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1 Introduction

Coherent Anti-Stokes Raman Spectroscopy (CARS) is one of the most widely
used nonlinear mixing spectroscopy techniques and is capable of nonintru-
sive major species concentration and temperature measurements with good
spatial and temporal resolution. This capability makes CARS an ideal tool
for analysis of turbulent combustion environments. Work carried out at the
University of Cape Town (UCT) using this technique has concentrated on
nitrogen gas thermometry in the utilisation of fossil fuels. Large shot-to-shot
spectral fluctuations in the CARS signal have been observed at UCT and
have been widely reported elsewhere [1] [2] [3] [4].

Various techniques have been developed to minimise the effect of the shot-to-
shot spectral fluctuations. Where an instantaneous measurement is required,
it 1s possible to correct the CARS spectrum with an accurate nonresonant
reference spectrum (using a reference cell) which is generated simultaneously.
This technique can result in some difficulties, especially in beam alignment
and Pealat et al. [2] have shown that noise arising from Stokes shot-to-shot
fluctuations cannot be completely eliminated in this way. Otherwise, where
an instantaneous measurement is not required, averaging over a number of
CARS spectra can be emploved.

The second harmonic of a single longitudinal mode Nd:YAG laser is used as
the pump beam and a broadband dye laser is used as the Stokes beam for
CARS work at UCT. The dye laser is pumped by split-off portions of the
frequency-doubled Nd:YAG. There has been some debate in the literature
as to the relative noise merits of using single-mode and multimode pump
lasers for CARS [5] [3] [6]. however there is agreement that the shot-to-
shot fluctuations in the Stokes laser are a major source of CARS noise [2].
Studies have been carried out into temporal smoothing of dve laser pulses
using saturated amplification to stabilise the pulse energy [7] [8]. However. for
CARS work. information is derived from the spectral shape and pulse energy
stabilisation of the Stokes laser is less important than spectral fluctuations
in the signal.

It is believed that the Stokes laser spectral fluctuations originate in the statis-
tical nature of the quantum noise which is present in the laser buildup [7] [9].
This is confirmed by the theoretical analysis of Mironenko and Yudson [10]
[11] which shows that the generation spectrum of a multimode laser is not
smooth, but a “heavily jagged frequency function”. The analysis, however,
takes no account of possible correlatious between modes.
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Pealat et al. [2] predict that the use of Stokes lasers with improved spec-
tral profiles should halve the uncertainty associated with CARS temperature
measurements (of the order of 50 ). With the advent of tunable, solid-state,
broadband lasers it should be possible to use a laser such as the T3 : Al,O4
laser as the Stokes beam instead of the dye laser, provided potential problems
associated with the build-up time can be overcome. In our laboratory, work
is being performed to produce a pump beam at the correct frequency for use
with the T : Al,0; laser using Backward Stimulated Raman Scattering
(Backward SRS) [12].

The T%3* : Al,O5 laser is expected to show considerably reduced shot-to-shot
spectral fluctuations in comparison with the dye laser as the effects of the
turbulent flow of the dye and chemical interactions within the active medium
are not understood and may contribute significantly to shot-to-shot spectral
noise. Indeed, Chyba et al. [13] have attributed the chaos in a single-mode
dye laser to the turbulent dye flow in the dye cell. Chaos was absent from
two similar dye lasers which use a dye jet rather than a dye cell.

Therefore, in order to improve the CARS results it is important to investigate
the factors affecting shot-to-shot spectral fluctuations of the dye laser. A
qualitative measure of spectral fluctuations can be obtained by observing
the trace of an oscilloscope which is connected to the detector, but a more
rigorous method of quantifying shot-to-shot fluctuations is required if the
performance of the dve laser is to be evaluated under varying conditions
(such as using different dyes). This quantitative measure of noise is also
needed for a comparison with the 7" : Al,O5 laser.

Most published work on C'ARS noise and noise in multimode lasers has as-
sumed independence of the laser modes [3] {14] [6] [10]. The rationale for
this assumption as expressed by Greenhalgh and Whittley [14] is that typ-
ically > 10* modes are present in a broadband dye laser with a bandwidth
of ~ 5 nm and therefore the loss of one mode has little effect on the other
modes, “which leads to the important conclusion that individual modes are
statistically independent™.

Westling and Raymer et al. [9] [15] have shown that mode correlations as well
as mode anticorrelations exist in a pulsed dye laser due to competition for the
gain and spatial hole burning. This is consistent with the maximum-emission
principle of Statz and Tang [10].

In an earlier paper on time autocorrelation of the total broadband output
intensity of a multimode cw dye laser [17], Westling et al. have shown that at
low powers only two correlated longitudinal modes lase at any time athough
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the time-averaged spectrum appears fairly smooth. Above a critical power
there is a transition to a “chaotic™ state where many modes lase simultane-
ously and are uncorrelated. Further studies on the dynamical instabilities
of multimode lasers using concepts such as attractor dimension from chaos
theory have been performed by Atmanspacher and Scheingraber [18] as well
as by Kotomtseva et al. [19].

Atmanspacher et al. [20] use a model of packets of strongly coupled modes
at lower spectral powers to explain mode correlation times in a multimode
cw dye laser. At higher powers the number of mode packets increases. The
extension of these results to a pulsed broadband dye laser has not been
investigated fully. Thus, in geueral, the light from a multimode laser is
not well described by the model of chaotic light where mode phases and
amplitudes are statistically independent.

Kroll et al. [3] state that the assumption of independent modes is expected
to be valid for a pulsed dve laser operating high above threshold as, in this
regime. spatial hole burning and mode competition are negligible. How-
ever, in a paper on CARS noise using a broadband dye laser as the Stokes
beam [1], Snelling et al. indicate that the existence of mode correlations in the
Stokes laser, reducing the number of independent modes, is the most likely
explanation for their experimental results. The validity of the assumption of
independent modes in a pulsed dye laser. operating high above threshold, is
investigated using autocorrelation analysis in Section 5.4.

In the past. a mixture of two dyves, Rhodamin 610 (R11610) and Rhodamin
640 (Rh640). had been used for the CARS work in this laboratory. For the
nitrogen thermometry work being done. the fluorescent peak of the broad-
band dye laser is required at 606.7 nm. This is aiming half way between the
main peak and the “hot baud™ and assumes a Raman frequency of 2315cm™".
Another dyve which can be diluted { with ethanol ) so that it fluoresces at the
required wavelength without requiring mixing with another dye is Sulforho-
damin 101 (SfRh101). The dilution required, however, is at the expense of
beam power and it has been found that the dye laser beam power is too low
for satisfactory CARS work.

Preliminary investigation in May 1991 revealed that the SfRh101 on its own
is considerably more spectrally reproducible than the R1h610/640 mixture.
Initially. this led to the conclusion that the mixing dyes should be avoided.
However. as the SfRh101 was unsatisfactory on its own. it was decided to mix
the STRh101 with the Rh610. This seemed a logical step as the fluorescence
peaks of the SfRh101- and RLG10 dyes lie closer to each other than those of
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Rh640 and Rh610. In addition, the SfRh101 had proved to be considerably
less noisy than the Rh610/640 mixture.

Subsequent investigation in June 1992 revealed that the Rh610/SfRh101 mix-
ture was less noisy than the Rh610/Rh640 mixture, but not by much. It was
also very apparent that the June 1992 spectral measurements were, on the
whole, much less noisy than those of May 1991. The only apparent difference
in the experiments lay in the method of choosing the dye amplifier concen-
trations. The laser manufacturers recommend using a third of the oscillator
concentrations in the dye laser amplifier. This seems to be an empirical rule
and was used for the May 1991 measurements.

In June 1992, however, it was decided to add a third of the Rh610 concentra-
tion to the amplifier and then to tune the amplifier to the correct wavelength
(606.7 nm) by adding the Rh640 or SfRh101. Thus the Rh610 or SfRh101

concentration in the amplifier would be higher than that in the oscillator.

In addition, the effects of inserting a bandpass filter into the dye laser os-
cillator as well as between the oscillator and amplifier, were investigated. It
was found that this did not improve the spectral profiles and so the use of
the filter was discontinued.

In this thesis, an attempt has been made to isolate the principal causes of
dye laser spectral noise. Combinations of three dyes, Rh610, Rh640, and
SfRh101, as well as methods of tuning have been investigated with an aim
to produce a dye beam. suitable for CARS work, peaking at 606.7 nm. The
investigation includes the aquisition of nonresonant CARS spectra from a
cell containing argon, generated using the various dye combinations. The
introduction of scattering particles into the dye laser oscillator has also been
investigated as a possible method of reducing spectral fluctuations. Three
sizes of scattering particle have been investigated as well as different particle
concentrations. Finally, a broadband, tunable, solid state Ti:Sapphire laser
has been assembled and spectra obtained for noise comparison with the dye
laser spectra. Methods of noise characterization have been investigated and
auto-correlation techniques have been used for the investigation of correla-
tions between groups of modes in lasers.

Pealat et al. [2] indicate that a significant contribution to CARS noise is a
result of the very high frequency structure with a period of the order of the
dye laser mode spacing. Variations in response to the different rotational
lines are caused by shot-to-shot frequency jitter and amplitude fluctuations.
This very high frequency spectral noise is not addressed in the analysis of
this thesis as the highest possible spectral resolution observed corresponded
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to one detector pixel of the OMA. Of the order of ten longitudinal modes of
the dye laser are observed with each pixel. This is not taking the effects of
detector cross-talk into account, which reduce the resolution further.
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Iligure 1: The CARS Interaction

2 Theory

2.1 Brief CARS Theory

In this section a brief discussion of the background theory to the CARS
interaction is given. Rigorous treatments of CARS theory can be found in
References [21].[22]. and [23].

CARS is a nonlinear optical process involving three-wave mixing. Laser
fields at two different frequencies. w, and wy, are used to excite a medium,
interacting through the third-order nonlinear electric susceptibility y® of the
medium. A coherently oscillating polarization at a frequency corresponding
to a threefold sum of the incident frequencies is produced. The resulting
induced polarisation field acts as the source term in Maxwell’s wave equation
and a CARS beam at trequency w,s = w, + (wp —ws) is produced. Figure 1
gives schematic view of the ('ARS interaction.

\ ) has resonant and nonresonant contributions and so the three-wave mixing
occurs for all samples. It w, — w, corresponds to a Raman transition, the
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A broadband laser pulse is generated through the amplification of initial
spontaneous noise. The statistics of the initial spontaneous noise is known
to be Gaussian [24]. As amplification and frequency filtration are linear oper-
ations which do not change the Gaussian character of the radiation, one might
expect the broadband laser radiation to be Gaussian in character. However,
this is only true if the saturation of the active medium is disregarded. This
saturation is a nonlinear process which acts to distort the Gaussian character
of the radiation.

The nonlinear nature of the energy stabilisation is easily recognised in the
limitations this imposes on the intensity range of the radiation. For pure
Gaussian noise there is no sucl limitation.

Masalov [24] has shown that the statistics of broadband laser radiation de-
pends on the number of generated longitudinal modes. For a small number
N of longitudinal modes the difference from the Gaussian statistics is large,
while for large NV the difference becomes very small. For the broadband
dve laser used for CARS work. the number of longitudinal modes generated
is very large (tvpically ~ 10*) and the longitudinal mode structure is not
pronounced. Therefore the broadband dye laser radiation is expected to be
Gaussian in character.

For broadband radiation obeving (Gaussian statistics it is convenient to write
the electric field in the form [24]

E(t) = /p(t)e(t)e?™ ! (2)

where p(t) represents the pulse envelope, v is the central radiation frequency,
and z(t) is a complex amplitude of Gaussian noise representing the amplitude
of the amplified spontaneous noise. z(t) is suitably frequency filtered so that
the spectrum of z(¢) coincides with the spectrum of the output radiation.
By definition. the Gaussian nature of the statistics of () means that its
distribution is normal. It is not necessary to introduce coordinates describing
the beam cross-section into Equation 2 as one of the assumptions of the model
is that only the lowest transverse mode is being considered.

The intensity of the radiation is given by

(1) = E*(t)E(t)
= p(t)e™(t)e(t) (3)
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This is just the intensity of the Gaussian noise modulated by the pulse en-
velope.

Note that the effects of nonlinear interaction such as nonlinear absorbtion,
self-phase modulation, etc. ,with the resonator elements have been ignored.
The effects of nonlinear interactions depend on the beam intensity and on
the type of interaction. Thus it is difficult to formulate a model of laser radi-
ation which allows a description of the radiation with nonlinear effects. For
lasers in which nonlinear interactions cannot be ignored, the properties of
Gaussian statistics cannot be applied to the complex amplitude ¢(¢). How-
ever, Masalov [24] has shown that, for nonlinear interactions, the number of
modes necessary to ensure the Gaussian character of laser radiation increases
with the interaction nonlinearity, and for a very large number of modes (such
as the 10* dye laser modes), the radiation statistics in A'-photon processes
is expected to be equivalent to radiation with Gaussian statistics for a large
range of K.

Measurements of 3-photon sodium atom ionization using a broadband neodymium-
glass laser (~ 10* longitudinal modes) have shown within experimental error

that the radiation of this laser is equivalent to radiation with Gaussian statis-

tics in nonlinear interactions at least for K' < 5 {25]. Extension of this result

to the broadband dye laser and to higher order nonlinear processes requires
experimental verification.

The intensity distribution for radiation which can be described using Gaus-
sian statistics is well known and is given by

PU) = —cap(— ) (4)
(I (I

where (I) is the mean radiation intensity which is time dependent for pulsed
lasers. Note that no limitations are placed on the spectral shape of the pulse
by the use of Gaussian statistics. The spectrum may assume any shape. For
an exponential distribution, the most probable value of the intensity is zero,
but the distribution admits arbitrarily large values for I. This property dis-
tinguishes Gaussian noise from real radiation where clearly there are always
energy constraints which limit the maximum permissible intensity. However,
as already mentioned. lasers operating within the constraints of the model
and with a large number of longitudinal modes should obey Gaussian statis-
tics.

The analysis thus far has been limited to temporal fluctuations of laser radia-
tion. A general analysis of spectral fluctuations of broadband laser radiation
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is absent from the literature. The reason for this is linked to the effects of
amplification saturation on different modes. For modes with a low average
energy which lie in the spectrum wings, the effects of amplification saturation
are less pronounced than for those with a higher mean energy whose frequen-
cies lie near the spectrum maximum. The mode energy distribution for the
modes in the wings differs little from an exponential distribution while that
of the central frequency modes differs most. Therefore the formulation of
an energy distribution which is valid for all spectral modes is a non-trivial
problem.

The main characteristics of the spectral structure of broadband laser radia-
tion can be obtained from its temporal structure. The amplitude spectrum
s(v) of a given pulse can be obtained through Fourier transformation from
the time domain field amplitude E(¢) in the usual manner :

s(v) = /E(t)e—hwtdt
E(t) = /s(u)e”i"’dt (5)

For our model, the time domain field amplitude E(t) is an interval of Gaus-
sian noise. Fourier transformation is a linear process and thus the Gaussian
character of the statistics is preserved. Therefore s(v) also has the properties
of Gaussian noise. Masalov [24] shows that the interval which characterizes
the frequency scale of the random structure in the spectrum is given by the
inverse pulse duration 1/7,.

The quantity which is measured by the detector pixels is the energy spectrum

S(v) where

S

() = |s) [
= //E'(t)E(t+r)e2"f"*dtdr (6)

The energy distribution is exponential due to the Gaussian nature of the
amplitude spectrum and is given by

s

1
(S(v))

(v)
(S(v))

P( ) (7)

o

(v) = exp(~
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where (S(v)) is the average radiation spectrum.

The ideal device for observing pulse spectra should have a spectral resolution
Ay which does not exceed !/T,. For such a device, the observed spectra
should have a random structure with deep drop-offs, almost reaching zero,
and with a frequency scale ~ 1/T,. Unfortunately, for a pulsed dye laser
with a pulse length of the order of 10 ns the resolution required is very
high ~ 0.003 em~!. The highest possible resolution of the OMA used for
the measurements corresponded to one detector pixel, giving a resolution of
~ 0.15 em~!. This is well below the ideal resolution. Another effect resulting
in a further loss of resolution, not accounted for thus far, is the cross-talk
between adjacent detector pixels (~ 3 — 5 pixels for the OMA used).

The effect of using a spectral device with a lower resolution is to cause a
smoothing of the random structure of the spectrum. In this case the fre-
quency scale of the structure is of the order of the instrument resolution Av

and the relative depth of the structure is ~ y/AvT),.

The model presented here has only taken account of the statistical proper-
ties of broadband pulse spectra. Random structure in spectra can also be
related to the frequency selective properties of resonator elements and struc-
ture of the optical transition of the active medium. These effects have not
been addressed. Further. in the interaction with matter. it is only in the
simplest cases that the spatial structure of the lowest transverse mode can
be neglected. In addition. this analysis takes no account of broadband laser
radiation where more than one transverse mode is present. Therefore, the
model is only a first approximation to broadband laser radiation and further

work in this field is warranted.

Jmh MSec thesis Page: 11 Date: January 15, 1993



UCT Laser Physics Group Department of Physics

3 Experimental Setup

The experimental setup used was as given in Figure 2.

3.1 Nd:YAG Laser

A pulsed Nd:YAG laser, operating in a single longitudinal mode, was used
for the measurements. The beam is initiated by flashlamp excitation of the
Nd:YAG crystal in the oscillator and an infrared pulse with a wavelength
of 1064 nm is produced. The pulse length is of the order of 13 ns with a
linewidth less than 0.001 e¢n~! [12]. The oscillator is Q-switched using a

saturable absorber dyve.

The laser pulse from the oscillator is allowed to expand by diffraction along a
6 m path and then amplified using two flashlamp-driven amplifiers in series.
The beam expansion is necessary in order to fill the amplifier rods. The
frequency of the pulse is then doubled by propagation through a KDP crystal.
The wavelength of the pulse after frequency doubling is 532.0 nm and the
beam appears in the green region of the visible spectrum. A portion of the
beam (10 %) is then split off to pump the dye laser oscillator and another
portion (25 %) is split off to pump the dye laser amplifier. The remainder of
the green beam propagates along an optical delay path of the order of 1.3 m
before combining with the dye laser beam. The delay path is necessary as
the dye laser takes time to reach threshhold and the two beams must be

coincident for CARS work.

3.2 Broadband Dye Laser

The dve laser consists of two components: an oscillator and an amplifier.
The oscillator cavity length is 60 cm. Dye is pumped through a dye cell of
active length ~ 1 ¢m in each component with separate dye circuits for the
oscillator and amplifier. Thus different dye concentrations can be used in
the oscillator and amplifier. Each dye circuit contains approx. 500 m! of dye
solution. The two dve cells are transversely pumped by split-off portions of
the frequency-doubled Nd:YAG beam.

The dye laser is tuned by varying the dye concentrations in the oscillator
and amplifier. The wavelength of the broadband laser peak is required at
606.7 nm for C'ARS using this system. Thus the dye beam appears in the
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orange region of the visible spectrum. The bandwidth of the dye laser beam
was typically of the order of 3 nm.

3.3 CARS Cell and Spectrometer

For colinear CARS measurements, the coincident pump (green frequency-
doubled Nd:YAG beam) and Stokes beams (orange dye laser beam) are
brought to a focus in the gas cell of interest. The emerging coincident beams,
which includes a CARS beam (cf. Section 2.1), are recollimated using another
lens and pass through a dichroic filter which allows transmission of the CARS
beam only. The pump and Stokes beams are stopped in a beam trap. The
CARS beam is focussed onto a slit at the entrance to the spectrometer and
then diverges and falls onto a holographic grating. The grating focusses
the beam to a line focus using the astigmatism built into the grating and
the beam then passes through a focussing telescope and is directed onto the
1024 detector pixels of the PARC EG&G 1421 Optical Multichannel Anal-
yser (OMA). A PARC 1461 Detector Interface is used for the detector control
and the digital recording of the signal.

The digitally recorded CARS signal is then corrected for detector background
noise, by subtracting a scan taken in between the laser firing intervals. Con-
tributions to the background noise originate from detector dark current or
noise present in the absence of a signal and from scattered light present in
the laboratory.

Measurements of the dye laser beam on its own were taken by blocking off
the Nd:YAQG beam immediately after the pumping of the dve laser. For these
measurements. the gas cell and focussing lenses for CARS generation were
removed and the dye laser was directed into the spectrometer.

The spectrometer dispersions were as follows :

e Dve laser beam at 606.7 nm : dispersion 5.629 x 107 nm/pizel
o CARS signal at 473.7 nm : dispersion 6.411 x 1073 nm/pizel

o [requency-doubled Nd:YAG at 532.0 nm : dispersion 6.101 x 1073 nm/pivel

The SOPRA Users Manual [26] gives more detail on the laser system.
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Table 1: Dye names

abbreviation | cross name Lambda Phystk name Code
Rh610 Rhodamin 610 Rhodamin B LC 6100
Rh640 Rhodamin 640 Rhodamin 101 LC 6400
SfRh101 Sulforhodamin 101 | Sulforhodamin 101 LC 6600

4 Dye Laser Method

As mentioned in the introduction, preliminary dye laser spectral measure-
ments in May 1991 and June 1992 had led to some inconclusive results and
a much more thorough and systematic investigation of dye mixtures and
methods of tuning the dye laser was necessary. For the nitrogen thermom-
etryv CARS work being performed. the dye laser was required to peak at
607 nm. Combinations of three dyes, producing an output at the correct
wavelength, have been investigated. The three dyes were purchased from
Lambda Physik and are referred to in this thesis by the abbreviations. The
full names and codes of the dyes are as given in Table 1.

4.1 Concentrations

The transversely-pumped dyve laser consists of two separate dye circuits : an
oscillator- and an amplifier circuit. Preliminary measurements in May 1991
and June 1992 seemed to indicate that the method of tuning the dye am-
plifier may be a significant factor contributing to spectral fluctuations. Two
methods were employed to optimize the concentrations for the dye mixtures,
differing in the concentrations used in the amplifier. These were as follows :

e Method of % concentration : Rh610 is added to the dve oscillator to
maximise the output intensity. The second dye (Rh640 or SfRh101) is
then added to tune the oscillator to the required wavelength. One third
of the oscillator concentrations is then used in the amplifier. Where this
method has been used. it is denoted by (% conc).

¢ Method of tuning amplifier : The oscillator is tuned as for the
method above. One third of the Rh610 is then added to the amplifier
and then the second dye (Rh610 or SfRh101) is added to the amplifier
so that the amplifier is tuned to the correct wavelength on its own.
This results in there heing a greater concentration of the second dye in
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the amplifier than in the oscillator. Where this method has been used,
it is denoted by (tuned).

The dyes, which were initially in powder form, were disolved in ethanol. An
increase in dye concentration results in a shift toward longer wavelengths. A
theoretical explanation for this is given by Schafer [27].

Another factor which must be considered in the choice of dyes and concen-
trations is that the lower the dve concentration, the less the output power.
This is true below the optimum concentration for the dye where the output
power is a maximum. It is for this reason that SfRh101 on its own is not
satisfactory for C'ARS work where the dye laser 1s required to peak at 607 nm
despite being the least noisy of the dyes. The maximum power output us-
ing the STRh101 dye occurs at longer wavelengths and the dilution required
to shift the laser emission to shorter wavelengths is at the expense of beam
power.

As a number of dye combinations and concentrations have been investigated
and are presented in this thesis, there is the risk of confusion between them.
In order to avoid this. letter codes have been introduced. These are given
below :

e A: RhG40 in the oscillator only.

e B: SfRh101 in the oscillator only.

e C: RhG10 in the oscillator only.

e D: Rh610/Rh640 mixture in the oscillator only.

e E: Rh610/Rh640 mixture in the oscillator. Rh610/Rh640 mixture in

the amplifier (% conc).

e F: Rh610/Rh640 mixture in the oscillator. Rh610/Rh640 mixture in
the amplifier (tuned).

e G: RI610/SfRh101 mixture in the oscillator only.

e H: Rh610/SfRh101 mixture in the oscillator. Rh610/SfRh101 mixture

in the amplifier (5 conc).

e I: Rh610/SfRh101 mixture in the oscillator. Rh610/SfRh101 mixture
in the amplifier (tuned).
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Table 2: Dve concentrations used.

uetter code | dye f oscillator | amplifier |

A Rh640 66mg/500ml

B SfRh101 | 42mg/500ml

C Rh610 96mg/500ml

D Rh610 95mg/500ml
Rh640 | 8.6mg/500ml

E Rh610 95mg/500ml | 31mg/500ml
Rh640 | 8.6mg/500ml | 2.8mg/500ml

F Rh610 95mg/500ml | 31mg/500ml
Rh640 | 8.6mg/500ml | 14mg/500ml

G Rh610 91mg/500ml
SfRh101 | 18mg/500ml

H Rh610 91mg/500ml | 30mg/500ml
SfRh101 | 18mg/500ml | 6.0mg/500ml

I Rh610 91mg/500ml | 30mg/500ml
SfRh101 | 18mg/500ml | 31mg/500ml

Table 3: Beam power readings

enerqy (mJ)/pulse

letter code | source
Nd:YAG (532nm) 140
E R1610/Rh640 (5 conc) 0.6
F Rh610/RhG40 (tuned) 0.6
H Rh610/SfRh101 (1 conc) 0.9
I RNh610/SfRh101 (tuned) 0.6

In addition, non-resonant C'ARS spectra, generated in a reference cell con-
taining Argon at a pressure of 10 Bar, have been observed using E, F, H, and
I. The letter codes assigned to these are E-CARS, F-CARS, H-CARS,
and I-CARS. respectively.

The concentrations used are given in Table 2.

4.2 Beam power readings

The beam power readings were as given in Table 3. Power readings were taken
with the laser operating at 5 Hz using a Scientech 380101 Calorimeter. The
uncertainty in the power readings is £0.2 mJ.
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Rh610/SfRh101 Dye Laser Shot
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Figure 3: Typical dyve spectrum for Rh610/SfRh101 (% conc.)

Runs of 50 shots (usually 6 runs) at 5 Hz were taken for each dye combi-
nation. The spectra were recorded using all 1024 pixels of the OMA (cf.
Section 3). In addition. as already mentioned. non-resonant CARS spectra
were obtained from a C'ARS reference cell containing Argon at a pressure of
40 bar. A typical dye laser spectrum (single shot) from run H is shown in
Figure 3 and a typical CARS spectrum (single shot) from run H-CARS is
shown in Figure 4. Note how the non-resonant CARS spectrum takes on the
shape of the dve laser spectrum and is slightly less jagged, indicating that
the CARS spectrum is less spectrally noisy.
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Non-resonant CARS Shot
Using Rh610/SfRh101
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Figure 4: Typical CARS spectrum for Rh610/5fRh101 (3 conc.)
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5 Methods of Analysis

The data analysis of the spectra obtained involves the problem of finding
a suitable measure of spectral fluctuations. This did not turn out to be a
trivial problem and various methods were attempted as outlined below:

5.1 Sum of squares of deviations

The first method used is intuitive and was intended as a preliminary method
in order to get some feel for the data. This method was applied to the
May 1991 measurements for which runs of 30 shots were taken ( runs of 50
shots were taken during the most recent measurements). During these mea-
surements. a preliminary comparison was made between the Rh610/Rh640
mixture and SfRh101 on its own.

For each run of thirty shots, each shot was normalised to constant energy
such that the integral of the counts taken over all 1024 pixels of the OMA
was equal to 10*. Note that 10* is entirely arbitrary and was used as a
basis for comparison between the dyes merely because it gave conveniently
sized numbers with which to work. Normalisation was used since, in CARS
work. the spectral shape is of greater importance than shot-to-shot energy

fluctuations.

Expressed mathematically, the spectra were normalised such that :

1024

> 1% =10 (8)
=1

A‘ . . .
where If» " represents the number of counts recorded in pixel ¢ of the nor-

malised shot k& .

An average normalised spectrum (Av), was then calculated for the file (usu-
ally 30 shots. but dud shots had to be removed for some runs) such that :

N
(A) = g 1 (9

where N is the number of shots for the file.

The sum of the squares of the deviations S®*) of each normalised spectrum
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from the average normalised spectrum was then calculated such that :

1024

S =3[ (Av), - 1Y ] (10)

An average S**) was found for each file as well as the standard deviation
of the mean. Using this method, a low value of S®*) indicates few spectral
fluctuations while a high value indicates poor spectral reproducibility.

The mean value of S for SfRI101 on its own was 996, while that for the
Rh610/Rh640 mixture was 8675. These results showed clearly that SfRh101
was considerably less spectrally noisy than the Rh610/Rh640 mixture. A
few runs of the Rh610 on its own were also taken and a value of 6359 for
S*) was calculated. Not too much confidence should be placed on this value
as, unlike for the other measurements, only alternate detector pixels (512 of
them) were in operation at the time and the effects of detector cross-talk
would not be the same as for the other measurements. However, this value
showed that a significant portion of the noise was a result of some intrinsic
property of the Rh610 dye.

During these May 1991 measurements, non-resonant CARS was also gener-
ated in a reference cell containing Argon and values of 7423 and 1120 for St
were calculated from the CARS spectra using the Rh610/Rh640 mixture and
the STRh101 dve. respectively. Thus it was clear that the spectral noise in
the non-resonant C'ARS signal followed the noise in the dyve laser.

This method of quantifying spectral fluctuations produces meaningful results
and could be used for noise comparison, but it is crude in its approach and
not mathematically elegant. For example. the choice of 10! counts as the
normalisation energy is entirely arbitrary. A more refined approach is in
order.
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processed which would give a negative v-value. This does not make sense.
Therefore it was decided to take v as unity.

The results vielded values for N which were too far from zero to be instructive.
Thus the y? test broke down when applying it to the data. Tests such as
the v? test rely on the statistical independence of the data set. One way in
which the data set may lose its statistical independence is through detector
cross-talk. This is a well known effect whereby there exists energy splashover
between adjacent pixels of the OMA. The energy splashover is typically of
the order of three pixels. Thus by sampling every 20th pixel, for instance,
one should eliminate detector cross-talk effects from the data and obtain a
statistically independent data set. This procedure was attempted, but the y?
test still broke down though the values of N did approach zero slowly when
fewer pixels were sampled.

The only plausible explanation for the failure of the \? test seemed to be
that there existed long-range spectral correlations between modes of the dye
laser. This was in contrast to many of the views expressed in the literature
(cf. Section 1).

Note that the observed and expected values must occur with a frequency
of > 5 for a \? test to be used and so only the mid 1000 pixels were sam-
pled (instead of all 1024) although sampling all the pixels made very little

difference.

5.2.2 Method B

The normalisation procedure of Method B differs from that of Method A. Let
Iﬁ-k) be the number of counts recorded by pixel 2 for shot k. A standardised
average spectrum (Ref); was found such that :

no.shots I(k)

af Y, = k=1 ! :
(R(t)' - shots pizels I(k) (14)
k=1 i=1 3

so that > (Ref); = 1. Then for spectrum & :

\/2 _ pirels (Ifk) _ '/V‘(k)(Ref)i)'Z
(k) = - ./V‘(k)(Ref)i

1

pixrels
=1

where \(;, = I*) ( ie. the total number of counts in 1024 pixels ).
(k) i I

In this way the expected frequency for pixel ¢ ( given by N,(Ref), ) were

i

scaled according to the energy of the particular shot. Once again the pixels
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5.3.2 Dimensionless Moments About Mean For Z

Dimensionless moments about the mean for Z were calculated for each file
as follows:

The r;, moment about the mean m, is given by :

S
1 ¢ —
me =5 E (20 _Z)y (18)
k=1

Recall from Equation 16 that S refers to the total number of shots in the
file. The dimensionless moment «, is given by :

m,

ad, = (—\/5—7;‘__2_'5;‘ (19)

Note that the standard deviation is given by s = \/m,. If Z were normally
distributed about Z, we would have a3 = 0 and a4 = 3. The values for a3
and ay were calculated for each file using the May 1991 data. The results
obtained indicated that Z was not nearly normally distributed. thus casting
doubt over the applicability of this method in analysing the data set. An
unknown quantity was the distorting effect mode correlations might have on
the statistical distributions.

The reproducibility comparison using this method shows that the spectra
obtained using the SfRh101 dye are more reproducible than those obtained
using the Rh610/640 mixture. An average value of r'*) was found for each
file and the mean value for the SfRh101 files was 0.973. The corresponding
value for the Rh610/Rh640 mixture was 0.845. Thus, the same conclusion
was reached using this method as the Sum of the Squares of the Devia-
tions Method discussed in Section 5.1. The question remained as to which
method. if any. was the most statistically sound so that it could be used as
the standard test for reproducibility of spectra.
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5.4 Auto-correlation Analysis of Spectra

The results of previous sections have shown that neighbouring pixels of the
OMA are not independent. This is witnessed by the failure of the standard
statistical tests to produce meaningful results. Standard tests such as the 2
test rely on the independence of the members of the data set on which the
test 1s being applied. It has become clear that this is not the case for the
detector pixels.

The detector array used for the measurements is known to have an energy
splash-over extending over approximately 3 pixels. Therefore, by sampling
every twentieth or fiftieth pixel an independent data set of random variables
should be obtained. The results of Section 5.2 have shown that this is not
the case. Therefore, the assumption of independent modes of the dye laser
would appear to be false. In this section, an investigation is made into the
correlation between the modes of the dye laser. The correlation between
neighbouring groups of modes is investigated using auto-correlation func-
tions. Two auto-correlation functions have been investigated (labeled A and
B) and differing in definition. Use of auto-correlation functions applied in
this way in the analysis of mode correlations does not appear in the literature.

5.4.1 Auto-correlation Function Method A

The first auto-correlation function investigated is as defined below. All 1024
detector pixels were processed and no normalisation of the shots was used
as this has no effect on the results using this method. The auto-correlation
function corresponding to a difference of ¢ between correlated pixels is given

by :

1024—: ’
POPt £ ¢7%
10240724 4 1024—-1 /2 1
(= YD o Yin)

¢(1) =
where :

e Y; =11
¢ I, is no. of counts recorded by pixel )

T _ 1 1024 7
o I" 1024 Zj:l IJ
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Plots were made of ®(¢) vs 7. For independent dye laser modes, one would
expect the autocorrelation function to drop to and hover around zero after
a pixel gap of the order of a few tens of pixels. The drop to zero would not
happen after only one or two pixels as there is some cross-talk between ad-
jacent pixels of the OMA. Thus for independent modes, the auto-correlation
function would be a reflection of detector characteristics.

Another factor which has to be taken into consideration is that spectral peaks
can have surprisingly long tails. This effect could be responsible for a slower
drop-off rate of the correlation function.

The plots did indeed show slower drop-off rates with the auto-correlation
coeflicient dropping to zero only after a gap of 200 - 300 between correlated
pixels. This was. however, much slower than expected even considering the
‘long tails". This was indicative of the presence of mode correlations and is
discussed further in Section 5.4.2.

Another surprising feature was that after reaching zero, the auto-correlation
functions did not hover around zero but dropped well below it, reaching a
trough after a pixel gap between correlated pixels of between 500 - 700 pixels.
Thereafter, the functions rose above zero again for some shots. From these
observations. it became apparent that the definition of the auto-correlation
function used ( see Equation 20) and in particular the definition of the T value
was responsible for the strange shapes of the auto-correlation curves. A new
auto-correlation method was required which reduced the effect of the overall

spectral shape.

5.4.2 Auto-correlation Function Method B

Results for the autocorrelation calculations using the first method seemed to
be very dependent on the large scale shape of the spectra. The subtraction
of the constant average value I in the autocorrelation function calculations
appeared to be responsible for the strange shapes being obtained. Method B
reduces this dependence by calculating the autocorrelation function for the
noise spectra.

These noise spectra are obtained by first normalising the shots in the run to
constant integrated energy. finding the average normalised spectrum for the
run and then subtracting this average normalised spectrum from each nor-
malised spectrum in the run. The auto-correlation calculations are performed
on each noise spectrum and the from these, the average auto-correlation func-
tion for the file is calculated.
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A number of pixels (100) was dicarded from each end of the OMA for these
calculations in order to remove instrument effects at the edge of the array. It
was found that this made negligible difference to the auto-correlation func-
tions.

Mathematically :

Let If.k) be the counts recorded by pixel 7 for shot k& and let S be the total
no. of shots in the run. Normalise each pixel according to :

wo L0 (21)
i T 1024 g(k
Zi:l IE :
Find the average normalised spectrum :
S (k)
= 2= (22)

Calculate the auto-correlation function corresponding to a difference of j
between correlated pixels :

iz—7 v (k)v (k)
el y Wy ()
ir—7 k 1 tT~7} k 1
(=i (Y W)2) 3 (red (Y §)y2)h

8(j) = (23)

where : Y‘(k) = ka) -N.

Plots were made of ®(j) vs j. The term ‘pixel gap’ in the plots refers to
the difference in correlated pixels. Figure 5 shows a plot of ®(j) for j in the
range of 0 to 30 pixels for B and C which correspond to SfRh101 and Rh610
in the oscillator, respectively (cf. Section 4.1 for explanation of letter codes).
Both plots show a sharp drop-off from zero to three pixels, a slight rounding
out from about pixel 3 to pixel 15 and a more gradual decrease from about
pixel 15 6nyvards. These first of these three regions should correspond to the
instrument function effect of cross-talk, the second should correspond to the
"tail” region of the peaks and the third should correspond to correlations
between groups of modes.
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Figure 53: Dye spectra auto-correlations for SfRh101 and Rh610 (oscillator

only)
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Auto-correlation Function Plot
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Figure 6: Dye spectra auto-correlations for Rh640. SfRh101, and Rh610
(oscillator only)

Figure 6 shows ®(j) vs j for A, B, and C plotted for a j in the range of 0
to 200 pixels. The most striking feature of the plot is the difference in the
degree of correlation hetween groups of modes for the three dyes. The Rh610
clearly shows very significant correlations between groups of modes while the
SfRh101 shows little correlation. The plot for Rh640 lies in between the
other two plots. Thus it has been shown not only that correlations do exist
between modes of the dye laser, but also that the degree of correlation can

vary between dyes.
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Auto-correlation Function Plot
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Figure 7: Rh610/Rh610 and Rh610/SIRh101 dye spectra auto-correlations
(oscillator only)

As mentioned in Section 4.2. six runs of 50 shots were taken for each dyve
combination. The auto-correlation plots shown in this section are the average
auto-correlation functions from one of the six runs. It was not crucial as
to which run was chosen as it was observed that. on the whole, the six
auto-correlation plots for any particular dye combination were very tightly
grouped. Thus the auto-correlation plots show inherent structure in the
spectra which is characteristic of the dve being used.

Figure 7 shows the auto-correlation functions for D and G which are runs
taken using the dve oscillator only for the Rh610/Rh640 mixture and the
Rh610/StRL101 mixture. respectively. The more interesting plot is that of
the Rh610/Rh6-40 mixture where there is clear evidence of periodic structure
with a period of the order of 90 pixels in the spectra. This is witnessed by
the clear peak in the auto-correlation function at a gap of 90 pixels. This
structure was not present in either the Rh610 or the Rh610 spectra (see Fig.
6), but is present in the mixture. The Rh610/SfRh101 mixture does not
display the same trends.
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Auto-correlation Function Plot
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Figure 8: Dyve spectra auto-correlations for Rh610/Rh640 and
Rh610/SfRh101 using both tuning methods

Figure 8 shows the auto-correlation functions for E, F. H. and I which are
dye laser runs where the amplifier has been tuned in two different ways
(cf. Section 4.1) for the Rh610/S[Rh101 and Rh610/Rh640 mixtures. The
Rh610/Rh610 displavs the same structure with a peak at a gap of around 90
pixels as when only the oscillator was used. This structure 1s more obvious for
the % concentation method than for the case where the amplifier was tuned.
More interesting structure. with a period of the order of 5 pixels can be seen
for the Rh610/SfRh101 (tuned) case. During the measurements, difficulty
was experienced in tuning the amplifier to the correct wavelength and as a
consequence a large amount of SfTRI101 dyve had to be added (cf. Table 2). It
is possible that this is what distinguishes run I from the other runs and is the
cause of the small-scale structure though the mechanism remains unknown.
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Auto-correlation Function Plot
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Figure 9:  ('ARS spectra  auto-correlations for Rh610/Rh640 and
Rh610/STRh101 using both tuning methods
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5.5 Percentage Noise

Perhaps the most robust method of quantitively describing the noise in a
spectrum is to express it as the ratio of the standard deviation to the mean for
a particular pixel in the detector array and then to average over the detector
pixels spanning the spectral region of interest. Use of this criterion permits
relatively easy noise comparison between different laboratories and appears
to be the most widely used method of quantifying noise in a spectrum [5]

[14] [4] [3] (6] [1}.

The finer details of the analysis such as the normalisation procedure used (if
any) have varied from author to author. Two different methods have been

investigated here and are outlined below.

5.5.1 Method A

A set of spectra recorded by the OMA can be expressed as ka) where

¢ = 1M D,
= 1...P pixels
k= 1...5 spectra (24)

Il(-k) is the intensity of the light incident on detector pixel  for spectrum k and
D; is the sensitivity of detector pixel /. The detector pixels span the region
of spectral interest and are numbered such that pixel 1 detects the photons
with the lowest wavelengths in the region. For analysis of dye laser spectra,
typically 100 pixels were discarded at each end of the detector array (1024

pixels) to remove instrument effects.

The removal of detector noise due to detector dark current and scattered
light not originating from the laser beams has been discussed in Section 3.3.

For N, CARS, only the spectral profile is important and not the magnitude of
the signal and so. for purposes of comparison, the spectra are first normalised
to constant integrated energy. This is achieved by nomalising each pixel to
produce a set of normalised spectra Nf»k) where
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An average normalised spectrum Nj is then found.

S (k)
Ni — Zk:é t (26)

For each pixel, the standard deviation of the counts recorded by the pixel is
then found where the sum is taken over the spectra.

N

oy = (Sim N N

5 (27)

The noise for the pixel, denoted by v;, and defined as the standard deviation
divided by the average counts for that pixel, is then calculated.

gy

(28)

2

|

1

Finally, the average noise for the set of spectra is calculated by averaging
over the detector pixels.

P
— Zi:l Y (29)

5.5.2 Method B
The second method of noise characterization is similar to one used by Snelling
et al. [5] [6] and Greenhalgh et al. [14] and is described below.

For this method, a set of spectra is represented in the same manner as given
in Equation 24 for Method A.

The same normalisation procedure is used as for Method A to remove shot-
to-shot energy fluctuations from the data :

NK = T (30)

! S ctk

An average normalised spectrum N; is once again found for the set.
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S (k) '
— N:

Normalised spectra are then divided by the average normalised spectrum to
produce ratioed spectra R,Ek) where

. N®
R® = i 32

Rfk) is now independent of the detector piﬁ:el sensitivity D; and represents
shot-to-shot spectral fluctuations from the average spectrum.

The mean value of Rz(»k) is then found for the spectrum.
L P pk)
R(*) = —Z—‘-%R—’— (33)

The standard deviation of the ratioed spectrum from its mean value is then
found.

P k) 5 —
S0 SFLRE —Re)?

R = 5 ]2 (34)

The noise for the spectrum ~/,(3k), defined as the standard deviation divided
by the mean is then found.

L loa
W= TR (35)

Finally, the average noise for the set of spectra Jg is found by averaging over
the spectra.

S (k)
Zk:l B (36)

75 = =B

S
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Table 4: Comparison of noise quantifying methods

file edge | noise A (%) | noise B (%)
Large Beads 1 | 100 (200) 6.9 (6.6) 6.8 (6.5)
Large Beads 2 | 100 (200) | 7.5 (7.2) | 7.5 (7.2)
No Beads 1 | 100 (200) | 6.4 (6.2) | 6.4 (6.2)
No Beads 2 100 (200) 6.4 (6.1) 6.5 (6.2)
Med. Beads 1 | 100 (200) | 10.1 (9.1)| 9.7 (8.9)
Med. Beads 2 | 100 (200) | 10.4 (9.7) | 10.2 (9.5)

5.5.3 Method Comparison

A comparison was made of Methods A and B, described in Sections 5.5.1
and 5.5.2, respectively. This was carried out by calculating noise values from
June 1992 data for the two methods. The measured data comprised files
containing sets of consecutive dye laser spectra (32 spectra in a file) recorded
under varying conditions such as with and without beads in the oscillator
(cf. Section 6).

The values obtained for the noise in each set of spectra using Methods A
and B i1s given in Table 4. The “edge” parameter gives the number of pixels
discarded at each end of the detector array. Noise figures in parentheses are
the values when an edge of 200 pixels was used.

The noise figures of Table 4 show that while the two methods of analysis are
not mathematically identical, they lead to very similar values for the noise.
It has been noted in Reference 1] that noise defined according to Method B
is a weak function of the analysis bandwidth. Table 4 shows that this is also
also true for Method A. Thus it is reasonable to use either method, but for
accurate noise comparisons with other laboratories it is necessary to make use
of the same method of analysis and analysis bandwidth in each laboratory.
It was decided to use Method A for the noise analysis in this thesis as this
is the easier of the two to handle computationally when large data sets are
being analysed.

5.5.4 Dye Laser Noise

In this section. noise values as calculated using Method A as described in
Section 5.5.1 are presented. The noise figures in Table 5 are the averages
over five files taken for each dye combination and the standard deviation of
the mean o, reflects the fluctuations in the noise values between the files.
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Table 5: Noise Figures for Dye Laser

letter code | description notse (%) | om (%)
A Rh640 (osc. only) 9.7 0.2
B SfRh101 (osc. only) 9.1 0.2
C Rh610 (osc. only) 23.8 1.7
D Rh610/Rh640 (osc. only) 20.1 0.8
E Rh610/Rh640 (3 conc.) 22.5 0.7
E-CARS | non-resonant CARS using E 20.4 1.3
F Rh610/Rh640 (tuned) 20.9 1.1
F-CARS | non-resonant CARS using F 14.8 0.8
G Rh610/SfRh101 (osc. only) 18.6 0.9
H Rh610/SfRh101 (5 conc.) 13.3 0.5
H-CARS | non-resonant CARS using H 10.2 0.5
I Rh610/SfRh101 (tuned) 23.5 0.9
I-CARS | non-resonant CARS using I 15.4 0.5

The letter codes used are the same as found in Section 4.1.

As mentioned previously, preliminary results pointed to the Rh610 dye as
being a major contibutor to spectral fluctuations. This is very clear from the
runs using only the oscillator where the noise for the Rh610 (23.8%) is far
greater than for the Rh640 (9.7%) or the SfRh101 (9.1%). This important
result shows that a large portion of spectral noise is related to the intrinsic
properties of the dye being used. It is unfortunate that in order to produce a
satisfactory Stokes beam at 607 nm it is necessary to make use of the Rh610
dye, the most noisy of the three dyes investigated. As mentioned previously,
the beam power using the STRh101 dye on its own was not high enough at
607 nm to be satisfactory for CARS.

Runs D and G using only the dye laser oscillator show that the dye mix-
tures are less noisy (20.1% and 18.6%) than the Rh610 on its own, but not
substantially so.

The results for the two methods of choosing concentrations for the dye laser
amplifier for the Rh610/Rh640 dye, E and F, show that the method used
is not a crucial factor determining spectral fluctuations. Noise figures for
the Rh610/Rh640 with the amplifier in use are marginally higher than the
noise figures for the case when only the dye oscillator, indicating that the
dye amplifier does not contribute significantly to the noise.

On the other hand, the results for H and I seem to indicate that for the
Rh610/SfRh101 mixture, the method of % concentration produces signifi-
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cantly less noisy spectra than the tuning method. This result should be
treated with caution for two reasons :

1. As mentioned in Section 5.4.2, problems were experienced in tuning
the amplifier to the correct wavelength and an ‘unusually high’ con-
centration of SfRh101 was needed in the amplifier. The amplifier emis-
sion peak was remarkably insensitive to the addition of extra SfRh101.
This was not the case during the June 1992 measurements when a
much lower relative concentration of SfRh101 was needed for the same
tuning.

o

A repeat set of measurements of run H were taken a few days after
the set presented in Table 5 for use as a comparison during the work
with the latex beads (cf. Section 6). These measurements were taken
as a double check in case there existed day-to-day variations in noise
values from the same dve mixture. The noise figure calculated from
these spectra was 20.7+0.6%. This is not consistent with the previous
measurements. As the laser setup was identical for the two sets of
measurements, the most plausible explanation is that the dye mixture
is not chemically stable over long (of the order of days) periods and
‘may not be stable over shorter periods.

Therefore. it is not unlikely that any small differences in noise values cal-
culated from the different amplifier concentrations for the Rh610/SfRh101
mixture could be masked by the other effects described above. However, on
the whole it appears that no great noise benefit is derived from using the
method of tuning the amplifier. The method of using % of the oscillator con-
centrations in the amplifier should be preferred as the spectra obtained seem
less noisy and this method is the easier to implement.

It is interesting to note that the noise values for the non-resonant CARS
spectra E-CARS. F-CARS. H-CARS, and I-CARS, are lower than the

corresponding dye laser spectra. but generally follow the dye laser noise.

The limited (data aquisition problem) results from the June 1992 measure-
ments indicated a much lower level of spectral noise than the most recent
set. These results are much closer to the noise values that have been reported
elsewhere [1] [3]. For example, the noise measured for Rh610 on its own using
only the oscillator was of the order of 8.0%. The dye laser noise using the
Rh610/Rh640 mixture was ~ 6.0% and the noise using the Rh610/SfRh101
mixture was ~ 5.53%. These noise values are all far lower than the present
set and indicate that the Rh610 dyve 1s the major cause of the discrepancy.
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The preliminary measurements in May 1991 gave noise values of ~ 30% for
the Rh610/Rh640 dye which is considerably more noisy than both the other
measurement sets. Different batches of the Rh610 dye were used for the three
sets of measurement. The noise results seem to indicate that the chemical
properties of the dyes are a major factor in determining spectral fluctuations
and that these properties can change over time and can vary from batch to
batch. More investigation is needed in this area.
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6 Scattering by Beads

The results of Section 5.4 have shown that there exist significant correlations
between modes of the dye laser. It is reasonable to assume that if there
were some method of suppressing mode correlations, the large shot-to-shot
spectral fluctuations of the dye laser would be reduced. It was thought
interesting to see the effect on the mode correlations when small latex beads
were introduced into the oscillator cavity. The scattering of the laser light
by these beads should scramble the phase structure of the modes and hence
reduce mode correlations. The idea of inserting scattering objects into the
dye laser oscillator was met with scepticism from quite a few sources as many
people believed that the laser would cease to lase. This has been shown not
to be the case.

6.1 Scattering Background

The presence of inhomogeneities in a medium causes the scattering of light.
Light propagating through a perfectly homogenous medium is not scattered.
Any material medium contains inhomogeneities in the form of molecules.
However. for a crystal at absolute zero temperature, the regular arrangement
of the molecules causes the scattered waves from each molecule to interfere
in such a way as to produce no scattering at all, but only a change in the
velocity of propagation.

For gases and fluids. the statistical fluctuations in the arrangement of the
molecules can cause significant scattering. It is a difficult problem to develop
a scattering theory which takes these statistical fluctuations into account as
the phase relations between the waves scattered by neighbouring molecules
must be studied in detail. This requires an accurate description of the inter-
action between molecules which can be very complicated. Problems of this
sort are known as dependent scattering problems. An analysis of the scatter-
ing of light by the molecules of the dye solution within the dve cells of the dye
laser is an extremely complicated problem as not only do statistical fluctua-
tions of the fuid have to be taken into account. but the flow of dye solution
through the cell is turbulent which introduces additional complications. Such
an analysis 1s bevond the scope of this thesis.

Van de Hulst [28] defines indcpendent scattering as the scattering of light by
particles that are sufficiently far from each other that it is possible to study
the scattering of one particle without reference to the other ones. A rough
criterion for independent scattering is that the mutual separation between
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particles is at least three times the scattering particle radius. This is true
for most cases where alien bodies are immersed in the medium. Examples of
this are dust particles in air and bubbles in water. This is also true for our
case of the small latex beads in water and glycerine.

For independent scattering, there is no fixed phase relationship between
waves scattered by different particles. Thus the scattered waves may interfere
constructively or destructively or any possibility in between. Therefore, the
intensities scattered by the various particles must be added without regard
to phase for independent scattering [28].

For a non-absorbing dielectric material (such as a latex bead), the electrical
conductivity is zero and the refractive index m is a real constant. The phase
shift in radians for light passing along a diameter of such a sphere is given

by (28]

2w

Ao = 2a(m — 1) 3 (37)
where a is the radius of the sphere, m is the refractive index of the sphere
measured relative to the surrounding medium, and A is the wavelength of the
light in the surrounding medium. This is the maximum phase shift associ-
ated with a single scattering. Smaller phase shifts occur for light not passing
along a bead diameter. Therefore, the presence of the beads in the dye laser
oscillator should result in there being randomly different phase shifts intro-
duced for each mode and a corresponding reduction in mode correlation. It
has been observed (cf. Section 5.4) that a higher degree of mode correla-
tion results in a correspondingly larger noise value and thus noise should be
reduced through the introduction of the beads.

6.2 Experimental Setup and Results

The effect of inserting a suspensions of three different sizes of latex beads
into the dye laser oscillator was investigated. The technical name for the
latex used is Styrene Divinylbenzene and the refractive index of the beads is
1.58. The three bead sizes were

e 2.0 um diameter beads suspended in water
e 10 um diameter beads suspended in water

e 173 um diameter beads suspended in glycerine
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Table 6: Phase shift after propagation along bead diameter

diameter (um) | phase shift (radians)
2.0 5.23
10 26.2
173 185

The refractive index of the water was taken to be 1.33 and the refractive
index of the glycerine was 1.47. Table 6 gives the phase shifts for light
propagating along the bead diameter according to Equation 37 for the three
bead suspensions.

A cell with transparent windows containing the bead suspensions was in-
serted into the dye laser oscillator. The cell was angled slightly to avoid
auto-collimation effects. Spectra were obtained of the dye laser output with
the three bead sizes. In addition, spectra were obtained for the 10 ym diam-
eter beads and the 2 ym diameter using three different bead concentrations.
The bead concentrations were measured with a Malvern Particle Sizer by
observing obscurations. The obscuration measured for a particular bead
concentration was the percentage of light scattered in a single pass through
the cell. Only one concentration of the 173 um diameter beads was inves-
tigated as, due to their large size, it was necessary to suspend these beads
in glycerine rather than in water in which the beads sank to the bottom too
quickly. It is very difficult to set up the Malvern Particle Sizer with glycerine
and so the obscuration could not be measured. Hence, it was decided to use
only one concentration of the larger beads.

The use of the beads was investigated with the Rh610/SfRh101 dye mixture
using the same concentrations as for H (cf. Table 2).

It must be noted that these were exploratory measurements in order to ob-
tain qualitative ideas about the effects of deliberately introducing scattering
particles into a laser oscillator. Further investgation, covering a greater range
of bead concentrations and and phase shifts introduced, is needed for a fuller
understanding.

6.3 Noise Comparison

The noise figures for the bead runs can be found in Table 7. For the compar-
ison run where no heads were used, a higher noise value was observed than
for the corresponding run H of Section 5.5.4. This has been discussed in that
section.
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Table 7: Noise Figures for Dye Laser with Bead Suspensions

beads (um) | obscuration (%) | noise (%) | om (%)
no beads 20.7 0.6
2 20 16.2 0.2
2 50 16.4 0.2
2 75 17.9 0.2
10 20 17.2 0.4
10 47 16.7 0.2
10 ) 19.3 0.6
173 ~ 50 (estimated) 12.7 0.8

From the table. it is apparent that the introduction of the scattering particles
into the dye laser oscillator does result in a small reduction of the spectral
noise, but the effect is not dramatic. There appears to be little difference
between the small and medium sized beads. Use of the large beads resulted in
a larger noise reduction than the other heads (noise reduced from 20.740.6%
to 12.7 + 0.8%).

It is also clear that varving the bead concentration does not result in sig-
nificant changes to the noise value. The results indicate that the use of a
bead concentration corresponding to an obscuration of between 20% and 50%
should give the best results. The higher bead concentrations (75% obscura-
tion) proved to be the most noisy and were accompanied by a significant drop
in beam power. This drop in beam power was also observed for the 20% and
50% obscuration cases. but was not as significant (~ 20% drop in power).
Further investigation is needed on the effect that the insertion of the beads
has on the beam power.

6.4 Auto-correlation Comparison

Figure 10 shows the auto-correlation functions for H and the reference run
with no beads in which the run H concentrations were used. The term ‘pixel
gap' refers to the difference in correlated pixels, as before. As discussed
previously. these two runs unexpectedly gave different noise values. The
auto-correlation plot shows that while the general shape is preserved, there
is a clear increase in correlations between groups of modes for the reference
run. This also fits in with the general trend observed earlier that a greater
degree of mode correlation accompanies an increase in spectral noise.
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Auto-correlation Function Plot
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Figure 10: Dye spectra auto-correlations for Rh610/SfRh101 (third conc.)
taken on different davs.
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Auto-correlation Function Plot
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Figure 11: Dyve spectra auto-correlations for 2 pm beads.

It was found that the auto-correlation functions for the 2 um beads for
obscurations of 20% and 50% were very similar. Shown in Figure 11 are
the functions for the 2 um beads for obscurations of 20% and 75% as well
as for the reference case where no beads were used. The plot shows that
the introduction of scattering particles into the dye laser oscillator does not
remove all mode correlation. but does result in some smoothing in the auto-
correlation function. In particular. the peak at a pixel gap of around 90

pixels is smoothed out.
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Auto-correlation Function Plot
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Figure 12: Dye spectra auto-correlations for the 10 pum beads and for the
173 pm beads.

Figure 12 shows the auto-correlation functions for the 10 pm beads at ob-
scurations of 20% and 73% as well as that for the 173 um beads. As was
the case for the 2 jim beads. the auto-correlation functions for the 20% and
47% obscurations were very similar and hence the 47% obscuration case is not
shown. In addition. as before, the presence of the beads results in a smoother
auto-correlation function. Also noticable is the sharper initial drop-off for the
173 pm beads than for the 10 gm beads.

Thus the use of the scatterers in the dyve laser oscillator has shown some
promise as a method of noise reduction. but the improvement has not been
dramatic. Use of the lower bead concentrations seemed to provide the best
results and the use of the large bead size showed a significant improvement
over the smaller sizes. There is much still to be understood and investigated
in this area as the work presented here was only intended to be exploratory

in nature.
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7 Ti:Sapphire Laser

The poor noise performance of dve lasers has been observed for some time. As
mentioned previously, turbulence in the dye flow has been listed as a possible
cause of the spectral fluctuations [13]. Another factor possibly affecting noise
performance of the dyve laser is the presence of moving thermal gradients in
the dve. A solid state laser should not suffer from these effects. A preliminary
investigation of the noise characteristics of a tunable broadband T : Al,O3
laser has been carried out and is described in this section. This provides a
useful comparison with the dyve laser.

7.1 Ti:Sapphire Assembly and Setup

The T'i: Al O3 laser was purchased from B.M. Industries and arrived in kit
form. The laser is longitudinally pumped by the frequency-doubled Nd:YAG
and is tuned by rotating a prism in the cavity. It was found that accurate
positioning of the prism position was necesssary as a movement of the order
of one degree moved the peak from 746 nm to 776 nm. The tuning prism was
mounted on a rotating table which allowed fine movement through the use of
a micrometer adjustment. The tunable range as given by the manufacturers
extends from 690 nm to 330 nmn. The layout of the laser is given in Figure 13.
The tuning curve for the laser as supplied by the manufacturers is given in
Figure 14.

The recording of the Ti:Sapphire spectra presented a few new problems as
the spectrometer used was not designed for such long wavelengths. The
holographic grating needed to be angled past its maximum position for the
long wavelengths and as a result had to be repositioned in order that the light
be directed onto the OMA detector pixels. The focussing telescope between
the holographic grating and the detector pixels (cf. Figure 2) needed to
he adjusted off the scale in its maximum position and a lens differing in
focal length inserted in one side of the telescope in order to approach the
correct focussing. A factor which prevented investigation of the output at
wavelengths longer than ~ 730 nmn was that the detector pixels are blue-
sensitised (ie. most sensitive to light at the CARS wavelengths) and the
sensitivity drops off in the infra-red.

Care had to be taken not to use too high pump powers as a small spot
was accidently burnt on the side of the crystal by focussing the pump beam
too sharply. The threshold pump energy for operation of the Ti:Sapphire
laser was found to be 25 m.J/pulse. Runs were taken at pump energies of
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Figure 1l: Tuning Curve for Ti:Sapphire Laser
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38 mJ /pulse giving a Ti:Sapphire output energy of 2.0 + 0.2 mJ/pulse. This
was less than the manufacturers claim of an output energy of 5.3 m.J/pulse
with a pump energyv of 23 m.J/pulse, but no serious attempt was made to
optimise the Ti:Sapphire laser.

Two sets of runs were taken. one at 746 nm and the other at 776 nm. Each
set consisted of 5 files of 30 shots. The laser repetition rate was 1 Hz.

7.2 Ti:Sapphire Results

Figures 15 and 16 show typical spectra obtained from the Ti:Sapphire laser at
746 nm and at 776 nm. respectively. Most striking is the differnce in spectral
shape for the two plots with the spectrum at 776 nm having a much more
pronounced tail. The F\WHMI value for the spectrum at 776 nm (~ 2.5 nm)is
noticably larger than for the spectrum at 746 nm (~ 1.3 nm). A comparison
with the dyve laser spectrum of IFigure 3 shows that the Ti:Sapphire laser
emission is considerably narrower in bandwidth. However, the Ti:Sapphire
laser is known to fluoresce over a large range of wavelengths (required for the
tunability) and so a spectrally flatter output should be able to be produced
by making suitable modifications to the laser cavity.

It was found that the wavelength of the peak shifted to longer wavelengths
with increasing signal iutensity. The maximum shift was of the order of
0.5 nm from the mean position. This is thought to be due to the characteris-
tics of the gain curve and the spectral dependence of the mirror reflectivities.
Fluctuations in the pump intensity result in a shift in the gain and the in-
teraction between this and the frequency dependent losses due to the cavity
mirrors is thought to cause the shifting of the spectral peaks. Mode-heating
in the pump laser (occurs ~ 5 % of the time) is one source of the energy fluc-
tuations. It is likelv that the peaks would not shift as much at higher pump
powers. The laser was operated just above the lasing threshold as there was
concern about damaging the crystal further with higher pump powers.

Shots whose total intensity was far removed from the mean intensity were
once again removed as for the dye laser. In general. this resulted in more
shots being removed (~ 13%) than for the dve laser (~ 8%).
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Figure 13: Typical Ti:Sapphire spectrum at 746 nm
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Figure 16: Typical Ti:Sapphire spectrum at 776 nm
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Table 3: Ti:Sapphire Noise with Shifted Peaks
peak (nm) | noise (%) | om (%)
746 44.2 5.1
776 23.3 1.4

7.2.1 Ti:Sapphire Noise

The noise was calculated in the same way as for the dye laser (cf. Sec-
tion 5.5.1). Before the calculation. 100 pixels-at each end of the OMA were
discarded. The average of the noise over the five files is given in Table 8 for
the laser tuned to 746 nin and to 776 nm.

The laser is noticably more noisy at the shorter wavelength and at first glance
appears to be considerably more noisy than the dye laser. However, as has
been mentioned, the wavelength of the peaks shifted according to signal
intensity. It is likely that this effect is accentuated by running the laser just
above threshold. The dye laser does not exhibit the same phenomenon and
so for purposes of noise comparison. it is reasonable to remove this effect
from the noise calculation. This is achieved by discarding those shots whose
peaks are noticably displaced [rom the mean value. This was done for two
files, one with the laser tuned to 746 nm and the other at the 776 nm tuning.

e File at 746 nm: 12 shots were discarded leaving 33 shots. This reduced
the noise from 55.0 % to 25.5 %. The number of pixels discarded at
each end of the OMA was 100. When 300 pixels were discarded at
each end of the OMA the noise was maginally reduced to 25.0 %. This
confirms that the analvsis bandwidth is not a crucial factor in the noise
calculation provided the the bandwidth is reasonably large.

o File at 776 nm: 17 shots were discarded leaving 33 shots. The noise
was reduced from 21.1 % to 15.6 %. As a check that the reduced noise
was not just a result of processing fewer shots. the first 33 shots in the
file (with no shots discarded) were processed. This resulted in a noise
figure of 21.2 % which is very close to the 21.1 % for the whole file (50
shots). Thus the processing of fewer shots does not on its own affect
the noise figures provided a reasonable number of shots is processed
(> 20).

After discarding the displaced shots, the noise figure of 15.6 % for the
Ti:Sapphire laser tuned to 776 nm is comparable to the best noise figure
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obtained for the dye laser (13.3 % for the Rh610/SfRh101 mixture cf. Sec-
tion 5.5.4). The shorter wavelength noise figure of 25.5 % after discarding
the displaced shots is comparable to the worst noise figures obtained from
the dye laser (22.5 % for the Rh610/Rh640 mixture cf. Section 5.5.4).

[t should be noted that the Ti:Sapphire results presented here should be
regarded as preliminary in nature. These results represent the first spectra
recorded from the newly-assembled laser. No serious attempt was made
to optimise the laser output. On the other hand, noise in the dye laser
output has been observed for some time and much work has been done to
reduce the noise and optimise the system. In addition, significant day-to-day
fluctuations in noise figures have been observed using the dye laser and it
is thought that these arise {rom chemical instabilities in the dves used (the
Rh610 in particular). The Ti:Sapphire laser should not suffer from this effect
and hence should prove easier to optimise.

It is clear that while the Ti:Sapphire laser does not represent the ‘miracle
cure’ for broadband laser spectral noise, much more work is needed in op-
timising the laser hefore judgement can be made on whether this laser is a
suitable replacement for the dve laser in CARS experiments.

7.2.2 Auto-correlation Analysis

Figure 7.2.2 shows the auto-correlation functions for the two files before and
after discarding the displaced shots. The plot shows that the operation of
discarding shots does not significantly alter the overall shape or small-scale
structure of the auto-correlation lunctions. but results in apparently slightly
reduced correlations. \What is also clear from the plot is that. as in the dye
laser, there exist significant correlations between groups of modes.
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Figure 17: Auto-correlation Functions of Ti:Sapphire Spectra
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& Conclusions

A number of possible methods of characterizing noise in broadband dye laser
spectra have been investigated. The failure of some of the standard statistical
tests, such as the \? test. in providing meaningful results has pointed to the
existence of correlations between groups of modes in the dye laser. Methods
of quantifving spectral noise reported in the literature have expressed the
noise as the ratio of the standard deviation divided by the mean number of
counts for each detector pixel. It was decided to use this method for noise
characterization as it is reasonably robust and simple while allowing noise
comparison with other laboratories.

A novel method of analysing correlations between modes using auto-correlation
techniques. has been presented and has verified the existence of significant
mode correlations in the dye laser. This is in contrast to a number of papers
in the literature where the statistical independence of dye laser modes has
been assumed. The degree of mode correlation has been shown to vary from
dye to dye.

A comparison of dye laser spectral fluctuations using combinations of three
dyes, Rh610, Rh640, and SfRh101, has been made. The dyve laser emission
peak was required at G607 nmn for use as the Stokes beam in CARS exper-
iments. Spectral noise has been shown to vary from dye to dye with the
Rh610 dye proving to be considerably more noisy than the other two dyes.
The least noisy dye was the SIRh101 which also displayed the least correla-
tion between groups of modes. In fact this was observed as a general trend.
A reduction in the degree of mode correlation was observed on the whole to
accompany a reduction in spectral noise.

Two possible dve mixtures. RhG10/Rh640 and Rh610/SfRh101, have been
investigated for use as the Stokes beam. It has proved necessary to persist
with the Rh610 dyve despite the poor noise performance, for want of a suit-
able substitute. The Rh610/SfRh101 mixture has proved less noisy than the
Rh610/Rh640 mixture and should be preferred for use as the Stokes laser for

CARS work.

Non-resonant CARS spectra {rom Argon have been shown to follow the shape
of the dye laser spectra. The noise in non-resonant CARS spectra has been
shown to follow the noise in the dve laser, but is slightly reduced. Thus it
is important to reduce spectral fluctuations in the Stokes laser as much as

possible.

A disconcerting feature of the dye laser noise analysis has been the large
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variation in noise figures observed between sets of measurements taken at
different times (a few months apart). It is thought that this is due to chem-
ical differences between different batches of what is nominally the same dye.
In this regard, the Rh610 dye has proved particularly unreliable and more
investigation is needed in this area. In addition, lesser fluctuations in mea-
surements of the Rh610/SfRh101 mixture taken days apart without altering
the laser setup have also been observed and seem to point to chemical insta-
bilities in the dyve mixtures.

The large variations in the measurements taken months apart were originally
thought to be a result of the different methods used to choose the concen-
trations for the dve amplifier. This has been shown to be not the case. The
method of using one third of the oscillator concentrations in the amplifier
shuold be preferred.

The effect of the deliberate insertion of scattering particles (latex beads in a
liquid suspension) into the dve laser oscillator was investigated for the first
time. Contrary to popular expectations. the laser continued to lase. The in-
troduction of the beads did result in an improvement in in the spectral noise.
but the improvement was not spectacular and significant mode correlations
persisted. It was found that the lower bead concentrations provided the best
results for the smaller beads. A more significant factor was the size of beads
used with the large beads providing the best results. There 1s considerable
scope for researcli in this area.

The results of the Ti:Sapphire [aser measurements were slightly disappoint-
ing in nature. It was hoped that the Ti:Sapphire laser would prove to he
the ‘miracle cure’ for spectral Auctuations. This has been shown not to bhe
the case. The wavelength of the laser output was observed to shift with
intensity. Even after removing this effect from the data, the spectral noise
was of the same order as the dye laser with the longer wavelengths proving
less noisy than the shorter wavelenghts. In addition. the spectral peak is
significantly narrower than that of the dye laser though this could presum-
ably be broadened by making suitable alterations to the Ti:Sapphire cavity.
These Ti:Sapphire results should be regarded to be preliminary in nature as
no work was done to optimise the laser. Much further work is needed in this

area.
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