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Recent advances in solid state laser technology enable efficient generation of optical frequency
laser pulses a few cycles in duration with focused intensities in exce$8'dW/cn?. When such
pulses are propagated in neutral gases such as helium, ionization rates comparable to the optical
frequency are induced. The very high ionization rates and the corresponding optical field strengths
to which neutral atoms can be exposed with few cycle pulses present an intriguing possibility for
coherent XUV generation. In this Letter, we will examine phase matching issues associated with this
phenomenon. [S0031-9007(97)04254-3]

PACS numbers: 42.55.Vc

Recent spectacular developments in ultrashort pulsthe fundamental) dependent changes in the harmonic phase
solid state laser technology have led to the capabilitthrough the quasiclassical action due to focusing [11], re-
to generate pulses of a few optical cycles duration afraction or absorption of the fundamental, and phase veloc-
repetition rates of about 1 kHz and pulse energy of abouity mismatch between the fundamental and harmonic due
1 mJ [1]. Such short duration lasers have importanto the process of free electrons [12]. Another contribu-
implications on the XUV conversion process previouslytion to the phase mismatch originates from self-phase and
studied in the context of high harmonic generation byamplitude modulation (SPAM) of the fundamental through
many cycle optical pulses in ionizing gases [2]. modification of the classical trajectory and hence the quasi-

Harmonic generation for many cycle optical pulsesclassical action for electrons of a given final energy. Be-
can be described by a quasiclassical picture [3—-5] irtause the magnitude of the SPAM of the fundamental is
which XUV generation results from the recombinationdependent upon the gradient of the ionization front [13],
of tunnel ionized electrons which have been acceleratethis contribution becomes more significant for shorter
by the optical field. The semiclassical picture predictspulses. Phase mismatch due to focusing can be ame-
a cutoff in the single-atom XUV spectrum at an energyliorated by making the gas target thin compared to the
corresponding taiv = I, + 3.17U,, whereU, denotes Rayleigh range [12]. This becomes an increasingly prac-
the ponderomotive potential in the optical field. For pulsedical proposition with ultrashort driver pulses since large
longer than several hundred cycles, the maximum value afonfocal parameters can still be achieved with low energy
U, is limited by the saturation of ionization regardless offundamental pulses making it meaningful to consider fre-
the peak intensity of the fundamental. Recently severajuency conversion in something closely approximating a
single-atom theoretical studies have addressed the XUWne dimensional geometry. There are no obvious solutions
conversion process for 5 to 25 fs driving optical pulsesto the phase matching limitations imposed by ionization
[6—9]. Analysis of the resulting dipole spectrum indicatesdependent phase velocity dispersion. We will address this
that (i) ionization and XUV conversion can persist to aspect of the problem in the one dimensional limit.
much higher x-ray energies than is the case with longer One might anticipate that free electron induced phase
duration pulses and (ii) the high frequency components imismatch coupled to self-phase and amplitude modula-
the dipole spectrum represent an x-ray continuum and cation of the fundamental would impose insurmountable ob-
constitute an attosecond x-ray pulse in the temporal domaistacles to efficient phase matched frequency conversion
[7]. Practical consideration of the conversion processinder conditions where substantial ionization is occurring
using ultrashort pulses also requires an understanding a fraction of an optical cycle. However, this is not nec-
of propagation effects, which have not been previouslyessarily the case. We show that phase matching for sev-
investigated. In this Letter, we address phase matchingral cycle driver pulses can be significantly enhanced over
issues associated with this process. that anticipated from simple free electron induced phase

In the semiclassical picture, the frequency and phase ofelocity dispersion as applicable to longer duration drivers.
the induced nonlinear polarization relative to the phase of The square of the Fourier transform of the dipole
the driving fundamental is simply described by the quasiexpectation for a single He atom as predicted by the
classical action integral over the classical trajectory of thd_ewenstein-lvanov model [4] is shown in Fig. 1 for driver
electron while it resides in the continuum [10]. Phase mispulses with Gaussian temporal profiles and durations of
match between XUV emission in the various regions of5 and 200 fs. The two spectra have been normalized
the nonlinear medium ultimately limits coherent growth.by the respective fundamental pulse widths (energies).
Contributing mechanisms include a geometric phase adrhe fundamental wavelength has been chosen as 750 nm
vance of the fundamental due to its focusing, intensity (ofand the peak laser intensity wasx 10 W/cnm?. A
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hydrogenlike ground state was assumed [4]. Bound stateencounter the parent ion near the tiMle The phase
depletion was included based on the Ammosov-Delonedifference between these trajectories increases as the fre-
Krainov (ADK) ionization rate [14]. For the 5 fs pulse, quency is reduced below cutoff until they interfere destruc-
a fractional ionization of 40% was reached at the peakively for the first time nean210. At lower energies, a
of the pulse, while for the 200 fs pulse, ionization waslarger number of classical trajectories can contribute and
substantially complete when the laser intensity reachethe interference between them gives rise to the compli-
1.9 X 10 W/cen? on the leading edge of the pulse. cated structure seen in the frequency domain in Fig. 1(a).
It is apparent that the typical odd harmonic structure In addition to a significant atomic response as seen
usually associated with frequency conversion is largelyn Fig. 1(a), practical XUV conversion also requires fa-
absent with a 5fs driver and that the cutoff energyvorable phase matching lengths. We will address phase
in the harmonic spectrum is extended towards shortematching issues in coherent XUV generation by numeri-
wavelengths. This increase is predicted to become everally solving the one dimensional wave equation for the
more dramatic as the peak driver intensity is increasedriver field in the presence of field dependent ionization
up to abou# X 10> W/cn? at which point saturation of as given by the ADK (dc) formula [14]. The solution is
ionization is predicted for the 5 fs pulse. At this intensity, coupled to an approximate equation for the high frequency
the 5 fs dipole acceleration spectrum is predicted tdield in which we neglect the influence of free electrons on
extend beyond 500 eV. propagation. This is justifiable because we are interested
The time dependent square of the predicted dipol®nly in XUV frequencies, where, /n. < 1 (n. is the
expectation for the 5 fs driver is plotted in Fig. 2(a) af- critical electron density). We solve the full Maxwell wave
ter applying a spectral filter to isolate only those fre-
guency components betwedr210 and 4230 and then
applying an inverse transform. Also shown are the am-

plitude wave form of the driving pulse and the ioniza- g 1
tion probability of He. In terms of the semiclassical T osl
model, the high energy end of the XUV spectrum is en- -
tirely due to a pair of free electron trajectories, which i/ 0
originate in the continuum near the indicated timend &
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FIG. 2. (a) The incident 5 fs fundamental pulse envelope and
real field (thick solid lines) at the entrance to a medium consist-
ing of 500 Torr of He, the time dependent ionization probabil-
ity (dotted line), and the time dependence of the square of the

0/0, dipole expectation filtered to isolate the spectral region from
h210 to h230 (thin solid line). (b) The real envelope (thick
FIG. 1. Calculated power spectra for the dipole expectatiorsolid line) and phase modification (thin solid line) calculated for
for He illuminated by pulses of peak intensityx 10> W/cn? the fundamental at a distance ofi@n into the medium com-
from the quasiclassical model for (a) a 5 fs FWHM Gaussianpared to the expected WKB phase modification from the self-
750 nm fundamental and (b) a 200 fs FWHM, 750 nm funda-consistent time dependent ionization (dotted line). (c) Same
mental. The spectra have been normalized to the respectivas (b) but for a propagation distance of A&. The propaga-
pulse lengths. tion time is normalized to the fundamental laser perigd
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equation for the fundamental field in envelope form; i.e., It can be verified that this equation fits quite well the ob-
02E, 1 0%E, Qiwg [ IE, 1 9E, served ionization induced amplitude and phase modulation
922 2 o - <— - —> - observed over the propagation lengths shown in Fig. 2.
2 The effects of free electron production on phase match-
M E =0 ing of the induced nonlinear polarization can be described
c? ' in terms of (i) a phase velocity error associated with the
(1) deviation fromc of the velocity of the release phaséif

where the real field is defined & = Re{E; exli(koz — Fig. 2) for electrons which return with the correct energy
wot)]}. Besides affording some computational advanl0 Produce a given frequency and (ii) the effect of self-
tages, solving the wave equation in envelope form prOphase and amplitude modulation of the fundamental on the
vides direct access to phase and amplitude deviatiorfRuasiclassical action integral of these electrons while they
of the fundamental from those corresponding to vacuurfeside in the continuum (betweehand:"). For a long

propagation. The solution for the fundamental field isPUISe driver, only the first term is significant and coher-
then inserted into the wave equation for the XUV field €Nce is limited only by the deviation of the WKB phase
neglecting dispersion; i.e., velocity from¢. That is to say, the WKB phase veloc-

52, | °E, 4m ity of an electromazgnetic wave in a plasma is given by
Y T 32 & —znodé'(fl,t), 2) v,=cl+ a),z,e/(uo)l/2 =~ c(1 + n./2n.). This gives
9z ¢ ot ¢ the usual coherence length limitation from phase velocity
where d! is the dipole acceleration calculated from thedispersion,Lcoh ~ n./n.Ao/h. For example, the 200 fs
Lewenstein-lvanov model. This is solved using a Fouriefgriver pulse which produces the single-atom response seen
transform method. in Fig. 1(b) would produce a level of ionization of 100% by
Figure 2(a) shows the phase and amplitude of the nuhe time its intensity was sufficient to contribute a nonlin-
merically propagated fundamental, which was defined aar polarization at a harmonic frequeney= 201. Thus
the entrance(z = 0) to the medium (500 Torr He) as the coherence length for the right end of the spectrum
Eo(t) expliwot), whereEy(z) was taken as a 5 fs FWHM  shown in Fig. 1(b) should be about Owm.
Gaussian. In Figs. 2(b) and 2(c) we show the fundamen- The calculated growth of the harmonic field fa201
tal and its phase and amplitude modifications due to ionwjith rigorous one dimensional numerical propagation of
ization at depths of 9 and 18m into the medium. At the 200 fs fundamental is shown in Fig. 3(a) along with
9 um the calculated phase error in the XUV field aroundthe growth of the continuum emission in the region
h230 is about as will be discussed below. Thus the 4210-/4230 for the 5 fs driver pulse. The calculated
propagation of the fundamental over distances much in ephase mismatch in the harmonic field for the 5 fs driver
cess of 9um is not relevant to the problem of coherentjs shown in Fig. 3(b). It is apparent that the effective
XUV generation. Also shown is the expected WKB phasecoherence length is increased by about an order of
modification due to the free electron induced phase velocmagnitude with the shorter pulse.
ity (refractive index) modificatiodwkg = 7n.z/Aon.). The increased coherence length for the 5 fs pulse seems
It is apparent that although the wave in the medium cafo stem from two effects. The first is that the electron
still be well described by the incident fundamental with adensity that exists just after the fundamental achieves suf-
small phase and amplitude distortion which grows linearlyficient intensity to produce the short wavelength emission
with propagation distance, distortion is no longer com-is |ess (by about a factor of 3) in the short pulse case. The
pletely determined by the instantaneous electron densitgecond effect is that the breakdown of the WKB approxi-
One can use the observed linearity of the phase and aration leads to a phase velocity error of the release phase
plitude distortion over lengths of relevance to the XUV ;' which is lower (also by about a factor of 3) than that
phase matching problem to derive a simple first order orgiven by the instantaneous electron density and the WKB
dinary differential equation for these quantities expresse@lasma dispersion relation. In Fig. 3(b) we have plot-
as a complex phase (velocity) modification. This equated the phase mismatch calculated solely from the phase
tion can be derived if one assumes that the complex eRrselocity error at/(z) as observed from the fundamental
velope of the propagating fundamental can be written irpropagation results. We also plot a phase error calculated
the retarded fram&’ = z,1g =t — z/c) @sE(z',1r) =  solely from self-phase and amplitude modulation of the
A(tg) exdiS(z', tr)], whereS = (z'/A0)F (tr), andA(7g)  fundamental. This phase error is derived from the quasi-
describes the (real) field envelope at the entrance to th@lassical action of the appropriate electron trajectory (i.e.,
medium. Then making the appropriate substitution intathat which produces emission at the desired frequency)
the wave equation in envelope form [Eq. (1)], neglect-calculated for a field of the fornE; = GEy(t, w,) for
ing terms of orde?, and assuming that,/n. < 1 and ; < ¢/ (z =0) and E; = GEy(t,wy + dw) for t > ¢

9z c Jt

S(z',1r) < 1 one obtains (z = 0), where E, is the driving field atz = 0, and
ar Sy iF — 2 5. ne(tr) 0 3 G and §w are used, respectively, to model the ampli-
dig/) Tt (3 tude distortion and frequency shift as observed from the
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ing gases promises an economically feasible (finite pulse
25 (a) energy) route towards a 1D conversion geometry and im-
proved coherence lengths for high energy XUV emission.
o~ 2 In view of the recent spectacular progress in amplifying
g 15 5 fs Ti:AlO5 pulses to near millijoule energies, one can
g - anticipate that experimental studies of XUV conversion in
2 1 the few cycle regime will soon be available. Such experi-
§ ments will pose an important test for current models of
~ 05 high field atomic physics and the origin of coherent XUV
generation, and may well lead to a practical source of co-
0 15 20 herent XUV radiation extending into the water window.
O We acknowledge useful discussions of these problems
S T - ® with M. Yu. lvanov and P.B. Corkum at NRC Canada.
2 S~ ST e N.H.B. thanks F. Krausz, T. Brabec, and others at
T~ T Technische Universitat, Wien for useful discussions.
g -4 ™ \\:\—e' Note added—Since the submission of this Letter,
§ SN BN several groundbreaking experiments have confirmed the
= -6 o —° N6 extension of coherent XUV generation to wavelengths
8 °, below the carbon K edge at 280 eV with ultrashort
°, driver pulses. The group at the Technical University of
105 s n 5 > Vienna [16] uses a 5 fs driver pulse and has recently

observed coherent emission beyond 500 eV. The group

z(um) at Michigan (Changpt al. [17]) uses a 25 fs driver pulse.
FIG. 3. (a) The calculated growth in the peak intensity of
XUV emission in the region ofk200 for 5 and 200 fs
fundamental pulses propagating in 500 Torr of He. (b) The
numerically calculated phase error in harmonic emission in the
region of h210—h230 for the 5 fs fundamental in 500 Torr of
He (open circlesg’s) compared to the phase error contributions
from pure self-phase modulatios?“2!, phase velocity error

of the release trajectoryy”, and the sum of these contribu-
tions, 67.
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