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Enhanced High-Harmonic Generation Using 25 fs Laser Pulses
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We present experimental and theoretical results on high-harmonic generation in noble gases using
an 805 nm, 25 fs, titanium-doped sapphire laser. The harmonic energies observed are unexpectedly
high when compared with experimental and theoretical results to date for longer excitation pulses.
We observe that the efficiency of harmonic production is highest for shorter pulses. Furthermore, the
wavelength of the harmonics can be tuned by adjusting the sign of the chirp of the excitation pulse,
demonstrating a tunable, ultrashort-pulse5 fs soft-x-ray source.

PACS numbers: 42.50.Hz, 32.80.Rm, 42.65.Ky, 42.65.Re

The occurrence of a plateau in the conversion efficiencynodels agree with harmonic generation measurements to
of high-order harmonic generation of intense laser pulsedate, which have been made with laser pulses of duration
incident on gases has been well documented both expergreater than 100 fs. They also use the adiabatic assump-
mentally [1-5] and theoretically [6—12]. A variety of tion, where the laser intensity varies slowly with respect to
wavelengths and pulse durations have been used to genamn optical period.
ate harmonics, and harmonic orders well exceeding one For our work, we investigated high harmonics generated
hundred have been observed by L'Huillier and Balcouby a 25 fs, 10 Hz, 3 TW Ti:sapphire laser [13] in various
from the two lighter noble gases using 1 ps, 1054 nmmoble gases [14]. The bandwidth of the pulses is 32 nm,
laser pulses [3]. Macklin, Kmetec, and Gordon observedentered at a wavelength of 805 nm, and the laser system
harmonics up to the 109th order in neon using 125 fsgan provide up to 70 mJ of energy per pulse, with shot-
806 nm pulses, which represents the shortest wavelengtb-shot fluctuations of=10%. The laser beam is linearly
harmonic reported to date [4]. In heavier noble gasespolarized and focused by a curved mirror of focal length
which have smaller ionization potentials, the number ofL m to 1.2 times the diffraction limit as measured by a
harmonics which can be generated is less, although thegharge coupled device camera, wiff80 focusing. A
have higher conversion efficiencies. L’Huillier and Balcougas target=1 mm thick was placed 2.5 cm after the
observed up to the 55th and 27th harmonics from argofiocus, where the laser diameter was approxime2géty =
and xenon, respectively, with the 1 ps, 1054 nm lasef0 um. The ultrashort nature of our excitation pulses
pulses [3]. These observations are in agreement witfiLlO optical cycles FWHM) implies that at the half maxi-
theoretical predictions [10,11] that the photon energy of thenum position of the temporal pulse envelope, the laser
highest harmonic emitted from a gas cannot excged  intensity changes by more than 25% during a single cycle.
3.2U,, wherel, is the atomic ionization potential and This defies the adiabatic assumption, which suggests that
U, ~ A’I is the maximum ponderomotive potential that the atomic dipole moment undergoes quasiperiodic motion
an electron may experience prior to detachment from thérom cycle to cycle, with no dependence on the history of
atom, andA and/ are the laser wavelength and intensity, the pulse.
respectively. The gas target [15] consists of two thin metal plates

Krause, Schafer, and Kulander [10] usald initio cal-  with a500 wm hole drilled through them. The laser goes
culations of the Schrédinger equation in three dimensionthrough the hole and interacts with the gas which enters
to show that the breadth of the plateau in the harmonithe hole from between the plates. The device was backed
spectrum obeys this cutoff rule, wheltg is chosen at the continuously with pressures of 5-50 Torr, and the pressure
point where the atom ionizes, even if the peak laser ininside the hole was about one-fifth of the backing pressure.
tensity goes higher. They also showed that this rule caBecause the laser confocal parameter is much larger than
be understood with a classical picture, where the electrothe gas target thickness, the harmonics can be thought of as
detaches from the atom and releases energy when it is remerging from a plane so that geometric phase matching
captured by the atom after a laser cycle [11]. The classicahould not critically depend on theposition of the target.
picture predicts that the maximum kinetic energy acquiredVe placed that target after the focus mainly to increase
by an electron from the field upon return to the nucleughe size of the laser spot and hence increase the signal.
is 3.2U,. Quantum-mechanical descriptions of high har-The harmonic signals are resolved with HIREF-SXR-1.75
monic generation give similar results [8,12]. All of these monochromator (Hettrick Scientific) and measured with a
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microchannel plate detector. The spectrometer, which haid real. Figure 1(c) shows harmonic spectra of Ne. The
aresolution of=1 A, was scanned at arate 0.02 Aper  lower harmonic orders seen are artificially damped by
laser shot, and the harmonic signal from each laser shdhe spectrometer grating efficiency, since we had to use
was recorded. Typicallys=12 000 points make up a given a different grating to observe these shorter wavelength
spectrum. harmonics.

For the heavier noble gases, we observed harmonics The spectra seen in Figs. 1(a)—1(c) were produced with
with photon energies remarkably higher than previouslya laser energy of 3.5 mJ, which for the focusing condi-
seen. Figure 1(a) shows harmonics generated in argotipns described above corresponds to a peak intensity of
where orders up to the 61st are visible. This corresponds tapproximately(5 + 2) X 10" Wcm 2. This is signifi-

a photon energy of 93 eV. The lower harmonic orders areantly aboveX2) the point where ionization should read-
artificially damped by the spectrometer grating efficiency.ly occur. The possibility therefore exists that the highest
Figure 1(b) shows harmonics up to the 41st generatedarmonics might arise from ions, in which case they would
krypton and harmonics up to the 29th generated in xenomot be considered to be of unexpectedly high order. To
These are approximately 40% higher harmonic photortheck this, we observed harmonic generation in argon as a
energies than have been seen previously using these gas$esction of gas pressure. We observed that all of the har-
[3]. The increase in harmonic photon energy is especiallynonic peaks decreased in strength together as the pressure
interesting from the point of view that for a given intensity was gradually reduced from 5to 1 Torr. If the higher-order
the ponderomotive potentidl, of our laser is 42% less harmonic peaks were produced by ions while the lower by
than that of the 1054 nm laser used in the experimentseutral atoms, one would expect the harmonics to scale
by L'Huillier and Balcou [3]. Thus, according to the very differently with pressure because of a changing co-
I, + 3.2U, rule, one would expect to see harmonics ofherence length arising from free electrons. Thus our ob-
lesser photon energy with our laser, not greater. Thiservations suggest that the harmonic peaks all arise from
suggests that for ultrashort-pulse excitation, atoms caneutral atoms. Our spectra are, however, integrated over
survive to higher laser intensities before ionizing. Inspace and time from an ensemble of atoms experiencing
neon, we were unable to resolve harmonics past the 105tHjfferent laser intensities.
but we saw light which may correspond to harmonic One model for estimating the intensity at which ioniza-
orders up to the 131st. As we reduced the laser intensityion occurs is barrier suppression ionization (BSI) [16]. In
the short wavelength edge gradually retreated to longehis picture, the outer electron suddenly escapes from the
wavelengths, indicating that the shortest wavelength lighatom when the laser field suppresses the potential barrier
below the field-free binding energy of the electron. This
model has worked well for predicting the intensities at
@ which atoms ionize for 1 ps, 1054 nm, laser pulses. Ac-
Ar cording to this model, the intensities at which Ne, Ar, Kr,
and Xe ionize are, respectivelg,7 X 10'4, 2.5 x 104,
1.5 X 10", and8.6 x 10'> W/cn?. The harmonic pho-
ton energies that we observed from Ar, Kr, and Xe well
exceed the theoretical limit when the BSI assumption is

A B B3I 45 OBl used to determin®,,. In fact, under the BSI assumption,
MN ® the harmonic photon energies would excégd+ 5U, for
Xe each gas. Thus it would seem that for ultrashort pulses the
BSI model is not applicable.
Kr We investigated numerically the dependence of ion-

ization on pulse duration for pulses of fixed peak inten-
sity. This was done by integrating the time-dependent

Number of Photons ( arb. unit )
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Schradinger equation in one dimension. While the so-
© lution in one dimension cannot be expected to provide
Ne an exact description of ionization, it can be interesting

to compare the ionization probabilities for different ap-

plied pulse durations. The field-free potential was cho-

sen to have the form-1/(|x| + @) in atomic units [17],

57 67 81 101 135 wherea = 3.7 X 1072 a.u. The calculation showed that

for our experimental conditions, atoms can experience 20%
] _ higher laser intensity before the ionization probability ex-

FIG. 1. Harmonic spectra generated in (ap Torr of Ar,  caeds 10% for a 25 fs excitation pulse, compared with a

and (b) 2 Torr of Kr and Xe, with peak laser intensity -

5 x 10'* W/cm?. (c) Harmonic spectra generated-ii0 Torr 100 fs pulse. The details depend on the exact shape as-

of Ne with peak laser intensity x 10! W/cm?. The relative ~ sumed for the leading edge of the laser pulse, which has
intensities of (a)—(c) should not be compared directly. not been experimentally determined as yet. However, in
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the tunneling regime, neutral atoms are able to experience
+200 fs

contrast with the BSI model, the implication is that, eveniin M

23m)
higher ponderomotive potentials under ultrashort-pulse il- ]UULMLMMM

lumination than is possible using longer excitation pulses, !
since atoms can survive higher intensities before ionizing. +150fs ” MA.AMAMN\M 17my
Thel, + 3.2U, rule for the highest possible harmonic st
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photon energy comes from a classical consideration of the _ E .
maximum energy that an electron can have when a laser g **® AN\MMM\

|
this process requires the time scale of a laser cycle, the
fact that our laser intensity changes during this time can R ! TR TE T R 1

1 I |

-50fs )\M—AJM : 56mJ

potential is higher than that at which the electron breaks |
away from the atom, since the field strength grows before 1005
but it does predict some enhancement. 150 s
To investigate how important the shortness of our laser

of constant intensity pushes it back into its parent ion after

having broken away during the previous cycle. Since +501s | .A“MA'.M/WJMM_ s6ml
2585 /P“}I\’MMJ WWWW 28mJ

influence the process. During the rising edge of the pulse,

the relevant intensity for calculating the ponderomotive AAANAN

:

! 11mJ
the electron can return. This consideration alone cannot l , K\J\JUV\MMW
explain the anomalously high harmonic orders observed, ' I

]

MA%M o
pulse duration is to the total number of harmonic orders E
observed, we increased our laser pulse duration by intro- ! i NMI' ,

-200 fs 23 m]

ducing chirp. We did this by changing the position of T L s o B L N A N B A

the grating in our pulse stretcher prior to amplification. Harmonic Order

The beam alignment and pulse spectrum after amplifica- ) _

tion and compression remained unchanged. CalculatiorfdC: 2- Harmonic spectra generated in 5 Torr of argon for
. ixed peak laser intensity of X 10'* W/cn? and for various

of the pulse propagation through our laser system suggeplser pulse chirps.

that the temporal profile of the pulse remains smooth as

the chirp is varied.

We examined the effect of introducing various amountdion to 750 fs by introducing chirp and increasing the
of chirp, both positive and negative, on harmonic produclaser energy to keep the peak intensity fixed. They ob-
tion in argon. Figure 2 shows harmonic spectra for differ-served no significant change in the harmonic yield over this
ent pulse durations at a pressure of 5 Torr. The harmoniange. Together the two sets of experiments suggest that
spectrum generated by a transform-limited 25 fs pulse itigh-harmonic conversion efficiency is roughly inversely
shown in the middle. Above it are spectra from posi-proportional to pulse duration for pulse widths shorter
tively chirped pulses, and below it are spectra from negathan 1 ps.
tively chirped pulses of similar durations. In all cases the In Fig. 2, a significant amount of redshifting and blue-
peak intensity of the laser pulse was held fixed so that thehifting of the output spectra can be seen when positive
longer pulses required more energy. and negative chirps are introduced, respectively. This

For almost all of the pulse durations shown in Fig. 2,indicates that the harmonic production tends to favor the
we observe unexpectedly higher order harmonics than preising edge of the laser pulse and that it is unlikely that
dicted by the BSI theory, which predicts that the 41st ordeharmonic emission comes from ions. The harmonic peaks
should be the maximum observed. The photon energies ican be shifted spectrally to the degree that a continuously
all cases are higher than those previously observed in netunable light source is obtained for wavelengths shorter
tral argon, although the highest observable harmonic ordeghan 25 nm. The degree of blueshifting and redshifting
decreases gradually with increasing pulse duration. Anis not the same for pulses of similar duration but with
other striking feature about the datain Fig. 2 is that the areapposite chirp. For positive chirp, the redshifting of the
associated with given harmonic peaks remains roughly thpeaks is very pronounced while the peaks remain relatively
same for the different spectra. Since the laser energy is imarrow. However, for the negative chirps, the harmonic
creased to keep the intensity fixed for the longer durationgpeaks initially shift slightly to the blue and then broaden
the harmonic production process is most efficient for theao approximately twice the former width. The bandwidths
shortest laser pulses. In other words, shorter laser pulsebserved for individual peaks are sufficiently broad to
produce the most harmonic signal for a given laser energysupport subfemtosecond soft-x-ray pulses, although it is
with the harmonic efficiency scaling inversely with pulse not known as yet if the proper phase conditions are met.
duration. This agrees with the findings of Kondbal. = One possible explanation for the asymmetry observed in
[5] who reported on harmonics generated with a 120 fghe shifting and broadening of the harmonic spectra as a
Ti:sapphire laser. They stretched the laser pulse durdunction of laser chirp is that the negative chirp induces a
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stabilizing effect against ionization. Thus, in the case ofdicted or observed. We also observe increased conversion
negative chirps, the atom could experience a wider rangefficiency of laser to soft-x-ray light by using shorter exci-
of frequencies. tation pulses. Finally, we observe that the harmonic spec-
Our model calculations show similar spectral shiftingtra are asymmetric with respect to the sign of the chirp and
and broadening of the harmonics with different signs ofthat the harmonics may be tuned by adjusting the chirp.
the excitation laser chirp. The calculations show that aDur results suggest that the BSI model is not applicable to
the point on the leading edge of the pulse profile wherevery short excitation pulses and that the laser pulse chirp
a negatively chirped 100 fs pulse (with the same bandmight be used to control the ionization rate of atoms. Our
width as a 25 fs pulse) causes 50% ionization of the atonresults have demonstrated a tunable, sub-20 fs, soft-x-ray
there is 68% ionization for a positively chirped 100 fs pulsesource.
with the same intensity. Thus, when irradiated by a nega- The authors wish to thank Chung-Po Huang and
tively chirped excitation pulse, the atom survives longerChengyu Shi for invaluable help. This project was
and is exposed to a greater fraction of the input bandwidtisupported by the Air Force Office of Scientific Research
than for the positively chirped case. This may explain whyand by the National Science Foundation. M. Murnane and
the harmonic peaks are broader, and shift less, for a negét. Kapteyn acknowledge support from Sloan Foundation
tively chirped excitation pulse, since harmonic emissionFellowships.
presumably stops after ionization. Figure 3 shows calcu-
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trally shifted for negatively chirped excitation pulses than )
for positively chirped pulses, in agreement with our ex- (1 A- McPherson, G. Gibson, H. Jara, U. Johann, T.S. Luk,
. I.A. Mcintyre, K. Boyer, and C. K. Rhodes, J. Opt. Soc.
perimental data. These results suggest that laser pulse Am. B 4, 595 (1987)
chirp might be used to control the ionization rate of atoms _rh '

) g ' [2] X.F. Li, A. L'Huillier, M. Ferray, L.A. Lompre, and
to allow the production of extremely broad bandwidth and * * G Mainfray, Phys. Rev. /89, 5751 (1989).

attosecond duration x-ray pulses, with well-defined and[3] A. L'Huillier and P. Balcou, Phys. Rev. Lett70, 774

possibly compressible chirp. (1993).

In summary, we have investigated harmonic genera-[4] J.J. Macklin, J.D. Kmetec, and C.L. Gordon Ill, Phys.

tion using ultrashort laser pulses. In many of the noble  Rev. Lett.70, 766 (1993).

gases, we observe unexpectedly high harmonic orders, ufp] K. Kondo, N. Sarukura, K. Sajiki, and S. Watanabe, Phys.

to 40% higher energies than have previously been pre- — Rev. A47, R2480 (1993). _

[6] J.H. Eberly, Q. Su, and J. Javanainen, J. Opt. Soc. Am. B
6, 1289 (1989).

[7] K.C. Kulander and B.W. Shore, Phys. Rev. L&®, 524
(1989).

[8] W. Becker, S. Long, and J.K. Mclver, Phys. Rev.44,
4112 (1990).

[9] A. L'Huillier, K. J. Schafer, and K. C. Kulander, J. Phys.
B 24, 3315 (1991).

[10] J.L. Krause, K. J. Schafer, and K. C. Kulander, Phys. Rev.
Lett. 68, 3535 (1992).

[11] K.C. Kulander, K.J. Schafer, and J.L. Krause, contri-
bution to the NATO 3rd Conference on Super Intense
Laser-Atom Physics, Han-sur-Lesse, Belgium, 1993 (un-
published).

[12] M. Lewenstein, P. Balcou, M.Y. Ivanov, A. L’Huillier,
and P.B. Corkum, Phys. Rev. 49, 2117 (1994).

[13] J. Zhou, C.P. Huang, M. M. Murnane, and H. C. Kapteyn,
Opt. Lett.20, 64 (1995).

[14] J. Zhou, J. Peatross, M. M. Murnane, and H. C. Kapteyn,
postdeadline paper QPD20 to the Conference on QELS,
Baltimore, MD, 1995 (unpublished).

[15] J. Peatross and D.D. Meyerhofer, Rev. Sci. Instréd.
3066 (1993).

[16] S. Augst, D. Strickland, D. D. Meyerhofer, S. L. Chin, and

FIG. 3. Theoretical predictions for the harmonic spectra gen-  J.H. Eberly, Phys. Rev. Let63, 2212 (1989).

erated for various excitation laser chirp for fixed intensity and[17] U. Schwengelbeck and F. H. Faisal, Phys. Re\b0A632
bandwidth. (1994).

Number of Photons ( arb. unit )

Harmonic Order

755



