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Launching Light into a Fiber

typical single-mode silica
glass fiber has a mode profile
that is well approximated by

a Gaussian beam. At A = 1.55 um,this
Gaussian mode has a (1/e2 intensity)
diameter of ~10 wm. One method of
launching light into a fiber calls for
placing the polished end of the fiber
in contact with (or in close proximity
to) the polished end of another (sig-
nal-carrying) fiber that has a match-
ing mode profile. Alternatively, a co-
herent beam of light may be focused
directly onto the polished end of the
fiber. If the focused spot is well
aligned with the fiber’s core and has
the same amplitude and phase distrib-
ution as the fiber’'s mode profile,then
the launched mode will carry the en-
tire incident optical power into the
fiber. In general ,however, the focused
spot is neither perfectly matched to
the fiber’s mode, nor is it completely
aligned with the core. Under these cir-
cumstances, only a certain fraction of
the incident optical power will be
launched into the fiber. The numerical
value of this fraction, commonly re-
ferred to as the coupling efficiency,
will be denoted by r throughout this
article.

It is well-known that the strength
of the launched mode may be com-
puted by evaluating the overlap inte-
gral between the mode profile and the
(complex) light amplitude distribu-
tion that arrives at the polished facet
of the fiber.1-® The problem of com-
puting the coupling efficiency m is
thus reduced to determining the light
amplitude distribution immediately
in front of the fiber. In what follows,
we will evaluate the performance and
tolerances of three different lenses de-
signed for coupling a collimated beam
of light into a single-mode fiber.

Radial GRIN lens

The first lens to be studied is a radial
gradient-index (GRIN) lens, shown
schematically in Fig. 1. This lens has
plane surfaces on its front and rear
sides, which may be antireflection
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Figure 1. Radial gradient-index (GRIN) lens designed to focus a
collimated beam of light into a single-mode fiber attached to its
rear facet.In our simulations the lens diameter ¢ = 3.0 mm, length
L = 7.89 mm. The single-mode silica glass fiber has a Gaussian
mode profile whose diameter at the 1/e? intensity point is 10 m.
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Figure 2. Cross-sectional plots of (a) intensity, (b) log_intensity, (c)
phase of a A = 1.55 pum beam arriving at the entrance facet of the
GRIN lens of Fig. 1. The intensity distribution is Gaussian, having
Drwiim = 589N = 0.912 mm, and full-aperture diameter D = 1500\
=2.325 mm.The Poynting vector distribution S(x, y)—representing
geometric-optical rays—is readily computed from the beam pro-
file. Frames (d)-(f) show the x-y-, z-components of the Poynting
vector, namely, S,(x,Y), S,(x, ¥), S,(x,¥). In (d) the values of S, range
from -0.18 to +0.39. Similarly, S, in (e) ranges from -0.22 to +0.32,
and S, in (f) ranges from 0 to 100 (black = minimum, white = max-
imum).
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Figure 3. Method of computing the light-amplitude-distribution
at the focal plane of the GRIN lens.Ray-tracing begins at the en-
trance facet,and continues through the focal plane to the destina-
tion plane, which is in the far field of the focused spot.At the des-
tination plane the traced rays are used to construct the emergent
wavefront,which is subsequently back-propagated (using the far-
field or Fraunhofer formula of the classical diffraction theory) to
the focal plane at the exit facet of the GRIN lens.

coated to reduce ordinary reflection
losses at both facets. The lens diam-
eter ¢ = 3.0 mm, its length L =
7.89 mm, and its refractive index
profile n(r) = ny[1 - q (r/ra)%,
where n, = 1.5901, g = 0.04455, .
= 1.5 mm. The lens is permanently
affixed to a single-mode fiber whose
guided mode diameter (at the 1/e?
intensity point) is 10 pm.

A collimated Gaussian beam,
having radius r,, (at the 1/e2 intensi-
ty point) and some wavefront aber-
ration, is incident on the front facet
of the lens.Figure 2, top row, shows
cross-sectional plots of intensity,
log_intensity, and phase for this
N = 1.55 wm beam arriving at the
entrance facet of the GRIN lens. The
intensity profile has r, = 500\,
full-width—at—half-maximum-in-
tensity diameter Dpyyyy = @ In2r,
= 0.912 mm, and full-aperture di-
ameter D = 2.325 mm. The Poynt-
ing vector distribution (represent-
ing geometric-optical rays) in the
cross-sectional plane of the beam is
computed, and its x-, y-, z-compo-
nents are shown in Figs.2(d)-(f).

Method of computation

With reference to Fig. 3, we describe
a method of computing the (com-
plex) light amplitude distribution at
the focal plane of the lens. From the
incident beam profile we derive a
large number of rays (i.e., Poynting
vectors) for subsequent tracing
through the system. Ray-tracing be-
gins at the entrance facet of the
GRIN lens, and continues through
the focal plane to the destination
plane, which is in the far field of the
focused spot. Note that, after tra-
versing the GRIN lens, the rays
emerge into a homogeneous medi-
um of refractive index n = 1.5; this
region is intended to simulate the
medium of the fiber (ignoring the
slight difference between the core
and cladding indices). At the desti-
nation plane the traced rays are
used to construct the wavefront of
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the emerging (divergent) beam.
This wavefront is then propagated
backwards, to the focal plane of the
GRIN lens (which is located at its
exit facet), where the focused spot’s
diffraction pattern is computed.
The reason for tracing the rays all
the way to the destination plane (in
the far field of the focused spot),
constructing the wavefront, then
back-propagating to the focal plane
is that geometric-optical ray-tracing
does not yield valid results when the
rays terminate in focal (or caustic)
regions.

Figure 4 shows the results of two
different computations for the inci-
dent beam depicted in Fig. 2.Shown
are the intensity and phase distribu-
tions at the focal plane of the GRIN
lens of Fig. 3. The incident wave-
front is initially converted to a set of
geometric-optical rays, using the as-
sociation between a ray and the lo-
cal Poynting vector of the electro-
magnetic field. In Figs. 4(a, b) the
incident rays are traced directly to
the focal plane, and the emergent
wavefront has been constructed
from the traced rays. In Figs.4(c,d)
the rays are traced from the en-
trance facet to the destination plane
(see Fig. 3), at which point the
emergent wavefront is constructed.
This wavefront is subsequently
back-propagated to the rear facet of
the lens using the far field (Fraun-
hofer) diffraction formula. Since the
incident beam in this particular ex-
ample is highly aberrated, the two
methods of calculation yield similar
results. As a general rule, however,
the incident rays should not be
traced to the vicinity of the focal
plane, where, due to significant ef-
fects of diffraction, geometric-opti-
cal methods are inadmissible.

Effect of beam tilt and
wavefront curvature

Figure 5 shows cross-sectional plots
of intensity, log_intensity, and phase
for a A = 1.55 wm Gaussian beam
arriving at the entrance pupil of the
GRIN lens of Fig. 3. The incident
beam’s FWHM and full-aperture di-
ameters are Dy = 0.639 mm and
D = 2.17 mm, respectively. The
phase plot in Fig. 5(c) contains 2\ of
linear distortion (corresponding to

Figure 4. Using two different methods, the intensity (left) and
phase (right) distributions at the focal plane of the GRIN lens of
Fig.3 have been computed for the incident beam shown in Fig.2.
In (a) and (b) the incident rays are traced directly to the focal
plane, and the emergent wavefront is constructed from traced
rays.In (c) and (d) the rays are traced from the entrance facet of
the lens to the destination plane, where the emergent wavefront is
constructed and subsequently back-propagated to the focal plane
(i.e., rear facet) of the GRIN lens.
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Figure 5.Plots of (a) intensity, (b) log_intensity,and (c) phase of a
N\ =155 wm Gaussian beam arriving at the entrance facet of the
GRIN lens.The beam has FWHM diameter Dy = 0.64 mm,
full-aperture diameter D = 2.17 mm, 2\ of linear distortion (i.e.,
0.16° of tilt),and 3\ of Seidel curvature (i.e., R, » 127 mm).

Figure 6. Plots of (a) intensity, (b) log_intensity, and (c) phase of
the emergent beam at the destination plane, located 2.0 mm be-
yond the exit facet of the GRIN lens of Fig.3.Since the beam is
highly divergent at this point, its curvature phase-factor (R, =
2.046 mm) has been subtracted from the phase plot.
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Figure 7. Plots of (a) intensity, (b) log_intensity, and (c) phase of
the focused spot at the rear facet of the GRIN lens of Fig.3.To
compute these distributions,the beam displayed in Fig.6 has been
back-propagated a distance of 2.0 mm (i.e..from the destination
plane to the rear facet of the GRIN lens).

0.16° of tilt), and 3\ of Seidel curva-
ture (corresponding to a radius of
curvature R » 127 mm). After trac-
ing the incident rays to the destina-
tion plane (located 2.0 mm away from
the exit facet of the GRIN lens, within
a homogeneous medium of refractive
index n = 1.5) we obtain the plots of
intensity, log_intensity, and phase dis-
played in Fig. 6. The emerging beam
at the destination plane is divergent,
and its curvature phase-factor (R, =
2.046 mm) has been subtracted from
the phase plot in Fig. 6(c). For the full
aperture of the incident beam (D =
2.17 mm), the emergent beam diame-
ter of 0.86 mm at the destination
plane represents a divergence cone
angle 6 » 24.3°, yielding an effective
numerical aperture NA = n sin(6/2)
» 0.32.

When the light amplitude distri-
bution of Fig. 6 is back-propagated
(from the destination plane to the
rear facet of the GRIN lens), one ob-
tains the focused spot distribution
shown in Fig. 7. These cross-sectional
plots show intensity, log_intensity,
and phase of the focused beam at the
rear facet of the GRIN lens. The
9.2 pm shift of the beam center away
from the center of coordinates is a
consequence of the 0.16° tilt of the in-
cident beam. Also, the 3\ curvature of
the incident beam is seen to have re-
sulted in a substantial enlargement of
the focused spot.

Effect of beam size
and astigmatism

Figure 8 shows plots of intensity (left
column), log_intensity (middle col-
umn), and phase (right column) at
the rear facet of the GRIN lens of
Fig. 3 under three different condi-
tions. In the first row, the assumed in-
cident Gaussian beam is fairly large
(Dewim = 1.37 mm, full aperture
D = 3.0 mm), and has no aberrations.
The focused spot,however, is degrad-
ed by spherical aberration and by
~105 wm of defocus, both of which
are consequences of the large diame-
ter of the incident beam. (The GRIN’s
parabolic index profile is not opti-
mum for diffraction-limited focusing
at large aperture, nor is the selected
length of the lens appropriate for
wide-aperture applications, where the
best focus is found to be inside the
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Figure 8. Plots of intensity (left),log_intensity (middle),and phase (right) at
the rear facet of the GRIN lens of Fig.3.(Top row) Incident beam diameters
Dewim = 1.37 mm, D = 3.0 mm,no aberrations other than the spherical aber-
ration and -105 wm of defocus introduced by the lens itself.(Middle row) In-
cident beam diameters Dpypyy = 0.365 mm, D = 2.17 mm, no aberrations.
(Bottom row) Same as the middle row, except for the presence of 4\ of Sei-
del astigmatism (i.e.,cylinder) on the incident wavefront.
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Figure 9. Characteristics of the GRIN lens of Fig.1,computed for a A = 1.55
m incident Gaussian beam.(a) Dependence of the coupling efficiency 1 on
the FWHM diameter of the incident beam;optimum diameter is ~365 wm.
(b) Dependence of 1 on incident beam decenter relative to the optic axis. (c)
Variation of m with incident beam tilt.(d) Effect onm) of Seidel curvature (i.e.,
defocus);the horizontal axis depicts the departure of the wavefront at the
edge of the beam, where the assumed beam’s full-aperture diameter is
D =217 mm.In (b),(c),and (d) the incident beam has Dgyyy = 365 m.

lens.) The large NA of the lens is responsi-
ble for the poor efficiency of coupling into
the fiber obtained in this case (n » 27%).

The second row of Fig. 8 shows profiles
of the focused spot for a smaller incident
beam, having Dgyypm = 0.365 mm, D =
2.17 mm, and no aberrations. This fo-
cused spot is well matched to the fiber’s
mode profile, yielding a large coupling ef-
ficiency (n » 99%). Finally, the third row
of Fig. 8 shows the focused spot profile
computed for the same incident beam as
above (Dpyum = 0365 mm, D =
2.17 mm), to which 4\ of Seidel astigma-
tism (i.e., wavefront cylinder) has been
added. Astigmatism reduces the computed
coupling efficiency to n » 69%.

Tolerance for beam decenter, tilt,
and defocus

We computed the coupling efficiency (into
a single-mode fiber) of the GRIN lens of
Fig. 1 for an incident Gaussian beam as
function of the beam diameter Dgyym-
From these results the optimum beam size
that yielded the largest 1 was identified.
Subsequently, we studied tolerances of the
lens (at the optimum beam size) by com-

puting m as function of the incident beam
decenter, tilt, and wavefront curvature
(i.e., defocus). These results indicate the
sensitivity of the lens-fiber module to
alignment errors.

Figure 9 shows the various perfor-
mance curves of the GRIN lens of Fig. 1.
Shown in Fig. 9(a) is a plot of m versus
Drwiums the optimum beam diameter is
seen to be ~ 365 wm. The remaining
frames in Fig. 9 are computed at this opti-
mum beam size. Figure 9(b) shows the
sensitivity of m to beam decenter. Note
that a decenter of ~250 p.m is sufficient to
reduce m by about 50%. The plot of ) ver-
sus beam tilt in Fig. 9(c) shows that a 0.15°
tilt can reduce my more than tenfold.Final-
ly, Fig. 9(d) shows that a few waves of Sei-
del curvature (i.e., defocus) can substan-
tially reduce the efficiency of coupling into
the fiber.

Plano-aspheric lens

Another design for a lens that can launch a
collimated beam into a single-mode fiber
is the plano-aspheric aplanat depicted in
Fig. 10. This lens is designed to bringax =
1.55 wm beam to diffraction-limited focus

at its rear facet, a plane facet to which the
fiber is attached. The lens has diameter
¢ = 3.0 mm, length L = 5.8826 mm, and
refractive index n = 1.673286. The asphere
parameters are: R, = 2.367 mm, K =
-0.66723, A, = 291125 x 1073, Ay =
252286 x 104, and Ag = 2.93078 x 10°°.
Figure 11(a) shows the dependence of n
on incident beam diameter. Clearly, maxi-
mum efficiency is achieved at Dpyym
~ 411 pm.Figure 11(b) shows the depen-
dence of v on beam decenter, when the in-
cident beam diameter is fixed at its opti-
mum value of 411 pm. Similarly, sensitivi-
ty to tilt at the optimum beam size is
shown in Fig. 11(c), and the dependence
of m on Seidel curvature is shown in
Fig. 11(d). A comparison of Fig. 9 with
Fig. 11 shows that the GRIN lens is nearly
as good as the plano-aspheric lens, at least
as far as the particular alignment toler-
ances studied here are concerned.

Plano-convex lens made

of Gradium™ glass

Lenses made from Gradium™ glass have a
refractive index gradient along their optic
axis. Although this type of index gradient
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Figure 10.Plano-aspheric lens, having diameter ¢
= 3.0 mm, length L = 5.88 mm, and refractive index
n = 1.673286.The single-mode fiber is attached to
the rear facet of the lens.
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Figure 11. Characteristics of the plano-aspheric
lens of Fig.10,computed for a A = 1.55 pum inci-
dent Gaussian beam.(a) Dependence of 1 on the
FWHM diameter of the incident beam; optimum
diameter is ~ 411 m.(b) Dependence of m on
incident beam decenter relative to the optic axis.
(c) Variation of m with incident beam tilt.(d) Effect
on m of Seidel curvature (i.e.,defocus);the hori-
zontal axis depicts the departure of the wavefront
at the edge of the beam, where the assumed
beam’s full-aperture diameter is D = 2,17 mm.
In (b),(c),and (d) the incident beam has Dpypy =
411 pum.
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Figure 12. (a) Plano-convex lens made of Gradi-
um™ glass is used to focus a collimated beam of
light into a single-mode fiber.The front facet of the
lens is spherical,having R, = 3.715 mm,and the fo-
cal point is 3.535 mm beyond the rear (plane) facet
of the lens.(b) The lens is fabricated by polishing
into spherical shape one end of a cylindrical rod
cut from a slab of Gradium glass.(c) Index profile
of G14SF Gradium™ glass at A = 1.55 um.The re-
fractive index is highest at the front vertex, de-
creasing nonlinearly with z as one mo ves toward
the plane facet of the lens.When the same lens is
made of homogeneous glass of refractive index n =
1.7, the focal point shifts by about 30 wm to the
right, and the spherical aberration increases slightly.

does not by itself produce focusing power,
it has the ability to correct aberrations and
field curvature introduced by curved sur-
faces.

A plano-convex lens made of Gradi-
um™ glass for focusing a collimated beam
into a fiber is shown in Fig. 12. The vari-
ous lens parameters are: R, = 3.715 mm,
¢ =2.6 mm,L=29mm,Gradium™ glass
= Gl4SF, 24 = 5.8 mm, and Az =
2.85 mm. The focal point is a distance of
3.535 mm beyond the plane facet of the
lens. For this lens, the dependence of n on
beam size as well as its sensitivity to mis-

alignments are shown in Fig. 13. The
largest m is attained at Dpyyyp ~ 593 M.
At this optimum beam size the amount of
decenter that results in 50% reduction of
1 is~ 420 wm, and the beam tilt that caus-
es a50% drop inm is ~ 0.045°. The depen-
dence of m on wavefront curvature may be
seen inFig. 13(d).

We also computed the various perfor-
mance curves for a plano-convex lens sim-
ilar to that depicted in Fig. 12, but made of
homogeneous glass (n = 1.7) instead of
the Gradium™ material. The focal point
of this homogeneous plano-convex lens
was found at 3.565 mm beyond its plane
facet, namely, its focal length is ~30 pm
greater than that of the Gradium lens.
Once again the optimum beam size was
found at Dpyypm ~ 593 pm. The other
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Figure 13. Characteristics of the plano-convex
Gradium™ lens of Fig. 12, computed for a
N\ =155 pm incident Gaussian beam.(a) Depen-
dence of m on the FWHM diameter of the inci-
dent beam; optimum diameter is ~ 593 wm. (b)
Dependence of 1 on incident beam decenter rel-
ative to the optic axis.(c) Variation of m with inci-
dent beam tilt.(d) Effect on m of Seidel curvature
(i.e.,defocus);the horizontal axis depicts the de-
parture of the wavefront at the edge of the beam,
where the assumed beam’s full-aperture diameter
is D = 2.17 mm. In (b), (c), and (d) the incident
beam has Dy = 593 um.

characteristics of the lens were also very
similar to those of the Gradium™ lens. Ap-
parently, the use of Gradium™ glass in this
particular application does not result in
any substantial improvements.
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