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Guiding of High Intensity Laser Pulses in Straight and Curved Plasma Channel Experiments
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Experimental demonstration of optical guiding of a high intensitys.1016 Wycm2d laser pulse in a
1 cm long cylindrical plasma channel formed by a slow capillary discharge is presented. Optical guiding
in a curved plasmasradius of curvature 10 cmd is also demonstrated. It is shown experimentally that
the guiding mechanism is insensitive to laser intensity over a wide ranges,108 1016 Wycm2d. Results
show guiding over.11 vacuum diffraction lengths in both straight and curved channels, in agreement
with theory and simulation. [S0031-9007(96)01625-0]
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Laser guiding in straight and curved plasma ch
nels can have important applications, such as an effic
x-ray laser medium, optical synchrotrons, laser accel
tors, and harmonic generators [1–5]. Generally, la
propagation distance is limited by diffraction and c
be further limited by ionization-induced refraction [6,7
Hence optical guiding is needed. One approach to op
guiding of intense pulses relies on the self-induced m
fication of the plasma refractive index due to relativ
tic electron motion [8] or by ponderomotive force-driv
charge displacement [9]. Another approach to guiding
lies on a preformed plasma density channel in which
refractive index is peaked on axis by minimizing the lo
ambient electron density on axis [10]. Guiding in a p
formed plasma channel has been demonstrated previ
[11,12] using moderate intensitys.1015 Wycm2d laser
pulses. In these experiments, a first pulse initiates a c
drical expanding shock wave in a gas chamber to fo
a straight plasma channel, which guides a second p
over distances as large as 90 laser diffraction lengths
Initial experiments on the guiding of laser pulses in o
dimension using a slab geometry capillary discharge h
also been reported [13].

In this Letter we report the optical guiding of a hig
intensitys.1016 Wycm2d laser pulse over several vacuu
diffraction (Rayleigh) lengths using a plasma chan
formed by a slow electrical discharge in a cylindric
capillary. Using this technique, we have obtained the
demonstration of guiding along a curved channel.

In these experiments, guiding took place for intensi
varying from ,108 Wycm2 (using the oscillator only) to
greater than1016 Wycm2. Results are consistent wi
the theoretical prediction that density channel guiding
a first-order process, independent of laser intensity [
The temperature and plasma density near the capi
axis can be modified over a wide range [14], independ
of guiding conditions (channel absolute depth and wid
The formation of a highly localized plasma channel
a capillary discharge in a vacuum cell enables focus
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of high intensity laser pulses at the channel entran
and avoids laser propagation in a neutral gas before
laser focus. The generated plasma consists of ions
the capillary wall material, which is made of a compou
with a high concentration of hydrogen. Thus the effecti
ionization state in the plasma remains almost const
even for very high laser intensities.

The experimental configuration is shown in Fig. 1.
1 cm long polypropylene cylinder with a350 mm diame-
ter hole is placed between two electrodes. The electro
are connected to an 11 nF capacitor which is charged
0.2–0.5 J. The discharge, which is initiated by a trigger
spark-gap, has a maximum repetition rate of 1.5 Hz. T
energy stored in the capacitor is ohmically dissipated
the capillary discharge and transfers energy from the
pacitor to the plasma with high efficiency. This ener
is partitioned between plasma pressure, dissociation,
ionization energy, as well as kinetic energy of the plas
flow. Under conditions where the flow kinetic energy
smaller than the thermal energy, the balance between
power radiated by the plasma and input electrical pow
define experimentally verified scaling rules for the plas
temperatureT , capillary resistanceR, and plasma density
n as functions of the capillary geometry and the curre
I [14]: T  3.3I0.36 eV, n  1.3 3 1020I0.91 cm23, and
R  1.71I20.55 V, whereI is in kA. Thus the capillary

FIG. 1. Experimental setup.
© 1996 The American Physical Society
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plasma can be controlled by varying the parameters of
external circuit.

For experiments in which the capillary radius w
smaller than Rosseland [15] mean free path, wh
governs the radiation losses, the plasma pressure
temperature are such that the radial electron den
profile was found to be parabolic, with a minimum o
axis [16]. Specifically, the pressure across the capil
is constant, since any disturbance in the radial direc
equilibrates on a time scale much shorter than both
discharge durations,1 msd and the plasma flow time
along the channel. In addition, the temperature is hig
at the center and drops near the wall, due to radia
and collisional heat transfer. In this experiment and
Ref. [16], the axial plasma temperature was,3 eV and
the electron density varied within the range,s1 5d 3

1019 cm23.
For a parabolic plasma channel of the formn  n0 1

Dnr2yr2
ch, where rch is the radius of the plasma cha

nel, it can be shown [10] that a laser pulse with a
dial profile,exps2r2yr2

Ld will be matchedsdrLydz  0d
within the channel with a laser spot size (radius)rL  rM

given byrM  fr2
chyspreDndg1y4, wherere  e2ymc2 is

the classical electron radius. For representative para
tersrch  150 mm andn0 . Dn  4 3 1018 cm23, the
matched beam radius isrM  28 mm.

Both a 1 cm long straight capillary tube with an inn
diameter of350 mm, as well as a curved capillary tub
with length 1 cm, inner diameter350 mm, and radius of
curvature 10 cm, were used. The experiments were
ducted using the Hebrew University Laser which cons
of a Ti-Sapphire oscillator followed by regenerative a
four-pass amplifiers. The system is capable of deliver
a linearly-polarized, 100 fs pulse with energy up to 50
at wavelengthl  0.80 mm with repetition rate of 10 Hz
Timing electronics allow synchronization of the laser pu
arrival and the discharge initiation with a variable delay

The laser was focused on the capillary channel
means of anF#  11.5 lens, which produces a laser wa
rL0 . 15 mm when focused in vacuum. The minimu
spot size of 15 mm implies that the beam is,1.6
times the diffraction-limited value oflF# . 9.2 mm
[17]. Operating at pulse energy 4 mJ, the peak focu
intensity was,1016 Wycm2. The capillary was located
in a 1024 torr vacuum chamber, with the capillar
entrance placed at the focal plane of the laser focu
lens. Alignment was achieved using a 1 mW He-Ne la
and the Ti-Sapphire oscillator.

The input and transmitted laser energy in the capill
was measured by splitting and focusing a portion of
beam into two calibrated photo diodes (see Fig. 1). Ph
diode 1 provides input data, including laser energy a
timing. Photo diode 2 measures the amount of la
light transmitted through the capillary. The laser lig
transmitted through the plasma channel was collec
and imaged onto a CCD camera. The imaged inten
was reduced by inserting thin calibrated neutral den
the

s
ch
and
ity

n
ry
on
he

er
on
in

-
a-

e-

r
,

on-
ts
d

ng
J

e
.
by
t

ed

ing
er

ry
e
to

nd
er
t
ed
ity
ity

filters. Figures 2 and 3 show single-shot images of
laser beam at the capillary exit, recorded at 10 Hz
the CCD camera with and without the discharge
the straight (Fig. 2) and curved (Fig. 3) capillary tube
The difference between the maximum discharge repeti
rate (1.5 Hz) and laser repetition rate (10 Hz) allo
comparison of the guided and unguided laser pulse ima
under otherwise identical conditions. Figures 2 and
show guiding over a distance.11ZR0, where ZR0 
pr2

L0yl  0.088 cm is the Rayleigh length.
The laser beam expansion after passing through

capillary channel was measured by recording the ima
of the transmitted light at various locations. Measu
ments were taken at distances between 0 and 1 cm f
the capillary exit. In the case of the straight capillary, t
focusing and collecting optics were placed on the sa
optical axis. In the curved capillary experiments the o
tical systems were placed at an angle of 3± relative to the
channel axis (6± between the two optical systems axes)

Experimental results show substantial increases in
laser energy transmission and a substantial reduc
of the laser spot size at the capillary exit when t
capillary is discharged. When the laser pulse (focu
using an F#  11.5 lens) was transmitted through th
straight capillary without an electrical discharge, t
energy transmission was 25%. This value correspo
to the geometrical opening of the capillary and indica
very low reflection at the capillary walls. When the pul
is focused at the capillary entrance 250 ns after initiat
of the electrical discharge, the typical energy transmiss
increases to 75% and the emerging pulse radius is red
to 30 mm (Fig. 2). Experimental results indicate a critic

FIG. 2. CCD images of the laser pulse emerging from
straight capillary for (a) a guided pulse and (b) an unguid
pulse. Intensity profiles (c) are also shown. Note that the fo
plane is 2 mm from the capillary exit and that the interferen
lines are due to low grade neutral density filters.
4187
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FIG. 3. CCD images of the laser pulse emerging from
curved capillary (radius of curvature 10 cm) for (a) a guid
pulse and (b) an unguided pulse. Intensity profiles (c) are
shown. The focal plane is 5 mm from the capillary exit.

sensitivity to alignment and timing between initiation
the discharge and the arrival of the laser pulse. Enhan
capillary transmission is obtained for laser pulses injec
200 to 350 ns after the discharge is initiated. For sho
delays, no significant effect was observed. For lon
delays, the spot size of the transmitted pulse remains s
(as in optimal case), but the amount of the transmit
light is reduced.

Performance as a function of stored electrical ene
was studied in the straight capillary geometry by us
two capacitors for the electrical discharge : 2.1 and 11
and by varying the voltage across the capillary. Howev
voltage variation also affects the plasma density acc
ing to the scaling rules stated earlier. Optimal guid
was obtained using the 2.1 nF capacitor and a disch
voltage of 13 kV. For these values, the maximum curr
was 500 A. Using the 2.1 nF capacitor, capillary w
erosion was small, with no significant widening of t
capillary channel after 100 shots. For discharge volta
significantly above 15 kV, the transmitted laser intens
was negligible; at low voltages, the guiding was less p
nounced. Measurements of the beam diameter at var
distances from the capillary exit were obtained by va
ing the distance between the capillary exit and the fo
plane of the collecting optical system. It was found th
the laser spot size did not vary significantly at distan
from 2 to 7 mm away from the capillary exit. Sma
shot-to-shot variations in the spot size were attributed
variations in Dn consistent with simulation results. I
4188
e
d
lso

f
ced
ed
ter
er
all

ed

gy
g

nF
r,

rd-
g
rge
nt
ll
e
es
ty
o-
ous
y-
al

at
es
l
to

addition, plane imaging was used to measure the b
profile at several positions after the exit of the capilla
tube in the same shot. For this purpose, five beam s
ters were placed between the imaging lens and the C
camera. The image taken by each beam splitter show
laser radial profile at a particular position. Beam pro
data were taken at distances 0, 0.2, 0.4, 0.6, and 0.8
from the exit of the capillary. A divergence angle
*8 mrad was found.

Figure 3 shows the results of optical guiding expe
ments along a curved plasma channel using the 11 nF
pacitor and a discharge voltage of 9.3 kV. In the curv
channel experiments, capillary performance was sens
to the alignment of the laser beam with respect to
capillary axis. With optimal alignment and a 10 c
radius-of-curvature plasma channel, energy transmis
was as high as 85%, and the laser spot radius at
capillary exit was 50 mm. In experiments using
capillary with a 4.2 cm radius of curvature (other param
ters identical), the peak energy transmission was,2%, in
good agreement with theory (see below).

To examine propagation of the laser pulse in
straight channel, simulations were performed using
2D sr , zd nonlinear fluid code [18]. Figure 4 shows th
laser spot radiusrL plotted versus propagation distan
z through the channel, which is located at0.5 , z ,

1.5 cm. In the simulation, the on-axis plasma dens
is 5.0 3 1018 cm23, Dn  4.0 3 1018 cm23, andrch 
150 mm. The laser pulse is focused at the channel
trance with a minimum spot sizerL0  15 mm. Since the
experimental spot size is 1.6 times the diffraction-limit
value, the simulation code was heuristically modified
reduce the vacuum diffraction length by this same fac
Figure 4 shows that the laser spot radius oscillates a
the matched beam radiusrM  28 mm as it is guided
through the 1 cm long channel. For comparison to
guided case, laser propagation in vacuum (no channe
also shown. At the capillary exit, the laser spot radius
45 mm and the divergence angle is.14 mrad, in good
agreement with experiment.

Laser propagation in a curved plasma channel can
analyzed in the low-intensity limit, in which, nonlinea
(relativistic and ponderomotive) effects are neglected
the channel is unaffected by the laser. In a strai
channel, the laser electric fieldE 

1
2 Êeiksz2ctd 1 c.c.

obeys the paraxial wave equation

s=2
' 1 2ik≠y≠zdÊ  k2s1 2 h2dÊ , (1)

where v  ck is the laser frequency,z is along the
channel axis,h is the index of refraction, c.c. denote
the complex conjugate, andj≠Êy≠zj ø kjÊj is assumed
The linear index of refraction for a plasma is giv
by h . 1 2 v2

py2v2, wherevp  s4pe2nymd1y2 is the
plasma frequency andn is the plasma density.

Consider a channel which is curved in thesx, zd
plane with a constant radius of curvatureR0, where z
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FIG. 4. Simulation result (solid line) showing laser spot
dius rL plotted versus propagation distancez. The channel is
located at0.5 , z , 1.5 cm. For comparison, laser propag
tion in vacuum (no channel) is also shown.

is the distance along the curved channel axis, andr 
sx2 1 y2d1y2 is defined with respect the channel ax
The paraxial wave operator in the curved coordin
system becomess=2

' 1 2ik≠y≠z 1 2k2xyR0dÊ where
=

2
'  ≠2y≠x2 1 ≠2y≠y2 and higher order terms (smalle

by at leastryR0 ø 1) have been neglected. Hence t
laser field envelopêE obeys the paraxial wave equatio
Eq. (1), with an effective refractive index

heff  1 2 v2
psrdy2v2 1 xyR0 , (2)

where thexyR0 term represents the effects the curvatu
Assuming a density channel of the formn  n0 1

Dnr2yr2
ch, it can be shown that the solution to Eq. (

with h  heff is given by

Ê  E0 expfiDkz 1 ikxsx 2 xcd

2 sx 2 xcd2yr2
0 2 y2yr2

0 g , (3)

where r0 is the matched laser spot radius given
r4

0  r2
chypreDn, Dk ø k represents a small phase sh

kx  k≠xcy≠z, and the laser pulse centroidxc satisfies

≠2xcy≠z2 1 xcyZ2
R0  1yRo , (4)

whereZR0  kr2
0 y2 is the Rayleigh length of the matche

beam. Equation (4) indicates that the laser centroidxc

oscillates inz about an equilibrium offset value given b
xc0  Z2

R0yR0. Clearly this offset must be less than t
channel radius or the laser will be lost from the chann
This sets a minimum acceptable radius of curvature:

R0 $ Z2
R0yrch . (5)

For a matched beamsr0  28 mmd and representative ex
perimental parameters (l  0.8 mm andrch  150 mm),
ZR0  0.31 cm andR0 $ 6.4 cm. This value is in excel
lent agreement with the experimental results.
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.
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In summary, optical guiding of high intensit
s. 1016 Wycm2d laser pulses has been demonstra
using both straight and curved channel geometries, wh
the plasma channel is formed by a slow cylindrical cap
lary discharge. Results demonstrate guiding
* 75% of the laser pulse energy over a distan
. 11 Rayleigh lengths.
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