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High efficiency guiding of terawatt subpicosecond laser pulses
in a capillary discharge plasma channel

D. Kaganovich,* A. Ting, C. I. Moore, A. Zigler,* H. R. Burris, Y. Ehrlich,* R. Hubbard, and P. Sprangle
Plasma Physics Division, U.S. Naval Research Laboratory, Washington, D.C. 20375

~Received 1 February 1999!

Transmission efficiencies in excess of 75% were obtained in the optical guiding of subpicosecond, terawatt
laser pulses in a 2-cm-long capillary discharge plasma channel at the Naval Research Laboratory. The guided
laser beam size at the exit of the channel was measured using far field imaging and Thomson scattering
techniques. The guided laser intensity was.131017 W/cm2 at a guided beam diameter of 35mm for a
propagation length of 22 Rayleigh ranges. There is evidence that the plasma channel extends beyond the ends
of the capillary and affects the far field beam structure of the transmitted laser pulse.
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Optical guiding of intense, subpicosecond laser pulse
important to many applications, such as laser based high
ergy particle accelerators@1–3# and laser pumped sho
wavelength coherent radiation generation@4–7#. These appli-
cations require optical guiding since an extended interac
distance between the laser and the active medium is cru
to their efficient operation. For example, in the laser wa
field accelerator~LWFA! with no optical guiding, the accel
eration distance is governed by the Rayleigh diffract
length of the laser, the length over which the laser has
ficient intensity to generate large amplitude wakefields in
plasma, typically hundreds of micrometers. In spite of
extremely high acceleration gradient~.1 GeV/m! of the
LWFA, the final energy of the accelerated electrons is
verely limited by the relatively short Rayleigh length of th
intense laser pulse that generates the wake field. Ano
example is the coherent generation of short wavelength
diation in laser plasma interactions, such as harmonic g
eration @4,5# and x-ray lasers@6,7#. Substantial gain of the
laser excited radiation in the plasma can be obtained on
the gain medium has enough length for amplification of
radiation. Extended plasma regions can be obtained with
focusing of very high energy laser pulses, available only a
limited number of institutions@8#. With optical guiding, in-
teraction distances much longer than the Rayleigh length
be achieved with laser pulses of modest energy.

Extended propagation of a laser pulse in plasma to
yond Raleigh diffraction lengths can be achieved with a p
formed plasma channel@9–12#. The plasma density is lowe
in the center of the channel leading to a higher index
refraction. Such a refractive index profile results in optic
guiding similar to guiding in gradient index optical fibers.
very promising way of producing a performed plasma ch
nel that can optically guide high-power, subpicosecond la
pulses is by the use of a capillary discharge formed plas
channel. In a previous experiment, Ehrlichet al. @12# dem-
onstrated the guiding of a subterawatt, intense laser b
(1016W/cm2, 4 mJ, 100 fsec!, focused into a single capillary

*Present address: Hebrew University, Jerusalem, Israel.
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discharge with;75% transmission efficiency. Optical guid
ing of terawatt laser pulses in glass capillaries was pre
ously reported@13#, but the transmission efficiency was lim
ited to ;25% for a 2-cm-long capillary. In this Rapid
Communication, we are reporting the guiding at high e
ciency and high intensity of terawatt laser pulses from
Naval Research Laboratory~NRL! subpicosecondT3 laser in
a 500-mm core diameter, 2-cm-long double capillary di
charge plasma channel. The energy transfer efficiency,
put mode structure, and the guided laser beam size at the
of the channel were measured. We found evidence tha
the terawatt power level, even in the absence of the
charge, the laser was guided by a plasma channel that c
be formed when the laser ablated the capillary wall. Ho
ever, the degree of optical guiding was dramatically i
proved when the plasma channel was generated by the
voltage discharge. We also discovered that the plasma
umn that extends beyond the exit end of the capillary d
charge strongly affects the propagation behavior of
guided laser pulse as it exits the capillary.

The experimental setup of the optical guiding experim
is shown in Fig. 1. The capillary used was a double capill
that allowed easy control of the plasma channel density
profile in order to get the best conditions for guiding@14,15#.
The double capillary has been shown to perform well
hundreds of shots. It was composed of two collinear ca

FIG. 1. Setup of experiment for laser guiding in a doub
capillary plasma channel.
R4769 ©1999 The American Physical Society
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laries that were attached together with a ‘‘trigger’’ electro
between them and two other electrodes on the opposite
of each capillary. The first capillary, the trigger capillar
was 3-mm long and 500mm in diameter. It was at the lase
injection end of the double capillary. The second capilla
was the ‘‘main’’ capillary with a length of 17 mm and als
500 mm in diameter~the length and diameter could be va
ied!. The total length of the entire double capillary was the
fore 2 cm with a bore diameter of 500mm. Approximately
3–5 kV of high voltage was applied to the end electrod
When a 10 kV, high impedance trigger pulse was sent to
trigger electrode, a breakdown was initiated in the trigg
capillary, which subsequently caused the main capillary
discharge. The trigger capillary provided more stable d
charges of the main capillary and reduced the timing jitter
the discharges as was monitored by the current probe o
main discharge. The dielectric material used in the capill
was polyethylene and it produced a carbon and hydro
plasma. The discharge generated plasma temperatures
densities that could create fully ionized hydrogen and dou
and triply ionized carbon ions. The plasma density can
controlled by the amplitude of the discharge current, wh
is a function of only the voltage applied to the main cap
lary. Direct measurements of the plasma density profile w
performed near the open end of the main capillary@14,15#.
These measurements showed a depression in the plasma
sity on axis, indicating the formation of a plasma chann
The plasma density depression,Dn, varied from 1018 to
1019cm23.

The laser used in this experiment was the NRLT3 laser
that delivered up to 1 J ofenergy at 1.054mm in a 400-fsec
pulse. It was focused with a 30-cm-long focal length le
with anF number equal to 7 to produce a focal spot diame
of ;30 mm. The laser intensity at the focus in the vacuu
was about 431017W/cm2. The laser pulse was aligne
through the capillary. Both the timing of the laser relative
the discharge and the input laser energy were monitored
a photodiode, reading from a beam splitter placed before
capillary. The output beam profile was monitored with
charge-coupled device~CCD! camera. The laser energ
transmitted through the capillary was recorded with a ca
rimeter. Another CCD camera, together with an interfere
filter for 1053 nm, was arranged to image the 90° Thoms
scattered~TS! laser radiation at the exit of the capillary. Th
capillary was positioned inside a vacuum chamber ma
tained at better than 1024 Torr.

Laser energy measurements indicated that, even with
an electrical discharge~no plasma in the capillary!, about
20% of a terawatt laser pulse could still go through the c
illary. This is in excess of what could have gone through
capillary ~;3%! based on simple acceptance angle consid
ation of the capillary. This is probably due to the direct io
ization of the capillary wall by the front of the intense las
pulse thus forming a hollow plasma channel inside the c
illary to guide the bulk portion of the laser pulse@13#. This
direct ionization of the capillary wall was indicated by
coating of the trigger electrode with polyethylene, which re
dered it inoperative after a few shots of the laser pulse w
no electrical discharge. When there was an electrical
ds
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charge, the electrodes were prevented from dielectric coa
by the discharge, and the capillary survived hundreds
shots.

The energy transfer efficiency with the discharge var
deeply with the timing between the discharge and the p
sage of the laser pulse through the capillary. The best en
transfer was obtained near the peak of the discharge cur
which was monitored with a magnetic Pearson probe.
shown in Fig. 2, the energy transfer efficiency was betwe
;70 and 80 %, with maximum transmission at the high
energies. As a contrast, the energy transfer of an ungu
beam at the incorrect timing between discharge and lase
negligible, indicating that the plasma inside the capilla
with the wrong density profile actually blocks the laser pu
from propagating through. The energy transfer efficien
was also optimized by adjusting the axial position of t
input laser focus to achieve maximum coupling of the inp
laser pulse into the plasma channel.

The guided mode structure of the laser is of great imp
tance to all applications of a guided laser pulse. Howeve
is difficult to directly image the laser beam profile at the e
of the capillary for two reasons. The first problem is that t
plasma and high intensity laser pulse near the capillary co
damage the optics of a smallF-number imaging system. Th
second difficulty is that the capillary creates a plasma
beyond the end of the capillary, which acts like a comp
cated refractive lens to distort the transverse laser profile.
have monitored the shape and length of the plasma colum
the exit end of the capillary by imaging the recombinati
light from the plasma column onto a CCD camera at 90°
the capillary axis. Depending on the history and number
discharges in a particular capillary, the angle of divergen
and extension of the plasma jets varied from narrow and l
to wide and short. The plasma density profile in the jet
similar to the profile inside the capillary, but with large
radial dimension due to unconfined expansion of the plas
@15#. Two indirect methods have been employed to ov
come these difficulties and to measure the guided beam
size.

The first method eliminated the first difficulty of placin
optics near the capillary by examining the laser beam pro

FIG. 2. Energy transfer efficiency as a function of the las
beam energy.
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in the far field of the guided pulse. Infrared sensitive ‘‘burn
paper was placed 22 cm from the end of the capillary. Th
far field diffraction images are presented in Fig. 3. In t
guided beam image on the left, the main part of the la
energy is concentrated in a 1-cm-diameter spot. The ang
divergence (F#522) corresponded to the diffraction of
two times diffraction limited beam with a focused size of
mm. There is also a relatively intense ring with a diameter
2.5 cm. The angle of divergence corresponds toF#59,
which indicates that a portion of the laser beam origina
from a focused spot size of;25 mm. If the laser is guided
inside the channel with this smaller laser spot size,
guided laser intensity in the capillary is;331017W/cm2.
By comparison, the right hand image in Fig. 3 shows the
field laser profile when there is no discharge in the capilla
The divergence angle isF#574, which corresponds to th
diffraction of a 200-mm-diam laser beam guided by the las
ionization of the capillary wall@13#. The corresponding
guided laser intensity is only;531015W/cm2.

A second method to more accurately measure the gu
laser beam size within the capillary is a 90° TS diagnos
The optical path through the plasma jet at 90° is mu
shorter and therefore would induce less distortion in the
tical image. Using a lens and a 1054-nm interference fil
the 90° TS radiation of the laser beam in the plasma jet
imaged on a CCD camera. The TS intensity image is p
sented in Fig. 4~a!. The end of the capillary is to the left o
the image, which explains why the left side edge of the i
age is saturated because of the hot electrical spark on the
electrode. Figure 4~b! shows the contour plot of the image
Fig. 4~a! and the laser can be seen to be concentrated in
central 30-mm diameter region on the left side. From a li
eout profile of Fig. 4~b!, the full width at half maximum of
the guided laser beam at the exit of the capillary is estima
to be;35 mm. It can be assumed that the guided laser be
diameter inside the capillary is less than or equal to t
value. The corresponding Rayleigh length is 900mm, indi-
cating that the laser has propagated over 22 Rayleigh len
through the capillary discharge formed plasma channel.
guided laser intensity inside the plasma channel is estim
to be;231017W/cm2.

Apparently, as the guided laser beam exits the capilla
the main part of it follows the expanding plasma column
the discharge plasma and thus expands to a larger beam
ameter in the plasma jet. This accounts for the central,
tense, but smaller, guided image in the far field picture on

FIG. 3. Far field diffraction images of a 2.5-TW laser beam w
a preformed plasma channel~guided! and without a preformed
plasma channel~unguided!. Images were collected 22 cm from th
output of the capillary.
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left-hand side of Fig. 3. However, because of the initia
large diffraction angle, a substantial amount of the laser
ergy escapes the narrowly expanding plasma column, wh
acts like a ‘‘leaky channel’’@16,17#. This portion expands on
its own according to the diffraction of its original sma
guided spot size and forms the larger diameter image in
far field picture. The 90° TS image in Fig. 4 confirmed a
measured the guided laser spot size initially to be very sm
at the exit of the capillary. The subsequent expansion of
laser beam size as the plasma jet expanded is clear from
4. It is the dynamics of the capillary discharge that det
mines the characteristics of the plasma jet. When the e
trodes of the capillary were modified after a substantial nu
ber of discharges, long and narrow plasma jets w
developed that continued to guide portion of the laser be
beyond the capillary exit as shown in Figs. 3 and 4. For
short and wide plasma jets of a new capillary, the plas
expanded so rapidly that the laser beam was not guided
yond the end of the capillary and could not be imaged by
90° TS diagnostic. Correctly tailoring the electrodes of t
capillary can therefore either enhance or suppress this e
guiding of the terawatt laser pulses by the exit plasma je

We have optically guided a terawatt, subpicosecond la
pulse from the NRLT3 laser in a 500-mm diameter, 2-cm-
long capillary discharge plasma channel. The energy tran
efficiency was measured to be;80%. The guided laser beam
diameter was measured to be;25 mm, using a diffraction
angle measurement of the far field laser image and;35 mm
using 90° Thomson scattering diagnostics. The guided la
intensity was.131017W/cm2 and the propagation lengt
was greater than 22 Rayleigh ranges. There was evide
that the plasma channel extended beyond the ends of
capillary and affected the far field beam structure of t
transmitted laser pulse. Part of the guided laser beam
contained in the extended plasma column while part o
leaked out of the channel and expanded at a larger diffrac
angle. These experimental results demonstrated the pote
of the extended laser interaction length for applications s
as advanced laser driven accelerators, harmonics genera
and x-ray lasers.

The authors would like to acknowledge support from t
U.S. Department of Energy and the U.S. Office of Nav
Research, and useful discussions with Dr. K. Krushelnick

FIG. 4. Thomson scattering image~a! and intensity contour dis-
tribution ~b! of the laser beam in the plasma jet outside of t
capillary.
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