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Abstract 

 

Cavity ring-down spectroscopy has been used over the last twenty years as a 

highly sensitive absorption spectroscopic technique to measure light attenuation in gases, 

liquids, and solid samples. An optical cavity is used as a multi-pass cell, and the decay time 

of the light intensity in the cavity is measured, thereby rendering the techniques insensitive 

to light intensity fluctuations. Optical waveguides are used to build the optical cavities 

presented in this work. The geometries of such waveguides permit the use of very small 

liquid sample volumes while retaining the advantages of cavity ring-down spectroscopy. 

In this thesis cavity ring-down measurements are conducted, both, in the time 

domain and by measuring phase-shifts of sinusoidally modulated light, and the two 

methods are theoretically connected using a simple mathematical model, which is then 

experimentally confirmed. A new laser driver, that is compatible with high powered diode 

lasers, has to be designed to be able to switch from time domain to frequency domain 

measurements. 

A sample path length enhancement within the optical cavity is explored with 

the use of liquid core waveguides. The setup was optimised with respect to the matrix 

liquid, the geometrical matching of waveguide geometries, and the shape of liquid core 

waveguide ends. Additionally, a new technique of producing concave lenses at fibre ends 

has been developed and the output of a general fibre lens is simulated. 

Finally, liquid core waveguides are incorporated into a fibre-loop ring-down 

spectroscopy setup to measure the attenuation of two model dyes in a sample volume 
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of <1 µL. The setup is characterized by measuring concentrations of Allura Red AC and 

Congo Red from 1 µM to a limit of detection of 5 nM. The performance of the setup is 

compared to other absorption techniques measuring liquid samples. 
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Chapter 1. 

Introduction 

 

1.1. Cavity Enhanced Methods 

 

Optical spectroscopy is one of the longest-used techniques of identifying and 

quantifying chemical substances. In the eighteenth and nineteenth century, the Beer-

Lambert law was derived, which describes the intensity decay of light when it travels 

through a medium.1-3 This intensity decay is commonly expressed as the absorbance 

 

  (1.1) 

 

In this equation, d is the length of the path that the light travels through the 

absorbing medium, ε is the molar extinction coefficient and C is the concentration of the 

analyte. I0 and I are the light intensities before and after the sample, respectively. In most 

commercial instruments, the absorbance is measured using a 1 cm path length cuvette, 

which requires a sample volume of a few millilitres. Since the absorbance is related to the 

ratio of light intensity before and after the sample, at small concentrations a very small 

change of a large (background) signal has to be detected. To overcome this limitation, the 

path length, d, can be extended, but this requires more sample to be present. 

In the following, a comparison of different absorption spectroscopy configurations 

and their sensitivity is made. The sensitivity, the change in signal as a function of 

0

log
I

A Cd
I

ε= − =
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concentration, is used as the distinguishing quantity. To increase the path length without 

increasing the volume, the light may be sent through the sample multiple times with the 

use of multi-pass cells, like Herriot cells4, White cells5, 6, or astigmatic mirror cells7 (cf. 

Figure 1.1). The disadvantage these cell types have in common is that, although the optical 

path length is greatly enhanced, the sample volume inside the optical cell is not completely 

interrogated, which requires a homogeneous sample distribution in the cell. Additionally, 

these cells are sensitive to the alignment of the light beam. 

 

          

 

Figure 1.1. Multi-pass cells used in absorption spectroscopy: (a) Herriot cell8, (b) White cell6, and (c) 

astigmatic mirror cell9. 

 

Enhancing the sample path, by either using a longer cuvette, or by sending the 

light through the sample multiple times, being reflected back and forth by mirrors, results 

(a) (b) 

(c) 
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in a greater sensitivity, but undoubtedly, there are other analytical methods which are more 

sensitive, like fluorescence spectroscopy (fluorometry). However, the disadvantage of 

fluorometry is that all analytes that do not exhibit natural fluorescence need to be labelled 

with a fluorescing tag, which alters the analyte and may therefore not be suitable for many 

applications. Non-spectroscopic techniques, for example, mass spectrometry, laser induced 

breakdown spectroscopy, atomic absorption or emission spectroscopy, and others, are also 

very sensitive but all destroy the analyte. 

Extending the sample path eliminates to some extent one of the disadvantages of 

absorption spectroscopy, but it does not solve the problem of having to distinguish light 

source fluctuations from intensity changes that are due to absorption of an analyte. 

Spectrometers with two beam paths, one for the sample and one for a reference solution, 

overcome this problem, but the requirements for two balanced detectors and matching the 

matrix liquid of the sample can be very demanding. 

 

In the last quarter of the twentieth century, optical cavities were discovered for 

absorption spectroscopy. In 1988, Deacon and O’Keefe invented cavity ring-down 

spectroscopy (CRDS) using an optical cavity made from two highly reflective mirrors to 

probe a strongly forbidden transition of gaseous molecular oxygen10. Although the 

utilization of this technique for absorbance spectroscopy was a novelty, the technique had 

already existed in a rudimentary form since the 1960s. In 1961, Jackson used a Fabry-Perot 

cavity with an absorbing medium inside11 and in 1962, Kastler measured atomic absorption 

and emission in a passive optical cavity12. In the year 1974, Kastler also determined that 

the light in an optical cavity decayed exponentially with time13. He expressed this with an 
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exponential decay law, which became the core of cavity ring-down spectroscopy. A typical 

CRDS setup is shown in Figure 1.2. Commonly, a pulsed laser is coupled into an optical 

cavity made from two high reflective mirrors and the cavity output is observed. From the 

rate of the intensity decay of the light in the cavity, losses in the cavity are extracted and 

with that, the absorbance of the sample in the cavity is determined. CRDS is explained in 

more detail later in this chapter. 

 

 

Figure 1.2. Conventional cavity ring-down spectroscopy setup and data acquisition. A laser pulse from a 

tunable pulsed laser source is coupled into an optical cavity, The intensity of the pulse trapped inside the 

cavity decays with time because of absorption, scatter, and other loss processes. This intensity decay is 

monitored by a detector placed behind the optical cavity and intensity-time profiles, or ring-down traces, are 

recorded (A or B). If a laser source with a short pulse is used, a pulse train is to be seen on the detector and 

the envelope of this pulse train is represented by the decay trace (A or B). If the laser pulse is sufficiently 

long, the decay trace is measured directly on the detector. Higher losses within the cavity produce a fast 

decaying intensity (A), while low losses give rise to longer decay traces (B). This applies to either one cavity 

mode, or to an ensemble of modes. For each wavelength of the final spectrum a ring-down trace (A or B) has 

to be measured. In the ‘Signal processing’ step, the decay time τ is extracted from a fit to the decay trace. 

Adapted from Reference 14.14 To efficiently couple the light pulse into the optical cavity, the mode spectrum 

of the cavity and the frequency of the laser light have to be matched. Additionally, the temporal pulse width 

has to be considered, since the frequency range is larger for shorter laser pulses. This will be discussed in 

detail in Chapter 3.  
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Shortly after the invention of CRDS by Deacon and O’Keefe, cavity enhanced 

methods were developed, such as cavity enhanced absorption spectroscopy (CEAS), 

integrated cavity output spectroscopy (ICOS), locked cavity enhanced transmission 

spectroscopy (LCETS), noise-immune cavity-enhanced optical heterodyne molecular 

spectroscopy (NICE-OHMS) and others. 

 

In short, in ICOS measurements, a high finesse optical cavity, similar to cavities 

used in CRDS, is excited with a narrow bandwidth cw-laser and the absolute output of the 

cavity is recorded.15, 16 The intensity output, I, of the cavity depends on the incident light, 

I0, on the mirror transmission, T, on the average effective mirror reflectivity, R‘, on the 

intra-cavity absorption per unit length, α, and on the length of the cavity l (cf. 

Equation 1.2). 

 

 ICOS:   (1.2) 

 

The difference to cavity ring-down spectroscopy is that one of the cavity mirrors 

was dithered with an actuator at a frequency much lower than the reciprocal decay time in 

the cavity, usually in the low kHz range. This dithering motion randomized the mode 

spectrum of the cavity and produced a pseudo-continuous cavity spectrum. A laser, which 

is scanned over multiple free-spectral-ranges (FSR, cf. Chapter 3) of the cavity, is then on 

resonance with an individual cavity mode only for a short period of time. Consequently, 

some intensity accumulates in the cavity but no intensity build-up as in CRDS is observed. 

One has to consider that sine-modulation of the mirror position, as would be typical for 

( ) 12
0 2 log 'lI I T e Rα −−  = ×  
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dithering, results in the mirror spending more time at the turning points. This would 

preferentially populate cavity modes corresponding to these lengths. To account for this 

effect, additional frequency modulation of the laser reduces the longer mode overlaps at 

the turning points of the mirror dithering motion and is therefore beneficial to the intensity 

detection. This randomizing of the cavity mode spectrum, together with the frequency 

modulation of the laser, results in an extension of the effective sample path and, with it, in 

an increase of the sensitivity of the system. A typical setup is displayed in Figure 1.3. 

 

 

Figure 1.3. Typical cw-ICOS setup. A laser is coupled into a linear mirror cavity. One cavity mirror is moved 

at a frequency of 1 kHz with low amplitude, effectively randomizing the cavity mode structure. Additionally, 

the laser is frequency modulated, to reduce any residual light build-up when the laser and the cavity are on 

resonance. The ‘oscillator’ denotes an oscilloscope, which is used for diagnostic purposes only.16 

 

CEAS is a very similar technique to ICOS, with the small difference that the 

cavity is not actively destabilized by jittering or dithering one of the cavity mirrors.17 The 

laser is scanned over the spectral region of interest, and the integrated cavity output at each 

wavelength is recorded with a photodiode or photomultiplier tube (PMT). Several scans are 

summed to increase the signal-to-noise ratio. In CEAS, the cavity is stabilized but not 

locked to the laser and only the random jitters in the cavity mode structure provide the 
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randomness of the resonant frequencies. For CEAS, the frequency scan time of the laser 

has to be short enough to resonantly populate all cavity modes equally. The experimental 

setup is very similar to the cw-ICOS setup in Figure 1.3, but the piezo mirror mounts, 

scrambling the mode structure, are not used. 

 

In 1999, Gianfrani et al. locked their laser output to a cavity mode. They scanned 

over the absorption feature of molecular oxygen around 762 nm in a mirror-based optical 

cavity and with that, they employed locked cavity enhanced transmission  spectroscopy.18, 

19 The laser was locked with the Pound-Drever-Hall scheme to the cavity. A detailed 

description of the locking scheme can be found in the publications of Drever and Black.20, 

21 Gianfrani et al. did not record the ring-down signal of their optical cavity but rather 

measured the absolute output intensity while the laser was locked to a cavity mode, and the 

cavity mode was scanned over an absorption feature. Furthermore, they employed an 

acousto-optical modulator (AOM) to stabilize the intensity output of their light source. The 

empty cavity output and the filled cavity output signals allowed them to calculate the 

actual absorption. They greatly increased the sensitivity versus traditional transmission 

spectroscopy, although the detection scheme requires much more technical equipment and 

cannot be scanned over hundreds of nanometers, to produce broad spectra. 

 

The last cavity enhanced method to be described here, is noise-immune cavity-

enhanced optical heterodyne molecular spectroscopy (NICE-OHMS) and was invented by 

Ye et al. in 1998.22 So far, NICE-OHMS is, according to the author’s knowledge, the most 

sensitive cavity enhanced absorption technique. In NICE-OHMS, the laser is frequency 
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modulated with a radio frequency that corresponds to exactly the free spectral range 

frequency of the cavity. The frequency modulation generates sidebands of the carrier 

frequency at an FSR distance. In addition, the laser is locked to one cavity mode by the 

Pound-Drever-Hall approach20, 21, which causes the sidebands from the initial frequency 

modulation to also align with two adjacent cavity modes. With that, the carrier light and 

the two sidebands are transmitted through the cavity. If there is no absorber in the cavity at 

this point, the contributions of the sidebands to the output signal are cancelling each other 

out and the frequency modulated signal is zero. This scheme results in the noise-immunity 

of the system. When scanning the cavity over an absorption feature of the sample now, the 

mode that the carrier is locked to shifts due to a refractive index change and the 

contributions of the sidebands are no longer balanced, which gives rise to a signal. This is 

depicted in Figure 1.4.a. Figure 1.4.b shows a general setup of a NICE-OHMS experiment. 

The laser is frequency modulated by the first electro-optical modulator (EOM) to match the 

FSR of the cavity, and a second EOM is used to produce the Pound-Drever-Hall locking 

signal. 

 

     

Figure 1.4. NICE-OHMS working principle and setup. (a) NICE-OHMS detection principle without and with 

absorber present. The cavity mode of the carrier shifts, due to the absorber, and the sidebands are not 

properly aligned with their respective cavity modes anymore, which gives rise to a signal. (b) A typical 

NICE-OHMS setup with two electro-optic modulators, producing the NICE-OHMS sidebands at a distance 

of +/- FSR, and the Pound-Drever-Hall locking signal.22 

(a) (b) 
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All the earlier described cavity enhanced methods measure the steady-state light 

output of the optical cavity and relate this to the sample absorption. Unfortunately, 

measuring intensities eliminates the immunity towards light intensity fluctuations that is 

inherent to CRDS. However, the major advantage of these methods over time-resolved 

CRDS is, that they do not require fast data acquisition, fitting procedures, or expensive 

A/D equipment and therefore, data can be acquired much faster than in CRDS. In this 

thesis, the focus is nonetheless on cavity ring-down spectroscopy because of its noise 

immunity and sensitivity advantages over ICOS, CEAS, and LCETS and the reduced 

complexity with respect to NICE-OHMS. 

 

 

1.2. Overview of Cavity Ring-Down Spectroscopy 

 

1.2.1. Mirror Cavities 

 

Early CRDS measurements were solely performed on molecules in the gas phase 

and on gas phase processes, such as molecular beams23, 24, photo dissociation processes25, 

reactions in the gas phase at hot filaments26, quantitative kinetic measurements27, amongst 

others. More recently, CRDS has also been applied to liquid samples. Two simple 

approaches are filling the entire gas phase cavity with liquid28 and inserting a liquid flow 

cell into the cavity. In order to minimize loss in the cavity, the liquid flow cells have been 

placed at Brewster’s angle29, 30 or sample containers are omitted at all and a free flowing 

liquid sheet is directed through the cavity31, 32. Short cavities, with a distance between the 
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mirrors of only a few centimeters or even millimeters, are used to reduce the amount of 

solution needed to fill the whole cavity.28, 33, 34 Attempts to combine CRDS measurements 

with separation techniques such as, for example, high performance liquid chromatography 

(HPLC), and capillary electrophoresis, are made.35 Also, liquid and even solid phases are 

probed by the evanescent field of the circulating light36-38 (cf. Figure 1.5). 

 

  

 

Figure 1.5. Various schemes to introduce liquid and solid samples into the optical cavity in CRDS: (a) 

detection cell at Brewster’s angle29, (b) free flowing liquid sheet31, (c) short mirror cavity completely filled 

with liquid33, (d) evanescent wave detection in an optical prism36. 

 

The first measurement of O’Keefe and Deacon was performed in the visible 

region at around 680 nm. Due to the availability of highly reflective mirrors from the UV 

to the infrared, experiments from about 200 nm26, 39, through the visible24, to the near-

 

(a) (b) 

(c) (d) 
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infrared at about 3500 nm40, 41, and even to the mid infrared spectral region at 11 μm42 

have been conducted in order to investigate either fundamental or overtone vibrational 

transitions. 

 

Conventional CRDS relies on a laser light source, which is ideally tuneable over a 

wide spectral range for measuring absorption spectra, on the one hand. On the other hand, 

to resolve detailed absorption features, a narrowband light source is needed, as mentioned 

previously, which should be capable of providing pulses that are considerably shorter than 

the cavity ring-down time. Such light sources can be quite expensive. Hence, they have 

been replaced by cheaper diode lasers, as soon as these have been developed in the 

appropriate wavelength range, keeping a cost effective setup in mind. Most recently, high 

power light emitting diodes (LEDs) have been also used at different wavelengths, lowering 

the costs even more.43 Since LEDs emit light over a broad not tunable region, their lack of 

wavelength resolution prohibits their use in rotational or vibrational spectroscopy but they 

can be utilized in spectroscopy on liquids. With these light sources commercial field 

spectrometers can be developed. 

 

The first optical ring-down cavities were made of two highly reflective mirrors 

(reflectivities from 99% to 99.99984%26) where the light is coupled into the cavity by 

transmission through the back of one of the cavity mirrors and the transmitted light through 

the second mirror is detected. This cavity model has been used for more than twenty years, 

but has evolved, due to better mirrors and other developments. Nowadays, cavities may 
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have three or four mirrors, while other optical cavities, like prisms36, 37, micro-resonators44, 

and optical fibres45, 46 have also been explored. 

 

 

1.2.2. Waveguide Cavity Ring-Down 

 

The research described in this thesis is mainly concerned with the application of 

wave guiding optics to CRDS, where the optical cavity is made from optical fibres or other 

waveguides, and it is useful to review waveguide supported CRDS. Waveguide supported 

CRDS has its advantages in, for example, being able to interrogate small sample volumes 

and being able to be bent to minimize the footprint of such a setup, but it has disadvantages 

in higher intra-cavity losses, which reduce the ring-down times that are measured. For 

example, by using two identical Fibre Bragg Gratings (FBGs) at the ends of a strand of 

single-mode fibre (SMF), a simple analog to conventional CRDS can be made.47 FBGs 

behave like fibre optic mirrors with a reflectivity comparable to that of high reflective 

mirrors in traditional CRDS. An FBG is a periodic change of the refractive index within 

the core of a fibre48, 49. Light is reflected by the FBG if its wavelength satisfies the Bragg 

condition λ = 2nΛ, where Λ is the period of the grating and n is an integer number. This 

setup can be easily combined with flow systems, to gather absorbance data in small liquid 

samples by intersecting the strand of fibre with the sample flow, while no complicated 

alignment of the mirrors is necessary. The FBG reflection spectrum is sensitive to 

mechanical deformation and to temperature, which led to the usage of FBG CRD 

measurements for pressure or temperature sensing applications.50 Moreover, instead of 
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using FBGs, the end facets of fibres can be coated with dielectric coatings, in order to 

produce a reflective surface.51 

 

On account of the flexibility of optical waveguides, another type of setup can be 

built quite easily, by directing the ends of a strand of multimode fibre towards each other 

and forming a loop as optical cavity.45, 46, 52 The advantage of fibre-loops over cavities 

made from FBGs lies in the inherently broad cavity spectrum which is limited only by the 

transmission range of the fibre material (about 350 nm to 1700 nm for a silica fibre). By 

comparison mirror or FBG cavities only reflect efficiently in a narrow region of typically a 

few nanometers of the spectrum. 

As in conventional CRDS, in Fibre-Loop Ring-Down Spectroscopy (FLRDS), the 

ring-down time is calculated as the ratio of the round trip time and all cavity losses. 

However, in FLRDS the different losses, and also the round trip time, are expressed 

differently with respect to the cavity length. In CRDS, a round trip is twice the length of 

the cavity. In FLRDS the length of the cavity equals one round trip. Furthermore, the round 

trip time is now dependent on the refractive index of the waveguide material, as the speed 

of light changes with the refractive index of the medium. In conventional CRDS, the 

refractive index change, due to the cavity medium, can usually be neglected. Therefore, the 

round trip time in CRDS and FLRDS is: 

 

 CRDS:   (1.3) 

 FLRDS:  (1.4) 
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with the round trip time being , the length of the CRDS cavity being l, the 

speed of light in vacuum being c0, the refractive index of the fibre material being n, and L 

being the loop length in FLRDS.53 In addition, there are different losses associated with the 

use of fibres than with traditional CRDS. In the latter, the non-sample losses only result 

from the reflectivity, R, of the mirrors. Note that for high reflective mirrors, the 

simplification  is usually made. In analogy to Equation 1.5 for CRDS, the 

ring-down time for FLRDS is calculated as 

 

 CRDS:  (1.5) 

 FLRDS: ( )ln ln
RT

splice gap

t

T T L Cd
τ

α ε
=

− − + +
 (1.6) 

 

with the overall transmission, Tsplice, of the fibre splices (typically 0.02 dB loss for 

fused spliced and 0.23 dB for mechanical splices)54 and couplers (estimated to have a 0.46 

dB insertion loss in addition to the coupling losses depending on the coupling ratio), the 

transmission, Tgap, due to the sample gap (typically minimum 0.2 dB, depending on the 

sample gap width), α being the attenuation coefficient of the fibre material (3.1 dB/km loss 

for a optimized fibre at its designated wavelength; about 1 dB/m for UV enhanced fibres is 

also very common), L being the length of the fibre-loop, and ΣεCd being the sum of all the 

sample losses in the sample gap with the length d.45, 46 A general schematic of a FLRDS 

setup is shown in Figure 1.6. 
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Figure 1.6. General setup of fibre-loop ring-down spectroscopy. Light from a pulsed or cw-light source is 

launched into one end of a fibre optic coupler, which transfers a small amount (< 10%) into the loop cavity. 

The light then circulates within the cavity. Intensity gets lost by sample absorption in the sample gap              

( Cdε ), but also by reduced transmission across the sample gap ( ln gapT− ), by absorption by the fibre 

material ( Lα− ), by insertion losses of the coupler, by coupling losses within the coupler, and by bending 

losses (the latter are combined in the term ln spliceT− ). The light in the cavity is monitored, for example, by a 

PMT, which is placed next to a slight bend of the loop fibre. Scattered light, which is proportional to the light 

intensity in the fibre-loop, leaks out at this bend. 

 

 

1.2.2.1. Coupling Light into Waveguide Cavities 

 

Owing to the lack of mirrors (and of FBGs) in FLRDS, a different approach for 

coupling light into the fibre-loop than in traditional CRDS (which relies on the very small 

transmission of one of the mirrors) is needed. The first technique described here for 

coupling light into a fibre-loop is based on the use of commercially available fibre 

couplers. For the telecom wavelength region, these fused silica fibre couplers can be 

bought off-the-shelf with different coupling ratios. Couplers at other wavelengths are also 

developed and by now, they are available for some visible wavelengths. By reason of the 
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much higher attenuations of optical fibres in the UV region, no couplers are available for 

this region yet, but recent improvements of UV-enhanced fibres with a transmission of 

93% per meter at wavelengths as short as 250 nm indicate that couplers for UV 

wavelengths may be much more available in the near future. 

Unfortunately, couplers, like most other optical devices that are spliced into a 

fibre cavity, introduce an insertion loss. For example, a coupling ratio of 99% : 1% does 

not mean that the total transmitted light at both outputs of the coupler adds up to 100% of 

the incident light, as couplers have an insertion loss of about 2% to 4%, and the rest of the 

intensity is split according to the coupling ratio.55 Therefore, when using fibre couplers, the 

insertion loss has to be taken into account and included in the denominator of Equation 1.6. 

 

A second approach, of getting light into the cavity is side-pumping of the fibre-

loop. This means that the laser light is directed onto a slightly bent section of the fibre-loop 

in an almost tangential way with a maximum angle of 30˚ between the loop fibre and the 

light beam. A coupling ratio for this setup is hard to predict and is relatively low but, 

unlike couplers, this approach does not introduce any major loss into the loop, besides the 

bending loss, which may be reduced to be insignificantly small. Directing the light onto the 

loop cavity can either be done by focussing the beam onto the waveguide or by using a 

delivery fibre where the light is coupled into beforehand. More details about coupling 

methods can be extracted from the M.Sc. thesis of Mr. Trefiak.55 These results might have 

to be revised for the UV region, when couplers are developed in this region. 

Instead of commercial couplers, or side pumping, a third option for light coupling 

is the usage of field access blocks, which couple light evanescently from one to another 
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fibre. The fibres are affixed in a glass block at a slight bend and the cladding of the fibre is 

reduced or completely removed. Due to the thinned cladding region the evanescent tail of 

the core modes extends to the outside of the fibre and energy can be transferred if the 

evanescent wave is coupled into a second waveguide. The resulting cladding material 

thickness determines the intensity of the evanescent wave and the coupling ratio between 

two field access blocks can be adjusted.56 

A fourth option to introduce light into a fibre-loop cavity was developed in our 

group by Waechter et al.57 Light is introduced into the cavity at the same point where the 

sample is introduced, which is at the gap in the loop, thereby reducing additional losses in 

the cavity (cf. Figure 1.7.c). Light from a delivery fibre was shone onto the receiving fibre 

end of the sample gap at a shallow angle. For this purpose, a new sample interface-coupler 

combination was developed: The two loop fibres and the light delivery fibre were placed 

into V-grooves in a plastic plate for alignment purposes and were then sealed in place with 

a second plastic plate as a cover and using UV-curable epoxy adhesive. Into both plates, 

small holes were drilled for the injection of liquid. 

A fifth technique was presented in a recent study by Rushworth et al. who coupled 

light into and out of a fibre-loop cavity by introducing a small reflective facet into a fibre 

(cf. Figure 1.7.a). The reflectively coated facet directed light from a perpendicular light 

source into the core of the waveguide.58 The “top notch” was fabricated by polishing a 45˚ 

facet onto a multimode fibre end in such a way, that the facet protrudes very slightly into 

the core of the waveguide. After coating the entire end of the facetted fibre with a mirror 

coating, the front end was polished again, in order to remove the coating and make it 

transparent again. Then, this fibre end was carefully aligned with the opposite end of the 
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fibre strand, forming a loop cavity. Shining light perpendicular to the major fibre 

dimension onto the fibre facet reflects the beam inside the core of the second end of the 

fibre strand, so that, light is being coupled into the cavity. This coupling scheme has the 

added benefit, that the facet can also be used as an output coupler for detection. Figure 1.7 

illustrates the working principle of the different coupling methods. 

 

    

 

Figure 1.7. Different fibre couplers for introducing light into a ring cavity: (a) notch coupler58, (b) field 

access blocks cross section55. The distance between the cores of the field access blocks determines the 

coupling ratio. (c) Coincided sample interface and light coupling region57. 

 

 

 

(a) (b) 

(c) 
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1.2.2.2. Lenses Used in Fibre-Loop Ring-Down Spectroscopy 

 

As indicated in Equation 1.5 and 1.6, the ring-down time is dependent on the 

overall loss of the cavity. To make a ring-down setup very sensitive to analyte absorption, 

the loss introduced by the sample should be larger than the cavity’s inherent losses. This 

can be achieved by, for example, improving the mirror reflectivity in CRDS or increasing 

the overall fibre transmission in FLRDS. The most prominent and highly undesired loss 

mechanism in FLRDS is the reduced transmission across the sample gap. Set out to 

overcome this effect, Trefiak investigated the efficiency of lensed fibre ends versus straight 

cut fibre ends55. The transmission between two fibre ends was measured as a function of 

axial displacement for single-mode fibres and multi-mode fibres in a fibre patch cord.55 

Lensed fibres were produced by melting the fibre ends in an electric arc, causing surface 

tension to pull the molten glass into a hemispherical lens. It was found that lenses have a 

superior transmission across gaps filled with air or water, compared to straight-cut fibre 

ends, except at very small displacements. Another detailed example for lensed fibres in 

FLRDS is given in Chapter 4.2.5, where lenses with a negative curvature in combination 

with higher refractive index liquids are discussed. Gradient index (GRIN) lenses are 

commercially used to collimate light and focus it over longer distances. They are usually 

coupled to single-mode fibre optic cables and have been incorporated in experimental 

setups.59 Although all lenses can increase the transmission of light over a small gap, they 

require precise alignment, including angular alignment. 
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1.2.2.3. Amplified Fibre-Loop Ring-Down Spectroscopy 

 

To increase ring-down times, and thereby the sensitivity of the measurements, one 

may also amplify the light within the cavity to compensate for all losses ( ln spliceT− , 

ln gapT− , Lα− , cf. Equation 1.6), except the desired losses due to the sample absorption (

Cdε ). Ideally, an amplifier compensates for all optical losses that are not due to the 

sample and hence, are undesired. This idea was investigated by Stewart and Culshaw with 

a modified FLRDS setup.59, 60 In their experiment, an erbium-doped fibre amplifier 

(EDFA) was used to amplify the light intensity at a wavelength of around 1550 nm (cf. 

Figure 1.8). If the losses without any sample can be exactly compensated by amplification, 

theoretically, an infinitely long ring-down time can be achieved when no sample is present. 

In this ideal case, the only loss that is measured is the attenuation loss on account of the 

sample, which results in a very high sensitivity. The main problem with such a scheme is 

the exact adjustment of the amount of amplification, so that only the undesired losses are 

compensated for. Additionally, this exact amplification needs to be maintained over the 

course of the experiment. Unfortunately, EDFAs are designed to amplify by a factor of 100 

- 1000, whereas the required amplification for FLRD systems is much lower. For example, 

when 15% background loss in a loop has to be compensated for the amplification factor, or 

gain, has to be only 1.15. EDFAs are developed for telecom purposes to boost the signal 

intensity in long optical telephone lines. Efforts have been made to overcome this 

deficiency and are briefly described below. The output spectrum of an EDFA lies in the 

near-infrared region, which limits the use of this technique to this wavelength range. 
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Figure 1.8. Amplified cavity ring-down setup, used by Stewart and Culshaw at a wavelength of around 

1550 nm. 

 

To improve on this detection scheme and circumvent the gain issue, the pump 

power of the EDFA can be set sufficiently high to exceed the lasing threshold. This 

transforms the EDFA in a fibre laser (if the EDFA is part of a feedback system such as a 

loop cavity), and ring-down measurements can be performed at wavelengths other than the 

lasing wavelength. Stewart and Culshaw implemented this idea and achieved ring-down 

times up to 100 μs.60 Since the gain profile of the EDFA is not flat, the gain of the probe 

wavelength depends on the proximity to the lasing wavelength of the EFDA. With 

wavelengths very close to each other, new difficulties arise with the increase of relaxation 

oscillations stemming from perturbations of the population of individual vibrational levels 

of the excited state. These relaxation oscillations can be on the order of milliseconds in 

case of Erbium, due to the long lifetime of the excited state of Erbium. Although ring-
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down times can still be extracted, these oscillations cause an unstable environment in the 

experiment and the accuracy and reproducibility is limited. Further improvements were 

made by Stewart et al. by using a digital narrow band-pass filter which made observations 

of ring-down times in the millisecond region possible.61 In consequence of the requirement 

of having the probe wavelength and the lasing wavelength very close together, recording a 

spectrum is problematic. A solution to this may be having two nested loops that both share 

one amplifier. A setup like this has been described by Stewart et al. but not yet 

implemented. 

Loock et al. have revisited this experiment and designed a setup, in which the 

inner loop was made into the fibre laser, while the outer loop was used as a sample 

cavity.62, 63 The gain between both loops was adjusted with an optical attenuator in such a 

way that the outer loop performed just below the lasing threshold, while the inner loop was 

lasing. A band-pass filter prevented crosstalk between the loops. In a preliminary 

experiment, a 6 cm gas cell had been used and the P(13) line of the ν1+ν3 combination 

band of acetylene had been probed.63 Two GRIN lenses collimated the beam through the 

sample cell and ring-down times of hundreds of microseconds were achieved. A schematic 

drawing of the setup can be seen in Figure 1.9. 
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Figure 1.9. Amplified FLRDS system with two nested loops.63 

 

 

1.2.2.4. Sensors Used in CRDS 

 

The CRDS techniques presented here all interrogated the sample by shining the 

light beam through a liquid or gaseous sample or by examining solids with the evanescent 

wave of the light in the cavity. Obviously, there are numerous ways to incorporate different 

sensors into ring-down spectroscopy. The most common sensors for probing chemical 

analytes are transmission sensors. When using these, the sample is introduced into the 

optical cavity and absorption, scattering and dispersion can be studied. Gas diffusion 

through an optical waveguide also attenuates the light intensity and can also be seen as an 

absorption detector.64, 65 
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Evanescent wave absorption sensors use the attenuation of the evanescent tail of a 

propagating mode to probe the sample. For this to be used, the evanescent wave has to be 

made accessible, since it is usually contained within the cladding of waveguide to facilitate 

low loss guiding of light. To expose the evanescent wave to the environment of the 

waveguide the waveguide can be tapered or the cladding of the waveguide can be (partly) 

removed. The latter can be accomplished by etching away some of the cladding material or 

by building a field access block as described above (cf. Chapter 1.2.2.1). 

Furthermore, a different type of evanescent wave sensors can be made by 

transferring some intensity from core modes to cladding modes, since the evanescent tail of 

the cladding modes stick out into the immediate surroundings of the waveguide. As Pu and 

Gu showed, long period gratings (LPGs) can couple light from the core mode of the used 

single mode fibre to cladding modes and back.66 LPGs are similar to FBGs but their 

periodicity of the changing refractive index is much longer. Such LPGs efficiently transfer 

energy from high order core modes to low order cladding modes and back. Consequently, a 

consecutive pair of identical LPGs can be used to frame the evanescent wave sensing 

region of an optical fibre as shown in Figure 1.10.c. 

Furthermore, total internal reflection on the inside of an optical prism also exposes 

the evanescent wave of the into the cavity coupled light beam as has been exploited by 

Pipino et al36, 37 and by MacKenzie et al67, 68. 

More details about sensors that are used in CRDS can be found in two recent 

reviews by Waechter et al.63 and Wang69. Besides chemical detection, CRDS can also be 

used for the sensing of temperature50, pressure70, 71, strain55, 72, and bending losses46, 73. 
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Figure 1.10. Different sensor schemes used in CRDS: (a) transmission sensor, (b) sensor based on gas 

diffusion through optical fibres, (c) energy transfer from core modes to cladding modes, utilizing LPGs and 

the attenuation of the evanescent wave of cladding modes, (d) cladding thickness reduced for exposing 

evanescent fields of core modes, (e) field access block with reduced cladding and evanescent sensing, (f) 

tapered region in an optical fibre, making evanescent waves of core modes accessible. Adapted from 

Reference 62.63 

 

 

1.3. Liquid Core Waveguides 

 

To decrease the detection limit of a spectroscopic technique, the most obvious 

method is to increase the light’s path through the sample (cf. Equation 1.1). Enhancing the 

sample path in traditional CRDS, achieved by increasing the distance between the two 

mirrors, is restricted by the pointing stability and the alignment capabilities of the mirrors, 

while in FLRDS, lengthening the path is limited by the transmission across the sample gap. 

The light guiding mechanism of a typical optical fibre is total internal reflection, which 

(a) (b) (c)

(d) (e)

(f) 
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requires that the core refractive index is greater than the cladding refractive index 

(cf. Chapter 4.1). The light, leaving a straight-cut fibre end, will always form a diverging 

cone, of which only a fraction is sampled by the receiving fibre end. The fraction decreases 

rapidly with the distance between the emitting and the receiving fibre ends. Lenses, such as 

hemispherical lenses made through melting the fibre in an electric arc55 or GRIN lenses, 

somewhat reduce these losses but are not able to increase the transmission to over 90%. 

Consequently, in a FLRDS setup the sample path is restricted to a small gap 

between the fibre ends. An alternative to increasing the sample path between the fibre ends 

would be, to contain the sample within the core of the waveguide. In such a setup, the 

analyte solution replaces the core material of the waveguide. Still, light guiding is achieved 

whenever the cladding material around the now liquid core, for example, a glass capillary, 

has a lower refractive index than the liquid core. Such waveguides are direct analogs to 

optical fibres including the light guiding principle, and are called liquid core waveguides 

(LCW). LCWs are made from capillaries, low refractive index tubing, or channels in lab-

on-a-chip devices. Exchanging the optical fibre cavity completely for an LCW increases 

the sample gap from a few tens of micrometers in FLRDS to the entire length of the 

waveguide loop, which may be centimeters or even meters long. If a capillary is used as 

waveguide, a sample volume of only 40 μL is needed to fill the capillary, assuming a 

typical inner diameter of 100 μm and a length of 5 m. This volume is still compatible with 

many analytical separation techniques, yet, the path length is increased by over four orders 

of magnitude, compared to a 100 μm sample gap. It is in turn expected that the limit of 

detection is lowered by the same factor, in cases when all other factors stay constant. A 

similar approach to increase the sample path length, while keeping the light coupling 
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mechanisms and detection methods from FLRDS, is to incorporate an LCW as a sample 

gap into a FLRDS system. Challenges and opportunities associated with this combination 

are extensively explored in Chapter 4 and results are given in Chapter 5. 

 

Liquid core waveguides have been applied to a multitude of analytical techniques 

over the last few decades. Before the end of the 1980s, no tubing material that had a 

refractive index (RI) lower than water (RI = 1.33) existed, and liquid core waveguides 

were either restricted to high refractive index solvents74, required a reflective coating on 

the inside or outside surfaces of the waveguides75, 76, or were relying on total internal 

reflection at the glass-air boundary. The latter decreased the interaction with the core and 

led to lower sensitivities. In 1989, DuPont invented a low refractive index fluorous 

polymer family, called Teflon AF77, which has a refractive index (RI = 1.29 – 1.31) lower 

than that of water. This invention gave rise to a variety of liquid core waveguide 

applications, like fluorescence78-86 and Raman spectroscopy87-93, as well as absorption 

spectroscopy from the ultra violet to the infra-red wavelength range85, 94-103. 

There are two distinct major ways to implement the Teflon AF materials in liquid 

core waveguides. First, a tube or channel can be coated with the material to produce the 

low RI surface or, second, the tubing can be made from the Teflon AF material itself. The 

first experiments were performed on coated waveguides, for which capillaries were dip-

coated with a solution of Teflon AF.104 Teflon AF has many more advantages other than a 

low refractive index. The material is flexible, which means it can be bent or coiled, 

decreasing the footprint of experimental setup. Also, Teflon AF is to some extent porous, 

which can be utilized for diffusing gas through the walls into the waveguide.96, 105 Thus, 
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the porosity can have desired effects in some experiments, while for other applications, in 

which these effects are not desired, either a Teflon AF coated waveguide or a coated, pure 

Teflon AF waveguide must be used to decrease the gas permeability. All these properties 

of the Teflon AF material inspired its extensive use as waveguides in spectroscopic 

experiments. 

 

The elongated sample path provided by a Teflon AF-based LCW has led to a 

variety of analytical experiments in chemistry. Measurements of, for example, hydrogen 

sulfide94, mercury atoms106, iron95, hexachromium107, bromthymol blue108, 

aluminium(III)85, nitrate and nitrite98, 109-111, colored dissolved organic matter112, 

acetylsalicylic acid, acetone, and toluene in water97, and many more have been performed 

with different techniques. In 2010, Pan et al. published an article on a hand-held 

photometer that measures “the quality and quantity of DNA samples”113. They used two 

UV-LEDs at 260 nm and 280 nm and a Teflon AF waveguide. Furthermore, they 

developed a bent input and output coupler, to introduce light into the LCW. With a sample 

of only about 350 nL, a detection limit of 0.1 μg/mL was achieved, which is comparable to 

a conventional photometer. 

 

Due to the permeability of the Teflon AF material it has also been used as a gas 

sensor for chlorine, nitrogen dioxide, carbon dioxide, and others.96, 106 Due to differences in 

diffusion rates through the material, different gases can be distinguished with the use of 

multiple liquid core waveguides with different wall thicknesses, although the absorption of 

the gases is comparable. 
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Besides the use of Teflon AF-based LCWs as long path length cells or gas 

diffusion sensors, waveguides made from Teflon AF have been also used for fluorescence 

measurements. The fluorescence emission of a molecule has an isotropic distribution and is 

usually detected at an angle of 90˚ to the excitation beam. If a fluorophore is excited in a 

liquid core waveguide, some of the isotropic emission will be emitted in such an angle that 

the fluorescence emission is guided in the waveguide. Although only a small fraction of the 

emitted light is guided by the waveguide, depending on the core and cladding materials, it 

can still be easily detected at the end of the LCW. This technique has been utilized in 

various ways and for multiple analytes.85, 94, 114 Often, experimental setups that utilize both 

absorption spectroscopy and fluorescence spectroscopy have been devised. In 2002, 

Olivares et al. have developed a setup, in which they scanned an excitation laser along a 

Teflon AF waveguide, which also acted as an electrophoresis column, for separating and 

detecting different DNA samples.115 Scanning of the laser allowed them to illuminate 

single bands of the electrophoretically separated DNA mixture. Many other research 

groups also recognized the use of such a liquid core waveguide for electrophoretic 

separations coupled with fluorescence detection.80, 116-118 

 

Axial excitation of the liquid in the waveguide has been used for Raman 

spectroscopy as well. Owing to the ability of the waveguide to guide both the excitation 

light and Raman emission, a considerable enhancement in the signal can be observed 

without the need for surface enhancement or resonant Raman techniques. In 1999, 

Marquardt et al. demonstrated the combination of high performance liquid chromatography 

with a Teflon AF-based liquid core waveguide detection system. They measured alcohols 
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in aqueous solutions and reported an enhancement factor of three orders of magnitude over 

conventional Raman spectroscopy.90 Other groups have utilized LCW techniques in 

combination with Raman spectroscopy to measure biomolecules91, 92 or organic molecules, 

such as benzene, toluene, and p-xylene87. The small volume required to fill liquid core 

waveguides “is an added benefit when limited quantities of sample are available”.92 

 

Besides the mentioned optical techniques, chemiluminescence experiments can 

also be performed with the aid of Teflon AF liquid core waveguides.119 More details on 

this can be found in a review by Dallas et al.120 In a more recent review by Pena-Pereira et 

al., multiple micro-cells for analytical chemistry are presented, including but not limited to 

liquid core waveguides.121 

 

 

1.4. Conclusion 

 

For the research presented in this thesis, a glass capillary has been used as a 

waveguide and has been incorporated into a FLRDS detection system in order to lengthen 

the sample path. Although Teflon AF has advantageous characteristics over glass, a glass 

capillary has been used, as it is more transparent at all wavelengths used in this thesis and 

scatters considerably less than Teflon AF. The goal of this research project was to detect 

concentrations of sub micromolar quantities of two model dyes, Congo Red and Allura Red 

AC, with a maximal sample volume of 1 μL. The volume restriction stems from a potential 

combination of the technique with separation techniques used in pharmaceutical industry 
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such as HPLC or from the need of modern analytical techniques to analyze small 

quantities. In modern HPLC analysis systems, a UV-Vis detector is used to track the 

different compounds eluting from the HPLC column. The detection volume of such a UV-

Vis detector is on the order of 10 μL. For a well-constructed single-pass liquid core 

waveguide experiment, the limit of detection is on the order of tens of nanomoles for a 

strong absorbing dye (cf. Table 5.1), such as the sample dyes used in this thesis. 

To the best of the author’s knowledge, successfully combining a liquid core 

waveguide with fibre-loop ring-down spectroscopy had not been done before.  

 

This thesis describes two separate projects. The first is presented in Chapters 2 

and 3, whereas the second project is presented in Chapters 4 and 5. Chapter 2 discusses the 

improvement of a high power laser driver that is needed for the experiments described in 

Chapter 3. The laser driver had been custom built by a company which has gone out of 

business soon afterwards. Since documentation did not exist for this laser driver, the circuit 

was inspected very closely and circuit diagrams were constructed. 

After improving the laser driver with respect to the shut-off times of our laser 

diode, it could be used for the experiments described in Chapter 3. In Chapter 3, a 

theoretical model is described to determine ring-down times in the frequency domain. 

Experimental verification of the models with an electrical circuit and a fibre-loop cavity 

are shown and discussed. 

Chapter 4 and 5 describe the second project of this Ph.D. thesis. Chapter 4 

provides preliminary experiments for the combination of liquid core waveguides with 

fibre-loop ring-down cavities. As a start, a suitable matrix liquid for the LCW is 
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determined, then, geometrical matching of the dimensions of the fibre and the LCW is 

explored. After examining the shape of the liquid core waveguide end faces, the use of 

collimating lenses is investigated. A theoretical model for simulating lenses at fibre ends is 

developed and described in detail. 

In Chapter 5, a liquid core waveguide fibre-loop ring-down spectroscopy setup is 

constructed and two model dyes, Allura Red AC and Congo Red, are injected into the 

LCW. A limit of detection of 5 nM for both dyes is found and experiments to characterize 

the setup are performed. 

After a general conclusion in Chapter 6, further improvements and projects 

opened by the found results are discussed in detail. The appendix shows small devices 

which were built to successfully facilitate the experiments described in this thesis. 
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Chapter 2. 

Laser Driver Circuit 

 

2.1. Introduction 

 

The ring-down time of optical cavities can be measured either from the response 

of the cavity to an input pulse in the time domain, or from the phase-shift of an intensity 

modulated input (cf. Chapter 3). In the time domain, one can either excite the cavity by 

coupling in a short pulse with the pulse duration being much shorter than the round trip 

time and observe the decay of the intensity of this pulse from the exponential decay of the 

emitted pulse train, or one can couple in a very long ‘pulse’ with a duration that is much 

longer than the round trip time, but a switch-on/off time that is shorter than the round trip 

time. In the latter case, intensity is building up in the cavity during the ‘on’-cycle of the 

square wave, and the ring-down event can be detected during the ‘off’-cycle. This 

approach has a distinct advantage, since the ring-down trace does not need to be fitted to a 

few points represented by the peaks of the pulse train observed in the first method. 

Additionally, the duty cycle of a square wave intensity modulated light source can be much 

greater than that of a pulsed laser light source, with a fixed repetition rate. Hence, the 

requirements for time domain measurements are either short pulses or a fast switch-on/off 

for square-wave modulated light sources. 

 

If the ring-down time is measured in the frequency domain, a cw-light source is 

used. The intensity of the light source, for example a cw-laser, is sinusoidally modulated 
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and the phase-shift between the light introduced into the cavity and the cavity output can 

be related to the ring-down time (cf. Chapter 3). 

There are multiple ways to produce modulated laser light. One very common way 

is external modulation by the use of optical choppers. Choppers, which can be slotted disks 

or paddles1, 2, are placed into the light beam path, to modulate a continuous output. 

Paddles, also known as tuning fork choppers, can only produce frequencies of a few kHz 

and give mostly quasi-sinusoidal modulations. For rotating choppers, the combination of 

the number of revolutions per second and the number of slots in the disk are directly 

proportional to the modulation frequency. Such choppers work very well for low 

modulation frequencies in the Hertz to mid kilohertz range. A high rotation speed and 

many slots would be necessary to reach hundreds of Kilohertz to Megahertz frequencies, 

but the rotation speed is limited by the speed of sound for the speed of the outer rim of the 

chopper disk3. Furthermore, the combination of geometries of laser beam diameters and 

slot widths does not produce the required steep slopes for square wave-modulated beams at 

high frequencies4. Moreover, for switching from square wave modulation to sine wave 

modulation or other modulation waveforms, the chopping disk has to be exchanged, which 

is inconvenient and might even require realignment of the setup.  

Besides mechanical choppers placed into the light path, there are also other spatial 

light modulators available, like digital mirror devices, optical masks, wave plates, liquid 

crystal-based modulators, holographic polymer dispersed liquid crystal gratings, and many   

more5-12. They all have their advantages and disadvantages and for each one there appears 

to be an ideal application. For our application, the requirements have been the ability to 

modulate the light in a square wave fashion with fast rise and fall times (< 20 ns) and the 
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ability to produce a sinusoidal intensity modulation up to MHz frequencies without having 

to change the setup but only the input to the modulator. The above mentioned modulation 

devices do not satisfy all of our requirements and were therefore not considered applicable. 

 

Another external modulation method, which was not applicable for our 

experiment, but is very common for fibre-coupled laser beams, is the use of Mach-

Zehnder-Interferometers. These interferometers do commonly only exist for telecom 

wavelengths and are not applicable for our 810 nm experiment. The Mach-Zehnder-

Interferometers work on the principle that the output intensity can be modulated by 

constructive and destructive interference of two light paths. In general, a light beam is split 

equally between two interferometer arms, where the optical path length of one arm is fixed 

and can be varied in the other arm (cf. Figure 2.1). The two light beams are then 

recombined and, due to the path length difference, the intensities interfere constructively or 

destructively. Varying the path length, or changing the phase of the light with respect to the 

other interferometer arm, in a sinusoidal or square wave fashion, produces the desired 

waveform. Using fibre-based Mach-Zehnder interferometers, light can be modulated up to 

multiple MHz by simply applying the correct modulation voltage and waveform to a non-

linear object (an electro-optic modulator, usually a Pockels cell), used to delay the phase in 

the variable arm. 
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Figure 2.1. General schematic of a waveguide Mach-Zehnder interferometer. The incoming light is split 

evenly into two waveguide arms. Changing the phase of the light in one of the arms by a phase-shifter and 

recombining the light from the two arms results in a constructive or destructive interference of the light at the 

output. 

 

Besides electro-optic modulators used in fibre-based Mach-Zehnder 

interferometers, acousto-optic modulators are also used to modulate the light intensity of 

free space laser beams. An acoustic wave travelling through a medium changes the 

refractive index of the medium along the propagation direction with the periodicity of the 

sound wave. This periodical change in the refractive index produces a grating. A light 

beam, which is travelling almost perpendicular to the sound wave, may experience the 

Bragg condition depending on the grating period and the light wavelength. If the Bragg 

condition is satisfied, the light is diffracted by a certain angle. This effect is utilized in 

acousto-optic modulators, refracting light beams on the acoustically induced grating. 

Furthermore, the intensity of the refracted light depends on the sound intensity if the sound 

intensity is sufficiently weak. At high sound intensities, the effect saturates and total 

reflection can occur, which is exploited in acousto-optic switches. Figure 3.2 shows the 

working principle of an acousto-optic modulator.13 
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Figure 2.2. Working principle of an acousto-optic modulator. 

 

Finally, the method of choice, since it satisfies our requirements, and the most 

common modulation technique for diode lasers is direct modulation of the laser current. 

Here, the laser output intensity is varied directly by changing the current through the laser 

diode. After reaching a threshold current, any further increase of current is proportional to 

an increase in light intensity. This means in turn that a modulation of the laser current 

above the threshold produces a modulated output with the same characteristics as the 

modulation signal. Due to the widespread usage of this technique, laser drivers or laser 

driver additions that utilize this technique can be purchased. 

Although, changing the current going through a laser diode has the major effect of 

changing the intensity, there is a minor effect in changing the wavelength also associated 

with this, since a higher current will heat up the diode. This temperature change is reflected 

by a change in the dimensions of the cavity of the laser diode due to thermal expansion and 

with that the wavelength of the laser will change slightly. This can be utilized to fine tune 

the wavelength of the laser. As mentioned, this effect is very small and will change the 

wavelength only by a fraction of a nanometer. Such a change in wavelength is not of any 

concern for our experiments, since absorption features of liquids are usually several 

nanometers wide. Another effect is the thermo-optic effect, which changes the refractive 
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index of the lasing medium when the temperature changes. This also affects the lasing 

wavelength of the diode laser. Nevertheless, a sinusoidal modulation of the laser diode 

keeps the average temperature, and with this the wavelength of the laser, constant, since 

the current fluctuates around a static offset. Additionally, the optical cavities discussed in 

this thesis are broadband cavities and no special care has to be taken to mode match the 

laser and the cavity. 

The laser diode driver that was used in the herein described experiments used the 

method of intensity modulation by modulating the laser current. Details on the laser diode 

driver, what problems were associated with it, and how it was improved, are discussed later 

in this chapter. Although as stated later in this chapter, a similar product is available 

commercially from Thorlabs, but the laser driver described in this chapter is capable of 

switching a much higher current than its commercially available analogue (3A vs. 

250 mA), which was needed for our high power laser diode. 

 

 

2.2. Custom Built Laser Driver Circuit 

 

The laser diode used in the experimental setup (JDSU, SDL-2372, 2W) was 

initially driven by a circuit that was custom built by a company, which has gone out of 

business and unfortunately, no documentation for the laser driver exists. The laser driver 

circuit was built to be externally modulated by the use of an arbitrary function generator. 

The circuit had been commissioned to be used with either square wave or sinusoidally 

modulated inputs for time and frequency domain CRDS measurements. Examining the 
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square wave modulation of the laser however, revealed that the shut-off time for the laser 

diode was much more than 100 ns (cf. Figure 2.5). 

This was unacceptably slow for our experimental requirements and the laser 

driver was examined in detail. As can be seen in Figure 2.3, the laser driver was built with 

wire wrapped components. Wire wrapped electrical components can increase intrinsic 

capacitances, which lead to delayed electrical responses. After carefully examination the 

circuit, a schematic was produced, which can be seen in Figure 2.4. 

 

Figure 2.3. Picture of the interior of the custom built laser driver. Bottom side (left) and top side (right) of 

laser driver circuit board used for modulating an 810 nm laser diode (JDSU, SDL-2372, 2W). As can be seen 

on the left-hand side, the connections of the components are established by the wire wrap method. The input 

BNC connector can be seen on the lower black housing panel in the left picture, next to the white power 

connector. On the right-hand side, the D-Sub connector (green wires – top of picture) for the laser diode can 

be seen. 
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Figure 2.4. Retraced circuit diagram of the laser driver. Here, it can be seen that some components have been 

incorporated that do not serve any purpose (cf. C8 and C9 or D1) and that some connections are not 

connected to anything else and therefore lead nowhere (cf. R4). 

 

The basic driving mechanism of the laser diode with this driver circuit is direct 

modulation of the laser current from the BNC input through the power transistor (T1 – 

VHB10-28F) and will be explained more detailed below. Additional components, like a 

comparator (IC2 – Maxim Integrated Products MAX961ESA), are used to protect the laser 

diode from high currents which can destroy it very easily. Unfortunately, such components 

can also introduce a lag in the response time. 
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2.2.1. Working Principle of Laser Driver Components 

 

As mentioned above, the basic working principle of this laser diode driver is 

direct modulation of the laser current. In detail, this is achieved by directing the inputted 

waveform (for example, a sinusoidal waveform from a function generator) from the BNC 

input connector over a resistor for termination purposes into the positive port of a high 

bandwidth operational amplifier (IC1 – Analog Devices AD8012AR). The negative port of 

this amplifier is directly connected to the output, which causes the amplifier to have a unity 

gain. The output of the operational amplifier (OpAmp) circuit is connected to the base of a 

high power transistor (T1 – VHB10-28F). The collector of the transistor is connected to the 

laser diode cathode, whereas the emitter of the transistor is connected via a resistor to 

ground. The laser diode anode is directly connected to the positive port of the power 

supply. With this configuration, the transistor regulates the current through the laser diode 

according to the waveform inputted at the base of the transistor by changing the resistance 

between the laser diode cathode and ground. 

In order to protect the laser diode, the circuit does more than only modulating the 

current. The integrated circuit IC2 (Maxim Integrated Products MAX961ESA) compares 

the voltage drop over the laser diode with a set voltage created by a resistor network and 

the potentiometer (VR1). If the voltage over the laser diode exceeds the set voltage, the 

comparator chip activates its outputs Q and \Q and switches the transistors T2 and T3 into 

their ‘ON’ positions. Consequently, the transistor T2 connects the circuit to ground in front 

of the power transistor (T1), so that no current goes through the base of the power 

transistor any longer and the laser diode turns off. However, this security feature is 
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somewhat redundant, since connecting the input signal from the BNC connector to ground 

through transistor T3, switched also by IC2, results in no input to the OpAmp and, with 

that, in no input to the power transistor. In this way, the circuit isolates the input from the 

OpAmp and the laser diode and creates its own fail safe. The comparator chip (IC2) stays 

in the fault position until it is reset, by pressing the reset button, which connects the ‘Latch 

enable’ port of the IC2 to ground. To signal the user that the set current has been exceeded, 

the designers also incorporated an LED, which is also controlled by the comparator chip, 

IC2, and resetting the circuit with the reset button switches the LED off. 

Capacitors C1-C3, C5-C7, and C24-C27 stabilize the DC voltage used to power 

the circuit. 

 

 

2.2.2. Shut-Off Time of Laser Diode with Our Custom Built Laser Driver 

 

This laser driver is connected to a function generator (LeCroy 9100) and is driven 

by a square wave-modulated signal with 10 kHz repetition rate and a voltage from 1.35V 

to 3.5V. The emitted laser light of the laser diode is coupled into an optical fibre, which is 

fixed onto a photomultiplier tube in a small bend, and the signal is recorded on an 

oscilloscope triggered on the falling slope of the inputted square wave. The shut-off signal 

is displayed in Figure 2.5. 
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Figure 2.5. Time response of the shut-off process of the laser diode while using the custom built original laser 

driver. A square wave is used as input to the driver circuit and the output signal is recorded with a fast 

photomultiplier tube. Instead of the expected exponential shut-off curve a differently looking shut-off 

response is seen. The measured shut-off time is approximately 150 ns. 

 

The function generator has a fast shut-off time of <5 ns but it can be seen that the 

laser is emitting over much longer time, although the drive current is zero. After the signal 

from the function generator has been shut off, the laser emits light at full intensity for about 

30 ns until the intensity slowly decreases. This time delay in the response is undesired but 

does not affect the ring-down measurements. The rather long shut-off time of 150 ns is 

unsuitable for measuring short ring-down times in the time domain and an attempt was 

undertaken to improve the laser driver. 

 

With respect to frequency domain measurements, the circuit was tested for the 

generation of higher harmonics when driven with a sinusoidal modulation. Not generating 

higher harmonics is especially important as a lock-in amplifier is used. Generally, lock-in 
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amplifiers determine the phase-shift between a reference and a signal, but a strong 

contribution of higher harmonics in the signal can skew the measurement. 

The laser diode was modulated at frequencies from 40 kHz to 300 kHz and the 

laser output was measured with a photomultiplier tube. A Fourier transform of the recorded 

waveform was produced on the oscilloscope and transferred to a computer. The intensities, 

relative to the intensity of the fundamental frequency, of the 2nd to 5th harmonic were 

extracted and are shown in Figure 2.6. It can be seen that there is a large second harmonic 

contribution, and also the 3rd harmonic sometimes contributes considerably to the 

waveform. 

 

Figure 2.6. Harmonic contribution of the output signal of the laser diode, modulated by the original custom 

built diode driver. Measurements were taken at different frequencies (40 kHz to 300 kHz) with a modulation 

from 1.35V to 3.5V. All the contributions are normalized to the fundamental frequency. 
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2.3. Redesigned Laser Driver Circuit 

 

To decrease possible capacitances caused by the wire wrapped components, a 

circuit board was designed and produced. In order to keep electric distances for high 

currents and the modulation voltage short, particular care was taken in the design. A 

drawing of the new electric circuit board is shown in Figure 2.7. To also avoid grounding 

defects, a ground plane was introduced and incorporated in the design. 

 

   

Figure 2.7. Circuit board diagram of the reengineered laser driver circuit. The bottom copper layer of the 

printed circuit board (PCB) is shown on the left, and the silk screen layer, with all the component 

descriptions, is shown on the right. 
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Figure 2.8. Cleaned up circuit diagram of the commercial laser driver circuit. On the center left, connectors to 

the power supply and to the laser diode are shown. The connector on the top center connects to the 

modulation input via a BNC connector. Two other connectors, on the center right and on the bottom, connect 

to the ‘too-high-current’ fault LED and to the reset button. The integrated circuit (U1, top right) is a high 

bandwidth operational amplifier for the modulation signal. To protect the laser diode, a comparator chip is 

also installed (U2, lower right). Additionally, a fast wire fuse (3.1 A) is installed between the power supply 

and the driver circuit. 

 

Figure 2.8 shows the new circuit diagram, which is cleaned up regarding 

unnecessary components and connections that were originally present in the custom built 

driver. Additionally, new electronic components were used, due to the discontinuation of 

some previously used parts. Simultaneously, a fast wire fuse was installed between the 

power supply and the circuit, in order to further protect the laser diode. The resistor 
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network, for set a maximum laser diode current, was exchanged for a Zener diode. In 

Figure 2.9, a picture of the new laser driver board is displayed. 

 

 

Figure 2.9. Pictures of the reengineered laser diode driver circuit board. On the left, the bottom of the PCB is 

shown after having been populated with all the electrical components. On the left side of this picture, the fuse 

housing of the fast wire fuse is shown next to the power supply connector. The right picture shows the top 

side of the completed PCB. 

 

Again, the shut-off time was measured by inputting a square wave from a fast 

function generator. The decay trace is shown in Figure 2.10 below. 
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Figure 2.10. Decay trace of the new, rebuilt laser diode driver circuit. A square wave signal from a fast 

arbitrary function generator was used as an input. The light output of the laser diode was recorded in an 

optical fibre with a PMT. To couple the light into the optical fibre, the light from the laser diode was shone 

directly onto the end facet of the fibre. The PMT has a rise and fall time of < 2 ns. The shut-off time of the 

laser diode is determined to be 45 ns. 

 

Obviously, the performance has improved considerably compared to the 

performance of the original circuit, and the shut-off time has been reduced to 45 ns. 

 

Furthermore, it has been concluded that, although high bandwidth components 

were used, the sum of the delays of all the components resulted in a shut-off time of the 

laser diode, which was still longer than expected. Also, the used power resistor (R1) was a 

wire wrapped resistor, which might not have been able to be switched fast enough, due to 

inherent capacitances. Based on these observations, the design of the laser diode driver 

circuit has been changed again. The input signal has been connected directly to the base of 
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the power transistor, and the OpAmp has been decommissioned. Additionally, the 

termination resistor for the input signal has been changed to 49.9 Ohm, instead of 

2x 24.3 Ohm. The resistor and the capacitor, which had been wired in parallel, directly in 

front of the high power transistor, have been removed, as well as the resistors and the 

diodes right after the laser diode, which had also been wired in parallel. A new ceramic 

power resistor (R1) has been incorporated. The resulting circuit diagram is shown in 

Figure 2.11. 

 

Figure 2.11. Final laser diode driver circuit diagram. The operational amplifier (U1, Figure 2.8) has been left 

out. A termination resistor of 49.9 Ohm has been installed, instead of the previously used two 24.3 Ohm 

resistors. Furthermore, the wire wrapped 1 Ohm resistor has been exchanged for a ceramic resistor. 

 

Once more, the shut-off time was determined. As shown in Figure 2.12, the shut-

off time has improved considerably from the original 150 ns to about 6 ns. 
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Figure 2.12. Intensity shut-off trace of final driver circuit. The input waveform is the same as in the two cases 

above and it can clearly be seen that the shut-off time has greatly decreased to about 6 ns. The shut-off signal 

of the previous version of the laser driver would have extended over the whole x-axis scale. 

 

The only safety systems remaining in the circuit to protect the laser diode are the 

comparator chip and the fast fuse that is installed between the power supply and the laser 

diode driver. 

It has been discovered, after these changes have been performed that the resulting 

circuit is very similar to a direct current laser diode driver commercialized and sold by 

Thorlabs under the name of Bias-T. Yet our homebuilt circuit sustains much higher power 

and has more safety features. This is important for our used 810 nm laser diode, which 

draws 3 amperes of current, versus the usual 250 mA of a common commercial laser diode. 

 

After having achieved a very fast shut-off time of less than 10 ns, our redesigned 

laser driver was modulated with a sinusoidal waveform again, in order to see if the 
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performance increased with respect to harmonic generation as well. Fourier transforms of 

the laser output at different frequencies were measured with an oscilloscope. The 

intensities of higher harmonics (2nd to 5th) were extracted from this and normalized with 

respect to the intensity of the fundamental frequency. A higher harmonic contribution plot 

is shown in Figure 2.13. 

 

Figure 2.13. Harmonic contributions of the laser diode modulated with the final driver circuit. Intensities 

were measured in a frequency range from 40 kHz to 300 kHz and were normalized with respect to the 

intensity of the fundamental frequency. The y-scale is chosen to be the same as in Figure 2.6, to make 

comparisons easier. The measurement was further extended to 1MHz (data not shown) and it was found that 

the highest harmonic contribution in this frequency range is below 1%. 

 

The harmonics measurement revealed that the contribution with respect to the 

intensity of the fundamental frequency has been improved to less than 1% in a frequency 

range from 40 kHz to 1MHz. 
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2.4. Conclusion 

 

In conclusion, it can be said, that re-engineering the laser driver, using new 

components and eliminating unnecessary parts, was successful in improving the laser diode 

driver. The switch-off time for the laser has been reduced from 150 ns to less than 10 ns for 

time domain measurements. Additionally, the newest laser driver creates less higher 

harmonic frequencies (<1% up to 1MHz), which would interfere with phase-shift 

measurements with a lock-in amplifier. After this optimisation, the laser diode has been 

used for phase-shift measurements up to a modulation frequency of 2 MHz without 

noticeable distortion of the signal. 

Further improvements to the diode driver circuit are possible by also monitoring 

the temperature of the laser diode. In our final design, the temperature controller built by 

the original driver manufacturer was not used anymore because of the poor build of the 

whole driver circuit. Schematics for a redesigned (but not executed) temperature controller 

board are given in Chapter 2.5. 
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2.5. Appendix 

 

2.5.1. New Design of the Thermoelectric Cooler Controller for the Laser Diode 

 

In addition to examining the laser driver portion of the commercial built laser 

driver, also the temperature controller is inspected. A circuit diagram for this controller is 

constructed and is shown in Figure 2.14 below. 

 

Figure 2.14. Circuit diagram of the original, commercial built diode laser temperature controller for the 

thermoelectric cooler, built into the laser diode. 

 

The temperature controller adjusts the current through the thermoelectric cooler 

(TEC), which is built into the laser diode housing to either cool or heat the laser diode. The 

output wavelength of diode laser can be tuned slightly by changing its operating 

temperature. Consequently, controlling the temperature of a laser diode decreases 

wavelength fluctuations. 
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From the original circuit diagram, a printed circuit board is designed. This circuit 

board is much more complex than the circuit board for the laser driver, since many more 

components have to be connected. This complexity leads to a double sided circuit board 

which is shown, including its silk screen layer, in Figure 2.15a-c. 

 

       

 

Figure 2.15. Printed circuit board for the temperature controller for the diode laser. (a) Bottom copper layer 

for the electronic components used in the commercial built TEC driver. (b) Top copper layer and (c) silk 

screen layer with the electronic part identifiers. 

 

Due to a discrepancy in the technical specifications between the main control 

integrated circuit (IC) and the thermoelectric cooler built into the laser diode, the main IC 

was switched to an appropriate version built by Maxim Integrated Products (MAX1979). 

(a) (b) 

(c) 
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This change also required redesigning of the TEC controller circuit board. The two copper 

layers and the silk screen layer with the component identifiers are shown in Figure 2.16. 

 

 

(a) 

(b) 
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Figure 2.16. Design of the new TEC controller board for the laser diode JDSU SDL2372. (a) The copper 

bottom layer is shown with the connections to the new IC (MAX1979) in the middle. (b) Layout of the top 

copper layer of the new printed circuit board (PCB). The two contact pairs of the needed inductors can be 

seen in the middle and on the left of the layout. (c) The silk screen layer of the new PCB with the identifiers 

of all the electrical components is shown. Alignment markings can be seen outside of the PCB on each layer. 

 

Unfortunately, the SMD package of the new TEC controller (MAX1979) made it 

impossible to solder this component to the circuit board by hand. After a few unsuccessful 

attempts to find a commercial service to assemble the PCB in Kingston, Ontario, Canada, it 

was decided that the laser was to be used without controlling the temperature and the 

project to build the TEC controller board was dismissed. 

 

 

  

(c) 
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Chapter 3. 

Measurement of Multi-Exponential Decays by Phase-Shift CRDS 

 

3.1. Measurement Techniques in Cavity Ring-Down Spectroscopy 

 

In cavity ring-down spectroscopy not the absolute amount of absorbed light is 

measured, but the decay of the light intensity in the optical cavity with time is recorded. 

Typically, a light pulse is introduced into a mirror cavity with highly reflective mirrors. 

The pulse then bounces back and forth between the mirrors, hereby enhancing the effective 

path length multiple times. This enhancement can be of as much as a few tens of 

kilometers in a regular 1 m cavity. When measuring time-dependent intensity decays, 

fluctuations of the initial light intensity do not affect the measurement of the optical loss. 

The CRD technique is therefore compatible with pulsed lasers as light sources. It makes 

large intra-cavity light intensities possible but is also largely immune against pulse-to-pulse 

intensity fluctuations that for many lasers can be greater than 10%. The decay time, or 

ring-down time, τ, is dependent on all of the losses in the optical cavity and can be 

expressed by 

 

  (1.5) 

 

where: tRT  is the round trip time for a laser pulse in the cavity; R is the average 

overall reflectivity of the mirrors; ε is the sample absorption coefficient; C is the 

( )2 1
RTt

R Cl
τ

ε
=

− +



75 
 

concentration of the sample; and l is the sample length.1 Since the reflectivity of the used 

mirrors, R, is usually close to unity, the reflectivity loss ln R−  has been substituted by the 

approximation 1 R− . 

As expressed in this equation, the ring-down time is longest when the reflectivity, 

R, is very close to unity and there is no absorber present (i.e. εCl is zero). In this case, the 

ring-down time only depends on the mirror reflectivities. That means that as the sample 

absorption decreases, the ring-down time increases, and with it the sensitivity of the 

measurement increases. It is assumed that the sensitivity of the ring-down time 

measurement is given by the bandwidth of the data acquisition. This increase in sensitivity 

along with decreasing sample absorption or sample concentration is contrary to usual 

absorption measurements and a unique property to all CRDS schemes. 

 

When pulsed lasers are used with CRDS, the cavity output is a trail of decaying 

light pulses, shown in Figure 3.1, and an exponential decay curve can be fitted to the peak 

amplitudes of the recorded pulses.  
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Figure 3.1. Typical intensity decay traces recorded using cavity ring-down spectroscopy.2 The top curve 

shows a decay form produced by a continuously excited cavity. The cavity is filled with light from the light 

source at first, then the light source is switched off very quickly, which produces the intensity decay. The 

bottom graph shows a cavity output from a pulsed excitation of the cavity. Here, the pulse intensity decays 

with time also in an exponential way. The peak intensities have to be fitted to the exponential decay function. 

 

According to Zalicki and Zare, the laser line width, the free spectral range of the 

optical cavity, and the width of the absorption feature need to be compared to get to a 

reliable spectrum.1 The laser line width, λΔ , is defined as the full-width-half-max of the 

Lorentzian line shape of the frequency distribution of the laser light. In an optical cavity, 

only those wavelengths resonate that constructively interfere. These wavelengths, called 

cavity modes, depend on the reflectivity range of the mirrors (or the transmission range of 

the optical waveguide material) and the cavity length. A similar quantity to the laser line 

width can be defined for cavity modes as well. Here, this quantity is called bandwidth and 

denotes the full-width-half-maximum of the individual cavity modes. The frequency 

separation of these modes is called mode spacing or free spectral range, FSR, and is 
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dependent on the length of the cavity and on the refractive index of the cavity medium, The 

shorter the cavity, the wider is the mode spacing. Two more quantities can be defined for 

optical cavities: The finesse of an optical cavity is the ratio of the mode spacing of the 

cavity divided by the bandwidth of the cavity modes, and the quality factor (or Q-factor) is 

the ratio of the frequency on one individual mode divided by its bandwidth. Both quantities 

are measures for the cavity quality and for the cavity enhancement. Whenever the 

absorption feature is wider than both the laser line width and the FSR, two different 

limiting cases have to be examined. 

In the first case, the laser line width is smaller than the FSR (the mode spacing in 

the cavity) and in the second case, the laser line is wide enough to encompass many cavity 

modes. This is typically the case for pulsed lasers where 
1

t
λΔ ∝

Δ
 ( tΔ  is the pulse 

duration). If, on the one hand, the laser line width is sufficiently small, with respect to the 

mode spacing, light enters the cavity only when the laser line and the cavity mode overlap 

and absorption will only be seen at these frequencies, while the decay for each of these 

frequencies will follow a single respective exponential decay curve. If, on the other hand, 

the laser line width is broader than the mode spacing, multiple cavity modes are excited 

simultaneously. If simultaneously excited modes are absorbed at the same rate, an overall 

single exponential decay is to be seen. If simultaneously excited modes experience 

different absorptions, a multi-exponential decay is the consequence. 

A multi-exponential decay can also be observed if the line width of the light 

source is broader than the absorption feature and the absorption feature again is broader 

than the mode spacing in the cavity. Extreme cases for absorption features are, for 

example, a rotational line in a molecular-beam jet-cooled sample (narrow Doppler width 
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and lifetime broadened), which can be as low as a few kHz, whereas absorption features in 

liquids are multiple orders of magnitude broader (multiple THz). 

If the decay waveform is a single exponential decay, the cavity output can be 

easily fitted with an appropriate certainty to an exponential decay function to acquire the 

ring-down time, whereas a multi-exponential decay is more difficult to fit with the same 

precision. If different decays are fairly close to each other, a high fitting accuracy for each 

one of them can no longer be achieved. Consequently, for highly accurate rotationally 

and/or vibrationally resolved spectra, a very narrow laser line width is preferred for 

determining all absorption features and consistently fitting only single exponential decays 

with high precision. Then, also a close look at cavity mode structures should be considered. 

For a more qualitative spectroscopic measurement, even a broadband light source can be 

used.3-5 Cavity mode structures are not be discussed here in detail, since the detailed cavity 

spectrum is irrelevant for the this thesis. Further information about cavity modes can be 

found in many optical textbooks, such as “Fundamentals of Photonics” by B.E.A. Saleh 

and M.C. Teich.6 

One would expect that if the absorption feature is smaller than the FSR, the 

absorption feature may not be detected by the measurement. However, Wheeler et al. 

mention that “in practice, the frequency restrictions imposed by cavity longitudinal modes 

are considerably relaxed by transverse mode structure and by cavity instabilities, so that 

the frequencies supported by a cavity are essentially continuous.”7 Consequently, the 

instance in which the absorption feature is not detected is encountered very rarely and 

applies only to very small cavities, when the mode spacing is sufficiently large. 
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The temporal pulse width determines the shape of the detected output of the 

cavity. If the pulse width is considerably larger than the ring-down time, there is a build-up 

of intensity in the cavity. After the light is shut off, a ring-down event can be detected, but 

without distinct pulses (cf. Figure 3.1 top). Introducing a ‘broad pulse’ into the cavity is 

identical with using square wave amplitude modulated light to excite the cavity. Here, the 

cavity output provides an exponential decay directly without having to find the individual 

peak intensities of the pulse trail to produce the decay. Injecting a pulse or a square wave 

are two methods to measure ring-down times in the time domain and require a good signal-

to-noise ratio and to average the cavity output. Averaging is time consuming and therefore 

‘slows down’ the detection technique and makes it difficult to combine CRDS with fast 

separation techniques or to use it with fast reactions. Also, the maximum duty cycle for the 

square wave-modulated technique is 0.5 and for the pulsed detection scheme, the duty 

cycle may be only at around 0.01 or even less. Since the previously mentioned build-up of 

intensity follows the same function, just with opposite sign, the ring-down time can be 

extracted from the build-up as well. Keeping this in mind, the maximum data acquisition 

time for a square wave excited system is twice the data acquisition time for a pulsed 

system, since besides ring-down events also build-up events can be analyzed. 

 

Besides these two time domain methods, a third approach exists, that transfers the 

detection scheme into the frequency domain, in which sine wave amplitude modulated 

light is coupled into the cavity. The obvious improvement in comparison to time domain 

measurements is that the duty cycle is quasi unity here, but with high modulation 

frequencies it also allows to increase the detection speed. This frequency-based detection 
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scheme does not directly detect an exponential decay, but the ring-down time can be 

extracted from the phase-shift that the cavity output exhibits with respect to the cavity 

input (cf. Figure 3.2). This technique is called phase-shift-cavity ring-down spectroscopy 

(PS-CRDS) and was first applied by Engeln et al. in 1996.8 

 

 

Figure 3.2. Sinusoidally modulated intensity input into and output of the optical cavity. The output is phase-

shifted with respect to the input by a phase angle φ, and the amplitude m is decreased.2 

 

In the remainder of this chapter, a general model to measure multi-exponential 

decays in the frequency domain will be described and verified using examples of an 

electronic circuit and a multimode fibre-loop cavity ring-down setup. While the practical 

verifications had not been performed previously, the theoretical model was already 

proposed by my colleague Mr. Nicolas R. Trefiak and can also be found in his M.Sc. 

thesis.2 
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3.2. Theoretical Model 

 

In common cavity ring-down spectroscopy, the decay of light is monitored in 

time. The characteristic ring-down time is dependent on every single decay process, such 

as transmission at the mirrors, scatter of light at imperfections of the cavity, absorption of 

the light by the analyte and/or by the matrix in the cavity, and many more. Each one of 

these decay processes decreases the light intensity by a certain fraction. If the decay 

processes work in series, like mirror loss, scatter, and sample absorption, they give rise to a 

single comprehensive decay process. When there are decay processes that occur 

simultaneously and independently, such as light decaying in different cavity modes or in 

the cladding and in the core of an optical fibre, the overall intensity is given by the sum of 

all the N-decay processes, as shown in Equation 3.1. 

 

 = ∑  (3.1) 

 

This is called the impulse response function of the system with N-decay processes. 

In phase-shift cavity ring-down spectroscopy, the cavity is excited with amplitude 

modulated light. The response to this input can be calculated from a Laplace transform of 

Equation 3.1, which is given below2, 9: 

 

 = ℒ = ∑  (3.2) 
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with = + , and = √−1. The excitation light for the system considered 

here is modulated with an angular frequency of = 2 . The parameter σ is considered to 

be zero, since it is assumed that neither the modulation depth nor the amplitude will change 

over the time the experiment is performed, as has been assumed for all previous and 

present experiments in the literature. After rearranging the Laplace transform, the 

imaginary and real parts can be separated, which leads to the following equation: 

 

 ℒ = −∑ + ∑ = +  (3.3) 

 

The phase angle and the absolute modulation depth can be extracted from this 

equation and are given in Equations 3.4 and 3.5 respectively.2, 10 

 

 tan = = ∑∑  (3.4) 

 = +  (3.5) 

 

If the latter equation is divided by the integrated intensity ∑ , one obtains the 

modulation depth relative to the total signal. Lakowicz et al. have reported similar 

expressions previously and have applied these to fluorescence decay measurements.10 It 

should be noted that the integrated intensity in Lacowicz et al. has been normalized, while 

the Equation 3.1 is not normalized. A sinusoidal signal, commonly defined through phase 

angle and intensity, can be represented by a vector diagram (sometimes also called phasor 
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diagram) of its imaginary and real part, as shown in Figure 3.3.a. A two component case, 

similar to the cases presented by Kasyutich et al., is shown in Figure 3.3.b11. 

 

 

Figure 3.3. (a) Phasor representation of a sinusoidal signal.2 (b) Overall phasor diagram for a signal 

consisting of two individual components, similar to Kasyutich et al.11 

 

It is obvious, that for N decay processes, the overall phase angle and modulation 

depth can be described in terms of the phase angle and modulation depth of each decay 

component i. This results in the following equations: 

 

 tan = ∑ | |∑ | |  (3.6) 

 = ∑ | | sin + ∑ | | cos  (3.7) 

 

Since the cavity can only introduce a phase lag, all phase angles  have to be 

negative, which in turn results in a negative value for tan  in Equation 3.6. Simultaneous, 

if the decay processes in cavity ring-down spectroscopy are independent from each other 

(a) (b) 
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(and therefore their vector representation as well), we can express the individual phase 

angle and the individual modulation depth as 

 

 tan = −  (3.8) 

 = | | = | | sin + | | cos =  (3.9) 

 

Herbelin et al. have applied Equation 3.8 in 1980 to characterize a high finesse 

cavity. This may be considered to be the first report on phase-shift CRDS. In 2004, van 

Helden et al. gave Equations 3.8 and 3.9 in their discussion of a single exponential decay in 

CRDS.12 Equations 3.6 and 3.7 can be transformed into Equations 3.4 and 3.5 by using 

Equations 3.8 and 3.9. According to Trefiak2, “It is interesting to note that the simplest 

expression relating the time domain metrics to the frequency domain metrics is” 

 

 =  (3.10) 

 

The fractional steady-state intensity of each component (for ω = 0) can be defined as 

 

 = ∑  (3.11) 

 

A fit of  to Equations 3.4 and 3.5 results in values for relative intensities, , 

and ring-down times, , without having to determine light intensities or even a background 

light level (as for time domain CRD). Although this is undeniable, in an actual experiment, 
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a second phase angle needs to be determined. A phase-shift offset, ,	 is introduced by 

the electronic components, such as the lock-in amplifier, the detector, cables, and other 

components, that is hard to predict or to eliminate. This offset phase angle is frequency-

dependent and can be determined by measuring the phase-shift of the cavity at ‘infinite 

loss’, using, for example, an open fibre-loop, a misaligned mirror-cavity, or a strong 

absorber in a mirror-cavity. 

 

 

3.3. Experimental Setup and Results 

 

3.3.1. Electrical RC Circuit as Analog to Optical System 

 

Electrical circuits have been used previously to simulate the response of optical 

systems to various inputs13-15. To model an exponential optical decay with decay time τ, 

one can use an RC circuit as an analog, with τ = RC. Consequently, a circuit containing 

multiple RC circuits, that are summed together, creates a model for multiple independent 

optical decay processes, such as in a ring-down cavity or in a fluorescence lifetime 

experiment. Here, two RC circuits were used and their respective outputs have been added 

in an inverting summing amplifier. R and C values were chosen to give decay constants 

that are comparable to typical CRD cavities. Figure 3.4 shows the circuit diagram for this 

bi-exponential electrical equivalent to an optical cavity. The circuit was stimulated with 

either a square wave or a sinusoidally modulated AC input, for the purpose of obtaining 

voltage signals in the time or frequency domain measurement, respectively. 
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Figure 3.4. Bi-exponential electrical circuit. (a) Circuit diagram of the used bi-exponential circuit with one 

decay time fixed at 90 μs (top RC circuit) and the second one adjusted to 10 μs (bottom RC circuit). The 

mixing ratio can be varied and was set to a 1:1 ratio. (b) The actual circuit board is displayed, the input 

connector being on the top left, the output connector being on the top right, the adjustable decay time being 

on the lower left (τ), the adjustable mixing ratio being on the bottom center (γ), and the power cable to power 

the operational amplifiers (left). The dip switch is installed to be able to use the circuit also as a single RC 

device. 

 

As can be seen in Figure 3.5, the input response to the square wave stimulation is 

a multi-exponential decay, and a fit to a bi-exponential function resulted in two ring-down 

times, namely of 90.8 μs and of 12.6 μs. 

 

(a) (b) 
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Figure 3.5. Time domain measurement of the input response of the circuit to a square wave stimulation. A bi-

exponential fit resulted in the decay times of 90.8 ± 0.3 μs and 12.6 ± 0.1 μs. From the nominal values of the 

electrical components, the ring-down times can be calculated to be 90 μs and 10 μs, but the uncertainty of the 

nominal values could be as high as 10%, depending on the components used. The ratio of the amplitudes has 

equalled the set mixing ratio of 1:1. 

 

In the phase domain, multiple ring-down times cannot be determined from only 

one measurement at one frequency. Hence, a sweep through multiple frequencies has to be 

performed. Changing the modulation frequency in discrete steps over two decades has 

resulted in output phase delays which approach 2⁄ , while ω tended to infinity (cf. Figure 

3.6). A fit of , , , and  to Equation 3.4 resulted in an over-determined fit, which 

left the amplitudes strongly correlated to each other. This resulted in very large errors 

( = 30 ± 700, and = 4 ± 80). A second fit has been executed, taking into account 

Equation 3.11. Instead of the individual amplitudes, only one parameter 
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 is used. The fit results in the values predicted from the time 

domain measurement, thus confirming the mathematical model given above. A correction 

for  has not been necessary here. 

 

 

Figure 3.6. Tangent of the phase-shift output of the electrical circuit at frequencies from 50 Hz to 40 kHz. 

The red curve represents a fit to , , , in Equation 3.4, taking Equation 3.11 into account, and it gives 

values of = 94 ± 5	 , = 12.50 ± 0.08	 , = 0.518 ± 0.009. The relative amplitudes (cf. Equation 

3.11) result in a ratio of about 1:1, as it was set in the circuit. Values for the ring-down times, calculated from 

the values of the electrical components, can be found in the figure caption of Figure 3.5 and have been found 

to agree with the here found values. The dotted and dashed lines represent the single exponential decays. The 

factor  denotes the fractional intensity of the steady-state intensity. A parameter  is not displayed, but the 

sum of all factors  has to add up to 1. 

 

 

( )1 1 1 1 1 2 2/γ α τ α τ α τ= +
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Figure 3.7. Residuals of time and frequency domain fits. (a) Residual of bi-exponential fit to frequency 

domain phase-shift data. (Figure 3.6). The open red circles on the right show that the residuals follow a 

Gaussian distribution centered around zero. (b) Residual of bi-exponential fit to time domain data (Figure 

3.5). Again, the red circles on the right show the distribution of the residuals. Here, the closed circles show 

the distribution of only the first 200 μs and the open circles show the distribution of the whole data set. The 

peaks and valleys stem from the discretization of the values from about 200 μs onwards, which comes from 

the oscilloscope used. Overall the fitting residuals follow a Gaussian distribution around zero. 

 

Examination of the errors of the fitting parameters to the time domain and to the 

frequency domain data has revealed that the errors are slightly larger in the frequency 

domain. The ring-down times, 10 μs and 90 μs, in the time domain have errors of 0.8% and 

0.3%, while the errors in the frequency domain are 0.6% and 5.8%, respectively. The first 

reason why the errors differ so much lies in the number of points the fit has been applied 

to. The time domain data set consists of 10000 points, while the frequency domain data is 

(a) 

(b) 
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based on only 136 points. Second, in the time domain, the long ring-down time is 

represented by the long shallow part of the decay, while the short ring-down time is 

represented by the steep part of the decay trace. The fraction of the data points the 

individual ring-down time can be extracted from is reflected to some extent in the fitting 

errors. The same applies to the frequency domain, but the roles of the short and long ring-

down times are switched. Here, the long ring-down time is represented by the first steeper 

part of the data, which obviously has fewer points than the part representing the short 

decay. 

However, considering the residuals of the fits (cf. Figure 3.7), no obvious pattern 

can be seen for either fit and the distributions of both residuals are Gaussian around zero. 

Note: The apparent lines visible in the residual for the time domain are an artefact of the 

resolution of the oscilloscope. 

To evaluate which fit is better, it also has to be taken into consideration that in the 

time domain, the fit requires 5 variables to fit the data set, but in the frequency domain 

only 3 are needed. The more variables one uses in a fit, the better the resulting function can 

be adjusted to the data set and therefore, the errors can be minimized. 

Considering all of these arguments, it can be said that frequency domain 

measurements provide a similar accuracy than time domain measurements. 
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3.3.2. Fibre-Loop Cavity 

 

Another type of cavity that has been investigated is a fibre-loop, formed by a 

strand of fibre where the two ends have been spliced together. The fibre used is a 

multimode fibre (FiberTech Optica AS100/140 IRA), as light travelling in the core and in 

the cladding experience different losses and a multi-exponential behaviour of the intensity 

decay is expected. Fibre-loop ring-down spectroscopy had already been used for 

quantification of different analytes in dilute solutions and small picolitre to nanolitre 

volumes16-19. In the experiments described in this chapter, the focus has been on the 

comparison of time and frequency domain measurement to further confirm our theoretical 

model. 

 

 

3.3.2.1. Experimental Setup 

 

A 25.6 m long strand of multimode fibre was spliced together to form a loop. A 

commercial fibre coupler (coupling ratio 99:1, Lightel Technologies) was used to couple 

the 810 nm light, produced by a diode laser (JDSU, SDL-2372, 2W), into the fibre cavity. 

The fibre was fixed onto a photomultiplier tube (Hamamatsu R955) which was used to 

detect the scattered light from the loop. A homebuilt laser driver (cf. Chapter 2) allows 

square wave modulation with rise and fall times of < 10 ns and sine wave modulations of 

up to 1 MHz, with only very small contributions of higher harmonics (cf. Chapter 2). The 

laser driver was modulated by using an arbitrary function generator (AFG, LeCroy 9100). 
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A lock-in amplifier (Stanford Research Systems, SR 844) was used to determine the phase-

shift between the cavity output and the reference given by the AFG. The phase-shift  

introduced by the electronics is acquired prior to fusing the fibre together, to correct the 

measured phase angle , as described. 

The time domain measurements were performed by modulating the laser diode in 

a square wave fashion at a frequency of 1 kHz. An oscilloscope (Tektronix, TDS 3032) was 

used to record the signal and to average 512 traces. 

 

 

3.3.2.2. Confirmation of Mathematical Model Using a Fibre-Loop Cavity 

 

The fibre-loop cavity was excited for time domain measurements with an 810 nm 

cw-diode laser, which was switched off very quickly, and the intensity decay was recorded. 

Figure 3.8 shows the decay trace, which has been fitted well by using a tri-exponential 

decay function (cf. Equation 3.1, N=3). The resulting ring-down times are: = 1.502	 ±0.007	  (35%), = 311		 ± 2	  (47%), and = 6.7		 ± 0.2	  (18%). The numbers in 

brackets give the fractional intensity contribution. 
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Figure 3.8. Recording of the intensity decay within the fibre-loop cavity after having switched off the light 

source very quickly. A tri-exponential fit results in ring-down times of = 1.502	 ± 0.007	 , = 311		 ±2	 , and = 6.7		 ± 0.2	 . The fractional intensities are 35%, 47%, and 18%, respectively. A bi-

exponential function fits the decay trace equally well but produces slightly shorter ring-down times. 

 

For multimode fibres at least a bi-exponential decay is expected, since the light in 

the cladding and the core of the fibre experiences different losses and decays at different 

rates. If some of the light is also guided in the coating of the fibre, a tri-exponential decay 

is expected. Whether a tri-exponential, bi-exponential, or even a single exponential decay 

is observed, depends very much on the experimental setup, on the respective optical losses 

experienced, and on the precision of the detection equipment used. A bi-exponential fit (cf. 

Figure 3.9) to this decay trace works similarly well, but slightly shorter ring-down times 

are found: = 1.296	 ± 0.005	  and = 189	 ± 1	 . To determine if a bi-exponential 

or tri-exponential fit is more suitable a more detailed look at the residuals is helpful. When 

plotting the residuals of the bi-exponential fit, the observed oscillatory pattern might 
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indicate that there have been too few fitting parameters used. It has been confirmed later by 

the phase-shift measurement that a bi-exponential function does not provide a satisfactory 

description of the data. Additionally, when the time domain data is plotted on a log-scale y-

axis and again a bi-exponential fit is performed, it becomes obvious, that the longer ring-

down time given by the fit is actually too short, since the slope of the fit (middle part) is 

too steep for the data. Furthermore, this linear part shows that for a long time, only core 

modes, which are associated with the longest ring-down time, were detected. The short 

ring-down time is given by the curvature at the beginning of the fit. The plateau at the end 

denotes converging to a finite value of the fit different from zero. The data had to be 

slightly adjusted in y-direction by adding a constant to it (cf. different y0 values in the fit 

parameters), in order to make all values positive, since negative values cannot be plotted 

on a log-scale. The y-offset of the tri-exponential fit (cf. Figure 3.8) was chosen as the 

constant. 

 

 

(a) 



95 
 

 

 

Figure 3.9. (a) Bi-exponential fit to the time domain data results in ring-down times of = 1.296	 ±0.005	  and = 189	 ± 1	 . (b) Residuals of bi-exponential fit. Although the residuals are well centered 

about the zero line, it seems there is some structure to it. This indicates that there are too few fitting 

parameters used in the fit. (c) Displays the original trace on a logarithmic y-axis shifted up by y0 of the tri-

exponential fit (= -0.00061462), to make all values positive. Fitting a bi-exponential fit to it shows that the 

long ring-down time, which is represented in the long slope in the middle, does not fit the trace perfectly and 

suggests that the extracted ring-down time is actually too short (meaning the slope is too steep). This linear 

region shows in addition that for a long time, only core modes have survived. The fast decay time is 

represented by the initial curvature of the fit. The plateau at the end arises because the function converges to 

a finite value different from zero. 

 

(b) 

(c) 
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Phase-shift data have been collected during excitation the cavity with the same 

laser, but with a sinusoidal modulation and stepping the frequency from 30 kHz to 1 MHz. 

Fitting this data to a bi-exponential function (Equation 3.4, N=2) produced a poor fit 

(dashed line in Figure 3.10). A tri-exponential fit (Equation 3.4 in combination with 

Equation 3.11) resulted in a very good fit to the data and ring-down times of = 1.57 ±0.04	 	 = 29% , = 320 ± 9	 	 = 35% , and = 17 ± 2	 	 = 36%  

have been obtained. 

A tri-exponential fit to only Equation 3.4, would result in the same ring-down 

times, but the errors of the amplitudes would be very large, since the system would be over 

determined (cf. Chapter 3.3.1). 
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Figure 3.10. Dependence of the tangent of the phase-shift with frequency. The blue open circles indicate the 

measured data. A tri-exponential fit to Equation 3.4 (N=3) in combination with Equation 3.11 is shown as the 

red solid line and it fits the data set very well. Resulting ring-down times are: = 1.57 ± 0.04	 	 =29% , = 320 ± 9	 	 = 35% , and = 17 ± 2	 	 = 36% . Fractional intensities are given in 

brackets.  has been calculated from the fact that the sum of all fractional intensities has to add up to one. A 

bi-exponential fit to the same equations (red dashed line) does not provide a satisfying fit to the data. The 

three straight lines indicate the expected dependence of the tangent of the phase-shift on the individual ring-

down times. 

 

Observations by Tong et al. support the findings and suggest that the two shorter 

ring-down times are due to light decays in core and cladding of the fibre, respectively.17 

The loss in the core of the fibre could be calculated from its ring-down time and was 8.4% 

(0.36 dB) per roundtrip and it is mostly due to the insertion loss of the used 2x2 fibre 

coupler (typical loss of around 5%). The loss in the cladding (second longest ring-down 

time) contains contributions from the coupler and the higher attenuation of the fibre. The 

fastest ring-down time is likely associated with a contribution of scattered light. 
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As already mentioned, the accuracy of the fitting parameters is lower in the phase-

shift data than in the time domain data, since there have been many more data points 

available in the latter (10,000 points) than in the phase-shift measurement (192 points). In 

comparison, the ring-down times from both measurements are within 4% of each other, 

although not within the respective fitting error for all determined ring-down times. It 

becomes apparent that fast decay processes, like the very short ring-down time in this 

experiment, are difficult to analyze with time domain measurements but can easily be 

characterized in the frequency domain, by recording phase-shifts at higher modulation 

frequencies. However, the shortest ring-down time determined from the time domain data 

is very similar to the response time of the equipment used and can therefore not be reliably 

measured. Furthermore, the shortest ring-down time contributes about 36% to the overall 

signal in the phase domain. Finally it is observed that “the intensity ratio of core and 

cladding modes is found to be about 1:1 in both measurements, which is in accord with the 

1:1 ratio of the cross-sectional areas of the fibre core and cladding.”20 

 

 

3.3.2.3. Fitting Errors in Cavity Ring-Down Experiments 

 

The presented measurements have demonstrated that phase-shift cavity ring-down 

measurements provide similar accuracy for CRD measurements as the same experiments 

performed in the time domain. “Fitting errors of exponential decay processes in the time 

domain and phase domain have been analyzed extensively in the past.”20 Lerber and Sigrist 

for instance, developed a new algorithm to increase the accuracy for fitting parameters of 
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single-exponential ring-down signals and have shown experimental and simulated 

examples.21 A detailed comparison of time domain and frequency domain fluorescence 

decay measurements was performed by Lacowicz et al. They concluded that “phase 

modulation measurements, when performed over a range of modulation frequencies, will 

provide time-resolved data that are at least equivalent to those obtained using pulsed 

excitation”10.  

Comparing the errors from the time domain and the frequency domain data, it has 

been found that here, the errors in the time domain are lower by a factor of about 5. In the 

specific case of the current experiment, this is due to the number of points the data can be 

fitted to. 

 

Judging from the fit residuals of the time and the frequency domain data 

(Figure 3.11), the time domain data fit using a tri-exponential function seem to perform 

very well and completely characterize all decay processes, since the residuals follow a 

normal (Gaussian) distribution. Although the residuals of the fit of the phase-shift data also 

follow a normal (Gaussian) distribution, there are very obvious oscillations present. It was 

reasoned earlier in this chapter (Figure 3.9) that a trend or a fluctuation in the residuals 

indicate to too few fitting parameters. Yet, a fit to four exponentials (Equation 3.4, N=4, in 

combination with Equation 3.11) does not produce a better fit. In fact, the ring-down time 

values remain the same and the relative amplitudes experience a very large error again, 

which is indicating an over determination of the system. Furthermore, the residual of a 

tetra-exponential fit exhibits the same fluctuations as the tri-exponential fit. The origin of 

the fluctuations remains unknown. It also seems that the normal distribution of the time 
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domain residuals is much narrower centered around zero than the residuals in the 

frequency domain. Considering only the middle part of the time domain residuals (from -

0.1 mV to 0.1 mV), the error is on the order of 2% of the total signal, whereas the spread of 

the residuals in the frequency domain is on the order of 3% of the overall signal, thus 

making them comparable (cf. Figure 3.11). 
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Figure 3.11. Fit residuals in FLRDS measurements in: (a) the time domain and (b) the frequency domain. On 

the one hand, the residual data from the time domain fit does not show any obvious trend, and the resulting 

normal (Gaussian) distribution of the residuals is shown on the right of the residual plot (red). On the other 

hand, the residual data of the frequency domain clearly shows oscillations. An increase in fitting parameters 

produces the same values as the tri-exponential fit performed here, and the residual shows the same 

fluctuations. The origin of the fluctuations could not be determined. The residual plot still follows a normal 

(Gaussian) distribution around zero, though. 

 

Lacowicz et al. also showed that, with a range of modulation frequencies from 

1 MHz to 100 MHz, nanosecond fluorescence lifetimes can be determined with an 

(a) 

(b) 
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accuracy of a few picoseconds.10 Typical fluorescence lifetime measurements involve only 

the measurement of the phase angle and the modulation depth at a few frequencies, ranging 

typically from = 10⁄  to = 1 10⁄ . A fit to Equation 3.4 results in the desired 

fluorescence lifetimes. Lacowicz et al. further showed that two decay times of = 1	  

and of = 2	  can be distinguished from each other through a fit to phase angles with an 

only 0.2˚ random error, using only 8 modulation frequencies between 1 MHz and 

128 MHz.10 

 

 

3.4. Discussion 

 

Equations 3.4 and 3.5 offer a general method to determine ring-down times in 

cavity ring-down spectroscopy. The mathematical concept can be readily extended to a 

large number of exponential decay processes. Our approach requires only the 

measurements of phase angles at a respective number of modulation frequencies in contrast 

to previous methods, which also required that the laser intensity be measured 

simultaneously to the phase-shift. “As in previous examples, the determination of the 

fraction of broadband emission (BBE) to the ring-down times needs to be carried out only 

once, and all spectra can then be easily corrected for the contributions of the respective 

decay processes.”20 

The examples shown here can be easily adapted to CRD with mirror cavities. In 

the following, a comparison of our model with two other studies which also presented 

models suitable for the description of bi-exponential decay processes, is drawn. 
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Kasyutich et al.11, 22 and van Helden et al.12 used mirror cavities and presented 

methods to investigate how the combination of phase angle and intensity measurements 

may be used for the correction to broadband emission from the light source, which is a 

very common artifact in CRDS. Most diode lasers emit BBE and the BBE contribution to 

the overall intensity output of a cavity can be greater than 10%. In a very unfavorable case 

of a quasi-continuous cavity, made with narrowband mirrors and a poor light source, a 

contribution of up to 50% could be observed (cf. FBG cavity in Reference Bescherer K., 

2009)20. 

The BBE contributions to the phase angle may originate from two major 

occurrences: 1. The BBE bypasses the cavity because it falls outside of the reflection 

spectrum of the cavity mirrors and contributes to the phase-shift. 2. BBE that is largely not 

absorbed by the sample in the cavity, on account of its broadband characteristics, but is 

trapped in the cavity. Kasyutich reasoned that the contribution due to trapped BBE is very 

small, since typically very narrow-band mirrors are used in CRD experiments. In much 

more broadband cavities, as used in waveguide loop CRD setups, this BBE contribution is 

expected to be dominant. 

Van Helden et al.12 measured the phase angle corresponding to BBE trapped in 

the cavity by introducing a strong absorber and hereby reducing the ring-down time 

corresponding to the sample to a negligible value. That the equations derived by Kasyutich 

and van Helden are special cases of our model will be shown forthwith. 
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3.4.1. Comparison of Our Theoretical Model with Kasyutich’s Expression 

 

The following equation was presented by Kasyutich et al. when they addressed the 

problem of BBE (called amplified spontaneous emission, ASE) in their work: 

 

 tan =  (3.12) 

 

Kasyutich determined the intensity and the phase of the ASE contribution to the 

total output by tilting the rear mirror of their cavity and consequently reducing the finesse 

of their cavity. The phase angle due to the BBE contribution is set to zero by subtracting 

the phase of the unaligned cavity. This results in = = 0. The intensity of the ASE 

was determined independently, which gives = . The intensity and phase-shift due to 

the laser light can be set to =  and = . With these substitutions, Kasyutichs 

equation transforms into Equation 3.6. 

 

 

3.4.2. Comparison of the Model Used by van Helden with Presented Theory 

 

Van Helden et al. proposed the following expression: 

 

 Ψ =  (3.13) 
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Here, Ψ is the overall phase angle, and A’ and B’ are given as the normalized 

intensities of the decay of the laser radiation and of the BBE contribution, respectively. 

The phase-shift due to the empty cavity is given as , and  is the phase-shift due to 

BBE only.  can be found experimentally by absorbing all the light in the cavity by a 

strong absorber, as mentioned in Chapter 3.4, and thus reducing the ring-down time due to 

the sample to practically zero but not affecting the lifetime due to BBE. Analogous to Δ , 

a parameter Δ  can be assumed to be Δ = − , although this parameter is not 

explicitly defined in the article by Van Helden et al. If substitutions are made, giving = | |, ′ = | |, Δ = , and Δ = , then, also van Helden’s expression is 

identical to Equation 3.6 presented earlier. Certainly, it is important to mention that the 

phase angles in both equations are given relative to the input of the cavity, which is set to 

zero by subtraction of an offset phase angle. This offset phase angle can be obtained from 

an independent measurement with a low-finesse cavity (for example, by deliberate 

misalignment) or from a fit of phase-shifts that have been recorded at different optical 

losses18, 23. 

 

 

3.5. Conclusion 

 

Fluorescence decay constants had previously been determined through time 

resolved lifetime measurements and by measuring the shift of the phase of intensity 

modulated light. These phase-shift measurements are fast and can easily be multiplexed.24 

Similarly, photon lifetimes in optical cavities can be determined. Shown here are two 
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experimental examples that confirm the theoretical model provided earlier in this thesis. 

With this model, the amplitude and lifetime of multiple optical loss processes can be 

reliably determined, using phase-shift measurements at different modulation frequencies. 

Although one of the experiments presented here was carried out on an optical cavity with a 

pseudo-continuous spectrum, it can be assumed that the theoretical model is also applicable 

to systems with resonant cavities, such as mirror-cavities, microtoroids, microsphere 

resonators, silicon-on-insulator racetrack resonators, and many more that are typically used 

in CRDS. 

The practicality of phase-shift measurements at many modulation frequencies may 

be debatable for some applications, but applications which utilize low cost light sources 

and detection systems or which deal with fast decay times can profit from phase-shift CRD 

measurements. Besides the work group of Dr. Loock at Queen’s University, who have 

applied phase-shift CRDS not only to fibre-loop cavities25 but also to microsphere 

resonators26, other groups have also used this technique for their experiments, for example, 

on mid-infrared measurements of ethylene27, on trace-gas measurements in the visible 

region of the spectrum28, or on determination of quality factors of micro-cavities29. 

Although this technique can be equally precise as measurements in the time domain, most 

cavity ring-down experiments are performed in the time-domain. The experiments in 

Chapter 5 are also measured with a pulsed laser in the time domain, since in the process of 

building the experimental setup time-domain measurements permit an instant assessment 

of the optical losses in a ring-down. 
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Chapter 4. 

Liquid Core Waveguide Cavity Ring-Down Spectroscopy 

Using an External Light Source 

 

4.1. Introduction 

 

As mentioned in Chapter 1.3, an extension of the sample path gives rise to higher 

sensitivity in absorption detection. Since the 1980s, so-called liquid core waveguides 

(LCWs), made from either glass or fluorous polymers, have been implemented in a vast 

variety of spectroscopic experiments. Recently, other waveguide structures have been 

designed and used besides LCWs. A liquid core waveguide relies on light guiding based on 

total internal reflection dictated by Snell’s law. Snell’s law states that the angle of the 

refracted beam, 1ν , at a material boundary depends on the angle of incidence, 2ν , and the 

refractive indices of the materials,  and  (Equation 4.1). 

 

 ( ) ( )1 1 2 2sin sinn nν ν=  (4.1) 

 

If 2ν  is greater than a critical angle, cν , the beam is totally reflected with an 

angle, 2ν− . At smaller angles the intensity and polarization of the reflected light is given 

by Fresnel’s equations. The angles are always measured with respect to the normal to the 

boundary surface (cf. Figure 4.1). Equation 4.1. shows that there can only be a critical 

angle if , and that it can be calculated according to Equation 4.2. 

1n 2n

1 2n n<
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Figure 4.1. Refraction and reflection principle according to Snell’s law. 

 

Until end of the 1980s, total internal reflection was only possible for high 

refractive index liquids, such as dimethylsulfoxide (DMSO), carbon disulfide (CS2), or 

toluene, but not for water, since there was no material that provided a lower refractive 

index than that of water. Capillaries and other tubes were coated with a reflective surface, 

in order to be usable with water, before a breakthrough allowing the construction of water 

based light guides came with the invention of Teflon AF by DuPont.1 

More recently, hollow core waveguides have been designed, in which the light is 

confined within the lower refractive index core. These waveguides do not guide light by 

internal reflection at the core cladding interface, as traditional waveguides do. There are 

multiple examples for these relatively new kinds of waveguides, such as Bragg 

waveguides, photonic crystal fibres (PCFs), and anti-resonant reflecting optical 

waveguides (ARROWs). 

 

Bragg waveguides consist of periodic concentric layers of dielectric coatings of 

specific thicknesses. A schematic view of these waveguides is presented in Figure 4.2a. 
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Figure 4.2. Cross sectional views of hollow core waveguides. (a) Bragg waveguide, (b) Photonic Crystal 

Fibre, (c) ARROW waveguide.2, 3 

 

Bragg waveguides are made by rolling a stack of thin layers of dielectrics into a 

hollow tube and drawing these into optical fibres, similar to drawing glass fibres. Hawkins 

et al. state that “These Bragg layers can be designed to be reflective for all angles of 

incidence (omnidirectional guiding) and light can even propagate around bends with very 

little loss.”3 Light is guided in these waveguides when the wavelength satisfies the Bragg 

condition. The Bragg condition is usually written for crystal lattice spacing, d, with respect 

to the angle of reflection, θ, and the wavelength of the light, λ, as can be seen in 

Equation 4.3. For Bragg waveguides the thicknesses of the dielectric layers is proportional 

to the lattice spacing in crystals.a Such waveguides can be made for a broad center 

wavelength range from the visible to the mid-infrared spectral range, but each waveguide 

exhibits only a bandwidth of about 100 nm for each center wavelength.4 

 

   (4.3) 

 

Photonic Crystal Fibres are akin to Bragg waveguides. More precisely, PCFs are 

glass fibres with a cross section consisting of a 2D array of holes, or low refractive index 

                                                 
a The Bragg law can also be applied to acousto-optic modulators (cf. Chapter 1) with substituting the lattice 
spacing, d, with the generated sound wavelength. 

2 *sinn dλ θ=

(a) (b) (c) 
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medium (cf. Figure 4.2.b). The periodic array around a solid core, or a center hole, gives 

rise to light interference in a way that the light intensity overlays constructively in the 

(hollow) core of the PCF. The cross sectional pattern determines the guiding properties of 

the PCF and the wavelengths that can be used with the waveguide. These fibres are 

commonly made from high purity silica tubes, which are assembled into a preform and 

drawn like a regular glass fibre. Typical diameters of the hollow core in PCFs range from 5 

μm to 20 μm, and they can be filled with low refractive index liquids, without causing 

significant loss of guiding properties. PCFs have been used as long path length optical cells 

and utilized as, for example, evanescent wave sensors for biomolecules5, as refractive 

index sensors to determine sugar content in drinks6, as Raman spectroscopy cells7, 8, and as 

fluorescence sensors9. Beyond their applications in optics, PCFs have shown promise as 

solution channels in capillary electrophoresis10, but with a bandwidth of about 100 nm in 

the visible and near-infrared and being mostly single mode, they are hard to incorporate 

into a broadband optical cavity due to alignment and mode overlap considerations. 

 

Although invented much earlier, in 1986, by Duguay et al.11, anti-resonant 

reflective optical waveguides (ARROWs) have only recently been used by researchers as 

optofluidic sensors.12-16 These ARROWs are made from channels in different substrates, 

which are coated with a single layer of dielectric coating, and they rely on interference for 

light guiding just like PCFs. There are two ways to create such waveguides. First, a coated 

channel and a coated top plate are bonded together to form the actual hollow structure. 

Second, thin dielectric coatings for ARROWs can be deposited by thin layer deposition, 

which has been intensively developed for the production of electronic chips, since it has 
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the potential of forming layers of a hundred nanometers with a precision of a few percent. 

For ARROWs, the base dielectrics are deposited first and a sacrificial spacer is added later. 

This spacer becomes the core of the ARROW after having been dissolved, but beforehand, 

more dielectrics are coated on top of the spacer to complete the waveguide. An SEM image 

of the cross section of an ARROW is shown in Figure 4.2.c. Many research groups have 

utilized this technique and a large variety of experiments with ARROWs have been 

performed. A review on waveguides, their fabrication and implementations was published 

by Hawkins et al. in 2007.2, 3 Although these waveguides are easy to incorporated in chip-

based waveguide systems, their geometry and bandwidth (about 50 – 100 nm in the visible 

and near-infrared) makes them not suitable for our purposes.12 

 

In this thesis, the focus was on liquid core waveguides made from glass 

capillaries. Liquid core waveguides provide the sample volume we aimed for, are easy to 

use, can be inexpensive and are readily manipulated in the laboratory. Furthermore, the 

capillaries we used were comparable in size and optical properties with multimode fibres 

and, consequently, provide more relaxed requirements on alignment than, for example, 

PCFs which are usually single mode waveguides and have to be interfaced with single 

mode fibres. When using multimode waveguides, multi-exponential decays of the light 

intensity have to be considered in the data analysis. Depending on the detection resolution 

and the losses associated with each of the multiple decays, the detection scheme might 

simplify to a single exponential decay (cf. Chapter 3). 
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4.2. Single Pass Absorption in Fibre-Coupled LCWs 

 

In CRDS, the cavity system’s inherent losses determine the overall performance 

of the experiment. If these unwanted losses are large, the sample absorption and other 

desired losses only result in a small change in ring-down time and the setup is no longer 

useful. The ring-down time can be calculated from Equation 4.4 (which is a different way 

to display Equation 1.6) and it is obvious that the undesired system-inherent losses should 

be minimized to optimize the experiment. 

 

 =	 =  (4.4) 

The above equation can be solved for the overall transmission: T = Tsetup * Tsample 

with =  

 

 =  (4.5) 

 

The overall loss, Ζ, of a CRDS system, can be calculated from the overall 

transmission (Ζ = 1-T) of the system but it can also be determined from the individual 

losses, iζ , of each component, i, according to 

 

 ( )1 1 ii
ζΖ = − −∏  (4.6) 
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It is convenient to express losses not in percentages but in dB, since the dB-losses, 

dB
iζ , are additive but the percent-losses, iζ , are multiplicative: 

 

 dB dB
iζΖ = −    (4.7) 

 

with 

 

 ( )10log 1dB
i iζ ζ= − −  (4.8) 

 

In a pulsed CRD experiment, if the losses are much too large, the experiment may 

even fail completely in the case that it takes the light pulse intensity a shorter period of 

time to decay below the detection threshold, or below the detection noise level, than it 

takes the light to do one round trip. Of course, the ring-down time cannot be determined 

from a fit to only one point. If a square wave-modulated light input is used, an exponential 

decay trace is visible, but the time constant is a convolution of the signal response function 

and the exponential decay. In such a high loss experiment, the decay would correspond to 

either the shut-off process of the light source or the response time (= reciprocal bandwidth) 

of the detector, whichever is greater. In a phase-shift measurement (cf. Chapter 3), the 

cavity would respond to a frequency change in a linear fashion, since τ depends only on the 

system inherent losses and not on any sample absorption process.  

 

To outline the optimization processes of the incorporation of a liquid core 

waveguide into a fibre-loop ring-down spectroscopy setup, the various losses associated 
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with the two experimental building blocks have been studied and shall in the following be 

characterized in more detail. 

 

As a first step, an appropriate matrix liquid to be used with the LCW has to be 

found. Then, the dependence of the transmission through an LCW on the refractive index 

is examined in more detail. Subsequently, geometrical matching of the fibre and the liquid 

core waveguide is addressed, and the surface quality of the liquid core waveguide ends is 

examined. Finally, a more detailed investigation of fibre lenses that can be used with 

higher refractive index liquids surrounding the fibre is performed, and detailed information 

is given on the construction and use of a simple lensing device to manufacture concave 

lenses at ferruled fibre ends. 

 

 

4.2.1. Determination of a Suitable Matrix Liquid for the Use with a Liquid Core 

Waveguide 

 

In order to maximize the sensitivity of a liquid core waveguide-fibre-loop ring-

down spectroscopy (LCW-FLRDS) system, the matrix liquid should have high 

transparency or low absorption loss in the wavelength region of interest. Also, it must have 

a higher refractive index (RI) than the material of the waveguide tubing, or else the LCW is 

not guiding. For the experiments described herein, a fused silica capillary with a refractive 

index of n =1.4517 was used, so that only matrix liquids with n > 1.45 needed to be 

considered. There are not many common solvents that satisfy the refractive index 



119 
 

requirements and are also reasonably transparent in the visible spectrum. The following 

solvents were chosen as potential candidates: bromoform (CHBr3, RI = 1.595), toluene 

(C7H8, RI = 1.496), dimethylsulfoxide (DMSO, C2H6SO, RI = 1.4785), and 

dimethylsulfoxide-d6 (DMSO-d6, C2D6SO, RI = 1.476). Although the RI of carbon 

tetrachloride (RI(CCl4) = 1.460) is higher than the RI of the capillary, curiously, no light 

transmission could be detected in the setup described below. Consequently, to increase the 

refractive index, a 1:1 mixture of DMSO and CCl4 was examined, but the collected data 

did not result in an obvious trend. The data was discarded and the experiment with carbon 

tetrachloride was not repeated due to the health hazards associated with the liquid. 

To determine the absorption losses of the different liquids, the light intensity as a 

function of absorption path length was measured with the setup shown in Figure 4.3. 
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Figure 4.3. Fibre pushing setup to determine the absorption of different solvents in combination with their 

light guiding properties within a glass capillary. The fibre-coupled light source was coupled to the LCW in a 

micro-T (Upchurch) to the LCW capillary. The LCW capillary had an inner diameter of 250 μm and an outer 

diameter of 360 μm. The detector fibre had an outer diameter of 125 μm, including the polyimide coating, to 

easily slide it inside of the LCW without breaking. The solvent was supplied with a glass syringe and a 

syringe pump at a rate of 10 μL/min and was introduced into the LCW at the micro-T. The detector fibre was 

then pushed inside the LCW to not create any air or gas bubbles inside the LCW. The light source was 

modulated sinusoidally, using an arbitrary function generator at 100 kHz, and the peak to peak intensity of 

the signal was recorded on an oscilloscope. 

 

A fibre-coupled light source was coupled to a long fused silica capillary (ØID 250 

μm, ØOD 360 μm) that had been filled with the matrix liquid in question. In addition, a 

second fibre, with a smaller outer diameter than the inner diameter of the LCW, was 

connected to a photodiode detector. Then, the loose end of the detector fibre was pushed 

inside the capillary and subsequently, intensity measurements at fixed distances were 

taken. The detector fibre was pushed inside instead of pulled out of the capillary, for the 

purpose of avoiding the creation of bubbles. Two assumptions have been made in this 

experiment: First, the losses in the detector fibre are negligible and, second, the coupling 
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from the liquid core waveguide to the detector fibre remains unchanged along the path 

length. 

A different option for performing such measurements is to slide a photo detector 

along the capillary and detect scattered light from the waveguide. The scatter intensity is 

proportional to the light intensity inside the waveguide and would produce the same 

results. There are a few disadvantages to consider with this experimental setup. First, the 

capillary is usually coated and the scattered light has to travel through the coating to be 

detected. This reduces the scattered intensity, which considering a well guiding waveguide 

should be low to begin with, and may not be able to be detected by the photodiode. 

Additionally, fluctuations of the coating thickness of the capillary will give rise to intensity 

fluctuations on the detector and are very hard to quantify. If the capillary is uncoated to 

avoid these effects, the capillary becomes very brittle and might break easily. Second, any 

scattering center, like micro-bubbles and scratches, will affect the measurement 

considerably. Third, a measurement with the detector outside of the waveguide will not 

measure the quality of light confinement to the core, but to the whole capillary. Even a 

waveguide that exhibits very high guiding properties between cladding and surrounding, 

but does not have the necessary refractive index difference between the core and the 

cladding to guide light in the core, will still exhibit a long decay length. Last, moving a 

photodiode along an extensive path given by the length of the capillary and keeping the 

alignment between the detector and the capillary with respect to distance and angle 

consistent is not a trivial task, but will influence the recorded intensity. On the grounds of 

all these reasons, the setup described in Figure 4.3 was preferred. 
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The absorption loss due to the pure liquid can be determined from a plot of the 

intensity measured, I, with respect to the path length, d. According to Equation 4.9, an 

exponential fit to the gathered data gives the decay length, δ, which is the inverse of the 

absorption loss, α. 

 

 =	 = 	  (4.9) 

 

Strictly speaking, the loss determined in this way is not purely caused by the 

absorption of the matrix liquid but rather a combination of the light guiding properties of 

the liquid core waveguide and the absorption of the matrix liquid. 

 

In Figure 4.4, (a) through (d) display the collected data for the selected solvents at 

810 nm. An exponential fit included in the figures gives the decay length in cm. The 

absorption coefficients and the decay lengths are summarized in Table 4.1. Wavelengths of 

810 nm, as well as 405 nm for DMSO, were chosen due to the availability of fibre-coupled 

diode lasers that could be sinusoidally modulated to perform the measurements. It had been 

expected that toluene-d8 would give a longer decay length than toluene, since DMSO-d6 

also had a higher transparency than un-deuterated DMSO, but no conclusive evidence for 

this isotope effect has been found (cf. Figure 4.5). The large scatter of the data in Figure 

4.5 is not understood. 

In 2004, Mohammed et al. described distinct light intensity fluctuations within a 

multimode fibre when it had been excited by the output of a single-mode fibre.18 These 

intensity fluctuations gave rise to nodal and focal planes along the propagation direction of 
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the multimode fibre. Although this effect is found in the publication of Mohammed et al. 

on a much shorter length scale, it is possible that it extends through a longer multimode 

waveguide as well. The important difference to our experiments is that Mohammed et al. 

launched the light into the multimode waveguide from a single mode source. Since this is 

not the case in our experiment and the effect depends on several parameters, such as core 

diameters, core and cladding refractive indices, excited modes in both excitation and 

receiving waveguides, one can dismiss the effect in our system. 
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Figure 4.4. LCW absorption measurement at 810 nm of: (a) DMSO (decay length 173 cm; absorption 

coefficient 5.8 ×10-3 cm-1). (b) DMSO-d6 (decay length 200 cm; absorption coefficient 5.0 ×10-3 cm-1). (c) 

Toluene (decay length 250 cm; absorption coefficient 4.0 ×10-3 cm-1). (d) Bromoform (decay length 130 cm; 

absorption coefficient 7.7 ×10-3 cm-1). In all the graphs, y-error bars are given as ± 0.001 % which are 

uncertainties calculated from the uncertainties given by the oscilloscope as standard deviations. The error in 

(d) 

(a) 

(b) 

(c) 
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x-direction is ± 0.2 cm. A represents the fitted intensity with no liquid core waveguide betweeen the fibre 

ends. 

 

 

Figure 4.5. Multiple measurements of the decay length of toluene-d8. The randomness of the data suggests 

that toluene-d8 is unsuitable as a matrix liquid and the previously expected longer decay length with respect 

to toluene is not evident. The dashed line represents the intensity decay with the decay constant of toluene. 

 

Furthermore, the absorption of DMSO was measured at 405 nm. The respective 

graph is given in Figure 4.6, with the determined decay length and the absorption 

coefficient being 38 cm and 2.6 × 10-3 cm-1, respectively. The wavelength of 405 nm was 

chosen, due to the availability of a fibre-coupled cw-laser which could be intensity 

modulated. The experiment was undertaken to get qualitative results on the effect of 

shorter wavelengths on the transmission of the LCW. An appropriately modulated cw-light 

source at the final wavelength used in Chapter 5 (532 nm) was not available. 
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Figure 4.6. Determination of decay length of DMSO in the same setup as in Figure 4.3, but with the use of a 

405 nm light source. The decay length is 38 cm, resulting in an absorption coefficient of 2.6 ×10-2 cm-1. Here, 

the uncertainty in y-direction is ± 0.01%, which is the readout of the oscilloscope used. The error in x-

direction is again ± 0.2 cm 

 

Solvent Toluene CHBr3 DMSO-d6 DMSO 
(810 nm) 

DMSO 
(405 nm) 

decay length 
(cm) 

250 130 200 173 38 

Absorption 
coefficient (cm-1) 

4.0 ×10-3 7.7 ×10-3 5.0 ×10-3 5.8 ×10-3 2.6 ×10-2 

 

Table 4.1. Summary of decay lengths and absorption coefficients for selected solvents at 810 nm and for 

DMSO at both 810 nm and 405 nm. The absorption coefficients and decay lengths are not solely dependent 

on the absorption of the respective solvent, but they also reflect the guiding abilities of the solvent in the 

glass capillary used. 

 

In the subsequent experiments described here, DMSO was selected as the matrix 

liquid for its ready availability, ease of handling, and price, although it does not have the 

longest decay length of the solvents tested. It is apparent that the loss increases strongly if 

the wavelength is shortened. As DMSO is transparent in the visible it had been expected 

that DMSO absorbs light at 405 nm and at 810 nm to about the same extent. Generally, 

absorption spectra of DMSO are only reported below 300 nm, which supports our 
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assumption.19 However, it was observed that the DMSO-filled LCW becomes more 

susceptible to loss of signal due to increased scatter of the light. At shorter wavelengths, a 

different LCW material might be more appropriate. In order to ascertain this, more studies 

on increasing transmission in the UV should be performed. For these, toluene might be an 

appropriate organic solvent. 

 

Of course, the internal structure of the capillary is very hard to control in these 

experiments. For example, small dust particles or micro-bubbles may introduce scattering 

centers and skew the intensity measurements performed. Hairline cracks and other 

damages to the LCW outside of the control of the experimenter can also cause unwanted 

intensity fluctuations, which explain outliers in the decay traces. 

All findings considered, it can be concluded that the above tests are easy and 

viable option to test waveguide/liquid combinations for the use of LCWs with CRDS and 

other techniques. 

 

 

4.2.2. Exploration of Benefits Associated with Strongly or Weakly Guided Light in 

LCWs 

 

Most often, light in an optical fibre is guided in a weakly guiding regime, because 

the refractive index difference between the core and the cladding is small and, 

consequently, the critical angle needed for total internal reflection is large. A common fibre 

has a numerical aperture of 0.22 and a core RI of 1.45, which implies a cladding refractive 
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index of about 1.433 (cf. Equation 4.11). In our liquid core waveguide the wall material, 

the cladding of the LCW, has a refractive index of ~1.45 and the matrix liquid used, 

DMSO, has a refractive index of 1.4785. This RI combination results in a numerical 

aperture of 0.29. Although this is still considered to be a weak guiding regime of optical 

waveguides (ncore ≈ ncladding)
20, we wished to explore if a better transmission could be 

achieved with the same numerical aperture as that of the fibre, and thus a more weakly 

guiding waveguide. 

A simple setup was devised, in which light pulses from a Nd:YAG laser are shone 

through an LCW and averaged pulse intensities at different refractive indices within the 

LCW are measured. A schematic of the setup is shown in Figure 4.7. 
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Figure 4.7. Schematic setup for exploring the impact of changes of the refractive index in the liquid core 

waveguide on the transmission. A 532 nm pulsed Nd:YAG laser was coupled into a 100/140 μm fibre, which 

was ‘butt coupled’ to a 100/360 μm LCW in a liquid flow system. The light from the end of the LCW was 

shone onto a photodiode detector and pulse intensities were recorded on an oscilloscope. The recorded 

intensities were averaged 512 times on the oscilloscope, before a Gaussian curve was fitted to the pulse 

shape, in order to determine the peak intensity. Care was taken to record at a point with no flow in the 

capillary and with a consistent drop on the end of the waveguide. The distance between the end of the 

waveguide and the photodiode was 10 mm. 

 

In this setup, a 532 nm pulsed Nd:YAG laser was coupled into a 100/140 μm 

fibre. A 100/360 μm capillary was ‘butt coupled’ to the fibre end in a homemade 

aluminium block to inject different liquids into the LCW. Light from the output end of the 

LCW was shone onto a photodiode detector and pulse intensities were recorded on an 

oscilloscope. The recorded intensities were averaged 512 times on the oscilloscope and 

transferred to a computer. Gaussian functions were fitted to the pulse shapes, in order to 

extract the peak intensity. 

Several mixtures of DMSO and water were used to adjust the refractive index of 

the matrix solution. The refractive index of the mixture was calculated from a volume 
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weighted average of the RIs of the pure solutions and ranged from pure DMSO 

(RI = 1.4785) to pure water (RI = 1.33). Figure 4.7 represents the observed intensity 

change with refractive index of the solvent mixture. Obviously, reducing the RI to extend 

into the weakly guiding regime of the LCW does not have a beneficial effect on the output 

intensity and, consequently, on the resulting transmission through the LCW. The 

explanation for this is that if the values of the refractive indices of core and cladding 

approach one another, only light with a shallow propagation angle, with respect to the 

LCW direction, is guided and reaches the detector. Additionally, it is apparent that the light 

intensity drops after the numerical apertures have been matched (RIcore,LCW = 1.4665, red 

dashed line in Figure 4.8), as not all light emitted from the fibre is guided anymore. Before 

the matching numerical aperture, the signal fluctuates considerably, but there is a trend to 

increased transmission with increased core refractive index. At nmatrix < 1.45, the 

waveguide no longer guides light and only a weak contribution is observed from light that 

travels through the wall of the capillary and reaches the detector. However, this had been 

expected, since the RI of the capillary material is 1.45 and the core has to have a higher 

refractive index to effect guiding properties. 
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Figure 4.8. Dependency of the intensity transmitted through a 5 cm LCW on the refractive index within the 

LCW, made from a fused silica capillary. An Nd:YAG laser pulse was coupled into a fibre, which in turn was 

coupled to the liquid core waveguide, as depicted in Figure 4.7. The LCW was then filled with different 

DMSO/water mixtures, thereby varying the refractive index from pure DMSO (1.4785) to pure water (1.33), 

in order to explore the dependency of the guiding properties on the refractive index of the waveguide. The 

red dashed line represents matching numerical apertures of the light delivering fibre and the LCW. 

 

On the basis of this experiment and its results and on grounds of the ease of its 

handling, it was decided to use pure DMSO as a matrix liquid, for the purpose of getting 

the highest intensity transmitted through the waveguide. 

 

 

4.2.3. Geometrical Matching of Liquid and Solid Core Waveguides 

 

For the final desired experimental setup, we needed to couple light from the solid 

core fibre to the liquid core waveguide and back, while considering transmission losses at 

both couplings. If the outer diameter of the optical fibre is smaller than the inner diameter 
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of the liquid core waveguide, two possibilities arise: first, the two waveguides can be ‘butt 

coupled’, which means that the first waveguide ends right where the second waveguide 

begins; second, the two waveguides can be ‘inside coupled’, meaning that the solid core 

waveguide reaches into the opening of the liquid core waveguide. If the outer diameter of 

the fibre is bigger than the LCW’s inner diameter, only the ‘butt coupled’ option remains. 

 

 

4.2.3.1. ‘Inside Coupling’ of Fibre and Liquid Core Waveguide 

 

The option to insert the solid core waveguide into the liquid core waveguide is 

very appealing, as it can be assumed that, given the numerical apertures of the two 

waveguides are equal, all the light emitted from the smaller fibre is guided within the 

bigger LCW. To determine the coupling losses, a bidirectional 2x2 fibre coupler (Lightel 

Industries) was used in an FLRDS setup with a fused silica capillary (20 cm) as an LCW, 

being placed in between the fibre-loop ends. The fibre coupler was made from a multimode 

fused silica fibre with a 400 μm core and a 440 μm cladding diameter and a splitting ratio 

of 99/1. The capillary had an inner diameter (ØID) of 535 μm and an outer diameter (ØOD) 

of 665 μm. The fibre ends were inserted by about 500 μm into the capillary and were held 

by a micro-T (Upchurch, P-727, high pressure PEEK tee with 0.5 mm through hole), 

ensuring that the capillary could be filled with DMSO. After making sure there were no air 

bubbles trapped within the liquid core waveguide, which would have greatly interfered 

with the transmission, a ring-down trace was recorded using a pulsed Nd:YAG laser 

(Spectra Physics Quanta Ray INDI-HG) at a wavelength of 532 nm as light source and a 
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PMT as detector. The decay of the light pulse is presented in Figure 4.9 and the ring-down 

time has been determined from an exponential fit to the pulse train. The measured ring-

down time was 37 ns. 

 

 

Figure 4.9. Ring-down trace of a glass capillary with an inner diameter of 535 μm and an outer diameter of 

665 μm as liquid core waveguide. The fibre ends of the fibre-loop used (core diameter 400 μm, cladding 

diameter 440 μm) were extending inside the LCW for a few hundreds of micrometers. The first peak was 

omitted in the fit on the grounds of possible saturation of the PMT, for the laser light had only travelled 

directly from the laser to the PMT. 

 

From the definition of the ring-down time given in Equations 4.1 and 4.2, the 

roundtrip losses can be determined to be 77% (T = 0.23, ΖdB = 6.4 dB). Having recorded 

the ring-down time of the same setup without the LCW, but with the fibre ends aligned in a 

similar fashion, the losses caused by the coupler could be calculated (cf. Figure 4.10) and 

the coupling losses on account of the LCW could be isolated. The round trip losses in the 

fibre-loop only, that is without the LCW, could be calculated from the ring-down time for 
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this setup (122 ns) and results in 36% (T = 0.64, loss = 1.9 dB). These losses include 

insertion losses of the coupler, losses in the coupler due to the splitting ratio of 99/1, 

absorption losses of the fibre material, and coupling losses between one end of the fibre 

and the other. In this setup, a thin film of DMSO was placed between the fibre ends, in 

order to make as few changes as possible to the setup compared to the setup with the 

incorporated capillary. The determined differences in round trip losses between setups with 

and without liquid core waveguides offer a good approximation of the coupling losses 

between the fibre and the capillary waveguide. The absorption loss caused by the matrix 

liquid DMSO within the capillary has been assumed to be negligible for a 20 cm liquid 

core waveguide. 

 

 

 

 

 



135 
 

 

Figure 4.10. Ring-down trace without liquid core waveguide. The fibre ends are aligned in the same way as 

they were in the setup with the capillaries and they were pushed together as much as possible. From the ring-

down trace, the losses generated by the fibre coupler used together with the losses of the alignment of the 

fibres can be determined to be 36% ( = 1.9 dB). 

 

The calculated coupling losses between LCW and fibre only were 65%, or 

formally 4.5 dB. It can be assumed, however, that these were induced entirely by the 

coupling from the larger LCW back into the smaller fibre and not from the coupling from 

the smaller fibre into the LCW. The core and cladding modes of the fibre are coupled most 

efficiently with the core modes of the LCW if energy is transferred from the fibre to the 

LCW. As the light propagates along the liquid core waveguide, the energy of the different 

core modes of the LCW is mixed and it is also redistributed between cladding modes of the 

capillary waveguide. The energy in the cladding modes are lost at the end of the 

waveguide, where the cladding does not overlap with the fibre at all. Additionally, not all 
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sustained core modes of the LCW find an equivalent in the fibre, which also reduces the 

efficiency of the energy transfer. 

 

 

4.2.3.2. ‘Butt Coupling’ of Fibre to Liquid Core Waveguide 

 

4.2.3.2.1. Core and Cladding Diameters of LCWs Being Smaller than Respective Fibre 

Dimensions 

 

In all the ‘butt coupled’ waveguide setups, a small distance between the ends of 

the waveguides has to be preserved in order to both add and remove liquid from the 

waveguide. This distance was on the order of a few micrometers and was set manually 

with the aid of a magnifying glass (magnification 10x). The coupling losses were 

determined with both core and cladding of the liquid core waveguide having been smaller 

than the fibre. For this, a capillary with an outer diameter of 360 μm and an inner diameter 

of 250 μm, was placed between the fibre ends of the fibre-loop (400/440 μm). The ring-

down time was determined to be 33 ns (cf. Figure 4.11), which is less than the round trip 

time. The losses as a consequence of coupling in and out of the LCW were calculated to 

have been 70% (= 5.3 dB). This was an even higher loss than in the previous case, which 

was not surprising, since a considerable fraction (about 36%) of the light exiting the fibre 

core cannot be captured by the LCW and therefore had no opportunity to be guided. The 

same applies to all the cladding modes within the fibre. This case is very similar to the 
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previous case in which the LCW is much bigger than the fibre (cf. Chapter 4.2.3.1), but 

with reversed geometry. 

 

Figure 4.11. Ring-down trace of a glass capillary with an inner diameter of 250 μm and an outer diameter of 

360 μm as liquid core waveguide. The fibre ends of the fibre-loop used (core diameter 400 μm, cladding 

diameter 440 μm) were pushed against the ends of the LCW. The first peak was omitted in the fit, due to 

possible saturation of the PMT, for the laser light had only travelled directly from the laser to the PMT. 

 

 

4.2.3.2.2. Matching Cladding Diameters but Mismatched Core Dimensions 

 

As available capillaries are only made in a limited number of sizes and the 

dimensions of the optical fibre are fixed by the availability of commercial couplers, there is 

only one example left to explore. Here, the cladding diameter of both waveguides matches 

and the core of the fibre is larger (400 μm) than the core of the LCW (320 μm). The length 

of the capillary used as liquid core waveguide was again set to 20 cm for reasons of 

comparison. A ring-down trace was recorded at 532 nm and is shown in Figure 4.12. The 
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ring-down time could again be determined from a fit to the pulse train and is 80 ns. After 

having taken into account the losses owing to the coupler itself (cf. Chapter 4.2.3.1), the 

losses for the geometrical mismatch of the waveguides result in 22% (= 1.1 dB) for both 

connections. 
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Figure 4.12. Ring-down trace of a glass capillary with an inner diameter of 320 μm and an outer diameter of 

440 μm as liquid core waveguide. The fibre ends of the fibre-loop used (core diameter 400 μm, cladding 

diameter 440 μm) are pushed as much as possible against the ends of the LCW. The first peak was omitted in 

the fit because of possible saturation of the PMT, for the laser light had only travelled directly from the laser 

to the PMT. 

 

The coupling losses (1.1 dB) in this case are smaller than in the ‘inside coupled’ 

example (4.5 dB) (cf. Chapter 4.2.3.1) and also smaller than in the setup in which both the 

cladding and core dimensions of the LCW are smaller than that of the fibre (5.3 dB) 

(cf. Chapter 4.2.3.2.1). This was to be expected, as the closer the geometries become, the 

more similar is the mode distribution in the individual waveguides. Consequently, the 

better is the mode overlap and energy transfer. 
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4.2.3.3. Quantitative Comparison of Matching Dimensions Between Waveguides 

 

From this rather qualitative experiment, it has been concluded that it is crucial to 

match the geometries of the waveguides as closely as possible to achieve good energy 

transfer from one to the other waveguide. In the first case, in which the fibre is ‘inside 

coupled’ to the liquid core waveguide, it can be assumed that the coupling from fibre to 

LCW is close to 100% and the transmission from the LCW back to the fibre is very poor. 

The additional losses in and out of the LCW were calculated to have been at 65% 

(= 4.5 dB). 

The case in which both dimensions, of cladding and core, of the LCW are smaller 

than the fibre dimensions, is the exact opposite. Here, most of the losses occur from the 

fibre into the LCW and were calculated to be at 70% (= 5.3 dB), in addition to the losses in 

the fibre-loop only. 

The case with the highest transmission was the arrangement with the matching 

cladding diameters, which was examined. Although the core diameters were mismatched, 

the relative difference between the two waveguides was the smallest and consequently 

resulted in the most favourable combination with losses of ‘only’ 22% (= 1.1 dB). 

Undoubtedly, the amount of energy transferred from one waveguide to the other 

depends on the mode overlap of the fibre and the LCW. Equation 4.10 gives an estimate of 

the number of guided modes, Nm, in a multimode fibre. The number of modes depend on 

the core diameter, D, the numerical aperture, NA, (and consequently, the refractive indices 

of core and cladding), and the wavelength of the light (λ)21. 
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 = 0.5 ∗ ∗
 (4.10) 

 

The numerical aperture is calculated as 

 

 =	 −  (4.11) 

 

The results for our four waveguides, one fibre and three capillaries, are 

summarized in Table 4.2 below. 

 

Waveguide 
Fibre 

400/440 
Capillary 
250/360 

Capillary 
320/440 

Capillary 
535/665 

Fibre 
100/140* 

Capillary 
100/360* 

Refractive index 
(core / matrix 

liquid) 
1.45 1.4785 1.4785 1.4785 1.45 1.4785 

Refractive index 
(cladding) 

1.433 1.45 1.45 1.45 1.433 1.45 

Numerical 
aperture 

0.22 0.29 0.29 0.29 0.22 0.29 

Wavelength (nm) 532 532 532 532 532 532 

Core diameter 
(μm) 

400 250 320 535 100 100 

Calculated 
number of modes 

136,729 90,953 149,017 416,528 8,439 14,664 

Loss for 2 
connections (dB) 

 5.3 1.1 4.5  2.8 
 

Table 4.2. Estimation of the number of guided modes in the respective waveguides. Waveguides marked with 

an asterisk are used and discussed in detail in Chapter 5. 

 

Coupling from a lower number of modes to a higher number of modes is more 

efficient than in the opposite configuration, due to the high probability of a mode overlap. 
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If the number of modes is similar between the two waveguides, the probability of good 

modal field overlap, and therefore efficient coupling, is maximized, as indicated by the 

data presented above. Additionally, it should be considered if the two waveguides are in 

direct contact or if there is a gap between them. In case of a gap, not only the mode overlap 

between the two waveguides, but also the non-guided light distribution, has to be 

considered, as free space coupling lenses on the waveguide ends change the light 

distribution and therefore the coupling efficiency. 

Although the highest coupling efficiency can be achieved when shining light from 

a smaller to a larger waveguide in both connectors, it is impossible to form a waveguide 

loop this way. In the final CRDS experiment (cf. Chapter 5), a different fibre and capillary 

were used, so that the core geometries matched nominally (100 μm) but the fibre was 

smaller in cladding diameter than the LCW (140 μm vs. 324 μm). The estimated number of 

modes for the smaller fibre and smaller LCW used in Chapter 5 are given in Table 4.2, 

including the calculated loss for using two connections. It can be seen that the loss (2.8 dB) 

is larger than in the best case presented here (1.1 dB), but it is much smaller than in the 

other two cases. Although this was surprising, it can be explained by the much smaller 

geometry of the waveguides in this setup. Since they have a core diameter of 100 μm, a 

much more accurate alignment is required. Additionally, the cladding diameter is 

mismatched (ØOD,fibre < ØOD,LCW), which results in a loss, as the receiving fibre is not 

capable of capturing all the light travelling through the capillary walls. Although the 

capillary/fibre combination with similar cladding dimensions produced a smaller loss, it 

was nonetheless decided to use matching core diameters (cf. Chapter 5), because 

presumably all the light traveling in the fibre core is transmitted into the core of the LCW 
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and interacts with the sample. In the case where the cores are mismatched, some of the 

light travels in the cladding and does not see the sample, which leads to artificially 

decreased concentrations measured by the setup. The setup with matching cores is 

extensively discussed in Chapter 5. In conclusion, the experiments presented here confirm 

that best transmission between two waveguides will be achieved if both the core and the 

cladding diameters are matched. Unfortunately, this is not possible with off-the-shelf 

components and the compromise of matching the core for sample interaction and 

mismatching the cladding is chosen for the final setup. 

 

 

4.2.4. Shape of Liquid Core Waveguide Ends 

 

Coupling from one fibre end to another fibre end across the sample gap is one of 

the major loss mechanisms in FLRDS and has been previously examined.22-24 Coupling 

from a fibre into a liquid core waveguide and back poses a similar problem. Besides 

geometrical considerations and the choice of the correct matrix liquid (cf. previous 

chapters), the surface qualities of the receiving and emitting waveguide faces also need to 

be taken into account. 

If the surface of the receiving or emitting capillary end is not parallel to the fibre 

end facet, losses may occur. Additionally, before transmitting light from one fibre end to 

another, it is common to polish the fibre ends to optical clarity with various lapping papers 

(aluminium oxide or diamond coated, 5 μm to 0.3 μm) and polishing compounds. The 

same procedure cannot readily be applied to liquid core waveguides, since the glass easily 
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chips off on the inner rim of the capillary. Such chipped edges are scattering light and 

reduce the light transmission considerably.  

Commonly, capillaries, that are manually produced are cleaved with the use of a 

cleaving stone (Polymicro) or with a fibre cleaver (Fitel S321) by scoring the glass at one 

position and subsequently snapping it by bending the capillary. This method produces a 

very inconsistent surface with varying cleave angles towards the flow direction of the 

capillary. A more consistent way to cleave a fibre is to pull on the scored fibre to break it 

apart, instead of bending it. Although this produces more consistent angles, the surface is 

still uneven, because the breaking line depends on inherent stresses within the capillary 

wall. Certainly, the advantage of this method is that it produces a sharp edge at the rim of 

the inner hole. 

Precision cleaved capillaries (Polymicro) are commercially available, and are 

capillaries that are machine-cleaved in a high performance mechanical cleaver. In this 

process, the glass capillary is tensioned along the capillary direction and then scored with a 

diamond blade. The pretensioning allows a build-up in stress in the fibre that is relieved 

very quickly when a micro-defect is produced by the diamond blade. This accounts for a 

very high degree of consistency, as well as for an almost perfectly perpendicular capillary 

end and for sharp edges. One drawback is that stress cracks in a radial direction 

occasionally appear. Another disadvantage is that these cleaved capillaries are somewhat 

expensive (> CA $20 per cleave) and they have to be ordered, which results in a waiting 

time for the experiment. 

Given that we have required capillaries at multiple lengths at short notice to be 

able to proceed quickly with experiments, an alternative way to produce LCW has been 
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explored. Despite the fact that polishing capillary ends often produces a chipped rim of the 

inner hole, as mentioned previously, there are methods that have been tried to overcome 

this and produce an acceptable surface. The first idea was to fill the hole with a solid that 

can be dissolved after polishing. It was found that nail polish works quite well to block the 

hole during the process and helps to produce sharp rims, but it seems that nail polish, 

although readily soluble in acetone, could not be completely removed and the remains 

decreased the transmission of the waveguide considerably. Second, attempts were made to 

block the hole with an inserted wire or other cylindrical and sturdy object. A wire is a 

perfect help for the polishing, it can be easily inserted, and it has the necessary stability to 

not break and get stuck in the waveguide. The disadvantage of wires is that they scratch the 

inner surface of the waveguides and with that, they produce more scatter and lower 

transmission through the LCW. Third, an alternative to a wire is to fit a smaller capillary or 

a fibre that has an appropriate outer diameter (coating included) inside the waveguide. By 

virtue of the coating on the fibre or capillary being softer than the waveguide, this aid does 

not scratch the inside of the LCW, and it gives enough strength to the inner rim to 

minimize chipping during the polishing process. Sample pictures of distinct waveguides 

are given in Figure 4.13. 
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Figure 4.13. Microscope pictures of distinct LCW end faces. (a) Precision cleaved capillary end, purchased 

from Polymicro, with a radial stress crack. (b) Hand polished capillary end, with small chipping of the 

interior rim. A second capillary stuck into the LCW was used for its production. Polishing without a capillary 

in the center produces much larger chipping of the ‘core’. (c) Polished capillary end filled with nail polish to 

block the core from debris and to simulate a solid core. (d) After removal of the nail polish, it was evident 

that the inner rim was completely unchipped. Unfortunately, the nail polish could not be removed completely 

from inside the LCW, increasing the losses drastically and making the capillary useless. 

 

Summing up, the precision cleaved capillary features the best surface clarity and 

the sharpest edges, but may be not applicable to all research settings. Its detriment is the 

long waiting time if these capillaries have to be ordered, or the need for access to a 

precision cleaver. The precision cleaving process should also produce nice end facets with 

speciality fibres like PCFs. If a lower cost alternative is needed, manually polished 

waveguides, with a second capillary or fibre inserted in the core, work for most 

applications sufficiently well, with slightly higher losses than with the precision cleaved 

(a) (b) 

(c) (d) 
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waveguides. If a completely removable solid, similar to nail polish, can be found, this 

would be the cheapest and best method to produce waveguides with optically clear and flat 

ends. This could also be applied to other waveguide materials, like Teflon AF 2400 (RI = 

1.29)1, 25, 26, or different waveguide cross sections, like square waveguides or photonic 

crystal fibres. 

 

 

4.2.5. Collimating Lenses on Fibre Ends 

 

For coupling efficiently from fibre to LCW and back into the fibre-loop, one also 

has to consider the quality of the emitting and receiving fibre ends. The simplest treatment 

is to polish the fibres to optical clarity, as it is commonly done with fibre-fibre connectors. 

Trefiak et al. showed that lensed fibre ends improve the coupling between fibre ends22, 27. 

Their lenses have been produced by melting the fibre ends in an electrical arc of a fusion 

splicer. The surface tension draws the glass into a spherical shape. Immersed in a lower 

refractive index liquid, this shape acts like a common convex lens with the desired 

focussing effect, which increases the transmission between the fibre ends. Unfortunately, 

in the research presented in this thesis, the liquid in contact with the fibre during the 

experiment has a higher refractive index than the fibre. This implies that the lens curvature 

of the above mentioned modus operandi has to be inverted. In any case, it is not easy to 

produce such a ‘concave’ lens.b In the following paragraphs, theoretical considerations as 

                                                 
b Note: The produced shape is referred to as a ‘concave fibre lens’. In reality, this is only true, if the medium outside 
of the fibre has a lower refractive index than the fibre. But the medium used in this thesis has a higher refractive 
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well as a low cost method of manufacturing concave fibre lenses at the fibre ends, which 

are embedded into a ceramic ferrule, are presented. 

 

 

4.2.5.1. Theoretical Model for Simulating Emitted Light Distribution of Lensed Fibres 

 

A Lambertian light source is defined as a light source that emits rays in all 

directions (within a given solid angle), with the same probability.28 An example would be a 

light bulb, a fluorescent tube, or even an LED light if the range of angles is appropriately 

selected. Taking such a light source and coupling it into a multimode fibre reduces the 

number of rays to only the rays that are guided within the fibre. This means that all light 

rays propagating within a fibre exhibit angles that are higher than the critical angle of the 

fibre. Light emitted from such a fibre at a flat end has an angular distribution that lies 

within the numerical aperture of the fibre, but with all angles equally ‘populated’. In 

essence, the multimode fibre restricts the angular range of the Lambertian source to the 

acceptance cone (here, identical to the ‘emission cone’) of the fibre. 

If the fibre end surface is curved, the emitted light cone depends not only on the 

numerical aperture, , of the fibre and of the refractive index of the surrounding material, 

, but also on the curvature of the fibre surface, sin ⁄ . Here, R designates the 

radius of the lens curvature, r0 is the fibre core radius, and r is the distance from the fibre 

axis. All rays that converge at a point ,  outside of the optical fibre add up to the 

intensity at this point, which is expressed in Equation 4.12 and displayed in Figure 4.14.29  

                                                                                                                                                             
index, which results in a convex lens made from the liquid used. To avoid confusion and to distinguish ours to 
previous efforts using convex fibre lenses, the lens described here will nevertheless be referred to as ‘concave lens’. 
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(4.12) 

 

 

Figure 4.14. Ray representation of the intensity at some point , . The intensity at a point ,  is defined 

by the number of rays converging to this point and emitted from the fibre surface. The propagation angle, , 

of any given ray to the beam direction, originating from point r on the fibre surface, can only be between  

and , since these angles are the limiting cases, due to the propagation angles within the fibre and the 

refractive index of the surrounding material. 

 

As mentioned above, the propagation angle of a ray with respect to the beam axis, 

originating from a point r on the fibre surface and passing through point , , 

 

 
(4.13) 

 

is limited by two ’critical‘ angles  and . These would be simply = − =sin ⁄  if a flat fibre surface was considered. For a curved surface, the relation is 

more complicated, and the corresponding ray diagrams are given in Figure 4.15. 
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Figure 4.15. Ray diagrams showing the limiting angles, β1, (left) and β2 (right) as function of the lens radius, 

R, and the critical angle for waveguiding, θc. Equations on how these angles are calculated are given next to 

the respective diagram. 

 

From Figure 4.15 it can readily be verified that for convex lenses: 

 

 
(4.14) 

 

The critical angle β1 is obtained by insertion of 
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Final simplification results in 

 

 
(4.16) 

 

Similarly, the other limiting angle β2 for rays arriving at the interface at an angle 

of –θc is derived with 

 

 
(4.17) 

 

as  

 

 
(4.18) 

 

For a concave lens, as mentioned earlier, these calculations are simply to be 

altered by using < 0, a negative curvature, and switching  and . With these 

definitions, β1 and β1 are both positive for positive R, and both negative for negative R. 

Furthermore, the signs of angles need to be considered when calculating rays emerging 
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from a lens with a large curvature, since for small R, and high absolute values for r one 

finds that . 

The direct output of Equation 4.12 (cf. Figure 4.16a) for all angles and points on 

the fibre surface has to undergo three more transformations. First, Equation 4.12 only 

generates a Fresnel lens output of the intensities and the calculated pixels ,  have to be 

moved along their rows, in order to incorporate the shape of the lensed fibre end. 

Consequently, all pixels ,  are to be moved within each row according to  

 

 
(4.19) 

 

Second, the intensity decay has to conserve energy along increasing distance from 

the fibre surface. Therefore, in the images of Figure 4.16, each column of pixels has been 

recalibrated to have the same total intensity. This transformation slightly reduces the ripple 

effect observed at short distances from the fibre end, which results from discretization in 

the calculation of the angles. The result of this recalibration is exhibited in Figure 4.16.b. 

This transformation is also used later to calculate the coupling efficiencies between an 

emitting fibre and an ‘ideal’ receiving fibre, which has a flat fibre surface, the same 

dimensions and the same numerical aperture as the emitting fibre. 

Third, a transformation is used to generate images that can be directly compared 

to those observed through the objective of a microscope. Therefore, it is necessary to 

2c

πθ γ+ >

2 2

2 2

2 2 2 2

                  if 0  and 

                if 0  and 

    if 0  and 

                                          if 0  and 

core

core core

core core

x x R R r R r r

x x R R r R r r

x x R r R r R r r

x x R r r

→ − − − < <

→ − − − < >

→ + − − − > <
→ > > core



153 
 

generate a cylindrically symmetric three-dimensional (3D) distribution of emission 

intensities by rotation of the 2D distribution in Figure 4.16.b around the center axis, 

I(r,ρ,x), followed by an Abel transformation, which is a projection on the detection plane 

(Figure 4.16 c)28 

 

 

(4.20) 

 

The results of these transformations for the case of a concave lens with 

R = -75 µm are shown in Figure 4.16. 
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Figure 4.16. Fibre lens emission cones with a fibre lens radius R = 75 µm in water (n = 1.33). In this and all 

other images, the intensity is colour coded for the purpose of producing a false colour image. The simulation 

window is 0.4 mm high and 1.0 mm long. The fibre core diameter is 100 µm, NA = 0.22, nclad = 1.433. (a) As 

calculated from Equation 4.12, (b) after normalization and translation to include the here simulated convex 

lens, (c) after Abel transform of (b). Ripples at short distance from the fibre lens are a discretization artifact 

of the simulation. (d) Experimental data on the same scale, recorded using a microscope and adapted from the 

M.Sc. thesis of Mr. Trefiak22. 

 

(a) 

(b) 

(c) 

(d) 
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In Figure 4.17, a concave lens emitting into diverse media, ranging from air = 1.0  to sapphire = 1.77  is displayed. The lens is diverging in air and in ethanol 

and it is converging in DMSO, and in other media with n0 > 1.45.  

 

  

  

 

Figure 4.17. Simulated emission from a fibre lens with NA = 0.2, R = -150 μm, r0 = 50 μm, nclad = 1.433. The 

refractive indices of the media that the light is emitted into are (a) n0 = 1.0 (air), (b) n0 = 1.365 (ethanol), (c) 

n0 = 1.4785 (DMSO), and (d) n0 = 1.77 (sapphire). The figure shows the Abel transformed image. 

 

As mentioned above, the 2D representation (cf. Figure 4.16.b) is used to calculate 

the maximal coupling efficiency between one lensed fibre and another flat fibre with 

(a) 

(b) 

(c) 

(d) 
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identical numerical aperture and geometry, as a function of distance between the lens and 

the receiving fibre end. Figure 4.18 shows the coupling efficiency of lenses with radii from 

R = -60 µm to R = +60 µm (concave and convex lenses, respectively). The media used for 

these calculations have a refractive index of n = 1.0, 1.33, 1.48 and 1.77, corresponding 

approximately to air, water, DMSO and sapphire, respectively. For the calculation, it was 

assumed that there are no other losses except geometric coupling losses and so the 

considerable effect of scattering and Fresnel reflection at the fibre lens surface were 

neglected.  

Comparison of the coupling efficiencies with earlier experimental data is 

particularly instructive and also convenient, since the data reported in Figure 4.18 scale 

linearly with the dimensions of the system. Thus, the coupling efficiency of a 400 μm core 

diameter waveguide over a 4 mm distance follows the same curve as the 100 μm diameter 

waveguide over 1 mm, that is presented in these simulations. 
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Figure 4.18. Coupling efficiencies of the fibre lens with radii between R = -60 μm and +60 μm, in media with 

different refractive indices. The fibre core diameter is 100 µm, NA = 0.22, nclad = 1.433. The circles in the 

bottom left panel have been obtained by re-analysis of the ring-down times recorded from a convex lens with 

an approximately 75 µm radius emitting into water24. 

 

 

4.2.5.2. Construction of a Simple Lensing Device 

 

This section describes the construction of a simple device used to manufacture a 

concave lens at a ferruled fibre end. The device consists of three parts. The first part is used 

to hold the ferrule in place and connect it to an oscillatory motor. In our experiments an 

electric toothbrush motor (Braun Vitality) was used, as the oscillatory movement is needed 
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to avoid tangling up the fibre, connecting the ferrule with the coupler used in our system, 

which would occur if the ferrule was simply rotated. A technical drawing is displayed in 

Figure 4.19. 

 

 

Figure 4.19. Technical drawing of the ferrule holder for the production of concave lenses. The oscillatory 

motor is connected at the back of the holder but is not included in the drawing. All measurements are given in 

mm unless otherwise stated. S1 and S2 denote the two set screws to hold the fibre ferrule and the motor axis 

respectively. 

 

The second part aligns the template with the fibre and it also allows the ferrule 

holder to spin and a lapping paper to be placed between the fibre and the template. Figure 

4.20 shows a technical drawing of this second part. 
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Figure 4.20. Alignment stage for ferrule holder and ruby template. The ferrule holder (part 1) fits through the 

two bigger holes with a tight fit but enough clearance to spin freely. The two big holes and the small hole in 

the front, which houses the interchangeable template (part 3), are carefully aligned in X and Y direction. S 

denotes the screw that fixes the template in place. 

 

The third but most important part is a template that sets the radius of curvature of 

the lens. It was manufactured from a stainless steel fibre ferrule (Precision Fibre Products 

- MM-CON2003-SS-1260) and a microsphere that was glued in place. The original hole in 

the stainless steel ferrule (Ø 126 μm) was manually opened with different micro-drills for 

setting the correct depth and diameter for the respective spheres. The ruby sphere had a 

radius of 150 μm. The radius of curvature of the lens produced with this template was 

estimated to be very close to the radius of the ruby. Besides the ruby template, two other 
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templates with sapphires were also manufactured with radii of 175 μm and of 250 μm. The 

microspheres were commercially available (Smallparts.com – but note that these sapphire 

spheres are no longer available from this supplier). Pictures of these templates are 

presented in Figure 4.21. 

 

  

  

  
Figure 4.21. Pictures of the templates for concave lens production of a ferruled fibre under a microscope. The 

left images were recorded at a magnification of 5x with illumination from the top, while the right images 

were recorded at a magnification of 10x with illumination from the back. (a) Ruby template used with a 

radius of 150 μm, (b) the smaller sapphire template (R = 175 μm), (c) larger sapphire template with a radius 

of 250 μm.  

(a) 

(b) 

(c) 
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4.2.5.3. Description of How to Produce a Concave Lens at the Fibre End 

 

After polishing the fibre ferrule to a flat and optical clear surface (as is also done 

with SMA and FC/PC fibre connectors), the ferrule is placed into the ferrule holder and 

fixed with the small set screw (cf. Figure 4.19, S1). The fibre that sticks out of the ferrule’s 

rear is directed outwards in the appropriate groove and fixed to the ferrule holder body at 

the end of the groove with a piece of tape. This prevents the fibre from hitting the sides of 

the groove while oscillating and thereby being damaged or broken. Subsequently, the 

ferrule holder is now connected to the oscillatory motor and fixed with the set screw (cf. 

Figure 4.19, S2). The alignment device is fixed in a vise for stability and the appropriate 

template is set in place and fixed with the screw on top of the device (cf. Figure 4.20, S). 

With that, all preparations are completed and manufacturing of the concave lens can begin. 

The ferrule holder (part 1) is inserted through the holes designed for it in the 

alignment stage (part 2) with one hand and a lapping paper (aluminium oxide 0.3 μm – 

Fiber Optic Center Inc.) is held in between the template and the fibre ferrule with the other 

hand. After switching on the motor, the ferrule is slowly pressed against the lapping paper, 

which conforms to the shape of the template. The lapping paper is slowly pulled out, so 

that the ferrule comes into contact with unused parts of the lapping paper bit by bit. It is 

necessary to make sure that there is lapping paper between the template and the ferrule at 

all times, in order to avoid damage to the fibre. No water is needed for this polishing 

process. The ferrule may be pulled away from the template to reposition the lapping paper 

if needed. Lapping paper that was used for manual polishing before can be reused in this 

process, since the rim (width of 1-2 cm) of the lapping paper is usually not used in normal 
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polishing, but here, the inside of the lapping paper is inaccessible due to the geometries of 

the alignment stage. After about 1 minute, the motor has to be stopped and the ferrule can 

be inspected with an eye loupe or, if taken out of the ferrule holder, with a fibre inspection 

scope (Thorlabs CL-200). From a side view, the dip of the fibre ferrule should be clearly 

visible, but inspecting the fibre with an inspection scope should also reveal no cracks or 

other imperfections. A reliable way to check for cracks in the fibre is to illuminate the fibre 

end from the back and simultaneously look at it through the fibre inspection scope without 

turning the internal light of the scope on. 

SEM pictures of a concave fibre lens are shown in Figure 4.22. In the picture, 

taken with the lowest possible magnification, a small dip in the center of the ferrule is 

noticeable. Unfortunately, a better picture of the concave shape of the lens is not possible 

in the SEM picture because of the limited possibilities to tilt of the sample within the 

instrument.  
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Figure 4.22. SEM pictures of the concave lens at the fibre ferrule. (a) At a magnification of only 30x, the 

front facet of the ferrule is visible. In the middle, the fibre end appears to be dipped inwards, as it is expected 

from a concave lens. The ferrule has been tilted by the maximum of 38˚ for this picture. The concave lens 

would be more  visible at a higher tilt angle, but it is not possible to produce such a picture with the SEM 

used. (b) At a magnification of 500x, again with the maximum tilt possible, the concave shape of the fibre 

end is much more evident. 

 

 

4.2.5.4. Experimental Imaging of Light Distribution Emitted from a Concave Lensed 

Fibre 

 

In order to examine the validity of our simulation, light from a 532 nm cw-laser 

was diffused using a thin sheet of paper, to emulate a Lambertian source, and was then 

coupled into a multimode fibre (core diameter 100 µm, cladding diameter 140 µm). This 

fibre was submersed in a petri dish containing solutions of a fluorescent dye (Eosin Y; 

BASF, Germany; used as supplied) in DMSO (Carl Roth; used without further purification) 

or in basic ethanol (96%, Carl Roth; used without further purification). The fluorescence 

emissions from flat and concave fibre ends (R = -150 μm) were imaged using a microscope 

(Axio Imager.M2m with EC Epiplan-Neofluar 5× objective, Carl Zeiss MicroImaging, 

(a) (b) Ceramic ferrule (Ø 2.5mm)

Lensed fibre (Ø 140 μm) 

1000 μm 100 μm 
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Germany). The images were recorded in 8-bit linear gray scale and processed with Image-J 

software (W. Rasband, National Institute of Health, USA). 

Figure 4.19 shows microscope images of the respective fibre lens emission for a 

flat (simulated as R = 1 m) and concave (R = - 150 µm) lens in DMSO (top) and ethanol 

(bottom). In each panel, the corresponding simulation is on top and the experimental image 

on the bottom. Furthermore, the emissions of the lensed fibre have been rotated by 180˚ to 

make long range comparison easier.c 

  

                                                 
c Note: The author thanks Ms. Dorit Munzke, a collaborator with the University of Potsdam, Germany, who 
performed the above described experiment and produced the experimental pictures of the light output from the 
lensed fibre. 
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R = ∞ || DMSO    R = -150um  || DMSO  

  

  

   

R = ∞ || EtOH   R = -150um  || EtOH 

   

  

Figure 4.23. Fibre lens emission with a flat fibre end (simulated as R = 1 m) (left side of figure), with R = -

150 µm (right side of figure), in pure DMSO (top of the figure) and in pure ethanol (bottom of the figure). 

The simulation and also experimentally recorded window is 0.4 mm high and 1.0 mm long. The fibre core 

diameter was 100 µm, NA = 0.22, nclad = 1.433. In each group, the simulation is shown on top and the 

experimental image on the bottom. Furthermore, the images for the lensed fibre in both media have been 

rotated by 180˚ to make long range comparison easier. 

 

In general, the experimental data agrees very well with the above calculated 

images, but, in comparison with the flat fibre end, the focussing effect of the concave fibre 

lens is very small in both solvents. The divergence of the experimental beam in the case of 

ethanol imaged with a lensed fibre seems to be less than with the flat end fibre, which is 

likely an artifact due to failure to normalize the overall intensity in the two experimental 
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pictures. Concave fibre lenses with a radius of 150 μm were fabricated onto the emitting 

and receiving fibre-loop ends to increase the transmission into and out of the LCW. 

 

 

4.3. Conclusion 

 

In this chapter, it has been demonstrated how crucial finding the correct matrix 

solvent is. DMSO has been found suitable for our purposes here, for its refractive index, 

the transparency in the visible region, the ease of handling, and its low price. Experiments 

were performed to see whether matching of the numerical aperture of the waveguides is 

necessary. It has been concluded that the numerical apertures of the fibre and of the LCW 

should be similar ( 0.22fibreNA =  and 0.29LCWNA = , which is within 30% of each other) 

but not be matched perfectly, which allowed us to use pure degassed DMSO as a matrix 

liquid. 

However, for an optimized system, the geometries of the LCW and of the fibre 

should be matched as closely as possible. Furthermore, it has been shown that for non-

lensed waveguides, the coupling between the fibre and the LCW depends mainly on the 

mode overlap and that the combination of matching cladding diameters and unmatched 

core geometries is to be preferred to non-matching dimensions. 

Additionally, the surface quality of the receiving waveguide end has been closely 

examined. Chipped off glass pieces, especially at the inner rim of the capillary, introduce 

scattering losses and should be minimized or completely avoided. 
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Finally, a new method of producing concave fibre lenses has been devised and 

discussed extensively. Concave fibre lenses collimate light when submersed in high 

refractive index materials, like DMSO, and are beneficial for CRDS measurements. 

Although the focussing effect in DMSO is fairly small, a transmission of a few percent 

more considerably increases the ring-down time in CRDS, thanks to the multi-pass nature 

of the technique. Data for the effect of lenses on the transmission will be shown and 

discussed in Chapter 5. 

 

To optimize fibre-loop ring-down setups with incorporated liquid core 

waveguides, care should be taken on geometrical matching of the waveguides, as well as 

on matching the numerical apertures. Optically clean surfaces with no scattering centers 

and concave lenses should be used for coupling from a fibre into an LCW and back, and a 

suitable combination of LCW material and matrix liquid has to be found for the particular 

desired application. 

 

 

4.4. References 

 

1. DuPont Fluoroproducts , Teflon AF Amorohous Fluoropolymers H-16577-1. 

DuPont: Wilmington, DE 19880-0711, USA. 

2. Schmidt, H.; Hawkins, A. R., Optofluidic waveguides: I. Concepts and 

implementations. Microfluidics and Nanofluidics 2008, 4, 3-16. 



168 
 

3. Hawkins, A. R.; Schmidt, H., Optofluidic waveguides: II. Fabrication and 

structures. Microfluidics and Nanofluidics 2008, 4, 17-32. 

4. Rowland, K. J.; Afshar, V. S.; Stolyarov, A.; Fink, Y.; Monro, T. M., Bragg 

waveguides with low-index liquid cores. Optics Express 2012, 20, 48-62. 

5. Jensen, J. B.; Pedersen, L. H.; Hoiby, P. E.; Nielsen, L. B.; Hansen, T. P.; 

Folkenberg, J. R.; Riishede, J.; Noordegraaf, D.; Nielsen, K.; Carlsen, A.; Bjarklev, A., 

Photonic crystal fiber based evanescent-wave sensor for detection of biomolecules in 

aqueous solutions. Optics Letters 2004, 29, 1974-1976. 

6. Malinin, A. V.; Zanishevskaja, A. A.; Tuchin, V. V.; Skibina, Y. S.; Silokhin, I. 

Y., Photonic crystal fibers for food quality analysis. In Biophotonics: Photonic Solutions 

for Better Health Care Iii, Popp, J.; Drexler, W.; Tuchin, V. V.; Matthews, D. L., Eds. 

Spie-Int Soc Optical Engineering: Bellingham, 2012; Vol. 8427. 

7. Eftekhari, F.; Irizar, J.; Hulbert, L.; Helmy, A. S., A comparative study of Raman 

enhancement in capillaries. Journal of Applied Physics 2011, 109. 

8. Han, Y.; Oo, M. K. K.; Sukhishvili, S.; Du, H., Photonic Crystal Fiber as an 

Optofluidic Platform for Surface-Enhanced Raman Scattering. In 2nd Workshop on 

Specialty Optical Fibers and Their Applications Wsof-2, HernandezCordero, J.; 

TorresGomez, I.; Mendez, A., Eds. Spie-Int Soc Optical Engineering: Bellingham, 2010; 

Vol. 7839. 

9. Smolka, S.; Barth, M.; Benson, O., Highly efficient fluorescence sensing with 

hollow core photonic crystal fibers. Optics Express 2007, 15, 12783-12791. 

10. Sun, Y.; Kwok, Y. C.; Nguyen, N. T., Faster and improved microchip 

electrophoresis using a capillary bundle. Electrophoresis 2007, 28, 4765-4768. 



169 
 

11. Duguay, M. A.; Kokubun, Y.; Koch, T. L.; Pfeiffer, L., Antiresonant Reflecting 

Optical Wave-Guides in SiO2-Si Multilayer Structures. Applied Physics Letters 1986, 49, 

13-15. 

12. Schmidt, H.; Yin, D. L.; Deamer, D. W.; Barber, J. P.; Hawkins, A. R., Integrated 

ARROW waveguides for gas/liquid sensing. In Nanoengineering: Fabrication, Properties, 

Optics, and Devices, Dobisz, E. A.; Eldada, L. A., Eds. Spie-Int Soc Optical Engineering: 

Bellingham, 2004; Vol. 5515, pp 67-80. 

13. Yin, D.; Schmidt, H.; Barber, J. P.; Hawkins, A. R., Integrated ARROW 

waveguides with hollow cores. Optics Express 2004, 12, 2710-2715. 

14. Yin, D. L.; Deamer, D. W.; Schmidt, H.; Barber, J. P.; Hawkins, A. R., Single-

molecule detection sensitivity using planar integrated optics on a chip. Optics Letters 2006, 

31, 2136-2138. 

15. Jenkins, M. H.; Phillips, B. S.; Zhao, Y.; Holmes, M. R.; Schmidt, H.; Hawkins, 

A. R., Optical characterization of optofluidic waveguides using scattered light imaging. 

Optics Communications 2011, 284, 3980-3982. 

16. Measor, P.; Seballos, L.; Yin, D. L.; Zhang, J. Z.; Lunt, E. J.; Hawkins, A. R.; 

Schmidt, H., On-chip surface-enhanced Raman scattering detection using integrated liquid-

core waveguides. Applied Physics Letters 2007, 90. 

17. Tao, S. Q.; Gong, S. D.; Fanguy, J. C.; Hu, X. M., The application of a light 

guiding flexible tubular waveguide in evanescent wave absorption optical sensing. Sensors 

and Actuators B-Chemical 2007, 120, 724-731. 

18. Mohammed, W. S.; Mehta, A.; Johnson, E. G., Wavelength tunable fiber lens 

based on multimode interference. Journal of Lightwave Technology 2004, 22, 469-477. 



170 
 

19. Hynes, A. J.; Wine, P. H., The atmospheric chemistry of dimethylsulfoxide 

(DMSO) and mechanism of the OH+DMSO reaction. Journal of Atmospheric Chemistry 

1996, 24, 23-37. 

20. Saleh, B. E. A.; Teich, M. C., Fundamentals of Photonics. John Wiley & Sons: 

Hoboken, New Jersey, 2007. 

21. Optical Fiber Tutorial. http://www.fiberoptics4sale.com/Merchant2/optical-

fiber.php (accessed 09.10.2012). 

22. Trefiak; Ronald, N. Ringdown spectroscopy in optical waveguides. Master of 

Science, Queen's University, Kingston, 2007. 

23. Tong, Z. Fiber-Loop Ring-Down Spectroscopy. Dissertation, Queen's University, 

2004. 

24. Waechter, H.; Munzke, D.; Jang, A.; Loock, H.-P., Simultaneous and Continuous 

Multiple Wavelength Absorption Spectroscopy on Nanoliter Volumes Based on 

Frequency-Division Multiplexing Fiber-Loop Cavity Ring-Down Spectroscopy. Analytical 

Chemistry 2011, 83, 2719-2725. 

25. Waterbury, R. D.; Yao, W. S.; Byrne, R. H., Long pathlength absorbance 

spectroscopy: trace analysis of Fe(II) using a 4.5m liquid core waveguide. Analytica 

Chimica Acta 1997, 357, 99-102. 

26. Fujiwara, K.; Kagoshima, T.; Uchida, T.; Miyakawa, T., Fluorometric 

characteristics of a wave-guide cell with low refractive index. Spectroscopy Letters 2003, 

36, 551-560. 

27. Loock, H.-P., Ring-down absorption spectroscopy for analytical microdevices. 

Trac-Trends in Analytical Chemistry 2006, 25, 655-664. 



171 
 

28. Munzke, D.; Saunders, J.; Omrani, H.; Reich, O.; Loock, H.-P., Modeling of 

fiber-optic fluorescence probes for strongly absorbing samples. Applied Optics 2012, 51, 9. 

29. Bescherer, K.; Munzke, D.; Reich, O.; Loock, H.-P., Fabrication and modeling of 

multimode fiber lenses. Applied Optics 2013, 52, B40-B45. 

 



172 
 

Chapter 5. 

Use of Liquid Core Waveguides for Determining Nanomolar 

Concentrations of Model Dyes 

 

5.1. Introduction 

 

In the previous chapter we explored different optical schemes to couple light from 

a multimode fibre optic cable into an LCW and back into the fibre and found (1) that 

concave fibre lenses may help reduce coupling losses (2) the diameter of the cores of LCW 

and fibre has to be as similar as possible and (3) that the matrix liquid has to have a 

refractive index considerably higher than 1.45 for use with silica capillaries. In this chapter 

we implement the optimized detection scheme and inject model dyes to determine the limit 

of detection, response time, and repeatability of such measurements. 

 

Two model dyes, Allura Red AC and Congo Red, were chosen since their 

absorption profile overlaps well with the laser emission at 532 nm and their solubility is 

high in DMSO, the preferred LCW matrix liquid. Both dyes have a strong absorption at 

around 532 nm in DMSO (maximum at: Allura Red AC: 516 nm (measured), Congo Red1: 

532 nm). Allura Red AC is a common food dye and widely used in energy drinks and 

candy. It is usually referred to as FD&C Red No 40. Congo Red was widely used in 

staining biological samples but the biological industries of some countries have abandoned 

it, due to its teratogenic nature.2, 3  
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5.2. Theory on How to Determine Sample Absorption from Ring-Down Measurements 

 

In Chapter 1 the general aspects of measuring absorbance with CRDS are given. 

To simplify the comparison between different absorption spectrometers a wavelength-

dependent attenuation coefficient, αλ, is introduced. This is related to the natural logarithm 

of the transmission in the setup (cf. Chapter 1 Equation 1.6), according to the following 

equation: 

 

 − = =  (5.1) 

 

The above equation also shows the analogy to Beer-Lambert’s law. 

For simplicity, the index, λ, showing a wavelength dependency of the variable, is 

no longer indicated from here on. The two extinction coefficients of the attenuation in 

cavity ring-down spectroscopy, , and molar extinction coefficient used in Beer-

Lambert’s law, ε, are related to each other as follows: 

 

 = ∗ 10 (5.2) 

 

As mentioned previously, in cavity ring-down spectroscopy the decay rate of light 

within an optical cavity is measured. The ring-down time is related to the transmission of 

the cavity and the round trip time, as shown in Equation 1.6. By reason of the different 

refractive indices of our chosen liquid core waveguide and our fibre-loop material, the 

round trip time of Equation 1.4 has to be expressed as: 

eα
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  =  (5.3) 

 

The transmission of the cavity, Tcavity, is dependent on all the losses which the 

light encounters in the cavity. These losses can be divided in constant losses, for example, 

fibre attenuation losses, losses at splices and gaps, and losses in couplers, and sample 

specific losses that may change with concentration, which can be quantified by Beer-

Lambert’s law (cf. Chapter 1 Equation 1.1). To extract only sample specific losses, the 

ring-down time with sample, τ, and without sample, τ0, can be related to each other and the 

sample concentration can be calculated. For this, the absorption of the sample can be 

determined by multiplying the difference of the inverse ring-down times with the round 

trip time according to Equation 5.4. Here, the absorption , Ae, is expressed with respect to 

base-e: 

 

  (5.4) 

 

A common method to reduce the limit of detection is elongating the path length 

for the interaction between sample and light. The method of our choice for this is to use a 

liquid core waveguide coupled into a fibre-loop cavity, as merely increasing the gap width 

of the fibre-loop would introduce too many system-inherent losses. 

 

 

 

0

1 1
*ln10RT e et A Cd Cdα ε

τ τ
 

− = = = 
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5.3. Experimental Measurement of Model Dye Absorptions 

 

5.3.1. Allura Red AC Dye 

 

The second harmonic (532 nm) of a Nd:YAG laser (Spectra Physics Quanta Ray 

GCR-11) was coupled into a UV-grade multimode fibre, with a 200 µm core and a 220 µm 

cladding (Polymicro FDP200220240), employing a lens (f = 20 cm). The UV-fibre was 

then connected to the FC/PC connector of the input end of a 99/1 2x1 multimode (core 100 

μm, cladding 140 μm) fibre coupler (Lightel Technologies – with fibre from FiberTech 

Optica AS100/140IRA; NA = 0.22), with the use of an SMA/FC adapter. The two 

remaining ends (99% transmission) are at first connected to each other with the help of two 

zirconia ferrules for xy-alignment, forming a loop with the length of 14.4 m. A PMT was 

placed at a slight bend of the loop fibre to detect the scattered light proportional to the light 

travelling in the cavity. A schematic of the setup is shown in Figure 5.1.a. The resulting 

ring-down trace is shown in Figure 5.1.b. 
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Figure 5.1. Setup used to determine coupling losses in the 14.4 m long fibre-loop setup. (a) Schematic of 

setup without LCW. A PMT was placed at a slight bend of the loop fibre to detect the scattered light 

proportional to the light travelling in the cavity. (b) Ring-down trace for fibre-loop only. From the core ring-

down time, τ2, the round trip losses have been calculated to be 11.6% (0.54 dB). 

 

On the fibre ends, which were connected to form a loop, concave lenses were 

fabricated with the help of lapping papers, an oscillatory ferrule holder, and a ruby 

template (cf. Chapter 4.2.5). In order to use the lenses to focus or collimate the light a 

liquid with a nLCW > nfibre was placed in between them (dimethylsulfoxide (DMSO, Fischer 

Chemical, refractive index (RI) 1.4785)). Judging from the bare fibre-loop ring-down trace 

(Figure 5.1.b), the roundtrip losses are 11.6% (= 0.54 dB) and are due to the coupler 

(nominal loss 1% = 0.04 dB), the attenuation of the fibre (afibre = 14 dB/km = 0.003%/cm), 

one ferrule-ferrule connection (estimated as 5% = 0.22 dB), and insertion losses. Next, a 

5 cm long fused silica capillary (Polymicro TSP100375 ØID 100 μm, ØOD 363 μm, RI = 

1.45) was positioned in between the two fibre ends by the help of zirconia ferrules on 

either side for alignment (cf. schematic setup in Figure 5.2.a). The previously 

manufactured collimating lenses were kept at the fibre ends to increase the transmission 

between LCW and fibre (cf. Chapter 4.2.5). 

 

(a) (b) 
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Figure 5.2. LCW-FLRDS setup used to determine model dye absorptions. (a) Schematic setup with LCW. 

The first connection of fibre and LCW was placed into a homemade aluminium block interface to be able to 

pump the sample solutions through the system, whereas the second connection was placed over a waste 

beaker. Sample solutions were prepared beforehand by dissolving and diluting the powdered dye in DMSO. 

The flow speed was set at the syringe pump to 10 μL/min. (b) Ring-down trace for LCW-fibre-loop. It is 

evident that the ring-down time has decreased with respect to the bare fibre-loop (Figure 5.1.b) and the losses 

have increased to 53.9% (= 3.4 dB). The shoulder that is evident in the first couple of peaks of the ring-down 

trace is an artifact of either the laser or the electronics and has been detected even without the loop cavity 

present. The first peak has been omitted because of a possible saturation of the detector. 

 

The capillary’s actual ØID was 101 μm (manufacturer’s data), which was very 

close to the core diameter of the loop fibre (100 μm), but the outer diameter of the capillary 

differed greatly from the cladding diameter of the used fibre (360 μm vs. 140 μm). The 

capillary was filled with DMSO. Introducing the LCW filled with pure DMSO decreased 

the ring-down time from 563 ns to 90 ns (Figure 5.2.b). Samples of Allura Red AC (Sigma 

Aldrich, 80% dye content), dissolved in degassed DMSO (used without further 

purification), were injected into the LCW with a sample injector (Upchurch Rheodyne 

7725) and a homemade injection block (aluminium block interface, cf. Appendix 1), that 

housed one of the ferrule-ferrule connections between fibre and capillary. The interaction 

volume has been calculated from the volume of the LCW, resulting in 400 nL for a 5 cm 

long capillary. Samples were injected into the LCW as plugs of 20 μL with a flow rate of 

(a) (b) 
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10 μL/min, and ring-down traces were recorded on an oscilloscope (Tektronix DPO3054) 

and averaged 16 times. The averaged traces were transferred to a homemade Visual Basic 

(VB) program via USB. An Igor Pro function (WaveMetrics Igor Pro 6.1) embedded in 

the VB code fitted the traces on the fly and all fitting parameters have been recorded. 

 

 

5.3.2. Congo Red Dye 

 

For the Congo Red dye measurements, the same setup as for Allura Red AC was 

used with minor modifications. The light source was changed to an Nd:YAG laser 

manufactured by Continuum (Continuum Powerlite Precision 8030), due to availability in 

the laboratory, but the coupling scheme stayed the same as in the Allura Red AC 

experiment. Instead of a 5 cm long LCW, a 10.1 cm long fused silica capillary (Polymicro 

TSP100375) was placed in between the two fibre ends. The capillary’s actual ØID was 

99 μm (manufacturer’s data). The slight difference in capillary ØID decreased the ring-

down time after filling with DMSO slightly more than in the previous setup, to 63.5 ns. 

Samples of Congo Red (The British Drug Houses LTD), dissolved in degassed DMSO 

(used without further purification), were injected into the LCW in the same way as 

described above. The detection volume has been calculated from the volume of the LCW, 

resulting in 777 nL. Samples were injected into the LCW as plugs of 20 μL or 50 μL with 

a flow rate of 1 μL/min and averaging of 256 waveforms on the oscilloscope. Data were 

collected using the same procedure as in the Allura Red AC experiment. 
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5.4. Results 

 

5.4.1. Measurement of Allura Red AC Samples in a 5 cm Liquid Core Waveguide 

 

20 μL injection volumes of sample concentrations of Allura Red AC in DMSO, 

ranging from 1 nM to 1000 nM, were injected and the ring-down time has been recorded. 

A time scan of the ring-down time of these injections has been recorded and shown in 

Figure 5.3. 

 

Figure 5.3. Time-dependent recording of the ring-down time for different sample injections, ranging from 

1 nM to 1000 nM Allura Red AC in DMSO. The red solid line shows the baseline of the system with a slope 

of -500 ps/h. The red dashed lines represent the ±3σ-baseline level with σ = 0.27 ns.  

 

The ring-down time for the baseline was extracted by averaging 100 baseline 

points, while the system was only filled with DMSO. The baseline noise could be obtained 
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by calculating the standard deviation of the baseline and is ±0.27 ns. This baseline standard 

deviation can be compared with the standard error of the curve fitting procedure. The latter 

error (typically δτ = 0.3 ns, cf. Figure 5.2.b) is indicative of how well the ring-down 

transient can be fitted with an exponential decay function, whereas the baseline noise is a 

measure of how precisely consecutive ring-down times can be measured. These two values 

do not necessarily have to be the same.4 In a limiting case, when all other errors are 

negligible, these errors are identical. “For example, if the loss in the cavity varies with time 

due to, for example, mechanical perturbations, the baseline noise can be quite large, despite 

the fact that each of the transients is given by a near perfect exponential function.”5 In the 

present case, we found that the baseline error is limited by the error of fitting the ring-down 

trace. This is likely to be a result of the small number of round trips and the fact that 

cladding mode contributions in the fibre and LCW, which lead to a bi-exponential decay 

function, are excluded from the fit. This also shows that the setup is remarkably stable. For 

all the concentrations, Gaussian curves have been fitted to the individual peaks of this trace 

and the ring-down times have been calculated from the Gaussian peak height. According to 

Equation 5.4, a plot of the difference between the inverse ring-down times multiplied by 

the round trip time against concentration yields a straight line, according to Beer-Lambert’s 

law, and is shown in Figure 5.4. The error of the Gaussian peak height has been propagated 

to obtain the error of the absorption shown as y-error bars. The x-error bars are propagated 

errors of the dilution series performed to achieve the individual concentrations, having 

started from neat powder and pure DMSO. 
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Figure 5.4. Calibration graph of Allura Red AC. The absorption has been calculated according to Equation 

5.4. The slope of a linear fit (red) gives the attenuation coefficient (based on the natural logarithm) of Allura 

Red AC. The inset shows a zoom into the lower concentrations. The horizontal error bars have been 

calculated from the errors of the balance (± 0.0001 g), of the pipettors (5% v/v – according to manufacturer’s 

data), and of the volumetric flasks (0.2% v/v) used to make the solutions. Although it seems that the error 

decreases with decreasing concentration, which is true for the absolute error of the concentration, the relative 

error of the concentration increases. The vertical error bars have been derived from the fit error of the peak 

height of Gaussian fits to the individual injection peaks. The green data point is the corrected value of the 

solution for 200 nM, as calculated from the precision experiment in the following. 

 

One may think that the limit of detection (LOD) can be calculated from this 

calibration plot as is sometimes done in analytical methodology. By determining the 

confidence interval of the calibration line4 and extrapolating it to the concentration of the 

blank (neat DMSO), one can calculate the respective uncertainty of the signal (here, the 

absorption term  ). This ‘signal uncertainty’ corresponds to an LOD of about 

60 nM for Allura Red AC in DMSO (using the corrected value for 200 nM in the 

calibration curve). Considering the original time-dependent trace of the ring-down time, 

the peak for 50 nM, which is lower than the LOD calculated from the calibration curve, 

0

1 1
RTt

τ τ
 

− 
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can be clearly distinguished from the baseline, which suggests that the actual LOD is much 

lower. By calculating the LOD from the calibration curve, one assumes that the sensitivity 

of the technique is constant. This assumption is not valid in cavity ring-down spectroscopy. 

In Figure 5.3, it is obvious that the limit of detection at a 3σ signal-to-noise level is 5 nM 

and the sensitivity of the absorption measurement increases as the concentration is reduced. 

Improving the instrumental setup, and thus increasing the precision and reducing the 

baseline noise, would lead to a further improvement of the LOD. 

To show the precision of the ring-down signal, a concentration of 200 nM of 

Allura Red AC was injected 10 times into the setup. A real-time measurement of the ring-

down time is shown in Figure 5.5.a. The amplitude of a Gaussian function fitted to each 

injection peak gives the ring-down time difference to the baseline. When the ring-down 

time change for each injection is plotted, the calculated average ring-down time decrease 

for this concentration is 7.09 ± 0.13 ns (Figure 5.5.b). 

 

 

Figure 5.5. Precision experiment using Allura Red AC. (a) Time-dependent recording of ring-down time for 

10 injections of 100 nM Allura Red AC. (b) Differential peak heights in ns resulting in an average of 7.09 ± 

0.13 ns.  

 

(a) (b) 



183 
 

The precision experiment also shows that the previously measured point for 

200 nM Allura Red AC in the concentration measurement was outside the confidence 

interval. A decrease of the ring-down time by 7.09 ns, as opposed to the previously 

obtained value of 9.25 ns (cf. Figure 5.3), places the measurement point at 200 nM much 

closer to the calibration curve (green data point in Figure 5.4). 

From Figure 5.4, a molecular extinction coefficient with respect to base-e can be 

extracted for Allura Red AC, giving αe = 5.8x104 M-1cm-1. In accordance with 

Equation 5.2, this results in a molecular extinction coefficient of ε = 2.5x104 M-1cm-1. For 

confirmation purposes, the absorption coefficient was determined to be 

ε = 3.0x104 M-1cm-1 using a standard UV-Vis spectrometer (Ocean Optics USB4000), with 

the use of a quartz glass cuvette and at a higher concentration range of 10 μM to 50 μM. 

Since the molar extinction coefficient should not change with concentration, it is assumed 

that some of the light is bypassing the sample in the wall of the LCW, and is hereby 

artificially lowering the εCd term. Similar effects have been reported previously by other 

authors.6,7 Since this effect is characteristic of the setup, it can be included in the 

calibration and an appropriate factor should be introduced in the extinction coefficient. 

A measurement to prove the reproducibility could not be performed because an 

obstruction in the 5 cm liquid core waveguide rendered the LCW useless. 
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5.4.2. Measurement of Congo Red Samples in a 10 cm Liquid Core Waveguide 

 

20 mL injection volumes of Congo Red in DMSO, ranging from 1 nM to 

1000 nM, were injected into the setup as described above (cf. Chapter 5.3.2) and the ring-

down time has been recorded. The change of the ring-down time caused by these injections 

is shown in Figure 5.6. 

 

 

Figure 5.6. Recording of ring-down time change in time for different sample injections of Congo Red in 

DMSO. Concentrations range from 1 nM to 1000 nM. The red solid line shows the baseline of the system 

with a slope of -130 ps/h. The two dashed lines represent the ±3σ-limit of the baseline noise with σ = 0.31 ns. 

 

The standard deviation of the ring-down time of pure DMSO over 100 measured 

points is σ = ±0.31 ns.  

The ring-down times of the baseline and the concentrations can be extracted by 

averaging the baseline and the peak plateaus again over 100 points. A calibration graph of 
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the absorbance, calculated from the difference of the inverse ring-down times multiplied by 

the round trip time (cf. Equation 5.4), of Congo Red in DMSO is shown in Figure 5.7. 

 

 

Figure 5.7. Calibration curve of Congo Red in DMSO at 532 nm. The inset shows an expansion of the lowest 

concentrations (1 nM to 20 nM). The slope of a linear fit (red) gives the attenuation coefficient (based on the 

natural logarithm) of Congo Red within the 10 cm LCW. The horizontal error bars have been calculated from 

the errors of the balance (± 0.0001 g), of the pipettors (5% v/v – according to manufacturer’s data), and of the 

volumetric flasks (0.2% v/v) used to make the solutions. Although it seems that the error decreases with 

decreasing concentration, which is true for the absolute error of the concentration, the relative error of the 

concentration increases. The vertical error bars have been derived from the standard deviation of the plateau 

average (average over 100 points) of the individual injections. 

 

From this calibration plot, an LOD may be calculated, with the use of the same 

statistical models4 as applied to the measured Allura Red AC sample dye, and results in 

LOD = 90 nM of Congo Red in DMSO, while the actual limit of detection can be derived 

from Figure 5.6 and is 5 nM as well. The noise in both the baseline and the injection 

plateaus illustrates that there is room for improvement for this technique. At the detection 

limit of 5 nM one calculates 2.3x109 Congo Red molecules to be present in the liquid core 

waveguide with an attenuation of 3.6x10-4 cm-1. 
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A linear fit to this data gives the attenuation coefficient to base-e, 

αe = 46248 M-1cm-1. This can be converted into the usual given molar extinction 

coefficient by division by the factor ln(10), which yields ε = 20000 M-1cm-1. For 

comparison, UV-Vis spectra of five (much higher) concentrations were measured in a 

regular spectrometer (Ocean Optics USB4000) with the use of a 1 cm quartz glass cuvette. 

The spectra show two excitation maxima at 344 nm and 532 nm in DMSO1, while a linear 

regression of a plot of absorption at 532 nm against concentration yields a straight line, 

with a molar extinction coefficient of 31000 M-1cm-1 (cf. Figure 5.8). 

 

 

Figure 5.8. UV-Vis spectra of Congo Red. (a) Absorbance spectra of Congo Red in DMSO, measured with an 

OceanOptics USB4000 spectrometer and a 1 cm glass cuvette. The green line represents the laser light used 

in the LCW-CRDS system. The two absorption maxima at 344 nm and 532 nm are evident. (b) Calibration 

graph for a wavelength of 532 nm. Y-error bars are plotted as 5% of the absorbance signal. X-error bars are 

propagated errors for the dilution made from a 100 μM stock solution. The red line is a linear fit that results 

in a molar extinction coefficient ε = 31000 M-1cm-1. 

 

According to Beer-Lambert’s law (Chapter 1 Equation 1.1), the extinction 

coefficient ε is independent from the concentration range used. As before, the core 

diameter of the LCW is mismatched to the core diameter of the fibre – here it is slightly 

smaller whereas before it was slightly larger. More importantly, the light emitted from the 

(a) (b) 
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fibre end diverges slightly, despite its manufactured lens. Taking this into account, some 

light can bypass the sample in the cladding of the LCW without interacting with the 

analyte as already discussed for the previous dye (cf. Chapter 5.4.1). 

 

To determine the precision of the ring-down signal, a concentration of 100 nM 

was injected 11 times into the setup. A long 50 μL sample plug was injected to be able to 

see the plateauing of the absorption more clearly. The ring-down time change during the 

injections were recorded (Figure 5.9) and the average of the signal spread has been 

calculated to be 3.7 ± 0.3 ns. 

 

 

Figure 5.9. Precision measurement of Congo Red in DMSO. (a) Time-dependent recording of the ring-down 

time of 11 injections of 100 nM Congo Red. Two brief electrical power outages (red rectangles) occurred 

during the scan but did not affect the measurements. However, no data were recorded within 12 minutes after 

each blackout, as the computer had to restart. (b) Plot of the ring-down time change of the 11 injections and 

their average (3.7 ns). 

 

Generally, the reproducibility of a measurement is also of concern in the 

evaluation of analytical techniques. To further assess the precision of the concentration 

measurements, three different concentrations (20 nM, 50 nM, and 100 nM) of Congo Red 

(a) (b) 
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in DMSO were measured in a random order. A plot of the ring-down time change with 

time is shown in Figure 5.10. 

 

 

Figure 5.10. Ring-down time change of three different concentrations of Congo Red that were randomly 

injected. It is observable that the individual concentrations have not been affected by a lower or higher 

concentration injected right before.  

 

 

5.5. Discussion 

 

The combination of the two absorption methods of measurement, long path length 

absorption with the use of LCW and of CRDS, has provided the expected improvement, 

but also exposed the disadvantages of the two techniques. This is most obvious with the 

alignment between fibre and LCW being crucial. Our alignment was not optimal and 



189 
 

resulted in the 20% reduction of the attenuation that we found when using the 5 cm LCW, 

and 33% when using the 10 cm LCW. 

 

To optimize the combined technique, one has to consider the dependence of the 

optical loss, tRT/τ, on its different factors. Equation 5.5, is the reciprocal of Equation 1.6 

(cf. Chapter 1). It illustrates the dependence of the optical loss on several loss terms: the 

transmission loss through splices and couplers within the optical fibre, which includes the 

transmission loss between the fibre and the LCW ( ln spliceT− ), the attenuation loss in the 

fibre material ( Lα ), and the transmission loss through the sample gap. In our case, the last 

term is given by the transmission loss through the matrix liquid (here DMSO, i.e. 

ln lngap DMSOT T− = − ), and by the sample absorption ( Cdε ), 

 

 ln lnRT
splice DMSO

t
T L T Cdα ε

τ
= − + − +   (5.5) 

 

Equation 5.5 can be rewritten by substituting the transmission of the matrix liquid 

DMSOT  with the respective exponential decay function exp(-d/δ), which depends on the 

length of the LCW, d, and the decay length of DMSO, δ. 

 

 lnRT
splice

t d
T L Cdα ε

τ δ
= − + + +   (5.6) 
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To increase the sensitivity of the concentration measurement, the first three 

optical loss terms have to be minimized. Assuming an ideal case of 1spliceT =  and 0α = , 

the optical loss only depends on the attenuation in the LCW, due to scattering and 

absorption of the matrix liquid, as well as the sample absorption within the LCW. The 

sensitivity, which is the derivative of (Equation 5.5) with respect to the concentration, is 

simply given by S = εd. While one would therefore suppose that the LCW should be as 

long as possible for maximal sensitivity, there is a limit to the length of the LCW that is 

practically useful, since d/δ also scales linearly with the length of the liquid core 

waveguide, d. Clearly, it is advantageous to increase the decay length of the matrix liquid, 

which would make the dependence of the optical loss on the sample absorption dominant, 

but with a given solvent/capillary combination this parameter cannot readily be reduced. A 

final consideration is the non-linear dependence of the measurement accuracy on the 

optical loss. For a very large loss the ring-down times are small, but the measurement 

accuracy (about 0.3 ns) is the same as it would be for long ring-down times (low loss). 

Thus, it is beneficial to select the length of the LCW in a way that the d/δ loss term does 

not introduce too high background loss. As a rule of thumb, the length d should be chosen 

such that the optical loss tRT/τ>1. 

Ideally, the technique should have not only a high sensitivity, but also a low limit 

of detection. Whether a change in concentration can be detected depends on the ability to 

detect small changes in the optical loss. In our system, the change due to sample absorption 

within the system at the limit of detection is 

1 1 931000 5*10 M 10 0.0016Cd LM cm cmε − − −= × × = . Here, the optical loss due to 
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scattering and absorption of the matrix liquid is 37-times higher (
10

0.0578
173

d

δ
= = ) than 

the sample loss, which shows how sensitive CRDS is. 

Interestingly, the round trip time also depends on the length of the liquid core 

waveguide (cf. Equation 5.3). If one assumes that the whole loop is made from the LCW 

(L=0), and substituting tRT = nd/c0, Equation 5.6 simplifies to 

 

( ) 0 0 0
ln1 spliceT c c Cc

nd n n

ε
τ δ

−
= + +   (5.7) 

 

where the only dependence of the optical loss on the length of the LCW cavity, d, 

lies in the term representing the loss of light coupling into and out of the cavity and fusing 

the LCW ends together, ln spliceT− . The optical loss introduced by the sample is 

independent from the cavity length. In this case, to keep the optical loss small, a long 

cavity would be beneficial. 

 

The improvement that the combination of the techniques brings about compared 

to the individual methods becomes evident when a side by side comparison is performed as 

in Table 5.1. In this table, not only the stated limits of detection from our previous work 

and work of others are listed, but also the calculated (or estimated) volume in the detection 

cell is given. Of particular interest is the product of this interaction volume with the 

minimal detectable attenuation, , being a property that is equivalent to 

the minimal required absorption cross section. Using the cross section, σmin, instead of the 

min det LODV Cσ ε= × ×
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more commonly used minimal detectable attenuation, , as the guiding 

design parameter is useful when the size of the detection volume is important and the 

number of detected molecules is more relevant than the number density or the 

concentration. For example, when comparing the use of a 1m long liquid-filled cavity (Vdet 

= 1 L) with that of a 1 m long liquid core waveguide (Vdet = 1 µL), one may find that the 

minimal detectable absorption, , is similar in both cases, giving CLOD in the 

nanomolar regime for strong absorbers. By contrast, the minimal detectable change in 

absorption cross section, , is a million times lower for the liquid core 

waveguide, meaning that the number of molecules in the detection volume is lower by that 

factor. Consequently, using the minimal detectable change in absorption cross section as a 

metric, one would propose that, in this case, the LCW is the superior technology. 

Table 5.1, lists parameters found in a number of previously reported absorption 

systems that were designed for micro-analysis. Aside from the concentration at the limit of 

detection, CLOD, the minimal detectable attenuation, αmin, and the minimal detectable 

change in absorption cross section, σmin, is listed. According to the table, the concentration 

at the limit of detection spans over 7 orders of magnitude, whereas αmin ranges only from 

about 10-5 cm-1 to 0.1 cm-1. Interestingly, σmin is calculated to be in a much smaller range,  

from about 10 to 4000 µm2, where the highest values are associated with systems in which 

only a small fraction of the light is interacting with the sample in the detection volume. The 

table also reveals, somewhat surprisingly, that a well-designed single pass LCW system 

can outperform cavity enhanced methods if either the round trip losses are very high or the 

detection volume is large.  

 

min LODCα ε= ×

min LODCα ε= ×

min det LODV Cσ ε= × ×
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Using αmin, or σmin for comparison, the present system competes fairly well or 

even favourably with other systems, which indicates that a combination of cavity ring-

down detection and liquid core waveguide materials provides advantages over other 

methods, especially when the sample volume is restricted. This advantage is, to some 

extent, offset by the increased complexity of the setup and the stringent requirement to 

maintain low cavity round trip losses. 
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Dye solution Method λ (nm) Interaction 
length, L 

ε  
(M-1cm-1) Vdet 

CLOD 
(nM) 

ε×CLOD 
(cm-1) d 

σmin 

(µm2) 
Ref 

Allura Red AC in DMSO LCW FLRDS 532 50 mm 29600 400 nL 5 3.41 ×10-4 13.6 this thesis 
Congo Red in DMSO LCW FLRDS 532 101 mm 31000 777 nL 5 3.57 ×10-4 27.7 this thesis 
Malachit green in Ethylene glycol liquid jet - CRD 628 23.2 µm 99750 41 nL e 71 0.0162 66.4 8 
Brilliant Blue-R in water normal incidence 

cuvette - CRD 
630 2 mm 106000 800 µL 1 5.1 ×10-5 4100 9 

Quinalizarin in MeOH 5%, acetic 
acid/water 80:20 

Brewster angle flow 
cell - CRD 

470 300 µm 9000 10 µL f 30 g 6.22 ×10-4 622 10 

Crystal violet in EtOH Liquid filled 
cavity-CRD 

532 2 mm 54500 12 µL h 3.7 i  3.14 ×10-4 376 
 

11 

Bacteriochlorophyll a in d6-
acetone 

Liquid filled 
cavity-CRD 

783 1.75 mm 44000 j 10 µL 0.2  1.6 ×10-5 16 12 

Tartrazine in aqueous phosphate 
buffer pH = 7.2 

Fibre gap FLRDS 405 800 µm 22660 100 nL 900 0.02 200 13 

Tartrazine in aqueous phosphate 
buffer pH = 7.2 

Fibre gap FLRDS 405 190 µm 22660 6 nL 
 

5000 0.261 157 14 

Rhodamine 6G in water Fibre gap FLRDS 532 180 µm 53000 k 19 nL 930 0.11 209 15 
K MnO4 in water Fibre gap FLRDS 532 466 µm 4800  132 nL 214 2.4 ×10-3 31.2 16 
CoCl2 6H2O in water PCF 510 50 cm ~ 6  l 94 nL 25 mM 0.34 1410 7 
Fe(II)-ferrozine complex in water LCW  562 4.47 m 27600 300 µL 0.2 1.3 ×10-5 165 17 
Double stranded DNA in water LCW  260/280 15 mm 0.02 mL 

µg-1 cm-1  
250 nL 0.1µg 

mL-1 
4.6 ×10-3 50 18 

Bromothymol blue in 1 mM 
NaOH (aq) 

LCW  613 20 mm 40059 1000 nL 22 2 ×10-3 88 6 

Table 5.1. Comparison of different long path length absorption techniques, CRDS experiments and the here described setup.  

                                                 
d For some entries, the minimal detectable absorption (base-e) was calculated from CLOD × ε × ln(10). 
e Calculated from the beam diameter in the cavity (1.5mm)2/4 × π × 0.0232 mm. 
f Only approximately 500 nL of the 10 mL cell volume interacted with the light.  
g Given as 2.5 ×10-8 g/mL.  
h Approximately 4 µL of the 12 µL cell volume interacted with the light. 
i Calculated from 2.5 nM at the 2σ level. 
j Was observed to be a little less than the literature value of about 60,000 M-1 cm-1, probably due to degradation or contamination. 
k Not given but calculated from the base-e absorption coefficient of 122,000 M-1cm-1. 
l Not given but estimated from Fig. 4 in Ref 7. Sun, Y.; Yu, X.; Nguyen, N. T.; Shum, P.; Kwok, Y. C., Long path-length axial absorption detection in 
photonic crystal fiber. Analytical Chemistry 2008, 80, 4220-4224. 
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The baselines in Figures 5.3 and 5.6 exhibit slopes of -500 ps/h and -130 ps/h. 

Although the reason for the slow reduction of the ring-down time over the course of the 

experiment remains unknown, one has to consider that during the entire experiment 

hydraulic pressure is exerted by the syringe pump on the couplings between fibre and 

LCW. “It is conceivable that material fatigue may be the cause for the slow decrease of 

cavity finesse.”5 Dye deposition from the multiple injections might also be a cause for 

lowering the transmission through the LCW. We found that the baseline slope was found 

even when no sample but pure DMSO was injected.  

 

 

5.6. Conclusion 

 

A new experimental setup that incorporates liquid core waveguides into fibre-loop 

ring-down spectroscopy has been presented. Two model dyes, Allura Red AC and Congo 

Red, were used to evaluate the performance of the experimental setup. The objective of 

decreasing the limit of detection to the nanomolar range without exceeding the detection 

volume of 1 μL was met. The Congo Red experiment utilizes a detection volume of 

777 nL, whereas the Allura Red AC setup achieves a detection volume of 400 nL. Both of 

these volumes are compatible with modern analytical methods, such as micro-HPLC and 

others. The limit of detection has been determined to be 5 nM for both dyes. 
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Chapter 6. 

Conclusion 

 

Modern analytical techniques require high sensitivity, but also strive for low 

sample consumption. In the research described in this thesis, an approach has been made to 

decrease the limit of detection for samples of hundreds of nanolitres up to microlitres, with 

the use of CRDS and liquid core waveguides. A compromise between the smallest sample 

volume and a low limit of detection has been made, keeping in mind the requirements for 

online detection in modern analytical industry, such as a sample volume below 1 μL and 

being able to combine the detection scheme with flow systems. 

 

First, a theoretical model has been described that shows that phase-shift detection 

in the frequency domain is as capable of determining multiple ring-down times as time 

domain measurements, with a similar precision (cf. Chapter 3). Second, this has further 

been confirmed using an electric circuit, which acts as a ring-down cavity with, in this 

case, two time constants that are set by the electric components. The set ring-down times 

were 10 μs and 90 μs, and the phase-shift measurement produced 12.50 ± 0.08 μs and 

94 ± 5 μs. A control experiment in the time domain confirmed these values with ring-down 

times of 12.6 ± 0.1 μs and 90.8 ± 0.3 μs, respectively. As has been explained, the ring-

down times set by the electronic components are calculated on the basis of their nominal 

value, but their actual value can differ by up to 10% of their nominal value depending on 

the uncertainty of the used components. Third, a multimode fibre-loop cavity was 

examined and the theoretical model was confirmed because of the good agreement of the 
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time constants resulting from both frequency domain and time domain measurements. 

Additionally, it was discovered that a fit of the time domain data to a bi-exponential 

function works equally well and produces slightly lower ring-down times. Nevertheless, a 

closer look at the residuals revealed that there was one additional process unaccounted for. 

Fitting a tri-exponential function to the data set gave ring-down times of 1.501 ± 0.007 μs, 

311 ± 2 ns, and 6.7 ± 0.2 ns for the time domain measurement, and decay constants of 

1.57 ± 0.04 μs, 320 ± 9 ns, and 17 ± 2 ns for the frequency domain measurement. Although 

not all of these values agree with each other within errors, it has to be considered that the 

short ring-down time in the time domain is actually shorter than the pulse width of the light 

source and thus cannot be taken as a reliable value. Moreover, the shortest ring-down time 

is only represented by the first few points in the decay trace and the accuracy of fitting this 

parameter is decreased. A similar argument is made for the longest ring-down time in the 

frequency domain, which is represented by the first part of the recorded frequency domain 

curve as well. In general, the fit accuracy is higher in the time domain than in the 

phase-shift measurement, since the fit is based on 10 000 versus 192 points. In conclusion, 

it can be stated that frequency domain measurements are superior over time domain 

measurements in accurately determining fast ring-down times, although the frequency has 

to be scanned over multiple decades. This increases the measurement time in phase-shift 

measurements, but time domain measurements have comparable durations since they 

require averaging of waveforms. 

Fourth, the presented theoretical model has been compared to proposed models 

from Kasyutich et al. and van Helden et al. and it has been shown that their models are 

special cases of our more general model. 
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For the measurements described in Chapter 3, our laser diode driver had to be 

reengineered because the shut-off time of the laser diode was not fast enough. The driver 

was successfully reengineered and a shut-off time reduction from 145 ns to about 6 ns was 

achieved (cf. Chapter 2). Although the working principle of the reengineered driver is very 

similar to a commercial laser diode driver sold by Thorlabs, our model is capable of 

handling much higher currents for high power laser diodes. 

 

In order to incorporate a glass capillary as an LCW into a fibre-loop ring-down 

setup, different preliminary experiments were performed (cf. Chapter 4). Foremost, a 

suitable matrix liquid had to be found and it has been discovered that the liquids that are 

most suitable as core medium are DMSO and toluene, on account of their low absorption 

in the visible spectrum. After considering their ease of handling, price, and toxicity, DMSO 

was chosen as core liquid for all further experiments. 

Furthermore, it was investigated if lowering the refractive index of the core liquid, 

which produced more weakly guided light, would prove beneficial to the transmission 

through the LCW. This was done by mixing DMSO with water in different ratios and 

measuring the total intensity at the LCW output. It was found that with less strongly guided 

light, the output intensity dropped steadily until no light whatsoever was guided in the core 

at RI = 1.45. It was decided, taking also simplicity into account, that degassed pure DMSO 

was to be used without further purification. Degassing of the solution was performed avoid 

bubbles formation in the setup due to spontaneous degassing while in use. 

In addition, the consequences of a geometrical mismatch between the fibre and the 

LCW on the transmission at the fibre/LCW interfaces was investigated. For the limited 



202 
 

availability of capillary diameters, only certain cases of the relation of core and cladding 

diameters of both waveguides could be investigated and compared. The connection causing 

the greatest loss that was examined, contributed an additional 70% (= 5.3 dB) to the 

system, given that both LCW dimensions were smaller than the core diameter of the fibre. 

The least loss observed resulted from a matching cladding diameter but mismatching core 

diameter (ØID,fibre > ØID,LCW). This was not surprising to find, since similar geometries 

result in comparable cross sections and mode structures of the two waveguides, and it was 

decided that it would be even more beneficial for the transmission to match the core 

diameters with different cladding diameters (ØOD,fibre < ØOD,LCW) in the final setup (cf. 

Chapter 5). However, the setup used in Chapter 5 ultimately resulted in higher losses than 

the arrangement with matching claddings. Although this was initially unexpected (reasons 

for this result are discussed in Chapter 4), it was concluded that it is crucial to match cores 

to achieve the highest overlap of the light and the sample to maximize the sensitivity to a 

change in concentration of the sample, although the transmission of the LCW is decreased 

in this case with respect to the best case discussed in Chapter 4. A brief comparison of the 

number of guided modes in the core of the different waveguides confirmed the overall 

trend. 

For fibre optic connections, it is common practice to polish the connectors to 

increase the light transmission at the connection. A closer look was taken at the surface 

quality of the LCW that has been achievable in the laboratory. It was confirmed that 

surface damages to the capillary face are disadvantageous, as has already been known to be 

the case for fibre-fibre connections. Furthermore, it was found that the inner rim of the 

LCW should be as sharp as possible to not scatter light. It was found that precision cleaved 
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glass capillaries demonstrated the best surface quality and the best rim shape. To save 

money and time we also used manually polished capillaries, which have a second capillary 

or fibre inserted for the polishing process to keep debris out and strengthen the inner 

surface. These capillaries have worked almost as well and could be fabricated more 

quickly and cheaply compared to than the precision cleaved glass capillaries. 

Simultaneously, a procedure was developed to produce convex liquid lenses at the 

LCW-fibre interface, since it has been reported previously that lenses be advantageous to 

minimize loss in fibre-fibre transmissions. The liquid lens was produced by creating a 

hemispherical indentation in the glass surface of the fibre. Intensity output distributions 

and coupling efficiencies of fibre lenses with different radii of curvature have been 

modeled and results on theory and experiment are given in Chapter 4.2.5. 

 

Finally, a FLRDS setup was built and 5 cm long, or 10 cm long, glass capillary 

waveguides were inserted one at a time as a sample gap. This setup was then subjected to 

two model dyes, namely Congo Red and Allura Red AC, and absorption measurements at 

532 nm were performed. The measured detection limit for both dyes, dissolved in DMSO, 

was 5 nM and a dynamic range of about 3 orders of magnitude was successfully analysed. 

From the absorption measurements, the molar extinction coefficient was determined, and it 

was found that the coefficient was actually lower than the absorption coefficient 

determined by regular UV-Vis absorption spectroscopy. It was concluded that some light 

had bypassed the sample solution in the glass capillary wall and had thereby lowered the 

contribution of the Beer-Lambert Absorption term εCd to the optical loss. This effect has 

also been described in the literature previously.1, 2 
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Precision and repeatability measurements have also been performed to fully 

characterize the system. The new LCW-FLRDS setup was then compared to other direct 

absorption techniques and liquid CRDS experiments. Although our setup does not use the 

smallest possible volume, the detection volume has still been comparably small (<1 μL) 

and, therefore, the setup can be easily incorporated in, or adapted to, separation techniques, 

such as high performance liquid chromatography. After all, the limit of detection is very 

low, although not quite the lowest so far achieved for liquid CRDS. Moreover, as can be 

seen in Table 5.1, the longest detection path used in CRDS is provided by our setup. This 

entails also the lowest absorption cross section, being achieved because the light interacts 

to nearly 100% with the injected sample in the liquid core waveguide. 

 

Summing up, the new method of incorporating LCWs into FLRDS experiments 

has successfully achieved the initially set goal of providing small detection volumes (< 1 

μL). This satisfies the volume requirements of modern analytical techniques, and, 

additionally, also provides a low detection limit in the nanomolar range. 
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Chapter 7. 

Future Work 

 

7.1. Using Teflon AF as Waveguide Material 

 

As in every new analytical method, there is room for improvement in the 

experimental setup. One disadvantage of the LCW-CRD experiment is that the matrix 

liquid is DMSO, which was chosen to achieve light guiding properties within the LCW. 

Yet, in most industrial processes aqueous solutions are common. Since the refractive index 

of water is only about 1.33 water cannot guide light through glass capillaries. As discussed 

in Chapter 1, many liquid core waveguide experiments are performed using waveguides 

that are either made from Teflon AF coated capillaries or made entirely from Teflon AF to 

provide light guiding also with aqueous solutions. Since Teflon AF has a lower refractive 

index than water (1.29 vs. 1.33), LCW-FLRDS experiments utilizing Teflon AF as LCW 

material would be applicable to all kinds of solvents, which would make the technique 

much more universal, and this method could be readily incorporated in pharmaceutical, or 

other industrial, processes for online measurements. Therefore, it would be worthwhile to 

engage in further experiments and research to integrate Teflon AF waveguides in FLRDS 

experiments. 
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7.2. Creating the Probe Light within the Waveguide Cavity 

 

As discussed in Chapter 4, the system-inherent losses should be kept as low as 

possible, in order to enhance the absorption effect of the sample of interest. Although not 

too much of a concern in mirror-based CRD systems, it is very challenging to introduce 

light into waveguide-based ring-down experiments. One elegant way to do this would be to 

create the probe light within the cavity itself, for example, by means of fluorescence. If the 

waveguide was coated with a fluorescing layer or a fluorophore would be contained in the 

matrix liquid, photo excitation from the outside would create probe light inside the cavity 

and a small part of the light would be guided within the waveguide. The amount of guided 

light can be estimated by calculating the volume fraction of the light that is guided in the 

waveguide. This light occupies two spherical cones, one for each guided direction, with 

point angles equal to twice the maximum propagation angle inside the waveguide 

assuming an isotropic fluorescence light emission from a point source. The propagation 

angle, α, within the waveguide is 
2 c

πα θ= −  with cθ  being the critical angle given by the 

refractive indices of the core, coren , and cladding, claddingn , materials. An isotropic light 

distribution fills a sphere around a point source with light. The volume of this sphere3, 

VISO, is given by Equation 7.1. 

 

 34

3ISOV Rπ=   (7.1) 

 22

3SCV R hπ=   (7.2) 
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The volume of a spherical cone4, VSC, is given in Equation 7.2. A spherical cone is 

a sum of a cone5 with a point angle, α, and a slanted side length of, R, and a spherical cap6 

with the height, h, of a sphere with radius, R. The height if the spherical cone, h, is defined 

by the height of the spherical cap. The relation of the height, h, to the point angle, α, of the 

cone and the radius, R, of the sphere is given in Equation 7.3. 

 

 * (1 cos )h R α= −   (7.3) 

 

Combining Equation 7.2 and 7.3 gives 

 

 ( )32
1 cos

3SCV Rπ α= −   (7.4) 

 

The amount of guided light within the waveguide is then the ratio of the volume 

of two spherical cones to the volume of the sphere of total fluorescently emitted light from 

an isometric point source and is given by Equation 7.5. 

 

 
( )3

3

2
2 1 cos2 3 1 cos

4
3

SC
guided

ISO

RV
I

V R

π α
α

π

−
= = = −   (7.5) 

 

As mentioned earlier, the propagation angle, α, is defined by the refractive indices 

of the core and cladding material and cosα  can be expressed as follows. 
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 cos cos sin
2

cladding
c c

core

n

n

πα θ θ = − = = 
 

  (7.6) 

 

Assuming a liquid core waveguide made from a fused silica capillary (RI = 1.45) 

as cladding and DMSO (RI = 1.4785) as core liquid as presented in this thesis, the guided 

light with such a waveguide produced by fluorescence can be calculated to be 1.9% of the 

total light created assuming an isometric distribution. Although this is a very small 

fraction, fluorescence excitation would still provide a promising approach to input light 

into the optical cavity, since it does not introduce losses due to couplers. 

 

 

7.3. Extending the Sample Path to the Whole Loop Cavity Length 

 

Of course, when striving for even lower detection limits, it is easy to imagine 

what would happen if the sample path length could be increased even further. The 

maximum path length imaginable in a waveguide cavity ring-down setup would be realised 

if the whole cavity was made from the sample cell, that is if the entire waveguide loop was 

produced from the sample capillary. This idea raises the question of how to introduce both 

the sample and the light into the cavity. Light introduction could be done by the means of 

fluorescence (cf. 7.2) or by adapting the notch coupling scheme examined by Rushworth et 

al.7 The top notch coupling technique could potentially also be combined with a 

simultaneous liquid introduction into the cavity. 

Making the whole cavity from the sample loop opens up to the possibility of 

incorporating such optical waveguide cavities and absorption techniques in lab-on-a-chip 
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devices. Our research group has already considered this possibility and a glass chip has 

been designed. Loop structures of different depths and widths have been etched into a glass 

substrate and covered with another glass plate, providing access holes to introduce liquid 

into the different waveguides. The resulting glass chip layout is presented in Figure 7.1. 

 

 

Figure 7.1. The glass chip with different liquid core waveguide loops. (a) A schematic diagram of the design 

of the chip. Channel depths are either 5 μm (three biggest ring channels) or 40 μm. Waveguide widths range 

from 20 μm to 300 μm, and loop diameters range from 2 cm to 8.5 cm. There are two different loops 

designed on this chip: 1. Loops with opposing liquid inlet and outlet and 2. waveguides for which the liquid 

inlet and outlet are close to each other and are separated only by a thin wall. The latter option opens the 

possibility for the loop waveguides to be intersected with a microfluidic channel in the spot where the liquid 

inlet and outlet are separated from each other. The microfluidic channel can, for example, be used for 

(a) 

(b) 

(c) 
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microfluidic separation, and the LCW cavity ring-down spectroscopy setup can be used as a UV-Vis 

spectroscopy detector. (b) A picture of the glass chip. (c) A 3D drawing of the glass chip. 

 

 

7.4. Exploiting the Broadband Nature of Liquid Core Waveguides 

 

Fibre-loop ring-down spectroscopy can be used at multiple wavelengths at the 

same time, thanks to the broadband nature of the waveguides. This was explored by 

Waechter et al. by using either two lasers and two different dyes and later by using two 

UV-LEDs and measuring DNA purity.8 Multiwavelength measurements can be adapted to 

liquid core waveguide cavity ring-down experiments as well, as LCWs also permit 

broadband transmission from UV wavelengths to near infra-red wavelengths depending on 

the liquid used.  

Then, two measurement principles could be exploited: the wavelength 

discrimination could either be performed before the cavity or after the cavity. First, 

measurements, for which the wavelength discrimination is done before the cavity, can 

either be performed with sequential injection of light pulses at different wavelengths and 

observation of the ring-down trace in the time domain, one wavelength at a time, or by 

modulating different wavelengths at slightly different modulation frequencies for 

frequency domain measurements and filtering the overall signal at the cavity output with 

the use of multiple lock-in amplifiers to record each phase-shift separately. The latter has 

been demonstrated for two wavelengths by Waechter et al.8 

Second, if the wavelength discrimination is performed after the cavity by means 

of a dispersion element, such as a prism or an optical grating, a white light source, such as 
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a supercontinuum light source, could be used. The light source would have to be intensity 

modulated and the phase-shift of the intensity modulated output at each wavelength could 

then be related to the absorption within the cavity. Analogous to an intensity-modulated 

light source one could couple a very short but transform-limited laser pulse, such as a 

femto-second pulse, to the cavity and observe the ring-down events at each wavelength 

separately with a detector array, such as a charge coupled device (CCD). Alternatively to a 

very short single pulse, a frequency comb could be used as an input light source as well.9 

Ultimately, the first step to multi-wavelength detection in liquid core waveguide 

ring-down setups would be to characterize the behaviour of LCWs and their requirements 

at shorter wavelengths, such as UV or near UV wavelengths. 

 

In conclusion, liquid core waveguide cavity ring-down spectroscopy has the 

potential of becoming a very versatile absorption technique, that can be used to record 

absorption spectra with a very high sensitivity for a wide range of wavelengths and having 

the capability of being incorporated in industrial separation techniques as an online 

detector or in microfluidic devices to analyze small sample volumes. 
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Appendix: Devices Built for CRDS Setups and CRDS Research in Our 

Laboratory 

 

Appendix 1. Aluminium Block Interface 

 

Aluminium block interfaces are used to provide a liquid tight seal around ferrule-

ferrule connections of fibres and LCWs. 

 

Figure A.1. Aluminium block interface. It allows liquid introduction into the LCW and seals the ferrule-

ferrule connection between the fibre and the LCW. 
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Appendix 2. Ferrule Positioning Collet (Design) 

 

The ferrule positioning collet is used for moving a ferrule within an aluminium 

block interface axially with respect to the other ferrule. The resolution is 0.635 mm per full 

turn of the adjustment screw. The ferrule slides through the collet from the back. The collet 

grips the ferrule, once it is inserted into the aluminium block interface, and turning the 

adjustment ring moves the collet, which is clamped into the collet holder. 

 

Figure A.2.1. Explosive view of the ferrule positioning assembly. The individual parts are shown in the 

following figures. 
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Figure A.2.2. Adjustment plate of the ferrule positioning assembly. It serves two purposes. On the one hand, 

it provides the thread that the adjustment ring (Figure 8.7) threads on. On the other hand, it is screwed onto 

the aluminium block interface with the use of the guiding posts (Figure 8.4), and therefore exerting pressure 

on the O-ring that seals the ferrule. 

 

 

Figure A.2.3. Guide posts. The collet holder slides on the guide posts back and forth. 
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Figure A.2.4. Collet and part 2 of collet holder. The collet slips over the ferrule from the back. By tightening 

the collet holder part 2, the collet is pulled into the collet holder, which tightens the collet onto the ferrule. 

 

 

Figure A.2.5. Collet holder. This part slides back and forth on the guide posts and holds the collet. Tightening 

the collet is done by tightening the collet holder part 2 and with that pulling the collet into the collet holder. 

The cones of the collet and of the collet holder then press against each other and clamp the collet tightly 

around the ferrule. The collet holder is held in place within the adjustment ring by the front rim on the collet 

holder and by three screws with Teflon washers (not shown here, cf. Figure 8.2) in the back. 
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Figure A.2.6. Ferrule positioning assembly adjustment ring. The adjustment ring threads over the adjustment 

plate and it moves the collet holder in and out when being turned. The collet holder is fixed to the adjustment 

ring by a rim on the collet holder itself and by three screws with Teflon washers in the back (cf. Figure 8.2). 
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Appendix 3. Ferrule Holder for Gluing LCWs 

 

A simple aluminium stage has been created to hold ferrules and waveguides in 

place while being glued together. Since the stage is made from metal, it can be put into an 

oven for curing epoxy glues. The pedestals for the ferrules can be adjusted freely to any 

spacing. 

 

Figure A.3.1. Ferrule gluing stage base. A simple stage for gluing ceramic ferrules to LCWs and fibres has 

been devised for the purpose of curing the glue in the oven at 150˚ C. 
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Figure A.3.2. Ferrule gluing stage sliders. Three sliders were manufactured to be screwed onto the base, to 

provide the appropriate support for the ferrules, and to be adjustable. 
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Appendix 4. Interfaces Made by Micro-Milling 

 

With the use of a micro-drill press and end micro-mills (ball end or square end), 

many grooved interface plates have been manufactured in various plastics, aluminium, and 

glass. The travel distance for the linear stage was 25.4 mm and a rotary stage provided the 

possibility to change the angle (1˚ resolution) and create two, or more, intersecting 

grooves. 

 

 

 

(a) (b) 

(c) (d) 
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Figure A.4. Micro-milled interfaces. With the use of a micro-drill press, a linear, and a rotational stage, 

multiple fibre interfaces have been produced mostly from plastic but also from glass plates. The plastic, or 

glass, plates were affixed onto a rotational stage, which in turn was screwed onto a linear stage. This stage 

assembly was then placed under a micro-drill press (cf. 8.4.a), but instead of a drill bit, a micro-milling bit 

(Drill Technology) was used. The material could be moved back and forth (x-direction) with the linear stage, 

and rotated with the rotational stage, for producing angled channels. The depth was set at the drill press. 

Pictures (b) through (d) show views at different stages of the milling process. The rotation speed was held at 

approximately 1500 rpm for plastics, and was increased to 6000 rpm for glass. The translation speed was 

approximately 0.6 mm per minute, which was controlled manually at the linear positioning stage. Depths of 

approximately 0.012 mm were milled at one pass. Glycerin was used as a cooling and cutting fluid. Figure (e) 

shows two channels for an FLRDS interface at an angle of about 10˚. A capillary and a fibre were inserted to 

show the final alignment. A head-on picture of a square cut channel with an inserted capillary is shown in (f). 

One half of the final channel was cut into the top and the other half into the bottom plate. Besides square 

channels, also round channels were produced with a ball end micro-mill. 

 

  

(e) (f) 
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Appendix 5. Fibre Scope Attachments (Design) 

 

A fibre scope attachment has been designed, in order to be able to look at the end 

face of a bare fibre held in a commercially available fibre holder. 

 

Figure A.5. A fibre inspection scope attachment for bare fibres. The attachment allows for the inspection of 

optical fibres, held in a bare fibre holder, with the use of the fibre inspection scope CL-200 from Thorlabs. 
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Appendix 6. Fibre Stripper Micrometer Screw Attachment 

 

A micrometer screw has been attached to a wire stripper for being able to adjust 

the opening of the wire stripper that is used to strip optical fibres without scratching or 

destroying them. 

 

 

Figure A.6. Micrometer screw attachment for a wire stripper. A micrometer screw has been attached, with the 

above shown braces, to a wire stripper. 



224 
 

Appendix 7. LED Holder for Multiple LEDs as Light Source (Design) 

 

Since LEDs are cheap, available at many different wavelengths, and have recently 

become much brighter, they have become more interesting as light sources for 

spectroscopy. A holder for seven LEDs has been designed, in which six LEDs are arranged 

around a center LED. The outer LEDs are tilted, in order to focus the light output. Five 

holders have been produced with the use of a CNC mill. Three LED holders have been 

used with seven LEDs each, at 470 nm, 505 nm, and 532 nm, to build high intensity light 

sources. The LEDs can be sinusoidally modulated up to 20 MHz. Furthermore, the LEDs 

can be placed in front of a tapered light tube, focussing the emitted beam that can then be 

coupled into an optical fibre. 
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Figure A.7. A holder for seven 5 mm LEDs. The outer LEDs are tilted by 15° towards the inner LED, slightly 

focussing the light. In this light source, LEDs of either one or multiple colours can be placed. If focussed 

through different optics, the output can be coupled into an optical fibre. The LEDs can be addressed one by 

one or all at once, and typically, LEDs can be modulated up to multiple MHz frequencies. Light sources at 

532 nm, 505 nm, and 478 nm have been manufactured. 
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Appendix 8. LED Illumination Ring for Camera Microscope 

 

The camera microscope used in our laboratory was lacking a proper light source. 

Consequently, a plastic LED attachment ring has been designed and manufactured, 

featuring sixteen bright white LEDs. The LEDs have been tilted to focus their output about 

3 cm away from the microscope lens, at the focal point of the microscope. The LEDs have 

been connected in parallel and powered by a single external power supply. A current 

setting resistor has been incorporated in the circuit. 

 

Figure A.8. LED light ring. A light ring for a telescopic microscope camera has been designed, featuring 

sixteen bright white LEDs. 
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Appendix 9. PMT Socket Holders 

 

PMTs have been fixed in black metallic boxes and for the attachment of the PMT 

sockets, sheet metal parts have been manufactured. 

 

Figure A.9. Photomultiplier tube socket holder. Three new PMTs have been purchased, and each of them has 

been fixed into a metal detector box by the means of a PMT socket. The sheet metal holder for the PMT 

sockets is shown above. 


