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ABSTRACT

We report on the waveguiding properties of a new type of low-loss optical waveguide. The
photonic crystal fiber can be engineered to support only the fundamental guided mode at every
wavelength within the transparency window of silica. Experimentally, a robust single mode has
been observed over a wavelength range from 337nm to beyond 1550nm (restricted only by
available wavelength sources). By studying the number of guided modes for fibers with
different parameters and the use of an effective index model we are able to quantify the
requirements for monomode operation. The requirements are independent of the scale of the
fiber for sufficiently short wavelengths. Further support for the predictions of the effective

index model is given by the variation of the spot size with wavelength.



INTRODUCTION

| By periodically structuring a material in two or three dimensions with a pitch of the order of
the optical wavelength one can fabricate new optical materials with unusual properties. Such
photonic crystal materials are a topic of active research world-w;de because of their potential
importance in the development of novel optoelectronic devices.! The relevance of these
materials arises from the possibility of controlling light in new and useful ways. They present
an opportunity to engineer specific desired properties into the material at the design stage. One
of the most cited application areas is in the design of novel waveguides with unusual
properties, and several research groups have studied this possibility theoretically.* We
recently demonstrated the first low-loss monomode waveguide based on the use of a two-
dimensional photonic crystal material.’ This is in the form of a fine silica fiber which has a
hexagonal array of air holes running down its length. This photonic crystal fiber (PCF) can
easily be made many meters in length. The pitch of the hexagonal crystal pattern is in the range
of 1-10um. By leaving a single lattice site without an air hole, one can form a localized region
which effectively has a higher refractive index than the rest of the structure (figure 1). This acts
as a waveguide core in which it is possible to trap light traveling almost parallel to the fiber
axis. Thus, in contrast to the photonic crystal waveguide designs which have previously been
investigated theoretically, our waveguide does not rely on photonic band gap effects. Partly as
a result of this the guided mode is easily observed. However, given that this design uses the
photonic crystal as an “effective index material” to form a waveguide cladding one might
imagine that it would share many of the properties of conventional optical fibers. We have
previously reported® the extraordinarily broad spectral range of monomode operation of this
fiber. We have also reported how an effective index model arising from this observation can
explain the surprising phenomenon of a short-wavelength bend loss edge in this fiber and prove
that the fiber can indeed be monomode at all wavelengths. In this paper we quantify how the

number of guided modes in the structure depends on the design parameters. We show that some



of the properties of this type of waveguide differ radically from those familiar from optical
fiber waveguide theory. Indeed, the photonic crystal fiber represents a new class of optical
waveguide which allows greater freedom in the waveguide design than can be achieved using

conventional materials.

EFFECTIVE V-VALUE AND NUMBER OF GUIDED MODES

Our waveguide is formed by a hexagonal array of air holes embedded in a silica matrix, and is
represented schematically in figure 1. We refer to the centre-to-centre spacing between the
nearest air holes as the pitch A and the air hole diameter as d. Our fiber has a hexagonal cross-
section and typically about 300 air holes. Such a fiber can be fabricated using a stack-and-
draw procedure, as has been described previously.’’ A single missing air hole forms a defect
site in the periodic material, and constitutes the waveguide core. (A core could as easily be
formed by leaving out more than one air hole, or by using instead a smaller air hole at a single
or several lattice sites. These structures can probably also be made to be monomode, but we do
not consider such geometries here.) The choice of a definition of the size of the waveguide core
is not intuitively obvious, and is to a certain extent arbitrary. We shall use the pitch A as the

core radius.
A

We have observed experimentally that certain lengths of PCF support only a single guided
mode over the spectral range from at least A=337nm to well beyond A>1550nm. (The
measurement is limited by the sources available to us.) We know this from observations of the
near- and far-field patterns of the guided mode at different wavelengths, which are very similar
and are independent of the way light is coupled into the structure and of any bends or twists in
the fiber. This represents monomode waveguiding over most of the transmission window of
silica, and is a startling feature which appears to be unique to this structure. In a conventional
fiber waveguide a mﬁbMﬁon of refractive index and core size which guides a single robust

mode at 1550nm would be expected to guide several modes at 337nm.® This does not occur in



PCF only because of the unusual interaction of the guided mode with the photonic crysial
| cladding material. The observed effect can be understood qualitatively by considering the
imaging capabilities of light of a wavelength A. In the long wavelength limit, where A is far
greater than the characteristic distance scales of the photonic crystal (d and A), the optical field
in the cladding region can only be very weakly modulated by the air holes, and the cladding can
be though of as a homogeneous material with an average index n.,, defined as the area-average
of the squares of the refractive indices.” In this case the fiber is expected to act much as a
conventional optical fiber. However, for shorter wavelengths (when A=d) the field distribution
in the cladding moves increasingly out of the air holes (the guided mode will, of course, be
evanescent in air) and these begin to form sharp minima in the field pattern. This effect is
illustrated in figure 2 where we present contour plots of the observed near-field patterns of the
guided mode at the long wavelength end of our measurements (4=1.55um) and at a rather
shorter wavelength (4=0.458um). These plots (which were recorded by a vidicon camera) show
the modal intensity distribution in the cladding region of the fiber being sharply modulated by
the presence of the air holes at 458nm, but far less so at 1.55um. This concentration of the
field in the high-index silica regions at shorter wavelengths has the effect of increasing the
effective refractive index n.4>n., of the cladding medium and reducing the index difference
between the core and the cladding. At the same time, the wavelength of the light becomes
significantly smaller than the spacing between the air holes, and one might imagine that the
guided mode would start to leak away from the core along the silica bridges between the holes.
On the other hand, it is experimentally observed that the fundamental mode remains guided
down to at least A<A/15, while higher-order gﬁided modes do not appear. In a conventional

optical fiber the value of the normalized frequency V given by
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determines the number of waveguide modes. A low value of V (V<2.405) implies monomode
waveguiding: as V increases so more and more modes are guided in the waveguide core. The
fact that in PCF n. in eqn. (1) is strongly dependent on A implies very different behavior of V

in this case.

We can gain more quantitative insight into this effect by generalizing the ideas of conventional
waveguides to account for the microstructured cladding region. We assume in the effective
refractive index model® that the waveguide consists of a core and a cladding material which
have refractive indices n., and n.. The core in our waveguide is pure silica, and n.,=n;..
However the definition of the refractive index of the cladding material is not as straightforward.
Remembering that n..k>f>n.k for the propagation constant f of a guided mode (where k is the
free-space propagation constant of light of wavelength A), we recognize that the index of the
cladding region can be defined in terms of the propagation constant of the lowest mode which
could propagate in the infinite cladding material. This lowest mode has the largest allowed
value of B, zero transverse wavevector, and fills all of space. We refer to it as the fundamental
space-filling mode. We can then define the effective index of the cladding material as

Ry = Brsy / k . This definition of the cladding index is general in that it is independent of the

presence of the core. Clearly its utility'.is restricted to when the material is being used in the
“total external reflection” regime as a waveguide cladding. It remains to calculate the value of
Brsm for the structure being considered here. This is readily done, as we know the approximate
form of the field distribution for this mode. Some details of the calculation are given in

reference 6.

Having computed n, we can calculate an effective V-value for PCF. The resulting curves
showing the variation of the effective V-value V.5 (defined as in equation 1 with n.=n.g) with

A/A are plotted in tigure 3 for 5 different values of d/A. V.yincreases from zero at relatively



long wavelengths, before leveling out and approaching a fixed value for much shorter
wavelengths and larger structures. This is in sharp contrast to the case of a conventional
optical fiber, for which V rises without limit as one decreases the wavelength or increases the
core size, resulting inevitably in the guidance of higher-order modes (see equation 1). Figure 3
implies that it is possible to design a fiber which will be monomode for any wavelength, no
matter how short. The exact design parameters needed for such a fiber are not predicted by the
effective index model: the absolute values of V. in figure 3 are rather arbitrary, not least
because they depend on an arbitrary choice of a value for the core radius. Nonetheless, we
expect @t there should be a value of V. (a horizontal line on figure 3) which will represent
the cut-off value V,, for the guidance of higher-order modes. Curves on figure 3 which never
pass above this line would represent fibers which were always monomode. On the other hand,
curves which remain far below this line would represent poorly guiding fibers, and would
suffer from excessive bend loss. The ideal monomode PCF would have a value of d/A such that

the Vg curve rose to just below V.,.

A natural question to ask is what is the numerical value of V.,? In order to determine this
experimentally we have made a study of the near and far field patterns of several fibers with
different values of pitch and air filling fraction, at a number of different wavelengths. We find
that for fibers with sufficiently large values of d/A we can indeed observe more than a single
guided mode. Figure 4 shows a contour map of the near-field pattern of a second-order mode in
such a fiber, selectively excited by adjusting the input conditions. As with the fundamental
mode, the modal intensity pattern shown in figure 4 is very similar to the corresponding pattern
in a conventional circularly-symmetric fiber, but modulated by the hexagonal array of air
holes. The positions of some of the nearest air holes to the core are evident in the intensity
distribution. Based on figure 3, fibers with a constant d{A are expected to support only a single

mode over a large range of values of A/A, if V<V.,. By classifying fibers according to



whether or not they are monomode we are able to determine the approximate value of V,,. The
measured points are plotted on figure 3. We have used scanning electron micrographs of the
cleaved fiber sections to determine the values of A/A and d/A for each fiber investigated. In this
way we are able to read off a value for V.4 for each fiber from the theoretical curves such as
those in figure 3. The results are also summarized in table 1. The data support the idea that
there should be a single value for V., , and show that this cut-off is around V.y=2.5. This value
is very close to the familiar V.,=2.405 found in conventional fibers. This is reassuring but
should be considered to be at least partly coincidental, given the arbitrary choice of definition
of the core size in our case. Within the effective index model a fiber with Vy <2.5 can be
expected to support but a single mode, which enables us to estimate the range of monomode
operation for a particular fiber. Some fibers have V,4<2.5 always, and these will always be
monomode. The critical value of the parameter d/A below which this occurs is d/A=0.2. It
should be stressed that this prediction is only valid within the assumptions of the effective index
model: nonetheless the experimental results shown in figure 3 allow one to predict with some

confidence that a fiber with V,3<2.5 will support only a single mode.

Figure 3 also illustrates experimentally how A/A, and hence the overall scale of the structure
including the core size, can be varied by over an order of magnitude while maintaining
monomode waveguiding in an otherwise identical structure (we predicted this behavior in
reference 5). This means the PCF structure can be used to design an ultra-large mode area
fiber. In theory a monomode photonic crystal fiber could be scaled up many orders of
magnitude in dimension, with no other change in the fiber design, and maintain monomode
waveguiding. As we have described,® the useful range of the fiber is eventually limited by bend
loss. which occurs in this case on both the long and the short wavelength edges of ‘the

transmission band.



FAR FIELD PATTERN AND SPOT SIZE
Far-field measurements of the normalized half-intensity angle have been used to infer the V-
value for conventional monomode optical fibers. It has been shown'® that in the case of a

conventional step-index fiber with a core radius p there is a monotonic relationship between the

value of kp sin(6),) and the normalized frequency V. Here, 6, represents the half-maximum

angle of the far-field intensity distribution of the fundamental guided mode. This relationship is
represented by the solid curve in figure 5 (plotted using the upper axis). In conventional fibers,
only a small range of V-values is available to verify this relationship: such measurements as
have been made are in good agreement with the theoretical predictions.'® Assuming that
measurements are done on a single fiber with a fixed value of core radius p, and neglecting the
small effects due to the chromatic dispersion of silica, varying the normalized frequency is
equivalent to varying the wavelength. To investigate the variation of the far-field pattern with
wavelength in the photonic crystal fiber we have measured the half-intensity angle at a number
of wavelengths over the transmission band of the fiber. This is readily done using different
laser sources, and over a much broader range than is possible with a conventional optical fiber
due to the intrinsically monomode nature of the waveguiding in the present case. Measurements
were taken of the 10% and 50% points in the intensity pattern, along both of the high-symmetry
directions in the field pattemn. We obtained very similar results for the two orientations, and
results from only one of these will be presented. The fiber used to make these measurements

had A=2.3pm, d=0.5um.

The results are plotted as points on figure 5, using the bottom axis. The relative scales of the
upper and lower axes are chosen so that they correspond in the long wavelength limit, when
Ne=navg (see eqn. 1). It should be remembered that we have made a somewhat arbitrary (though
consistent) choice of value for the core radius. Nonetheless, it is clear that at the longer

wavelength end of our measurements (i.¢., for small V) the values and the trend of the observed



points are similar to those predicted for a conventional optical fiber with the average index
difference. Considering that the guided mode is not circularly symmetric the agreement is very
good. This supports the prediction of the effective index model that for a fiber with the above
parameters the effective index at A=1.55um is quite close to the long wavelength limit.
(Vg=1.58 compared to V= 2.09, where V.., is defined as in equation (1) but with n.=n..,).
On the other hand, for smaller values of the wavelength the differences between the plotted
points and the solid curve become more pronounced, the experimental points flattening out at a
value around unity (with some fluctuations). The effective index model predicts that the V-
value will reach a limiting value for small wavelengths - the broken line on figure 5 again

shows the variation of the predicted kp sin(6}, ) , but now plotted using the lower axis and

accounting for the variation of V,; with wavelength. This curve shows that for PCF the values
of kp sin(6),) are expected to level off around unity. Although the measured points do not

fall directly on the curve, the agreement is nonetheless quite good. There is a systematic offset
between the observations and the theoretical curve, possibly due to our choice of definition of
6, or of the core size. The fluctuation present on the experimental data for shorter wavelengths
appears to be a real effect which is not predicted by the effective index model. It might be
associated with variations in the sizes and shapes of the air holes in the immediate vicinity of

the fiber core.

CONCLUSIONS

We have described a low-loss optical fiber based on the use of a two-dimensional silica-air
photonic crystal material as the fiber cladding. The fiber core is formed by a single lattice site
in the crystal which is pure silica (no air). The theoretical and experimental results presented
here show that the number of guided modes in PCF is determined by the geometry of the
structure, being quite independent of the scale of the structure for sufficiently large structures

or short wavelengths. The critical parameter is shown to be the ratio of the air hole diameter d



to the spacing between adjacent holes A. By experimentally determining the value of d/A which
allows a second guided mode we are able to design a photonic crystal fiber which will be
monomode for any wavelength or scale of structure. Similarly, it is possible to design a fiber
which would support only 2 guided modes for any wavelength shorter than a critical value. We

have confirmed these predictions, as far as possible, with real structures.

The photonic crystal fiber is an interesting form of optical waveguide with some novel and
potentially useful properties. For example, the super-broad range of monomode operation
might have applications in frequency doubling or tripling experiments in optical fibers. The
dispersion properties of the fiber are expected to exhibit some unusual features. The fiber could
be used as a large mode area fiber for fiber amplifiers or high intensity light transmission.
Interesting experiments remain to be done using the PCF to study the interaction between light
trapped in a guided mode and a liquid or gas in the air holes. Moreover, we believe that similar

effects could be used to advantage in different material systems and with different objectives.
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d A A d/A Vg No. of

(um) (pum) (um) , ‘modes
1.1 10.0 633 0.11 16. 1.95 1
0.5 2.3 1.55 0.22 1.5 0.99 1
0.5 2.3 0.633 0.22 36 2.25 I
0.4 2.8 0.633 0.15 44 1.96 I
14 4.9 1.55 0.29 3.1 2.59 2
14 49 0.633 0.29 7.7 2.93 2
1.9 9.5 0.633 0.20 5. 2.53 2

TABLE 1 Parameters of some photonic crystal fibers observed to support one or two modes.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

APTION,

Schematic diagram of the silica/air photonic crystal fiber being discussed. A
typical fiber has around 300 air holes arranged in a hexagonal pattern, and is

many meters long.

Near field contour maps of the fundamental guided mode in a PCF at the two
different wavelengths A=458nm and A=1.55um. The spacing between the air
holes (and hence the core radius) in the fiber used here is approximately

A=2.3um, and d/A=0.23.

The effective normalized frequency V.y plotted versus A/A (curves) for several
different values of d/A, and experimental points for the several different fibers
described in table 1. Circles represent observed monomode fibers, while the

squares show fibers supporting more than a single mode.

Near-field map of a second-order mode selectively excited in a fiber with

A=4.9um and d/A=0.29.

Dependence of spot size on wavelength for a conventional optical fiber (solid
curve) and a PCF (points). The axes are scaled so that they correspond in the
long wavelength limit where n.=na.,. The dotted curve shows the conventional

result corrected for the variation of V.4 with wavelength.
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