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Abstract

The generation of high harmonics in laser—plasma interactions on the steep density gradients is discussed, especially by
using short-pulse UV laser radiation. Low intensity experiments wilt0% W/cm? generate harmonics in the VUV

range, and the efficiency can be optimized by modifying the density gradient. To obtain higher harmonics and to clear
some disagreements among different results concerning polarization properties of harmonics we switched for higher
intensities. Our experimental arrangement makes it possible to obtai®¥ 5V/cm? intensity with a prepulse as low

as 10 W/cm? using a table-top system. Preliminary results and future trends for high-harmonics generation with this
method are given.

Keywords: Harmonics generation, Laser plasma, Short-pulse lasers

1. INTRODUCTION Even- and odd-order harmonics were generated using a

Ti:sapphire laser by Kohlweyest al. (1995, and soon af-

Qne of the possible methods to generate _coherent ra_diatiotgrward harmonics up to the 75th order of a Nd laser were
inthe VUV and EUV spectral range is by high harmonics of btained on the wavelength of 14.0 niNorreyset al,

avisible laser beam. Efficient high-harmonics generation 0§99®- Even a small, table-top KrF laser with nonrelativistic

odd order has been observed in different neutral gases. A ntensity generated harmonics to the wavelength of 82.8 nm

though this method is, in principle, limited by the ionization (Foldeset al, 1996
of the gas, this difficulty was overcome by applying ultra- Inthis article, some aspects of high-harmonics generation

short pulsesChanget al, 1997; Spielmantet al, 1997, \fre summarized, especially with the aim of showing the

thus reaching very short wavgler]gth raQ|at|on up tq 0.5ke differences among results obtained with lasers of different
photon energy. The synchronization of high harmonics madf)arameters, that is, wavelength and pulse duration. The lit-

it possible to obtain attosecond pulses, (Bapadogiannis erary data is compared with our own results obtained by a

etca)l., tlhg99t;hDrerz]schdeer;[ al, 20.0])' tedinal | KrF laser beam. The application of this ultraviolet laser
n the othérhand, harmonics generatedin a laser—plasmga, , o, is of interest because, for a short wavelength pumping

interaction may offer an alternative efficient method. ASIaser lower orders of harmonics are needed for the same
early as 1980, high harmonics were obtained from laser—. '

: : . iven short wavelength harmonics radiation that may result
plasma interactions with IR laser beams. In that case, plas %

: : . . o an effective conversion to short wavelength coherent ra-
profile steepening resulted in a sharp density gradient; NONiation. Also according to PIC simulatiof&ibbon, 1996
linear oscillation of the electrons crossing the critical sur- ' ' ’

. o . KrF lasers are candidates for generating harmonics with
face as driven by the electric field of the lag&ezzerides 9 9

et al, 1982 was the source of harmonics. The situationwa\/e'engths even in the water window.
drastically changed in the recent decade with the ultrashort

laser pulses. In plasmas generated on solid surfaces by ?- REVIEW OF EXPERIMENTS ON
trashort laser pulses, the scale length of the plasma may HIGH-HARMONICS GENERATION
remain less than the laser wavelength; thus no profile stee

o s s %—xperiments were carried out in different laboratories using
ening is necessary for favorable initial conditions.

different experimental parameters such as laser wavelength,
. ) intensity, and pulse duration. Parts of these experiments
Address correspondence and reprint requests to: |.B. Foldes, KFKI Re- ied out with | fd ti horter than 200 f
search Institute for Particle and Nuclear Physics, EURATOM Association,were carried outwitn lasers of aurations snorter than S.
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(1995, and Gizziet al. (1996 show thatp-polarized laser though recent experimen(3atarakiset al., 2009 showed
radiation can generate even and odd order high harmonicthe existence of very high magnetic fields and proved their
These results are in agreement with theories based on thele in harmonics generation, those experiments were car-
resonant absorption of laser light at the critical surfams  ried out with ultrahigh intensities of 20W/cm? in contrast
der Lindeet al,, 1992; Lichterst al., 1996. In these exper- tothe 510*°W/cm? (Vereset al., 1999 for which case mag-
iments, the generated harmonics were found to propagate twetic field effects were negligible.
the specular direction up to intensities of§8v/cm? (Zepf Thus, we can see that even and odd harmonics can be
etal, 1998. On the other hand, the experiments carried ougenerated by nonrelativistic laser pulses keeping the polar-
with longer laser pulses, that is, with pulses of 500 fs andzation of thes- or p-polarized laser beam. To understand
longer, showed a different behavior. In this case, intensé¢his phenomenon, we tried to improve the analytical model
harmonic generation was observed bottpf@nds-polarized  of von der Lindg1992), taking into account processes at the
laser beams¢Foldeset al, 1996; Norreyset al, 1996; Ish-  critical layer nonperturbatively. Although the nonperturba-
izawaet al,, 1999. The experiments of Norreygf al. (1996  tive model could explain harmonics generatiorstpolarized
showed the until now highest, 75th order of harmonics byradiation due to the ponderomotive force at the critical layer,
using the 1-ps duration Vulcan laser beam ot®1//cm? it gives ap-polarized even harmonics ferpolarized radia-
intensity. The experiments that were carried out by thesé¢ion, too, that is, it does not explain the observed polariza-
high intensities, however, did not show specular reflectiortion of the generated harmonics. A recent model of Gal and
any more. Rippling of the critical surface was considered tovarré (2001) starts from another point of view. In their
be the reason for diffuse harmonics generation and for effimodel, the evanescent electromagnetic field in the skin layer
cient harmonics generation with tegolarized radiation as  of the overdense plasma was calculated, too. It was shown
well. This was confirmed by the results of Chambetsl  that the magnetic field has a local maximum there; thus,
(1998 obtained with the Titania KrF laser system in which even for nonrelativistic intensities, the full Lorentz force
case harmonics become diffuse above a certain thresholdust be taken into account, that is, including the B
intensity of 13° W/cm?, and surface rippling was found to force, and it may serve as a source of high harmonics gen-
appear at this threshold, too. erated in the skin layer. Harmonics generated in this way

The selectionrules for harmonics generation were definedonserve the polarization of the laser beam.
(Lichtersetal., 1996 with respect to parityi.e., odd or even The other main parameter, which may be decisive in the
ordep and polarization of the generated harmonics. The deharmonics-generating mechanism, is the scale length of
pendence on the polarization of the incident laser beam ithe plasma in which harmonics generation occurs effi-
essential. According to the theoretical models based on theiently. PIC simulations of Zepét al. (1998 showed for
critical surface processgspolarized radiationis muchmore high intensities that an optimal scale length exists. We
efficient for harmonics generation than theolarized one. carried out experiments by modifying the density gradient
Another important selection rule is that an even harmonicaising a 700-fs pulse generating a preplasma 0—40 ps prior
number will bep-polarized even for agpolarized laser beam to the main KrF laser puls@=6ldeset al., 1999. Figure 1
(von der Lindeet al.,, 1992; Lichterset al., 1996. Thiswas  shows that the intensity of the observed third harmonics
really found by Gizzet al. (1996 for the second harmonics. has a pronounced maximum for 5-ps delay. Similar max-
Therefore we investigated the polarization of the second antina were observed for the second harmonics, too. The
third harmonics generated by a 248-nm laser bé€seres plasma scale length corresponding to this delay was esti-
et al, 1999. As in this case the harmonics were already inmated to be_/A ~ 0.3, which is roughly the same as that
the VUV spectral range, the polarization was determined byf the optimum for resonance absorpti@inzburg, 1961
a polarization analyzer consisting of three Au-coated mir-Our observation for an optimal scale length was confirmed
rors using the polarization properties of Fresnel reflectiondy Ishizawaet al. (2000, extending the optimization for
on them. A similar polarizer was recently used by Krush-the fourth order. The optimization—and perhaps a selec-
elniketal. (2002, too. Our results showed that thpolarized  tivity for a given order—of harmonics is good news for
radiation was only four times more efficient for second har-harmonics as a usable VUV light source. On the other
monics generation, whereas the efficiency was approximatelffand, this observation did not select among the possible
the same for the third harmonics for both laser polarizationsmechanisms, because the conditions for an optimal reso-
The most interesting result was that the polarization of thenance absorption are similar to the optimum for harmonics
generated harmonics was the same as that of the laser beageneration with the full Lorentz force by using nonrelativ-
thatis, harmonics kept laser polarization. In this experimentistic pulses.
the harmonics propagated specularly; therefore probably no
_cnyc_al surface rippling was present for the low, nonrelatlv—sl THE PERSPECTIVES OF UV LASERS FOR
istic intensity of the less than 3®W/cm? UV laser beam.

. . ) HARMONICS GENERATION

Another possible explanation proposed is the Faraday rota-
tion of the laser electric fieldlshizawaet al., 1999. Inour  PIC simulations of Gibbo{1996 suggested that—in con-
case, no rotation of the laser polarization was detected. Altrast to earlier expectations—the shortest observable har-
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consisting of four lenses giving 56magnification withf =
13.21 mm. The laser beam was diffraction limited, the focal
5047 spot diameter was found to beu2n, in agreement with the
A expectations. These measurements were carried out using a
II\T full-power, but attenuated laser beam. It means that the laser
40 i \ was fired with a full-power amplifier, and the total intensity
| T was attenuated later by using mirrors; thus, modifications of
_'fl the beam quality by the amplifier were taken into account.
_.*' | Figure 2 shows a horizontal cross section of the focal
30 1 / | intensity distribution. Approximately 55% of the laser in-
' '| tensity was found inside the 2m focal spot, which corre-
i '|. sponds to~5-10'" W/cm? intensity. Thus the beam was
..| approximately diffraction limited. The intensity of the ASE
L { prepulse in the focal plane was as low a$ MY cm?, similar
\ to the case of lens focusing. It means that it was well under
\ the threshold of plasma generation and that the contrast was
10 4 i__ nearly 16
) g B To investigate high harmonics tipepolarized laser beam
was focused on a target at an angle of,4&hich can
result in 3.410'7 W/cm? intensity on the target. The tar-
| T T gets were thin, 200-nm Al and C layers on glass plates.
0 5 10 15 20 23 Each shot hit a fresh target element. The target mechanics
time [ps] were accurate enough that when scanning the total area of
: . . . _ the 5-cm diameter target, the deviation from the ideal plane
Fig. 1. Dependence of third-harmonic intensity on time delay after pre- .. . .
pulse. The laser beam wagolarized; statistical errors are shown. was~3 um. This is less than the Am Rayleigh range in
the present case; that is, it is possible to have each shot

approximately in the focal plane. The VUV spectrometer
monics wavelength is not limited, and the harmonic order isvas based on a Jobin—Yvon holographic grating of 550

simply determined byA?. The wavelength of a given har- |/mm, which imaged the source onto the detector, which
monic order is shorter for short wavelength lasers; thuswas an MCP with a phosphor screen. The visible light of
they can efficiently produce harmonics of short wavelengthghe screen was then detected by a CCD. The first experi-
up to the water window. That was the reason why experiiments showed intense second and third harmonic genera-
ments with a KrF laser pulse may be of interest. An advantion from a C target. Figure 3 illustrates a time-integrated
tage of our KrF laser system based on a double dischargéUV spectrum of a 260-nm graphite layer on a glass plate.
excimer lasefSzatmari, 199¥is that it is not a CPA laser, The laser beam was-polarized. Besides the carbon lines
that is, the only source of prepulse is the ASE of the KrFthat originate at the later stage of the recombining plasma,

amplifier. In the first experimentg-6ldeset al,, 1996,1999; an intense third-harmonic signal can be distinguished. Some
Vereset al, 1999, the laser was focused by &10 lens,

obtaining a modest,-30° W/cm? intensity. Due to the bad
focusability and long(~15-n9 duration of the ASE pre-
pulse, its level could be kept below 1@//cm? Noting that
the observed@ radiation already had a wavelength as short
as 82.8 nm, itis encouraging to go toward higher intensities. __
Onthe other hand, the experiments of Chambeas (1998 s
by the very high intensity Titania laser system could reach @,
only the fourth harmonic. They observed a strong rippling =
of the critical surface for high intensities, thatis, above®10 '
W/cm? The laser pulse used therein had, however, a strong &
prepulse; therefore, it is not clear whether their result is a =
consequence of the preplasma effects or its intrinsic nature. 200¢
To obtain high focused intensity, the laser pulse of 20-mJ
energy on the 248-nm wavelength with 600-fs pulse dura- 0 5 10 15
tion was focused by afy2 off-axis parabola mirror from
JANOS Technology, Inc. with an effective focal length of x [pm]
10 cm. To measure the focal distribution, a large magnificarig. 2. Focal spot distribution. Fifty-five percent of laser energy is within
tion was applied using a special GahRicroscope objective the 2.um focal diameter.
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4. CONCLUSIONS

300 . . . .
The experimental works presented in this article and the

ones cited here aim to clarify the mechanism of high-
harmonics generation in laser plasmas generated by ultra-
short pulses even for nonrelativistic laser intensities. It is
fundamental to use a prepulse-free laser to obtain well-
defined, clean conditions. This is fulfilled by our KrF laser
inwhich case a contrast better thart4i@ obtained. Further,
systematic investigations with higher than18v/cm? in-
tensity will follow, which should give more insight into
these problems, among others, by separating intrinsic criti-
cal surface rippling from the one of a preformed plasma.

200

intensity [ﬂ.L.u.]

100

50 60 70 BO
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Fig. 3. VUV spectrum of 260-nm-thick C on glass with intense third-
harmonic signal.
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Si lines from the glass plate can be seen, too. From these

preliminary data it is not clear at present whether higher
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