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Resonant self-trapping of high intensity Bessel beams in underdense plasmas
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We present a comprehensive report based on recent Manks. Rev. Lett84, 3085(2000] on resonant
self-trapping and enhanced absorption of high power Bessel beams in underdense plasmas. The trapping
resonance is strongly dependent on initial gas pressure, Bessel-beam geometry, and laser wavelength. Analytic
estimates, and simulations using a one-dimensional Bessel-beam-plasma interaction code consistently explain
the experimental observations. These results are for longer, moderate intensity pulses where the self-trapping
channel is induced by laser-heated plasma thermal pressure. To explore the extension of this effect to ul-
trashort, intense pulsed Bessel beams, we perform propagation simulations using thaimiehys. Rev. E
53, R2068(1996]. We find that self-trapping can occur as a result of a plasma refractive index channel induced
by the combined effects of relativistic motion of electrons and their ponderomotive expulsion.
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[. INTRODUCTION gion [7]. Resonance absorption was first observed in high
power nanosecond laser-target experimeli@ks and later
The self-focusing process, in which a laser beam selfstudied using femtosecond pulses, where the plasma density
traps and propagates at high intensity over distances long@radient scale length could be better controfleyl Calcula-
than its natural diffraction length scale, has been studieions of short pulse laser absorption by cluster plasmas have
since the 1960$1,2], where it was Origina”y observed in Suggested that an absorption maximum exists when the solid
solid or liquid transparent materials below megawhttv)-  density clusters expand to satidfig~3N,,, a condition de-
level laser powers. At power levels belowl0 MW, nonlin- termined by the resonance in the dielectric response of a
ear self-focusing in neutral gases was obsef&jdand in ~ Plasma spherg10]. More recent modeling of the laser-
subcritical density plasmas, ponderomotive filamentatiorfluster interaction suggests that for most experimental situa-
was observed at greater than gigawatt power levglsMost  tions, this resonance may actually occur nigrrather than
recently, subpicosecond, terawatt {AW)-level laser pulses at 3N [11]. In all of these prior cases of resonant laser-
have been demonstrated to self-trap in plasmas as a result @gsma coupling, however, the resonance is a result of the
nonlinear, relativistic modifications to the plasma index oflaser frequency and electron density dependence of the
refraction and ponderomotive expulsion of plasma electronglasma bulk dielectric response, and no transverse spatial
from the beani5]. For a fixed density of the medium, all of modification of the laser beam needs to octout it may
these processes have a threshold power requiring the nonlifccur in practice, for example, as a result of a rippled critical
ear lensing of the beam to overcome diffraction. Beyond thélensity surface For Bessel beams, the self-trapping reso-
threshold power, the self-trapping effect is maintained or furnance not only depends on the dielectric response, but it also
ther enhanced. depends strongly on the plasma geometry, and strong trans-
In this paper, we present comprehensive results from reverse beam modification necessarily occurs.
cent work [6] demonstrating a new type of self-trapping.  T0 begin, we define generalizedBessel beam, in a me-
This effect occurs in the propagation of high intensity Bessefium invariant along the optical axis to be a solution
beams in underdense plasmas. However, unlike the aboVe(f ,z,®)=€"?u(r, ,w) of the Fourier transformed wave
examples of laser beam self-trapping, the self-trapping ogquation
Bessel beams isesonantin nature, and this resonance is 5 .
multidimensional. That is, for the relevant parameters of ini- ViUt k5(F w)u=0, @)
tial neutral gas or plasma density, laser power, laser wave-
length, and Bessel-beam geometry, self-trapping will occut’’
(r);rlrila?r:/;éraap:rr:g\llgj ;&r;%e' of each of these parameters if the K37, 0)=K2N2(F ,0)—~ BZ= K1+ SyasmTL ,©)
Historically, resonant laser-plasma coupling has been ob- +amx(F ,0)]— B 2
served in two main instances, both for electron densities near
the critical density. The first is the well-known process ofis the square of the local transverse wave number, which
resonance absorption. HerePepolarized light pulse is ob- allows for possible transverse variation in the refractive in-
liquely incident on a plasma density gradient, usually from adex n of the medium, whereg is the total atomic and ionic
solid target, and it experiences increased absorption resultirgusceptibility andd,,smais the plasma contribution to the
from the electric field tunneling into the critical-surface re- medium response. In the above equatidng, is the Laplac-
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ian in the transverse coordinate , k=w/c is the vacuum opment, andr,=w/cs~1ns for radial evolution of the
wave number of the laser, anglis the wave number along plasma columri23], where\;; is the ion-ion collision mean
the propagation axia For a uniform, nonabsorbing medium, free path,c; is the local plasma sound speed, amds the
the transverse wave number « is a real constant, and Eq. laser spot size. Therefore, in our numerical simulations of the
(1) yields the standard Bessel-beam solutia(r, ¢,z,») time-dependent interactigsee Sec. I)lwe solve Eq(1) for
=E;e'P2(kor)e™?, whereE; is the peak electric field, an evolving sequence of plasma profiles; our simulations are
and m is a positive integer. Such solutions for a uniform quasistationary.
medium have been considered in earlier work investigating For a stationary profile, the solution of Ed) outside the
the linear[12,13 and nonlineaf14] optics of Bessel beams. plasma boundaryr¢ry) gives
Zero-order (n=0) Bessel beams have been produced us- _ _ L _ipz O @ img

ing phase masks, circular slits followed by len&,14 or E(F.z,w)=3e" a Hy (ko) +a_Hy " (xor)]e™?,
axicon lense$6,15]. More recentlym>0 beams have been 3)

roduced using a phase mask closely followed by an axico _ —(L2_ 2 2 2\1/2 1,2
F16 17. All of t%esg elements conver)t/ an input p?/ane wavewhere ko= K(r>ry) = (K°— f2+ dmwlyo/ch) ™ Hy?
- ) . ~“~are themth-order Hankel functions of the first and second
into a cone of raygconical beam converging onto the opti-

) : . kind, xo=x(r>r), and the ratioa, /a_ depends on the
f:;ji(lz} ?rI]IeatmtBteuzﬁﬁtee?fzmghorfetshpee;; trc;;geisaﬁ]sé ggisipecific plasma structure. Well outside the waveguider for
. . > i (1.2) i
beam, with axial wave numbeB=k cosy. For moderate > andwor>1, the asymptotic forms dff ™~ give

pulse energies and pulse widths, the peak intensity of a E(F, ,z,0)~E P e ko' 4 pe~i(m+12)mgixr]
=0 Bessel beam can be sufficient for breakdown of neutral ) )
gases and generation of highly elongated plasma channels. X €'™e/(2mKor )M, (4)

Such channels have been used for optical guidligj, and ) .
have applications to laser-driven plasma accelerdtb@; a sum of conical wavesgmdent upon and scattered by the
short wavelength generatiof20], and high current, high Plasma atthe angle=tan" " x,/j with respect to the plasma
speed switching15]. Recently, a long tubular plasma has @XiS, wherep=a, /a_ is the complex scattering coefficient
been generated through the use of fifth order Bessel beaf] the outgoing wave. In the stationary limit, the fractional
[17], and the self-trapping of Bessel beams has been found @PSorption of the Bessel beam is given by [ty] . _
seed a parametric instability that results in axially periodic_ Independent of considerations of externally supplied
plasma channel modulatiohg1]. Bessel begms, E(ﬂl} also governs the propggatlon of elec-
That resonant self-trapping should occur for intensgfomagnetic waves in the plasma structure |tself. In that con-
Bessel beams was strongly suggested by earlier work of odfXt; the solutions to Eql) can be separated into several
group. In that experimeri22], low energy(~1 mJ, 1-ps  categories depending on the behavior (| ) for a
white light continuum Bessel-beam probe pulses were fodiven plasma channél(r, ). Excluded modebave x*<0
cused onto underdense<@0 2 N,) preformed plasma for [FL|<ry and«*>0 for |F,|>ry,, wherer, is a radial
channels produced by a 100-ps hedmmp Bessel-beam location in the plasma. Foradiation modes«?>0 for all
pulses in low pressure gases150 tory. Once a local elec- . - Solutions having<®>0 for | |<r, and x*<0 for all
tron density minimum appeared on the axis as a result of the . |>rm arebound modes. Leaky or quasiboumddes have
plasma’s radial expansidafter a few hundred picoseconds «“>0 over a finite radial range near the center of the chan-
trapping and quasiguiding of the probe pulse occurred onlyel, x*<0 in a portion of the channel wall, aned*>0 be-
for certain wavelengths, for fixed pump pulse energy, initialyond that region. The result is some confinement of the wave
neutral gas density, and pump-probe defag]. This sug-  Within the interior channel region wher&>0, but tunneling
gested that at higher initial gas densities, the increased lase?t leaking is allowed to freely propagating waves |&|
plasma heating and more rapid formation of a suitable chan=r,. Truly bound modes are an idealization for real plasma
nel structure could result in self-trapping of the 1064-nmchannels because beyond the plasma bounéfary>ry,,
pump pulse during its 100-ps envelope. «?>0 again. In our plasma channels, there are only excluded
The full modeling of the Bessel-beam-plasma interactionmodes, radiation modes, and quasibound modes that are con-
would require considering the time-dependent electromagfined to varying degrees. Early in the plasma channel forma-
netic wave equation coupled to equations for the timedlion, the electron density is peaked in the center and only
dependent plasma hydrodynamics. However, for our experiexcluded modes or radiation modes are present, depending
mental situation involving 100-ps heating pulses and plasman the peak value of the electron density. Once a shock wave
channels of maximum diameter100 um [23], a quasista- begins to form during radial expansion, the electron density
tionary calculation is appropriate, in which time-independenton axis begins to dip and quasibound modes are allowed.
equation(1) is coupled to a model of the time-dependent For idealized bound mode solutions to Eg), no field
plasma hydrodynamics. We note that the transit time for ligh€xists outside the channel, and only discrete valugs afe
across a plasma channel of maximum diamet@00 um is  allowed. For example, for a parabolic plasma channel
<1 ps, which is much shorter than the 100-ps laser pulse dNe(r)=Ngo+ N (r/a)?, whereN is the on-axis electron
the plasma hydrodynamics time scales. These time scaletensity anda is a curvature parameter, the discrete channel
have been measured to bg~50 ps for avalanche-driven wave number is8,,= k2— 471 Neo— (4W5) (2p+m+1),
electron density growth;=\;; /cs~ 100 ps for shock devel- wherewg,=a/(7r N¢)*? re is the classical electron radius,
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of plasma absorptior{done only for the 1064-nm pump
pulse, all untrapped axicon rays passing through the plasma
(which form a ring, as well as the portion of the beam
trapped along the plasma axis, were collected and focused by
a large diameter collection axicon through a 1064-nm inter-
ference filter onto an energy meter. The additional heating
generated by the enhanced absorption was measured by

(2) 100mJ, 150ps, monitoring the channel's hydrodynamic evolution through
beam splitter soonm interferometry, using variably delayed probe pulses. To cap-
1084 nm plasma channel

interference
filter

collection axicon

interferometer probe pulse:
(1) 70ps, 532nm;
or

(2) 100fs, 800nm

ture channel evolution with picosecond resolution, a small
portion of the main Nd:YAG pulse was frequency doubled
(to 532 nm, 70 ps,~100 wJ), passed through an optical

delay line (=1 to 14 n$, and then directed transversely
FIG. 1. Experimental setup to measure Bessel-beam trappinthrough the plasm@23], which was imaged by a two-lens
(from mode imaginy absorption(with collection axicon and en- system through a foldegbr split) wave front interferometer.
ergy metey, and plasma heatindrom time resolved transverse in- The beam is split, with the portions transversely offset, so
terferometry. Pump beams were from a Nd:YAG laser sys@®0  that the interference pattern is obtained by overlapping the
ps, 1064 nm, 350 mbr from a Ti:Sapphire laser systeS0 ps,  phage-perturbed aréeesulting from the plasmaith an un-
800 m;”’ 100 m).] Axicons had base a.ngles (?f 25° or 3g"=15° or perturbed area of the beam, which is used as the phase ref-
vy=19°). Gas fill was 20-torr DO with variable pressure argon. . .
Interferometer probe pulse was 70 ps, 532 nm, 20@r 70 fs, 800 ergnce[25]. An uncogted~0.25—|n.-th|ck BK7 glass wedge
am, 1 mJ. split the wave front into beams reflected from the front and
back surfaces, with the transverse offset determined by the

andp andm are radial and azimuthal mode indides]. For ~ Wedge thickness. . .
|eaky mode solutions to qu), where the solutions extend For the interferometer with femtosecond reSOIUUOﬂ, the
beyond the plasma boundary, narrow continuous ranggs of probe bean(100 fs, 800 nm;~1 mJ was obtained from a
which we shall label3,,, are favored24]. In general, the Ti:Sapphire laser synchronized to the Nd:YAG system with
leaky mode spectrum of solutions and their associated wave 10 ps of jitter. Details of the synchronization can be found
numbersB,, must be calculated numericall24]. In the re-  in Ref.[26]. The jitter originates from the Nd:YAG oscilla-
gion |1, |>r,, these solutions can be represented as a suror's active mode locker. The femtosecond probe pulse was
given by Eq.(3), or in the limit[r, |>r,, by Eq.(4), where  passed through a delay line and directed transversely through
B in those expressions is replaced By,. The connection the plasma, which was imaged by a two-lens system through
between an externally imposed Bessel beam and the electra- modified Mach-Zehnder interferometer. For the 800-nm
magnetic modes of a plasma channel is then clear: resonaptimp pulse, the delay line was optical, using a gold-coated
interaction occurs when thg@=kcosy imposed by the retroreflector, and the delay ranged fren®00 ps to 1 ns. In
Bessel beam is matched to a leaky mghjg of the evolving  the case of 1064-nm pump pulses, the delay could be con-
plasma channel. trolled electronically in steps of 1 ns, and fine adjustment
was achieved using the optical delay line. As in the picosec-
ond setup, the two beams in the modified Mach-Zehnder
interferometer were transversely offset in order to allow
Figure 1 shows the experimental setup. Pump pulses ebverlap of the phase-perturbed area of the beam with the
ther from a Nd:YAG laser systed00 ps, 1064 nm, 350 mJ unperturbed area. For the femtosecond case, a modified
or from a Ti:Sapphire laser systef@50 ps, 800 nm, 100 mJ Mach-Zehnder interferometer rather than the wedge was
were focused by axicons with base angles of 25° or 30Used because the time separation of the front and back sur-
(which producel, beams with ray approach angles of face reflections in a wedge would greatly exceed the probe
=15° or y=19° with respect to the optical axis, whege  pulse duration. The picosecond interferometer was useful for
=k cosy), making~1-1.5 cm long plasma columns in an measuring plasma channel evolution at times of at least
ambient gas of 20-torr pO plus a variable pressure of argon. ~250 ps later than the early formation phase. During and
The N,O component, which field ionizes at10*> W/cn?,  immediately after the 100- or 150-ps pump pulse, rapid ion-
provides seed electrons for the uniform avalanche breakization and shock formation occur and the 70-ps time reso-
down of Ar [23]. The relative self-trapping of the Bessel lution was insufficient. The femtosecond interferometer was
beam by its self-generated plasma was measured by integratsed to examine channel evolution during the pump pulse.
ing charge-coupled device came(@CD) images of the For the 1064-nm pump pulse, the temporal resolution was
mode intensity profile at the exit plane of the plasma chanilimited to ~10 ps by the Nd:YAG mode-locker jitter. For the
nel. 800-nm pump pulse, the probe was exactly synchronized, so
In the event of self-trapping, the pump laser pulse is quathat the resolution was limited by the transit time of the
siconfined in the plasma channel, implying greater field amprobe across the plasma-100 fs for a 30um-diameter
plitude there, and this was expected to result in both enplasma columh The electron density was extracted from the
hanced absorption and greater heating. For the measurementerferograms by first using Fourier techniqy€s] to de-

II. EXPERIMENTAL SETUP: SIMULATION CODE
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FIG. 2. (a) Relative self-trapped energy measured at channel exit versus pressure; each point is a 10 shot average. Insets are resonant
mode images at different pressurés). Absorption efficiency versus pressure. Each point is 500 shot avdi@ggquare of shock wave
speed () versus pressuréP). (d) vs*P(xg) versusP.

termine the phase, which was then processed using Abel int 12/»?) ~IN(r)/N,, and v=»(r) is the collision frequency,

version. which accounts for electron-ion and electron-neutral colli-
Refracted by the axicon, the pump pulse approaches thsions. The model includes field ionizati¢@8], collisional

optical axis and self-interferes to form a zero-order Besseionization, thermal conductior(both gradient-based and

beam with peak on-axis vacuum intensity~5 flux-limited), and a collisional-radiative ionization model.

x 10" W/cn?  (for the 1064-nm pump and 2 Because the model assumes cylindrical symmetry, the cou-

X 10" W/cn? (for the 800-nm pump Low intensity imag-  Pling to m>0 electromagnetic modes is not treated.

ing of the focus along its length with &0 magnification

showed that it was axially uniform and cylindrically sym- Il EXPERIMENTAL RESULTS, CALCULATIONS,

metric. At high intensities, the resulting1-1.5 cm long AND DISCUSSION

plasma column produced in ambient gas was cylindrically ~Several experiments were performed in order to measure

symmetric and uniform along optical axis, except for somethe effect of varying the Bessel-beam parameters on self-

taper within~1 mm near the end3]. trapping. The laser wavelength was varigd=800 nm and
The self-consistent Bessel-beam plasma interaction wag064 nnj, as was the Bessel-beam ray approach afgle

simulated using a quasistationary model, in which @¢jis  =15° and 19J. Simulations were performed for these ex-

coupled to a 1D radial Lagrangian hydrocode. Starting withperiments.

neutral gas, Eq(l) is solved at each time step, yielding the

complex scattering coefficienj(t) [see Eq.(4)] as a func- A. 1064-nm, 100-ps pump pulse and 25° base angle

tion of time. The updated electric field then heats and ionizes axicon (y=15°)

the gas/plasma. A Drude model is used for the plasma dielec- Data from experiments with the 25° base angle axicon
tric response, wheredysmil,0)=—é+iévio, £=(1  (y=15°) and the % 10" W/cn? peak intensity, 1064-nm,
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100-ps pump pulse are shown in Figs. 2 and 3. The selfmuch less well-defined peaks that agree with the peaks cor-
trapping of the Bessel beam versus gas fill pressure is plotte@sponding to mode&) and (3) in Figs. 4a) and 2b). Fig-
in Fig. 2(@). The points are 10 shot averages of the integral oure 2d) is a plot ofv *P versus pressure®), wherev J*P is
the imaged channel exit mode. As the pressure increasegroportional toe from Eq. (5), ande is proportional to the
strongly increased coupling occurs to fhe 0, m=0 lowest  absorbed energy. The similarity in the curve shapes in Figs.
order modgp is the radial mode indgxwvith maximum cou-  2(b) and 2d) confirms the connection between the enhanced
pling at ~300 torr. The mode at that pressure is shown inabsorption and plasma heating, and clearly illustrates the im-
inset (1). At slightly higher pressures the coupling drops pact of the coupling resonances on the plasma hydrodynam-
sharply, pointing to a resonance at 300 torr. Beyond 400 torics.
the coupling increases again, now to higher order modes, Figure 3a) shows a simulation for total absorption
although the trapped mode pattern now fluctuates slightly
from shot to shot owing to channel fluctuations. A#60
torr, thep=1, m=0 mode shown in insgR) dominates, or
appears most frequently on a shot-to-shot basis~AtLO
torr, them=1 mode dominatefshown in inset4)], while at  as a function of pressure for the conditions of Fig. 2: peak
580 torr, thep=2, m=0 mode is favored. At pressures in vacuum intensity of % 10" W/cn?, A =1064 nm, 100-ps
between than=0 points, the most frequently observed exit pulse width, andy=15°. The first absorption resonance is
modes aran>0 modes that are closely spaced in pressurefor coupling to thep=0, m=0 mode and occurs at+300
We note that even though the generated channel is neartgrr, and the nextn=0 resonances, which are far less promi-
cylindrically symmetric[23], slight azimuthal variations in nent, occur at~460 torr (p=1) and~580 torr (p=2), all
the input beam or in the plasma are sufficient for suth in good agreement with the peaks in Fig. 2. Couplingrto
>0 coupling[22]. As the pressure increases, there is an in=0 resonances is not handled by the simulation.
crease in shot-to-shot fluctuations in the optimally coupled The time-dependent transmissidor scatteringy | 7(t)|?
mode (that is, inp and m), which is likely due to greater of the plasma channel is shown in FigbBfor initial gas
sensitivities of plasma heating and channel formation to laseggressures of 250, 300, and 350 torr. Optimal coupling is seen
energy and input beam mode fluctuations. to take place at 300 torr, where the strong dipq #(t)|?
Figure 2b) shows absorption of the pulse as a function ofresult from dynamic resonant coupling during the pump
pressure. Each point is a 500 shot average. Note that thsulse. The dips correspond to times when the input beam
nontrapped or transmitted part of the beam collected by thearallel wave numbeffrom the axicoi closely matches the
second axicon was a well-defined ring; no off-forward scatwave number of a quasibound mode of the evolving plasma
tering was observed from the plasma other than the trappechannel, o3=k cosy~g.,. At those points, coupling to the
light, if present. The pressure dependence of the absorptigh=0 m=0 quasibound mode is strong. At the first dip, the
corresponds well to the main coupling resonance of Fig. 2mode’s spot radius extends beyond the shallow channel wall,
with a clear peak at-300 torr for thep=0, m=0 resonance. outside of which the field is oscillator§i5% of peak ampli-
Less well-defined peaks at500 torr and~600 torr likely  tude. Figure 3c) shows a time sequence of electric field
correspond to thgg=1, m=0 and thep=2, m=0 reso- profiles at the first dip. By 122 ps, the quasibound mode is
nances, respectively, as shown in Figa)2 growing until it peaks at 134 ps, where the dip is at its
Direct evidence of the enhanced plasma heating fronminimum. At the second dip near 160 ps, as shown in Fig.
these coupling resonances is obtained from measuring th&d), the mode is more tightly bound with little field~1%
channel shock expansion velocity. As the expansion is adiasf peak amplitudgescaping outside the channel wall. In be-
batic after the first few hundred picosecon@8], the square tween the dips, and on either side of them, field is excluded
of the channel expansion velocity at later times is a relativédrom the channel center becaukeosy#B;,. At no point
measure of the heating by the laser pulse. The channel radidgsiring the channel evolution for the 250-torr and 350-torr
Rs, taken as the position of peak electron density in thecases is the resonance conditikicosy~g,, satisfied, so
expanding shock, was measured as a function of time usingtrong dips in| (t)|?> do not appear for those fill pressures.
the picosecond interferometer and the velocity was obtained The effects of the coupling resonances on the plasma hy-
as the time derivative of the best fit curves for the radiusdrodynamics at 300 torr are shown in Fige3 where the
which follow the dynamics of cylindrical blast wavEz3,29  electron temperature at channel cerfggt), the relative in-

-1

)

A= f (1—|n(t>|2)Ei2(t)dtU EZ(dt) (6

—

with excellent accuracy, cident power P;,.(t)=E;%(t), and the absorbed power
Papd(t)=(1—5(t)|?) E?(t) are plotted. As expected from
Rs~(&/po) ¥4t™, (5  the enhanced field amplitude at resonance, as shown in Figs.

3(c) and 3d), there are spikes in the absorption and heating.
wheree is the energy per unit length initially available to The pump laser envelope is overlaid on the plot, and it is
drive the expansion ang is the initial mass density. Figure seen that the resonances occur past the midpoint of the pulse,
2(c) is a plot of v?=(dRs/dt)?> versus pressure at  when a channel confining structure has formed.
=1.6 ns after the pump, and the peak-&00 torr is coin- The existence of a self-trapping resonance~800 torr
cident with the peaks in both the relative trapping and theémplies that a leaky channel develops during the pump pulse.
absorption, which is direct evidence for enhanced heating &t nearby nonresonant pressures, however, this should not
the trapping resonance. At500 torr and~600 torr there are  occur. Using the femtosecond interferometer, we verified that
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FIG. 3. (a) Calculation of absorption efficiency versus pressure. Parameters used in the calculation are the same as in the experimental
results of Fig. 2. The three peaks in the absorption curve correspond to couplingpe hen=0; p=1, m=0; andp=2, m=0 modes.
Peak vacuum intensity of810' W/cn?, y=15°, 1064 nm, 100 ps. The pulse peak occurs 420 ps.(b) Calculation of time-dependent
channel transmissiofy(t)|? during the pump pulse for initial pressures 250, 300, and 350 torr. Resonant coupling occurs at 36p torr.
Time sequence of electric field profiles at the first dip for 300-torr curve in Rhy. &) Time sequence of field profiles at the second dip
for 300-torr curve in Fig. ®). (e) Relative incident and absorbed powex,. andP,,J, and channel-center electron temperatdrg (versus
time for 300 torr.
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for ambient gas pressure of 300 tofr) Time sequence of electron density profiles, for ambient gas pressure of 35@diumber of
electrons per unit length of channel versus time, for pressures 240, 300, and 350 torr.

this was the case. In Figs(a}, 4(b), and 4c), electron den- of electrons per unit length of the plasma channel, where
sity profiles of the plasma column are plotted in time se-R,,, is the radial extent of the plasma, aNd(r,t) is elec-
quence for 240 torr, 300 torr, and 350 torr gas fill pressuresiron density extracted by the femtosecond interferometer.
The timet=0 is assigned to the onset of the smallest resolvFigure 4d) showsQ plotted versus time for the three pres-
able fringe perturbation in the interferograms at an electrosures of Figs. @—9. Up until ~120 ps, there is similar
density of ~5x 10" cm™3; the pump pulse peak occurs at growth in ionization for the three pressures. Just pak20
t~100 ps. For the nonresonant pressures of 240 and 356s, however, the ionization for 300 torr rises rapidly over a
torr, a guiding channel appears only very late in the pumpL0—20 ps interval, to a level higher than that for the other
pulse. During the main part of the pump pulse, the peakegressures. This interval is likely where resonant coupling oc-
on-axis electron density profile would have tended to excurs, and this possibility is consistent with the simulations of
clude beam power from the axis. For 300 torr, as shown irFig. 3, where it is seen that the dips|in(t)|? are 10—20 ps
Fig. 4(b), a channel forms as early as120 ps, which is wide. The slow rise irQ at times longer than-200 ps results
nearly the center of the pump pulse, and the channel subsgrom collisional ionization at the periphery of the expanding
quently becomes deeper and wider than at similar times iplasma at times after the pump pu[€8,30. Since the col-
the nonresonant cases. lisional ionization rate scales as the square of the density, the
The stronger coupling and plasma heating at the resonanfighestQ might have been expected for 350 torr, especially
pressure can be further examined by determining the relativgiven the exponential growth of avalanche breakdown. Even
amounts of ionization induced by the pump pulse. A measureénaintaining the same ionization rate would still have re-
of the ionization isQ(t)zfgm‘”‘l\le(r,t)Zwrdr, the number sulted in higher values d at the higher density. However,
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FIG. 5. Experiment and simulation results for 30° base angle axigenl@°), other parameters are the same as in Figs. 2 afa 3.
Relative self-trapped mode energy versus pressure. Each point is a 10 shot average. The inset is thepeb8emved mode.(b) Square
of shock wave speed versus pressure, obtained from interferof@ttyalculation of absorption efficiency versus pressure.

the striking result is that the resonance at 300 torr causeisg y=19°, with the result for total absorption as a function

sufficiently enhanced heating to yield the maximum ioniza-of pressure as shown in Fig(d3. The peak occurs at 420

tion in spite of the expected advantages of higher density. torr, in good agreement with the coupling and heating mea-
surements of Figs.(8) and gb).

B. 1064-nm, 100-ps pump pulse and 30° base angle
axicon (y=19°) C. 800-nm, 150-ps pump pulse and 30° base angle

A 30° base angle axicon, with a ray approach angle of axicon (y=19°)

=19°, was substituted for the 25° axicon. All other param- Here, a 100-mJ, 150-ps pump pulse was obtained from
eters were the same as above. Figua® Shows the relative splitting off a portion of the Ti:Sapphire beam before com-
self-trapping strongly peak at450 torr, with the lowest or- pression. The peak on-axis laser intensity in the axicon focus
derm=0, p=0 self-trapped mode shown in the inset. Thewas ~2x10' W/cn?. Figure Ga) shows relative self-
enhanced heating at the resonance is, as before, determinedpping efficiency versus pressure, with a broad peak near
by monitoring the channel expansion velocity; Figh)s ~740 torr. The inset shows thea=0, p=0 self-trapped
shows that the peak heating occurs~at20 torr, in reason- mode at this pressure. Figurébp shows the effect of the
able accord with the self-trapping resonance. Comparisoresonance on the heating: the square of the channel expan-
with Fig. 2 shows that the resonant pressure is strongly desion velocity also peaks at740 torr. Comparison with Figs.
pendent on the anglg of the Bessel-beam rays approaching2 and 5 shows that the resonant pressure is strongly depen-
the optical axis. The origin of this dependence is discussed ident on the wavelength of the Bessel beam. The origin of this
Sec. llI D. These experimental conditions were simulated usdependence is discussed in Sec. Il D. A simulation was per-
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FIG. 6. Experiment and simulation results for 30° base angle axigon1@°) and pump pulse parameters: 800 nm, 150 ps, peak
intensity 2x 10" W/cn?. (a) Relative self-trapped mode energy versus pressiweSquare of shock wave speed versus presdaie.
Calculation of absorption efficiency versus pressure.

formed using a peak intensity of 2x 10* W/cn?, pump In any case, for given Bessel-beam parameters, the crite-
pulse width of 150 psA =800 nm, andy=19°, with the rion K2(r5)<0 can be used to make a reasonable guess for
result for pressure-dependent absorption shown in Fig. 6 the minimum neutral density required for self-trapping to
A very broad peak around 750 torr is seen, in good agree- the lowest order quasibound mode. This givég,,

ment with the experiments. ~Ncrsin2 vIZ, whereZ is the average ionization level. Using
A=1064 nm Ng~10%* cm %), y=15°, and argon average
D. Analytic estimate of parameter sensitivity ionization of Z~8 [23], gives a minimum equivalent pres-

. o sure of ~240 torr, in reasonable agreement with our mea-
A necessary requirement for resonant self-tra_ppmg is thaéurement:{Fig. 2) and simulationgFig. 3). The sif y scal-
x%(rg) <0, ensuring some exponential damping in the chaning of N, . predicts that given a resonance fp=15° and
nel wall, Wherers is the radial position of the peak electron A=1064 nm at 300 torr, the resonance f»’mt 19° and\
density at the shock. This is equivalent lus>Nsi"y ~ =1064 nm should occur at 475 torr. This is in reasonable
=N where Nes=Ng(rs). However, if k*(r)<0, but  agreement with the measured resonant pressure 4%#0—
k cosy# B, self-trapping will not occur and much of the 450 torr [ranging between the self-coupled mode imaging
wave will be reflected from the outside of the channel, whereand heating measurement shown in Figs) &nd 5b)] and
the main heating will then take place. In Figbg the re-  the simulation result 0f-420 torr. TheN(=\ ~?2) scaling of
gions of the 300-tort 7(t)|? curve outside the dips corre- N, predicts that given a resonance fior 19° and 1064 nm
spond to this situation. at ~435 torr[middle of the 420—450 torr range of Figgab
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FIG. 7. Calculati f] (t)|2 ¢ K| intensiti (b) is for the electron density shown. The peak electron density is
. 7. Calculation of|n or peak laser intensities \ _ N —14x10%¥ cm 2 atr=0 cm andz=0.5 cm.
1x 108 2.5x10% 4x10% 5x10% 7.5x10% and 1x10“ e

W/cn? for the 300-torr case. Pulse parameters: 1064 nm, 100 Pgreases in the regions of constructive interference, forming

y=15°% the Bessel beam, and free electrons are generated by ioniza-

s tion. The evolution of the pulse is then affected by refraction
and 3b)], the resonance foy=19° and 800 nm should oc- 4nq focusing due to the nonuniform, mildly relativistic elec-
cur at~770 torr, which is in good agreement with the mea-ron plasma.

sured resonant pressure 6740 torr and the simulation re- Figure 8 shows a grayscale image of the electron density
sult of ~750 torr. (as a function ofr andz) created by a 1.7-J, 100-fs pulse
injected at an angles=1.72° (siny=0.03) into 4.4 torr of
E. Simulations of varying laser intensity argon. This small value of angle was chosen to reduce the

Although no experiments were performed for varying umber of radial grid points needed in the simulation. The
pump laser energy at fixed pulse width, simulations showPath Of the pulse as it converges on the axis is evident on the
that for fixed gas pressure, Bessel-beam geometry, and pul&t side of the image. Also evident are striations in electron
width, self-trapping occurs over a narrow range of laser in-density that are the result of the nonuniform rate of ioniza-
tensity. For laser wavelength af= 1064 nm, pulse width of tion in the standing wave pattefthe Bessel beajthat re-

100 ps,y=15°, and Ar pressure of 300 torr, Fig. 7 shows §ults fr_om the mterfer_e_nce betyve_en the incoming and outgo-

simulation results fof 7(t)|2 for peak laser intensities of 1 NY axicon rays.(Additional striations appear at the upper

X108 2.5x108 4x108 5x1023 7.5x10 and 1 right corner of the image. These are artifacts associated with

X 10" W/cn?, illustrating the narrow range of the self- Fh? rgflection of rays at the simulation boundahe argon

trapping resonance. is |on|ze_d up to the _elghth stage at the center of the line focus
and this results in an electron density.=N,,=1.4

X 10 cm™3.

The solid curves superimposed on the image in Fig. 8
give the location of the radiuR,s,, through which 25% of

The previous discussion has focused on the self-trappinthe laser energy passes as a function of the distanteo
of pulses of sufficient duration that a plasma channel is creeurves are shown. The curve label@l shows the location
ated by hydrodynamic motion of the plasma ions during theof the radiusR,se, for the case of vacuum propagation, and
pulse envelope. It is interesting to consider whether a similathe curve labeledb) shows the location oR,s, for the
effect can be found for ultraintense, short pulses for whictparameters under consideration. The vacuum curve shows
the ions are essentially stationary. A channel in this case mughe expected dependenceRysy, on z for an axicon-focused
be formed by the combined effects of relativistic motion andpulse. Namely, the constant energy radius decreases linearly
ponderomotive expulsion of the plasma electrons. We nowvith z, then there is a region im of extentAzy~R(1/tany
present numerical simulations showing this effect for a pulse-tanc«) [18], where the interference pattern characteristic of
injected into a neutral gas of argon. the Bessel beam is set up and whBg,, is relatively con-

The simulations are carried out using the fluid version ofstant(whereAz, is the Bessel-beam depth of the field or the
the two-dimensional, quasistatic codeke [31]. This code extent of the Bessel-beaminvariance R is the axicon input
solves for the self-consistent evolution of the laser pulse irbeam radius, and is the axicon base angleand then for
the presence of a fluid plasma created by tunneling or fieldarger values of, R,sy, increases linearly again.
ionization of a background gas. The initial conditions are The presence of plasma modifies the shape ofRhg,
constructed to correspond to a pulse of radiation that is coreurve. The most obvious effect is that of refraction due to the
verging on thez axis in a cone at a specified angleAs the  generation of a large-scale electron density gradient in the
pulse’s phase fronts converge on the axis, the intensity inradial direction. Since the refractive index of the surrounding

IV. SIMULATIONS OF THE SELF-TRAPPING OF
ULTRASHORT, INTENSE BESSEL-BEAM PULSES
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neutral gas is nearly unity, the converging axicon rays are

refracted parallel to the axis at the critical anglé@ = /2
—y=sin"}(1-NgJ2N,), which gives

FIG. 10. Rusy radius versus peak electron density at
=1.0 cm for a range of laser pulse energies.

pBessel The higher power cases shown07 J and 11.7)J
show substantially larger values Bbsg .

This is essentially the inverse of the refractive defocusing[h Wehqualltanv_ely exp!am ttr_leste_ feaftltjrr]es E_it_s f?”OWS’ ]fil'
effect that occurs for pulses initially propagating parallel to ough a more ngorous investigation ot the critical power for
the axis. Once refraction has succeeded in deflecting thgessel—beam self-fpcqsmg wil foI.Iro]zw in future work. First,
rays, relativistic and ponderomotive effects can cause selt'® note that the Cm.e”ONe/ NCFN_S' ¥ must always_apply
focusing and trapping of a portion of the pulse. Figure g ord_er fo effect axicon ray redirection, without which self-
shows the plasma contribution to the index of refractéim focusmg cannot easily |n!t|atg. AI.I the nonzero energy curves
— —(N/2yaN,,) where the angle brackets denote an opticaIOf Fig. 10 conform to this criterion. The best self-fopusmg

le averageN, is the maximum electron densifgffec- WOl.JId b.e expected tlo.ta'ke' place, hoyyevgr, wheq axicon ray
cyc e ; redirection and relativistic index modification act in concert,
tively 8Nggon, WhereN,qonis the argon neutral densjtand ditis this situation that th . essel it i
vr is the relativistic factor for electrons. Generally, the index "¢ ! 1S IS situation that the expression ;- attempts
has the character needed to support quasibound modé$. desggﬁge- The curve  for 0.325 JJfor_ which .P
Namely, it is a peaked function with a small depression near 0_.18?Cm . Wh'_Ch shows the Sma"eﬁizg,%, is a possﬂgﬁl}le
the axis due to nonlinear effects. The depression contributdgdication that using the full beam energy in assesﬁa
to self-guiding of the pulse. may be an ovgrgstlma'te'. A possible reason for'thls is that to

The usual formula for the critical power for relativistic Satisfy Eq.(7) it is sufficient that electron density must be
self-focusing in a uniform plasma ;= 16.2<10° N, /N, gener_ated only near the central lobe of the Be_zssel beam, not
W [32], is a criterion derived for conventionally diffracting OVer its full radial extent. Our future work will determine
beams such as Gaussians. If we directly apply this to Bess¥{hat fraction .of the power |n.the radial d|str|bupon of a
beams(which is by no means justified at this pointsing Bessel beam is effectively a_lvallable for self-focusing.
our electron density criteriofEq. (7)], we getPCBreiztsseJ: 16.2 The Iargerst% for the hlghe_r power pulses may resn_JIt
X 10°(sir? y) "t W. Therefore, provided sufficient electron from the generation of muc_h vs_ndgr electron den.sny profiles
density can be generated via field ionization, the criticalfOM field ionization, thus inhibiting the tunneling of the
power is determined entirely by the Bessel-beam geometry€SS€l beam ‘and its trapping by the relativistic/
For our simulation withy=1.72°, this givesP5¢se 1.8 ponderomotive index bump.
X108 W,

Figure 10 shows the effect dRyse, (at z=1 cm, just be- V. CONCLUSIONS
yond the geometric focus of the vacuum Bessel beam, see we have demonstrated electromagnetic wave self-
Fig. 8 of varying the incident power arounB33°°=1.8  trapping or self-focusing in plasmas that is associated with
X 10" W for a range of densities. For the nonzero energieshe propagation of intense Bessel beams. Unlike earlier ex-
shown, the minimum irR,sy, 0ccurs forN, in the range (1  amples of self-focusing of laser beams, Bessel-beam self-
—2)x 10" cm™3. ForN.=1.8x10" cm 2 at 800 nm, Eq.  trapping is resonant in the beam parameters and in the propa-
(7) implies a y in the range 1.4°-1.9°, roughly centered gation medium density. Resonant trapping of the Bessel
about the simulation angle gf=1.72°. The smallest values beams is accompanied by enhanced absorption and heating.
of Rysy, appear for powers below0.325 J, or 0.325 Our modeling of the Bessel beam-plasma interaction using
X 10" W) and near(1.77 J, or 1.7% 10" W) the value of  hydrodynamic simulations shows good agreement with ex-

Ne/Ng~Sir? y. (7)
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periments, and provides insight into the self-trapping profunction of pressure than the=0 resonances for varying
cess. A simple scaling law gives reasonable prediction of the, fact, comparison of the absorption measurement of Fig.
dependence of the resonant pressure on the Bessel-beam pg) to the calculation of Fig. @) shows that were it not for
rameters. In the breakdown of a gas by an intense Bessgle coupling tan=1 resonances, the absorption would show

beam that has plasma channel generation as a main applicgecreasingrend with pressure above300 torr (except at
tion, resonant beam coupling can be an integral part of thg,o smallp=1, m=0 peak at 440 tojr

process. This can lead to more efficient generation of plasma Fqr much shorter and more intense Bessel-beam pulses

channels for certain ranges of neutral gas density. The sensjan those considered experimentally here, such as from high
tivity of Bessel-beam self-focusing to beam energy, intensityenergy mode-locked Nd:glass or Ti:Sapphire laser systems,
and geometry, as well as to gas pressure may make possiflg; simulations show that ponderomotive and relativistic
a new method for stringent benchmarking of laser-plasmanogifications to the plasma refractive index rather than ther-
hydrodynamic codes. _ mally driven changes can result in Bessel-beam self-
We note.that for sufficiently hlgh pressures or Ioﬁng Wave-yrapping. The simple density criterion for self-trappifig.
lengths at fixedy, the electron density can exceligd™" very  (7)] from the quasistatic analysis is still applicable in this

early in the pl_JIse during gas breakdpwn. Thi_s can also haﬂiynamic case, although a rigorous criterion %?reitssa re-
pen when using shallow axicons with smallin order to mains to be derived in future work.

make long plasma channels. In those cases, direct laser heat-
ing at the channel center can proceed only through dynami-

cal coupling to channel resonances. Beams with some azi-

muthal variation will assist in this process since the:0 This work was supported by the U.S. Department of En-
resonances at fixed are much more closely spaced as aergy and the National Science Foundation.
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