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Abstract. Isolated waveguide modes of intense light fields are
unique physical objects, which can never be observed in standard
optical fibers, hollow waveguides, plasma filaments, or in the
bulk of a transparent dielectric or gas. Hollow photonic-crystal
fibers can for the first time produce robust isolated truly guided
spatial modes of subgigawatt ultrashort light pulses, perform
efficient nonlinear-optical transformations of laser fields in
such states, and implement new waveguide regimes of coherent
excitation and probing of molecular Raman-active modes in the
gas phase.

1. Introduction

Nonlaser sources of light generate electromagnetic radiation
by spontaneously emitting uncorrelated photons at random
instants of time in arbitrary directions (Fig. 1a). Nondirected
incoherent light has been the main subject of optics for more
than two millennia, from the Hellenistic epoch of antiquity [1]
until the laser era. Stimulated emission of light, predicted by
Einstein in 1916 [2] and experimentally observed for the first
time by Ladenburg in 1928 [3], suggests the way to generate
directed electromagnetic waves (Fig. 1b). The search for
practical sources of optical radiation based on stimulated
emission had been on for more than two decades, culminating
in the creation of masers and lasers in the 1950s [4—6]
(Table 1).

Laser sources, where the emission of photons is stimulated
by an external electromagnetic field, can generate highly
coherent, well-directed radiation (Fig. 1b). Transmission of
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laser radiation over large distances is, however, inhibited by
diffraction — an intrinsic property of light related to its wave
nature, which has been systematically studied by many
scholars since Fresnel [7]. As early as 1910, long before the
invention of the laser, Hondros and Debye [8] theoretically
examined the possibility of reducing the diffraction-induced
divergence of light due to the total internal reflection — the
phenomenon that gives rise to guided modes of electromag-
netic radiation in dielectric waveguides (Fig. 1¢). Progress in
laser science and the advent of highly transparent materials in
the 1970s (Table 1) have stimulated a rapid growth in fiber
optics, allowing the creation of high-performance optical
telecommunication lines and development of fiber-optic
components for the control of laser radiation [9—11].

Figure 1. Nondirected incoherent radiation of a nonlaser source (a),
directed coherent laser radiation (b), and guided-wave transmission of
laser radiation (c).
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Table 1. From optics and catoptrics of nondirected light to guided-wave
high-intensity light fields: fundamental problems of transmission of high-
intensity laser radiation in isolated guided modes and their solutions.

Problems Solutions

Stimulated emission

(Einstein, 1916 [2]);

Lasers (Basov, Prokhorov,
Townes, Maiman, 1950s [4 - 6])

Nondirected radiation emission
(Euclid, 300 BC [1],
through the entire pre-laser era)

Diffraction (Fresnel, 1815 [7]) Step-index guiding
(Hondros, Debye, 1910 [8];
fiber-optic breakthrough of the

1970s [9—11])

Self-focusing leading to optical
breakdown (early 1960s [13—20])

Hollow waveguides
(Miles et al., 1977 [30];
Nisoli et al., 1996 [23])

Alternative of standard hollow
waveguides: multimode guiding
or unacceptably high losses

Hollow photonic-crystal fibers
(Russell, 1999 [41, 42])

The rise of high-power laser systems capable of generating
light pulses with intensities up to 102 W cm™2 [12] has
revealed fundamental physical limitations on the laser
power that can be transmitted as guided modes in the bulk
of a transparent dielectric. These limitations originate from
self-focusing [13—20], related to an intensity-dependent
radial profile of the refractive index

n(r) = ng + nI(r)

(ng is the refractive index of the material in the absence of laser
radiation and 7, is the nonlinear refractive index), induced by
the laser beam with an intensity distribution /(r) nonuniform
in the transverse coordinate r. Such a profile of the refractive
index is equivalent to a nonlinear lens, leading to a collapse of
the laser beam and an optical breakdown of the material.

The critical power of self-focusing for radiation with a
wavelength 4 propagating in a medium with a nonlinear
refractive index n; is given by [20]

22
[ .
8nngny

For a nonlinear refractive index 7, ~ 3 x 10716 cm2 W1,
typical of fused silica, we arrive at the following estimate on
the critical power of self-focusing: P. ~ 1 MW. Dielectric
waveguides, thus, cannot guide laser pulses with powers
exceeding P..

Hollow waveguides [21] are a powerful and convenient
tool for the transmission and nonlinear-optical transforma-
tion of high-power laser pulses (Table 1). The threshold of
optical breakdown for gases filling the core of such wave-
guides is much higher than typical breakdown thresholds for
dielectrics, with the radiation fluence on the waveguide walls
usually being several orders of magnitude lower than the
radiation fluence at the center of the waveguide core. Due to
this advantageous combination of properties, hollow wave-
guides have made it possible to perform several interesting
and important experiments dealing with the physics of high-
intensity ultrashort laser pulses [22]. Hollow-core fibers are
intensely used, in particular, in modern laser systems to
increase the length of nonlinear-optical interactions of laser
pulses and to enhance nonlinear-optical processes. Fibers of

this type allow ultrashort laser pulses to be spectrally
transformed through nonlinear-optical processes without a
laser breakdown in the fiber core.

Self-phase modulation (SPM) in a gas filling the core of a
hollow fiber makes it possible to produce pulses shorter than
5 fs [23, 24]. Stimulated Raman scattering (SRS) of laser
pulses in hollow fibers filled with Raman-active gases results
in an efficient generation of multiple Raman sidebands. In the
regime of locked phases, these Raman sidebands can be
employed to synthesize pulses shorter than 4 fs [25]. Hollow
waveguides can radically enhance high-order harmonic
generation [26—29] and improve the sensitivity of gas-phase
analysis based on four-wave mixing (FWM) spectroscopy
[30-34].

The modes of standard hollow fibers with a solid dielectric
cladding are leaky [21], with the magnitude of optical losses
increasing for these modes as 2*/a® with a decrease in the
radius «a of the hollow core (4 is the radiation wavelength).
There is no way, therefore, to use standard hollow fibers with
very small inner diameters for laser experiments, which
usually operate with hollow fibers with core diameters
ranging from 100 up to 500 pm. Such fibers are essentially
multimode. The losses of guided modes in standard, solid-
cladding hollow fibers with smaller core diameters are
typically unacceptably high for the transmission and non-
linear-optical transformations of laser pulses.

We thus arrive at the following alternative for standard
hollow waveguides with a solid dielectric cladding: the
waveguides of this class are either unacceptably lossy or
multimode for electromagnetic radiation in the optical range
of wavelengths. The difference in phase and group velocities
of waveguide modes simultaneously excited in a standard
hollow fiber gives rise to uncertainties in time-resolved
measurements and complicates the calibration of the non-
linear signal as a function of the gas pressure [32]. Thus,
although conventional, solid-cladding hollow fibers can
provide very high levels of nonlinear signals, quantitative
analysis of gas-phase media and time-resolved measurements
based on nonlinear-optical processes in such fibers often
encounter serious difficulties.

Filamentation of high-intensity ultrashort laser pulses,
induced by the spatial and temporal self-action of laser
radiation and ionization of the gas medium [35-37], is
another interesting waveguiding option, allowing the chan-
neling of terawatt- and multiterawatt-level laser radiation
over large distances. This phenomenon can provide high
efficiencies of nonlinear-optical spectral transformation of
high-power ultrashort laser pulses, giving rise to radiation
emission within a very broad spectral range (superconti-
nuum) [38] and offering unique possibilities in remote
sensing of the atmosphere, with a typical range of this
technique reaching several kilometers [39, 40]. The laser
beam dynamics in filaments is, however, very complicated.
The light field generally undergoes uncontrollable amplitude-
and phase-profile transformations and distortions in this
regime, indicating an effective cross-talk between multiple
spatial modes of the field and apparently leaving no way for a
selective manipulation of individual guided modes, as many
applications would require.

Isolated waveguide modes of intense light fields are, thus,
unique physical objects, which cannot be observed in
standard optical fibers, hollow waveguides, plasma fila-
ments, or in the bulk of a transparent dielectric or gas. We
will show in this review that the recently created hollow-core
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photonic-crystal fibers (PCFs) [41 —45] can for the first time
produce robust isolated truly guided spatial modes of
subgigawatt ultrashort light pulses (see Table 1) and can
perform efficient nonlinear-optical transformations of such
states of electromagnetic field.

Hollow PCFs confine guided modes of electromagnetic
radiation within the low-index area of the hollow core due to
the high reflectivity of a two-dimensionally periodic (photo-
nic-crystal) cladding within photonic band gaps (PBGs) [41 -
46]. In these frequency ranges, an electromagnetic field
cannot exist in the form of waves propagating inside the
periodic structure of the photonic-crystal cladding. The
reflection coefficient of a periodic structure within PBGs is
much higher than the reflection coefficient of the material of
the cladding, substantially reducing optical losses of air-
guided modes in hollow fibers. Photonic band gaps of the
PCF cladding are mapped onto passbands in fiber transmis-
sion.

Due to the high intensities of laser pulses achieved in the
hollow core of PCFs without an optical breakdown of the
fiber and because of the large interaction length provided by
the waveguide geometry, hollow PCFs can radically enhance
nonlinear-optical processes, including stimulated Raman
scattering [47, 48], four-wave mixing [49], and self-phase
modulation [50]. As demonstrated by experiments [S1, 52],
hollow PCFs can transmit ultrashort laser pulses in the
regime of temporal solitons. Such fibers can be employed for
the laser guiding of microspecies and atoms [53], as well as for
the transportation of high-energy laser pulses for technologi-
cal [54, 55] and biomedical [56] applications.

The plan of this review is as follows. In Section 2, we
provide simple qualitative geometric-optic arguments to
illustrate the physical mechanisms behind the formation of
guided modes in hollow waveguides with a periodic cladding.
Based on this analysis, we will demonstrate the possibility of a
radical lowering of losses, typical of hollow waveguides, due
to the high reflectivity of the periodic cladding of the
waveguide. In Section 3, we examine the properties of guided
modes in hollow PCFs by numerically solving the wave
equation for the electromagnetic field in the fiber. Section 4
is devoted to frequency-nondegenerate nonlinear-optical
interactions of ultrashort laser pulses in hollow PCFs. We
will show in this section that hollow PCFs with a special
dispersion profile can phase-match nonlinear-optical interac-
tions of isolated air-guided modes of high-power femtosec-
ond laser pulses.

In Section 5, we discuss the self-channeling of high-
intensity ultrashort laser pulses in hollow PCFs. Section 6
outlines ways of a radically enhancing coherent anti-Stokes
Raman scattering (CARS) in isolated air-guided modes of
hollow PCFs. Section 7 explores the possibilities of using
hollow PCFs for enhancing high-order harmonic generation.
The main results are briefly summarized in the Conclusion.

2. Photonic band gaps, photonic crystals,
and reduced optical losses of hollow waveguides

In conventional fibers, guided modes of electromagnetic
radiation are produced through total internal reflection. In
hollow waveguides, however, the refractive index of the core
is lower than the refractive index of the cladding. The
propagation constants of waveguide modes in such a
situation have nonzero imaginary parts. Optical losses are,
thus, inherent in air-guided modes of hollow waveguides.

This circumstance limits the waveguide length in nonlinear-
optical experiments, imposing restrictions on the enhance-
ment of the nonlinear signal generated through harmonic
generation or wave mixing.

In this section, we will show that the use of hollow
waveguides with a periodic cladding allows optical losses
inherent in hollow-waveguide modes to be considerably
reduced. The field of electromagnetic radiation in periodic
structures has the form of Bloch waves [57]. The existence of
frequency ranges where the incident light wave becomes
resonantly coupled with reflected waves, prohibiting the
solution to the field equations in the form of Bloch waves
propagating inside the structure, is the fundamental property
of periodic media. An insightful and consistent description of
this phenomenon can already be found in Bragg’s dynamic
diffraction theory [58]. For natural crystals, the condition of a
strong coupling between the forward and reflected waves is
known as the Bragg condition [58]:

2d sin0 = m..

For a given integer m, this condition relates the angle 26
between the incident and reflected beams (Fig. 2a) to the
distance d between crystallographic planes and the radiation
wavelength /.

By analogy with natural crystals, providing conditions of
Bragg diffraction for X-rays, structures displaying a spatially
periodic modulation of the refractive index on a spatial scale

Reflected
beam a

Incident
beam

Crystallographic
planes

n np np no

Figure 2. Bragg diffraction of X-rays from a crystal lattice (a) and guided
modes of laser radiation in a waveguide with a periodic cladding (b).
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on the order of the optical wavelength are called photonic
crystals [59—62]. Frequency ranges where the forward and
reflected waves of electromagnetic radiation are strongly
coupled in photonic crystals are referred to as photonic
band gaps. The high reflectivity of photonic-crystal struc-
tures within PBGs can be employed to confine guided modes
of electromagnetic field to an area of low refractive index
(Fig. 2b), i.e., to achieve low-loss waveguiding with a relation
between the refractive indices of the core and the cladding
opposite the one required for total internal reflection. The
possibility of guiding light in a layer sandwiched between
materials with higher refractive indices was first experimen-
tally demonstrated for planar waveguides with a periodic
cladding (Fig. 2b) by Yariv’s group [63]. Optical fibers based
on this idea — hollow-core photonic-crystal fibers — were
first developed and demonstrated by Russell’s group [41] in
1999 (see references [42—45] for an up-to-date review of
hollow PCFs).

Thus, the idea of reducing optical losses in a hollow
waveguide with a periodic cladding relative to a hollow
waveguide with a solid cladding is based on the high
reflectivity of a periodic structure within PBGs. To illustrate
this idea, we employ a geometric-optic approach to the
analysis of guided modes (Fig. 2b). Physically, optical losses
originate from the reflection of radiation from waveguide
walls. The attenuation coefficient o can then be found from
the following relation [64]:

R*M = exp(—al), (1)

where R is the reflection coefficient and M is the number of
reflections from waveguide walls per length L.

For a waveguiding layer (a fiber core) with a size a, the
number of reflections M is given by

L
= . 2
2atan 0 2)
Here, 0 is the angle of incidence, which can be expressed in

terms of the propagation constant K and its transverse part /1
as

htanf = K. (3)

Formulas (1)—(3) yield the following expression for the
attenuation coefficient:

h

The reflection coefficient R in our case is determined by
standard Fresnel formulas. For TE waves making small
angles 0 with the waveguide walls, we derive [21]

127

o =— 5
" na3(nm3 —n%)]/2 ’ ©)
where 11 and n; are the refractive indices of the waveguiding
layer and the cladding, respectively, and / is an integer
corresponding to the mode index.

Thus, we find that the magnitude of optical losses in our
system scales as /2 /@, which is typical of hollow waveguides.
This scaling law often prevents one from using long hollow
waveguides when a small core size is necessary to achieve a
high power density of laser radiation.

This conflict is resolved in a hollow waveguide with a
periodic cladding. Suppose that the refractive index of the
waveguiding layer is equal, as before, to ny, but the cladding

now consists of alternating layers with refractive indices n;
and n,. The coefficient of reflection from the waveguide walls
can then be written as [64]

—ix*sinh (sNd)

RebG = £ oh (sN@) + i(AB/2) sinh (sNd) ° (6)
where
ABN®
2 _  x, [ 2F
§s°=n"n ( 3 ) , (7)
Aﬁ:2ﬁ%cos0—2n7m:220059((»—(»0) (8)

is the detuning from the Bragg resonance for a periodic
structure of the waveguide cladding with a period d, wy is
the central frequency of the photonic band gap of the
cladding, 7 = [(n} +n3)/2]'/?, m is an integer, d is the
modulation period of the refractive index in the cladding, N
is the number of periods in the waveguide cladding, and x is
the coefficient of coupling of forward and backward waves in
the periodic cladding. For a TE wave with m =1, this
coupling coefficient is [64]

 Jcos0(md +m)1?

Around the center of the photonic band gap, where
|AB| < |#|, we have

RPBG = tanh (|%|Nd) . (10)

The ratio of the magnitude of optical losses in a hollow
waveguide with a periodic cladding to the magnitude of
optical losses in a hollow waveguide with a solid cladding is
thus controlled by the ratio of the logarithms of the
coefficients of reflection from the waveguide walls. For
sufficiently large arguments of the hyperbolic tangent in
Eqn (10), we find that

OPBG

ocaexp ((—2[x|Nd) .

(11)

Hence, the increase in the number of periods in the cladding of
a hollow waveguide leads to an exponential decrease in the
optical losses of waveguide modes relative to the optical losses
in a conventional, solid-cladding hollow waveguide.

Within the framework of the geometric-optic approach,
the propagation constant Kpgg of modes in a hollow
waveguide with a periodic cladding is given by

2
2 _ (@) 2 o
Kppg = (;) ny—h-,

ah=nqg+2¢,

h

(12)
(13)

where ¢ is an integer and ¢ is the phase shift per single
reflection from a waveguide wall.

Using Eqn (6) for the coefficient of reflection from a
periodic multilayer, we arrive at

ah = mq + 2 arctan {é—f tanh (sNd)} . (14)

Close to the center of a PBG, Eqn (14) yields an expression
similar to the formula for the propagation constants of guided
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modes in a hollow waveguide with a solid cladding:

(nge)* 7'
(awnl)z] .

(15)

w
q ~ _
KPBG~cn1|:

As can be seen from Eqn (15), a hollow waveguide with a
periodic cladding, similar to a standard, solid-cladding
hollow waveguide, can phase-match frequency-nondegene-
rate nonlinear-optical interactions, but provide much higher
levels of signal transmission as compared to standard hollow
waveguides. The structure of cladding in realistic hollow
PCFs is much more complicated than the periodic multilayer
stack considered in this section. Analysis of guided modes in
hollow PCFs generally requires a numerical solution of the
relevant wave equations. Such a treatment will be provided in
the following section.

3. Waveguide modes of hollow-core
photonic-crystal fibers

In this section, we will examine the spatial distribution of the
electromagnetic field in air-guided modes of hollow PCFs and
investigate dispersion properties of such modes. For this
analysis, we will employ the numerical solution of the wave
equation for the electromagnetic field in a hollow PCF [65]
performed by using the method of field expansion in
Hermite — Gauss polynomials, originally developed in [66—
68].

Waveguide modes and transmission spectra of hollow
PCFs are modeled by numerically solving the vectorial wave
equations for the transverse components of the electric field
Ey(x,y) and Ey(x, y):

V2
[k% + nz(xw)] E,

1 0 dln n? dlnn*\ p°
— —(E, E, =" E. (16
+k26x<' > O ay) B 19
V2
|5
1 d oln n? dln n? i
+P@(Ex o tE 5 >_pEy, (17)

where f is the propagation constant, k is the wave number, V |
is the gradient in the (x,y) plane, and n(x,y) is the spatial
profile of the refractive index.

The transverse distribution of the electric field in the PCF
cross section is represented as a series expansion in a set of
orthonormalized Hermite — Gauss polynomials:

F—1
E. = é;mwn(£>wm<z)v
n;O ' A A
F-1
E, = é,;vn”//n(i) lpm(z)' (18)
’ n;() ' A A

The profile of the refractive index is expanded in
Hermite—Gauss polynomials and a set of orthogonal
periodic functions:

e = 5 [oonsa(3)va(2)]

n,m=0

N,—1
2mkx 2nly
+ Py jcos cos
; BT

(19)

where Ny and N, are the dimensions of the basis of expansion
functions; D, ,, and Py ; are constant coefficients; Ty and T,
are the periods of the structure of the PCF cladding along the
x- and y-axes, respectively; and A and w are the spatial scales
of the PCF cross section. Dispersion properties of guided
modes in a hollow PCF were calculated using series expan-
sions in a basis of 80 x 80 Hermite— Gauss polynomials and
150 x 150 trigonometric functions. Figure 3 displays a one-
dimensional cut (Fig. 3a) and a two-dimensional profile
(Fig. 3b) of the refractive index squared synthesized with
Eqn (19).

Substitution of series expansions (18) and (19) into wave
equations (16) and (17) reduces the initial problem to an
eigenfunction and eigenvalue problem of a matrix equation,
which allows the propagation constants (Fig. 4a), group-
velocity dispersion (GVD) (Fig. 4b), and transverse field
profiles (Fig. 5) to be determined for the air-guided modes
of hollow PCFs. Simulated two-dimensional field intensity
profiles in the fundamental and higher order PCF modes
(Figs Sa, c, e, g) agree well with the results of experiments [46,
69] performed with air-filled hollow PCFs having a core
diameter of about 14 um and a glass—air periodic cladding
with a period of about 5 um (Figs 5b, d, f, h).

Experimental data [46, 69] and results of simulations [65]
indicate the possibility of excitation of the fundamental and
several isolated higher order air-guided modes confined to the
hollow core of the PCF. The number of guided modes
supported by the hollow core of a PCF is controlled by the
width of the PBG of the PCF cladding and the ratio of the

2.0 [~ ) H h M~ a (~™
(x)

1.5

ok W MMM o

9 @ ® 0 0 0 0,
® ®© 0060 09
10 © O 0 00

T 000 00
> 0600 06 0

(® 00 0 0.0 @ |
—16 -8 0 8 16

—16

X, pm

Figure 3. One-dimensional cut of the refractive-index profile along the
x-axis at y = 0 (a) and the profile of the refractive index squared in the
cross section of the hollow PCF (b) synthesized by polynomial expansion
(N4 = 80, N, = 150).
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Figure 4. Propagation constant ff normalized to the wave number k (a) and
group-velocity dispersion (b) as functions of the wavelength for the
fundamental (solid curve) and the second-order (dashed curve) air-guided
modes of a hollow PCF with the cross-section structure shown in the inset.

PCF core radius reoe to the radiation wavelength. An
intuitive estimate of the number of air-guided modes in a
PCF is provided by an approximate formula proposed by

L E N N NN NN N
L E B B B N R N J
L B N N N N
(A N XN N ]
(LA N N N N N N
LE RN EX BN N J
( E N R NN N NN J
[ E N NN N NN
LN N N N NN J
L A N NN N

Cregan et al. [41]:

1
Npcr = Z (ﬂ}21 - ﬁlz) rgore ) (20)
where f;, and f; are the propagation constants at the upper
and lower edges of the respective PBG of the cladding.

Formula (20) gives a physically instructive approximation
of the number and density of air-guided modes in a hollow
PCF, which generally agrees quite well on the qualitative level
with the results of more accurate numerical simulations [70].
This formula shows, in particular, that PBGs of the photonic-
crystal cladding not only serve to lower propagation losses of
air-guided modes relative to a conventional, solid-cladding
hollow fiber with the same core diameter, but also filter air-
guided modes, facilitating a selective preparation and addres-
sing of isolated waveguide modes of the electromagnetic
radiation field.

It can also be seen from Eqn (20) that the number of air-
guided modes of a PCF increases with the growth in the ratio
of the core radius to the radiation wavelength. Figure 6
displays a cross-section image of a hollow PCF with a large
core area, designed [71] for the transmission of high-intensity
laser pulses. This fiber can generally support multimode
waveguiding regimes. With an appropriate input beam
coupling geometry, however, selective excitation of isolated
air-guided modes becomes possible, facilitated by the filtering
effect of PBGs of the PCF cladding. In the short-wavelength
regime (4 < reore), the fiber is essentially multimode. Typical
field intensity profiles for high-order air-guided modes of this
fiber are presented in Fig. 7.

Both passbands in PCF transmission and dispersion
properties of air-guided modes in these fibers can be tuned
by changing the fiber structure [69]. Group-velocity disper-
sion,

L, d*B

D = —2mnci a2
is the key parameter of a fiber that governs the spreading of
short laser pulses propagating through a fiber. Negative GVD

Figure 5. Results of simulations (a, ¢, e, g) and experiments (b, d, f, h) for field-intensity profiles in air-guided modes of a hollow PCF.
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Figure 6. Cross-section images of large-core-area hollow photonic-crystal
fibers (with a core radius of about 23 um) designed to transmit high-
intensity laser pulses (the lower image shows the field-intensity profile in
the guided mode). The main division of the ruler on the left-hand side of
the top image corresponds to 10 pm.

corresponds to normal dispersion, while areas of positive
GVD are referred to as ranges of anomalous dispersion.

Figure 4b presents the group-velocity dispersion for the
fundamental and higher order modes of the hollow PCF
with the cross-section structure shown in the inset in Fig. 4a.

As can be seen from the results presented in Fig. 4b,
group-velocity dispersion of PCF modes may substantially
exceed in its absolute value the GVD of both bulk fused silica
and air. The GVD becomes especially strong close to the
edges of the passbands in PCF transmission. This observation
is consistent with the results of earlier experimental studies on
the propagation of femtosecond pulses in hollow PCFs [72,
73]. Quite typically, the GVD vanishes in the central part of
the passband, becoming anomalous within a rather broad
frequency range, which can be employed for the generation of
solitons [51, 52] or the self-compression of ultrashort laser
pulses.

4. Nonlinear-optical interactions
of isolated air-guided modes
of high-intensity femtosecond laser pulses

Nonlinear optics of high-intensity ultrashort laser pulses is
one of the most interesting and rapidly growing areas of
optical physics. Nonlinear-optical interactions of high-
intensity femtosecond laser pulses are at the heart of several
new physical phenomena, including high-order harmonic
generation [74, 75], and allow unprecedentedly short, attosec-
ond pulses to be synthesized [76—78]. Hollow PCFs imple-
ment new waveguide regimes for high-intensity ultrashort
laser pulses, offering unique options for strong-field optics. In
particular, such fibers can support air-guided modes of
electromagnetic radiation with transverse sizes of only a few
micrometers, providing a radical enhancement of nonlinear-
optical interactions of ultrashort laser pulses [47—49, 79].

Figure 8 displays transmission spectra of hollow PCFs
[73] designed for a waveguide transportation of femtosecond
Ti: sapphire-laser pulses (Fig. 8a), as well as the fundamental
radiation of an Nd:YAG laser and its second harmonic
(Fig. 8b). The hollow PCF with the transmission spectrum
presented in Fig. 8c is designed to guide infrared radiation
within the range of wavelengths from 1.0 to 1.25 pm and from
1.6 to 2.0 um. The fibers employed in experiments [73] had a
photonic-crystal cladding with a period of 5 ym and a core
diameter of 14 um. A typical cross-section view of the PCF is
presented in the inset in Fig. 8a.

Transmission spectra of hollow-core PCFs display char-
acteristic well-pronounced isolated peaks (Fig. 8). The origin
of these peaks, as mentioned above, is associated with the

Figure 7. Field-intensity profiles in the guided modes of a hollow PCF simulated by the method of polynomial expansion.
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Figure 8. Transmission spectra of hollow-core PCFs designed to transmit
femtosecond pulses of Ti:sapphire-laser radiation (a), the fundamental
radiation of an Nd:YAG laser and its second harmonic (b), and infrared
radiation within the range of wavelengths from 1.0 to 1.25 pm and from
1.6 t0 2.0 pm (c). The inset in Fig. 8a shows the cross-section image of the
hollow PCF with a period of the cladding equal to 5 pm and a core
diameter of about 13 pm.

high reflectivity of a periodically structured fiber cladding
within photonic band gaps, which substantially reduces
radiation losses in guided modes within narrow spectral
ranges. Radiation with wavelengths lying outside the photo-
nic band gaps of the cladding leaks from the hollow core.
Such leaky radiation modes are characterized by high losses,
giving virtually no contribution to the signal at the output of
the fiber. The spectra of air-guided modes in hollow-core
PCFs can be tuned by changing the fiber cladding structure
[69]. Waveguide modes of hollow PCFs and their transmis-
sion spectra were modeled by solving vectorial wave equa-
tions for the electric field using the numerical procedure
developed in [65, 69] and described in Section 3 of this review.

optical interactions of ultrashort laser pulses, eventually
determining the possibility of subsequent spectral and
temporal transformations of laser pulses. Konorov et al. [73]
have experimentally studied changes in the envelope, as well
as the evolution of the spectral phase and the chirp of
femtosecond pulses transmitted through hollow PCFs.

The results of these experiments (Fig. 9) indicate that
envelope and phase distortions of ultrashort pulses guided
through hollow PCFs are controlled by the detuning of the
carrier frequency of laser pulses from the central frequency of
the PCF passband. Distortions of the pulse envelope, as well
as time- and frequency-dependent phase shifts become
especially noticeable (Fig. 9) around the edges of PCF
passbands, corresponding to the edges of the photonic band
gaps of the fiber cladding. Away from the edges of these
PBGs, hollow PCFs can provide optimal conditions for the
transmission of ultrashort pulses. However, waveguide
dispersion effects near the edges of PCF transmission
passbands may play a noticeable role, especially in hollow
PCFs with a small core diameter, leading to considerable
distortions in the envelope, chirp, and the spectral phase of
ultrashort pulses.
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Figure 10. The mismatch 88 = B3, — By, — B3, + B, of the propagation
constants f,,, B3, Bay» and B, of air-guided modes involved in the four-
wave mixing 3w = 2w + 20 — o (2w and o are the frequencies of the
pump fields) in a hollow PCF with a period of photonic-crystal cladding
equal to 4.6 um and a core diameter of approximately 13 pm. The insets
show (/) an image of the PCF cross section and (2) field-intensity profiles
for the air-guided modes of the hollow PCF involved in the FWM process.

As shown in [80], hollow-core PCFs with a special
dispersion profile can phase-match nonlinear-optical interac-
tions of isolated air-guided modes of high-intensity femtosec-
ond laser pulses confined in the hollow fiber core. Hollow-
core PCFs designed for the purposes of these experiments had
a period of photonic-crystal cladding of about 4.6 um and a
core diameter of approximately 13 um. A typical structure of
the PCF cross section is shown in inset / in Fig. 10. Figure 10
displays the mismatch

Sﬁ = ﬁ3a} - :82,cu - élw + ﬁw

of the propagation constants f,, f5,, B5,, and 5, of air-

guided modes in the PCF involved in the FWM process
3o =20+20—w

(2w and w are the frequencies of the pump fields). The results
presented in this plot indicate a nearly perfect phase matching

for the FWM of the fundamental mode of fundamental
radiation w of a Cr:forsterite laser, the fundamental mode of
one of the second-harmonic fields 2w, a higher order guided
mode of the other second-harmonic field 2w, and a higher
guided mode of the nonlinear signal (see inset 2 in Fig. 10).
The phase matching, as can be seen from Fig. 10, is achieved
within a spectral range with a bandwidth of about 10 nm,
allowing a highly efficient FWM of broadband, femtosecond
laser pulses. The experimental results presented below are
fully consistent with this theoretical analysis.

The laser system employed in experiments [80] consisted
of a Cr**: forsterite master oscillator, a stretcher, an optical
isolator, a regenerative amplifier, a compressor, and a crystal
for frequency doubling (Fig. 11). The master oscillator,
pumped with a fiber ytterbium laser, generated 30— 50-fs
light pulses with a repetition rate of 120 MHz, a central
wavelength of 1250 nm, and a mean power of about 180 mW.
These pulses were then transmitted through a stretcher and an
isolator to be amplified in an Nd: YLF-laser-pumped
amplifier. Amplified pulses with an energy up to 100 pJ
were recompressed to a 50— 100-fs pulse duration in a grating
compressor. Approximately 50% of the radiation energy was
lost at this stage. An LBO crystal was used to generate the
second harmonic of amplified Cr:forsterite-laser radiation.

Femtosecond pulses of 1250-nm fundamental radiation
and 625-nm second-harmonic radiation of the Cr:forsterite
laser with pulse energies ranging from 0.1 up to 10 uJ were
used as pump fields w and 2w in the FWM process
3w = 2w+ 20w — w. These pulses were coupled into a 5-cm
hollow PCF with a period of cladding equal to 4.6 pm and a
core diameter of about 13 pum, placed on a three-dimensional
translation stage, with a standard micro-objective. Funda-
mental radiation was focused in such a way as to provide the
maximum efficiency of beam coupling into the fundamental
mode of the PCF (inset / in Fig. 12). The second harmonic
was coupled into a mixture of the fundamental and higher
order air-guided modes (inset 2 in Fig. 12).

The FWM of these two pump fields induced by the third-
order nonlinearity of the atmospheric-pressure air filling the
PCF resulted in the generation of a signal with a central
wavelength of 417 nm (Fig. 12). The maximum efficiency of
FWM frequency conversion was estimated as 0.1%. Because
of poor phase matching, direct third-harmonic generation
3w = o+ o+ w, giving rise to a nonlinear signal with the
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Figure 11. Diagram of the femtosecond laser system for the investigation of nonlinear-optical interactions of high-intensity ultrashort laser pulses in a

hollow photonic-crystal fiber.
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Figure 12. The spectrum of the FWM signal generated in the hollow
photonic-crystal fiber by the pulses of fundamental radiation and the
second harmonic of the Cr:forsterite laser with input energies of 2 and
3 wJ, respectively. The initial duration of the pump pulses of fundamental
radiation is about 50 fs. The insets show the spatial field-intensity profiles
measured for the fundamental (/) and second-harmonic (2) pump beams
and the FWM signal (3) at the output of the PCF.

same central wavelength, was several orders of magnitude less
efficient than the two-color FWM 3w =20 + 20 — .
Analysis of the transverse intensity profile of the FWM
signal at the output of the hollow PCF shows that the
nonlinear signal is generated in a stable isolated well-resolved
higher order air-guided mode of the PCF (inset 3 in Fig. 12).
This finding agrees well with the theoretical analysis of phase
matching for the considered FWM process in the hollow PCF
(cf. inset 2in Fig. 10 and insets 7/ — 3 in Fig. 12). We can argue,
therefore, that the spatial beam profile of the FWM signal
generated in a PCF as a result of nonlinear-optical interaction
of isolated air-guided modes of pump radiation is dictated
and stabilized by phase-matching conditions. This remark-

able property of FWM in a hollow PCF provides a high beam
quality of the nonlinear signal at the output of the fiber and
suggests an exciting opportunity for mode-controlled non-
linear-optical processing of high-intensity laser pulses.

The spatial beam profile of the FWM signal at the output
of the PCF remained stable up to the energy of input pump
pulses of about 6 pJ, corresponding to a light-field intensity
of about 9 x 10'* W cm~2. Spatial self-action and ionization
effects started to play a noticeable role above this level of
input laser intensities, leading to instabilities and distortions
in output beam profiles of the pump and FWM fields. Laser
pulses with energies exceeding 10 pJ caused optical damage
on the PCF inner walls, resulting in an irreversible degrada-
tion of fiber transmission and a substantial lowering of the
FWM efficiency.

Tailored dispersion of air-guided modes in hollow PCFs
offers new phase-matching solutions not only for four-wave
mixing, but also for nonlinear-optical processes of higher
orders. In particular, Serebryannikov et al. [8§1] have demon-
strated the possibility of using hollow PCFs for phase-
matched high-order harmonic generation. Hollow fibers
radically enhance this process due to the large length of
nonlinear-optical interaction provided in the waveguide
regime. Hollow PCFs suggest ways toward highly efficient
harmonic generation in field of pulses with a moderate power
through multiwave nonlinear-optical interactions of air-
guided modes of electromagnetic radiation with controlled
transverse intensity profiles.

Figure 13 illustrates phase matching for the generation of
high-order harmonics of the pump field with a wavelength of
800 nm, giving rise to harmonic emission within the range of
wavelengths from 25 up to 45 nm. The phase-matching
condition requires the equality of the effective refractive
indices ner = fc/w for the PCF-guided modes of the pump
and harmonic fields. Exact phase matching for high-order
harmonic generation in hollow PCFs is achieved through the
appropriate choice of optimal gas pressure (Fig. 13a), as well
as fiber structure and type of modes involved in the nonlinear-
optical interaction (Fig. 13b).
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Figure 13. (a) Effective refractive indices for the fundamental modes of the pump field (7, 2) and high-order harmonics (3, 4) calculated as functions of the
pump and harmonic wavelengths 4, and 2, for a hollow PCF with a period of cladding equal to 5 um filled with argon at a pressure of 0.1 atm (/, 3) and
0.5 atm (2, 4). (b) Effective refractive indices for the fundamental mode of the pump field (the dashed line) and the fundamental (j = 1) and higher order
(j =2-13, 18, 24) modes of high-order harmonics calculated as functions of the pump and harmonic wavelengths 7, and 4, for a hollow PCF with a
period of cladding equal to 10 pm filled with argon at a pressure of 0.1 atm. Field-intensity profiles in high-order modes of hollow PCFs are shown in

Fig. 7.
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The results of experimental and theoretical studies
presented in this section show that hollow-core PCFs with a
special dispersion profile allow phase-matched nonlinear-
optical interactions of isolated air-guided modes of high-
intensity femtosecond laser pulses confined in the hollow fiber
core. Phase matching of isolated air-guided modes of high-
intensity femtosecond laser pulses involved in nonlinear-
optical interactions in a hollow PCF provides a high
efficiency of frequency conversion for ultrashort laser pulses
with an intensity on the order of 10'* W cm~2 and stabilizes
the spatial intensity profile of the output FWM signal.

5. Self-action of subgigawatt femtosecond pulses

In this section, we will discuss the results of experiments
devoted to the investigation of temporal and spatial self-
action of high-power (subgigawatt) femtosecond laser pulses
in hollow PCFs. We will explore ways of optimizing hollow
PCFs for the transportation of high-power laser pulses and
demonstrate the possibility of using Kerr-nonlinearity-
induced self-focusing in such waveguides for the transmis-
sion of laser radiation in the regime of self-channeling.

Because of the finite bandwidth of the photonic band gaps
of the PCF cladding, the width of passbands in PCF
transmission is also finite (Fig. 8). This circumstance, on the
one hand, limits the duration of pulses that can be transmitted
through such fibers, allowing, on the other hand, creation of
optical diodes [50], as well as limiters and switches [82] for
high-intensity ultrashort laser pulses based on self-phase
modulation in hollow PCFs.

Temporal and spatial self-action of laser pulses in hollow
PCFs was studied [83] by using radiation of a Ti:sapphire
laser system consisting of a master oscillator and a regen-
erative amplifier. The central wavelength of laser pulses was
approximately 800 nm, with their duration being about 30 fs
and energy ranging from 0.1 up to 10 pJ. A standard micro-
objective was used to couple laser pulses into the hollow core
of a PCF placed on a three-coordinate translation stage inside
a vacuum chamber. Experimental studies of temporal and
spatial self-action of laser pulses were performed with PCFs
filled with argon, nitrogen, and atmospheric air within the
range of pressures from 0.1 up to 10 atm.

Transmission of ultrashort pulses through hollow PCFs
with minimal losses requires matching the spectrum of the
laser pulses with the transmission spectrum of the PCF. The
width of a passband in the transmission spectrum of a hollow
PCF, controlled by the photonic band gap of the cladding,
should be sufficient for the transmission of ultrashort laser
pulses spectrally broadened due to self-phase modulation
without considerable distortions in the pulse envelope.

Figure 14 presents the spectra of radiation coming out of
a 6-cm PCF filled with nitrogen (Fig. 14a) and argon
(Figs 14b, c) at different pressures. The initial energy of
femtosecond Ti:sapphire-laser pulses coupled into the PCF
was about 0.2 pJ. The spectra of output pulses are
broadened with respect to the input pulses due to self-phase
modulation. Optimal conditions for the transmission of
spectrally broadened pulses through the PCF are achieved
when the spectrum of the pulse is matched with the relevant
passband in the transmission of the PCF. Figure 14a shows
an example of such optimal matching. The bandwidths of
SPM-broadened pulses presented in Figs 14b and 14c¢ exceed
the width of the PCF passband, which gives rise to
additional radiation losses.
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Figure 14. Spectra of ultrashort laser pulses broadened by self-phase
modulation in hollow photonic-crystal fibers filled with (a) nitrogen and
(b, ¢) argon at a pressure of 3 atm (dash —dotted line) and 5 atm (solid line).
The fiber length is 6 cm. The initial energy of laser pulses at the input of the
fiber is 0.2 pJ. The dashed lines show the passbands in PCF transmission.
The inset in Fig. 14a displays a cross-section image of a hollow PCF with a
period of structure in the cladding of about 5 um.

Spatial self-action of laser radiation in a medium with a
Kerr nonlinearity is related to the intensity-dependent non-
linear additive to the refractive index. A spatially nonuniform
distribution of radiation intensity in a laser beam propagating
in a Kerr-nonlinear medium induces a profile of the refractive
index, corresponding to a nonlinear lens. Kerr nonlinearity in
a waveguide may result in the transformation of guided
modes and lead to energy exchange between these modes.
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Spatial self-action of laser radiation induced by Kerr
nonlinearity may give rise to a nonlinear waveguide, where
the diffraction divergence is compensated by a nonlinear
lens [16]. In an unbounded domain, however, such wave-
guides are unstable with respect to small perturbations
related to fluctuations in the parameters of laser radiation
and inhomogeneities in the medium [84, 85]. Mathemati-
cally, this instability reflects the fact that the waveguide
solutions of the nonlinear Schrédinger equation governing
the evolution of a light beam on an unbounded domain in a
nonlinear medium correspond to a zero Hamiltonian. Small
fluctuations in the parameters of laser radiation or inhomo-
geneities in the medium under these conditions lead to beam
collapse.

Reflection from the walls in a bounded area (e.g., in a
capillary) stabilizes nonlinear waveguides induced by laser
radiation in a medium with Kerr nonlinearity [84—86].
Waveguide solutions of the nonlinear Schrédinger equation
on a bounded domain correspond to a positive Hamiltonian,
which makes these solutions robust with respect to small
fluctuations in the parameters of laser radiation and inhomo-
geneities of a medium.

Figures 15 and 16 present the results of investigation of
the influence of spatial self-action on the propagation of
femtosecond laser pulses through a hollow PCF. For low
input laser energies, the light beam propagates through the
PCF in the linear regime without spatial self-action. Insets /
and 2 in Fig. 15 display beam patterns at the output of the
hollow PCF characteristic of this regime. Output beam
profiles, as can be seen from these images, represent mixtures
of guided modes. As the energy of radiation coupled into the
PCF increases, the output beam profile displays noticeable
transformations (inset 3 in Fig. 15). The character of these
transformations indicates the predominant guiding of laser
radiation in circularly symmetric PCF modes.

This regime of waveguiding is observed within a
limited range of input laser powers. Starting with a
certain threshold initial power Py,, which depends on the
kind of and the pressure of the gas filling the fiber core,

Intensity, arb. units

Figure 15. Radial field-intensity profiles measured at the output of a 6-cm
photonic-crystal fiber filled with atmospheric-pressure air. The initial
energy of laser pulses at the input of the fiber is 0.5 pJ (dashed line) and
4.0 pJ (solid line). The dash —dotted line shows the profile of the ground-
state solution Q(O). The insets present the images of the output beam
measured with (7) 0.1-pJ, (2) 0.5-pJ, and (3) 4-pJ femtosecond pulses at the
input of the fiber.
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Figure 16. Radial field-intensity profiles measured at the output of a 6-cm
argon-filled photonic-crystal fiber at a gas pressure of 4 atm (dashed line)
and 7 atm (solid line). The initial energy of laser pulses at the input of the
fiber is 2 pJ. The inset shows a cross-correlation FROG trace of the Ti:
sapphire laser pulse transmitted through a 6-cm hollow PCF filled with
argon at a pressure of 3 atm. The initial pulse energy is 2 pJ.

the output beam profile becomes unstable, suggesting the
occurrence of an optical breakdown induced by a
collapsing laser beam. The blowup threshold Py, for
laser beams undergoing self-focusing in a hollow PCF
was approximately two times lower than the blowup
threshold for laser beams in a gas without a fiber, which
agrees well with the predictions of the theory of self-
focusing on bounded domains [84, 83].

Comparison of the beam profiles measured at the output
of an argon-filled PCF for input pulses with low (P < Py,)
and subcritical [P = (0.5—0.9) Py,] laser powers P (Figs 15,
16) suggests that femtosecond pulses induce a waveguide
inside the hollow core of the PCF due to the Kerr
nonlinearity of the gas. This effect is enhanced when the
nonlinearity of the fiber core is increased at higher gas
pressures (Fig. 16). Regardless of the transverse field
intensity distribution at the input of the PCF, the output
beam pattern in the regime of subcritical laser powers tends to
a circularly symmetric profile. To assess distortions in the
temporal structure of the pulse transmitted through the PCF,
we applied the cross-correlation frequency-resolved optical
gating (XFROG) [87] technique. An XFROG trace of the
output pulse measured using a 50-fs pulse from a Ti: sapphire
laser as a reference field demonstrates (inset in Fig. 16) that
the pulses transmitted through the PCF have a smooth
envelope with a typical width of about 60 fs.

We now interpret the results of our experiments in terms
of the theory of self-focusing on bounded domain [84 —86)].
Define nondimensional cylindrical coordinates r and z as

R V4

r=—, z=—,
Ry Lqt

where R is the dimensional radial coordinate, Ry is the inner
radius of the hollow fiber, Z is the dimensional longitudinal
coordinate, and Lg = koR} is the diffraction length
(ko = wong/c is the wave number, wy is the radiation
frequency, and ny is the field-unperturbed refractive index).
The radial profiles of light intensity distribution in the
modes i o exp(ifiz) Qp(r) of waveguides induced through
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Kerr nonlinearity along the z-axis on a bounded domain with
a circular symmetry are described [85] by the solutions Qg(r)
to the ordinary differential equation
o 10
— 3 — —_ R
ALQp—pOp+ Q5 =0, A, 81’2+r or’
subject to boundary conditions

dog(0)
— = 0,

04(1) =0,
which neglect the electromagnetic field propagating outside
the fiber core. This differential equation has an infinite
number of solutions Q;j"), n=0,1,2,.... The Hamiltonians
for all the guided modes Q;;) are positive, preventing the
blowup of these solutions in the presence of small fluctuations
[84], thus stabilizing the nonlinear waveguides in a hollow
fiber.

The ground-state solution Q;f ) is strictly positive for
1 = r >0 and is a monotonically decreasing function of r,
tending to a zeroth-order Bessel function in the case of low
field amplitudes,

0 o< eJo(2.4r) |

where ¢ is a small parameter, controlled by the field intensity
and the nonlinearity of the gas filling the fiber. The radial
profile of field intensity in such a ground-state waveguide
(shown by the dash—dotted line in Fig. 15) provides a good
approximation for the experimental beam profile at the
output of the hollow PCF Ethe solid line in Fig. 15).

Although the modes Q ﬁ”> are stable with respect to small
perturbations, these solutions are centers, rather than
attractors, in a conservative system [84]. However, mode
solutions corresponding to Kerr-nonlinearity-induced wave-
guides may become attractors in systems with dissipation [86],
e.g., in hollow PCFs with losses. The circularly symmetric
field distribution is then formed at the output of the PCF
regardless of the initial beam profile. In the experiments
described above, this effect shows up as intensity-dependent
modes guided in hollow PCFs.

A similar universal behavior has been recently demon-
strated by Moll et al. [88] for collapsing light beams, tending
to form Townesian profiles [16] with no memory of the initial
intensity profile while undergoing self-focusing on an infinite
domain in bulk materials. Unlike Townesian beam profiles,
which are known to be unstable in free space, the ground-state
waveguide modes observed in hollow PCFs in the regime of
subcritical laser powers remained stable with respect to small
fluctuations, resulting in no blowup until the critical power
P, was reached.

The results of the experiments presented in this section
demonstrate the influence of spatiotemporal self-action
effects on the transmission of high-intensity ultrashort pulses
through hollow-core PCFs. Hollow PCFs providing a
waveguide regime of nonlinear-optical interactions for
femtosecond pulses of 800-nm radiation have been designed
and fabricated. Experimental studies show that a light-
induced change in the refractive index of a gas filling the
PCF core not only leads to the spectral broadening of laser
pulses due to self-phase modulation, but also suggests ways of
guiding high-intensity ultrashort laser pulses in the regime of
self-channeling.

6. Coherent excitation and probing

of Raman-active molecular vibrations

by air-guided modes of hollow photonic-crystal
fibers

Raman scattering, discovered by Raman and Krishnan [89]
and independently studied by Landsberg and Mandelstam
[90], is currently widely employed as one of the most
convenient, efficient, and informative methods of spectro-
scopy and microscopy. Coherent Raman transitions are one
of the most important pathways of laser — matter interactions.

Discovery of stimulated [91-93] and coherent [94]
regimes of Raman scattering gave rise to new powerful
spectroscopic and time-resolved laser techniques for the
investigation of ultrafast energy-transfer processes in mole-
cular and atomic systems [95—100], as well as methods of
quantum control [101, 102], laser cooling of atoms [103, 104],
and efficient frequency conversion of laser radiation [20, 99].
High-order stimulated Raman scattering is currently consid-
ered as one of the promising means of ultrashort pulse
synthesis, offering interesting strategies for the generation of
subfemtosecond and attosecond field waveforms [25, 105—
110]. The potential of nonlinear Raman techniques (see inset
11in Fig. 17) is now enhanced by coherent control approaches,
extended recently to coherent anti-Stokes Raman scattering
[111, 112].

Waveguide coherent Raman scattering [30, 113, 114]
offers new ways to radically improve the sensitivity of
spectroscopic and time-resolved techniques, as well as to
increase the efficiency of frequency conversion and ultra-
short-pulse generation. Hollow fibers have been shown to
substantially enhance coherent Raman scattering in the gas
phase. Multimode regimes of waveguiding typical of such
fibers (see Section 1 of this review), however, lead to
unwanted interference phenomena, limiting the sensitivity
and selectivity of spectroscopic and time-resolved methods, as
well as coherence- and quantum-control schemes. In parti-
cular, the difference in phase and group velocities of
waveguide modes simultaneously excited in a standard
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Figure 17. Transmission spectrum of the hollow PCF designed to
simultaneously support air-guided modes of the pump, probe, and CARS
signal fields (the wavelengths of these fields are shown by the vertical
dashed lines) in the hollow core of the fiber. The insets show (/) a diagram
of the CARS process and (2) an image of the PCF cross section.
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Figure 18. Diagram of the laser setup for coherent excitation and probing of Raman-active vibrations in the gas phase by isolated air-guided modes of a

hollow PCF.

hollow fiber gives rise to uncertainties in time-resolved
measurements and complicates the calibration of the non-
linear signal as a function of the gas pressure [32, 33]. Thus,
although conventional, solid-cladding hollow fibers can
provide very high levels of nonlinear signals, quantitative
analysis of gas media and time-resolved measurements based
on nonlinear-optical processes in such fibers often encounter
serious difficulties.

In this section, we will discuss the possibility of using
isolated air-guided modes of hollow-core PCFs to coherently
excite and probe Raman-active vibrations in the gas phase.
The results of experiments [115], discussed below in this
section, indicate a radical enhancement of CARS in hollow
PCFs. The intensity of the CARS signal generated in a 3-cm
hollow PCF by nanosecond pump pulses whose frequency
difference is tuned to a Raman resonance with vibrational
transitions in molecular nitrogen is shown to be 5 to 7 times
higher than the intensity of the CARS signal in the regime of
tight focusing.

Hollow PCFs employed for the CARS spectroscopy of
molecular nitrogen [115] had a photonic-crystal cladding with
aperiod of 5 pm and a hollow core with a diameter of 14 pm.
A typical cross-section image of such a PCF is shown in inset 2
in Fig. 17. The manifold of passbands in the transmission
spectra of PCFs was adjusted, through PCF structure
engineering, in such a way as to simultaneously support air-
guided modes of the second harmonic of an Nd: YAG laser
(with a wavelength of 532 nm), tunable dye-laser radiation
(600—610 nm), and the CARS signal (473 nm). The PCF
length in these experiments was equal to 3 cm.

Spectroscopic measurements were performed with the use
of a standard two-color CARS technique, involving detection
of the anti-Stokes signal at the frequency wcars = 201 — ws,
where o and w; are the frequencies of the pump fields. A Q-
switched Nd:YAG master oscillator employed in these
experiments generated 15-ns pulses of 1.064 um radiation
(Fig. 18), which were then amplified and converted into the
second harmonic with a KDP crystal.

The second harmonic served as one of the pump fields in
the CARS process (frequency w;). Fundamental radiation
that remained frequency-unconverted at the output of the
nonlinear crystal was separated from the second harmonic
with a dichroic mirror and employed to generate the second
harmonic in the second KDP crystal. This second-harmonic
beam was then used to pump a sulforhodamine-101 dye laser.
Dye-laser radiation served as the second pump field in the
CARS process (frequency w,). Pump fields with frequencies

w; and w, were brought to spatial coincidence with a dichroic
mirror and were coupled into the hollow PCF with a spherical
lens. The energies of the second-harmonic and dye-laser
pulses were varied within the ranges of 10—200 and 10—
80 pJ, respectively.

The frequency w, of dye-laser radiation was chosen in
such a way as to satisfy the condition of Raman resonance,
w] — wy = Q, with a Raman-active transition of molecular
nitrogen with Q = 2331 cm™' (inset / in Fig. 17). This
condition was met with the wavelength of dye-laser radiation
equal to 607 nm. The wavelength of the CARS signal related
to molecular nitrogen in the atmospheric-pressure air filling
the hollow PCF was then equal to 473 nm. This signal was
collimated with a spherical lens and separated from the pump
beams with a set of optical filters. The spectrum of the CARS
signal was measured with the use of a monochromator and an
optical multichannel analyzer.

The pump fields with frequencies w; and w;, coherently
excite Raman-active vibrations of nitrogen molecules in the
atmospheric-pressure air filling the hollow core of the PCF.
These coherently excited vibrations then scatter off the probe
field with the frequency w;, giving rise to the anti-Stokes
signal. The spectrum of this coherently scattered signal is
shown in Fig. 19. The energy of the CARS signal produced in
a hollow-core PCF was compared with the energy of the
CARS signal generated by tightly focused second-harmonic
and dye-laser beams with the same energies. This comparison
allowed the waveguide CARS enhancement factor to be

—
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Figure 19. CARS spectrum of Q-branch Raman-active vibrations of
nitrogen molecules in atmospheric-pressure air filling the hollow core of
the PCF. The inset shows the CARS intensity as a function of the energy of
the second-harmonic field.
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estimated as 5-7 for the above-specified experimental
conditions.

The mismatch of the propagation constants of the
waveguide modes involved in the CARS process is the main
physical factor limiting the efficiency of nonlinear-optical
interaction in the experiments described above. In view of the
7212 /a* scaling law [116] of waveguide CARS enhancement in
hollow PCFs (4 is the radiation wavelength, / is the nonlinear
interaction length, and a is the fiber core radius), we can scale
up the results of our measurements to predict waveguide
CARS enhancement by a factor of about 500 in hollow-core
PCFs with mode dispersion profiles engineered to increase the
CARS coherence length up to approximately 30 cm. The inset
in Fig. 19 presents the CARS signal intensity measured as a
function of the second-harmonic energy. A quadratic func-
tion provides an ideal fit for this dependence, indicating that
the contribution of competing nonlinear-optical processes is
negligibly small.

Experimental results presented in this work demonstrate
that hollow-core PCFs can radically enhance coherent anti-
Stokes Raman scattering in the gas phase. Photonic-crystal
fibers thus suggest ways of substantially improving the
sensitivity of nonlinear spectroscopy of gas media, allowing
the energy requirements to laser pump beams to be consider-
ably loosened. The experiments presented above also show
that a hollow PCF can combine a waveguide component,
increasing the length of nonlinear-optical interactions, with a
passband filter, selecting the anti-Stokes signal produced
through CARS against background emission. This filtering
option offered by hollow PCFs can be employed for a further
improvement of the sensitivity of nonlinear spectroscopic
methods.

7. Conclusion

The invention of lasers provided an opportunity to generate
directed coherent optical radiation — a powerful means for
fundamental research and advanced technologies. Fiber-
optic components make it possible to overcome the natural
diffraction divergence of laser radiation, allowing transporta-
tion of laser light over large distances and creation of highly
efficient and practical systems for the transmission and
processing of optical signals and information. The progress
toward higher intensities and shorter pulse durations is one of
the main tendencies in laser optics, offering new exciting
possibilities for the investigation of the fundamental aspects
of light—matter interactions and the development of new
revolutionary optical technologies.

Transmission of high-intensity laser pulses over large
distances and control of such pulses require radically new
solutions in the physics of guided waves. Hollow photonic-
crystal fibers, developed in the late 1990s, can for the first time
produce robust isolated air-guided modes of subgigawatt
ultrashort laser pulses. These fibers allow highly efficient
nonlinear-optical transformations of isolated air-guided
modes of high-intensity laser fields, suggesting ways of using
these states of high-intensity fields for coherent excitation and
probing of molecular vibrations in the waveguide regime.

The results of experimental and theoretical studies
presented in this review show that hollow-core PCFs with a
special dispersion profile allow phase-matched nonlinear-
optical interactions of isolated air-guided modes of high-
intensity femtosecond laser pulses confined in the hollow fiber
core. This phase matching of isolated air-guided modes of

high-intensity femtosecond laser pulses involved in nonlinear-
optical interactions in a hollow PCF provides a high
efficiency of frequency conversion for ultrashort laser pulses
with an intensity on the order of 10'* W cm~2 and stabilizes
the spatial intensity profile of the output FWM signal.

Results of experimental studies demonstrate the influence
of spatiotemporal self-action effects on the transmission of
high-intensity ultrashort pulses through hollow-core PCFs.
The light-induced change in the refractive index of a gas filling
the PCF core not only leads to the spectral broadening of laser
pulses due to self-phase modulation, but also suggests ways of
guiding high-intensity ultrashort laser pulses in the regime of
self-channeling. Coherent anti-Stokes Raman scattering in
hollow-core PCFs has been experimentally demonstrated,
suggesting the unique possibility of coherent excitation and
probing of Raman-active molecular vibrations in the gas
phase by isolated guided modes of electromagnetic radia-
tion. The waveguide regime of nonlinear-optical interactions
in isolated guided modes of hollow PCFs radically enhances
coherent anti-Stokes Raman scattering relative to the regime
of tight focusing, offering ways of substantially improving the
sensitivity of coherent Raman scattering spectroscopy.
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