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This paper discusses the generation of high-order optical harmonics from solid targets using laser pulses of
35 and 120 femtoseconds. Harmonics up to the 35th order were observed. High conversion efficiency has been
achieved, e.g., I to the 10th harmonic. It is demonstrated that the harmonic emission is highly directional
and that the harmonic efficiency decreases rapidly with increasing plasma scale length.

PACS numbgs): 42.65.Ky, 52.40.Nk, 52.50.Jm

[. INTRODUCTION ics from a planar interface. These observations were
attributed to the self-phase modulation in the tail of under-
Generation of optical harmonics of high order is one ofdense plasma and rippling of the plasma surfdd.
the most promising tools for generating short wavelength The use of femtosecond pump pulses leads quite naturally
coherent radiation. In noble gases harmonics up to about tH€ the formation of a steep gradient of the plasma density
300th order have been produced?]. A different approach because there is no time for significant plasma expansion

is high-order harmonic generatiotHOHG) in reflection during the pulse duration. Moreover, after creating a plasma

from solid targets. The mechanism of the latter type HOHGVIth & femtosecond pulse, one can let the plasma expand for

can be qualitatively explained using the simple physicala certaiq amount of tim.e to establish a'plasma scale length of
model of an oscillating plasma mirr68—6]. Indeed, the tar- any desired value. Using a second, time-delayed femtosec-

Lo I r . ond pulse for the generation of the harmonics, one can ex-
gﬁrsséurfgﬁz 'Sah'?e?:gégg'zeg bgrthcﬁlZid'g?Cﬁggael of Itgs?rr?:T licitly investigate the influence of the plasma scale length
pulse, g lay P P on the HOHG.

formed. When the details _of the electron d_ensity distribution™ 5, important point of HOHG from solid targets is the fact
are neglected, the coII_ectlve electron motion created by th?nat laser pulses of very high contrast are required. A
quent glectromagnetlc wave can be considered as an ,OSCBTepuIse or a slowly rising leading front of the pump pulse
lating mirror. The phase modulation of the reflected lightjead to premature ionization of the target and destruction of
introduced by this mirror gives rise to harmonic frequenciesthe steep density profile long before the arrival of the high-
The descriptive “mirror model” and detailed particle-in-cell intensity pulse maximum.
(PIC) simulations show that at relativistic intensitie$ ( Experimentally, using pulses of approximately 100 fs
=10'® W/cn?) the number of harmonics and the conversionfrom titanium sapphire lasers operating in the chirped pulse
efficiency are strongly enhanc¢8-7]. The use of rapidly amplification (CPA) mode, harmonics up to the 7th order
developing femtosecond laser systems capable of producirftave been observed by Kohlweyet al. [11], up to 16th
strong light pulses in the relativistic intensity regime present®order by Zepfet al. [12], and up to 18th by von der Linde
interesting new possibilities. et al.[13]. The importance of a clean rising edge of the laser
Harmonic generation from solid targets is still much lesspulses in HOHG was demonstrated in Ré®]. So far, how-
developed than HOHG in gases. First, it requires muctgVver, the direct observations of the influence of the plasma
higher laser intensities. For harmonic generation in gaseoucale length on harmonic efficiency, as well as detailed mea-
media the laser intensity is limited by the onset of ionizationSurements of the angular distribution demonstrating the di-
of the atoms, which occurs at intensities less tharfectionality of the harmonics, are still lacking. _
10'8 W/cr?. Secondly, a steplike plasma-vacuum interface !N this paper we wish to report on the results of a series of
is essential for HOHG in reflection. In the first experimentsHOHG experiments '”."_Vh'Ch high contrast ratio 'asef pulses
with nanosecond COlasers8] and in experiments by Nor- up to relativistic intensities were _used. The aim of this work
reyset al. with picosecond pulse] the pulse duration was was (i) to extend HOHG from solid targets to higher orders,

long enough for the plasma to expand considerably into théii) to determine the divergence of the harmonics, @infito

vacuum during the pulse. In these cases HOHG was exgarry out direct measurements of the influence of the plasma

plained by the steepening of the plasma-vacuum interfacéCale length on HOHG.
due to strong ponderomotive forces. However, the harmonic
radiation in the picosecond experimen®210] showed sub-

stantial spectral broadening and a very wide angular distri- A schematic of the experimental setup is shown in Fig. 1.
bution, not expected for the generation of reflected harmonThe incident laser pulses at the wavelength of 800 nm were

II. EXPERIMENTAL
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FIG. 2. Long wavelength side of the harmonic spectrum. The
spectrum is averaged over 70 laser pulses. Pulse duration: 35 fs;
laser intensity: 5 10'7 W/cn?.

parabolic
mirror

delay line

50 mJ was used. The laser intensity on the target reached 5
X 10— 10* W/cn?. The incident laser pulses wepeolar-
ized at an angle of incidence of 55°. The ratio of the laser

incident intensity at 1 ps before the peak and the peak interisay-
beam trast ratio was approximately 1.
Examples of typical harmonic speci@] are depicted in
FIG. 1. Schematic of the experimental setup. Figs. 2 and 3. The spectra were integrated over 70 pulses. In

focused onto the target with the help of an off-axis parabolidn® |0ng wavelength regiofFig. 2) even and odd harmonics
mirror. The spectrum of the reflected light was imaged ontgVere observed from the 8th to the 22nd order. The harmon-
a phosphor screen with the help of a toroidal grating, and thi€S aré superimposed on some background, which is prob-
phosphorescent light was recorded with a CCD camera. ably due to incoherent emission from the plasma. In Fig. 2
A small mirrorM was placed in the incident laser beam to the spatial dimensions of the CCD chip limited the wave-
block the center and to reflect a small portion of the incidentength range of the spectrum.
laser pulse into a second channel with a variable optical path Figure 3 shows an example of the short wavelength re-
length. This mirror served two purposes. First, with the secgion of the harmonic spectra. In this case, the reflected light
ond channel a pair of laser pulses with variable time delayas passed through a 150 nm thick aluminum foil to sup-
was available for pump-probe experiments. Secondly, th@ress the emission at longer wavelengths. The spectrum is
mirror prevented reflected laser light from the target fromcorrected for the transmission curve of the Al filter.
entering the spectromet¢i4]. The position of the mirror The sharp cutoff at the short wavelength side corresponds
was chosen so that the parabolic mirror produced an image the L-absorption edge of aluminum at approximately
of M on the entrance aperture of the spectrometer. The ditg nm. As in Fig. 2, the harmonic spectrum has a strong
ameter of the aperture was suitably adjusted to completelijackground. Nevertheless, one can clearly trace peaks coin-
block the specularly reflected laser light. On the other handgiging with the positions of harmonics up to 45th order. Un-
harmonic radiation propagating on axis, close to the speculaprtunately, a series of oxygen ion line appears in the range
direction, passed through the hole of the aperture into thgg tg 21 nm. Because the oxygen ion lines tend to obscure
spectrometer. ) __ the harmonic spectrum, an unambiguous identification of the
Several long focal length, aberration-corrected objectivg,zrmonic peaks is possible only up to the 35th order. Nev-

lenses were used in conjunction with CCD cameras for pregtheless, our results represent the highest harmonic orders
cise alignment of the target, the object point of the toroidal

grating, and the laser focal point. A positioning accuracy of : : : : :

2 pum along three orthogonal axes was achieved. The align- T .
ment was continuously monitored during the experiments @
with the help of the objective lenses and cameras. 'g
The targets were optically polished glass substrates, 8 05
which were raster scanned to provide a fresh surface for each g i 1
laser pulse. The pressure in the experimental chamber was g
102 Torr.
0 . . . .
Ill. RESULTS T 20 30 40 50 60
A. Experiments with pulses of 35 fs AlL edge Wavelength (nm)

In a first series of experiments, a titanium sapphire laser FIG. 3. Short wavelength side of the harmonic spectrum. Other
system[15] with pulses of 35 fs and pulse energy up to parameters are same as in Fig. 2.
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FIG. 5. Far field spatial distribution of the 120 fs titanium sap-
phire laser.

the short wavelength radiation. The image is of course inte-
grated over all orders of harmonics. Figur@4shows that

the beam of the harmonics is highly directional and nearly
spatially uniform. From the observed distribution we esti-
mate the angular divergence of the integrated harmonic beam
to be 50 to 100 mrad, somewhat narrower than the focused
fundamental, which has an angular width of approximately
100 mrad.

Care had to be exercised in order to distinguish phospho-
rescence produced by harmonic radiation from two-photon-
excited phosphorescence generated by the intense fundamen-
tal laser beam. Figure(d) shows an image of the cross
section of the fundamental laser beam recorded by two-
photon phosphorescence. Note that two-photon recording is
expected to strongly enhance inhomogeneities in the funda-
mental beam.

The black disk in the center and the orthogonal thin black
lines represent the image of the beam splitting mivofsee
Fig. 1) and the supporting wires, respectively. This structure
is characteristic of the fundamental beam. Comparison with

FIG. 4. Spatial distribution of the radiation from the target re- _. . .
corded on a phosphor screen. The distance from the target is aboE{g' 4(@) shows that the features due to the splitting mirror

10 cm.(a) Reflected fundamental blocked with filtek®) distribu- and its support are abse_)nt a!t the harmonlc frequencies, as
tion of the fundamental. expected. Thus the spatial distributions of the fundamental

and the harmonics can be easily distinguished.

. Completely different angular distributions were observed
observed to date for femtosecond HOHG from solid targetswhen the pump intensity exceededWv/cn?. The re-

15 intresing 0 ottt sarting fom 231 0 251 00 o s o loner colmaed. o pread over
The origin of the peak near 35—40 nfposition of .har— Iarg_e _solld angle around the specular dlreqtlon. No harmonic
monics 22—2Dis not quite clear as yet. One of the possiblerad.'at'.on cou!d be detected on top of the mcoherent'plasm'a
) emission, which became much stronger as the laser intensity

textplanaltctlolns of this Imebls ETISTIOF alog du%.to the eé((.:"R as increased. It should be mentioned that we were unable to
ation of plasma waves Dy not electrons, as diSCUSSed IN RE{0 ot harmonics witls-polarized laser pulses.

[16]. Alternatively, the peak near 35—40 nm could be due to
a resonance of the harmonics around 20th—22nd order with
plasma oscillations.

A qualitative observation of angular divergence of the In the different series of experiments we used a titanium
harmonic radiation was made as follows. We let the reflectedapphire system with a pulse duration of 120 fs and an en-
beam from the target directly strike a phosphor screen andrgy up to 70 mJ. The contrast ratio was better than* 1
recorded the spatial distribution of the phosphorescence witlh ps from the pulse maximum. Important for the following
a CCD camera. The fundamental radiation scattered from thexperiments were very good spatial beam quality and a high
screen was blocked with suitable optical filters. Figuta 4 pulse stability.
shows the distribution of the phosphorescence generated by Figure 5 shows the far field spatial intensity distribution

B. Experiments with pulses of 120 fs
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m and of the reflected fundamental. Dashed, dotted and dash-dotted
lines represent the calculated distribution for the 9th, 12th, and 14th
harmonics, respectively.
FIG. 6. Harmonic spectrum recorded with 120 fs pulses and at
2X 10" W/cn. The actual image of the output plane of the spec-of the harmonic energy is shown in Fig. 8 together with the
trometer is shown below. angular distribution of the reflected fundamental for com-
o . ) _ parison. The center of the fundamental beam blocked by the
of the titanium sapphire laser beam. The corresponding dig5egm splitting mirror is disregarded in Fig. 8.
tribution of the He-Ne alignment laser is also shown for ¢ is clear that the divergence of the harmonics is smaller
comparison. Using an off-axis parabolic mirror with 2 10 cMtnan that of the fundamental. If, for the purpose of compari-
focal length for focusing, a spot diameter of 42n was  son, we assume a power law for the harmonic intensity and a
obtained in the focal plane. __ Gaussian beam profile, the divergence angle ofrtieehar-
A_n exa_mple.of harmomc spectrum fecorc_ied with this la‘monicA®n should scale ad ©/+/n, whereA® is the diver-
ser is depicted in Fig. 6. The spectrum is an integral over 10@ence angle of the fundamental. The corresponding angular
laser pulses. The background is much lower than in the prégigyinytions are also plotted in Fig. 8. Comparing the experi-
vious experiments. The insert shows that harmonics up t0 thgyenia| gata with these curves, we conclude that the emitted
20th order could be distinguished. The actual image of the5rmonics are nearly diffraction limited or, in other words,
output plane of the spectrometer is also shown. Note that thﬁighly spatially coherent.
spots corresponding to different harmonic orders are per- "1 conversion efficiency, of HOHG can be estimated
fectly circular, indicating an excellent beam quality and 9°°dusing the expression "
imaging properties of the toroidal grating.

En  QuKgfiong

1. Measurements of harmonic divergence and efficiency ==
Er  ErQompnncep’

In order to study the angular divergence, the harmonic
beams were scan'ned across the entrance aperture of the Spv%'ereEn andE; are the energies of theth harmonic and
trometer by rotating the samplsee Fig. 7. The aperture the fundamental(),, and Q) denote the solid angles of the
corresponded to an acceptance angle of 0.5°. With the helﬁarmonic beam alrlnd of the spectrometer acceptafgeis

of the set of the objective lenséBig. 1) the position of the . o ;

sample was carefully controlled in order to avoid a misalign-:EEe atlfler:uatlon of harmonéc signal dut?m to the gra@ing, 's]:f.

ment of the system when the target angle was changed. 1€ pholon energyzyn and 7ccp are the conversion etil-
The full divergence angle of the fundamental radiation'€"<Y of the phosphor screen and the quantum yield of the

was measured to be 7.3°. The measured angular dependen gD camerd17], respectively, anah, is the number of the
photoelectrons recorded by the CCD camera.

Kgr as a function of the wavelength was taken from data
provided by the grating manufacturer. To determine #igg
we have made a series of calibration measurements using a
hollow cathode lam18] with and without phosphor screen.
Spectrometer Using the formula given above we obtain an efficiency of
107 for the 10th and 10°® for the 15th harmonic. The cor-
responding estimates for the experiments carried out with the
35 fs laser system are 16 and 107 for the 10th and 15th
harmonic, respectively.

According to our estimate, the efficiencies observed on

FIG. 7. Schematic of the measurement of the divergence of higi§olid targets are comparable with those of HOHG in noble
order harmonics. The aperture in front of the spectrometer corregases. For example, in R¢19] the conversion efficiency for
sponds to the acceptance angle of 0.5°. the 5th to 23rd harmonic in Xe was estimated to be approxi-
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Delay (ps) low spread of the experimental data, indicating excellent re-
2 0 2 4 producibility of the harmonic signals and good stability of
the laser parameters.

For an interpretation of the observed decay of harmonic
generation with delay time we used a simple isothermal
model of plasma expansidr20]. The spatial profile of the
electron density is taken to Bé¢.=Ngexp(—2zL). Here,L is
the plasma scale length which grows according-tevr,
where v1=ZkT,/M is the expansion velocity of the
plasma.T, is the electron temperaturg, is the ionization
degreek is the Boltzmann constant, aid is the ion mass.

For the pulse energy used in the experiment to create the
plasma(first laser pulspwe estimated the electron tempera-
ture T, and the expansion velocity; to be 100 eV and 6
x10° cm/s, respectively. We used the valuer=6
X 10° cm/s=0.075\/ps to convert experimental delay time
to plasma density scale length. These values agree well with
fhe results obtained from spectral interferometry of the light
reflected from the plasmg21], and from measurements of
the Doppler shift and of the plasma reflectivit®2]. With
mately 10 ©. This would correspond to the efficiency of the these numbers the solid line in Fig. 9 falls off as
10th harmonic in our experiments with pulses of 35 fs. Theexp(—L/Lg) with Lg=0.015\.
comparison of the efficiency of HOHG from solid targets Our data show that the decrease of harmonic generation
and from gas targets is clearly somewhat arbitrary, becausgith scale length is quite fast in comparison with available
of the very different high frequency roll-off in the two cases. PIC simulations. The dashed line in Fig. 9 shows the calcu-

Estimates of the conversion efficiency can be subject tdated dependence of the harmonic efficiency on scale length
systematic errors. For example, in our estimate we have uséddrm a recent PIC simulation4,12]. Another important
the grating efficiency data given by the manufacturer. Oumualitative difference is that in our experiments the harmonic
own measurements at several selected wavelengths showefficiency decreases monotonically with the plasma scale
factor of 2 lower diffraction efficiency of the toroidal grating. length. An “optimum” scale length for the HOHG as pre-
This discrepancy could be due to contamination of the gratelicted in Ref[23] was not observed. We note, however, that
ing surface. Also, differences between the actual value ofhis comparison must be regarded with caution, because
ncep Of our CCD camera and the published values cannot behysical parameters of the calculation do not correspond to
excluded. Another source of potential error is the estimatiorour experimental situation. Furthermore, the simulations
of the solid angleQ,~7(A®,)? for which we assume an were performed with a fixed linear density profile, and a
accuracy of about- 25%. Taking into account these possible possible deformation of the profile due to ponderomotive
sources of error, the conversion efficiencigs given here forces was not taken into account.
are probably subject to an uncertainty of a factor of 3 to 4.

Norm. Harm. Energy
* O & O

FIG. 9. Energy of different harmonics as a function of the time
delay (upper horizontal scaje Lower horizontal scale: Estimated
plasma scale length. Solid line: expl(/0.015\). Dashed line: De-
pendence of the harmonic energy on the scale length calculated
Ref.[12].

2. Dependence of the harmonic efficiency on plasma scale IV. CONCLUSIONS

length In conclusion, we have reported the highest harmonic or-

Pump-probe experiments were carried out in order to inder observed to date in femtosecond harmonic generation
vestigate the dependence of HOHG efficiency on the plasmftom solid targets. High conversion efficiency, comparable
scale length. These measurements were performed with thvith that of HOHG in noble gasd49] has been achieved. It
120 fs titanium sapphire laser system. A plasma was creatdtas been demonstrated that high-order harmonic emission
on the surface of the target by a first, relatively weak lasefrom solid targets is nearly diffraction limited. Laser pulses
pulse (5< 10" W/cnP). A second pulse with an adjustable with high contrast ratio and steep leading edges and peak
time delayr with respect to the first pulse was used to pro-intensities not exceeding ¥ow/cn? are essential for spa-
duce harmonics. The intensity of the second pulse was apially coherent HOHG.
proximately 2x 10" W/cn?. At higher laser intensities we observe a spreading of the

The measured dependence of the harmonic energy onreflected fundamental laser radiation and of the harmonic
for several harmonic orders is depicted in Fig. 9. The availemission over a large solid angle. This observation suggests
able dynamic range of our measurements was Eor all  a deformation of the reflecting plasma surface at very high
harmonic orders the energies decrease rapidly, and the deckger intensity. One might expect that the effect could be
of the harmonic signals is approximately the same. The datavoided with the use of shorter laser pulse. However, the
can be fitted by an exponential function, exp(r), with  comparison of our experiments with laser pulses of nomi-
7= 200 fs. nally 35 and 120 fs did not indicate any significant difference

The experimental data in Fig. 9 were obtained in twoof the high intensity behavior.
successive series of measurements. The results demonstrate aVe do not observe a certain optimum scale length for
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HOHG during the expansion of the plasma, apparently im'® w/cn?, it is a great challenge to overcome the present
contradiction with PIC simulationf$,12]. Also, our experi- |imits. The realization of this potential requires a thorough
ments show that the efficiency of HOHG drops more rapidlyunderstanding of the distortion effects. The threshold of the
with increasing plasma scale length than predicted by thesglasma instabilities should strongly depend on the plasma
simulations. scale length. Therefore, more detailed pump-probe experi-
For a possible explanation of the faster decrease thgents with the diagnostics of plasma surface and of the spa-

spreading of the harmonic emission at higher intensities isial and angular distribution of the harmonic are important.
invoked. In our experiments we measured the specular com-

ponent of harmonic radiation in a relatively narrow solid
angle. To produce a drop of 3,0corresponding to the mea-
sured value, it would be sufficient to spread the initially col-  The authors gratefully acknowledge experimental contri-
limated harmonics over a much larger solid angle. Formatioutions from Dr. G. Jenke, theoretical advice from Professor
of a distortion of the plasma surface in a time of approxi-V. P. Silin, and fruitful discussions with Professor A. M.
mately one picosecond, resulting in such a spreading, couldheltikov. This work was partially funded by the European
explain our observations. Plasma surface distortions, whick/nion in the framework of “Training and Mobility by Re-
cannot be taken into account in one-dimensional PIC calcusearch,” and by the “International Association for the Pro-
lations, could be caused by plasma instabilities, predicted tanotion of Cooperation with Scientists from the former So-
occur at high laser intensity. viet Union” (INTAS). Sustained national financial support

Because a substantial increase of the efficiency of haby the Deutsche Forschungsgemeinschaft is also gratefully
monic generation is expected for laser intensities exceedingcknowledged.
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