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Efficient Extreme UV Harmonics Generated from Picosecond Laser Pulse Interactions
with Solid Targets
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The generation of high harmonics created during the interaction of a 2.5 ps, 1053 nm laser pulse with
a solid target has been recorded for intensities up0ot® Wcm=2. Harmonic orders up to the 68th at
15.5 nm in first order have been observed with indications up to the 75th at 14.0 nm in second-order
diffraction. No differences in harmonic emission betweeand p polarization of the laser beam were
observed. The power of the 38th high harmonic at 27.7 nm is estimated to be 24 MW.

PACS numbers: 42.65.Ky, 52.40.Nk, 52.50.Jm

There is currently great interest in the production ofconversion efficiency harmonics than have hitherto been
coherent extreme UV (XUV) radiation by the process ofgenerated.
high harmonic generation using high-power picosecond Recently, the observation of the 15th harmonic was
laser radiation. Several groups have had considerableported from a 130 fs laser-solid interaction using
success in generating high odd-order harmonics frona Ti:sapphire laser at 800 nm with intensities up to
gases [1-12], with harmonic orders up to the 141st ofi0'” Wem 2 [17]. However, to date, the extremely high
Nd:glass (1053 nm) [10], 109th of Ti:sapphire (800 nm)orders that have been previously associated with laser-gas
[11], and 37th of KrF (248 nm) at7 A (the shortest interactions and the nanosecond, long wavelength CO
wavelength to date) being observed [12]. The highlaser-solid work have yet to be reproduced with shorter
harmonics are produced due to the extreme nonlinearitwavelength picosecond lasers incident on solids. An
of the atomic polarizability in the intense laser field, with investigation of harmonic generation from solids with
the symmetric nature of the atomic potential dictating thapicosecond ultrahigh intensity laser pulses is therefore
only odd-order harmonics are observed. timely.

In addition to harmonic generation from gaseous tar- The work we present in this Letter constitutes the first
gets, there has recently been a renewal in interest in genearenclusive evidence of extremely high-order harmonic
ating high order harmonic radiation from high-power laserradiation being produced from a 1053 nm, picosecond
interactions with solids [13—17]. Such high harmonicslaser pulse interacting with a solid. Harmonic orders up
were first observed in nanosecond experiments using CQo the 68th in first order diffraction with indications of
lasers (where up to the 46th was observed), where thihe 75th in second order have been observed with laser
long laser wavelengthl0.6 wm) ensured significant pon- intensities on target up t60'° Wcm™2, and with energy
deromotive steepening of the plasma density profile [18-€onversion efficiencies estimated at ranging fraon*

22]. Both odd- and even-order harmonics are generateit 10°.

via the relativistic current associated with the electrons The experiment was performed using the chirped pulse
being dragged back and forth across this asymmetric demmplification beam line on the VULCAN laser at the Cen-
sity step. Recently Gibbon has performed particle-in-celtral Laser Facility of the Rutherford Appleton Laboratory
(PIC) code simulations of laser-solid harmonic generaj24]. The laser produced pulses of 2.5 ps duration and
tion for subpicosecond pulses [23]. He concludes that foenergies of about 20 J on target. The contrast ratio was
IA? > 10" W um? cm™2, and modest shelf densities of measured to be better thaf~¢ using a third order auto-
N./Neiica1 = 10, up to 60 harmonics can be generatedcorrelator. A single shot autocorrelator allowed individ-
with power conversion efficiencies ®0°. Importantly, ual pulse lengths to be measured. The laser beam was
Gibbon’s simulations predict that the harmonic order isfocused onto the target by gfy4.2, 44 cm focal length
simply determined by A%, thus short wavelength lasers off-axis parabolic mirror.

should produce shorter absolute wavelengths for a given The laser was incident on the target surface at an angle
value of 1A%, Also, short wavelength, intense lasers mayof 54° to the target normal, and the reflected beam was
eventually provide a route to shorter wavelength, highedirected into a modified flat field XUV spectrometer.
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X-ray and ion penumbral imaging cameras provideduncertainty of the calibration and the reflectivities of the
high resolution (2 um) images of the plasma via a diffraction grating and the grazing incidence mirror.
proven maximum entropy deconvolution technique [25]. Figure 1 shows a spectrum taken when 20.7 J of
In addition, CR-39 plastic nuclear track detectors providegp-polarized laser energy in 2.6 ps was incident on a
ion spectra and maximum ion energies associated wittarget consisting o2 um CH coating onto a metal sand-
the plasma expansion [26]. These diagnostics allowewdich target 25 um Mo on 50 um Pd). The maximum
the intensity on target to be determined accurately foentropy deconvolved x-ray penumbral images established
each shot. that the spot diameter was9 um full width at half
The majority of targets consisted oR2aum CH plastic maximum (FWHM), yielding an intensity on target of
layer coated on 200 nm thicks wm wide Al cross wires 9 X 10'® Wem™2.  Figure 2 shows a lineout of the
on 1.5 mm optically polished glass slabs. In some casesspectrum shown in Fig. 1 in the range 36—15 nm, where
2 uwm CH layer was coated onto metal “sandwich” targetsthe instrument response function has been deconvolved,
Targets with a CH overcoat were proven to be the mosagain using the maximum entropy technique. Harmonic
suitable targets in the experiment due to their lower freeemission up to the 68th order (15.5 nm) can clearly be
free and free-bound contributions to the spectra. seen in the first-order diffracted signal, with evidence of
The harmonic emission was detected with a slitless flatup to the 75th order (14.0 nm) visible in the second-order
field grazing incidence XUV spectrometer (1200 Jimem  diffraction.
Hitachi grating at4°) used with an additional gold-  The target was rotated so that the angular distribution of
coated grazing incidence cylindrical mirror. The gratingthe harmonic emission could be observed (ideally the tar-
and mirror were oriented so that their grazing incidenceget position should have remained constant and the spec-
reflections gave perpendicular astigmatic line images ofrometer rotated, but this was impracticable as there were
the focus of the laser beam at the detector plane. Thewnly two positions available on the target chamber). The
combined effect therefore produced a series of dispersdiarmonic emission was observed to have a significantly
monochromatic images of the focus at each harmonitarger angular distribution than the cone angle of the laser
wavelength as shown in Fig. 1. The total wavelengthbeam. Harmonics were observed when the laser had an
coverage was from 15 to 90 nm [27]. The imagingangle of incidence betweex.5° and63° to the target nor-
mirror, flat-field grating, and microchannel plate detectormal (this corresponds to the observation of harmonics over
plane were located 22.5, 61.5, and 85 cm from the targef cone angle varying from9° to +22.5° with respect to
respectively. The imaging mirror was set up with athe center of the reflected infrared beam). This observa-
glancing angle oft° so that the spectrometer interceptedtion was confirmed when the angular distribution of the
a total solid angle oB.2 X 1073 sr. The microchannel third harmonic emission was measured on a single shot
plate and charged coupled device (CCD) detector wabasis by placing a piece of ILFORD HP5 optical film be-
calibrated against x-ray film and a phosphor and CCDhind an interference filter at a distance of 2 cm from the
detector [28]. The instrument calibration is accurate tdront of the target. No change in intensity of the third
approximately a factor of 6, taking into account theharmonic was observed over an angld@3°. It is there-
fore not unreasonable to assume isotropic emission of the
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FIG. 2. Lineout from the spectrum in Fig. 1 in the range 36—
FIG. 1. Harmonic spectrum for an incident irradiance of 15 nm after the instrument response function has been removed
IA2 =1.0 X 10" W um? cm™2. by a maximum entropy deconvolution procedure.
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harmonics which is in keeping with previous high irradi- (a)

ance, nanosecond G@xperiments [20]. 10 IPARERY

A prepulse atl0? intensity level and 2.5 ps duration e
was introduced into the laser chain 400 ps before the ‘;\'- Yo% N
arrival of the main pulse. Again, no difference in g 10° N P
harmonic emission was observed with the insertion of this 2 L e oe
prepulse. e L -.'h

The laser beam was changed frpnto s polarization by 2 N 0 O B
the insertion of a mica half wave plate after the large area £ 1o N LS T
diffraction gratings. No differences in the intensities of the 8 X e et
harmonics were observed between the two polarizations of %
the laser beam.

These effects—no observable difference in harmonic 107 ;
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generation between and p polarizations, the very large
angular distribution, and the relative insensitivity to pre-
pulse levels—suggest that the critical density surface is ()
rippled during the interaction, as this blurs the distinction 10+ T
betweens and p polarization and accounts for the dis- o
crepancies between our observations and theoretical mod
eling [14,23,29]. For instance, Gibbon predictsl A0
reduction in energy conversion farpolarization at45°
incidence angle. Furthermore, these results are consister
with the observations made in the high irradiance, @®
periments, where the laser-plasma interaction was made
solely with s polarized light [20]. The development of a
Rayleigh-Taylor—like instability at the critical surface has W
been observed in 2.5 dimensional PIC simulations [29,30] |
when a high intensity, picosecond laser pulse interacts - .
with a preformed plasma. Even with an intensity con- 0 10 20 30 40 50 60 70 80
trast of 10~ between the 80 ps FWHM duration pedestal Harmonic Order
(which is the stretched pul;e duration in the laser chaip 3 Conversion efficiencies  (assuming  isotropic
and the 2.5 ps FWHM main pulse, the pedestal level igagiation) against harmonic order for various irradi-
sufficiently intense to generate a preformed plasma ainces. Solid squares, 7A? = 1.0 X 10" W um?cm™2;
these focused intensities. However, these simulations alswen diamzonds,lx\z =63 X 10218 V\{étmz cm™?; open tri-
predict that the pondoromotive pressure exceeds the thef0gles, [A° =55 X 107 Wpum cm'*, diagonal _crosses,
mal pressure in the underdense coronal plasma. This h % ;13(')98 >\<N10 SN pmeem®; - horizontal crosses, A" =

. . ; pm?cm™%;  and open squares, [A* =
two eff_ects. The coron_al plasma_l is expelleq from the fo-, 5 « o7 W wm?cm 2. Curve fits in (a) are best power
cal region, and the critical density surface is accelerateghw fits, except for /A2 = 1.0 X 10" W um?cm 2 where
into the solid density plasma with a velocity approachingthe curve is fitted to the 50—-68th harmonic to illustrate the

¢/40, resulting in a steepened density profile very similaronset of saturation for the lower harmonics and in (b) are
to that assumed by Gibbon. theoretical calculaﬂong of the absolute conversion efﬂgency
. . . for 5 X 107 W um? cm~2 (solid line),5 X 10'® W um? cm™2
_Figure 3(a) shows a plot of energy conversion effi-(chain) andi.0 x 10" W wm? cm™2 (dotted line).
ciency in each harmonic vs harmonic order for different

irradiances, assuming isotropic emission. It is interest-
ing to note two features. First, the energy in each of thealculations, assuming a density scale lengthLgh =
harmonics increases sharply with higher laser irradiance.02 [23] [see Fig. 3(b)]. Figure 3 also suggests that the
Second, the energy conversion into each harmégidor  transfer of energy into lower harmonics is starting to satu-
irradiances below0'> W um? cm~2 scales as rate at irradiances dfA?> = 1.0 X 10" W um? cm™2 be-

E, = Eper(w/w0) " (1) cause they are systematical!y lower than the fitted power

@ laser o law for the 50—68th harmonic orders suggests. This sat-

where the exponentis a function of the irradiance on tar- uration behavior as the irradiance is increased is also ex-
get. The exponent fitted through all these harmonics dehibited by PIC calculations and lends some credence to
creases with increasing irradiance, changing from 5.5  the choice of the scaling law fit.
at IA?2 =5 X 107 Wum?’cm™2 to x = 3.38 at 1A% = It is interesting to note that for the 38th harmonic
1.0 X 10" W um?cm™2. These values of the exponent the power is1.8 MWsr ! at an irradiance ofl.0 X
are in very good agreement with those predicted by P1Q0'° W um?>cm™2. If isotropic emission is assumed,
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then the power radiated in this harmonic is 24 MW, andsupport groups of the Central Laser Facility of the Ruther-
the conversion efficiency of energy into each harmonidord Appleton Laboratory.

up to the 68th is=107°. This is also in good agree-

ment with simulations, taking into account the angular
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