
 

  
Abstract: Fluorimeter devices incorporate 

optical fiber probes as an essential component to 
deliver excitation light to a sample and collect the 
re-emitted fluorescence to a detector. The small 
size, light weight, flexibility, and non-toxicity of the 
optical fiber are attractive advantages that make it 
possible to monitor  spectral signals originating 
from minute volumes and has the capability of 
remote monitoring. In this paper we present a 
series of approximation formulas for light-
collection efficiency for different types of optical 
fiber fluorimeter probes.  

Index Terms: collection efficiency, fluorescence, 
fluorimeter, optical fiber, sensing probe 

1. INTRODUCTION 

luorimetry is a widely used optical method that 
can quantitatively measure the fluorescence 

when monitoring environmental changes in 
samples for chemical, biomedical, and clinical 
applications [1], [2]. It characterizes the 
relationship between the absorbed and the 
emitted photons at specified wavelengths. 
Fluorescence phenomena occur when 
fluorescent molecules absorb photons from the 
ultraviolet, visible or near-infrared light spectra, 
the so-called excitation, and then return rapidly (in 
nanoseconds) to the ground state by emitting 
photons with a longer wavelength.  

The emitted photon can be detected using two 
methods. In the straightforward method the 
emission is detected directly via simple coupling 
optics with a photon detector. This method needs 
a single photon detector with a wide photon-
sensitive area (ideally larger than the photon-
emission area), to achieve high-efficiency 
detection. In the alternative method, the emission 
is detected via an optical fiber coupled to a 
photon detector. Fluorescence-based fiber-
measurement techniques are more convenient 
when compared to fluorescence-based, free-
beam optics techniques due to their flexibility, 
cost‐effectiveness, small size, and remote-
monitoring capability, enabling their simple 
integration into existing structures. 
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Glass fibers are not only used for 
telecommunications [3], but also for delivering 
excitation and emission in biomedical optical 
spectroscopy [4-9]. Using fiber-optic probes in 
biomedical optical spectroscopy makes possible 
a local detection. The photon detector can be far 
from the sample and photon detectors with a 
small sensitive area can also be used. In the case 
of using fiber-optic probes, the photon-emission 
area is almost identical to the small core cross-
section. 

The most important parameter when designing 
a fiber fluorimeter probe is the ratio between 
optical power that is sent into the fiber probe, and 
the optical power coming back from the fiber 
probe, i.e., the fiber fluorimeter probe efficiency. 
There are many factors that can decrease the 
efficiency of the fluorescence detection. Some of 
them are Fresnel loss (a), background 
florescence, absorption losses (α), emission 
efficiency (Q), collection efficiency of the emitted 
fluorescence from the fluorophore to the optical 
fiber (ƞ), and coupling efficiency between the 
other optical fiber end and the detector (ε). 

The losses due to Fresnel reflection must be 
taken into account. It is well known that when the 
incident light passes from one medium to another 
a fraction of the light is reflected [10]. In general, 
it depends on the indices of the refraction and the 
ray angle of incidence. Since the numerical 
aperture of optical fiber is small, only rays with 
small incidence angles can be collected and 
therefore the influence of the angle on the 
Fresnel loss can be neglected, so we can 
assume that the light is perpendicular to the 
interface. In this case when light is propagating 
from the optical fiber to the fluorescent media the 
optical power loss is 
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The same loss occurs when light is traveling 
from the fluorescent media into the optical fiber - 
when the re-emitted fluorescence is collected. 

The background florescence is due to the auto-
fluorescence generated by impurities in the fiber 
core [8]. The light beam passing through the fiber 
excites the fiber material and generates a back-
propagating fluorescence light, referred to as the 
fluorescence background signal. In general, the 
fiber core induces a stronger fluorescence than 
the fiber cladding due to the doping material. It is 
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therefore necessary to use a pure-silica core fiber 
in applications using UV and shorter visible 
wavelengths. 

The absorption losses are due to the primary 
absorption (where the excitation power is 
attenuated when traveling in the florescence 
material) and to the secondary absorption (where 
the emitted fluorescence is absorbed while 
travelling back to the fiber probe) [11]. 

The emission efficiency determines the 
efficiency of the fluorescence process. It is 
defined as the ratio of the number of photons 
emitted to the number of photons absorbed [12]. 

The collection efficiency is the ratio of the 
receiver (fiber) to the source (fluorophore 
molecule) phase space volumes [13]. 
Furthermore, we can define the collection 
efficiency as the ratio of the fluorescence power 
collected by the fiber core to the total fluorescent 
power emitted by the fluorophore. 

Photomultiplier tubes (PMTs) have larger 
diameter of circular sensitive area (ϕPD=5.0 mm) 
than it is the diameter of fiber core. In this case 
the coupling efficiency is constant, and ideally it is 
100 %, therefore, the optical fiber end is directly 
connected to the attachment of the PMT counting 
head without additional coupling optics. In the 
case of using avalanche photo diodes (APDs), 
the optimization of the fiber core diameter (2rc), 
the fiber numerical aperture (NA), and a specific 
design of the coupling optics are necessary.  
Such optimizations of probe are necessary since 
the APD sensitive area is small and the coupling 
efficiency ε decreases as (2rc) or as NA 

increases. 
 This paper reviews different types of optical 

fiber fluorimeter probes. In section 2, we present 
single-fiber probe in which the excitation and the 
emission radiation is transmitted. In sections 3 
and 4, we present double parallel and collinear 
fiber probes in which one fiber guides the 
excitation to the sample and the other collects the 
emission radiation to the detector. In section 5, 
we present fiber-optic bundle probes, in which 
more than one fiber is used for the collection of 
the light. And, finally, in Section 6 multi-core fiber 
probes are presented.  

2. SINGLE-FIBER PROBE 

In fluorescence measurements with a single-
fiber probe, the same fiber is used to transmit the 
excitation radiation to the sample and to guide the 
collected signal radiation to the detection system. 
The fluorescence light is emitted from the excited 
molecule within the excitation cone at 4π 
steradians [14], but only the fluorescence emitted 
within a cone similar to the excitation cone will be 
collected by a fiber. Let us assume a fluorescent 
molecule and a fiber with a core area of Ac. Out of 
the total fluorescence emitted by a fluorophore, 

only the fluorescence emitted within an optical 
fiber aperture can be collected, as in fig (1). Then 
the collection efficiency can be calculated by the 
ratio of power collected by the fiber (Pc) to the 
total power emitted by the fluorophore (Ps ), which 
is equivalent to the ratio of the emitting source 
(fluorophore) (Ωs) solid angle to the receiver 
(fiber) solid angle (Ωc), as in eqn (2): 
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Since the fluorophore molecule emits 
isotropically. Then the solid angle is: 

 
 Ω� = 4π 

 

(3) 

The solid angle inside a cone of half-angle αmax 
can be determined as given in the Appendix: 
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From eqn (2), eqn (3) and eqn (4) the collection 
efficiency is given by 
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Fig. 1: The emission of light by the fluorophore molecule at the 

end of the optical fiber. 

 
The collection efficiency calculated using eqn 

(5) can be used if the fluorophore is at the tip of 
the fiber, but if the sample has a thickness z then 
we should consider the attenuation of the 
travelling emission until it reaches the fiber. Then 
if Po is the light power emerging from the fiber 
core, the excitation power reaching a molecule at 
a distance z from the fiber is  

                     Pe=P0 e
(-α

1
·z)

                              (6) 

where α1 is the absorptivity loss in units of m
-1

 
and z is the thickness of the fluorescent sample. 

 If the emission efficiency is Q then the total 
emitted fluorescence power is  

                    Q·P0 e
(-α

1
·z)

                                (7) 



 

The fluorescence light at the wavelength λ2 that 
is travelling back to the fiber is attenuated by 
another absorptivity loss α2. Since the phase 
volume of the fluorescent source and the phase 
volume of the fiber can be calculated as follows 

                    ssmedias An  2
                        (8) 

                    ccmediaf An  2
                        (9) 

where As is the normal cross-sectional area of the 
emitting source at distance z, Ac is the cross-
sectional fiber core area, Ωs is the emitting source 
(fluorophore) solid angle and Ωc is the receiver 
(fiber) solid angle, then the average collection 
efficiency for a single-fiber probe can be 
calculated as follows 
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From fig (2) the ratio of the cross-sectional fiber 
core area to the normal cross-sectional area of 
the emitting source at a distance z can be 
calculated using 
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Fig. 2: Collection of fluorescent emitted light from fluorophore 

molecule at a distance z from the fiber tip. 

 
From eqns (3), (4), (10) and (11) the average 

collection efficiency for a single-fiber probe can 
be calculated with 
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The single-fiber probe has the advantages of a 
small probe diameter, large collection, the 
smallest possible beam spot size, and of a simple 
configuration. It is suitable to be used when 
signal-to-noise ratio is expected to be large and 
when very small volumes are to be measured 
[15]. It is limited by the difficulty in suppressing 
auto-fluorescence background signal induced by 
the fiber itself, and by the difficulty in reducing 
back-scattered excitation and illumination light at 
the fiber coupling site. Therefore, the single-fiber 
probe is a poor choice for many types of 
measurements, like measurements of weakly 
fluorescent samples, measurements requiring 
long fibers, or when the sample is heterogeneous 
[16]. 

3. DOUBLE PARALLEL FIBER PROBE 

In fluorescence measurements with separate 
fiber probes, one fiber is used to transmit the 
excitation radiation to the sample and a second is 
used to collect and guide the emission signal 
radiation to the detection system. Using separate 
fibers eliminates the need for fiber splitters, but 
the probability of capturing emission photons is 
significantly reduced because only a small portion 
of the excited fluorescence can be collected. This 
portion corresponds to the fluorescence emitted 
in the volume (s) defined by the overlap of the 
excitation and collection cones, as shown in fig 
(3). The collection efficiency of a double-fiber 
probe is therefore lower than the collection 
efficiency of a single-fiber probe, as the collecting 
fiber sees only the overlapping area beginning at 
z0 [17]. The average collection efficiency for a 
double-fiber probe can be calculated using: 
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where S(z) is the overlapping area between the 
excitation and the collection cone at a distance z 
from the fiber tip.  The overlapping area in fig (3) 
can be calculated using S(z)= 2*(area of the 
circular sector (ADB) - area of the triangle(ADB)), 
which is given by eqn (15) 
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Fig. 3 : Double optical fiber system for calculating the 
fluorescence signal collected by a double-fiber probe. 

4. DOUBLE COLLINEAR FIBER PROBE 

In this case the excitation fiber and the 
collection fiber are collinear. This is assuming that 
the two fibers have the same radius (rc), the same 
numerical aperture (NA) and the longitudinal 
separation distance (d) as in fig (4). 
 

 
 

Fig. 4: Double optical fiber facing configuration. 

 
Assuming that the input power to the first fiber 

is Pin and the detected power at the end of other 
fiber is Pout. The collection efficiency for this 
configuration is given by the ratio between the 
detected power and the input power  
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where Ac and A are the area of the core and the 
total surface area of the illumination cone at a 
distance d, as shown in fig (4). The radius of the 
illuminated area can be calculated as follows 

 
 )tan(drr c  =rc+ d (NA) (17) 

   
Then, substituting eqn(15) into eqn(14) we 

have 
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Double collinear fiber probe is capable of 
detecting fluorescence from transparent samples 
but not from opaque ones. Collecting 
fluorescence in transmission with this 
configuration requires a bandpass filter in the 
excitation path and a long pass filter in front of the 
collection fiber in order to separate the 
fluorescence from the excitation light. 

5. BUNDLE-FIBER PROBE 

A single-optic bundle probe including a central 
excitation fiber surrounded by six collection fibers 
increases the collection efficiency [18], as seen in 
fig (5). The effects of fiber parameters like the 
fiber diameter, the numerical aperture, the 
arrangement of collection fibers around the 
excitation fiber and the dead space between 
them, and the optical properties of the medium on 
the performance of probes are mathematically 
modeled by varying the fiber parameters and their 
geometrical arrangement using a Monte Carlo 
simulation technique [19]. The simulation results 
indicate that the fluorescence signal increases 
monotonically with an increasing collection fiber 
diameter. However, the inclusion of an effective 
space factor in the calculations does not yield the 
same monotonic rise in the collected 
fluorescence signal. The collection efficiency of a 
single-optic bundle probe, including a central 
excitation fiber surrounded by six collection fibers, 
is calculated in [11] as 
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where Г(r, z) is given by  
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Fig. 5: A six-around-one fiber bundle probe. 

 
Fiber bundles can be used for detecting weak 
fluorescence samples, but not from strongly 
absorbing samples. They are also expensive for 
long cable lengths for remote fluorescence 
spectroscopy in addition to ineffectively coupling 
the outputs of several fibers into a detector. 

6. MULTI-CORE FIBER 

Multi-core fibers (MCFs) are optical fibers, 
integrating more than one guiding core in one 
cladding. The overall size of the probe is reduced, 
because multiple cores can be designed in a fiber 
with the same width as a single-core fiber. Fiber 
probes based on a multi-core structure have been 
proposed to improve the collection efficiency [20], 
[21]. The core separations throughout the fiber 
are constant, compared to fiber bundles made by 
inserting multiple single-core fibers into a 
capillary.  

MCFs integrate the optical paths (excitation 
path and collection path) within a single MCF 
probe as in fig (6). The central core is used to 
transmit and couple the excitation radiation to the 
outer six cores in order to excite the sample. 
Using all the cores for delivering the excitation 
light from the source to the sample reduces the 
risk of the sample being photo-chemically 
damaged when compared to the excitation using 
a single-core fiber. Fluorescence emission 
feedback radiation at a longer wavelength can be 
collected in the outer six cores, and then the 
fluorescence signal can be coupled from these 
cores to the central core. 

 
Fig. 6: Seven-core fiber for sending the excitation light to the 

fluorophore and collecting the emitted fluorescence light. 

7. CONCLUSION 

There has been a drive in fluorescence 
spectroscopic applications to push the sample 
volumes and detection limits to lower levels by 
designing integrated, multifunctional, and highly 
optimized fiber probes. Such probes enable 
optimal excitation and collection, developing 
highly sensitive detectors and decreasing the 
background (scattering light, auto fluorescence). 

 The type of the sample, concentration, 
sensitivity needed, and physical constraints of the 
fluorimeter system determine which probe 
configuration is the best for a particular study. 

 After the comparison of different fiber probe 
configurations, we can conclude that single-fiber 
probe configurations are the best choice for 
measurements that require short fibers; the 
signal-to-background ratio is expected to be 
large, and samples with very small volumes can 
be measured. However, it is a poor choice for 
measurements that require long fibers, or for 
weakly fluorescent samples. 

A double parallel fiber probe configuration is 
capable of sampling over larger volumes and 
studying discrete luminescent particles in a 
suspension. Nevertheless, these probes have low 
fluorescence collection efficiency because they 
offer poor spatial overlapping between the 
excitation cone and the fluorescence collection 
cone. 

Collecting fluorescence in transmission using a 
double collinear fiber probe requires the inclusion 
of high-quality filtering to separate the 
fluorescence from the excitation light. 

Fiber-bundle probe configurations can be 
optimized for detecting weak fluorescence 
samples, but the dead space between the fibers 
limits the ability to measure the fluorescence from 
strongly absorbing samples. 

The dead space in fiber-bundle probes can be 
reduced by using MCF probes, which integrate 
multiple cores in a single cladding. 



 

APPENDIX 

The solid angle inside a cone of half-angle αmax in 
fig (1) can be determined as 
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