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Wave-packet recollision and pulse-shape effects in high-harmonic generation
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The recollision model of harmonic generation in a time-varying field has two elements: the emission due to
a recolliding wave packet, and the quasiperiodic emission of wave packets in successive cycles. By discussing
these issues separately, we explain the origin of blueshifting, and the “smearing” of the harmonic spectrum.
We find that such a model shares many of the qualitative features of the semiclassical theories of harmonic
generation[S1050-294@7)09401-§

PACS numbgs): 42.50.Vk, 32.80.Rm, 42.65.Ky

INTRODUCTION atomic core coupled with the periodic nature of the recolli-
sion. The exact mechanism of the single-collision spectrum
In this paper we will describe some of the critical featuresdepends on the details of the system. As is usual in the study
of high harmonic generation in a pulsed laser field. In par-of harmonic generation, we consider only the radiation due
ticular we will consider the origin of the single-atom blue- to the mean dipole, and neglect the dipole fluctuati@s].
shift and loss of harmonic resolution that we have previouslyin this limit, for an electron colliding with a completely de-
identified by solving the time-dependent Sdafirmer equa- pleted atomic core, then only continuum-continuum interac-
tion [1]. Before doing this we will discuss the salient featurestions contribute to the coherent spectrum, and therefore the
of the emission in a constant amplitude field. The spectruniesponse can be described in terms of bremsstrahlung, as
of harmonics in a constant amplitude field has the same chadiscussed by Karapetyan and Fedofd@]. For the more
acteristic behavior for a wide range of experimental paramtypical case where there is a large bound-state population, it
eters: a plateau of harmonics of approximately equal intenis the dipole moment between the bound and continuum
sity followed by a sharp cutoff, at an energy given by parts of the wave function that is important, as has been
I,+3.2U,, wherel, is the binding energy of the initial described by Corkurpl1].
state, andJ , is the ponderomotive energy which, for a laser  In this paper we shall contrast the effect of a single wave
of frequency w, and amplitude ey, is given by U,  packet tunneling out of the atom and recolliding multiple
= ég/(4w3) [2]. These features have been explained bytimes, with the effect of a series of different wave packets
means of a semi-classical model based on tunneling andndergoing a single recollision. In order to treat this problem
recollision proposed by Corkufi8], and also by Kulander, correctly, one must also consider the oscillating phase of the
Schafer, and Krausie!]. This is a three-step model, the first ground state. We will then extend this model to the case of
step of which is the promotion of an electron into the con-time-dependent pulse shapes, and demonstrate that such a
tinuum, which is thought of as occurring via tunneling. Oncemodel shares many of the features of the recollision theory.
it has escaped, the electron will oscillate under the influencMoreover, we shall see that quite general features of the
of the electric field, and, depending on the phase at which thgPectrum can be understood in quantal as well as semiclas-
electron is produced, will have some probability of returningsical terms.
to the nucleus. If the returning electron is recaptured by the
n_ucleus, it may emit a single, high—_energy' photpn. From a QUANTUM RECOMBINATION MODEL
simple analysis of the possible classical trajectories of a free
electron in the field, it is possible to obtain the cutoff law  For much of this paper we will use the terminology of the
guoted above. semiclassical theorigs.e., tunneling, oscillation in the field,
Lewensteinet al. [5] demonstrated that by making a recollisions, etg. We should emphasize, however, that our
strong-field approximatiofi.e., assuming that the effect of calculations and conclusions are not dependent on the valid-
the atomic potential on the continuum electrons can be nety of the semiclassical models, although the fact that our
glected compared with the laser figlthis recollision picture  work agrees with their predictions is further justification for
of the harmonic generation can be recovered from a purel$he insight they provide. In our discussion we will follow the
guantum-mechanical treatment. In a recent paper ¢étaal.  approach of Protopapa al. [7] in considering two distinct
[6] extended the Lewenstein model to describe the featureaspects of the harmonic generation, first the radiative emis-
of high harmonic generation in a pulsed field. Their modelsion due to the behavior of a single continuum wave packet,
has led to a simple description of the single-atom blueshift irand second the effect of the periodicity of the driving field.
terms of the phase of the returning electrons. In order to simplify our initial discussion, we will assume
In this paper we extend the model of the recollision pro-that the depletion of the ground state is small, and that the
cess developed previously by Protopaptal.[7] which de-  laser field has a constant amplitude. We shall, however, re-
scribes the harmonic generation in terms of the spectrum dugrn to the effect of ground-state depletion at the end of this
to a single encounter of a tunneling wave packet with thesection. The important effects due to a time-varying field
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amplitude will be taken up in a later section. In the limit of energy, during a single recollision, there is only one possible
no depletion, an identical continuum wave packet is prodrajectory. In reality, for a single wave packet, there are two
duced every half-cycle, at the same phase relative to thpossible trajectories which will generate harmonics in the
driving field. Furthermore, the behavior of each wave packeplateau region. Furthermore, there is also a finite probability
in the field will be the same, and therefore one might expec®f each wave packet oscillating close to the core and recol-
a series of identical recombination events. This last assumpiding more than once. The effect of each subsequent recol-
encounters the core once; if a given wave packet encounteP€Vertheless we still need to take this into account. These
the core more than once, the situation is more complicated€collisions do not change the basic philosophy of our
In this case it is convenient to still think of wave packetsModel. We can still define the spectrum as the convolution of
produced in different cycles as distinct, even though theyhe response due to a single wave packet with a series of
overlap. We shall see later that these multiple collisions havéinctions. The difference is that in this case the single-wave-
a definite effect on the harmonic spectrum. For the momenp@cket response will extend over several laser cycles. This
we shall presume that the dominant features of the emissidA'€Sents a small problem in verifying our model by numeri-
spectrum can be described assuming strict periodjity cal calculation, since it is difficult to isolate the response due
If each recollision event is essentially the same, the cont® & Single wave packet. The solution to this problem is to
tribution made to the dipole acceleration by each will peconsider the dipole acceleration in terms of the convolution
identical, simply shifted in time by half of the laser period. In Of the set ofé functions with the half-cycle response. If we
mathematical terms we can write the dipole acceleraion ~Consider the dipole acceleration during half a cycle, at some
the time domainas the convolution of the dipole accelera- fime during a flat pulse there will be a contribution due to the
tion due to a single recollision, with a series &functions  first recollision of one of the wave packets, plus contribu-
separated by/2, wherer=2m/w, is the laser period. If we tions due to trajectories with long return times and wave
consider two consecutive emissions and recombinations, orR2ckets that have already crossed the core one or more times.
will be a mirror image of the other about the origin. Since the'While repeating a single half-cycle does not reproduce ex-
dipole acceleration operator has an odd parity, there will be &Ctly the full dipole acceleration, we will show that it gives a
sign change between the two contributions, and the sign dféasonable approximation of the correct spectrum. This gives
our & functions will therefore alternate. In order to obtain the US & convenient method of examining periodic effects in the
frequency spectrum of the radiation, we have to take th&PECtrum. In particular, it allows us to identify the effect of
Fourier transform of the dipole acceleration. From an applinultiple trajectories, with the same kinetic energy, from a
cation of the convolution theorem, the spectrum is then simSingle wave packet. We shall see later that this point is criti-
ply the product of the Fourier transforms of the two func- ca! to the deta|ls.of the harmonic spectrum, particularly when
tions in the convolution. Since the Fourier transform of ourSing & pulsed field.
series ofs functions is simply another set éffunctions with
peaks at (B+1)wg, the spectrum is the single-cycle spec- NUMERICAL METHOD
trum, modulated by peaks at odd harmonics of the laser fre-

this i I to diffracti ting i ti . g . . oy
<[:11u§)ncy( 'S 15 ahalogous o difiraction grafing In optics numerical integration of the time-dependent Sclmger
' gquation (TDSE in the length gauge using the Crank-

In the argument so far we have neglected changes in thN. hol hod 13l W di onal ;
ground-state population, whereas in any real harmoniclicholson method13]. We use a one-dimensional equation

generation experiment ionization is necessarily presentVith the soft-core potentigll4]

When the ground-state population decreases we need to

Our calculations of the harmonic response are based on

modify our assumption that successive wave packets are V(X)= —Z (1)
identical. It is reasonable, however, to assume that each wave (1+x%)e

packet has a normalization proportional to the ground state
population when it is produced, but that otherwise they araVe chooseZ=2 in order to model an ion, since previous
identical. Similarly the dipole induced when the wave packetstudies have indicated that pulse-shape effects are more im-
recombines should be proportional to the ground-state ampliportant for higher binding energig4].
tude at the “time” of recollision. We can add this depletion  The effect of using a one-dimensional potential has been
effect to our model by multiplying each of odrfunctions in  discussed elsewhef&5]. The principal argument against the
the time domain by a factay(t,)g(t, — 7/2), whereg(t) is  use of one-dimensional models of recollision concerns the
the amplitude of the ground state. In other words we have teffect of transverse spreading of the continuum wave packet
multiply our series ofé functions by some envelope func- in three-dimensional calculations. The effect of this spread-
tion which in general is slowly varying. The effect of this ing is an important issue in its own right, and one that is
can be obtained by another application of the convolutiorbeyond the scope of the current paper. The use of the one-
theorem. The harmonic peaks are broadened; however, sindémensional model for the present calculation can be justi-
the envelope is slowly varying, this broadening is small.  fied by the fact that the pulse-shape effects discussed here are
In the next section we will describe our numerical also observed in three-dimensional calculatifibls
method, but first we should clarify what we mean by the In order to study the effects of the periodicity we make
single-wave-packet spectrum. So far we have discussed hawo different calculations of the harmonic spectrum due to
monic generation in terms of a series of wave packets, eaciny particular pulse shape. The first method is to calculate
returning to the core once. We also assumed that, for a givethe dipole acceleration for the entire duration of the pulse.
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The second is to calculate the response to a single half-cyclafter the cutoff was lost. In our calculations we have found

and then to build up the dipole acceleration from a set othat, if the ionization is small, the spectra calculated by the
half-cycle responses. In the case of a constant amplitude thigso methods are almost identical. This being the case, the
amounts to taking a single half-cycle respodse@nd repeat- second term in Eq6) must be negligible. This analysis in-

ing it over the pulsg7], dicates that the dominant contribution to the harmonic spec-
trum comes from the oscillating dipole moment induced be-
) n tween the bound statel{) and the excited and continuum
d(t)=2, (—1)"d(t—n7/2). (20 (¥y) parts of the wave function. Furthermore, singg is

strongly localized at the core, it is only the part of the con-
For a time-dependent pulse we calculate the half-cycle retinuum wave function close to the core that contributes—i.e.,
sponse at different intensities, and use them to model ththe recolliding wave packdend also, as we shall see later,

shape of the pulse. the tunneling pajt This reproduces the explanation of the
emission process given by Corkumi1].
SINGLE-CYCLE HARMONIC SPECTRUM We will consider two separate contributions to the spec-

trum, the first of which can be thought of as due to the
In this section we will consider the details of the single- tunneling process. The idea of harmonics generation due to
cycle response. We will interpret the spectrum in terms ofunneling was first predicted by Brungl7], and was later
tunneling and recollision, although the periodic model aboveytilized by Rae and Burnefi.8] in a self-consistent model of
is independent of the exact mechanism of harmonic genergropagation effects. When the wave packet is first produced
tion. We obtain the harmonic spectrum by calculating thein the continuum, it is close to the origin, and so an oscillat-

expectation value of the dipole acceleration, i.e., ing dipole is induced between the bound state and the con-
) ) tinuum; therefore the atom radiates. Since at this stage the
d(t)=(W¥(x,t)|d|¥(x,t)). (3) wave packet has not been accelerated by the laser field, the

] o ) o (kinetic) energy associated with it is small, and therefore the
We can gain extra insight into the emission process byspectrum falls off quickly with increasing energy. We can
considering the projection of the dipole acceleration onto thiemonstrate this by calculating the atomic response to half of

ground state, i.e., a laser cycle. The result is plotted in Figal (solid curve.
. ) In a laser pulse this tunneling event is repeated periodically,
dp(t)=(¥(x,1)|g)(gld|¥(x,1)). (4)  and therefore the spectrum contains peaks at the odd har-
monics. We will demonstrate the effect of the periodicity
We start by writing the wave function in the form below, but first we will consider a second contribution due to
electrons returning to the core, and recombining with the
W(x,t)=a(t)exp —iwgt)|g)+W(x,1). (5) ground state, i.e., the recollision in the semiclassical model.

. In the first half-cycle there is tunneling, but the wave packet
Here we separated the ground stagg from the remainder  4oeg not return to the core until the second half-cyaleen
of the wave function¥, and factored out its oscillating the field switches direction Each half-cycle, from the sec-

phase. _ _ond onwards, contains both tunneling and recollision events.
~ Substituting into Eq(3), we find that the full spectrum is  This can be demonstrated by looking at the response during
given by second half-cycle of the pulse: the dashed curve in R. 1

. . . One can see in the figure that for energies beleyy e two
d(t)=a* (t)expiwgt)(g|d|P¢(x,t)) +(P(x,1)[d|¥(x,t))  spectra are essentially the same, from which we deduce that
. . this is the region where the “tunneling” process dominates.
=(Wy(x,0)d[W(x, 1)) +(W(x,0)[d]W(x,1)), (6)  Beyond this region the solid curve continues to decrease rap-
whereW g(x,t) = a(t) exp(wgt)|g). The first term in this equa- idly in intensity, while the dashed curve exhibits a clgar pla-
tion corresponds to transitions from the excited and con!€@u. We conclude that the presence of the plateau is due to

tinuum states back to the initial state, while the second terni1€ recollision of the first wave packet. As predicted by the
semiclassical model the plateau has a cutoff at3.2U,,.

is due to transitions that only involve excited and continuum?: !
states. Figure X1b) shows the response calculated over the first
On the other hand, the projected spectrum is given by (S0lid curve and seconddashed curvecycles. We can see
that in both cases there are harmonic peaks up to the ninth
- N ) - harmonic, while after this point there are only clear harmonic
dp(t)=a* ()exp(iwgt)(gld[¥(x,t)) peaks in the second cycle response. This difference is a
_ - simple consequence of the periodicity. The odd harmonic-
= (W Dld¥e(x.0)). ™ sappear when a spectrujor part of a spectruins repeated
Comparison of Eqs(6) and (7) indicate that, by projecting in time at intervals ofr/2 with alternating sign. In the first
the dipole acceleration onto the ground state, it is possible toycle two wave packets tunnel out from the core, but only a
isolate the response due to transitions back to the grounsingle wave packet recollides. Therefore the tunneling part of
state. the spectrum contains peaks at the harmonics, but the recol-
In a previous paper Krause, Schafer, and Kularjdét lision part does not. In the second cycle there are two wave
demonstrated that this projected spectrum was similar to thpackets created by tunneling and two recolliding wave pack-
full dipole acceleration spectrum, except that the structurets (the first wave packet to collide during the second cycle
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was produced during the first cygland therefore the har- emitted over the first part of the cycle, and recollides within
monics appear across the whole spectrum. We note that ione cycle. If we take the second half of this cycle then the
the second-cycle spectrum certain harmonics are suppressexhly recollision is from a single wave packet. If, however,
We will show in a later section that this is due to recollisionswe were to consider the next half-cycle we would receive
at different phasegelative to the driving fielfifrom a single  contributions due to both the first wave packet returning for
wave packet. the second time and the next wave packet returning for the
Before concluding this section we will give further evi- first time. As already pointed out by Protopagasl.[7], the

dence of the recollision model. In Fig. 2 we plotted the elecdinterference between these different wave packets will lead
tron probability density as a function of position and time asto extra structure in the wave function; this explains the ori-
a colorscale plot for the first two cycles of a flat pulse. In thisgin of the fringes in the second cycle plotted in Fig. 2. We
plot the ground-state population has been removed in ordewill show later that these recollisions make an important
to emphasize the tunneling part. The first wave packet igontribution to the spectrum.
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% FIG. 2. A contour plot of the probability den-
e 1 sity as a function ok andt for a two-cycle pulse
g in He' at intensity 1.5 10'®> W/cm? and wave-
Fo.8

length 372 nm.

HARMONIC GENERATION WITH A CONSTANT have only included the first recollision of each wave packet,
INTENSITY and we have cut off part of the recollision of this wave

acket. Simulations, both classical, and using the strong-field

In previous sections we emphasized the importance of thEpproximation(see, for example, Lewenstedn al. [5]) have
periodicity of the wave-packet production in generating harspown that for a given return energgutside the cutoff re-

monics. In this section we will verify the periodic nature of giop) there are two possible trajectories. For a s field

the harmonic generation by comparing the response to a fufhe highest-energy trajectory occurs at a phase.&hd
pulse, with the spectra obtained by periodically repeating theor energies below the maximum there are two possible clas-
single half-cycle response. This approach will also allow ussical trajectories—one before and one after the maximum.
to distinguish between the response due to the first recolliThis difference between the cutoff and plateau harmonics has
sion, and effects due to further recollisions of the same wavelso been demonstrated in solutions of the time-dependent
packet. We calculated the harmonic spectrum fof Hising ~ Schralinger equation by Maqueét al. [19]. By using a

an eight-cycle flat pulse of intensity x80'° W/cn? at  wavelet analysis of the dipole acceleration, they concluded
wavelength 372 nm. In Fig.(8) we plot the harmonic spec- that the cutoff harmonics are produced only once in each
trum obtained by solving the TDSE for the full eight cycles. half-cycle, while the plateau harmonics are produced at sev-
The result is the familiar plateau of harmonics with a sharperal different times. Here we will make no detailed analysis
cutoff at a position given by,+3.2U,,. Figure 3b) shows of the temporal dependence_of various parts of the spectrum.
the same spectrum calculated by integrating the Rthger We can, howevgr spllt the smgle-wave—packet response into
equation for the first cycle only, and repeating the dipoletWO parts; contributions thgt occur in the same cycle as the
acceleration due to the second half of this cycle, with alterfunneling event, and contributions that occur in subsequent
nating sign to produce the eight-cycle respor&ar com- cycles. By sampling different cycles within a flat pulse, we
parison we have included the full spectrum as a dotte¢@"! differentiate between these two contributions.

X i : If, instead of sampling the second half-cycle, we take the
curve) It is clear that the cutoff in Fig.®) is correct, as are fourth half-cycle, there will be contributions due to the tun-

the positio_ns of the harmonics. There are, howev_er, a COUpIﬁeling of a new wave packet and the recombination of the
of clear differences between FigsiaBand 3b). First, al- revious one, as before. There will also be contributions due

though the plateau is correct in the single-cycle model, ther trajectories with a long return time, and recollisions of
are clear harmonics after the cutoff, whereas in Fi@) 3 g|ger wave packets. The spectrum obtained by sampling the
there is still a background but with no clear peaks. The originsecond cycle is plotted in Fig(®; again we show the result
of these extra harmonics is that in repeating a single halfof the full calculation as a dotted curve. In this case we still
cycle we have made the background noise in the spectruind the plateau with harmonic peaks, but there is strong
periodic. modulation of the peaks. In fact the spectrum bears a striking
The second point concerns the intensity of the plateagimilarity to that obtained for the full eight-cycle pulse. From
harmonics. In Fig. @) there is a large variation in the har- this we conclude that the modulation of the harmonic peaks
monic intensities, with some harmoni¢samely, the 17th is due to multiple contributions to a given part of the spec-
and 29th suppressed, whereas in the single-cycle model th&rum by a single wave packet.
peaks are of approximately constant intensity. By choosing We have therefore confirmed that the harmonics arise due
the second half-cycle of the pulse we have neglected & the periodicity of the electron recollision®rotopapas
couple of critical contributions to the harmonic spectrum; weet al. [7]), and demonstrated the validity of writing the har-
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monic spectrum as a convolution of the response due to eemainder of this paper we shall demonstrate that, with a
single-wave packet with a set of periodicfunctions. The simple modification, our model can be used to describe the
case where we sampled the second half-cycle is equivalent tesponse to a pulse with a time-dependent intensity.
considering only the first cycle of the single-wave-packet
response, while sampling the fourth half-cycle is equivalent
to extending the calculation of the single-wave-packet re-
sponse to two laser periods. In the latter case the contribution
due to a single wave packet will show extra structure, not In a previous papefl] we demonstrated that when the
necessarily harmonic peaks, and therefore there is a modulkaser intensity increases during the pulse, there is a blueshift
tion of the harmonic efficiency. of the harmonics. Furthermore, when there is a rapid time
So far we have developed the idea of harmonic generatiodependence, the structure of the harmonics may become
due to a series of identical wave packets, created at intervalsmeared out,” so that it is no longer possible to distinguish
of half the laser period, recolliding with the nucleus. In theindividual peaks. To illustrate these results we calculated the

HARMONIC GENERATION
USING A TIME-DEPENDENT PULSE
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harmonic response to an eight-cycle pulse of wavelength 373rmonic generation using S“CQ ahtimer;degeﬂde_nt puflse. IE
nm, with a field amplitude ramped linearly for intensities Prévious sections we assumed that the behavior of eac
between 3.5 10" and 1.5¢< 10" W/cm?2. The results are wavepacket was the same, and therefore we were able to

i . S ; write the dipole acceleration in the form of a convolution.
plotted in Fig. 4. In this case there is a clear blueshift of th or a time-dependent pulse we need to modify our approach
highest harmonics, while the lower-order harmonics are stil account forr) the fac? that the behavior of a givenp?/vave
at the correct frequencies. At this stage the peaks are sti

S . acket will depend on the intensity of the field; i.e., each
clearly visible; however, there is a large amount of structure.qntribution will be different. The most straightforward

in between the harmonics. If we were to ramp the intensitynethod is to return to our single-cycle model, but rather than
faster, this structure would increase until it was no longefepeating an identical half-cycle, we build up the dipole ac-

possible to see the harmonic peaks. _ celeration from a series of half-cycles taken at differeon-
We will now pursue our theory further in order to study stanj intensities.

FIG. 4. The harmonic spectrum generated
from He® using an eight-cycle pulse of wave-
length 372 nm, and peak intensity k&0
W/cm?, with the field ramped linearly over the
pulse.
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FIG. 5. The harmonic spectrum generated from'Hesing an eight-cycle pulse of wavelength 372 nm, and peak intensity 105
Wi/cm?, with the field ramped linearly over the pulse calculated(fyusing the first cycle of the response calculated at 16 different
(constank intensities, andb) using the second cycle of the response calculated at 16 diffezenstant intensities.

We propagated the TDSE for two laser cycles, at 16 dif- By sampling the second half-cycle of the pulse at each
ferent field amplitudes between 0.1 and 0.2 a.u. We theintensity, we have removed effects due to multiple recolli-
assume that the dipole acceleration for the full pulse is madsions of a single wave packet. It is instructive to repeat the
up of the second half-cycle at each intensity in turn. Thecalculation, taking the acceleration from the second part of
spectrum is plotted in Fig.(8) (to aid the comparison we the second cycle at each intensity. In Figb)5we plot the
have plotted the full spectrum as a dotted curve on the sam@sult of this calculation; again we plot the full spectrum as a
plot). From the plot it is clear that the simple calculation gotted curve. In this case there is much better agreement
perfectly replicates the position of the shifted “harmonic” petween the two cases. The calculation with multiple recol-

peaks including the high-order, blueshifted peaks, but fails tgjons again matches the main peaks correctly, but this time
generate any of the interharmonic structure.



1232 J. B. WATSON, A. SANPERA, K. BURNETT, AND P. L. KNIGHT 55

we also obtain structure between the harmonics. If we comenergies close to the cutoff; this explains why the cutoff
bine this with the previous results we can fully explain theharmonics are always well defined. For energies below the
pulse-shape effects we observe. The first recollisasmmore  plateau they found that there are two possible trajectories
precisely the contribution within a single cytlef each wave (one either side of the main peakhe first of these trajec-
packet in turn leads to a set of very clean harmonic peakgpries leads to a peak close to the correct position, while the
with no intermediate structure. The phase of each single resecond has a large shift. Unfortunately the second of these
combination spectrum is dependent on the laser intensityglectron trajectories does not return within the same cycle as
and therefore there is a time-dependent phase for each partibfis produced; we are therefore unable to distinguish it from
the spectrum, this causes a shift of the peaks in the spectruaiectrons that have returned more than once.

away from the harmonic frequencies. We must also take into

account the contribution to the spectrum due to a single

wavepacket over several cycles, i.e., long trajectories and CONCLUSION

multiple recollisions. It is reasonable to assume that the In thi h d tum- hanical model
longer a wave packet spends in the laser field, the greater the n thiS paper we have used a quantum-mechanical mode
dependence of the phase on the laser intensity, and thereforg 92N insight into the harmomc generation by con5|dgr|ng
the greater the blueshift. Thus the multiple contributions to aseparately the contribution due to the behavior of a single

given part of the spectrum lead to structure in between th&/ave packet generated in the continuum, and the effect of

main peaks. In the case of a rapidly increasing field thispe.}riOdiC gene_ration_ of such wave packets due to the period-
structure becomes large, “smearing” the harmonic speclc'ty Of. the dnvnjg f|e|<_j. We haye demon;trated in the con-
trum. stant .f|(.eld amplitude limit that if we cons_|der only the first
Our approach has therefore allowed us to explain both th(reeco!llsmn of each wave packet, we obtain a pIat.eau of har-
single-atom blueshift, and also the loss of clear harmonid oN'cs of equal intensity, followed by a cutoff in the ex-
peaks. We can also make an important distinction bet\NeeReCte.OI position. If, however, we _allow each wave packet to
the effect of having differenfaverage intensities within dif- recaliide more than once, and_ |r)c|ude. the effect of wave
ferent cycles of the pulse, with the fact that the intensityp"’mk.etS that do_not recollide W't.h'n a sm_gle cycle, Fhe har-
changes within a single cycle. If we think of this in terms of monic plateau is modulated, with certain harmonics sup-
trajectories, then one might assume that the phase of ﬂ%ressed.

radiation produced during a single cycle would depend on For a tlme-dependen_t pulse the first recollision of gach
wave packet once again generates a very clear series of

both the average intensity during that cycle, and also on howeaks althouah many of the peaks. particularly those close
the intensity changes within the cycle. Our results show th ' 9 ny P » part y tho
o the cutoff, are shifted from the harmonic frequencies. The

the change in the average laser intensity during dlfferenshift is due to phase shifts between the spectra due to recol-

cycles leads to a shifting and smearing of the harmoni(fisions occurring at differing intensities. We have also found
peaks, but the spectrum is not particularly sensitive tg 9 9 X

changes in intensity during a single cycle. While for calcu—mitﬁrgt:?I'i;g”i;gig?u?fge?ccg;g 'wi'tr;]aas';]eg;?e%rcéeféfé
lations of the single-atom response this last point may appegs . = V5= SIS LB IELREE Tl A e
trivial, it is important in calculations of the response of aficieﬁtl large, these shifts become coF;n arable Wigt]h the laser
collection of atoms. This collective response has previousl¥ ylarg ',th th it that th P | ks in th
been calculated by constructing a database, made up of the Juency, wi € resut that there are no clear peaxs in the

polarization (which is related to the dipole momenof a spectrum. The conclusions reached here have previously

single atom at a range of laser intensities. These data are th fen presented by Kagt al. using a semiclassical approach

substituted into a wave equation to obtain the media respon eased on the classical action. By using the formalism devel-

(see for example the work of Muffe20]). Our conclusions oped by Protopapat al., we have been able to confirm their

X : . nalysis using a fully quantum-mechanical analysis. Finally,
Pheereiassre]?vi\:]ttgr?;isI\S/aar‘i%psr?:gir(]jI;r/ngzrisr:gl tﬁi \F;illlgeeven Wher?ve discussed the suitability of models based on the steady-

We should point out that the results presented here are iﬁtate response for calculating the harmonic response in

qualitative agreement with the conclusions reached by Kar'?tjlsed laser fields.
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