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Abstract: Fiber tapers provide a way to rapidly measure the spectra of many types of optical
microcavities. Proper fabrication of the taper ensures that its width varies sufficiently slowly
(adiabatically) along the length of the taper so as to maintain single spatial mode propagation. This
is usually accomplished by monitoring the spectral transmission through the taper. In addition
to this characterization method it is also helpful to know the taper width versus length. By
developing a model of optical backscattering within the fiber taper, it is possible to use backscatter
measurements to characterize the taper width versus length. The model uses the concept of a
local taper numerical aperture to accurately account for varying backscatter collection along the
length of the taper. In addition to taper profile information, the backscatter reflectometry method
delineates locations along the taper where fluctuations in fiber core refractive index, cladding
refractive index, and taper surface roughness each provide the dominant source of backscattering.
Rayleigh backscattering coefficients are also extracted by fitting the data with the model and
are consistent with the fiber manufacturer’s datasheet. The optical backscattering reflectometer
is also used to observe defects resulting from microcracks and surface contamination. All of
this information can be obtained before the taper is removed from its fabrication apparatus. The
backscattering method should also be prove useful for characterization of nanofibers.
© 2017 Optical Society of America
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1. Introduction

Over the last decade a remarkably wide range of new research areas and applications have
emerged that rely upon high-quality-factor optical microcavities [1, 2]. These include frequency
microcombs [3, 4] including soliton mode-locked microcombs [5–7], nonlinear parametric
and stimulated oscillators [8–11], harmonic generation [12], Brillouin signal processing [13]
and cooling [14], cavity optomechanics [15–19], studies of physical symmetry [20,21], cavity
quantum electrodynamics [22, 23], sensing [24–27], optical gyroscopes [28, 29], and reference
cavities [30–32]. Rapid prototyping and testing of both discrete and monolithic resonators in the
laboratory frequently make use of fiber tapers for optical coupling [33–35]. Beyond rapid testing,
this method provides controllable loading of the resonator by variation of a coupling air gap [34],
which is often essential to understand performance optimization. Tapers are also intrinsically fiber
compatible so that their interface with pump lasers, detectors and spectrometers is straightforward.
Outside of their use in microresonator research, fiber tapers and the closely-related optical
nanofiber are applied to trap atoms [36, 37], for supercontinuum generation [38, 39], and in
sensing applications [40, 41]. The methods developed here should also prove useful in these
applications.

A properly fabricated fiber taper can readily achieve both critical and over-coupled operation
with high ideality [34, 35, 42, 43]. Ideal tapers have two key features. First, they are nearly
single mode near the region at which optical coupling to the resonator will occur. Second, they
maintain propagation in a single spatial mode as the fiber profile is reduced from a width of
125 microns (for SMF-28 fiber) to a width of around 1 micron. This latter adiabatic condition
requires that the taper width varies slowly along its length [44, 45]. The adiabatic condition can
be tested by measuring coupling ideality [35] or monitoring the spectral transmission through the
taper [34, 43].
This work studies the application of optical backscatter reflectometry (OBR) to characterize

the width versus length of fiber tapers. Instead of using an optical microscope (limited spatial
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resolution) or a scanning electron microscope (potential taper damage risk) for point-wise profile
examination, it is shown that modeling combined with the OBR data can extract the taper profile
with good accuracy (within 20% of the width profile obtained by measurement using an SEM).
The OBR data also provide information on imperfections along the taper. Significantly, the
method is nondestructive and can be applied while the taper is within its fabrication assembly.
It is therefore useful when developing a taper pulling schedule, when using a new fiber type
for taper fabrication, in verifying taper pulling reproducibility and for identification of defects
and contamination. It is possible to discern distinct regions where the optical mode propagates
primarily within the fiber core, the fiber cladding and finally the taper waist region. Rayleigh
scattering coefficients are also extracted using the backscattering model [46, 47] and the inferred
values are consistent with the scattering coefficients of the fibers.

In the following sections, example OBR measurements are presented and compared with the
corresponding taper width versus length profiles obtained by scanning electron microscopy. The
model used to infer taper profile information from backscatter data is then developed. Finally, the
model is applied in combination with OBR data to study several tapers.

2. Taper fabrication and measurement

(a)

(b)

(c)

(d)

Fig. 1. Taper width versus position measurement and OBR measurement. (a) A composite
image is presented for a fiber taper. The image was produced by stitching together a series
of scanning electron microscope (SEM) images as described in the text. The black vertical
lines in the image are 1 mm tick marks on a metal ruler and provide a reference used to
construct the image. The scale factors for the vertical and horizontal axes are different and are
provided in the legend. (b) Width versus position profiles measured on two different tapers
are presented. The tapers were fabricated under the same conditions and measured using
the SEM method in panel (a). (c) OBR data for the two tapers in panel (b). The consistency
between taper profiles and scattering traces verifies the reproducibility of the fabrication
system. (d) Four sets of OBR data taken using one taper illustrate the consistency of the
OBR measurement.
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To fabricate a taper, the plastic jacket is removed along a section of SMF-28 fiber and the two
ends of the exposed glass fiber are attached to fiber holders in a chuck. The holders are free to
slide under the control of motorized translation stages. The exposed fiber is heated with a ceramic
microheater and the motorized stages gradually pull the fiber at a speed of approximately 0.2
millimeters per second. The taper waist width is adjusted by either changing the pulling length or
by varying the temperature of the microheater. After fabrication, the taper is left in its fabrication
apparatus and backscatter characterization is performed at room temperature.
A scanning electron microscope (SEM) is used to image the taper profile as shown in Fig.

1(a). The image is a composite of a series of scans. The vertical and horizontal scales in the
image are different (see scale bars in legend). To construct the image, a fiber taper is mounted
on a metal ruler with 1 mm tick spacings. The ruler then functions as a reference to combine
the SEM images together. Using such images recorded for two tapers, width versus position
plots were constructed in Fig. 1(b). The plots closely match and verify the reproducibility of the
taper fabrication system. The vertical scale is logarithmic and also shows that (away from the
taper waist region) the taper width varies exponentially over a wide range of the taper length.
This behavior is expected on account of a well defined softened region of glass produced by the
heater [43]. The narrow region of the taper has a length of only a few millimeters in the present
work. However, the backscatter method should also be able to characterize structures having
longer waist regions.

Backscatter reflectometry was performed using a LUNA OBR 4400. This instrument measures
backscatter strength versus position using the frequency domain method. Optical frequency
domain reflectometry uses swept-frequency coherent interferometry to measure a device under
test [48–51]. In the instrument the laser center wavelength is nominally 1566 nm and the laser
sweeping bandwidth is 88 nm. The highest spatial resolution setting along the propagation
direction is 10 microns. OBR sweep signals are presented in Fig. 1(c) measured using the two
tapers from Fig. 1(b). The signals show a high level of consistency. In addition, four OBR sweep
traces performed on a single taper are shown in Fig. 1(d) to verify the repeatibility of the OBR
measurement.

3. Backscatter signal model

Refractive-index fluctuations in the glass [52–54] and surface-roughness scattering in the taper
waist region are the dominant sources of scattering. The resulting backscattered light must be
collected by the fiber waveguide so as to be guided to the OBR instrument. The collection
efficiency for this process has been analyzed for single-mode optical fiber [46] and depends
upon the local mode field diameter. Fiber waveguides with smaller mode field diameters are
more efficient in collecting the backscattered light, because they have a larger numerical aperture.
The taper adiabaticity condition makes it possible to introduce a local backscatter collection
efficiency (effectively, there is a local numerical aperture). The collection efficiency results
originally developed for standard optical fiber can then be applied to a fiber taper where the mode
field diameter is slowly varying.
To further explore the backscattering process, the simulated intensity profile of an HE11

mode [55] along a taper is provided in Fig. 2. Comparing the profile with the measured
backscatter data in Fig. 1(c), the initial backscatter level in Fig. 1(c) is determined by the refractive
index fluctuations of the SMF-28 fiber core region. As the core tapers down in width, there is
an initial reduction in the backscattering level that accompanies the expansion of the optical
mode into the surrounding glass cladding region. This reduction is expected on account of
the reduced optical backscattering collection efficiency with increasing mode field diameter
(i.e., reduced local numerical aperture). Then, when the taper width is less than 50 microns,
increasing confinement provided by the glass-air interface boosts the backscattering collection
efficiency. Since the mode field now extends well outside of the fiber core, the backscattering
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Fig. 2. Illustration showing a fiber taper with a HE11 mode profile superimposed. The blue
planes give the energy density profiles associated with the transverse polarization. Initially
in region A, light is confined in the core region and the fluctuations in refractive index of
the core dominate the scattering process. In region B, the taper width is reduced to tens of
microns and a substantial portion of the optical power is propagating within the cladding
region. Here, the refractive-index fluctuations of the cladding dominate the scattering process.
Region C occurs around the taper waist where the surrounding air functions as the cladding
and the taper surface roughness dominates the scattering process.

signal in this region is dominated by refractive index fluctuations within the fiber cladding. Finally,
when the taper width is around 3-4 microns the glass-air interface scattering becomes dominant.
Despite the relatively small cross-sectional area presented by surface roughness fluctuations in
comparison to the cladding density fluctuations, the large difference in the refractive index of air
and dielectric increases the strength of the surface scattering [56, 57]. To connect backscattering
power to taper width versus position, it is in principle possible to construct a look-up table
based on taper calibrations. However, a model of backscattering has several advantages over
such an empirical method. First, the model provides a physical understanding of the behavior
observed in the taper backscattering signal. Second, it provides quantitative values for Rayleigh
scattering coefficients associated with core, cladding and surface scattering. Finally, these
Rayleigh coefficients provide reference data that serve to monitor the taper fabrication process
over time (e.g., surface smoothness of the waist region).

The above physical picture of scattering motivates a model for normalized backscatter power
per unit length. The contributions to backscattering from the core, cladding and taper surface are
described by three terms in Eq. (1) below. Details on the derivation are provided in the Appendix.
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Fig. 3. Calculation of the parameters σcore, σclad and η in Eq. (1) versus the taper width
w. The calculations used a finite element method solver. The effective index, neff , is also
presented. For the narrowest taper widths neff approaches unity, the index of air, while at
the largest widths it has the index of the SMF-28 fiber used to prepare the fiber taper. The
wavelength assumed is 1566 nm and SMF-28 parameters are:wclad = 125µm,wcore = 8.2µm,
ncore = 1.4682, nclad = 1.4631.

1
Pin

dPOBR(w(z))
dz

= αcoreσcore(w(z)) + αcladσclad(w(z)) + βη(w(z)) (1)

where Pin is the total input power to the taper and dPOBR(w(z))/dz is the backscattered power per
unit length at taper position z with w(z) the width of the taper at position z. αcore and αclad are the
Rayleigh scattering coefficients in the core and cladding regions, respectively. β is the Rayleigh
surface scattering coefficient at the taper-air interface (see Appendix). These parameters are
determined by fitting to the OBR data. σcore and σclad are related to backscattering contributions
in the core and in the cladding respectively. η is related to backscattering contributions at the taper
glass-air interface. These parameters account for cross sectional variations of the core, cladding
and surface as well as the local coupling efficiency of the scattered light into the taper guided
mode. Their forms follow from the analysis for backscattering in standard optical fiber [46]:

σcore,clad ≡
3λ2

8πn2

∫
core,clad | ®E(®r)|

4dS(∫
all | ®E(®r)|2dS

)2 (2)

η ≡ 3λ2

8πn2

∮
interface | ®E(®r)|

4dl(∫
all | ®E(®r)|2dS

)2 (3)

where each integration is performed at a specific width w(z) along the fiber taper. λ is the center
wavelength of the OBR laser scan, and n is the fiber refractive index (small differences in core and
cladding regions are neglected). The analysis leading to these forms is provided in the Appendix.
A key assumption made in the analysis is that powers from distinct, random scatterers are added
to compute the total scattered power. This is equivalent to assuming that the correlation length
for scattering centers is much smaller than the optical wavelength. A finite element solver is used
to calculate σcore, σclad and η as a function of the taper width, w. The results are shown in Fig. 3.
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Because, as noted above, the backscatter signal is generated using a wavelength sweep over 88
nm centered at 1566 nm, it is important to check the wavelength dependence of the parameters in
Fig. 3. It is found that there is a negligible variation in their values relative to the scale of signal
variations in the measurement.

In the analysis, it is assumed that the taper maintains a circular cross section and that the ratio
of core width to taper width is constant along the taper. Moreover, the statistical properties of
the scatterers within the core and cladding regions are assumed to be uniform in each region.
Also, scattering centers at the glass-air interface are assumed to be spatially uniform in their
statistical properties. These assumptions mean that αcore, αclad and β are treated as constants
and, based on the analysis [46, 47], are expected to be intensive quantities. Finally, an additional
assumption is that the attenuation of the input power along the length of the taper is so weak that
the propagating power along the length of the fiber taper can be treated as constant.
An additional effect must be added to the model on account of the effective index variation

along the length of the fiber taper as its width varies. In performing a conversion of time delay
into distance, the OBR system assumes that the effective index is a constant over the length of the
optical fiber (in this case SMF-28). However, since the effective refractive index decreases as
taper width decreases, light propagates faster within the taper region and this causes the OBR to
detect the signal earlier and thereby incorrectly compute a scattering location too close to the
OBR instrument. Accordingly, a location zOBR given by the following equation is computed by
the instrument, ∫ z

0
neff(w(z′))dz′ = nOBRzOBR (4)

where neff(w(z)) is the taper effective index at location z and nOBR is the effective index assumed
by the OBR instrument. Given a taper profile w(z) and using the neff(w) from Fig. 3, it is possible
to convert z into zOBR (z → zOBR) using the above equation. Also, because the OBR signal is a
relative scattering per unit length in zOBR units, the form of the left hand side of Eq. (1) in units
measured by the OBR instrument is the following:

dPOBR
dz

=
dPOBR
dzOBR

dzOBR
dz

= ncorr(w)
dPOBR
dzOBR

(5)

where the corrected refractive index factor is defined as,

ncorr(w) =
neff(w)
nOBR

(6)

Therefore, in calculating the instrument measured OBR signal, both the position correction
provided by Eq. (4) and the scaling correction of Eq. (1) given in Eq. (5) must be used.

Eqs. (1)-(6) allow three distinct calculations to be performed that are illustrated schematically
in the Fig. 4 flow charts.

Calculation I [blue arrows in Fig. 4(a)]: This calculation computes the (αcore, αclad, β) scattering
coefficients. A taper profile is measured (w(z)) and used to calculate neff , σcore, σclad and η as a
function of z by applying results in Fig. 3. These results are used to map z into zOBR using Eq.
(4). Equation (1) (in the measured zOBR-units provided by Eq. (5)) is then fit to the experimental
backscatter data. The result of this fitting is a set of (αcore, αclad, β) constants. To ensure consistent
values for (αcore, αclad, β) the fiber type used to fabricate the taper should not be varied. Also,
although the taper profile can be varied, such things as the annealing schedule and furnace
temperature should be maintained constant so as to ensure similar density fluctuations in the
glass [58, 59].

Calculation II [orange arrows in Fig. 4(a)]: This calculation uses a measured taper profile and
existing (αcore, αclad, β) coefficients to predict an OBR trace for a given taper. A taper profile is
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Fig. 4. Flow charts illustrating three distinct taper-related calculations that are possible. (a)
Calculation I (blue): a known taper profile is combined with OBR data to determine fitting
parameters (αcore, αclad, β). Calculation II (orange): a known taper profile is combined with
average fitting parameters (ᾱcore, ᾱclad, β̄) to predict an OBR signal. (b) Calculation III: an
OBR signal is combined with average fitting parameters (ᾱcore, ᾱclad, β̄) to determine a taper
profile. This particular measurement is performed in a piecewise fashion on regions where
the OBR signal monotonically varies with taper length.

first measured (w(z)) and used to calculate neff , σcore, σclad and η as a function of z by applying
the results in Fig. 3. Conversion of z → zOBR is performed as in Calculation I. These results are
then combined with the existing (αcore, αclad, β) constants to predict an optical backscatter signal
using Eq. (1). Averaged constants (ᾱcore, ᾱclad, β̄) obtained by measuring several tapers can be
used to improve accuracy.

Calculation III [green arrows in Fig. 4(b)]: A third calculation is to determine an unknown taper
profile, w(z), from OBR data and averaged scattering coefficients (ᾱcore, ᾱclad, β̄) obtained using
other tapers having different profiles. Because the taper width is not a one-to-one function of the
OBR signal as shown in Fig. 1(b) and Fig. 1(c), it is convenient to perform this calculation in a
piecewise fashion within specific taper regions where the OBR signal varies monotonically with
length. A taper whose profile (w(z)) is to be determined is characterized to obtain its OBR signal
versus zOBR. When restricted to the piecewise regions noted above, each OBR data point maps
uniquely into a w value using Eq. (1) (corrected using the scaling in Eq. (5)) in conjunction with
Fig. 3. This establishes the function w(zOBR) since the OBR instrument provides the OBR signal
versus zOBR. Using Eq. (4), it follows,

dzOBR
dz

= ncorr(w(zOBR)) (7)

from which the conversion of OBR position to actual position (zOBR → z) can be computed as
the following integral,

z =
∫ zOBR

0

dz′OBR
ncorr(w(z′OBR))

(8)

This, in turn, allows w(zOBR) to be converted into the actual taper profile w(z). For tapers having
widths < 800nm, the taper waist region must be separated in the piecewise analysis since the
OBR signal once again becomes multi-valued (see σcore, σclad and η curves in Fig. 3).
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Table 1. Rayleigh Scattering Coefficients of Different SMF-28 Tapers Pulled at 1660◦C

Taper Number Waist Width (µm) αcore (10−6/m) αclad (10−6/m) β (10−9)

1a 0.49 45.2 81.3 4.39
2a 0.90 51.2 75.0 3.69
3a 1.02 40.9 87.1 3.94
4a 1.05 37.1 90.8 3.46
5a 1.34 49.2 95.2 3.47
6a 1.74 45.5 67.4 4.85

Average 45 ± 5 (11%) 83 ± 10 (12%) 4.0 ± 0.6 (15%)

(a) (b)

Fig. 5. Predicted OBR signal is compared with actual OBR data. (a) OBR data from taper
2a in Table 1 is plotted versus taper position relative to the taper waist at one end of the
taper. The data are compared with the prediction based on Calculation II using the average
parameters in Table 1. Also shown are the contributions from the three scattering mechanisms
in Eq. (1). A, B, and C intervals delineated by the dashed vertical lines (see Fig. 2) give
regions in which each mechanism provides the dominant contribution to total scattering. (b)
Averaged parameters from measurements on the 6 tapers in Table 1 are used to predict the
OBR signal measurements (dots) from four tapers (Table I) by using Calculation II (solid
curves). Taper waist widths are provided in the legend. Note that for the smallest taper width,
0.49 µm, the model successfully predicts the reduction in the OBR scattering at the taper
waist qualitatively. Inset: OBR trace over the full length of taper 4a is compared with the
prediction using Calculation II.

4. Determination of taper Rayleigh scattering coefficients (αcore, αclad, β)

The coefficients (αcore, αclad, β) provide information on refractive index fluctuations in the core,
cladding and interface regions. The coefficients can in principle depend upon the oven temperature
and annealing applied during taper fabrication. Assuming that oven temperature and annealing are
not varied, it should not be necessary to remeasure these parameters. In a first test, six tapers were
prepared using SMF-28 optical fiber by pulling at 1660◦C. The oven temperature was inferred
from the manufacturer datasheet and drive current. A range of waist widths was intentionally
produced by adjusting the pulling distance for each taper. OBR data was first measured for each
taper. After this, the taper profiles, w(z), were measured using an SEM as described in Fig. 1.
A weighted-least-squares fitting of Eq. (1) (corrected to zOBR units) to the OBR data is then
performed to extract (αcore, αclad, β) for each taper using Calculation I. The fitting results are
provided in Table 1.
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5. Determination of the optical backscatter signal from w(z)

As a test of the Calculation II method to predict OBR signals from a set of parameters, the
averaged fitting parameters are calculated in the last row of Table 1 and used to compute the
backscatter signal from Eq. (1) for four tapers (1a, 2a, 5a and 6a in Table 1). The computed results
for a single taper are shown in Fig. 5(a). The separate contributions to the overall scattering power
from the three underlying contributions are also plotted. In Fig. 5(b), the computed results for the
four tapers are presented. The agreement between the predicted OBR signal and the measured
signal is reasonable. It is interesting to note that the reduction in the backscatter signal at the
waist of the narrowest taper is correctly predicted by the model using the single set of averaged
fitting parameters. For the narrowest waist width measured, the glass-air interface scattering
drops around this region because of increased propagation in the air.

zOBR is plotted versus z in Fig. 6(a) to illustrate the impact of the varying effective index
on the scattering location as inferred by the OBR instrument. The maximum OBR position
error (difference between propagation in tapered and untapered fiber) ranges from 0.13 mm
(w0 = 1.74µm) to 0.57 mm (w0 = 0.49µm) after only 2 mm of light propagation.

(a) (b)

Fig. 6. (a) The position zOBR calculated from Eq. (4) plotted versus position z for tapers 1a,
2a, 5a, 6a in Table 1. Zero on both axes corresponds to the taper center. The calculated OBR
position error ranges from 0.13 mm (w0 = 1.74µm) to 0.57 mm (w0 = 0.49µm) after 2 mm
of light propagation and is caused by the varying effective index along the taper. The legend
gives the taper waist width and the black dashed line is the case zOBR = z. (b) The taper
width versus position as determined from the OBR signal using Calculation III is plotted for
four tapers from Table I (solid curves). The circles are the taper profiles measured using an
SEM. The taper waist widths are provided in the legend.

6. Determination of w(z) from the optical backscatter signal

To determine the width versus position profile from the OBR signal trace, the OBR traces are
numerically smoothed before analysis to reduce fluctuations. Using the Calculation III procedure,
the taper width versus taper position profiles calculated for four of the tapers in Table 1 are
presented in Fig. 6(b). While the entire taper could be analyzed, the results are presented for one
side of the taper. The inferred taper profiles approximately follow an exponential variation with
length. For comparison, the SEM measured profiles of the four tapers are included as the circles.
The agreement is good. The relative deviation between the taper profile estimated by OBR and
that measured by an SEM is within 20%. A summary of the minimum taper waist widths as
inferred from the OBR measurement and the directly measured waist widths using the SEM is
provided in Table 2. Note that one taper is thin enough (0.49 µm) to exhibit non-monotonic OBR
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behavior near the taper center. Nonetheless, the taper profile is estimated correctly outside this
region.

Table 2. Waist Width Comparison of Tapers Pulled at 1660◦C

SEM Measurement (µm) OBR Estimation (µm) Relative Deviation

0.90 0.93 +3.3%
1.34 1.42 +6.0%
1.74 1.77 +1.7%

7. Variation of fiber type and pulling temperature

To study the effect of pulling temperature and fiber type on these procedures, three additional
SMF-28 fiber tapers were prepared but with the oven temperature set to 1550◦C. Also, three
SM980 fiber tapers were prepared at this oven temperature. OBR and SEM measurements were
performed and calculation I in Fig. 4 was applied to determine the new Rayleigh coefficients
(αcore, αclad, β) shown in Table 3 (note: an SM980 calculation corresponding to Fig. 3 for
SMF-28 was also performed using SM980 fiber parameters: wclad = 125µm, wcore = 5.7µm,
ncore = 1.4499, nclad = 1.4440). Comparing results for the SMF-28 fiber in Table 1 and Table
3, the coefficient ᾱcore is similar in value. On the other hand, when the pulling temperature is
lower the parameter ᾱclad decreases about 40% and β̄ decreases about 20%, suggesting that the
lower temperature pulling reduced the refractive-index fluctuations and surface scattering in the
taper. On the other hand, the values of the SMF-28 and SM980 coefficients ᾱcore, ᾱclad and β̄
in Table 3 for tapers pulled at the same temperature are within the range of the experimental
deviation. This is reasonable since the core and cladding compositions of the two fiber types are
germanium-doped silica and pure silica, respectively. Their scattering properties should therefore
be similar.

Table 3. Rayleigh Scattering Coefficients of Different Taper Types Pulled at 1550◦C

SMF-28
Taper Number Waist Width (µm) αcore (10−6/m) αclad (10−6/m) β (10−9)

1b 0.90 54.7 56.0 3.38
2b 1.25 39.0 49.1 2.96
3b 1.76 48.6 42.2 2.81

Average 48 ± 8 (17%) 49 ± 7 (14%) 3.0 ± 0.3 (10%)

SM980
Taper Number Waist Width (µm) αcore (10−6/m) αclad (10−6/m) β (10−9)

1c 1.37 42.7 52.4 3.18
2c 1.62 36.9 54.3 2.90
3c 2.56 54.7 49.4 3.99

Average 45 ± 9 (20%) 52 ± 3 (6%) 3.4 ± 0.6 (18%)

As a further test, the average coefficients (ᾱcore, ᾱclad, β̄) were used to determine the backscatte-
ring signals of these fibers (Calculation II). Also, Calculation III was applied to determine w(z).
The results are presented in Fig. 7 with comparison to measurements. The relative deviation
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between the SEM measured and the OBR predicted taper profiles in Fig. 7(b) and 7(d) is within
15%. It is interesting to note that the exponential profile observable in the tapers fabricated at
higher temperature is not observed in the tapers fabricated at the lower temperature.

(a) (b)

(c) (d)

Fig. 7. Measured and predicted OBR signals and taper profiles for SMF-28 and SM980 tapers
pulled at 1550◦C. (a) SMF-28 OBR signal traces (dots) and the Calculation II prediction
(solid curve). (b) SMF-28 profiles measured by an SEM (circles) and profiles predicted
using Calculation III (solid curves). (c) SM980 OBR signal traces (dots) and the Calculation
II prediction (solid curve). (d) SM980 profiles measured by an SEM (circles) and profiles
predicted using Calculation III (solid curves). Taper waist widths are given in the legend of
each panel.

8. Other OBR taper measurements

It is interesting to compare the inferred Rayleigh scattering coefficients for the core and cladding
regions of the taper with those computed for the core region of the original (unpulled) optical
fiber. Also, because the dominant loss mechanism is expected to be scattering at the wavelengths
measured, it is possible to infer a Rayleigh scattering parameter by using the fiber manufacturer’s
specified attenuation coefficient. This comparison is made in Table 4 and results are in fairly
close agreement. Here, the Rayleigh coefficient is written as α′ in dB/km attenuation units where
α′(dB/km) = 104(log10 e)α(1/m) [52] and α is the mks-units form in Eq. (1).
Beyond using the OBR analysis to predict the taper profile or to use a taper profile to predict

OBR signals, the backscattering method also provides diagnostic information on taper defects
such as might be caused by dust or micro-cracks. As one example, two back-scattering traces are
recorded using a dusty taper by recording the OBR signal from opposite ends of the taper. The
OBR traces in Fig. 8(a) contain scattering features that mirror one another indicating the presence
of the dust particles. As another example, Fig. 8(b) presents scans of a taper both before and after
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Table 4. Taper Rayleigh Scattering Coefficients Comparison With Optical Fiber

Fiber Type (Temp.) SMF-28 (1660◦C) SMF-28 (1550◦C) SM980 (1550◦C)

α′core (dB/km) 0.20 ± 0.02 0.21 ± 0.03 0.20 ± 0.04
α′clad (dB/km) 0.36 ± 0.04 0.21 ± 0.03 0.23 ± 0.01

OBR Meas. (dB/km) 0.26 ± 0.01 0.23 ± 0.01 0.28 ± 0.01
Data Sheet (dB/km) 0.25 0.25 n.a.∗

*Not provided by manufacturer.

appearance of what is believed to be a microcrack. The microcrack formed under application of
tension to the taper and is accompanied by appearance of a spike-like feature near the backscatter
maximum. As further evidence of the microcrack, a bright scattering point is observed near the
center of the taper when a white LED is shining on the taper region.

(a) (b)

Fig. 8. OBR measurements of dust and microcracks. (a) Backscatter traces produced by
coupling into the right and left ends of a taper are shown. Evidence of dust or defects on
the taper appear as small spikes in the backscatter signal and, as expected, switch sides in
the traces relative to the taper center. (b) Lower trace shows an OBR trace without tension.
Upper trace shows the scan when tension is increased to induce what is believed to be a
microcrack.

9. Conclusion

When combined with modeling, optical backscatter reflectometry provides a way to characterize
the width versus position profile of an optical fiber taper. The OBR signal, itself, also measures
the mode evolution from fiber core to taper waveguiding as it propagates through the taper. The
model developed to fit the data accounts for scattering mechanisms associated with the fiber core
and cladding of the bulk silica glass as well as surface scattering along the narrow portions of the
taper. It also includes the variation of backscatter coupling into the taper guided mode on account
of the varying taper width. Rayleigh scattering coefficients for core, cladding and taper surface
were extracted by fitting the model with the OBR data. The experimentally determined Rayleigh
backscattering coefficients for the core and cladding are consistent with those inferred from
attenuation data in the fiber manufacturer’s datasheet. The OBR method of taper characterization
is nondestructive and can be performed while the taper is within its fabrication system. Moreover,
it can be used to measure defects and contamination. The method also provides a convenient way
to calibrate a taper pulling recipe. The OBR characterization method developed here could be
applied to analyze width variations in chip-integrated waveguides.
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Appendix

For convenience, a short derivation of Eq. (1) is provided in this section based on the analysis
in ref [47]. The taper-guided mode ®En(®r) induces a polarization ®P = ∆ε(®r) ®En = 2εon∆n(®r) ®En

(and a displacement current ®J = iω ®P) through refractive index perturbations ∆n(®r). ∆ε(®r) is the
dielectric permittivity perturbations, εo is the vacuum permittivity, and n is the average dielectric
refractive index. It is assumed that incident light is single frequency (harmonic time dependence).
The fractional amplitude, An, of the propagating mode that scatters into the same spatial mode,
but propagating in the backward direction, can be determined using the approach described in
ref [47] and is given by the following expression,

An =
−

∫
V
®J · ®E∗ndV

2
∫
S
®En · ®H∗ndS

=
−iω

c

∫
V
∆n(®r)| ®En(®r)|2dV∫
all | ®En(®r)|2dS

(9)

where ®Hn is the magnetic field, V is the scattering volume (taper volume) such that the volume
differential dV can be expressed as dV = dSdz where dS is the differential cross-sectional area
and dz is the differential length along the taper axis. In addition, “all” indicates integration over
the infinite cross sectional area.

The fraction of the scattered power that couples into the backward guided mode is the ensemble
average of the magnitude-squared of Eq. (9). If Pin and Ps are the input power (assumed constant
along the taper) and the backscattered power that is coupled into the guided taper mode, then
they are accordingly related by,

Ps =
ω2

c2

∫
V ′

∫
V
| ®En(®r)|2

〈
∆n(®r)∆n(®r ′)

〉
| ®En(®r ′)|2dVdV ′(∫

all | ®En(®r)|2dS
) (∫

all | ®En(®r ′)|2dS′
) Pin (10)

The correlation length of the scattering centers is assumed to be much smaller than the scale of
the wavelength. The correlation function of the refractive index fluctuation is therefore taken as
proportional to a delta-function,〈

∆n(®r)∆n(®r ′)
〉
≡

〈
∆n2〉 Vcδ(®r − ®r ′) (11)

where Vc is the scattering volume [47]. This delta-function correlation eliminates one of the
volume integrations in Eq. (10). Next, by introducing the infinitesimal power dPs(z) that is
scattered from the volume with infinitesimal thickness, dz, the following equation results from
Eq. (10) after simplification using Eq. (11),

dPs(z) =
ω2

c2

〈
∆n2〉 Vc

∫
S
| ®En(®r)|4dS(∫

all | ®En(®r)|2dS
)2 Pindz (12)

In a statistically homogeneous scattering medium, the Rayleigh scattering coefficient, α, can
be related to the refractive index fluctuation

〈
∆n2〉 and average refractive index n [52] as follows,

α =
32π3n2

3λ4

〈
∆n2〉 Vc (13)

Upon substitution in Eq. (12) this gives the result,

1
Pin

dPs(z)
dz

=
3λ2

8πn2α

∫
S
| ®En(®r)|4dS(∫

all | ®En(®r)|2dS
)2 (14)
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By assuming there are distinct scattering regions (i.e., core, cladding, surface) with their own
corresponding Rayleigh coefficients (αi , i ∈ {core, clad, ss}), we replace the above single region
result by a summation over the regional scattering contributions.

1
Pin

dPs(z)
dz

=
3λ2

8πn2

∑
i

αi

∫
Si
| ®En(®r)|4dS(∫

all | ®En(®r)|2dS
)2 ≡

∑
i

αiσi (15)

As an aside, it is a peculiar coincidence that the field integrals involved in σi bear a similarity to
the effective area in nonlinear optics [60] despite the very different physical contexts. The surface
scattering is assumed to be confined to within a small (compared to the wavelength) uniform
thickness (∆t) such that a Rayleigh surface scattering coefficient (β) can be defined from the
Rayleigh scattering coefficient within this surface volume (αss),

3λ2

8πn2αss

∫
ss | ®En(®r)|4dS(∫

all | ®En(®r)|2dS
)2 =

3λ2

8πn2 αss∆t

∮
interface | ®En(®r)|4dl(∫

all | ®En(®r)|2dS
)2 ≡ βη (16)

where,
β ≡ αss∆t (17)
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