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High-order harmonics of 248.6-nm KrF laser from helium and neon ions
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We report high harmonic generation from a 248.6-nm KrF laser giving harmonic orders up to th@B7th
A) in a helium gas jet and the 35(f1 A) in neon, for laser intensities up to10*” W/cm? in 380-fs pulses.
These observations are interpreted using theoretical modeling that identifies the ion spegidsefie and
Ne?* as the sources of the highest harmonics.

PACS numbegs): 42.65.Ky, 32.80.Rm, 42.65.Re

Recent advances in short-pulse laser technology have The generation of high harmonics from ions using short
stimulated research into the production of coherent radiatiomavelength lasers can be attributed to two effects. First, the
in the extreme ultraviole€XUV) by the generation of high phase mismatch between fundamental and harmonic is less
odd-integer harmonic orders of a fundamental laser frefor short wavelengths when the refractive index is dominated
quency[1-9]. The majority of this work has been performed by free electrons, as is the case when the gas is ionifed
using relatively long wavelength lasers; in particular, 1.053-Second, the single-atom response has been shown to be
um neodymium-doped yttrium aluminum garr&td:YAG) greater for short wavelength las¢f$]. Using the semiclas-
or 800-nm Ti:sapphire systenig—4). It has been reasoned sical model t_his can be attributed to the.shorter available
that harmonics with the highest photon energy will be pro-time for diffusion of the electron wave function between tun-
duced with such long wavelength drivers, as the furthest ex?€ling through the Coulomb barrier and the first recollision
tent of the plateau in the atomic harmonic response for é(I:lth the core: this time being one-half of the laser cycle. In

given atom has been found both experimentally and theorett is .simple model, WiFh signifigant harmonic genera.tion oc-
cally to be given byE, ..~1,+3U, [7], whereE, . is the curring only on the first recollision, the reduced diffusion
max_ 'p p ' max

highest harmonic photon enerdy, is the ionization poten- increases the cross section for harmonic generqfiorl.

X . Thus, with harmonic generation from ions already demon-
— 22 2 '
tial, andU,, the ponderomotive energyp=e"E*/4mew*). rated, it is timely to investigate whether higher harmonic

. . . t
These results are suppqrted by §|mple semlclassmal_mode%oton energies can be produced from ions using short
[10,11], as well as more rigorous time-dependent solutions o avelength lasers, than from neutral atoms with longer

Schralinger’s equation, using the single active eleCtronwavelength lasers.
(SAE) approximation[7,12]. The shortest harmonic wave-  \ve report here quantitative studies of harmonic genera-
lengths generated previously are the 109th harm6cA)  tion from a KrF laser, with observation from the 1865 A)
of a Ti:sapphire lase800 nm using neor{4], and the 141st to 35th harmoniq71 A) in neon, and up to the 37th har-
harmonic(75 A) of a Nd:glass lasef1.053 um) using he-  monic(67 A) in helium. To our knowledge these results con-
lium [13]. stitute the shortest harmonic wavelengths recorded to date—
This approach of using the quadratic scaling of ponderothe 37th harmonic of 248.6 nm being approximately
motive energy with fundamental laser wavelength to producequivalent in photon energy to the 157th of 1.0561. We
the highest harmonic photon energy neglects generation froshow that these results are in agreement with simulations of
ions relative to that from neutral atoms. In principle, ionsthe single-atom and single-ion responses of helium and neon
could produce higher-energy harmonics due to both theiat the intensities present in our laser focus, and we attribute
higher ionization potential and the correspondingly high ponthe highest harmonics in the neon targets to the response of
deromotive energy at their saturation intensity. At the longeidoubly-ionized neon. These results conclusively demonstrate
laser wavelengths, the harmonic signal from ions is, at besthe potential of short wavelength lasers to produce high-
very weak in comparison to the neutral respon%4]. In  energy harmonics.
contrast, Sarukurat al. [5] recently produced high-order The experiments were performed using the Sprite KrF
harmonics from a short waveleng{@48.6 nm KrF laser, laser at the Central Laser Facility of the Rutherford Appleton
generating up to the 23rd harmonic in helium and up to thd_aboratory. The laser, used in chirped pulse amplification
27th harmonic in neon. An analysis of their results by Krausemode[16], delivered up to 250 mJ on target in a 380-fs full
et al.[7] showed that harmonics from helium above the 13thwidth at half maximum(FWHM) pulse at 248.6 nm. The
were due to Hé, and suggested that the higher harmonics inbeam was focused using two different off-axis parabolas
neon were due to Ne. Kondoet al.[6] attributed neon har- (OAPS9. First, a 33-cm OAP was used to focus the 10-cm-
monics above the 21st in the same experiment to emissiodliam beam to an average focal spot in vacuum of approxi-
from Ne?*. mately 10um FWHM (ten times the diffraction limit, but
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with variable smaller scale structure down to the diffractionabout 100 A. The response of the detector was proportional
limit). This gave a mean intensity of410'” W/cm? over a  to the harmonic energy per unit solid angle.
focal depth of about 10@&m. Second, a 100-cm OAP pro- Harmonic energy conversion efficiencies were calculated
duced, on average, a six times diffraction-limited focal spotassuming that the total solid angle of emission was equal to
of 18 um FWHM with a mean focused intensity of just over that of the laser beam. Further calibration factors came from
10'” W/cm? over a length of approximately 70am. A  the absolute response of the MCP, the grating reflectivity
solenoid-valve gas jet provided a gas target of helium of18], the filter transmission, the collection solid angle of the
neon at the laser focus, with atomic densities ranging fronspectrometer, the focusing mirror reflectivity, and its collec-
10 to 10'° cm ™2 and gas lengths between 0.5 and 2 mm.tion solid angle. The angular distribution of the harmonics
Densities produced at the focus were determined by Thomwas measured in a separate series of experiments using the
son scattering17]. 33-cm OAP, without the focusing mirrgd9]. The absence
The harmonic emission was detected with a slitless flatof the mirror reduced the overall detection sensitivity, and
field grazing incidence XUV spectromet€ét200 line/mm thus in these experiments only harmonics up to the 19th were
Hitachi grating at 3.77°) used with an additional gold-coatedobserved. However, all the harmonics observed covered the
grazing incidence cylindrical mirror. The grating and mirror full solid angle of the laser beam. For this reason the energy
were oriented so that their grazing incidence reflections gaveonversion measurements assume emission in the full beam
perpendicular astigmatic line images of the focus of the laseangle. The assumption is validated for harmonics up to the
beam at the detector plane. Their combined effect therefor&9th, but conversion into higher harmonics could be overes-
produced a series of dispersed monochromatic images of thanated if the angular distribution of the beam were to nar-
focus at each harmonic wavelength as shown in Fig. 1. Theow significantly. An upper bound of a factor of 40 on the
XUV images were detected with a Galileo double micro-possible error for data recorded with the 100-cm OAP is
channel platéMCP) coupled to a Photonic Science DarkStar given by the fact that the acceptance solid angle of the spec-
intensified charge-coupled-devi¢€CD) camera via a 4:1 trometer was 1/40th that of the laser beam. Figure 2 shows
reducing fiber-optic coupler. The response of the MCP andhe conversion efficiencies with the 100-cm OAP for the har-
CCD camera was calibrated with respect to lliford Q-platemonics above the 7th in botla) helium and(b) neon. It can
film in a separate experiment. The total spectral range on thiee seen that 30 nJ was generated at 35&th harmonig,
MCP was 190 A, with a resolution 1 A. The MCP could i.e., a conversion efficiency of 10. It is interesting to com-
be moved in the spectrometer dispersion direction to give pare these efficiencies with the highest reported elsewhere
wavelength coverage from 0 to 400 A. The acceptance solifi8], which were obtained using 526-nm light. Our efficiency
angle of the grating and gold mirror was X30 ° sr. Filters  at 355 A is approximately the same as that at 251 A from
of 20—200ug/cm? of carbon or 27-108.g/cm? of alumi- 526 nm, and at approximately the same XUV wavelength
num were used to eliminate the fundamental laser light anthese efficiencies are about a factor of 2 lower. It remains to
to attenuate the bright lower order harmonics. In addition, @e explored whether further increase in efficiency with the
beam block was inserted in the zero-order position to elimiKrF laser would be possible with a larger focal spot and
nate scattered XUV radiation. longer confocal parameter, as was used in the 526-nm work
A typical single-shot harmonic spectrum for helium is [8]. The present results certainly suggest that the trend to-
shown in Fig. 1. This was obtained with the 100-cm OAPwards better conversion efficiency at a given harmonic wave-
and an atomic density of 5x 10 cm~3. This plot is un-  length using a shorter primary laser wavelength may con-
corrected for instrument or filter response. High harmonicdinue beyond 526 nm.
up to the 37th can clearly be seen in the first-order diffracted For both helium and neon the production of the highest
signal. There is a relatively high level of the spectrum inharmonics was largely independent of gas density until the
second order, which is due to the blaze angle of the gratingensity was lowered below a critical value, which was found
becoming optimized for second-order diffraction belowto be approximately @ atoms/cni for helium and neon.
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harmonic generation from the neutral atom and the ion by
® (a) solving the corresponding time-dependent Sdhnger equa-
tion. The ion response is weighted by the time-dependent
$o ion-population obtained from the ionization rate of the neu-
tral atom. In this way, the problem of solving the response of
He' anN-electron atom during sequential ionization is reduced to
*2: solving N one-electron correlated wave functions. Full de-
"3 \L tails of the model can be found elsewh§26]. This model is
He *"0*3.-. generally too computationally expensive to use with neon,
ol i\ L !‘I . .||| due to the greater number of ionization stages
10 20 30 40 50 and bound electrons involved; we have therefore used a
one dimensional soft core model of the fori(x)
=—Z.t1/Va?+x? to calculate the response of neon and its
ions, wherea is chosen for each ionization stage to give the
) correct ionization potential.
It is generally the case that the harmonics observed will
Ne*” have been generated from atoms and ions within approxi-
i mately the last coherence length before the beam exits the
gas jet, and this coherence length is inversely proportional to
\‘-x‘* the harmonic order when the refractive index is dominated
Ne—> $68eg b . o .
y free electrons. As a first approximation to the real experi-
mental situation, we have linearly combined several single-
atom and single-ion calculations, each performed at a differ-
ent peak intensity ranging from 10to 10! W/cm?, with
10 20 30 40 each individual calculation weighted for the relative volume
Harmonic number in the focus at which its peak intensity occurf@dsuming a
Gaussian, TEN,, beam profilg. We have also multiplied

_2 . .
energy/(laser energyfor (a) helium and(b) neon. Experimental the (?lata bfy a fﬁCtor (lil ’ Whireq lfs trf]le harhmonlc nulmberﬁ
data (¢) are shown alongside numerical simulations for theto e_l OVY or the scaling withq of the coherence lengt
weighted contributions of individual neutral-atom—ion stages, adWhich is shorter than the confocal paramgtdine overall

described in the text(The whole theoretical response has been'€Sult of this process is to enhance the generation efficiency
multiplied by an arbitrary factor. for the lower harmonics with respect to the higher harmon-

ics, as they will be produced over a much larger volume and

These densities are consistent with this being the point whenill have a longer coherence length. Even this simple
the depth of focugwhich is of the same order as the gasweighting significantly alters the predicted harmonic re-
width) becomes shorter than the coherence length, which isponse. The higher harmonic efficiencies are reduced by up
in turn determined by the free-electron density because, & two orders of magnitude with respect to the low harmon-
will be shown below, the higher harmonics are due to iongcs when compared to the uniform intensity response. This
rather than neutral atoms. method is only a rough approximation and to model the tem-

Furthermore, for helium, the production of high harmon-poral and spatial dependence, the single-atom response
ics was also almost independent of the focusing of the laseshould ideally be incorporated into a beam propagation code.
beam: the 37th harmonic being observed with both the 33- The simulated single-atom and single-ion responses for a
and 100-cm OAPs. In contrast, the neon response appear€&dussian focus for helium and neon are shown in the Figs.
to be much more sensitive to the focusing. The 33-cm OAR(a) and 2Zb). It can be seen that there is good qualitative
produced up to the 23rd harmonic and the 100-cm OAP proagreement between the simulated and experimental results.
duced up to the 35th in the same atomic densities as foFhe simulation appears to significantly underestimate the
helium. The difference between the 33- and 100-cm OAPgeneration of the lower harmonics from neutral helium,
for neon is attributed to the much higher ionization rate ofwhich can be attributed to propagation effects and confirms
Ne?" compared to Hé at the higher intensities produced by the need for a full propagation code. The simulation does
the short focal length parabola, the species generating thgredict the change in response at the 13th-15th harmonic
harmonics being depleted more rapidly in neon than in hewhere He" takes over from the neutral atom as the dominant
lium. response. For the neon data, the experimentally observed

The relationship between single-atom calculations and thehange in response at the 9th and 19th-21st harmonic is well
data recorded in an experiment is not straightforward bereproduced by the simulations. This is due to the transition
cause the net generation depends on the time- and phadesm neutral neon to Né and from Ne" to Ne?", respec-
dependent integration over the whole focal region. AlthougHively, as the dominant harmonic generator. It can be seen, in
single-atom calculations can take into account the temporagreement with Kondo, that N& is responsible for all the
variations in laser intensity, they ignore spatial variations ofharmonics observed above the 21st.
intensity, variations of phase, and propagation effects. The observation of harmonics from Rle raises the ques-

Three dimensional numerical simulations for helium aretion of the response of higher ionization stages. Indeed, the
performed in the SAE approximatidi@,12,20. We calculate  saturation intensities of Ne, Ne and N&* are below
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10'” W/cm? and therefore they are mostly ionized before thebut with the helium efficiency remaining higher up until the
experimental peak laser intensity. Simulations ofNendi- ~ 31st harmonic. This is contrary to the work of Kondbal.
cate that its response should become comparable to that gg], which showed helium and neon with approximately the
Ne®" around the 35th harmonic, and certainly any harmonsame response from the 9th to the 23rd harmonic, but with
ics beyond this point could have been attributed t¢Nes  helium marginally lower after the 13th.
the dominant response. Although higher ionization states of |n conclusion, we have studied the generation of high
the atom, i.e., N&" or beyond, have higher saturation inten- harmonics of an ultra-short-pulse KrF laser in helium and
sities and could therefore experience larger intensities beforgeon gas jets. We demonstrate the generation of shorter har-
being completely ionized, calculations of their contribution yonic wavelengths than in previous work, up to the 37th
to the harmonic generation show it to be negligible. An €X-harmonic(67 A) in helium and the 35th harmoni@l A) in
planation for this in terms of the simple semiclassical model,oon The source of the harmonics is shown to be the ion
is that the higher ions require a much higher intensity tospeciés Hé Ne' and Né*. We also demonstrate that
lonize, so th"’.‘t the oscnlat_ory velpcny of the freed eIectrpn a.‘thelium can produce very high conversion efficiencies for the
recollision with the core is so high that the cross section g ; o . .
ower harmonics of 248.6-nm laser radiation, giving energies

too low to give significant conversior21]. .
Also of note is the difference in conversion efficiencies P to 31 nJ and powers up to 80 kW, for the 7th harmonic

between helium and neon. The 7th, 9th, and 11th harmonigz355 A. These results prove th,e, potential Of. short wave-
efficiencies for helium are over an order of magnitudelength driver lasers for the efficient production of high-

greater than those for neon. After this the difference is les$€n€rgy XUV radiation by harmonic generation.
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