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Abstract—Holey optical fibers with air-filled openings can be
turned into unconventional optofluidic components by selectively
introducing a suitable liquid into their internal holes. Enhanced
interaction between the light guided by the fiber and molecular
species suspended in the confined liquid then forms the basis for
designing unique optofluidic devices—filters, sensors, or lasers—
whose operating characteristics are extremely sensitive to minute
changes in the liquid composition. We present a comprehensive
mathematical analysis of dye lasers based on suspended-core and
hollow-core fibers, with aqueous solution of Rhodamine B dye injected into the internal holes of the fibers acting as the gain medium.
Our model consists of coupled first-order differential equations
that characterize the population of lasing levels and the variation of pump and signal laser powers along the fiber length in the
steady state. We obtain optimum operating conditions of the proposed holey fiber dye lasers, such as the optimum fiber length and
dye concentration, and compare their performance to conventional
dye jet lasers. We conclude that the fiber variant of dye laser using
the hollow-core fiber is superior in terms of low lasing threshold
and high slope efficiency. The presented theoretical framework can
find applications in designing practical holey fiber dye lasers serving as fiber-based alternatives of conventional dye jet lasers as well
as novel biological/chemical sensors and bio-lasers.
Index Terms—Dye lasers, optical fiber lasers, optical fiber losses,
optical fibers, optical pumping, scattering.

I. INTRODUCTION
PTOFLUIDICS synergistically merges technological advances in photonics and microfluidics, enabling numerous novel applications that range from the fabrication of photonic devices controlled through liquid actuation and mixing (e.g. optofluidic lenses [1] or tunable optical resonators
[2]) to the development of technologies for renewable energy

O

Manuscript received May 8, 2018; revised July 17, 2018; accepted July 25,
2018. Date of publication July 27, 2018; date of current version August 8,
2018. Z. Rashid would like to thank HEC Pakistan for Ph.D. scholarship. This
work was supported by National Science Centre (NCN) in Poland grant OPUS
UMO-2016/21/B/ST7/02249. (Corresponding author: Alper Kiraz.)
Z. Rashid is with the Department of Electrical and Electronics Engineering,
Koç University, Istanbul 34450, Turkey (e-mail:,zrashid14@ku.edu.tr).
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production and storage [3]. A major strand of current optofluidics research is directed towards devising unconventional
sources of laser light that utilize liquids as their fundamental
structural element. The most prominent representatives of this
class of photonic devices are biolasers that exploit biomolecules
or living cells suspended in an aqueous buffer as their gain
medium [4], [5]. Enhanced interaction of light with fluorescent biological particles located either directly inside the laser
cavity or in its evanescent-field region enables building highly
sensitive biochemical sensors [6], [7]. Moreover, specific selfrecognition and self-assembly of biological molecules can be
used for programmable modulation and switching of lasing action [8]. Other recent applications of optofluidic lasers include
the development of compact tunable sources of coherent light
[9], [10], temperature sensors [11], and flow rate sensors [12].
Typically, cavities of optofluidic lasers are integrated into
specially designed microfluidic chips. The cavity itself can be
based either on a miniaturized version of the standard FabryPerot etalon [13], [14] or it can employ distributed feedback
mechanism [10], [15]. Another strategy makes use of whispering gallery mode (WGM) resonators formed by a thin-wall capillary; here, the resonant mode resides in the capillary wall and
the gain medium located inside the capillary is coupled to the
mode field evanescently [8]. Alternatively, solid materials can be
avoided altogether with self-assembled all-liquid WGM cavities
based on spherical liquid droplets that contain the gain medium
dissolved in the droplet liquid [5]. While all these schemes work
well for miniaturized analytical and sensing applications that require only picomoles of the gain medium and operate with laser
emission powers in the range of microwatts [6], they cannot be
readily scaled up in order to build high-power optofluidic lasers
capable of delivering watts of coherent optical power. Therefore, an alternative cavity design is needed for implementing
such lasers.
Holey fibers (also known as photonic crystal fibers or microstructured fibers) represent the most recent addition to the
family of fiber-based optical waveguides. Generally characterized by the presence of carefully arranged arrays of air holes in
their cross-section, holey fibers can be fabricated with parameters that are impossible to achieve in standard optical fibers,
such as endlessly single-mode light guiding, large mode area,
high numerical aperture (NA ≈ 0.9), and high damage threshold
[16], [17]. Air-filled openings in holey fibers that run along the
whole length of the fiber can also serve as microfluidic channels
compatible with a wide range of fluids. Such a combination
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Fig. 1. Schematic diagram of a model optofluidic dye laser based on a holey
fiber of total length L filled with an aqueous dye solution circulating through
the fiber. Fabry-Perot-type laser cavity is formed between the input mirror
(reflectivity R 1 ) and the output mirror (reflectivity R 2 ). The optofluidic laser
is pumped by an external laser source coupled to the system using a dichroic
mirror. Pumping efficiency is further increased with a pump mirror (reflectivity
R 3 ) that reflects the pump light back into the fiber while transmitting the signal
light.

of light guiding and fluid confinement in a single optofluidic
element [18] has been recently exploited to achieve sensing of
temperature, pressure, electric/magnetic field [19] and refractive
index [20]. Furthermore, by selectively injecting a fluorophorecontaining solution into the vacant space, the fiber can be turned
into an effective housing for the gain medium of an optofluidic laser that is then formed by placing the liquid-filled fiber
inside an external optical cavity (see Fig. 1 for illustration).
With a proper design, the liquid-filled fiber can retain its lightguiding properties, ensuring an optimal overlap between the gain
medium and the propagating pump and signal modes over a long
distance along the fiber. Thus, optofluidic lasers based on holey
fibers can potentially deliver high output powers, far exceeding 1−5 W typically achieved by conventional dye jet lasers
[21]. Similarly to the conventional fiber lasers, fiber geometry with large surface-to-volume ratio is advantageous for good
thermal management critical in high-power applications [22].
These favorable properties make optofluidic fiber dye lasers an
attractive alternative to conventional dye jet lasers, in which the
dye solution circulates through a flow cell or propagates through
open space in the form of a liquid jet stream. Because of their
ability to generate monochromatic light over a broad range of
visible wavelengths, tunable dye lasers have been a subject of
intense research since their introduction in the early 1970s and
have found numerous applications in medicine and spectroscopy
[21], [23], [24].
Schematic diagram of a possible implementation of our model
dye laser based on a holey fiber is shown in Fig. 1. A similar
experimental configuration has been used previously in gas-laser
experiments reported in [25]. The dye solution encapsulated
within the fiber is continuously injected by a fluid pump so
that the intracavity concentration of the dye is not affected by
photobleaching; at the same time, the dye is optically pumped
with external laser light coupled into and guided along the same
fiber. Continuous wave (CW) pumping conditions are assumed
in this paper. The gain medium can either directly overlap with
the guided mode field for maximum excitation or it can couple
to the evanescent tails of the mode for maximum propagation
distance along the fiber. In general, the useful laser output power
depends on the reflectivity R2 of the cavity output mirror (see
Fig. 1), which, therefore, has to be carefully optimized. In fiberbased lasers, abundant gain medium is efficiently excited and,
thus, the internal power can reach high levels even for low
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values of R2 . A realistic experimental system will suffer from
additional losses due to imperfect coupling of light between the
cavity and the fiber. These coupling losses can be estimated and
included in the simulations by modifying the effective values of
R1 and R2 . Besides, designing of optimum optofluidic couplers
that ensure efficient coupling of both light and liquid flow in and
out of the holey fiber is a very critical challenge for the success
of the holey fiber dye lasers studied in this manuscript [26],
[27]. Recently, various experimental demonstrations of pulsed
dye lasers [28]–[30], and pulsed [25] and CW [31] gas lasers
that employ holey fibers have been reported.
The purpose of this paper is to carry out a comprehensive
performance analysis of optofluidic fiber dye lasers, using rate
equations that describe the excited-state population of the gain
medium and the spatial variation of the pump and signal powers in the steady state of laser operation. We consider three
different geometries of holey fiber dye lasers: double-cladding
suspended-core fiber (SCF), double-cladding hollow-core fiber
(HCF), and single-cladding HCF. We study the performance
of holey fiber dye lasers for different concentrations of dye
molecules and scattering loss coefficients. We demonstrate that
holey fiber dye lasers operate most efficiently at an optimum
fiber length; this is true even in the absence of scattering losses
in the system. For benchmarking purposes, we also discuss the
performance of dye jet lasers. Our analysis reveals that the performance of SCF-based dye lasers is considerably worse than all
other cases due to very small coupling between the gain medium
and the lasing mode. In contrast, double-cladding HCF-based
dye lasers reach performance levels comparable to dye jet lasers,
while single-cladding HCF-based dye lasers reach performance
levels superior to all other cases.
The paper is organized as follows. In Section II, we define
the cross-sectional geometries of both types of fibers (SCF and
HCF). We also carry out electromagnetic simulations based on
Finite Element Method (FEM) to determine the transverse profile of the guided modes of the fibers and calculate the effective
mode field areas and filling factors. In Section III, we introduce
the rate equation model of fiber dye lasers that is then applied
to calculate the population of the upper lasing level and the
distribution of the forward- and backward-propagating pump
and signal powers. Subsequently, we determine the optimum
fiber length at a given dye concentration and scattering loss coefficient, the threshold pump power, and the slope efficiency
of the lasers. Section IV deals with the modeling of dye jet
lasers using the same dye parameters as those considered for
fiber dye lasers; in this section, we also compare the performance of the two laser systems. Finally, conclusions are drawn
in Section V.
II. GEOMETRY OF HOLEY FIBERS AND CHARACTERIZATION
OF THEIR GUIDED MODES
In the double-cladding SCF and double-cladding HCF geometries, we assume the inner cladding confines the lasing mode
propagating in the suspended or hollow signal core whereas the
outer air cladding formed by a ring of air holes confines the
pump light in the multimode pump core [see Figs. 2(a) and 3(a)].
In comparison with the standard single-cladding approach, this
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Fig. 2. Suspended-core fiber for optofluidic dye lasers. (a) Double-cladding
SCF geometry. (b) Magnified view of the hole region filled with dye solution
(blue color). (c) Distribution of the electric field amplitude |E(x, y)| of the
fundamental guided mode at 560 nm. Fiber design parameters: A l i q u i d =
8.80 × 10−7 cm2 .
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hole filled with aqueous dye solution by total internal reflection
for all visible wavelengths. The only difference between the
double-cladding and single-cladding HCF geometry is the
presence or absence of the outer air cladding in the fiber
cross-section.
We used FEM to calculate the distributions of the electric and
magnetic fields of fundamental guided modes in holey fibers at
the signal (lasing) wavelength, λs = 560 nm. Transverse profiles of the electric field amplitude, |E(x, y)|, are shown in
Figs. 2(c) and 3(c) for SCF and HCF, respectively. Knowing
the transverse profile of the guided-mode fields, signal filling
factor, Γs , can be calculated as the ratio of the signal power
contained within the liquid-filled region, Psliq u id , to the total
power, Pstotal , of the guided signal mode as [36]:

liq u id (Ex Hy − Ey Hx )dxdy
.
(1)
Γs = 
total (Ex Hy − Ey Hx )dxdy
Here, Ex , Ey (Hx , Hy ) represent the position-dependent transverse components of the electric (magnetic) field of the guided
signal mode. The pump filling factor, Γp , is considered to be
1 for the case of single-cladding HCF. For the double-cladding
SCF and double-cladding HCF cases, assuming the pump light
intensity is uniform within the multimode pump core, Γp is
given by the ratio of the cross-sectional area of liquid-filled region, Aliq u id , marked by blue color in Figs. 2(a) and 3(a) to the
total cross-sectional area of the multimode pump core, Atotal
(Γp = Aliq u id /Atotal ). For a fair comparison, Γp is assumed to
have the same value of 0.02 for both studied double-cladding
cases.
III. MODELING OF HOLEY FIBER DYE LASERS

Fig. 3. Hollow-core fiber for optofluidic dye lasers. (a) Double-cladding HCF
geometry. (b) Magnified view of the central hole filled with dye solution (blue
color). (c) Distribution of the electric field amplitude |E(x, y)| of the fundamental guided mode at 560 nm. Fiber design parameters: D c = 4.7 μm,
D h = 1.2 μm, D h /Λ = 0.9.

geometry provides a higher numerical aperture for coupling the
pump light into the fiber (input NA ranging from 0.72 to 0.91),
better thermal management, and lower pump losses [32]. As a
third geometry, we consider single-cladding HCF, in which the
pump beam is assumed to be fully coupled to the signal core
that also confines the lasing mode. For the SCF design, the configuration used by Schartner et al. [33] operating at 532 nm is
assumed (Fig. 2). Laser gain medium formed by Rhodamine B
dye dissolved in water fills the fiber holes surrounding the suspended core, indicated by blue color. Since the refractive index
of the aqueous dye solution (ncl = 1.33) is smaller than that of
the suspended silica fiber core (nc = 1.45), the fiber infiltrated
with the dye solution retains its light-guiding capacity. HCF geometry shown in Fig. 3 is inspired by a commercially available
photonic crystal fiber [34]. The fiber is operated as a liquidcore light guide, with the central core opening infiltrated with
aqueous dye solution and inner cladding holes filled with air
(nair = 1; see Fig. 3(b) for details) [35]. Consequently, a fiber
that guides light due to the effective refractive index mechanism
is obtained; the light is strongly confined within the central

The following system of nonlinear, coupled differential equations was employed in modeling the operation of holey fiber dye
lasers [37], [38]:
N2 (z)
=
N

tot
P pt o t (z )Γ p λp σ a p
+ P s (z A)Γss λs σ a s
Ap
tot
tot
P pt o t (z )Γ p λp σ pt o t
hc
s λs σ s
+ P s (z )Γ
τ +
Ap
As

,

(2)

±



dPp± (z)
= Γp σptot N2 (z) − σap N Pp± (z) − αp Pp± (z) ,
dz
(3)

±



dPs± (z)
= Γs σstot N2 (z) − σas N Ps± (z) − αs Ps± (z) .
dz
(4)

In these equations, N2 (z) is the population density of the upper
lasing level, Pp (z) and Ps (z) represent the pump and signal
powers as a function of distance z measured along the fiber,
and the superscripts “ + ” and “ − ” correspond to the forwardand backward-propagating
pump and signal
powers, respec +

−
tot
(z) = Pp(s)
(z) + Pp(s)
(z) denotes the sum of
tively. Pp(s)
the forwardpump (signal) powers,

 and backward-propagating
tot
= σap(as) + σep(es) is the sum of the absorption and
σp(s)
stimulated emission cross-sections at the pump (signal) wavelength, αp (αs ) is the scattering loss coefficient at the pump
(signal) wavelength, τ is the fluorescence lifetime of the excited
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TABLE I
DESCRIPTIONS AND NUMERICAL VALUES OF PARAMETERS
USED IN THE RATE EQUATION MODEL [37], [38]

Fig. 4. Normalized population of the upper lasing level, N 2 (z)/N , at different
N in (a) double-cladding and (b) single-cladding HCF dye lasers.

cladding and single-cladding HCF geometries, and the doublecladding SCF geometry is discussed only briefly at the end of
Section III. In order to ensure the studied laser systems operate
above the threshold, we chose Pin to be 1 W for the doublecladding and single-cladding HCF laser calculations and 25 W
for the double-cladding SCF laser calculations. In all calculations, the value of αp was kept constant at 2 × 10−4 cm−1 .
state, N is the uniform concentration of the gain medium, and
Ap(s) is the effective overlap area of the pump (signal) beam
with the liquid gain medium. Since the pump light is assumed
to be uniform across the multimode pump core, Ap = Aliq u id .
The same definition of Ap is also adopted for the single-cladding
HCF. As is calculated using the concept of effective mode area
as [39]:
2
 
2
liq u id |E(x, y)| dxdy
.
(5)
As =  
4
liq u id |E(x, y)| dxdy
In Eq. (5), integration is carried out over the liquid-filled
cross-sectional area. Values of all parameters that appear in our
calculations are listed in Table I; some of them are material constants while the remaining ones are calculated by FEM simulations described in the previous section. Taking the pump power
coupled into the fiber at z = 0 to be Pin , the solution of the
coupled differential equations (2) – (4) is carried out subject to
four boundary conditions: Pp+ (0) = Pin , Pp− (L) = R3 Pp+ (L),
Ps+ (0) = R1 Ps− (0) and Ps− (L) = R2 Ps+ (L), where L is the
total length of the fiber. When solving the coupled differential
equations (2)–(4), Pp− (0) and Ps− (0) are initially guessed using the shooting method [38]. Subsequently, the guessed values
are adjusted by the nonlinear solver after several iterations to
satisfy the boundary conditions at z = L for both pump and
signal powers. In all calculations, R1 and R3 are considered to
be 0.99, while R2 is considered to be 0.50 except for the results
presented in Fig. 10, where R2 is a variable.
In the following, we carry out detailed numerical analysis
of the different geometries of holey fiber dye lasers introduced in Section II. Among these geometries, double-cladding
SCF layout is observed to perform considerably worse than
both double-cladding HCF and single-cladding HCF layouts
in terms of the threshold pump power and slope efficiency.
Therefore, the initial analysis is performed only for the double-

A. Spatial Variations of Upper Lasing Level Population
For typical laser systems based on rare-earth-doped fibers,
σas << σes and σas << σap . This results in the second term
in the numerator of Eq. (2) being negligible with respect to the
first term, leading to a very small value of N2 (z)/N everywhere
along the fiber [38]. In contrast, for a dye-based gain medium,
σas is of the same order as σes and σap (for Rhodamine B,
σes ≈ 3.78σas and σap ≈ 3.42σas ). Higher absorption at the
signal wavelength then results in N2 (z) being of the same order
of magnitude as N , which leads to larger values of N2 (z)/N .
In Fig. 4, we show the evolution of N2 (z)/N along the fiber
length calculated for double-cladding HCF [part (a)] and singlecladding HCF [part (b)] for different values of N , assuming
αs = 2 × 10−4 cm−1 and the total fiber length L = 20 m. It is
notable that, in the single-cladding HCF, the relative population
of the upper lasing level N2 (z)/N , varies significantly with
z, in contrast to the double-cladding HCF layout. This behavior
results from highly efficient absorption of pump light by the gain
medium in the single-cladding HCF geometry with Γp = 1; the
gain medium is strongly pumped near the beginning of the fiber
and pumping efficiency then falls off rapidly, as the pump beam
is progressively absorbed by the dye molecules.
B. Spatial Variations of Pump and Signal Powers
Variation of the pump power Pp± (z) with distance z along the
fiber is governed by Eq. (3). Since losses dominate the change
in Pp± (z), both Pp+ (z) and Pp− (z) decay along their respective
directions of propagation. The profiles of Pp+ (z) and Pp− (z) for
three different values of N and αs = 2 × 10−4 cm−1 are plotted
in Fig. 5 for both double-cladding [part (a)] and single-cladding
[part (b)] HCF. For the double-cladding HCF, Pp+ (z) does not
decay to 0 at z = L due to a low Γp . On the other hand, for
the single-cladding HCF with N > 11.7 nM and the total fiber
length L = 20 m, Pp+ (z) decays virtually to 0 at z = L, as the
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Fig. 5. P p+ (z) (—–) and P p− (z) (- - -) at different N in (a) double-cladding
and (b) single-cladding HCF dye lasers.

Fig. 6. P s+ (z) (—–) and P s− (z) (- - -) at different N in (a) double-cladding
and (b) single-cladding HCF dye lasers, assuming α s = 2 × 10−4 cm−1 .

pump beam is efficiently absorbed (Γp = 1). Hence, the power
Pp− (z) of backward-propagating pump light can be neglected
and the pump reflector R3 (see Fig. 1) is effectively redundant in
the system. However, when N and/or L are lowered, reflector R3
becomes important for efficient pumping of the gain medium.
Eq. (4) describes the variation of the signal power Ps± (z) with
distance z along the fiber. Within the initial section of the fiber
where N2 (z) reaches its highest values (see Fig. 4), stimulated
emission dominates over absorption and scattering losses under
proper parametric conditions and, consequently, Ps+ (z) is gradually amplified. At the point z = zm ax where the gain is exactly
equal to the sum of absorption and scattering losses, Ps+ (z)
reaches a maximum. Since N2 (z) is monotonically decreasing
with z, for z > zm ax , losses become dominant, leading to a
gradual decrease of Ps+ (z). In general, this trend is observed
even in the absence of scattering losses (i.e. for αs = 0). Hence,
there is always an optimum fiber length, Lopt = zm ax , at which
Ps+ (z) is maximum. At this optimum length, maximum output
power can be obtained from the holey fiber dye laser. For a cavity
with an output coupler of reflectivity R2 , this maximum output
power can be expressed as: Pou t (Lopt ) = Ps+ (Lopt )[1 − R2 ].
Spatial profiles of Ps+ (z) and Ps− (z) are plotted for three different values of N assuming αs = 2 × 10−4 cm−1 in Fig. 6. The
rate of change of Ps+ (z) with z depends directly on the variations of N2 (z). Since N2 (z) falls off more rapidly for larger
N for both fiber types (see Fig. 4), maximum of Ps+ (z) shifts
to a smaller value of zm ax and Ps+ (z) increases and decays
faster. According to Eq. (4), the dynamics of spatial changes of
Ps± (z) is also determined by scattering losses. The distributions
of Ps+ (z) and Ps− (z) along the fiber length at N = 33.3 nM
and three different values of αs are shown in Fig. 7. Clearly, an
increase in αs leads to an overall decrease in the value of Ps± (z)
due to larger losses within the laser cavity. At the same time,
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Fig. 7. P s+ (z) (—–) and P s− (z) (- - -) at different α s in (a) double-cladding
and (b) single-cladding HCF dye lasers, assuming N = 33.3 nM.

Fig. 8. Variation of L o p t (- - -) and P o u t (L o p t ) (—–) with N at different α s
in (a) double-cladding and (b) single-cladding HCF dye laser.

with higher scattering losses, Ps+ (z) reaches its maximum at
lower values of z; thus, Lopt is also reduced.
The optimum fiber length, Lopt , is determined by an interplay between the dye concentration, scattering losses, and pump
power. Due to the nonlinear nature of the system, Lopt is a variable that changes when the fiber length L is changed. In order
to determine the value of Lopt , at which the fiber-dye laser provides the highest possible signal power, we iteratively solved
Eqs. (2)–(4) for different values of L and considered the value
of Lopt that maximized the peak of the spatial profile of Ps+ .
The variation of Lopt with N at different values of αs is plotted
in Figs. 8(a) and 8(b) for double-cladding and single-cladding
HCF dye lasers, respectively. Due to less efficient absorption
of the pump light in the double-cladding HCF geometry with
smaller Γp , double-cladding HCF lasers display values of Lopt
that are consistently higher than those of single-cladding HCF
lasers for all values of N . For a given HCF geometry, higher
absorption of the pump and signal light at higher N results
in smaller Lopt . The total output power at the optimum fiber
length Pou t (Lopt ) is also shown in Fig. 8 as a function of N
for double-cladding and single-cladding HCF lasers. In general, it is observed that laser operation at higher N is preferable
for achieving maximum output power. As the dye concentration increases above ∼ 1 μM, output power and optimum fiber
length become relatively insensitive to small variations in αs
and the output power tends to saturate. Hence, good operating
parameters for double-cladding HCF and single-cladding HCF
are revealed as [N ∼ 1 μM, Lopt ∼ 1 − 10 m] and [N ∼ 1 μM,
Lopt ∼ 0.1–1 m], respectively. We note that thermal and photobleaching effects are not included in our analysis. Both of these
effects will generally result in changes in the optimum operating
parameters of holey fiber dye lasers.
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Fig. 9. Variation of P o u t (L o p t ) with P i n at different N for α s = 0 (- - -)
and α s = 2 × 10−4 cm−1 (—–) in (a) double-cladding and (b) single-cladding
HCF dye laser.

Fig. 10. Variation of P t h and η s l o p e with R 2 at N = 33.3 nM in (a) doublecladding and (b) single-cladding HCF dye laser.

C. Threshold Pump Power and Slope Efficiency
In order to determine the slope efficiency, ηslope , and threshold pump power, Pth , of our holey fiber dye lasers, we solved
the coupled rate equations (2)–(4) for increasing values of Pin
and different values of R2 . Assuming that the system was always operated at optimum conditions, which were different for
each studied Pin and R2 , we set the fiber length equal to Lopt
and, subsequently, calculated the output power of the laser as
Pou t (Lopt ). Exemplary plots showing Pou t (Lopt ) as a function
of Pin for R2 = 0.50 are shown in Fig. 9. From the dependence
of Pou t (Lopt ) on Pin , both ηslope and Pth can be directly determined. Figure 10 shows the change in ηslope and Pth with R2
for both double-cladding and single-cladding HCF lasers. For
both geometries, ηslope and Pth are observed to decrease monotonically with R2 . Hence, the trade-off between low Pth and
high ηslope is clearly visible, and R2 value should be carefully
selected for the required operating regime.
D. Optofluidic Fiber Dye Laser Summary
Pth , Lopt , and ηslope are the key characteristics of the holey
fiber dye lasers studied in this paper. The values of these
characteristic parameters as a function of N are summarized
in Figs. 11(a), 11(b), and 12(b) for the double-cladding HCF,
single-cladding HCF, and double-cladding SCF geometries,
respectively. In these figures, we consider both zero (αs = 0;
dashed lines) and non-zero (αs = 2 × 10−4 cm−1 ; solid lines)
signal scattering losses. For the double-cladding SCF, the value
of Pth is larger than ∼ 15 W and ηslope remains below 1% for
all studied N and αs . This results from the very small values of
Γp and Γs that characterize this geometry and cause inefficient
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Fig. 11. Variation of P t h , L o p t and η s l o p e with N for α s = 0 (- - - -) and
α s = 2 × 10−4 cm−1 (——-) in (a) double-cladding and (b) single-cladding
HCF dye laser.

Fig. 12. (a) Variation of P o u t (L o p t ) with P i n at different N for α s = 0
(- - -) and α s = 2 × 10−4 cm−1 (—–) in double-cladding SCF dye laser.
(b) Variation of P t h , L o p t and η s l o p e with N for α s = 0 (- - - -) and α s = 2
× 10−4 cm−1 (——-) in double-cladding SCF dye laser.

pumping of the gain medium and inefficient coupling of the
dye emission to the guided lasing mode. Hence, we conclude
that the considered double-cladding SCF geometry performs
significantly worse than the other two holey fiber dye laser
geometries. Out of these two geometries, single-cladding HCF
dye laser performs better than the double-cladding HCF dye
laser in all aspects. With the single-cladding HCF geometry, Pth
and ηslope values of ∼ 80 mW and > 90%, respectively, can
be simultaneously achieved for Lopt ∼ 0.2 m and N ∼ 1 μM.
On the other hand, double-cladding HCF dye laser reaches Pth
and ηslope values of ∼ 800 mW and > 60% for Lopt ∼ 5 m and
N ∼ 1 μM. As it is shown in the following section, these are
still quite respectable performance parameters when dye jet
lasers are considered. It is notable that, for some configurations
of fiber dye lasers studied in Fig. 11, the value of Pth for
αs = 0 is higher than Pth of a laser with finite scattering losses
and the same value of N . This seemingly counterintuitive result
is due to different values of Lopt that are obtained for different
αs with the optimization procedure described in Sec. III-B.
In general, smaller αs is associated with a larger Lopt , which
in turn requires a higher pump power for creating threshold
population inversion along the fiber length.
IV. MODELING OF CONVENTIONAL DYE JET LASERS
Dye jet lasers involve continuous flow of a dye solution
through a narrow nozzle forming a jet of liquid gain medium.
This liquid jet then passes through the common focal point of
the pump and signal laser beams with the focal-point diameters
ωp0 , ωs0 , respectively [41]. Pike developed analytical expressions for calculating the threshold pump power and the slope
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Fig. 13. Dye jet laser characteristics as a function of N for different values
of . (a) T o p t . (b) η s l o p e (left ordinate) and P t h (right ordinate).

efficiency of such dye jet lasers [42]. Within Pike’s formalism,
the threshold pump power Pth is given as:
Pth = (T + Lc )B,

(6)

where T is the useful single-pass loss of the cavity due to
the output coupler transmission [T = (− ln R2 )/2], Lc is the
non-useful single-pass loss of the cavity related to absorption
and scattering, and B = [(1 + )bp hc]/[4σas τ (1 − e−N σ a p d )].
In the expression for B,  is the beam diameter ratio (also known
2
2
/ωs0
, d is the
as the mode match parameter) defined as  = ωp0
length of the path traversed by the pump and signal laser beams
within the gain medium, and bp is the confocal parameter (or
depth of focus) of the pump beam which is equal to the distance between the two end points of the Rayleigh range, i.e
2
)/λp . The output signal power can then
bp = 2zR ,p = (2πωp0
be expressed as [43]:
Pou t =

T A (Pin − Pth )
,
T + Lc

(7)

where A = [(1 − e−N σ a p d )]/ 1 + 2 .
The maximum output power that is available from the laser
at a given pump power, Pin , is obtained at the optimum value of
useful cavity losses, Topt , that maximizes Eq. (7). The resultant
Topt and ηslope at Topt are given as:
Topt = Lc
ηslope =

Pin
−1
BLc

,

dPou t
ATopt
=
.
dPin
Topt + Lc

(8)
(9)

In dye jet lasers, Topt is a parameter analogous to Lopt in
fiber dye lasers and it characterizes the system performance.
Using the parameters of Rhodamine B dye listed in Table I and
assuming optimum transmission T = Topt of the output coupler at each studied configuration, we calculated Pth and ηslope
for typical operating parameters of a dye jet laser (d = 0.2 cm,
ωpo = 20 μm, Lc = 4%) [44]. Concentration dependences of
Topt , Pth , and ηslope are plotted in Fig. 13 for different values of
. In calculating the values presented in Fig. 13, Topt was determined at each N and  using Eq. (8) and assuming Pin = 1 W,
which represents typical pumping conditions above threshold.
Subsequently, Pth , and ηslope were found from Eqs. (6) and (9),
respectively.
For small values of N , the absolute population inversion
and, consequently, the optical gain at a given signal intensity

is low [41]. The steady-state operation of the laser requires corresponding lowering of the overall losses of the cavity. Thus,
for optimal performance, the reflectivity of the output coupler
has to be increased, resulting in smaller Topt . Smaller Topt
also leads to a smaller ηslope , as dictated by Eq. (9). When N
is increased, Pth decreases and ηslope increases in accordance
with Eqs. (6) and (9), respectively. For the dye concentration
varying from 20 μM to 1 mM, Pth is observed to change between 1 W and 541 mW for different values of . This range
of Pth of a typical dye jet laser is significantly better than that
of the double-cladding SCF laser (15.3–43 W), comparable to
that of the double-cladding HCF laser (772 – 964 mW), and
significantly worse than that of the single-cladding HCF laser
(59–83 mW). Maximal ηslope calculated for the dye jet laser is
22%. This value is much higher than the maximum calculated
for the SCF laser (ηslope = 0.9%), but significantly lower than
the maximal efficiencies of both double-cladding and singlecladding HCF lasers (ηslope = 80% and ηslope = 94%, respectively). From Fig. 13, it is evident that saturation is observed
in both Pth and ηslope beyond N  0.12 mM. Thus, from the
practical point of view, it is not advantageous to operate dye jet
lasers too high above this saturation concentration.
V. CONCLUSION
In this paper, we have introduced optofluidic dye lasers based
on holey fibers and investigated their potential for complementing or replacing dye jet lasers in high-power applications. We
have developed a mathematical model of such fiber laser systems using coupled steady-state rate equations and solved these
equations to determine the laser performance characteristics under various operating conditions. In our parametric study, we
have considered three different fiber laser geometries with different mode areas and pump/signal filling factors, in particular, double-cladding SCF laser, double-cladding HCF laser, and
single-cladding HCF laser. For benchmarking purposes, we have
also compared our results with the performance characteristics
of dye jet lasers. From our analysis, we can draw the following
main conclusions:
r Among the studied fiber dye laser geometries and the dye
jet laser, the single-cladding HCF laser has been found to
perform the best in terms of low Pth and high ηslope . This
is mainly due to the large pump and signal filling factors
in this arrangement that allow for efficient collection and
transport of light within the active gain medium. Doublecladding HCF laser has been found to perform comparably
to the dye jet laser when the pump filling factor is similar to
or larger than the value of Γp = 0.02 assumed in the paper.
r Taking into account better thermal management and ease of
coupling of the pump beam into the fiber, double-cladding
HCF laser has the potential to be the most practical geometry for holey fiber dye lasers.
r Double-cladding SCF geometry has been found to be
highly inefficient, with Pth > 10 W and ηslope < 1%,
caused mostly by the extremely small value of Γs that
results from evanescent coupling of the signal light to the
guided mode of the fiber.
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r For a given dye concentration, N , there is an optimum
fiber length, Lopt , that maximizes the output power of the
holey fiber dye laser. Our analysis shows that good operating parameters for double-cladding and single-cladding
HCF lasers are N ∼ 1 μM, Lopt ∼ 4.7 m and N ∼ 1 μM,
Lopt ∼ 0.45 m, respectively. We note that thermal effects
and dye photobleaching can impose additional limitations
on the determination of the best-performance values of N
and Lopt .
In conclusion, detailed analysis carried out in this paper shows
the suitability of single-cladding and double-cladding HCF geometries for holey fiber dye laser applications. Optimum operating conditions of the proposed optofluidic lasers have been determined considering realistic parameters. Practical holey fiber
dye lasers that can serve as fiber-based alternatives of conventional dye jet lasers as well as novel biological/chemical sensors
and bio-lasers can be designed using the presented framework.
Natural extension of our work will incorporate thermal effects
and dye photobleaching into the analysis of laser performance.
This way, holey fiber dimensions including the fiber length and
the cross-section of the liquid-filled channel can be further optimized and optimal flow speed of the dye solution through the
fiber can be determined.
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[37] M. Aas, Q. Chen, A. Joná, A. Kiraz, and X. Fan, “Optofluidic FRET lasers
and their applications in novel photonic devices and biochemical sensing,”
IEEE J. Sel. Topics Quantum Electron., vol. 22, no. 4, pp. 188–202, Aug.
2016.
[38] I. Kelson and A. Hardy, “Optimization of strongly pumped fiber lasers,”
J. Lightw. Technol., vol. 17, no. 5, pp. 891–897, May 1999.
[39] G. P. Agarwal, Nonlinear Fiber Optics, 3rd ed. Amsterdam, The Netherlands: Elsevier, 2001.
[40] Y. Yamamoto and R. E. Slusher, Optical Processes in Microcavities, B.
Elias and W. Claude, Eds. Boston, MA, USA: Springer, 1995.
[41] K. H. Drexhage et al., Dye Lasers, 1st ed, F. P. Schafer, Ed. Heidelberg,
Germany: Springer-Verlag, 1973.
[42] H. A. Pike, “Organic dye lasers,” Ph.D. dissertation, Inst. Optics, Univ.
Rochester, Rochester, NY, USA, 1971.
[43] H. W. Schroder et al., “A high-power single-mode CW dye ring laser,”
Appl. Phys., vol. 14, no. 4, pp. 377–380, Dec. 1977.
[44] D. Frolich et al., “Efficient frequency doubling of CW dye laser radiation,”
Appl. Phys., vol. 11, no. 1, pp. 97–101, Sep. 1976.

4122

Zeeshan Rashid received the B.S. and M.S. degrees from the University of
Engineering and Technology, Lahore, Pakistan, in 2007 and 2012, respectively.
Currently, he is working toward the Ph.D. degree in electrical and electronics engineering in Koç University, Istanbul, Turkey. Between 2008 and 2014,
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