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Experimental and theoretical analyses of a correlation between pump-pulse propagation
and harmonic yield in a long-interaction medium
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We performed experimental and theoretical analyses of a correlation between pump pulse propagation and
harmonic yield in Ar and Xe, in a long static gas cell, at high pumping energies, for loose focusing geometry,
using 35-fs pulses from a Ti:sapphire laser. Axial and transverse profiles of the plasma column were measured
under several experimental conditions with the aim of characterizing the pulse propagation. From the plasma
fluorescence profiles observed, it was found that self-guided propagation of the pump pulse in Xe resulted in
the channel formation. A three-dimensional nonadiabatic propagation model was used to calculate the field
configuration in the interaction region and to explain the channel formation. A model developed to calculate the
transverse plasma profiles can adequately reproduce the experimental data and confirm the channel formation.
Correlated measurements of harmonics generation reveal that channel formation greatly enhances the harmonic
yield as harmonics propagate under phase-matched conditions.
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[. INTRODUCTION ics as well as atomic and molecular spectroscopy, and for the
generation of attosecond pulsgd. Recently, research into
Recently, theoretical predictions of nonlinear interactionhigh-order harmonic generatioiiHG) has focused on in-
between soft x rays and matter have been reported by a feareasing the output harmonic energy. Takahasthal. re-
groups, such as two-photon ionization of Hgl], He double  ported the energy scaling of HH under the phase-matched
ionization for the autocorrelation of an extreme-ultravioletcondition using a long-interaction length and a loosely fo-
(XUV) pulse [2], the advantages of high-intensity short- cused beam in AF9,10]. In that experiment, the total output
wavelength radiation for Coulomb explosion imagif@], energy attained in the spectral region from 34.8 to 25.8 nm
and ionization of cluster targé#]. The above research field (the corresponding order of 23rd to 3jlatas ~0.7 uJ, and
can be expected to open a new area in high-intensity physicthe maximal 27th harmoni29.6 nn) energy was found to
However, to observe such nonlinear effects, generation of thee 0.32uJ with 0.7 mrad(full width at half maximum,
strong optical field in the XUV region is indispensable. For FWHM) beam divergence. In addition, the microjoule level
example, as Ishikawa and Midorikawa pointed out, the obharmonic energy in the XUV region was obtained by a num-
servation of two-photon ionization of Heby a 30-nm pulse ber of groupg11—-14; in the low-order perturbative region,
requires a light intensity of higher than on/cn? [1]. Dolle et al.[13] achieved an output energy of 10Q) at 82.8
To make a breakthrough in nonlinear physics in the softnm (3rd harmonic of a KrF lasgrand Yoshitomiet al. [14]
x-ray region, one of the most important issues is the develrecently reported an average power of submilliwatt at 49.7
opment of high-intensity coherent soft-x-ray light sources. Atnm (5th harmoni¢ pulses with a 200-Hz KrF laser. To realize
present, a new x-ray free electron lase(FEL) at the a soft-x-ray nonlinear physics generated by HH, the estab-
TESLA Test Facility at the Deusches Elektronen-lishment and development of an HH energy scaling strategy
Synchrotron(DESY) has successfully generated a vacuumis very important.
ultraviolet (VUV) pulse in the wavelength region around 98  Recently, our research group reported an HH energy scal-
nm with an output energy of 3gJ/pulse and a pulse width ing strategy under the phase-matched condition using a Ti-
of 100 fs at 1-Hz repetitiof5]. If the upgrading of the DESY :sapphire lasef9—11]. Our scaling method is very simple in
goes well, an high-energy soft-x-ray pulse will be availableprinciple (see Sec. Il A and has demonstrated a linear in-
in the future. On the other hand, a high-order harmd@Hid) crease of harmonic energy with respect to the geometrical
procesd6,7] can generate highly coherent short-wavelengthfocusing area of the pump pulse. We also found that our
lights in the VUV to soft-x-ray region. Compared with method is applicable to HHG in several rare gaskl. In
XFEL, HH has many advantages such as ultrashort pulseur energy scale-up procedure, we found that the conversion
duration, wide tunability, high repetition rate, ease of han-efficiency of HH was improved when we increased the inter-
dling, and low equipment cost. This emission source hasction length. In Af9,10], using long focusing, the conver-
been used as a diagnostic tool in solid-state and plasma physion efficiency of the 27th harmoni{29.6 nrm was improved
by a factor of 2 compared with the short-focusing condition,
and attained a value of D&L0™5. Similarly, in Xe, the

*Electronic address: e-taka@postman.riken.go.jp maximal conversion efficiency of the 15th harmo(B8 nm)

TOn leave from The National Institute for R&D in Isotopic and obtained with a 5-m focusing lens is<6l0™° [11], which
Molecular Technologies, Cluj-Napoca, Romania. corresponds to an improvement by a factor of 1.6 over a

*Electronic address: kmidori@postman.riken.go.jp previous resulf15] obtained with a 0.5 m focal length. Also,
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Hergottet al. reported a sixfold improvement of the conver-
sion efficiency for the 15th harmonic with a 5-m focusing
lens and a long gas-jet target, compared with a 2-m focusin
lens[12]. These efficiency improvements were qualitatively
explained by pump pulse guiding due to the balance betweel
defocusing and self-focusing in the target mediftf,12.
However, details of the physical mechanism by which theg "
HH output to the pump propagation in the interaction region 3
have not been investigated. &

In this study, to gain an understanding of the improvement
of HH conversion efficiency with a loosely focused beam
and a long-interaction medium, we comprehensively investi- F|G. 1. (Color onling Optimized HH spectrum by 50-shots ac-
gated the relationship between output HH intensity and theumulation from Ar(c) and Xe (b). The top panela) shows the
propagation condition of the pump pulse in a target mediumrelative efficiency with a flat-field normal-incidence XUV spec-
Important information on pulse propagation dynamics can bérometer with a platinum-coated concave grating blazed at 60 nm
extracted from the plasma fluorescence colum@], which (1200 lines/mm
we can observe directly during experiments by means of a
charge-coupled devid€€CD) camera. In addition, to explain energy with respect to the geometrical focusing area of the
the data and the relationship between the HHG and plasnmump pulse, while keeping an almost perfect spatial profile
column structure, we used a nonadiabatic 3D m¢dié to  Of the harmonic outpufl0].
study the pulse propagation in the few optical cycles regime.

First, we describe the energy scaling strategy of HH in B. Experimental setup

Sec. Il A. Sections 1l B and Il C are devoted to the experi- | the experiment, to increase both the interaction length
mental setup and typical measurement results of HH and thgng the pump pulse energy, a loosely focused pumping ge-
plasma column. In Sec. I E, we show the experimental re'ometry with an f=5000-mm p|an0c0nvex lens was em-
sults for the relationship between the plasma column strucployed. The pump pulse was supplied by a 10-Hz Ti:sapphire
ture and the HH signal. Section Ill presents the numericalaser system based on chirped pulse amplification. In this
model used for pulse propagation and for fluorescence modsystem, the pulse width was 35 fs and the wavelength was
eling. The results of the calculations are shown and discussegéntered at 800 nm. The pump pulse was loosely focused,
in Sec. IV. Finally, we summarize our experimental andgnd delivered into the target chamber through a QOaf-
simulation results. dow. First, we set the focus around the entrance pinhole of
the interaction cell. The interaction cell had two pinholes on
each end surface of the bellow arms. The diameter of the
Il. EXPERIMENTAL RESULTS pinholes was 1.2 mm. These pinholes isolated the vacuum
and gas-filled regions. The interaction length was variable
from O to 150 mm in the interaction cell. Target gas was
As has been reported in a previous publicatj@d], to  statically filled in the interaction cell. The generated harmon-
increase the HH yield, the coherence lengtly, should be ics illuminated a 15Qum (H)x 12 mm (V) slit of the spec-
much longer than the absorption length,sfor a given har-  trometer. Harmonic signals were observed with a flat-field
monic orderqg. The coherence length is given hy/AKk, normal-incident XUV spectrometer with a platinum-coated
whereAk=k,—gky indicates the amount of phase mismatchconcave grating blazed at 60 nit200 lines/mm The rela-
between the harmonic field and the atomic dipokgsandk,  tive efficiency of the grating is shown in the top figure of
are wave vectors which correspond to the phase velocity dfig. 1. This spectrometer equipped with a microchannel plate
the harmonic field and atomic dipole, respectively. When théMCP) can cover the spectral range from 30 to 80 nm. A
coherence length is comparable to the absorption length, theCD camera detected two-dimensional fluorescence from a
HH vyield saturates as soon as the medium length becomgshosphor screen placed behind the MCP. Therefore, we mea-
longer than the absorption length. To achieve the phassured the spectrally resolved far-field HH profile. The abso-
matching, the contributions due to neutral atoms, free eleclute energy of HH was measured directly with an unbiased
trons, and geometrical dispersions must be balanced. If thgilicon XUV photodiode. This detector has a wide range of
condition L ;o> L 405 holds, the maximum harmonic yield is sensitivity from 200 nm to 0.07 nr{6 eV to 17.6 keV. The
accomplished with an interaction length,, that is three sensitivity of this photodiode follows the simple linear law
times longer{15] than the absorption length. To extend the No=E;/3.63 eV, where\, is the number of photoelectrons
interaction length between the laser pulse and the target mereated by a single XUV photon of energyy,.
dium, the Rayleigh length must be extended. Increasing the To investigate the detailed structure of visible fluores-
Rayleigh length leads to the increase in the spot size of theence from the plasma, we used two measurement optical
pump pulse. This allows one to increase the pump pulssystems. One system had a wide-angle optical range for the
energy, which is indispensable for high-energy output. Oumeasurement of global imaging (6 &6 cm), and the spa-
scaling method demonstrated a linear increase in harmonigal resolution was estimated to be200 um. The second
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A. Strategy for energy scaling of HH
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optical system had a high spatial resolution, which was esti-
mated to be~15 um, and the measurement spatial size was
2.5X 2.5 mm. To eliminate the scattered pump pulse light, an
IR mirror was set behind the imaging lens. In addition, one £
basic item of information which we needed, the time depen-oo
dence of the fluorescence signal, was measured by using
fast photodiode and a BG40 filter which is transparent in the
300-700 nm spectral region. The temporal resolution of thisg
system was estimated to be less than 4 ns.

C. Typical HH signal and plasma column 60 mm

Figure 1 depicts a typical HH far-field spectrum distribu- ~ FIG. 2. (Color onling 2D plasma fluorescence in Ar and Xe
tion from Xe and Ar gases. Figure@ shows the grating 92Ses. Spatial resolution of the measurement optical system was
relative efficiency of the spectrometer. In Figéb)land 1c), ~ estimated to be 20pm.
the horizontal axis denotes the harmonic order, the left ver-

tical axis denotes the space, and the right axis corresponds #yely: As is shown in the figure, second-order diffraction
the integrated harmonic signal. was observed around the 11th and 13th harmonics, and low-

A typical HH spectrum for the interaction length, order_ _harmonics<(:213t) are not phas_e matched L_mder this
=14 cm and 0.6 Torr Xe is shown in Fig(t). The pump condition and are st_rongly abs_orbed in Ar. Here, it must be
pulse energy and the truncated diameter were set at 10 mpted that_ the relative diffraction efficiency of a flat-f_leld
and 14 mm, respectively. The spot sizeg(tadiug of the normal-lncujence XUV_s_pectrometer becomes the maximum
pump pulse at the focus was measured to be 2a0with an at 60 nm. Since the efficiency gradually decreases for shorter

attenuated pump pulse having a beam diameter of 14 mm. |Wavelengths, the maximur_n harmonic inte_nsity was obtained
a first approximation, one can assume that the Gouy phad# the 27th order harmonic. The absorption lenigg; for

and the dipole phase are balanced by the negative dispersigrf: 10T @rgon gas was calculated to be 1.16 cm for the 23rd,
of the target gas. Since the Gouy phase is given b);.39 cm for the 25th, and 6.81 cm for the 27th harmonic. The

23rd and 25th order harmonics satisfied the absorption lim-
ited conditions, therefore, those orders were saturated under
qur experimental conditions. On the other hand, the 27th
order harmonic did not satisfy the conditions, because of low
absorption. Under the optimized condition, the beam diver-

13th harmonic, 1.14 cri for the 15th harmonic, 1.15 cnd ence of the 27th harmonic was measured to be 0.7 mrad
for the 17th harmonic, and 1.18 crhfor the 19th harmonic. ge . . - :
with a Gaussian-like profile.

Considering only the geometrical phase and gas dispersion in A typical 2D-plasma column image obtained under the

the neutral atom, phase matching cannot always be sa'['Sfleequerimental conditions shown in Fig. 1 is shown in Fig. 2.

per.fectly. because the Gouy phase changes along the_ ProBAnis image was taken using a wide-angle optical system, and
gation distance. On the other hand, the absorption-limite . ; .
he spatial resolution was estimated to be 200. Top and

conditions [15] for medium, coherence, and absorption bottom figures correspond to Xe and Ar gas cases, and the

lengths are given by e 3L aps aNd Lop>5L 4. The ab- . .
. ! horizontal and vertical axes correspond to tfendy spaces,
sorption length for 0.6-Torr Xe was estimated to be 1.35 Cmrespectively. The pump pulse propagated along the right to

for the 11th, 1.58 cm for the 13th, 1.89 cm for the 15th 3.65I L '
' ' ) ' eft direction, and the entrance pinhole was located at the
cm for the 17th, and 4.3 cm for the 19th harmonic. AIthOUghright-hand end. In the Ar case, the fluorescence intensity was

a shorter absorption length is actually worse for the genera-

tion process, we have obtained a higher energy for the 11tf’1IImOSt constant along the propagation coordinate. On the

harmonic than those for the 15—19th harmonics. This is eXpther hand, in the Xe case, the fluorescence intensity became

plained by considering the difference in atomic polarizabil-maxImum at the entrance pinhole, and gradually decreased

ities in this range of harmonics. As the 11th harmonic is onl along the propagation coordinate. In addition, we found a

Y, imi -
marginally in the plateau, it should be expected that it haSGi:markable structure similar to a plasma channel at the cen

AKgouf2) =0/ (2o+ zzlzﬁ), the geometrical phase shift was
estimated to be 5.8610 2q cm™ ! at the entrance pinhole.
In 0.6-Torr Xe, the dispersion of the target gas was estimate
to be 1.19 cm? for the 11th harmonic, 1.15 cnt for the

larger polarizability. In the phase-matched process, the 11t ral ]E)a}lrt n the Xet_gas case. The detailed results are shown in
to 15th order harmonics satisfied the absorption limited HH € following section.
condition in 0.6-Torr Xe.

Emission anglegsmrad can be converted to the spatial
profile of the harmonic by considering the distance between To investigate the relationship between the harmonic out-
the harmonic source and the spectrometer slit. The outpyiut signal and the plasma column structure, we measured
beam divergence of the 13th order harmonic was measuredH intensity and plasma fluorescence under the same experi-
to be ~0.5 mrad(FWHM) with a Gaussian-like profile. mental conditions. In these experiments, we chose the target

Figure Xc) shows a typical harmonic spectrum fof,;,  gas pressure, focusing position, and input laser energy as
=10 cm and 1.8-Torr Ar. The pump pulse energy and thevariable parameters. The focusing geometry and the target
truncated diameter were set at 20 mJ and 18 mm, respegas position relative to the focusing point, as well as their

D. Relation of HH and plasma column structure
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LI I;' ' ’EL= om e 'EL'='2(')ILJ'- larger than that of Ar for the 27th HH, the optimized gas
1201 . 2z, =0cm o O z=0cm] pressure of Xe becomes small compared to that of Ar. In
soF m o i addition, at gas pressures higher than the optimal gas condi-
ok - o 0 A tion, HH is decreased by absorption due to neutral atoms.
. g i The middle and bottom panels in Fig. 3 show the laser
1] I O ML I I . . energy and focus position dependence of the HH signal, re-
0.0 0.5 1.0 1.5 2.0 2.5 3.0 spectively. The input laser energy was varied by changing
Gas pressure [Torr] the amplifier timing of the yttrium aluminum garn€tAG)
z N — laser which pumps the final amplifier in the laser system; the
g - 1 focusing position was controlled by moving the focusing
o 120 Pye=0.6 Torr u ] lens along the propagation axis of the pump pulse. In Xe gas,
S gof 7 =0cm n " © the HH intensity increased with increasing the pump pulse
g 40-_ s B O P,~18Tor ] energy up to 16 mJ. When a highe_r energy was used, the
3 s 0 z, =0cm . harmonic energy was decreased. Similarly, the 27th HH in
= 1] - SRR BRI © B BT I R . Ar increased with increasing the pump pulse energy. How-
§ 0 5 10 15 20 ever, since the frequency spectrum of the pump laser pulse
Laser Energy [ml] was modulated by the self-phase modulati@PM) at the
entrance window (Caly, we could use only-20 mJ in this
(500 SRR RAARN RARASRALLE RALLS LARES RARAE RLRLE RLLEN RARLE = . . .
i o i experimental setup. When we increased the input energy
80} e [ | i above 20 mJ, we could obtain neither good spatial quality
- © - Py=0.6Tomr nor high energy within the observed spectral region. There-
40  P,~18Tomr E=10mJ - fore, the pump energy was set at 20 mJ. Presented in the
O:r |E=2|0m1 | ? o T Lom 1_ bottom panel is the dependence of HH intensityzpn The

harmonic signal gradually increased toward the entrance pin-
hole, and the maximal harmonic signal was obtained around
z, =0 for both gas cases. The 27th HH in Ar had a narrower
FIG. 3. HH intensity as a function of gas presstep panel,  distribution than the 13th HH in Xe, because the interaction
input laser energymiddle panel, and lens positiotbottom panel  intensity necessary to generate a higher harmonic has a nar-
Open circles and solid squares correspond to the 13th HH in Xe antpwer distribution along the, coordinate. Indeed, as seen
the 27th HH in Ar, respectivel\?, Z, , andE, correspond to target from the energy dependence of the HH signal, the slope for
gas pressure, focusing lens position, and input laser energy, respedr is larger than that for Xésee middle panel of Fig.)3
tively. Inset figures indicate other experimental conditions for each The absolute output energy of HH was measured using an
case, except for the changing parameter. XUV photodiode. This photodiode was inserted in front of
the spectrometer, and the output signal was recorded directly
influence on the phase matching, have been key issues om an oscilloscope. A thin aluminum filter (Qun) was
HHG optimization, as the interaction intensity at the mediumplaced between the sources and the detector to eliminate the
dictates the propagation condition of the pump pulse. In adpump pulse and pass only the 11th through 45th harmonics
dition, the phase matching of HHG is influenced by target(17 to 70 V). The maximal harmonic energy under the op-
gas pressure. Here, we define=0 when the focusing point timized conditions of the 13th and the 27th HH attained
of the pump pulse is at the entrance pinhole, i.e., the cell i9.7 ©J and 0.32uJ, respectively.
placed on the diverging beam. At positizg values, the in- As mentioned before, during HHG experiments, the
teraction cell is placed in the diverging beam, i.e., with theplasma fluorescence was also observed by use of a CCD
entrance pinhole after the focus. In this experiment, the mecamera (see Fig. 2 Figures 4 and 5 show the one-
dium length was fixed to be 10 cm for both gases, since thdimensional1D) plasma fluorescence distribution along the
signal of the 13th and 27th harmonics saturated at 10-crpropagation coordinate. This distribution was obtained by
length[9]. First, we show the HH signal results, and secondimage integration along the vertical axis in Fig. 2. To com-
we show the measurement results of the plasma columpare the intensity distribution structure, the fluorescence in-
structure. tensities were normalized to the maximum signal. In both
Figure 3 shows the dependence of the HH output signdFigs. 4 and 5, panels frorf®) to (c) correspond to gas pres-
on the variable parameters. Open circles and solid squaresire, input laser energy, and focus point dependence, respec-
correspond to the 13th HH in Xe and the 27th HH in Ar, tively. The other parameters are the same as in Fig. 3. The
respectively. The top panel describes the gas pressure depgrump pulse propagated from right to left.
dence of the HH signal, while other parameters were kept In the Ar gas case, the intensity distribution did not de-
fixed. The maximal HH intensities were obtained for a Xepend on the target pressumeee Fig. 4a)]. Note that this is
gas pressure of 0.6 Torr for 13th HH and an Ar gas pressureormalized intensity; the real intensity is maximumRy{,
of 2.0 Torr for 27th HH. Also, the optimized gas pressure for=2.6 Torr. In the same way, when we changed the input laser
each case had a finite tuning range. This finite range wasnergy, the distribution had almost the same form. On the
explained[10] by the phase-matching condition and targetother hand, the distribution had a strong dependence on the
gas absorption. Since the dispersion of Xe for the 13th HH igocusing point[see Fig. 4c)]. Upon moving the lens away

S5 0 5 10 15 20 25 30 35 40 45
Lens position [cm]
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> r
06r — P, =12Tor - B
04F ---P, =18 Torr = & 2 £
0.2 [a] E =20ml,z; =0cm — P, =2.6 Torr g )
(1] ST T INETY R AYE FUTT FUETE P ) E E
% 10
'g. O.S__ -1.0 -0.5 y[()r.;)m] 0.5 1.0
£ 0.6 — E; =20mJ
= 04 ---E =15mJ FIG. 6. (Color onling Ar plasma fluorescence with 500-shots
§ 02 [ [b] z =0cm, P, = 1.8 Torr — E =11mJ accumulation measured by use of high-resolution optical system.
S OO0k o T s HHG conditions were optimized witk =20 mJ, P,,=1.8 Torr,
E o0 AR AL LALLM IADNL A and the lens position was set at 0 cf@\. and (b) correspond t@
' - g 1 =5 mm andz=50 mm, respectivelysee Fig. 2 in théa) and(b)
positiong.
N ©ra=10em For the Xe gas case in Fig. 5, the plasma fluorescence
021 [c] £, =20mJ, P,, = 1.8 Torr z =0cm |3 _ the Xe ga g. 35, plasm: |
0.0kl e 1 . intensity distribution changed at each condition. Upon in-
50 45 40 35 30 25 20 15 10 5 O creasing the target gas pressure, the intensity distribution be-
z [mm] came flat[see Fig. 8a)]; however, the real intensity de-

creased with increasing the gas pressure. Also, at increased
FIG. 4. Measured 1D Ar plasma fluorescence with 200-shots,nput laser energysee Fig. ®)], the intensity along the
accumulation under several HHG conditioria) is gas pressure propagation coordinate decreased more than that at low input
dependencep) is laser energy dependence, dnpis lens position  |aser energy. Moving the lens away from the interaction cell,
dependence. Inset figures indicate other experimental conditionﬁe” with the entrance pinhole after the focus, the intensity
except for the changing parameter. distribution gradually decreased from the input towards the
output pinhole, and the real fluorescence intensity decreased.

from the interaction cell, i.e., with the entrance pinhole after ! ; . .
the focus, the intensity distribution rapidly decreased fromHowever, the intensity decreasing ratio betweer0 to 55

the input towards the output pinhole. Under the HH Optimi_mm became smaller than that in the Ar case. Note that for
zation condition E, =20 mJ, z,=0 cm, P,=1.8 Torr), Xe, the lens excursion was larger than that for the Ar case.
the plasma fluorescence along the propagation coordinate eﬁpr t.h? time being, we note that under the HH optimization
hibits a flat distribution. condition (E, =16 mJ, z =0 cm, PXe=Q.6 Torr),_ the
plasma fluorescence along the propagation coordinate was
different to that in the optimized Ar case.

As the next step, we investigated the detailed structure of
plasma fluorescence in the transverse coordinate. In this
measurement, we used an optical system with high spatial
o2k R 0 Ton resolution, which was estimated to bel5 um. To investi- .
ookt Erstomlz =0em Xo = . gate the structure of the plasma column, we measured it at
two points along the propagation coordinate. One is at 5 mm

— Py, =0.2 Torr
04 - = - Py, =0.6 Torr

UL B L L L L B L LA LI BB BLRLRLL LI

column under the optimized HHG condition. The propaga-
tion coordinate of pump pulse corresponds to the left vertical
axis in Fig. 6, and the horizontal axygdenotes the transverse

—_ L

§ (1)'2' ] after the entrance pinhole, which corresponds to the starting
S e E point of pump propagatiofiabeled A in Fig. 2. The other is

£ 8'2 — ELE=_121(I)HIJ,1] B at 50 mm after the entrance pinhole which corresponds to the
Z ool o {  middle of the medium lengttiabeled B in Fig. 2

£ ook [b] = =0cm. Py, =06Tor = L] | Figure 6 shows the transverse profile of the Ar plasma
=

coordinate. The solid line shows the transverse profile inte-
oaf — —z=25cm| | grated for a slice of 2 mm along the propagation coordinate
<L lc] £ =10ml, Py, = 0-6| Torr —— 4 =0cm| [ z The fine structure of the Ar plasma column shows the same

bera o b g b be s g laas Loy | S . . . .
00 50 45 40 35 30 25 20 15 10 5 0 profile at both A and B observation points. This structure was

the same under all experimental conditions, such as target

gas pressure, input laser energy, and focusing point of pump
FIG. 5. Measured 1D Xe plasma fluorescence with 200-shot®UlSe.

accumulation under several HHG conditiorfa) is gas pressure The transverse structure of the Xe plasma column under

dependenceb) is laser energy dependence, dnylis lens position ~ the optimized HHG condition is shown in Fig. 7. As is ob-

dependence. Inset figures indicate other experimental conditiongjous from Fig. 7, the structure is different from that ob-

except for the changing parameter. served in the Ar case. In particular, we found a remarkable
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TATEE -1.0 0.5 0.0 0.5
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! 4500; ) ; E X dh"r"y X‘f'}:a,} ] 5
Eiooo & s ] _a\'.“ﬁ' B2 RN 8
E g § 03 s M g ‘ﬂ.t% 415 §
Fsoo Z Z 3 RIS o L I3
5 g L T, by
FO 40 05 00 05 1.0 :; s l -2 ,‘k’d“ .. w‘s'!\ = R ﬁ
¥ [mm] £ o2t M‘a‘* it %_.,.-w ~'.v*~.5“w A 10 §,
FIG. 7. (Color online Xe plasma fluorescence with 200-shots -3 [ naeT g
accumulation measured by use of high-resolution optical systemD 0.1 e 415 E,
. . . . Sais Pk 3 . et
HHG conditions were optimized witk, =10 mJ, Py,=0.6 Torr, . wr,._m.ww"“*‘*‘* T .,
. E - - = —m T
and the lens position was set at 0 cfa). and (b) correspond ta ReFte I"* . . .
=5 mm andz=50 mm, respectivelyfsee Fig. 2 in(a) and (b) 0.0 1.0 05 0.0 05 0
positiong.
y (mm)
column structure at the central paty|<0.3 mm). To un- FIG. 9. Calculateddashed lingsand experimentalthin dotted

derstand this structure of the Xe plasma column, we investilines) fluorescence transverse profiles for Xe asd50 mm. From

gated its dependence on the focusing point position, whiclop to bottom, the pairs of curves correspond;te-0, 15, 25, and

corresponds to the data in Fig(ch Note that the gas pres- 35 cm, respectively.

sure and input energy were not changed. Figure 8 depicts the

Xe fluorescence transverse profileszat5 mm, and Fig. 9 using a fast photodiode and a BG40 filter which is transpar-

shows the same data far=50 mm. From top to bottom in ent in the 300—700 nm spectral region. The measured signal

the figure correspond to the focusing point of the pump pulsshows a main spike of about 25-nsec FWHM, followed by a

atz =0, 15, 25, and 35 cm. Thin dotted lines indicate theslower decrease with a time constant of about 150 nsec. For

experimental result, and dashed lines indicate the calculatio®.6 Torr, the amplitude of the first peak is about eight times

results, which will be discussed later. When the focusinghigher than the amplitude of the decreasing part. Our fluo-

point was located at, =0, the profile was Gaussian-like for rescence signal was measured as an average over time spans

ly|<2.5 mm andz=5 mm(see top profile in Fig.)8and the  much longer(microsecondsthan the plasma fluorescence

intensity gradually decreased along theoordinate. On the time.

other hand, at the=50 mm point(see the two top profiles

in Fig. 9), the transverse profile exhibits a central top-hat E. Discussion and summary of experimental results

shape. With moving the focus away from the entrance pin-

hole, we obtained the data plotted from top to bottom in Figs

gracually isappears 2 increases. in addiion. ane basie SXPermental resuits, we aiso denote the object of our nu-
) ' merical calculation.

item of information which we required, the time dependence The experimental optimized HH energy scaling param-

of the fluorescence signal, was measured for Xe byeters for Ar and Xe gas are listed in Table I. As was shown in
Fig. 3, the HH output signal in the case of both gases reached

We summarize the experimental results of HHG and
asma column structure in this section. On the basis of the

r . T . T . — 35 a maximum at they, =0 focusing point. Close to the opti-
06l = 1 mized condition, we measured the transverse fluorescence
~ 7z=5mm P 130 structure in Xe. The central part of this structure was
0 \ L . o
E F ’\,\ _'25 5 Gaussian-like at the=5 mm point, anq was modified to
£ S . x,,\ 17 8 form a top-hat shape at the=50 mm point.
5 04r w“,,-.«"”; A s < d20 § Under thez =0 condition, the geometrical focus inten-
) e il 5 Mg R & sity in vacuum was estimated to be more thafP10Vv/cn?)
§ w»w*""’”‘ ;,_}*“'b ,x"”ﬁ - "“'«.ﬁ: 15 § from the spot size of the pump pulse. This focusing intensity
3 i+ o B e g N, 0
§ 02 E*“'*"tiﬂ,_,.g:;—‘ﬂ) ey 10 g TABLE I. Typical experimental optimization conditions and
il i —— 15 g output harmonic energies.
L -~~~ :.,z:,.-..:»mm—"“’m B ]
O it . . o Target gas Afrin Xeyain
-10 05 0.0 05
Focusing lengtimm) 5000 5000
¥ () Pump energymJ) 20 16
FIG. 8. Calculateddashed lingsand experimentathin dotted ~ Medium length(cm) 10 14
lines) fluorescence radial profiles for Xe amet5 mm. Fromtopto  Target gas pressukdorr) 1.8 0.6
bottom, the pairs of curves correspondzte=0, 15, 25, and 35 cm, Harmonic energy £J) 0.32 4.7
respectively.
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will break the phase-matching condition using a neutralof a densityn, of electrongof massmand charge) per unit

atom. On the other hand, by using the relatbm=1,  yolume. Keeping, at this stage, only the real terms in the
+3.17U,, we estimated the effective interaction intensity of refractive index, Eq(1) becomes

the pump pulse. Here,, is the atom ionization potential, and

U, is the electron quiver energy, which is given hy;, 1 9%E 2
_ —14 2 1 @p
=9.3x10 M, (W/em?)\§ (um). From the observed Ar V2E1——2 5 =k2<—2—2(51+ nol) | Eq. 3
HHG spectral distribution in Fig. 1, the interaction intensity c” dt w

was estimated to be~1x10* (W/cn?). From the

Ammosov-Delone-Krainov(ADK) model [18], the ioni- The method adopted to solve Ed) is described by Priori
zation probability was estimated to be less than 1% agt al.[17] and will only briefly be mentioned here. We write
1x 10" (W/cn?). This low ionization is supported by the the equation in the moving frame, and, after performing the
increase of the 27th harmonic energy, in which phase matcHparaxial approximation, eliminate the temporal derivative by
ing is satisfied in the nonionized condition. The almost per-2 Fourier transform, and obtain the equation

fect Gaussian profile of the HH also suggests that there is no

density disturbance due to ionization in the interaction re- e 2o 9B, ) wﬁ
gion. El—TEZFT k°E, ;—2(51+ ) ||, 4

To clarify the relationship between HHG and pump
propagation, we conducted a numerical calculation of the ) ) )
propagation dynamics of intense femtosecond laser pulses ffhere Fr is the Fourier-transform operator acting on the
Ar and Xe. In the following section, we show the numerical temporal coordinate and,(r,z,0)=F+[E(r,z,t)]. We
model used for the pulse propagation and the model devemention that Eq(4) is solved taking into account only the
oped to model the fluorescence intensity data. The results agdectrons plasma term. From the numerical point of view, the

presented and discussed in Sec. V. right-hand side of Eq(4) has both an implicit(through
plasma frequency term anghl term) and an explicit depen-
Il. NUMERICAL MODEL dence orkE;. For this reason it was solved self-consistently

) o ) in every 6z step as follows. After advancing the solution
For the calculation of the fundamental field in the inter- E(r,Z,w) by a Crank-Nicolson Scheme, we calculated

action region, we basically adopted a nonadiabatic 3D modet (r,z,t) by the inverse Fourier transform, then we evaluated
used[17] to study the pulse propagation in the few optical again the right-hand term of E¢@), first in thet domain and
cycle regime. lonization is the main contribution, but alsothen in thew domain. The Crank-Nicolson scheme was ap-
dispersion and Kerr terms were considered in the refractiopjied again on the same stép and a nevE(r,z,w) solution
index calculation, as described below. We also describe thgas obtained. The iteration was repeated until the difference

verse profile of the fluorescence we developed a model ighreshold.

which electron expansion after the laser pulse is considered. The imaginary part of the refractive index was also con-

sidered in order to estimate the damping of the wave during
A. Propagation of the fundamental field propagation. We assume that the energy lost by the pulse is

In an ionized gas, pulse propagation is affected by diffrac SC/€ly due to having to supply energy for ionization. To find
tion, refraction, nonlinear self-focusing, ionization, and i contribution we proceed as in R¢£0], by writing the
plasma defocusing. The pulse evolution in such a medium iENETdy balance for the ionization process: the energy lost by

described by the wave equation which can be writtef1es (1€ Pulse betweenandz+ 6z is the opposite of the energy
gained by the electrons in the same interval. One obtains the

1 E, 2 imaginary contribution to the refractive index ag
VE 1~ — — = — (1= n&Ey, (1) =(ngl WN\)/4ml, whereny is the atomic density,, the ion-
ce dat c ization potential, andv the ionization rate for an average
intensity I. The energy loss was estimated for eachz)
point after every successful integration step, and the dumped
field was used in the next integration step. In general, this
quantity is small: for the highest ionization case considered
here, we obtained a loss of energy by ionization of 1.1%.
W21 2.0) . To sta&t éhe c.alculati;)nks] we Iused tm?asluredehnergy )
_ i A ulse @nd duration, of the pulse to calculate the pea
Terf( 1,20 = mo(r.2,) + 72 (1, 2,) 202 @ inrt)ensity, I0=2Epu|se/?ww§rp). A Gaussian distribution in
time and space was considered for the laser beam; the beam
The first linear termyny=1+ §;—iB1 accounts for the re- waist was approximated ag,= fA/D, whereD is the diam-
fraction (6,) and absorption8,) while the second term ac- eter of the iris used to truncate the beam before focussing. By
counts for the optical Kerr nonlinearity depending on lasermlacing the interaction cell in a specifig position, theE;
intensity |. Finally, the third term contains the plasma fre- initial and boundary values, needed to start solving the
quencya>p=(477e2ne/m)1/2 and accounts for the presence propagation equation, were calculated. In order to avoid re-

where E;=E,(r,z,t) is the transverse electric field of the

laser, of frequency. Axial symmetry is assumed, therefore

cylindrical coordinates are used throughout. The effective re
fractive index of the medium can be written as
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flection effects from the boundaries, we set the integratiortional to the local ion concentration. In addition, we assumed
region radius to be four times larger than the beam waist. that the ion concentration is equal to the electron concentra-
tion ng(r,z,7p) at the end of the laser pulse. These assump-

B. lonization model tions are true only if we neglect multiplenainly double

S . L . ionization processes in the interaction region and assume full
The ionization of rare-gas atoms in a high-intensity laser.

field i I q tationally d di bl ionization efficiency in the electron-atom collisions. The
I€ld 1S a complex and computationa’ly demanding pro .emagreement with experimental data suggests that, for a quali-
It is not the goal of our study, but choosing an appropriat

i tationally simol del for ionization is i ‘ tetative description of the fluorescence, the above assumptions
yet computationally simple model for ionization is important .oy he made in our experimental conditions.

for a realistic description of ultrashort pulse propagation. As mentioned before, to obtain the fluorescence profiles

For the calculation of 'the X.G. ionization rate, a mixed along the propagation direction, the measured data were in-
model was adop_tgd. The intensities generated under our ®grated in the transverse direction. As a result, the fluores-
perimental conditions range from %’\’.’C”‘z t'o about 2‘5_ cence signalS(z) can be linked to the radially integrated
X 10" W/cn?. Depending on the laser intensity, the creationg|actron concentration
of free electrons can be described by one of the following ’
models: tunneling or multiphoton ionizatiofMPI). The
separation between these regimes is given by the Keldish S(Z)Nf Ne(r,z,7p)rdr, 8
parametery,=+/21,/U,, where U,=E?/40” is the pon-
deromotive energy. Fory<1, the tunnelling regime is oyer the interaction region. An unknown parameter is the gas
dominant and the ionization rate(t) can be well described gistribution in the vicinity of the two pinholes, but it will
by the ADK formula[18]. In atomic units it can be written as only influence the fluorescence signal for about 5 mm after

41| 2032 Al the input pinhole. On no physica] grounds but solely 'to fit the
w(t)=I pC2 (_p) exp{ _ _p) (5) _data, we used th_e rational fun_ctlgnc 1_.1x/(0.1+_x), W|_th X
QO 30, in mm, to describe the gas distribution for this region. For
the rest of the cell the density was assumed to be constant.
with The transverse profiles of the fluorescence were measured
over aAz=2 mm thin region, and therefore we can relate

2 22" them to the radial profiles of the electron concentration. One

g T'(n* +1)T(n*) ' 6) basic item of information which we required, the time depen-
dence of the fluorescence signal, was measured for Xe by

being a constant depending on theEuler function and using a fast photodiode and a BG40 filter which transmits in
the 300—700 nm spectral region. The measured signal shows

[E(t)] a main spike of about 25-nsec FWHM, followed by a slower

= , NF=Z(1u/1y), (7) decrease with a time constant of about 150 nsec. For 0.6

\/Tp Torr, the amplitude of the first peak is about eight times

higher than the amplitude of the decreasing part. With in-
HaTgE : creasing pressure the slow decreasing part gains amplitude
casg andl, andl,, are the ionization potentials of Xe and rg|ative to the spike. It is therefore reasonable to assume that

hydrogen atoms, respectively. the spike is due to radiative transitions between the excited
For yx>1, the multiphoton regime is the strongest effect g\ |5 of the ions, while the slower decreasing part is fluo-

and the rates were used as calculated by Kulaf@igffor  regcence induced by electron-atom or electron-ion collisions
the valencep shell of Xe. As the calculated MPI rates are g ring electron expansion out of the interaction region. Our
given in Ref.[21] for 293 nm, 586 nm, and 1064 nm, an  orescence signal was measured as an average over time
interpolation was carried out to find the rates for 800 nm. Wespans much longeimicrosecondsthan the plasma fluores-
mention that, fory close to unity, the ADK and MPI rates cance time span. Therefore, the electron expansion had to be
have closed values so that a smooth rate dependence on lag&fen into consideration and was described by a 1D
intensity was obtained. advection-diffusion equation,
Ultrafast ionization rates of Ar were recently measured
[22] using a pump-probe technique. The ionization rates re- on anv) 4 ( &n)

whereZ is the net resulting charge of the iod€1 in our

ported were used to build up an interpolating polynomial
from which the rates for a given instantaneous intensity
could easily be calculated. The resulting rate values were . e -
found to be smaller but close to the ADK rates corrected forVNereD is the diffusion coefficient of the electrons, of den-

intensity with a 1.7 factor, as described by Augsal.[23].  SIY N in the neutral atoms, andis the velocity with which
electrons expand from the interaction region. The equation

was solved numerically by assuming initial conditions simi-
lar to the electron density distribution created by the laser
In modeling the fluorescence signal which we measuredpulse. This distribution could be obtained by solving the
the basic assumption we make is that the observed fluorepropagation equation for the laser field. At every integration
cence originates from the ions, thus, its intensity is proporstep, the solutiom(y,t) of Eq. (5) was weighted by the

a ey Pay) T ©

C. Modeling fluorescence
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. direction, appear different in the two cases.

T The calculated electron densities are shown in Fig. 10 for
] the two typical cases studied for X@ and Ar (b). The

position of the 10-cm cell is the same in both cases, namely,

a O = N W R L&

R
'_5; fel z.=0. The 10-mJ pulse induces an almost full ionization in
g Xe and the initial ionization profile, and following the initial
% SN laser intensity profile, transforms gradually into a channel-
0100 200 300 400 like profile, with an almost flat central profile, and a sharp
T (hm) decrease at about 250m. In the channeling region the field
intensity keeps fairly constant. On the other hand, the 20-mJ
L= pulse in Ar induces a lower fraction of ionization, and the
_ijom,:;; initial defocusing continues along the propagation and pro-
g % 1 A duces a continuous_ decrease in the laser intensity.
§ Sl \‘\ \ & (d] Usually, chgnnelmg occurfd 9] when a balance between
£l ,;":%:‘{’:““‘\\““‘\“‘“\‘\ o T NG ] Kerr self-focusing and electron defocusing takes place. How-
< %g&g‘}“‘:““““\\‘\\\‘“\\‘ S 0\ . oS > |
B SO s ever, in our range of pressures and field intensities, the Kerr
H 3 e contribution to the refractive index is small compared to that

) 100 200 300
1 (um)

given by the electrons. Therefore, it seems unlikely that the
ionization nonlinearity alone, without any focusing nonlin-

FIG. 10. Calculated ionization fraction in the interaction region earity, can be a sufficient mechanism for guiding of an ul-

for Xe (a) and Ar (b). Panels(c) and(d) show the radial profiles of tLaShﬁ” laser pulse. ':.?er"er’ (tjh.e .O!afl"" n Fg%al@‘égges}]
the quantity (1 7:)x10°® at z=5 mm (dashed linesand z that the ionization profile formed initially is able to drive the

=90 mm (solid lines for Xe and Ar, respectively. Cell position formation of a_channeled structure. On the_ other hand, the
2,=0 in both cases. case shown Fig. 10), where the channel is not formed,
suggests that the initial electron concentration must reach a
fluorescence intensity;(t) and was eventually used to cal- Certain threshold in order to lead to the channel formation. In
culate the fluorescence sigréfy) as both cases, the electron plasma acts as a diverging lens with
decreasing focal power asncreases. The initial laser wave
front will change its radius of curvature more in the central
S(y)~f n(y,tl(t)dt. (100 and less in the peripheral regions. In particular, this radius of
curvature becomes infinite whé®4] the change of the index
The parameters of the model are the diffusion condiattihe of refraction in the radial direction verifies the equation
velocity v, and the initial electron distribution in the interac-
tion region. In fitting the experimental data obtained for dif- \?
ferent experimental conditions, these parameters were ad- 577eff:mv (11
justed so as to obtain a best fit between the measured ™o
transverse profile an8(y). Conventionally one should solve ) o
Eq. (5) in cylindrical coordinates and perform an additional Wherew, is the waist size of the laser beam akds the
averaging to transform the radial profiles into transverse prowavelength. For both our cases the geometrical factor is
files in order to compare with experimental data. Solving Eq\*/2m°W=0.65x 10" ° for wo=230 um. From the data for
(5) in Cartesian coordinates without averaging is an approxiX€ in Fig. 10dc), it results that, az=5 mm, the»ey; in-
mation that may affect the values Bf andv but not their ~ crement required by Eq(1l) is satisfied for a radius of
qualitative dependence on experimental conditions. The tim@round 200um. For an index change in excess of that given
step was chosen to be sufficiently snald p3 to ensure the by Eq.(11), the laser intensity decreases due to an increased
independence of the results from this parameter. The integrdlivergence from the plasma lens. This gradually decreases
tion region was chosen to be sufficiently lar@s mm) that  the ionization level down to a self-regulated level. For
the boundary conditions would not influence the calculated=90 mm [see Fig. 1(@)] this self-regulated regime is

solution. reached and one can see that the increment in the refractive
index verifies Eq(11). As was earlier anticipated by Rankin
IV. RESULTS OF NUMERICAL SIMULATION et al. [24], and later confirmed by computer calculations

[25-27, such a distribution of the refractive index can guide

In the beginning of this section, we show some resultsan electromagnetic wave in the form of a leaking mode with
obtained by solving Eq(1), as these results help us to ex- exponentially small losses over distances of many free Ray-
plain the fluorescence profiles. For two typical cases for Xdeigh lengths. This regime of guiding can be seen in Fig.
and Ar we demonstrate that the solution of the propagatiod0(a).
equation presents, in the case of Xe, a channeled structure, For Ar, the situation is different: at=5 mm [see Fig.
even in the absence of Kerr nonlinearity. For Ar this structurel0(d)] the variation of the refractive index is much smaller
did not occur. As we saw in the experimental section, thethan it is in Xe. As one can see, E(1) is fulfilled for a
fluorescence profiles, both in the axial and in the transverseadius of 20—3Qum which is too small to generate a self-
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FIG. 11. Calculated fluorescence axial profiles for Ar. Param- [
eters of the calculations are specified for each case.
0.00 : : I :

guided structure. As a result, the intensity continuously de- 600
creases and no top-hat configuration is observed in the cer r (um)

tral part of the beam.

The fluorescence profiles along the propagation direction, FIG. 13. Calculated radial profiles for the ionization fraction and
calculated for Xe, are presented in Fig. 12. The parameteiistensities(in the inset for z=5 andz=50 mm, with Xe, 0.6 Torr,
used for calculations, pulse energy and duration, cell positioA0 mJ. From top to bottom, the families of curves correspond to
with respect to the focus, and gas pressure are identical with. =0, 15, 25, and 35 cm, respectively.
the experimental conditions. , . .

As is evident from Fig. 12, the agreement with the mea-'€asonable agreement with the corresponding experimental
sured intensities in Fig. 5 is very good; the slight differences/@lues. o
concerning the slope of the curves could be attributed to the FOr Ar, the axial distributions of the fluorescence only
ionization model used or to the uncertainities connected wit/$lightly deviate from what a Gaussian distribution of the field
the cell position with respect to the focus. would cregte f_or the same cell position. As the scale .un|t is

In Fig. 11 we present similar data for Ar. Again the ex- the same in Fig. 12 and Fig. 11, we can see that the intensi-
perimental data were used as input parameters in the calctjeS are around one order of magnitude lower for Ar, thus,
lations. However, in this case we could find agreement with€re is a much lower electron density.
the experimental data in Fig. 4 only after assuming a 10-cm _ n€ Xe fluorescence data, both axial and transverse, ex-
shift in the cell position, namely, assuming the= — 10, 0, h|b|t dlfferent f(_aatures because they originate from f_rom a
and 10 cm, instead of the measured positigns 0, 10, and field configuration under chann_elmg condition. To discuss
20 cm, respectively. The amplitudes of the fluorescence inthese data further we refer to Fig. 13 where we plotted, for
tensities in the three cases, with the highest amplitude for thé=> MM andz=50 mm, the calculated radial dependence
assumedr, =0, also support this shift. The disagreement is,c?f the ionization fraction and intensity for Xe. From this
however, tolerable, because under our loose focusing geonff9ure, we see that, faz, =25 andz =35 cm, the channel
etry, with a Rayleigh length around 21 cm, an uncertainity offormation is less evident. Far, =35 cm, neither the elec-
up to several centimeters in the cell position is quite possiblefon nor the field intensity exhibit top-hat radial profiles at
On the other hand, the cell position is determined in air using= 20 Mm. This is mainly because the intensity at the input
low energy pulses. The entrance window might have an inplnho!e is too low to generate Fhe required rgfraf:nve index
fluence on the focus position, as the pulse energy increase4riation. In thez) =0 case, this top-hat profile is clearly
Indeed, for Ar we used higher energy pulses than for XeS€en in both the radial distributions in Fig. 13. _ _
which might have a greater influence on the focus position. N Fig. 13 we also see that, regardless of the input pinhole

We note that the ratios between the calculated intensitieBOSition, the intensity in the channel clamps to a self-

for different working conditions were also found to be in "egulated value which is decreased only slightly by increas-
ing z, and thus by decreasing initial intensity. However, the

. o change in fluorescence intensity, as seen from Figa)12

[a] B = 10mLP=06Torr |\ []2,=0,P =06 Tow c] ~0.5 - 100 seems stronger. One explanation is the nonlinear dependence
I ’ Bl of the ionization yield on intensity. Another effect, acting in

the same direction, is a higher channel radius for a higher

incident intensity. The higher the incident intensity, the

higher the radius for which Eq11) is verified. This effect

e P02 Tom will also affect the harmonic field intensity, as we will see

TR | e .

The data in Fig. 1) can be explained in the same terms:
as input energy increases, both the increase of the intensity in
the channel and the increase of the channel radius will cause

FIG. 12. Calculated fluorescence axial profiles for Xe. Param-an increase in the total fluorescence signal. However, we
eters of the calculations are specified for each case. mention that, as seen also from the experimental data in Fig.

Fluorescence signal (arb.units)

05 40 30 20 10 O
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5, the higher the input energy, the faster the decrease of the TABLE Il. Values of the parameters obtained from fitting the
fluorescence along the propagation direction. This implies &ansverse profile data. Bota=5 mm andz=50 mm data are
faster channel degradation which will limit the harmonic 9iven, in the form ¢=5)/(z=55).

phase matching, and thus the conversion efficiency.

The results in Fig. 1@), for different gas pressures, can “- fo Wo  Dx10 vx10° i theor
be explained by analyzing the computed results for the eled®™  («m)  (um) (cn?/s)  (cm/s) ng' g
tron density. At 0.2 Torr, the channel is not formed, and the 0/40 150/130 52/35 5.0/2.0 92/38 92/38
electron density configuration is similar to that in Fig(d0 15 0/40 150/130  43/30 4.2/1.9 58/25 78/28
Comparing the 0.6-Torr and 1.0-Torr cases, where channelegk 0/0  150/180 25/26  3.0/1.9 37/15 48/18
structures occur, the computed result shows that the highejy 0/0  150/180  20/22  2.0/1.9 12/5 22/10

the gas pressure the lower the electron concentration. The
required refractive index increment, such as that satisfying

Eq. (11), is the same in both cases, however, outside thé&aussian distribution with a &/width equal tow,, for r
channel the refractive index will be higher for higher pres->To. In this way, thez=5 mm case and the=50 mm case
sures, as it is proportional to the density of neutrals. Thén Fig. 13 could be treated by settimg+0 andr,=0, re-
fluorescence will be therefore less intense for higher presspectively. The values obtained for a best fit are presented in
sures, as shown in Fig. (@. Table Il for bothz=5 mm andz=50 mm. They should be

The features of the channeled propagation were furtheiegarded as indicative parameters from which one can derive
analyzed by modeling the transversal profiles for the case dgjualitative information about the kinetics of the plasma and
Xe. Preliminary low-resolution data, not shown here, reveathe channel formation.
that fluorescence extends for more than 3—4 mm, far from For z=5 mm, the distribution of the electrons could be
the beam axis. On the other hand, the fluorescence signal haell fitted with a Gaussian of 15am 1/e width. The ob-

a peak of about 25-nsec FWHM followed by a much weakeitained width is in very good agreement with the calculated
and longer(150-nseg decay. This indicates that fluorescencedata in Fig. 13. Also, here,=0 because, as seen from Fig.

is produced by particles moving with velocities of 13, atz=5 mm we do not have a flat central distribution,
10*~10 m/s which cannot be attributed to ions escapingand the channel formation occurs only after 4—5 cm of pulse
from the interaction region, but rather to the electrons thapropagation.

gained a kinetic energy equal to the ponderomotive energy in For z=50 mm, the top-hat distribution is clearly seen in
the laser electric field. While expanding, these electrons ionthe experimental data in Fig. 9 fa =0 andz =15 cm,

ize Xe atoms and induce a contribution to the total fluoresand is reflected in the,=40-um values obtained for these
cence, mainly outside the interaction region. For an intensity, values. The total width of the distributiomy+wg

| =10" W/cn?, the electron velocity is around 1.5 =170um is somewhat lower than the theoretical value
x 10° m/s. At this energy the momentum transfer cross sec{~250 um) shown in Fig. 13. A first reason could be the
tion between electrons and Xe atomg28] is 3 overestimation of the ionization rates used for simulation.
X 10" %5 cn?, which, under our experimental conditions, The higher the rates used, the larger the resulting channel
yield an average time between collisions of 6 nsec and aiameter. However, the ionization rates yielded a good agree-
diffusion coefficient of 5< 10’ cné/s. These are only rough ment in the calculation of the axial profiles of the fluores-
estimations, but they assist us in building up the model. Weeence, so this does not seem to be the reason. We believe that
must mention that in solving the equation for the plasmathe reason originates in the differences between the real laser
evolution, the inclusion of the diffusion term in E¢p) was  beam(which is a truncated and focussed Gaussemd the
necessary. We could not obtain a reasonable fit with meadeal Gaussian distribution which we used in the calculation.
surements by considering only the advection term in(Bf). The particular mechanism of channel formation, as described
to describe the electron expansion. A recent s{@®} of the  above, is sensitive to the initial radial distribution of the laser
propagation of laser generated plasma into low-pressuritensity. Indeed, as mentioned earlier, the measured beam
gases advanced a similar conclusion: computation that doewgaist is around 21@.m, while we started the calculation
not include diffusion effects can adequately describe only thavith a theoretical value of 23gm as estimated30] from
earliest stage of plasma expansion into background gas. the iris diameter.

We present in Fig. 8 the experimental and calculated The values obtained for the diffusion coefficient and elec-
transverse profiles of the fluorescence produced by 0.6 Totron velocity provide additional information about the field
of Xe, irradiated with 10-mJ, 35-fs laser pulses, for differentconfiguration in the channel. F@=5 mm the calculated
positions of the input pinhole with respect to the focus. Theintensity onz axis decreases from>210* W/cn? for z,
observation point was a=5 mm from the input pinhole. =0 to about half that foz, =35. Correspondingly, the ve-
The equivalent data for an observation pointzat50 mm  locity parameter in the fit decreases fronx 50 cm/s to 2
from the input pinhole are presented in Fig. 9. X 10° cm/s. The diffusion coefficient also decreases in about

As mentioned before, the parameters of the model are thihe same proportion. Far=50, however, the field varies
diffusion constanD, the velocityv, and the initial electron much more slowly witte, , being around 18 W/cn? for all
distribution in the interaction region. To simulate the initial cases. Accordingly, the parameter is maintained practically
electron distribution we refer again to Fig. 13. In the fit we constant at around:210° cm/s.
assumed a constant density for r<r,, continued with a The diffusion coefficient is, in general, inversely propor-

023808-11



TAKAHASHI et al. PHYSICAL REVIEW A 68, 023808 (2003

10.00 large volume which means a high efficiency and a high har-
monic energy. Also, it is topologically compact and situated
close to the propagation axis, which means that the generated
harmonics will generate and propagate close to the axis with
low divergence.
Based on the mechanism of channeling formation, we can
give a qualitative explanation for the data in Fig. 3. The
z (cm) decrease of the harmonic field with increasing the distapce
between the input pinhole and the focusing lens can be ex-
FIG. 14. Calculated 2D maps of the coherence lengths for theplained as follows: the lower the intensity at the input pin-
13th harmonic in Xe. Intensity and phase of the fundamental fielchole, the smaller the radius for which E@.1) is satisfied.
are taken from configuratio(@) in Fig. 10. This can be clearly seen in the inset of Fig. 13. A slight
decrease of the field intensity inside the channeled region, as
tional to the pressure and directly proportional(tempera- 7, increases, can also contribute to the decrease in the har-
ture) ¥2. This means it would decrease linearly with increas-monic field produced, however, we believe that the main
ing electron concentration, and increase higher than linearlgffect is a volume effect. A complete calculation of the har-
with increasing laser intensity. The overall trend is a decreasgonic field could better estimate the relative importance of
of D with increasingz, , which is more pronounced far  the two effects. However, we should mention here that
=5 mm, where the variation of the laser intensity is stron-=0 might not be the optimum lens position in terms of con-
ger. version efficiency. We did not scan the lens positions for
To clarify the relationship between channel formation andnegative values of, , i.e., cell in the converging beam. The
harmonic generation, we performed a phase-matching analpurpose of the present study was not to search for the opti-
sis using the graphical method of Balceual.[31]. For H13 ~ mum lens position but to reveal the relationship between
in the case of Xe, we calculated the polarization wave vectoghannel formation and HH generation in the channel.
askpo=13V[ ¢4(r,2)]+ V[ al(r,2)], whereg; is the fun- The dependence of the harmonic field intensity on the
damental field phase and is the phase coefficiei82] for ~ incident intensity for a consta{ can also be explained in
harmonics generated in the plateau. Following Ref] we  similar terms: the higher the incident intensity, the higher the
define a coherence length,,,= m/ 5k where sk=2mq/\ radius of the formed channel. For exampleat50 mm, for
_|kpoI|- We want to point out thak(r,z) and ¢,(r,z) are  Xe at 0.6 Torr, and; =0 (corresponding to the conditions in
here obtained from the calculated solution of the propagatiofrig- 12 the radii for which the intensity decreases by 1/
equation, anchot from the unperturbed fundamental field. from its maximum are 255, 290, and 310n for incident
The advantage of this procedure is that all the nongeometrgnergies of 7, 10, and 12 mJ, respectively. From 7 mJ to 12
cal effects(dispersion, absorption, and ionizatjoare al- mJ this represents an increase of almost 50% in the cross
ready included inL.,p, thus, one need not consider them section. The average values of the intensity in the channel for
separately as is usually dortsee, for example, Ref33)). these three pulse energies are 0.93, 1.04, and 1.08
Once the propagated field is known, the above described 10 W/cn?, respectively, thus, there is a much smaller
calculation of the coherence length is a computationally invariation.
expensive but useful approach to studying the harmonics The pulse propagated in Ar does not generate a self-
generation. It avoids the lengthly calculation of the atomicguiding structure and for this case an even simpler and more
polarization and harmonic field, while still giving valuable practical 1D approach for the phase-matching calculation can
information about harmonic phase matching. be applied. As the ionization is sufficiently low to be negli-
We calculated the coherence lengths for c@sen Fig. gible, balancing the Gouy phase of the unperturbed beam
10. The 2D map in anr(z) coordinate system is shown in Wwith the phase due to dispersion by neutrals proved to be
Fig. 14. Only the central part is of interest for us, since forsufficient to predict the optimum working pressure. Of
r>250 um the field intensity vanishes. Also, the region of course, as the ionization level increases, the phase-matching
highest coherence length, observed aromadl cm, is not calculation should include its influence, as illustrated above.
interesting for us because the ionization level in this region,
as seen from Fig. 10, is close to unity, and thus gas polariza-
tion will vanish. Our interest is in the region witt™>5 cm
and r <200 um, where ionization is around 15% and the In this experiment, we performed simultaneous measure-
coherence lengths are high, being in general greater thanments of plasma fluorescence and harmonic yield in Ar and
cm. We conclude that in this regigiabeled A in Fig. 14, Xe, in a long static cell at high pumping energies and loose
which corresponds to the channeled region in Fig. 10, harfocusing geometry, using 35-fs pulses from a Ti:sapphire la-
monics generate and propagate under phase-matching conder. Axial and transverse profiles of the plasma column were
tions. This example clearly demonstrates the intrinsic linkmeasured under several experimental conditions with the aim
between the channel formation and the efficient generationf characterizing the pulse propagation. From the plasma
of harmonics. The basic reason is that, in this region, botliluorescence profiles we demonstrate that, under the given
the intensity and the phase of the fundamental field exhibiexperimental conditions, pulse propagation in Xe is chan-
almost no variation, either axially or radially. Region A has aneled. A 3D nonadiabatic propagation model was used to

V. CONCLUSION AND SUMMARY
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calculate the field configuration in the interaction region andenergy was set at 20 mJ. By using an input laser energy of
to explain the channel formation. A model developed to cal-higher than 20 mJ without the SPM effect, we may expect to
culate the transverse plasma profiles can adequately reprgenerate higher energy HH and channeling structures under
duce the experimental data and confirm the channel formahe phase-matched condition.

tion. On the basis of the experimental results and simulation,
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