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Light-Sheet Skew-Ray Enhanced
Pump-Absorption for Sensing

George Y. Chen , Alexandre François , Xuan Wu, Wen Qi Zhang , Christophe A. Codemard, Haolan Xu ,
Tanya M. Monro , and David G. Lancaster

Abstract—We present a new sensing technique exploiting light-
sheet excitation of skew rays in a multimode fiber, which can be
applied to enhance the sensitivity of a range of sensing mecha-
nisms such as pump absorption. The underlying principle is that a
light sheet (i.e., thin plane of light) can selectively concentrate the
optimum ray group, giving rise to enhanced interaction between
light and matter (e.g., fluorophores). We compared this excitation
method with others in terms of attenuation of pump light through
Rhodamine B. It was observed that the attenuation experienced by
light-sheet skew rays can be up to one order of magnitude higher
than that of collimated skew rays, and three orders of magnitude
higher than that of normal-incidence rays.

Index Terms—Enhancement, light sheet, multimode fiber, pump
absorption, sensing, skew rays.

I. INTRODUCTION

PUMP absorption and fluorescence [1]–[8] are well estab-
lished sensing mechanisms for the detection and quantifica-

tion of biological or chemical measurands for the applications of
healthcare, manufacturing and security. Multimode fibers have
been widely adopted for delivering light and probing local envi-
ronments in evanescent-wave-based bio/chemical sensors, due
to their high simplicity, high robustness and commercial avail-
ability at a low cost. A stronger pump absorption is desirable,
because it increases the sensitivity, and thus improves the detec-
tion limit/accuracy. In response, excitation of high-order modes
in multimode fibers with focused rays or collimated skew rays to
strengthen light-matter interaction have been investigated, but
only led to limited enhancements in pump absorption due to
unoptimized ray groups [9]–[12]. Enhancements up to ∼19 dB
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Fig. 1. Illustration of the different ray types in a cylindrical multimode wave-
guide such as an optical fiber.

relative to normal-incidence rays have been reported from using
rays resulting from using a tilted fiber with focused and centered
rays in a 320 μm core diameter [9]. To increase the evanes-
cent interaction between light and matter (e.g., fluorophores)
for bio/chemical sensing, we present a new sensing technique
based on light-sheet skew rays (LSSR), and compare it with ex-
isting excitation methods in terms of attenuation of pump light
through Rhodamine B. This is an advancement on the sensing
platform comprising low refractive-index coated all-core/rod-
type multimode fibers interrogated by skew rays [13]–[17]. The
aim with LSSR is to tailor the ray groups such that only the
rays with the most sensitive incident angle are used and evenly
distributed along the core-external interface of the sensing fiber
for interacting with fluorophores. This is an inline configuration
based on commercial optics and multimode fibers that can be
highly sensitive, relatively temperature insensitive, and highly
robust.

II. PRINCIPLES

Skew rays do not cross the axis of the waveguide, and are
excited when rays reflect off a curved boundary. They exhibit
two angles relative to the core-cladding interface seen from the
longitudinal and transverse perspectives, as shown in Figure 1.
They are similar to orbital-angular-momentum modes [18],
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except they can be fine-tuned at a lower cost. Skew rays enable a
larger number of total internal reflections (Nr ) than meridional
rays for the same launch angle (θ), as shown in Equation 1 [19],
which can enhance the sensitivity of numerous sensing mecha-
nisms such as optical-confinement absorption, molecular (e.g.,
pump) absorption and fluorescence.

Nr = 1/

([
2R cos θφ

cos θz
+ d

]
· sin θz

)
(1)

where R is the fiber core radius (i.e., cladding is the functional
coating); d is the penetration length per reflection (i.e., Goos–
Hänchen shift); θz = π

2 − sin−1( sin θ
n ) is the angle between the

ray and the normal of the core-cladding interface seen from
the transverse perspective; θφ = π

2 − cos−1( i
N ) is the angle be-

tween the ray and the normal of the core-cladding interface seen
from the longitudinal perspective, which represents skewness; n
is the refractive index of the optical fiber; i represents the frac-
tional step offset from the center of the fiber; and N represents
the total number of steps from the center to the edge of the
optical fiber.

Skew rays can also be excited at θ much greater than the up-
per limit of meridional rays. Furthermore, sensing mechanisms
based on the total power of light (i.e., not always affected by the
thermo-optic effect), such as in this case, are far more temper-
ature insensitive compared to interferometric techniques (i.e.,
strongly affected by the thermo-optic and thermal expansion
effects) based on the phase of light.

To elaborate, skew rays host larger numbers of reflections
compared to that of meridional rays under the same θ, which
can be a few orders of magnitude higher, as well as longer pen-
etration lengths. This facilitates a longer total penetration path
length inside a functional coating or an external medium (i.e.,
higher sensitivity to uniform external changes [20]–[22]), and a
better circular coverage around the circumferential surface of the
sensing fiber (i.e., higher probability of encountering point per-
turbations [23], and higher measurement-repeatability or better
measurand averaging with non-uniform analytes) unless merid-
ional rays are focused and centered. However, meridional rays
pack larger portions of power in their evanescent fields due to
smaller incident angles, which boosts the sensitivity. For all
rays, higher order (i.e., smaller θz or larger θ) leads to longer
optical path lengths and thus more significant mode dispersion
and mode diffusion, which deteriorates the ray-group purity.
Hence, medium-order (i.e., medium θz or θ) skew rays of low
skewness (i.e., θφ or small center offset) possess the key benefits
of all types, being able to achieve and maintain similar penetra-
tion depths to meridional rays while hosting far more reflections
inherent to skew rays, and thus exhibit higher sensitivity.

To determine a relationship between the measurand (i.e., dye
concentration) and the detected parameter (i.e., attenuation, pos-
itive form) and thus provide future readouts of the dye con-
centration, θ and core offset are swept for each concentration
step while the residual pump power is collected for calculat-
ing the corresponding attenuation. The residual pump power is
chosen instead of the fluorescence intensity due to the higher
output coupling efficiency. Better fluorescence collection is pos-
sible with a higher fiber numerical-aperture (>0.5) or a fiber

bundle. The calibration graph for the end-user is obtained
from the relationship between dye concentration and attenu-
ation based on the optimum launch conditions. The sensitivity
(i.e., attenuation/dye concentration) is equal to the gradient of
the calibration graph, and the detection limit/accuracy (i.e., dye
concentration) is calculated from dividing the noise-equivalent
attenuation by the sensitivity.

Dye concentration is used instead of a measurand for the pur-
pose of demonstration, which is linearly proportional to attenu-
ation [24], and typically inversely proportional to the measurand
[3]. The detection limit of the dye concentration corresponds to
the detection limit/accuracy of the measurand.

For attenuation, the residual pump power is normalized by
the baseline optical power (i.e., received optical power when
Milli-Q pure water is used instead of the dye), due to several
reasons: (a) The more direct relationship improves reproducibil-
ity and facilitates fairer comparisons to other systems; (b) The
change in the input optical power due to the Lambertian Cosine
Law and shifting segment of illumination can be compensated
by adjusting the source optical power (i.e., typically low cost) or
mathematical scaling via division with a baseline measurement
which is linearly proportional to the input optical power; and
(c) Below saturation, residual pump power is linearly propor-
tional to the input optical power used for excitation, and thus can
be scaled together. Unlike the input coupling efficiency between
source and input optical powers, the output coupling efficiency
between output optical power and received optical power affects
sensitivity. However, an integrating sphere or a large-core high
numerical-aperture multimode fiber leading to a spectrometer
can collect most of the residual pump light to maximize the
signal-to-noise ratio.

The proposed sensing technique exploits the high selectiv-
ity of light sheets within collimated skew rays. Generally, for
sensitivity optimization, there are 7 stages after choosing the
measurand and sensing mechanism: wavelength, fiber diameter,
coating thickness/concentration, θφ , θz , fiber length, and polar-
ization azimuth. Re-optimization is required for changes in fiber
dimensions/geometry/materials/bend angles.

The fluorophores of Rhodamine B dissolved in water absorbs
a certain wavelength band and reemits at a longer wavelength
band as fluorescence. A wavelength of 532 nm was selected for
efficient pump absorption.

Enlarging the fiber diameter has counteracting effects, but ul-
timately proves beneficial. When the detected parameter is based
on pump power, the detection limit/accuracy is inversely pro-
portional to the signal-to-noise ratio. Since the dominant noise
source tends to be shot noise (i.e., proportional to square root of
the optical power) for non-interferometric sensing mechanisms,
increasing the fiber diameter increases the input optical power by
area, and increases the noise-equivalent power linearly. There-
fore, the signal-to-noise ratio increases linearly with increasing
fiber diameter. On the other hand, Equation 1 shows that in-
creasing the fiber diameter decreases the number of reflections,
the total penetration path length and thus the sensitivity, which
offsets the first detection-limit enhancement. Moreover, a larger
fiber diameter allows a finer selection of ray groups when the
input fiber end-face is not completely spatially filled with light,



2142 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 37, NO. 9, MAY 1, 2019

Fig. 2. Illustration of light sheet excitation of an optical fiber, which results
in a narrow light ring at the output end, due to the fiber curvature and tilt
introducing a continuum of delays to different segments of the input light sheet.

which can optimize the sensitivity (i.e., see light sheets below).
The upper limit to the ideal fiber diameter depends on the appli-
cation, with fiber flexibility and compactness taken into account.
A fiber diameter of 320 μm was used to provide a good balance
between such attributes.

It is worth noting that thin-walled capillaries excited with
non-meridional rays can also offer several orders of magnitude
improvement in sensitivity [25], due to the strong evanescent
field overlapping with the surroundings. However, hollow struc-
tures are more mechanically unstable. Thick-walled capillaries
excited with focused and centered rays offer slightly better sta-
bility, and can support highly sensitive meridional rays due to
the wall geometry increasing the number of reflections.

For the purpose of demonstration, a dye bath was used to
embed the sensing fiber instead of a dye-doped coating. A rela-
tively high Rhodamine B concentration of 1 mg/ml was chosen
to produce significant reabsorption of residual pump light. As a
result, a longpass filter to remove fluorescence is not required,
which avoids the complexity of calculating the variable insertion
loss. Even this level of dye concentration produces a negligible
increase in the refractive index [26] of pure water, and thus a
negligible optical confinement loss in the tested range of θ that
would otherwise make attenuation measurements unreliable.

Using a collimated light sheet instead of a collimated beam
enables a higher sensitivity, especially for thinner light sheets
illustrated in Figure 2. This is because there is an optimum skew-
ness of rays that maximizes their interaction with the functional
coating exposed to the measurand, considering the total pene-
tration path length, and the portion of power in their evanescent
fields. While it is an average effect with a collimated beam due
to the mixture of rays, it is a precise selection with a light sheet to
pick out and amplify the dominant contributor to the sensitivity.
In addition, the narrower the ray group, the weaker the pump
absorption instability associated transverse mode competition
[27].

Fine tuning of θφ (i.e., via center-offset of light sheet) fol-
lowed by θz (i.e., via θ) will optimize the ray skewness to max-
imize the evanescent-field interaction with the water molecules
in the PEM and thus the sensitivity. Varying the center angle
of θφ involves vertical translation of the horizontal light-sheet
incident on the input fiber end-face. It is ideal to have the narrow-
est possible angle range by reducing the light-sheet thickness.
However, it is difficult to achieve a collimated light sheet with

a thickness below a few hundred microns, due to fundamental
diffraction limit associated with collimating to a small beam
diameter [28]. It is also not possible to facilitate the propagation
of a segmented Bessel beam [29], due to the curved geometry
and the initial air-to-glass aperture breaking the phase condi-
tions. To approximate a collimated light sheet with minimized
sheet thickness and divergence angle, a cylindrical plano-convex
lens can be used after a collimator plano-convex lens. Less-
divergent thicker sheets start thicker (i.e., at the fiber input) and
the larger sampled fiber curvature grows their thickness even
further. More-divergent thinner sheets start thinner but grow
more rapidly in sheet thickness. Focal lengths of 200 mm and
300 mm were employed for the cylindrical and non-cylindrical
lenses to deliver a good balance between such characteristics,
which produced thinner output light-rings than other lens com-
binations. The focal point should be positioned just inside (e.g.,
5 mm) the input fiber end-face to minimize the light-sheet thick-
ness, otherwise converging/diverging rays entering the sensing
fiber take very different circular paths and broaden the light ring
seen at the fiber output. It was found that within a focal-spot
position tolerance of ±5 mm there is negligible difference in
the output light-ring thickness, due to the interplay between the
input light-sheet thickness, angle and diffraction. Aligning the
middles of the sensing fiber and the beam (i.e., approximately
rectangular overlap with fiber) offers better mechanical stability
and rotation-center tolerance. For each θφ , the range of θz can
be swept for data collection. The effective incident angle is a
function of both angles:

γ = cos−1 [cos θz cos θφ ] (2)

Mode dispersion (i.e., geometrical gradients, chromatic dis-
persion) and mode diffusion (i.e., Rayleigh scattering, birefrin-
gence) increase with increasing optical path length of light along
the sensing fiber, which convert LSSR from a thin-line input to
a thick-ring output. While this increases circular coverage, it
lowers the ray-group purity. The fiber length before the sens-
ing window was chosen to be 35 cm for good balance between
circular coverage and ray-group purity within the tested range
of θ. The fiber length after the sensing window was selected to
be 31 cm for preventing small bend radii. Fiber length was not
included in the previous θφ and θz permutations to minimize
the complexity of optimization.

Lastly, the polarization azimuth of linearly polarized light
can be tailored to deliver high sensitivity via a good balance
between penetration depth and transmission. The polarization
azimuth was not included in the previous θφ and θz permutations
to avoid increasing the complexity of optimization.

III. EXPERIMENTAL SETUP

Figure 3 shows the schematic of the experimental setup
used to launch pump light via different excitation methods
through the sensing fiber partially immersed in Rhodamine B.
To probe the sensing fiber (SPI Lasers, coated silica rod fiber,
Ø320 μm, 0.4 NA, 70 cm length, ∼40 cm bend radius), an
unpolarized single-mode 532 nm laser source (Thorlabs DJ532-
40, LTC56B, LDC205C, TED200C) was used. The source
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Fig. 3. Experimental setup for producing light-sheet skew rays. Note: longpass
filter is only used for wavelength verification, not measurements.

optical power was regulated using a variable attenuator based
on a wheel of neutral-density discs. Collimation of pump light
(3.6 mm beam diameter) was achieved using a plano-convex
lens of 300 mm focal length. The state and azimuth of polar-
ization were controlled with a polarizing beamsplitting cube
(i.e., transmits P-polarization relative to the plane of fiber ro-
tation) and a half-wave plate (i.e., 45° for all comparisons, S-
polarization) respectively. To produce a light sheet (∼40 μm
input light-sheet thickness, 8.4 mm Rayleigh range, output light-
ring thickness is difficult to measure via near-field projection due
to skew ray angles), a removable cylindrical plano-convex lens
of 200 mm focal length was employed. The flat-cleaved input
end of the sensing fiber was mounted on a motorized rotation
stage (Thorlabs CR1/M-Z7) at the center of rotation.

The input optical power and thus the signal-to-noise ratio
limit were maximized (i.e., improves detection limit/accuracy)
by centering the collimated beam on the input end of the sensing
fiber, via a 3-axis translation stage which holds the rotation
stage. Note, θ is varied horizontally while the center offset
is varied vertically, as shown in Figure 2. The light entering
the sensing fiber from the sides do not propagate far due to
refraction allowing them to escape the fiber. Light entered
through the input fiber end-face was guided only in the core,
because the cladding is highly lossy from exposure to high-RI
materials on the fiber mount. There was negligible light entered
through the side of the fiber due to reflective and refractive
effects. To visually monitor the position of a light sheet on the
input end-face of the sensing fiber, a camera/lens was employed
(Basler Ace acA1920-25uc, Computar MLH-10X). The sensing
fiber projected the output light into an integrating-sphere power
meter (Thorlabs S142C, PM100D, each data point from 100
samples or 300 ms integration time). A 570 nm longpass
colored-glass filter (Thorlabs FGL570) was used to verify the
negligible fluorescence received by the power meter for all θ,
and thus the total received optical power is all residual pump
power. Therefore, the filter was not used for the measurements.
The absence of received fluorescence is due to fluorescence
reabsorption, as well as the slightly higher water-absorption
loss for fluorescence (580 nm) than pump light (532 nm). All

Fig. 4. Illustration of: (a) Light-sheet skew rays. (b) Collimated meridional
rays. (c) Collimated skew rays. (d) Focused rays. (e) Normal-incidence rays.

attenuation measurements are repeated for dye (i.e., excitation
comparison) and pure water (i.e., baseline).

IV. SENSING FIBER PREPARATION

The sensing fiber was window stripped (i.e., abrupt strip
edges) by removing a coating section of 40 mm length with
a surgical blade. Such a length was chosen to sample an aver-
age concentration if the distribution of dye is non-uniform. The
bare-fiber region was then cleaned using isopropanol and lint-
free wipes. The resulting sensing fiber features a 35 cm long
pristine-section, 4 cm long bare/sensing section, and 30 cm
long pristine-section. To provide a low-friction mobile bath of
Rhodamine B such that it does not restrict the movement of the
sensing fiber under rotation, the resulting section of bare fiber
is suspended by two metal discs and fixed on top of a plastic
petri dish cover using adhesive tape. The cover was floated on
water inside a larger petri dish, as shown in in Figure 3. A suf-
ficient volume of diluted Rhodamine B (1 mg/ml dissolved in
Milli-Q pure water) was deposited on the bare-fiber region to
fully immerse it. The dye was confined within the proximity of
the fiber due to the hydrophobic petri dish surface. For baseline
optical power measurements, pure water is used instead of the
dye employed for excitation measurements.

V. RESULTS AND DISCUSSIONS

To facilitate a comparison, several common excitation types
including the new LSSR were tested as shown in Figure 4,
which includes LSSR, collimated meridional rays, collimated
skew rays, focused-centered rays and normal-incidence rays.

The setup shown in Figure 3 was used to conduct both LSSR
and collimated meridional-ray measurements (i.e., equivalent
to LSSR with zero centre-offset). The attenuation (10 × ab-
sorbance) between the dye and pure-water measurements are
plotted in Figure 5, as a function of θ and the center offset of
the light sheet. For LSSR, their two highest peaks of attenuation
are 34.9 dB and 32.0 dB, which can be seen at (θ = 20.0 deg,
12.5 μm center offset) and (θ = 17.0 deg, 112.5 μm center
offset) respectively. The results inform of maximum attenuation
with a mid-range θ and a slight center offset. The launch angle
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Fig. 5. Measured attenuation of light-sheet skew rays as a function of launch
angle and center offset. Angle step size is 0.5 deg, offset step size is 25 μm.
Note: color values are not accurate due to MATLAB’s curve fitting.

errors are negligible, while the center offset errors are ±5 μm. It
is possible that higher enhancements occur at larger θ or center
offset, but the range of input optical powers used that avoids
photobleaching for Rhodamine B goes down into the noise
floor.

It is apparently from the lack of symmetries or continuous
peaks in Figure 5 that the center offset (i.e., affects θφ ) and θ
(i.e., affects θz ) are not interchangeable despite their common
contribution to γ inside the sensing fiber. This is because the
relationship between center offset and θφ is nonlinear, unlike the
linear relationship between θ and θz . As a result, a mid-range
θ is matched to a large center-offset close to the top/bottom
fiber edge. Hence, the relatively large curvature experienced
by the light sheet creates a mixture of ray groups with various
detuning from the desired effective angle. From Figure 5, the
angle-dependent attenuation of collimated meridional rays can
be found at zero center-offset. Their highest peak of attenuation
is lower at 30.2 dB (θ = 21.5 deg). It can be seen that a significant
reduction in attenuation occurs beyond the critical angle of θ =
23.5 deg, where a considerable portion of the propagating optical
power is lost through meridional rays.

The setup shown in Figure 3 was modified for producing both
collimated skew rays and normal-incidence rays (i.e., equivalent
to collimated skew rays with 0 deg), by removing the cylindrical
lens. By varying θ alone, the results are shown in Figure 6. For
collimated skew rays, their highest two peaks of attenuation
are 21.2 dB and 17.2 dB, which can be found at 20.0 deg and
15.5 deg respectively. Similarly, it shows that the maximum
attenuation is associated with a mid-range θ. As anticipated, the
optimum θ occurs at 20.0 deg, which shows excellent agreement
with the LSSR that serves to fine tune the optimum ray group.
From Figure 6, the attenuation of normal-incidence rays can be
seen at θ = 0 deg, which is lower at 0.9 dB. The repeatability
ranges from 9% to 77%, which correspond to attenuation error
bars between ±0.8 dB and ±8.9 dB. The worse repeatability at
higher θ arise from lower levels of transmitted power, which are
comparable to and sometimes dominated by noise.

Fig. 6. Measured attenuation of collimated skew rays as a function of launch
angle.

By replacing the cylindrical lens with a plano-convex lens
(60 mm focal length, limited by the spacing of the rota-
tion/translation stages), focused rays (i.e., equivalent to a mix-
ture of different meridional ray groups) centered on the sensing
fiber with a divergence of 1.7 deg was generated at the input of
the sensing fiber. The attenuation was measured to be 3.7 dB. By
sweeping θ, the attenuation can be as high as 23.1 dB. However,
there are slight center offsets due to the imperfect centering of
the fiber end on the rotation stage, leading to skew-ray genera-
tion and unrepresentative results.

To summarize and compare the different types of fiber
excitation (i.e., same laser power was used), LSSR possess the
best performance for an evanescent-wave-based bio/chemical
sensor, while normal-incidence rays exhibit the worst perfor-
mance. Table I lists the maximum attenuation associated with
each excitation type, as well as the experimental conditions,
and the repeatability of the measurements. The repeatability is
anticipated to improve with fiber coatings instead of dye baths,
because fluid dynamics can affect pump absorption due to
optical forces and evaporation-induced concentration changes.
Relative to collimated meridional rays, LSSR yields an enhance-
ment of ∼4.7 dB or factor of ∼3. Compared with collimated
skew rays, LSSR provides an enhancement of ∼14 dB or factor
of∼20 (i.e., one order of magnitude). This level of improvement
is more than the approximate theoretical upper limit of 160 um
(fiber radius) / 40 um (light-sheet thickness) =∼4, possibly due
to several reasons: (a) stronger optical forces associated with
the higher intensity of LSSR pulled fluorophores closer to the
surface of the sensing fiber that absorbed more pump light; and
(b) nonlinear effects associated with the higher intensity of
LSSR led to self-focusing, and thus reduced the light-ring
thickness. This intriguing possibility will be investigated in
future work.

Relative to focused rays, LSSR benefits from an enhancement
of ∼26 dB. Compared to normal-incidence rays, LSSR facili-
tates an enhancement of ∼34 dB or factor of ∼2500 (i.e., three
orders of magnitude). This enhancement with LSSR would be



CHEN et al.: LIGHT-SHEET SKEW-RAY ENHANCED PUMP-ABSORPTION FOR SENSING 2145

TABLE I
COMPARISON OF DIFFERENT EXCITATION TYPES

even larger if the sensing fiber was kept straight. As expected,
this level of improvement (∼34 dB) is higher than that of fo-
cused, tilted and centered rays (∼19 dB) [9]. The two orders of
magnitude enhancement offered by collimated skew rays over
normal-incidence rays shows excellent agreement with previous
work on refractometers [30]. Surprisingly, it was observed that
collimated meridional rays outperform collimated skew rays
that is a mixture of different ray groups. This is likely due to the
far greater penetration depth experienced by light.

The final stage of optimization (i.e., building on 20.0 deg,
12.5 μm) for LSSR is polarization azimuth. It was not pre-
viously explored for each of the excitation types, because the
improvement in attenuation is similar for all types. Figure 7
reveals the consistent attenuation from P-polarized to S-
polarized light (i.e., prior measurements), which varies by no
more than 0.3 dB. This quality can be used to increase the toler-
ance of sensors to the polarization azimuth. The repeatability is
∼5%, which corresponds to attenuation error bars of ±0.4 dB.
The polarization error bars are ±2 deg.

As a potential evanescent-wave-based bio/chemical sen-
sor, the highest sensitivity with LSSR, 40 mm functionalized
fiber length and 320 μm core diameter was measured to be
34.9 dB/(mg/ml) or 8.73 dB/(mg/ml)/cm, based on the slope
of attenuation measured at Rhodamine B concentrations of
0.1 μg/ml, 1 μg/ml, 10 μg/ml, 100 μg/ml and 1 mg/ml. The
repeatability is ∼5%, which corresponds to attenuation error
bars of ±0.4 dB. The corresponding detection limit is calcu-
lated to be 24.9 ng/ml, from dividing the noise-equivalent at-
tenuation (8.7 × 10−4 dB based on 10 nW noise amplitude and
50 μW baseline power over 3 min) by the sensitivity. Note the
results correspond to specific fiber dimensions/geometry/ ma-
terials/bend angles, and re-optimization is needed if there are
changes.

Fig. 7. Measured attenuation of light-sheet skew rays as a function of polar-
ization azimuth relative to the plane of fiber rotation. Inset: relationship between
dye concentration and attenuation.

To increase the sensitivity and thus improve the detection
limit, the following should be considered: (a) A longer sec-
tion of functionalized sensing-fiber; (b) Better optics (e.g., less
spherical aberration) for narrowing the light-sheet thickness and
divergence angle; (c) Larger fiber diameter; and (d) Minimize
the fiber refractive-index and thus numerical aperture (i.e., sup-
ports γ just up to optimum launch conditions) of the sensing
fiber to scale up the penetration depth and thus attenuation for
all launch conditions. However, for fluorescence collection, a
higher numerical-aperture is desirable.

VI. CONCLUSIONS

To improve evanescent-wave-based bio/chemical sensors, we
have demonstrated a new sensing technique with light-sheet ex-
citation of skew rays in a multimode fiber (40 mm function-
alized fiber length, 320 μm core diameter), and compared it
with other excitation methods in terms of attenuation of pump
light through Rhodamine B. We showed that the attenuation
obtained through light-sheet excitation (i.e., normalized sensi-
tivity of 8.73 dB/(mg/ml)/cm) of the optimum skew ray group
can be up to three orders of magnitude higher than those of
other excitation types, such as collimated meridional rays, colli-
mated skew rays, focused-centered rays, focused-tilted-centered
and normal-incidence rays. It can be extended to enhance the
sensitivity of a variety of sensing mechanisms including optical-
confinement absorption, molecular (e.g., pump) absorption, or
fluorescence. This is an inline configuration based on commer-
cial optics and multimode fibers that can be highly sensitive,
relatively temperature insensitive, and highly robust.
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