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High Harmonic Generation from Ultrafast Pump Lasers
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Using an ultrafast pump pulse affects the spectral and temporal characteristics of high order harmonics
in an unexpected and fortuitous way. Calculations of spectra for rare gases using 10-100 fs, 800 nm
pulses show that as the pump pulse length decreases the highest harmonics become correspondingly
shorter while their conversion efficiencies increase dramatically. Especially significant is that we find
these highest harmonics have phase characteristics that allow for the possibility of compression to
subfemtosecond time scales. [S0031-9007(96)02239-9]

PACS numbers: 42.65.Ky, 32.80.Rm

Recent advances in terawatt Ti:sapphire laser techsignificant phase distortions to even the harmonics at the
nology have made it possible to produce 800 nm highend of the plateau. This implies there will be an optimum
intensity pulses less then ten optical cycles20 fs) in  pulse length for producing compressible harmonic pulses.
duration [1,2]. A major topic of current research focuses Harmonic generation in a gas is a coherent process
on the effects of using increasingly shorter, high intensityinvolving both the emission from each individual atom
pulses on excitation and ionization processes. Recent eend the propagation of the emitted fields as well: good
periments [3] on harmonic generation using 25 fs pulsephase matching is essential for high conversion efficien-
have exhibited two such effects: an increase in the saties [4]. The macroscopic harmonic fields within the
uration intensity (the highest intensity experienced by axcited medium are profoundly influenced by the phase
reasonable fraction of atoms) leading to higher energy phasharacteristics of the induced atomic dipoles, which, in
toemission as compared to longer pulses and a substantiakn, depend on the focal properties of the driving laser
broadening of the spectral widths of the harmonics. ThesBeld. In this Letter we ignore phase matching effects
results and the prospect of experiments using even shortey concentrate on the single atom emission for two rea-
pulses raise many fundamental questions. Can the spesens: (1) most of the extremal properties of the full (single
tral width of these harmonics be used to produce subfemt@tom + phase matching) problem are constrained by the
second vacuum ultraviolet (VUV) pulses? Is there ansingle atom behavior (in particular, the minimum pulse
optimal pump pulse duration for producing ultrafast highlength and maximum photon energy of the harmonics are
harmonics? How is the conversion efficiency effected byso constrained), and (2) the advent of multiterawatt lasers
the pulse length? What is the upper limit on harmonic phomeans that harmonic generation experiments with unfo-
ton energy from neutral atoms? cused lasers are now possible, leading to simplified phase

In this Letter we explore the limits of high harmonic matching, at least for intensities below saturation.
emission from this new generation of ultrashort pulse We calculate the harmonic generation spectrum using
lasers via a theoretical study of the interaction of rareghe single active electron approximation (SAE) [5]. To
gas atoms with intense laser pulses which have halfdo this, we numerically integrate the time-dependent
widths of 5 to 40 optical cycles. We find that the single Schrédinger equation for an atom in a linearly polarized
atom harmonics have broad spectral widths similar to théaser pulse with a Gaussian envelope assuming that only
experimental results. The highest harmonics, those at thbe outermost valence electron responds to the field. The
end of the plateau and in the cutoff region, exhibit twoemitted radiation spectrum is proportional to the Fourier
notable properties: their conversion efficiencies increas&ransform of the acceleration of the active electron
rapidly with decreasing pulse duration and they have
simple quadratic phase structures (corresponding to a Alw) = f dte'®a(t) = A(w)e' ™, (1)
linear frequency chirp in time), which, if removed, will
yield compressed pulses lasting less than 2 fs. We alswhereA(w) is the (real) spectral envelope function. The
find that several adjacent harmonics at the end of thelectron’s acceleration(s) is given by
plateau have almost the same linear chirp and roughly the 42(2)
same phase relative to the driving field, meaning that they a(t) = —== = —llH,[H, ]ly), 2
could, in principle, be combined to yield a pulse lasting dt
perhaps 400 attoseconds. Though the shortest pumphereH is the full (atomic+ laser interaction) Hamilton-
pulses studied yielded the highest energy photoemissioign. For the SAE pseudopotentials the commutator must
pulses lasting less than ten cycles were found to impatbe evaluated numerically. This form has been found to

638 0031-900797/78(4)/638(4)$10.00 © 1997 The American Physical Society



VOLUME 78, NUMBER 4 PHYSICAL REVIEW LETTERS 27 ANUARY 1997

be computationally more stable than the usual dipole exfraction of the density recollides with the ion core due
pressionD (w), obtained by Fourier transforming(z)),  to the large amplitude, oscillatory motion imposed by the
when significant ionization is present [6]. An approxi- driving field. The observed broadening of the plateau
mate D (w), calculated as outlined in Ref. [6] by taking harmonics is most easily understood in terms of the rapid
into account only transitions back to the ground statechange in the laser intensity during the pulse and its
agrees with A (w)/w? in both amplitude and phase for effect on this tunneling wave packet. An electron that
all of the harmonics in the plateau and cutoff. This resultenters the continuum while the laser intensity is increasing
emphasizes the importance of excited electrons that retugxperiences an additional acceleration before returning,
to the ion core in the harmonic generation process. earlier than it would have in a CW field, to rescatter

Figure 1 shows the high end of a representative shomff of the parent ion. This produces a blueshift. If the
pulse high harmonic spectrum [both the square of théaser amplitude increases linearly with time, the shift is
dipole spectrum and the phas¢(w)] for an argon approximately constant [7]. By the same token, electrons
atom interacting with a 27 fs, 810 nm pulse with aionized after the peak of the pulse are decelerated,
peak intensity of3 X 10'* W/cn?. At this intensity returning later, and therefore the spectrum is redshifted.
approximately half the atoms will be ionized by the peakHarmonics at the end of the plateat49th harmonic in
of the pulse. We find that only the last few harmonicsthis case) are created only during the cycle or two near
are distinct and that they are very broad compared tthe peak of the pulse and have a simple linear frequency
even what we would expect from this short pulse, i.e.chirp from blue to red, as exemplified by the quadratic
k*A ), > A);, wherek is the harmonic order and; is  phase dependence @f(w). Harmonics in the plateau
the fundamental wavelength. Surprising also is that there created over many optical cycles. As expected from
phases of these highest harmonics behave in a simpthese arguments, these harmonics experience much larger
and uniform fashion. The spectrum below the vicinity phase distortions and a broader range of frequency shifts
of the cutoff is highly structured with the expected oddcompared to the harmonics at the end of the plateau.
harmonics being hard to distinguish and their frequencysince the amplitude for emitting a harmonic photon is the
dependent phases varying rapidly. We find this spectruraoherent sum over all of the different pathways leading
to be typical of the short pulse regime. to a given photon energy [Eq. (1)], harmonics that are

At this intensity and wavelength, the ionization andmade over a substantial portion of the pulse have a
photoemission dynamics are dominated by tunnelinggreater opportunity to exhibit rapid phase variations due to
every half optical cycle, a wave packet of electronnumerous interfering pathways than those harmonics that
probability escapes into the continuum via a tunnelingare made only near the peak of the pulse. Because of the
process. As the wave packet drifts away a significanextensive interference, the integrated emission strength
within the limits of a given harmonic peak rises only
slowly with increasing peak intensity after the harmonic
in question has joined the plateau.

We can examine the electric field envelope of a typical
harmonic near the end of the plateau and its dependence
on the pump pulse duration. The emitted electric field
of the kth harmonic is obtained by back transforming
the acceleration spectrum after applying a filter function
around the frequency,:

D(w)?

2u() = et ] dwe =N A(0)F (o — wp),
3)

where F(w — wy) is a square filter that roughly dupli-
cates the action of a grating in picking out a specific har-
monic. For the distinct harmonics, the shape of the filter
function is not crucial.
As an example, we focus on the 49th harmonic in
| argon at 810 nm(~75 eV) and a peak intensity of
] 3 X 10" W/cn?. Figure 2 illustrates the electric field
envelope for three different pulse durations; = 108,
Harmonic of 810 nm 27, and 13.5 fs corresponding to 40, 10, and 5 optical
FIG. 1. Argon at 810 nm3 X 10" W/cn? peak intensity cycles. As the pump duration is decreased the harmonic

and 27 fs FWHM pulse width. Upper panéiD (»)[?; lower ~ Pulse length decreases rapidly (from 21 to 7~a fs).
panel:¢(w). The total area, however, actually increases even though

O(®) (units of )
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FIG. 2. Electric field envelope of the 49th harmonic at §
810 nm and3 X 10" W/cm? peak intensity. The pulse £
duration is 108 fs (dashed), 27 fs (heavy line), or 13.5 fs (thin =
line). i
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relative conversion efficiencies for 108, 27, and 13.5 fSFIG 3. (a) Envelope and phase of the 49th harmonic from
pulses are 1:6.5:11 at this _Slng_le atom level. Fig..l.. Initial phase (dotted line) and the phase with its
We note that the saturation intensity for a 108 fs pulsgyyaratic component removed (upper solid line). (b) Electric

is less thar8 X 10'* W/cnm?, which means that the 49th field envelope of the 49th harmonic field before and after
harmonic is made on the rising portion of the pulsecompression.
only, as can be seen from its electric field envelope,
and the energy is blueshifted in accordance with our
earlier discussion. A 27 fs pulse is just below saturatiorpulse width, 1.8 fs, is within a few percent of the transform
at this intensity and a 13.5fs pulse is unsaturatedimit for the spectral envelope function. The compression,
Along with this rise in saturation intensity comes aby a factor of 4 in time, leads to a corresponding increase
concomitant rise in the highest energy harmonic in accorih peak intensity.
with the cutoff rule Ena = Eo + 3U,, where E, is We have repeated the calculations illustrated in
the ionization energy and/, = I/4w? is the intensity ~Figs. 1-3 for a range of peak intensities in argon and
dependent ponderomotive energy [6]. This raises th@eon at 810 nm using 27 fs pulses. Qualitatively the
question of how high ultimately the harmonic cutoff canresults are the same. The harmonics at the end of
go for emission from a neutral atom. Calculations using ghe plateau exhibit a simple linear chirp which can be
13.5 fs pulse for helium, which has the highest ionizationremoved to provide<2 fs pulses from a single harmonic.
potential and therefore should have the highest saturatiofihe highest efficiency is obtained by compressing
intensity, indicate that more than half of the atomsharmonics that are at the end of the plateau for peak
can survive to an intensity of aboatx 10> W/cn?,  intensities just below the saturation intensity. Using
where the cutoff harmonic is more than 380 eV. Weneon instead of argon allows us to reach higher photon
believe that this is a good estimate for the upper limitenergies as is illustrated in Fig. 4(a). Here we show the
in photoemission energy from a neutral atom. spectrum in the region near the end of the plateau at
Next we turn to the question of whether the broad4 x 10'* W/cm?. Each of the harmonics shown has a
spectral width of the harmonics can be used to producquadratic phase structure and is compressible to a pulse
compressed harmonic pulses. In Fig. 3(a) we show thevidth of 1.6—2.0 fs. In addition, as is clear from the
envelope and phase of the 49th harmonic from Fig. 1. Thégure, all three of the harmonics have almost the same
phase (dotted line) is almost purely quadraticein As  group delay(d¢/dw). Again, we have found this to
we have discussed elsewhere [8], this quadratic componehe a general feature in all of our short pulse harmonics
can be entirely removed with a grating pair arrangeccalculations. Removing the average group delay of
to provide positive group velocity dispersion, while atthe three harmonics and back transforming yields the
the same time separating the harmonic from surroundinmtensity profile shown in Fig. 4(b). The width of the
wavelengths. The phase minus its quadratic component jaulse is=400 as, roughly 2 orders of magnitude shorter
shown as a solid line above the envelope. Fig. 3(b) showthan the pump pulse.
the time history of the harmonic electric field envelope Interestingly, we find that the general trend that the
before and after compression. The resulting compressdtarmonics at the end of the plateau have well-behaved
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0@ . o fast, intense laser pulse are, in principle, compressible to
oo Sn subfemtosecond time scales. Our proposal to use several
harmonics in combination to produce attosecond pulses is
very much in the spirit of an earlier proposal by Harris
et al. [9], recently revived by Antoinet al. [10]. They
suggested combining several plateau harmonics to pro-
1-10 duce a train of subfemtosecond pulses, one pulse each
half cycle of the driving field. Corkum [11] has proposed
63 65 67 using a pump pulse which has a rapidly varying ellipticity
Harmonic of 810nm to take advantage of the strong polarization dependence of
. ‘ . . . the harmonic emission process and produce subfemtosec-
LOK(b) 1 onds bursts of VUV photons. This also leads to a train
of pulses [12]. By using an ultrashort pump pulse and
compressing the harmonics at the end of the plateau, we
believe it will be possible to generasinglepulses which
are on the order of 1 fs and shorter. These single VUV
pulses are likely to be more useful for most experimental
applications.
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