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Abstract
Previous studies of distributed feedback dye lasers (DFDL’s) have identified that the 

linewidth of the device scales, to a first approximation, with the level of pumping 

employed. A more recent development is that the DFDL can be used to produce single 

ultrashort pulses. To produce such pulses the main requirement is that the laser is 

operated close to its threshold. An apparent contradiction exists here since, by lowering 

the pump power to achieve narrow linewidth operation, the near threshold region must be 

avoided since pulsing operation acts to increase the linewidth (to at least the Fourier 

transform of the pulse duration).

This thesis further investigates the mechanisms which contribute to the temporal and 

linewidth properties of the laser. It is identified that by judicious choice of operating 

conditions a regime exists where the DFDL may be operated with a linewidth approaching 

that of the transform limit for the nanosecond pulse durations involved.

After introducing the different types of distributed feedback lasers the thesis first 

reviews previously understood DFDL behaviour. Different DFDL geometries are 

considered with a view to their particular temporal and linewidth properties. A strategy for 

the development of a narrow linewidth DFDL is presented.

The experimental laser system is described detailing the operation and characteristics of 

the frequency doubled Q switched Nd:YAG pump laser and the two different DFDL 

geometries. A high resolution computer aided interferometry (CAIN) system is described 

which provided single shot linewidth measurements. This system was used extensively in 

the experiments reported.

DFDL linewidth is seen to depend on the thermo-optical properties of the dye's host 

solvent and as such a full characterization of commonly used solvents is presented.

The temporal behaviour of the laser is considered theoretically with the aid of a coupled 

rate equation model which describes the interplay between the population inversion and 

the cavity photon flux. The model is used to predict short (picosecond) and smooth 

(nanosecond) pulse operation of the laser.

Finally, a description of and the results obtained from various experimental 

investigations into the DFDL are presented. Temporal analysis, using a streak camera.



revealed that, as expected, under certain circumstances multiple pulsing of picosecond 

duration could occur. Different conditions however, lead to narrow linewidth (-100 

MHz) operation. A description of the two operating regimes is presented and these are 

related to the particular parameters involved e.g. the grating length or the level of pumping 

employed.
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Chapter I

1.1 Introduction to the Distributed Feedback Laser.

1.1.1 The tunable dye laser.

A tunable laser has four requirements:

1) A broad bandwidth active medium.

2) Some means of pumping or supplying energy to the active medium.

3) Some form of feedback mechanism, so as to sustain oscillation.

4) Wavelength or frequency selective elements so as to produce a narrow

linewidth of radiation, important for many applications.

The organic dye laser is an important category of tunable lasers. The active medium 

(denoted as (1) in the above list) consists of an organic dye, such as one of the rhodamine 

series, contained in a host solvent. The operation of a dye laser can be considered with 

reference to figure (1) which is a schematic diagram of the Eigenstates of a typical dye 

molecule. Energy is supplied to the dye, in a process normally referred to as pumping 

(requirement (2) above), either from flashlamps or by another laser. On absorbing a pump 

photon, the molecule is excited into a rotational-vibrational state contained within the first 

excited electronic state (S^). This is followed by a rapid (-1 picosecond) decay to the 

potential energy minimum of the Sj state in a process known as thermalisation. This 

relaxation is rapid because the large dye molecule experiences greater than 10^̂  

collisions/second with the solvent molecules. The energy from this nonradiative decay is 

Uansferred into the kinetic energy of the solvent. Relaxation of the molecule to the ground 

(G) state can occur via one of three routes; stimulated emission, spontaneous emission 

(also known as fluorescence) or nomadiative decay. Through the process of stimulated 

emission the dye can produce optical gain at certain wavelengths. Spontaneous emission 

typically occurs with a lifetime of the order of 1 to 5 nanoseconds. Nonradiative decay 

mainly occurs directly from the lowest excited singlet state (Sj) to the ground state (G). 

The molecule can also decay nonradiatively to the lowest electionic state of a system of 

triplet states (Tj). For optimal lasing efficiency it is desirable that stimulated emission 

dominates over fluorescence and nonradiative decay. Once the molecule is in its ground 

state thermalisation rapidly returns the molecule to its potential energy minimum. As will 

be seen in the next section, in conventional lasers the feedback (requirement (3)) is

1
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provided by means of two (or more) carefully aligned mirrors. The frequency selection 

(requirement (4)) becomes increasingly complex according to the frequency selectivity 

required, using prisms or diffraction gratings for coai'se and interferometric methods for 

fine tuning. The important developments in the realisation of tunable narrow linewidth 

dye laser sources are now traced.

Early dye lasers, such as those of Sorokin and Lankard [1], Schafer, Schmidt and 

Marth [2] and M'^Farland [3] employed only tlie basic elements necessary for laser action. 

Two plane mirrors formed the resonators of these lasers. Coarse wavelength tuning was 

achieved by vaiying the laser dye acting as the active medium. Less coarse tuning of the 

spectrally broad pulse could be provided by control of features such as dye concentration, 

dye solvent and cavity length. The output produced from these early dye lasers could have 

a spectral width of up to tens of nanometers. An important development to the pulsed dye 

laser was made by Soffer and M'^Faiiand [4] when a diffraction grating was substituted 

for ofie of the resonator mirrors to introduce wavelength dependent feedback. The 

diffraction grating employed was used in the Littrow arrangement where light of a 

particular wavelength (i.e. that wavelength satisfying the grating equation) is reflected 

back exactly along its own path into the laser cavity. Spectral narrowing of the output is 

achieved because those wavelengths not satisfying the grating equation are not reflected 

back into the cavity for further amplification. The authors of [4] obtained spectral 

narrowing from 6 to 0.06 nm and a continuous tuning range of 45 nm for the device. 

Since, the resolution of a diffraction is directly proportional to the number of lines 

illuminated, the incorporation of an intracavity telescope to expand the beam to fill all of 

the diffraction grating resulted in a decreasing of the linewidth of pulsed dye lasers still 

further. This was used by Hansch [5] in developing a narrow linewidth dye laser for high 

resolution spectroscopy. Hansch also incorporated an interferometric frequency selective 

device, namely a Fabry-Perot étalon into the cavity for further linewidth reduction. 

Combining these two features, the Hansch style geometry became the standard approach 

in the construction of pulsed tunable narrow linewidth dye lasers. Figure (2) is a 

schematic diagram for the Hansch style resonator. More recently the diffraction grating 

has been used at grazing incidence which, when combined with an additional mirror
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improves the frequency resolution of the grating. This modification, which reduced the 

bandwidth by a factor of 3 over that of the Hansch resonator was first demonstrated by 

Gallagher et al. [6]. By reduction of the cavity length of a grazing incidence grating 

geometry to approximately 5 cm, Littman [7] produced a tunable dye laser which, when 

pumped with a Nd:YAG laser, produced a time averaged linewidth of < 150 MHz. The 

reduction in cavity length increases the number of round trips and passes through the 

frequency selective element.

The resonator geometries described above represent what, for the purposes of this 

thesis, will be termed conventional geometries. Other novel geometries have been 

developed which fulfil the four requirements of a tunable line-narrowed laser source. One 

such geometry is the distributed feedback dye laser, the properties of which are the 

subject matter of this thesis. Another interesting geometry is that of the modeless, variable 

bandwidth laser of Ewart [8]. The operation of the laser can be considered with reference 

to figure (3). Light which originates as spontaneous emission from the central gain region 

experiences a number of trips (typically 4) through the cavity. During each pass the light 

receives amplification and is line-nairowed as the light passes through the gain region and 

frequency selective device. The frequency selective device is a 1800 lines mm-i 

holographic diffraction grating used at grazing incidence. Wavelength tuning is ac

complished by the rotation of the prism used in conjunction with the diffraction grating. 

The bandwidth of the device is determined by the setting of the grating. Simultaneous 

rotation of the grating and prism varies the number of lines of the grating illuminated 

hence altering its resolution. Using four passes through the system the linewidth of the 

device has been lowered to approximately 6 GHz although, significantly, the time 

averaged bandwidth of the device was quoted in [8] as around 10 GHz.

The distributed feedback laser is now considered.

1.1.2 The Distributed Feedback Laser.

The distributed feedback laser (DFB) is distinguished from other types of laser by the 

use of a novel metliod of combining feedback (3) and frequency selection (4). Rather than 

having a mirror at each end of the active medium the DFB laser has a spatial modulation
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of the refractive index and/or gain along some or all of the length of the active medium. 

For reasons that will become appaient shortly certain wavelengths can be 'reflected' from 

the modulated region. Because of certain similarities with the diffraction grating the 

modulated region in DFB lasers is often referred to as a grating region. The analysis of 

these types of optical Bragg structures is identical to that of Bragg diffraction of X-rays 

from crystal planes. Light of wavelength X is diffracted at an angle 0 from a grating 

which has a period A when the Bragg condition is satisfied, i.e.,

2ASin 0 = n l  (1.1)

where n is an integer. As can be seen from (1), light which is at normal incidence (0=90°, 

sin0=l) to the gating planes experiences back reflection when its wavelength is equal to 

twice the grating period, i.e.,

X = 2A (1.2)

The light with a wavelength at or near to the Bragg wavelength, travelling perpendiculai' 

to the modulations in the medium, will therefore be backscattered in the opposite direction 

to its original direction of propagation. Figure (4) is a simplified illustration of the growth 

of two waves inside a gain medium containing a Bragg sti ucture, and is obtained using a 

coupled wave tlieory which is outlined later [9]. The waves are represented as vectors and 

are labelled as R and S, representing waves travelling to the right and left respectively. As 

each wave travels through the Bragg grating, it receives a portion of the oppositely 

travelling wave through the coherent backscattering. If the feedback has a frequency that 

is within the gain region of the active medium then both waves will increase enabling laser 

oscillation to occur. Distiibuted feedback refers to the fact that, as has been described, tlte 

feedback is distributed throughout the gain length. Lumped feedback would best describe 

the type of feedback in conventional lasers. Spectral selection occurs due to the 

wavelength sensitivity of tlie Bragg effect.

To date, several types of DFB lasers have been demonstrated. These include DFB dye 

lasers (DFDLs) which are the subject of this thesis. Other types of DFB laser include the 

semi-conductor and gas DFB lasers which are briefly considered in section 1.1.4.

1.1.3 The Distributed Feedback Dye Laser of Kogelnik and Shank.
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The first distributed feedback dye laser (DFDL) was demonstrated by Kogelnik and 

Shank [10]. Figure (5) is a schematic diagram of the laser. The interference pattern 

produced by the overlapping of two coherent beams obtained from a He-Cd laser was 

recorded onto a dichromated gelatin film. After exposure the gelatin film was developed 

causing a refractive index variation between the exposed and unexposed regions. The 

porous developed gelatin was tlien soaked in a solution of the laser dye rhodamine 6G. A 

spatially modulated region, or Bragg grating, of the type outlined above was therefore 

created in the gain medium. The ultra-violet light from a nitrogen laser provided the 

pumping of the structure. Pump powers greater than 1 MW cm"  ̂resulted in laser output 

at a wavelength of 630 nm. The linewidth of this first DFDL was less than 0.05 nm. 

Under similar conditions a uniform film of gelatin lased with a linewidth of 5 nm, centred 

around 590 nm. Tlie incorporation of a distiibuted feedback structure into the dye medium 

therefore resulted in a 100 times reduction in the laser linewidth.

Before further considering the DFDL it is interesting to consider some other types of 

DFB laser. Semiconductor and gas distributed feedback lasers are now briefly 

considered.

1.1.4 Other Types of DFB Laser.

In the first semiconductor DFB laser Nakamura et al. [11] etched the top surface of a 

GaAs wafer to form a grating of spacing d -  0.35 jam. Gain was provided by optically 

pumping the wafer using a Q-switched ruby laser at a wavelength of X = 694 nm. Third 

order (n=3) Bragg reflection from the grating provided the feedback at the laser frequency 

of -  830 nm. The linewidth of the device was of the order of 2 nm which compares with a 

spontaneous emission bandwidth of -18 nm when used with a similar GaAs wafer with 

no corrugated region. Within a short space of time semiconductor DFB lasers had 

developed into self contained electrically pumped diode lasers [12]. The feedback for 

these lasers was produced by a corrugated interface between the active GaAs layer and a 

p-type Gai_xALAs layer. Similar to the laser described in [11] these lasers used 3rd order 

Bragg scattering. The linewidth of this device was less than 0.03 nm whilst operating at a 

wavelength of A, = 811 nm. More recently semi-conductor diode lasers have been
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demonstiated operating in the wavelength region of 1.5 |im using InGaAsP/InP [13]. 

This spectral region is of particular interest to optical fibre communication systems since 

the transmission of single mode silicon fibres is at a maximum (0.2 dB/km loss) around 

this wavelength. Fibre optic transmission systems employing such lasers are now 

available commercially (from STC, BT&D and Plessey) which offer high speed data 

transmission at greater than 2.4 Gbits/s for distances exceeding 60 km.

Using a rectangular metallic waveguide with mechanically milled corrugations with a 

period of 248 pm Affolter and Kneubull [14] obtained the operation of a DFB gas laser 

using the gas CH3F. Pumping the medium was done optically using a grating tuned 

single mode CO2 laser (A, = 10.6 pm). The spectral linewidth of the device was at the 

transform limit of -  22 MHz for the 50 ns output pulse. Research continues into DFB gas 

lasers with much interest concentrating on the possibility of providing line-narrowed 

output from a CO2 laser.

Having introduced the DFB laser and its variations, a review of some of the most 

significant DFDL developments which predate this work is now presented.

1.2 The Distributed Feedback Dye Laser.

1.2.1 Introduction.

Since 1971, and the first DFDL of Kogelnik and Shank, the laser has developed in 

many important respects, this section presents a review of the physical and theoretical 

developments of the DFDL which predate this thesis. Physical changes are described 

first. Developments in previous theoretical descriptions of the laser are then considered. 

As will be seen in the review, the models which best fit the observed behaviour of the 

laser are;

i) a rate equation model developed by Bor which describes the laser's temporal 

behaviour in the near threshold region, and,

ii) an experimentally derived model developed by M^^Intyre and Dunn which 

describes tlie linewidth behaviour of the laser when operating substantially above 

threshold.
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As can be seen however, these theories are limited to specific areas of DFDL operation 

and the need for a further theoretical and experimental investigations into the behaviour of 

the laser then becomes apparent

The developments of the DFDL are now traced.

1.2.2 Developments of the DFDL Geometry,

i) The Shank style DFDL.

The first DFDL, demonstrated by Kogelnik and Shank [9], had the disadvantage that 

the laser wavelength was pre-determined by the recorded grating period. Within a period 

of three months of this first demonstration Shank, Bjorkholm and Kogelnik [15] reported 

a tunable DFDL. When the ability to tune the laser is added, the DFDL the laser fulfills all 

four of the requirements listed above for a tunable narrow linewidth laser. The structure 

of the Shank laser is shown on figure (6) and is very simple. The second hannonic light 

from a single mode ruby laser is split into two using a beam splitter and is then 

recombined inside the dye cell containing the dye rhodamine 6G. Here, the coherent 

beams interfere to produce a gain and refractive index Bragg grating along the pumped 

length of dye, the period A of which is given by,

a _ J L A e_  (1.3)
2 Sin e

where ng is the solvent refractive index, A,p the pump laser wavelength and 0 is the half 

angle of intersection of the two pump beams. From (2) and (3) it can be seen that the 

wavelength of tlie Shank DFDL is given by.

Thus the DFDL contains all of the four functions necessaiy for a tunable nairow linewidth 

laser, within a single element, namely the pumped gain medium.

Tuning of the laser may be achieved by altering any of the three parameters on the right 

hand side of equation (4). Since most DFDL systems use a fixed frequency pump laser 

eg. ruby [15] Nitrogen [16] or frequency doubled Nd:YAG the dye laser wavelength is 

most easily tuned by altering the angle of intersection of the two pump beams or by
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varying the refractive index of the dye solvent. By changing 0 Shank et al. achieved a 

tuning range of 64 nm in the dye rhodamine 6G. A similar tuning range was also 

observed by varying the refractive index of the solvent from 1.33 to 1.55 by 

proportionate mixing of methanol and benzyl alcohol. This method of providing tuning by 

tlie dynamic production of tlie grating in tlie active medium became the standard approach 

in subsequent DFDL geomehies.

One limitation to the Shank style DFDL is that for a given pump laser the minimum 

output wavelength is given by the product of iig and Xp. In a slight modification to the 

Shank design Bakos [17] mounted an isosceles prism in front of the dye cell enabling a 

DFDL to be pumped by a laser whose wavelength is close to that of the DFDL. A labelled 

schematic diagram for the prism coupled DFDL is shown on figure (7). Expression (7) is 

now no longer valid and is replaced by,

e (1.5)
Up S in  [(j) + S in - K “T— )]np

where iip is the refractive index of the prism, <|) is the base angle of the prism and 0 is the 

angle of incidence of the pump beam on the entrance face of the prism. This type of 

geometry was employed in the majority of experiments performed in this laboratory 

where, using a frequency doubled Q-switched Nd:YAG laser (Xp = 532 nm) we have 

operated our DFDL in tlie wavelength range 580-680 nm.

ii) The Bor style geometry.

By replacing the beam splitter of the Shank style DFDL with a diffraction grating Bor 

[16] demonstrated a DFDL where the DFDL linewidth is decoupled from the effects of 

pump laser linewidth and spatial incoherence. This allowed Bor to produce a DFDL 

which when pumped (near threshold) by a partially coherent N2 laser, produced pulses of 

duration around 100 picoseconds with a near transform limited linewidth of around 0.05

Â.

The DFDL geometry used by Bor is essentially the same as that of Shank with the 

exception that the pump beam is divided into two using a diffraction grating. Figure 8(a)
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is a schematic diagram of the Bor style DFDL geometiy. The diffraction grating splits tlie 

pump beam into the +1 and -1 orders at an angle determined by the grating equation,

Sin a  = Xp e (1.6)

where e is the grating constant (-1/ number of lines per metre). The two identical pump 

beams are, after reflection from the mirrors, then recombined inside the dye cell 

producing a dynamic grating region of distributed feedback similar to that of the Shank 

style DFDL. Assuming that the two mirrors are perpendicular to both the dye cell and 

diffraction grating the wavelengtli of the laser is tlierefore given by,

(1.7)Sin a

Combining (6) and (7) the output wavelength of the Bor style DFDL is given by,

(18)

It is.therefore seen that the DFDL output wavelength is independent of the pump laser 

wavelength. Achromatism was the term used by Bor to describe this de-coupling of the 

pump and DFDL wavelengths. The geometry has another important property in that, to a 

first approximation, for each point on the dye cell the interfering beams have been 

diffracted from the same point on the grating. This property, along with the achromatism, 

relaxes some of the constraints on the spatial coherence and linewidth on the pump laser 

and as such allowed Bor to pump his DFDL with a N2 laser.

Tuning of the laser while still retaining the desirable achromatic properties of the device 

is achieved by varying the refractive index of the dye solvent. In his first report of the 

geometry Bor [16] demonstrated a tuning range of over 80 nm (employing three laser 

dyes) using this method. Tuning can also be employed by tilting the two beam steering 

mirrors, however, in doing so, the structure loses its achromatic properties. Achromatic 

properties are also lost if a prism is mounted on the front face of the dye cell.

A more careful analysis of the Bor style structure shows that the requirements on the 

pump laser are not completely removed by employing a diffraction grating. The position 

of the plane of interference caused by the intersection of the two beams is a function of
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wavelength. This condition is completely relaxed in a two diffraction grating geometry 

demonstrated by Szatmari and Racz [18]. The geometry for which the authors claim a 

complete relaxation of wavelength and spatial coherence is illustrated schematically on 

figure 8(b).

1.2.3 DFB theory -  Linewidtli and Temporal Behaviour.

Before considering further DFDL developments and experimental investigations, it is 

interesting to consider some of the previous tlieoretical predictions made about the laser.

Within the first report of distributed feedback laser action, Kogelnik and Shank 

presented a coupled mode analysis of the laser which formed the basis for much of the 

theoretical work to follow. A detailed account of the theory can be found in [9] to which 

the reader is referred (see also Yaiiv [19] section 13.6). The periodic modulation of the 

medium is modelled as a combination of modulation in the refractive index n or the gain a 

as,

n(z) = n + ni Cos kz

a(z) = a + aj Cos kz ( 1.9)

where z is measured along the optic axis, a and n are the average values of gain and 

refractive index, â  and n  ̂are the modulation amplitudes of the gain and refractive index, 

and k is the Bragg wavenumber (27t/A). The coupled mode picture assumes that the field 

E in the device is of the foim,

E = R(z) e -W2 + s(z) e W 2  (1.10)

consisting of two counter-running waves with complex amplitudes R and S representing 

waves travelling to the right and left respectively. As indicated in figure (4) the two waves 

grow in the presence of gain and, due to the spatial modulation of the medium, couple 

energy into each other. Using this analysis the authors derived expressions for the 

threshold and specti al bandwidth of the output of the DFB laser. The main limitations of 

tlie model me (i) the model is time independent, and (ii) it is a linear theory, tlie model can 

therefore only predict steady state solutions at laser threshold. Within these limitations 

two important conclusions were obtained with regmd to the predicted spectral output. The
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first is the existence of resonance 'modes' separated in frequency by c/2nL ie the same as 

in a usual two mirror laser cavity with length L. A distinction became apparent depending 

on the type of coupling used in modelling. When gain coupling was assumed there is a 

resonance at exactly the Bragg frequency, whereas if refractive index coupling is assumed 

then the modes aie situated symmeti'ically about the Bragg frequency. An estimation of 

the linewidth of the device is obtained by evaluating the wavelength offset AX required to 

reduce the coupling to half its maximum value and is shown to be,

AX Q

where a is the gain per unit length in the medium and Kq is the propagation constant at the 

laser wavelength.

More elaborate theories of DFB laser action Iiave since appeared in an attempt to 

describe more fully the operation of these lasers. The effect of saturation was included by 

Hill and Watanabe [20J although spatial hole burning and dispersion in the active medium 

were neglected. Sargent et al. [21] treated the DFB semiclassicially by describing the 

electromagnetic field classically while treating the active medium according to the laws of 

quantum mechanics. This approach allowed Sargent's model of the DFB laser to include 

spatial hole burning and atomic linewidth in the analysis. Duling [22] added time 

dependence to the semiclassical theory to account for field propagation within the DFB 

laser cavity. Despite these and other attempts to describe the DFDL little headway has 

been achieved in the interchange of theory and experiment. For example, the modes of a 

DFB laser predicted by the coupled wave model have never been observed.

With regards to the temporal form of the laser, a simple rate equation model, first 

developed by Bor [23] was successful in predicting the temporal profile of the laser. This 

model consists of a pair of coupled rate equations which describe the inteiplay between 

the cavity photon flux and the atomic inversion. Bor restricted his attention to near 

threshold in his interest in the production of single ultrashort pulses. This model is re

investigated later in Chapter V to explore its validity outside the near threshold region.

A review of experimental investigations into the processes contributing to both the 

linewidth and temporal foim of the DFDL now follows.

11
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1.2.4 Linewidtli Behaviour of DFDLs.

This section draws together some general conclusions about DFDL linewidth from 

several sources including including investigations in our own laboratory [24,25], It will 

be seen that DFDL linewidth depends on:

(a) properties of the pump laser (e.g. linewidth, coherence, beam divergence etc), 

and,

(b) the level of pumping of the DFDL, through thermal and dispersive effects on 

refractive index which are seen to depend on choice of dye parameters used in the 

DFDL's active medium (i.e. laser dye and type of solvent used).

These are now considered in turn along with the transient behaviour of DFDL wavelength 

and linewidth saturation.

(a) Pump laser parameters

(i) Pump laser linewidth 

Several authors, including the original report of Shank [15], have reported that the 

linewidth of the DFDL scales with the linewidth of the pump laser. However, as yet no 

quantative measurements have appeared in the literature. An estimate of the effect of how 

a pump laser, with linewidth AXp, can contribute to the linewidth of the DFDL may be 

obtained by differentiating equation (4) to obtain,

( 1. 12)
Sin 0

Alternatively, if the laser is used with a front mounted prism equation (8) can be used to 

give,

n Sin + S i n - l ( ^ ) ]lip

Therefore if the laser is operating in the wavelength range of 600 to 650 nm then the 

minimum expected linewidth is around 1.2 times AXp. In the majority of our DFDL 

research reported before this thesis our Nd:YAG laser was operated with a conventional 

Q switch. The linewidth of the laser was measured as approximately 3 GHz (0.03 Â) 

representing oscillation over 20 longitudinal modes. Thus if all other (often more

12
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dominant) linewidth effects can be neglected the minimum DFDL linewidth using the 

pump laser in this configuration is approximately 3.5 GHz.

(ii) Pump laser coherence

As can be seen from figure (6) that pump beam which is transmitted by the beam splitter 

undergoes one less reflection than that beam which is reflected. The consequence of this 

is that the interference pattern in the dye cell is formed by the wavefront interfering with 

the mirror image of itself. This places a restriction on the wavefront coherence of the 

pump beam if a high visibility grating is to be produced.lt will be seen later that a high 

grating visibility contiibutes to increased spectral selectivity of the DFDL. Bakos [26] 

observed an increase in DFDL linewidth by a factor of seven when using a ruby laser 

with poor spatial coherence over that when using a high quality ruby laser pump source. 

Shank [15] in his DFDL used a TEMoq SLM ruby laser hence ensuring maximum fringe 

visibility. Vashchuk [27] demonstrated a special splitting prism enabling the formation of 

a high visibility grating when derived from a laser of poor spatial coherence.

(iii)Pump laser divergence

The influence of pump beam divergence on the DFDL linewidth may be estimated by 

differentiating equations (5) and (6) with respect to 0 to obtain,

X,i cos 0
A^d = — A0 (1.14)

sin^ 0

or.

AXd = -----------------------------------\  = A 8  (1.15)
tan [(j) +  S i n - i (  ) ]  y (n^ - sin^ 0 )

np

for the basic Shank and prism coupled Shank style geometries respectively. The effect 

was considered and verified experimentally in this laboratory (see for example [24,25]) 

by vaiying the effective divergence of the Nd:YAG laser used in the pumping of our 

DFDL. The beam from the pump laser was passed through two 20 cm (nominal) focal 

length lenses which were spaced by approximately 40 cm (see figure 9(a)). The 

divergence was altered by moving one of the lenses with respect to the other and the 

resulting linewidth measured (see figiue 9(b)). This experiment showed that the linewidth

13
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of the DFDL is dependent on the divergence, coming to a minimum for a separation 

between the lenses (41.2 cm) corresponding to the beam waist formed by the lens 

combination falling in the dye cell when the divergence of the pump beams in the cell is a 

minimum.

(b) Power dependence of linewidth.

Although the DFDL demonstrates a dependence of linewidth on the pump laser 

parameters considered above, the effects cannot account for the power dependence of 

linewidth which has been reported by several DFDL experimenters. Shank [15] found 

that the linewidth of his device was very small at threshold, -  0.001 nm (1 GHz), but tljiis 

increased to 0.05 nm when the pump power was five to fourteen times threshold. This 

was confirmed by Bakos [26] who found that the linewidth increased from 0.013 nm to 

0.4 nm at high pump powers. The work in this laboratory with our DFDL has shown 

that, before the onset of linewidth saturation at pump powers greater than ~ 20 mJ, the 

DFDL linewidth scales with the level of pumping employed. Saturation of linewidth is 

considered in a following section. Two refractive index effects were identified which 

enable the pump power dependence of DFDL linewidth to be explained. These effects are:

(i) a time dependent refractive index for tlie solvent due to thermal effects, and

(ii) a time dependent contribution to the refractive index of the active medium due 

to the dispersion associated with the optical gain.

Substituting the time dependent refractive index, ng(t) into equation (4) the time 

dependence of the output wavelength is written as,

^d(t) (1.16)
Sin 0

Thus the effect of a changing refractive index during the course of the pump pulse is 

therefore to produce a dynamic sweeping (or chirp) of the DFDL wavelength. On 

integrating over the whole pulse the sweep is observed as a contribution to linewidth 

which is given by,

A X d = - ^ A n ,  (1.17)
Sin 0

14
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or,

+ Sin-1

for tlie basic Shank and prism coupled Shank style geometries respectively. The thermal 

and dispersive contributions to the linewidtli are now considered separately.

(i) Thermal effects in dye laser solvents.

Heating effects are inherent in the absorption and emission of optical radiation in a dye 

molecule. Localised heating changes the density of the solvent hence causing a change in 

the solvent refractive index. The refractive index change in the pumped region of tlie dye, 

of volume V, due to heating is given by,

where E is the pumping energy (per pulse). The other parameters are properties of the 

solvent used; p is the density, s the specific heat capacity, A the fraction of photon energy 

converted to heat and dn/dT is the rate of change of refractive index with temperature.

The mechanism by which thermal effects contribute to the linewidth is that, during a 

pumping pulse, the temperature of the active volume increases, thus reducing the 

refractive index (for negative dn^/d f) with a consequent reduction in the DFDL 

wavelength. On integrating over the whole pulse, tills sweep in DFDL wavelength is seen 

as a contiibution to the linewidtli, given by,

XjAE dn.5
Â d = - ^ d T  (1.20)pVsng

Equation (20) assumes that during the course of the pump pulse there is sufficient time to 

reach thermal equilibrium. However, for the timescales involved (tens of nanoseconds) 

for most DFDLs this assumption is probably not valid. General conclusions can be made 

however and these have been validated experimentally. In this laboratory we have 

observed a linewidth dependence on solvent dn/dT. When the laser was operated using 

methanol as the dye solvent a larger linewidth was recorded over that when using water. 

Methanol has a high dn/dT (-47x1 (H K'^) whereas water has a low dn/dT (-8x10-^ K-i). 

It would seem plausible that by reducing the pump power and using a larger active
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volume that thermal effects can be reduced. However, a more careful analysis of these 

effects is needed, and this forms part of the contribution of this thesis.

(ii) Dispersive effects on active medium refractive index.

In the previous section the pump power dependence of DFDL linewidth has been related 

to thermal effects in the dye solvent. MHntyre and Dunn were the first authors to report 

that the DFDL linewidth was also dependent on its operating wavelengtli. While operating 

the Nd:YAG pumped DFDL at high pump powers while using rhodamine B dissolved in 

water, it was observed that the linewidth increased from 0.15 Â to 0.4 Â when operated at 

the wavelengths of 580 nm and 6(X) nm respectively. The incorporation of a dispersive 

contribution to the refractive index of the active medium was sited by M‘̂ Intyre and Dunn 

as an explanation of the dependence of the linewidth on wavelength. As will be seen later 

dispersive effects further explain the pump power dependence of DFDL linewidth.

The refractive index of a medium varies rapidly with frequency for frequencies close to 

an atomic or molecular resonance of the medium. More particularly, if a resonance has a 

Lorentziau profile, with a halfwidth Av say, the dispersion resulting from the resonance 

has the functional dependence on frequency,

n(v) = 1 + (1.21)
2 7Ï V Av

where c is the speed of light, v^ is the resonant frequency and a(v) is the frequency 

dependent gain of the medium, and depends on tlie relative populations in the upper and 

lower states of the resonance and also the transition cross-section (if a is negative then the 

medium exhibits absorption and the more usual condition of anomalous dispersion 

applies).

A consequence of this dispersion is that the refractive index of the active medium is 

dependent on the upper and lower state populations, and also on wavelength. In the case 

of a DFDL this can result in an oscillation frequency which is dependent on the intracavity 

laser radiation intensity. Moreover, since this intensity changes during the course of a 

pulse, i.e. increases and then decreases, it is to be expected that the oscillation frequency
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will also undergo an "excursion" during the pulse, and if the output is integrated over the 

length of the pulse, this excursion will be interpreted as a linewidth.

Dispersion in a dye laser active medium is more complicated than implied above; for 

instead of having a single Lorentzian gain profile, the (fluorescent) emission resonance is 

Stokes-shifted with respect to the absorption resonance (see figure 10(a)) for the emission 

and absorption spectra of rhodamine B), and so the resulting dispersion curve has two 

frequency-dependent components, one arising from absorption and the other from 

emission. In addition, the absorption and emission spectra do not have Lorentzian profiles 

and so the exact form of the dispersion relation given in equation (21) does not hold; 

numerical methods now being necessary to determine dispersion curves. However, 

certain general conclusions regarding the fonn of the dispersion profile may be deduced 

from the absorption/gain profile using the Kramers-Kronig relations without knowing the 

exact gain profile [28]; namely the dispersion is always zero where the frequency 

derivative of the gain or absorption is zero and the dispersion reaches a peak when the 

gain or absorption is changing fastest with frequency. Since these general relations exist 

between gain/absorption and dispersion, it is appropriate to represent the absorption and 

emission spectra of the dye molecule by a reasonable, analytic approximation (e.g. 

Lorentzian) and expect the resulting dispersion curve to show the correct general 

behaviour. Such an approximation allows tlie functional dependence of the dye dispersion 

to be examined with respect to relative populations and DFDL wavelength without 

recourse to an extensive numerical solution to the Kramers-Kronig relations, but gives 

only an estimate of the magnitude of such effects.

Using this Lorentzian approximation, the refractive index of a dye solution may be 

written as the sum of refractive indices,

„r„-, c (v .,-v )N , a„(v) c (v „ -v )(N -N i)o ^ (v )
«vv; = iij.------     + ---------; --------T-------------

2 7t V AVg 2 Tt V AVa

where ng is the bulk refractive index of the solvent, Vg is the frequency of the fluorescent 

.emission peak, AVg is the halfwidth of fluorescent emission, is the frequency of 

maximum absorption, and Av^ is the halfwidth of absorption. The density of dye
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molecules is N and the population in the upper, Sj, state is N^, The frequency dependent 

emission and absorption cross-sections are and respectively. These are 

approximated here by Lorentzian profiles with the above half widths and appropriate 

magnitudes. In figure 10(a) the measured absorption and emission cross sections for rho

damine B are plotted. Lorentzian approximations for this data are plotted in part (b) of the 

figure. The second term on the right hand side of (22) represents dispersion due to gain 

and the third term represents dispersion due to ground state absorption. Dispersion due to 

triplet absorption has been ignored because the 10 ns pulse is too short to allow the 

growth of a significant triplet state population.

As can be seen from equation (22), the dispersive contributions to the refractive index 

are dependent on the excited state population, Nj, and also the frequency of the DFDL 

radiation hence indicating its power and wavelength dependence.

The mechanism through which the dispersion affects the linewidth of the DFDL is that, 

during a pumping pulse, the upper level population, Nj, grows from zero to a maximum 

and then falls back to zero again, while the ground state population, Nq, suffers a dip 

during the pulse. As this happens, the refractive index of the medium, given by equation 

(22) undergoes an excursion, the instantaneous refractive index being determined by Nj 

and Nq. Any change in the refractive index of the DFDL results in a change in the 

oscillating wavelength, and so the time averaged linewidth appears to be broadened. This 

incorporation of a dispersive contiibution in the DFDL linewidth can therefore explain tlie 

dependence of the linewidth on both pump energy and laser wavelength.

Figure 11(a) shows the dispersive contribution to the refractive index as a function of 

relative excitation (Nj/Nq) for various wavelengths for the dye rhodamine B. The 

wavelength dependence of equation (22) is illustiated more clearly on figure 11(b). This 

figure indicates a maximum contribution by dispersion to the time averaged linewidth at 

around 600 mm, and this is exactly what is observed (see Table 1). Interestingly, aiound 

558 nm the dispersive contribution to the refractive index is zero, i.e. the refractive index 

is decoupled from ( N j /N q). This occurs when the dispersive contribution from emission 

is equal and opposite to that of absorption, the linewidth then being determined only by
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the three previously mentioned processes. Unfortunately at this wavelength for this dye 

absorption exceeds emission so laser oscillation cannot occur.

Thus the dispersive model of line broadening has been used to explain the observed 

dependence of linewidth on both pump power and operating wavelength. Moreover, as is 

considered next, it successfully predicts the temporal behaviour of the DFDL wavelength 

during the course of a pumping pulse.

Transient behaviour of the DFDL wavelength.

An important distinction exists in the time evolution of the thermal and dispersive 

components which contribute to the DFDL linewidth. The dispersive component is seen 

to sweep (or chirp) the frequency of the laser in two directions. Operating on the high 

wavelength side of the gain profile the laser down chiips reaching a maximum value at the 

peak of the pumping pulse before returning to its original value in the latter part of the 

pulse. The direction of the frequency chirp is reversed when operating at a lower 

wavelength side of the gain cuiwe. The magnitude of the effect is dependent on the laser 

wavelength and, before the onset of saturation (see next section) scales directly with the 

level of pumping. However, since the temperature of the solvent contained within the ac

tive volume has insufficient time to reach thermal equilibrium with its surroundings the 

frequency chirp produced is in the downward direction only (downward because the 

dn/dTs of all solvents are negative).

In investigating the transient behaviour of the DFDL wavelength these two components 

were observed directly. A full explanation of the method used is given in [24] which is 

included as an appendix to the thesis. Using the dye rhodamine B the two way frequency 

chirp associated with dispersion was, as expected, observed to be dependent on 

wavelength. A larger two way chirp was recorded for 600 nm than for 580 nm which is 

just as expected considering the wavelength dependence of equation (22) (see also figure

11). The one way chirp associated with thermal effects was seen to be dependent on 

solvent dn/dT. The transient behaviour of the DFDL further supports the evidence for the 

existence of a dynamic thermal and dispersive contributions to its linewidth.

Linewidth saturation.

19



Chapter I

As was stated above the linewidth of the DFDL scales with the level of pumping 

employed until reaching a saturation value. The nature and origin of linewidth saturation 

is now discussed. In the linear region of moderate levels of pumping (5-20 mJ), the 

dominant processes determining linewidth are thermal and dispersive contributions to 

refractive index. Pumping the DFDL with energies less than approximately 20 mJ it was 

found that the linewidth scaled linearly with pump energy. For pump energies greater than 

20 mJ the linewidth remained constant. Figure (12) illustrates linewidth behaviour for 

pump energies around this saturation value. The saturation of linewidth can be explained 

with reference to figure (13) which plots the measured amplified spontaneous emission 

(ASE) as a function of pump power. As can be seen from the figure the ASE, similar to 

to linewidth, also saturates around 20 mJ. This behaviour suggests that the saturated gain 

above 20 mJ is independent of pumping energy, i.e. the maximum upper state population, 

Ni, is independent of pumping energy. Below 20 mJ, the saturated gain (as shown by 

the ASE behaviour) increases with pumping power, implying that the maximum value of 

Ni also increases with increased pumping. Thus, since Ni behaves in this manner, so 

must the dispersive component, i.e. it increases with pumping energy up to about 20 mJ 

and then remains constant. As a result, the laser is expected to sweep during an 

increasingly shorter fraction of the pulse duration for energies above 20mJ, i.e. the laser 

frequency is constant at a frequency corresponding to the saturated gain for an 

increasingly longer fraction of the pulse. For a time averaged spectrum, this is interpreted 

as a decrease in contribution to the linewidth due to dispersion. Since thermal effects 

continue to contribute increasingly with pumping power the two effects now offset one 

another. The observed independence of linewidth on pump power for pump powers 

above 20 mJ (see figure 12) is consistent witli this behaviour.

Summary of linewidtli effects.

In this section the linewidth behaviour of the DFDL has been explained. The linewidth 

is seen to depend on two factors:

1) the properties of the pump laser (linewidth, divergence, etc.)
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2) the level of pumping employed (through thermal and dispersive effects on 

refractive index).

Effect (1) mainly coiUribules to the linewidth by affecting the properties of the induced 

grating. For example, the coherence and linewidth of the pump beam determine the 

visibility and periodicity respectively of the grating which, in turn determine its spectral 

selectivity.

The power dependence of linewidth (effect 2) derives from thermal and dispersive 

contributions to refractive index which chirps the DFDL wavelength during the course of 

the pulse. When time averaged the chirping is interpreted as the device linewidth. As will 

be seen later (section 1.3), where the development of a narrow linewidth DFDL is 

discussed, these factors aie of considerable importance.

1.2.5 Temporal Behaviour of the DFDL.

In the period between 1971, when the DFDL was first demonstrated, and 1980 the 

DFDL was assumed to have a temporal behaviour which followed the pump laser pulse. 

In previous studies studies in this laboratory our time domain experiments (temporal 

resolution -  1.3 nanosecond) have been in agreement with this conclusion. Shank et al.

[15] in their paper state that "The dye-laser pulse followed closely the smooth second 

harmonic pump pulse shape which had a duration of approximately 10 nsec". They 

continue in the next sentence to say, "Flowever, the dye-laser pulse was not smooth and 

showed a slight superimposed structure". These two sentences were quoted by Bor when 

in [29] he reviewed the previous two years work on ultrashort pulse generation in 

DFDLs. By operating a Ng pumped DFDL close to its threshold Bor produced a DFDL 

capable of generating single picosecond duration pulses. This worked has continued as an 

active area of DFDL research until the present day. To date (March 1989) the shortest 

reported directly generated pulse obtained from a DFDL is 320 fs [30].

Bor [29,30] presented a coupled rate equation model describing the interplay between 

the population inversion and the photon flux inside the laser 'cavity'. In the region near 

threshold for the device two operating regimes were identified using the model. Before 

considering the dynamics of the laser action it is important to draw an important
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distinction between the DFDL and a conventional Fabry-Perot cavity laser. In a Fabry- 

Perot laser the cavity decay time is a constant, depending mainly on mirror reflectivity. In 

contrast the decay time of a distributed feedback laser is a function of the modulation 

providing feedback. In particular, as will be developed in chapter 5, the feedback, (or 

cavity Q) of the DFDL is proportional to the square of the gain of the laser. The dynamics 

of the laser action are now considered.

In the early stages of pumping the population inversion and gain of the laser increase. 

As a consequence of the increased gain the cavity Q increases for the reason described 

above. Below threshold the cavity gain is exceeded by its loss. As the pumping continues 

laser threshold is reached and surpassed, the gain now exceeding the loss. The DFDL 

pulse now develops but in doing so stimulated emission causes a depletion of the 

population inversion which, in turn, lowers the cavity Q causing termination of the laser 

action. An important consequence of this switching process termed 'self Q-switching' is 

that the emitted DFDL pulse can be significantly shorter than that of the pump pulse. In 

the first regime identified by Bor the laser is operated sufficiently close to (around twice) 

threshold to allow only a single pulse to develop. By pumping above this level Bor 

identified a second regime where multiple pulsing of the laser occurs. The dynamics of 

the laser action is essentially the same as that of single pulse production with the exception 

that, as a consequence of increased pumping the gain can recover to again exceed the loss 

causing the generation of another short duration pulse. Pumping at levels much above 

threshold (i.e. greater than five times threshold) has not been reported by Bor nor has he 

considered tliis regime using the rate equation model.

1.2.6 Summary.

In this section aspects of the DFDL have been explored. An emphasis has been placed 

on the factors contributing to the temporal and linewidth behaviour of the DFDL. When 

reviewing the DFDL literature two regimes of operating the DFDL become apparent. Near 

threshold operation, leading to the production of short pulses is the first regime. In the 

second regime the laser is operating typically more than five times that of the threshold
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value. Here the linewidth of the DFDL has been seen to depend on two main factors, 

namely:

1) the properties of the pump laser (linewidth, coherence, divergence etc.) and,

2) the level of the pumping employed (through thermal and dispersive on 

refractive index).

These factors have been considered in full and estimates of the magnitudes of the effect of 

these par ameters has been given. When considering the power dependence of linewidth 

two power dependent parameters were discussed; a thermally and a dispersively derived 

dynamic sweep of refractive index which when time averaged contribute to the linewidth 

of the device.

However, in previous literature, no apparent connection exists between the two 

regimes. This suggests the need for a further investigation into the operation of the laser. 

Such an investigation forms the subject matter of this thesis an outline of which is 

presented in the next section.

1.3 Temporal and Frequency Characteristics of Distributed Feedback Dye 

Lasers: Thesis Review.

In the previous two sections an introduction to the DFB laser is followed by a review of 

the processes affecting the linewidth and temporal behaviour of the DFDL, From this 

review two, seemingly distinct, operating regions of the DFDL have been identified. 

These are:

1) a neai' threshold region where self Q switching can lead to picosecond pulsing, 

and,

2) a well above threshold region where three processes were identified as 

contributing to tlie linewidth, namely:

(i) Pump laser par ameters (linewidth, coherence, divergence etc.),

(ii) a time dependent refractive index for the solvent due to thermal effects, and

(iii) a time dependent contribution to the refractive index of the active medium 

due to the dispersion associated with the optical gain.
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Processes (ii) and (iii) togetlier identify a general trend scaling the linewidth with the level 

of pumping employed and are the more dominant processes at moderate levels of 

pumping.

However, it has become apparent that, thus far, no general model exists which provides 

a description of the DFDL. Having seen that two, seemingly unconnected regimes exist in 

the experimentally observed behaviour of the laser, it is reasonable to ask if it is possible 

to reconcile tlie two in a such a model which provides a general description of distributed 

feedback dye laser action. Such a description should be consistent with all of the 

previously modes of operation e.g. in the production of ultrashort or narrow linewidth 

pulses. This apparent lack of understanding has stimulated this further experimental and 

theoretical investigation into the properties of the DFDL. This thesis presents the results 

of these further investigations. It will be seen that our experimental laser system could be 

configured for either short duration or narrow linewidth pulses. In the light of these 

investigations we present a new model which comprehensively describes the behaviour of 

the laser and is in good agreement with previous experimental observations.Tliis model 

should further aid the understanding of the DFDL.

A significant development of this investigation was the production of a DFDL which 

can operate at or near to its transform limited linewidth of 100 MHz for the 10 

nanosecond duration pulse under a much less restrictive range of operating conditions 

than previously reported, namely 580 to 680 nm using a variety of laser dyes. Such 

operation was obtained by tlie following strategy:

1) Identifying, both theoretically and experimentally, pulsing regimes so as to 

avoid them,

2) Reducing pump laser effects to a minimum by employing a narrow linewidth, 

highly coherent, low divergence pump laser, and

3) Operating the laser at reduced pump powers while minimising, as far as 

practicable, thermal effects by the use of low dn/dT solvents and restricting 

oscillation to wavelength regions of low dispersion.

The remainder of this thesis considers the experimental and theoretical investigations into 

DFDL behaviour.
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Chapter 2 contains details of the design and construction of the experimental DFDL 

system. The geometries of Shank [15] and Bor [16] are considered. In addition the 

modifications to the Nd:YAG pump laser enabling the production of TEMqo single 

longitudinal mode pulses are described.

To facilitate linewidth measurements a computer aided interferometer (CAIN) system 

was constructed. Chapter 3 contains a full account of the device which was used for the 

majority of the linewidth measurement in later experiments. This self contained system 

allows single shot measurements down to 100 MHz level which is approximately the 

transform limit for the 10 ns DFDL pulses. The system consists of a non degenerate 1.5 

GHz free spectral range interferometer and an image grabbing system which is made up 

from a CCD camera, a video framestore and a computer.

Chapter 4 contains an account of the heating mechanisms inside the dye medium and 

presents the results from an investigation into the thermo-optical properties of dye laser 

solvents. These properties are of considerable importance when assessing the thermally 

derived refractive index sweeps contributing to linewidth. The method of assessment is 

discussed together with a characterisation of a wide range of dye laser solvents.

Chapter 5 further investigates the coupled rate equation model of Bor. In addition to the 

near threshold region investigated by Bor, operation well above threshold is considered, 

conditions appropriate to our line nmowed DFDL. The equations are solved numerically 

using a fourth order Runge-Kutta method. A variety of parameters are explored in 

addition to that of increased pumping including the effect of reduced visibility of fringes, 

grating lengtli etc.

Chapter 6 comprises the main body of experimental work performed on the DFDL 

under the new pumping conditions (reduced power, line-narrowed pump laser etc.). A 

full interferometric investigation into the linewidth properties of the DFDL under a range 

of operating conditions is presented. In addition to this linewidth investigation results are 

presented where simultaneous linewidth using the CAIN system and temporal mea

surements using a streak camera were made. The motivation for this investigation was to 

ascertain if the pulse envelope contained a lar ge number of picosecond pulses as has been
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suggested by Bor [31], or if single narrow linewidth pulses may be produced by pumping 

well above threshold.

A conclusion to the thesis forms the last chapter. In the conclusion a new model is 

presented which links the various operating regimes. The model considers both ultrashort 

pulse and nanosecond pulse generation. The linewidth of the laser can also be predicted 

depending upon the particular operating circumstances.

The diesis also includes four appendices.

The first is a paper written by I.A McIntyre and myself under the supervision of 

M.H.Dunn which describes the processes determining the DFDL linewidth. The paper 

was published in the Journal of Modern Optics.

The second appendix is a paper written by myself and M.H.Dunn which reports on an 

investigation into the thermo-optical properties of dye laser solvents. This paper was 

published in the journal of Applied Physics B.

The third appendix contains details of the operation of the CAIN system and includes a 

listing of the computer software.

The fourth and final appendix contains a listing of the FORTRAN program used in the 

solution of the coupled differential rate equations describing the temporal behaviour of the 

DFDL. The algorithm employed was a fourth-order Runge-Kutta method.
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Wavelength Linewidth at Linewidth ;

(nm) 5°C(Â) 22°C(Â)

580 0.15 0.22

590 0.22 0.32

600 0.4 0.6

Table (1). Previously reported DFDL linewidth at different operating wavelengths and 

two temperatures (1.5 mJ pumping, water/Decon solvent).
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Chapter II

2.1 Introduction.

In contrast to Chapter I where the concept of the DFDL is described, this chapter 

presents speciüc details of the Nd:YAG laser and distributed feedback dye laser systems. 

The Nd:YAG laser used for the pumping of the DFDL was a modified version of the 

commercially available Quantel YG 480. Since, as will become apparent later, the 

parameters of the pump laser have a major influence on the operation of the DFDL, a 

desci'iption of the construction and operation of the pump laser is included. In considering 

the DFDL specific details of tlie apparatus used in the construction are presented, together 

with a brief outline of its peifonnance.

Sections 2.2 and 2.3 consider the Nd:YAG and the dye lasers respectively.

2.2 The Nd:YAG pump laser.

2.2.1 Introduction.

The frequency doubled, Q switched Nd:YAG laser used for the pumping of the DFDL 

was à modified version of the commercially available Quantel YG480 [1].

Two resonator configurations were available for the laser, the choice of which being 

determined by the conflicting interests of pulse energy, beam quality and Iinewidth. To 

obtain the highest pulse energies an unstable resonator, incorporating an intracavity 

telescope was employed. This configuration, denoted as the 'standard' configuration by 

the manufacturers, maximizes the available Nd:YAG rod volume. In the alternative 

configuration, denoted as 'TEMoo' by the manufacturers, a stable resonator is employed, 

which together with aperturing of the Nd: YAG rod and the incorporation of a solid (L = 

10 mm) intracavity étalon ensures operation on the lowest order transverse electro

magnetic mode (TEMoo)- In the unaltered TEMqq configuration the Iinewidth was mea

sured as approximately 1.5 GHz (as compared with -  3 GHz using the unstable 

resonator). Since the laser cavity length is 1.05 m even the lower Iinewidth figure 

represents oscillation over approximately 10 longitudinal modes.

In Chapter I, where a strategy for the development of a narrow Iinewidth DFDL is 

presented, it is identified that the pump laser should have a narrow Iinewidth combined 

with high temporal and spatial coherence. For this reason the laser was operated in a
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modified form, namely with slow Q switching which limited oscillation to a single 

longitudinal mode (SLM) using the technique of slow Q switching [2-4], The laser was 

modified in the laboratoiy by Andritsakis and Dunn [4]. In this slow Q switched mode, 

the laser produced SLM, temporally smooth pulses of duration -  12 nanoseconds 

(FWHM). The pulse energy at the second harmonic wavelength of 532 nm was in the 

region of 0.5 to 1.0 raJ.

The operation of the unmodified Nd:YAG laser is now explained and is followed by 

details of tlie operation and action of the slow Q switch.

2.2.2 The standard Quantel YG480.

Introduction.

Figure (1) is a schematic diagram of the layout of the basic laser. The laser consists of 

two parallel arms, the main laser cavity and the switch-out arm. Following the labelling of 

figure (1), the laser cavity can be considered as consisting of five main components:

(1) A pumping chamber.

(2) Two highly reflecting end mirrors.

(3) A Pockels cell.

(4) Two quarter wave plates.

(5) A Gian Taylor polariser.

The 3 components of the switch-out aim are the following:

(6) TIR steering prism.

(7) Quarter wave plate.

(8) Second harmonic generator.

The eight components are now considered in turn.

The pumping chamber contains the Nd:YAG rod. The yttrium aluminium garnet 

Y3AI5O12 (YAG) crystal is doped at a concentration of 1% with Nd^+ ions, has length 

115 mm and diameter 7 mm. The rod faces are cut at an angle of 2° from the transversal 

plane and are anti-reflection coated for the laser wavelength o f X -  1.06 j,im. Providing 

the pumping for the rod are two close proximity xenon flashlamps. The remainder of the 

pumping chamber is filled with a resin of magnesium oxide which acts as a diffuser.
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The cavity mirrors are positioned at either end of the 1.05 m long cavity. They are of 

dielectric construction and have a maximum reflectivity at a wavelength of ̂  = 1.064 |Lim. 

As was outlined above the laser cavity can be operated in one of two geometries which 

utilize either an unstable or stable resonator. The unstable resonator uses a plane and a 

divergent mirror (radius of curvature = -3m), whereas the stable resonator uses a plane 

and a convergent mirror (radius of curvature = 5m). A full description of the two 

resonator geometries can be found in a later section.

The Pockels cell is an electro-optical component which, in conjunction with the quarter 

wave plates allows the switching of the cavity Q. The cell is fitted with a KDP crystal 

orientated such that at zero field the crystal does not affect the polaiization of light passing 

tlirough it. On the application of the suitable voltage (4.2 kV) the cell behaves as a quarter 

wave plate.

Two quarter wave plates are included in the cavity which are labelled as Qj and Q2 on 

figure (1). Most of the light to the left of the Glan-Taylor prism is coupled out of the 

cavity after a double pass through Qj. Rotation of Qj controls the value for the high Q 

state. Q2 operates in conjunction with the Pockels cell to allow tlie switching of the cavity 

Q in a manner which is described below.

A Glan-Taylor (GT) polaiiser consists of two prisms separated by a small air gap. The 

two prisms are constructed of a biréfringent material, such as calcite or quartz. Each prism 

is cut so that the ordinary and extraordinary rays passing through the prism confronts an 

angle which exceeds tlie critical angle for one of the rays but not for the otiier. The second 

prism is provided to redirect the refracted ray to its original direction of propagation. The 

GT employed is positioned such tliat it transmits vertically polarized light while deflecting 

horizontally polarized light out of the cavity. The polaiiser is anti-reflection coated on all 

four faces.

The first component of the output arm of the laser is a steering prism of quartz 

construction. The output beam from the GT is reflected down the output arm of the laser 

towards the second hai monic generator after internal reflection from the rear face of the 

prism. The infraied output beam passes through a quarter wave plate before passing into 

the second harmonic generator. The wave plate has its optic axis orientated at 45° to the
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incident polarization and therefore circularly polarized light is produced after the single 

pass through it.

The second harmonic generator is the final component in the switch-out arm of the 

laser. The nonlinear material used is a 12 x 12 x 30 mm parallelepiped crystal of 

deuteriated potassium dihydrogen phosphate (KD*P). The crystal employs type II phase 

matching and is angle tuned. The frequency doubled output is plane polarized at a 

wavelength of X = 532 nm. The crystal is surrounded by index matching fluid and 

hermetically sealed in a cell. The cell windows are AR coated for the laser fundamental 

wavelength o f l =  1.064 (im.

Action of the laser Q switch.

The technique of Q-switching is an established way of obtaining intense short bursts of 

radiation from lasers. The laser cavity quality factor Q is lowered by some means during 

tlie pumping of tlie lasers active medium so tliat tlie population inversion can build up to a 

very high value without the laser oscillating. The laser cannot oscillate when tlie cavity is 

in this low Q state because tlie gain of the laser is well below the loss. When the inversion 

reaches its peak the Q of the laser cavity is switched from a low to a high value. The gain 

in the laser medium is now well above threshold and a rapid build-up of laser action 

results. Since, at the high intensities produced the population inversion (and hence the 

gain) is quickly depleted, Q-switched pulses tend to be shorter than the duration of the 

radiation providing the pumping. Since this method uses the active medium to provide 

energy storage, Q-switching is most profitably used in those active medium with 

relatively long lived excited state lifetimes.

Operation of the Quantel Q-switch.

The action of the Q-switch is as follows. Noimally no voltage is applied to the Pockels 

cell. As was explained above, when no voltage is present on the cell it has no effect on 

light passing tluough it. Horizontally polarized light from the gain medium is coupled out 

of the cavity by the Gian Taylor (GT) prism. Vertically polarized light, which passes 

through the GT pohuiser, is rotated though 90° by the double pass through the quarter 

wave plate which is labelled as Q2 on figure 1. Since this horizontally polarized light is
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now coupled out of the cavity the cavity is completely lossy i.e. it is in its low Q state. 

When the appropriate voltage is applied to the Pockels cell, so that it acts as a quarter 

wave plate, vertically polarized light, after a round trip through the cell and the passive 

quarter wave plate, then retains its vertical polarization and therefore remains inside the 

cavity. Q2 is orientated so that most of the light passing through it is subsequently 

reflected out of the cavity by the Gian Taylor prism leaving a small proportion (5%) to 

recirculate tlirough the cavity for furtlier amplification.

Resonator configurations.

As was stated previously the laser can be operated with one of two resonator 

configurations. Figure 2(a) is a schematic diagram of the 'standard' geometry. The basic 

resonator structure is formed by using a diverging (R = -3m) and a plane mirror. The 

cavity also contains a diverging telescope and two 6mm diameter aperture in order to 

make maximum use of the Nd:YAG rod volume. The diverging telescope also serves to 

compensate for self focussing in the thermally distorted Nd:YAG rod and can be adjusted 

to minimize the output beam divergence. A converging telescope is situated in the output 

aim of the laser which reduces the beam size for efficient second harmonic generation. 

Using the laser in this configuration resulted in the production of pulses of energies of 

around 330 and 110 mJ at the wavelengths of 1 =  1.064 |im and 532 nm respectively.

Figure 2(b) is a schematic diagram of the 'TEMoo' geometry. In this geometry the laser 

uses a converging mirror (R = 5m) in conjunction with a plane mirror. In tiansferring 

from an unstable to a stable resonator geometry, where less of the Nd:YAG rod is used 

leads to a sizable decrease in available pump power. The cavity mode diameter is reduced 

over that of the standard configuration by the use of two apertures which have diameters 

of 2.1 and 1.9 mm, A 10 ram étalon was included in the cavity which resulted in the 

production of pulses of energies of aiound 20 and 1.5 mJ at the wavelengths of X == 

1.064 |xm and 532 nm respectively, with linewidths of around 1.5 GHz at 532 nm.

2.2.3 The modified Quantel YG480.

The laser used to pump the DFDL in most of the experiments described in later chapters 

of this thesis was a modified version of the Quantel YG480. In particular, a slow Q

31



Chapter II

switch was developed which allowed the production of SLM pulses. In the following, the 

technique of slow Q-switching is firstly discussed together with details of the 

modification made to tlie laser.

Slow Q-switching [2,3] is a technique which allows the reliable production of single 

longitudinal mode pulses in pulsed Nd:YAG lasers. In normal, or active Q switching, the 

cavity Q is switched from a low to a high Q at some predetermined time when the gain of 

the medium is greatest. On switching the Q a large number of modes experience gain and 

contribute to the output of the laser pulse. For the short pulse duration of ~ 12 ns there is 

insufficient competition between modes to allow any favoured mode to dominate. In slow 

Q-switching the cavity Q starts off at some intermediate Q which, when the gain of the 

active medium is near its maximum value, can just support laser oscillation. When the 

laser oscillation occurs in this situation, i.e. without tlie action of the cavity Q-switch, the 

laser is said to be free-running. When the laser is free running the output is seen to consist 

of a damped train of microsecond duration pulses called relaxation oscillations. The 

physical mechanism leading to such relaxation oscillations is an interplay between the 

light flux (or photon density) in the resonator and the population inversion of the active 

medium. An increase in light flux decreases the population inversion due to the increased 

rate of stimulated emission tiansitions. As a consequence the laser gain is reduced which 

in turn tends to decrease the intracavity intensity. These relaxation oscillation pulses have 

durations which are much longer than those of Q-switched pulses. The Iinewidth of the 

relaxation oscillation pulses tends to be naiTower than those of Q-switched pulses for a 

number of reasons. Fii stly the gain of the medium only just exceeds the cavity loss when 

the laser is free running, and, as such, a much reduced number of cavity modes experi

ence gain. Because of the increased pulse duration the pulse undergos a large number of 

cavity round trips. This improves the selectivity of any frequency devices present in the 

cavity. Finally the increased pulse duration leads to increased competition between 

modes. Thus the established relaxation oscillations present in the laser when it is free 

running in the intermediate Q state can be considerably line-narrowed over that of a 

normal Q switched pulse. If the technique is employed to its full then the result can be the 

establishment of a pulse, with oscillation on one cavity mode. This mode is coupled out of
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the cavity where it is detected. The signal from the detector then initiates the switching of 

tlie Q to a high value. On switching to a high Q a large number of modes experience gain. 

However that mode forming the pre-lase pulse grows much more strongly than other 

modes which must establish their oscillation from a noise level so that single mode 

oscillation is maintained throughout the Q-switched pulse. This slow Q switching 

technique was applied to the Quantel Nd:YAG laser resulting in reliable production SLM 

operation. Details of the modification to the Quantel laser are now presented.

The laser used the TEMoo resonator configuration (see section 3.2.2). As explained 

above the principle of slow Q switching is to initially set the cavity Q at an intermediate 

value, detect laser oscillation when it occurs and thereafter switch the cavity Q on the 

established mode. Increasing the cavity Q is achieved in practice by a small rotation of Q% 

hence allowing some of the light within the cavity to recirculate within it. As the 

flashlamps pump the YAG rod and the gain increases until the gain just equals the loss 

and the laser begins to oscillate. Relaxation oscillations occur in this situation with a 

period of around 1-5 |is. Most of the modulated output of the laser is coupled out of the 

cavity via the GT prism. This light is then used to initiate the switching of the cavity Q to 

a high value. A small (5 x 7  mm) prism was placed on the face opposite of the GT from 

which the high power output is taken. The output from this prism was then reflected onto 

a photodiode (Hamamatsu PIN SI 188 [5]). Once detected the optical pulse initiates the 

operation of the feedback by applying the appropriate high voltage to the Pockels cell, 

hence switching the cavity Q to a high value. The feedback circuit consists of the PIN 

photodiode, a logic circuit, and the standard 'fast switching circuit' which provides the 

HT to the Pockels cell. The logic circuit was designed and constructed in the Departments 

electronics workshop by J.Wade. Full details, including a circuit diagram can be found in

[4]. In essence the logic circuit takes the output of tlie photodiode and converts it into a 

signal which is suitable for the QuantePs standard switching circuit. In order to avoid 

spurious signals occurring due to the large amounts of electiical noise which occurs when 

the flashlamps fire the logic circuit is first primed by a signal from the laser which is 

present to initiate the firing of the flashlamps. The logic circuit only accepts signals from 

the photodiode at a preset time after the firing of the flashlamps.
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It was found [4] that by reducing the rate of switching of the Pockel's cell, SLM 

operation was encouraged. To this end a simple LCR (inductive, capacative and resistive) 

damper was incorporated into the fast switching circuit.

Specifications of tlie modified Nd:YAG laser.

The specifications of the modified Nd: YAG laser are now discussed. As has been stated 

above, the modified laser provided pulses of duration ~ 12 nanoseconds (FWHM) with a 

pulse energy of between 0.5 and 1.0 mJ at a wavelength of 532 nm. Examples of the 

temporal form of pulses produced by the laser are shown on figures 3(a) and 3(b). 

Evaluation of the frequency spectrum of the Q-switched pulse is now considered. For 

reasons that will shortly become appaient, in order to ascertain that SLM operation has 

been attained, measurements must be ctu*ried out simultaneously in both the frequency and 

time domains. Temporal pulse measurements were obtained using a 275 MFIz 

oscilloscope and fast ( -3 0  GHz) photodiode giving an overall risetime of 1.3 nano

seconds. A description of the pulse measurement system may be found in chapter VI. As 

can be seen by the figures the pulses may be smooth or show mode beating. As will be 

seen below the smooth pulses represent operation of the laser on a single longitudinal 

mode. The laser Iinewidth was measured as less than 300 MHz at (k = 532 nm) by using 

the 1.5 GHz free spectral range confocal interferometer which is described in chapter III 

of this thesis. However, the figure of 300 MHz represents an upper estimate of the laser 

Iinewidth since its represents the finesse of the interferometer at 532 nm. Since the 

intermode spacing of the laser is approximately 150 MHz this Iinewidth could represent 

oscillation on two adjacent modes. In this case the temporal profile of the laser can be 

used to establish the frequency spectrum of the pulse. If two adjacent modes are 

oscillating a beat wave between them is produced. The beat period is equal to the 

reciprocal of the intermode spacing, which for the 1.05 m cavity length, is around 6 ns. 

The temporal form of the optical pulse can therefore be used to obtain information about 

the pulse Iinewidth. Two modes oscillating with relative intensities Î  and I2, with 

difference frequency will have a temporal form which is given by,

1(0 = F(l) 11, + I2 + 2 V(Ii I2) Cos(Q)l) ] (2.1)
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where F(t) describes a smooth pulse that is modulated by the (cosinusoidal) beat 

frequency term [6]. Figures (4 a-d) plot the function described by equation (1). In (4a) 

the ratio of the intensities is 10:1 while in the (4b) the ratio is 100:1. The modulation of 

the pulse is proportion to the ratio of field amplitudes, i.e. in the case of 10:1 ratio of 

intensities the modulation is V10:1. These represent the temporal behaviour of the output 

at the fundamental wavelength of 1.06 jiim. Figures (4c) and (4d) again represent the 

temporal behaviour of the 10:1 and 100:1 ratio of intensities. These figures represent 

temporal behaviour of the intensities after second harmonic generation. As the second 

haimonic generation efficiency is proportional to the square of the input power the effect 

in the time domain is to square the modulation of the pulse. The increased sharpness in 

the temporal domain can be explained in the frequency domain using a simple Fourier 

analysis. The two frequencies components (with frequency fj and f% will, after second 

luurmonic generation (or any nonlinear process) produce frequencies at 2fj, 2fg and also 

the siim frequency ^+f%. As can be seen from the figures a mode beating may be 

observed in the second harmonic pulse even when the ratio of the intensities in the 

fundamental is 100:1. Since all pulse measurements were measured at the second 

harmonic wavelength of 532 nm it may be concluded that the output pulses of the type 

illustrated on figure 3 (a) represent oscillation on a single longitudinal mode.

On passing through the frequency doubler, the radiation is reflected off two dichroic 

mirrors to separate the second harmonic from the fundamental, the 532 nm component 

then makes three round trips through a delay line consisting of two 75 mm multi-layer 

dielectric coated plane mirrors sepmated by approximately 1.5 m. The purpose of the 

delay line is to allow higher order modes to diffract out. Divergence increases the beam 

size from 7 to 14 mm before being incident on the dye cell apparatus which is now 

considered.

2.3 The distributed feedback dye laser.

2.3.1 Introduction.

This section describes the apparatus used in the operation of both the Shank and the Bor 

style DFDL geometries. The geometries described were those used in the experiments
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described in later chapters. The essential features of both designs are outlined in Chapter I 

where it is seen that tlie only difference between the two geometries lies in the method of 

splitting the pump beam before producing the feedback grating. As has been described 

previously in the Shank system a beam splitter is used whereas, in the Bor system a 

diffraction grating is employed. All other components of the system are common to both 

designs. The components of the two geometries are first described and this is followed by 

details of the operation of the devices. Schematic diagrams of the Shank and the Bor 

structiu'es can be found in chapter one (figures 5 and 6).

2.3.2 The DFDL components.

The components of the dye laser systems consist of the following appar atus; cylindrical 

lens, a beam splitting element (beam splitter or diffraction grating), two beam steering 

mirrors, a coupling prism and a dye cell. These components are now described.

The cylindrical lens used was a Melles Griot high precision cylindrical lens with a 30 

cm focal length (01 LQC 008) [7]. Using this lens in conjunction with the NdiYAG laser 

a diffraction limited focus of approximately 30 )im was theoretically possible, although, 

in practice the focussing was relaxed to produce a pumped region of between 100|im to 

200jJ.m. The lens was held in an Oriel 3 axis mount (no. 2510) [8]. Using the Shank 

geometry the rotation angle aiound the beam propagation direction was the most critical 

adjustment. As will be seen later in chapter VI, rotation of the lens could be used to vary 

the degree of overlap between the two pump beams.

When the DFDL was used in the Shank configuration, a 50% beam splitter (obtained 

from CVI [9]) was mounted in a NRC beamsplitter mount (MM-2A). When used in the 

Bor configuration a 1200 lines per mm square sinsuiodal holographic diffraction grating 

diffracted the incident pump beam into the +1 and -1 diffraction orders at an angle of -  39° 

from the grating normal. A sinusoidal grating was employed since this grating only 

diffracts energy into the first orders hence obtaining high efficiency (approximately 30% 

into each order [10]). The grating was obtained from Optometiics Ltd.
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The beam steering mirrors were 2.54 cm diameter multi-layer dielectiic coated mirrors 

obtained from CVI optics (item no Y2-10-30), specially designed for high reflectivity at 

an angle of incidence of 30°. These were held in standmd Ealing beam-steering mounts.

The quartz dye cell used was a flowing type (Lambda Physik FL42/2). The inside 

diameter of the cell was marginally larger then the induced grating length. The cell was 

tilted to 10° from the vertical to prevent parasatic lasing between the two end faces. For 

some experiments cooling of the dye was necessary (see chapter IV where the thermo- 

optical properties of commonly used dye laser solvents are investigated). To allow this, 

the dye was circulated using a Coherent model 460 dye circulator and, by insertion of the 

dye filter assembly into a refrigerated bath of water/ethylene glycol, cooling of the 

solvents down to -2°C was possible.

A 45°quartz prism (see Chapter I) was mounted on the entrance face of the dye cell 

using the silicon oil 'Baysilicon M l000' as index matching fluid.

With the exception of the cylindrical lens, all components were mounted on Ealing 

minibenches. Two parallel arms were used, the beam-splitting and steering assembly 

were mounted on a 5(X) mm minibench while a 200 mm minibench supported the dye cell. 

Figure 7 is a scale drawing of the minibench DFDL system.

2.3.3 Basic experimental DFDL details.

When char acterizing a laser the parameters of interest include the threshold of operation, 

the energy efficiency, the physical characteristics of the output beam, the tuning range and 

factors about the lasers temporal and Iinewidth behaviour. These first four parameters are 

now briefly considered, the other two form a substantial part of the subject matter of other 

chapters of the thesis.

As a dye laser tlie output partmieters are, to a large extent, determined by the properties 

of the dye used as the laser's gain medium. As an example the operating wavelength of 

the laser must lie within the dyes gain bandwidth which is obviously dependent upon the 

type of dye used. As will be seen later, five laser dyes were employed in the efficient 

operation of the laser in the wavelength range of 580-680 nm. For a particular dye the 

efficiency is wavelength dependent, maximum efficiency being obtained when the laser is
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operated in the region of niaxiinum gain. In order to present a reasonable indication of the 

laser's performance under typical operating conditions, the remainder of the data 

presented in this section refers to that dye which was most commonly used; rhodamine B.

Using rhodamine B the threshold for distributed feedback lasing required a pump 

energy of about 0.1 mJ (10 kW). For a pump energy of 10 mJ the efficiency of the DFDL 

was around 18%. llie  measured beam divergence of the output beam from the dye laser 

was 11 mrad by 17 mrad. Using the dye the device could be tuned over the range of 580- 

630 nm. Figure (8) is a plot of the operating wavelength of the laser plotted as a function 

of the angle of incidence of the pump beams on the prism (obtained using equation (5) of 

Chapter I). Figure (9) shows the experimentally obtained tuning range of the laser using 

rhodamine B. Tuning over some 10 nm was possible by rotation of the beam steering 

minors only, but outwith this range it was found necessary also to translate the minors. 

As will be seen in later chapters, the temporal and Iinewidth behaviour is dependent on a 

variety of parameters such as pump power, the length and visibility of the feedback 

grating, and the dye/solvent combination used. These factors form the subject matter of 

tlie remainder of this thesis.

2.4 Summary and conclusion.

In this chapter the lasers used in the experiments of later chapters have been described. 

The Nd:YAG laser used for pumping of the DFDL was used in a modified form which 

utilises the technique of slow Q switching to provide SLM pulses of between 0.5 and 1.0 

ml with a duration of around 12 nanoseconds (k = 532 nm). The DFDL was used in both 

the configurations of Shank and Bor. Basic experimental details of the DFDL were 

presented i.e. the tuning range, threshold power efficiency etc. These are further 

considered later, together with a complete description of the temporal and Iinewidth 

properties of the laser.
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Figure 2. (ti) Schematic diagram of the cavity layout of the 'standard' Quantel Nd:YAG 

laser. By employing an unstable resonator and an intracavity telescope to use all of the 

available NdtYAG rod, this geometry maximises tlie output pulse energy. Pulse energies 

of ~330 mJ and 110 mJ are available using this mode at the wavelengtlis of % = 1.064 (tin 

and 532 nm respectively, (b) Schematic diagram of the cavity layout of the 'TEMoo' 

Quantel Nd:YAG laser. This geometry employs a stable resonator to achieve laser action 

on the lowest order transverse mode. The laser has a lower Iinewidth in this geometry, at 

the expense of lower pulse energy (70 mJ and 20 mJ spec power atX = 1.064 pm and 

532 nm respectively).



1 div = 5 ns

F'igiirc 3. Two examples of the temporal pulse profiles of the Ncl:YAG laser (X = 532 

nm). Bpth traces represent approximately 10 shots. In the upper trace the smoothness 

of the pulse profile indicates (when combined with interferonietric measurements) that 

the laser is operating on a single longitudinal mode. In the lower trace more than one 

longitudinal mode is oscillating superim|K)sing a 5 ns beat onto the pulse.
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(d) I(X):1 intensity ratio between the modes, signal at second harmonic wavelength.
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Chapter III

3.1 Introduction.

In order to facilitate linewidth measurements at a level approaching the transform limit 

(around 50 MHz for a 10ns pulse) of the DFB dye laser an inteiferometric measurement 

system had to be constructed. Furthermore the investigation of the lasers shot-to-shot 

frequency stability (as discussed in chapter II) necessitated that the interferometer had the 

capability to measure linewidth on a single shot basis. A full description of the system 

developed is given in this chapter.

A common method of linewidth measurement at this level of resolution uses a Fabry- 

Perot interferometer. This chapter describes the design, construction and use of an 

automated interferometric system used to provide single shot measurements of linewidth. 

The system developed used a non-degenerate confocal interferometer the output of which 

was coupled, using a projection lens system, to produce an image on the array of a CCD 

camera. The video output of the CCD camera was then digitised and stored in a video 

framestore before being read into a computer memory. The computer program could tlien 

display directly the intensity/position of the interference pattern and hence linewidth may 

be detemnined. An acronym for this computer assisted interferometry is CAIN. It was the 

use of the video framestore which allowed the system to make single shot measurements 

since it stored the image and allows subsequent video display or analysis by computer.

In section 2 of this chapter the design and construction considerations for this CAIN 

system are described detailing the interferometer, the CCD camera, the video framestore 

and the computer hard/softwaie. Section 3 contains some results of the CAIN system as 

illustrated with a cw He-Ne laser, the Quantel Nd:YAG laser and the DFDL, where it will 

be seen that the single shot CAIN system can perform favourably with that of a scanning 

interferometer.
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3.2 Design of CAIN.

CAIN element Design Considerations

Interferometer Type, FSR, finesse, wavelength range, etendue

Camera CCD sensor, ID vs 2D, responsivity, resolution

Framestore Analog/Digital bit accuracy

Computer Speed, memory, input/output ability, data storage

Table (1). Design considerations for each of the CAIN elements.

The table above shows a summary of some of the design considerations involved in the 

construction of the CAIN system. Each element is now described,

3.2. TInterferometer.

i) Introduction to the Fabry-Perot interferometer.

As stated in the introduction an interferometric measurement device had to be 

constructed in order to facilitate linewidth measurements at the 100 MHz level. A common 

metliod for such measurements uses the Fabry-Perot interferometer, which is named after 

its inventors Charles Fabry and Alfred Perot. The plane parallel interferometer (FPP) is 

the simplest Fabry-Perot interferometer and consists of two highly (but not totally) 

reflecting plane mirrors aligned parallel to a high precision. A schematic diagram for the 

FPP is shown on figure (1). The FPP mirrors are separated by a distance L and have 

intensity reflectivity R. The medium between the two mirrors has refractive index n. As 

only a small proportion of the light incident onto each mirror is transmitted the light 

undergos multiple reflection through the interferometer. The path difference between ad

jacent emerging beams, attributable to one additional round trip, causes a phase difference 

(j), which is given by,

<j) = -^ ^ n  L Cos 0 (3.1)
A,

40



Chapter III

where % is the free space wavelength and 0 the internal angle of incidence of the incident 

light. The spatially dependent output of the interferometer depends on the phase difference 

between adjacent beams. Unity transmission or resonance occurs when emerging beams 

are completely in phase i.e.,

(|) = 2 m tt (3.2)

where m is an integer. From (1) and (2) it can be seen that a limiting case exists when the 

(m+1) th order overlaps with the m th order. This limiting case is known as the free 

spectral range and is given by,

AXpsR=

More commonly (3) is expressed in terms of frequency, hence obtaining the familiar 

expression,

^Vfsr = 2 ^  (3.4)

The .transmission characteristics of tlie FPP will be further developed later but meanwhile 

equations (1) and (2) can be used to the illustrate the two main modes of operation of the 

interferometer which ar e:

(a) Central Spot Scanning.

(b) Entire Fringe Observation.

The choice of method in which to use the interferometer depends on the application. 

Both modes normally seek to measure the frequency spread, or linewidth, of a source. In 

both cases a finite Av leads to a broadening of the fringe as (2) is satisfied for a range of 

angles. These are considered in turn below.

(a) Central Spot Scanning.

By illuminating the interferometer with a plane wave at a fixed angle to the 

interferometer axis (generally 0 = 0°) the interferometer resonance wavelength may be 

scanned by varying L, maximum transmission occurring when equation (2) is satisfied. 

Figure 2(a) shows how this is realized in practice. The source S is placed in the front 

focal plane of a lens. The collimated beam passes through the interferometer and, after 

emerging from the interferometer, the fringes are examined in the focal plane of a second
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lens. If the interferometer is on resonance all of the incident light (ie neglecting mirror 

absorption) passes tlirough the interferometer and is incident on the detector. By scanning 

the interferometer length the transmission changes until, as the interferometer moves off 

resonance, the resonance condition is again satisfied when the interferometer length has 

changed by X/2 corresponding to a scan of one free spectral range. In this mode the in

terferometer essentially behaves as a band-pass filter. Successive frequency components 

iU'e sampled sequentially as the resonance frequency is altered. This mode is also known 

as sequential spectrometry for this reason [1]. Since (|) varies linearly with frequency as L 

is scanned the interferometer output has linear dispersion. The length can be varied in 

practice by attaching one mirror to a piece of piezo-electric material or to a magnetic drive 

similar to a loudspeaker. The change in transmission is measured using a linear detector 

such as a photodiode.

Scanning may also be accomplished by placing the entire instrument in a vacuum 

chamber and slowly altering the pressure. This changes the optical thickness, nL, of the 

gas between the plates since n varies very nearly in proportion to the density or pressure 

of the gas.

The main advantage of the scanning method is that output is linear in both frequency 

(linear dispersion) and in intensity through the use of a linear detector. Interpretation of 

the fringe pattern produced is therefore more simple. Since only the central fringe is 

utilized in scanning mode this represents a limitation on the radial throughput (or etendue) 

of the interferometer. Resolution may be traded off against light collection efficiency by 

increasing tlie detector aperture size. A disadvantage of this method is that it requires that 

the pulse length must be greater than the scan time if single shot measurements are to be 

made. This method is not used for the single shot linewidth measurement of nanosecond 

time-scale pulses since, on these time-sc ales, it is not practicable to produce a linear 

movement of the interferometer mirrors. However, if the pulse to pulse frequency 

stability of the source is less than the single pulse laser linewidth, the scanning interfer

ometer may be used with a pulsed source. By slowly scanning the interferometer it is 

possible to sample successive frequency components of successive pulses and assemble a 

frequency specti'um of the source. However, if the pulse to pulse frequency jitter is

42



Chapter III

greater than the linewidth then it is the jitter which is recorded using the scanning method. 

Hence, single shot measurements, despite the disadvantages of non-linearity in fringe 

position with frequency, are best made using the multiplex approach, which has the 

advantage that the entire frequency spectrum is sampled during one shot. This mode is 

discussed in the next section.

In summary therefore the scanning method fixes 0 of equation (1) and the 

interferometer transmission is thereafter altered by scanning L or n. Linear dispersion is 

the main advantage of the method.

(b) Multiplex spectrometry mode.

Fellgett [1] gave the name multiplex spectrometry to this mode of interferometry where 

all frequencies are used and observed simultaneously. The multiplex method has 

advantages in transient or pulsed conditions and, as identified by Fellgett [2], has 

increased interferometer throughput. Figure 2(b) shows a schematic diagram of the 

operation of interferometer when used in multiplex mode. The value of L is fixed and the 

interferometer illuminated with a diverging beam so as to provide a range of incident 

angles. A given wavelength will be transmitted at several values of 0, when equation (2) 

is satisfied. Another wavelength will be transmitted at other values of 0. Multiplex refers 

to the fact that all wavelengths contribute to the output simultaneously. However unlike 

tlie scanning interferometer this metliod has the disadvantage of non-linearity of the fringe 

position with frequency (nonlineai* dispersion). The interference fringes produced appeal" 

at infinity and can be projected onto a screen using a lens by placing a screen in the rear 

focal plane of the lens. Conventionally the image was recorded by projecting the fringes 

onto photographic film. This method of recording has the disadvantage of non-linearity 

since the response of a photogi aphic film is logarithmic This, combined with nonlineai* 

dispersion makes interpretation of the fringes more difficult. Recently, CCD's have 

become readily available, and their use in place of photographic film offers a number of 

major advantages. The most significant of these are their sensitivity, response linearity, 

compatibility with digital storage, and, unlike photographic film, they are completely
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reusable. These parameters are discussed in section 2.3 when a comparison is made 

between solid state sensors and photographic film.

The multiplex method has been shown [1,2] to represent an advantage over the 

scanning method under low light level illumination. All of the spectral bandwidth of 

interest is observed for the whole of the duration of the experiment whereas in the 

scanning mode spectral components are sampled for short periods which sum to give the 

total time of the experiment. If M spectral elements in the range Av are to be measured in 

time T then in the scanning mode each spectral element is sampled for a time T/M. If the 

signal integrates in proportion to T and the noise in proportion to as it does in 

detector noise limited systems, then the sensitivity (proportional to the signal to noise 

ratio) is in direct proportion to for the multiplex device, while in direct proportion to 

VT/M for the scanning device. The gain in sensitivity in using the multiplex method is 

therefore VM. Relaxation of the incident beam collimation improves the light collection 

efficiency of the interferometer when used in tliis mode (i.e. resolution is traded for light 

collection efficiency).

As stated previously the shot-to-shot frequency stability problem associated with the 

Shank style DFDL geometiy dictated the need for an interferometer with tlie capability to 

measure linewidth on a single shot basis. This constiaint therefore points to the multiplex 

mode which was the mode used experimentally, together with a solid state image sensor.

ii) Introduction to the confocal interferometer.

A major limitation which is placed on the plane parallel interferometer occurs when the 

sepai'ation of the interferometer mirrors is greater than their diameter. At this separation 

diffraction loss becomes a dominant loss mechanism as the mirrors effectively aperture 

the beam on each reflection. Curvature of one or both mirrors decreases diffraction loss 

associated with aperturing by compensating the diffraction of the beam on each reflection 

with mirror curvature. The spherical confocal Fabry-Perot interferometer (FPS) is an 

interferometer which uses two spherical mirrors with equal radii separated by a distance 

equal to this radius of curvature and was first developed by Connes [3] and further 

described by Hercher [4]. There are a number of geometrical advantages associated with
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this arrangement. Diffraction loss and the effects of mirror imperfections are minimised, 

and hence it can be used at larger mirror separations than an equivalent plane parallel 

Fabry-Perot interferometer. Light collection efficiency is also improved over that of the 

FPP and other types of interferometer since the interferometer can accommodate a greater 

range of incident illumination angles.

The Airy function, free spectral range, and finesse.

Although the derivations of the Airy function, free spectral range and finesse are well 

known for the case of a plane parallel interferometer these are outlined below while 

developing, in parallel, similar expressions for the confocal interferometer. Expressions 

for the FPP terms aie listed on tlie left while those for the FPS are found on the right. The 

plane parallel interferometer mirrors have intensity reflectivity R, and separation L. For 

simplicity the medium between the mirrors has refractive index of one. The FPS has its 

two identical spherical mirrors separated by a distance equal to their common radius of 

curvature r. For confocal operation using the paraxial approximation each minor images 

the other upon itself. In this idealised picture, which is shown schematically on figure 

3(b), a ray entering the interferometer will be re-entrant after the first four reflections. 

This cycle repeats itself giving rise to an infinite number of coincident beams at this point.

The phase change ({), between two adjacent emerging beams (0,1,2,...n), is given by,

(|) = -^ ^ 2  L Cos 0 (]) 4 r (3.5)
A %

The phase term for the FPS, as has be explained above, is independent of 0 since in this

paraxial approximation the ray path is independent of angle. If r  ̂ is the amplitude

reflectance of the reflecting plates, and t̂  is tlie amplitude transmittance then the total field

is,

E=Eot2(l+r|e“i^+i^e-^‘‘l’+ ...) E=E()t  ̂ (l+i-4e"i^+r|e-2i‘l’ +...) (3.6)

It should be noted that the equations for the FPS are tlie same as those of the FPP with the 

exception that the r  ̂term is replaced with if. These equations form simple geometric 

series, the sums of which are given by,

E = — - E = — — —  (3.7)
(l-Re-:4)) (l-R2e-i<î»)
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where T and R are the intensity transmittance and reflectance respectively of the 

interferometer plates. The transmitted intensity (I=EE*) is obtained from (7) and is,

where the angle (j) is obtained from (5). Equation (8) is known as the Airy function and 

describes how the transmitted intensity I varies with wavelength and interferometer 

length. It is interesting to note that, as a consequence of the extra reflections involved 

during the double pass of the interferometer, is that in equation (4) the Airy function for 

the FPS may be obtained by replacing R with R2 in the FPP expression. The free spectral 

range (FSR) of an interferometer, as defined in the previous section, is the frequency 

range, Av, over which the interferometer accommodates and is given by,

(FSR)(fpp, = ^  (FSR)(pps) (3.9)

The minimum resolvable frequency of an interferometer is obtained from equation (8) 

when the second term contained in the denominator equals one and hence the transmission 

falls to one half maximum. The finesse of an interferometer is defined as the ratio of FSR 

divided by the minimum resolvable frequency and hence using (8) and (9) the finesse is 

given by,

n •n/'R 71 R
Finesse (FPP) = (—  Finesse (pps) = ^ 2y (3.10)

FPP Finesse may be as high as 30 or 50 before other factors such as alignment or suiface 

flatness of the mirrors begins to influence resolution. FPS finesse may be as high as 40 

000 [5]. From equation (10) it can be seen that,for a given mirror reflectivity R, the 

finesse of the FPP is greater tlian that of the FPS by a factor (l+R)/-v/R  ̂-  2.

b) Non-degenerate confocal interferometer -  Theory of operation.

As outlined above the FPS comprises two identical spherical mirrors separated by a 

distance at, or, as will be developed below, neai* to, their common radius of curvature. In 

all cases multiple beam interference pattern is produced in the vicinity of the central plane
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of the interferometer. When the interferometer mirrors have exactly confocal separation 

the central fringe covers the entire output field of view. Developed below are equations 

describing the more general case to extend equations (8), and (9) which, following 

closely the derivation of Hercher [4], allows the analysis to be extended to include 

aberration, and the general case wlien the mirrors are not at confocal separation.

When the FPS is exactly confocal and, neglecting tlie effects of spherical aberration, an 

incident ray is re-entrant after two round trips of the interferometer. However, due to 

aberration a ray is in general not re-entrant but follows a path such as is shown in figure 

3(b) causing it to intersect itself in the vicinity of a point P, located in the cenüal plane of 

the FPS at a distance p from the axis. In this exactly confocal, or degenerate, condition 

the mirror axial mirror spacing is exactly r, the mirror radius, then the extra path 

difference A) between successive intersections at a point P is, [4J,

p? p 5 C os 20
Ao = ----------------  + higher order terms (3.11)

where 0 is the skew angle the ray makes relative to the axis, pj and p^ are the distances 

from the axis at which the ray enters and departs from the interferometer.

The parameter e is defined to include situations where the mirror spacing is a distance e 

from r. Equation (11) can therefore be extended to include tliis general case and hence tlie 

path difference A, obtained from (11) is written as,

.2,Pi p 2 Cos 20 2 e (pf+pt)
r3= (3.12)

When Pi is approximately equal to pz then close to the interferometer axis (0-0) equation

(12) may be written as,
4 6 o2

^(P) = ^ —  (3.13)

where p is the height at which an entering ray crosses the cential plane of the FPS. 

Referring to figure 3(a) and considering only beams transmitted at points 1 and 2 it is seen 

that two sets of rays are transmitted; those which have been reflected 4m times (type 1), 

and those which have been reflected 4m + 2 times (type 2). Following the above 

derivations, the equations describing the interference patterns produced in the central 

plane of the interferometer me given by,
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TVP..: - ( ! & * % 4 R . ' 7 . W A )

or

Type 2: Ii(pA) = R2li(p,>.) (3.14b)

where the confocal phase term (|)(p,^), as given by (5), is,

27T
(|)(p,X) = Y  [^(P) + 4(r + e)] (3.15)

Equation (14) is most useful in describing the action of the FPS interferometer. Figure (4) 

shows the interference fringes as a function of p for two different values of e (the 

departure from the confocal position) for a 5 cm FPS, with R=0.9 and X -  633 nm. The 

upper and lower figure represent values of e = 0.1 mm and e = 0.2 mm respectively. As 

can be seen from the diagram as the interferometer mirrors are positioned further from 

confocal increasing numbers of fringes are located within a given diameter. From 

equation (8) it can be seen that fringe maxima occur when <|)(p,^) = 2m7C, and, using

(13),

0 . , 6>

where, m is an integer. Fringes produced are located in the central plane of the 

interferometer and have radii given by.

Pm = a / [ -2er ± "sj (4e2r2 + mXr^)] (3.17)

For e > 0, only one solution exists for p^ and in this case m is positive. When e < 0, p^ 

has two solutions i.e. the same fringe may appear twice within a particular field of view. 

Figure 5 shows the fringe pattern in cross section, as obtained from (17), with p plotted 

against e, again for r= 5cm and X = 633 nm. As can be seen from figures (4) and (5) the 

location of fringes is nonlinear with position, however moving away from the confocal 

position leads to increased linearity.

In conclusion therefore it is seen that the confocal interferometer can be used in a 

multiplex mode in a manner similar to that described for the plane parallel interferometer.
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As such the instrument is suitable for single shot measurements, such as were required in 

the experiments described elsewhere in this thesis. It should also be noted that the 

confocal interferometer is also well suited to use as a linear dispersion scanning 

interferometer in a manner described in the introductory section. In this case the 

interferometer is positioned at confocal separation in order to maximise the size of the 

centre fringe. The interferometer then behaves like a band pass filter allowing only the 

transmission of on resonance components. Scanning the length by X/A scans the 

interferometer tlirough one free spectral range.

iv) Experimental Interferometer.

The interferometer used experimentally is described in this section. The interferometer 

mirrors, supplied by IC optical systems, have a diameter of 1/2" and a radius of 

curvature of 5cm, hence providing a free spectral range of 1.5 GHz. The zero focus 

mirrors used have the same radius of cuiwature on each face so as to avoid any focussing 

of the incoming wavefront (a planar-concave mirror would behave as a lens). The multi

layer dielectric reflective coatings were layered so as to produce a maximum reflectivity at 

X = 600 nm. Using the interferometer in scanning mode with a three mode He-Ne laser 

the instrumental finesse was measured as approximately 15 at ^  = 633 nm. Assuming that 

the finesse is determined purely by mirror reflectivity this finesse represents a mirror 

reflectivity of 90%. The finesse is expected to be greater than 15 for those wavelengths 

below 633 nm down to 600 nm where reflectivity is at a maximum. The mirrors are sepa

rated by two hollow cylindrical sections of type 5H piezo-electric ceramic material (PZT) 

obtained from Vernitron Limited, Southhampton (part number 16 - 16125). Each PZT 

section is 1" long, 1" outside diameter (OD) and has 1/8" thickness. The two sections 

were cemented together. It was found experimentally tliat a ramp voltage of -150 V scans 

the interferometer through two free spectral ranges. The mechanical support for the 

interferometer is provided by a hollow cylindrical section of aluminium rod with OD and 

ID= 50 and 40 mm respectively.

When used in scanning mode the driving voltage to the PZT is obtained from an 

oscilloscope ramp generator from a modified oscilloscope. The output of the
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interferometer is then incident onto a photodiode, the output of which was then displayed 

on the same oscilloscope as used to diive the PZT. In this configuration the oscilloscope 

trace, rather than plotting signal as a function of time, draws on the screen a trace of x 

against y.

In addition to piezo-electric mirror movement the mirror separation can also be varied 

using a fine pitch thread on one of the mirror mounts, thus enabling the positioning of the 

mirrors at separations other than confocal and the use of the interferometer in multiplex 

mode i.e. all fringes are observed simultaneously. Normally the mirrors were positioned 

so as to allow the viewing of around five fringes within a field of view of less than 1 cm 

diameter. As can be seen from figure (5) this condition represents a departure from 

confocal position of around 0.1 mm.

Some results obtained using the interferometer within the completed CAIN system are 

described in section 3 of this chapter.

3.2.2 Image relay and observation.

The fringes produced by the interferometer ar e located in a plane between its mirrors. A 

plane wave incident on the interferometer produces fringes located in the central plane 

while wavefront divergence, or convergence moves the fringes either away from or 

towards the central plane. Two methods were employed in the observation of the 

interferometer fringes; (a) a simple microscope and, (b) a single relay lens.

The microscope employed was manufactured by J. Swift, London and was part of a 

traveling measurement microscope apparatus. Since the microscope working distance (tlie 

physical distance between the front focal plane and the face of the objective lens was 4 

cm, the fringes could be viewed through the interferometer mirror. The microscope was 

fitted with a X3 objective and a X9 eyepiece which provided a field of view of 7.5 mm. 

The microscope was mainly used for observation during the interferometer alignment. 

Recording was made possible by using the CCD camera which is described in the next 

section. The camera was fitted with a 25 mm f/1.4 lens, focussed to infinity, and 

positioned as closely as possible to the microscope eyepiece.
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The second method of projecting the fringes from within the interferometer used a 50 

mm f/1.8 Nikon camera lens, acting so as to relay the fringe pattern onto the CCD camera 

array. Since the sizes of the fringe pattern and of the CCD sensor were approximately 

equal the lens was used in a 2f-2f position, hence obtaining unity magnification. Changes 

in magnification, where necessary, were made by altering the position of the lens. This 

single lens method of fringe recording proved to be the superior of the two methods in 

fringe projection, in terms of throughput and ease of use, and was the method employed 

in the majority of the results to follow.

3.2.3 CCD camera.

(i) Comparison of image recording methods.

The two previous sections describe the origin and the projection of fringes from an 

interferometer onto the image plane of a camera in order to record the image. After the 

recording of tliis image linewidth measurement could be made.

Conventionally the fringe pattern, containing linewidth information, is recorded using 

photographic film. Recently CCD's have become readily available and their use in place 

of photographic film offers a number of advantages. These advantages are discussed in 

this section and include high sensitivity, response linearity, and compatibility with digital 

storage. Unlike photographic film these devices are completely reusable.

In photographic emulsions there is a trade-off between resolution and sensitivity. 

Emulsions are made more light sensitive by increasing the size the light sensitive material, 

normally silver halide grains. This increase in size however, has a detiimental effect on 

the resolution of the film. The spatial resolution is expressed in terms of the number of 

resolvable lines per millimetre. Tabulated below is a comparison of the EEV P8602 CCD 

sensor and two types of photographic film. Data for the film was obtained from [6]. The 

sensitivity has been expressed as the minimum energy density (pJ cm"2) required to 

record an image using each of the valions mediums.

As can be seen in table (2) the CCD offers advantages in both sensitivity and resolution 

over photographic film. The reason for the superior sensitivity is that CCD’s have a 

quantum efficiency, the number of photo-electrons generated per incident photon, of

51



Chapter III

around 50% in the visible region. In comparison photographic films have a quantum 

efficiency which, at best in fast films, only approaches 1%. The voltage signal produced 

by CCD's has a highly linear dependence on applied illumination. A further advantage of 

such a video camera is that the output voltage may digitised and thereafter analysed by 

computer.

Medium Minimum Illumination 

pJ cm-2

Resolution 

lines mm-l

CCD sensor -100 50

Fast Silver Halide film -500 50

Medium Silver Halide film -10 000 150

Table (2). Comparison of sensitivity and resolution of CCD sensor and photographic 

film.

In summary CCD cameras are well suited to optical measurement systems for several 

reasons including:

(a) They have a linear signal response (in comparison to the log response of 

photographic films).

(b)They have a greater sensitivity than photographic film and hence offer greater 

resolution at low light levels.

(c) They have high signal-to-noise ratios.

(d) CCD pixel locations are accurate in position and size and hence are suitable for 

measurement systems.

Preliminary DFDL linewidth measurements were made using an EEV P4330 CCD 

video camera. An attempt was made to photograph the fringes using a 35 mm camera and 

medium speed (ASA 400) film but this proved difficult due to insufficient intensity. In the 

light of these investigations it was decided that a CCD camera would best suit the CAIN 

system. The considerations involved in the choice of a CCD sensor included; spatial 

resolution, sensitivity, dynamic range, choice of either a ID (linear) or 2D (area) array,
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and cost. In addition to an introduction into the operation of CCD’s, these considerations 

are described below. With regard to cost it is interesting to note that the cost of CCD 

devices has fallen dramatically. The P4330 camera was purchased in 1987 at a cost of 

over £1500. A similar camera, with higher resolution and superior video circuitry, can 

now (April 1989) be purchased in modular form from Philips for £300 (CCD 

Monochrome imaging module 56474 H).

(ii) Charge-Coupled Device Image Sensors.

CCD’s are a relatively new family of components using a silicon semiconductor 

substrate which permit the accumulation, storage and tiansfer of analog information in the 

form of charge packets. Introductions into the operation of CCD's can be found in 

manufacturers literature, see for example [7,8]. Both one and two dimensional CCD 

mrays are available. In general, two dimensional arrays are designed mainly as video 

cameras, while one dimensional arrays have a more specialized market. Due to a higher 

volume of production CCD video cameras are available with prices compaiable with ID 

arrays. As will be seen later the performance of two dimensional arrays is similar those 

of one dimension. There are however, advantages in using a two dimensional array in the 

CAIN system. The fringes produced by the interferometer are two dimensional and 

therefore only an area array can record the full image. Ease of use was a second, highly 

practical advantage, in having the full image available when using the sensor experimen

tally. When aligning the interferometer, projection lens and camera viewing of the full 

image was possible via a video monitor making the alignment a relatively straightforward 

process.

The CCD is essentially a silicon MOS-type integrated circuit tlie basic structure of which 

is illustiated schematically in figure (6). The silicon substrate is separated from an array of 

closely spaced semi-transpaient polysilicon electrodes by a thin insulating oxide layer. 

Each electiode-oxide-silicon element behaves like a MOS-type capacitor. Light falling 

onto the array penetrates the electrode structure and generates electron-hole pairs in the 

underlying silicon substrate. The electrons then diffuse to the nearest biased electrode 

where tliey are collected as signal. The holes diffuse down into the substrate where they
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aie effectively lost. The quantity of charge collected is proportional to the local light 

intensity and the time allowed for collection (see later for experimental investigation of 

signal linearity). Signal information is therefore carried in the form of a quantity of 

electronic charge. This charge is localised beneath the electrodes with the highest applied 

potentials because the positive potential on an electrode (designated as V q  on figure 6 )  

causes tlie underlying silicon to be in depletion and thus assume a positive potential which 

attracts the negatively charged electrons. It is for this reason that electrons are said to sit 

inside a 'potential well'. The active part of the device in which the charges aie located is 

called the channel. This region is in turn bounded by electrically inactive p-type regions 

known as channel-stops.

Charge coupling is the technique by which charge can be transferred from under one 

electrode to the next. This is achieved by taking the voltage on an adjacent electrode to a 

high level and then reducing the voltage on the first, as illustrated in figure (7). Hence by 

sequentially pulsing the voltages on the electrodes between high and low levels, charge 

can be made to pass down a large number of electi'odes with very little loss and without 

much superimposed noise. To achieve this the electrodes are connected in sequence to a 

set of three-phase drive pulses; <}>i, 2̂ î̂ d (j)3 as illustrated. These pulses (typically around 

10 V amplitude) must be generated by external electronics (normally referred to as driver 

circuitry).

Most two dimensional image sensors use separate areas of collecting and storage of 

their images in a method known as frame transfer. In this type of sensor the array 

architecture is such that the electrodes are grouped into two sections; an upper image 

section and a lower, usually identical, storage section. A schematic diagram for such a 

frame tiansfer array is shown on figure (8). A further line readout section below the store 

is employed to transfer the charges in each line to the on-chip charge detection amplifier 

for video output. The diive pulses applied to the image, store and readout sections for 

device operation are designated I<j>, S(j) and R({) respectively. The direction of charge 

transfer under such operation is shown by arrows. At 50 Hz video frame-rates the time 

duration for both integration time for aquision of the image and the readout process is 20 

ms. Frame transfer from image to storage sections can be considered as instantaneous
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since this occurs in under 0.5 ms. Since the store and readout sections are made of the 

same photo-sensitive material as the image section it is important that these areas are 

shielded from incident illumination and, to this end, are normally masked by 

manufacturers.

Some CCD sensors, particularly those used for video camera applications, have a 

feature in the CCD array described as anti-blooming. Blooming is the phenomena by 

which an oversaturated bright area on the picture can streak over all, or part, of the 

frame. Anti-bloom sensors incorporate a series of channels in the array into which excess 

charge can flow if an element becomes saturated, in order to prevent charge spilling into 

an neighbouring element. However the physical space used for this masks some of the 

photo-sensitive surface and hence reduces the sensitivity of the array.

Having gained a knowledge of the workings of charge-coupled devices further 

investigation can be made into factors affecting their perfoimance. To this end factors 

contributing to resolution, sensitivity and dynamic range are now considered.

Pixel size is the limiting factor in determining spatial resolution. Recently high 

resolution CCD's have become available commercially from Kodak and Polaroid and 

these have pixel sizes in the order of 6 to 7 pm, giving a resolution of between around 

150 lines mm~^. The Kodak Megaplus CCD camera, geared to the high resolution T.V. 

market, contains 1320 H x 1035 V pixels i.e. around four times the number of pixels 

found in todays standard devices. This level of resolution is at least comparable with 

standaid types of photographic film, although holographic glass plates can have up to 

2500 lines mm-i.

Device sensitivity, and dynamic range are important properties in the assessment of 

image sensors. Sensitivity is a measure of how much signal is obtained from the device 

for a given input. Dynamic range gives a measure of the range of input signal with which 

the device may be used. In the case of image sensors the dynamic range enables the 

evaluation of the maximum and minimum illumination levels. Maximum illumination is 

determined as that illumination which corresponds to the saturation of the device. 

Minimum illumination is determined by noise parameters. Since the CCD is a relatively
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new device, and no standard definitions exist for the parameters of sensitivity or dynamic 

range, these are considered below.

In expressing sensitivity Mullard choose V/pW cm-2, EEV mA/W, while Texas 

Instruments and Thomson-CSF choose to measure the response in tenus of V/pJ cm-2. 

This makes the comparison of CCD's difficult. The latter unit seems a sensible choice in 

that the output voltage produced by the device is expressed in terms of the energy density 

of incident light. The units favoured by Mullard and EEV could easily be converted to 

V/pJ cm-2 by consideration of frame rate, array aiea etc. As an example consider the EEV 

P8602 sensor which has a peak signal of 300 nA when the output voltage is 200 mV . 

The responsivity of the sensor is 0.175 A Watt'^ at 600 nm (manufacturers data). The 

saturation power can therefore be obtained by dividing the saturation current by the 

responsivity i.e.,

Saturation power ^ S p o n s i " ‘ = (3.18)

This power is deposited for the duration of the integration time t[ (the reciprocal of which 

is the frame rate) and thus the saturation energy can be obtained, hence.

Saturation energy = = 3.43 xlO-B J (3.19)

Energy density is obtained knowing tlie CCD imago ai*ca (0.544 cm^), hence.

Energy density = = 6.3 xlO » J cnr^ (3.20)

This saturation energy density corresponds to a saturation voltage of 200 mV and hence 

tlie sensitivity may be obtained as,

Sensitivitŷ ^ .y«|% °;% ,;^y = (3.21)

This figure of -  3 V/pJ cnr^ for the P8602 sensor is typical for CCD's, as can be seen on 

table 3 where four sensors are compaied.

Knowing the sensitivity a device can be completely characterized if the saturation signal 

and dynamic range is known. This enables the evaluation of the maximum and minimum
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illumination witli which the device may be used. Maximum illumination is defined here as 

that illumination which just corresponds to saturation of the device. The upper level of 

illumination is set by the maximum charge handling capability of the sensor. Minimum 

illumination is defined as the minimum illumination which provides as useful output. At 

tlie lower level of illumination the device is limited by noise fluctuations in the output. As 

such manufactures, in general, define dynamic range as the ratio of saturation signal to the 

r.m.s. noise. Dynamic range is sometimes however quoted as the ratio of saturation 

signal to the peak-to-peak noise. Since the r.m.s. noise is typically around one-fifth that 

of peak-to-peak noise it is obvious of the need to compare like with like. The saturation 

illumination is obtained by dividing the saturation voltage by the array sensitivity. Both 

figures should be available foiin the manufacturers. Electrical noise determines the lowest 

level illumination with which a device may be used. There are four main noise sources in 

CCD's:

(a) Dark Current Noise.

(b) Reset Noise.

(c) Fixed Pattern Noise.

(d) Pre-Amplifier Noise.

Like any photo-detector the CCD is subject to dark current. The variation of dark 

current with temperature is given by,

Vpr
Id == A exp - 2 p x ^  (3.22)

where A is a constant, Vgo is the bandgap of the material =1.1 eV, and kT/q -  25 m eV 

at room temperature. This daik current has associated shot noise which, expressed in the 

number of electrons, is given by,

Nd = ■ (3.23)

where ^ is the integration time between readouts. As can be seen from (23) dark current 

shot noise can be reduced by cooling. At video frame-rates tliis is not the dominant noise 

source so that only a small benefit in performance of the array can be achieved by cooling.

Some applications however, such as astronomy, require long exposures in order to 

integrate the charge generated by low intensity images. Equation (22) gives a value for the
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daik current. This represents -  10  ̂electrons per element per second at 300 K and as such 

the device would be saturated with charge in approximately three seconds. Therefore if 

die integration time of the sensor is be greater than around one-half a second then cooling 

must be employed. Cooling the array has the effect of reducing the thermal noise by a 

factor of two for every 7 °C. Cooling to liquid nitrogen temperatures reduces dark current 

to less than election per element per hour.

Reset noise is basically the the variation in the amount of charge remaining in an element 

after frame transfer. This is a random variation in the residual charge at a pixel location 

after the readout phase. It is Johnson noise caused by the thermal motion of the electrons.

Noise in the pre-amplifier is essentially 1/f in chaiacter at low frequencies (below 100 

kHz). However at video frequencies (8MHz) white noise is the dominant type of noise in 

the pre-amplifier.

The effect of these noise sources is that they determine the lower limit of illumination on 

the sensor. Typically the dynamic range of a CCD sensor is -  1500. For tlie EEV P8602 

the maximum number of electrons accumulated per pixel is 3x10^. The noise sources 

discussed contribute to a r.m.s. variation of 200 electrons thus giving a dynamic range of 

1500. Table (3) below shows a comparison of four sensors, in terms of minimum 

illumination required (when die response is at a level just equal to the noise) and dynamic 

range.

Manufacturer Sensitivity Illumination Dynamic Range Pixel size
min max 

pJ cm-2
pm

EEV (P8602) 3.15 43 64 500 1500 22x22

Mullard (NXA 1011) 3.0 89 133 000 1500 10x15.6

Thomson-CSF (TH 7801) 3.0 55 330 000 6000 13x13

Reticon (1024D) 2.3* 45 72 000 1600 18x18

Table (3) Comparison of CCD image sensors. The EEV and Mullard sensors are 2D 

arrays, while the Thomson and Reticon sensors are ID arrays. Illumination is described 

in terms of optical energy density incident on the array. Dynamic range is defined as the 

ratio of the saturation signal to the r.m.s. noise.
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It should be noted that the above considerations are for the image sensing airay and not 

the overall system. For a camera system optomisation of parameters for a particular 

application occurs. For video camera applications the frame rate is the dominant factor. 

The dominant array noise sources at those rates are normally ascribed to reset, fixed 

pattern and pre-amplifier noise. As such cooling the array to reduce dark current shot 

noise has little effect. Processing the signal from the sensor into video format adds a 

further source of noise. The overall CCD camera performance is less than that of the 

array. The EEV photon camera has a specified dynamic range of >55 dB which compares 

to a 63 dB specification for the array. A CCD array packaged into a video camera 

therefore represents a compromise in terms of performance, ease of use and cost. If the 

full potential of the CCD is to be realised more sophisticated driver and processing circuit 

would be required. Experimental investigations into the above parameters for the camera 

system are discussed in the next section.

(iii) Experimental camera system.

In the light of the design considerations above the CCD camera chosen for experiments 

to follow was an EEV P46110 photon camera. This camera uses the same P8602 non 

anti-bloom CCD array as a P4330 camera used in preliminary investigations. The P8602 

sensor contains 385x288 pixels of size 22x22 pm. The P46110 photon camera is 

equipped with lower noise video circuitry and hence has increased dynamic range over 

previous CCD cameras. In particular' the photon camera incorporates a technique known 

as double correlation sampling. By sampling tlie output from a particular location twice, 

once after resetting and again after charge output, reset noise can be eliminated by taking 

tlie difference between the two levels.

An experimental investigation into CCD camera performance Was undertaken. The 

parameters of particular interest were signal linearity, sensitivity and dynamic range. Two 

cameras were tested, serial numbers P864512 and P862837.

In the first of two experiments the linearity and relative responses of two cameras were 

compared. Light from a He-Ne laser was attenuated using neutral density (ND) filters and 

then incident directly onto the turrays of the CCD cameras. The voltage forming the output
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of the camera was measured on a particular field line. To achieve this the composite video 

signal was stripped of its sync and blanking pulses using a video sync separator. The 

National Semiconductor Corporation LM1881, launched in 1987, is a single integrated 

circuit designed for this task. The video line selector circuit was exactly as described in 

the manufacturers literature [10]. The field line selected was the one with the highest peak 

voltage, therefore representing a slice through the centre of the He-Ne spot. This single 

line could tlien be displayed on an oscilloscope, the voltage/time representing intensity as 

a function of position. The incident intensity was varied by using a range of different ND 

filters, the voltage being recorded for each value of intensity.

Figure (9) shows the relation between voltage output and illumination for the two 

cameras tested. Both cameras are seen to have the desired linear response. The gradient of 

these graphs is a measure of the relative sensitivities of the two cameras. It is interesting 

to note that the sensitivities of the two cameras are significantly different. The sensitivity 

of the P862837 camera is over three times that of the P864512. However of the two 

cameras the P862837 had significantly less noise when measured at zero illumination and 

hence it has a higher dynamic range.

In the second experiment light from the He-Ne laser was attenuated using ND filters and 

a polariser. Rather than stripping the video frame of one line the complete frame was 

grabbed and computer analysed. The trace obtained was that of voltage as a function of 

position corresponding to intensity/position on the array. A typical tiace is shown on fig

ure (10). The software identified and labelled the maximum voltage Vmax and also Vmax x 

l/e2, hence allowing the calculation of the beam spot size. In the experiment the intensity 

incident onto the CCD was varied by rotating the polariser. The transmission of the 

polariser is given by Malus’s law as,

I = lo  Cos2 (90-0) (3.23)

where 0 is the angle measured from the extinction position.

In order to remain consistent with the previous section the illumination of the array is to 

be described in terms of energy density (pJ cm-2). In the experiment however the 

illumination is described in terns of incident power. To convert from the total power to 

energy density the following procedure was used:
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The He-Ne laser beam has an intensity distribution which is assumed to have a Gaussian 

distribution, i.e. has the fomi,

I(r) = I „ „ e x p [ ^ ]  Wm-2 (3.24)
cog

The measured quantity is the total power which, using (24) can be expressed as.

Total Power = 2r2
2 7C r I^ax Gxp   di'

2  7t  Ijnax
2r2r e x p    dr W m-2 (3.25)

Evaluating (25) allows the peak intensity to be expressed in terms of the total power 

and beam spot size cô  as,

Wm-2 (3.26)
Jl cog

The spot size cOq is defined as the radius of the beam when the intensity is l/e^ times I^ax 

and Was measured as 0.50 mm. A value for Iĵ x̂ for the 4.1 mW He-Ne laser is therefore 

obtained as 10.4 kW nr^. The power is deposited during the frame integration time (20 

ms) and hence the illumination energy may be obtained. The beam was attenuated using 

ND filters and thus, knowing cOq and the He-Ne beam power (4.1 mW) the illumination 

energy is written as,

Illumination energy density x t̂  x J m“2

^  M3 cm-2 (3.27)

Figure (11) shows the relation between voltage output and illumination for the camera. 

Energy density was obtained using (27). Two data sets are shown. Method 1 used only 

one ND filter and the polariser, method 2 used a range of ND filters and the polariser. As 

can be seen from the graph there is good agreement between the two sets. A least squares 

straight line fit was obtained for the data. The gradient of this line, which, by definition, 

is the overall sensitivity of the camera was -  30 V/pJ cm-2. The y axis intercept is at 8 

mV. and a least squares straight line fit was obtained in the linear region, below 0.7 V.

61



Chapter III

Dynamic range is obtained from this data. The intercept gives the value of noise i.e. that 

signal present for zero illumination. This represents an upper estimate of the peak-to-peak 

noise and hence may be reduced by a factor of five to obtain an estimate of the r.m.s. 

value [9]. A value of dynamic range is therefore obtained as.

The upper and lower ranges of illumination with which the cameras may be used was also 

obtained from the data. The upper limit is defined as that illumination which provides the 

maximum allowable video voltage of 0.7 V and hence is given by,

Maximum Illumination = g^ititWity 000 pJ cm-^ (3.29)

From (28) and (29) the lower limit of illumination is obtained as -  50 pJ cm-^ . For the 

P8602 airay values for the maximum and minimum illumination are quoted as 64 000 

and 43 pJ cm-2 respectively. No data is available for the overall camera response. It is 

seen that the measured saturation figure of 23 000 pJ cm-^ is more than 2.5 times less 

than the quoted value. Since it is unlikely that the array is 2.5 times more responsive than 

the quoted figure (this would exceed a quantum efficiency of one) it is thought that the 

array and video amplifiers are mismatched. The maximum voltage allowed is 0.7 V and 

thereafter the voltage is clamped at this level. If the amplifier gain is too high then it is the 

video amplifier which 'saturates* when 0.7 V is reached. In this circumstance the camera 

saturates at a level lower than that of the array.

iv) CCD Summary.

In this section the basic principles of operation of charge coupled devices were 

explained. This knowledge is necessary in order to chose a sensor which meets a 

particular application. As has been discussed any CCD video camera compromises 

performance for cost and ease of use. However for the CAIN application the dynamic 

range of the camera fai' exceeds the digitising accuracy of the video frames tore (1 part in 

128). The EEV P46110 photon camera performed well in terms of cost, resolution and 

sensitivity. Further details into the operation of the camera witliin the CAIN system can be 

found in section 3.3.

62



Chapter III

3.2.4 Video frames toi e.

In order to capture the video output from the CCD camera a video framestore was 

constructed. This enabled the grabbing and storage of a single frame of video. The spatial 

resolution of the digitised video frame is 512 horizontal and 256 vertical lines per frame. 

The video voltage is digitised with 7 bit accuracy (8 bits displayed) giving a resolution of 

one part in 128. Figure (12) shows a schematic diagram of the framestore system. The 

framestore was constructed by J. Wade of the depai tment's electronics workshop along 

the design lines of D.E.A. Clarke [11]. Printed circuit boards were obtained from Ipswich 

Electronics Ltd, Ipswich.

The reader is refened to the papers of Clarke for a detailed description of the device. On 

a basic level the operation of the framestore may be sub-divided into three areas. The 

analog video format input signal is first digitised using an A/D converter (Mullard PNA 

7509 P). The digital information is then stored and thereafter re-converted to an analog 

video format for output (D/A converter Mullai'd PNA 7518). This process repeats at video 

frame-rates which therefore causes the store to be continuously updated. Interruption of 

the update signal causes the framestore to retain the current frame. However, output via 

the D/A converter still occurs from the store and so its current (stored) frame is 

continuously displayed on a video monitor. This stored frame could thereafter be read by 

a computer. The storage update can be derived either internally or externally. In the 

experimental system tlie update signal was continuous except when interrupted by a signal 

obtained from the Nd:YAG laser slow Q switch control. In tliis state tlie system is primed 

to store the next video frame arriving from the camera. Once stored the output is displayed 

on a monitor and the user given the choice of either reading the stored frame into the 

computer for display and analysis or further real-time updating. Furtlier details of how the 

framestore was incorporated into the CAIN system can be found in section 3.3.

3.2.5 Computer system.

The function of the computer in the CAIN system was primarily to allow rapid 

measurement of the fringe pattern derived from the interferometer and stored in the 

framestore. The required result was a plot of intensity verses position of the
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interferometer fringes so that linewidth could be determined. Two approaches could be 

considered:

(i) Using the framestore as the exclusive information store hence using the 

computer as a processor while addressing the information in the framestore during 

analysis, or,

(ii) Using the framestore as a short teim information store and mapping the stored 

frame into computer memory, and thereafter performing image analysis directly 

from the computer memory.

The first method would have to be employed if the computer used had insufficient 

memory to store the image. A stored frame has 512x256 bytes (128 Kb) of information 

and hence is too large for microcomputers such as the popular BBC series. The 

disadvantage of this method is twofold in that:

(a) The framestore memory can only be addressed sequentially i.e. in a fashion 

similar to a rastor scan.

(b) The transfer of information from the framestore to the computer is relatively 

slow in comparison to operations occurring within the computer memory.

Thus it is advantageous to have a computer with at least 256 Kb of RAM (128 Kb for 

the stored frame and at least as much again for the program and system commands).

High processing speed is also an important consideration in any image processing 

application since even simple applications, such as averaging, spatial filtering or edge 

detection, require large amounts of computation.

In the light of tliese memory and processing speed considerations an Acorn Archimedes 

computer was chosen as the computer for this application. This, at the time of purchase, 

represented a significant step forwaid in microcomputer processing speed with the use of 

its 32 bit processor. The machine has 1Mb of RAM and therefore has ample memory for 

the storage of a 8 bit video frame. Ease of interfacing and the machines use of BBC 

BASIC added to the attractiveness of the machine.

The computer could be used with a variety of screen modes each with different screen 

resolution and number of colours available. Mode 15 out of the machines 20 screen 

modes was the mode normally used. This was the computers highest resolution mode and
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it displays a total of 256 colours by mixing four tints of 64 base colours. The mode gave a 

resolution of 640 H x 256 V pixels. Since each colour was detemiined by a 8 bit number, 

and this is the type of number forming the output of the framestore, the mode was ideally 

suited to use with the framestore. Interrogation of the framestore memory at a particular 

location yields an 8 bit number, this number was then put straight into the screen memory 

in a location corresponding its location within the framestore. The image produced on the 

computer screen was therefore displayed in false colour. The assignment of colours 

within the computers colour pallet in this mode was not easily accessible and the false 

colour image not easily interpreted as it effectively ran in four cycles, corresponding to the 

value of tint, of the 64 base colours. To make the image more easy to interpret a small 

routine was written to convert from this 256 level colour image into a 16 (or 4 bit) grey 

level black and white image. In doing so however, intensity information was lost and 

hence for measurement purposes the full 8 bit image had to re-addressed from the 

framestore or disc.

The machine was fitted with two floppy disc drives, one of which used 3.5 inch discs 

with 800 Kb memory. The memory needed in order to save a complete screen of 

information containing the 640 H x 256 V pixels (of which the video picture accounts for 

512 X 256 pixels) is 160 Kb and hence 4 frames could be stored on a single disc.

Details of the algorithm used for extraction of fringe information is given in the next 

section, and further details of how the computer was used within the CAIN system is 

given in section 3.3.

3.2.6 Algorithm for linewidth determination.

Two methods of obtaining intensity verses position plots from the stored information 

were investigated. The first takes a single horizontal slice of the pattern and simply 

sequentially samples the digital value of memory elements (the values of which is 

proportional to the voltage signal from the video picture at that position). This value is 

then plotted as a function of position across the line. An extension to the horizontal 

method is to average over more than one line, averaging adjacent vertical pixels. Sampling 

a larger number of pixels was carried out in order to average out random noise and local

65



Chapter III

intensity variations due in part to the interference between the type 1 and type 2 fringe 

patterns. This metiiod is hereafter called a line scan average. It is obvious that this method 

is limited by fringe curvature and hence it can only be employed over a limited number of 

lines. Normally either five or ten lines were used in a line-scan average.

In order to use all the available information a circular scan method was developed, 

which exploits the circulai* symmetry of the fringe pattern. If the centre of the fringe 

pattern is known the all (x,y) points lie on a particular radius r when x^ + y2 = The 

program can therefore sample all points corresponding to this particular radius, hence 

averaging around the circle circumference. This averaging is repeated for increasing radii. 

This method was somewhat further complicated since elliptical fringes were produced 

when the rectangular T.V. picture with aspect ratio of 4:3 was mapped and displayed on a 

square (1:1) memory. The method can still be employed using the equation of an ellipse 

x^/a^ + y^/b^ = 1. As will be seen in the nest section this method represents a 

considerable improvement over the line-scan results. Results obtained from the single 

line, line-scan average, and elliptical averaging methods are given in the next section.

Full details, including a program listing, of the CAIN computer program aie given in 

appendix III.

3*3 Results and Summary.

The CAIN system assembled therefore consisted of a non-degenerate confocal 

interferometer, a relay lens, a CCD camera, a video framestore and a computer. In 

operating the CAIN system the sequence of events was as follows. The CCD camera 

would be continuously clocking out pictures at 50 frames a second which, until the arrival 

of the firing of the Nd:YAG laser and thereafter the DFDL were blank. The stait sequence 

was the control signal from the Nd:YAG laser slow Q switch control which activated the 

laser Q switch and, after input into the framestore interrupted the update signal. The 

framestore was then primed to store the next frame, which on the time-scales involved, 

was aheady incident on the CCD airay. After CCD frame transfer this image formed the 

output of the next video picture and was therefore stored by the framestore. The stored 

image was thereafter displayed on a monitor or read into the computer for analysis. The

66



Chapter HI

process was laigely controlled by computer, for example the computer could over-ride the 

update signal. The system was normally operated with the laser firing at 1 Hz. This gave 

sufficient time for the operator to decide if the image was to form the input to the 

computer for analysis or to sample anotlier frame.

A three mode He-Ne laser was used to test the system. A lOx expanded He-Ne beam 

was incident onto the interferometer. The fringes produced in the central plane of the 

interferometer were projected out of the interferometer onto the CCD camera an ay. The 

output from the camera was stored in the memory of the framestore and read into the 

memory of tlie computer.

Figure 13(a) shows the false colour image produced on the computer screen. The 

horizontal fringes are a result of the interference between type 1 and type 2 fringes (see 

section 2.1). Figure 14(a) shows the result of a single line-scan sample obtained by 

scanning across a single line of data. Figure 14(b) shows the result of averaging over 10 

vertical lines. As can be seen from the figure the image is enhanced over that obtained 

using a single line as local variations are averaged out. Figure 15(a) shows the result of 

the elliptical averaging on the 3 mode He-Ne laser interferogram used above. As can be 

seen from the figure this represents a considerable improvement over the line-scan results. 

This compares well with the measured instrumental finesse of around 12 at 633 nm. 

Figure 15(b) shows a result obtained whilst using the system experimentally for DFDL 

analysis. The linewidth results to follow in subsequent chapters were obtained using the 

apparatus detailed in this chapter with both line-scan and elliptical algorithms employed.
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Figure 3. Spherical confocal interferometer (EPS) schematic after Hercher [4-]

(a) General ray path through the interferometer.

(b) Ray path in the ptiraxial approximation.

(c) General case showing tlie intersection of rays at point P.



:  0 . 5  i

g
« 0. 4
w
c
g

0. 3

0. 2

0. 1 l

0. 0 J L uu
2 3 4
F r in g e  r a d iu s  (mm) - >

A 0.5-1-
c0
« 0. 4
1c 
(0

0 . 3

0. 2

0 . 1

0. 0

2 3 4
F r in g e  r a d i u s  (mm) ->

Figure 4. Inlerferoineter fringe paltern in cross section. The upper and lower figures 

represent values of E ,  the departure from confocal position, of 0.1 and 0.2 mm 

respectively.



A
7

3 5
T3
CP

4
0
CD
C
I  3

Ll_

2

0

m=-10

m = 1 0

2
— m=2
— m=1

•0.6 - 0 . 4  - 0 . 2  0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1.0
D e p a r t u r e  from c o n f o c a l  p o s i t i o n  (mm) - >

Figure 5. Near confocal FPS fringe patlenis for r = 5 cm and X  = 633 nm. 

See Equation 17.



ov ov
E lectrode +V,

OV
Oxide Insulation 0 V

-f-V(

Silicon substrate

Stored charge
Channel-stop

Depletion _ 
(potential well)

Depletion region

Figure 6. Basic structure of a charge coupled device aitay (obtained from [7j).



ov +v
o

ov
1__E

ov
o

]__[

ov
1 0  0  0 1 
\ /

-f-V +v ovJ
! 0 0 0

ov
0

ov +v
o

ov
o

]__[
! © © ©

Drive pu lses 01 r i r i n

0:

01 02 03

r i T i n

, . j \  n  n
) p 'p

L—, 
-...

1 1 _„L c:
r j::....1----------------

1
— -1—■“

“ i.,f^Ln.

Transfer

Figure 7. Schematic for the charge uansfer mechanism in CCD’s (after (7j). By 

sequentially pulsing the voltages on the electrodes, charge is made to pass from one 

electrode to another.



ClinnriGl s to p

Image
section

O p tic a l ly
s e n s i t iv e

S0, o

Store
section

Sliielded
from light

Lino
readout
s e c t i o n

Output

o o Ô R0 ,
R 0,

Figure 8. CCD frame transfer schematic (after [7J). The identical sections form two 

groups. The upper image section collects charge and, after frame transfer into the lower 

storage section, the Image is then clocked out of the array via the line readout section.



A

I
Î

0.8

0.6

0,4

0.2

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6

m Voluigc P862837
♦ Voilage P864512

llhiminalion (arb units) >

Figure 9. Voltage output as a function of illumination for the two CCD cameras. Both 

catneras have the desired linear response but the sensitivity of the two, supposedly 

identical cameras, varies by a factor of three.

....



V,out

Position >

Figure 10. Plot of voltage against position obtained by illutninaling the CCD array with an 

attenuated He-Ne beam. In addition to tlie maximum voltage V,„nx, V,nnx /  is labelled to 

allow calculation of the beam spot size (0.5 mm).



I
I

0 .7 -  

0 .6 -  

0 .5 -  

0 .4 -  

0 .3 -  

0 .2 -  

0.1 H

0.0

B MctliocI 1
♦ Mellioci 2

B

0 10000 20000 

Energy Density pJ/sq cm

30000

Figure 11. Voltage output as a function of illumination for the P864512 CCD camera. 

Illumination is defined in the absolute units of pJ cm- .̂ Method 1 used a combination of 

ND filters and a polarizer, whereas metltod 2 used only one ND filler and a polarizer for 

attenuation of the He-Ne beam.



Video input

Update 
signal - Computer

Video Output

Digital
Storage

D/A converter

A/D converter

Figure 12. Sclieinatic diagram illustrating tJie operation of the video framestore. The video 

signal is digitised, stored and then reconverted into analog video format. If the update 

signal is interrupted then the current (stored) frame forms the continuous output. This 

stored frame may then be displayed on a video monitor or be addressed and read by the 

computer.



Figure 13. False colour images produced by (be computer. Two images are shown. 13(a) 

includes die ellipse used lo obtain the eccentricity of the imaged fringed pattern. 13(b) is 

an example of a false colour image obtained when the DFDL was operating with a narrow 

linewidth.
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Chapter IV

4.1 Introduction.

In Chapter I it was shown that time dependent changes in the refractive index of the 

DFDL's active medium causes a chirp of the instantaneous wavelengtli of the laser. Over 

the period of the pulse this chirp is interpreted as the laser linewidth. The chirp was seen 

to be derived from two sources. In the first, dispersion, associated with the changes in the 

electronic population distribution of the dye molecule, changes the refractive index of the 

gain medium. The second chirp was seen to be a time dependent change in the dye host 

solvent refractive index, caused by a heating of the solvent duiing the pumping process.

This chapter is concerned with a full characterisation of the origin of thermal effects in 

dye lasers. The amount of heating is dependent upon the pump pulse energy, the overall 

efficiency of the dye, and on the thermo-optical properties of the dye solvent. These 

properties aie considered for the majority of commonly used dye laser solvents. A general 

consideration of the importance of these properties to all types of dye laser is followed by 

a description of the experimental method used to measure changes in refractive index as 

small as 0.0002. A theoretical section considers how the refractive index of a liquid is 

related to its density and considers the effect of mixing different liquids. The results of the 

experimental investigation are then presented, subdividing the solvents into three groups: 

(i) organic solvents; (ii) water and water based solvents; and (iii) solvent mixtures. The 

chapter ends with a summary and conclusion.

4.2 Thermal effects in dye lasers.

A major limitation on achieving high power, spectrally narrow and spatially coherent 

radiation from dye lasers lies in the formation of refractive index gradients due to non- 

uniform heating by the pump radiation in the region of optical gain. As will be considered 

in the next section pump radiation is converted into heat in the dye solution by two 

processes; radiationless deactivation of molecules in excited states, the proportion of 

which determines the dyes fluorescence efficiency, and through Stokes shift since the 

emitted photons are less energetic than the absorbed photons.

In chapter I this thermal effect has been shown to be a major limiting factor in narrow 

linewidth operation of distributed feedback dye lasers (see also [1]). The effect is

68



Chapter IV

however, by no means confined to DFDL’s since in high power cw and pulsed dye lasers 

the fomiation of such refractive index gradients acts as a thennal lens with severe 

consequences for output power [2], cavity stability [3], spatial coherence [4] and 

minimum line width obtainable [5]. The quantity dn/dT, the rate at which solvent refractive 

index changes with temperature, is a most useful parameter in assessing a solvent thermo- 

optically. The technique employed for the investigation of the theimo-optical properties of 

dye laser solvents measures the wavelength tuning of the distributed feedback dye laser. 

In doing so solvent refractive index changes as small as 0.0002 may be deteimined. The 

technique hence allows precise measurement of refractive index dependence on temper

ature, (dn/dT), and therefore enables the tlieimo-optical properties of solvents used in dye 

lasers to be assessed. In addition to single component solvents, the thermo-optical 

properties of solvent mixtures and additives are reported in tins chapter. Refractive index 

change with temperature, dn/dT, is related to solvent density change with temperature, 

dp/dT, through molecular polarizability. These accurate values of dn/dT were first 

reported in [6] for a wide range of dye laser solvents, solvent mixtures and solvents with 

additives.

4.3 Origin of heating of dye solvent.

The origin of thermal effects in dye lasers is now considered. In the introduction to 

chapter I the mechanics of absorption and emission in an organic dye are described. It is 

seen that rapid thermalisation with a particular singlet state occurs as the molecules relax 

to the potential energy minimum for that state. The emitted photons are less energetic than 

the absorbed ones (Stokes shifted) and the excess energy is deposited as heat. The 

fraction of the incident pump radiation contributing to heat as a result of this energy dif

ference is given by,

As = ( l - ^ )  (4.1)

Although the effect can be minimised by pumping the laser at a wavelength close to the 

DFDL wavelength, Àp and are constrained to lie within the absorption and fluorescence 

bands of the dye. Variation in the Stokes shift (the separation between absorption and 

fluorescence maxima) of different laser dyes can be large. For example rhodamine B has a
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Stokes shift of around 30 nm [27] whereas laser dye DCM has a Stokes shift of around 

165 nm [28]. A second means of contributing to the kinetic energy of the solvent is 

nonradiative decay between excited and lower energy states. The proportion of radiative 

transistions determines the fluorescence efficiency* of the dye. In an ideal laser dye the 

fluorescence efficiency would have the highest possible value, 100% (however, the 

fluorescence efficiency of a dye is never 100% as there is always a probability of 

nomadiative decay). The fluorescence efficiency varies from dye to dye and furtheimore it 

can vary for a particular dye according to the solvent used or the temperature of the 

solvent. Drexhage in Dye Lasers [29] attributes this variation to the mobility of the 

molecules diethylamino groups and, as an example he compares rhodamine B and 

rhodamine 101. Rhodamine B has a fluorescence efficiency which varies from only a few 

percent at the temperature of boiling ethanol (78.5 ®C) increasing to about 40% at 25°C 

until reaching 100% at lower temperatures. Cooling increases the efficiency as 

diethylamino groups are localised. In comparison in dyes where these groups rigidised 

(e.g. rhodamine 101) are characterised by high fluorescence efficiencies (virtually 100% 

for rhodamine 101) which is independent of temperature.

Combining the two heating mechanisms the overall fraction. A, of the incident pump 

energy operating in a dye with fluorescence efficiency, FE, is given by,

A = ( l - F E - ^ )  (4.2)

Typically about 25% of incident light is converted into heat, within a confined area.

* Confusion exists in the published literature about the naming of two processes contributing to the 

efficiency of the dye. In particular the fluorescence efficiency (i.e. the proportion of photons which decay 

radiatively) is referred to in a variety of ways e.g. quantum yield of fluorescence, quantum efficiency, 

fluorescence yield etc. It is suggested that the word quantum is inapplicable in this case and that 

fluorescence efficiency is more appropriate and should be adopted. Although not used here to aviod 

possible confusion the term quantum efficiency is suggested for describing the difference in energy 

between tlie absorbed and emitted photons.
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4.4 Expcrîiiieiilnl Method.

The period of the interference pattern produced along the axis of the dye cell causing 

feedback is dependent only on the free space wavelength of the pump laser, Ip, and the 

angle of intersection of tlie two pump beams, 9. This interference causes Bragg backscat- 

tering of radiation witli a wavelength in the solvent equal to twice the grating period. As a 

result the free space wavelength at which tlie dye laser oscillates is given by,

(4.3)
S in  0

where n̂  is the solvent refractive index at wavelength Xj. As can be seen from equation 

(1), this wavelength can be tuned by altering Ug, Xp, and 0. The pump laser was slow Q- 

switched to produce narrow linewidth (single longitudinal mode) pulses of duration 12 

nsec and energy 1 mJ at a wavelength of Xp=532 nm. In order to determine dn/dT for a 

solvent the change of lasing wavelength was measured, using a high resolution 

monochromator (Rank Hilger Monospek 1000) giving resolution down to 0.01 nm, as 

the dye solvent temperature was changed by using a refrigerator unit in the circulator 

system. Equation (1) was then used to deduce the associated change in refractive index. 

The DFDL wavelength was normally around 600 nm. DFDL linewidth and shot-to-shot 

fluctuation of DFDL wavelength were less than the resolution limit set by the 

monochromator. This technique was first demonstrated by McIntyre and Dunn [7]. In the 

tables of results to follow, where a numerical value of dn/dT is quoted for a particular 

temperature this represents a least squares fit over the range ± 2°C around that 

temperature. Since n is recorded every 0.5°C each rit utilizes nine data points. Errors 

quoted in brackets are the standard deviation of the fit to the data. Values of dn/dT are 

quoted for 20°C and 5°C representing room and cooled dye laser operation respectively.

4.5 Refractive index, polarizability and density.

The Lorentz-Lorenz formula [8] relates the mean polarizability a  to tlie refractive index 

n and the number of molecules per unit volume N by,
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Using the molar refractivity A, which is essentially the total polarizability of a mole, 

equation (4) may be written as, 

n^-l A _
„2+ 2~ w P (4.5)

where W is the molecular weight and p the density.

For a mixture of liquids, the refractive index of the mixture is given by,

+ %  C2)  Pm =  ( w  ) m  Pm (4 -6 )

where n,„ and represent the refractive index and density respectively of the mixture. 

Aj, A2 and Wi, represent the molar refractivities and molecular weights of molecules 

type 1 and 2. fj and f2 are the fractions, by mass, of molecules of type 1 and 2. 

Refractive index and density are functions of temperature (T), but molar refractivity is 

expected to be independent of temperature, so that,

| g | = 4 ) . „ P m ( T )  (4.7)

Hence, assuming that the refractivity of a liquid is constant, dn/dT may be estimated from 

the density, refractive index and dp/dT, by differentiating equation (7) with respect to 

temperature to find,

m « (ér\_  ^  (4.8)
*m

However since,

èL̂  1 "m-l

(8) may be expressed in terms of the macroscopic properties of density and refractive 

index.

4.6 Results.

Solvents for dissolving organic dyes may be divided into three main categories:

a) Simple organic solvents eg. methanol, ethanol, ethylene glycol, and mixtures 

of them.
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b) Water based solvents e.g. pure water or water based solutions such as 

ammonyx LO.

Using a) and b) together yields a third class of dye laser solvent i.e.,

c) Mixtures of water based solvents and organic solvents eg. ethylene glycol/ 

ammonyx LO. The need for this class of solvent, as will become apparent shortly, 

is to combine good solubility of the laser dye with good thermo-optical 

characteristics.

a) Organic solvents.

The most commonly used dye laser solvents are contained in this class e.g. methanol, 

ethanol, ethylene glycol, benzyl alcohol and propylene carbonate. Figure 1 shows the 

variation of refractive index with temperature for ethylene glycol and methanol which are 

typical of this group. Since the dn/dT's of these organic solvents are, to within 10% 

independent of temperature, results are quoted as a straight line fit over the temperature 

range of 5-25°C. Results of all the organic solvents measured are found listed in Table 1, 

and show that the dn/dT's of these organic solvents are much higher than that of water. 

These liquids, unlike water, have a normal density/temperature behaviour i.e. their 

density decreases linearly, by expansion, with increasing temperature. In order to verify 

that the temperature dependence of refractive index is due solely to the temperature 

dependence of density, as implied by equation (7), figure 2(a) plots A as a function of 

temperature deduced from our measured values of n(T) and CRC tabulated values of 

density [8] for ethanol. The constancy of A with temperature verifies this assumption. Its 

value of 12.9 is close to that expected from the addition of generally accepted atomic 

refractivities [7,8], which gives 13.2.

b) Water based dyes.

Water based solvents are generally regarded as superior in their thermo-optical 

properties since dp/dT and hence from equation (8) dn/dT is small in comparison with 

other liquids. Furthermore the density of water increases until 4°C, the temperature at 

which the density is at a maximum, i.e. dp/dT equals zero. Thus for small changes in 

temperature around 4°C, dn/dT may be expected to be zero, although there is some doubt
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about the exact temperature at which this occurs [9]. It is this particular property, 

exhibited only by water, that makes it the best solvent thermo-optically. Figure 3 shows 

the measured refractive index versus temperature profile for water and it can be seen that 

around 4°C there is no detectable change in refractive index with temperature. The molar 

refractivity A of water is plotted as a function of temperature on Figure 2(b) using our 

measured values of refractive index and CRC [8] values for density. As is the case of 

ethanol, the refractivity is constant, with A = 3.71. This compares very well with the 

tabulated values of 3.72 [7,8]. However dye lasers based on aqueous solutions exhibit 

low efficiencies. This is due to the association of dye molecules to produce dimers, 

whose absorption spectra lie in the absorption region of the lasing monomers and also 

frequently overlap their fluorescence band hence reducing the fluorescence efficiency. In 

organic solutions dimerization is slight and hence the efficiency is much improved. It is 

possible however to suppress this process of dimerization by the addition of organic 

compounds to water [10,11,12,13]. This class includes the two soaps ammonyx LO 

(lauryl dimethylamine oxide) [10,11], Triton-XlOO [12], and the much simpler 

compound urea CO(NH2)2 [13], and indeed an increase in the efficiency of the DFDL 

was observed using these products. What has been misunderstood however is their effect 

on the temperature dependence of refractive index. To this end the effects of the addition 

of both ammonyx LO and urea have been characterised.

i) Ammonyx LG/Water Series.

The ratio of liquid ammonyx LO (30%, by mass lauryl dimethy lamine oxide 

(CH3(CH2)io-CH2-N(CH3)2 —> O), 70% water) to water was varied in this experiment 

from 0 to 100% by volume and two features of refractive index measured, namely: a) 

bulk index (the refractive index at 20°C) for different proportions of ammonyx LO and 

water; and b) temperature dependence of refractive index dn/dT for particular mixes. 

Results to part (a) ar e given in Figure 4(a). These show that the measured bulk index is 

equal to the ratio by volume of ammonyx LO times its refractive index (n(20°C) = 1.380) 

plus the ratio by volume of water times its refractive index (n(20°C) = 1.333), as is to be 

anticipated on the basis of simple proportionality. Note that the solution was unable to
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cooled to less than 8.2°C due to its high viscosity. Results to part (b) are given in Figure 

3, for pure water, and Figure 5 for varying proportions of ammonyx LO. Since ammonyx 

LO is a commonly used solvent the refractive index/temperature relation is listed more 

fully in Table 2. The effect of the addition of lauryl dimethylamine oxide to water may be 

explained using equation (6). To determine the molar refractivity of the ammonyx LO 

active ingredient (laui^l dimethylamine oxide) equation (4) is solved using the following 

values: n,„ = 1.380, = 18 g, W2 = 229 g, fj = 0.7, f2 = 0.3, = 0.96 g cc^ and Aj

= 3.71 to give A2, the molar refractivity of the lauryl dimethylamine oxide molecule, as 

74.1. This last figure may be checked by the usual procedure of the addition of the ré

fractivités of the constituent atoms [7,8], which gives A = 72.63, in good agreement with 

our experimentally obtained value. Results are shown fully on Table 3. The molar 

refractivity A versus temperature was obtained using refractive index and density values 

which were experimentally obtained as a function of temperature for the mixture of 1:1 by 

volume of ammonyx LO:water. The density/temperature measurement for this mix 

showed that dp/dT was always non zero. As was observed previously with ethanol and 

water, the molar refractivity of the mixture was independent of temperature, to greater 

than 1 part in 10+  ̂showing that the refractive index behaviour is due solely to tlie change 

in the density with temperature, the addition of ammonyx LO acting to suppress the 

agglomeration of water molecules which normally leads to a density minimum. Since the 

dn/dT of pure ammonyx LO is similar to that of a normal liquid (see Figure 5(d)), i.e. no 

flat portion in dn/dT,the addition of ammonyx LO will degrade the thermal properties of 

water in proportion to the amount added. On the basis of these results, the commonly 

used proportions of 1.5 to 4% ammonyx LO [11,14] produce only a slight degradation in 

the tliennal properties.

However the use of ammonyx LO at much higher concentrations has been reported, 

e.g. 18% [15] or 20% [16] have been used, and indeed 100% ammonyx LO [1] has been 

proposed as solvents with claimed good thermal properties for use in high power dye 

lasers. However as can be seen from figure 5 at these concentrations tliere is a significant 

increase in the dn/dT compared with water with consequent degradation of thermal 

properties.
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ii) Water / Urea series.

Viktorova et al (1983) [13] reports an obseived increase in fluorescence efficiency from 

~ 0.4 in water to ~ 0.7 on addition of 40% by mass of urea, while still retaining the good 

thermo-optical properties of water. Figure 6 shows the measured effect on dn/dT of the 

addition of 10% and 30% urea, compared with pure water. As can been seen from Fig. 6 

the effect of adding 30% urea to water is substantial. This mixture has a dn/dT 

approaching that of organic solvents, hence rendering it poor thermo-optically. An 

empirical expression for the refractive index of the solution is,

water (4.9)

where P is the proportion by weight of urea, and (3, which is a function of temperature is 

given by, P=0.1308 - (5.084 x lO’̂ .T) for the range 0-30°C, where T is the temperature 

in °C. While no density/temperature measurements were made for the water plus urea 

solution it is strongly suspected that the effect is similar to the addition of ammonyx LO to 

water as described in the previous section.

c) Solvent Mixtures.

In this class are mixtures of water based solvents, mixtures of organic solvents, or 

mixtures of water based and organic solvents. In section (a) the solvents benzyl alcohol 

and propylene carbonate were combined in equal proportions to observe the resultant 

dn/dT. This experiment shows that, to a good approximation, the index properties 

(n, dn/dT) of mixtures are given by an average of the index properties of the parent 

solvents weighted in proportion to their percentages in the mixture. It has been claimed

[1] that by adding 25% ethylene glycol to an ammonyx LO solution that the desired flat 

spot in the dn/dT of water may be preserved, although shifted to higher temperatures 

(10°C). However, since a non zero dn/dT had been observed in ammonyx LO, and a 

larger dn/dT in ethylene glycol it was not expected that a zero dn/dT should occur for any 

combination of ammonyx LO/ethylene glycol. The results of this experiment are shown 

on Figure 4(b) for the bulk indices (20°C) and Figure 7 for dn/dT's, and as with other 

solvent mixtures, show that the bulk index and the dn/dT for a particular solvent mix is 

simply inherited from the parent solvents in proportion to their percentages in the mixture.
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This combined with the evidence of the water/ammonyx LO series allows the conclusion 

that, with the two exceptions noted below, the effect of mixing two or more liquids is 

simply to add proportionally their bulk indices and dn/dT's.

The two exceptions to the proportional addition of the bulk refractive indices observed 

occurred when either ethanol or methanol was mixed with water. Figure 8 shows the 

variation of refractive index as a function of proportion, by volume, of methanol in a 

methanol/water mix. Due to the nonlinear packing of the water and methanol molecules 

simple proportioning does not apply in this case. In addition to experimentally obtained 

values those from CRC Handbook [8J are also shown.

4.7 Conclusion.

Using the technique described the refractive indices of most commonly used dye laser 

solvents have been measured. The results of these measurements are tabulated in tables 1 

and 2. From these it can be seen that dn/dT for water is smaller tlian organic solvents, and 

furthermore that dyes dissolved in water which is cooled to 4°C represents the best 

obtainable solvent (dn/dT is zero at this temperature) in terms of thermo-optical 

properties. It has been recognized (Schafer [10]) that organic additives generally improve 

the quantum efficiency of dyes dissolved in water. The effect of these additives on dn/dT 

and hence the thermo-optical properties is reported here for the first time and, contrary to 

previous claims, it is found that an additive superimposes an additional dn/dT on that of 

water. For liquid mixtures the resultant dn/dT is simply the proportional average of the 

parent dn/dT's. For the temperature range of interest the molecular polarizability of liquid 

molecules is seen to be constant hence indicating that the changes in refractive indices 

reported ar e derived from density change with temperature. Thus if density/temperature 

measurements are available, dn/dT, and hence the thermo-optical suitability, may be 

inferred. Since water is unique in its dp/dT=0 at around 4°C it still remains the best 

solvent thenno-optically, despite attempts to engineer superior ones.
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Solvent n (20°C) 

(5-25'^C)

dn/dT (-1x10-5 K"l)

Methanol (1.327) 46.8 (1.1)

Ethanol (1.360) 43.8 (0.4)

Ethylene Glycol (1.431) 30.6 (0.3)

Benzyl Alcohol (1.540) 42.0 (0.4)

Propylene Carbonate (1.421) 38.0 (0.4)

50/50 BA/PC (1.471) 42.0 (0.5)

Table 1. Measured values of dn/dT (over range 5°C - 25°C) for organic solvents. For 

convenience refractive index data for the individual solvents is given in brackets, and is 

taken from CRC [8] tabulated values.

Temperature °C Refractive index

26.0 1.3793

24.0 1.3796

22.0 1.3800

20.0 1.3803

18.0 1.3806

16.0 1.3809

14.0 1.3812

12.0 1.3816

10.0 1.3819

8.2 1.3822

Table 2 Measured refractive index n versus temperature for ammonyx LO.
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Substance Mol Weight Ref Index Density

(g/cc)
A

(from eqn 5)

Water 18.0 1.333 0.98 3.71

Ammonyx LO 24.9 1.380 0.96 6.00

Lauryl Amine 
Oxide

229.0 — — 74.10

Table 3. Measured molar refractivity for mixtures of water and ammonyx LO.



References Chapter IV

[1] I.A.MHntyre, M.E. Lusty, and M.H. Dunn: J Mod.Optics 35, 3, 325(1988).

[2] T.F.Johnston, Jr., R.H.Brady, and W.Proffitt: Appl. Opt. 21, 2307-2316, (1982). 

[3J B.Wellegehausen, L.Laepple, and H.Welling: Appl. Phys. 6, 335-340, (1975).

[4] R.B.Andreev, S.S.Galidov, A.G.Kalintsev, D.I.Staselo, and V.L.Strigin: Opt. 

Spectrosc. (USSR) 54, (2), 206-209, (1983).

[5] H.Schroder, H.Welling, and B.Wellegehausen: Appl. Phys. 1, 343-348, (1973).

[6] M.E. Lusty and M.H. Dunn: Appl. Phys B 44, 193-198, (1987).

[7] LA.McIntyre and M.H.Dunn: J.Phys.E, 18, 19-20, (1985).

[8] M.Born and E.Wolf, Principles o f Optics Pergamon Press London (1959), pp86-87

[8] CRC, Handbook o f Chemistry and Physics, 57th edition (1976).

[9] L.A.Lee and R.A.Robb: IEEE J.Quantum Electron.,QE-16,777-784 (1980).

[10] P.Schafer (ed). Dye Lasers, Springer Verlag, Berlin (1973).

[11] R.R.Alfano, S.L.Sharpiro, and W.Yu: Opt. Commun, 7, 191-192, (1975).

[12] O.G.Peterson, S.A.Tuccio, and B.B.Snavely: Appl.Phys.Letters, 17, 245-247, 

(1970).

[13] A.A.Viktorova, A.Savikin, and V.B.Tsaregradskii: Sov.J.Quant.Electron., 

13(8), 1140-1142, (1983).

[14] J.Y.Allain: Appl.Optics 18, 287, 289, (1979).

[15] P.Anliker, H.R. Luthi, W.Seelig, J.Steiner, H.Weber, S.Leutwyler, E. Schu

macher, and L.Wost: IEEE J. Quantum Electron (Lett), QE-13, 547-548, (1977).

[16] F. Bos: Appl. Optics 20, 1886-1890, (1981).



lb )

Xœ“D
c

0 -

>
ü
CDL

3020 250 5
T e m p e r a t  u r e  *C

Figure 1. Refractive index against temperature of (a) methanol, and (b) ethylene glycol. 

Vertical axis divisions correspond to a change in refractive index of lxlO~^. Methanol 

had the largest dn/dT of any of the solvents measured.
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Figure 3. Refractive index against temperature of pure water. Vertical axis divisions 
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correspond to a change in refractive index of 1x10“̂  .
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Chapter V

5.1 Introduction.

This chapter contains an account of how rate equations, describing the temporal 

evolution of the population inversion and the photon density inside the DFDL active 

region, can be used to predict the operation of the laser. The rate equations are common to 

any laser with only one exception. In a Fabry-Perot cavity laser the cavity decay time is a 

constant, depending mainly on mirror reflectivity. In contrast however, the decay time of 

a distributed feedback laser is a function of the modulation providing feedback. Since, as 

will be shown later, the cavity decay time is proportional to the squaie of the laser gain, 

the cavity decay time is time dependent. Rate equations in DFDL analysis were first used 

by Bor [1,2] to explain the pulsing behaviour of a nitrogen pumped DFDL. In section 2 

tlie rate ecpiations themselves are developed. Section 3 describes the numerical solution of 

the equations and in section 4 various solutions are presented outside the near threshold 

region described by Bor to show how the rate equations can predict smooth pulsing.

5.2 Rate equation model.

In the rate equation model to be developed, the laser is assumed to be an ideal 

homogeneously broadened four level laser. A schematic representation of the energy 

levels of a dye molecule with important transistions labelled maybe found in Chapter I. In 

describing tlie evolution of Nj -  the population of the Sj band, the rate of change of Nj is 

given by,

dNi Ni
= (5.1)

where,

R is the pumping rate per unit volume (m-3 s’l),

Wi the induced transition rate (s- )̂ arid,

Tf is the fluorescence lifetime of the to Sq transition (s).

The second and third terms on the r.h.s. side of equation (1) describe the competing 

processes of stimulated and spontaneous emission which deplete the inversion. A similar 

type of equation can also describe the evolution of the intra-cavity photon density, q, as.
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1
Tf

^ = B N , q - i + ^  (5.2)

where,

13 is the induced decay rate, defined by Wi=Bq (s‘̂ ) and,

O is a geometric constant defining the fraction of spontaneous emission falling 

inside the angular and specUal range of tlie DFDL beam.

The first and third terms on the r.h.s. side of equation (2) describe stimulated and 

spontaneous emission while the second term describes the loss of the cavity. These first- 

order nonlinear differential equations therefore describe tlie interplay between the popula

tion inversion and the cavity photon density. The equations are coupled i.e., the solution 

of (1) depends on the solution of (2) and vice versa. Equations (1) and (2) are general and 

can be made more specific to dye lasers by rewriting tenus such as in terms of cross 

sections, since these are the more commonly used parameters. The pumping rate R, 

determining the growth of population in the S% state is given by the product of the pump 

rate Ip, the absorption cross section Op and the population in the Sq state, (Nq-N i), i.e. 

R=IpOc(Np-Ni). Stimulated emission, the product of and q can be written in terms of

the stimulated emission cross section, Oc, and refractive index, q, as,

Wiq = ^ N i q .  (5.3)
n

B in equation (2) can be replaced with,

and tlius equations (1) and (2) may be rewritten as,

Ip(t) Og(No-Ni)- ” ^ i q  — -  (5.5)
q Tf

(5.6)
q  Tg Xf

As described above, Q is the factor determining the proportion of spontaneous emission 

which propagates into the angular and spectral range of the DFDL beam and is given by.
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£î = -------- -— —  (5.7)
7C N Gp L2 S

where L is the length of the DFDL, a and b are the width and height respectively of the 

excited volume, and S is the spectral factor determining the fraction of spontaneous 

emission which falls inside the DFDL linewidth. In the solution of the rate equations to 

follow it is seen that the exact value of Q is insignificant because it represents tlie noise of 

the system from which the laser oscillation starts. If this term is not present then, by (2), 

at t=0, if q=0, q would always remain zero. This noise term is often neglected in related 

literature, since once oscillation occurs it becomes insignificant, but the teim is vital in a 

numerical solution. In equations (5) and (6) the pump photon density, the density of 

molecules in the Si state and the density of DFDL photons are written as the time 

dependent variables, Ip(t), Nj(t) and q(t) respectively. For the purpose of modelling Ip(t) 

is assumed to have a Gaussian form,

I p ( t )  =  I m a x e x p ( - p t 2 )  (5.8)

with P chosen to give the appropriate Gaussian halfwidth. The default value of P for a 10 

ns (FWHM) pulse is p=2.77xlOl6 (s-2).

Equations (5) and (6) are common to any type of dye laser but an important distinction 

exists in the cavity decay time of a DFDL. A conventional Fabry-Perot cavity laser has 

a fixed cavity decay time whereas, as will be seen below, the cavity decay time of a DFDL 

is variable. In a cavity laser the cavity decay time is % » 2L/Bc, where B is the fractional 

intensity loss per pass. Neglecting diffraction effects and other losses x̂  may be written 

as,

91
(5.9)

where R is the mirror reflectivity. Inside the excited length of the DFDL Kogelnik and 

Shank [3] considered the laser field as being composed of two counter propagating 

waves, R and S, each strongly reflected by Bragg reflection from the induced grating. 

Using this analysis Chinn [4J recognized that the (1-R) teim of (9) can be expressed as 

the ratio of power emitted by the DFDL divided by its intracavity power and hence 

obtained an expression for the cavity lifetime. Using the notation used above, x̂  is written 

as,
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qL^ ,  . . n  , ,1

Using the notation of Kogelnik and Shank, q% and a^ aie the amplitudes of the spatial 

modulation of the refractive index and gain respectively. As can be seen in equation (10) 

Tq is now a time dependent variable, which, in a Fabry-Perot cavity laser, would be 

equivalent to having a time dependent mirror reflectivity, or some time dependent loss in 

the cavity, such as might be provided by an electro-optic modulator although, unlike an e- 

o modulator, the behaviour of the decay time is a function of the laser parameters and 

cannot be controlled externally. Bor [1] rewrites tlie modulation of refractive index q^ as,

r i , ( t ) = ^ A T ( t )  (5.11)

but an appendix to the paper claims that the effect is negligible. Comparing the 

magnitudes of the gain and refractive index feedback mechanisms it is indeed found that 

the feedback due to gain modulation exceeds that of refractive index modulation by 

several orders of magnitude. We are therefore in agreement with Bor [1] in that within the 

constraints of this analysis, the term may be neglected. The modulation of gain, ai(t), 

may be written in tenns of stimulated emission cross section, Ge, Si state population Nj, 

and visibility of fringes V as,

a i(t)  = (Gg-G^) N iV  (5.12)

Using (11) the expression for cavity decay time used in the analysis is written as.

Til 3
Tc(t) = 5 ^ [Ni(t) (Ge-GjV]2 (5.13)

Thus in a DFDL the time dependent cavity decay time is proportional to the squaie of the 

excited state population Nj.

The power emerging from botii ends of the DFDL is given by the cavity photon density, 

q, divided by the cavity decay time x̂ . Multiplying this by the photon energy hcA and 

knowing the active volume of the DFDL, (Lab), the output power emerging from one end 

of the DFDL is,

P o u i f t )  = 4 ^  Lab-3- (Watts) (5.14)
^ A X,
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A  useful parameter for subsequent analysis is that of steady state excited population 

threshold, Nui, obtained by setting ̂  = 0 in equation (6) and hence,

q %

Thus,

 - 0 3  (5.15)
(Oo-Oa)L ^

5.3 Numerical Solution of Rate Equations.

5.3.1 The Fourth Order Runge-Kutta Method.

The coupled nonlinear rate equations developed above describe the time evolution of 

population inversion and photon density. The numerical solution of these equations as a 

function of time allows these and other parameters, such as cavity decay time to be 

plotted, hence providing a useful insight into the behaviour of the DFDL. Reviews of 

numerical methods for the solution of differential equations may be found in applied 

mathematics textbooks such those of [5j and [6j. The simplest method for numerical 

solution of this type of differential equation is the first order forward difference method, 

known as Euler's method. Considering, for example, the simple first order ordinary 

differential equation,

y«f(x ,y) (5.16)

Euler's method may be written as,

yn+i = yn + h f  (x„,y„), n = 0, 1, 2, ... (5.17)

The algorithm tlierefore involves multiplying both sides of equation (16) by the small time 

interval dt (denoted as tlie step size, h, above), and obtaining the change in y i.e. dy after 

that time interval. The value of dy is then added to y and thus a new value for y is 

obtained for the time t = t + dt. This process is repeated many times, each time substitut

ing the newly obtained values of y into the equation. The program developed uses a 

common extension of this method known as the classical, or fourth order, Runge-Kutta 

method which, written in the style of (17), is,

yn+i -  yn + 6 [̂ 1 + 2k2 + 2kg + k^], (5.18)
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where,

kl = f(x„,yn),

kz= f(Xn+&k, y„ + ~ h k i) , 

k 3 = f ( X n + j h ,  y n + j h k 2 ) ,  

k 4  =  f(Xn» Yn +  k  k s ) .

This method is used to give a weighted average over four points and, for a given step size 

h, is generally more accurate. A slight variation of this Runge-Kutta method was used by 

Bor [1,2] to compute the dynamic behaviour of his DFDL. For modelling of the DFDL 

the one variable method outlined above was extended to the two vaiiables, population 

inversion, N^, and photon flux, q. Since changes in Nj and q occur on a sub-nanosecond 

basis so the step size h must be much less than the fastest changes that may occur. In the 

program developed, a step size of 10 picoseconds was found to give reliable results. Step 

sizes of more tlian 40 ps lead to the program going unstable. Smaller step sizes yielded no 

noticeable difference in the progiam output but simply used more computational time. The 

Euler method was also used but it required a step size of iU'ound 5 ps, rendering it a less 

accurate and less efficient routine. Further details of the FORTRAN program used, 

including a program listing can be found in appendix III.

Since the algorithm loop typically needed to be performed around 4000 times, 

computation seems the obvious method of solution but interestingly Schmitt and Schafer

[7] successfully modelled cavity dye laser operation using an analogue computer.

5.3.2 Model Parameters.

The values used in the modelling to follow are now presented. Where possible these 

parameters were chosen to fit the laser's noimal experimental mode of operation. To this 

end the pump pulse energy was taken to be 2 mJ and the laser dye molarity 3 x 1 M. 

These represent typical operating values. Values for Gq, Ojp and Gp, were obtained from

[8], Xf and S were obtained from [2]. Unless otherwise stated 2 mJ pumping, 3x10-^ M 

solution and FWHM= 10 ns are the default par ameters for all modelling performed. Table 

1 lists the values of all the default parameters. Figure 1 shows the temporal form of the 10 

ns FWHM pulse used in most of the modelling to follow. So as to overcome numerical
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instabilities in the program, modelling was started at t = - 20 ns from the centre of the 

pump pulse maximum. Thus at four Gaussian halfwidths, the initial value of Ip was less 

than 1000 times tlrat of the peak value for pumping Imax- Unlike Bor [2], no initial values 

of Nf and q were necessary, these being zero at time t = -20 ns.

In the analysis to follow, reference will be made to the inversion value, an 

expression for which is given by equation (15). Using this equation and the parameters 

above a value for is obtained as,

2 7T 1 2 2
"  (a^-crjL "  (2.0 x 10-2» - 1.0 x 10-2») 0.02 ®

= 2.15 X 1022 m-3.

5.4 Rate Equation Solutions.

This section considers the rate equation model and how it can be used to predict two 

quite different types of solution. It will be seen that the model predicts that, near 

threshold, self Q-switching leads to the production of pulses of much shorter duration 

than those of the pump pulse. However, in conditions equivalent to operation at levels 

substantially above threshold the model predicts that the DFDL produces pulses which are 

temporally similar' to those of the pump laser. Thus, to a first approximation the type of 

operation predicted is dependent on the level of pumping. As will be seen in the next 

chapter both such types of operation have been observed experimentally. In addition to 

the effect of different levels of pumping, considerations of the effect of dye concentration, 

grating visibility etc. were also investigated.

5.4.1 Picosecond pulse regime.

As will be shown, in this region single and multiple pulses which have durations 

typically two or three orders of magnitude less than those of the pump laser are predicted. 

Such operation occurs when the laser is operated near to its threshold. To illustrate the 

dynamics of laser action consider figures 2 (a) and (b) which show the temporal evolution 

of the population inversion (obtained from equation 5) and the output power (obtained 

from equation 14) for the case where pumping is at the 0,1 mJ level. All of the other 

equation parameters are given by the default values of table (1). As can be seen from the
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figures, a number of pulses of picosecond duration are predicted while pumping at this 

level. Such pulses aie caused by the interplay between tlie circulating cavity radiation field 

and the atomic inversion. A similar type of action is observed in Fabry-Perot cavity lasers 

in conditions leading to the formation of relaxation oscillations (see for example [9,10]). 

Although such an analogy is not strictly applicable because of the time dependence of 

feedback, it will be seen shortly that a useful comparison with relaxation oscillations can 

be made.

In the early part of the pump pulse the population inversion increases towards its 

threshold value which, using the default parameters equals 2.15x1022 m-  ̂ (see equation 

14). As pumping continues the inversion approaches and surpasses that of threshold for 

laser action. When this occurs the laser gain exceeds the cavity loss and the intracavity 

field increases. However, initially there are insufficient photons in the laser 'cavity' to 

provide depletion of the inversion through the process of stimulated emission. The only 

photons that experience gain are those contained in the O term (that fraction of sponta

neous emission falling inside the spectral and angular range of the feedback region). The 

net effect is therefore that the inversion continues to increase as the pumping rate exceeds 

the depletion rate. In doing so the cavity Q is also increasing. This situation describes the 

rising edge of the DFDL pulse when laser action is quickly established. However, this 

action sweeps out a substantial portion of the inversion through stimulated emission 

causing the inversion to fall below its threshold value and hence switching the cavity Q 

from a high to low value. Thus a single pulse is emitted as the cavity Q switches from a 

low to high Q to establish oscillation before returning to a low Q state in the latter half of 

the pulse. The description above applies to the situation where the laser is operating just 

above threshold. If the pumping is sufficiently strong then the medium has sufficient tune 

to recover, the inversion can again exceed the threshold value and another short pulse is 

emitted.

Such behaviour is in good agreement with experiment. It has further been obseiwed 

experimentally that increased pumping causes the number of short pulses to increase and 

tire separation between then decrease. The role of pumping is now examined where it will 

be seen that this helps in the formation of a link to another type of regime which is
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observed experimentally i.e. where the laser generates pulses which mimic the temporal 

behaviour of the input pulse.

5.4.2 The role of pumping.

To explore the effect which pumping has on the DFDL the pump rate. Ip, was assigned 

a constant value. This is equivalent to providing a step input from zero to a constant 

value. Figures 3 (a) and (b) show the predicted output for a constant pump power of (a) 

20 kW and, (b) 40 kW respectively. On inspection of the figures some general 

conclusions may be made namely:

i) at higher levels of pumping the time between the pulses decreases and,

ii) a higher degree of damping is superimposed on the secondary pulses.

Similar observations have been made in considerations of relaxation oscillations in

Fabry-Perot cavity lasers. By considering small perturbations from the equilibrium state 

(i.e. dNi/dt = dq/dt = 0) Yariv [9] obtained an equation of motion describing a damped 

harmonic oscillator. Defining the pumping factor r as r = RBTcT, (R,B,Tc, and t are as 

defined in section 5.2) the equation of motion is written as,

^  + l i a + J _ ( r - i ) q  = o (5.19)

hence obtaining the damping rate a  and the oscillation frequency as,

a  =  —  (5 .2 0 )
2x

COr

Although this analysis is not valid for strong modulation, and in the case of the DFDL 

is not a constant but proportional to the square of the inversion, the analysis is in 

reasonable agreement witli those predictions made about the effect of pump power on the 

DFDL. Extending this aigument to high levels of pumping which are considered next, 

leads to mi understanding of the mechanisms causing longer pulse production.
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5.4.3 Nanosecond pulse regime.

In the two previous sections the input parameters of the rate equation analysis were 

equivalent to near threshold pumping of the DFDL. Under these conditions the predicted 

output consists of one or more picosecond pulses. This section now considers the 

predictions of the model under conditions of high levels of pumping. Previously this 

regime has not been considered in DFDL analysis and, as will be seen in later chapters, 

the predictions are in good agreement with experimental results.

To extend the model to high levels of pumping the pump pulse parameter was increased 

to be equivalent to a pump pulse energy of 10 ml. All of tlie other equation parameters are 

as given in table (1). Figures 4 (a) and (b) show the effect of this change on the predicted 

temporal forms of the inversion and DFDL output. The dynamics of operation are now 

explained. In the initial portion of the pulse self Q-switching leads to the formation of 

short pulses. Unlike the previous section, where the laser is operating near* thieshold, in 

this instance pumping is sufficiently strong to quickly dampen the initial pulse modula

tion. The pulses effectively merge together as the population inversion approaches a quasi 

steady state level, near to that the inversion threshold. As can be seen from figure 4(a) the 

inversion reaches tliis value before the establishment of the long pulse which it precedes. 

After reaching this value, the inversion remains nearly constant (to within 1%) while the 

pumping term increases to out and beyond its maximum (at t ~ 20 ns). The effect of this 

inversion clamping (which also clamps the laser gain) on the inuacavity photon flux may 

be considered with reference to equation (5). Since, for the reasons which have been 

described above, the inversion may be considered as constant and hence dN/dt = 0 then if 

Ip(t) is increasing then the second term on the r.h.s. of (5) (which describes the stimulated 

emission) must increase in magnitude to compensate for an increase in Ip. The photon 

flux must therefore increase in direct proportion with the temporal form of the input, Ip(t). 

Recalling that the cavity decay time is proportional to square of the population inversion 

and, since the output power is proportional to the photon flux divided by the cavity decay 

time, the output pulse also follows the temporal form of the input pulse. Thus, as can be 

seen from figure 4 (b), for the majority of the predicted DFDL output the pulse follows 

that of the Gaussian form of the pump pulse.
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Consideration of equation (6) i.e. the equation describing the rate of change of photon 

flux, suggests that the above explanation is an over-simplification. Neglecting the sponta

neous emission term equation (6) may be written as,

(5.22)

Since q has been observed to follow the pump pulse increasing to a maximum before 

decaying in the latter portion of the output pulse, there must be three solutions of equation 

(22) namely,

i ) ^ + v e  = ^£:2 s)N ,>-!-
T| Xe

i i ) A = o  = (2s:9alNi=—
%dt 

" ) d tUi-^^9 . _ v e =  — -- - ^ - N i  < - (5.23).

Since Gq, 0a and are constants this implies that at least a small change in Ni is occurring 

causing the growth and decay of the intracavity photon flux. Furthermore, it should be 

remembered that solution (ii) of equation (23) defines the threshold (i.e. where gain = 

loss, dq/dt = 0) and therefore regions (i), (ii) and (iii) defines regions above threshold, at 

threshold and below threshold operation respectively. Figure (5) shows an expanded 

vWw of the tiro© dependence of the population inversion around the centre region of the 

output pulse. As can be seen from the figure the inversion is indeed decaying slowly, 

passing below threshold at t = 20 ns. Figure (6) is a plot of dq/dt in this region as a 

function of time. As expected this is positive for times less than t = 20 ns (neglecting the 

initial! pulse modulation), zero at t = 20 ns and negative for times greater than t = 20 ns.

It should be noted that the modulation on the leading edge of tlie pulse has an amplitude 

of less than 10% of the peak output and that the integrated power contained in these 

pulses accounts for only a very small fraction (less than 1%) of the total output power.

In summary therefore, a new operating regime, where the output pulse follows that of 

the temporal form of the input, has been identified using the rate equation analysis. As 

will be seen in later chapters, such behaviour is often observed experimentally and hence 

the theory is in good agreement with experiment.
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5.4.4 Equation constants.

In order to explore different output regimes, parameters such as pump pulse rate, 

molarity of dye solution and the visibility of fringes were varied and it was found that 

relatively minor alterations in these parameters could cause major effects on the form of 

tlie predicted output. These are now investigated.

i) Molarity.

The effect of molarity of a dye solution on the output of the DFDL was modelled by 

using two concentrations of dye other than the 3x10'^ M solution normally used. 

Solutions of 1x10'^ M and 5x10"^ M were used to investigate the effects of weakening 

and strengthening the dye concentration. The results of this analysis are displayed in 

figures (7) and (8). Considering the case, as illustrated in figure 7, it is seen that 

compared to higher concentiations the 1x10*  ̂M solution shows a large modulation on the 

leading edge of the output pulse. By increasing the molarity to 5x10-^ M the modulation 

on the leading edge of the pulse has an amplitude of less than 15% of the peak output. 

Note also that the integrated power contained in these pulses accounts for only a small 

fraction of the total output power.

ii) Fringe Visibility.

From equation (13) it is seen that the cavity decay time is proportional to the square of 

tlie visibility of fringes. Figures 9 (a) and (b) show the effect of reducing the fringe 

visibility from the default value of 1 to 0.1. As can be seen from the figure, the effect is to 

produce a pulse strongly modulated on its rising edge. Again it is found that equations 

(20) and (21) can provide an insight into why this occurs. For a given pump rate R, the 

pumping factor r is reduced since r = R B x, (Xg being proportional to V^). Recalling 

equation (20), the damping constant a  is given by, a  = r/2x, so it is to be expected that a 

reduction of r should cause a  to be reduced. Inspection of the figures shows that there is 

less damping present when V = 0.1 than in the default case when V = 1.
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5,5 Summary.

In this chapter the rate equations describing the evolution of the population inversion 

and cavity photon flux were described and are seen to provide an insight into the opera

tion of the DFDL. Considering the simplicity of the rate equations model, the analysis 

proves useful in both the picosecond pulse regime and in the production of longer pulses. 

Self Q-switching is cited as the mechanism for the production of short pulses, caused by 

the interplay between photon flux and inversion. It is a new feature that damping of this 

switching causes the inversion to settle into a quasi-steady state level and, thereafter, 

when the laser gain is practically constant, the output follows the temporal form of the 

input. The model has therefore been extended into a new regime, namely that of operation 

where the output of tiie DFDL output follows the temporal foim of the pump laser.

In conclusion it is seen that the rate equation model can provide a good description of 

both types of operation which are observed experimentally. Experimental observations of 

the temporal behaviour of the DFDL are presented in the Chapter VI and the relation 

between these and the rate equation analysis considered in Chapter VII.
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Parameter Symbol Value [Unit]

Fluorscence lifetime '̂ f 5x10-9 Lsj

S() - absorption cross section 2.5x10-20 [m2j

Stimulated emission cross section Ge 2.0x10-20 [m2]

Sj - S2 absorption cross section Oa 1.0x1020 [m2j

Ground state population No 1.806x1023 [m-3j

DFDL active length L 0.02 ImJ

DFDL depth a 1/No0p = 220 [jimj

DFDLheiglit b 250 ll-iml

Spectral fraction S IxlCF

Refractive index 1.44

Gatissian constant P 2.77x1016 [s-2]

Table 1. Default values for all paiameters used in rate equation analysis, obtained from 

references | IJ, [2|, and [8j.
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threshold.
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Chapter VI

6.1 Introduction and Background.

in the first chapter of this thesis the processes affecting linewidth and temporal 

behaviour of the DFDL are reviewed. We have identified that previous DFDL reports fall 

into one of two categories depending upon the laser's temporal behaviour. These are:

(1) a single, or multiple, picosecond pulsing regime and,

(2) a 'smooth' pulsing regime where the DFDL output follows the course of the 

pump pulse.

The most significant feature of the DFDL operation in tlie picosecond pulse regime (1) 

is that the laser is operated close to threshold. Operating neai* threshold, self Q-switching 

can lead to the production of single picosecond pulses. In the pursuit of single ultrashort 

pulses three criteria must be satisfied:

(i) the laser is operated very close to its tlireshold (i.e. is pumped at less than twice 

threshold pumping power,

(ii) the grating length of tlie laser is very small (less than ~ 100 jim), and

(iii) the pump pulse duration must be minimised (see for example [1] and [2]). 

Operating at slightly increased pump powers (less than five times threshold) leads to 

multiple pulsing, the number of pulses increasing and their separation decreasing with 

increased pumping. This temporal behaviour can be modelled using a pair of coupled rate 

equations which describe the interplay between the cavity radiation field and the atomic 

inversion. This rate equation model has been developed further in Chapter V.

Operating at an increased level of pumping identifies a second regime where the DFDL 

output follows the temporal form of the pump laser pulse. In Chapter V the rate equation 

model of the DFDL is extended to consider the effect of higher pump powers. This has 

added our understanding of the dynamics of this second region. Its findings are now 

briefly summarised. The initial pulsing, as the laser passes through threshold, is quickly 

damped as the gain of the medium (and hence cavity feedback) becomes clamped at a 

constant level. Clamping of the gain and cavity feedback means that the output pulse can 

only follow the temporal profile of the input. When compared with short pulse DFDLs 

tliose lasers operating in this second regime are characterized by:

(i) increased levels of pumping (greater than -  10 times threshold),
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(ii) grating lengths typically greater than two orders of magnitude more than those 

of short pulse DFDLs, and

(iii) longer pump pulse durations.

In this second regime the processes contributing to the linewidth of the laser were 

attributed to:

i) properties of the pump laser and,

ii) tlie level of pumping of the DFDL.

The properties of the pump laser (effect i) mainly contribute to the linewidth by affecting 

the properties of the induced grating and, as such, DFDL linewidth has also been shown 

to scale with the pump laser linewidth and divergence and furthermore to be a function of 

the spatial coherence of the incident wavefront (see for example [3] and[4]). The power 

dependent linewidth effects (effect ii) are derived from thermally and dispersively induced 

changes of refractive index during the coui se of the pump pulse. To a first approximation 

(avoiding linewidth saturation at high pump powers, see § 2.2. of Chapter I) the line

width scales directly with the level of pumping employed. Further considerations of the 

origin of thermal and dispersive effects reveals that thermal effects depend upon the 

efficiency of the dye and solvent dn/dT, and that dispersive effects show a wavelength 

dependence.

Of the two regimes it is the smooth pulse regime which is of paiticular interest to this 

thesis which places an emphasis on the production of a narrow linewidth source. With 

regard to the linewidth determining processes a strategy for developing a narrow 

linewidth DFDL is to:

(i) reduce pump laser effects to a minimum by employing a narrow linewidth, 

highly coherent, low divergence pump laser,

(ii) operate the laser at reduced pump powers and also minimizing, where 

possible, thermal effects by the use of low dn/dT solvents and operating the laser 

in wavelength regions of low dispersion.

However, in following these guide-lines for nmi’ow linewidth operation the pump laser 

cannot be reduced to a level where the laser is operated near threshold since picosecond 

pulsing, a consequence of which is to broaden the linewidth, can result.
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With these considerations in mind the need for a two tiered experimental investigation 

becomes apparent, the first investigating the temporal behaviour of the DFDL in order to 

establish the conditions leading to short pulse production, the second investigating the 

linewidth behaviour in the smooth pulsing regime. Experiments along those lines were 

performed and are now described.

In the first experiment to be described, temporal resolution down to approximately 10 

picoseconds was provided by using a streak camera. This resolution was obtained over a 

one nanosecond window. The full pulse duration of approximately 10 ns was monitored 

with a temporal resolution of ~ 1.3 ns using a 275 MHz bandwidth oscilloscope and fast 

photodiode. In order to give a more complete characterization of the DFDL the frequency 

behaviour of the laser was measured simultaneously with a interferometer of 1.5 GHz 

free spectral range.

Having established that a narrow linewidth regime exists for the DFDL, the second part 

of this experimental investigation examines the linewidth behaviour more closely. In this 

investigation the linewidth was measured interferometically using the CAIN system and 

the effect of different solvents, solvent dn/dT and the wavelength dependence of linewidth 

are investigated using a number of different dyes and solvents.

A full description of these experiments and the results obtained now follows.

6.2 Experim ental Details.

Although the results from the experiments investigating the temporal and linewidth 

behaviour of the DFDL in the two regimes are presented in two separate sections, much 

of the apparatus used in the experiments was common to both. Details of the apparatus 

used now follows with specific details on their incorporation into the particular 

experiment left until each experiment is considered. The equipment consists of four main 

subsystems:

1) the Nd;YAG pump laser,

2) the DFDL apparatus,

3) temporal diagnostic equipment and,

4) linewidtli diagnostic equipment.
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1) The Nd:YAG pump laser.

The modified Qiiantel YG480 Nd:YAG pump laser has been described previously in 

Chapter II. For the purpose of this investigation it should be assumed that the laser was 

operated in the 'TEMqo' geometry in order to maximize tlie spatial coherence and min

imise the divergence of the output beam. The laser could be operated multimode using the 

normal (active) Q-switch, or on a single longitudinal mode (SLM) using the slow Q- 

switch. SLM linewidth was at or neat' to the transform limit of 50 MHz for the 12 ns 

pulse. The pump pulse energy was generally in the region of 0.5-1.0 mJ at the second 

harmonic wavelength of 532 nm.

2) The DFDL appai atus.

The DFDL apparatus has also been described in Chapter II to which the reader is 

referred for further details. Both the Shank and the Bor style geometries were employed. 

It was found that, at the < 1.0 mJ level of pumping, flowing of the dye was unnecessary 

hence enabling the removal of the dye circulator system, leaving only the dye cell in place. 

Since the volume of the dye cell is only 15 ml it was easy to make accui ate changes of the 

laser dye and/or solvents used.

3) Temporal diagnostic equipment.

Two methods of investigation were used used in tlie time domain analysis of the DFDL: 

(a) photodiode and oscilloscope, and, (b) a streak camera. These are now considered, 

highlighting the advantages and disadvantages of each. .

(a) Photodiode and oscilloscope 

This is the more conventional method of recording the temporal profile of an optical 

pulse. The optical signal is converted into an electrical current using the photodiode. An 

oscilloscope is then being used to display voltage as a function of time. The oscilloscope 

used was a Hewlett Packard 1725A which has a bandwidth of 275 MHz. Two photo

diodes were used, a Telefunken BPW 28 avalanche photodiode which has a risetime 200 

ps, and an ITL vacuum photodiode which has a risetime of 100 ps. The overall resolution 

of the system is now considered.
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The lower limit of resolution of any transient measuring system is determined by the 

risetime of the system. The risetime is defined as the time taken for a signal to go from 

10% to 90% of the final value value. The risetime Tj. of an oscilloscope, is related to its 

bandwidth by the formula,

Tr = B » h  (6.1)

The overall risetime of a measiu*ement system comprising of two elements is given by the 

square root of the sum of the squares of the individual risetimes and hence for an 

oscilloscope and photodiode combination the overall risetime is given by,

y Z  =  ( f i  2'i
r(overall) (oscilloscope) ^(pholodiode) '  ‘ '

In evaluating (2), for either of tlie two photodiodes used, it can be seen that the risetime of 

the system of tlie system is limited by the bandwidth of the oscilloscope to approximately

1.3 ns. The system was tested by using femtosecond pulses from a colliding pulse mode 

locked (CPM) ring dye laser. Since these pulses had a duration which were very much 

less than the risetime of the oscilloscope and photodiode combination the risetime of the 

system could be measured. To this end the pulses from the CPM dye laser were incident 

onto the BPW 28 photodiode. Figure (1) shows the oscilloscope trace produced and, as 

can be seen from tlie trace the risetime is that which is predicted.

It is interesting to predict how such a system, with its nanosecond response time, would 

respond to a pulse with picosecond modulation of the type modelled in Chapter V. To 

properly achieve this one must convolve the impulse response G(t) of the measuring

system (as measured from figure 1) with the time varying input Vj (t) as given by,

t
V o(t)=  J Vi (f) G(t-t') d f  (6.3)

- c x >

This is equivalent in the Fourier domain to multiplying the F.T of the input signal with tlie 

bandwidth response of the detector and oscilloscope.

However, for reasons which will become apparent shortly, it was decided to 

approximate the detector and oscilloscope response to that of an RC circuit i.e. one with
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an exponential rise and decay. In this case the time dependent output signal Vq (t) is

determined by,

d V o ( t )  V i ( t )  V o ( t )  

dt “  t  ■ X
(6.4)

where Vj(t) is the time dependent input signal. In the case of an RC circuit the time 

constant % is the product of R and C i.e. x = RC. In modelling the detector and 

oscilloscope x is given in terms of the detector risetime by,

= = 0.55 ns (6.5)

Figure (2) shows the response of such a system to a square pulse of duration 5 ns.

Since the output is now described in terms of a first order differential equation it was 

straightforward to include the term described by (4) in the numerical solution of the 

similar equations in the rate equation analysis presented in Chapter V. The existing 

Runge-Kulta method provides a general solution to the differential equations describing 

the population inversion N and the photon flux q of the DFDL laser. The model was 

extended to include the additional tenn for and was therefore of the form,

dNi a„c Ni
-  lp(0 CTe(No-Ni) N iq -----

u i  I' q  Xf

+ 0  Ni
^  X(. Xf

dT/o(t) )/i(t) T/o(t) 
dt “  X ■ X

(6.6)

where V) is related to N and q by tlie equation determining the output power of the DFDL 

namely,
Vi = Output power = Lab ^  (see Chapter V, equation 13 )

^ X Xg

and tlie detector risetime is obtained from (5) above. As can be seen from figure (4) where 

Vi(t) and the response of the detector response to this signal are drawn, it is seen that a 

highly modulated DFDL pulse shape, typical of those predicted by rate equations 

analysis, an instrument with a risetime of 1.3 ns would not properly resolve the sub- 

nanosecond structure.
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In order to resolve such structure a streak camera was used which is described in the 

next section. This oscilloscope and photodiode measurements did however, allow 

viewing the full temporal (~ 10 ns) width of the DFDL pulse. Resolution down to 

approximately 10 picoseconds was made available by the use of a streak camera which is 

now considered.

(b) The streak camera.

The streak camera is a useful device for tlie temporal measurement of optical pulses on a 

picosecond timescale. The mode of operation of a streak camera is somewhat similar to 

that of an oscilloscope. Light from a source is incident on a slit, and imaged onto a 

photocathode where the optical pulse is converted into a pulse of electrons. These 

elecUons aie in turn imaged on the centre of a phosphor of the streak tube forming the 

output. By deflecting the slit across the phosphor, temporal information is converted into 

spatial information. Since the photoelectron cuiTcnt in the streak tube is kept small to 

avoid defocussing the light output of the phosphor is low. A high gain image intensifier is 

then used to intensify the output signal foniiing the output. The end product is therefore a 

streak of light across a phosphor screen. Since the deflection across tlie streak occurs as a 

linear function of time, then the intensity of the streak as a function of position is the 

intensity of tlie input pulse as a function of time.

Operation of the sheak camera.

The streak camera used in the analysis of pulses emitted from the DFDL was a variation 

of a Photochron Mk 3 modified for use as a framing camera. Details of this camera may 

be found in references [5] and [6J. This camera may be used in single shot mode if the 

electrical potential difference applied to the camera deflection plates overlaps temporally 

with an optical pulse arriving at the photocathode. To this end the deflection plate voltage, 

obtained through the use of an avalanche transistor chain switches a 6 kV potential in 2 

nanoseconds. The camera static sensitivity was of the order of 2.5 cm/kV. The streak 

produced by the camera was approximately 4 cm long. From the above information an 

approximation to the streak time may be obtained by determining the streak velocity and 

hence time taken to write the 4 cm streak. The calculation is as follows:
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From the above:

Switching time = 6 kV in 2 ns (50 O impedance) = 3 kV ns-̂

Static sensitivity -  2.5 cm kV'^

Streak size = 4 cm

the streak velocity is therefore obtained from the product of switching time and sensitivity 

i.e.,

Streak velocity = Switching time x Static sensitivity 

= 3 kV ns'i X 2.5 cm kV'^

= 7.5 cm ns’i (6.7)

The time taken for the streak sweep is therefore.

Streak size n c on
Streak velocity ~ * ( • )

However, the above calculation is only an approximation since it assumes that the 

impedance of the camera deflection plates is 50 Q, and furthermore that this impedance 

has no frequency dependence. As such the camera requires calibration [8]. Under the 

conditions reported above the camera was previous calibrated as having a streak time of 

approximately 1 ns [9].

Timing is initiated by triggering from an external event, in this case a 30 V pulse from a 

photodiode. Since there iu*e inherent delays in the system, e.g. ~ 10 ns in the switching 

circuit, ~ 5 ns transit time of electrons from the photocathode to the phosphor, then an 

optical delay must be introduced between the optical pulse incident onto the photodiode 

and the optical pulse incident onto the streak camera photocathode. The photodiode used 

for time t = 0 was placed after the first dichroic mirror i.e. in that position where the 

Nd:YAG fundamental wavelength is normally dumped. As will become apparent later the 

shot to shot fluctuation of the output significantly effects which portion of the pulse is 

observed.

When the timing of the voltage switching of the streak camera deflection plates and the 

arrival of the optical pulse on the input slit must coincide to within a nanosecond care 

must be taken to account for the electrical and optical delays which occur. The optical 

delays are now considered. These account for the time difference in the optical pulse

98



Chapter VI

reaching the trigger photodiode and the the DFDL pulse aiTiving at the camera input slit 

and aie as follows,

i) The three pass optical delay line normally used (2.88 m/pass) was reduced to 

two round trips i.e a total of 5,76 m,

ii) one metre each from the delay line to the DFDL laser, and

iii) one metre from the DFDL laser to the streak camera.

Addition of (i), (ii) and (iii) total to a path difference of 7,76 m which corresponds to a 

time delay of approx 26 ns.

These delays must be compensated for by electrical delays. Delays in the trigger circuit

account for approximately 15 ns. Additional delays could be introduced by incoiporation

of BNC 50 Q. (delay 5 ns/m) cable. Two metres of cable were introduced to provide an

additional delay of 10ns which, together with the circuit delays outlined above resulted in

an electrical delay of 25 ns. These delays enabled suitable streaks to be obtained. Fine

tuning was achieved by either increasing or decreasing the length of BNC cable.

Flowever, because of jitter in the trigger signal, caused by intensity variations in the

Nd:YAG laser, for any given streak it was difficult to estimate which nanosecoiid section
■ • -V

of the DFDL pulse was being observed.

The image intensified output was coupled with a lens to a CCD camera^and video 

framestore. The CCD camera, video framestore and computer system, described else

where in this thesis, proved to be useful for capturing and displaying the streak camera 

image since, the framestore could be reliably triggered from the Nd:YAG laser Q-switch, 

After being grabbed the image was displayed as a video picture on a monitor, and read 

into the computer for measurement. Specific details of the implementation of the image 

store and measurement system are presented in section 6,3,2.

4) Linewidth diagnostic equipment.

Most of the linewidth measurements which are reported in this chapter were recorded 

using the computer aided interferometry (CAIN) system which was specifically con

structed for this experiment. The system is described fully in Chapter III, Briefly 

summarised again, the fringes from a 1,5 GHz non-degenerate confocal interferometer are
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projected onto a CCD camera the output of which is then digitised and stored by a video 

framestore. Thereafter the fringes aie analysed by computer. The diverging output from 

one end of the DFDL was allowed to travel a distance of approx 30 cm before it formed 

the input into the interferometer. At this separation the DFDL beam filled most of the 1 cm 

diameter interferometer mirror, hence providing full illumination of the interference 

fr inges produced.

Wavelength measurements were made using a Monospek 1000 high resolution 

monochromator.

The two experimental investigations are now presented.

6.3 Picosecond pulse regime: Time and frequency domain measurements.

6.3.1 Introduction.

In this section the results of an experimental investigation into the temporal behaviour 

and the linewidth properties of the DFDL are presented. Using the streak camera and the 

interferometer, which are described in the previous section, a temporal resolution down to 

~ 10 picoseconds and a frequency resolution of around 100 MHz was available for the 

investigation. The emphasis of this section is to report on the conditions leading to 

picosecond pulsing.

6.3.2 Experimental Details,

The apparatus used in this experiment has been described in § 6.2 of this chapter. The 

Nd:YAG laser was operated in the T E M qo configuration using either the normal Q-switch 

to provide multimode operation or, the slow Q-switch which provided SLM operation. 

The Shank style geometry was employed. The laser dye chosen for this investigation was 

rhodamine B using either water or methanol as the dye solvent. Rhodamine B was chosen 

since this dye had been used extensively both in previous investigations performed in the 

laboratory, and also for the results in the smooth pulse regime which are presented in the 

next section. In the results to follow, the alignment of the DFDL is seen to play an 

important role in determining its behaviour. As is described in Chapter II, alignment of 

the DFDL is mostly a matter of the degree of overlap between the two pump beams. For 

the purpose of this investigation this degree of overlap was varied by rotation of the
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cylindrical lens which, in effect, reduces the length of interaction of the two beams. A 

schematic diagram of how the streak camera and interferometer were incorporated in the 

experiment is illusti ated on figure (4). The essential elements of the streak camera and the 

interferometer have been previously described. Acquision of the images produced by each 

of the instruments was made possible by employing two CCD cameras and two 

framestores. Considering the streak camera first, the image intensified streak containing 

the relevant information was coupled with a lens to the first CCD camera. The output 

from the camera was grabbed and read into the computer for analysis. The interference 

fringes were projected onto a second CCD camera and thereafter grabbed by and stored in 

the second framestore. For the purposes of this experiment the computer was therefore 

dedicated to the framestore used in conjunction with the streak camera. Recording of the 

stored image of the interference fringes was made by photographing the monitor image 

with an oscilloscope camera. Similar" to the operation of the CAIN system, the timing 

sequence for the framestores was obtained from the Nd:YAG Q-switch control.

6.3.3 Streak camera and interferometer results.

In the experiment two parameters were varied and the effect on the temporal and 

linewidth behaviour recorded. The first was to observe the effect of different pump laser 

parameters on the DFDL. To this end the Nd:YAG laser was operated in three different 

modes: (i) slow Q-switched with SLM operation, (ii) slow Q-switched with two modes 

oscillating, and (iii) normal Q-switching causing the Nd:YAG laser to run multimode. The 

second parameter to be varied was the alignment of the DFDL. By rotation of either the 

beam steering mirrors or the cylindrical lens the degree of overlap between the two pump 

beams could be reduced. The results can be grouped into four categories which are based 

upon the pump laser and DFDL alignment. Each of the four cases is now considered in 

turn.

Case (a).

In this case the slow Q-switched Nd:YAG laser was tuned, using its intiacavity étalon, 

to achieve stable SLM operation. The DFDL was carefully aligned, paying particular 

attention to ensure that: (i) the optical paths of the two pump beams were nearly identical,
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(ii) the cylindrical lens was near normal incidence to the incident pump beam, (iii) the 

beam steering mirrors and cylindiical lens were rotated to ensure maximum overlap, in 

both the horizontal and vertical directions, of the two pump beams. This alignment was 

made much easier by being able to use the CAIN system to monitor the linewidth of the 

DFDL in real-time.

Figure (5) shows a photograph of the interference fringes produced by the interfer

ometer and the streak obtained from the camera to give an example of the DFDL output 

while operating in these circumstances. As can be seen from the figure the laser is 

operating with a narrow linewidth. The fringes are probably finesse limited (finesse 

limited resolution ~ 100 MHz) and hence the laser linewidth is estimated to be at a level 

with approaches its transform limit ^100 MHz. With regard to the temporal information 

obtained using the stieak camera it is seen that no sub-nanosecond pulsing of the laser 

exists for the one nanosecond sweep recorded. The position of the 1 ns window inside 

the DFDL pulse was varied by using different lengths of coaxial cable between the trigger 

signal and the streak camera. No pulsing was observed in any part of the output pulse.

Case (b).

In this case the slow Q-switched Nd:YAG laser was allowed to run with two 

longitudinal mode oscillating. The DFDL was carefully aligned, in a fashion similar to 

case (a). By observation with the interferometer and streak camera it was seen that there 

were two separate narrow linewidth components in the DFDL interferogram. These are 

caused by the formation of two giatings inside the DFDL as a result of the oscillation of 

two modes of the Nd:YAG laser. It is estimated that the frequency separation of such 

DFDL 'modes' would be nearly equal to the intermode spacing of the pump laser, which 

for the -  1 m cavity length is 150 MHz. On observation of such type of operation, the 

spacing of the fringes produced in observing the DFDL varied in a similar fashion to that 

of the NdiYAG laser. This indicates that additional modes which oscillate in the pump 

laser may not always be the adjacent longitudinal mode. The temporal mode beating of 

from two, adjacent, modes with 150 MHz frequency separation would have a period of
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approximately 6.5 ns. As such, over the streak time of ~ 1 ns, no temporal detail is 

expected for the streak trace, and indeed no such structure was observed.

Case (c).

In this case the Nd:YAG pump laser was slow Q-switched to produce SLM pulses. The 

DFDL alignment was however slightly reduced by a reduction of tlie beam overlap in the 

vertical direction. The effect of this on the DFDL can be considered with reference to 

figure (6). As can be seen from the figure there is a broadening of the DFDL linewidth. 

The trace obtained from the streak camera shows that the DFDL is modulated on a 

picosecond timescale. This modulation takes the form of pulses of average duration 

around 60 ps. Considering tliat the transform limited linewidth of a 50 ps pulse is almost 

10 GHz it may seem surprising that interference fringes are present (considering that the 

time bandwidth product should be of the order of 1), This behaviour may be explained by 

considering another example obtained under similar conditions. This second example is 

shown in figure (7) where it can be seen that a broadening of linewidth occurs over that of 

case (a). The trace obtained from the streak camera again shows that the laser is pulsing 

with pulses of duration of the order of 50 ps. The pulses are seen to sit on top of a 'dc' 

bias i.e. the pulse modulation is less than 100%. The dc bias represents the nanosecond 

time variation of the DFDL as it follows tliat of of the pump pulse. As a nanosecond pulse 

it has an associated linewidth in the lOO's of MHz region. The modulation of the pulse 

which is occurring on picosecond time-scales has an associated linewidth in the region of 

lO's of GHz. As such the effect of these pulses, when passing through an interferometer, 

illuminate all output angles, hence providing a dc bias on the interferometer trace. The 

interferometer and streak camera results therefore complement each other i.e. what 

appears as a dc bias in one domain appears as resolved structure in tlie other.

In conclusion, case (c) represents a regime of SLM pumping with reduced alignment of 

the DFDL pump beams. The pulse is seen to consist of two components, a ~ 50 ps 

modulation superimposed on a 10 ns pulse envelope.
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Case (d).

In this case the DFDL alignment was good, as in case (a). The pump laser was 

operated multimode by using the lasers standaid Q-switch. Strong temporal mode beating 

was observed when the laser was used in this fashion. The results obtained from the 

DFDL were somewhat erratic, as would be expected considering the shot-to-shot 

instability of the pump laser. Figures (8) and (9) are representative of the traces obtained 

in the experiment. As can be seen from the figures the interference fringes were nearly, or 

completely washed out in these conditions, thus indicating that the linewidth was greater 

than 1.5 GHz. The streak camera results show that pulses of approximately 180 ps 

duration were present. If transform limited, such pulses would have a linewidth of ap

proximately 3 GHz.

6.3.4 Summary.

In the experiment reported in this section the DFDL has been analysed temporally using 

a streak camera and spectrally using an interferometer. Measurements in both domains 

were made on a single shot basis, the results presented representing samples typical of 

those regularly observed.

Under the range of operating conditions investigated four operating regimes have been 

identified, the operation of the DFDL depending on the alignment of the grating (which 

determines the active giating length) and on tlie operation of the Nd:YAG pump laser. A 

summary of each of the four operating regimes appears in table (1). Both picosecond and 

smooth pulse operation of the DFDL was observed, the length of the grating being the 

determining factor as to its operation.

When considering the properties of the laser in the frequency domain, it was seen that 

only when the laser was producing smooth, nanosecond duration, pulses were sharp 

fringes observed, indicating that the laser was operating with a narrow linewidth. When 

picosecond pulses were produced and observed on the streak camera the linewidth was 

greater, as expected, than those produced when nanosecond pulses were produced. The 

increase was not however, as large as would be expected if the pulses had a 100% 

modulation. The streak camera measurements indeed confirmed that the modulation was
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less than 100% when it was seen that the picosecond modulation was superimposed upon 

a pulse of much longer (nanosecond) duration.

An investigation into the linewidth properties of the DFDL while adopting the strategy 

for producing nairow linewidths now follows.

6.4 Smooth pulse regime: Time and frequency domain measurements.

6.4.1 Introduction.

In this section the results of the experimental investigation into the temporal and 

linewidth behaviour of the DFDL are presented. The temporal behaviour is described first 

where it will be shown that the DFDL pulse follows the course of the pump pulse to the 

extent that modulations in the Nd:YAG laser are followed by the DFDL. The linewidth 

behaviour of the DFDL is then presented. Three main parameters are investigated. The 

first two are for the case of the dye rhodamine B and are: (i) the wavelength dependence 

of linewidth and, (ii) the effect of varying the dye solvent. Linewidth measurements using 

a variety of different laser dyes forms the last section of the linewidth investigation. The 

results are summarized at the end of the section.

6.4.2 Background and experimental details.

The apparatus used in this experiment has been described in § 6.2 of this chapter. The 

Nd:YAG laser was operated in the T E M qo configuration together with the slow Q-switch 

to produce a single longitudinal mode. In Chapter I it was shown tliat the linewjdth of the 

DFDL is dependent upon the linewidth of the pump laser (see Chapter I, equation 18). 

Operating with a SLM pump laser reduces this effect to a minimum.

Previously it has been shown that at a high level of pumping the properties of the laser 

dye used as the active medium for the DFDL contribute directly to the lasers linewidth. 

The mechanism cited for this, which is described fully in Chapter I, is a refractive index 

change during the course of the laser pulse. This is attributed to two effects: (i) a heating 

of the solvent and (ii) dispersion associated with optical gain and absorption. Thermal 

changes in refractive index occur because of two heating mechanisms inherent in the 

absorption and emission of optical radiation. The first is due to non-radiative relaxation 

within the excited or state, the second is non-radiative decay from the to the Sq
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state. The figure of merit of the later process is the fluorescence efficiency, sometimes 

referred to as the quantum yield, which gives the fraction of photons which decay ra- 

diatively. The fluorescence efficiency can vary between 40% for rhodamine B in methanol 

to 100% for rhodamine 101 [7] in the same solvent. The gain dispersive changes in re

fractive index, occurring as the electronic population of the dye molecule changes, may be 

reduced by operating the laser at gain line-centre. However if the Stokes shift is 

sufficiently small tlien absorption may result in a contribution to refractive index changes. 

It can therefore be seen that through these processes the linewidth of the DFDL can be 

expected to be dependent upon the laser dye used. The aim of this experiment was to 

investigate the effect on DFDL laser linewidth at reduced pump power levels (<1 mJ) 

when using a range of different laser dyes. As will be seen below, where each dye is 

considered in turn, all of the dyes were observed to lase with sub-GHz level linewidths.

For the majority of the experiments described, the DFDL was operated in the Shank 

style geometry, although the Bor style geometry was used and is considered in relation to 

the laser's shot to shot frequency stability. Since the emphasis of this experiment was in 

the production of narrow linewidth pulses the overlap of the two pump beams was 

maximized (see § 6.3).

The 580-680 nm wavelength range investigated was covered efficiently using five laser 

dyes. These were rhodamine 6G (560-600), rhodamine B (580-630), sulforhodamine B 

(600-640), rhodamine 101 (590-640) and laser dye DCM (600-680). The figures in 

brackets represent typical tuning ranges of the dyes. With the exception of laser dye 

DCM, water, methanol or ethanol (or a combination of these solvents) was used as the 

dye solvent. Laser dye DCM used a combination of propylene carbonate, ammonyx LO 

and water.

Temporal measurements were made using the photodiode and oscilloscope and, 

linewidth measurements made using the CAIN system.
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6.4.3 Results.

(1) Temporal investigation.

Using the photodiode and oscilloscope temporal measurements with a resolution of 1.3 

ns were made. Both temporal profiles of the DFDL and the pump laser were recorded. As 

an example of the traces obtained consider figures 10 (a and b). Since the oscilloscope has 

only a single beam each input was separated temporally by introducing an electrical time 

delay between the photodiode used for detecting the DFDL pulse and the oscilloscope. By 

operating the oscilloscope in 'A+B' mode both signals could then be displayed. The two 

signals were separated by approximately 20 ns. In the figure the pump pulse is therefore 

located on the left of the oscilloscope trace. Figure 10(a) is an example of a smooth (i.e. 

netu" SLM) Nd:YAG pulse, whereas the pump pulse of figure 10(b) shows a modulation 

caused by mode beating of tlie pump laser. As can be seen in the figures in both cases the 

DFDL output pulse follows that of the pump laser. In all the experiments performed with 

this apparatus, this following of the temporal form of the pump pulse by the DFDL was 

observed.

(ii) Linewidth investigation.

Since rhodamine B formed tlie majority of the previous work done in the laboratory (see 

§ 6.3 for results from a simultaneous streak camera and interferometer measurements 

using the dye) it was the obvious choice for an investigation under the new pumping 

conditions of ntrrrow linewidth and reduced pump power. To this end two experiments 

were carried out using rhodamine B investigating:

(i) tlie wavelength dependence of linewidth and,

(ii) the effect of solvent dn/dT on linewidth.

The results of these two experiments are now presented and are followed by a summary 

of results obtained using four other laser dyes.

(i) The wavelength dependence of linewidth.

In this experiment the dye was used with water as its solvent, at a concentration of 

3x10 '̂  M. The laser was tuned over its entire tuning range which, using water as the 

solvent and approximately 1 mJ pump pulse energy, was found to be between 596.8 and
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634.5 nm. Narrow linewidth operation of the DFDL was observed over all of this 

wavelength range. Figure (11) is an example of such operation obtained when the laser 

was operated at a wavelength of ̂  = 615.7 nm. This figure was obtained using the CAIN 

five line average algoritlim. Except for close to 600 nm, this figure was typical of the trace 

obtained for the wavelength range investigated. As discussed in Chapter III, around 600 

nm the ratio of absorption to transmission of the interferometer is at a maximum and 

therefore its throughput is at a minimum. Figure (12) shows the effect of reduced 

transmission when operation at a wavelength of A, = 596.8 nm. As can be seen from the 

figure the intensity falling onto the CCD array is reduced at ^ = 596.8 nm when compaied 

with X -  634.5 nm.

(ii) The effect of solvent dn/dT on linewidth.

The DFDL's linewidth dependence on solvent dn/dT was also investigated using the 

dye rhodamine B. Since methanol and ethanol had the highest dn/dT's of any solvents 

suiweyed (see Chapter IV) these were the solvents chosen for this experiment. The 

proportion, by volume, of the methanol or ethanol was varied from 0 to 100% in steps of 

10% by mixing with water. It was found that under similar pumping conditions that 

narrow linewidths were produced for all solvent combinations. As an example consider 

figures (11), (13) and (14). These represent CAIN five line averages using 100% water, 

50% methanol/50% water and 100% methanol respectively. The dn/dT's of the solvents 

at room temperature are 8, 24, and 40 (xlO'^) respectively. As can be seen from the 

figures all represent linewidths which are approaching the transform limit for the DFDL. 

The ethanol/water mixtures yielded approximately similar results. Figure (15) shows a 

comparable five line scan obtained using 100% ethanol, which, similar to using the dye in 

water, shows that the linewidth of the laser when using this dye was in the 100 MHz 

region.

Although rhodamine B formed the majority of the DFDL investigations (see previous 

sections for simultaneous interferometric and streak camera measurements) other dyes 

were investigated. These aie now considered in turn.
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Rhodamine 6G typically lases over the wavelength range of 560-600 nm. When used in 

the DFDL with water as the dye solvent laser action was observed at the higher end of this 

range. Since the transmission of the interferometer was low around this wavelength 

region no CAIN measurements are available. Observation of interferometer fringes was 

made by eye using a microscope focussed between the interferometer mirrors. Since the 

free spectral range of the interferometer was 1.5 GHz the observation of fringes gives an 

upper estimate of the laser linewidth as around 500 MHz. Under all conditions, fringes 

were observed, from which it can be inferred that the linewidth was always less than 500 

MHz.

Sulforhodamine B typically lases between 600 and 640 nm. The dye was dissolved in 

both water and ethanol and operated at a wavelength of aiound 620 nm. Figures (16) and 

(17) represent CAIN five line averages obtained using the dye dissolved in water and 

ethanol respectively. As can be seen from the figures, the finesse limited linewidths of 

~ 100 MFIz were measured using this dye were independent of solvent used.

Rhodamine 101 typically lases over the wavelength range of 590-640 nm. It as a dye 

with a very high fluorescence efficiency. The dye was operated using ethanol as its 

solvent. Figures (18) and (19) represent examples of CAIN outputs using the dye using 

five line scan and elliptical averages respectively. As can be seen from the figures RlOl is 

another dye for which tlie DFDL exhibits a linewidth at or near its transform limit (~ 100 

MHz).

Laser dye DCM is a relatively recent addition to commercially available laser dyes. The 

observed tuning range of the DFDL with the dye was 612-687 nm whilst using a solvent 

mix containing 85% water, 6.5% propylene carbonate and 6.5% ammonyx LO. We have 

previously reported that near transform limited operation has been observed around line 

centre ( -  650 nm) using this dye. In addition sub-GFIz operation was observed over all of 

DCM's tuning range.

6.4.4 Summary.

In this section the results from the experiments performed into the linewidth behaviour 

of the DFDL have been reported. The two fold strategy presented for the reduction of the
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DFDL linewidth involving the reduction of linewidth effects from pump laser and the 

DFDL power dependent linewidth effects yielded successful results. As was seen in the 

section, operation with a SLM pump laser with a pump pulse energy of between 0.5 and 

1.0 mJ resulted in narrow linewidth operation (<500 MHz) over the entire tuning range 

investigated (580-680 nm).

6.5 DFDL stability.

6.5.1 Introduction.

When operating the DFDL with linewidths of less tlian approximately 500 MHz a shot 

to shot instability in the operating wavelength became apparent. A description of and the 

results from an experiment into the magnitude of the effect is now described. The section 

concludes with a discussion as to the origins of the instability.

6.5.2 Stability measurements.

In the experiments performed to investigate the shot to shot variation in the DFDL 

wavelength the laser was operated with a narrow linewidth (~ 100 MHz). At this level of 

linewidth sharp fringes were produced and monitored in real time on tlie CAIN (1.5 GFIz 

free spectral range). The wavelength variation between successive shots was observed as 

an instability in tlie fringe position of the 1.5 GHz interferometer. These instabilities were 

present using both the Shank and the Bor style geometries. Over the time taken for 10 

pulses (1 second at 10 Hz) it is estimated that the maximum variation in the wavelength 

was of the order of one half of the interferometer’s free spectral range. When fringe 

movement of tliis order is recorded it is important to establish if the movement is within a 

free spectral range of the interferometer. In order to make an unambiguous interpretation 

of such movements it is necessary to compare fringe movements on interferometers with 

different free spectral ranges. To this end the DFDL output was analysed using a plane 

parallel interferometer with a plate separation of 1 cm. A lower estimate of the finesse of 

the interferometer is around 10. Since no instabilities in the fringe position were visible 

using the plane parallel interferometer then it may be concluded that the shot to shot 

instability was contained with one free spectral range of the interferometer i.e. over the 

period of 1 second better than 750 MHz.
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The probable origins of the shot to shot wavelengtli instability are now considered.

6.5.3 Origin of shot to shot instability.

Recalling the basic equation which describes the wavelength of operation of the DFDL 

in terms of iig and 0 ie,

c l Sin 0

the effect on of shot to shot instabilities in either of the three variables on the right 

hand side of the equation can be estimated in a similar fashion to that used in predicting 

their effect on the DFDL linewidth. These effects have been discussed in the Chapter I 

and the effect of a variation in n̂ , Ip and 0 are described in equations (18), (12) and (14) 

of that Chapter. Choosing, for example, the effect on the shot to shot instability in the 

pump laser linewidth AXp(gg) has the same form as (1.12) and is given by,

^^d(ss)= g. J  Q^^p(ss) (6*9)

As can be seen therefore from (9) the shot to shot stability of the DFDL is dependent upon 

that of the pump laser. In a similar fashion the shot to shot variations of iig and 0 must be 

controlled according to the wavelength stability required. These factors therefore place a 

large emphasis on both the positional and wavelength stability of the pump laser when 

DFDL is optomised for narrow linewidth operation. At high levels of pumping these 

effects are masked by the increased dynamic linewidth of the device. However, it should 

be recalled that the Bor geometry effectively de-couples the DFDL wavelength from the 

latter two parameters i.e. pumping wavelength and angle of intersection of the two pump 

beams. In the experiment described above both the Shank and the Bor geometries were 

employed and it was found that the shot to shot stability was of similar magnitude in both 

cases. It is therefore thought that shot to shot changes in the solvent refractive index 

causes the wavelength instability. The refractive index stability An required to produce a 

wavelength stability AX can be obtained using the formula,

t : - “  ■ « » >
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The effect of a change in temperature AT of the dye solvent on the DFDL wavelength can 

be obtained by rewriting (5) in terms of dn/dT, the equation therefore becomes,

(6.11)
Ad

If a solvent such as methanol is used (dn/dT ~ - 4x10'^ K-^) then evaluation of (6) shows 

tliat the temperature of the solvent must vary by less than 0.5 mK over the entire length of 

the solvent if a 100 MHz stability is required.

6.6 Summary and conclusion.

Previous investigations into tlie properties of the DFDL have concentrated on describing 

the laser's behaviour in either the time or frequency domain with experimenters 

concentrating in the production of a DFDL producing either ultrashort pulses or 

experiments investigating the DFDL linewidth. In this study, the laser has been 

characterized in both domains and in doing so both picosecond pulse and narrow 

linewidth operation have been observed.

While pumping the laser with the SLM slow Q-switch Nd:YAG with a pump pulse 

energy of between 0.5 and 1.0 mJ and creating a DFDL active grating length of 

approximately 2 cm, the DFDL operated with a linewidth at or neai" the transform limit of 

~ 100 MHz for the 5-10 ns pulses produced. Linewidths were measured on a single shot 

basis using the CAIN system. A shot to shot instability in the operating wavelength of the 

DFDL was observed which is estimated to be around 750 MHz over the period of one 

second (10 shots with the laser operating at 10 Hz). Temporally the DFDL pulse followed 

that of the Nd:YAG laser, even when this was highly modulated by mode beating in the 

pump laser. When operated in this fashion no picosecond pulsing was observed, even 

when using a streak camera with a temporal resolution of ~ 10 picoseconds. The narrow 

linewidth operation was obtainable for all of the tuning range investigated (580-680 nm) 

while employing a variety of laser dyes and solvents.

By degrading the overlap between the two pump beams, hence reducing the grating 

length (while all other features remained constant), a train of picosecond pulses was 

observed. These had a pulse duration down to approximately 50 picoseconds. As has
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been previously considered (see Chapter V) the appearance of a pulse tiain, rather than a 

single pulse, suggested that the laser was operating well above its threshold.

Often the laser operated on what is probably best described as a combination of the 

above two regimes i.e. a picosecond modulation was present on top that of nanosecond 

duration. In this circumstance a broadening of fringes could be observed using the CAIN

1.5 GHz FSR interferometer. Using the streak camera, a picosecond modulation was 

seen to sit on top of the nanosecond pulse envelope.

The results presented have tlierefore characterised the DFDL in a new operating regime 

and, as has been seen in this investigation, both picosecond and smooth pulse operation 

have been observed. These aie now drawn together in a summary of the thesis.
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Case Nd:YAG DFDL
alignment

Linewidth Temporal behaviour 
lOps -  resolution -  1 ns

(a) slow Q-switched 
(SLM)

high transform 
limited 

~ 100 MHz

smooth
streak

follows 
pump pulse

(b) slow Q-switched 
(two mode)

high two separate 
-  100 MHz 
components

smootli
streak

follows 
pump pulse

(c) slow Q-switched 
(SLM)

reduced pump 
beam overlap

linewidtli in 
0.5-1 GHz 

range

30—60 ps 
pulsing on 
d.c. offset

follows 
pump pulse 

normAy SLM

(d) nomial Q-switched 
(multimode)

high > 750 MHz 150 ps 
pulses

follows 
pump pulse

Table (1). Summary of results of temporal and frequency investigation of DFDL.
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l'iUiire 1. I lie ovcuill liselim c of llie icmpoial measurement system ennlaining the 

H ewlett I’ackaiil 1725 A oscilloscope and the Telefunken BPW 28 photodiode. 

Risetime, is o f tite otdei 1.3 ns.
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Figure 3. (a) DFDL output power as predicted by laser rate equations, with 1 niJ 

Nd:YAG pumping, (b) Resolved signal using a detector with a bandwidtli of 275 MHz. 

3'his trace was obtained by solving numerically the differential rate ecpiation,

dVp
dt

Vi
T

Vo
X

wiiere Vq and V{ arc the output and input signals respectively. The time constant x  is 

given in terms of the detector risctimc by x ~ ~  ■
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Figure 4. Schematic diagram of the experimental apparatus used In the temporal and 

frequency investigation of the DFDL. Temporal information was obtained using a 

streak camera, providing a resolution down to around 10 picoseconds, and a 

photodiode and 275 Mllz oscilloscope which provided a resolution of approximately 

1.3 nanoseconds. Linewidth information was obtained using the 1.5 GHz CAIN 

system.

Measurand Apparatus Resolution

Wavelength (X) Monospek 1000 monochromator ~ 0.02 nm

Linewidth (Av) CAIN system ~ 100 MHz

Pulse duration (At) Streak camera ~30p s

Pulse dutation (Ax) ITL photodiode and oscilloscope -1 .3  ns
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F igures Pliotograpli o f  the interferogram and streak camera trace obtained from the an 

analysis o f tlie DFDL output. For tit is type o f result the DFDL was operated with a high 

degree o f  overlap o f the two pump beams. The Nd:YAG pump laser was operated on a 

single longitudinal mode. The recorded linewidth is o f  the order o f  100 M Hz. The 

smooth streak indicates that no sub-nanosecond pulsing was present in the output.
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Figure 6 . Photograph o f the interferogram and streak camera trace obtained from the 

DFDL. Similar to the previous figure the Nd:YAG pump laser was operated on a single 

longitudinal mode, l l i e  overlap o f the two pump laser beams was reduced by rotation 

of the cylindrical focussing lens. As can be seen from the figure the effect was to 

produce modulation pulses, o f duration ~50 ps, superimposed onto a pulse o f longer 

duration.
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Figure 7. 'Fliese traces were recorded under similar operating conditions as those of the 

previous figure. The 'dc' offset of the picosecond modulation is more marked in the 

streak camera trace of this example.
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Figure 8. Photograph o f the interference fringes and streak camera trace obtained from 

the DFDL. The DFDL was in good alignment. In contrast to the previous three figures 

the Nd:YAG pump laser was operated multimode. The effect on the DFDL was to 

produce a pulse modulation o f  the order o f 150 ps. As can be seen from the 

intererogram the linewidth is greater than the free spectral range o f the interferometer 

(1.5 GHz).
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Figure 10. l'emporal puise sliapes o f live Nd:YAG pump laser (left) and DFDL (right). 

T w o figures are shown, representing typical o f the operation o f the laser. In both cases 

the DFDL follow s tlie temporal form of the input.
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Figure 11. CAIN five line average interferogram of the DFDL output. In this case the 

laser used the dye Rhodamine B and 100% water as the dye solvent. The laser output 

wavelength for this scan was X = 615.7 nm.
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Figure 12. CAIN five line average interferogram of the DFDL output. In this case the 

laser used the dye Rhodamine B and 100% water as the dye solvent. The laser output 

wavelength for this scan was X = 596.8 nm. The interferometer transmission for this 

wavelength is reduced for wavelengths in the region of 600 nm.
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Figure 13. CAIN five line average interferogram of the DFDL output In this case the 

laser used the dye Rhodamine B with 50% water and 50%, by volume, methanol as the 

dye solvent. The laser output wavelength for this scan was X -  616 nm.



Figure 14. CAJK five Une average interferogram of the DFDL output. In this case the 

laser used the dye Rhodamine B and 100% methanol as the dye solvent



Figure 15. CAIN five line average interferogram of the DFDL output. In this case the 

laser used the dye Rhodamine B and 100% ethanol as the dye solvent. The laser output 

wavelength for this scan was X  = 624.3 nm.



Figure 16. CAIN five line average interferogram of the DFDL output. In this case the 

laser used the dye Sulforhodamine B and 100% water as the dye solvent.



Figure 17. CAIN five line average interferogram of the DFDL output. In this case the 

laser used the dye Sulforhodamine B and 100% methanol as the dye solvent-



Figure 18. CAIN five line average interferogram of the DFDL output. In this case the 

laser used the dye Rhodamine 101 and 100% ethanol as the dye solvent. The laser 

output wavelength for this scan was X  = 633.3 nm.
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Figure 19. CAIN elliplicai average interferogram of tiie DFDL output. Similar to Figure 

18, the laser used tlie dye RJiodamine 101 and 100% ethanol as tlie dye solvent.



Chapter Vll-Conclusion.

7.1 Introduction.................................................................................................... 114

7.2 Summary of resu lts................................................................................ 114

7.3 The rate equation analysis: Its fit with experiment........................................ 115

7.4 Consideration of DFDL grating length.......................................................... 116

7.5 A general model of DFDL behaviour.................................................. 117

7.5.1 General model.

7.5.2 Specific considerations of the laboratories' DFDL system.

7.6 Conclusion......................................................................................................122



Chapter VII

7.1 Introduction.

In Chapter I a review of previously reported DFDL experiments and theories has been 

presented. The review identifies two, seemingly distinct, operating regimes. In the first 

regime, where the laser operates around threshold, the DFDL produces pulses which 

typically have durations two or three orders of magnitude smaller than those of the pump 

source. In the second regime the laser produces pulses which temporally match those of 

the pump source. In this second regime the laser linewidth is determined by the power 

(through thermal and dispersive changes induced in the refractive index of the dye 

medium) and the characteristics of the pump laser. It has been the aim of this thesis to 

present details of new investigations into these two operating regimes hence gaining a 

new understanding of the laser's behaviour, A summary of results, the connection 

between these and previously reported results and the relevance of the rate equation model 

is presented in this concluding chapter. In the light of these considerations, a new model 

of DFDL behaviour is now proposed, which links the operation of the laser in the 

seemingly distinct regimes.

7.2 Summary of results.

By following the stiategy presented in Chapter I for linewidth reduction, the DFDL 

linewidth has been reduced to neai" transform limited levels. Implementing the strategy 

involved employing a SLM pump laser and the reduction of pump powers to around tlie 1 

mJ level. At the 100 MHz level of linewidth obtained, the DFDL is comparable with other 

tunable pulsed niurow linewidth lasers of more complicated construction. In Chapter VI, 

where the range of operating conditions for narrow linewidth was explored, it was seen 

that such narrow linewidth operation occurred over all of the wavelength range 

investigated (580-680 nm). Since dynamic linewidth effects had been reduced to a 

minimum in this region, it was possible to explore effects such as increased pump laser 

linewidth, offsetting the DFDL alignment etc. Chapter VI presents the results of a 

systematic investigation into how such parameters affect the operation of the laser. One of 

the most significant result from this investigation was the discovery that, by offsetting the 

DFDL alignment, thereby reducing the overlap of the interfering pump beams, narrow
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linewidth operation was suppressed as the laser switched from a smooth pulsed operation 

to a regime where the output consisted of picosecond pulses contained within the 

nanosecond pump pulse envelope. These results, combined with those previously 

reported, are drawn together in a later section (§ 7.5) where a new model describing the 

general behaviour of the DFDL is presented. The relation between the new results 

reported in this thesis and those previously reported are also examined. Before doing so 

tlie relevance of the rate equation analysis is discussed.

7.3 The rate equation analysis: Its fit with experiment.

Despite its simplicity, the rate equation analysis has been successful in predicting how 

the temporal form of the laser varies with pump power. In brief its findings are now 

summarized. For pumping just above threshold, self Q-switching causes the production 

of a single pulse of considerably shorter duration than tliat of the pump laser. At increased 

levels of pumping the gain medium has sufficient time to recover to allow the production 

of one or more secondary pulses. It was previously known that the time between such 

multiple pulses decreases with increased pumping. Previously the analysis had not, 

however, been extended to the next logical step i.e., to moderate and high pump powers. 

This, new regime, is examined in Chapter V where it is seen that the Jplses merge 

together eventually leading to the fonnation of a pulse of similai* duration to that of the 

pump laser, the model can therefore describe all of the types of temporal behaviour which 

have been observed experimentally.

It is only fair, however, to point out that the model does not convey any frequency 

information and, as such, cannot be used to predict the laser's linewidth. Conclusions 

about the laser's linewidth may only be drawn if the linewidth is transform limited. If 

such is the case, the thermal and dispersive contributions to linewidth, which have been 

seen to dominate linewidth in many circumstances, must be eliminated.

There are discrepancies between the predictions of the rate equation analysis and the 

experimental behaviour. The rate equation analysis shows that for the output pulse to 

temporally follow the pump pulse the laser gain must be clamped (to within 1%) at a 

constant value. This type of operation is indeed observed experimentally at high levels of
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pumping where tlie linewidth and amplified spontaneous emission (ASE) are observed to 

saturate. However, at intermediate pumping levels, where linewidths and ASE are 

observed to scale with the pump power (i.e. the gain is not clamped), it as observed that 

the temporal fomi of the DFDL output follows that of the pump laser. Thus the predic

tions of tlie model are not consistent with the experimental behaviour throughout the full 

range of pump powers.

As will be seen below the behaviour is strongly dependent on grating length and 

although the rate equation analysis fails to account for this it is tliought tliat it still provides 

a useful insight into the dynamics of DFDL laser action.

7.4 Consideration of DFDL grating length.

Previously the importance of the length of the DFDL's induced grating has largely been 

neglected in tiieorelical and ex|)erimental investigations of the laser. The importance of the 

grating length in determining the laser's temporal and linewidth properties is now 

discussed.

The length of the DFDL grating is not discussed fully by Bor and co-workers when 

they observe that the minimum pulse length (At) obtainable is of the order of the transit 

time of the DFDL length (cAT ^r|L ). However, it is perhaps to be expected that the 

number of fringes along the active grating, causing feedback, would determine its 

frequency resolution. Thus the induced grating might be compared to a diffraction grating 

where the resolution is determined by the total number of lines. Since the induced grating 

has its period determined by the output wavelength of the laser the length of the grating 

determines the number of 'lines' and hence its resolution. A diffraction grating with a 

grating length L, has spectral resolution À/A& given by;

^ = m N = m t  (7.1)

where m is the diffraction order and N is the total number of lines. The total number of 

lines induced in tlie DFDL is given by tlie length L divided by the grating period A, so for 

m=l (1) may be written as

A v = - ^  (7.2)
2Lq
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Applying such an estimate to our DFDL with a grating length L of around 2 cm in a 

medium of refractive index T| equal to 1.5 then the resolution of tlie grating (Av) would be 

in order of 5 GHz. Since this value of Av is that obtained for a single pass it is to be 

expected that these type of calculations give an upper limit on spectral bandwidth. For the 

10 ns pulse times of our DFDL which has a grating length of around 2 cm the counter 

propagating waves experience luround 25 round through the frequency selective region. 

Similar calculations for Fabry Perot cavity lasers employing diffraction gratings as an 

integral part of their laser cavity feedback, such as were first described by Soffer and 

McFarland and later improved by Hansch, show that laser linewidths can be reduced 

many times below that of the resolution of tlie grating. Thus it may be expected that as tlie 

DFDL cavity length increases there is a corresponding linewidth reduction.

A similar calculation may be employed when considering the minimum expected pulse 

obtained from a DFDL configured to produce ultrasliort pulses. For the production of 320 

femtosecond pulses Szatniari and Racz state empirically that the length of the DFDL must 

be less than 100 \im. Consideration of (2) shows that for a grating length of 100 p.m, Av 

the spectral resolution is approx 1000 GHz. Assuming a transform limited pulse with a 

Gaussian profile, this bandwidth yields a pulse duration of around 400 fs, in good 

agreement witli the pulse duration observed experimentally. It is therefore thought that tlie 

resolution of the grating limits the pulse width in the short pulse DFDL's.

Such a theory is confirmed by the experimental findings of Chapter VI where it is seen 

that by offsetting tlie overlap of tlie two pump beams thereby creating a shorter grating the 

laser switches from nanosecond to picosecond operation.

These and other findings are now collated into a new model which describes the 

temporal and frequency characteristics of distributed feedback dye lasers. The model is 

now presented.

7.5 A general model of DFDL behaviour.

7.5.1 General model.

In the light of the above considerations a new model which provides a general 

description of DFDL behaviour has been created and is now presented.
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The model is summarized in gi’aphical form in figures (1) and (2). In figure (1) the 

linewidth of the laser is plotted as a function of the pulse power of the pump laser. In the 

second figure the laser pulse duration is plotted against the pulse power of the pump laser. 

Although the axes have arbitnu*y units, the x axis is common to both figures, hence 

allowing the relation between linewidth and pulse duration to be seen. The tliree operating 

aieas labelled represent operation in;

(a) picosecond pulsed,

(b) smooth pulsed (linewidth scales with pump power), and

(c) smooth pulsed (constant linewidth) modes.

The operation of the laser in each of these areas is now considered in relation to the 

model.

(a) Near threshold, short pulsed operation.

Just above tlu eshold tlie laser operates with a single pulse of much shorter duration than 

that of the pump laser pulse. This type of operation is presently an active area of research 

in the pursuit of single ultrashort pulses (typically in the lOO's of femtosecond region). 

The mechanism for the production of such ultrashort pulses has been attributed to a self 

Q-switching action. The action has been simply and accurately modelled using a set of 

coupled rate equations which describe the time dependent interplay between the 

population inversion and the cavity photon flux. As the population inversion exceeds the 

inversion threshold value, gain exceeds loss and the photon flux builds up rapidly, hence 

establishing the DFDL pulse. In doing so however, stimulated emission sweeps out the 

inversion hence causing the rapid termination of the pulse. The consequence of this short 

pulse production is that the linewidth is broadened over that of the transform limited 

nanosecond pulses of region (b) to be considered shortly.

Increasing the pump pulse energy from that necessary to produce a single pulse, leads 

to multiple pulse generation. Multiple pulsing occurs because, in this instance, the gain 

medium has sufficient time to recover (while pumping continues) to allow the gain to 

again exceed loss, hence generating another laser pulse. Such multiple pulsing is 

predicted by the rate equation analysis, where it is seen that, by increasing the level of 

pumping, the time between pulses decreases.
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Continuing the sequence to higher levels of pumping the rate equation model has shown 

that the pulses eventually merge together to form a single pulse. This is the second region 

of DFDL operation and is now considered.

(b) Smooth pulsed (linewidth scales with pump power).

In this region it has been shown that, to a good first approximation, the linewidth scales 

directly with the power of the pump laser pulse. The pump power dependence is due to 

time dependent thermal and dispersive changes in refractive index, which sweep (or 

chirp) the wavelength of the laser throughout the course of the output pulse. When 

integrated over the whole pulse, this sweeping is interpreted as a linewidth. Thermal 

effects are predominantly determined by the efficiency of the dye and the thermo-optical 

properties of the dye solvent. When considering the thermo-optical properties, the 

quantity dn/dT is of particular importance in assessing tlie suitability of a solvent. Chapter 

IV presents a full investigation of the thermo-optical properties of commonly used 

solvents. Thermal effects have also been related to the fluorescence efficiency of the dye, 

which can vary considerably (even within the rhodamine series of dyes the fluorescence 

efficiency can vary between 40 and 100%). Dispersive changes in refractive index are a 

consequence of changes in the electronic distribution of the dye molecules. Time resolved 

studies of refractive index changes have shown that a distinction exists in the temporal 

evolution of thermal and dispersive chirps. In the dispersive chirp, the medium has a 

virtually instantaneous response to changes in pump power and hence the chirp sweeps 

out to a maximum and decays, following the temporal evolution of the gain. In contrast 

however, the thermal chirp is unidirectional as, on the nanosecond time scales involved, 

the thermal energy cannot escape into the surroundings. The temperature change is 

positive which leads to a negative wavelength chirp during the pulse (all solvents have a 

negative dn/dT). The dispersive chirp is strongly wavelength dependent, in magnitude 

and direction, and, (neglecting absorption dispersion) can be zero at gain line centre.

The factors outlined above (operating wavelength, type of dye and dye solvent) 

detemiine the gradient of the linewidth /  pump power cuive. The lower limit to this regime 

is dependent upon properties of the induced grating providing feedback. Similar to a
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diffraction grating the length of the induced grating determines its resolution, hence a 

larger grating provides higher resolution and thus lower DFDL linewidth). Considering 

the effect of grating length in the temporal domain, it has been shown above that the 

shortest DFDL pulse lengths are attainable by minimising the grating length. Thus two 

lines are drawn on the linewidth /  pump power and pulse duration/pump power graphs of 

figures (1) and (2). The lines represent two different grating lengths, Lj and L2 where L̂  

> L2. Thus considering the extremes of operation thus far reported for DFDL operation, 

320 fs pulses were obtained in a laser witli 100 jim length, whereas our results show that 

narrow linewidth (100 MHz) operation was obtainable with a 2 cm gi*ating length.

It has also been shown that properties of the pump laser determine the lower limit to tlie 

DFDL linewidth as these e.g. linewidth, divergence etc. determine the spectial selection 

of the induced grating. In the laser system as described, linewidths (down to ~100 MHz) 

have been reported which compare favourably with other, often more elaborate, dye laser 

systems.

Increased pumping leads to the saturation of linewidth i.e. the linewidth remains 

independent of pumping power. This region is now considered.

(c) Smooth pulsed (saturated linewidth).

At high levels of pumping the DFDL linewidth is observed to remain constant as 

pumping increases.An explanation of this is the following. As the gain is clamped for an 

increasing portion of the pulse the average dispersive contribution to the time averaged 

linewidth is reduced. However, with increasing pump power, the thermal contribution to 

the time-averaged linewidth continues to increase, so that the overall effect is that the 

observed linewidth remains independent of pump power. The onset of saturation is 

dependent upon a variety of parameters e.g. concentration of dye, operating wavelength, 

etc.

Having described a general model of DFDL behaviour the model is now discussed with 

particular reference to specific measurements made witli the laboratory DFDL system.
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7.5.2 Specific considerations of the laboratories' DFDL system.

For the experimental laser system used in the investigations described the particular 

details may be found in the main text of the thesis (see Chapters I, II and VI). As should 

now be apparent, the minimum expected linewidth of the DFDL is mainly dependent upon 

the properties of its feedback grating (length, visibility etc) which aie determined by the 

properties of the Nd:YAG pump laser. In order to minimize linewidth, the stiategy which 

was presented in Chapter I was followed. This involved reducing the pulse power of the 

pump laser, and optimising its performance, to produce a high visibility monochromatic 

grating. To this end the laser was operated at around 1 mJ pulse energy with a SLM 

linewidth of ~ 50 MHz (using a modified slow Q-switch). For the majority of 

investigations the induced grating length was around 20 mm and the laser was operated in 

the region of 580-680 nm using a variety of dyes (typically one of the rhodamine dyes).

Under such conditions the DFDL would operate around the theoretical “linewidth 

minimum of figure (1). By altering the various parameters of the induced grating, the 

DFDL was operated in a range of different conditions. These are fully considered in 

chapter six where it is seen that the laser could operate in either of the modes described 

above. So as to provide an illustrated guide to the operation of the model presented, 

figures (1) and (2) are rediawn, tliis time labeling the figures with data obtained from our 

specific system. This data is presented on figures (3) and (4).

Under the conditions described above, the DFDL would reliably operate with linewidths 

in the 100 MHz region. This represents tlie first report of such operation for such a wide 

wavelength range. The pulse durations for such operation where typically of the same 

order as that of the pump laser (between 5 and 10 nanoseconds), the slight decrease in 

pulse length to below that of the pump pulse being due to operating at reduced levels of 

pumping.

Offsetting the overlap between the two pump beams, and hence reducing the effective 

grating length, leads to the production of much shorter duration pulses (measured down 

to 30 picoseconds) and a corresponding increase in linewidth (measured as greater than

1.5 GHz). This causes the laser to jump to line L2, which encourages short pulse 

production, hence causing a degradation of linewidth.
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The linewidth saturated operating regime is also labelled on the diagram. In our laser 

system this typically occurs at pump energies of around 20 mJ.

7.6 Conclusion,

New investigations into the temporal and frequency behaviour of the DFDL have lead to 

the development of a simple model which accounts for the experimental behaviour of the 

laser. The model links together the operation of the laser in what have, until now, been 

considered as two separate operating regimes. The model is in good agreement with 

previously reported operation. The dynamics of laser action have been fiu ther investigated 

by the extension of a coupled rate equation analysis. It is hoped that the model will aid tlie 

understanding of the distributed feedback dye laser which has proven to be a simple and 

versatile device.

Both experimental and tlieoretical areas of work aie suggested for future consideration. 

As yet, no theory exists which can predict the temporal and linewidth behaviour of the 

distributed feedback dye laser. Any such theory would have to explain the modes of 

DFDL operation which have been described in this thesis.

Experimentally, it would be interesting to obseiwe the effect of higher pump powers 

while still retaining a SLM laser. Using our Nd:YAG laser with the slow Q-switch we 

have been forced into operating at reduced pump powers to achieve SLM operation. It is 

thought that if SLM operation were possible at higher pump powers then such an 

experiment would be worthy of investigation. Recent advances in injecting seeding of 

high power Q-switched lasers with diode pumped Nd:YAG lasers may provide such a 

possibility.

The results presented here have shown that the DFDL can operate with transform 

limited linewidths (~ 100 MHz for the ~ 10 ns DFDL pulses). If a narrower linewidth is 

required then longer pulse durations are necessary and hence it is suggested that a some 

method of pulse sU'etching is employed to reduce the DFDL linewidth still further.

Frequency jitter in the output is presently one of the disadvantages of the DFDL (or any 

dye laser where the active volume is of similar size to that of the cavity). It has been 

already been stated that to achieve better than the 100 MHz shot to shot stability the
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temperature must be stabilized to better than 0.5 mK. Although it is not presently 

considered practicable to stabilize the dye solvent to such a level, it is thought that this 

point must be addressed before the laser stability can be increased.

In conclusion, by operating at a reduced level of pumping with a line narrowed pump 

laser the DFDL linewidth was reduced to ~ 100 MHz. For the nanosecond pulse durations 

involved this represents near transform limited operation. Such operation was achieved 

over the entire tuning range investigated (580-680 nm) in a variety of laser dyes and 

solvents. A degradation in the linewidth was observed if any of the operating parameters 

where offset from those producing transform limited operation. Such a degradation was 

characterised by a shortening of the pulse duration with a corresponding increase in 

linewidth.
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Figure 1. General illustration of how DFDL linewidth behaves as a function of pump 
power and induced grating length.
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pulse duration 
(arbitrary units)
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Figure 2. General illustration of how DFDL pulse duration behaves as a function of pump 
power and induced grating length.
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Figure 3. An extension of the general DFDL linewidth behaviour including specific 
areas observed in our DFDL.
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Figure 4. An extension of the general dependence of DFDL pulse duration on pump 
power and induced grating length to include regions observed experimentally.
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Plate 1. Photograph of the DFDL apparatus configured in tlie Shank style geometry.





Plate 2. Photograph of the DFDL and the diagnostic equipment used in our investigations. 

Located to the left of tlie DFDL are tlie streak camera, tlie vacuum photodiode and the 275 

MHz oscilloscope. To the right hand side of the DFDL is the CAIN apparatus showing 

the interferometer, the relay lens and the CCD camera. The computer and frames tore are 

located in tlie top right hand corner of the photograph.
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Piale 3. Photograpliic reproduction of two examples of the false colour images produced 

when the using the CCD camera, framestore and computer in conjunction with the streak 

camera. The streak lime is of the order of one nanosecond. The top figure is a smooth 

streak indicating that no sub-nanosecond structure was present in the DFDL pulse. In 

contrast the lower photograph clearly shows that the laser was producing picosecond 

pulses.
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L in ew id th -d eterm in in g  p rocesses in  
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Abstract. Processes determ ining the linewidths o f distributed feedback dye 
lasers (D F D L ) have been investigated. T im e resolution of the frequency of the 
output pulse show s that the linewidth, averaged over a pulse, arises predom i
nantly from a dynam ic sw eeping of the laser frequency during the course of the 
pulse. T h is sw eeping results from refractive-index changes in the dye over the 
duration o f the pum ping pulse; either through thermal effects or dispersion  
associated with the saturated gain. Therm al effects m ay be m inim ized by suitable 
choice of solvent but the dispersive sweep is inherent in this type of laser. T h e  
m agnitude of the dispersive sweep changes across the tuning range o f the laser. By 
judicious choice o f  dye solvent and dye parameters we have developed a narrow  
linew idth D F D L  o f 140 M H z for r =  3 2 ns pulses, w hich is close to the transform  
lim it.

1. Introduction
A lthough d istribu ted  feedback dye lasers have been investigated since 1971, 

w hen the first practical system was developed by K ogelnik and Shank [1], there has 
been no system atic evaluation of the processes determ ining the linew idths in such 
lasers. L inew idths reported  in the literature vary widely, depending on the details of 
the laser configuration, the type of pum p laser used and on the degree of pum ping 
above laser threshold [2-7].

In  previous studies of linew idths in D F D L s, the linew idth has been shown to 
depend on the level of pum ping  of the D F D L . Shank [2] found that the linew idth of 
his device was very small at threshold, about 0*01 Â (0*03 c m ” ^), bu t this increased to 
0*5 Â when the pum p power was five to fourteen times the threshold power. T h is  was 
confirm ed by Bakos [3] who found tha t the linew idth increased from 0*13 Â to 4 À at 
high pum p powers. T h e  linew idth has also been shown to depend on the visibility of 
the grating. Both of the above investigators used Q -sw itched ruby lasers of good 
spatial and tem poral coherence as the pum p lasers, hence producing gratings in the 
dye active m edium  of high visibility. T h e  use of a broadband laser (such as a nitrogen 
laser) as the pum p has been shown to increase the linew idth. F or exam ple Bor et al. 
reported a linew idth of 2*5 Â w hen pum ping a D F D L  in a C handra type 
configuration [4] w ith a n itrogen laser [5]. Bakos found tha t using a ruby laser of poor 
spatial coherence increased the linew idth of the D F D L  by a factor of seven over that 
obtained using a beam  of high spatial coherence [6]. An increase in the divergence of 
the pum p beam  has also been shown to increase the linew idth. Vashchuk used highly 
divergent beams in a Bakos type D F D L  [3] and obtained a linew idth of 7 À pum ping 
only six tim es above threshold  [7]. I t is interesting to note that, in all the above

t  Present address: D epartm ent of Physics, U niversity o f Illinois at Chicago, Chicago, 
Illinois 60680, U .S .A .
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stud ies, the characteristic mode structu re p red icted by the coupled-wave analysis of 
Kogelnik and Shank [1] has never been unam b iguously observed. T h is  is perhaps 
due to the lack of sharp boundaries between the regions w ith and w ithout the 
induced grating.

In the present paper we dem onstrate that after the dependence on pum p-beam  
divergence and pum p-laser linew idth has been m inim ized , refractive-index changes 
in the dye caused by so lvent heating du ring the course of the pum p ing  pulse p roduce 
a frequency ch irping in the ou tpu t pu lse from  the dye laser, which , on tim e averaging 
over the pulse, is in terpreted as a contribution to the linew idth. C o rrect choice of dye 
solvents enables this effect to be m inim ized. A fu rthe r process is shown to then lim it 
the u ltim ate linew idth achievable in D F D L s, w h ich is the chang ing d ispersion of the 
active m ed ium  du ring the course of the pum p ing  pulse due to the satu ration of the 
gain. A model of this process is used to p red ic t correctly the tem po ra l behav iour of 
the central laser frequency du ring  the course of the pum p ing pulse , and also to 
pred ict how the m agn itude of the effect changes w ith tun ing  of the dye laser across 
the spectral profile of the dye.

In the light of these findings we have been able to develop a D F D L  which has a 
linew idth approach ing the transfo rm  lim ited linew idth for a pu lse of 3*2 ns, nam ely 
140 M Hz. T h is  is discussed in §5.

2. The experim ental system
T h e  d istributed feedback dye laser em ployed the Shank-type geom etry and is 

illustrated in figure 1. T h is  laser was optically pum ped w ith a frequency-doubled, 
N d : YAG laser, which could be either actively or passively Q -sw itched. Since the 
pum p laser em ployed an unstable resonator, the ou tpu t beam , after frequency 
doubling, was propagated along a 9 m  delay line to im prove the spatial quality of the 
ou tpu t wavefront. T h e  resulting ou tpu t beam  had a diam eter of 14 m m , a divergence 
of O 'Smrad (half angle), and a Gaussian intensity profile. T h e  coherence of the 
wavefront was assessed using a tw o-beam  shearing interferom eter. T h e  fringe 
visibility observed with this in terferom eter w hen the beam s were sheared so that

dye cell

ou tpu t

prism

beamsplitter

pump
beam

lens

Figure 1. D istributed feedback dye laser of Shank-type geom etry, show ing the angle of 
incidence on the prism 0 and the prism angle (f).
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on ly the ir opposite edges overlapped was found to be reduced to about one-th ird  of 
that when the two beam s were in com plete reg ister. W hen the laser was operated in 
active Q-sw itched mode together with a line-narrowing étalon in the cavity (4 G H z 
free spectra l range), the o u tpu t pu lse was of 10 ns du ration  (full w idth at half 
m ax im um ), was of linew idth 0*04 Â m easured at the frequency-doub led w avelength 
of 532 nm , and was of m ax im um  energy up to 110 m j w hen the laser was operated at 
10 Hz. In  order to obta in a tem porally sm ooth pu lse for the tim e-reso lved 
m easurem ents across the pu lse profile (to be described later), the laser was e ither 
passively Q -sw itched using an intracav ity saturab le abso rber or slow Q -sw itched 
[8, 9] to produce in both cases single axial mode oscillation. Sm ooth rep roducible 
ou tpu t pu lses were obta ined w ith a transfo rm -lim ited linew idth of about 50 M H z 
and a pulse duration  of 10 ns. Peak pulse energy was, however, lim ited to about 5 m J.

W ith  the exception of the results discussed in §5, the d istribu ted  feedback dye 
laser was operated at wavelengths of around 600 nm  using the dye rhodam ine B in 
aqueous solution w ith added detergent to avoid dim erization (3 x 10“ ^ M  solution in 
a 98% w ater, 2% D econ-90 mix, giving a 200 pm  absorption length for the pum p 
light). In  o rder to couple the pum p light at 532 nm  into the dye cell at an appropriate 
angle for d istribu ted  feedback to occur at around 600 nm  in the dye, a 90° coupling 
prism  was affixed to the front face of the dye cell using index-m atching fluid. Because 
of the oblique angles of incidence involved in the arrangem ent, the 14 m m  diam eter 
pum p beam  resulted in a 20 m m  length of dye being optically pum ped. T h e  dye 
flowed th rough the cell at a rate of about 2 Im in "  \  T h e  pum p beam  was focused 
down into the dye cell using an optim um  form  cylindrical focusing lens of focal 
length 30 cm placed before the beam  splitter as shown in figure 1. W ith  such an 
arrangem ent it was possible to produce a pum ped region in the dye cell w ith a w idth 
of 30 pm  for an inpu t beam  divergence of 0 5 m rad. In  practice, the dye laser was 
operated w ith the pum p beam  defocused so that this w idth  was increased to 
100-200/im to avoid optical damage.

3, Basic properties o f the distributed feedback dye laser
W e first report on the basic characteristics of the d istribu ted  feedback dye laser as 

operated. T h e  threshold for d istribu ted  feedback lasing required  a pum p energy of 
about 01  m J (10 kW ). T h e  variation of ou tpu t pow er w ith  pum p power when 
operating above threshold  is shown in figure 2. For a pum p pow er of 10 mJ the 
efficiency of the d istribu ted  feedback dye laser, taking into account the power 
em itted  at bo th  ends of the structure , was 18%. A t h igher pum ping  levels the 
efficiency decreases, for exam ple at 50 m J pum ping, it was down to 14%. T h is  is 
probably due to the device being under-coupled at this pum p level, when internal 
losses play an increased role [7], T h e  m easured beam  divergence of the ou tpu t beam 
from  the dye laser was 11 m rad by 17 m rad, the la tter figure being the divergence 
m easured ou t of the plane of figure 1. T hese divergences are greater than  the 
diffraction lim its im plied by the cross-sectional area of the pum ped volum e in the 
dye (approxim ately 100p m  by 100 jUm), and correspond to geom etrical lim itations. 
T h e  beam showed a sm ooth ‘G aussian-like’ intensity profile in both  dim ensions. 
T h e  ou tp u t pulse was observed to closely follow the pum ping pulse in tim e, 
w hen m onitored w ith  a tem poral resolution of 1 ns. T h ere  was no evidence for the 
presence of pulsing of the type reported  by Bor [10].
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Figure 2. Energy (arbitrary units) o f amplified spontaneous em ission in the presence o f D F B  
action (curve a) and energy (mJ) of the line-narrowed output (one end) due to D F B  
action (curve b) as a function of pum ping energy (mJ), for the case of Shank-type 
geom etry.

Using rhodam ine B the device could be tuned  over a range 580-630 nm . I t was 
found possible to tune over some 10 nm  by rotation of the beam -steering m irrors 
only, bu t outw ith th is range it was found necessary also to translate the m irrors.

T h e  amplified spontaneous em ission (ASK) present in the ou tpu t was also 
m onitored. T h e  spectrum  of the ASE is shown in figure 3, and the dependence of the 
ABE on pum p power is also shown in figure 2. W hen the laser was tuned  to 587 nm , 
close to the centre of the A SE spectrum  at 589 nm , the total power in the A SE outpu t 
at a pum p power of 5 mJ was around 2% of the tuned  o u tpu t at th is pum p power. T h e  
A SE content did increase above this level if the laser was tuned  tow ards the edges of 
the ASE spectrum . Again the A SE was observed to follow closely the pum p pu lse in 
its tem poral behav iour. T h e  behav iour of the A SE power w ith pum p power, 
especially the way in w hich the A SE pow er satu rates w ith pum p powers above about 
20 m J, is of particular im portance in relation to the linew idth stud ies discussed in § 4, 
and is discussed there.
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Spectrum  o f the output from the distributed feedback dye laser for a pum ping
energy of 1 5 mJ.

4. L inew idths in  distributed feedback dye lasers
W e have carried ou t a system atic investigation of the processes determ ining the 

linew idths observed in practical D FB  dye lasers. In  add ition to the u ltim ate lim it to 
the linew idth as d iscussed by K ogelnik and Shank [1], and w h ich we w ill consider 
later, we investigate possible add itiona l effects, namely:

(1) the linew idth of the pum p laser rad iation,
(2) the divergence of the pum p laser rad iation,
(3) a tim e-dependent refractive index for the so lvent arising from  therm a l 

effects, and
(4) a tim e-dependent contribution  to the refractive index of the active m ed ium  

arising from  the d ispersion associated w ith the optical gain.

A lthough the first th ree effects may be m inim ized by jud icious choice of param eters 
(as we will show), the fou rth  effect is inherent in the laser active m ed ium  and 
constitutes a fundam enta l practical lim it to the m in im um  linew idth achievable in a 
D FB  dye laser. A lthough we regard the latter two effects as determ ining linew idth , 
th is is only strictly the case w hen the linew idth averaged over the du ration  of the 
ou tpu t pu lse is be ing considered. As we shall see shortly, these latter effects are really 
associated w ith frequency sweeping or ch irping occurring du ring  the tim e du ration 
of the ou tpu t pu lse from  the dye laser.
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L inew idths averaged over the du ration  of the o u tpu t pu lse were m easured e ither 
using a grating spectrom eter w ith a linear photod iode array to record the spectrum  
when the linew idth was in excess of 0*2 Â [11], or a p lane-para lle l F ab ry -P e ro t 
interferom eter of variable free spectra l range w hen the linew idth was below th is 
lim it. L inew idth reso lution w ith the latter was down to 0*01 Â. T echn iques for 
m onitoring the laser w avelength variation du ring  the course of the pu lse w ill be 
discussed later.

In  table 1, we sum m arize linew idths of the D F D L  m easured at d ifferent 
operating w avelengths and for d ifferent dye-so lvent tem peratu res. In  figure 4 we 
show the m easured linew idths of the D F D L  as a function of pum ping energy for two 
d ifferent tem peratu res of the w ater-based dye solvent. T h e  satu ration  in the 
linew idth as a function of pum p pow er for pum p powers above 15 -20m J shou ld be 
noted; this is a sim ilar behav iour to that shown by the A SE ou tpu t (see figure 2). 
T hese functional dependences w ill be fully d iscussed shortly.

4.1. Linewidth o f ptmip radiation
T h e  standard relation between the w avelength of the d is tribu ted  feedback ou tpu t 

Aj (free space), pum p wavelength Ap (free space), and refractive index of so lvent n^ is

;  ______
 ̂ îipsin {0 +  sin"^ [(sin0)/Wp]}’

T able 1. L inew idth o f the distributed feedback dye laser at different operating wavelengths 
and for two solvent temperatures (1 5  mJ pum ping, w ater/D econ solvent).

Ad (nm)
Linew idth  
at 5°C (A )

Linew idth  
at 22“C (A )

580 0*15 0*22
590 0*22 0 3 2
600 0*4 0*6
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Figure 4. (a) L inew idth (A ) o f the distributed feedback dye laser as a function o f the

pum ping energy (mJ) w ith the dye solvent at 30°C. (6) Sam e as (a) but w ith  solvent at 
4“C. Conditions: D F B  selected wavelength 587 nm , pum p-beam  divergence 0 5 mrad, 
98% water/2% D econ -90  solvent, 3 x 1 0 “ '^M solution of rhodam ine B.
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w here n^ and (f) are the refractive index and angle respectively o f the coupling prism , 
and 6 is the angle of incidence of the pum p beams on the p rism  faces. F rom  th is it 
may be seen tha t the linew idth of the D F D L  ou tpu t due to a finite pum p linew idth is

AAd =
Mp sin { ^4 -sin  ̂ [(sin 0)/Wp]} ’ (2)

For the present configuration, w ith 0 =  15°, Wp =  1*55 and =  1 33, the expected value 
of AAj is AAj — l-OSAAp. F or the case when the pum p-ligh t linew idth is 0*04 Â (active 
Q-switched) AAp is 0*05 Â, while a transform -lim ited linew idth is to be expected for 
the case of S L M  operation of the pum p laser. For the present configuration even the 
form er expected linew idth is small com pared to observed linew idths and, further, no 
change in the D F D L  linew idth was observed on sw itching from  one form  of 
pum ping to the o ther at sim ilar pulse energies. W e hence conclude that, in  the 
present configuration, there is no significant contribu tion  to the D F D L  linew idth 
from  the finite linew idth of the pum p radiation. H owever, when other m ore 
dom inant linew idth effects, to be discussed shortly, are m inim ized, the effects arising 
from  pum p linew idth becom e apparent. T h is is fu rther discussed w ith reference to 
narrow  linew idth D F D L s in §5.

4.2. Pump-beam divergence
T he influence of pum p-beam  divergence on the D F D L  linew idth may be 

estim ated by differentiating equation (1) w ith respect to 6 to obtain

AA. A h COS 9
tan {(  ̂+ s in   ̂ [(sin(9)/Wp]}(«p — sin^ 0)^^^

A0, (3)

where A0 is the pum p-beam  divergence. For the present case of a beam  divergence of 
0 5 m rad, the expected linew idth is around 0*9 Â, w hich is a significant effect in 
relation to observed linew idths. However, a rather m ore careful analysis shows that 
equation (3) overestim ates the effect of beam divergence. In  fact, as figure 5 shows, 
the effect of beam  divergence is not to alter the grating spacing, b u t rather to skew the 
axis of the grating relative to the axis of the gain m edium  at each end of the m edium . 
Hence, although a detrim ental effect arising from  divergence is to be expected, the 
linew idth predicted by equation (3) should be regarded as an overestim ate.

An experim ent was perform ed in order to exam ine the effect of divergence on the 
linew idth. T h e  beam  from  the pum p laser was passed th rough  two 20 cm (nominal) 
focal-length lenses w hich were separated by approxim ately 40 cm (see figure 6), T h e

Figure 5. Illustration o f the m anner in which beam divergence results in the grating  
orientation becom ing skewed through the active m edium .
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I'igure 6, T h e arrangement used to vary the divergence o f the pum p beam o f the distributed
feedback dye laser.
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Figure 7. T h e dependence o f the linew idth o f the distributed feedback dye laser on lens 
separation, and hence on divergence of the pum p beam.

lenses were situated in the delay line and , in order to prevent clipping of a passing 
beam , the pum p beam m ade only one com plete traverse in th is case rathe r than three. 
Consequently, the pum ped region in the dye cell was sho rter, w hich increased the 
linew idth of the D F D L  to 0 9 À when pum ped w ith 5 m J and for a beam  divergence 
of 0*5 m rad.

T h e  object of the experim ent was to determ ine the dependence of the D F D L  
linew idth on the divergence of the beam. T h e  divergence was a ltered by m ov ing one 
of the lenses w ith respect to the other and the resu lting linew idth was then m easured 
(figure 7). T h is  experim ent showed that the linew idth of the D F D L  is dependent on 
the divergence, com ing to a m inim um  for a separation between the lenses (41-2 cm) 
correspond ing to the beam  waist form ed by the lens com bination falling in the dye 
cell when , of course, the divergence of the pum p beam s in the cell is a m inim um .
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A lthough the D F D L  dem onstrates a dependence of linew idths on pum p-beam  
d ivergence, the effect of d ivergence cannot account for the w avelength dependence 
of the linew idth or its pow er dependence. T herefo re , it m ust be concluded that the 
divergence of the pum p beam  is no t a lim iting factor b u t can contribute to the 
linew idth unde r certa in circum stances. In  all subsequent experim ents, the d iver
gence of the pum p beam  was 0 5 m rad.

W e now consider the last two effects (3) and (4), bo th of w h ich are due to changes 
in the refractive index Mg of the dye solution. F rom  equation (1), it may readily be 
seen that if the refractive index changes by an am ount Awg during  the course of the 
pum ping pulse, there is an associated shift in the w avelength of the D F D L  given by

= (4)
A lthough this effect is a dynam ic sweeping of thë wavelength during the course of 

the pulse, it is in terpreted  as a contribution to the linew idth on averaging over the 
tim e duration of the pulse.

W e now consider the therm al and dispersive contributions to the linew idth 
separately, and p resent experim ental data that allow us to differentiate between their 
relative contributions.

4.3. Thermal effects in dye solvent
T h e  refractive-index change in the pum ped region of the dye, of volum e V, 

arising from  heating is given by

where E  is the pum ping energy (per pulse) and A  is the fraction of the pum ping 
energy converted into heat (approxim ately 50%). T h e  o ther param eters are 
properties of the solvent used; p is the density, s is the specific heat capacity and 
d n Jô T  is the rate of change of refractive index with tem perature. Expression (5) 
assumes that the active m edium  is uniform ly pum ped and tha t therm al diffusion can 
be ignored for the tim e scales involved (10 ns).

T h e  m echanism  by which therm al effects contribute to the linew idth is that, 
during  a pum ping pulse, the tem perature of the active volum e increases, thus 
reducing the refractive index (for negative ônJôT )  w ith a consequent reduction in 
the D F D L  w avelength. O n integrating over the whole pulse, this sweep in D F D L  
w avelength is seen as a contribution to the linew idth, given by

X ^ A E f ô n  
'’‘‘^pVmXôT • (6)

T h e  solvent param eters for m ethanol and water are given in table 2, from  w hich it is 
obvious tha t w ater is expected to be superior to m ethanol (i.e. to give the lower

T able 2. Therm al properties o f dye solvents (at 20°C).

Property M ethanol W ater

D ensity  (kgm ~^) 740 1000
Specific heat capacity (J k g ”  ̂ K ” )̂ 2500 4200
0 n J d T ( \ 0 - ^ K - ^ ) - 4 - 1
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linew idth). Fo r example, for a 5 mJ pum p pu ise the expected refractive index change 
in a m ethano l solution is A«g= — 9 6 x 10"'^, w ith an associated change in wavelength 
of about ~ 4 Â ,  whereas using w ater at room tem peratu re reduces the refractive- 
index change to Am̂ —— l*04x w ith a consequent reduction in wavelength
sweep to — 0-5Â. Flowever, we have shown elsewhere tha t (ônJÔT) for w ater is 
tem peratu re dependent, falling from  —I x l O ' ^ ^ K ' ^ a t  room  tem peratu re to zero at 
4°C [12 ,13], thus mak ing it an even m ore attractive so lvent w hen cooled.

T h e  dependence of the D F D L  linew idth on the so lution tem peratu re w hen using 
w ater as the so lvent (see table 1 and figure 4) clearly shows tha t therm a l effects do 
contribute to the linew idth and tha t th is contribution  is reduced by hav ing the 
so lvent close to the cond ition Ô7iJôT=0. However, equation (6) pred icts tha t the 
therm al contribution to the linew idth is zero if the dye so lution is cooled to 4°C and 
the experim ents show tha t the observed linew idth at th is tem peratu re is still 
significant. T h e  linew idth w ould also be expected to continue to increase p ropo r
tionally w ith increasing pum p energy. T h is  is no t observed to be the case; the 
linew idth reaches a m ax im um  value at about 15 m J of pum p ing  and becom es 
independent of pum p energy above th is (see figure 4). M oreover, the w avelength- 
dependent nature of the linew idth (see table 1) cannot be explained by heating of the 
pum ped volume, and so it m ust be concluded that, although therm al effects do 
contribute to the linew idth, there is another, dom inant broadening m echanism  
present. W e now consider this other m echanism  before discussing tim e-resolved 
m easurem ents of the w avelength of the D F D L  output, w hen it will be seen tha t such 
m easurem ents also provide fu rther evidence of therm al effects.

4.4. Gain-indnced dispersion
T h e  refractive index of a m edium  varies rapidly w ith  frequency for frequencies 

close to an atom ic or m olecular resonance of the m edium . M ore particularly, if a 
resonance has a L orentzian profile, w ith a half-w idth  Av, the dispersion resulting 
from the resonance has the functional dependence on frequency

where c is the speed of light, Vq is the resonant frequency and a(v) is the frequency- 
dependent gain of the m edium , and depends on the relative populations in the upper 
and lower states of the resonance and also the transition  cross-section (if a is negative 
then the m edium  exhibits absorption and the m ore usual condition of anom alous 
dispersion applies).

A consequence of this d ispersion is th a t the refractive index of the active m edium  
is dependent on the upper- and low er-state populations, and also on wavelength. In  
the case of a D F D L  this can result in an oscillation frequency w hich is dependent on 
the intracavity laser radiation intensity. M oreover, since this intensity  changes 
during the course of a pulse, i.e. increases and then  decreases, it is to be expected tha t 
the oscillation frequency will also undergo an ‘excursion’ during  the pulse, and if the 
ou tpu t is integrated over the length of the pulse, this excursion will be in terpreted  as 
a linew idth.

D ispersion in a dye laser active m edium  is m ore com plicated than im plied above; 
for instead of having a single Lorentzian gain profile, the (fluorescent) emission 
resonance is Stokes-shifted w ith respect to the absorption resonance (see figure 8 for
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Figure 8. A bsorption and fluorescence spectra o f  rhodamine B.

the em ission and abso rption spectra of rhodam ine B), and so the resu lting d ispersion 
curve has two frequency-dependent com ponents, one arising from  abso rption and 
the other from  em ission. In  add ition, the absorption and em ission spectra do not 
have L o rentz ian profiles and so the exact form  of the d ispersion relation given in 
equation (7) does not hold; num erica l m ethods now being necessary to determ ine 
d ispersion curves. H owever, certa in  general conclusions regard ing the form  of the 
d ispersion profile m ay be deduced from  the abso rption/ga in  profile using the 
K ram ers—K ronig  relations w ithout know ing the exact gain profile [14]; nam ely that 
the d ispersion is always zero w here the frequency derivative of the gain or absorption 
is zero and tha t the d ispersion reaches a peak when the gain or absorption is chang ing 
fastest w ith frequency. Since these general relations exist between ga in/absorption 
and d ispersion, it is app ropriate to rep resent the abso rption and em ission spectra of 
the dye m olecule by a reasonab le analytic approxim ation (e.g. Lorentz ian) and 
expect the resu lting d ispersion curve to show the correct general behav iour. Such an 
approxim ation allows the functiona l dependence of the dye d ispersion to be 
exam ined w ith respect to relative popu lations and D F D L  wavelength w ithout 
recourse to an extensive num erica l solution to the K ram e rs-K ron ig  relations, bu t 
gives only an estim ate of the m agn itude of such effects.

U sing th is Lorentz ian approxim ation, the refractive index of a dye so lution may 
be w ritten as the sum  of refractive indices

n(v) =  Mg
2nvAv, 27tvAv,

(8)

w here is the bulk refractive index of the solvent, is the frequency of the 
fluorescent-em ission peak, Av,, is the half-w idth of fluorescent emission, is the 
frequency of m axim um  absorption, and AVg is the half-w idth  of absorption. T he  
density of dye molecules is N  and the population in the upper state is T h e  
frequency-dependent em ission and absorption cross-sections are and respec
tively. T hese are approxim ated here by Lorentzian profiles w ith the above half
w idths and appropriate m agnitudes (see figure 8). T h e  second term  on the righ t- 
hand side of (8) represents dispersion due to gain and the th ird  term  represents 
dispersion due to ground-state  absorption. D ispersion due to trip let absorption has 
been ignored because the 10 ns pulse is too short to allow the grow th of a significant 
trip let-sta te  population.
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As can be seen from  equation (8), the d ispersive contributions to the refractive 
index are dependent on the excited-state popu lation and also on the frequency of 
the D F D L  radiation.

T he m echanism  th rough which the d ispersion affects the linew idth of the D F D L  
is that, du ring  a pum p ing  pulse, the upper-leve l population grows from  zero to a 
m ax im um  and then falls back to zero again, while the g round-state  popu lation N q 
undergoes a dip du ring  the pulse. As this happens , the refractive index of the 
m ed ium  given by equation (8) undergoes an excursion, the instantaneous refractive 
index being determ ined by and N q. Any change in the refractive index of the 
D F D L  resu lts in a change in the oscillating wavelength , and so the tim e-averaged 
linew idth appears to be broadened.

T h is  incorporation of a d ispersive contribution in the D F D L  linew idth can 
explain the dependence of the linew idth on both pum p energy and laser wavelength. 
F irstly, let us consider the behav iour of the linew idth w ith an increasing level of 
pum ping. Figure 4 shows that when the pum p energy is increased from  th resho ld to 
50 m J per pulse, the linew idth initially increases for energies up to 20 m J and 
thereafter is constant. T h e  dependence of the A SE on pum p power (figure 2) shows a 
sim ilar tu rn-over at about 20 mJ. T h e  ASE is a m easure of the satu rated gain, and so 
this behav iour suggests that the satu rated gain above 20 m J is independent of 
pum p ing energy, i.e. the m ax im um  upper-state  popu lation is independent of 
pum p ing energy. Below 20 m J, the satu rated gain (as shown by the A SE behav iour) 
increases w ith pum p ing  power, im plying that the m ax im um  value of also 
increases w ith increased pum p ing. T hus , since Ny  behaves in th is m anner, so m ust 
the dispersive com ponent increase w ith pum p ing  energy up to about 20 m J and then 
rem ain constant. As a resu lt, the laser is expected to sweep du ring  an increasingly 
sho rter fraction of the pulse du ration  for energies above 20 m J, i.e. the laser 
frequency is constant at a frequency correspond ing to the satu rated gain for an 
increasingly longer fraction of the pulse. Fo r a tim e-averaged spectrum , th is is 
interpreted as a decrease in the contribution  to the linew idth arising from  dispersion. 
Since therm al effects continue to contribute increasingly w ith pum p ing  pow er the 
two effects now offset one another. T h e  observed independence of linew idth on 
pum p power for pum p powers above 20 m J (see figure 4) is consistent w ith th is 
behav iour.

Secondly, let us consider the wavelength dependence of the linew idth. 
Equation (8) is obviously w avelength dependent, and th is is m ore clearly seen in 
figure 10 which shows the d ispersive contribution to the refractive index as a 
function of relative excitation ( N i I Nq) for various w avelengths. T h is  figure indicates 
a m ax im um  contribu tion  by d ispersion to the tim e-averaged linew idth at around 
600 mm , and this is exactly w hat is observed (see table 1). Interestingly, around 
558 nm  the d ispersive contribution  to the refractive index is zero, i.e. the refractive 
index is decoupled from {NyjNo).  T h is  occurs w hen the d ispersive contribution  
from em ission is equal and opposite to tha t of absorption, the linew idth then being 
determ ined only by the th ree prev iously m entioned processes. U nfo rtunate ly  at this 
wavelength for this dye absorption exceeds em ission and so laser oscillation cannot 
occur.

T hus the d ispersive model of line b roaden ing can be used to explain the observed 
dependence of linew idth on both  pum p power and operating wavelength. M oreover, 
as we shall see, it successfully predicts the tem poral behaviour of the D F D L  
wavelength during  the course of a pum ping pulse.
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Figure 9. D ispersive contribution to the refractive index calculated using equation (8), for 
the case vyhere N  =  8 X 10*^ cm ~ Parameters for rhodamine B are obtained from figure 
8 and [19].

4.5. Transient behaviour of the D F D L  wavelength
In the §§ 4.3 and 4.4 we have proposed tha t the w avelength of the D F D L  changes 

du ring  the course of the pum p ing  pulse; either because of therm a l eflfects, in w hich 
case it m onotonically sweeps (i.e. chirps) tow ards sho rter wavelengths w ith tim e , or 
because of d ispersion associated w ith gain, in which case it decreases initially to a 
m in im um  value at the peak of the pum p ing  pulse before retu rn ing  to its original 
value in the latter half of the pulse. T h e  form er effect can be m inim ized by su itab le 
choice of so lvent tem peratu re , while the latter effect depends on the oscillation 
wavelength , and is greater at 600 nm  than at 580 nm . W e now describe an experim ent 
to observe th is tem po ra l behav iour of the D F D L  wavelength.

T h e  rad iation from  the D F D L  was passed th rough a F ab ry -P e ro t interferom eter 
(FSR  =  0*7 c m “ \  finesse'^ 30), w hich could be p iezoelectrically scanned. T h e  centre 
fringe was detected using a 100/zm p in-ho le in the focal plane of an im ag ing lens 
( / —20 cm) followed by a fast rise-tim e photod iode (rise-tim e =  100 ps). T h e  
response tim e of the optical detection system was 13 ns, lim ited by the storage 
oscilloscope used. By a ltering the voltage on the piezoelectric elem ent, d ifferent 
frequency com ponents of the em itted pulses could be m on itored , and the ir relative 
times of arrival hence determ ined. T h is  is m ore clearly understood by referring to
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Figure 10. Explanation of time-resolved experiments. The medium refractive index dips 
during a pulse, (a). If the interferometer is set to detect radiation at a wavelength 
(corresponding to n = n{), then two pulses are observed, (6). If the interferometer is 
tuned to detect a wavelength corresponding to the peak of the excursion in refractive 
index (« =  «2 ) 1  orily one pulse is detected, (c).

figure 10 in which a schem atic d iagram  of the expected tem pora l behav iour of the 
wavelength arising from  gain-re lated d ispersion is shown. D etection of rad iation at 
longer wavelengths is expected to dem onstrate the doub le-pu lsing behav iour, 
whereas the sho rtest wavelength em itted is expected to p roduce only a single pulse.

T o  be able to m on itor tem poral behav iour w ith in  a pulse, the pum p laser was run  
on a single longitud ina l mode (reducing the m ax im um  energy to T5 m J per pulse at 
532 nm) thus ensuring that successive pu lses from  the D F D L  had the same sm ooth 
G aussian-like tem poral profile. A small portion  of the pum p beam  was used to 
trigger the oscilloscope at the same po int in successive pulses.

It was found , as p red icted by the d ispersion model, that the behav iour of the 
D F D L  at 590 nm differed from  that at 600 nm; see figure 11.

W ith a cooled dye and the D F D L  tuned to 580 nm , it can be seen tha t the ou tpu t 
showed little excursive behav iour, as evidenced by the small doub le pu lse at the 
longest wavelength that could be m on itored. T h is  is to be expected since d ispersion 
effects are less at this wavelength. A residual therm a l com ponent caused the slight 
one-way shift of the pulse w ith time, shown by the stra ight line th rough the peaks. 
T he  wavelength sweep at 580 nm  was m easured to be around 0*025 Â w hen pum ped 
by 1 m j.
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Figure 11. Results from the tim e-resolved experim ents for the D F D L  tuned to two 
wavelengths ((a) 580 and (6) 600 nm ) using a dye solvent cooled to 6'’C. T h e  larger 
voltage offset required to observe the separated peaks at 600 nm  indicates greater 
dispersive broadening at this wavelength.

At 600 nm  the behav iour of the D F D L  was m arked ly different from  that at 
580 nm . T he  residual therm a l com ponent was still present, bu t th is tim e the 
w avelength excursions arising from  gain d ispersion w ere larger than before, and led 
to the clearly resolved peaks at the now-increased longest wavelength em itted. T h is  
is a resu lt of the greater d ispersion at 600 nm  leading to the g reater wavelength sweep 
of about 0*075 Â, also at 1 m J of pum p ing.

Frorn equation (4) and the d ispersion curves (figure 9), the m easured w avelength 
sweeps suggest a relative excitation in the m ed ium  ( N ^ INq), of around 0*1. T h is  is a 
reasonable value; for exam ple, using standard rate equations, we calculate the 
relative excitation at th resho ld (0*1 m J pum p ing energy) to be around 0*04, rising to 
0*4 (unsatu rated) for pum ping  energy of 1 mJ.

F igure 12 shows the case where the D F D L  is operating at 22°C , so that {ônJôT)  
is no longer zero. I t shows tha t the sweep from  long to sho rt w avelength th roughout 
the du ration of the pum p ing  pulse is larger than tha t obta ined w ith the cooled 
solution. T h e  ga in-re lated d ispersive excursion is still present. T h e  frequency sweep 
resu lting from  the therm a l effects is m easured to be a round 0*1 Â, close to the value of 
0 1 4 À  p red icted using equation (6) for the case of a 1*5 m J pum p ing  pulse.

I t is in teresting  to com pare the observed sweeps in frequency w ith the 
‘unsatu rated ’ linew idth p red icted by the th resho ld analysis of K ogelnik and Shank
[1], w here the linew idth is assum ed to be tha t w idth from  the selected wavelength 
over w h ich the d is tribu ted  feedback coupling falls by a factor of two. I t is hence given 
by

A A /2  =  a / ; c ,  ( 9 )
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Figure 12. T im e-resolved spectrum  for a room -tem perature dye solution (22°C) w ith the 
D F D L  tuned to 580 nm. T h e larger unidirectional sweep observed arises from  
enhancem ent of the thermal decrease in refractive index at this temperature.

w here a  is the gain per un it length in the m ed ium  and K is the p ropagation constant. 
For operation at around 600 nm  and a th resho ld gain of about 1 cm “  ̂[1], (9) pred icts 
a linew idth of o rder 0 04Â . T h is  analysis of course does no t p red ic t the dynam ic 
sweeping reported above.

5. D evelop m ent o f a transform -lim ited DFDL
Fou r processes have been identified wh ich contribute to the linew idth of the 

D F D L  (see §4). By m inim izing each of these in tu rn , we have developed a D F D L  
w hich has a linew idth approach ing the transfo rm  limit; we now d iscuss the 
procedures for doing th is. Pum p-laser linew idth (effect 1) is reduced to a m in im um  
by using a single longitud ina l-m ode pum p laser. D ivergence (effect 2) is kept to a 
m inim um  by producing a beam -w a ist incident at the dye cell. Changes in the 
refractive index du ring the course of the ou tpu t have been shown to lim it the 
m inim um  linew idth achievable, although the therm a l effect (effect 3) can be rem oved 
by using a low ônJÔ T solvent, ideally w ater cooled to 4°C. T h e  frequency-dependent 
d ispersion (effect 4) is always non-zero over the tun ing  range of rhodam ine B (see 
§4.4). T h is  is due to the relatively small S toke’s sh ift of 2 2 nm  for rhodam ine B. 
H owever laser-dye D C M  has a large S toke’s shift of 163 nm  and thus one can operate 
the laser far removed from  absorption dispersion. U nder these conditions, d isper
sion is zero at gain centre. A lthough D C M  is not w ater-soluble we have been able to 
produce a low ô n J ô T  solvent using a solvent mix which contains 85% w ater, 7 5% 
propylene carbonate and 7*5% am m onyx L O f. M ixtures of solvents have been shown
[16] to inherit the refractive-index properties {n, âf iJôT)  from  their paren t solvents 
in proportion to the quantity , by volum e, of each in the mix. Since the solvent 
m ixture is mostly w ater it has a relatively low ô n J ô T  in com parison to the organic 
solvents, such as propylene carbonate, w ith w hich D C M  is norm ally used. Since 
there is some residual ônJôT,  and for frequencies other than line centre there is gain

t  Am m onyx LO is a proprietary surfactant obtainable from Croda Surfactants Ltd, G oole.
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Figure 13. Tem poral form of (1) N d  : Y A G  pulse and (2) D F D L  pulse. One division  
represents 5 ns. D F D L  pulse is shorter than the pum p pulse since the D F D L  is 
operating close to threshold.

Figure 14. Interferogram of the pulse shown on figure 13. F SR  o f the interferom eter is 
15 G H z. B loom ing, corresponding to saturation of the C C D  sensor can he seen on the 
upper left-hand side of the photograph.

dispersion, the intensity of the pum p laser was reduced from 15  to 0 5 mJ. U sing  
D C M  we have obtained narrow linewidth (i.e. sub-G H z operation, < 0  014 À) over 
the tuning range of the dye (612-687 nm). T he linew idth m easurem ents were 
obtained using a non-degenerate confocal interferometer [15] with FSR  =  15  G H z. 
Fringes from the interferom eter were projected onto a C C D  camera. Figure 13 
shows the temporal profile of the 3 2 ns pulse and figure 14 is the corresponding
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interferogram obtained from the C C D  camera with the laser operating around line 
centre (650 nm ). For a Gaussian pulse profile the transform -lim ited tim e bandwidth  
product is AvAx =  0*441. T h us for Ax =  3*2 ns, the transform lim it Av is 140 M H z. As 
can be seen from figure 14 the linew idth is at or near the transform lim it. T h ese  
linewidths compare well with those from recently reported conventional narrow- 
linewidth dye lasers [17 ,18 ], and, to our know ledge, are the narrowest linew idths yet 
reported for D F D L s.

6. C onclusions
W e have show n that the linew idth o f a distributed feedback dye laser where the 

grating is produced through interference betw een pum p beams, is m ainly deter
m ined by refractive-index changes associated w ith the dye laser m edium  itself. 
T hese may either be o f a thermal character, w hen they can be m inim ized by judicious  
choice o f dye solvent, or are associated with changes in the saturated gain o f the dye 
through the course o f the pum ping pulse. T h ese  conclusions are broadly in keeping 
with earlier suggestions o f Bor [5] regarding linew idths o f distributed feedback dye 
lasers, although the experim ental evidence o f frequency shifting during the course o f  
the pum ping pulse was not advanced.

U sing rhodam ine B, the m inim um  linew idth obtained w ith the distributed  
feedback dye laser operating under reproducible conditions from pulse to pulse was 
0 1 5  A at 580 nm using a cooled water-based dye solution and pum ping with 1*5 mJ. 
U sing D C M , dispersive changes in refractive index may be reduced to a m inim um  
and have allowed narrow-linewidth operation around the 140 M H z level. Relaxation  
of any of the above conditions w ill tend to increase the linew idth. For such  
circum stances we have previously reported how the application o f frequency  
selective feedback, em ploying a mirror and étalon, may be used to reduce the 
linewidth o f the em itted radiation from  a D F D L  laser by a factor o f up to tw enty  
[18].

T h e dispersive process lim iting the D F D L  linew idth is not restricted to this type 
o f laser alone; any pulsed dye laser is subject to an inversion-dependent dispersion  
which produces m ode pulling and pushing. T h e problem  for conventional lasers is 
not as severe as in the D F D L , where the ‘cavity’ and active lengths are the same, 
because now the active m edium  forms only a small fraction o f the cavity length  
(typically about l/2 0 th  in a H ansch or grazing-incidence design), and so dispersion  
sw eeps in m ode frequency are proportionately reduced.

Even in the case of a single-m ode pulsed dye laser w ith an active m edium  filling 
l/2 0 th  of the cavity length and pum ped by 1 mJ, it can be calculated, as above, that 
the m ode pulling and pushing w ould only am ount to about 50 M H z, approxim ately 
the transform lim it for a 10 ns pulse. So dispersive effects may not lim it the operation  
of a conventional pulsed dye laser pum ped close to threshold. T h ey  may, however, 
contribute to the linew idths o f a m ore strongly pum ped system , and to our 
knowledge this has not been considered previously.
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Abstract. By measuring the wavelength tuning of a distributed feedback dye laser, solvent 
refractive-index changes as small as 0.0002 may be determined. This technique hence allows 
precise measurement of refractive-index dependence on temperature (dn/dT) and therefore 
enables the thermo-optical properties of solvents used in dye lasers to be assessed. In 
addition to single component solvents, the thermo-optical properties of solvent mixtures 
and additives are reported here. The refractive-index change with temperature (dn/dT) is 
related to solvent density change with temperature (dg/dT) through molecular 
polarizability.
FACS: 42.55.Mx, 42.65.Jx.

A major limitation on achieving high-power, spectrally 
narrow and spatially coherent radiation from dye 
lasers lies in the formation of refractive-index gradients 
due to non-uniform heating by the pump radiation in 
the region of optical gain. Pump radiation is converted 
into heat in the dye solution by two processes; 
radiationless deactivation of molecules in excited 
states, the proportion of which determines the dyes 
fluorescence efficiency, and through the Stokes shift 
since the emitted photons are less energetic than the 
absorbed photons. Typically about 25% of incident 
light is converted into heat, within a confined area. In 
high-power cw and pulsed dye lasers the formation of 
such refractive-index gradients acts as a thermal lens 
with severe consequences for output power [1], cavity 
stability [2], spatial coherence [3], and minimum 
linewidth obtainable [4]. Further, the effect has been 
shown to be a major limiting factor in narrow line
width operation of distributed feedback dye lasers 
(DFDL) [5]. The quantity dn/dT, the rate at which 
solvent refractive-index changes with temperature, is a 
most useful parameter in assessing a solvent thermo- 
optically. Accurate values of dn/dT for a wide range of 
dye laser solvents, solvent mixtures and solvents with 
additives are reported here for the first time.

1. Experimental Method
The DFDL, originally reported by Shank (1971), is a 
simple device for producing tunable dye laser radi

ation. The two pump beams, obtained from the same 
laser, are caused to intersect in the cell containing the 
dye solution. An interference pattern is produced 
along the axis of the dye cell, the period of which is 
dependent only on the free-space wavelength of the 
pump laser, Àp, and the angle of intersection, 0. This 
interference causes Bragg backscattering of radiation 
with a wavelength in the solvent equal to twice the 
grating period, thus providing frequency selective 
feedback. As a result the free-space wavelength at 
which the dye laser oscillates is given by

(1)

where n is the solvent refractive index at wavelength 
As can be seen from (1), this wavelength can be 

tuned by altering n, Xp, and 0. The pump laser used was 
a frequency-doubled Nd: YAG laser (Quantel YG480), 
which was slow Q-switched to produce narrow- 
linewidth (single longitudinal mode) pulses of duration 
12 ns and energy 1 mJ at a wavelength of Ap = 532nm. 
In order to determine dn/dT for a solvent the change of 
lasing wavelength Aj was measured, using a high- 
resolution monochromator (Rank Hilger Monospek 
1000) giving resolution down to 0.01 nm, as the dye 
solvent temperature was changed by using a re
frigerator unit in the circulator system. Equation (1) 
was then used to deduce the associated change in 
refractive index. The DFDL wavelength was normally
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around 600 nm. DFDL linewidth, and shot to shot 
fluctuation of DFDL wavelength were less than the 
resolution limit set by the monochromator. This 
technique was first demonstrated by McIntyre and 
Dunn [6], In the tables of results to follow, where a 
numerical value of dnfdT is quoted for a particular 
temperature this represents a least squares fit over the 
range ±2°C around that temperature. Since n is 
recorded every 0.5 °C each fit utilizes nine data points. 
Errors quoted in brackets are the standard deviation of 
the fit to the data. Values of dn/dT are quoted for 20 
and 5"̂ C representing room-temperature and cooled 
dye-laser operation, respectively.

2. Background

The Lorentz-Lorenz formula [7] relates the mean 
polarizability a to the refractive index n and the 
number of molecules per unit volume N by

1
4nN + (2)

Using the molar refractivity A, which is essentially the 
total polarizability of a mole, (2) may be written as 
.,2 1 A

(3)

where W is the molecular weight, and q the density. For 
a mixture of liquids, the refractive index of the mixture 
is given by

W (4)

where n,„ and Q„̂ represent the refractive index and 
density, respectively, of the mixture. A i,A 2 and Ŵ , W2 
represent the molar refractivities and molecular 
weights of molecules type 1 and 2. and / i  are the 
fractions, by mass, of molecules of type 1 and 2. 
Refractive index and density are functions of tempera
ture (T), but molar refractivity is expected to be 
independent of temperature, so that we have

;4(T)+2
A
W qJT ) (5)

Hence assuming that the refractivity of a liquid is 
constant, dn/dT may be estimated from the density, 
refractive index and dg/dT, by differentiating (5) with 
respect to temperature to find

dT
A
W

(nJ + 2)2 dg.
dT (6)

However, since

W
1 f j - l

Qm Mm + 2'

(6) may be expressed in terms of the macroscopic 
properties of density and refractive index.

3. Results

Solvents for dissolving organic dyes may be divided 
into three main categories: a) Simple organic solvents, 
e.g., methanol, ethanol, ethylene glycol, and mixtures 
of them; b) Water based solvents, e.g., pure water or 
water based solutions such as ammonyx LO. Using a) 
and b) together yields a third class of dye laser solvent 
i.e., c) Mixtures of water based solvents and organic 
solvents, e.g., ethylene glycol/ammonyx LO. The need 
for this class of solvent, as will become apparent 
shortly, is to combine good solubility of the laser dye 
with good thermo-optical characteristics.

3J. Organic Solvents
The most commonly used dye-laser solvents are con
tained in this class, e.g., methanol, ethanol, ethylene 
glycol, benzyl alcohol and propylene carbonate. 
Figure 1 shows the variation of refractive index with 
temperature for ethylene glycol and methanol which 
are typical of this group. Since the dn/dT’s of these 
organic solvents are, to within 10% independent of 
temperature, results are quoted as a straight line fit 
over the temperature range of 5-25 °C. Results of all 
the organic solvents we measured are found listed in 
Table 1, and show that the dn/dT’s of these organic 
solvents are much higher than that of water. These 
liquids, unlike water, have a normal density/tempera
ture behaviour, i.e., their density decreases linearly, by

Xm-Qc 10

> 8
o(D
(Dcr

6

4 -

2 .

(a)

( 1 d iv  = 1x10 )

0 5 10 15 20 25 30
Tem pe rature  C

Fig. 1. Refractive index against temperature of a methanol, and b 
ethylene glycol. Vertical axis divisions correspond to a change in 
refractive index of 1 x 10”  ̂ Methanol had the largest dn/dT of 
any of the solvents measured
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Table 1, Measured values of dn/dT (over range 5-25 °C) for 
organic solvents. For convenience refractive index data for the 
individual solvents is given in brackets, and is taken from CRC 
[8] tabulated values

Solvent n(20°C) dn/dT
[ - 1
xlO-^K"^] 
(5-25 °C)

Methanol (1.327) 46.8(1.1)
Ethanol (1.360) 43.8(0.4)
Ethylene glycol (1.431) 30.6(0.3)
Benzyl alcohol (1.540) 42.0(0.4)
Propylene carbonate (1.421) 38.0(0.4)
50/50 BA/PC (1.471) 42.0(0.5)

14 --

12

10

(a)

(b)

0 5 10 15 20 25 30
T e m p e r a tu re  "C

Fig. 2. Molar refractivity against temperature for a ethanol, and b 
water. In both cases the refractivity is constant to 1 part in 10+^

expansion, with increasing temperature. In order to 
verify that the temperature dependence of refractive 
index is due solely to the temperature dependence of 
density, as implied by (5), we have plotted in Fig. 2a, A 
as a function of temperature deduced from our measu
red values of n{T) and CRC tabulated values of density 
[8] for ethanol. The constancy of A with temperature 
verifies this assumption. Its value of 12.9 is close to that 
expected from the addition of generally accepted 
atomic refractivities [8], which gives 13.2.

3.2. Water Based Dyes
Water-based solvents are generally regarded as su
perior in their thermo-optical properties since dg/dT 
and hence from (6) dn/dT is small in comparison with 
other liquids. Furthermore the density of water in
creases until 4 °C, the temperature at which the density

© 1.334 •••D

.332

25 3015 205 100
Tem perature *C

Fig. 3. Refractive index against temperature of pure water. 
Vertical axis divisions correspond to a change in refractive index 
oft X  10 "^.Around 4 °C refractive index is constant i.e. dn/dT—0

is at a maximum, i.e. dg/dT equals zero. Thus for small 
changes in temperature around 4°C, dn/dT may be 
expected to be zero, although there is some doubt 
about the exact temperature at which this occurs [9]. It 
is this particular property, exhibited only by water, 
that makes it the best solvent thermo-optically. 
Figure 3 shows the measured refractive index versus 
temperature profile for water and it can be seen that 
around 4 °C there is no detectable change in refractive 
index with temperature. The molar refractivity A of 
water is plotted as a function of temperature on Fig. 2b 
using our measured values of refractive index and CRC 
[8] values for density. As is the case of ethanol, the 
refractivity is constant, with A = 3.71. This compares 
very well with the tabulated values of 3.72 [7, 8]. 
However dye lasers based on aqueous solutions exhibit 
low efficiencies. This is due to the association of dye 
molecules to produce dimers, whose absorption spec
tra lie in the absorption region of the lasing monomers 
and also frequently overlap their fluorescence band 
hence reducing the fluorescence efficiency. In organic 
solutions dimerization is slight and hence the efficiency 
is much improved. It is possible however to suppress 
this process of dimerization by the addition of organic 
compounds to water [10-13]. This class includes the 
two soaps ammonyx LO (lauryl dimethylamine oxide) 
[10,11], Triton-XlOO [12], and the much simpler 
compound urea CO(NH2)2 [13], and indeed in our 
DFDL we have observed an increase in efficiency using 
these products. What has been misunderstood how
ever is their effect on the temperature dependence of 
refractive index. To this end we have characterized the 
effects of the addition of both ammonyx LO and urea.
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Fig. 4. Refractive indices for a water/ammonyx LO series, and b 
ammonyx LO/ethylene glycol series. 0% represents pure water in 
a, and pure ammonyx LO in b

(c)*++

(d)

-3  ***♦♦
( 1 d iv  = 1x10 )

0 5 10 15 20 25  ̂ 30
fem perature  *C

Fig. 5. Refractive index against temperature of a pure water, b 
75% water 25% ammonyx LO, c 50% water 50% ammonyx LO, 
d 100% ammonyx LO. Vertical axis divisions correspond to a 
change in refractive index o fl x 10~^. As ammonyx LO is added 
the dnIdT of the solvent is increased in proportion to the 
amount added

i) Ammonyx LO/Water Series. The ratio of liquid 
ammonyx LO [30%, by mass lauryl dimethylamine 
oxide

(CH 3(CH 2)io-C H 2 -N (C H 3 )2  ^  O ),

70% water] to water was varied in this experiment 
from 0 to 100% by volume and two features of 
refractive index measured, namely: a) bulk index (the 
refractive index at 20 °C) for different proportions of 
ammonyx LO and water; and b) temperature de-

Table 2. Measured refractive index n 
versus temperature for ammonyx 
LO

Temperature
[°C]

Refractive
index

26.0 1.3793
24.0 1.3796
22.0 1.3800
20.0 1.3803
18.0 1.3806
16.0 1.3809
14.0 1.3812
12.0 1.3816
10.0 1.3819
8.2 1.3822

Table 3. Measured molar refractivity for mixtures of water and
ammonyx LO

Substance Mol.-wt. Refractive Density A
index [g/cc] from (5)

Water 18.0 1.333 0.98 3.71
Ammonyx LO 24.9 1.380 0.96 6.00
Lauryl amine 229.0 74.10

oxide

pendence of refractive index dn/dT for particular 
mixes. Results to part (a) are given in Fig. 4a. These 
show that the measured bulk index is equal to the ratio 
by volume of ammonyx LO times its refractive index 
(n(20°C)=1.380) plus the ratio by volume of water 
times its refractive index (n(20°C)= 1.333), as is to be 
anticipated on the basis of simple proportionality. 
Note that we were unable to cool the solution to less 
than 8.2 °C due to its high viscosity. Results to part (b) 
are given in Fig. 3, for pure water, and Fig. 5 for 
varying proportions of ammonyx LO. Since ammonyx 
LO is a commonly used solvent the refractive index/- 
temperature relation is listed more fully in Table 2. 
The effect of the addition of lauryl dimethylamine 
oxide to water may be explained using (4). To deter
mine the molar refractivity of the ammonyx LO active 
ingredient (lauryl dimethylamine oxide) Eq. (4) is 
solved using the following values: = 1.380,
= 18g, lF2 = 229g, / i  = 0.7, /2=0.3, g^=0.96g cc“  ̂
and = 3.71 to give X2, the molar refractivity of the 
lauryl dimethylamine oxide molecule, as 74.1. This last 
figure may be checked by the usual procedure of the 
addition of the refractivities of the constituent atoms 
[7, 8], which gives A = 72.63, in good agreement with 
our experimentally obtained value. Results are shown 
fully in Table 3. The molar refractivity A versus 
temperature was obtained using refractive index and



Refractive Indices and Thermo-Optical Properties of Dye Laser Solvents 197

density values which were experimentally obtained as 
a function of temperature for the mixture of 1:1 by 
volume of ammonyx LO: water. The density/- 
temperature measurement for this mix showed that 
dg/dT was always non zero. As was observed previ
ously with ethanol and water, the molar refractivity of 
the mixture was independent of temperature, to greater 
than 1 part in 10^^ showing that the refractive-index 
behaviour is due solely to the change in the density 
with temperature, the addition of ammonyx LO acting 
to suppress the agglomeration of water molecules 
which normally leads to a density minimum. Since the 
dn/dT of pure ammonyx LO is similar to that of a 
normal liquid (Fig. 5d), i.e. no flat portion in dn/dT, the 
addition of ammonyx LO will degrade the thermal 
properties of water in proportion to the amount added. 
On the basis of these results, the commonly used 
proportions of 1.5 to 4% ammonyx LO [11, 14] 
produce only a slight degradation in the thermal 
properties.

The use of ammonyx LO at much higher con
centrations has been reported, e.g. 18% [15] or 20% 
[16] have been used, and indeed 100% ammonyx LO 
[1] has been proposed as solvents with claimed good 
thermal properties for use in high-power dye lasers. 
However, as can be seen from Fig. 5, at these con
centrations there is a significant increase in the dn/dT 
compared with water with consequent degradation of 
thermal properties.

ii) Water/Urea Series. Viktorova et al. [13] reported 
an observed increase in fluorescence efficiency from 
~0.4 in water to ~0.7 on addition of 40% by mass of 
urea, while still retaining the good thermo-optical 
properties of water. Figure 6 shows the measured effect 
on dn/dT of the addition of 10% and 30% urea, 
compared with pure water. As can been seen from 
Fig. 6 the effect of adding 30% urea to water is 
substantial. This mixture has a dn/dT approaching 
that of organic solvents, hence rendering it poor 
thermo-optically. An empirical expression for the 
refractive index of the solution is;

« ... =  «V (7)
where P is the proportion by weight of urea, and /9, 
which is a function of temperature is given by

j8=0.1308-(5.084xl0-^r)

for the range 0-30 °C, where T is the temperature in °C. 
While no density/temperature measurements were 
made for the water plus urea solution we strongly 
suspect that the effect is similar to the addition of 
ammonyx LO to water as described in the previous 
subsection.

Ic
r
#
g
4:moc

6

4

2

0 5 10 15 20 25 30
Tem perature *C

Fig. 6. Refractive index against temperature of a pure water, b 
water with 10%, by mass, urea, and c water with 30%, by mass, 
urea. Vertical axis divisions correspond to a change in refractive 
index of 1 x 10“^

9

7

5

3

0 5 10 15 20 25 30
Tem perature *C

Fig. 7. Refractive index against temperature of a ammonyx LO, b 
75% ammonyx LO 25% ethylene glycol, and c 100% ethylene 
glycol. Vertical axis divisions correspond to a change in refractive 
index o f l x l O ' T  As expected the mixtures of these two solvents 
have index properties (n, dn/dT) inherited from the parent 
solvents

3.3. Solvent Mixtures
In this class are mixtures of water based solvents, 
mixtures of organic solvents, or mixtures of water 
based and organic solvents. In Sect. 3.1 the solvents 
benzyl alcohol and propylene carbonate were com
bined in equal proportions to observe the resultant 
dn/dT. This experiment shows that, to a good appro
ximation, the index properties («, dn/dT) of mixtures 
are given by an average of the index properties of the
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parent solvents weighted in proportion to their percen
tages in the mixture. It has been claimed [1] that by 
adding 25% ethylene glycol to an ammonyx LO 
solution that the desired flat spot in the dn/dT of water 
may be preserved, although shifted to higher tempera
tures (10 ®C). However, since we had observed a non
zero dn/dT in ammonyx LO, and a larger dn/dT in 
ethylene glycol we did not expect a zero dn/dT for any 
combination of ammonyx LO/ethylene glycol. The 
results of this experiment are shown on Fig. 4b for the 
bulk indices (20 °C) and Fig. 7 for dn/dTs, and as with 
other solvent mixtures, show that the bulk index and 
the dn/dT for a particular solvent mix is simply 
inherited from the parent solvents in proportion to 
their percentages in the mixture. This combined with 
the evidence of the water/ammonyx LO series allows 
us to conclude that the effect of mixing two or more 
liquids is simply to add proportionally their bulk 
indices and dn/dT s.

4. Conclusion

We have measured, using the technique first described 
by McIntyre and Dunn [6], the refractive indices of 
most commonly used dye laser solvents. The results of 
these measurements are tabulated in Tables 1 and 2. 
From these it can be seen that dn/dT is smaller for 
water than for organic solvents, and furthermore that 
dyes dissolved in water which is cooled to 4°C 
represents the best obtainable solvent, since dn/dT is 
zero at this temperature, in terms of thermo-optical 
properties. It has been recognized [10] that organic 
additives generally improve the quantum efficiency of 
dyes dissolved in water. The effect of these additives on 
dn/dT and hence the thermo-optical properties is 
reported here for the first time and, contrary to 
previous claims, it is found that an additive su
perimposes an additional dn/dT on that of water. For 
liquid mixtures the resultant dn/dT is simply the 
proportional average of the parent dn/dTs. For the 
temperature range of interest the molecular polariza

bility of liquid molecules is seen to be constant hence 
indicating that the changes in refractive indices re
ported are derived from density change with tempera
ture. Thus if density/temperature measurements are 
available, dn/dT, and hence the thermo-optical suita
bility, may be inferred. Since water is unique in its 
dg/dT=0 at around 4°C it still remains the best 
solvent thermo-optically, despite attempts to engineer 
superior ones.
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The computer program used in the CAIN system is described and listed in this 

appendix.

The program presented is written in a combination of BBC BASIC and machine code 

and was run on an Acorn Archimedes computer. The function of the program was to 

control the operation of the framestore and to obtain results from the CAIN apparatus. 

When used in conjunction with the CAIN system the program sampled the framestore 

which contained the relevant information from the interference fringes produced by the 

interferometer i.e. the linewidth of the laser was obtained from the intensity of the fringes 

as a function of position. The computer progi am then allowed the used to sample and plot 

sections of the stored picture (such as was used in the five line scan). A more advanced 

algorithm was employed to exploit the elliptical symmetiy of the fringes produced hence 

allowing the averaging of the majority of the fringe pattern produced (hence increasing the 

signal to noise ratio of the signal obtained). The program is menu driven via the 12 

function keys provided on the machine. Each function key activates a task which normally 

comprises of one or more procedures. These tasks aie summaiized in tabular form where 

each is described togetlier with a list of the appropriate procedures used.

A listing of the computer program used is given at tlie end of the appendix.



Function key 

FI

Task description Associated procedures

Resets framestore to capture next triggered frame 
(trigger normally obtained from Nd:YAG laser)

F2 Samples current stored frame SETRD,RESET, 
SCALE FS to CPU, 
LINE, code% 
UNBLANK

F3

F4

Draws intensity/position of current picture INTDRAW, RDRAW

F5

F6

F7

F8

F9

FIO

F ll

F12

Draws histogram of the frequency of occurrence 
of intensity for current picture (to lielp obtain 
maximum dynamic range of camera/framestore)

STATS

Saves the current picture to floppy disk 
(requires 160 kB memory)

Loads a picture from disk and displays 
on screen

Positions and samples intensity/position 
from 5 adjacent lines on screen

FILESAVE

FILELOAD

LSCAN, INVERT, 
SAMPLE, DISPLAY, 
UNINVERT

Converts current colour picture to 16 level GREY 
black and white picture witli linear grey scale

Displays ellipse on screen in order to allow 
user to find centre and equation of elliptical 
fringes produced by CAIN

ECONST, EDRAW

Similar to F3 (except for expansion of y axis) DISPLAY2,DISPLAY

Activates elliptical averaging routine

Activates screen-dump of current screen

SCREEN



An understanding into the operating sequence is probably best described by considering 

two examples. In the first a single frame of video is captured, read into the computer, and 

a simple scan of intensity verses position of a segment of the picture is displayed and tlien 

printed on an Epson printer. In the second example the procedure for obtaining an 

elliptical scan is described.

Example 1 -  Steps to obtmn a 5 line average

i) Reset framestore (FI)

ii) Sample picture (F2)

iii) Perform linescan (F7)

iv) Display linescan result (F3 or FIO)

v) Screen dump of result (FI2)

vi) Reset framestore (FI)

Example 2 -  Steps to obtain an elliptical average of intensity/position

i) Reset framestore (FI)

ii) Sample picture (F2)

iü) Convert to black and white picture (F8)

iv) Position ellipse to obtain ellipse equation (F9)

v) Resample picture (F2)

vi) Execute elliptical averaging

vii) Display elliptical scan results (F3 of FIO)

viii) Screen dump of result (FI 2)

ix) Sample picture (F20

x) Save picture to disk (F5)

xi) Reset framestore (FI)



> L Ï S T
2 REM C o m p u t e r  A i d e d  I n t e r f e r o m e t e r  A l g o r i t h m  
4 REM
6 REM MICHAEL LUSTY + JAMES WADE

10  ON ERROR PRINT T A B ( 0 , 0 ) "ERROR RETYPE":GOTO 1 3 0
2 0  MODEl5 : COLOUR 3
30  DIM L%( 5 1 1 ) : s t a r t % = & l F D 8 0 0 0 : f i n i s h % = & l F F F F F F : B % = 4 : 0 % = 0
40  CP%=&FF:R%=0:CK%=1:LS%=2:FSEL%=4:FS%=8:BLNK%=&20:WR%=&80
5 0 PROCSETRD: PROCRESET: PROCUNBLANK
60  DIM c o d e % 2 0 0 0
7 0  P R O C a s s e m b l e
8 0  C L S : V D U 2 8 , 6 5 , 3 1 , 7 5 , 0 :C L S
90  CALL s c a l e

1 0 0  LINE 1 0 2 8 , 0 , 1 0 2 8 , 1 0 2 4 : L I N E 1 2 3 6 , 0 ,  1 2 3 6 , 1 0 2 4  : L I N E 1 2 7 8 , 0 , 1 2 7 8 , 1 0 2 4  
1 1 0  REM M a i n  p r o g r a m e  l o o p  START 
1 2 0  PRINT T A B ( 0 , 0 )  " READY
1 3 0  I F  IN KEY ( - 1 1 4 ) =TRUE:SYS 6 , 1 4 7 , & F 1 ,& E F :WAIT : WAIT : SYS 6 , 1 4 7 , &F1,&FF  
1 4 0  I F  IN KEY ( - 1 1 5 )=TRUE:PROCSETRD:PROCRESET:CALL s c a l e : C A L L  F S t o C P U :  

PROCLINE: PROCUNBLANK
1 5 0  IF INKEY( - 1 1 6 ) =TRUE: PROCINTDRAW 
1 6 0  IF IN KEY( - 2 1 ) =TRUE:PROCSTSTS  
1 7 0  IF INKEY( - 1 1 7 ) = T R U E : P R O C f i l e s a v e  
1 8 0  IF IN KEY( - 1 1 8 ) = T R U E : P R O C f i l e l o a d  
1 9 0  IF INKEY( - 2 3 ) =TRUE: PROCLSCAN 
2 0 0  IF INKEY( - 1 1 9 ) =TRUE:CALL GREY 
2 1 0  IF IN KEY( - 1 2 0 ) =TRUE: PROCBCONST 
2 2 0  IF INKEY( - 3 1 ) =TRUE:PR0CDISPLAY2  
2 3 0  IF IN KEY( - 2 9 ) =TRUE: PROCSCREEN 
2 4 0  IF I N K E Y ( - 3 0 ) = T R U E :  *HARDCOPYRX
2 5 0  I F  IN KEY( - 1 1 3 ) =TRUE:END
2 5 1  *F X15
2 6 0  GOTO 1 3 0 :RBM M a i n  p r o g r a m  l o o p  END
2 7 0  C L S : M O V E 1 0 2 4 , 0 : D R A W 1 0 2 4 ,1 0 2 4 : M 0 V E 1 2 7 8 , 0 :DRAW127 8 , 1 0 2 4 : M 0 V E 1 2 3 6 , 0 : 

D R A W 1 2 3 6 ,1 0 2 4
2 8 OPROCSETRD: PROCRESET 
2 9 0  CALL code%
3 0 0  PROCLINE: PROCUNBLANK
3 1 0  R E M * S A V E " P i c t u r e W / S "  1 F D 8 0 0 0  IFFFFFF 
3 2  0 CALL GREY
3 3 0  END
3 3 1
3 4 0  DEFPROCSETRD
3 5 0  CP%=&FF-BLNK%: SYS " O S _ B y t e " , 1 4 7 , &F1,CP%
3 6 0  t ime%=TIME:REPEAT UNTIL T IM E >t im e% +2 5
3 7 0  ENDPROC
3 7 1
3 8 0  DEFPROCSETWR
3 9 0  CP%=&FF-BLNK%-WR%: SYS " O S _ B y t e " , 1 4 7 , &F1 , CP%
4 0 0  t ime%=TIME:REPEAT UNTIL T IM E >t im e% +2 5
4 1 0  ENDPROC
4 1 1
4 2 0  DEFPROCUNBLANK
4 3 0  CP%=&FF-BLNK%: SYS " O S _ B y t e " , 1 4 7 , &F1,CP%
4 4 0  t ime%=TIME:REPEAT UNTIL T I M E > t i m e + 2 5  
4 5 0  CP%=&FF:SYS " O S _ B y t e " , 1 4 7 , &F1,CP%
4 6 0  ENDPROC
4 6 1
4 7 0  DEFPROCCLOCK
4 8 0  SYS 6 , 1 4 7 , &F1,CP%-CK%: SYS 6 , 1 4 7 , &F1,CP%
4 9 0  ENDPROC
4 9 1
5 0 0  DEFPROCLINE
5 1 0  SYS "OS B y t e " , 1 4 7 , &F1,CP%-LS%:SYS "OS B y t e " , 1 4 7 , &F1,CP%



5 2 0  ENDPROC
5 2 1
5 3 0  DEFPROCRESET
5 4 0  SYS " O S _ _ B y t e " , 1 4 7 , & F l , C P % “ FS%:SYS " O S _ B y t e " , 1 4 7 , &F1,CP%
5 5 0  FOR N%=1 TO 3 0  : PROCLINE:NEXT
5 6 0  ENDPROC
5 6 1
5 7 0  DEF P R O C f i l e s a v e
5 7 1  *FX15
5 8 0  I N P ü T " F i l e  S a v e " ' ’ " P l e a s e " ’ " E n t e r " ' " F i l e n a m e " ‘ F I L E $
5 9 0  CLS: OSC LI  "SAVE" " + F I L E $ + "  " + S T R $ ~ s t a r t % + "  " + S T R $ ~ f i n i s h %
6 0 0  ENDPROC
6 0 1
6 1 0  DEF P R O C f i l e l o a d
6 2 0  I N P U T " F i l e  L o a d " ’ ’ " P l e a s e " ’ " E n t e r " ’ " F i l e n a m e " ’ F I L E $
6 3 0  CLS :O SC LI  "LOAD " + F I L E $ + "  " + S T R $ ~ s t a r t %
6 4 0  ENDPROC
6 4 1
6 5 0  DEF P R O C a s s e m b l e
6 6 0  FOR p a s s % = 0  TO 3 STEP 3 :P %=code%
6 7 0
6 8 0  [ OPT p a s s %
6 9 0  . s c a l e  STMFD R 1 3 ! , { R 0 - R 1 2 , R 1 4 }
7 0 0  MOV R 4 , £ 5 1 0 0 0 0 0 0 :ADD R 4 , R4 ,£ &F D OO OO :ADD R 4 , R 4 , £ 5 8 0 0 0  
7 1 0  MOV R 6 , £ 2 0 : M O V  R 7 , £ 2 5 6 : M O V  R 8 , £ 6 4 0
7 2 0  . l o o p  MUL R 3 , R 7 , R 8 : A D D  R 3 , R 3 , R 4 : S U B  R 3 , R 3 , £ 2 : S U B  R 7 , R 7 , £ 1  
7 3 0  . l o o p 2  STRB R 7 , [ R 3 ] : S U B  R 3 , R 3 , £ 1 : S U B  R 6 , R 6 , £ 1 : C M P  R 6 , £ 0 : B N E  l o o p 2 : M 0 V  

R 6 , £ 2 0 : C M P  R 7 , £ 0 : B N E  l o o p  : LDMFD R 1 3 ! , { R 0 - R 1 2 , P C }
7 4 0  . F S t o C P U  STMFD R 1 3 ! , { R 0 - R 1 2 , R 1 4 } :MOV R 7 ,£ 5 F F : M O V  R 4 , £ 5 1 0 0 0 0 0 0 :ADD 

R 4 , R 4 , £ 5 F D 0 0 0 0 : A D D  R 4 , R 4 , £ 5 8 0 0 0
7 5 0  . l i n e  MOV R O ,£ 1 4 7 :M O V  R l , £ 5 F l : M 0 V  R 2 , £ 5 D D : S W I  6 : MOV R 2 , £ 5 D F : S W I  6 
7 6 0  MOV R 6 , £ 5 2 0 0 ; A D D  R 6 , R 6 , £ 1 : C M P  R 7 , £ 0 : B E Q  l i n e 4 : S U B  R 7 , R 7 , £ 1  
7 7 0  . I i n e 2  SUB R 6 ,R 6 ,£ 1 :C M P  R 6 , £ 0 : B E Q  l i n e 3  
7 8 0  MOV R 0 , £ 1 4 6 : M O V  R l , £ 5 F l : M 0 V  R 2 , £ 0 : S W I  6 : STRB R 2 , [R4]
7 9 0  MOV R O ,£ 1 4 7 :M O V  R l , £ 5 F l : M 0 V  R 2 , £ 5 D E : S W I  6
8 0 0  ADD R 4 , R 4 , £ 1
8 1 0  MOV R O , £ 1 4 7 :M O V  R 1 , £ 5 F 1 : M 0 V  R 2 , £ 5 D F : S W I  6 : B  l i n e 2  
8 2 0  . l i n e 3  ADD R 4 , R 4 , £ 5 8 0 : B  l i n e  
8 3 0  . l i n e 4  LDMFD R 1 3 ! , { R 0 - R 1 2 , P C }
8 4 0 ;
8 5 0  .GREY STMFD R 1 3 ! , { R 0 - R 1 2 , R 1 4 }
8 6 0  MOV R 4 , £ 5 1 F 0 0 0 0 0 ; A D D  R 4 , R 4 , £ 5 D 8 0 0 0 : M O V  R 5 , £ 5 2 0 0 0 0 0 0
8 7 0  . GREY2 LDRB R O , [ R 4 ] : M O V  RO, RO, ROR £ 4 : AND R 2 , R 0 , £ 5 C  
8 8 0  CMP R 2 ,£ 4 : A D D E Q  R 0 , R 0 , £ 4 0
8 9 0  CMP R 2 ,£ 8 : A D D E Q  R 0 , R 0 , £ 2 0 0
9 0 0  CMP R 2 ,£ 1 2 : A D D E Q  R O , R O , £ 2 4 0
9 1 0  STRB R O , [ R 4 ]  |
9 2 0  ADD R 4 , R 4 , £ 1 : C M P  R 4 , R 5 : B N E  GREY2 J
9 3 0  LDMFD R 1 3 ! , { R 0 - R 1 2 , P C }  |
9 4 0  ] :NEXT p a s s %  i
9 5 0  ENDPROC 
9 6 0
9 7 0  DEF PROCECONST
9 8 0  REM T h i s  p r o c e d u r e  i s  c a l l e d  E L L I P S E l  s i n c e  i n  B+W i t  f i n d s  t h e

e l l i p s e
9 9 0  REM c o n s t a n t s

1 0 0 0  M%=293: RAT1 0 = 1 . 4 2 3 7  9 1 4 8  : H%=519:U%=457
1 0 1 0  PRINT T A B ( 0 , 0 ) " E L L I P S E l "
1 0 2 0  PROCEDRAW:REPEAT:PROCEDRAW:MOUSE H%,U%,BUTTON%:PROCEDRAW
1 0 3 0  I F  BUTT0N%=1: PROCEDRAW:M%=M%+1: PROCEDRAW
1 0 4 0  I F  BUTT0N%=2: PROCEDRAW;M%=M%- 1  : PROCEDRAW
1 0 5 0  I F  IN KEY( - 2 6 )  : PROCEDRAW: RAT IO=RATIO/1 . 0 0 5 : PRINT T A B ( 0 , 0 )  RATIO:

PROCEDRAW



1 0 6 0  I F  IN KEY( - 1 2 2 ) :PROCEDRAW:RATIO=RATIO*l . 0 0 5 rPRINT T A B ( 0 , 0 )  RATIO:  
PROCEDRAW

1 0 7 0  UNTIL IN KEY( - 7 4 ) : PROCEDRAW:PRINT H%;",";U%
1 0 8 0  REM e l l i p s e  c e n t r e d  a t  g r a p h i c  c o - o r d i n a t e s  H% a n d  U%
1 0 9 0  REM t h e  v a l u e s  t o  b e  r e t u r n e d  t o  MAIN PROG 
1 1 0 0  REM a r e  H%,U%,M%,RATIO 
1 1 1 0  ENDPROC 
1120
1 1 3 0  DEF PROCEDRAW
1 1 4 0  REM t h i s  d r a w s  a n  e l l i p s e  u s i n g  t h e  ELLIP SE  co m m an d  
1 1 5 0  GCOL 4 , 0 : E LLI PS E H%,U%,M%,RATIO*M%
1 1 6 0  MOVE H%-100 ,U%:PLOT 6 , H%+100,U%:MOVE H % ,U % - 1 0 0 : PLOT 6 ,H%,U%+100
1 1 7 0  ENDPROC
1 1 8 0
1 1 9 0  DEF PROCINTDRAW
1 2 0 0  M0DE15:VDU 2 8 , 6 5 , 3 1 , 7 5 , 0  : LOCAL V%( ) , W%( ) , S%:DIM V%( 1 0 0 0 ) ,W%( 1 0 0 0 )  
1 2 1 0  PRINT TAB (O ,O )"I NT DR AW ": S%=0:A%=M%:FILE=OPENIN "TESTDATA"
1 2 2 0  REPEAT
1 2 3 0  INPUTS FILE,V%(A%),W%(A%):A%=A%+1  
1 2 4 0  UNTIL EOF£ F IL E: CL OS E S  F IL E  
1 2 5 0  PROCRDRAW 
1 2 6 0  REPEAT
1 2 7  0 I F  INKEY( - 1 2 2 ) CLG: :S%=S%+1:PROCRDRAW:PRINT T A B ( 0 , 0 ) S%
12  80  I F  INKEY( - 2 6 ) CLG: S%=S%-1: PROCRDRAW: PRINT T A B ( 0 , 0 ) S%
1 2 9 0  UNTIL INKEY( - 9 9 ) : PRINT T A B ( 0 , 0 ) "  READY
1 3 0 0  ENDPROC
1 3 1 0
1 3 2 0  DEF PROCSTATS  
1 3 3 0  PRINT "S T A T IS T IC S "
1 3 4 0  LOCAL ST%0 ,FMAX%:DIM ST% ( 2 5 5 )  :FMAX%=0
1 3 5 0  FOR I % = & 1 FD 8 00 0 T O & 1F F F FF F :S T % (? I% )= S T % (? I% )+ 1: N E X T
1 3 6 0  FOR I % = 2 T 0 2 5 5 S T E P 2 : I F  BT%(1% )>FMAX% FMAX%=ST%(1%) :M%=I%
1 3 7 0  NEXT :MODEl5 :MOVE 1 0 2 0 ,  1 0 0 :DRAW 0 , 1 0 0 :DRAW 0 ,  6 0 0 :MOVE 8 , 1 0 0 :GCOL 0 , 1 4
1 3 8 0  COLOUR lOO.'FOR I% = 2 T 0 2 5 5 S T E P 2  :DRAW I% *4 ,  100+ST% (1%) *500/FMAX% :NEXT
1 3 9 0  PRINT T A B ( 0 , 3 0 )  " 0 " : PRINT T A B ( 4 2 , 3 0 ) " I n t e n s i t y  ------ >  2 5 5 "
1 4 0 0  PRINT T A B ( 0 , 1 2 ) " F r e q u e n c y " : V D U 2 8 , 6 5 , 3 1 , 7 5 , 0
1 4 1 0  ENDPROC
1 4 2 0
1 4 3 0  DEF PROCLSCAN
1 4 4 0  PRINT T A B ( 0 , 0 )  " L INE SC AN ": I F  Y%<10 Y%=128
1 4 5 0  PROCINVERT
1 4  60  REPEAT
1 4 7 0  I F  INKEY( - 4 2 )  PROCUNINVERT: Y%=Y%+1: PROCINVERT
1 4 8 0  I F  INKEY( - 5 8 )  PROCUNINVERT: Y%=Y%-1: PROCINVERT
1 4 9 0  UNTIL IN KE Y ( - 9 9 )
1 5 0 0  PROCUNINVERT
1 5 1 0  PROCSAMPLE
1 5 2 0  PROCDISPLAY
1 5 3 0  REPEAT UNTIL IN KEY( - 9 9 )
1 5 4 0  PROCDISPLAY:PRINT T A B ( 0 , 0 )  " READY "
1 5 5 0  ENDPROC 
1560
1 5 7 0  DEF PROCUNINVERT 
1 5 8 0  S%=Y%*640+&1FD8000
1 5 9 0  FOR N % = 0T O 51 1: ? ( N % + S % )= ?( N % + S % )- 1 00 :N E X T
1 6 0 0  ENDPROC
1 6 1 0
1 6 2 0  DEF PROCDISPLAY
1 6 2 1  PRINT T AB ( 0 , 0 ) "MAGN =  " ; B % / 4
1 6 3 0  MOVE 0 , L % ( 0 ) :FOR N%=0TO511:PLOT 6 , N%*2, B%*L%(N%)+0%:NEXT
1 6 4 0  ENDPROC
1 6 5 0
1 6 6 0  DEF PR0CDISPLAY2



1 6 7 0
1 6 8 0
1 6 8 1
1 6 8 2
1 6 8 3
1 6 8 4  
1 6 9 0  
1 7 0 0  
1 7 1 0  
1 7 2 0  
1 7 3 0  
1 7 4 0  
1 7 5 0  
1 7 6 0  
1 7 7 0  
1 7 8 0  
1 7 9 0  
1 8 0 0  
1 8 1 0  
1 8 2 0  
1 8 3 0  
1 8 4 0  
1 8 5 0  
1 8 6 0  
1 8 7 0  
1 8 8 0  
1 8 9 0  
1 9 0 0  
1 9 1 0  
1 9 2 0  
1 9 3 0  
1 9 4 0  
1 9 5 0  
1 9 6 0  
1 9 7 0  
1 9 8 0  
1 9 9 0  
20 00  
201 0  
202 0  
2 0 3 0  
2 0 4 0  
2 0 5 0  
2 0 6 0  
2 0 7 0  
2 0 8 0  
2 0 9 0  
21 00  
21 10  
21 20  
2 1 3 0  
2 1 4 0

CLG:GCOL 25:MOVE 1 0 2 4 , 0 : D R A W  0 ,0 : DRA W  0 , 10 2 4 :G C O L  5 0 :PROCDISPLAY
R EP E A T :I F  INKEY( - 5 8 )  PROCDISPLAY: B%=B%+1: PROCDISPLAY
I F  INKEY( - 4 2 )  PROCDISPLAY: B%=B%-1: PROCDISPLAY
I F  IN KEY ( - 1 2 2 )  PROCDISPLAY:0%=0%+50:PROCDISPLAY
I F  IN KEY ( - 2 6 )  PROCDISP LAY :0%= 0%-5 0: PROCDISPLAY
UNTIL IN KEY( - 9 9 )

ENDPROC

DEF PROCINVERT 
S%=Y%*640+&1FD8000
FOR N%=0 TO5 11: ? (N%+S%)= ? (N%+S%)+ 1 0 0 :NEXT 

ENDPROC

DEF PROCSAMPLE 
LOCAL C % : F O R  N%=0TO511:L%(N%)= 0  :NEXT : FOR C%=Y%T0Y% + 4 
S%=C%*640+&1FD8000
FOR N%=0TO511:L%(N%)=L%(N%)+ ? (N%+S%): NEXT:NEXT  
FOR N%=0TO511:L%(N%)=L%(N%)* 0 . 2 :NEXT 

ENDPROC

DEF PROCSCREEN 
REM ELLIPSE 1 p a s s e s  t h e  v a r i a b l e s  H%,U%,M%,RATIO 
REM X%,Y% s t a r t i n g  c o - o r d s ,  M% t h e  m i n o r  a x e s  l e n g t h , R A T I O  
LOCAL V% 0  ,W% 0 ,NV% 0  ,NW% 0 ,MAJ,MIN,SX%,SY%
DIM V%( 1 0 0 0 ) ,W%( 1 0 0 0 ) ,NV%( 1 0 0 0 ) ,NW%( 1 0 0 0 )  
S X % = H % * 0 . 5 : S Y % = 2 5 5 . 7 5 - U % * 0 . 2 5  
FOR R%=20TOM%
MIN=R%*0. 5 :MAJ=MIN*RATIO*0 . 5  
FOR X%=SX%TOSX%+MIN 
S % = M A J * S Q R ( l - ( ( X % - S X % ) / M I N ) ^2)
Y%=SY%+S%:IF ? ( & 1 FD 8 00 0+ 6 40 *Y % +X % ) =2 5 5  GOTO 1 9 9 0  
V%(R%)= ? (&1FD80 0 0 + 6 4 0 *Y%+X%)+V%(R%):NV%(R%)=NV%(R%)+ 1  
? (&1 FD8 00 0+6 40 *Y %+X %)= 2 5 5
Y%=SY%-S%:IF ? (& 1FD 80 00+ 64 0*Y % +X% )= 2 5 5  GOTO 1 9 9 0  
W%(R%)=? (&1FD8000+640*Y%+X%)+W%(R%):NW%(R%)=NW%(R%)+1  
? ( & 1 FD 8 00 0 +6 40 *Y % +X % ) =2 5 5  
NEXT :NEXT
FILE=OPENOUT "TESTDATA"
FOR I%=10TOM%
I F  NV%(1%) =0  GOTO 2 0 5 0  
I F  NW%(I%)=0 GOTO 2 0 5 0
PRINTS F I L E ,  V%( 1 % ) /NV%( 1 % ) ,W%( 1 % ) /NW%(1%)
NEXT
CLOSES FIL E  

ENDPROC

DEF PROCRDRAW
MOVE 2*M%,4*V%(M%):FOR I%=M%TOA%:DRAW 2 * 1 % , 4*V%( 1 % ) :NEXT
MOVE 2*M%,4*W%(M%+S%):FOR I%=M%TOA%:DRAW 2 * 1 % , 4*W%(I%+S%)+ 2 0 0 :NEXT
MOVE 2*M%,2 * (V%(M%)+W%(M%+S%)) + 4 0 0
FOR I%=M%TOA%:DRAW 2 * 1 % , 2 * (V%(1% )+W%(I%+S%)) + 4 0 0 :NEXT 

ENDPROC
>



Appendix 4; Numerical solution of coupled DFDL rate equations

This appendix gives a description and a listing of the FORTRAN program used for the 

numerical solution of the coupled rate equations. As was seen in Chapter V, the equations 

were successfully used to predict the temporal behaviour of the DFDL.

In Chapter V, where the model is considered fully, it is seen that the model describes 

the interplay between the population inversion, Ni and the cavity photon flux q. The two 

differential equations which describe and couple the two parameters are, retaining the 

notation of chapter 5, given by.

^ = lp ( t )a , (N o -N i) -2 2 E N ,q .- ÎL  (A4.1)
u i f  Tt I f

+ (A4.2)

Chapter 5 also gives details of the fourth order Runge-Kutta method of solution of the 

equations. This commonly used method basically involves the forward integration of both 

(A4.1) and (A4.2), each time substituting the new values of and q into the equations. 

Each integration step is evaluated over a weighted average of four points; k l, k2,-k3, k4.

Specific details of the program are now considered.

The program is written in standard FORTRAN 77 and was executed on a Digital 

Equipment Corporation (DEC) VAX 11/785, one of the University's mainframe 

computers.

The program may be divided into two sections:

In the first variables are declared and values assigned to constants. It is thought that the 

vaiiable names have a sufficient similarity to those used in the equations tliat they are self- 

explanatory (e.g. SIGE = Og, RI = T| (refractive index), EN = Energy of laser pulse, 

etc.). The variables K1-K4 are assigned to N^, while C1-C4 are assigned to q.



The main section of the algorithm is the forward integration contained with a DO loop. 

In the program as shown, the program runs from 0 to 30 nanoseconds with a step size 

(H) of 10 picoseconds i.e. the loop is executed 3000 times. Output is written to two 

formatted data files which, in this case, represent the output power (see chapter 5, 

equation 13) and the population inversion. The graphical displays of chapter 5 where 

drawn using a program written using the GHOST-80 graphics package.

Excution of the program was achieved by running a command proceedure which is 

tabulated overleaf along with a program listing.



$!
$ GOTO OK
$! As an example d e fa u lt  parameters should be the fo llo w in g  
$ run rkdfb
2E-20 ! Emission cross  s e c t io n  
1.0E-20 ! Absorption cross s e c t io n  
3E-4 ! molarity
1 ! V i s i b i l i t y
2 ! Pump pulse energy 
0.02 ÎDFDL length  
4E-12 ÎSTEP SIZE
* r*un reduce 
output
 ̂ run reduce 

inversion
■t ren in v er s io n .d a t  id e f .d a t  
•t ren output.dat odef.dat  
$ del :i nvei’s io n .d a t  ; - 
$ del o u tp u t .d a t5"
■t> OK:
0 WRITE SYŜ OUTPUT " RUNNING RKDFB FORTRAN PROGRAM 

!
run rkdfb 

2E-20 ! Emission ci*oss s e c t io n  
1.0E-20 ! Absorption cross  s e c t io n  
5E-4 I molarity
1 ! V i s i b i l i t y
2 ! Pump pulse energy 
0.02  ÎDFDL length  
4E-12 ! STEP SIZE
$ run reduce 
inversion
* r'en in v ers io n .d a t  I5M.dat 
$ del in v e r s io n . dat ;

d e l output .dat  
A e x i t



c This i s  an Runge-Kutta method of so lv in g  dfb rate  equations
C
C parameters are fo r  Rhodamine B (SI u n its )

IMPLICIT NONE
C
C These are the FORTRAN formats of a l l  v a r ia b les  used
C

REAL«8 IMAX, SIGA, SIGP, NO, C1 .C2, C3, C4, N, Q, TF ̂  TC, FWHM, NTH 
REAL*8 RI, PO, L, C, SIGE, WA, Â  B, PL, H, LP, PI, QF, EN, M 
REAL#8 OP, T, BETA,OM, S, CC1 ,CC2, CCS, K1 ,K2, K3, K4, V

C
C These are the equation constants
C

DATA TF/5E-9/,SIGP/2.BE-20/,B/2.5E-4/,F\'IKK/1E~8/,M/3E-4/, 
!P I /3 .142 /,C /3E 8/,R I/1 .44 /,H /1E -11 /,S IG E /2E -20 /,L /0 .02 / ,S IG A /1E -20 /
! PL/6.63E-34/,W A/6G0E-9/,S/1E4/,LP/532E-9/,V/1.0/,EN/2E-3/

C
C Now some constants  used in  the routine
C

BETA=0.693/(FWBM^O.5 )« «2 
CC1=SIGE«C/RI
CC2=(SIGE-SIGA)«C/RI
CC3=V«HSIGE-SIGA)*SQRT( RIRL**3/(80*C))
N0=6.O2E26<*M
A=1/(N0':'SIGP)
QF=1/TF
OM=B/ ( PI*NO*SIGP(^L«L«S )
IMAX=EM»LP/(FWHM«L«A«C«PL)

C
NTH=2*( (PI/ V) . 6 6 6 7 ) / (  (SIGE-SIGA)«L)
PRINT'S ’Inversion  threshold  = *,NTH

C
0PEN(UNIT=2,FILE= ’ INVERSION’ ,STATUS= 'NE\7' )
0PEM(UMIT=3,FILE=’OUTPUT’ , STATU8='NEW')

C
C Now do c a lc u la t io n  
C

DO 10, T=0,3E-8,H
K1=IHAX«EXP(-BETA«(T -2 , OE-8) ««2)«8IGP«( NO-M) -CC1«N*Q-N«QF 
K2=IMAX«EXP( -BETA'”' (T-2. OE-8+0.5^H)««2 ) *8IGP# ( NO- ( M-i-0. 1) ) -

! (CC1«(N+0.5*H^K 1 )"Q) - ( ( N+0. 5 1  ) %QF)
K3=IMAX*EXP(-BETA»(T-2. OE-8+0.5»H)*»2) «SIGP»(NO-(N+0. 5«H*K2) ) -  

! ( CC1« (N+0. 5*H»K2)»Q) - ( ( N+0. 5»H«K2) »QF)
K4 = IMAX»EXP(-BETA»(T-2. 0E-8+H)»»2)»SIGP»( NO-(N+H»K3)) -  

! (CC1»(M+K»K3)»Q) -  (N+H»K3)»QF
N=N+II« (Kl +2»K2+2»K3+K4 ) /6  
TC=N»CC3»N*CC3 
IF(TC.LE.IE-13) TC=1E-13 
C1=CC2WQ-(Q/TC ) +OM»QF»N
C2=CC2»N»(Q+0. 5»H»C1 ) - ( ( Q+0. 5»H»C1 ) /TC)+OM»QF»N 
C3=CC2»N» (Q+0. 5»H»C2 ) -  ( (Q+0. 5»H»C2 ) /TC ) +OM'”QF»N 
C4=CC2W ( Q+H»C3 ) - ( (  Q+H»C3 ) /TC ) +OM«QF»N 
Q=Q+N»( C1+2»C2+2»C3+C4) /6  
IF(Q,LE.0^=0
P0=1E-4»PL^C»Q»A»B/(2»WA»TC)

C IE-4 IN LINE ABOVE IS A SCALING FACTOR
IF(PO.GT.I) WRITE(UNIT=3,FMT=20) T»1E9,P0 1
IF(N.GT.N0/20) WRITE(UNIT=2, FMT=20) T»1E9, W»1E-20 J

10 CONTINUE I
C end of routine I

20 FORMAT(2E11.4) i
CLOSE (UNIT=2) j
CLOSE (UHIT=3) I
PRINT»,CHAR(7) I
STOP i
END J


