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Abstract: A liquid filled microstructured optical fiber (MOF) is used to 
detect x-rays. Numerical analysis and experimental observation leads to 
geometric fiber optics theory for MOF photon transmission. A model using 
this theory relates the quantity and energy of absorbed x-ray photons to 
transmitted MOF generated photons. Experimental measurements of MOF 
photon quantities compared with calculated values show good qualitative 
agreement. The difference between the calculated and measured values is 
discussed. 
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1. Introduction 

Liquid filled microstructured optical fiber (MOF) offers significant sensing and detection 
capability. It is considered for many sensing and detection applications [1–7]. Various liquids 
offer a broad range of unique sensing and detection applications. 

Previous investigations of MOF, also known as photonic crystal fiber (PCF), show light 
guidance through ‘leaky’ evanescent modes [8]. An important aspect of band-gap and 
effective index fibers is the dependence of the guided wavelength on fiber geometry. For near 
infrared (IR) wavelengths, band-gap fibers operate through a narrow range of wavelengths; 
effective index fibers can have single mode operation over an extended wavelength range 
[9,10]. 

Filling the inclusions of the MOF changes the refractive index. At near IR wavelengths, 
fiber with a core index of refraction less than the cladding forms a band-gap or ARROW 
waveguide [11]. For shorter wavelengths, the waveguide modal characteristics change based 
on the material index of refraction and fiber geometry. Shorter wavelengths are investigated in 
this work. 

For x-ray detection, ionizing radiation can be detected by using both plastic scintillating 
fibers and doped glass fibers [12,13]. Scintillation occurs as the absorption of shorter 
wavelength photons generates longer wavelength photons that are detected [14]. Although 
scintillation occurs in gases, liquids, and solids, liquids allow more convenient sensor 
fabrication based on previous MOF work [1–7]. 

We present an x-ray detecting fiber by filling MOF with a liquid scintillator which has 
several benefits compared to plastic scintillating fiber. Conventional plastic scintillating fiber 
operates with a large core and small cladding to reduce internal reflections which cause losses 
due to imperfections between the core-cladding interface [12]. Liquid filled microstructured 
fiber does not have these losses due to the step index between the liquid core and quartz 
cladding. The smaller diameter of the microstructured fiber allows coupling with standard 
multimode fiber using standard mechanical couplers. Additionally, the plastic fiber core 
gradually becomes opaque when exposed to x-rays over time while the liquid remains clear 
[12,15]. 

This paper describes how the MOF functions as a detector when exposed to x-rays and 
transmits light; it also shows how to calculate the maximum theoretical output and 
experimentally measure the output. Numerical modeling shows that light is confined in the 
liquid, which is verified in experiments using liquid filled MOF. The numerical modeling and 
experimental observations leads to a geometric optics waveguide model. Calculated output 
and experimental data are compared for a liquid filled MOF irradiated with a CdTe 
characterized 40kV x-ray source. 

2. Numerical modeling and theory 

The BC-517H liquid scintillator used emits 425 nm wavelength photons and was chosen 
because of its refractive index [16]. The propagation of light in microstructured fiber as shown 
in Fig. 1 was analyzed using a wavelength of 425 nm. The FIMMWAVE finite element solver 
and CUDOS multi-pole software package provided modal solutions for the fiber models 
shown in Fig. 2 [17,18]. 

The results from the FIMMWAVE and CUDOS models show all the effective refractive 
index solutions are real and all the modes are real and guided. These guided bound modes 
exist within the inclusions. Thus, numerical analysis results show the filled MOF operates as a 
bundle of index guiding fibers for light transmission at the 425 nm wavelength. 

A small difference exists between the refractive indexes of the fiber silica matrix (n = 
1.4585) and liquid filled inclusions (n = 1.476). This small refractive index difference allows 
using weakly guiding total internal reflection waveguide theory [19,20]. The inclusions are 
modeled as a bundle of weakly guiding multimode fibers with negligible mode coupling. 

Considering the liquid MOF as multi-core fiber, evaluation of the normalized frequency V 
parameter shows multimode transmission 
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where ρ is the inclusion diameter and the subscripts i and m are for the inclusion and cladding 

matrix index of refraction, respectively. For a 425 nm wavelength with ρ  = 2500nm, ni = 

1.476, nm = 1.4585 yields V = 8.375 and each liquid filled inclusion is approximated as a step 
index multimode fiber [19]. The weakly guiding waveguide approximation is valid if ∆ <<1. 
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Fig. 1. Microstructured quartz optical fiber cross-section. Total fiber diameter is 125 microns 
with 168 air filled inclusions. These inclusions become fiber cores when filled with scintillator 
material. 

 

Fig. 2. (a) FIMMWAVE FEM model geometry, (b) CUDOS multipole model geometry. Note 
the center hole in the FIMMWAVE model is filled by using cladding material. 

For the liquid and quartz, 1%∆ ≈ , which satisfies the weakly guiding approximation. This 

allows analytical solutions from step index weakly guiding optical fiber theory [20]. The 
number of modes is given by Nm. 

 
2

2m
VN ≈   (3) 
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Considering the photons as rays from a spherical dipole, the complementary critical 

angle
c
θ  for guiding the photons is defined using 

 21 sin
2 c

θ∆ =   (4) 

where the complementary critical angle, 
c
θ , limits the angle of bound rays propagation in the 

fiber. The photon capture probability 
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is the ratio of surface area emitted through
c
θ to the total spherical surface area [20]. Using 

Eqs. (2) and (4) with Eq. (5) yields Pnc = 0.59%. For multimode power transmission the 
percent of power guided through bound modes is [20, 21] 

 41
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where Pcore is the guided core power and P is the total power. Equations (1), (3), and (6) 

combine for a waveguide efficiency, 77%
wg

η = . The liquid scintillator has an output of 

7.5/keV photon emission per absorbed gamma photon, which yields 

 ( )( ) 7.5 ( )P

photons
N E EN E

keV
=   (7) 

where E is the energy per x-ray photon in keV and N is the number of absorbed 
monochromatic x-ray photons per unit time. Beer’s law 

 l

o
I I e α−=   (8) 

relates the absorbed x-ray photon intensity to length l using an absorption coefficientα  and 

( )I h N Aν= , where A is the area. The number of absorbed x-ray photons as a function of 

energy per unit time uses the intensity relation and Eq. (8) to yield 

 ( )( ) (1 ) ( )E l

r count
N E A e N Eα−= −   (9) 

where Ncount(E) is the total number of x-ray photons at energy E, and ( )Eα is the absorption 

coefficient. Ar is the area ratio between the 100 micron diameter collimator and 168-2.5 

micron diameter holes, 2 2(168 2.5 ) /100
r

A = ⋅  and l is the fiber length. The BC-517H 

absorption coefficient was approximated by vinyl toluene data [22]. 
The photomultiplier quantum, collection, and transmission efficiencies combine to an 

approximate detector efficiency 
d

η  = 18%. The maximum photomultiplier electrical pulse 

count rate during x-ray exposure of the liquid MOF is 

 c P nc d wgN N P dEη η=∫   (10) 

where NP is a function of energy given by Eq. (7), which uses Eq. (9). 

3. Experiment and results 

Sample fiber preparation was done by putting liquid scintillator into the MOF using capillary 
action along with pressurizing the liquid at one end of the fiber. A 12cm long fiber was 
chosen because that length has over 95% x-ray photon absorption for a 40keV x-ray. Figure 3. 
shows fiber photon emission generated by a UV lamp source during examination and testing 
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of fibers before exposure to x-rays. The inspection allowed determining fiber quality and 
confirming the theoretical modeling. 

Conducting an experiment allowed measuring the fiber photon count during x-ray 
exposure for comparison with calculations. Measurements were taken between x-ray tube 
voltages of 10 and 40 kV at 5kV increments. A 40 kV, 4 W silver anode x-ray tube was the 
source. Figure 4 shows the experimental setup for x-ray tube characterization and scintillating 
fiber output measurements. The x-ray tube characterization used a collimated CdTe detector 
and multichannel analyzer. 

The collimator had two 5 mm thick tungsten aperture disks, a 100 micron diameter 
aperture followed by a 200 micron diameter aperture. The CdTe detector operated at 100% 
efficiency for x-ray photons between the energies of 10-50 keV. The CdTe detector mult-
ichannel analyzer stored data on a computer for subsequent processing. 

 

Fig. 3. Emission of 425 nm photons using UV excitation on opposite end of fiber; liquid loss 
from the fiber end results in no emission. 

 

Fig. 4. Placement of CdTe detector and collimator for characterization of x-ray tube and taking 
fiber data. 

The tube characterization progressed at five minute intervals over a series of weeks to 
ensure tube stability and measurement repeatability. The CdTe detector energy calibration 
used an Am-241 radioactive source. Careful alignment of the collimator and tube maximized 
photon counts through the collimator, which was located 0.5 cm from the tube. 

A 1024 channel analyzer measured the number of x-ray photons (Ncount) at discrete 
energies which pass through the 100 micron diameter collimator. The value of energy was 
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interpolated from a linear calibration scale. The photons counted from each channel formed 
the 1024 element array Ncount (E) used in Eq. (9). 

Signals from the photomultiplier tube went to a discriminator circuit, which discarded 
voltage pulses below an adjustable level. The remaining pulses went to a digital pulse counter 
where the counts accumulated over a 300 second period. The total pulse count was recorded at 
discrete x-ray tube voltages between 10 and 40 kV. 

A blackout cloth was used over a leaded Plexiglas three-sided enclosure with a lead-foil 
covered aluminum back plate. The blackout cloth reduced stray photons and their subsequent 
noise but allowed easy access to the experimental setup. Additionally, the room was partially 
darkened during operation to remove fluorescent light fixture magnetic and photonic noise. 

Lead shielding was wrapped around the photomultiplier tube module and fiber coupler to 
reduce noise. Power and cables to the photomultiplier tube and x-ray tube were routed 
between the Plexiglas enclosure and backing plate. Power for the electronics had a common 
ground. 

The prepared fiber was placed in the same location as the detector collimator while 
varying x-ray tube voltage without changing source current during measurements. A bare 
fiber FC adapter coupled the fiber to the photomultiplier tube. The photomultiplier tube used a 
bialkali cathode with peak quantum efficiency at 420 nm. The fiber directed scintillation 
photons to the photomultiplier tube. 

Figure 5. shows the calculated photon output with measured output. The calculated output 
uses Eq. (10) with x-ray tube characterization measured data used for Ncount. Displayed counts 
have noise subtracted from their measured value. 

 

Fig. 5. Fiber photon counts versus tube voltage comparing calculated with measured counts. 

4. Discussion and conclusions 

The data shape and trend of Fig. 5. shows good agreement between the calculated and 
measured values. The primary contributors to the difference between the measured and 
calculated photon counts are the material x-ray absorption coefficient in the liquid, scattering, 
and lack of complete MOF end filling illustrated in Fig. 3. 

Fiber alignment and orientation determine the x-ray absorption. These absorbed x-rays 
generate photon emission in the liquid. Considering the length of fiber used, attenuation 
through the liquid and coupling between cores is approximately negligible. Scattering effects 
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have been ignored in the theory and modeling. Scattering due to geometric and material non-
uniformities will cause loss of transmitted light. Incompletely filled MOF results in almost no 
transmission due to scattering. 

The geometric optics theory used for calculating the maximum photon counts is based on 
numerical analysis and experimental observations. The sample observations, shown in Fig. 3, 
confirm the numerical analysis. The short wavelength photons generated by x-ray absorption 
transform the liquid MOF into a multi-core x-ray detecting fiber. 

The work presented shows liquid MOF can be used to measure x-rays. The x-ray detecting 
liquid MOF was observed to be highly direction sensitive. Making the exposed end of the 
fiber highly reflective will increase the measured photon count. 
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