
VOLUME 80, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 JUNE 1998

ngdom

d

Interaction of Intense Laser Pulses with Preformed Density Channels
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The interaction of a high-intensity laser pulse with a plasma density channel preformed in a gas
jet target has been studied. At neutral densities below3.0 3 1019 cm23 a strong interaction between
the pulse and the channel walls was observed, there was clear evidence of pulse confinement, an
the laser irradiance was significantly increased compared to an interaction with neutral gas. At
higher gas densities, however, the radial uniformity and length of the channel were both found
to be adversely affected by refractive defocusing of the prepulse used to generate the channel.
[S0031-9007(98)06338-8]

PACS numbers: 52.40.Nk, 52.35.Tc, 52.50.Jm
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The propagation of intense laser pulses through pr
formed plasmas is an important area of study for man
topical applications of laser produced plasmas, such as
laser particle accelerator [1], x-ray lasers [2], high ha
monic generation, and the fast ignitor scheme [3]. The
applications generally require an ultrashort high pow
laser pulse to interact with a neutral gas or plasma at hi
density (withne . 0.01nc wherene andnc are the elec-
tron and critical density, respectively) and high irradianc
s1014 1019 W cm22d over distances ranging from a few
mm to several cm. At extremely high laser irradianc
s.1018 W cm22d self channeling due to relativistic and
ponderomotive effects can greatly enhance the propa
tion length [4]. However, the interaction length can sti
be increased for applications requiring lower laser irrad
ance by focusing a low energy prepulse to form a plasm
waveguide or channel [5–8]. To date most experimen
using this scheme have been carried out at low densit
where the length of the guiding channel is limited by th
depth of focus of the preforming laser. In fact, guidin
over 203 the diffraction limited focal depth has been ob
served by using an axicon to maximize the length of th
plasma channel [6]. Applying this result to higher plasm
densities is problematic for short (1–10 ps) prepulses b
cause as the density increases the length of the chan
will be limited by ionization defocusing of the preform-
ing pulse [9,10] not diffraction. There is presently little o
no information on the effect of ionization defocusing o
the formation of preformed density channels using sho
prepulses. In addition there are very few direct measu
ments of how the second pulse interacts with and modifi
the channel.

This Letter describes the first experimental studies
the interaction of intense laser pulses with plasma chann
in the strongly refractive density regime where ionizatio
defocusing influences both the formation of the chann
itself and the subsequent propagation of intense puls
through it. In these experiments a 1mm, 3 ps, laser pulse
was focused onto the edge of a neon gas jet with atom
density .1 3 1019 cm23 at a vacuum intensity of1 3

1018 W cm22. Quantitative measurements of the electro
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density profiles produced by focusing the laser pulse e
ther into the neutral gas or preformed density chann
were obtained using time resolved optical probing. Th
confining properties of the channel, observed directly wit
this diagnostic, were found to be consistent with measur
ments of the transmitted laser energy. The characterist
of the channel also agreed well with simple analytic calcu
lations and 1D hydrodynamic simulations.

The experiment was performed at the Rutherford Ap
pleton Laboratory using the VULCAN Nd:glass lase
[11]. An f /5 off axis parabola focused a 1–3 ps puls
onto the gas vacuum boundary with a typical focal sp
of 30 mm full width at half maximum. The vacuum in-
tensity was1 3 1018 W cm22 with a 200 ps pedestal at
an intensity of1013 W cm22. The target (which has been
described in detail elsewhere [10,12]) consisted of a s
lenoid pulsed gas jet with a 1 mm diameter cylindrica
nozzle. In this Letter we describe the results of intera
tions with neon or helium gas with a peak neutral ga
density over the range3 3 1019 1.0 3 1020 cm23. The
plasma channel was formed by focusing a colinear pr
pulse (with temporal and spatial characteristics identic
to those of the main pulse) into the gas jet. During th
experiment the energy of the prepulse was varied fro
0.1 to 1 J (1% or 10% of the main beam energy, respe
tively) and the relative delay between the two pulses w
varied from 500 ps to 2.3 ns. The plasma was diagnos
with a temporally independent probe pulse, split off from
the main uncompressed heating beam. The probe pu
was compressed to 3 ps with a pair of gratings and fr
quency doubled to 0.527mm in a KDP (potassium dihy-
drogen phosphate) crystal. The plasma was imaged o
the film plane by a collimated telescope, with a magnifica
tion of 503. A moiré deflectometer (comprising a pair of
20 lines per mm Ronchi gratings placed 10 cm apart, ne
the image plane of the telescope) provided time resolv
measurements of the electron density profiles [13], at d
crete intervals up to 2.5 ns before or after the interactio
pulse. The spatial resolution along the fringe directio
was limited by diffractive effects between the gratings t
25 mm [14]. Finally, the laser energy transmitted throug
© 1998 The American Physical Society 5349
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the target within a half angle of 5.5± was measured with
an absorbing glass calorimeter.

A number of numerical models were used for dat
interpretation and for detailed comparison with the expe
mental measurements and analytical estimates. The
pansion characteristics of the channel, following the las
heating stage, were compared to an analytic blast wa
model [15] and the 1D hydrocodeMEDUSA. This gave an
estimate of the original electron temperature, which w
compared to an inverse bremsstrahlung model [16].

The effect of ionization defocusing on the propagatio
of a powerful 1mm laser pulse, through a neon gas je
at a neutral density of3 3 1019 cm23 has recently been
published. Under these circumstances ionization induc
density gradients cause the beam to defocus, resulting i
plasma whose radius increases rapidly along the propa
tion direction [10]. The feasibility of using a preformed
density channel to overcome defocusing in such cond
tions was investigated by focusing a prepulse into the g
ahead of the main pulse and studying the subsequent
teraction with moiré deflectometry. Information on th
degree of confinement afforded by the channel was o
tained by varying the following experimental parameter
(a) the relative delay between the two pulses, (b) the ta
get gas material and density, and (c) the energy conten
the prepulse. A deflectogram, taken 6 ps after the intera
tion of a 5 TW pulse with a preformed channel, is show
in Fig. 1(a). This preformed channel was formed by fo
cusing a 0.1 J prepulse into a neon gas jet with a neut
density of3 3 1019 cm23, 2.3 ns ahead of the main pulse
The walls of the density channel can clearly be seen
this figure as the two well defined regions of high-densi
plasma (shown by strong fringe shifts) running paralle
to the laser propagation axis at radii of 100mm, while
the strong filamentary structures within the channel (
the left of the filter block), are the result of optical ion
ization by the interaction beam. It is important to not
that there is no evidence of plasma formation anywhe
outside the channel. Consequently, at the channel e
(800 mm downstream of the vacuum focus) the pulse
confined within a radius of 100mm. This is a significant
improvement over the neutral gas interaction, where the
was plasma formation out to a radius.350 mm. The
laser intensity within the channel is thus approximately a
order of magnitude greater than could be obtained with t
neutral gas interaction. The degree of confinement w
found to depend strongly on the relative timing betwee
the two pulses. This is clear from the deflectogram show
in Fig. 1(b), taken 6 ps after a 5 TW pulse was focuse
into a channel with a prepulse—main delay of 500 p
It is apparent from this figure that along the length of th
channel the walls are not as well developed as in Fig. 1(
Although strong fringe shifts can be seen close to th
propagation axis, there is also significant plasma form
tion outside the channel. There is clearly less confineme
at 500 ps compared to 2.3 ns. The reason for this diffe
ence is that the shock wave structure at the channel wa
5350
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FIG. 1. (a) Deflectogram of the plasma formed by focusin
the main beam into the preformed channel with a prepuls
main delay,td of 2.3 ns. The vertical bar near the center o
the picture is an imperfection of the filters in front of the film
The laser is focused from the right with a cone angle of 5.7±.
The channel walls are well defined; there are strong filamenta
structures within the channel and there is no evidence of plas
outside the channel. (b) Moiré deflectogram of the plasm
taken 6 ps after focusing a 5 TW, 1mm laser pulse into a
plasma channel formed by a 0.1 J prepulse, withtd  500 ps.
The channel walls are not completely formed and there
consequently, significant plasma formation outside the chann
Note that the center of the field of view has shifted 250mm
towards the laser input.

was not properly formed at 500 ps, allowing significan
leakage of the main pulse. Hydrocode simulations, whi
predict a stronger shock structure at 2.3 ns compared
500 ps, support this interpretation. Further evidence of
creased levels of pulse confinement at longer delays w
also provided by the transmitted energy measuremen
The fraction of laser energy transmitted within the 5.5±

angle was found to increase from 2% to 10% as the de
increased from 500 ps to 2.3 ns. Although this increa
in transmitted energy was relatively small it demonstrat
that the properties of the channel wall, not just preioniz
tion of the gas, were the most important factor leading
confinement of the pulse.

Further insight into the channel forming process wa
obtained by examining the 2.3 ns channel a few ps befo
the arrival of the interaction pulse, as shown in Fig.
The deflectogram can be split into two distinct parts: (a)
uniform region clearly showing the strong shock wav
structure that confined the beam and (b) a nonunifo
region, where the plasma is turbulent and the fringe shi
show a peak on axis, implying an axial density maximum
An electron density profile in the uniform portion of the
guide is shown in Fig. 3. The profile is characteristic o
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FIG. 2. Moiré deflectogram of the density channel taken 6
before the interaction of the main pulse, withtd  2.3 ns. This
plasma was formed by focusing a prepulse withE  100 mJ,
tp  2.5 ps.

a strong shock wave [15] with an axial density minimum
increasing to a sharp maximum at the channel walls. T
represents a refractive index profile that is capable
confining an intense laser [5–8]. A simple but instructiv
estimate of the largest ray angle confined by the unifor
part of the channel can be obtained from Snell’s la
applied to the density profile. Assuming a discontinuit
in refractive index at the shock front, the critical angle
uc  cos21smwymcd, wheremw andmc are the refractive
indices at the channel wall and center, respectively. F
an average density of5 3 1019 cm23 at the channel wall
and 1.0 3 1019 cm23 on axis, uc , 10 15±, which is
consistent with the experimental observations.

Another important and novel feature of this data was t
significant increase in the fringe shifts at the walls whe
the main beam interacted with the 2.3 ns channel [this c
be seen by comparing Fig. 1(a) and Fig. 2]. A quantit
tive measurement of this effect was obtained by using h
lium at a neutral density of3 3 1019 cm23 as the target
gas. Figure 4 shows density profiles taken before and
ter focusing the interaction pulse into a channel forme
2.5 ns after the 0.1 J prepulse. It can be seen that
electron density at the channel walls increased by a fa
tor of 2.5 when the interaction beam is focused into th
channel. For a 4 TW pulse confined within a channel

FIG. 3. Radial electron density profile near the vacuum focu
This is an ideal density profile for guiding.
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radius 100mm an assumption of a top hat laser spatial pro
file gives an order of magnitude estimate of the mean
radiance within the channel as,1 3 1016 W cm22. This
intensity is near threshold for doubly ionizedsZp  2d he-
lium and the density increase at the channel walls w
therefor consistent with optical ionization increasingZp 
0.8 to 2. This observation is important because it con
clusively shows that the main pulse interacted with th
channel walls. Further independent confirmation of th
level of pulse confinement was also obtained in a sep
rate experiment using 0.35 ps KrF laser pulses. In th
experiment a laser pulse was focused at a vacuum ir
diance of1 3 1017 W cm22 into an identical gas nozzle
with a peak neutral density around0.01nc. The output
of the channel was imaged with a quartzf /2.5 lens into
a CCD camera with a magnification of103 and spatial
resolution of 5mm. This diagnostic also clearly showed
that the interaction pulse was confined within the chann
with an irradiance 5 times greater than the neutral de
sity case. These results, together with more details of t
1 mm experiment, will be discussed in a longer article [17

The nonuniform plasma at the end of the channel
Fig. 2 was due to the finite depth of focus of the preform
ing laser pulse. Confirmation of this interpretation wa
obtained by the observations that an increase in the p
pulse energy from 0.1 to 1 J resulted in a channel that w
uniform over the length of the nozzles,1 mmd and the
transmitted energy increased from 10% to 25%. This re
resents an order of magnitude increase in transmiss
from the 2% value obtained in the neutral gas. The mo
probable cause of this relatively low transmission withi
the calorimeter acceptance angle was due to refraction
curring within the channel (for these conditions the ab
sorbed fraction was calculated to be around 5% or less).
for example, the confined beam expanded at an angleuc,
then only the fractionsuayucd2 would be intercepted within
the acceptance angleua of the calorimeter. For these
channelsuc , 12± and withua  5.5± giving T , 21%,
which is consistent with the experimental measurement

FIG. 4. Electron density profile for helium at best focus
before the arrival of the interaction beam (solid line) and afte
the arrival of a 4 TW pulse (dashed line). Optical ionization a
the channel walls is responsible for the increased density.
5351
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The mechanism limiting the channel length was exam
ined using the blast wave model of Zel’dovich and Raize
[15]. In cylindrical symmetry this model gives the channe
radius as a function of timet: rstd ~ sEdyrd1y4t1y2; where
Ed is the energy deposited per unit length andr is the gas
density. It has been shown in a previous publication d
scribed that this model described the channel expans
well for t . 100 ps, but a 1D hydrocode was required t
simulate the complete temporal evolution of the chann
[18]. In this case the asymptotic expansion radius c
be directly related to the original laser energy deposit
within the center of the channel. With this technique th
energy deposited in the uniform part of the channel w
estimated. Around the region of best focus the chann
expanded from 15 to 100mm in 2.3 ns and the simula-
tions gaveTe , 300 400 eV. This agreed well with the
value ofTe  380 eV, predicted by the absorption mode
in these circumstances (a 0.1 J prepulse with an intens
of 1.5 3 1016 W cm22 and neon with a neutral density of
1 3 1019 cm23) [16]. In contrast at the other end of the
channel the radius was only 25mm after 2.3 ns and a shock
wave had not developed at all. The prepulse intensity
this position, due to the cone angle of the focusing optic
was around3 3 1014 W cm22 resulting in an ionization
stage only marginally higher than threshold. For these c
cumstances the absorption model predictedTe , 1 5 eV
and the plasma would not undergo any significant rad
expansion in the 2.3 ns before the main pulse arrived,
agreement with the experimental observation. This co
unexpanded plasma region formed a barrier to the inter
tion pulse and limited the effective confinement length o
the channel. This interpretation also explained why an i
crease in the neutral density led to a reduction in chann
length, as this was consistent with enhanced levels of io
ization defocusing of the prepulse at the higher neutral de
sity. The variation of channel length as a function of ga
jet density is plotted in Fig. 5. As the neutral gas densi
increased from3 3 1019 to 1 3 1020 cm23 a 50% reduc-

FIG. 5. Graph of the channel length as a function of neo
gas density, measured from the moiré deflectograms. T
channel length reduces with gas density because of ionizat
defocusing of the prepulse.
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tion in channel length from 550 to 350mm was observed.
This showed that ionization defocusing presented a fund
mental limitation on the use of short laser pulses to form
plasma waveguides in refracting plasmas.

This work has presented direct observations of th
interaction of an intense picosecond pulse with a plasm
channel preformed in a gas jet target. At low densities th
first clear evidence of the interaction between a confine
pulse and the channel was observed. These data a
demonstrated definite pulse confinement by the chann
leading to a laser irradiance that was significantly increase
compared to an interaction with the neutral gas. At highe
densities, however, the channel length was not limited b
the depth of focus of the optical system but by ionization
defocusing of the prepulse. The use of a longer duratio
prepulses,100 500 psd could possibly help to overcome
this limitation [8].
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