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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 bel@nx 10'° cm™3 a strong interaction between
the pulse and the channel walls was observed, there was clear evidence of pulse confinement, and
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

The propagation of intense laser pulses through predensity profiles produced by focusing the laser pulse ei-
formed plasmas is an important area of study for manyher into the neutral gas or preformed density channel
topical applications of laser produced plasmas, such as thveere obtained using time resolved optical probing. The
laser particle accelerator [1], x-ray lasers [2], high har-confining properties of the channel, observed directly with
monic generation, and the fast ignitor scheme [3]. Thesthis diagnostic, were found to be consistent with measure-
applications generally require an ultrashort high powements of the transmitted laser energy. The characteristics
laser pulse to interact with a neutral gas or plasma at higbf the channel also agreed well with simple analytic calcu-
density (withn, > 0.01n. wheren, andn, are the elec- lations and 1D hydrodynamic simulations.
tron and critical density, respectively) and high irradiance The experiment was performed at the Rutherford Ap-
(10'*-10" Wem™2) over distances ranging from a few pleton Laboratory using the VULCAN Nd:glass laser
mm to several cm. At extremely high laser irradiance[11]. An f/5 off axis parabola focused a 1-3 ps pulse
(>10'® Wem™2) self channeling due to relativistic and onto the gas vacuum boundary with a typical focal spot
ponderomotive effects can greatly enhance the propagaf 30 um full width at half maximum. The vacuum in-
tion length [4]. However, the interaction length can still tensity wasl X 10'® Wem™2 with a 200 ps pedestal at
be increased for applications requiring lower laser irradi-an intensity oft0'* W cm™2. The target (which has been
ance by focusing a low energy prepulse to form a plasmaescribed in detail elsewhere [10,12]) consisted of a so-
waveguide or channel [5—-8]. To date most experimentéenoid pulsed gas jet with a 1 mm diameter cylindrical
using this scheme have been carried out at low densitiasozzle. In this Letter we describe the results of interac-
where the length of the guiding channel is limited by thetions with neon or helium gas with a peak neutral gas
depth of focus of the preforming laser. In fact, guiding density over the rangg X 10"-1.0 X 10** cm 3. The
over20X the diffraction limited focal depth has been ob- plasma channel was formed by focusing a colinear pre-
served by using an axicon to maximize the length of thepulse (with temporal and spatial characteristics identical
plasma channel [6]. Applying this result to higher plasmato those of the main pulse) into the gas jet. During the
densities is problematic for short (1-10 ps) prepulses beexperiment the energy of the prepulse was varied from
cause as the density increases the length of the chanr@ll to 1 J (1% or 10% of the main beam energy, respec-
will be limited by ionization defocusing of the preform- tively) and the relative delay between the two pulses was
ing pulse [9,10] not diffraction. There is presently little or varied from 500 ps to 2.3 ns. The plasma was diagnosed
no information on the effect of ionization defocusing onwith a temporally independent probe pulse, split off from
the formation of preformed density channels using shorthe main uncompressed heating beam. The probe pulse
prepulses. In addition there are very few direct measurewas compressed to 3 ps with a pair of gratings and fre-
ments of how the second pulse interacts with and modifiequency doubled to 0.524m in a KDP (potassium dihy-
the channel. drogen phosphate) crystal. The plasma was imaged onto

This Letter describes the first experimental studies othe film plane by a collimated telescope, with a magnifica-
the interaction of intense laser pulses with plasma channetgn of 50X. A moiré deflectometer (comprising a pair of
in the strongly refractive density regime where ionization20 lines per mm Ronchi gratings placed 10 cm apart, near
defocusing influences both the formation of the channethe image plane of the telescope) provided time resolved
itself and the subsequent propagation of intense pulsemeasurements of the electron density profiles [13], at dis-
through it. In these experiments gulm, 3 ps, laser pulse crete intervals up to 2.5 ns before or after the interaction
was focused onto the edge of a neon gas jet with atomipulse. The spatial resolution along the fringe direction
density >1 x 10" cm™3 at a vacuum intensity of X  was limited by diffractive effects between the gratings to
10" Wem 2. Quantitative measurements of the electron25 um [14]. Finally, the laser energy transmitted through
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the target within a half angle of 5.%vas measured with (a) Channel _ walls
an absorbing glass calorimeter. {H { | ”W

A number of numerical models were used for data S _};?\;mw BESSSN ons | Laser
interpretation and for detailed comparison with the experi- f‘ﬁ‘;'@ ! HM il
mental measurements and analytical estimates. The ex- ) ; b '-\\\% e AL,
pansion characteristics of the channel, following the laser it S"um@! | m[ m
heating stage, were compared to an analytic blast wave i I
model [15] and the 1D hydrocodeéEDUSA. This gave an Filtorblock; Vacuumitocus

estimate of the original electron temperature, which was  (b)
compared to an inverse bremsstrahlung model [16].

The effect of ionization defocusing on the propagation
of a powerful 1um laser pulse, through a neon gas jet
at a neutral density a3 X 10'° cm™3 has recently been
published. Under these circumstances ionization induced
density gradients cause the beam to defocus, resulting in a
plasma whose radius increases rapidly along the propaga-
tion direction [10]. The feasibility of using a preformed
density channel to overcome defocusing in such condi-
tions was investigated by focusing a prepulse into the gas T T
ahead of the main pulse and studying the subsequent in- Filter block ~ Vacuum focus
teraction with moiré deflectometry. Information on the |G, 1. (a) Deflectogram of the plasma formed by focusing
degree of confinement afforded by the channel was obthe main beam into the preformed channel with a prepulse-
tained by varying the following experimental parametersmain delay,r, of 2.3 ns. The vertical bar near the center of
(a) the relative delay between the two pulses, (b) the tarthe picture is an imperfection of the filters in front of the film.

- : e laser is focused from the right with a cone angle of.5.7
get gas material and density, and (c) the energy content %e channel walls are well defined; there are strong filamentary

the prepulse. A deflectogram, taken 6 ps after the interaGsryctures within the channel and there is no evidence of plasma
tion of a 5 TW pulse with a preformed channel, is shownoutside the channel. (b) Moiré deflectogram of the plasma

in Fig. 1(a). This preformed channel was formed by fo-taken 6 ps after focusing a 5 TW, dm laser pulse into a
cusing a 0.1 J prepulse into a neon gas jet with a neutr@Iasrna channel formed by a 0.1 J prepulse, with= 500 ps.

: 19 A3 : he channel walls are not completely formed and there is,
density of3 X 10" cm™, 2.3 ns ahead of the main pulse.. consequently, significant plasma formation outside the channel.

The walls of the density channel can clearly be seen ifote that the center of the field of view has shifted 260
this figure as the two well defined regions of high-densitytowards the laser input.

plasma (shown by strong fringe shifts) running parallel

to the laser propagation axis at radii of 1Q@n, while

the strong filamentary structures within the channel (tovas not properly formed at 500 ps, allowing significant
the left of the filter block), are the result of optical ion- leakage of the main pulse. Hydrocode simulations, which
ization by the interaction beam. It is important to notepredict a stronger shock structure at 2.3 ns compared to
that there is no evidence of plasma formation anywher&00 ps, support this interpretation. Further evidence of in-
outside the channel. Consequently, at the channel entteased levels of pulse confinement at longer delays was
(800 um downstream of the vacuum focus) the pulse isalso provided by the transmitted energy measurements.
confined within a radius of 10@m. This is a significant The fraction of laser energy transmitted within the °5.5
improvement over the neutral gas interaction, where therangle was found to increase from 2% to 10% as the delay
was plasma formation out to a radius350 um. The increased from 500 ps to 2.3 ns. Although this increase
laser intensity within the channel is thus approximately ann transmitted energy was relatively small it demonstrated
order of magnitude greater than could be obtained with théhat the properties of the channel wall, not just preioniza-
neutral gas interaction. The degree of confinement wason of the gas, were the most important factor leading to
found to depend strongly on the relative timing betweerconfinement of the pulse.

the two pulses. This is clear from the deflectogram shown Further insight into the channel forming process was
in Fig. 1(b), taken 6 ps after a 5 TW pulse was focusedbtained by examining the 2.3 ns channel a few ps before
into a channel with a prepulse—main delay of 500 psthe arrival of the interaction pulse, as shown in Fig. 2.
It is apparent from this figure that along the length of theThe deflectogram can be split into two distinct parts: (a) a
channel the walls are not as well developed as in Fig. 1(auniform region clearly showing the strong shock wave
Although strong fringe shifts can be seen close to thestructure that confined the beam and (b) a nonuniform
propagation axis, there is also significant plasma formaregion, where the plasma is turbulent and the fringe shifts
tion outside the channel. There is clearly less confinemerghow a peak on axis, implying an axial density maximum.
at 500 ps compared to 2.3 ns. The reason for this differAn electron density profile in the uniform portion of the
ence is that the shock wave structure at the channel waltpuide is shown in Fig. 3. The profile is characteristic of
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Oriform - charmel radius 100um an assumption of a top hat laser spatial pro-

‘ _ file gives an order of magnitude estimate of the mean ir-
& { 1| Laser radiance within the channel asl X 10'¢ Wem™. This
DY ?? < i_ntensity is near thr(_esh_old for doubly ioniz&d* = 2) he-

lium and the density increase at the channel walls was
(( t (| =] therefor consistent with optical ionization increasifig=

Non uniform plasmal 100um 0.8 to 2. This observation is important because it con-

clusively shows that the main pulse interacted with the

channel walls. Further independent confirmation of the

FIG. 2. Moiré deflectogram of the density channel taken 6 p3evel of pulse confinement was also obtained in a sepa-

before the interaction of the main pulse, with = 2.3 ns. This rate experiment using 0.35 ps KrF laser pulses. In this

plasma was formed by focusing a prepulse with= 100 mJ, . .

7, = 2.5 ps. experiment a laser puls_e was fOCL_jsed at a vacuum irra-
diance of1 X 107 Wem™2 into an identical gas nozzle
with a peak neutral density arourtdOln.. The output

a strong shock wave [15] with an axial density minimumof the channel was imaged with a quaft2.5 lens into

increasing to a sharp maximum at the channel walls. Thiga CCD camera with a magnification 0 and spatial

represents a refractive index profile that is capable ofesolution of 5um. This diagnostic also clearly showed

confining an intense laser [5—8]. A simple but instructivethat the interaction pulse was confined within the channel
estimate of the largest ray angle confined by the unifornwith an irradiance 5 times greater than the neutral den-
part of the channel can be obtained from Snell's lawsity case. These results, together with more details of the

applied to the density profile. Assuming a discontinuityl wm experiment, will be discussed in alonger article [17].

in refractive index at the shock front, the critical angle, The nonuniform plasma at the end of the channel in

6. = cos '(u,/uc), wherew,, andu,. are the refractive Fig. 2 was due to the finite depth of focus of the preform-

indices at the channel wall and center, respectively. Foing laser pulse. Confirmation of this interpretation was

an average density ¢f X 10 cm™3 at the channel wall obtained by the observations that an increase in the pre-
and 1.0 X 10! cm~3 on axis, 6. ~ 10-15°, which is  pulse energy from 0.1 to 1 J resulted in a channel that was
consistent with the experimental observations. uniform over the length of the nozzle-1 mm) and the

Another important and novel feature of this data was théransmitted energy increased from 10% to 25%. This rep-
significant increase in the fringe shifts at the walls wherresents an order of magnitude increase in transmission
the main beam interacted with the 2.3 ns channel [this caffom the 2% value obtained in the neutral gas. The most
be seen by comparing Fig. 1(a) and Fig. 2]. A guantitaprobable cause of this relatively low transmission within
tive measurement of this effect was obtained by using hethe calorimeter acceptance angle was due to refraction oc-
lium at a neutral density o8 X 10" cm™3 as the target curring within the channel (for these conditions the ab-
gas. Figure 4 shows density profiles taken before and aforbed fraction was calculated to be around 5% or less). If,
ter focusing the interaction pulse into a channel formedor example, the confined beam expanded at an afgle

2.5 ns after the 0.1 J prepulse. It can be seen that thHéen only the fractionid, /6..)> would be intercepted within

electron density at the channel walls increased by a fadhe acceptance angle, of the calorimeter. For these

tor of 2.5 when the interaction beam is focused into thechannelsd, ~ 12° and with6, = 5.5° giving T ~ 21%,

channel. For a 4 TW pulse confined within a channel ofwhich is consistent with the experimental measurement.
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before the arrival of the interaction beam (solid line) and after
FIG. 3. Radial electron density profile near the vacuum focusthe arrival of a 4 TW pulse (dashed line). Optical ionization at
This is an ideal density profile for guiding. the channel walls is responsible for the increased density.
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The mechanism limiting the channel length was examtion in channel length from 550 to 350m was observed.
ined using the blast wave model of Zel'dovich and RaizerThis showed that ionization defocusing presented a funda-
[15]. Incylindrical symmetry this model gives the channelmental limitation on the use of short laser pulses to form
radius as a function of time r(r) « (E;/p)"/*t'/?; where  plasma waveguides in refracting plasmas.

E, is the energy deposited per unit length and the gas This work has presented direct observations of the
density. It has been shown in a previous publication deinteraction of an intense picosecond pulse with a plasma
scribed that this model described the channel expansiothannel preformed in a gas jet target. At low densities the
well for + > 100 ps, but a 1D hydrocode was required to first clear evidence of the interaction between a confined
simulate the complete temporal evolution of the channepulse and the channel was observed. These data also
[18]. In this case the asymptotic expansion radius camlemonstrated definite pulse confinement by the channel
be directly related to the original laser energy depositedeading to a laser irradiance that was significantly increased
within the center of the channel. With this technique thecompared to an interaction with the neutral gas. At higher
energy deposited in the uniform part of the channel waslensities, however, the channel length was not limited by
estimated. Around the region of best focus the channehe depth of focus of the optical system but by ionization
expanded from 15 to 10@m in 2.3 ns and the simula- defocusing of the prepulse. The use of a longer duration
tions gaveT, ~ 300-400 eV. This agreed well with the prepulse(~100-500 ps) could possibly help to overcome
value of T, = 380 eV, predicted by the absorption model this limitation [8].

in these circumstances (a 0.1 J prepulse with an intensity The authors would like to acknowledge the contribu-
of 1.5 X 10'® Wcem™2 and neon with a neutral density of tions made by the staff of the Central Laser Facility, es-
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channel the radius was only 2bm after 2.3 ns and a shock very grateful to G.J. Pert for the use of his laser absorp-
wave had not developed at all. The prepulse intensity aion code. This work was funded by EPSRC/MoD grants.
this position, due to the cone angle of the focusing optics,
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