A simple way to obtain a laser field with a time.-dependent In Fig. 2, we present three single-atom spectra obtained in
degree of ellipticity, proposed by Corkuet al.[4], istouse .00 |n 4l cases, the peak intensity is chosen to be
two cross-polarized fields with slightly different frequencies:4>< 104 W/cm? and’the wavelength = 2rc/@, 825 nm

The dots represent the results obtained for linear polariza-
tion. The spectrum then consists of odd harmonics of the
fundamental. The solid and dashed lines have been obtained
for two (infinitely long) pulses, defined as in Eq7) for

Eo() = &of (1) (cod w1t),cog w,t),0), (7)

where &, is the field amplitudef(t) is the pulse envelope,

and w; and w, are the two laser frequencies. We introduce i
— VS : A=w/16 andA = /32, respectively. The peaks at the odd
©=(w1F0)/2 andA=(w,~w,)/2. The phase difference | frequencies &f have been joined by a line for the

between the two perpendicular components varies in time : = ;
and is equal to &t. The total field is elliptically polarized, sake of clarity. Wher = w/32, the spectrum shows maxima

with a time-varying ellipticity. The axes of the ellipse are s;rtg?igondg)f Tﬁggﬁin'chirteqigizgﬁf’/e?:lgmsééﬁeg?gj?Otl;'ﬁe
oriented at+45° with respect to th&,y axes. The instanta- puctty y P

neous value of the ellipticity is e(t)=tan(At) for optical cycle and some periodi(i}/ at the mean frequency is
conserved. In contrast, whe\i= w/16, the harmonic struc-
—ml4<At<w/4, and e(t)=cot(At) for w/A<At<3mu/4 ! '

modulo . The sign ofe(t) represents the sense of rotation f[ure is almost lost. The spectrum is more or less continuous

of the ellipse (helicity). In Fig. 1, we plote(t) for two in the plateau region with éslightly shifted harmonic struc-

: - : ture in the cutoff region. The results obtained with a time-
choices ofA =w/32 (solid line) and A = w/16 (dashed ling . Do i
SinceA is commensurable wits- the ellipticity e(t) is a varying degree of polarization are about two orders of mag

iodic funct ith iod | t0 16 and 8 opti Initude lower than those with linear polarization. This is
periodic function with a period equal to an Oplital hecause the time during which emission occurs is limited to
periods, respectivelyone optical period iST=2n/w). In

4 about 1/8 of that for the case of linear polarizati@ee be-
these cases, assuming that the pulse gnvelope phanges %\ﬁ), so that the harmonic strength is approximately a factor
much slower time scale, so that the intensity is approxi- f 64 below
mately constant over this time range, the response of a single :
atom submitted to a field given by E€y) will also be peri-

odic with the same period as the ellipticity.

In the present work, we want to examine the temporal
response of a limited frequency ran@eorresponding to a
few, typically ten, harmonics in the linear polarization gase

We consider thdiltered signal:

IIl. NUMERICAL RESULTS 5

A. Single-atom response |Xe(1)|2= > Xq exp—iQt)| , (8)
Qmingngﬂ'max

Most of our calculations, in particular those for the single-
atom emission, have been performed for a constant field inkeeping only the frequency component ,,=41w
tensity [1 =2|&|?, f(t)=1 in Eq. (7)], i.e., as if the laser =<0<=<Q,,,=61o [22]. This temporal signal is plotted in
pulse were infinitely long. This implies that the range of Fig. 3 over three optical periods in the three cases mentioned
frequencies necessary to describe the response of an atomdbove:(a) linear polarization,(b) time-dependent elliptical
the field defined in Eq(7) is discrete provided thah is  polarization forA =w/32, (c) and(d) time-dependent ellip-
commensurable witlw. Consider a process whemg pho- tical polarization forA =w/16. In the case of linear polariza-
tons are absorbed from the first field amgdfrom the second tion[Fig. 3@)], the time profile is rather complex. This result
field. Parity implies thain;+n, is odd, and so i$1,—n;. has been discussed in detail in R&f|. The harmonics in the
The frequency of the emission isnjw;+hnyw, plateau region generated by a single atom are not locked in
=(n;+ny)w+(ny,—ny)A. In our case, this implies that the phase, since they result from quantum interferences between
spectrum consists of odd harmonicsfdincew/A is even.  probability amplitudes corresponding to various paths for the
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FIG. 3. Time profile |[X(t)|?> calculated for a single neon atom and composed of the Fourier components with
Qmin=410=<0<0Q,,,,=61w. The laser intensity is 4 10'* W/cn?, and the wavelength 825 nita) Linear polarization(b) time-dependent
elliptical polarization withA = w/32, (c) and(d) time-dependent elliptical polarization with= w/16.

generation, associated to different electron trajectories in thmately t=—0.45T and t=0.05T. The second t=0.25T),
continuum[1]. As a result, the time profile of the filtered fourth (t=0.75T), and fifth t=1.25T) peaks correspond to
signal consists of a complex train of pulses, with several‘long” trajectories in the linear polarization case, lasting
peaks per half cycle. The dominant peaks in the train can bslightly less than one cycle. The present time profile con-
associated directly to the electronic trajectories that occufirms, at least qualitatively, these considerations based on
with the dominant probability amplitudes. In particular, the stationary phase argumen3]. The amplitudes of the first
largest one corresponds to a trajectory lasting about onend the third peaks can be comparable only if the mean de-
cycle (return timer,), whereas the next largest correspondsgrees of ellipticity during the corresponding electron trajec-
to a shorter one, lasting about half a cy@eturn timer,).  tories are alike. This implies that the return times should be
The smaller peaks are associated to longer trajectories. close to 0.9. The presence of the fifth peakt={1.25T),

In the case of the time-dependent elliptical polarizationwhile no significant peak appearstat 1.05T, indicates that
with A=w/32 [Fig. 3(b)], the instantaneous fieldEq. (7)]  the peaks at=0.25T,0.75T,1.25T,... correspond to trajec-
becomes linear at the timég,=...,—8T,0T,8T,... (T isthe tories with longer return times than the trajectories charac-
mean optical period Due to the dramatic decrease of the terizing the first and third peaks in Fig(l8. Furthermore,
harmonic generation efficiency with increasing ellipticity, the time profile clearly indicates that the wave packet recol-
the harmonics are now generated in the form of bursts closkdes several times with the core. The consequence of this
to the timeg;;, . Figure 3b) shows the temporal signal close quasiperiodicity is a spectrum with well defined harmonics
to t=0. The emission peaks are mostly after the timgs  [24,25.

This is because there is a time lag, depending on the electron In the case of the time-dependent elliptical polariza-
trajectory, between tunneling and harmonic emission. Fotion with A=w/16 [Figs. 3c),(d)], the instantaneous
tin=0, tunneling takes place close te=—0.5T,0T,0.5T, field [Eq. (7)] becomes linear at the times,
i.e., when the field is close to its maximum, and the most=...,—8T,—4T,0T 4T,... . Figure 3c) shows the harmonic
efficient emission occurs within the first period afterwards,bursts close to the timg,,=0T. They are very similar to
i.e., betweent=0T andt=1.5T. Let us consider the five those of Fig. &), except that the difference between the
highest peaks in Fig.(B). The first §=0.05T) and third peaks(in particular between the second and fouigmore
(t=0.55T) ones correspond to “short” trajectories in the pronounced, owing to the more rapidly varying degree of
linear polarization casgsee Fig. 8a)], lasting about half a ellipticity. Note that the bursts close to
cycle. The tunneling times for these trajectories are approxit;,=...,—8T,0T,8T,... are allidentical, but different from
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FIG. 4. Same as Fig. 3 for the macroscopic response calculated fJonmwide atomic jet located 2 mm after the focus. The laser
intensity is equal to % 10'* W/cn? at the center of the jet.

those att;,=...,—4T,4T,12T,... . (In the A=w/32 case, Sible to distinguish some harmonic structure in the spectrum,
similarly, the bursts at-8T,8T are different from those at €ven with a poor contrast. We attribute the smearing of the
—16T,0T,16T.) The reason is that the periodicity of the field harmonics in the spectrurFig. 2) to an additional shift,
defined in Eq(7) for A=w/16 is 8T and not 4. The elec- dependent on the return time, induced by the time-dependent
tric field is maximum at = —8T,0T,8T,... whereas it van- degree of ellipticity. The structure of the cutoff is preserved

ishes at t=—4T,4T,.... Around t=—4T,4T,..., the because there only one return time leads to harmonic genera-
respect to the surroundings bf —8T,0T,8T,... . Thetra-  ing of the spectrum in the plateau obtained for an infinitely

jectories are also shifted by the same value. In Fig),3he  long pulse, but for a rapidly varying degree of ellipticity,
remaining peaks correspond to trajectories occurring aroun@ctually resembles that obtained for a short pulse and linear
t=—4T when the polarization is close to linear and thus thePolarization[5,6,25,26.
mean degree of ellipticity is minimum.

We stress that our results are different from those of Ref.
[4], where the single-atom response consisted of a regular B. Many-atom response
train of attosecond pulses, and one of these pulses was se- We first present the results for a constant field intensity.
lected using a fundamental pulse with a time-varying degre@o describe the many-atom response to the field described in
of ellipticity. Here we consider the case when the harmonic€q. (7), it is necessary to know the Fourier components of
that contribute to the signal are deep in the plateau regiorthe atomic dipole moment, calculated for the fundamental
where the generation is most efficient. This is the regimdield (£y(F)cog wit+ @()],E(F)cod wot+ H()],0), whose
dominated by quantum interference effects, for which theamplitude anchasevary in the nonlinear medium. We here
response of the atom to a linearly polarized field is irregularassume that focusing of the two fields is the sdgieen the
[Fig. 3@]. It is not surprising that, in this case, the time- small frequency differenge which implies that the ampli-
dependent polarization does not enable the selection of @de and phase of the two components are the same. How to
single attosecond pulse pefr §Fig. 3(b)] or per 4T [Figs. obtain the componentg,(f) from those calculated previ-
3(c),(d)]. It selects in general two pulses per half cycle, i.e.,ously for a field defined as in E¢7) is explained in detail in
about four pulses in total in the vicinity df=t;,. Even the Appendix.
when the degree of ellipticity changes very rapidly The results presented below for the macroscopic response
(A=w/16), some T/2 periodicity appears around have been obtained under the following conditions. 1825
tin=—8T,0T,8T,... . As aconsequence, it should be pos- nm) fundamental field is supposed to be Gaussian with a



56 GENERATION OF ATTOSECOND PULSENN. .. 4965

confocal parameteo=5 mm. The intensity is chosen to be
6.56x 10" W/cn? at focus A 1 mmwide jet of neon atoms 1000
is located 2 mm after the focus so that the peak intensity
the center of the jet is % 10** W/cn?.

We calculate as before the filtered time profiles compose!
of the sum of the Fourier components of the propagated fiels
for Qin=410<Q<Q,=61lw. The results are shown in
Figs. 4a)—4(d), for linear polarization(a), time-dependent
elliptical polarization withA = /32 (b), and time-dependent
elliptical polarization withA = w/16, (c) and(d). The unit on
the vertical axis is an instantaneous powsquare of the
electric field amplitude integrated over the plane perpendicu 000001
lar to the propagation axisNote that these results probably
underestimate the harmonic intensities by a factor of the or
der of 5-10[21].

In the linear polarization case, the time profile consists of 1000
a train of pulses of duration 300 attoseconds. As ex-
plained in Ref[3], propagation selects only one of the two
dominant trajectories: In the focusing conditions choser
here, it is the trajectory with the short return tifmompare
Figs. 3a) and 4a)]. The reason for the selection is that the
phase-matching conditions are different for the two trajecto-
ries (since they are associated to different phase varigtions
and are not fulfilled simultaneously. As shown in Fig&)4
4(d), this conclusion is also true when the degree of elliptic-
ity varies in time. Essentially two peaks are selected in Figs 0.00001 —— e
4(b) and 4c). These peaks are the first and third peaks of the 35 45 35
series of four peaks obtained in FiggbBand 3c), which Frequency (units of )
correspond to the short trajectories. Finally, Fi¢d)4shows
selection of only a single attosecond pulse. Note that the FIG. 5. Same as Fig. 2 for the macroscopic response. The laser
instantaneous power is about the same as in the linear polapulse is square with a 25 fs widtte) The 1 mm wide jet is located
ization case. The number of photons contained in one o mm after the focus{b) the jet is centered at the focus.
these pulses can be estimated to be about 1000.

The spectra obtained in the three cagks-0, i.e., linear
polarization,A = w/32, andA =w/16) and in the same geo-
metrical conditiongjet positioned 2 mm after the focuare
shown in Fig. %a). We use the same conventions as in Fig.

T III‘ 1T
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Number of photons
e

o
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IR

T T

=TT T7I T

10

0.1E

T ERITER N BRI R T BT

Number of photons

0.001

tory, whereas the ones close to the odd harmonic frequencies
correspond to the shorter trajectory. In other words, the har-
monic frequencies are shifted depending on the return time
corresponding to the electron trajectory. This property has an

2. The number of photons is estimated by assuming a Squamterestmg consequence from the experimental point of view.

pulse of duration 25 fs. In all cases, the spectra are signifi- e observation of the variation of the positions of the har-

cantly more regular than in the single-atom response. This g onic peaks in the spectrum as a function of the geometrical

because phase matching selects essentially one traja@story conditions (p05|t_|on of the _atomlq medium relative _to _the
the conditions chosen, the shortest preo that quantum laser focu$ provides an(indirech signature of the emission
interferences vanish. Interestingly, in the= w/16 case, the of a single, or perhaps two attosecond pulses.

harmonic structure, which had disappeared in the single-
atom response, is clearly present. To better understand this
effect, we have calculated the same spectra in different geo- To take into account rigorously the influence of the laser
metrical conditions, when the gas jet is positioned at thepulse duration, as described in Sec. I, it is necessary to
focus, keeping the same laser intensity at the center of thealculate the single-atom response for a laser pulse whose
gas jet (=4x10"WicnP). In these conditions, phase degree of polarization and envelope vary in time, Fourier
matching favors the other dominant electron trajecf@ly transform the time-dependent dipole moment, propagate the
corresponding to the longer return times of the order of thalifferent frequency components, and inverse Fourier trans-
optical cycle. The results are shown in Figbpfor the three  form to obtain the time-dependent response of the medium.
polarization cases. The spectrum obtainedXer w/16 pre-  In contrast to the case of an infinitely long pulse, there is no
sents a remarkable property: it consists of a serigbmmiad periodicity and the range of frequencies is continuous. In the
peaks centered at thevenharmonics of the fundamental presentwork, however, we treat the pulse envelope as a slow
frequency(a small frequency shift appears already in theprocess in comparison to the other time variation and we
spectrum corresponding to the=w/32 casg This is again  perform a slowly varying envelope approximation for the

a very interesting effect of time filtering due to the propaga-pulse envelope. This is a crude approximation since, in the
tion. It allows us to understand the origin and composition ofnumerical example chosd@5 fs pulse width the pulse en-

the single-atom emission spectrum. The frequencies close telope variation is actually comparable to that of the degree
the even harmonic ones are associated to the longer trajeof ellipticity (for the A=w/16 case, the periodicity isT8

C. Influence of the pulse shape
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FIG. 6. Same result as in Fig. 4, for a Gaussian laser pulse of 25 fs duration.
i.e., 22 f9. Here our aim is only to estimate how short the IV. INFLUENCE OF IONIZATION EFFECTS

pulse width should be to enable the generation of only one We here concentrate on the effects due to ionization,

"attosecond” puilse. depletion, and additional dispersion which are the most im-
The numerical method consists of assuming the laser in_oftant af,fectin high-order hparmonic eneration in gases. In
tensity to be constant over a given time stepp 9ngy . 9 . 9 :

— . . a general formalism, the depletion of the atomic medium due
H() =1ty <t<t, and of calculating the time-dependent 5 o can be included via the Fourier transform of the
response of the nonlinear medium for this serieecofistant . N

. L ; electronic polarization:
peak intensitie, . The time-dependent response of the non-
linear medium to a laser pulse can then be easily recon- ) R
structed. Results obtained for a 25 fs laser pulse are shown in Pa(F)= f P(r,t)exp(iQt)dQ

Fig. 6, for the same four cases as before: linear polarization

(a), time-dependent elliptical polarization with=w/32 (b), o )

and with A =w/16, (c) and(d). In Fig. &d), we have intro- = J M HX(F, ) exp(iQt)dQ

duced a phase shift af/2 in both components in E¢7), so

that the photon emission occurring previously slightly after =[Na*Xal(1), 9

tin=—4T [see Figs. &) and 4d)] is shifted in time and is _ . _ _ _

now centered at the top of the pulse. In the-w/32 case, the sign+ denoting the convolution operation and, is the

the pulse duration is short enough so that only one burst drourier transform of the density(r’t). lonization, which
mainly two attosecond pulses is emitted. In the- /16 depletes the medium density, perturbs not only the nonlinear
case, there are three groups of short pulses, but the “sidéesponse of the polarization but also the linear response at
bands” emitted at the beginning and end of the pulse hav@ny frequency, i.e., it introduces a dispersion. lonization is in
much lower power than the pulses emitted close to the top dggeneral described by a rate so that the atomic density reads
the laser pulse. In the case shown in Fi¢gd)6the medium .

ge_nerates egsennally one attosecond pulse of.power 30 W. J\/(F,t)=/\/a(z)exr{ _J F(F,t’)dt’), (10)

This calculation shows that the laser pulse duration should be —

as short as 25 fs to enable the generation of a single attosec-

ond pulse. This result proves that the proposal of CorkunwhereN,(z) is the initial atomic density in the gas jet which
and co-worker$4] works well for harmonics in the plateau, depends on the coordinate along the propagation axis.
and enables efficient selection of a single attosecond pulsg(r,t") is the ionization rate due to the fundamental field at
provided that the driving pulse is short enough. positionf and timet’. (lonization due to the generated fields
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is negligible) In our theoretical approach, we calculdteas -

2 Re(), wherey is the time average of the complex decay &
rate[27] =
© - 32 ) R
t)y=| drfl ——— t)-d*[ps—A(t
¥(1) fo r V+.T/z) & (1)-d*[Bs—AD)]
xexf —iS(Ps,t,7)]E(t— 7)-d[ s~ A(t—7)].

13

In the present work, we treat ionization as a slow pertur-

bation, and we include it within a slowly varying envelope
approximation, in a similar way as the pulse envelgpee
preceding sectign This allows us to separate the time varia-
tion of the density from that of the dipole momédiqg. (9)].
The propagation equatiojsee Eq.(5)] take the form(see
Ref. [20])

- JE,, (7\1)
- ) 421
ViE, (F,t) 2|kwi g

12

for the fundamental fields with frequencies, i=1,2, and

N - () NP
VLEQ(r,t)+2|kQT+2k95k9(r,t)EQ(r,t)

2

=~ o Palry (13)

for the generated fields at frequenQy The time dependence

Frequency (units of &)

FIG. 8. Parameten}(Q) (a) for A=w/32 and(b) for A = /16,

in solid circles. The open circles in both figures represent the solu-
tions of the equatiotf) =n,w,+ n,w, for integersn, ,n,, such that
Ing|+[ny|<(BU,+1p) .

dium. Since the ionization rafé depends orﬁwi(F,t’), Egs.
(12) have to be solved first, and their solution is used then to
solve Egs(13).

In Fig. 7, we present the same result as in Figl) but
taking into account the depletion of neutral atoms and the
dispersion effects due to the free electrons. We show two
results, one obtained for a pulse width of 25($slid line)
and one for a pulse width of 150 fdashed ling The com-
parison with the result of Fig.(#) (dot-dashed lingindi-
cates that, in the regime of parameters used to investigate the
generation of attosecond pulses, the effects due to depletion
and ionization-induced dispersion do not play an important
role.

V. CONCLUSION

In this paper we apply our theory of harmonic generation

in the equations refers to the slow time variation due to theo study the generation of attosecond pulses in a laser field

pulse shape and to ionization effectl. has not been ac-
counted for in the Fourier transforjnThe depletion is ac-
counted for by takingP?)'(r*,t) proportional to the atomic
density. ok (F,t) = — e2N(F,t)/2mc(), with e denoting the
electron chargem its mass, andVy(r,t) =MN,(z) — MF,t)

with a time-dependent degree of ellipticity, as proposed by
Corkum and co-workerf4]. We show that, on the level of
single-atom response, an efficient selection of a single at-
tosecond pulse is hardly possible because of the existence of
several electron trajectories leading to the harmonic emis-

the electronic density, describes the corrections to the wavsion. However, this effect can be controlled and significantly
vector due to ionization, and more specifically due to the freegeduced in the process of propagation and buildup of the
electron density induced in the medium. The wave vectorsnacroscopic harmonic signal in the medium. Due to the time
Ko, ka,i are those describing propagation in the neutral mefiltering induced by propagation, and for a short enough laser
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pulse, selection of a single attosecond pulse becomes pos-acquired. This implies that the componexitg ¢) need to
sible. The power in that single attosecond pulse is compabe calculated for all possible values ¢f

rable to that of the pulses generated in the case of linear Amazingly, in the regime of parameters of interest, our
polarization. Finally, in the regime of parameters considerednumerical calculations indicate that the expressiorkfgf)
dispersion and ionization effects do not much affect our retakes an extremely simple form

sults. ' _ '
Xo (@) =xq(0)exd i den( ¢, Q)], (A1)

wherei refers to thex or y components and the effective
Ph.A. is “collaborateur scientifique du Fonds National dephase is

la Recherche Scientifique de la CommunaBEtanaise de

Belgique.” D.M. thanks the Soros Foundations, Open Soci- . .

ety Fund Bosnia-Herzegovina, Research Support Scheme in ber( 4, Q)= P n,(£)
Science. This work has been supported in part by the Swed- !

ish Natural Science Research Council. In the above expressiom,(Q)) is a parameter which de-
pends only on the frequency of the considered Fourier com-
APPENDIX ponent and which we determine numerically. The values of

In this appendix, we describe how to obtain the dipole"2({2) are plotted as solid circles in Fig(a for A=w/32,
moment  Xq(F) for the field &(F)(codwyt and in Fig. 8b) for A= w/16. The open circles in bqth fig-
+@(N],cogwst+ ¢(F)],0) at the position?. The phasep(r) ures reprgsent the valuesmjthat'correspond to solutions of
comes from focusing. In the following, we drop tiieand  the equatior)=n;w;+ n,w, for integersn,,n,, such that
denoteXqo(F) by Xq(¢). If the field had been monochro- M|+ N2 <(3Up+1p)/w. As we seen;(Q) is typically
matic with frequencyw,, such a phase shift would have led Very close to some of those solutions, so that in practice a
to a time shift (,= ¢/w,) of the atomic response and the Simple analytical approximation t5(Q2) can be used. The
componentsi,(¢) would have been simply related to the results forn}(Q) are very similar.

X (0) by Xo(d)=Xq(0)expf{Qd/w,). In the present case, The result of Eq(A1l) is important. It allows us to calcu-
even if we assume the same focusing conditions for the twtate X, (#) by knowingX,(0), andn5({). This reduces the
components of the field, we hawe;t+ ¢=w,(t+1ty) and amount of data to be generated and stored for the propaga-
wot+ = wy(t+1) + (w1 — wy)ty, i.€., a relative phase shift tion problem enormously.
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