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Abstract: We report the characterization of a birefringent all-sblydbrid

microstructured fiber, in which the core-modes are guidedbbth the

photonic bandgap (PBG) effect and total internal reflect{@iR). Due

to the twofold symmetry, modal birefringence of51 10~4 and group
birefringence of 21 x 10~4 were measured at 1.3dm, which is in the
middle of the second bandgap. The band structure was cedduta be
different from conventional 2-D PBG fibers due to the 1-D agement
of high-index regions. The bend loss has a strong diredtidependence
due to the coexistence of the two guiding mechanisms. The fibs

two important properties pertinent to PBG fibers; spectigring, and
chromatic dispersion specific to PBG fibers. The number oh-mglex

regions, which trap pump power (by index guiding) when thesrfiis

used in cladding-pumped fiber lasers, is greatly reducedhathis fiber
should enable efficient cladding pumping. This structuresugable for
linearly-polarized, cladding-pumped fiber lasers utilgithe properties of
PBG fibers.
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1.

Introduction

All-solid photonic bandgap (PBG) fibers [1-4] are one configion of PBG fibers [5, 6] in
which a low-index glass core is surrounded by a microstrecticladding, which typically
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comprises isolated high-index glass regions embeddedow-andex glass background. The
core-modes are guided not by total internal reflection (H&)by coherent multiple scattering
from the microstructured cladding, and the guidance mashais explained by the PBG ef-

fect [7,8] or, more generally, by anti-resonant reflecti®fiD]. A particularly interesting aspect
of all-solid PBG fibers is that their core can be doped witlet@arth ions to make fiber lasers.
Such fiber lasers then benefit from the properties of alddeBG fibers, such as spectral filter-
ing [11, 12], chromatic dispersion adjustable by desigr2[13], and the potential to achieve
large mode area [2,14, 15].

Many applications of all-solid PBG fibers in fiber lasers riegirefringence and the ca-
pacity for efficient cladding pumping. For example, when ghhpower fiber laser is used for
frequency doubling, linearly polarized output from a fikeesdr is required, so that the laser cav-
ity preferably consists of cladding-pumped birefringebefs and a polarizer [16]. To obtain
high cladding pumping efficiency in all-solid PBG fiberssitiecessary to minimize the amount
of pump power which is trapped (by index guiding) in the higtlex regions, and hence not
absorbed by the rare-earth doped core. It has been repbdedbitefringence in an all-solid
PBG fiber can be realized by incorporating stress elemet2#D structure [17], however the
reported structure has many high-index regions and therefiay suffer low cladding pumping
efficiency.

With the aim of improving the cladding pumping efficiency dksolid PBG fibers, we
have previously reported a cladding-pumped, ytterbiumpedoall-solid hybrid microstructured
fiber [18]. The fiber is based on a recently reported new formicfostructured fiber, in which
the guidance mechanism is based on both the PBG effect anfiLB]RThe number of high-
index regions is reduced more than ten times (from 126 to @&)pared to comparable 2-D
structures, therefore high cladding pumping efficiencyxiseeted. As a result of the twofold
rotational symmetry of the fiber, birefringence is also etpé.

In this paper, we report the characterization of an allesbyibrid microstructured fiber hav-
ing the same structure as previously reported [18] but lgarimytterbium doping in the core.
We measured modal birefringence abk 10~* and group birefringence of.2x 104 at
1.31um, which are due to the twofold symmetry. The contributiostoéss and form birefrin-
gence to the modal birefringence is discussed. The meagtwag birefringence showed large
wavelength dependency near the edges of the second baidgaplculated the band structure
of the 1-D arrangement of high-index regions and found itiffednoticeably from conven-
tional 2-D PBG fibers. The bend loss was measured to show ragsthioectional dependence
due to the coexistence of the two guiding mechanisms. Thelidgetwo important properties
of PBG fibers; spectral filtering, and chromatic dispersipecific to PBG fibers. This structure
is suitable for linearly-polarized, cladding-pumped fitaegers utilizing the properties of PBG
fibers.

2. Fiber structure

The cross section of the fiber is schematically shown in Hig).1n the silica cladding (shown
in light gray), the Ge-doped high-index regions (shown inte)twith pure silica jackets (shown
in light gray) are positioned periodically in the x-diretiwith pitchA. The diameters of the
high-index regions and pure silica jackets dkgn anddg. The remainder of the cross section
comprises fluoride(F)-doped low-index uniform glass (shawdark gray). The core is formed
by replacing one high-index region with pure silica and tbeeadiameter iglere. Figure 1(b)
shows the refractive index profiles along with the x- and is@x the fiber cross section. In the
x-direction, the core is surrounded by the high-index regiand the guidance mechanism is
based on the PBG effect. Along the y-axis, the core is sudedrby the low-index cladding
and the guidance mechanism is based on TIR. The outer pig® dihdding surrounding the
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low-index cladding is far from the core and the leakage lbssugh the low-index cladding is
negligibly small.

The cross section of the fabricated hybrid microstructditeetl is shown in Fig. 2. The stack
and draw method was used for fiber fabrication. First, a Geedailica preform with pure silica
cladding and a uniformly F-doped silica preform were botéwmdr into rods. These rods were
then hexagonally stacked in a pure silica tube and drawn twea fThe pitch of the high-index
regions,/A, is 8.0 um. According to the measurement of the Ge-doped silica prefmefore
being drawn into rodsinyg is about 2.8% andgn /A is ~0.5. The relative refractive index
profile of the high-index regions is approximated&y(r) = Anyign[1— (r/R)*%°], where r is
the distance from the center of the high-index region Bnrd dygn /2. The relative refractive
index difference of the low-index claddirdiq,y, is -0.35%. The fiber diameter is 148n.

A

Anpigh

An =0 (Silica)

An =0 (Silica) JL| ,,,,,,,, O I ——
AT /r y

(b) Refractive index profile
(a) Cross section

Fig. 1. Schematic cross section and refractive index profile of all-sglith microstruc-
tured fiber.

Fig. 2. Cross section of the hybrid microstructured fiber.

3. Fiber characterization
3.1. Transmission

First, we measured the transmission spectrum of the fibdr different bend radii. The
measurements were taken using a supercontinuum (SC) sadcan optical spectrum ana-
lyzer (OSA). The fiber length was two meters and the input arigut ends were fusion spliced

to a step index fiberigoft ~ 0.95 um) to measure core-modes. The fiber was coiled to three
different radii; 160, 50, and 25 mm. For these measuremeatsattention was paid to the bend
direction of the fiber relative to the direction of the higidex regions. The transmission spec-
tra of the fiber for the three different radii are shown in BgThe spectra are normalized with
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regard to the spectrum of the SC source. The second, thiddpanth bandgaps were observed
in the wavelength regions centered at 1400, 900, and 700 dufitidnal but weaker transmis-

sion windows were observed between these bandgaps. Thekenarsmission windows are

not observed in 2-D PBG fibers. They are sensitive to fiber ingnénd almost disappear as
the coiling radius is reduced.

ot Y (TN

:20\‘ \f \ /J/ \
LW

Transmission [dB]

R =50 [mm]
R =25[mm]

A | i |
600 800 1000 1200 1400 1600
Wavelength [nm]

Fig. 3. Transmission spectra of the hybrid microstructured fiber.

To analyze the origin of these weak transmission windowsies! in Fig. 3, we calculated
the band structures of the hybrid microstructured fiber asmhaentional 2-D PBG fiber having
the same high-index region. The plane wave expansion mé2tjdvas used for the calcula-
tion. Material dispersion was neglected and the refradgtidex of pure silica was fixed to 1.45
for simplicity. To resemble the real structure, we assunhedld,,re anddg were both 8.8um
in our calculations and hence we assumed the core and cimmideostructural elements are
overlapping by 0.81m. A, dhigh, An(r), andAn;q, are the same as in the previous section.

1.452, 1.45

2nd gap 1st gap 2nd gap 1st gap
1.450) + 1.450)
N \ngp ~_ A n:rff
\ 3
« \\\\ ‘\\ . 3rd gap S~
Do, AN A o
5 1.448 L 5 1.448
£ 3rdgap i\ cN, An— T~ £
] R N ey \ e An
2 2 eff
ksl Dok \'\ Ane< ! B \
21.44 N = £ 1.446
& NS £
F-doped silica
1.444] 1.444]
1.442 1.442]
800 900 1000 1100 1200 1300 1400 1500 1600 800 900 1000 1100 1200 1300 1400 1500 1600
Wavelength [nm] Wavelength [nm]
(a) Hybrid structure (b) 2-D structure

Fig. 4. Calculated band structure and fundamental core-mode of brilland 2-D struc-
ture. The core-mode is shown only in the second bandgap for simplicif.stpercell is
used for the calculation.

Figures 4(a) and (b) show the band structures of the hybdd?ad PBG fibers. In Fig. 4(a),
neif ~ 1.445 corresponds to the refractive index of the F-doped tmex cladding and no
bandgap exists below this line. Shown as a solid line is thddmental core-mode in the second
bandgap. The calculated transmission range is in reasoagbéement with the experiments,
the difference may be attributed to the changes in the afeamdex profile and shape when
the preform was drawn to the fiber. When compared with the 2-B BBucture [see Fig. 4(b)],
it is seen that the hybrid structure has an additional bgmffggion surrounded by the dotted
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line in Fig. 4(a)] between the second and third bandgapgdddpoorly confined core-modes
were found within the additional bandgap in our calcula@owl this explains the weak trans-
mission window observed around 1100 nm in Fig. 3. The foromadif this additional bandgap
is explained by considering how bands are formed by higksirégions. Bands formed from
high-index regions are determined by (1) the modes of eagh-inidex region and (2) how
high-index region modes couple and form a set of supermd@je#gcording to this model,
the set of supermodes between the second and third bandgapsied by the LP21 and LP02
modes of each high-index region. In the hybrid structurghtindex regions only exist in the
x-direction, limiting the formation of broadband superraedand an additional bandgap ap-
pears between the LP21 and LP02 modes of the high-indexmgdiigures 5(a) and (b) show
two typical intensity profiles of the supermodes betweerstmond and additional bandgaps;
Figs. 6(a) and (b) show the intensity profiles of the supemsdoktween the third and addi-
tional bandgaps. In the figures, the border of the pure géickets and the low-index F-doped
cladding is shown as solid lines. As the figures clearly shbe/band of supermodes between
the second and additional bandgaps is formed by the LPO&dlsagermodes, and that between
the third and additional bandgaps is formed by the LP21daspermodes. These additional
bandgaps may be eliminated by a modified design. In our Gtlouk, as we increaseiggn /A,
the high-index regions became more coupled and the additimndgap disappeared.

It should be noted that the LP11 core-mode was found in thé&iadal bandgap in our
calculation, therefore the fiber may be multi-moded in therr wavelength region of the
second bandgap. The results presented hereafter all teldte fundamental mode because, in
the experiments, a launch fiber was spliced to the hybrid fibekcite only the core-modes of
the fiber and the launch fiber is single-mode within the wawgle range of the measurements;
the fundamental core-mode of the hybrid fiber was therefelectively excited.

(@A =109 um,neg;s=1.4476 [AinFig. 4 (a)] (b)A =1.09 um, ngs1=1.4464 [B in Fig. 4 (a)]

Fig. 5. Typical intensity profiles of the LP02-based supermodes bat#imesecond and
additional bandgaps of the hybrid structure.

(@)A =098 um, ness=1.4473 [CinFig. 4 (a)] (b) A =0.98 um, ne;£=1.4466 [D in Fig. 4 (a)]

Fig. 6. Typical intensity profiles of the LP21-based supermodes battheethird and ad-
ditional bandgaps of the hybrid structure.
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Figure 7 shows the loss spectrum of the fiber in the secondgagnd\ minimum loss of
8 dB/km was measured at 1300 nm using a 66 m-length fiber, widstspooled on a 160 mm-
diameter bobbin. We believe that the measured loss is siriflgilow for most fiber laser
applications. The loss increase around 1240 and 1380 ninatég from OH ions, as no special
care was taken to reduce OH content in the fiber during fibeicaition.

500

A
[
|

wl /
NP

?’I 00 1200 1300 1400 1500 1600
Wavelength [nm]

Loss [dB/km]
N w
o o
o o

Fig. 7. Loss spectrum of the hybrid microstructured fiber.

3.2. Bendloss

The fiber should have two bend loss mechanisms, relatingcto@fahe guidance mechanisms.
To confirm this, we measured the directional dependency rd bess of this fiber. The exper-
imental setup is shown in Fig. 8. A half-turn bend was appt@d 1 m-length fiber using a
mandrel (Radius = 12.5 mm) and the bend loss was measurediasteh of the bend angle

6. The results are shown in Fig. 9. Whén= 0°, almost no bend loss was observed, because
the dominant mechanism of bend loss is that of fibers guide@lByand TIR is still main-
tained. On the other hand, whén= 90°, significant bend loss appeared at both short and long
wavelength edges of the transmission range, because thealdrmechanism of bend loss is
now that of all-solid PBG fibers and the bend changed the biaadtsre of the fiber [21]. This
property may practically be beneficial to reduce bend lossledolid PBG fibers, if the fiber
(or its coating) has a non-circular shape which forces ther filnbe bent in thé = 0° direction.

0

Mandrel

.| Fiber

~—r’

Fig. 8. Setup for angle dependency measurement of bend loss.

We next qualitatively compare the bend loss of the hybridrfiigh a comparable 2-D PBG
fiber by comparing the band structures. By comparing Fig.a&d (b), it is seen that the hybrid
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Fig. 9. Measurements of angle dependency of bend loss.

structure has deeper bandgaps, i.e., has large bandgdpsdirection of the effective index.
The deeper bandgaps are realized by reduced mode couptingdsethe high-index regions
and give the fiber reduced bend loss [22]. To understand the lloss sensitivity, we consider
two casesf = 0° and 90. When8 = 0°, the origin of the bend loss is similar to fibers guided
by TIR, thus the refractive index difference between theaondes to the low-index cladding
[shown in Fig. 4(a) ad\nesf] is a good measure of bend loss sensitivity. Wifes 90°, the
origin of the bend loss is similar to PBG fibers, thus the i&fve index differences between
the core-modes to the nearest supermodes (shown in Fig/Mijas and Ang,) is a good
measure of bend loss sensitivity [22]. In both cases, théfrahces are larger for the hybrid
microstructured fiber compared to the 2-D PBG fiber. This sstgthat this hybrid fiber should
show reduced bend sensitivity compared to the 2-D PBG filgardiess of the bend angbe

3.3. Birefringence

The hybrid microstructured fiber has only twofold symmesu,that the fiber has both form
birefringence [23] and stress birefringence [17]. Thesstrbirefringence of the hybrid mi-
crostructured fiber arises from the one-dimensionallyrayea highly Ge-doped regions, which
have a higher thermal expansion coefficient compared tosilice.

Modal birefringence is generally the most important par@mier a polarization maintaining
fiber (PMF) since it is a direct measure of the ability to maiimiinear polarization. When both
stress and form birefringence contribute to the birefrivage the total modal birefringencB)
is the sum of the modal birefringence due to stress birefricg Bns) and form birefringence
(Bmt), i.e.,

Bm(A) = Bms(A) +Bms (A). (1)

The By, of the fiber was measured by a cut-back method [24]. Lineaslgirized light (po-
larized at 45 relative to the x-axis of the fiber) was launched into the aafr¢he fiber. A
single-mode launch fiber was spliced to the input end of ther fib excite the fundamental
core-mode. We used a short launch fiber (less than 5cm) andt lstyaight so that the change
of the polarization state in the launch fiber is minimized.ofatable polarizer was positioned
at the output of the fiber, and the degree of linear polaopaiDOLP) at the output was deter-
mined by finding the angles where the maximum and minimumupe obtained. DOLP is
defined by

DOLP — Imax — Imin )

Imax =+ lmin
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wherelmax andlyin in EQ. (2) are the maximum and minimum output power throughpb-
larizer. The fiber length was initially 1 m and was shortengdbbB0 um or 1 mm in each
polarization measurement, and the DOLP was measured asctofuof the removed fiber
length. For this measurement, we used a laser diode opgitih.31um, which is nearly at
the center of the second bandgap. Figure 10 shows the mdd3@ieP as a function of the
removed fiber length. A DOLP oscillation with a period-o#.5 mm is observed, which indi-
cates the beatlength is 9 mm. The beatlength correspondsdalrirefringence of 1.510 4
at 1.31um. The measured modal birefringence is comparable to thadrofentional PMFs so
this fiber can be used as a PMF.

IAT A A
\
Y

0 2 4 6 8 10 12
Removed fibre length [mm]

o o
o ©
—
—
—_

Degree of linear polarisation
o o
N} ES c
=t
—a
| —
—
—

Fig. 10. Measured DOLP as a function of removed fiber length.

To analyze the origin of the modal birefringence, we alsowaked theB,; using the ABC-
FDM method [25]. The calculateBy,¢, however, was of the order of 18 in the middle of
the bandgap and the difference between this value and theumrg@aent is more than an order
of magnitude. We believe that the measured mode birefricgyenprimarily related to thBs
arising from the high-index regions at this wavelength.

We measured the group birefringence by the fixed analyzehodeand the Jones matrix
eigenanalysis (JME). For the fixed analyser method, braaditight from a SC source was
launched into the fiber through a polarizer and the outpunftbe fiber was detected by an
OSA after another polarizer. We used a 2 m-length fiber. Twgleimode fibers with negli-
gible birefringence were spliced to both ends of the hybricrostructured fiber to selectively
measure the fundamental core-mode. Figure 11(a) showsdhsured spectrum. The meas-
ured spectrum was not normalized and the dip around 1400 doeiso the output spectrum of
the SC source. Figure 11(a) shows the measured power astfuofthe wavelength; the os-
cillation is due to the birefringence of the fiber. This olstibn is clearly shown in the detailed
spectra in Figs. 11(b) and (c). The group birefringeBg@\ ) is given by

)\2
By(A) = N (3)
wherelL is the length of the fiber) is the wavelength, andA is the wavelength difference
between two peaks of the oscillation [26]. Interestinghe period of the oscillation becomes
very large around 1160 nm and 1540 nm. This implies that tbembirefringence becomes
zero and changes sign around these two wavelengths. Tdksmto account, we calculated
the group birefringence using Eq. (3). The result is showRig 11(d) as a blue curve. The
group birefringence changes sign quite smoothly at theseatawelengths, supporting the as-
sumption that the group birefringence becomes zero. Theg@daurves shown in Fig. 11(d)
are the measured group birefringence by the JME using a XhgiHdiber. The wavelength
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range was limited by the availability of tunable light scescThe sign of the measured group
birefringence was changed accordingly, based on our aggmtpat the group birefringence
becomes zero and changes sign around 1540 nm. These twis l@®uin good agreement. It
should be noted that the sign of the group birefringencetisle@rmined by these experimental
methods, thus the sign is arbitrary in Fig. 11(d).
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Fig. 11. Measurements of the group birefringence.

The difference between the measured modal and group bigefice in the middle of the
bandgap is relatively large. In addition, the measured gtarefringence changes sign near
the edges of the bandgap. These results are quite differ@mt donventional PMFs such as
PANDA or Bow-Tie fibers, in which the difference between te birefringence values is very
small [27], and the group birefringence has the same sidrimiite entire operating wavelength
range. To analyze these two unusual results, consider fimitide of group birefringenceRg)
which is given by,

dBn
—A g @)

Equation (4) shows thd@m, and By can differ significantly whemiBn,/dA is large, i.e., when
Bm is highly wavelength dependent. The measured differentedemB, andBy is therefore
attributed to the relatively large wavelength dependerid®,pin the middle of the bandgap.
The large wavelength dependencyBaf could be both due to stress and form birefringence. By
substituting Eq. (1) into Eq. (4), we obtain

By(A) = Bm(A)

Bg(A) =Bgs(A) + Byt (A) )
where
Bys(A) = Br(A) A o ©
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dBmf
A "

In Egs. (5)-(7) Bgs andBgy+ stand for group birefringence due to stress and form birgémce,
respectively. It has been reported tBgt of a PBG fiber can be an order of magnitude larger
than theBys [28], becausdBy¢ is highly wavelength dependent and the second term on the
right-hand side of Eq. (7) becomes large. In our calculatisimg the ABC-FDM method, in
the middle of the bandgap, the second term on the right-higiedo$ Eq. (7) was smaller than
10-°, however, the value was sensitive to parameters of thelasitmu and can exceed 18 by
small changes in the parameters; the second term on thehdglat side of Eq. (7) may partially
explain the difference between the measuBgdandBgy. In addition, in our hybrid fiber, the
Bms can be highly wavelength dependent and the second term aigttihand side of Eq. (6)
may contribute to the difference between the measBrgandBy, since stress birefringence
is the convolution of the modal field and stress field [29] dm&lhodal field should be more
wavelength dependent than conventional fibers guided byorfilg given that the guidance
mechanism in the x-direction is based on coherent multigd¢taring.

With regard to the change in sign 8f near the edges of the bandgap, Ref. [28] shows
that the wavelength dependenceRy; becomes even larger near the edges of a bandgap.
Our calculation using the ABC-FDM method also showed a simitend. The wavelength
dependence oBgs should also become larger near the edges of a photonic bandgahe
modal field becomes more wavelength dependent as the cate-beromes leaky near the
edges of a bandgap. The change in sigBgphear the edges of the bandgap therefore may be
explained by an even larger effect from the second term onigh&hand side of Egs. (6) and

(7).

3.4. Chromatic dispersion

Bgf(A) =Bmf(A) — A

The chromatic dispersion of the fiber was measured by arféntenetric method [30] and the
modulation phase-shift (MPS) method. We used a 27 cm-lefiiggh for the interferometric
method. Two polarizers, which were aligned to the x-axisefftber, were used in the two arms
of the interferometer. The measured relative group delaychmomatic dispersion are shown
in Figs. 12(a) and (b). We aligned the polarizers to the waid measured the chromatic
dispersion, the difference was within the measurementracguThe measured result is shown
in Fig. 12(b) as a red curve. The red curve was obtained bgdittie relative group delay to
a 4th order polynomial. The fiber is highly dispersive and vezewnable to fit the whole data
using a single polynomial, therefore the data was divided fhree sections and fitted using
three different polynomials. Dots were obtained by difféi@ting the relative group delay. The
two green curves in Fig. 12(b) are the measured chromatpedi®on by the MPS method
using a 95 m-length fiber. The wavelength range was limitethbyavailability of tunable light
sources and the input polarization was not aligned to tharfzaition axes of the fiber. These
two results are in good agreement. Figure 12(b) shows thatittomatic dispersion is negative
at the shorter edge of the bandgap, becomes zero in the hgratghis positive at the longer
edge of the bandgap. This is a typical chromatic dispersiopgaty of PBG fibers.
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Fig. 12. Chromatic dispersion of the fiber.

4. Conclusions

We have reported a birefringent all-solid hybrid microstwed fiber. The twofold symmetry
induces modal and group birefringence, which were meaguored 15 x 10~ and 21 x 10~*

at 1.31um. We suggest that stress birefringence is the dominardrfé@the modal birefrin-
gence in the middle of the second bandgap, and the groupibgefhce may be affected by
the large wavelength dependence of the modal birefringefloe band structure of the fiber
was calculated to be different from conventional 2-D PBGr8laue to the 1-D arrangement
of high-index regions, and the weak transmission windovesatteristically measured in this
hybrid fiber were explained by the difference of the bandcstme. Bend loss measurement
(Radius = 12.5 mm) showed, that when the fiber is bent irBtee0° direction, the bend loss
is negligibly small because the band structure is unchaagdd'IR is maintained, while when
the fiber is bent in thé = 90° direction, the bend loss is significant because the bandtetai
is altered by the bend. The number of high-index regionsghgiratly reduced compared with
conventional 2-D PBG fibers, cladding pumping is expecteoetanuch more efficient in this
hybrid fiber, whilst maintaining two important propertielsRBG fibers; spectral filtering, and
chromatic dispersion specific to PBG fibers. This structiweuil thus be a promising can-
didate for realizing linearly-polarized, cladding-punddé@er lasers utilizing the properties of
PBG fibers.

Acknowledgments

The authors acknowledge the Optical Fiber Technology Groygics and Electronics Labora-
tory, Fujikura for supplying the fibers, and providing thegsults of the group birefringence and
chromatic dispersion measurements by the JME and the MA®hek. Docherty is acknowl-
edged for providing the ABC-FDM code and support. A. Miclgeacknowledged for useful
discussions. The authors thank M. Large, M. van Eijkelegbér Argyros, and S. G. Leon-
Saval for access to the SC source. R. Goto acknowledges thertiire=nt of Education, Science
and Training, Australia for financial support. This work vpeduced with the assistance of the
Australian Research Council under the ARC Centre of Exaellgprogram and the discovery
project program (DP0665032). CUDOS is an ARC Centre of Henek.

#101787 - $15.00 USD  Received 19 Sep 2008; revised 27 Oct 2008; accepted 27 Oct 2008; published 29 Oct 2008
(C) 2008 OSA 10 November 2008/ Vol. 16, No. 23/ OPTICS EXPRESS 18763



