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High efficiency coupling and guiding of intense femtosecond laser pulses
in preformed plasma channels in an elongated gas jet
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(Received 31 August 1998

We report coupling and guiding of pulses of peak power up to 0.3 TW in 1.5-cm-long preformed plasma
waveguides, generated in a high repetition rate argon gas jet. Coupling of up to 52% was measured for 50-mJ,
~110-fs pulses injected at times longer than 20 ns, giving guided intensities~up*dl0'® W/cn?. For short
delays between waveguide generation and pulse injection, pulse shortening occurred, with this effect reduced
either by increasing delay or injecting a prepulse into the waveguide. There is excessive taper at the waveguide
ends, which results from reduced heating at the ends of the jet by the waveguide generation pulse.
[S1063-651%99)51704-2

PACS numbsgs): 52.40.Nk, 52.35.Mw, 52.40.Db

The optical guiding of intense laser pulses in plasmas hapower amplifier systemi8]. Argon gas was used in the jet,
several important applications, including laser-driven elecwith a valve backing pressure of 33 atm and a gas puff full
tron acceleration and x-ray generatidd. Guiding has been width at half maximum(FWHM) of 550 us, with the laser
demonstrated both in the nonlinear self-guiding regi@e  pulse arriving at the temporal peak of the puff. The axicon
and in preformed plasma channels, which have been pro-
duced either in high voltage capillary dischard&s$ or by 3*10

thermally driven laser-induced plasma expandih In the . 10
latter approach, channels were produced in the focus of ar | ---  610ps
axicon in an ambient background gas, with neutral gas ex- s~ ¥ ] o 14ns
tending in front of the channel entrance and beyond the exit. % 1N *  2.6ns
Maximum coupling efficiency was-70%, limited to moder- 2 M ‘\dp-n - =+ 34ns
ate intensity €10'° W/cn?) optical guiding[4]. Later ex- * A ° 39ns
periments at higher laser intensityX3.0*> W/cn?) showed 18f *

that optical field ionization of neutral gas in advance of the
channel entrance caused severe refraction of the injectec
pulse before it entered the channel, resulting in reduced cou-
pling efficiency of less than 30% and refraction-induced 05k
pulse shortenind5]. The refraction problem is a serious

limitation for applications such as laser wakefield generation,

which requires guided intensities in excess~af0'® W/cn? 0 _
[1]. (a) radius (um)

electron density (cm™

The absence of gas from the region in advance of the 19
waveguide entrance would be expected to reduce the refrac __
tion problem and make higher injected intensities possible,®
and to this end we designed a high repetition rate gas jet in g, 5
which to produce the plasma wavegu[@é. The jet nozzle is >
fed by a pulsed solenoid valve and in the experiments re- '@ 4
ported here, the nozzle orifice was an elongated slot 1.5 cr 3
long and 0.75 mm wide. The nozzle end face was tapered tc 50.5
minimize its obstruction of the axicon beam used to generate §
the plasma waveguide. The obstruction has a minimal effect 3 0
on the gas breakdow(i6], and this observation is supported 600
by calculations that show that the obstruction reduces the a*'é/o" 300 200
peak intensity by the fraction of the obstructed beam energy ’Sta,,c 0
(<109 with little disruption to the Bessel field profile in the e(/l/h) 0 2004 ()
focus[7]. (o) ks

The plasma waveguides in the experiments reported here |G, 1. (a) Time resolved electron density profiles of the evolv-
were produced in the 1.7-cm-long line focus of a 25° baseng plasma waveguide, whete=0 refers to the center of the 225
angle axicon using 200-300 mJ, 100 ps;1.064um pulses  mJ waveguide generation puls@) End region of plasma wave-
(peak intensity~4x10" W/cn?) from a neodymium-doped guide, showing tapering of the electron density profile. Probe delay
yttrium aluminum garnetNd:YAG) regenerative amplifier/ =3.0 ns.
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FIG. 2. Experimental setup for femtosecond pulse guiding ex- FIG. 3. FROG measurement of waveguide output pulse width vs
periments. delay for the injection of(i) single 50-mJ, 110-fs pulse ar(d)
prepulse/main pulse combinatig@-mJ, 110-fs prepulse; 42-mJ,
dllO-fs main pulse; separatied ng, where delay is the time be-

line focus was aligned 2 mm from the nozzle orifice an ; . S
tween channel generation and main pulse injection.

overfilled the length of the gas region. Folded wavefront in-
terferometry was used to measure the spatial profiles of neu- . . ) . .

tral gas densityshown in Ref[6]) and plasma waveguide M apprquately twice d|ffract_|on I|m|_ted. A small portion
electron density from the jet, using variably delayedOf the.mam pulse~5%) was split off with a pelhple(BSl)
A=532-nm probe pulses obtained from frequency doubling"’md directed to a delay line for femtosecond time-resolved

\=1064-nm pulses from the Nd:YAG system. A sequence ophadowgrams which were captured with camera CCD-1. Af-

electron density profiles near the midsection of the wave!€r the jet(waveguidg interaction region, the guided femto-

guide is shown in Fig. (), obtained from Abel inversion of second pulse was reflected to the chamber exit by a dichroic

the phase plots extracted from the interferogrd@is The F’eam splitter(DS_), after which it was split by anothgr pel-
time scales for channel evolution are similar to those of owl'c'e (BS2) and directed to a frequency-resolved optical gat-

earlier backfill experiments, and the channels are as axiall{f'd (FROG [10] diagnostic, and to a microscope objective

uniform as in the backfill cas,9]. nd camera CCD-2 for images the channel exit plane. The

The degree of taper of the end of the plasma waveguide i@¢am splitter DS also transmits the 1064-nm waveguide gen-
important for coupling considerations. Figurébl shows €'ation pulse from the opposite direction.
electron density profiles as a function of axial distance at the F19uré 3 shows waveguide output pulsewidth measure-
end of the waveguide at 3 ns after waveguide generatiorme”ts made with the FROG diagnostic for |n]ect|op with
The electron density profile falloff to the end of the guide €ither single 110-fs, 50-mJ pulses or a prepulse/main pulse
takes place over-300 um, longer than the-150-um falloff C(_)mblnatlon(flrst to second pulse energy ratio of 1:5, pulse
in the case of gas backfflf]. At this delay, the central elec- Widths of 110 fs, and a pulse separation of 4 o total
tron density at~300 um from the end is about two times EN€r9Y 50 mq.The double_pulse was prod_uced by Injecting
higher than near the waveguide midsection. This most Iikel)}he Ti:sapphire regenerative amplifier with two variably

results from reduced inverse bremsstrahlung laser heating gParated seed pulses from the oscillator The waveguides

the gas density falls off at the end of the jet. Since the laser!Vere produced in argon under the conditions of Fig. 1. For

plasma heating rate scalesN® the temperature scales lds the doub!e pulse injection, the FROG measurement e_ffec-
and the collisional ionization rate scales N exp(— y/kT), tively registers the second pulse alone, since the raw signal

whereN is the density and is the ionization potential, we level is proportional to the cube .Of iptensﬁyO]. It is seen
would expect reduced heating and ionization, along with rej[hat the measured pulse shortening is reduced for longer de-
duced channel expansion in the jet edge region. An end den-
sity falloff distance of~0.5 mm was estimated from both .
shadowgraphy and by focusing a high intensity Ti:sapphire LU mode | delay=24 ns | delay=36ns
laser puls€100 fs, 20 mJinto the end of the jet and imaging
the resulting visible recombination radiation, which is pro-
portional to the gas density at such short pulse width.
Guiding experiments were performed with a high power
femtosecond Ti:sapphire laser syst¢h® Hz, 50 mJ, 780
nm, 100 fg, synchronized to the Nd:YAG waveguide gener-
ating laser as described in RE®]. The experimental setup is
shown in Flg 2. The femtosecond pulses were focused with fiG. 4. (a) Mode image for vacuum casgWHM=30 um);
a MgF, lens atf/15 through a Mgk window in the experi- guided mode for(b) 24-ns delay(FWHM=35 um) and (c) 36-ns
mental chamber. The vacuum focus intensity FWHM was 3Melay.
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lays (for both single and double pulselsetween waveguide Guid Guide on

generation and injection, and at all delays the shortening i
less for the double pulse case. The smaller amount of short 9ps.
ening for double pulse injection reinforces our earlier con- %
clusion[5,11] that the origin of the shortening is refraction at _
the channel entrance, and indicates that the 20% leve34ps |
prepulse preionizes residual gas and low charge-state ions [
the channel entrance, reducing the refracting effect of ioniza:
tion on the main pulse. The reduction in shortening as injec-
tion delay increases for both single and double pulses is con
sistent with increased channel width at the entrance, resultin
in better capture of refracted light and decreased interactiol
with the less ionized gas at the channel radial periphery. We
note that the waveguides of this experiment are not long 35 |
enough(at the measured electron dengifpr the negative -
group velocity dispersion of plasma to be responsible for the|
maximum 30-40 % shortening observed. '
The FROG traces show only a very small level of blue @
shifting for the guided pulses, even in the presence of short
ening. A very slight increase in blue shift with deléyot

plotted suggests that at early delay, light refracted through il’leCtGd pulse .
|

ionization at the channel entrance is diverted outside the
channel acceptance and, at later delay, more of this light i
captured by the channel. The contribution of ionization in the
main part of the channel to blue shifting of the guided pulse
is negligible. An estimate of the average degree of ionization
Z, induced by the 100-ps waveguide generation pulse, is
found by dividing the central electron density at early times
in the channel evolution by the known gas den$fly. For
the waveguide conditions shown in Fig(al, Z~8, which
indicates that Ne-like argon is the dominant species in the
waveguide. The approximate intensity threshold for optical |
field ionization from Ne-like to F-like argon is (@)
~10' Wicn? [12], so that further ionization by the guided

pulse would not be expected at our peak guided intensity of FIG. 5. Time sequential shadowgrams showing coupling of fem-
less than~10 W/crm? (see below: tosecond pulses to the elongated gas jet algonale offy and to the

. . lasma waveguide generated in the gasgetide on. The wave-
The vacuum focal spot and guided mode images arguide conditions are those of Fig. 1, and the injection delay is 24 ns.

shown in Fig. 4. In contrast to the case of waveguides proz

d di backfill. wh the iniected pulse delay f The dark region is the shadow of the nozzle. The delays on the
uced In a gas backill, where the injected puise delay Olfigure refer to the probe delay after the pulse enters the(lpet.

efficient coupling at thif number is no more than 5-6 ns Shadowgram showing misaligned coupling between the injected

[4], typical minimum delays of 10-15 ns are required for,;se and the waveguide. Probe delay after femtosecond pulse en-
efficient coupling to the jet channel. This results from the;g g jetis 17 ps.

longer taper at the end of the gas jet waveguides, which
requires longer expansion times for efficient pulse injectionshadowgrams for the injected pulse propagating into the gas
Coupling efficiency for both single and double pulse injec-jet (with the waveguide off The abrupt onset of ionization
tion at delays longer than 20 ns is slightly better than 50%(within ~0.5 mm) is seen at the jet entrance, with the ion-
measured by integrating the exit image and dividing by thezation front propagating from left to right at the speed of
integral of the vacuum spot image. The coupling efficiencylight. The relatively collimated looking ionization region re-
remains at~50% out to~40 ns, where it begins to slowly sults from the on-axis intensity of the pulse remaining suffi-
decrease. At 24-ns delay, typical single mode output igiently high for ionization of neutral Ar. With the waveguide
shown (FWHM 35 um), and it is larger than the vacuum on, there is little apparent effect on the shadowgram induced
spot, owing to the channel expansion. At an even longeby the guided pulse, as is consistent with the FROG mea-
delay of 36 nsm=1 mode structure appears with the onsetsurements, which indicated negligible additional ionization
of two lobes. Depending on the delay, pulse shortening dowin the waveguide. Figure(b) is a shadowgram of vertically
to ~70 fs occurs(as shown in Fig. B resulting in peak misaligned coupling between the injected pulse and the
powers transmitted up te-0.3 TW, and guided intensity up waveguide, showing that0.5 mm of gas at the entrance to
to ~5x10'® Wicn?. However, at these rather large spot di- the jet is insufficiently ionized by the 100-ps waveguide gen-
ameters, there is only 8—9 Rayleigh lengths of guiding.  eration pulse. This is the source of the residual refraction-
Femtosecond time-resolved shadowgrams were used induced shortening seen in the FROG measurements of the
examine the coupling and propagation of injected pulses neavaveguide output.
the waveguide entrance. Figur€éabshows a sequence of In conclusion, we have demonstrated optical guiding of

10 mm >
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up to 0.3-TW pulses in plasma waveguides generated in and, pulse shortening from ionization induced refraction at
high repetition rate pulsed gas jet, achieving high couplinghe waveguide entrance is observed. The shortening is re-
efficiencies 0f~50%. The existence of a finite scale length duced with double pulse injection or single pulse injection at
in gas density of~0.5 mm at the end of the jet results in longer delay. For efficient injection and guiding of the fun-

reduced efficiency of inverse bremsstrahlung heating ang@mental mode at a small spot size over a larger number of

ionization at the jet edge by the 100-ps waveguide generatiogey!€igh lengths, future work will require increasing the
ating and ionization at the jet edge.

pulse. This results in both an excessive waveguide taper a
a reduced level of ionization at the end of the waveguide. The authors thank T. Antonsen for useful discussions.
There are two consequences of this. First, longer delays arEhis work was supported by the U.S. Department of Energy
needed before injection to achieve efficient coupling. Sec¢Grant No. DEF G0297 ER 41039
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