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Generation of high-order harmonics in a self-guided beam
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Generation of high-order harmonics in Xe was studied in a static cell at high pump enérgresocal
length, and up to 14 cm interaction lengths. Self-guided propagation of the pulse was observed experimentally
and confirmed by a three-dimensional model. Phase-matched generation was demonstrated in the self-guided
beam, and the high energy and low divergence of the harmonic radiation were explained. Harmonic field
calculations, in good agreement with experimental results, allow for the explanation of the higher-order har-
monic generation dynamics in the self-guided region.
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High-order harmonic generatiotHHG) [1,2] has been good agreement with the electron concentration, calculated
studied extensively during the past years, since it represenis a three-dimensiondBD) model. Coherence lengths in the
a unigue source of radiation with practical applications. ASG region exceed the cell length, meaning that harmonics
large effort is devoted to increase the number of photonsuild up under PM conditions. Calculations of the harmonic
emitted per pulse, since many additional applications wouldield reproduce well the experimental data, and confirm the
become possible. An approach worth mentioninfBid] the ~ PM regime in the SG beam.
phase-matchedPM) guided wave technique, using a gas- The experiment was carried out with a 10 Hz Ti:sapphire
filled optical fiber system. Recent advan¢&$report a 18  laser system based on chirped pulse amplification. A pulse of
enhancement of the PM harmonic yield compared to the5 fs and wavelength centered at 810 nm was loosely fo-
non-PM case. For the free-space case, the focusing geomettysed by & =5 m fused silica plane convex lens, and deliv-
the gas position relative to the laser focus, as well as theiered into the chamber through a Gakindow. The interac-
influence on the PM have been key issues in HHG optimition cell had two(1.5 mm diameterpinholes on each end
zation. Tamakiet al. [6] reported a high conversion effi- surface, isolating the vacuum and gas-filled regions. Gas
ciency in Ne, and attributed it to the formation of a self- pressure in the interaction cell can be finely adjusted and
guided (SG beam. High conversion efficiency was also measured. A window placed perpendicular to the beam
reported in Ar[7] under loose focusing geometry. Experi- propagation, allows one to observe the interaction region.
ments in Xe under strong ionization conditidf® have re-  The generated harmonics illuminated a 350X 25 mm slit
vealed a weak maximum for the gas placed in the divergingf the flat-field normal-incidence extreme ultravio(@UV)
beam and a strong one when the gas was placed in the cogpectrometer with a platinum-coated concave grating blazed
verging beam. A recent repdi®] found only one maximum at 60 nm(1200 lines/mm This spectrometer, equipped with
for the Xe jet located in the converging beam. To explaina microchannel platéMCP), can cover the spectral range
these results, in contradiction with PM predictidd$], both  from 30 to 80 nm. A charge-coupled device camera detected
works assumedthat, when focused after the jet, the lasertwo-dimensional fluorescence from a phosphor screen placed
convergence is reduced, resulting in a uniform phase and asehind the MCP. Therefore, we measured spectrally resolved
intensity distribution due tehanneling However, until now, far-field profiles of high-order harmonics. Harmonics from
no correlated measurements of both SG beam formation and11 to H19 were measured, however, we tried to optimize
HHG have been reported. The formation of the channel in aiharmonic H13 as a SiC mirror, having high reflectivity at
and then its use in a static c¢lll] demonstrated quasiphase normal incidence, available in the wavelength region longer
matching for the third harmoni3) in Xe. than 62 nm. The absolute energy was measured dirészly
In this paper, we report results on HHG in a SG pumpRef.[12] for detail9 with an unbiased silicon XUV photodi-
beam which is formed in Xe gas, and demonstrate that PNbde(XUV-100), which was inserted in front of the spectrom-
generation of harmonics depends essentialy on SG formater and the output signal was recorded directly on an oscil-
tion. Focusing high(10-20 mJ pulse energies on a static loscope.
cell which, unlike the jet casgB,9], secure a uniform gas During experiments, the plasma fluorescence was usually
distribution over long(4—14 cm interaction lengths is the observed as a uniform light column. When the cell is placed
key factor for the SG formation. Correlated measurements o the converging beam, as in Fig(al, the intensity of the
plasma fluorescence and harmonic yield revealed that whefluorescence has a slowvvariation with a loose maximum
the SG sets in, the harmonic yield is greatly enhanced. Fludecated within the cell length. For the cell placed in the di-
rescence intensity along the propagation coordinate is iverging beam, i.e., with the input pinhole after the focus, the
fluorescence intensity decreased uniformly from the input
towards the output pinholesee Fig. 1b)], and the harmonic
*On leave from National Institute for R&D in Isotopic and Mo- Yyield decreased considerably. The transition between these
lecular Technologies, Cluj-Napoca, Romania. two opposite cases is continuous. The fluorescence intensi-
"Electronic address: kmidori@postman.riken.go.jp ties along the propagation coordinate are in good agreement
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FIG. 1. (Colon The plasma fluorescence along the propagation  FIG. 3. (Colon The effective refraction index in the interaction
coordinate, in 0.6 torr of Xe at 10 mJ pump energy, for a 14 cm celkegion for z, =24 cm, other conditions as in Fig. 2. For conve-

(@) placed in the converging beam at=24 cm, andb) placed in  njence, the quantity (£ nes;) X 10° was plotted.
the diverging beam at, = —20 cm. Fluorescence intensitiesolid

lines, same arbitrary units in the two casess well as calculated
electron concentratiofdashed line, cm®) are also shown. Techni-

cally only 6 cm can be measured. counts for the presence of a density of electrons per unit

volume. The free-electron generation was calculated either
by Ammosov-Delone-KrainofADK) formula [14], in the
unneling regime, or by using the rates calculated by Ku-
ander[15] for the valencep shell of Xe, in the multiphoton
gime. The method used to solve E#) is fully described

with the electron concentrations, calculated as described b
low, and also shown in Fig. 1.

The experimental results have been analyzed in terms of & ) ) .
3D nonadiabatic propagation model. In an ionized gas, th Ref.[16]. As the right-hand term contains the solution, we

pulse evolution is described by the wave equation, which ca ollowed an iterative self-consistent procedure at each step of

be written a{13 integration. -
413 We used theneasuredenergy and duration of the pulse to

1 2% 2 calculate the peak intensity and the initial field values for the
V2E, — — 1_ ﬂ(l—nz )E (1) propagation equation. Shown in Fig. 2 is the on-axis field
R et =t calculated for a peak intensity of 270 W/cn?, 0.6-torr
gas in a 14-cm-long cell, and for different positiansof the
whereE(r,zt) is the axially symmetric transverse electric input pinhole with respect to the focus. After an initial de-
field of frequencyw;. The effective refractive index of the crease, the intensity remains almost constant for the remain-
medium was written asie;(r,z,t)=no(r,z,t)+n,l(r,zt)  ing of the propagation distance. When this happens, the ra-
—wf,(r,z,t)/wa. The linear terrmy=1+ &, —iB, accounts dial pro_f|Ie _of the intensity becomes nea_lrly to_phat, as also
for the refraction §;) and absorption/,), while the second Shown in Fig. 2. Thus, for=5-6 cm the intensity remains
term describes the optical Kerr effect. The third term con-2lmost constant in a cylinder of about 2a@n radius. For
tains the plasma frequency,=(4me?p./m)*? and ac-
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FIG. 4. (Color) (a) Calculated harmonic H13 coherence length
FIG. 2. Calculated on-axis intensity in the cell for different po- map. Blue regions havé.,,<1 cm and red regions have,,
sitions z; of the input pinhole relative to the focus. Pozitize =14 cm. (b) Calculated harmomic H13 near-field intensity map,
means input pinhole before the focus. The inset shows the radiarbitrary units. Red:blue ratie=50:1. (c) Normalized harmonic
profiles forz, =24 cm. H13 radial profiles, measured for 4 cm and 14 cm cell lengths.
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z, >0, this constant intensity is practically independent ofpoint out thatl (r,z) and ¢4(r,z) are here obtained from the
z, . The phase of the fundamental follows closely the behavealculated solution of the propagation equation aotfrom

ior of the intensity: a rapid initial decrease is followed by athe unperturbed fundamental field. The advantage of this
fairly constant phase in the SG part. Similar field configura-procedure, which to the best of our knowledge is applied
tions were generated for all cases in which the cell wadere for the first time, is that all the nongeometrical effects
placed in the converging beam. For negattye these fea- (dispersion, absorption, and ionizatjcare already included

tures gradually disappear, as seen in Fig. 1 for N Lcon, thus, one does not need to consider them separately
=—20cm. as is done usually.

Channeling occur$§13] as a balance between the Kerr IFOIr ZLEZA' cm ca]?e ?}f Fig. 2, we present in Fidapthe
self-focusing and the electron defocusing. However, in ouf@iculatedLcon map for harmonic H13. As one can note, in

L " .. the SG beam, that is fa>5 cm andr <250 um, we have
range of pressures and field intensities, the Kerr contributiof ’ ; X .
to the refractive index is small compared to that given by thetl‘.coh> 14 cm, thus_harmonlc H13 develops un_der_PM cond_l-
ions. The PM region has a large volume, which is the main

electrons. At first sight, it seems unlikely that the ionization ) . L X .

nonlinearity alone, without any focusing counterpart, can bereason for the high conversion efficier(d] obtained in our
canty T y 9 part, experiments. The PM region is spatially compact and located

a sufficient mechanism for SG, an ultrashort laser pulse

d h hat the ionizati | daround the propagation axis. This explains the low diver-
However, our data show that the ionization profile forme gence of the generated harmonics in optimized conditions.

initially, when the pulse enters the gas medium, acts like & £qr the harmonic field calculation, the single-atom re-
diverging lens \.Nlltll‘l decreasing focal power mSNCreases. sponse, estimated in the strong field approximatsfA)
Therefore, the initial convergent wave front changes its raf21] formalism, is the source term for a 3D propagation
dius of curvature, more in the central and less in the periphcode, as described in Rqﬂ_B] Atomic dispersion and ab-
eral regions. In particular, this radius of curvature becomesorption terms are also included. From the near-field solution
infinite when the following condition[17] is satisfied: we calculated the far-field using a Hankel transfdra2].
wi/ i =N\?/w*Wj, wherew, is the beam waist size andis ~ The near-field (,z) map of harmonic H13 is presented in
the wavelength. For our case’/ m?w3=1.1x10"6 for w,  Fig. 4(b). It follows closely thel .., map, which substantiate
=250 um, while from the data in Fig. 3 it results that in the our PM calculation. It also shows the transition from an off-
SG region wf)/wf decreases from 12610 © for z=6 cm  axis, unoptimized emission fa=4 cm to an on-axis emis-
down to 0.8 10 © for z=14 cm. It follows that in this re- sion for z=14 cm, when the harmonic H13 field is opti-
gion the laser beam propagates like a plane wave in a cylinmized. Indeed, foa 4 cmcell, see Fig. &), the measured
der of a well-defined radius, which is set by the sharp in-radial profiles show one central peak with lateral wings. The
crease of the refractive index, as seen in Fig. 3. As earlyvings contain 37% of the total energy, indicating off-axis
anticipated by Rankifil7], and later confirmed by computer emission. For a 14-cm cell, only 8% of the energy is in the
calculationg 18,19, such a distribution can guide an electro- weak wings, and 92% in the peak. In these latter case, both
magnetic wave in the form of a leaking mode with exponen-the measurefil2] and the calculated divergence of harmonic
tially small losses over distances of many free RayleighH13 are around 0.5 mrad.
lengths. As distinct from the common SG effect, where the Presented in Fig. 5 is the dependence of harmonic H13
field confinement is due to the total internal reflection at theyield onz, . A large distribution is obtained, with the maxi-
guide boundaries, in this case the effect is obtained due to @um located around, =27 cm. The harmonic H13 energy
strong reflection of the trapped wave from the plasma boundattained, measured as described in Rgfsl2], was as high
ary that is sharp as compared to the transverse scale.

The ionization level in the channel sets the value for the 307 r r r —
field intensity, which will basically depend on the ionization 28+ P "0%3 ]
rate of the atom. This intensity will be lower than the satu- 26} g ¥ ;5(/Q - O\ ]
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ration intensity(as it does not produce full ionization but 24} & o
about 20% in our cagend this is particularly favorable for 22} 06
HHG. An intensity close to the saturation threshold will yield 20[ ’
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a weak harmonic signal as most of the atoms will only be

ionized, while an intensity close to the ionization threshold °

will induce weak polarization, thus again decreasing the g ,[

overall yield. A certain degree of ionization is thus necessary 2L _//

and, in fact, it represents a fundamental ingredient for HHG. T T
A PM analysis performed by using the graphical method

of Balcou et al. [10] shows that the channel formation is %, (om)

essential for a good PM. For harmonic H13, we calculated £ 5 The harmonic H13 yield dependence an for 10

the polarization wave vector ak,=13V[$1(r,2)]  myjpulse, 13.5 mm aperture diameter, 0.6 torr Xe pressure. The
+V[al(r,z)], whereg, is the fundamental field phase and experimental data were shifted alongto bring the two maxima in

a the phase coefficierj0] for harmonic H13 generated in coincidence. The vertical arrow shows the position for which

the plateau. Following Ref[10] we define a coherence pressure and length dependence experiments were performed. On-
length L ¢on= 7/ 8k, where sk=2mq/\ —|kpo|. We want to  axis intensity for the unperturbed beam is also shown.
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ol . . c_urvature combine to yield an optimized SG field configura-
) tion.
2 0.9 I 3, 16m] -/B\./\/-/'/ For the conditions specified in Fig. 5 and a pulse energy
5 I /D -, of 16 mJ, we plotted in Fig. 6 the harmonic H13 yield as a
£ o8t W .o function of cell length. The length was varied between 4 cm
et . B and 14 cm, keeping constant the input pinhole position. Pe-
E 0.7 /El e experimenta riodic oscillations of the harmonic yield with cell length are
2 r /l O caleulation expected 11] for PM harmonics. However, absorption add a
S 06 m dumping factor to these oscillations. If we switch off the
g 05'_ A absorption in our model, we obtain curves which, with the
leroo increasing cell length, increase much faster than the data in
4 6 8 10 12 14 Fig. 6. We thus conclude that absorption plays a crucial role
z (cm) in limiting the increase of the harmonic yield and in fixing

the optimum cell length.
FIG. 6. Dependence of the harmonic H13 yield on cell length We should add that both the fiber guided wave technique

for a pulse energy of 16 mJ. Other conditions as in Fig. 5. [3-5] and the SG method presented here search for a pump

beam configuration which ensures PM HHG over distances

greater than 2-3 characteristic absorption lengths. This is
as 4.7pJ with an almost perfect spatial profile, as seen inachieved, in both cases, by creating a uniform gas distribu-
Fig. 4(c) and also reported in Ref12]. The computed curve, tion though which the pump beam is guided. Our method
also presented in Fig. 5, has a narrower distribution along thellows for, unlike the fiber guided case, high input energies,
z, coordinate. This is probably due to the nonideal distribu-and, more important, up scaling of the spatial coordinates
tion of the real beam intensity and phase along the propag47,12], which keep open the possibility of increasing the out-
tion axis. Forz, > 0, the increase of the yield is due to the put energy.
increase of the SG length towards the input pinhole. The In conclusion, we presented experimental and calculated
decrease aftez; =27 cm is due to the pump intensity de- results concerning HHG in a SG beam. The formation of the
crease which produces field oscillations towards output pinSG beam, without Kerr self-focussing, was evidenced ex-
hole. When the cell is placed after the foduegativez, ), perimentally and confirmed by a 3D propagation model. In-
the harmonic yield declines. The smaller theis, the greater side the SG beam, which propagate like a plane wave in a
the phase and intensity variation are alon@nd z. This  confined cylinder, harmonics are generated under PM condi-
induce a smaller coherence length, and, in turn, poorer hations, the conversion efficiency being limited only by the
monic yield. A calculation performed at 7 mJ pulse energyabsorption. The dependence of the harmonic yield on the
yielded the maximum about 2 cm closer to the focus. Thisexperimental parameters was explained and well reproduced
indicates that both initial intensity and wave front radius ofby calculations.
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