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We consider high harmonic generation by ultrasii®—108 f$ laser pulses and calculate the macroscopic
response of a collection of atoms to such a short pulse. We show how the harmonic spectrum after propagation
through the medium is significantly different from the single-atom spectrum. We use single-atom data calcu-
lated by integration of the time-dependent Schinger equation and propose a method, based on an adiabatic
approximation, to extract the data necessary to perform a propagation calcUlati6s0-294{8)00306-(

PACS numbeps): 32.80.Rm, 42.65.Ky

[. INTRODUCTION The understanding of the high-harmonic-generation pro-
cess has been progressing considerably during the past five
The recent technological progress of short-pulse highyears, largely owing to the development of gemiclassical
power lasers based on titanium-sapphire crystals has madenitodel[7,8]. In this description one considers the atom to
possible to generate high-order harmonics with laser pulsesave only one electron and only one bound state: the ground
of only a few optical cycleqwith duration below 30 fs state. In the presence of the strong field, the Coulomb poten-
[1-3]. The harmonic spectra present a characteristic behatial can be “bent” and the electron can be released from the
ior; a plateau region where all the harmonics have nearly thaucleus by tunneling ionization. Once in the continuum it is
same strength and a cutoff region where the harmoni@ccelerated by the field, and when the field changes sign, the
strength decreases rapidly with the order. Harmonic spectralectron can be pushed back towards the nucleus and may
generated with these short laser pulses extend very far inteecombine, thereby releasing a photon. Fully quantum-
the soft-x-ray range, with maximum energies exceeding 30@nechanical formulations of this model, known as the strong-
eV. Using laser pulses 27 fs in duration, Zhetual. [1] have  field approximation(SFA), have been givef9,10. For a
generated well-resolved harmonics up to the 211th order diarmonic belonging to the plateau region, there are several
800-nm radiation(310 eV}, i.e., into the “water window.”  electronic trajectories that contribute to the generation pro-
Spielmannet al. [3], using 5-fs laser pulses, have also ob-cess, giving rise to different, interfering, contributions to the
served harmonic radiation in this spectral region. The specdipole moment of some particular harmohicl]. The phase
trum, however, does not consist of resolved peaks at thef the emitted radiation is locked to the electronic motion in
harmonic frequencies, but of a broad continuum from thethe continuum and the different trajectories therefore contrib-
13th harmonic. ute with different phase behavior. One of these trajectories
These recent results raise several questions. What is tfoentributes with a phase that varies quite slowly as a func-
spectral width of the harmonics? From which pulse duratiortion of the laser intensity, whereas the others in general ex-
and from which order do consecutive harmonics begin tcibit a rapidly decreasing phase. When calculating the mac-
overlap? Calculations of the emission from a single atonroscopic response of the atoms in a gas jet, by propagating
exposed to a short, intense, laser pulse show rather noisy atite generated radiation through the medium, phase matching
almost continuous spectra in the plateau region, the harmonlzecomes essential. Since the different trajectories have dif-
structure reappearing in the cutdf#—6]. This is true even ferent phase responses they will not be phase matched simul-
for relatively long pulses, of duration 100 fs, which is at taneously[12,13. Depending on the focusing conditions,
variance with experimental results. A complete theoreticabne phase behavior or another can be “selected” by phase
description of harmonic-generation processes requires ahatching.
course one to account for propagation in the nonlinear me- A propagation calculation requires the knowledge of the
dium. Can propagation effects “clean up” single-atom har-single-atom dipole strengtfand phaseas a function of the
monic spectra in the plateau region so that, at least undentensity of the driving field, for a large number of intensity
some conditions, it is possible to obtain well-resolved harpoints (typically a few hundreds in order to be able to ac-
monic peaks? count for the intensity distribution in the laser focus. This
Another question is the role of dynamical effects in theexplains why most of the calculations have been performed
generation of harmonics by these extremely short laseusing simple models for describing harmonic generation,
pulses. With the very short laser pulses now available, theuch as the SFA. However, the SFA is mainly valid for high-
intensity of the driving field changes significantly during order harmonics and often underestimates the harmonic
each optical cycle. strengths, compared to “exact” results, obtained by numeri-
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cal integration of the time-dependent Safinrger equation 10
(TDSE).

In the present work we propose a method for performing
propagation calculations using single-atom data obtained by |
integrating the TDSE for a laser pulse. The single-atom har- I \ ‘
monic spectrum is the result of what has happened during the Al
entire pulse and therefore contains information about the ‘
process for several intensities, those spanned during the laser 10 b ]
pulse. By Fourier transforming the harmonic fi¢é a func- ‘
tion of frequency into the time domain and by relating time ‘ ‘ ‘
to the instantaneous laser intensity, it is possible to obtain the 10" . ‘ . . . '\ ]H\L
harmonic strengtiamplitude and phageas a function of the 107 : ; ; ; .
laser intensity, which is then used in a propagation calcula-
tion. We here assume that the main features of the generation
process are determined by the instantaneous intensity of the
field and not so much by the dynamics. In other words, we
are making an adiabatic approximation. We investigate how
propagation changes the aspéict particular the ratio be-
tween harmonic peaks and backgroumaehd length of the 10
plateau in the harmonic spectrum.

This paper is organized as follows. In Sec. Il we describe
our theoretical method. We use single-atom spectra obtained 10716 . ‘ . . .
in argon at different laser intensities and for two pulse dura- ¢ o 20 30 40 S0 60
tions: 108 fs and 27 fs. The laser wavelength is 810 nm. In Photon energy (units of )

Sec. lll we present numerical results for two harmonics: the FiG. 1. Emission spectra from an argon atom submitted to a
49th harmonic, in the cutoff region, and the 27th harmonicjaser field with wavelengtih =810 nm, peak intensity 810

in the plateau region. Finally we discuss our results in Seow/cm?, and pulse lengtifa) 7= 108 fs and(b) 7=27 fs.

V.

(a)

12

Strength (a.u.)

(]
10"

-12

one obtained at the shortest pulse duration, there is hardly
Il. THEORETICAL APPROACH any harmonic structure left in the plateau, due to a very high

We consider the interaction of an atom with an intensebackground. In contrast, the harmonics are well defined in
linearly polarized laser fiel@in the x direction and integrate the cutoff. These harmonics have a regular, aimost quadratic,

the TDSE within the framework of the single-active-electronphase pehavior. This Ied_to the idea of recompress_ing t_he
approximation. (For details, sed14]). The laser field is harmomc pulse. to a dyratlon of less than_ 2 s by getting rid
pulsed with a cosenvelope and a pulse length of The of the linear chirp, which was presented[#13.

emitted radiation spectrum is proportional to the Fourier _We now focus our attention on a partlcylar hgrmonlc,
transform of the acceleratioa(t) of the active electron with _frequencqu(_). W_e calculate its time p_roflle by INVerse
given by " Fourier transforming its spectrum, multiplied by a window

function F centered around the harmonic frequency:
d*(x)

a(t)=— "=~ (UH.[H.X11v). (1)

Dy(H)= %J'ioD(a))exr(—iwt)F(w—Qwo)dw. 3

The dipole spectrum is obtained by Fourier transforming the

time-dependent acceleration as . L L ,
N is a normalizing factor, which is proportional to the full

11 (= width at half maximum(FWHM) of the harmonic. We use
D(w)= ——Zf a(t)exp(i wt)dt. (2)  two different window functions in the following. One is a
T o) - broadfunction with width 2wy, whose aim is simply to sepa-
) . . rate the different harmonic components. We have chosen this
Calculations have been performed in argon using & Wav€gindow to be of square shape and have checked that the
length A =810 nm, two pulse durations=108 and 27 fs, gharp edges of the window function do not influence signifi-

and se\ieral Ia;ser peak intensities, 1.5, 2, 2.5, 3, anfanily the results obtained. The other function is moef
3.5x 10 W/cm?. As shown below, the use of data obtained rower and is used to pick up only the harmonic component

at different peak intensities allows us to test the validity of 5t {he generated radiation and remove the background. In
the numerical method and hence of the adiabatic approximgpis case we use a Gaussian window function of width

tion. _ _ 0.75m. At every point in timet, we know the intensity of
In Fig. 1 we show spectra resulting from two calculations;pa driving field:

in argon with peak intensity 810 W/cm? and pulse

lengths 7=108 fs[Fig. 1(a)] and 27 fs[Fig. 1(b)], respec-

tively. Shown on the abscissa is the photon energy in units of ()= cos’-(z E) 4)

the laser frequency,. In both spectra, but especially in the 0 2 7)’
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lo denoting the peak intensity. Frodg(t) we obtain then 10* ' ‘ ‘ 0
easilyDy(1). By doing the normalization in Eq3) we can
compare directlyD(qw,)|? obtained with a laser pulse hav-
ing a given peak intensitl, with |D4(1 =10)|?, coming from 0 |
single-atom data corresponding to a differé¢nighen peak
intensity. We use only the first half of the pulse since, due to -,
the influence of ionization, the time profile of the harmonicis 3
not symmetric, the main part of the radiation being generated€ 10"
on the rising edge of the pulse. g
Having obtained the dipole strength as a function of the #
laser intensity, we proceed to propagate the individual har-
monics through the density distribution within the gas jet.
Our approach to propagation has been presented in detail ir
[16] and we shall only describe it briefly here. We integrate

en,
(suerper) aseyq

-4

10

the propagation equation for each harmonic component in . ‘ ‘ 50
the paraxial and slowly varying envelope approximation. We 480 48.5 490 49.5 500
include ionization in the single-atom response, which means Photon energy (units of a)

that dep!etlon IS aCCOL.m.ted for in an approximate vigice FIG. 2. Single-atom spectrur(solid line) and phasgdashed
W.e Conslder only th.e rlsmg edge of the.pl)ls’mut we r_legllect. line) of the 49th harmonic, for a peak intensity of the driving field
dispersion effects, in particular those induced by ionization 2+ 1 14 \W/emz2.

This means that our calculations are strictly valid in the limit

of low atomic density. In this approximation, the fundamen- . ! 4 2 .
tal field is not modified as it propagates through the mediunf€9ion at the intensity 810" Wicm?. Figure 2 shows its

and the propagation equation for thh harmonic field reads strength(solid line) and phasddashed lingas functions of
» 5 frequency at the same laser peak intenfitye spectrum in

Wy _NL, - Fig. 2 is part of the spectrum in Fig(a]. The harmonic
c2 Pg (1,0), (5) spectrum is two orders of magnitude above the background,
which allows us to use the narrow window without ambigu-
ity. It is slightly blueshifted, an effect that we attribute to
(complex slowly varying envelope of the harmonic field, |on|z_at|on: As dls_cussed n seve_ral Wor[<§5,17_|, the har-

NL, > . . - monic spectrum is negatively chirped, with the red part of
andPq~(r,t) the laser-induced nonlinear polarization equalihe shectrum mostly in the falling edge of the pulse and the
to 2Na(2)Dg[14(r,t) Jexiaey(rf)]. Na(z) denotes the ini-  blue part in the leading edge. Since ionization reduces the
tial atomic densityl ;(r,t) and ¢4(r,t) are the intensity and contribution of the falling edge, the red part is depleted,
phase of the fundamental laser field envelope. The lasevhich leads to a blueshift of the generated radiation. The
beam is assumed to be Gaussian, with a Gaussian tempogiase variation is approximately quadratic, superposed on a
envelope. The time refers to the(slow) variation of the rapidly decreasing background. The time profile of the 49th
pulse envelope. The integrated power spectrum for each haharmonic emitted by a single atofsee Eq3)] is shown in
monic is obtained by Fourier transforming the time-Fig. 3 for two different peak intensitied:=3x 10" and
dependent field and integrating over the transverse directioB.5x 10'* W/cm?. lonization leads to asymmetric time pro-

r as(we here use cylindrical coordinajes files, especially for the highest intensity.
" 2 The corresponding single-atom intensity dependences, ob-
Iq(w)=f f Eq(r,zt)exdi(o—qwo)t]dt] 27r dr.
(6)

z is here simply chosen at the exit of the nonlinear medium.
The calculations presented below have all been performed by  1.5x10"°}
using a fundamental Gaussian beam with a confocal param-
eter of 5 mm and for a Lorentzian gas jet with a FWHM of 1
mm. The density in the gas jet is approximately 507
atoms/cnt. In most of the calculations, we use the single-
atom data obtained with the longest pulse duration, 108 fs,
for which the adiabatic approximation should be the most
valid, and we assume the pulse width of {i@aussianlaser
pulse that we use in the propagation calculation to be of the
same width at half maximum.

2iqwo JEq(r,t) g

V2E,(r,t)+
L q( ) C 072 60

wherez denotes the direction of propagaticElq(F,t) is the

2.0x107°

1.0x10710L

Strength (a.u.)

0.5x107°f

0.0x107°

-75 50 75

IIl. NUMERICAL RESULTS ) Time (fs)

We first test our method on the 49th harmonic, which, in  FIG. 3. Time profiles of the 49th harmonic lat 3% 10* (solid
the single-atom spectrum, is at the beginning of the cutoffine) and 3.5< 10" (dashed ling W/cm?.
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-13

10

=

-
o.

HA49 strength (a.u.)

Strength (arb. units)
=

=

-
o.

10 : ‘ :
3y (b) 48.0 485 49.0 495 50.0
~ Photon energy (units of 6)

FIG. 5. Propagated spectrum for the 49th harmonic, for a peak
intensity of 2.7 10 W/cm?. The solid(dashedl line corresponds
to single-atom data obtained at an intensit=3 (3.5) X 10**
20 b N 1 W/cm?.

H49 phase (radians)

i the broad window. The difference in both the dipole strength
" and phase is very small.

In Fig. 5 we show the propagated spectrum of the 49th
] ” ) harmonic, calculated for a peak intensity of 270
Intensity (10™ W/cm”) W/cm?. The focus of the laser is chosen to be in the center of

FIG. 4. Intensity variation of théa) 49th harmonic strength and the gas jet. We compare again spectra coming from two dif-

. . -y 4
(b) phase, obtained from spectra generated at different peak interﬁerenf1 sets %f data, with peak intensities 30" and 3.5 _
sities: 2.5¢10* (dot-dashed ling 3x10* (solid line), and X 10" W/cm?. The difference between the two spectra is

3.5x 104 W/cm? (dashed ling The dipole strengths read directly quite small(note the logarithmic scaleThe harmonic spec-
from the spectra are shown as solid squares. tra exhibit an extremely high signal-to-background ratio
(more than three orders of magnityd@igher than in the
tained using Eqs(3) and (4), are shown in Figs. @ and single-atom response. Indeed, the background is not as well
4(b) for the dipole strength and phase, respectively. We comphase matched as the harmonic components and therefore
pare data extracted from single-atom spectra obtained witboes not survive propagation. As shown below, this effect is
three different peak intensities;=2.5x10, 3x 10" and  even more pronounced for the harmonics in the plateau. The
3.5x 10" W/cm?. Also included(with squares are the di- FWHM of the propagated spectrum is about @g35giving a
pole strength of the 49th harmonic read directly from theseA w/49w, of approximately 5<10 2, which is about twice
spectra, as well as from the spectra with peak intensities as much as in the single-atom spectrum. The additional
=1.5x 10 and 2x 10%* W/cm?. The comparison between broadening compared to the single-atom data is due to the
the results coming from different intensities, as well as to thepropagation of the chirped harmonic pulse through the non-
directly calculated values, is a test of the validity of ourlinear medium. This aspect is discussed in detalllif].
method and of the adiabatic approximation. As the figure We have performed a similar analysis for the 27th har-
shows, this comparison is rather good for intensities betweemonic, which is in the plateau region. In the single-atom
2X 10" and 3x 10" W/cm?. The discrepancy at high inten- spectrum, as shown in Fig. 6, the harmonic structure has
sity is due to the influence of ionization and depletion of thealmost completely disappeared in the background. The
ground state. The strength flattens out at low intensities dudashed line shows the product of the spectrum and the nar-
to the fact that the 49th harmonic becomes buried in theow window function used in the Fourier transform. In con-
background for low intensities. In the propagation calcula-trast to the case of the 49th harmonic, it is not clear whether
tions, we only use the single-atom data for intensities abové is correct to introduce this window function since the back-
2x 10" Wicm? and extend the data below that intensity, ground in this case might be interpreted as part of the
using a power law given by perturbation theory. (frequency-shifted harmonic radiation. In Fig. 7 we show
The results obtained concerning the intensity dependendatensity dependences obtained from spectra generated at dif-
of the dipole phase agree well for the different intensities offerent peak intensities, all obtained with the narrow window
the single-atom spectra, again above 20'* W/cm?2. The  function. As for the 49th harmonic, the agreement between
slope of the dipole phase in this region is equal tothe different results is very good and compare well with the
—2.1U,/wg, in excellent agreement with the value pre- points read directly from the spectfsquares Note also that
dicted by the SFA for the phase in the cutoff regjad]. We  the spurious flattening of the strength at low intensities, as
have also investigated the effect of the choice of windowobserved previously on the 49th harmonic, happens at a
function and compared results obtained with the narrow antbwer intensity, below 18 W/cm?. Furthermore, we show

1.5 2.0 2.5 3.0 35
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=

Strength (a.u.)

Strength (a.u.)

26.0 26.5 27.0 27.5 28.0
Photon energy (units of @)

FIG. 6. Single-atom spectrufsolid line) of the 27th harmonic,
for a peak intensity of the driving field of 810 W/cm?. The
dashed line shows the product of the spectrum and the narrow win-
dow function.

Phase (radians)

results calculated with the SFA, also in very good agreement
with the TDSE data. Note, however, that this agreement is

slightly artificial, since ionization is not included in the SFA -30 ‘ . . :
calculation[18]. 0.5 1.0 1..5 ) 2.0 . 2.5 3.0
In Fig. 8 we show the influence of the choice of window Intensity (10™* W/em®)

function. The effect on the dipole strength, as shown in Fig.
8(a), of using the narrow window instead of the broad win-
dow is to somewhat smooth the curve. The phase, howeve
undergoes a dramatic chanfféig. 8b)]. The phase corre-
sppnding to the narrow window is rather smoc_)th and change ecked this by testing also a broad Gaussian winteith
quite slowly, whereas the phase corresponding to the broa;

window changes much faster and with many different slopesz.i FWHM of 2wo). This gives results very similar to the ones

o - Obtained with the broad square window.
We stress that the “noise™ on ihe strength, and the rapidly The origin of the multiple and rapid phase variations is

changing phase, actually comes from the backgrdondre- . . . O
. C . that several electronic trajectories are contributing to the gen-

qguency shiftedl radiation and isnot an effect of the sharp : . ) .
eration process, as discussed in the Introduction. These tra-

edges of the broad square window function. We haV‘?ectories interfere and, depending on the laser intensity, one

of them can become dominant and impose the phase varia-
tion [11]. The radiation close to the harmonic frequency, as
selected by the narrow window, mainly results from the tra-
jectory contributing with the relatively slow phase variation,
whereas the frequency shifted radiation far away from the
harmonic peak results from a much more complex electron
dynamics(leading to a complicated phase variafidn

Figure 9a) shows the propagated spectrum of the 27th
harmonic at a peak intensity in the focus of 850
W/cm?, where the gas jet is placed 2 mm after the laser
focus. In the following we defing, as the position of the
center of the gas jet relative to the laser focus; thus in this
casezpy=2. The spectrum shown by the solid line comes
from the data generated with the narrow window function
10 ! ‘ ‘ and by the dashed line to the broad window function. Note

00 L0 20 30 how remarkably nice the propagated spectrum of the 27th

Intensity (10' W/em?) harmonic is. In the single-atom spectrum it is hardly distin-

FIG. 8. Intensity variation of théa) 27th harmonic strength and
?b) phase obtained at>310™ W/cm? with a narrow window(solid
line) and a broad window, of width @, (dashed ling

10

Strength (a.u.)

FIG. 7. Intensity variation of the 27th harmonic strength ob-
tained from spectra generated at different peak intensities:
2x 10" (dot-dashed ling 2.5x10* (dotted ling, and 3x10* INote that, in general, we find phase variations to be more domi-
Wi/cm? (solid line). The dipole strengths read directly from the nated by the slow phase variation than predicted from the SFA. A

spectra are shown as solid squares. The result of the SFA is showtetailed comparison of these two approaches will be presented else-
as a dashed line. where.
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10° , - , 10" . .
-6
0 @
10*
10° 1
107 |
10™
~ 10-12 L |
. -14 | i
'§ 10™ 10
£ 10* ’y:? 0 L |
g g
& T
S 10 ! .
g
5 107 ; .
10"t 2
g 10° ¢t .
A (b)
10° 1
12 e L N\ -10 [ i
1760 26.5 27.0 275 28.0 10
Photon energy (units of ) 10™
FIG. 9. Comparison of spectra from data obtained with the nar- »
row window (solid line) and the broad windowdashed ling In (a) 10 I 1
the gas jet is placed 2 mm after the focus an¢binit is centered in 6
the laser focus. 10 r 1
1 -18 L L L L
guishable from the background, but the harmonic profile is 0 10 20 30 40 50
well defined in the propagated spectrum with a signal-to- Photon energy (units of @)

noise ratio of more than four orders of magnitude. ) )
The very good agreement between the two spectra shown FIG. 10. Spectrum obtained witta) | =3.5x10" and z,=2
P : : P : and(b) | =3x 10" W/cm? andz,=0.
in Fig. 9a), in spite of their different single-atom phase be- 0
havior, can be explained as a selection by phase matching of
one trajectory out of severfl2,13. When the gas jet is after tion between the two sets of input data is much larger, the
the focus, phase matching selects slow phase variations. Tisgectrum using the broad window function having pedestals
single-atom data obtained with the narrow window functiononly one order of magnitude below the harmonic strength,
exhibit such a slowas well as smoothphase variation, since in this case also some of the frequency shifted radiation
which leads to good phase matching. The single-atom datis phase matched. Note, however, that the wings of the spec-
obtained with the broad window show several phase behawum do decrease rapidly to about four orders of magnitude
iors. One is the same as befgsee Fig. &), e.g., between below the peak of the harmonic.
1x 10" and 1.5 10 W/cm?) and gets well phase matched.  Encouraged by the results on the 27th harmonic, we have
The others are more rapid and do not survive propagatiortalculated the intensity profiles for all the harmonics in the
The fact that the two spectra turn out so simifaith the  spectrum in order to propagate the entire spectrum. In Fig.
same signal-to-background ratiprobably means that the 10 we show the entire spectrum after propagation. We have
slow phase variation can be associated with the nominal hatsed a set of data having a single-atom peak intensity
monic frequency, whereas the faster phase variations—3x 10 W/cm? and applied the broad window function, in
leading to larger spectral spreading—can be associated withe macroscopic conditiong =2 andl = 3.5x 10** W/cm?
the frequency shifted radiation. [Fig. 10@)] andz,=0 andl=3x 10" W/cm? [Fig. 10b)].
However, when the gas jet is centered in the focus of th&he spectrum is remarkably nice with a signal-to-noise ratio
laser, phase-matching conditions are different and favor traef more than four orders of magnitude even in the plateau;
jectories with faster phase variatiofe2]. This is shown in  the explanation for this is as presented above for the 27th
Fig. 9b), where the intensity in the center of the gas(pgtd  harmonic[19].
thereby in the laser foclss chosen to be the same as in Fig.  In Fig. 11 we show the total number of photons generated
9(a), namely, 2. 10'* W/cm?. In general, phase-matching in the two different focusing conditions shown in Figs(4)0
conditions are worse when the focus is put in the center ond 1@b). The number of photons obtained, in this case
the gas jet £,=0) [15] and the efficiency therefore goes 10°—10° photons in the plateau, is an important parameter
down compared t@,=2. In addition, since there is no rap- for comparisons with experiments. The numbers shown in
idly varying phase component in the data coming from thethe figure are absolute values since they have been obtained
narrow window function, the efficiency goes down more inusing exact data for the dipole strengths. The cutoff energy
this case. This also means that the difference after propagaf the propagated spectra corresponds approximately, to
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10° 10* ; ;
10° - .
(@)
10° 10° ¢ 1
é 107" 1
[=]
-g-< -12
5 10' - 10 r |
g
2 10" |+
E ’Q 10-16 L 1
2 B
1 g 18
S 10 : :
2
5 107 ; .
100 1 1 L 1 ?
0 10 20 30 40 50 S 10 - i
Harmonic order » b
8
FIG. 11. Total number of photons generated in two different 10 r ’
focusing conditionszy=2 andl,=3.5x 10" W/cm? (filled sym- 0 | |
bolg) andz,=0 andl,=3x 10 W/cm? (open symbols
107 - |
+2U,, which is somewhat lower than for the single atom
spectra[ 20]. 10" - 8
Note the difference between the results obtained in the . m
different focusing conditions. The number of photons is gen- " r 7
erally lower whenz,=0, the difference increasing with the "
harmonic order, even though the intensity in the focus is 10 10 20 30 20 %0
actually higher in this casésince forzo=2 the intensity in Photon energy (units of @)
the center of the jet is 210 W/cm?). This means that
the better phase-matching conditions =2 play a large FIG. 12. Spectrum after propagation fer=27 fs. In (a) the
role for the output of the medium. intensity is 3.5 10" W/cm? andz,=2 and in(b) the intensity is

Finally, in Fig. 12 we show propagated spectra for a driv-3x 10" W/cm? andz,=0.
ing field with a pulse length of=27 fs. The data come from
a single-atom spectrum with peak intensitx 30 W/cm?  ing. We saw how the selection by phase matching of one
and pulse length 27 fs and again we apply the broad windowhase behavior compared to another can “clean up” the
function in the Fourier transform and use perturbation theongpectra.
for the lowest intensities. The macroscopic conditions are as We presented a method to obtain the dipole strength as
in Fig. 10; in Fig. 12a) the position of the gas jet is two mm function of the intensity, from spectra already calculated
after the focus and in Fig. 18) it is centered in the focus. with the TDSE, for a short driving pulse. This method is
As for the longer pulse, the harmonic structure has rebased on the adiabatic approximation. We demonstrated that
markably emerged after propagation. As discussed abovéhis method works well, within the adiabatic limit of course.
this is due to suppression of the background radiation byrhis result is satisfying for future computations since it
phase matching. When the gas jet is centered in the focuspeans that for not-too-short pulses one only has to perform
the individual harmonics, in particular in the plateau, arethe single-atom calculation at one intensity since all the in-
much broader than foz,=2, as we also saw above. This formation is contained in one spectrum.
means that radiation from one harmonic actually overlaps
v_vith radiation from the next harmonic and these contribu- ACKNOWLEDGMENTS
tions to a certain frequency should therefore be added coher-
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