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Optical mode structure of the plasma waveguide
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The quasibound modes of an evolving plasma waveguide were investigated by using variably delayed
end-injected and side-injected probe pulses. The use of these different coupling geometries allowed the probing
of the waveguide’s optical modes during two temporal regimes: early-time plasma channel development,
characterized by leaky optical confinement, and later channel hydrodynamic expansion characterized by stron-
ger confinement. The wave equation was solved to determine the available quasiguided optical modes and their
confinement for experimentally measured electron density profiles. The guided intensity patterns and spectra
measured at the waveguide exit were successfully explained in terms of these mode solutions. The spectrum of
broadband end-coupled probe pulses was found to be unaffected by the guiding process, mainly because those
modes which survived to the waveguide exit were well-bound, and for strongly bound fields, the transverse
mode profiles are wavelength independent. By contrast, side coupling to the quasibound modes of the plasma
waveguide was seen to be highly mode and frequency selective.

PACS numbes): 42.25.Bs, 52.40.Nk, 52.50.Jm, 42.81.Wg

I. INTRODUCTION were employed to study the optical mode confinement during
these two temporal regimes. The subnanosecond regime was
The development of compact ultrashort pulse high intenfprobed by transverse injection of the probe pulse through the
sity laser systems in recent years has made possible a newall of the channe[13], which we call side or tunnel cou-
realm of laser-matter interactidrd]. In many experiments, pling, while the later time evolution was probed through lon-
laser-atom and laser-plasma interactions commonly takgitudinal injection of the probe pulse at the end of the wave-
place in an intensity regime far beyond the applicability ofguide, here called end coupling.
perturbation theory. At even higher intensity> (10 The onset of a density profile suitable for guiding is
W/cn), relativistic effects are now practically obtainable by shown in Fig. 1, which shows a sequence of electron density
many researchefi@]. In many applications, a long interac- profiles measured with picosecond resolution interferometry
tion zone between the intense laser pulse and the excitdd0]. The 1 cm long plasma waveguide has been generated
material is desirable, and optical guiding of the pulse willusing a 350 mJ, 100 ps, 1064 nm pulse, focused by a 35°
satisfy this requirement. The optical guiding of extremelybase angle axicon. The on-axis intensity in the line focus was
intense pulses over many Rayleigh lengths in plasma has 3X 10"°Wi/cn?. It is seen that early in timé<0.4 ng, the
applications to coherent generation of short wavelength raélectron density has rapidly increased through a combination
diation[3,4], x-ray laserg5], and laser-driven plasma accel- of field ionization and avalanche ionization. At longer times,
erators[6]. a central depression in the density appears, and a shock front
Several schemes for the guiding of intense pulses havééevelops as the plasma expands into the neutral background
been demonstrated, where either a preformed plasma is used

[7,8], or relativistic self-guiding takes plad®]. We have 154 ' ' ' ' ' ' iy
developed a method for producing a preformed plasma —0.4ns
waveguide using the laser-induced breakdown along the line — —4.7ns
focus of an axicon lenglQ]. In this scheme, the elongated, ’E ----30ns
hot plasma formed during the breakdown expands radially, <° 4¢. —-—6.4ns J
generating a shock wave on its periphery, and leaving ar S S U R 7.8 ns
electron density minimum on axis. The resulting electron -"?,
density profile can optically guide intense laser pulses, since 5
the local refractive index increases where the electron den g 54 i
sity decreases. Using this method, we have guided pulses fc %
up to 100 Rayleigh lengthid 1] and at intensities as high as 2
~ 10" W/en? [12]. S

In this paper, we explore the linear guiding properties of 0 R
the plasma waveguide during its early rapid hydrodynamic 0 100 120 140

evolution (<1 n9 and its later, slower evolution as it ex-

pands radially(<10 n9. Two different probing geometries radius (um)

FIG. 1. Measured density profiles for a plasma created by a 350
mJ, 100 ps, 1064 nm pulse focusewl @ 1 cmline focus with
*Present address: Optical Sciences Division, Code 5650, Navain-axis intensity~3x 10" W/cn? in a 105/20 torr Ar/NO backfill
Research Laboratory, Washington, DC 20375. gas target.
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gas. As the channel expands, the density depression widens ) ) B? Ne(F)) )
and the central density drops. At all delays, the electron den-  «“(F,w)=k*| 1= 17— ———+4mx(F,,0) |, (3
sity drops to zero at sufficient radius. or

Il. OPTICAL MODES OF THE PLASMA WAVEGUIDE wherek= w/c is the vacuum wave number.
The solutions to Eq(2) can be separated into three cat-

The Fourier transformed wave equation for the electricegories depending on the behavior «#. For any allowed
field of a laser pulse propagating in a dielectric medium is mode there must be a finite radial region somewhere interior
to the channel wher&?>0. If k>>0 for all F, , « is real
everywhere and the solutions are freely propagatadja-
tion waves Solutions withx?<0 everywhere beyond some
radial position, say fotf, |>r, arebound modesThis is
where the refractive index=n(f,») contains both the an idealization, however, because in a physical waveguide
plasma and neutral medium contributions. The wave equahe electron density drops to zero at some radial position
tion for the magnetic field has a similar form. We are inter-beyond the peak electron density at the shiee Fig. ], so
ested in solutions which propagate along the plasma wavdhat beyond some radius, [>r o, «*>0 again. Those so-
guide axis, taken to be alorgy The right hand side of Eq. lutions for physical waveguides which hawé<0 over a
(1), called the polarization term, will in general haveza finite radial range in the waveguide’s electron density barrier
component, so thaE will also require az component. This  'egion (the shock regionare calledleaky or quasibound

follows becausé& is generally dependent anThe condition _modfas. There is some confinement of the wave W'th.m the
for the polarization term to be negligible compared to thelNterior channel region where>0, but tunneling or leaking

equation's left side isEAn2/n2L5<AE/Lf or An2/n2 is allowed to freely propagating waves|ét |>r . Strictly
<AE/E, whereL, is a transverse scale length, ak# is the

speaking, there are no bound solutions to plasma waveguides
change in the electric field over that length scale. In effectOf the type we generate; there are only radiation modes and
transversely polarized solutions or TEM modes are an exce

Huasibound modes which are confined to various degrees. In
lent approximation if the transverse variation in the refrac-0Ur Previous work we have studied the propagation of these
tive index across the waveguide is much less than the tran

g_uasiguided or leaky mod¢s4].
verse variation in thé& field. For guided fields, where most . our expenmentgl waveguides have been s_hown to b? cy-
of the field energy is contained within the plasma region,lmdnca"y symrpetnc[lO], so our f_urth_er anaIyS|_s below will
|AE/E|~1, while a typical maximum value for the relative assume thati(r, )=u(r, ) in cylindrical coordinates. The
index cha;nge over the same scale length |isn/n| solution to Eq.(2) outside the waveguide, where there is no
~|ANg/Ng/~10"2 for the conditions of our experiments

plasma, then gives the fiel(r,¢,z) =3 €#7a, HM(kor)
[10], where N, is the electron density. Under these condi-

w2
Cc

VZE+ —n’E=V

1 2
—?E-Vn ), (1)

+a_H,B(kor)1e™?, whereH,(*? aremth order Hankel

tions, the polarization term can be neglected and the guideffinctions of the first and second kind,./a_ is a ratio of
solutions of the wave equation are nearly polarization inde°mMPlex coefflcuzentg dependigg on the specific plasma struc-
pendent, or TEM modes. We note that for confinement ofUre ko=K(1—B/k“+4mxo) "*=k_ is the transverse wave
very high order modes, the transverse index variation mugtUmber outside the plasma-neutral gas boundaken to be
be larger, making the polarization term non-negligible. r>rp), andxo=x(r>rp). Slncezourzexper|ments are in the
Consider an axially invariant plasma waveguide wherdoW collision frequency regimex(/»“<1) we taker=0 in
the plasma index of refraction is given by the Drude modetthe analysis, which givefa. /a_|=1. We briefly consider
N2(F, ,0)=1—&+i(viw)é+4my(F, ,0), where y is the the more general case of>0 below and in more detail
total electric susceptibility of the ions and neutrals present irflSewherg 15]. _
the plasma,v is the electron-ion collision frequency Well outside the waveguide forgr>1, the above expres-

_ _ = i i for E(r,¢,z) becomes (for m=0) E(r,¢,2)

= (0 0?)/(1+1%0?), w,=\47e’Ny(7)/m, is the SION Y _pecor LA ,
plasma frequencyN¢(r,) is the transverse electron density _:[1/(27”‘0” _2]_[a+e | e_l Or+a'e! a.e Or]el. *, which
profile, andw is the laser frequency. We are interested in'S & suigfrposmonllof an inward-directed conical waig
axially propagating solutions of the forme(f,,z)  —La-€7(2mkor) ?Je” "o and an outward-directed coni-

_, d . . ; —[a—im2 ipz 1/29 ai ko ;
=u(F,)e'?, whereg is the propagation wave number in the €& Wwave Equ=[e """a,e"/(2mkr) ?Je'*o"  which

plasma waveguide. Neglecting the polarization term in EqPropagate at an angle

(1) yields

Ko
5 “

V2u(F, )+ «?u(F,)=0, 2 y=tan !

whereV? is the transverse Laplacian ards the transverse

wave number. For the typical conditions of our experimentswith respect to the axis.

v~10'2-10"s "1 for electron-ion and electron-neutral colli-  Any field u(r,¢) in the plasma waveguide can therefore
sions andw~10s ! so thatr?*/ w?<1 and the refractive be viewed as the result of scattering by the plasma structure
index reduces ton?(f, ,w)=1—Ng(F,)/N;,, Where N, of an incoming conical wavg;, into an outgoing wavé& ;.
=mew?/4me? is the critical density. The transverse wave A measure of the relative coupling to that field is given by
number is then given by the ratio
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) ) for r>ry,. For them=0 modes, which have their field maxi-
n(k )= JA|U(f-¢,kl)| dA/[Ej | °A, (5 mum on-axis, Eq(5) becomes
i . lu(r=0k,)[?
where A is the transverse area for,|<r.,. In general, _ mL ®)

continuous values oky=k, (from variations ing and/ork)
are allowed in the solution of E@2), so thaty is a continu-
ous function ok, . Forradiation modesy is of order unity, whereu(r,k,) is the electric field solution to Eq2) for a
since the conical wave passes through the plasma with ngiven k,, calculated with the plasma present, and
trapping. However, as the channel expands and a central dews(r,k; ) =Jo(k, r) is the Bessel beam solution for the
sity depression develops; can become much greater than samek; with no plasma present. Fon# 0, where the solu-
unity for narrow distributions ok, centered around certain tions do not have on-axis maximg,must be calculated us-
discrete valuek, ;. These are quasi-resonances, which aréng the integral formulation of E¢(5).
analogous to cylindrical Fabry-Perot resonances. The An electron density profile which hasoundanalytic so-
buildup of quasiresonant field enerdgroportional to the lutions, but which is still useful for calculations involving
numerator of Eq(5)] is analogous to the resonant loading of quasibound modes, is the infinite parabolic waveguide with
a cylindrical Fabry-Pet resonator by a wav&;,, where electron density given bNq(r)=Ng+ N (r/a)?. Here,a
E,.t is the leakage wave. For increasing amounts of dampings a curvature parameter and there is no limitrofso that
in the shock region of the waveguidehere <?(r)<0], a k?><0 everywhere beyond some radiughe solutions to
quasiresonant solution will converge to a bound mode solugg, (2) for this profile are u(r,¢)=apme—f2/W§h(2r2/
tion andk, —k, ;. . wap) AL (2r?/wZ)e'™?, Laguerre-Gauss functions, where
A description of leaky modes which accounts for suchp and m are radial and azimuthal mode indices,, is a
quasiresonant behavior is obtaln.ed by consm_iermg compleg,qdal weighting coefficient, and/.,=a/ (7 Ng,) 2 is the
propagation wave numbefs= g, +ia as a function okand  1/e amplitude radius of the lowest order mode. The modal
Kk, , Wherea_ describes a_lttenuatlon qlong the .gwde res“'“”gntensity has p+1) maxima in the radial direction and®
from tunneling loss of field energy into the fielb,i. The  axima in the azimuthal direction. The discrete propagation

w?veguri]de stc)JIuti_onhtheB has(,j the E)rmr}é,gb)e‘“:e‘ﬁz, wave number associated with these soluti0n$855m=k2
where the subscript has been dropped anginow refers to o\ (412 V(2p+m+1) which qi g E
the real part of the propagation wave number. If fltle (4) mreNeo = (4MWep) (2p+m+1) which gives, using Eg.

guasiresonance, say, is sufficiently narrow to have a distin-

7K = [y r=0k )7

guishable transverse profil&r, ¢,k ;) =u;(r, ¢) associated 4 12
with it, there is a narrow distribution g6 aroundg; which ktany~| 4mrNg+ — (2p+m+1) 9
can be associated with this mode. Such a quasiresonant mode Wen

couples optimally to waveg;, and E, that propagate at a ] o
mode-specific angle or frequency given by(w) for small apprqach angles. _Equat|0n(9) shows explicitly
~tan (xo(w)/B;(w)) from Eq. (4). The total field in the that side-coupling to a particuld@p,m quasiresonant mode

waveguide resulting from the distribution j& is described ©f @ given waveguide may be optimized by adjustment of the
by the Fourier transform pair input angle or wavelength. We note that the solutions for any

cylindrically symmetric waveguide can be described by ra-
1 [ _ dial and azimuthal mode indicep,(m), and we will use this
qj(z)z—f G;(B)e'P4dp, convention.
V2m )= Figure 2a) shows a model profile which illustrates the
L main qualitative features of the experimental profiles of Fig.
~ * i 1. For this leaky profiley from Eq. (8) is shown plotted in
qi(ﬁ):\/ﬁfo gj(z)e”'#dz, (6) Fig. 2(b) versus the normalized wave numbgr = B/k
=cosy=(1-k, ¥k?2 for A=0.57um. The transition be-
where q;(z) is defined throughE(r,¢,z) =u;(r,¢)q;(2). tween leaky or quasibound modes and radiation modes oc-
Equation(5) can now be reinterpreted as a power spectrunturs when the wave is no longer exponentially damped in the
in B near thejth leaky mode, electron density barrigiwhen «?(r,)=0] and this point is
indicated by the arrow gBg, ~0.9994X. For solutions in
- ) A212m the radiation zoneB<Bg_, it is seen thaty—1, indicating
7 (B)=[5;(B)] :m () that the solutions in the presence of plasma have similar peak
amplitude as in the absence of plasma except for small fluc-
with a full width at half maximum ofA =2« whereAj2 tuations due to the phase shift. F®8r— 1,7— 0 except near
is a normalization constant. The power propagating in thehe main resonance peak. The solutions which gpwé are
waveguide is proportional tE|?xe~2%% giving a 1& at-  those for which an incident conical field from outside the
tenuation length of ;=1/AB. guide would experience total reflection from the plasma. The
For general channel electron density profiles, the leaky omain resonance peak ne@t~0.999777 is identified, by in-
guasibound modes of a physical waveguide must be foundpection of its corresponding solutian as thep=0, m=0
by solving Eq.(2) numerically, and we have developed a mode. The resonance has a full width at half maximum of
code to do so. The code matches, at the plasma-neutral gA8=2a=0.34 cm !, which corresponds td ,,=2.9 cm.
boundary, the numerical solutidifor r<r) to the solution For a 1 cmlong waveguide, this corresponds t680% at-
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(a) (b)
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p=0m=0
L,~29 cm FIG. 2. (a) Leaky parabolic
profile Ne(r)=Neo+ANg(r?/r2)
20} for r<r, where Ng=1x10'
cm 3, AN,=1x10%cm™3, and
rm=20um. Ne=Ng(r=r,) for a
radial distance Ar=5um and
drops off linearly to zero atr
=r,=30um. Also shown are the
JL normalized electric field and in-
. tensity for the lowest order funda-
mental mode (p=0m=0). (b)
radius (um) p' Ratio 7 versus the normalized
(C) wave numbepB’ = B/k for the nu-
Y v v v merical solutions to the electron
n density profile of (a) for A_
vie=0 =0.57um. Thep=0 m=0 and
= = V/@=0.001 p=1 m=0 resonances are identi-
20l fied with their attenuation lengths
of 2.9 and 0.14 cm, respectively.
] (c) Expandedp=0 m=0 region
= of (b) with collisions included
(v/@=0.001). Collisional absorp-
tion results in attenuation length
of 2.6 cm.
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tenuation. A secondary peak ne@ ~0.9996 hasAp as an exp_ansion in the quasiresonant modgs, and the
~7 cm L, which givesL ,~0.14cm. This corresponds to radiation field,E g

the p=1, m=0 mode, which would be very strongly attenu-

ated fo a 1 cmguiding length. The electric fielddashed Er )= a U.(r.d)+E..(r 10
curve and intensity(solid curve of the p=0 m=0 mode (1 ¢) g’n prtlpr(": @)+ Erad 1, 6), (10
are overlaid in Fig. (a). The electric field shows the Hankel

function dependence far>r,. Also plotted in Fig. 1b) is »  whereE, (r, ¢) is considered to contribute negligibly to the
calculated for the case of finite collisiorigsing the Drude total field at that position. Here the coefficierds,, have
model for v/&=0.001), but this curve nearly overlaps the dimensions ofelectric field X (length and the functionsi,n,
calculation for zero collisions. Hydrocode simulatiofig have dimensions oflength . Then apm:fAEtu::;mdAa

show that maximum values of/w are in the range of \yhereA is the transverse ardfor r <r,), and thez-directed
~0.001 at the shock peak for the typical plasma Wavegwdeﬁower in a giver(p,m mode is given by

of our experiments. The region in Fig( of the p=0, m
=0 resonance is shown expanded in Figc)2and colli- c c 2
sional absorption results ih,=2.6 cm, or a reduction in Ppm=§|apm|2:§f Etu;mdA .
the transmitted energy 6f4%. This effect is therefore rela- A

tively small andv=0 will be assumed in the subsequent
analysis of the experiments.

It is interesting to note that bound mode solutions of Eq
(2) are independent of wavelengf]. To see this, we re-
write Eq. (2) as[VZ—4mrNe(F,)]u=(B2—k?)u, where
re=e’/mc®=2.82x 10 3cm is the classical electron radius. Pi=(C/87'r)j |Eqi| 2dA.
The left side of this equation is independentkpfo that the A
eigenvalues g2—k?) and eigenmodes(f, ) are wavelength
independent. This issue will arise later in Sec. V.

11

For end illumination of the waveguidat the plane=0) by
a known transverse input fiel&,; , the coupling efficiency
to a given moddp,m is &5m=P,,/P;, where

If side-coupling results in a transverse fiel] in the
guide, then the coupling efficiency to a quasibound mode

lIl. END- AND SIDE-COUPLING EFFICIENCY Upm for the case of side injection is

2

For a general waveguide, the total transverse field 2Aq-1
[|Ein| A] :

side__ *
u(r,®)=E(r,¢), at a particular positiorz, can be written Spm_f AEUpndA
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pump (a) ~0.5 ns (b) ~2.0 ns
-

spatial
filter

T e N
ﬂ,/ J\TJ\
0

=

to CCD to .
imaging spectrometer (c) ~3.5ns (d) ~3.8 ns
150 ' '
A=1.064um

A=0.5-0.7um

- probe
out
I 0

150

Position (um)

(e) ~6.4 ns

FIG. 3. Experimental setup fde) end coupling andb) tunnel
coupling.

Note that near a quasiresonance, wheos E; converges to

apmUpm, EQ. (5) reduces ton(kl)zsf,'gf. That is, the side-

coupling efficiency to a quasibound mode is proportional to

the amplitude of the spectral functiom(k,). For an input 0
wave with a rangAk, of k, , such as a broad bandwidth

pulse, the overall coupling efficiency over that range is pro- (g) ~0.4 ns
portional to (1Ak,) [ n(k,)dk, .

350

IV. EXPERIMENTAL SETUP

The plasma waveguides were formed in an AfbNback-
fill gas mixture by pulse$100 ps, 350 mJ, 1064 nnfrom a
Nd:YAG laser system directed to-al cm line focus by a
35° base angle axicon. The,® component field ionizes at 0
~ 10" W/cn? which occurs early in the pulse and provides 0 350
seed electrons for the uniform avalanche breakdown of the
argon[10]. Spatially smooth and near-Gaussian synchronous
probe pulse$< 1 ps, 1 mJ, 570 nin generated by a mode-
locked R6G dye oscillator/amplifier systefi6] were fo-
cused into a water cell usinfy30 optics to produce a con-
tinuum in the range.=500 to 700 nn{17]. The peak of the
spectrum was at 570 nm. The delay between the pump ard’
probe pulses was controlled by a corner cube delay line with
continuous delay of-1 to 11 ns. tions from nonguided sources, such as scattering, were fil-

The experimental setup for end coupling is illustrated intered out by a 10Qum spatial filter in the focal plane of a
Fig. 3(@. The probe was focused in advance of the plasmaelay lens in the spectrometer arm. Relative confinement of
waveguide entrance witfy25 optics so that it diverged into the various quasibound modes was determined by observing
the waveguide, providing coupling to many quasiboundthe intensity pattern at the channel exit plane. The setup for
modes. The probe spot size at the waveguide entrance platige tunnel- or side-coupling experiments is shown in Fig.
was estimated from divergence measurements torbe 3(b). The continuum probe beam was recollimated and then
~100um, which was much larger than the waveguide fun-directed aty=4° by a coupling axicon to &5 cm line focus
damental spot size/., for all delays of this experiment. The coincident with the plasma waveguide axis, allowing uni-
incident probe intensity ok 10"?W/cn? was low enough form illumination over the 1 cm length of the plasma wave-
that probe-induced ionization and heating was negligibleguide. The chromatic variation of the approach anglever
The exit plane of the waveguide was relay-imaged to both @he probe’s range of wavelengths wa$.1°. Both the spec-
CCD imaging system and a spectrometepectral accep- trum and the mode image at the exit plane were obtained
tance ~70 nm, resolution~0.5 nm. Spectral contribu- with the same setup as in the end-coupling experiments.

Position (um)

FIG. 4. Single shot exit mode images for probe delay&p0.5
ns, (b) 2.0 ns,(c) 3.5 ns,(d) 3.8 ns,(e) 6.4 ns, andf) 7.8 ns.(qg)
Full camera view at a delay of 0.4 ns showing the probe beam
sition at the waveguide exit.
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V. END COUPLING EXPERIMENT: (a) (b)
RESULTS AND DISCUSSION 1.0 . ' ' 30
Shown in Fig. 4 is the exit mode image sequence for the%' 25t
105/20 torr Ar/INO gas mixture as the probe delay was in- §°'8' ]
creased with respect to the plasma-forming pump pulse. Irﬁ 0.6- | 2
Fig. 4(a), for a probe delay of 0.5 ns, a dark region centeredﬁ g 15[
on the plasma is surrounded by the unguided light of the & 041 1 10l
diverging probe beam, indicating that negligible guided end-g 0.2] /N\‘ ]
coupled light has survived to the end of the guide. The cir- 5
cular dark region of the image is the cross-sectional shadow ¢.9 A . . : (] . . .
40 80 120 160 0 40 80 120

of the waveguide as seen at its exit. After a delay-@f ns,

a lowest ordep=0 m=0 guided mode appears at the exit
plane[Fig. 4(b)]. The onset of off-axis intensity contribu- FIG. 5. (a) Lineout of the image of Fig. @). (b) Optimal m
tions begins at later delayFig. 4(c)], and is followed by a yersusw,,, for an incident angle of 8 mrad.

mixture of m=0 andm=3 modedFig. 4(d)]. Since a mode

with a radial indexp must havep+1 rings, we identify the  has an intensity HWHM radius of 12 um), since that peak
m=3 component as having an index p#=0. The modes  contains contributions from the=0, m=3 mode as well as
with m#0 were distinctly identifiable for only a small range from one or moren=0 modes. Th@=0, m=3 mode, how-
of delay(~0.5 ng before the onset of azimuthally symmetric ever, has a well-defined radial positian,,, where the lobes

exit patterns as [n Figs.(@ and 4f ), which will be shown  gre |ocated, so that settirdjuoy|%/dr|,_, =0 givesw,,
below to be a mixture of modes. In general, the appearance ing

of m#0 mode structure indicates the presence of azimuthal, V2l iing/ M. The Imequt of Fig. _(1d) shown in Fig. %)
asymmetry. This asymmetry could be caused by off—cente)”(aldS lring~38um which then giveswey~31um for m
illumination of the end of the waveguide by the probe, a tiIt:3' For the pmb? beam wavelength )o_cf:570 nm andrs
angle between the waveguide and probe beam axes, trans-+004#M, th? optimum angle foro coupling to the obsgrved
verse nonuniformity in the probe beam, or some combinatiof=3 mode is~7.5 mrad (~0.49), from Eq. (12). This
of these. The cause of the asymmetry is shown in Fig), 4 agrees well with the measured tilt angle of 8 mrad from Fig.
which shows a wider view of the exit plane of the Waveguide4(g)' _ _ . . .
at the early probe delay f0.4 ns, where little end coupling  FOF @ fixed input tilt angled, the particular azimuthal
has occurred. The probe beam profilae bright region to quem which couples most opumally to an evolving wave-
the right of the plasmais uniform and symmetri¢the spots guide depends on the.delay. This mode can be found by
are on the neutral density filters used to attenuate the imag&®@ranging Eq(12) to give
but there is an obvious offset between the plasma and the
probe. This offset was not due to off-center illumination of o= —— 7
the guide end, since optimization of the transverse position 1+ (wen/ry)
of the probe was performed at longer delay such that guided L . .
mode patterns were maximized and centered on the wavé“—’here the channel expansion 1S repregented Py Increasing
guide cross section. The offset was therefore attributed to ay]alues OfWCh_' Figure 3b) shows the variation witiwp, of
angular tilt between the guide axis and the probe beam axiy?e most optimally co_u_pledn mode_. . .
and was estimated to be abou8 mrads(0.459. In practice, The prgblem pf a finite parabolic wavegzwde with an elec-
smaller tilts were difficult to achieve during alignment. tron density profile ONe(r) =Neo+ N (r/a)* for r <r, and

The idealized infinite parabolic profile waveguide dis- Ne(r)=Nem for r=ry, has been treated by Durfes al.
cussed in Sec. Il can be employed to understand the observed?:18- The requirement on the waveguide depiiNen
end-coupled intensity profiles. To model the tilted coupling= Nem™ Neo, in order for a(p,m mode to be bound was
of the probe, we assume end illumination at an abrupt interShown to be
face between vacuum and an idealized waveguidiented (2p+m+1)2
along z), by the Gaussian beaéi=éexp(—r2/r§)exp¢;qx ANgpo————. (14
+ik,2) wherer ¢ is the spot size and is the polarization. For el m
small tilt anglesd, «, ~k@, k,~k, andé~X, say. The cou-
pling efficiencysg?% P,m/P; into a given(p,m mode is
calculatedsee Sec. Il and the optimum coupling angle to a
particular @=0,m) mode can be shown to j&6]

position (um) w,, (um)

2
(echh) (13)

For physical waveguides of the type shown in Fig. 1, this
criterion is an approximation. It is less applicable to higher
order modes which would more strongly radiate out of a real
waveguide. It does, however, show the sequence for which
modes become more confined through an increase in channel

2 2 1/2
o0 — mz(rs+wch) (12) depth and/or radius and it predicts the maximum values of
opt (KrWep)? the parameteré=(2p+m+1) for modes that are quasi-

bound. Inspection of the channel region of the 1.7 ns profile
To use this expression to relate the known tilt angle to theof Fig. 1 givesAN.~2x10®¥cm® andr,,~25um, which
observed intensity patterns of Fig. 4 requires knowledge ofesults in£<3.3 for the confined quasibound modes. Note
W.p, the 1£2 intensity radius for th€0, 0) mode. This value that the image of Fig. @) (~2.0 ns delay shows only a
cannot be found from the central peak of Figd4(which  single central peak, indicating that any#0 modes either
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FIG. 6. Numerical solutions of the wave equation showing the ratior m=0 and electron density profiles at delays(@f 1.7 ns and
(c) 6.4 ns. The radial solutions are shown(b) for the p=1 mode of(a) and shown in(d) for the p=4 mode of(c). The 1& intensity
attenuation lengths for each resonance are indicate@amnd (c).

leaked out of the waveguide or were weakly coupled to bymodes of higher ordefé>3) would not be observed at the
the input beam. As the channel became deeper and/or widegxit of a 1 cmlong guide. Thep=1 and higher order modes
as seen in the profiles of Fig. 1 for delaysS ns, the chan- radiate out of the waveguide at angles with respect to the
nels support higher order quasibound modes. For the delayaveguide axis ofyj:cosfl(,Bj /K), the smallest of which is
of 6.4 ns, usingANe~2x10%cm® andr,,~65um, the re-  ~3.2° for thep=1 m=0 mode. By comparison, the=0
quirement for quasibound modes§s:8. m=0 quasiresonance has,~35cm and would therefore
To determine more accurately the modes and their conexperience little tunneling loss. Leak rates for fre 0, m
finement in a real guide, the wave equation must be solvee- 1, and thep=0, m=2 modes were estimated from similar
numerically using the experimental density profiles. Shownresonance plots to be;,~10cm and 1 cm, respectively.
in Figs. 6a) and Gc) is 7(k,) (see Sec. )| calculated as a The good confinement of these modes is consistent with our
function of the normalized wave numbes’=cosy=(1 earlier estimation of<3.3. Figure éc) shows that many
—K2/k?)Y2 and using\=570nm, for the 1.7 ns and 6.4 ns quasibound modes are supported by the channel at 6.4 ns
electron density profiles of Fig. 1. As discussed in Sec. Il, thalelay. The plot shows that all modes 6+ 2p+m+1<9
peaks in these plots correspond to the quasiresonant modese well guided fo a 1 cmlong waveguide, and this is in
and the peak widths are related to the spatial leak rate akasonable agreement with the value f&bbtained above.
these modes. The dfintensity attenuation length along the Note that the code cannot resolve numerically extremely nar-
guide axis,L,=(AB) 1, of each moddp,m is indicated row resonances, and therefore in Figc)6the p=0 reso-
on the plots. Figures(6) and 6d) show the intensity profiles nance is missed by the calculation and phel resonance is
for the p=1 mode of Fig. 6a) and thep=4 mode of Fig. shown with artificially reduced amplitude.
6(c). The peak width of thep=1 resonance of Fig. (6) The increase in confinement with delay is shown in Fig. 7
(AB~7cm i L,,~0.142 cm) indicates that this mode and where the measured relative energy throughput of the guide
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1.0 T T T T butions off axis. To explain the ring in Fig.(d, m>0
modes must then be considered. Using the coupling efficien-
cies of Fig. &) for the 6.4 ns profile as weighting factors,
the totalp=0, m>0 field is calculated as the sum of the
modes form=6 (due to ouré<7 requirement The resulting
intensity profile 1 =28 _\VPom/PiUom(r)/Agml? is shown
in Fig. 8(c), wheree&"=P,. /P, is the intensity coupling
efficiency for each mode. The profile from Figh8has been
replotted in Fig. &) (dotted curve to illustrate bothm=0
and m>0 contributions at the exit plane. The dominant
single ring in Fig. 4e) is thus explained from the dependence
of the coupling efficiencies om, shown in Fig. 8) to peak
atm=6 and drop off for higher and lowan. The asymme-
try introduced by the tilt angle of 8 mrad therefore favors
m~6 for this electron density profile. The guide, however,
exhibits strong leakage faf>7, which limits thep=1 and
p=2 contributions to haven<4 and m=<2, respectively.
The combination of the leakage and asymmetry therefore
result in the selection of thp=0m~6 modes which to-
gether produce a smooth ririgs the 2n lobes merge The
mode pattern of Fig. @) is therefore explained as the result
of numerousm=0 modes contributing to the central peak
FIG. 7. Normalized energy throughput versus probe delayand thep=0 m~6 modes contributing to form a smooth
each data point represents the integrated guided intensity of a singtf-axis intensity ring.
shot exit mode profile. The exponential fit for delag8.5 ns and For all delays after the appearance of the 3 mode, the
the linear fit for delays>3.5 ns are included as a guide to the eye.waveguide exit intensity profile was characterized by a cen-
tral peak surrounded by a single dominant ring of approxi-
is plotted versus probe delay. The throughput was measuregate azimuthal symmetry, whose radius increased with de-
by integrating the guided portion of the single shot exit plangay. As shown above, longer delays allow increased
images, wh_ich was _identified as the intensi;y within _theconﬁnemem ofp>0 modes, adding dominantly to the cen-
plasma region{see Fig. 4g)]. Note the rapid increase in tra| maximum. Alsow,, increases with delay, leading to an
guided energy beginning at a delay 2.5 ns. _ increase in the optimah for a fixed tilt angle[see Eq(13)
In addition to considering confinement of particular gng Fig. 5b)]. The radial position of the peak of the ring

mOde-S, we must also determ_ing the re_lative effiCiency OtWh|Ch becomes increasing|y Smobthen increases accord-
coupling to them. Together, this information can be used tqng tor. =Jmwas2 12
ring c .

understand the experimentally observed waveguide exit pro- The spectrum measured for the exit modes was found to

files. Using Eq.(11), and a tilt angle o;‘nd8 mrad, we plot in - po sma0th and unchanging as the probe delay was increased.
Figures 9a)—9(c) show the sequence of spectra for probe

0.5 1

Normalized Energy Throughput

0.0

- o

delay (ns)

Fig. 8@ the end-coupling efficiency ' versusm to (p

=0,m) modes of the 1.7 ns profilern,~12um) and the 6.4 gejays of 2.5 ns, 3.5 ns, and 8.0 ns taken as 10 shot averages
ns profile Wen~50um) of Fig. 1. For the 1.7 ns profile, we {5 gliminate shot to shot amplitude variations. These varia-
showed above that the=1, m=0 mode and highep  tjons were due to laser energy fluctuations. Figufe) 9
mod_es would radiate away and not be observed.. The IMagghows a single shot spectrum at a delay of 5.8 ns. At all
of Fig. 4(b), at a delay 0f~2.0 ns, shows a low intensity gelays for end coupling at these intensities, there was no
central spot with little evidence of any off-axis rings or change in the spectrum due to guiding. This is consistent
lobes. The rapidly decreasing coupling efficiency with in-yyith the discussion of Sec. II: the quasibound modes which
creasingm in Fig. 8@ suggests that thg=0, m=0 mode  syrvive to the end of the guide are well-bound, and in the
should dominate the exit mode pattern, and this is in googimit of strong binding, we showed that transverse mode
agreement with Fig. @). For the 6.4 ns delafFig. 4€)], it structure was independent of wavelength. Therefore, for all
is expected from the . calculations above that no modes of the well-bound end-coupled modes shown in Fig. 4 the spec-
order higher tharp=4 m=0 should contribute. Fofp,m  trum remains the same. This is in direct contrast to the spec-

modes of decreasing the confinement was seen to increasetrg| effects of side or tunnel coupling described in the next
from Lye~1cm foré=9, toL,~12cm foré=7, the latter  gection.

giving attenuation alampa 1 cmguide of ~8%. We therefore
consider modes withé<7. The central intensity half-
maximum radius of~15 um in Fig. 4e) is explained by the
contributions of higher ordep modes, as illustrated in Fig.
8(b), which shows the composite intensity profile Shown in Fig. 10 is a sequence of spectrally integrated
=|2f,:0upo(r)/Apo|2 of them=0 p=0, 1, 2, and 3 modes end mode images for a 130 torr Ar/20 tory®l gas mixture
(which are assumed to be in phase and normalized to)unityas the side-coupled probe del@yith respect to the channel
for w.,=50um. For thesgp>0 modes, therefore, a central creation pulsewas increased. During the initial stages of
peak dominates the intensity profile, with very weak contri-channel formation, coupling occurred to the lowest order

VI. SIDE-COUPLING EXPERIMENT:
RESULTS AND DISCUSSION
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(p=0m=0) mode[Fig. 10a) at 0.5 nd. By comparison, tures were oriented left-right. At even longer del@y2 n3,

note that Fig. 4a), for the same delay, shows that negligible Figs. 10f) and 1@g) show how|[as in Fig. 10d) and 1@e)]
end-coupled light has survived to the end of the guide. Theeducing the bandwidth reduces a ringlike structure of
on-axis intensity of this mode increased rapidly and thermerged lobes to a specific azimuthal mode. These results
decreasedsee Fig. 13 and related discussion beld&fore  suggest that spectral components of the continuum probe
p=0m=1 and higherm modes appeared by 0.6 fiBig.  were resonant with several modes and that the ringlike exit
10(b) and 1Qc)]. Note in Fig. 1@c) that the azimuthal lobes patterns are of spectrally integrated mixtures of these modes.
have merged to form a fairly smooth ring. The basis for the Equation(4) suggests that at fixed approach angléere
identification of these ap=0,m>0 modes is the fact that 4°), the process of side injection will result in some fre-
p=1 modes hav@+1 rings andn=0 modes have maxima quency selection, since the positionkn space of the qua-
on-axis, neither of which appear here. At longer delay, 0.9 nsiresonances will now depend &nFigure 11 shows spectra

in Fig. 10d), more azimuthal lobes are present, with appar-measured at the waveguide exit from side-coupled con-
ent merging into a ring. When the probe beam bandwidtitinuum probe pulses centered)at+570 nm as a function of
was reduced to~2 nm at the same delay, a specific azi- early delay for the same waveguide conditions as in Fig. 10.
muthal mode h=2) with clearly identifiable lobes appeared At 500 ps[Fig. 11(a)], the onset of side coupling is seen in a
[Fig. 10e)]. As in the case of end coupling, the presence ofrelatively narrow spectral region. The broader and relatively
lobes (m>0) indicates the breaking of azimuthal symmetry smooth input spectrum is shown overlaid for comparison. As
due to small residual tilt between the waveguide and couthe delay was increased to 530 [p8g. 11(b)], coupling in-
pling beam axes or transverse asymmetry in the couplingreased, more peaks appeared, and the overall guided spec-
beam profile. It was verified that a slight tilt of the coupling trum was broadened. This process continued in Fi¢c)1at
beam changed the orientation and number of lobes, as weli50 ps delay. At delays beyondl ns, coupling in this

as the delay time for their onset. Although the coupling beanwavelength region decreases. We observed generally that the
was quite azimuthally symmetric, it was also found that bybluer portion of the probe spectrum was better coupled for
blocking, say, the left or right side of the beam, lobe struc-higher fill pressures and early delay®nsistent with higher
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(a) At~2.5 ns (b) At~3.5 ns where k4 is the transverse wave number at the peak of the
" " " " electron density barrier at the shogkhereNg=N.¢). Using

Lor wor y=4° for our probe beam axicon amdi,,~2x 107 cm ™3 at
the longest probe wavelength 6730 nm, quasibound mode
£ confinement requireN <> 10cm™3, which was achievable
.§ only at pressures greater than 70 torr. In effect, fill pressures
2 os} o5} <70 torr did not support quasibound modes for the probe
§ spectral region and incidence angle of this experiment. In
3 Fig. 12, the waveguide spectral functigik ) is plotted(for

m=0) as a function of wavelengttat fixed y=4°), where
k=k, /sinvy, for the measured 900 ps electron density profile
%% 560 560 ' 560 560 shown in the insetfor the conditions of Fig. 10 As dis-

. cussed in Sec. lll, the amplitude efis proportional to the
() Afc~8.0 ns @ s'"g'? shot M”s,'s ns coupling efficiency of the corresponding quasibound mode.
1.0} 10} In the shorter wavelength range, where-1, the conical
input is mainly transmitted through the plasma with little
coupling to quasibound modes. Values#f0, on the long

';2: wavelength side of the main resonance peak, correspond to a
E total reflection of the input wave from the outside of the
E 05F 05p waveguide. The additional effect of azimuthal coupling
£ asymmetry (n>0) can be estimated using the expression for
2 parabolic waveguides, Ed9), which givesANA=Aw/w
=\22m?wZ tarfy for adjacent Am=+1) azimuthal
%8s 560 580 840 560 560 modes. . . o
> o) Aom) These mode positions are overlaid on the plot jer4

andw.,~20um [obtained by solving Eq(2) for the mea-

FIG. 9. Spectra of guided probe pulse for delayga@f2.5 ns,  sured profilé. The peak spacings ef4 nm, denoted by the
(b) 3.5 ns, andc) 8.0 ns taken as 10 shot averages. The single shotlashed lines, are in good agreement with the spectral peak
spectrum for 5.8 ns delay, shown {d), is representative of the separations in Fig. 11. The onset of quasibound modes for
shot-to-shot fluctuations. this density profile) 4y, is indicated by the arrow on the
axis.

values ofNgg and smaller values ofi.;,, as predicted by Eqg.
(9)]. At longer delays or lower initial fill pressures, better
coupling occurred to redder wavelengths, as is illustrated by
the spectrum centered at700 nm in Fig. 11d). No distinct
peaks for the full range of probe wavelengths were seen at The steady state analysis based on @y presumes that
any delay for pressures lower than 70 tof80 torr the peak widths\B in the spectral functiory are controlled
Ar/20torr N,O). This is explained by considering the mini- py the balance between the inverse processes of axial growth
mum requirement for the confinement of a quasibound modef the side-coupled field and losses from radiative leakage of
(see Sec. ) ki=k?— B%—4mrNes<0 (or the equivalent the quasibound mode. We can extract a spatial leak rate from
expressionsA >\ qp= V7/re¢Nessiny or Nggs> N, Sir? y), Fig. 11 by noting that at th¢th quasibound mode the leak

@ (b)
200 . .
0
0 200 0 200

()

(©) ®
200. . . '
0 200 0 200 0 200

0
0 200

VII. COMPARISON OF END-COUPLING
AND SIDE-COUPLING EXPERIMENTS

©

FIG. 10. Spectrally integrated channel exit
images of side coupled continuum probe for
pump-probe delaysa) 0.5 ns, (b) 0.56 ns,(c)
0.59 ns,(d) 0.9 ns,(e) reduced bandwidthi~2
nm) probe, delay~0.9 ns (130/20 torr Ar/NO
gas fill), (f) continuum probe with delay of 2.2 ns,
(g) reduced bandwidth probe, delay2.2 ns
(80720 torr Ar/NO gas fill).

0 200

Position (um)

Position (um)
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FIG. 11. Spectrum of side-coupled probe for indicated pump-
probe delays(a)—(c) 130/20 torr Ar/NO, (d) lower pressure fill:
80/20 torr Ar/NO. The probe input spectrum near 570 shown
normalized for comparisgris the dashed line ia).

position (um)
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position (um)

position (;Ir‘:?)
rate is aj=(AB)’1~AwJ(d,8/dw)w=wj=(Aw]-/C)COSy. .
1 FIG. 13. (a) Spectrally integrated energy throughput versus de-

The spectral peak widtha\ of ~1.5-2 nm givea™ - ! >
~150m, which is much less than the waveguide Iength.lay for side and end couplingcurves are separately normalized

This indicates that the steady state analysis is justified an@® expanqled time S.Jcale f¢a); (c) and(d) channel exit images for
also implies that end-coupled light at these delays would"d c0UPIing at indicated delays (105/20 torr A0Y.

have been strongly attenuated. This is confirmed in the plot ]

[Fig. 13a)] of spectrally integrated energy throughput, com-=0. so that the weakly bound waveguide modes at early
paring side and end coupling, which shows that the eam;ielay_attenuate rapidly and are not observed at the exit. Side
delay range of best side coupling corresponds to negligibl€0upling therefore allows the probing of mode structure as-
end coupling throughput. End-coupled throughput begins tgociated with the earliest times in the waveguide develop-
increase at longer delays, as shown in Fig¢aland 13d),  mMent, and this e_arly tlme.mode selectivity can be seen in Fhe
where leakage and therefore side coupling, its inverse, ddl’St 1.5 ns of side-coupling delay shown expanded in Fig.
creases. In effect, in terms of the theory of Sec. II, side-13(D). The rise of the first sharp peak occurs as side-coupling
coupling provides a continuous input fielt, along the full ~ rapidly increases to the=0,m=0 mode[see Fig. 10a)].
length of the guide, which compensates for the leaking wavd he decrease to a minimum afte60 ps for these conditions

E., at early delays. For end-coupled light, howeve;, occurs at the transition to the=0m=1 mode [see Fig.
10(b)]. The second, broader peak then increases as additional

azimuthal lobes accumulate. The third, broad peak beginning
around 1.25 ns in Figs. 8 and 13b), arises as the red
portion of the spectrum couples more efficientlyNg, de-

x creases at longer deldgee the electron density profiles of
Fig. 1.

Finally, the spectral signature of well-bound vs very leaky
1© modes(or end coupling vs side couplings that the more
strongly bound modes, which are accessed through end-
coupling at longer delays, were seen to have spectra indepen-
% P — dent of mode structure, while side coupling to weakly bound

radius (um) leaky modes is wavelength selective.

30

A

electron density (10 (cm ™)

VIIl. CONCLUSIONS

- . . . - The quasibound modes of a plasma waveguide were

925 575 625 675 probed using side- and end-coupling geometries in order to
A (nm) study two temporal regimes: early-time plasma channel de-
velopment, characterized by leaky optical confinement, and

FIG. 12. Calculation of relative coupling efficiency versus later channel hydrodynamic expansion characterized by
wavelength for measured electron density profileset, 900 ps  stronger confinement. Both the intensity pattern and the
delay, 130/20 Ar/NO. Dotted vertical lines: positions of+0 spectrum of the guided light were measured at the channel
modes. Arrow: location of . exit. For end coupling, the modal intensity observed at the
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exit was determined by two factors: the input coupling effi-waveguide was seen to be highly mode and frequency selec-
ciency, and the axial leak rates of the various modes tdive. Both end-coupled and tunnel-coupled exit intensity pro-
which coupling was achieved. The small angle between théiles and spectra were successfully explained using calcula-
input beam axis and the waveguide axis was found to béions based on the experimentally measured electron density
important in determining the measuned>0 mode structure. profiles.

The spectrum of broadband end-coupled probe pulses was

found to be unaffected by the guiding process, mainly be- ACKNOWLEDGMENTS
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