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We present experimental results on the light transmission and intermode power exchange in multimode
fibers with rough surfaces. The experiments were performed with chemically etchgah2@bameter cores of
fused silica fibers that can support up to 20000 guided modes at the wavelength employe,0.6 um.
After propagation through some rough fiber section the mode power profile acquires a Gaussian shape that
propagates along the mean axis of the corrugated fiber, with a slowly reducing (radi'vh,“s?), and practically
without attenuation of the central intensity. These features, and other observed characteristics, are reproduced
with a theory that assumes a ballistic regime of light propagation through a one-dimensional slab waveguide,
relating the characteristic propagation lengths to parameters of the fiber surface roughness.
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I. INTRODUCTION ing in mind this intriguing possibility, great efforts have been
made recently on the theoretical analysis of the propagation

The propagation and scattering of light in waveguidesof coherent light in multimode waveguides with corrugated

with bulk heterogeneities or corrugated walls have been topwalls 169

ics of intensive fundamental and applied research for several The theoretical papers mentioned above were, however,
decades. Originally this interest was motivated by the practestricted to the case of slab waveguides with perfectly con-
tical problem of assessing the light losses due to imperfecducting walls with one-dimensional roughness. The experi-
tions in integrated optical waveguides or optical fibefs, Mental realization of such a system in the optical region of
Investigations of this periotboth experimental and theoret- the spectrumiis difficult, due to the attenuation that occurs in
ical) were generally concentrated on single-mode or muIti-the reflection of light from real metals. Optical fibers, on the

mode waveguides with a small number of guided modes, angiN€r hand, constitute a more natural system for optical ex-
were aimed at the evaluation of the light losses " 7 periments; they are easily available and have low intrinsic

Later, the focus of research activity in this area switched>> 0> In this paper, we report an experimental study on the
’ 4 oo 2R ~Hpropagation of light through multimode optical fibers with
to the more fundamental problem of light localization in dis-

; rough surfaces.
-9
ordered medi&=° It was understood that the transport of Some preliminary results on the power leakage of light

photons in such media can be an ideal model for studies ghough corrugated fiber walls followed by the formation of a
Anderson localization, and that random optical waveguidesarrow central peak in the angular distribution of the trans-
can be suitable objects for investigating related effects exmitted light in response to excitation by a rather broad initial
perimentally. Later different regimes of electromagneticprofile were reported in Refs. 20 and 21. In the present paper,
wave propagation were studied experimentally, through thelata on the formation of the Gaussian-shaped central peak
observation of the statistics of microwaves propagatingare complemented with experimental results concerning the
through hollow metal tubes with volume scattering and diffusion of the initially narrow angular light
inhomogeneitied?11 distributions employed for excitation. Discussion of these ef-

It has been shown theoreticaffy!® that, as far as their fects related basically to ballistic light propagation through
scattering properties are concerned, optical waveguide struthe corrugated fiber is accompanied by a theoretical analysis.
tures with bulk disorder are not equivalent to waveguidedParticular attention is paid to the incoherent intermode power
with surface disorder. In waveguides with bulk disorder, theexchange between guided modes with low mode indices,
efficiency of the intermode mixing does not depend on thewhich gives rise to the formation of the mentioned central
mode index. On the other hand, in the case of surface rougtpeak. A detailed theoretical analysis and a discussion of the
ness, the efficiency of the intermode mixing depends on thintermode power diffusion mechanisms that take place in
mode index dramatically, and different radiation transportcorrugated optical fibers with high mode indices will be
behavior can be observed in the same wavegtfideKeep-  given elsewheré?
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FIG. 2. Schematic diagram of the experimental setup used to
measure the angular distribution of the light emerging from the end
of the fiber.

FIG. 1. Estimated correlation function of heights of the etched _ o
fiber surface(solid line). For reference, the dashed line shows a The detection system, consisting of an aperture, a lens, and a

Gaussian correlation function with a d/correlation lengtha

silicon photodiode, had an effective detecting area of about

=10 um. The inset shows a scanning electron microscope image df cn?, and was placed about 1 m from the fiber end. This

the fiber.

Il. EXPERIMENTAL DETAILS AND RESULTS

As experimental samples we used fused silitcal.45%
cores of multimode step index fibe8M TECS™ FT-200-
EMT) of diameterd=200 um. The fiber cores were chemi-
cally etched to introduce the roughndsse inset of Fig. )1
The standard deviation of height® and the correlation

lengtha of the surface roughness were estimated from pro

files obtained with an electron scanning microscope and
DEKTAK3ST profilometer. A typical example of an esti-

mated height correlation function is shown in Fig. 1. One ca
see that the correlation function is not a Gaussian function
In fact, the surface profile would be better modeled as 3

multiscale random proce$d.However, for the purpose of

comparing our experimental results with theoretical predic
tions that employ a Gaussian height correlation model w:

define the correlation length as the distance for which we

have a 1¢é decay in the correlation function. The estimated

correlation lengths were in the rangez« <12 um, and the
standard deviation of height&letermined by the etching
time) in the range 0.0 §<0.5 um.

In the experiments discussed below we used two sourc
of monochromatic coherent light: a single-mode cw semi-

conductor laser diode of wavelengtty=655 nm, and a
He-Ne laser of wavelength,=633 nm. To excite a broad

and uniform angular spectrum of guided modes the input en

of the fiber(still covered by the plastic cladding and jacket
was illuminated by a laser beam focused by & 4@icro-
scopic objectivd numerical aperture=0.85This allowed us
to fill the entire angular aperture of the fibgwith
numerical aperture=0.39 exciting about 25& 250 trans-

verse fiber modes. For comparison note that the clean fiber

core without plastic cladding can support about 00

guided modes for the wavelengths used. To estimate the
above numbers, we used the simple relation for the guided

mode number in a one-dimensior{dD) slab waveguide.

The angular distribution of the light diverging from the
output end of the etched section of the fiber was observed by

a charge-coupled devid€CD) camera placed about 4 mm

away from the fiber end. Alternatively, the far-field angular

implied an averaging over approximately<7 neighboring
modes, reducing the statistical fluctuatigepeckle noisgin

the measurements. In the scatterometer, the laser light was
modulated with a chopper, and the output photodiode signal
was processed with a lock-in amplifier. The light radiated
from the sides of the etched fiber was blocked using baffles
and apertures.

Figure 3 shows the normalizetb the central valuean-
gular distribution of the output intensity,(6,2) as a func-
tion of the lengths of the etched section of a fiber with
a;0.15,um. The length of the rough part of the fiber was
sequentially reduced in these experiments by cutting off

mall pieces of the etched fiber. One can see from Fig. 3 that

at the beginning of the etched piece, the angular light power
istribution fills practically the whole numerical aperture of
the fiber with the plastic cladding. As we mentioned earlier,

the open fiber core supports a much larger number of guided

odes. During their propagation along the fiber, the initially
excited fiber modes are scattered from the rough fiber walls
into other modes with higher or lower mode indicgé.,
propagation anglgsAfter each collision with the rough fiber
wall the mode typically changes its longitudinal wave num-
ber by some value approximately limited by the power spec-

SFum half-width Ak~2/a (0.5-0.2um™ in our experi-

mentg. To fill the angular spectrum of the modes supported
by the open core, several collisions of the initially excited
Hwodes with the rough walls are needed. One can see from
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FIG. 3. Measurements of the far-field angular intensity distribu-

intensity distribution of the light emerging from the end of tion of the light transmitted through the fiber as a function of the

the fiber was measured with a scatteronfétéee Fig. 2

length of the rough section.
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FIG. 4. (a) Half-width of the output angular distributiotsee 1€ N€ laser. By adjusting the angle of incidence on the input
Fig. 3 as a function of the propagation lengths. The squares angnd of the fibe(6;,) with the help of a rotating optical table,

circles correspond to data obtained with two different fiber sampledV€ could excite a limited number of modes with transverse

with similar standard deviation of height. The solid line correspondsv‘{"’“/e numberdi.e., angles of propagatipraround the de-

) . ! . )
to an inverse square root dependence. The inset shows a typic%retdbcetmral \]ﬁallrj]é' The Inse:c Otth'g' SdShOWS attydp'c"’!' rng
profile formed after propagation through a relatively loiig Istribution o € power o e modes excited with,

=115 mm) piece of corrugated fiber. The experimental data are de”™ 15°, as it is observed with a CCD camera at the end of the

noted by the squares and the line represents a Gaussian furlfion. clean fiber. Thifs kind of an'gular power PrOf”e is used,to _feed
the rough section of the fiber. Similar input power distribu-

Intensity in the center of the output angular distribution as a func-, . . . L
tion of the propagation length. tions obtained with different |nC|der!ce gngles and measured
using the scatterometer are shown in Fig. 5. One can see that

. . , . the angular widths of the observed profiles are significantl
Fig. 3 that, after propagation through the first few millime- larger '?han those solely due to diffraF():tion at the fil?er outpu)t/
ters of the etched fiber, some wings that correspond Qpertyre(d) and grow as the angle of incidence is decreased.
higher-order modes appear in the output angular distributionye attripute this broadening to imperfections at the ends of
These guided modes, which have been excited through thge fiber(the faces were not polishednd also to an inter-
roughness and have propagation angles close to the critic{ode mixing in the initial part of the fiber due to its coiling.
one, can escape from the fiber into the surrounding mediunthe observed reduction in the maximum intensity of the pro-
through subsequent scattering events. And ind@éle for-  files with an increase of the angle of incidence is due to the
mation of broad wings in the angular spectrum of propagatdifference in the ring are@rowing linearly withé,,) through
ing modes is accompanied by intensive radiation from thavhich the total introduced power is distributed.
fiber sides. Figure 6 shows the angular profiles of the output light

Further propagation through the corrugated fiber reducemtensity obtained for different lengttzof the etched part of
the half-width of the angular profile down to a value smallerthe fiber for laser beam incidence angigs~5°, 10°, and
than 0.2 rad. The wings in the angular profile lose theirl5°. Even without a detailed analysis of these curves one can
power significantly and that, in turn, reduces the power leaksee that all the initial profiles finally evolve into Gaussian-
age. In this way, the light propagates with little attenuationlike curves, similar to the one shown in the inset of Fig. 4.
throggh a relatively long length of the rough f_il:ielp to the Il THEORETICAL ANALYSIS
maximum value of 210 mm used in our experimenkis this
region, the width of the angular profile reduces slowly and We start the theoretical analysis of the power transfer in
has a practically constant central maxim(see Fig. 4 Note the region of the central peak by considering a multimode
that, while the propagation through the initial centimeters ofLD slab dielectric waveguide of thicknessand refractive
the etched fiber is characterized by a significant reduction of'dexn [see Fig. Ta)]. The two interfaces of the waveguide
the transmitted power due to leakage through the fiber walls2f® assumed to have uncorrelated 1D roughfiiess there
the attenuation of the light propagating with this narrowed@r® height variations along teeaxis only with a Gaussian
angular distribution is rather low. The central maximum POWer spectrum:
formed in this way has a profile that is fitted by a Gaussian — aky \?
function quite well[see inset of Fig. @)]. 9(AK) = Vmakexp | = <Ak7> : (1)

In another series of experiments we used narrow angular
spectrum excitation. For this purpose, the input end of thédere and below we use normalizéw the wave number of
fiber was illuminated with a collimated beam from a light in the surrounding spade=2w/\) longitudinalk and
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We consider the transfer of power from some initial mode
z [mm] of index i into modej after traversing a small section of
rough fiber of lengtlAz. The transmission coefficieli}; has
been obtained for the case of corrugated metal Vi&tfs.
R Given our assumptions about the roughness spectrum, the
1 - : j e - probabilities associated with leakage and reflection are small.
7 s T Then
£ o
S 2 2
£ 06 28Kk,
% o Tj=Az Pk kog([ki — kj]). (3
g 0.
g
= 02 This approximation is correct for a dielectric waveguide as
long as the penetration depth into the surrounding medium
0 can be neglected in comparison with the waveguide width

Similarly, the transmission coefficien;, which describes
30 the attenuation of mode(see, e.g., Ref. 27s given by

Az
Ti=1-2T;=1-—. (4)
j#i li

10 O
05 [deg]
FIG. 6. Measurements of the far-field angular intensity distribu-
tion of the light transmitted through the fiber as a function of the
length of the rough section for three different angles of incidenceln EQ. (4) |; is the characteristic attenuation length of this
(@ 6,,=5°, (b) 10°, and(c) 15°. particular mode. The value ¢f can be obtained in an ana-
lytical way if one assumes a quasicontinuous mode distribu-

transversex wave numbers of the guided modgsee Fig. ton with density,
7(b)]. We also assume a simplified parabolic relation be- dk, [n 1

tween the longitudinal and the transverse wave numbers: p(k)=— PP (5)
™ Vn-k

30 -20

K*=n’=kK2=2n(n-k). (2)  and substitutes, in Eg4), summation over all thgth modes
by integration over the roughness power spectrum. For the
Note that the transverse wave numhepractically coincides ~guided modes that are not too close to the borders of the
with the angled at which this particular mode is radiated permittedk values in Fig. ) (i.e., those in the intervdll
from the output waveguide endd=arcsinx) (=« for §  +2/ka,n—2/ksa]) we obtain the following result:
=0.5). The waveguide under consideration is assumed to be nd

multimode with a total number of modéé= k,.,/ (7/kgd)

>1. Ii:452k(2)’<i2. ©
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On the other hand, a detailed consideration of the inco- 20—
herent intermode light power transfer in a similar 1D “
waveguidé?225results in a diffusion-type partial differen- \

tial equation for the power densif(z,k), which is consid-
ered as a quasicontinuous functionsoin this analysis. Un-
der the above assumptions and when written in terms of the
transverse wave numbers this equation reduces to the
rather simple form

-
(3.}
| T I I |

-
o

ot
L4
T I I B B |

IP(z,k) 0| k dP(z,k)
- - - Y b (7) 0-0 TTITTOTTTTIOTTI T IOT T I IO T TINTTIThIT T IO T
0z dk|Lp Jk
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Here the characteristic length KkiAx

2 FIG. 8. Mode attenuation lengtiscalculated for the internal
L= da (8) part of the allowedk region (dashed lingand!’ calculated taking
D™ 4né? into account the boundary effeolid ling). Both are normalized to

. | | I f . h_the attenuation lengtt, calculated in the approximation of nearly
gives a natural scale to all power transfer processes in t 'éoaxial modegn—k<2/axy).

system. With some reasonable boundary conditions
[P(z, kmay =0, which represents an effective power leakag
through the rough fiber walls, aniP(z,0)/9x=0], Eq. (7)
can easily be solved both analyticallyy separation of vari-
ables and numerically. This allows us to predict the evolu-

edensity of modes in the final staggk;+Ak) over Ak within
the limits[-c0,n—k;]. We also used the approximate form of
the parabolic equatiofEq. (2)] to obtain the transmission

tion of any initial power profileP(0,«) in its propagation coefficients
through the corrugated waveguide. 86%,(n — k)(n— k)
This differential equation, as well as the equation for the T =~ Az ! ) g(|AK]). (12)

mode attenuation length[Eq. (6)], is however, not valid for d?
the boundary areas of the allowkdegion. Indeed, when the

distance(n-k) from the border is approaching the half-width In the evaluation of this general form of the attenuation
of the power spectruni=2/k,a), the integration over\k  lengthl/, the fact that the deviation from the coaxial mode
=ki—k; throughout the interva[-«,] that gave us the (i.e., that withk— n) is small constitutes a useful approxima-
simple results expressed by Ed€) and (7) is not correct. tion. Formally this means that everywhere in E(0) and
The size of the boundary region of nearly coaxial moded11) we replacek; by n (except, of course, for a general
becomes clear when it is expressed in terms of the transvergaultiplicative factorn—k;). Direct integration gives us the
wave numbers. From Eq.(2) we find that the guided modes following result for this particular case:

with

- L U SR S (12)
k=Ax'= 2;_” (9) ' ArRI A K2 ' T(314) A’

vkoa

o where the numerical factorv%/l“(3/4)z2.9. The initially
calculated value of the attenuation lengiffEq. (6)] and the
result of an exact integratiori [Eq. (10) ] normalized byl”
are given in Fig. 8 as functions af/ Ax’. One can see that

are inside this boundary region. For the wavelength
~0.6 um, n=1.5 and the correlation length=5 um we
haveAx’ =0.3. That is, the angular radius of this boundary
region in the far field is about 20°. In this region, the evalu-]cor small values of the transverse wave numkefi.e., for

ation of the light power transfer requirgs a diffe“?”t aP- < A’ /2) the attenuation length can be approximated’by
proach, and thgs we present a more precise evaluation of ”@n the opposite end, for large values of(x=Ax'/2), it
mode attenuation length. corresponds td with good accuracy. Light power in this

It .fOHOV.VS from Eq. (4).th"."t in the approximation of a region of nearly coaxial modes with<Ax’/2 contributes
quasicontinuous mode distribution, the exact value of theE0 the central peak

attenuation lengthy for the guided mode with longitudinal Where is the light power from the modes of this central

wavenumberk; from the boundary regiofi.e., with n=k peak scattered to? The profiles of the scattered p&yeare
=n-2/ksa) I
=Nn=2/kod) equals given by the produch(k;)Ti(k))g(|k;—ki|), and for some typi-

) nk; cal initial mode wave numbers; they are presented in Fig.
i = lf d(AK)p(k; + Ak) 9(a). One can see that, even for the nearly coaxial modes, the
- maximum scattering occurs to the edge of the boundary re-
86%ky(n—k)[n— (ki + AK)] = gion (at k=0.8A«"). Only 1/3 of the scattered power is left
X o2 g(AK) | . (10)  \ithin the borders of the central pedk<Akx'/2, see Fig.

9(b)], and the modes outside this region essentially do not
In contrast with Eq(4), the summation over all possible final return power into this central regioisee the two middle
modes withk;=k; + Ak is replaced here by integration with a curves of Fig. %a)].
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1.4 propagation lengtlz’ =Lp/10. By considering the possible
12 E (a) influence of this process on backscattering into the initfal
e mode one has also to take into account that only the modes
104 that receive the power from this initiath mode[see Fig.
£ 083 9(a)] can deliver it back with the same efficiency as a result
@ 063 of similar scattering.
E This result can also be supported by the following general
0.4 3 arguments. If we consider the initial stage of dispersion of
0.2 3 some narrow profile, and neglect the variations of the effec-
0'05 ————— | tive diffusion coefficient within it, our diffusion equation has
0.0 0.5 1.0 1.5 2.0 the following Gaussian spreading solutitsee also Refs. 25
Kj IAK and 26:
2
1.0 7 P(z,K) = — ! exp{—w]. (13)
] (b) Vzro/Lp Azkof/Lp
~ 08 ] It follows from Eq.(13) that the characteristic length needed
% 06 R / for a significant(i.e., by about a factor of)2dispersion of
= 3 / such a narrow Gaussian power profile with an initial half-
£ 04 3 / width Ak and centered at is approximately given by
2 ] /
o? oz ( 7' = LpAw?k. (14)
] Making the replacementdx=Ax’/2 and k=A«’ reduces
0.0 - the above equation to
0.0 05 1.0 15 20
xj /AK Z' = LpAK'l4, (15)

FIG. 9. (a) Profiles of the light power scattered from some which corresponds to the results of the numerical calcula-
modes of the central peak with transverse wave numkgisx’ tions presented in Fig. 10 quite well.
—0,0.2,0.5, and 0.7from the lowest to the uppermost cujvéb) Now we can compare the obtained characteristic disper-
Fraction of the light power scattered from nearly coaxial modesjon length
(x—0) into the modes withe < «;. -
. de? 2yn 1 da¥?
“The next step is to show that the light power scattered in = ans? \";‘o - é\ﬁb«z\k_o
this way is dispersed via processes of intermode diffusion,
and transferred rapidly to the other end of the allovked Wwith the attenuation lengthEq. (12)] of a representative
region (at k— 1) where it leaks from the waveguide through mode located at the boundary of the central peak re@ien
the side walls into the surrounding space. Let us suppose thane with k=~ A«'/2),

(16)

the diffusion equatiorfEqg. (7)] is still valid down to the dVrm/a 4ad
boundary of the central peak, i.e., down#e=Ax’/2. Nu- I"(Ak'[2) = L\“am% ~ 0.36#, a7
merical calculations performed using this equatiBig. 10 4r'(3/4)8%; % n &k

) b . . : s
for a typical valueA«’ ~0.2 predict a quite rapitharacter and see that the latter is nearly three times longer. This

istic distance much shorter tha) dissipation of an initial means that the intermode light diffusion is quite efficient in

Gaussian profile eXp(xk—A«x’)?/(Ax’/2)?]. Indeed, the ini- h directional tor of q h
tial peak loses more that 50% of its initial amplitude afterthet € unidirectional transier of scattered power, even near the
boundary of the central peak region. Because of the inverse

guadratic dependence 6f on « [see Eq.(12)], 1" is defi-

w0 . nitely much larger thaz’ for internal modes of the central

08 3 peak with smallen values.

065 This allows us to accept the following model for the
A dominating power transfer process in the region of the cen-
T 04 tral peak: the initial power of every mode is scattered unidi-

3 rectionally outside this are@n fact, to k= Ax’) from where
02 3 light diffuses out to the opposite end of the allowed region of
00 3 k values, and finally leaks into the surrounding space. This
00 02 04 06 08 10 process of power out-diffusion is quite effective. No signifi-
¥ cant power is accumulated in the border area and, as a result,

FIG. 10. Evolution of the initial mode distribution e«  We can neglect backscattering of this light into the central
-0.22/(0.1)?] as a result of propagation through different normal- peak. Since the power is scattered basically into the modes
ized waveguide lengthe/L,=0,0.05,0.1,0.2,0.5, and(from the ~ with k= Ak’/2 [Fig. 9a)] we can also neglect direct power
upper to the lower curye exchange between modes of the central peak.

085419-6



FORMATION OF ANGULAR POWER PROFILE VIA.. PHYSICAL REVIEW B 71, 085419(2005

The efficiency of such unidirectional light scattering is l
strongly k dependenfsee Eq(12)], and this determines the JN
distribution of power within the central peak. Indeed, let us
assume that the central peak region was initially excited by
some uniform distribution of the input light densiB(0, )
=Py(constk)). As a result of scattering the initial power of
every mode decreases exponentially in accordance with its
corresponding characteristic attenuation lengtr)

K

, . 5 \\\‘\ \\\ .”"._',v
P(z, k) = Poexp el Peexp|=|—] |, (18 VWX
“ Ko dia | T\ WNT2

J— dnt25i72 0 \d 1/nako "
ko= \L'/z= 0.60 W (19 ;T

) ] ) FIG. 11. 1—-m’ diagram for the optical fiber, showing the trian-
Sinced= « in the region of the central peak, one can see thayiar region of permitted guided mode indices. The parallel dashed
a Gaussian angular power profile is shaped from the initiafines show mode groups with fixed transverse wave numb&he
uniform distribution. The characteristic radius of this profile rectangle shows the effective area of the final modes for scattering
(ko) decays slowly with the propagation distarfeez */?). As  from the fundamental mode witm=1 and1=0 (N is the total
long as we can neglect the discrete mode struciuee when  number of modes supported by the fiber
Ko IS much bigger than the intermode distaneédky), the
amplitude of the central maximum of the profile is constant.

The above resultfand in particular the final equations
(18) and(19)] were obtained for the model case of a 1D slab
waveguide. However, one can show that they differ little
from those for a multimode optical fib¢re., a 2D dielectric
waveguide with cylindrical cross sectipwith 2D surface
roughness. Indeed, the basic relation for the transmittance
coefficient represented by E() is practically the same for
a multimode 1D slab waveguide and a multimode optical IV. DISCUSSION
fiber (see, e.g., Refs. 22 and 24

The intermode power diffusion equations that are ob- ] ) ]
tained for these two cas@sare a little bit different in their According to the theoretical analysis presented above, one
structure. However, the result for the dispersion of a narrow?f the most prominent consequences of having ballistic
Gaussian profile, Eq13), is the same. As a result, the main transport of light in the modes with small wave numbecsf
remaining difference in the calculations of the attenuation2 roughened optical fiber is the formation, through propaga-
length |” is associated with the necessity of summimy  tion, of a narrow angular distribution of power around the
integrating over the radiain and azimuthal mode indices axial mode. This, in turn, gives rise to the narrow angular
of the final modes in the scattering procésse the permitted intensity distribution emerging from the fiber that was ob-
mode indices diagraffiin Fig. 11). served in our experiments. When the modes of the corru-

Under the assumption that the fiber surface roughness hasited fiber are excited with a more or less uniform angular
the same statistical properties along thalirection (fiber  distribution, as shown in Fig. 3, the distribution evolves into
axis) and along the orthogonal one, the area of the finah Gaussian-like profilesee the inset of Fig.(4)] quite rap-
modes that participate effectively in the scattering from thedly. Even for initial profiles with a doughnutlike shape, the
fundamental modei.e., coaxial, withm=1,1=0), is elon- final distribution is the saméFig. 6).
gated along then axis (Fig. 11). Unlike the summation over The theoretical analysis also indicates that the axial inten-
the radial mode index, which is similar to that performedsity should be invariant upon propagatisee Eq(18)], and
above for the 1D slab, the summation over the final modeur experimental observations agree with this prediction
azimuthal index can be replaced, with good accuracy, byuite well[Fig. 4(b)]. This is associated with the simple fact
integration over the corresponding roughness componentbat the efficiency of all power transfer processes for the
with integration limits 0. As one can see from the diagram coaxial modegi.e., those with small mode indgxends to
this is not correct for processes whose final radial mode inzero as the number of propagating modes grows. The only
dices are very small, but they play a minor role in the diffu-fundamental reason that can lead to some attenuation of the
sion processgsee Fig. 9. However, if one can replace sum- transmitted power in the center of the angular profile is that
mation over the azimuthal mode indices by integration ovessome finite transverse wave numbey,,=~\/2d can also be
the corresponding roughness components with integratioattributed even to the fundamental, coaxial mode. This effect
limits +o0, the summation over all the possible final modesis, however, too weak to be observed under the conditions of
reduces to summation over only the radial mode indises, our experiments.

where

e.g., Ref. 22 As in the case of a 1D slab, this can be re-
placed by integration over the transversdor longitudinal

k) wave numbers of the final mode, which will lead to ex-
actly the same final results.
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1.0 The characteristic decay length of the mode power as a
Z 08 KH\"\\ (i)J function of ¢°2, obtained from Fig. 1@, is presented in Fig.
é o8 \ 12(b) on a log-log scale. Plotted in this way, the data fit quite
s o[ well an inverse quadratic dependence predicted by(ER).
g SO :
S 04 S S The absolute value of the attenuation Iengﬂg.,zl_eo_ mm
E 0.2 X~ for §=6°) also allows us to estimate the characteristic attenu-
z - ~— \,‘(.\ ation lengthL’ as~=1.6 mm. Employing the typical surface
0.0 20 20 60 80 100 120 parametersi=5 um andd~0.06 um, we can also evaluate
Rough Fiber Length  [mm] this parameter from Eq(12) as L'=~1.5 mm. Bearing in
mind the simplicity of the theoretical model used above, this
_ b correspondence between the experimentally measured value
g S0 / (b) of L’ and its theoretical estimate is a good one.
%
3 100
§_ s V. SUMMARY AND CONCLUSIONS
[
E In summary, we have presented experimental results on
< the transmission properties and the power exchange between
105 %0 00 the modes of a multimode optical fiber with rough surfaces.
o2 We have shown that, irrespective of the initial conditions of

FIG. 12. (3a) The attenuation of the transmitted intensity for dif- excitation of the fiber, the angular power distribution finally
ferent modes as a function of the propagation length for angles ofVOlves into a Gaussian-like shape that propagates with a
observation §=4°(¥),7°(*),8°(A),11°(x), and 14{m); the Slowly reducing width. It was also observed that for each
solid lines show the corresponding exponential fitg. The attenu- ~ Mode and as a function of the propagation distance the trans-
ation length as a function of the inverse square of the mode outpuditted power presents an exponential decay whose charac-
angle; the solid line shows the slope corresponding t@a  teristic attenuation length decays quadratically with the mode
dependence. propagation angle.

i _ o ) The experimental results are accompanied by a theoretical
The propagating Gaussian profile is characterized by @nalysis of the incoherent intermode power exchange in a 1D

slowly reducing widthA ¢(z) for which our theoretical analy-  gjan" waveguide, based on a continuous mode distribution
sis [Eq. (19)] predicts an inverse square root dependencennroximation. It was shown that, under typical conditions,
[A6(z)>1/VZ]. The experimental dafiFig. 4@] can be fit-  the guided modes of the central peéle., those with low
ted reasonably well with this kind of dependence. The forngex numbersobey the predictions of a ballistic propaga-
mation pf the Gaussian angular profile is associated with &on model. The simple model employed explains the evolu-
quadratic transverse wave number dependéneg) for the  ion of an initial uniform power distribution into a Gaussian-
efficiency of scattering between modes within the centrajj,q angular power profile. The analysis also explains the

maximum [see Eq.(12)]. This kind of dependence is in gy arimentally observed dependence of the mode attenuation
agreement with the experimental data obtained using a seIeFe

. o . >~ ~length with the mode index, and the sldimverse square
tive f)icc'itatt'on of mocieﬁFtl)g. FG)g Igder(la_dhfrom the egﬁe”' root dependence on the propagation distameeuction of
mental data represented by Figag which correspond to a , SO ; .
relatively flat profile of excitation, one can evaluate the de-the gngular W'd.th .Of e GauSSIan-ike profllg. Whilethe thes
cay rate of the power transmitted through the fiber and Obpretmal .anal_ys!s is based on the assumption .Of a 1D slab
served at different scattering angl@s=4° , 7°, and 8. With Wayegwde, it is argued _that'the rgsults obtained are also
reasonable accuracy the decay can be fitted by an exponeyfe_lll_d for a multimode _op_tlcal fiber Wlth a 2D surface corru-
tial function [Fig. 12a@)], which is typical for ballistic trans- gation. The characteristic attenuation lengths of t_he modes,
port. evaluated from the roughness parameters of the fiber surface
For the incidence angle%,=10° and 157Figs. b) and measured by the profilometer, proved to be in reasonable
6(c)] we also observe an exponential decay of transmitte@greement with those observed experimentally.
power for modes corresponding to the initially excited ones It should be noted that due to the strong leakage of light
[see corresponding curves in Fig.(42obtained forg=11°  into surrounding space the scattering system we studied here
and 149. In contrast, modes with smaller propagation angleds an open one. This fact makes difficult the observation of
(i.e., those located inside the initially excited ringaintain a  localization effects in the experiments described.
practically constant power until the disappearance of the ini-
tially excited ring distribution. Only after this, does one have
the relatively fast attenuation observed in Figa)6 We at- ACKNOWLEDGMENTS
tribute this effect to an efficient power transfer from the ring
maxima into the internal modes with smaller propagation This work was performed in partial fulfillment of CONA-
angles. Obviously, these more complicated conditions of th€yT (México) Grant No. 32254-E. The authors are grateful
power exchange are not suitable for the evaluation of théo A. A. Maradudin for helpful discussions. E.R.M. is grate-
scattering efficiency of the modes located inside the centrdul for the support and hospitality of the Institute of Physics
area. (UNAM).
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