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Evolution of the di raction pattern during the transition
from the near- eld toward the far- eld region
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Abstract. In the paper we experimentally and theoretically analyzeaclion of light propagating through a microstructuredtioal ber
on the ber end face. In the measurements the di racting fighspatially inhomogeneous and the diracting object iscdidsstate core
with a triangular shape. Application of optical system dealdetailed experimental investigations of evolutionrdction pattern in the
near- eld region, in particular, rotation of the observeadusture while departing from the ber end. The experimémésults are con rmed
with theoretical simulations based on the theory of the fekdi raction.
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1. Introduction solid-core MOFs in which light is guided based on (modi ed)
total internal re ection. In the case light interacts withet
&hannel- lling medium as evanescent wave. The amount of
power present in the channels strongly depends on the@lectr
magnetic mode of light and may range from a few percents for
fundamental mode up to a dozen or so percents for higher or-
der modek Reconstruction of the spatial pro le of light prop-
gating through the ber is thus important providing valid i
rmation about coupling between light and a lling medium.

Unique properties of microstructured optical bers (MOFs)
often called photonic-crystal bers, make them one of th
most intensively studied objects of modern optics [1]. Tre i
terest is driven by a possibility of tailoring such opticabper-
ties of the bers as dispersion [2], modality [3], mode aréh [
nonlinearity (see [5] and reference therein), etc. Modiica
of MOF's structure allows to control magnitude and sign o
the dispersion [6] and fabricate MOFs with zero or negativ
dispersion in the visible range [7]. Such bers may, for exam A number of techniques were applied for determination
p|e, be app“ed in tunable femtosecond-pu|se sources for eOf Spatial distribution of I|ght in MOFs. In some of these
cient generation of supercontinuum [8]. The superconmuutechnique the information about the ber is extracted from
sources have been used in optical coherence tomography [easurements of the far- eld di raction pattern [16{18]n |
metro|ogy [10] and spectroscopy. Another unique propefty dhe cases the MOF structures are reduced to Step-index ber
MOFs is the possibility of lling empty ber channels with With the circular or slab geometry and the refractive index
||qu|ds or gases [12] It may have important practica| a]:m“ of the Cladding equals to the e ective refractive index oé th
tions in construction of ultra-low-volume chemical or gt~ ber. After such reduction, the methods known for analyzing
ical sensors (see, for example [11, 12] and references-thefaodality of traditional bers may be applied [19{21]. The
in). A particular advantage of the sensors is their incréas@®ther approach bases on analysis of a near- eld pattern [22]
sensitivity due to long interaction length and enhanced nofuch analysis, however, may be particularly challenging in
linear interaction thanks to the Strong con nement of ||ghta case of the bers with hlgh refractive index contrast where
With a strong coupling between light and gas, long interac@ near- eld region extends not further than a few micrometer
tion length, and high quality of the light beam such nonlineafom the ber end. Thus in order to obtain detailed informa-
e ects as stimulated Raman scattering [13], electromdgnetion about the near- eld distribution the near- eld scangi
cally induced transparency [14], slow light-pulse progiaga Microscopy need to be used [22].
[15] may be observed already with ultra-low light powers. In this paper we theoretically and experimentally analyze
Many of the abovementioned applications require a deli raction of light on the end face of suspended-core ber
tailed knowledge of spatial distribution of light transted [23]. Such ber consists of a glass rod of a diameter com-
through MOFs. Since the amount of power present in thgarable to the wavelength of light suspended on three thin
ber channels strongly depends on a propagation constant of 100 nm thickness) but long (10 m) webs attached to the
a mode, this knowledge is essential for determination of theolid-state cladding. In such a case light is strongly caun
light-matter coupling e ciency. It is particularly impoent for  in the core and just fractionally penetrates the air chanas!
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INote that on the most fundamental level the fraction of lighgsent in the ber channels depends on the refractivexirdmtrast between ber material
and lling medium
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evanescent eld. Despite the relatively low air-channels tern is observed, and is the wavelength of light. In our
ing factor [24], the bers are very promising for chemicaldan experimental conditionsa(=1:3 mand =795 m), the
biological sensing due to their guidance of spectrally Hroafar- eld di raction is observed forL 2 m or inversely the
light (index guiding) and easiness in lling the air chansel near- eld region ends about 2m from the ber end facet.
(see [11] and references therein). Since standard CCD camera have photodetectors protected
The paper is organized as follows. Section 2 describes thdth a glass window and/or lIter, it is not usually possibke t
experimental apparatus and the measurement methodologiace it close enough to observe the ber near- eld dirac-
Section 3 presents results of our experimental and theatetition pattern (not to mention spatial resolution of the camer
investigations, as well as a detailed discussion of thelaiimi required for such measurements). Thus, in order to observe
ties and di erences between experimentally measured dira the ber near- eld pro le, one needs to construct an optical
tion patterns and patterns calculated based on the theorysyktem [26]. Such a system is used in our experiment (Fig. 2).
Fresnel diraction. Final remarks are collected in Sec. 4. It consists of the ber to be visualized, 60x objective (with
a numerical aperture of 0.86mounted at the ultra-precise
2. Experimental setup transitional stage, and the CCD camera. The optical power
) ) ) distribution at the ber end is reconstituted in a focal pan
The ber used in our measurements was fabricated in the ihe opjective (neglecting inhomogeneous waves, whieh ar
Laboratory of Optical Fiber Technology at the Marie Curiemqast completely attenuated after a few micrometers from
Sklodowska University in Lu_blln [25]. It cor_15|sts_ of a _trran the ber end). Longitudinal motion of the objective dispézc
gularly shap_ed core (1.3m diameter of the |n§cr|bed circle) the focus in space; In a given plane, e.g. at the position of
supported with 10-m struts of 100{150-nm width. The core y,e heam pro ler, di erent di raction patterns are obsedze
is surrounded by three large (with respect to other charactgynen objective is shifted. In particular, the images reedrd

istics of the ber) air channels (Fig. 1) that, in principl@ay  y the pro ler enables observation of transition betweea th
be lled with gas or liquid. near- and far- eld regions.

60x objective

Beam profiler

Fiber end-face

————
Ultra-precise Measurement
translational stage plane
s Fig. 2. Simpli ed diagram of the experimental setup used fwer-

end diraction pattern measurements. The light is di ragtéom

the ber end and it illuminates the 60x objective (NA = 0.8&pn-

gitudinal transition of the objective results in displa@am of the

focal point of the beam and hence observation of di erentrdc-
tion pattern on the beam-pro ler head

An important advantage of our setup and the applied op-
tical system is expansion of the near- eld region and mag-
ni cation of the observed di raction pattern in focus of the
objective. It facilitates observation of the near- eld feah
and transition between di raction regions. In our experirts
the near- eld di raction region is expanded to50 m from
the ber facet and the focal spot is 100 times larger thanalctu

Fig. 1. The scanning electron microscope images of the sdspe  pyar core. The latter property allows to observe the nedd e
core optical ber used in the measurements. The whole straabf di raction without further magni cation

the core is shown in a) while b) is a magni cation of the berreo

Accordingly to the di raction theory, the near eld di rac- 3. Results and discussion
tion is observed whea?=L 1, wherea is the diracting- We have already stated that the optical system enables-obser
object characteristic sizé, is the distance in which the pat- vation of the near- eld pattern of the ber and hence recon-

2Despite of the high numerical aperture of the objectiveiiitistsmaller than the numerical aperture of analyzed @®8640(79) [26]. Smaller aperture
of the objective modi es the ber diraction pattern and glitly complicates the problem (see discussion in Sec. 3).
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struction of a diracting object, as well as diracting-llg  describe Fraunhofer di raction. In that case the seconthter
pro le. In our case light of complicated spatial pro le isfdi under the integral (dependent only on th& ¢ coordinates)
fracted on the semi-triangular core of the ber. Since tighti is omitted yielding [28]
is a linear combination of the ber transverse modes with am- 1
plitudes depending on the coupling conditions, length amd i u(x;y;z) = Tz
perfections of the ber, a proper description of the di ramt 717 @
requires knowledge of the transverse mode excited in the be K ey O\ 0
Ei - : ) u(x®y®%0)e TOx*YY) dx%dy®

igure 3 presents the simulations of such rst six modes that

gkz e%(x2+ y?)

most signi cantly contribute to the observed power pro les 1

of the light [27]. It is noteworthy that the integral in Eq. (2) is proportional
to the two-dimensional Fourier transform of the diraction
optical eld.

In general, the transition from the near- toward the far-
eld region is associated with modi cation of the observed
di raction patterns. For example, for the fundamental mode
(top row in Fig. 4) the near- eld pro le of the mode is ini-
tially described by triangularly-shaped pseudo-Gausdian
tribution. This pattern is changing while departing frone th
ber end. First the pattern becomes almost perfectly cacul
and then recovers its triangular shape being, howeveteta
by 180 . The other modes (modes 3, 7, and 13) show similar
behavior, i.e. the pattern is rotated by 18®ut the power
distributions of light are signi cantly more complicated.

Fig. 3. Simulations of six rst transverse modes of the susigel-

core ber that most signi cantly contribute to the observega-

tial power distributions. Arrows represent directions loé telectric
eld

It was shown in [27] that the most e cient coupling of the
light into the ber is obtained when the light beam is focused
exactly on the center of the ber core. It allows one to couple
more than 90% of the light (characterize with the Gaussian
pro le) into the rst two (fundamental) modes. For such cou-
plings, the recorded image have almost Gaussian shape with
some small, triangular deviations [compare to Fig. 5a].

Di raction pattern of a given ber mode can be observed

only when ‘?‘ smgle mo_de is excited in the ber, which is 6‘Fig. 4. Simulated near- and far- eld di raction patterns df erent
very rare situation; typically many modes are generated {ioges excited in the suspended-core ber. Near- eld patterere
the ber. Nonetheless, the knowledge of the di raction pro-cajcylated using Fresnel di raction theorem while the fld pat-
les of the speci c modes provides a good insight into theterns using the Fraunhofer theorem, i.e. far- eld appradion of
problem. di raction equation

Simulated di raction patterns of four selected modes of

our ber (see Fig. 2) are shown in Fig. 4. These pro les are  Measured pro les follow the same dependence as shown

calculated using a well-known Fresnel di raction [28] in Fig. 4. For the beam pro ler placed in the focal plane of
the objective, i.e. in the plane where the ber facet is recon
u(x;y;z) = _ieikz etr (X*+y?) structed, the triangularly shaped pseudo-Gaussian pater
4 recorded when light is centrally coupled into the ber and
717 (1) mostly the fundamental modes are excited (Fig. 5). In this
u(x®y® O)e%(xm+y°2)e K (xx O+ yyo)dXOdyO; case the two vertexes of the recorded triangle lay at a hori-

zontal line and the third vertex is situated above them. &/hil
the measurement plane starts to deviate from the focal plane
where is wavelength of the lights =2 = the wavenum- of the objective, the structure rst becomes circular anenth
ber of the light, andz the propagation distance. Functian reappears rotated.

represents the input optical eld, where point&,(y9 refer It should be noted that despite many similarities between
to the position at the ber end, and points, (y) refer to the the measurements and simulations, there are two signi cant
position in the image plane. Equation (1) may also be used th erences. First is the appearance of circular halo in the
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recorded pro les. The rings are a manifestation of the di+ta di raction patterns of light of arbitrary spatial pro le oany
tion of light on the circular aperture of the objective, whic object is possible. Therefore it is, in general, possibleab
is associated with slightly smaller numerical aperturehaf t culate di raction of light propagating through the ber otsi
objective than that of the ber. Application of the objeaiv end face. However, in order to do so, one needs to nd a real
with higher numerical aperture should solve the problene Thpower pro le of the di racting light at the ber end, i.e., al-
other di erence is in distance at which the transition is obuate complex amplitudésharacterizing contributions of all
served (almost 10-fold increase of the scale), which resulinodes forming the resultant mode. As shown in [27], deter-
from application of the objective and is highly desirable fo mination of the light coupled into a speci ¢ mode is possible
enhancing resolution of the measurements. based on the knowledge of the spatial distribution of cagpli
Figure 6 presents experimentally measured di raction patight its incidence angle, polarization and relative positto
terns obtained with light of the spatial pro le similar toathof the ber core center.
mode 7 (see Fig. 4). Despite the complexity of the measured Although evaluating the energy distribution among the
and simulated patterns some similarities between them maydes is challenging, it can be performed with careful ad-
be shown, e.g., similar inhomogeneous distribution oftlighustment of the parameter. Exemplary di raction patteribs o
within the pattern and rotation of the structure while départained for the light focused 1 m from the ber center is
ing from the focal plane/ ber end. The deviations between thshown in Fig. 7. In such a case as many as 5 modes are
dependences originate from the fact that real pro le of fighexcited and propagate along the ber. Simulations of di+ac
contains more contribution than that df 7mode only. tion of such spatially pro led light is shown in Fig. 8. Both
Based on Eq. (1) it can be easily shown that calculation gimulations and measurements show striking resemblances.

Fig. 5. Measured di raction pro les a){g) at di erent positns of the objective: a) 0.0m, b) 7.5 m, c) 15.0 m, d) 22.5 m, e) 30.0 m,
f) 37.5 m, g) 45.0 m. Position 0.0 m corresponds to a measurement in the focal plane. Coloe seahe as in Fig. 4

Fig. 6. Measured images obtained for non-optimal couplimgditions, when higher order modes are also excited. Imagg$ are recorded
for di erent position relative to the focus: a) 0.0m, b) 3.0 m, ¢) 6.0 m, d) 10.0 m, €) 15.0 m, f) 20.0 m, g) 30.0 m. Color scale
the same as above

Fig. 7. Measured images obtained for not optimal couplingd@@mns. Images a){g) are recorded for di erent positia@ative to the focus:
a) 0.0 m, b) 4.0 m,c)80 m,d)13.0 m, e) 18.0 m, f) 26.0 m, g) 36.0 m

Fig. 8. Simulations results re erring to the measurementsnf Fig. 7. Di erent images taken for di erent distance frame focus: a) 0.0 m,
b) 1.0 m,c)1.5 m,d)2.0 m,e)25 m,f)3.0 m,g)4.0 m,h)6.0 m

3The amplitudes hold information about the e ciency of coing light into a given mode, as well as its attenuation angetision.
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4. Conclusions [10]

We have experimentally and theoretically studied the near-
eld di raction of light onto the end face of the suspended- [11]
core optical ber. It was shown that depending on the couplin
conditions di erent transverse modes that are excited & th
bers, which leads to strong modi cation of the observed-dif
fraction patterns. We also demonstrated that axial degeartu[12]
from the ber end, which was realized by shifting the po-
sition of the objective in our optical system, resulted ie th
modi cation of the observed di raction pattern. In particu [13]
lar, the pattern was reshaped and eventually rotated by 180
when the distance between the objective and beam pro ler
(e ectively ber end and CCD camera) was signi cantly in- [14]
creased. All these experimental observations were suggort
with theoretical calculations

The technique seems to be promising in reconstructio[15]
of spatial distribution of light propagating through theeb
Based on iterative algorithms may evaluate complex coe -
cient characterizing contribution of a speci ¢ mode int@th
resultant light prole in the ber, and hence estimate loss-[16]
es and intra-coupling of speci ¢ modes. Information about
the phase di erence between the modes may not only provide
important information about the ber but also might openpos
sibility of independent phase modulation of ber transeers
modes.
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Acknowledgements. The authors would like to acknowledge [18]

nancial support from the Foundation for Polish Science and
the European Union (Team programme) as well as the Polis[mg]
Ministry of Science and Higher Education. S. Pustelny is a
scholar of the Koxciuszko Foundation.

REFERENCES

[1] P. Russell, \Photonic crystal bers"Science299, 358{362
(2003).

T.M. Monro, D.J. Richardson, N.G.R. Broderick, and Bén-
nett, \Holey optical bers: an e cient modal model",J. Light-
wave Technoll7, 1093{1101 (1999).

T.A. Birks, J.C. Knight, and P.S. Russell, \Endlessiynglie-
mode photonic crystal ber"Opt. Lett.22, 961{963 (1997).
J.C. Knight, T.A. Birks, R.F. Cregan, P.S.J. Russell drP. de
Sandro, \Large mode area photonic crystal beElect. Lett.
34, 1347{1348 (1998).

T. M. Monro and H. Ebendor -Heidepriem, "Progress in mi-
crostructured optical bers’Annu. Rev. Mater. ReS86, 467{
495 (2006).

T.A. Birks, D. Mogilevstev, J.C. Knight, and P.St.J. Re8,
\Dispersion compression using single material ber&ho-
ton. Technol. Lettll, 674{676 (1999).

A. Ferrando, E. Silvestre, J. Miret, and P. Aedr "Nearly zero
ultra attened dispersion in photonic crystal bersQpt. Lett.
25, 790{792 (2000).

J.K. Ranka, R.S. Windeler, and A.J. Stentz, \Visible tion
uum generation in air silica microstructure optical bergtw
anomalous dispersion at 800 nnDpt. Lett.25, 25{27 (2000).
I. Hartl, X.D. Li, C. Chudoba, R.K. Ghanta, T.H. Ko, and
J.G. Fujimoto, \Ultrahighresolution optical coherencentuy-
raphy using continuum generation in an air-silica micnastr
ture optical ber", Opt. Lett.26, 608{10 (2001).

(20]

[2] [21]

[3] [22]

(4]
(23]
(5]
(24]

[6] [25]

(7]

(26]
(8]

(27]
(9]

(28]

Bull. Pol. Ac.: Tech. 59(4) 2011

R.E. Drullinger, S.A. Diddams, K.R. Vogel, C.W. Oates)d
E.A. Curtis, \All-optical atomic clocks"Proc. 2001 IEEE Int.
Freq. Control Sympl, 69{75 (2001).

1] T.M. Monro, S. Warren-Smith, E.P. Schartner, A. Fraset

S. Heng, H. Ebendor -Heidepriem, and S.V. Afshar, \Sensing
with suspended-core optical bersQpt. Fiber Technol.16,
343{356 (2010).

T.R. Woli«ski, P. Lesiak, and A.W. Doma«ski, \Polaritrie
optical ber sensors of a new generation for industrial &ppl
cations",Bull. Pol. Ac.: Tech56, 125{132 (2008).

F. Benabid, J.C. Knight, G. Antonopoulos, and P.StukdRIl,
\Stimulated Raman scattering in hydrogen- lled hollowreo
photonic crystal ber",Science298, 399{402 (2002).

P.S. Light, F. Benabid, F. County, M. Maric, and A.N. ten,
\Electromagnetically induced transparency in Rb- lledated
hollow-core photonic crystal ber"Opt. Lett.32, 1323{1325
(2007).

M. Bajcsy, S. Ho erberth, V. Balic, T. Peyronel, M. Hafg
A.S. Zibrov, V. Vuletic and M. D. Lukin, \E cient all-opticd
switching using slow light within a hollow ber"Phys. Rev.
Lett. 102, 203902 (2009).

K. Kishor, R.K. Sinha, A.D. Varshney, and J. Singh, \Che
terization of specially designed polarization maintagnpho-
tonic crystal ber from far eld radiation patternsQpt. Com-
mun 283, 5007{5011 (2010).

M. Szustakowski, N. Palka, and W. Grabiec, \Simple noeth
for determination of photonic crystal bers geometryProc.

of SPIE6588, 65880M-1 (2007).

S. K. Varshney and R.K. Sinha, \Characterization of faimic
crystal bers from far eld measurementsJ, Microwaves and
Optoelectr.2, 32{42 (2002).

W.A. Gambling, D.N. Payne, H. Matsumura, and R.B. Dy-
ott, \Determination of core diameter and refractive-indk
ference of single-mode bres by observation of the far- eld
pattern",IEE J. Microwaves Optic Acoust, 13{17 (1976).
A.K. Ghatak, R. Srivastava, |.F. Faria, K. Thyagarajand
R. Tewari, VAccurate method for characterizing single-rmod
bers { theory and experiment'Electr. Lett 19, 97{98 (1983).
A.C. Boucouvalas, \Use of far- eld radiation-patteto char-
acterize single-mode symmetric slab waveguid&$&ctr. Lett.
19, 120{121 (1983).

G.S. Wiederhecker, C.M.B. Cordeiro, F. County, F. Bada
S.A. Maier, J.C. Konight, C.H.B. Cruz, and H.L. Fragnito,
\Field enhancement within an optical bre with a subwave-
length air core"Nat. Photon.1, 115{118 (2007).

T. M. Monro, D.J. Richardson, and P.J. Benné&iectr. Lett.
35, 1188{1189 (1999).

T. Pustelny and M. Grabk#cta Phys. PolA 114, A113{A118
(2008).

J. Wojcik, P. Mergo, M. Makara, K. Poturaj, L. Czyzewska
J. Klimek, and A. Walewski, \Technology of suspended core
microstructured optical bers for evanesced wave and plas-
mon resonance optical ber sensor®toc. SPIE6990, 6990T
(2008).

N.A. Mortensen and J.R. Folkenberg, \Near- eld to fetd
transition of photonic crystal bers: symmetries and ifiter
ence phenomenaQpt. Expressl0, 475{481 (2002).

M. Grabka, B. Wajnchold, S. Pustelny, W. Gawlik, K. Skpr
ski, and P. Mergo, \Experimental and theoretical study glfti
propagation in suspended-core optical bef¢ta Phys, Pol

A 18, 1127{1132 (2010).

B.E.A. Saleh and M.C. Teictlkundamentals of Photonic8Vi-
ley, New Jersey, 2007.

393



