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Experimental and theoretical analyses of a correlation between pump-pulse propagation
and harmonic yield in a long-interaction medium

Eiji Takahashi,* Valer Tosa,† Yasuo Nabekawa, and Katsumi Midorikawa‡

Laser Technology Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
~Received 12 February 2003; published 22 August 2003!

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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I. INTRODUCTION

Recently, theoretical predictions of nonlinear interacti
between soft x rays and matter have been reported by a
groups, such as two-photon ionization of He1 @1#, He double
ionization for the autocorrelation of an extreme-ultravio
~XUV ! pulse @2#, the advantages of high-intensity sho
wavelength radiation for Coulomb explosion imaging@3#,
and ionization of cluster target@4#. The above research fiel
can be expected to open a new area in high-intensity phy
However, to observe such nonlinear effects, generation of
strong optical field in the XUV region is indispensable. F
example, as Ishikawa and Midorikawa pointed out, the
servation of two-photon ionization of He1 by a 30-nm pulse
requires a light intensity of higher than 1013 W/cm2 @1#.

To make a breakthrough in nonlinear physics in the s
x-ray region, one of the most important issues is the de
opment of high-intensity coherent soft-x-ray light sources.
present, a new x-ray free electron laser~XFEL! at the
TESLA Test Facility at the Deusches Elektrone
Synchrotron~DESY! has successfully generated a vacuu
ultraviolet ~VUV ! pulse in the wavelength region around 9
nm with an output energy of 35mJ/pulse and a pulse widt
of 100 fs at 1-Hz repetition@5#. If the upgrading of the DESY
goes well, an high-energy soft-x-ray pulse will be availab
in the future. On the other hand, a high-order harmonic~HH!
process@6,7# can generate highly coherent short-wavelen
lights in the VUV to soft-x-ray region. Compared wit
XFEL, HH has many advantages such as ultrashort p
duration, wide tunability, high repetition rate, ease of ha
dling, and low equipment cost. This emission source
been used as a diagnostic tool in solid-state and plasma p
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ics as well as atomic and molecular spectroscopy, and for
generation of attosecond pulses@8#. Recently, research into
high-order harmonic generation~HHG! has focused on in-
creasing the output harmonic energy. Takahashiet al. re-
ported the energy scaling of HH under the phase-matc
condition using a long-interaction length and a loosely
cused beam in Ar@9,10#. In that experiment, the total outpu
energy attained in the spectral region from 34.8 to 25.8
~the corresponding order of 23rd to 31st! was;0.7 mJ, and
the maximal 27th harmonic~29.6 nm! energy was found to
be 0.32mJ with 0.7 mrad~full width at half maximum,
FWHM! beam divergence. In addition, the microjoule lev
harmonic energy in the XUV region was obtained by a nu
ber of groups@11–14#; in the low-order perturbative region
Dolle et al. @13# achieved an output energy of 100mJ at 82.8
nm ~3rd harmonic of a KrF laser!, and Yoshitomiet al. @14#
recently reported an average power of submilliwatt at 4
nm ~5th harmonic! pulses with a 200-Hz KrF laser. To realiz
a soft-x-ray nonlinear physics generated by HH, the est
lishment and development of an HH energy scaling strat
is very important.

Recently, our research group reported an HH energy s
ing strategy under the phase-matched condition using a
:sapphire laser@9–11#. Our scaling method is very simple i
principle ~see Sec. II A!, and has demonstrated a linear i
crease of harmonic energy with respect to the geometr
focusing area of the pump pulse. We also found that
method is applicable to HHG in several rare gases@11#. In
our energy scale-up procedure, we found that the conver
efficiency of HH was improved when we increased the int
action length. In Ar@9,10#, using long focusing, the conver
sion efficiency of the 27th harmonic~29.6 nm! was improved
by a factor of 2 compared with the short-focusing conditio
and attained a value of 1.531025. Similarly, in Xe, the
maximal conversion efficiency of the 15th harmonic~53 nm!
obtained with a 5-m focusing lens is 631025 @11#, which
corresponds to an improvement by a factor of 1.6 ove
previous result@15# obtained with a 0.5 m focal length. Also
©2003 The American Physical Society08-1
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Hergottet al. reported a sixfold improvement of the conve
sion efficiency for the 15th harmonic with a 5-m focusin
lens and a long gas-jet target, compared with a 2-m focus
lens @12#. These efficiency improvements were qualitative
explained by pump pulse guiding due to the balance betw
defocusing and self-focusing in the target medium@10,12#.
However, details of the physical mechanism by which
HH output to the pump propagation in the interaction reg
have not been investigated.

In this study, to gain an understanding of the improvem
of HH conversion efficiency with a loosely focused bea
and a long-interaction medium, we comprehensively inve
gated the relationship between output HH intensity and
propagation condition of the pump pulse in a target mediu
Important information on pulse propagation dynamics can
extracted from the plasma fluorescence column@16#, which
we can observe directly during experiments by means o
charge-coupled device~CCD! camera. In addition, to explain
the data and the relationship between the HHG and pla
column structure, we used a nonadiabatic 3D model@17# to
study the pulse propagation in the few optical cycles regim

First, we describe the energy scaling strategy of HH
Sec. II A. Sections II B and II C are devoted to the expe
mental setup and typical measurement results of HH and
plasma column. In Sec. II E, we show the experimental
sults for the relationship between the plasma column st
ture and the HH signal. Section III presents the numer
model used for pulse propagation and for fluorescence m
eling. The results of the calculations are shown and discus
in Sec. IV. Finally, we summarize our experimental a
simulation results.

II. EXPERIMENTAL RESULTS

A. Strategy for energy scaling of HH

As has been reported in a previous publication@15#, to
increase the HH yield, the coherence lengthLcoh should be
much longer than the absorption lengthLabs for a given har-
monic orderq. The coherence length is given byp/Dk,
whereDk5kq2qk0 indicates the amount of phase mismat
between the harmonic field and the atomic dipoles.kq andk0
are wave vectors which correspond to the phase velocit
the harmonic field and atomic dipole, respectively. When
coherence length is comparable to the absorption length
HH yield saturates as soon as the medium length beco
longer than the absorption length. To achieve the ph
matching, the contributions due to neutral atoms, free e
trons, and geometrical dispersions must be balanced. If
condition Lcoh@Labs holds, the maximum harmonic yield i
accomplished with an interaction lengthL int that is three
times longer@15# than the absorption length. To extend t
interaction length between the laser pulse and the target
dium, the Rayleigh length must be extended. Increasing
Rayleigh length leads to the increase in the spot size of
pump pulse. This allows one to increase the pump pu
energy, which is indispensable for high-energy output. O
scaling method demonstrated a linear increase in harm
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energy with respect to the geometrical focusing area of
pump pulse, while keeping an almost perfect spatial pro
of the harmonic output@10#.

B. Experimental setup

In the experiment, to increase both the interaction len
and the pump pulse energy, a loosely focused pumping
ometry with an f 55000-mm planoconvex lens was em
ployed. The pump pulse was supplied by a 10-Hz Ti:sapph
laser system based on chirped pulse amplification. In
system, the pulse width was 35 fs and the wavelength
centered at 800 nm. The pump pulse was loosely focu
and delivered into the target chamber through a CaF2 win-
dow. First, we set the focus around the entrance pinhole
the interaction cell. The interaction cell had two pinholes
each end surface of the bellow arms. The diameter of
pinholes was 1.2 mm. These pinholes isolated the vacu
and gas-filled regions. The interaction length was varia
from 0 to 150 mm in the interaction cell. Target gas w
statically filled in the interaction cell. The generated harmo
ics illuminated a 150mm (H)312 mm (V) slit of the spec-
trometer. Harmonic signals were observed with a flat-fi
normal-incident XUV spectrometer with a platinum-coat
concave grating blazed at 60 nm~1200 lines/mm!. The rela-
tive efficiency of the grating is shown in the top figure
Fig. 1. This spectrometer equipped with a microchannel p
~MCP! can cover the spectral range from 30 to 80 nm.
CCD camera detected two-dimensional fluorescence fro
phosphor screen placed behind the MCP. Therefore, we m
sured the spectrally resolved far-field HH profile. The ab
lute energy of HH was measured directly with an unbias
silicon XUV photodiode. This detector has a wide range
sensitivity from 200 nm to 0.07 nm~6 eV to 17.6 keV!. The
sensitivity of this photodiode follows the simple linear la
Ne5Eph/3.63 eV, whereNe is the number of photoelectron
created by a single XUV photon of energyEph.

To investigate the detailed structure of visible fluore
cence from the plasma, we used two measurement op
systems. One system had a wide-angle optical range for
measurement of global imaging (6 cm36 cm), and the spa-
tial resolution was estimated to be;200 mm. The second

FIG. 1. ~Color online! Optimized HH spectrum by 50-shots ac
cumulation from Ar~c! and Xe ~b!. The top panel~a! shows the
relative efficiency with a flat-field normal-incidence XUV spe
trometer with a platinum-coated concave grating blazed at 60
~1200 lines/mm!.
8-2
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optical system had a high spatial resolution, which was e
mated to be;15 mm, and the measurement spatial size w
2.532.5 mm. To eliminate the scattered pump pulse light,
IR mirror was set behind the imaging lens. In addition, o
basic item of information which we needed, the time dep
dence of the fluorescence signal, was measured by usi
fast photodiode and a BG40 filter which is transparent in
300–700 nm spectral region. The temporal resolution of
system was estimated to be less than 4 ns.

C. Typical HH signal and plasma column

Figure 1 depicts a typical HH far-field spectrum distrib
tion from Xe and Ar gases. Figure 1~a! shows the grating
relative efficiency of the spectrometer. In Figs. 1~b! and 1~c!,
the horizontal axis denotes the harmonic order, the left v
tical axis denotes the space, and the right axis correspon
the integrated harmonic signal.

A typical HH spectrum for the interaction length,L int
514 cm and 0.6 Torr Xe is shown in Fig. 1~b!. The pump
pulse energy and the truncated diameter were set at 10
and 14 mm, respectively. The spot size (1/e radius! of the
pump pulse at the focus was measured to be 210mm with an
attenuated pump pulse having a beam diameter of 14 mm
a first approximation, one can assume that the Gouy ph
and the dipole phase are balanced by the negative dispe
of the target gas. Since the Gouy phase is given
Dkgouy(z)5q/(z01z2/z0

2), the geometrical phase shift wa
estimated to be 5.8531022q cm21 at the entrance pinhole
In 0.6-Torr Xe, the dispersion of the target gas was estima
to be 1.19 cm21 for the 11th harmonic, 1.15 cm21 for the
13th harmonic, 1.14 cm21 for the 15th harmonic, 1.15 cm21

for the 17th harmonic, and 1.18 cm21 for the 19th harmonic.
Considering only the geometrical phase and gas dispersio
the neutral atom, phase matching cannot always be sati
perfectly because the Gouy phase changes along the p
gation distance. On the other hand, the absorption-lim
conditions @15# for medium, coherence, and absorpti
lengths are given byLmed.3Labs and Lcoh.5Labs. The ab-
sorption length for 0.6-Torr Xe was estimated to be 1.35
for the 11th, 1.58 cm for the 13th, 1.89 cm for the 15th, 3
cm for the 17th, and 4.3 cm for the 19th harmonic. Althou
a shorter absorption length is actually worse for the gen
tion process, we have obtained a higher energy for the 1
harmonic than those for the 15–19th harmonics. This is
plained by considering the difference in atomic polarizab
ities in this range of harmonics. As the 11th harmonic is o
marginally in the plateau, it should be expected that it ha
larger polarizability. In the phase-matched process, the 1
to 15th order harmonics satisfied the absorption limited H
condition in 0.6-Torr Xe.

Emission angles~mrad! can be converted to the spati
profile of the harmonic by considering the distance betw
the harmonic source and the spectrometer slit. The ou
beam divergence of the 13th order harmonic was meas
to be;0.5 mrad~FWHM! with a Gaussian-like profile.

Figure 1~c! shows a typical harmonic spectrum forL int
510 cm and 1.8-Torr Ar. The pump pulse energy and
truncated diameter were set at 20 mJ and 18 mm, res
02380
ti-
s
n
e
-
a

e
is

r-
to

mJ

In
se
ion
y

d

in
ed
pa-
d

5

a-
th
x-
-
y
a
th

n
ut
ed

e
c-

tively. As is shown in the figure, second-order diffractio
was observed around the 11th and 13th harmonics, and
order harmonics (,21st) are not phase matched under t
condition and are strongly absorbed in Ar. Here, it must
noted that the relative diffraction efficiency of a flat-fie
normal-incidence XUV spectrometer becomes the maxim
at 60 nm. Since the efficiency gradually decreases for sho
wavelengths, the maximum harmonic intensity was obtain
at the 27th order harmonic. The absorption lengthLabs for
1.8-Torr argon gas was calculated to be 1.16 cm for the 2
2.39 cm for the 25th, and 6.81 cm for the 27th harmonic. T
23rd and 25th order harmonics satisfied the absorption
ited conditions, therefore, those orders were saturated u
our experimental conditions. On the other hand, the 2
order harmonic did not satisfy the conditions, because of
absorption. Under the optimized condition, the beam div
gence of the 27th harmonic was measured to be 0.7 m
with a Gaussian-like profile.

A typical 2D-plasma column image obtained under t
experimental conditions shown in Fig. 1 is shown in Fig.
This image was taken using a wide-angle optical system,
the spatial resolution was estimated to be 200mm. Top and
bottom figures correspond to Xe and Ar gas cases, and
horizontal and vertical axes correspond to thez andy spaces,
respectively. The pump pulse propagated along the righ
left direction, and the entrance pinhole was located at
right-hand end. In the Ar case, the fluorescence intensity
almost constant along the propagation coordinate. On
other hand, in the Xe case, the fluorescence intensity bec
maximum at the entrance pinhole, and gradually decrea
along the propagation coordinate. In addition, we found
remarkable structure similar to a plasma channel at the c
tral part in the Xe gas case. The detailed results are show
the following section.

D. Relation of HH and plasma column structure

To investigate the relationship between the harmonic o
put signal and the plasma column structure, we measu
HH intensity and plasma fluorescence under the same ex
mental conditions. In these experiments, we chose the ta
gas pressure, focusing position, and input laser energy
variable parameters. The focusing geometry and the ta
gas position relative to the focusing point, as well as th

FIG. 2. ~Color online! 2D plasma fluorescence in Ar and X
gases. Spatial resolution of the measurement optical system
estimated to be 200mm.
8-3



s
m

ad
e

t
ll

he
m
th
-c
n
m

n
ar
r,
p
e
e
u

fo
w
e

as
In

ndi-
s.
ser
re-

ing

the
ng
as,
lse
the
in

w-
ulse

rgy
lity
re-
the

pin-
und
er

ion
nar-
n
for

an
of
ctly

the
nics
p-
ed

he
CD
-

he
by

m-
in-
th
-
pec-
The

e-

ser
the
the

a
t
sp
ac

TAKAHASHI et al. PHYSICAL REVIEW A 68, 023808 ~2003!
influence on the phase matching, have been key issue
HHG optimization, as the interaction intensity at the mediu
dictates the propagation condition of the pump pulse. In
dition, the phase matching of HHG is influenced by targ
gas pressure. Here, we definezL50 when the focusing poin
of the pump pulse is at the entrance pinhole, i.e., the ce
placed on the diverging beam. At positivezL values, the in-
teraction cell is placed in the diverging beam, i.e., with t
entrance pinhole after the focus. In this experiment, the
dium length was fixed to be 10 cm for both gases, since
signal of the 13th and 27th harmonics saturated at 10
length@9#. First, we show the HH signal results, and seco
we show the measurement results of the plasma colu
structure.

Figure 3 shows the dependence of the HH output sig
on the variable parameters. Open circles and solid squ
correspond to the 13th HH in Xe and the 27th HH in A
respectively. The top panel describes the gas pressure de
dence of the HH signal, while other parameters were k
fixed. The maximal HH intensities were obtained for a X
gas pressure of 0.6 Torr for 13th HH and an Ar gas press
of 2.0 Torr for 27th HH. Also, the optimized gas pressure
each case had a finite tuning range. This finite range
explained@10# by the phase-matching condition and targ
gas absorption. Since the dispersion of Xe for the 13th HH

FIG. 3. HH intensity as a function of gas pressure~top panel!,
input laser energy~middle panel!, and lens position~bottom panel!.
Open circles and solid squares correspond to the 13th HH in Xe
the 27th HH in Ar, respectively.P, ZL , andEL correspond to targe
gas pressure, focusing lens position, and input laser energy, re
tively. Inset figures indicate other experimental conditions for e
case, except for the changing parameter.
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larger than that of Ar for the 27th HH, the optimized g
pressure of Xe becomes small compared to that of Ar.
addition, at gas pressures higher than the optimal gas co
tion, HH is decreased by absorption due to neutral atom

The middle and bottom panels in Fig. 3 show the la
energy and focus position dependence of the HH signal,
spectively. The input laser energy was varied by chang
the amplifier timing of the yttrium aluminum garnet~YAG!
laser which pumps the final amplifier in the laser system;
focusing position was controlled by moving the focusi
lens along the propagation axis of the pump pulse. In Xe g
the HH intensity increased with increasing the pump pu
energy up to 16 mJ. When a higher energy was used,
harmonic energy was decreased. Similarly, the 27th HH
Ar increased with increasing the pump pulse energy. Ho
ever, since the frequency spectrum of the pump laser p
was modulated by the self-phase modulation~SPM! at the
entrance window (CaF2), we could use only;20 mJ in this
experimental setup. When we increased the input ene
above 20 mJ, we could obtain neither good spatial qua
nor high energy within the observed spectral region. The
fore, the pump energy was set at 20 mJ. Presented in
bottom panel is the dependence of HH intensity onzL . The
harmonic signal gradually increased toward the entrance
hole, and the maximal harmonic signal was obtained aro
zL50 for both gas cases. The 27th HH in Ar had a narrow
distribution than the 13th HH in Xe, because the interact
intensity necessary to generate a higher harmonic has a
rower distribution along thezL coordinate. Indeed, as see
from the energy dependence of the HH signal, the slope
Ar is larger than that for Xe~see middle panel of Fig. 3!.

The absolute output energy of HH was measured using
XUV photodiode. This photodiode was inserted in front
the spectrometer, and the output signal was recorded dire
on an oscilloscope. A thin aluminum filter (0.2mm) was
placed between the sources and the detector to eliminate
pump pulse and pass only the 11th through 45th harmo
~17 to 70 eV!. The maximal harmonic energy under the o
timized conditions of the 13th and the 27th HH attain
4.7 mJ and 0.32mJ, respectively.

As mentioned before, during HHG experiments, t
plasma fluorescence was also observed by use of a C
camera ~see Fig. 2!. Figures 4 and 5 show the one
dimensional~1D! plasma fluorescence distribution along t
propagation coordinate. This distribution was obtained
image integration along the vertical axis in Fig. 2. To co
pare the intensity distribution structure, the fluorescence
tensities were normalized to the maximum signal. In bo
Figs. 4 and 5, panels from~a! to ~c! correspond to gas pres
sure, input laser energy, and focus point dependence, res
tively. The other parameters are the same as in Fig. 3.
pump pulse propagated from right to left.

In the Ar gas case, the intensity distribution did not d
pend on the target pressure@see Fig. 4~a!#. Note that this is
normalized intensity; the real intensity is maximum atPAr
52.6 Torr. In the same way, when we changed the input la
energy, the distribution had almost the same form. On
other hand, the distribution had a strong dependence on
focusing point@see Fig. 4~c!#. Upon moving the lens away
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from the interaction cell, i.e., with the entrance pinhole af
the focus, the intensity distribution rapidly decreased fr
the input towards the output pinhole. Under the HH optim
zation condition (EL520 mJ, zL50 cm, PAr51.8 Torr),
the plasma fluorescence along the propagation coordinate
hibits a flat distribution.

FIG. 4. Measured 1D Ar plasma fluorescence with 200-sh
accumulation under several HHG conditions.~a! is gas pressure
dependence,~b! is laser energy dependence, and~c! is lens position
dependence. Inset figures indicate other experimental condit
except for the changing parameter.

FIG. 5. Measured 1D Xe plasma fluorescence with 200-sh
accumulation under several HHG conditions.~a! is gas pressure
dependence,~b! is laser energy dependence, and~c! is lens position
dependence. Inset figures indicate other experimental condit
except for the changing parameter.
02380
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For the Xe gas case in Fig. 5, the plasma fluoresce
intensity distribution changed at each condition. Upon
creasing the target gas pressure, the intensity distribution
came flat @see Fig. 5~a!#; however, the real intensity de
creased with increasing the gas pressure. Also, at incre
input laser energy@see Fig. 5~b!#, the intensity along the
propagation coordinate decreased more than that at low i
laser energy. Moving the lens away from the interaction c
i.e., with the entrance pinhole after the focus, the intens
distribution gradually decreased from the input towards
output pinhole, and the real fluorescence intensity decrea
However, the intensity decreasing ratio betweenz50 to 55
mm became smaller than that in the Ar case. Note that
Xe, the lens excursion was larger than that for the Ar ca
For the time being, we note that under the HH optimizati
condition (EL516 mJ, zL50 cm, PXe50.6 Torr), the
plasma fluorescence along the propagation coordinate
different to that in the optimized Ar case.

As the next step, we investigated the detailed structure
plasma fluorescence in the transverse coordinate. In
measurement, we used an optical system with high spa
resolution, which was estimated to be;15 mm. To investi-
gate the structure of the plasma column, we measured
two points along the propagation coordinate. One is at 5 m
after the entrance pinhole, which corresponds to the star
point of pump propagation~labeled A in Fig. 2!. The other is
at 50 mm after the entrance pinhole which corresponds to
middle of the medium length~labeled B in Fig. 2!.

Figure 6 shows the transverse profile of the Ar plas
column under the optimized HHG condition. The propag
tion coordinate of pump pulse corresponds to the left vert
axis in Fig. 6, and the horizontal axisy denotes the transvers
coordinate. The solid line shows the transverse profile in
grated for a slice of 2 mm along the propagation coordin
z. The fine structure of the Ar plasma column shows the sa
profile at both A and B observation points. This structure w
the same under all experimental conditions, such as ta
gas pressure, input laser energy, and focusing point of pu
pulse.

The transverse structure of the Xe plasma column un
the optimized HHG condition is shown in Fig. 7. As is o
vious from Fig. 7, the structure is different from that o
served in the Ar case. In particular, we found a remarka

ts

s,

ts

s,

FIG. 6. ~Color online! Ar plasma fluorescence with 500-shot
accumulation measured by use of high-resolution optical syst
HHG conditions were optimized withEL520 mJ, PAr51.8 Torr,
and the lens position was set at 0 cm.~a! and ~b! correspond toz
55 mm andz550 mm, respectively@see Fig. 2 in the~a! and ~b!
positions#.
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TAKAHASHI et al. PHYSICAL REVIEW A 68, 023808 ~2003!
column structure at the central part (uyu,0.3 mm). To un-
derstand this structure of the Xe plasma column, we inve
gated its dependence on the focusing point position, wh
corresponds to the data in Fig. 5~c!. Note that the gas pres
sure and input energy were not changed. Figure 8 depicts
Xe fluorescence transverse profiles atz55 mm, and Fig. 9
shows the same data forz550 mm. From top to bottom in
the figure correspond to the focusing point of the pump pu
at zL50, 15, 25, and 35 cm. Thin dotted lines indicate t
experimental result, and dashed lines indicate the calcula
results, which will be discussed later. When the focus
point was located atzL50, the profile was Gaussian-like fo
uyu,2.5 mm andz55 mm~see top profile in Fig. 8!, and the
intensity gradually decreased along they coordinate. On the
other hand, at thez550 mm point~see the two top profiles
in Fig. 9!, the transverse profile exhibits a central top-h
shape. With moving the focus away from the entrance p
hole, we obtained the data plotted from top to bottom in Fi
8 and 9. One can note that the central top-hat shape in F
gradually disappears aszL increases. In addition, one bas
item of information which we required, the time dependen
of the fluorescence signal, was measured for Xe

FIG. 7. ~Color online! Xe plasma fluorescence with 200-sho
accumulation measured by use of high-resolution optical syst
HHG conditions were optimized withEL510 mJ, PXe50.6 Torr,
and the lens position was set at 0 cm.~a! and ~b! correspond toz
55 mm andz550 mm, respectively@see Fig. 2 in~a! and ~b!
positions#.

FIG. 8. Calculated~dashed lines! and experimental~thin dotted
lines! fluorescence radial profiles for Xe andz55 mm. From top to
bottom, the pairs of curves correspond tozL50, 15, 25, and 35 cm
respectively.
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using a fast photodiode and a BG40 filter which is transp
ent in the 300–700 nm spectral region. The measured si
shows a main spike of about 25-nsec FWHM, followed by
slower decrease with a time constant of about 150 nsec.
0.6 Torr, the amplitude of the first peak is about eight tim
higher than the amplitude of the decreasing part. Our fl
rescence signal was measured as an average over time
much longer~microseconds! than the plasma fluorescenc
time.

E. Discussion and summary of experimental results

We summarize the experimental results of HHG a
plasma column structure in this section. On the basis of
experimental results, we also denote the object of our
merical calculation.

The experimental optimized HH energy scaling para
eters for Ar and Xe gas are listed in Table I. As was shown
Fig. 3, the HH output signal in the case of both gases reac
a maximum at thezL50 focusing point. Close to the opti
mized condition, we measured the transverse fluoresce
structure in Xe. The central part of this structure w
Gaussian-like at thez55 mm point, and was modified to
form a top-hat shape at thez550 mm point.

Under thezL50 condition, the geometrical focus inten
sity in vacuum was estimated to be more than 1015 (W/cm2)
from the spot size of the pump pulse. This focusing intens

.

FIG. 9. Calculated~dashed lines! and experimental~thin dotted
lines! fluorescence transverse profiles for Xe andz550 mm. From
top to bottom, the pairs of curves correspond tozL50, 15, 25, and
35 cm, respectively.

TABLE I. Typical experimental optimization conditions an
output harmonic energies.

Target gas Ar27th Xe13th

Focusing length~mm! 5000 5000
Pump energy~mJ! 20 16
Medium length~cm! 10 14
Target gas pressure~Torr! 1.8 0.6
Harmonic energy (mJ) 0.32 4.7
8-6
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will break the phase-matching condition using a neu
atom. On the other hand, by using the relationhn5I p
13.17Up , we estimated the effective interaction intensity
the pump pulse. Here,I p is the atom ionization potential, an
Up is the electron quiver energy, which is given byUp

59.3310214I 0 (W/cm2)l0
2 (mm). From the observed A

HHG spectral distribution in Fig. 1, the interaction intens
was estimated to be;131014 (W/cm2). From the
Ammosov-Delone-Krainov~ADK ! model @18#, the ioni-
zation probability was estimated to be less than 1%
131014 (W/cm2). This low ionization is supported by th
increase of the 27th harmonic energy, in which phase ma
ing is satisfied in the nonionized condition. The almost p
fect Gaussian profile of the HH also suggests that there i
density disturbance due to ionization in the interaction
gion.

To clarify the relationship between HHG and pum
propagation, we conducted a numerical calculation of
propagation dynamics of intense femtosecond laser pulse
Ar and Xe. In the following section, we show the numeric
model used for the pulse propagation and the model de
oped to model the fluorescence intensity data. The results
presented and discussed in Sec. IV.

III. NUMERICAL MODEL

For the calculation of the fundamental field in the inte
action region, we basically adopted a nonadiabatic 3D mo
used@17# to study the pulse propagation in the few optic
cycle regime. Ionization is the main contribution, but al
dispersion and Kerr terms were considered in the refrac
index calculation, as described below. We also describe
models used for Xe and Ar ionization. To calculate the tra
verse profile of the fluorescence we developed a mode
which electron expansion after the laser pulse is conside

A. Propagation of the fundamental field

In an ionized gas, pulse propagation is affected by diffr
tion, refraction, nonlinear self-focusing, ionization, a
plasma defocusing. The pulse evolution in such a medium
described by the wave equation which can be written as@19#

¹2E12
1

c2

]2E1

]t2
5

v2

c2
~12he f f

2 !E1 , ~1!

where E15E1(r ,z,t) is the transverse electric field of th
laser, of frequencyv. Axial symmetry is assumed, therefo
cylindrical coordinates are used throughout. The effective
fractive index of the medium can be written as

he f f~r ,z,t !5h0~r ,z,t !1h2I ~r ,z,t !2
vp

2~r ,z,t !

2v2
. ~2!

The first linear termh0511d12 ib1 accounts for the re-
fraction (d1) and absorption (b1) while the second term ac
counts for the optical Kerr nonlinearity depending on la
intensity I. Finally, the third term contains the plasma fr
quencyvp5(4pe2ne /m)1/2 and accounts for the presenc
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of a densityne of electrons~of massm and chargee) per unit
volume. Keeping, at this stage, only the real terms in
refractive index, Eq.~1! becomes

¹2E12
1

c2

]2E1

]t2
5k2S vp

2

v2
22~d11h2I !D E1 . ~3!

The method adopted to solve Eq.~1! is described by Priori
et al. @17# and will only briefly be mentioned here. We writ
the equation in the moving frame, and, after performing
paraxial approximation, eliminate the temporal derivative
a Fourier transform, and obtain the equation

¹2Ẽ12
2iv

c

]Ẽ1

]z
5FTF k2E1S vp

2

v2
22~d11h2I !D G , ~4!

where FT is the Fourier-transform operator acting on t
temporal coordinate andẼ1(r ,z,v)5FT@E1(r ,z,t)#. We
mention that Eq.~4! is solved taking into account only th
electrons plasma term. From the numerical point of view,
right-hand side of Eq.~4! has both an implicit~through
plasma frequency term andh2I term! and an explicit depen-
dence onE1. For this reason it was solved self-consisten
in every dz step as follows. After advancing the solutio
E(r ,z,v) by a Crank-Nicolson scheme, we calculat
E(r ,z,t) by the inverse Fourier transform, then we evalua
again the right-hand term of Eq.~4!, first in thet domain and
then in thev domain. The Crank-Nicolson scheme was a
plied again on the same stepdz and a newE(r ,z,v) solution
was obtained. The iteration was repeated until the differe
between the new and old solutions was under an impo
threshold.

The imaginary part of the refractive index was also co
sidered in order to estimate the damping of the wave dur
propagation. We assume that the energy lost by the puls
solely due to having to supply energy for ionization. To fin
this contribution we proceed as in Ref.@20#, by writing the
energy balance for the ionization process: the energy los
the pulse betweenz andz1dz is the opposite of the energ
gained by the electrons in the same interval. One obtains
imaginary contribution to the refractive index asg
5(n0I pwl)/4pI , wheren0 is the atomic density,I p the ion-
ization potential, andw the ionization rate for an averag
intensity I. The energy loss was estimated for each (r ,z)
point after every successful integration step, and the dum
field was used in the next integration step. In general,
quantity is small: for the highest ionization case conside
here, we obtained a loss of energy by ionization of 1.1%

To start the calculations we used themeasuredenergy
Epulse and durationtp of the pulse to calculate the pea
intensity, I 052Epulse/(pw0

2tp). A Gaussian distribution in
time and space was considered for the laser beam; the b
waist was approximated asw05 f l/D, whereD is the diam-
eter of the iris used to truncate the beam before focussing
placing the interaction cell in a specificzL position, theE1
initial and boundary values, needed to start solving
propagation equation, were calculated. In order to avoid
8-7
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flection effects from the boundaries, we set the integrat
region radius to be four times larger than the beam wais

B. Ionization model

The ionization of rare-gas atoms in a high-intensity la
field is a complex and computationally demanding proble
It is not the goal of our study, but choosing an appropri
yet computationally simple model for ionization is importa
for a realistic description of ultrashort pulse propagation.

For the calculation of the Xe ionization rate, a mixe
model was adopted. The intensities generated under ou
perimental conditions range from 1013 W/cm2 to about 2.5
31014 W/cm2. Depending on the laser intensity, the creati
of free electrons can be described by one of the follow
models: tunneling or multiphoton ionization~MPI!. The
separation between these regimes is given by the Kel
parametergK5A2I p /Up, where Up5E2/4v2 is the pon-
deromotive energy. ForgK,1, the tunnelling regime is
dominant and the ionization ratew(t) can be well described
by the ADK formula@18#. In atomic units it can be written a

w~ t !5I pCn*
2 S 4I p

V t
D 2n* 23/2

expS 2
4I p

3V t
D , ~5!

with

Cn*
2

5
22n*

n* G~n* 11!G~n* !
, ~6!

being a constant depending on theG Euler function and

V t5
uE~ t !u

A2I p

, n* 5Z~ I ph /I p!, ~7!

whereZ is the net resulting charge of the ion (Z51 in our
case! and I p and I ph are the ionization potentials of Xe an
hydrogen atoms, respectively.

For gK.1, the multiphoton regime is the strongest effe
and the rates were used as calculated by Kulander@21# for
the valencep shell of Xe. As the calculated MPI rates a
given in Ref. @21# for 293 nm, 586 nm, and 1064 nm, a
interpolation was carried out to find the rates for 800 nm.
mention that, forgK close to unity, the ADK and MPI rate
have closed values so that a smooth rate dependence on
intensity was obtained.

Ultrafast ionization rates of Ar were recently measur
@22# using a pump-probe technique. The ionization rates
ported were used to build up an interpolating polynom
from which the rates for a given instantaneous intens
could easily be calculated. The resulting rate values w
found to be smaller but close to the ADK rates corrected
intensity with a 1.7 factor, as described by Augstet al. @23#.

C. Modeling fluorescence

In modeling the fluorescence signal which we measur
the basic assumption we make is that the observed fluo
cence originates from the ions, thus, its intensity is prop
02380
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tional to the local ion concentration. In addition, we assum
that the ion concentration is equal to the electron concen
tion ne(r ,z,tp) at the end of the laser pulse. These assum
tions are true only if we neglect multiple~mainly double!
ionization processes in the interaction region and assume
ionization efficiency in the electron-atom collisions. Th
agreement with experimental data suggests that, for a qu
tative description of the fluorescence, the above assumpt
can be made in our experimental conditions.

As mentioned before, to obtain the fluorescence profi
along the propagation direction, the measured data were
tegrated in the transverse direction. As a result, the fluo
cence signalS(z) can be linked to the radially integrate
electron concentration,

S~z!;E ne~r ,z,tp!rdr , ~8!

over the interaction region. An unknown parameter is the
distribution in the vicinity of the two pinholes, but it wil
only influence the fluorescence signal for about 5 mm a
the input pinhole. On no physical grounds but solely to fit t
data, we used the rational functiony51.1x/(0.11x), with x
in mm, to describe the gas distribution for this region. F
the rest of the cell the density was assumed to be const

The transverse profiles of the fluorescence were meas
over aDz52 mm thin region, and therefore we can rela
them to the radial profiles of the electron concentration. O
basic item of information which we required, the time depe
dence of the fluorescence signal, was measured for Xe
using a fast photodiode and a BG40 filter which transmits
the 300–700 nm spectral region. The measured signal sh
a main spike of about 25-nsec FWHM, followed by a slow
decrease with a time constant of about 150 nsec. For
Torr, the amplitude of the first peak is about eight tim
higher than the amplitude of the decreasing part. With
creasing pressure the slow decreasing part gains ampli
relative to the spike. It is therefore reasonable to assume
the spike is due to radiative transitions between the exc
levels of the ions, while the slower decreasing part is flu
rescence induced by electron-atom or electron-ion collisi
during electron expansion out of the interaction region. O
fluorescence signal was measured as an average over
spans much longer~microseconds! than the plasma fluores
cence time span. Therefore, the electron expansion had t
taken into consideration and was described by a
advection-diffusion equation,

]n

]t
1

]~nv !

]y
2

]

]y S D
]n

]yD50, ~9!

whereD is the diffusion coefficient of the electrons, of de
sity n, in the neutral atoms, andv is the velocity with which
electrons expand from the interaction region. The equa
was solved numerically by assuming initial conditions sim
lar to the electron density distribution created by the la
pulse. This distribution could be obtained by solving t
propagation equation for the laser field. At every integrat
step, the solutionn(y,t) of Eq. ~5! was weighted by the
8-8
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EXPERIMENTAL AND THEORETICAL ANALYSES OF A . . . PHYSICAL REVIEW A68, 023808 ~2003!
fluorescence intensityI f(t) and was eventually used to ca
culate the fluorescence signalS(y) as

S~y!;E n~y,t !I f~ t !dt. ~10!

The parameters of the model are the diffusion constantD, the
velocity v, and the initial electron distribution in the intera
tion region. In fitting the experimental data obtained for d
ferent experimental conditions, these parameters were
justed so as to obtain a best fit between the meas
transverse profile andS(y). Conventionally one should solv
Eq. ~5! in cylindrical coordinates and perform an addition
averaging to transform the radial profiles into transverse p
files in order to compare with experimental data. Solving E
~5! in Cartesian coordinates without averaging is an appro
mation that may affect the values ofD and v but not their
qualitative dependence on experimental conditions. The t
step was chosen to be sufficiently small~10 ps! to ensure the
independence of the results from this parameter. The inte
tion region was chosen to be sufficiently large~25 mm! that
the boundary conditions would not influence the calcula
solution.

IV. RESULTS OF NUMERICAL SIMULATION

In the beginning of this section, we show some resu
obtained by solving Eq.~1!, as these results help us to e
plain the fluorescence profiles. For two typical cases for
and Ar we demonstrate that the solution of the propaga
equation presents, in the case of Xe, a channeled struc
even in the absence of Kerr nonlinearity. For Ar this struct
did not occur. As we saw in the experimental section,
fluorescence profiles, both in the axial and in the transve

FIG. 10. Calculated ionization fraction in the interaction regi
for Xe ~a! and Ar ~b!. Panels~c! and~d! show the radial profiles of
the quantity (12he f f)31026 at z55 mm ~dashed lines! and z
590 mm ~solid lines! for Xe and Ar, respectively. Cell position
zL50 in both cases.
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direction, appear different in the two cases.
The calculated electron densities are shown in Fig. 10

the two typical cases studied for Xe~a! and Ar ~b!. The
position of the 10-cm cell is the same in both cases, nam
zL50. The 10-mJ pulse induces an almost full ionization
Xe and the initial ionization profile, and following the initia
laser intensity profile, transforms gradually into a chann
like profile, with an almost flat central profile, and a sha
decrease at about 250mm. In the channeling region the fiel
intensity keeps fairly constant. On the other hand, the 20
pulse in Ar induces a lower fraction of ionization, and th
initial defocusing continues along the propagation and p
duces a continuous decrease in the laser intensity.

Usually, channeling occurs@19# when a balance betwee
Kerr self-focusing and electron defocusing takes place. Ho
ever, in our range of pressures and field intensities, the K
contribution to the refractive index is small compared to th
given by the electrons. Therefore, it seems unlikely that
ionization nonlinearity alone, without any focusing nonli
earity, can be a sufficient mechanism for guiding of an
trashort laser pulse. However, the data in Fig. 10~a! suggest
that the ionization profile formed initially is able to drive th
formation of a channeled structure. On the other hand,
case shown Fig. 10~b!, where the channel is not formed
suggests that the initial electron concentration must reac
certain threshold in order to lead to the channel formation
both cases, the electron plasma acts as a diverging lens
decreasing focal power asr increases. The initial laser wav
front will change its radius of curvature more in the cent
and less in the peripheral regions. In particular, this radius
curvature becomes infinite when@24# the change of the index
of refraction in the radial direction verifies the equation

dhe f f5
l2

2p2w0
2

, ~11!

wherew0 is the waist size of the laser beam andl is the
wavelength. For both our cases the geometrical facto
l2/2p2w0

250.6531026 for w05230 mm. From the data for
Xe in Fig. 10~c!, it results that, atz55 mm, thedhe f f in-
crement required by Eq.~11! is satisfied for a radius o
around 200mm. For an index change in excess of that giv
by Eq. ~11!, the laser intensity decreases due to an increa
divergence from the plasma lens. This gradually decrea
the ionization level down to a self-regulated level. Forz
590 mm @see Fig. 10~c!# this self-regulated regime is
reached and one can see that the increment in the refra
index verifies Eq.~11!. As was earlier anticipated by Ranki
et al. @24#, and later confirmed by computer calculatio
@25–27#, such a distribution of the refractive index can gui
an electromagnetic wave in the form of a leaking mode w
exponentially small losses over distances of many free R
leigh lengths. This regime of guiding can be seen in F
10~a!.

For Ar, the situation is different: atz55 mm @see Fig.
10~d!# the variation of the refractive index is much small
than it is in Xe. As one can see, Eq.~11! is fulfilled for a
radius of 20–30mm which is too small to generate a sel
8-9
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guided structure. As a result, the intensity continuously
creases and no top-hat configuration is observed in the
tral part of the beam.

The fluorescence profiles along the propagation direct
calculated for Xe, are presented in Fig. 12. The parame
used for calculations, pulse energy and duration, cell posi
with respect to the focus, and gas pressure are identical
the experimental conditions.

As is evident from Fig. 12, the agreement with the me
sured intensities in Fig. 5 is very good; the slight differenc
concerning the slope of the curves could be attributed to
ionization model used or to the uncertainities connected w
the cell position with respect to the focus.

In Fig. 11 we present similar data for Ar. Again the e
perimental data were used as input parameters in the ca
lations. However, in this case we could find agreement w
the experimental data in Fig. 4 only after assuming a 10-
shift in the cell position, namely, assuming thezL5210, 0,
and 10 cm, instead of the measured positionszL50, 10, and
20 cm, respectively. The amplitudes of the fluorescence
tensities in the three cases, with the highest amplitude for
assumedzL50, also support this shift. The disagreement
however, tolerable, because under our loose focusing ge
etry, with a Rayleigh length around 21 cm, an uncertainity
up to several centimeters in the cell position is quite possi
On the other hand, the cell position is determined in air us
low energy pulses. The entrance window might have an
fluence on the focus position, as the pulse energy increa
Indeed, for Ar we used higher energy pulses than for
which might have a greater influence on the focus positi

We note that the ratios between the calculated intens
for different working conditions were also found to be

FIG. 11. Calculated fluorescence axial profiles for Ar. Para
eters of the calculations are specified for each case.

FIG. 12. Calculated fluorescence axial profiles for Xe. Para
eters of the calculations are specified for each case.
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reasonable agreement with the corresponding experime
values.

For Ar, the axial distributions of the fluorescence on
slightly deviate from what a Gaussian distribution of the fie
would create for the same cell position. As the scale uni
the same in Fig. 12 and Fig. 11, we can see that the inte
ties are around one order of magnitude lower for Ar, th
there is a much lower electron density.

The Xe fluorescence data, both axial and transverse,
hibit different features because they originate from from
field configuration under channeling condition. To discu
these data further we refer to Fig. 13 where we plotted,
z55 mm andz550 mm, the calculated radial dependen
of the ionization fraction and intensity for Xe. From th
figure, we see that, forzL525 andzL535 cm, the channe
formation is less evident. ForzL535 cm, neither the elec
tron nor the field intensity exhibit top-hat radial profiles
z550 mm. This is mainly because the intensity at the inp
pinhole is too low to generate the required refractive ind
variation. In thezL50 case, this top-hat profile is clearl
seen in both the radial distributions in Fig. 13.

In Fig. 13 we also see that, regardless of the input pinh
position, the intensity in the channel clamps to a se
regulated value which is decreased only slightly by incre
ing zL and thus by decreasing initial intensity. However, t
change in fluorescence intensity, as seen from Fig. 12~a!,
seems stronger. One explanation is the nonlinear depend
of the ionization yield on intensity. Another effect, acting
the same direction, is a higher channel radius for a hig
incident intensity. The higher the incident intensity, t
higher the radius for which Eq.~11! is verified. This effect
will also affect the harmonic field intensity, as we will se
further.

The data in Fig. 12~b! can be explained in the same term
as input energy increases, both the increase of the intensi
the channel and the increase of the channel radius will ca
an increase in the total fluorescence signal. However,
mention that, as seen also from the experimental data in

-

-

FIG. 13. Calculated radial profiles for the ionization fraction a
intensities~in the inset! for z55 andz550 mm, with Xe, 0.6 Torr,
10 mJ. From top to bottom, the families of curves correspond
zL50, 15, 25, and 35 cm, respectively.
8-10
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5, the higher the input energy, the faster the decrease o
fluorescence along the propagation direction. This implie
faster channel degradation which will limit the harmon
phase matching, and thus the conversion efficiency.

The results in Fig. 12~c!, for different gas pressures, ca
be explained by analyzing the computed results for the e
tron density. At 0.2 Torr, the channel is not formed, and
electron density configuration is similar to that in Fig. 10~b!.
Comparing the 0.6-Torr and 1.0-Torr cases, where chann
structures occur, the computed result shows that the hig
the gas pressure the lower the electron concentration.
required refractive index increment, such as that satisfy
Eq. ~11!, is the same in both cases, however, outside
channel the refractive index will be higher for higher pre
sures, as it is proportional to the density of neutrals. T
fluorescence will be therefore less intense for higher p
sures, as shown in Fig. 12~c!.

The features of the channeled propagation were fur
analyzed by modeling the transversal profiles for the cas
Xe. Preliminary low-resolution data, not shown here, rev
that fluorescence extends for more than 3–4 mm, far fr
the beam axis. On the other hand, the fluorescence signa
a peak of about 25-nsec FWHM followed by a much wea
and longer~150-nsec! decay. This indicates that fluorescen
is produced by particles moving with velocities
104–105 m/s which cannot be attributed to ions escap
from the interaction region, but rather to the electrons t
gained a kinetic energy equal to the ponderomotive energ
the laser electric field. While expanding, these electrons
ize Xe atoms and induce a contribution to the total fluor
cence, mainly outside the interaction region. For an inten
I 51014 W/cm2, the electron velocity is around 1.
3106 m/s. At this energy the momentum transfer cross s
tion between electrons and Xe atoms@28# is 3
310215 cm2, which, under our experimental condition
yield an average time between collisions of 6 nsec an
diffusion coefficient of 53107 cm2/s. These are only rough
estimations, but they assist us in building up the model.
must mention that in solving the equation for the plas
evolution, the inclusion of the diffusion term in Eq.~5! was
necessary. We could not obtain a reasonable fit with m
surements by considering only the advection term in Eq.~5!
to describe the electron expansion. A recent study@29# of the
propagation of laser generated plasma into low-press
gases advanced a similar conclusion: computation that d
not include diffusion effects can adequately describe only
earliest stage of plasma expansion into background gas.

We present in Fig. 8 the experimental and calcula
transverse profiles of the fluorescence produced by 0.6
of Xe, irradiated with 10-mJ, 35-fs laser pulses, for differe
positions of the input pinhole with respect to the focus. T
observation point was atz55 mm from the input pinhole.
The equivalent data for an observation point atz550 mm
from the input pinhole are presented in Fig. 9.

As mentioned before, the parameters of the model are
diffusion constantD, the velocityv, and the initial electron
distribution in the interaction region. To simulate the initi
electron distribution we refer again to Fig. 13. In the fit w
assumed a constant densityn0 for r<r 0, continued with a
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Gaussian distribution with a 1/e width equal tow0, for r
.r 0. In this way, thez55 mm case and thez550 mm case
in Fig. 13 could be treated by settingr 0Þ0 andr 050, re-
spectively. The values obtained for a best fit are presente
Table II for bothz55 mm andz550 mm. They should be
regarded as indicative parameters from which one can de
qualitative information about the kinetics of the plasma a
the channel formation.

For z55 mm, the distribution of the electrons could b
well fitted with a Gaussian of 150mm 1/e width. The ob-
tained width is in very good agreement with the calcula
data in Fig. 13. Also, herer 050 because, as seen from Fi
13, at z55 mm we do not have a flat central distributio
and the channel formation occurs only after 4–5 cm of pu
propagation.

For z550 mm, the top-hat distribution is clearly seen
the experimental data in Fig. 9 forzL50 and zL515 cm,
and is reflected in ther 0540-mm values obtained for thes
zL values. The total width of the distributionr 01w0
5170 mm is somewhat lower than the theoretical val
(;250 mm) shown in Fig. 13. A first reason could be th
overestimation of the ionization rates used for simulatio
The higher the rates used, the larger the resulting cha
diameter. However, the ionization rates yielded a good ag
ment in the calculation of the axial profiles of the fluore
cence, so this does not seem to be the reason. We believe
the reason originates in the differences between the real l
beam~which is a truncated and focussed Gaussian! and the
ideal Gaussian distribution which we used in the calculati
The particular mechanism of channel formation, as descri
above, is sensitive to the initial radial distribution of the las
intensity. Indeed, as mentioned earlier, the measured b
waist is around 210mm, while we started the calculatio
with a theoretical value of 230mm as estimated@30# from
the iris diameter.

The values obtained for the diffusion coefficient and ele
tron velocity provide additional information about the fie
configuration in the channel. Forz55 mm the calculated
intensity on z axis decreases from 231014 W/cm2 for zL
50 to about half that forzL535. Correspondingly, the ve
locity parameter in the fit decreases from 53108 cm/s to 2
3108 cm/s. The diffusion coefficient also decreases in ab
the same proportion. Forz550, however, the field varies
much more slowly withzL , being around 1014 W/cm2 for all
cases. Accordingly, thev parameter is maintained practical
constant at around 23108 cm/s.

The diffusion coefficient is, in general, inversely propo

TABLE II. Values of the parameters obtained from fitting th
transverse profile data. Bothz55 mm and z550 mm data are
given, in the form (z55)/(z555).

zL r 0 w0 D3106 v3108

~cm! (mm) (mm) (cm2/s) (cm/s) n0
f i t n0

theor

0 0/40 150/130 52/35 5.0/2.0 92/38 92/38
15 0/40 150/130 43/30 4.2/1.9 58/25 78/2
25 0/0 150/180 25/26 3.0/1.9 37/15 48/18
35 0/0 150/180 20/22 2.0/1.9 12/5 22/10
8-11
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tional to the pressure and directly proportional to~tempera-
ture! 3/2. This means it would decrease linearly with increa
ing electron concentration, and increase higher than line
with increasing laser intensity. The overall trend is a decre
of D with increasingzL , which is more pronounced forz
55 mm, where the variation of the laser intensity is stro
ger.

To clarify the relationship between channel formation a
harmonic generation, we performed a phase-matching an
sis using the graphical method of Balcouet al. @31#. For H13
in the case of Xe, we calculated the polarization wave vec
askpol513“@f1(r ,z)#1“@aI (r ,z)#, wheref1 is the fun-
damental field phase anda is the phase coefficient@32# for
harmonics generated in the plateau. Following Ref.@31# we
define a coherence lengthLcoh5p/dk where dk52pq/l
2ukpolu. We want to point out thatI (r ,z) and f1(r ,z) are
here obtained from the calculated solution of the propaga
equation, andnot from the unperturbed fundamental fiel
The advantage of this procedure is that all the nongeom
cal effects ~dispersion, absorption, and ionization! are al-
ready included inLcoh , thus, one need not consider the
separately as is usually done~see, for example, Ref.@33#!.
Once the propagated field is known, the above descri
calculation of the coherence length is a computationally
expensive but useful approach to studying the harmo
generation. It avoids the lengthly calculation of the atom
polarization and harmonic field, while still giving valuab
information about harmonic phase matching.

We calculated the coherence lengths for case~a! in Fig.
10. The 2D map in an (r ,z) coordinate system is shown i
Fig. 14. Only the central part is of interest for us, since
r .250 mm the field intensity vanishes. Also, the region
highest coherence length, observed aroundz51 cm, is not
interesting for us because the ionization level in this regi
as seen from Fig. 10, is close to unity, and thus gas polar
tion will vanish. Our interest is in the region withz.5 cm
and r ,200 mm, where ionization is around 15% and th
coherence lengths are high, being in general greater th
cm. We conclude that in this region~labeled A in Fig. 14!,
which corresponds to the channeled region in Fig. 10, h
monics generate and propagate under phase-matching c
tions. This example clearly demonstrates the intrinsic l
between the channel formation and the efficient genera
of harmonics. The basic reason is that, in this region, b
the intensity and the phase of the fundamental field exh
almost no variation, either axially or radially. Region A has

FIG. 14. Calculated 2D maps of the coherence lengths for
13th harmonic in Xe. Intensity and phase of the fundamental fi
are taken from configuration~a! in Fig. 10.
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large volume which means a high efficiency and a high h
monic energy. Also, it is topologically compact and situat
close to the propagation axis, which means that the gener
harmonics will generate and propagate close to the axis w
low divergence.

Based on the mechanism of channeling formation, we
give a qualitative explanation for the data in Fig. 3. T
decrease of the harmonic field with increasing the distanczL
between the input pinhole and the focusing lens can be
plained as follows: the lower the intensity at the input p
hole, the smaller the radius for which Eq.~11! is satisfied.
This can be clearly seen in the inset of Fig. 13. A slig
decrease of the field intensity inside the channeled region
zL increases, can also contribute to the decrease in the
monic field produced, however, we believe that the m
effect is a volume effect. A complete calculation of the h
monic field could better estimate the relative importance
the two effects. However, we should mention here thatzL
50 might not be the optimum lens position in terms of co
version efficiency. We did not scan the lens positions
negative values ofzL , i.e., cell in the converging beam. Th
purpose of the present study was not to search for the o
mum lens position but to reveal the relationship betwe
channel formation and HH generation in the channel.

The dependence of the harmonic field intensity on
incident intensity for a constantzL can also be explained in
similar terms: the higher the incident intensity, the higher
radius of the formed channel. For example atz550 mm, for
Xe at 0.6 Torr, andzL50 ~corresponding to the conditions i
Fig. 12! the radii for which the intensity decreases by 1e
from its maximum are 255, 290, and 310mm for incident
energies of 7, 10, and 12 mJ, respectively. From 7 mJ to
mJ this represents an increase of almost 50% in the c
section. The average values of the intensity in the channe
these three pulse energies are 0.93, 1.04, and
31014 W/cm2, respectively, thus, there is a much smal
variation.

The pulse propagated in Ar does not generate a s
guiding structure and for this case an even simpler and m
practical 1D approach for the phase-matching calculation
be applied. As the ionization is sufficiently low to be neg
gible, balancing the Gouy phase of the unperturbed be
with the phase due to dispersion by neutrals proved to
sufficient to predict the optimum working pressure. O
course, as the ionization level increases, the phase-matc
calculation should include its influence, as illustrated abo

V. CONCLUSION AND SUMMARY

In this experiment, we performed simultaneous measu
ments of plasma fluorescence and harmonic yield in Ar a
Xe, in a long static cell at high pumping energies and loo
focusing geometry, using 35-fs pulses from a Ti:sapphire
ser. Axial and transverse profiles of the plasma column w
measured under several experimental conditions with the
of characterizing the pulse propagation. From the plas
fluorescence profiles we demonstrate that, under the g
experimental conditions, pulse propagation in Xe is ch
neled. A 3D nonadiabatic propagation model was used

e
d
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calculate the field configuration in the interaction region a
to explain the channel formation. A model developed to c
culate the transverse plasma profiles can adequately re
duce the experimental data and confirm the channel for
tion. On the basis of the experimental results and simulat
we showed that channel formation greatly enhances the
monic yield because in the channel propagate under ph
matched conditions.

On the other hand, the channeled plasma structure wa
observed in the Ar case up to 20-mJ input energy. Since
input laser energy was limited by pump pulse SPM at
entrance window and focusing lens, the maximal input pu
.A

N
.

i

a

e,

p

p

.L

.

.
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energy was set at 20 mJ. By using an input laser energ
higher than 20 mJ without the SPM effect, we may expec
generate higher energy HH and channeling structures u
the phase-matched condition.
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