
VOLUME 82, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 7 JUNE 1999

ance
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Monomode guiding over 100 Rayleigh lengths (10 cm) of high intensity ultrashort laser pulses
(1016 Wycm2, 120 fs) has been demonstrated in hollow dielectric capillary tubes (45–70mm internal
diameter) without inner wall damage. Analytical predictions for coupling conditions and damping
length are confirmed experimentally for tubes under vacuum. With 5 to 40 mbar of He gas in the
tube, when laser ionization occurs the energy and duration of the transmitted pulse decrease while its
spectrum is broadened. [S0031-9007(99)09293-5]

PACS numbers: 52.40.Nk, 52.25.Jm
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Many applications based on the interaction of a sho
intense laser pulse with a gas or a plasma, such as la
particle acceleration [1], x-ray laser [2,3], and harmon
generation [4], require an interaction lengthL well in
excess of the Rayleigh lengthszRd of the laser beam.
For example, the dephasing length of an ultrarelativist
electron injected in a plasma wave generated by the la
wakefield mechanism, as in Ref. [5], typically exceed
1000zR . Guiding the same intensity over 1 msL ­
1000zRd instead of 1 mm would increase the energy ga
from a few MeV to a few GeV. In order to propagate
high laser intensities over distances significantly long
than zR, the laser beam has to be guided. Convention
guiding structures such as solid-core fiber optics cann
be used to guide laser beams at intensities exceeding
glass breakdown threshold. Moreover, the applicatio
mentioned above rely on the interaction of the laser bea
with gas or plasma inside the guiding structure.

Various mechanisms have been proposed to guide
high intensity laser pulse in a plasma. They are bas
on an appropriate modification of the transverse profi
of the refractive index of the plasma. For sufficientl
high laser powers, the refractive index can be modifie
by the laser pulse itself and lead to relativistic and/o
ponderomotive self-channeling [6]. Alternatively, Durfee
et al. [7] have demonstrated that a long laser pulse c
create a plasma channel [7–9] in which a short las
pulse can be guided over more than70zR. The guiding
of an intense (1016 Wycm2) laser pulse has also been
demonstrated in a plasma channel created by a sl
capillary discharge [10]. In all of these schemes, th
guiding conditions fix the electron plasma density and i
spatial profile. However, many applications need plasm
parameters very different from those required by th
laser guiding, and would benefit from a guiding structur
existing independently of the plasma.

The use of hollow capillary tubes as a guiding struc
ture is attractive for laser plasma interaction over lon
0031-9007y99y82(23)y4655(4)$15.00
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distances. In this case, the laser pulse is guided by
tube inner wall and the plasma can be provided by t
ionization of a gas filling the tube. Guiding of high in
tensity laser pulses in hollow capillary tubes has been o
served in a few experiments [11,12]. The guiding w
multimode, leading to a complex transverse intensity pr
file and a low group velocityyg. Inner wall breakdown
has been observed at high intensities [11].

In opposition to multimode guiding, monomode guid
ing gives a smooth transverse profile, a highyg of
particular interest for laser-plasma acceleration [5], a
a small attenuation. This last property also minimiz
the energy transfer to the inner wall, reducing the ri
of wall breakdown that could damage the tube. Mor
over, because each mode has its ownyg, guiding an
ultrashort pulse without temporal dispersion requires
monomode propagation. Monomode guiding in dielectr
tubes filled with gas has been used for laser applicatio
[13,14], but at intensities below the gas ionization thres
old s,1014 Wycm2d.

In this Letter, we report monomode guiding of a 120
laser pulse at an intensity up to1016 Wycm2 in hollow
dielectric capillary tubes as long as 10 cm (100zR) without
apparent inner wall breakdown. The tube was und
vacuum or filled with helium gas at pressures up
40 mbar.

In order to understand our experimental results, we us
an analytical model that describes the laser beam propa
tion in a hollow capillary tube. Assumingl (laser wave-
length)ø a (inner radius of the tube) and resolving th
Maxwell equations, the propagation inside the tube can
calculated in term of modes with a perturbative treatme
The zero order (electromagnetic field equal to zero ins
the wall) gives the different modes, while the first orde
gives their damping lengths [15]. In our conditions, th
incident laser beam has a linear polarization and a cyl
drical symmetry around the propagation axisz. It is pos-
sible to build a base of modes adapted to this incident fie
© 1999 The American Physical Society 4655
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In this base, only a group of modes indexed by an int
ger n is excited. Their transverse intensity profilesInsrd
present a Bessel-like shape:Insrd ­ J2

0 san,0ryad, where
an,0 is thenth zero of the Bessel functionJ0. The corre-
sponding dispersion equations are´v2yc2 ­ k2

n 1 k2
'n,

wherekn is the wave number of thenth mode,´ is the
dielectric constant of the medium inside the tube (´ ­ 1
in vacuum), andk'n ­ an,0ya is the transverse compo-
nent of the wave vector. The relativistic factorgg,n asso-
ciated with the group velocityyg,n of moden is given by
gg,n ­ s2pyan,0d sayld. For a dielectric hollow capillary
tube (dielectric constant́w), the damping lengthLd,n of
thenth mode for the electric field is given by

1
Ld,n

­ Im

"
a

2
n,0

2a3

√
l

2p

!2
s´ 1 ´wd
p

´ 2 ´w

#
.

For solid-core fibers,́ . ´w and no damping oc-
curs. With hollow capillary tubess´ ø 1 , ´wd, the
electric field of the moden is multiplied by the factor
exps2LyLd,nd after a propagation distanceL. Associated
with this damping, one can calculate the laser intensi
contrast between the axissr ­ 0d and the vicinity of the
tube wallsr ­ ad:

Insr ­ ad
Insr ­ 0d

­

"
J 0

0san,0d
4p
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´ 1 ´w

p
´ 2 ´w

É2 √
l

a
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As an,0 increases with the mode ordern, one can
conclude that the fundamental mode (n ­ 1, also called
EH11) has the smallest transverse gradients and damp
rate and the highestyg. In addition, for a given intensity
on the axis, it has the smallest intensity on the tube inn
wall, decreasing the risk of wall breakdown. Witha ­
25 mm, l ­ 0.8 mm, ´w ­ 2.25 (glass), ´ ­ 1 (vac-
uum), andn ­ 1 sa1,0 ­ 2.405d, one getsgg,1 ø 81.6,
Ld,1 ø 11.5 cm, andI1sr ­ adyI1sr ­ 0d ø 1024.

For a beam guided in the fundamental mode, the angle
incidence on the wall surface is typically equal topy2 2

k'1yk1 ø py2 2 1.2 3 1022 with the above laser and
tube parameters. Since the electric field transmitted in
the wall is much lower at this grazing incidence, the wa
breakdown threshold might be higher by a factor 10 to 10
than the value of1013 to 1014 Wycm2 obtained for glass
at normal incidence [16]. So, with the above parameter
it seems possible to guide up to1020 Wycm2 on the laser
axis, without ionizing the tube.

In the experiments, the incident beam is focused o
the entrance plane of the tube. The on-axissr , ad
part of its energy is projected onto the different mode
while the outer shellsr . ad is lost in the entrance wall
of the tube. To couple the largest part of the inciden
laser energy into the fundamental mode EH11, the radial
size of the incident beam has to be adapted to the tu
inner diameter. Assuming a Gaussian incident beam w
an electric fieldEsrd ~ expf2sryw0d2g, the best entrance
coupling into the EH11 mode is obtained whenw0ya ­
0.6435 [17]. More than 98% of the incident energy is
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then transferred into the fundamental mode, inducing
quasiperfect monomode guiding.

The experiment was performed at the Laboratoir
d’Optique Appliquée with 10 Hz, 30 mJ, andt ­ 120 fs
(FWHM) linearly polarized laser pulses of central wave
length l ­ 0.8 mm. The beam (diameter at1ye2 in
intensity equal to 25 mm) enters a vacuum chamber and
focused by afy8 plano-convex MgF2 lens on the entrance
plane of a collinear capillary tube. A small parts,1%d
of the beam is sent before focusing to a calibrated phot
diode and to a second order single-shot autocorrelato
The capillary tube is mounted on a target support wit
5 degrees of freedom (thex-y-z translations and theux-uy

rotations). A fy4 MgF2 lens images the output plane
of the tube on the slit of an imaging spectrometer. Th
output beam is split into three parts: 96% of the outpu
energy goes into a calorimeter, 2% to the autocorrelato
and the last 2% into the spectrometer coupled to a 16 b
CCD camera. The specular reflection of the spectromet
grating gives the image of the laser focal spot, while th
first order gives its spectrum.

In a first part of the experiment we tested the guiding in
tubes under vacuum. We tested tubes with radiia ­ 20
to 35 mm andl ­ 1 to 10 cm. By reducing the beam size
(diaphragm) before focusing, the radiusw0 of the incident
laser focal spot was varied from 14 to 46mm. In this
parameter range, only the mode EH11 was observed at the
tube output plane. The laser pulse duration, frequenc
spectrum, and polarization at the input and output of th
tube have been measured for several tubes and incide
energies. No significant modification has been observed

A typical transverse intensity profile at the output plane
of a tube (a ­ 30 mm; L ­ 5.4 cm) is shown in Fig. 1
for two incident focal spot radii. Independently ofw0
and in agreement with the theoretical value of1024, the
contrast ratio of the intensity measured between the tub
axis and the vicinity of the inner wall is better than1023

(measurement limited by the scattered light emitted by th
tube wall).

FIG. 1. Normalized radial profiles of the laser focal spot a
the input (dashed line) and the output plane (full line) of a
(a ­ 30 mm; L ­ 5.4 cm) tube, for two incident beam waists.
Bold line: measurement; thin line: Gaussian fit.
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To study the beam coupling, we measured the transm
sion in energy versus the incident focal spot radius.
typical result is presented in Fig. 2 for three tube diam
ters. The theoretical transmission is also presented
these three tubes. As expected, the coupling of the incid
beam into the mode EH11 is maximum whenw0ya ø 0.64.
For a perfect Gaussian beam, the analytical model pred
that the best coupling isCg ­ 98%. The energy trans-
mission in the fundamental mode (i.e., the output ener
measured in the mode EH11 divided by the total incident
energy) should beTg ­ Cg expf22sLyLd,1dg. However,
measurements of the incident focal spot show that it is n
perfectly Gaussian and that the relative energy contained
the inner diameter of these three tubes is onlyCexp ø 97%,
87%, and 84%, respectively. For this reason, we replac
Cg by Cexp in the theoretical curves in Fig. 2. A good
agreement is obtained, indicating also that the damp
length is close to the theoretical value of the fundamen
modeLd,1. A small part of the incident energy could als
go in higher order modes, but this contribution is small
than the experimental error bars.

To study the damping length of a tube, we measur
its transmission for different lengths. To avoid chang
at its input, the tube was shortened by cutting its outp
side. The energy transmissionT versus the tube length
is presented in Fig. 3 for two tubes:a ­ 35 and 25mm.
The values ofT at L ­ 0 (i.e., the coupling factorCexp)
are, respectively, 84% and 78%, close to the energy ra
contained in a 35 (25)mm radius of the focal spot im-
aged without the tube. The experimental results are
ted by T ­ Cexpexpf22szyLddg. The best fit indicates
damping lengthsLd ­ 36 6 5 s12 6 1d cm for a ­ 35
(25) mm, close to the theoretical values for the fundame
tal modeLd,1 ­ 31.5 (11.5) cm. The energy transmis
sion factor has been measured for different incident en
gies. It remained constantsø15%d for incident intensities
from Iin ø 5 3 1014 to 5 3 1016 Wycm2 (Iout ø 1014 to

FIG. 2. Measured and theoretical transmission versusw0ya
for tubes withsssa smmd; L scmdddd ­ s35; 8.3d (circles and solid
line), s25; 8.3d (crosses and dotted line), ands22.5; 5.4d (squares
and dashed line). The theoretical curves are obtained by rep
ing Cg ­ 0.98 by Cexp ­ 0.97 0.87 and 0.84, respectively.
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1016 Wycm2). The beam waist adapted to the EH11 mode
wasw0 s­ 0.6435ad ø 16 mm. The associated Rayleigh
length can then be estimated tozR s­ pw2

0yld ø 1 mm,
indicating that an intensity larger than1016 Wycm2 has
been guided over100zR (10.5 cm). In a guiding experi-
ment made by Jackelet al. [11] with the same tube inner
radius but in a multimode regime, inner wall breakdow
was observed atI . 1015 Wycm2.

In the second part of the experiment, we studied t
guiding in tubes filled with gas or plasma. The interactio
chamber was filled with up to 40 mbar of He. Th
following results were obtained with tubes ofa ­ 25 mm
and L ­ 1.2 to 4 cm (ø 12 to 39zR). The measured
output intensity profile was always EH11-like. The tube
output was imaged at 90± on a spectrometer. At laser
energies above 20 mJ and pressures below 20 mbar,
spectral line at 587.6 nms1s2p-1s3dd of He I (atom) is
always observed. Electrons on the upper levels1s3dd
can come from a collisional recombination of He1 or
from multiphoton excitation of the ground state. Even
this last case, the gap between the energy of the up
level (23.07 eV) and the ionization energy (24.58 eV)
lower than the energy of a 0.8mm photon (1.55 eV),
so that multiphoton excitation will also lead to the atom
ionization. Thus, observation of this line at the tube outp
indicates that a plasma is created all along the tube (1.2
4 cm).

Figure 4 shows the transmitted laser spectrum measu
under vacuum and at 10 mbar, without and with tubesL ­
4 cm ø 40zRd. The rapid ionization of the gas in the fron
of the laser pulse induces a spectral blueshift. Becau
each temporal slice of the pulse sees a different elect
density variation, the blueshift effect also leads to a spect
broadening [18,19]. These effects are important only wh
the pulse is guided, confirming that ionization occurs ov
a length much larger than2zR and thatIout $ 1015 Wycm2

(also confirmed by theT , t, andw0 measurements at the
tube exit).

We observed that the transmission factorT decreases
when the laser ionizes the gas. For example, for a tu
with L ­ 1.2 cm, T decreases from50% 6 5% under

FIG. 3. Energy transmission measured as a function of t
tube length, for two tube radii:a ­ 35 mm (empty circles) and
a ­ 25 mm (filled circles). The curves are exponential fits
T ­ C exps22zyLdd.
4657
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FIG. 4. Transmitted laser spectra without and with a (a ­
25 mm, L ­ 4 cm) tube. The spectra are normalized to th
same integral.

vacuum to30% 6 5% in 20 mbar of He, and to only
10% 6 5% in 40 mbar. In addition, when the tube length
is increased to 4 cm, the transmission under vacuum
divided by 2.5sT ­ 20% 6 5%d, while it is divided by 6
sT ­ 5% 6 2%d at 20 mbar, indicating that not only the
coupling factor but also the damping lengthLd in the tube
are affected by the gas ionization.

The input and output pulse durations were also me
sured for different helium gas pressures and tube lengt
Without tube, the pulse duration was185 6 30 fs under
vacuum and175 6 50 fs at 20 mbar. At this same pres-
sure, but after a tube ofL ­ 2.5 cm, the duration was
110 6 15 fs. With a longer tubesL ­ 4 cmd, the dura-
tion was decreased from160 6 40 fs under vacuum to
65 6 15 fs at 20 mbar.

The decreases of the energy and of the duration of t
transmitted pulse have the same relative amplitudes a
occur only when the laser ionizes the gas. The ionizatio
induced refraction of the laser beam [19] could expla
these modifications. Refraction before the tube entran
tends to increase the size of the focal spot, and th
decrease the fraction of the energy injected inside t
tube (coupling factorCexp). We have demonstrated in a
previous experiment [19] that refraction acts on the seco
temporal part of the pulse, after the ionization. The fron
part remains on the laser axis, whereas the rest of
pulse spreads at the periphery. In the presence of a tu
the front wall blocks a part of these refracted rays. Th
transmitted pulse is then shortened. Refraction inside t
tube increases the contribution of higher order modes a
thus increases the energy lost in the inner wall that
the damping in the tube. If the first temporal part of th
transmitted pulse is not affected by ionization, the seco
part is more damped due to this refraction mechanis
inducing a duration decrease in the tube.

At high incident intensitys.1015 Wycm2d and a 10 Hz
repetition rate, we observed a shot-to-shot decrease
4658
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the tube transmission. After a few tens of laser shots
the entrance of the tube was melted, leading to a ze
transmission. This effect might be due to the poor radia
intensity contrast of the incident focal spot (cf. Fig. 1):
Because the laser absorption is higher at normal incidenc
the energy contained inr . a melts the front face of the
tube. If this does not affect single-shot experiments, hig
repetition rates will require a specific study of the lase
injection in the tube (for instance, using adapted cone
shaped input).

In conclusion, monomode guiding over100zR (10 cm)
of an ultrashort laser pulse at intensities up to1016 Wycm2

without any inner wall glass breakdown has been observe
for the first time in hollow dielectric capillary tubes. The
propagation in the tube has been studied under vacuu
and in up to 40 mbar of helium gas. In vacuum, the bes
entrance coupling condition, the damping length, and th
transverse intensity profile at the tube exit agree with th
analytical theory. In He gas and with incident intensities
of the order of1016 Wycm2, ionization occurs all along
the tubes40zRd. Ionization-induced refraction before and
inside the tube could explain the observed decrease of t
energy and duration of the transmitted pulse. In addition
we observed the broadening of the frequency spectru
required by the scheme proposed by Tempea and Brab
[18] for the generation of high-energy few-cycle optical
pulses.
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