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Abstract Unfortunately, in channels produced with high Z gases, an

ultra-intense pulse would further ionize the gas on the

We present results of experimental investigations ehannel axis, thereby negating the guiding. While the
laser guiding in plasma channels. A ne¢echnique for 100ps long laser pulse wamergeticenough tocause

plasma channel creation, the IgnitorHeaterscheme is Significant plasma heating, ionization of low Z atoms
proposed and experimentally tested in hydrogen and féauires arorder of magnitude higher laséntensity. The

nitrogen. It makes use of two laser pulses. The Ignitor, %]{;;/fensny of the laser pulsegededor channel creation in

i ; drogen, for instance, has to b#&.5<10* W/cn? [6]. It
ultrashort (.<10.0 fs) laser pu_Ise_, is brought to a S s important to note that once partial ionization has
using acylindrical lens to ionize the gas. Thideater

; occurred, and plasma heating through inverse
pulse (160ps long) isused subsequently to heat thegremsstrahlung takes place, collisional ionization plays a
existing spark via inverse Bremsstrahlung. Thejgnificant role as armdditional mechanism for plasma
hydrodynamic shock expansion creates a partially creation. For low laser intensities thenverse
evacuatedplasma channel with a densitpinimum on Bremsstrahlung rate imdependent othe laser intensity
axis. Such a channel has properties of an opticHl]l. When the electron quivervelocity due to the laser
waveguide. This techniqueallows, creation of plasma field exceeds théhermal velocity, the heatingrossection
channels in low atomic number gases, suchyasogen, droPs precipitously [8]. The optimum intensity for
which is of importance for guiding of highly intenser PlaSma heating is on therder of 1-%10" Wicnt [7].
pulses. The channel density wemgnosedwith time lonizing the gasand subsequently heating it with one

o . pulse is inefficient.
resolved longitudinal interferometry. ~ From these To allow the use of low Z atoms and to demonstrate the

measurements the plasma temperature infasred. The  oagipility of guiding of the highly intense laser pulses
guiding properties of the channels were tested by injectigger many Rayleigh ranges we haseveloped anovel

a >5x10” W/cnt, 75fs laser pulse. method for channel production: the Ignitor Heater
technique. Rather than utilizing a single laser pulse for
1 INTRODUCTION ionization and heating, this scheme makes use of two

er pulses. Afemtosecond “Ignitor’pulse is used to

eate the initial spark. A longer, ~160 p&rfectlytime
synchronized “Heater” pulse thenintroduced toheat the
plasma. Results of Ignitor Heater channel production
experimentsandmeasurements of the channel transverse
plasma density profile witfemtosecondMach-Zehnder

proposed4] as a means to extend tHestance over which intgrferomet(ywill be presented irSe.ction 2. Results of
the laser remains intense. Thelex of refraction in a 9uiding studies are reported in Section 3.

plasma of density n can be approximated by 2> CHANNEL PRODUCTION

nRzl—w%Isz. As in an optical fiber, a plasma

channel can provideptical guiding if the index of 10 implement the Ignitor-Heater channel creation

refraction peaks oraxis. This requires aplasmadensity SCN€me, the two laser pulsere combined in a line-
focus by means of cylindrical optics onto a gas jet, Figure

profile that has a local minimum on axis. h . s 9
Experimentally, low power laserpulses have been 1. The gas jet wasised to avoidionization induced
raction [9] in astatically filled experimental chamber.

- . . f

guided inplasma channels [5]. In these experiments orﬁ] :
laser pulse (~100 ps, ~100 mJ) was brought to a lifg'€ femtosecondntense (~5 19 Wicnt) Ignitor pulse
as focused to aline by reflecting off a cylindrical

focus in a mixture of high atomic number (Z) gases with’ S :
an axicon lens tqroduce a few cnlong plasma, and reflector. The. cyI_|ndr|caI reflector_ is a plang—cqncave
subsequently heat it via inverse Bremsstrahlung. Tr(g:38.mm)cyll_ndrlcal Iens,coatedWI_th 'adlelectnchlgh
resulting hydrodynamic expansided to a time-dependent '€flection coating for 45 angle of incidence 800 nm
density profile” with a minimum on-axis. pulseradiation. Byusing areflective optic we have avoided

propagation over distances of up to 70 Rayleigh length§am filamentation, self-focusingnd other undesirable
(about 2.2 cm) ofmoderately intense laser pulses nonlinear effects that would prevent from obtaining a well

2 wi focused, near diffractiofimited beam spot. Thedeater
4 b

(<5x1044 We®), with pulse lengths muckarger than b ise wadfocusedwith an F/5 refractive cylindrical lens
the plasma period, was demonstrated in these expenmeﬁfe

hei itV of the ch | on | | cal length fl=50mm) at the exact location of the ignitor
The intensity of the channel creation laser puijeved {55 | addition to the fact that the channel forming
in these experiments was not sufficient for ionization g, propagate perpendicularlytbe guided pulse, the
low Z gases, but guired instead the use ofdghi Z gases. '

Several applications of intense laser beams, includi
laser acceleration [1], high harmonic generation [2],
recombination far UVand X-ray lasers [3], would greatly
benefit if the laser beam was kept tighfiycused over
many diffraction distances ofthe laser (the Rayleigh
range). Laser guiding in plasma channels Hezn
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use of twoindependentylindrical optics provides precise shows aninterferogram takenwith the interferometer
independentadjustment of both the positions, angles opulsedelayed by 1 nswith respect tothe Heaterpulse.
incidence, and sizes of the line foci. The X-size of the channels roughgorresponds to the
A Mach-Zehndertype interferometerwith a measured Rayleigh range ofthe Ignitor pulse. From thénferred
spatial resolution of 4um was built to measureline plasma density lineouts of Figure 2 b), it is sé¢leat a
integratedplasma density. Thisnterferometer measures plasma channel igreatedonly in the vertical direction.
the relative spatial phase shift between two blue (400 nmhese channels are expected to guide in Y-direction only.
50 fs pulses, one propagating through plassnd one From theinterferograms ofthe plasma channels, the
through air. These pulseare produced by frequencyshock frontdiameter, D, is found bymeasuring the
doubling and areperfectly synchronizedvith the high separation (in Y) between the points of commencement of
power beams used in plasma production. The evolution thie fringe shifts in themiddle section of the channel.
the 2-D transverse plasma density profile cammieasured From the channel sizand density dynamics, thénitial
with a temporal resolutiodetermined bythe duration of temperature of the spark isferred in two ways. By
the blue pulse (~50 fs). equating the shock speed toion acoustic speed, the
electron temperature can be fouRtlom Sedov’ssolution
of strong explosion in a homogeneous atmosphere [10], a
theoretical calculation that relates the energy peit
length in the initial spark to the form of the expansion
curve, the temperature can t&culatedonceagain. From
the shockspeed,the initial temperaturegright after the
Heater pulse) are calculated to 20 eVand~120 eV in
hydrogen and nitrogen respectivekhis agreeswell with

ater pulse
140 ps, 270 myp

, \
0

L 4 the deposited energgalculation from Sedov’ solution.
! % Ignition pulse From the inverse Bremsstrahlung theory [8]hidrogen,
'”tfffezgg" pter 75 fs, 20 mJ with n=2x10'® cm?, laser I=%10"* W/cn?, and laser
puse Y K — | pulseduration w=150ps, thetemperaturewas calculated
i GUided pulse to be T=19 eV. In nitrogen, with g1.6x10"® cm?,
75fs,20 mJ <Z>=3.5, andthe same laser parameters, thmperature
Figure 1: Experimental Setup was calculated to be 118 eV.

“mmm 3 GUIDING
a) I]:'“nl This Sectiondescribesthe results of experiments on
guiding high intensity laser pulses in the plasthannel.
“““I“ The laser pulse (injection pulse) wé&sused near the

entrance ofthe channelusing anoff-axis parabola. The
n(x), 10%m-3 time delay petweenthe Ignitor pulseand the injection
— = n(y), 10%m? pulse wasfixed to 600 ps. (This constrairdrose from
Y), physical limitations in the available vacuuamamber.)
PRI To diagnose the guiding, the laser beam inagedonto
] a CCD camerawith a MgF, lens of 1 inchdiameter and
] focal length of fl=68.3 mm at 800 nm. The CG@Bmera
1 was mounted on an optical rail so thatduld bemoved
over about 50 cm range, thus changing the position of the
imaging plane. The resolutioand magnification of the
: 1 imaging system wasalibratedfor different CCD camera
i.....] locations. By comparing the laser beam images with and
i 1 without the gas flowing out of the gas jetlve pulsing
; / f ! : i OF NOL), it was possible talearly observethe effect of
¥ / o | : \"\\.. guiding on the laser beam. Figure 3 shows images of the
- :LJ‘ \;\lu\l injection laser pulse a) propagating through vacygas
: ! : \ : ] jet turned off), b) after undergoingionization induced
Fv P Pl e f), b) going
htttibosdostnadopn o s daad refraction inthe gas jet plume without thideaterpulse
being present, hence no channel fornsd| c) guided by
-120-80 -40 0 40 80 120 the channel, for a gas jéackedwith nitrogen at 1000
X (Y), Hm psi. Vertical lineouts of images of Figure Blearly
Figure 2: a) Channehterferogram atlns after the demonstrate the changes induced by the plasma channel on
heater pulse; b) Inferred plasma density lineouts. ~ the guided lasepulse. Thechange insize of ~8 times is
consistent with a laser beam of~0.1 mm propagating a
The Ignitor-Heater scheme was implementéith 20- distance of 0.8 mm (the width of the jet).
40mJ, 75 fs Ignitor pulsand ~270 mJ, 160 pHeater ~ AS seenin Figure 2, for the specific Ignitand Heater
pulse in nitrogen and hydrogen backed gas jet. Figure 2P4Se parameters, plasma channeire created in an
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elongated, elliptical shape. In turn, theguided beam taken with only the probe arm incident on the CCD
images (Figure 3) had a similafongatedshape. We next camera chip.

demonstratethat through control of the Ignitor pulse

intensity, channels with circular  cross-sections, 4 CONCLUSIONS

possessing guiding properties in X as well as in Y

direction. can be created. To overcome the lasdliffraction length limit, a

novel method of plasma channel production faser
guiding, the Ignitor Heater techniqueyas proposed and
testedexperimentally. This schenmaade it possible, for
c) D the first time, to create preformedguiding plasma
channels in hydrogeand deeply ionizechitrogen without
high atomic numberadditives, therebyallowing high
intensity laser pulse guiding. Tavoid the ionization

a)

SRR LR L L L LELLELE LN LA
. 400 E \:I : :I : 1 inducedrefraction ofthe guided laser pulse, theplasma
§ : 1 channelswvere formed in g@lume of apulsedgas jet. It
' 300 L \«GUided b should be alsaotedthat the Ignitor —Heater scheme
2 . J PO employscylindrical optics thatcould bekept out of the
= . ) e path of theacceleratobeam andpotentially, allow the
2 200 it tesad st Oh recycling of the laser beams. The channel formation
- [ M 1 process was fullycharacterizedwith time resolved 2-D
100 I 1 longitudinal  interferometry  diagnostic using a

’

F g .Macuuni femtosecond probe pulse. From tineasurediynamics of
-n.f . I L *1, et the radial shock expansion, the temperaamgenergy of
0 10 20 30 40 50 60 70 80 the heated plasma were calculated. The ability to
independentlycontrol the intensity of the Ignitor pulse
Y, Hm allowed us tocontrol the transverse extent tife initial
Figure 3: Laser beam imagesd vertical lineouts. ionization spark. The length of the initial spaaiected
pulse a) gas jeturnedoff, b) gas jet - on, without the shape of the plasma channel. In this faskizemnel
Heater pulseand c) guided byhe channel, for a gas transverse aspect ratio was controlled from ~ 3 to ~10.
jet backed with nitrogen at 1000 psi. Future work will concentrate on furthémproving this
Transverse Shadowgram Guided Beam Image  aspect ratio.
i e Laser pulses atcordhigh intensity (=510 W/cn)
were guided in these channels over ~ 10 Raylkighths.
Control over thechannel shape allowed us to observe
guiding in one transverse dimension, for channels with
high aspect ratio, or guiding in both atd Y, if a round
channel was formed.
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Since the initial volume of plasma determined by the
volume over which the intensity of the Ignitor puls
exceedsthe ionization threshold intensity, the Ignitor
pulse intensitycan serve asneans of control over the
channel shape. Byecreasinghe Ignitor pulse intensity
(via detuning the compressor, i.e. lengthening the puls
plasmas wer@roducedover smaller extent in x-direction,
Figure 4,andhence, the energy deposition by tHeater
pulse was localized to a much smaller area, leading to
aspect ratio of the resultant channel that was nulader
to 1. Laserpulsesguided in such channelsdeveloped
similar round shape. In Figure 4 tgaidedbeam images
are shown next to the corresponding channel
shadowgrams. A shadowgram is an interferometer image
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