Dye lasers: a non-colour use of dyes*
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INTRODUCTION

A laser beam has many unique characteristics, such as
spatial and temporal coherence and its monochromacity,
that enable a beam to be focussed to a very small spot.
Another important characteristic of the beam is its high
directionality that leads to high radiant intensity. These
characteristics have been exploited in many diverse
applications.

Laser light is generated in a part of a laser called the
gain medium, which can be a solid, liquid or a gas. A laser
using organic dyes for the gain medium may be operated
in any of those states of matter. Most laser gain media emit
light with a very precise wavelength, however, dye lasers
offer a tunable emission, moreover, if the dye is changed
an emission may be obtained in a different segment of the
spectrum. Another important aspect of dye lasers is that
they offer efficient emission in the visible and near infrared
part of the electromagnetic spectrum.

Dye lasers are a well-established class of laser
technology: the first of this class used a solution of organic
dye molecules® to provide the optical gain and is known
as a liquid dye laser. Sorokin and his team were res-
ponsible for the first demonstration of laser action in this
class of laser in 1966 [1]. In those studies, solutions of the
phthalocyanine class of organic laser dyes formed the gain
medium. Soon afterwards, Peterson and his group, demon-
strated the first solid-state dye laser [2]. However, the main
interest and development, at this stage, was concentrated
on the liquid gain medium. This was a result of the liquid-
phase device offering great flexibility, the broad spectral
emission that is possible from a single laser cavity and the
unique spectral properties that can be achieved by using
spectral control elements in the laser cavity.

The structure and composition of a laser dye has an
important influence on the spectral emission from a dye
laser. More than 50 laser dyes are available for use in the
gain medium of a dye laser, a sample is shown in Figure
1. Energy may be emitted from the ultraviolet (UV) to the
near infrared (IR) simply by using a different dye — this is
classed as wavelength diversity. Additionally, many dyes
can be tuned over many tens of nanometres, providing
extra flexibility. For effective laser operation a dye
molecule requires a number of characteristics, such as
strong fluorescence, good photostability and low excited
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K Rhodmaine 575 (MeOH) W LDS821 (MeOH)
L Rhodamine 590 (MeOH) X LDS821 (DMSO)
Figure 1 Dye spectral emission characteristics (courtesy of
Exciton)

state loss. It is often possible to dissolve a laser dye in a
choice of solvents, as many dyes are soluble in a number
of liquids. In fact, the solvent can have a very strong
influence on the emission, governing the output power as
well as influencing the rate of degradation of the dye
solution [3].

Over the last 15 years the development of new laser dyes
has been dominated by the dipyrromethene BF, complexes,
commonly known as pyrromethenes (Pyr) [4-9]. This class
of laser dye offers greater photostability and potential for
enhanced gain and has provided a catalyst for the
development of dye-doped solid-state lasers. During this
period there has also been a significant improvement in the
optical quality, as well as the range and stability, of solid-state
host materials. It is this combination of developments that
has led to the renewed interest in solid-state dye lasers.

A major béte noir of a liquid-phase laser is the need to
circulate the laser-dye solution to remove molecules in their
triplet state and any dye molecules that have degraded from
the gain volume. A dye-doped solid-state gain medium
experiences similar performance-limiting effects, resulting
from the trapping of pump light, but the impact can be
mitigated through careful design of the gain element and
choice of laser dye. Several schemes have been designed to
simulate dye flow by moving the dye-doped matrix in the
resonant cavity, either by rotation, translation or a com-



bination of both, which are somewhat simpler than a dye-
circulation system. This approach has enabled enhanced
‘service life’ to be achieved, resulting in many tens of
thousands of laser pulses to be emitted from a single dye-
doped gain element without significant loss in performance.
In some cases well in excess of 500 000 shots have been
reported from a small disc, of the order of 20 mm diameter.
Recent developments indicate that this performance may be
achievable without the need to move the gain element [10].

FUNDAMENTALS OF LASER OPERATION

As some readers may be unfamiliar with laser technology,
it is appropriate to describe some of the key features of a
laser in order to illustrate the properties that are required
of a laser dye.

The acronym ‘laser’ stands for ‘light amplification by
stimulated emission of radiation’. In its simplest form, a
laser consists of a gain region surrounded by mirrors (the
resonant cavity) such that a beam of light will be
repeatedly reflected through it. As the acronym implies,
the light is amplified on each pass through the gain region.
In this way, an initially low intensity light beam can build
up to very high intensities. An important feature of the
gain region is that the amplified beam maintains the
direction and spectral characteristics of the input beam.

The laser beam usually develops from spontaneous
emission, which is a random process and will produce
light in all directions. A well-designed resonant cavity will
constrain the range of angles over which light can be
repeatedly amplified to produce high intensities. This
results in the low divergence characteristic of most laser
beams. The cavity may also have tuning elements to select
the range of wavelengths that can be amplified. Typically,
the cavity will have one partially-reflecting mirror through
which the laser beam can emerge.

The properties of the gain medium are determined by
the energy levels of its active species. The laser transition
occurs between an upper and a lower level. In order to
amplify the light, there must be a population inversion
between these levels, i.e. the population of the upper level
must be higher than that of the lower level. Any laser
requires a source of excitation in order to create a
population inversion. In dye lasers, the excitation source
is usually an intense light source.

In most gain media where the active species is an atom,
ion or simple molecule, it is possible to produce an
inversion between only a few energy levels and the range
of laser wavelengths is correspondingly limited and
precisely defined. Laser dye molecules have very broad
energy bands and the laser transition can be anywhere
between these bands, leading to an emission over a large
wavelength range. This is one of the key advantages of a
dye-based laser system and it is only recently that other
tuneable lasers have appeared with comparable gain-
bandwidths.

For efficient operation a gain medium must also exhibit
low absorption at the laser wavelength, as this absorption
removes energy from the laser beam and reduces the net
gain of the system. Triplet state population is the major
loss mechanism in dye lasers, but careful design mitigates
these effects enabling dyes to give pulsed or continuous

wave (CW) emission. A further loss mechanism specific
to dyes is from the degradation products created from dye
molecules; techniques have been developed to reduce this
phenomenon.

A further requirement for CW operation of a laser is that
the lifetime of the upper laser level must be longer than
that of the lower level, otherwise the rate of population of
the lower laser level from the upper level will prevent a
permanent population inversion from being achieved. This
condition is satisfied in laser dyes.

LASER DYES

Most laser dyes have been developed from dyes designed
for other purposes, with the exception of the pyrromethene
complexes. The pyrromethene dyes tend to perform
somewhat better in the solid state than the other classes
of laser dye.

Characteristics

For effective performance in a laser, a dye molecule

requires a number of characteristics:

—  high fluorescence yield, so most of the adsorbed pump
light gives fluorescence emission and avoids
conversion to waste energy that can contribute to loss
mechanisms.

— good photostability; laser dyes degrade in use, the rate
depending on the pump source used to excite the dye
molecules. It is important to achieve a long lifetime
of the dye laser solution to increase dye laser system
utility.

— low excited state losses; it is vital to keep the losses
at the lasing wavelengths to a minimum. Two
components contribute to the losses, the concentration
of the excited state and the extinction coefficient at
lasing wavelengths.

Generally, laser dyes are quite large and complex molecules,
containing a number of ring structures [11], which lead to
complex absorption and emission spectra [12]. Many dyes
are suitable for use in a laser; they can be categorised into
classes or families by virtue of their structures that are
chemically similar. Common examples are the coumarins,
xanthenes and pyrromethenes. Xanthene laser dyes, for
example, have a three-ring structure, the central ring
containing oxygen. The differences between the absorption
and emission spectra, associated available tuning ranges and
physical behaviour of members within these broad classes,
result from substitution of specific chemical groups on the
edges of the basic ring structures. Examples of some laser
dye molecules are shown in Figure 2.

Laser dyes tend to have higher purity than ‘commercial
grade’ dyes used for other purposes, as this leads to better
lasing efficiency. Small impurity levels, such as metal ions,
can reduce the fluorescence yield by quenching and
therefore cause a significant reduction in the laser
efficiency. Also, impurities absorbing at fluorescence and/
or the laser wavelength can have a significant effect.
However, the composition of laser dyes can vary widely
as well, such as 1.5-7.0% of Rhodamine 6G acid in
Rhodamine 6G laser dye, although no effect was found on
the performance of the laser. The cost of laser dyes varies
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Figure 2 Structures of some laser dyes

considerably from £20/g for normal dyes such as
Rhodamine 6G to about £160/g for Pyr 567. Laser dyes are
readily available from companies such as Exciton, Lambda
Physik and Sigma-Aldrich.

Laser action in dyes

A population inversion is created in the organic molecules
by absorbing optical energy from an external source. To a
rough first approximation, the wavelength absorbed by the
molecules is proportional to the length of the ‘backbone’
of carbon atoms that form the chain structure [13], how-
ever, in reality the parameters controlling the absorption
band are somewhat more complex [11]. An intense source
is needed, since a significant population inversion must
be created during the (fairly short) lifetime of the upper
laser level.

The population inversion must be sufficient to produce
a net gain in the laser to overcome both absorption losses,
such as triplet absorption or thermal population of the
lower laser level, and optical losses in the laser cavity
(including the output laser beam). The intensities required
for typical dye lasers are of the order of 1 MW/cm?.
Excitation sources include gas discharge lamps, surface
discharges and other lasers. Pulse lengths can vary from
less than a picosecond to CW.

A simplified generic energy level diagram can be drawn
to illustrate the principal interactions in achieving laser
action in a dye and is shown in Figure 3. The electronic
states form the basic structure and transitions between
these states lead to emission in, or close to, the visible part
of the spectrum. The energy difference between the states
which leads to the visible band emission range from ca.
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3.1 to 1.65 eV. The diagram shows these electronic levels
have other sub-states superimposed on them, resulting
from the vibrational and rotational motion within the
molecule. Energy differences caused by rotational motion
are small and when the other line-broadening mechanisms
are included [14], a continuum of states emerges, both for
absorption and emission.

Figure 3 shows that there are two energy manifolds in dye
molecules, the singlet and triplet states. Singlets possess
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Figure 3 Simplified energy level structure diagram of a generic
laser dye



opposed spins, whereas the creation of triplet states requires
a spin flip to give parallel spins. This spin flip during light
absorption is quantum mechanically disallowed and is there-
fore much less likely to occur. Singlet state radiative decay
leads to fluorescence, whereas radiative decay from the triplet
state leads to phosphorescence. Because a spin flip needs to
occur to allow the triplet to relax to the ground state the
excited triplet state is long lived in comparison with the
excited singlet state. As a result of these processes the triplet
state can act as a trap for dye species. The problem is exacer-
bated by triplet-triplet absorptions that can overlap the
fluorescence emission of the dye and can lead to substantial
losses.

The rate of formation of triplet states is relatively slow
and so can be neglected in fast-pulse lasers provided that
sufficient time is allowed between pulses for the dye to
relax to its ground state. Triplet-state losses tend not to
cause too many problems during ‘short-pulse’ operations
in the range, for example, up to a few microseconds. Use
of sub-microsecond pumping pulses from a surface
discharge could mitigate the effects of triplet state losses.

In the case of continuous wave (CW) devices, the triplet
population is often sufficient to prevent laser operation
altogether unless steps are taken to reduce it. This is
normally achieved by the addition of triplet-quenching addi-
tives such as cyclooctatetraene (COT). Similar additives will
need to be added to the gain medium to achieve ‘long-pulse’
emissions. ‘Triplet quenchers’ [15] reduce the lifetime of the
triplet states through collisional de-excitation.

Other sources of absorption can arise from degradation
products produced by the dye. Laser dyes must be
photostable to enable long operating lifetimes. Proprietary
additives have been devised to reduce the impact of the
degradation products and enhance the photstability.

Owing to the short lifetime of the singlet state of just a
few nanoseconds, it is not possible to store much energy
in the dye for any length of time. A standard method of
pulse generation in some solid-state lasers, such as the
well-known neodymium-doped yttrium aluminium garnet
(Nd:YAG) laser, is to populate the excited states of the gain
medium with a slow excitation pulse and then release the
energy rapidly in a short giant laser pulse. This Q-switched
mode of operation (so-called because the quality factor of
the laser cavity is changed to reduce the loss and produce
a laser pulse) can only be used if the upper level lifetime
is long compared with the excitation and so is not
appropriate for dye lasers.

The broad bandwidth of the lasing emission does lend
itself to the generation of ultra-short pulses, a consequence
of Heisenberg’s uncertainty principle. A technique known
as mode-locking can be used, where the various laser
oscillations in the resonant cavity are locked together to
give a series of very short duration pulses. The large tuning
range of laser-pumped Rhodamine 6G implies pulses of
less than 10 fs duration are possible. Furthermore, the large
homogeneously broadened bandwidth of these dyes
suggests that linear amplification is feasible.

The wavelength-dependent gain and loss in a laser
determines the output wavelength of a dye laser, as shown
in Figure 4. Different wavelengths compete for the energy
in the dye. As the intensity at one wavelength increases,
the gain of the dye is reduced at all other wavelengths until
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Figure 4 Absorption and emission spectra of a generic laser dye

there is no net gain except over a relatively narrow
wavelength range. The typical bandwidth of an un-tuned
dye laser is just a few nanometres even though the gain
bandwidth may be several tens of nanometres.

LASER DESIGN

There are two broad approaches to the design of dye lasers,
characterised by the applied excitation techniques, broadly
called incoherent or coherent (laser-pumped) devices. The
intended application of the laser determines the technique,
and hence the class. Many different techniques have been
used to excite the gain medium and this has led to the
generation of an output beam of ultra-short pulses, in the
femtosecond class, to continuous wave output from a similar
dye laser scheme. A summary of dye laser excitation
techniques is shown in Tables 1 and 2.

A flashlamp-pumped dye laser uses a reflector, or an
arrangement of facetted specular reflectors, to direct the
‘pump light’ into the dye cell. A compact configuration has
been devised using a flashlamp and a diffuse reflector. In the
case of a laser-pumped device the external laser beam is
focussed into the dye cell, which is positioned between a pair
of mirrors to form the resonant cavity. In general, the dye-
laser head is somewhat simpler in the laser pumped
configuration, at the expense of the cost and complexity of
an external laser.

A further sub-division can be made according to the
type of gain medium used in the resonant cavity. Dye lasers
using a dye solution are well established and popular
owing to their simplicity, but can be messy owing to the
dye circulation system. Dye-doped solids offer an
alternative and more compact system.

Liquid phase

A laser-dye solution offers a quick and easy route to making
a gain medium with high optical quality. This solution is
contained in a transparent cell, to form the active medium
of the laser. Laser dyes are the key feature of the great
flexibility of this device. Many techniques have been
demonstrated to give simultaneous multi-colour operation
by direct laser action using this technology [16-21]. Altern-
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Table 1 Incoherent pump source characteristics

Incoherent laser source A (um) 7% (us) PRF? (kHz) Notes

Flashlamp (linear) UV toIR ~5to10* ~1 Broadband, high flexibility, limited PRF, high energy, high average
power, lifetime up to 10° pulses

Flashlamp (coaxial) UV toIR ~0.5to5 ~0.001 Broadband, very limited PRE, high energy, lifetime up to 10*
pulses, longer duration pulses possible

Surface discharge UV toIR ~0.15 ~1 Discrete lines, high efficiency, high PRF, high energy, high average
power, long life, non-thermal

Explosive Long Broadband, single shot, high energy

a tis the laser pulse length
b PRF is pulse repetition frequency

Table 2 Coherent pump source characteristics

Coherent laser source A (nm) 7% (ns) PRF? (kHz) Notes
Copper vapour 511 & 578 ~10 to 60 > 20 High PRE high average power, longer
wavelengths
Nd:YAG (2v)© 532 ~5 Cw Variable PRF to CW, short-pulse operation
Nd:YAG (3v)© 355 ~5 Cw Variable PRF to CW, short-pulse operation
Ion (Ar, Kr, ...) UV to green & red ~0.18 (mode locked) CW Various lines, high PRF to CW, short
wavelength emission, low average power,
low efficiency
Nitrogen 337 ~2to 10 0.01 to ~0.3 Low average power, low efficiency, short-
pulse operation
Excimer Various in UV ~10 to 200 ~0.5t0 3 Various lines in UV (e.g. 308 nm), high PRE,
(157, 193, 222, 249, high average power, short-pulse operation,
308 & 350) large pump source
Diode Red to IR Long Cw Long wavelength pump, high PRF to CW

a tis the laser pulse length
b PRF is pulse repetition frequency
¢ 2vis frequency doubling of the emitted beam; 3v is frequency tripling

atively, a number of cells can be ‘ganged together’ [22], for
multi-colour emission in a beam. Furthermore, if energy
from a flashlamp is used to create the population inversion
in the organic molecules, then the laser head may also have
an additional cell for fluorescence conversion to enhance
efficiency [23].

Many solvents are available for creating a laser-dye
solution: alcohols and ethylene glycol are commonly used,
although some are soluble in water, but a surfactant may
be needed to prevent dimerisation or aggregation. Aggre-
gation occurs when there is a strong affinity between two
or more molecules, leading to large structures with sup-
pressed fluorescence. The solvent used to make the solution
can have a significant influence on the optical properties
of the laser gain medium and the longevity or usefulness
of the dye solution.

The light used to excite the laser dyes can cause the dye
molecules to decompose, particularly in the case of broad-
band pumping with a flashlamp. However, the use of life-
enhancing additives (proprietary) in the dye can alleviate
the effects of unwanted and potentially destructive shorter
wavelength energy. Furthermore, the use of a dye solution
between the pump source and the gain medium can absorb
the harmful shorter wavelength photons and convert their
wavelengths, via fluorescence conversion [23], to match the
absorption band of the active dye. Caffeine can also be
added to this solution to block the UV emission from the
flashlamps.
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Photodegradation-causing mechanisms are complex.
Studies have shown that formation of singlet oxygen in the
solution is particularly detrimental [3,24]. Elimination of
dissolved oxygen enhances the longevity of the solution,
but an alternative triplet-quenching agent will be needed.
Figure 5 indicates how a solution’s longevity varies with
various different operational conditions [3].
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Many flashlamp-pumped dye lasers operate efficiently
with dye solutions having a concentration of the order of
10~* to 10~° M. Laser-pumped systems often use a higher
concentration, around 1073 M, because a laser source has a
greater radiant intensity than a flashlamp source. The aim
is to optimise the use of the pump photons in the gain
volume, so that all of the pump photons are absorbed by
the dye solution throughout the dye cell. There is the
flexibility to trade-off concentration, pumping efficiency and
beam quality.

Dye cells

The dye cell used in the laser cavity may be as simple as
a sealed cuvette, however, if sustained output is required
then it is necessary to make the laser-dye solution flow
through the dye cell. Design of the dye cell is crucial for
achieving optimum performance and the size of the dye
cell is a key parameter in determining the output power
of a laser. An empirical rule-of-thumb suggests that an
efficient laser dye, such as a xanthene or pyrromethene,
will allow about 0.25 J/cm?® to be extracted in each pulse
for a ‘flashlamp-pumped’ system.

The dye cells used in a laser-pumped system tend to
be quite small owing to the small interaction length of the
laser beam used to excite the dye solution. The interaction
length is much larger in the case of a flashlamp-pumped
system although similar design principles apply.

When a laser is operated in a repetitively pulsed regime
the temperature of the dye solution rises and efficiency
degrades rapidly, owing to the thermal population of the
lower laser level. Additionally, thermal gradients across the
dye cell degrade the beam quality of the emission. Another
empirical rule-of-thumb indicates the need for a flushing
ratio (flush factor) of 2:1 of dye solution through the cell
between laser pulses. This requires twice the volume of
the dye cell capacity flowing through the cell to give an
optimum trade-off between emission characteristics
(particularly beam quality and dye solution longevity) and
the volume of the circulated solution. The magnitude of
the pumped volume, therefore, determines the size of the
circulation pump required to meet the flushing ratio. Two
common forms of flow geometry are used to pass the dye
solution through the dye cell, namely, longitudinal and
transverse flow with respect to the oscillation axis of the
resonant cavity.

Longitudinal flow allows a reasonably simple coupling
of the circulating dye solution into the dye cell, and
creation of a uniform flow throughout the cell. However,
it can take a relatively long time for a given volume to be
‘changed’, particularly for a long dye cell. Hence, this
geometry tends to be used when the repetition rate require-
ment is low, typically 15 Hz or less, in order to achieve
the optimum flushing-ratio easily. Cylindrical-section cells
are common. A filter is included in the circulation system
to suppress the formation of bubbles, which would degrade
the optical quality, generating increased optical scatter.
Typically, a 0.2 um pore filter is used, as this provides a
good compromise between flow resistance and required
pump capacity.

In contrast, transverse flow through a dye cell is
commonly used with higher repetition rates, as it allows
large volumes of dye solution to be flushed through the

cell rapidly. The one drawback of a transverse-flow
arrangement is the design of the manifolds to ensure that
the fluid maintains a uniform flow across the dye cell.
These cells usually have a rectangular cross-section. The
formation of eddy currents or the creation of any non-
uniform flow degrades the optical quality of the gain
medium, thus having a direct impact on laser performance.
Similarly, the formation of stagnation zones rapidly
diminishes the performance of the laser head. It is normal
in transverse flow schemes to pump the solution vertically
up through the cell to prevent the formation of air locks
and similar voids in the circulation system. A bubble-
suppression filter is usually incorporated into the circul-
ation system, as noted above for longitudinal flow.
Laminar-flow boundary layers along the dye cell walls
must be minimised; fully-developed, small-scale pipe flow
is required to produce an even flow distribution [25].

Repetition rates of the order of 1 kHz are possible with
a transverse scheme, the limit being determined by the
recovery time of the flashlamp and its associated pulse-
forming network. This restriction could well be eliminated
by the use of a surface discharge pump source. These flow
schemes are illustrated in Figure 6.

Special dye cell designs have been devised and
implemented for continuous wave laser emission. The
major snag to be overcome in this case is the build up of
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triplet states in the laser dye. The pragmatic solution was
to use either a dye cell that allowed a very rapid contin-
uous flow of the dye solution or an open dye jet
arrangement. The latter case has the dye solution squirted
through a small nozzle, to form a thin ribbon-like stream
with high optical quality, into a cup-like receptacle. The
important factors in this mode of operation are the rapid
removal of the dye molecules in their triplet states from
the resonant cavity and the very small optical loss
presented by the open jet.

Several cavity designs have been used for generating
tunable CW operation. The diagrams in Figure 7 show a
simple two-way linear cavity and a ring cavity. Both
contain frequency-selective elements (FSE), such as
birefringent filters, to give coarse control of the oscillation
frequency and tilted etalons to restrict the spread of
oscillation even further. The ring configuration has travel-
ling waves within the resonant cavity and uses a unique
direction device (UDD) to ensure that there is only one
mode supported by the resonant cavity.
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Figure 7 Continuous wave dye-laser arrangements: (a) linear
cavity; (b) ring cavity

Multi-colour dye cells

There has been a long established interest in creating a
white-light laser and this would be possible through
simultaneous multi-colour operation. Differential absorp-
tion lidar (DIAL) is a direct laser application that demands
at least two wavelengths to compare the response of
species in the atmosphere to different wavelengths. Use
of at least two colours simultaneously enables an identical
volume of space to be sampled simultaneously without
scanning.
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A number of successful demonstrations of simultaneous
multi-colour emissions have been reported [16-21]. In the
case of a longitudinal-flow scheme, this can readily be
achieved by having a series of annular cells co-axial within
the central cell. Managing the separate circulation systems
and the respective inlet and outlet ports becomes a
significant design issue with more than three dye cells,
although the use of more cells is feasible. The approach
is to arrange the dyes so that the fluorescence from one
dye will pump the dye in its inner cell, so the longest
wavelength emission is at the centre. A schematic diagram
of a three-colour source is shown in Figure 8.

A stack of rectangular-section dye cells can achieve a
similar result for a transverse-flow laser head, as shown
in Figure 6b. A photograph of a ‘multi-colour’ transverse-
flow laser head is shown in Figure 9.

Many applications exploit the wavelength diversity of
a laser head by simply using a different laser dye in the
solvent. Provided suitable broadband anti-reflection (AR)
coatings have been applied to the optical elements in the
resonator, then the same laser head can be used to generate
light from the UV to the near IR. Laser dyes may be
removed from a laser dye solution [3] by passing the dye
through a carbon filter, leaving a few parts per million of
the laser dye in solution after a few minutes’ normal
circulation. At this level of contamination the solvent
appears ‘clear’. A dye concentrate can then be injected to
create a new solution with the appropriate concentration
of laser dye to provide the desired new spectral properties.
The options for wavelength diversity by the range of laser
dyes offered by a single dye manufacturer are illustrated
in Figure 1.
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Figure 8 Multi-colour longitudinal flow laser head
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Figure 9 A transverse-flow multi-colour dye cell



The design of the resonant cavity in the laser head has
more of an impact on the performance of a flashlamp-
pumped dye laser than on that of a laser-pumped device.
In the latter case the characteristics of the pump laser is
generally a dominant factor. Careful choice of the laser-dye
solvent and the application of so-called unstable resonator
designs [14] can lead to beams with high energy pulses and
low angular divergence from a flashlamp-pumped device.

Spectral control of the emission is possible because of
the broad gain bandwidth and the homogeneous
broadening of the laser transition, which enables the power
(or energy) to be extracted at a single wavelength. A
number of approaches can be applied, which rely on
increasing the cavity losses at the unwanted wavelengths,
resulting in only one or a few of the possible range of
wavelengths oscillating. There is a subtle difference be-
tween narrowing an existing line and forcing the laser to
oscillate on a single line. In the latter case, gain is extracted
over a narrow spectral region, rather than discarding the
unwanted wavelengths, hence offering superior efficiency.

Full exploitation of the spectral properties of this
technology requires the use of wavelength-selective ele-
ments in the resonant cavity and schematic representations
of spectral control schemes are shown in Figure 10. In the
case of the filter technique, this could use a range of
devices — examples include a birefringent filter, a Fabry
Perot etalon, a dielectric filter, coloured glass or a dielectric
mirror with a narrow-band coating.
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Figure 10 Tuning schemes

It is vital that low-loss devices, such as Lyot filters and
etalons, are used in continuous wave sources, owing to
their lower gain. In contrast, high-gain (pulsed) systems
can use many different types of tuning elements, including
gratings with amplified spontaneous emission suppression.
Prisms are attractive as they are relatively cheap and
durable, but a single prism gives limited line narrowing.
Use of an etalon, which is relatively expensive, with the
appropriate finesse (equivalent to quality) gives enhanced
line narrowing. A diffraction grating can provide excellent
spectral control, including tunability, but great care is
needed during high-power operation.

Performance of flashlamp-pumped liquid lasers

These lasers are usually operated as simple oscillators,
because high average-power performance is readily
achievable, using dyes such as Rhodamine 6G in water or
alcohol or any of the pyrromethenes dyes dissolved in alco-
hol. Average output power in excess of several kilowatts

has been demonstrated [26,27]. In some cases, this was
from a low repetition rate (of approximately 10 Hz) string
of high-energy pulses. Repetition rates of the order of 1 kHz
have been demonstrated for this power class [28,29].
Devices to produce 1 kJ per shot have been designed, but
it has not been possible to confirm achieved performance.
In principle this should be possible as flashlamp-pumped
dye lasers are average-power devices. Hence, a 100 J/10 Hz
device is equivalent to one emitting 1 kJ at 1 Hz. Figure
11 shows a high-energy source in operation. This
performance is available from the UV to the near IR, but
with particularly powerful emission in the visible
waveband between 500 and 650 nm. However, it is
dependent on the efficiency of the laser dyes, with the
most efficient dyes tending to emit in the visible.

Laser head

Output mirror

Flashlamps

Figure 11 A 35 J laser in operation

Miniature devices have been demonstrated using the
same technology with average power of the order of 1 W
[29]. Scaling rules have been devised, enabling maximum
use to be made of this technology. In general, it is easier
to ‘scale up’ a device than to reverse the process. One of
the reasons for the scalability of this technology is the ease
of removal of waste heat from the gain medium via a
cooling circulation system.

Many techniques can be applied to modify the spectral
and temporal characteristics. A formula’ relating the trade-
off between the duration of a pulse (A7) and its linewidth
(Av), has been derived [30]. Hence, it is not possible to
combine a narrow linewidth in a very short duration pulse.

Laser linewidths as narrow as about 1 GHz have been
demonstrated from flashlamp-pumped liquid-phase dye
technology, whilst maintaining efficient operation. For
many applications this linewidth is quite adequate, but for
systems using coherent detection processes this linewidth
would be too broad. Pulse lengths are usually in the range
of 1 to 5000 ps, although pulses as short as 1 ps have been
reported [31], using passive mode-locking at the end of the
pulse.

The efficiency of these lasers is in the region of 1-2%
(electrical input to photon output, i.e. wall plug efficiency)
[27,32] for the best dyes in medium- to high-power
systems. Avoiding triplet-state losses in the laser dye is an
important step to achieving high efficiency. Enhanced
efficiency is possible by tailoring the spectral emission of

§ The relationship between pulse length (A7) and linewidth (Av)
is given by ATx Av = 0.441
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the pump source to the absorption band of the laser dye,
as offered by a surface discharge.

The béte noir of the performance of this technology has
been the beam quality and the short useful life of the laser-
dye solution, particularly during high-power operation,
which means the dye reservoir needs frequent replenish-
ment. Use of unstable resonators with graded-reflectivity
mirrors [33] has enabled high-brightness beams to be
produced. The beam-size is dominated by the diameter of
the dye cell; it is typically of the order of 10 mm or more.
The use of carefully designed cocktails of solvents, blocking
of the unwanted hard-UV, preventing singlet oxygen gener-
ation and having optimum pump emission matched to a
range of dyes, has enabled longevity to be enhanced by
many orders of magnitude [3], as shown in Figure 5.

Virtues of this technology are its simplicity, reliability
and inherent low cost. The performance of this laser tech-
nology, particularly efficiency, is likely to be revolutionised
by the application of surface discharge pump sources
[34,35].

Performance of laser-pumped liquid lasers

In theory, a very broad spectral emission is possible by
merely changing the laser dye in the solution and, where
necessary, the pump source or using a tunable source.
However, the spectral coverage capability of a given
configuration may well be limited by the resonator’s optics.
Usually the low-loss coatings on mirrors cover a broader
spectral range than the gain bandwidth of any single dye,
but the advantage of the AR coatings may be lost when a
substantially different colour is generated. However,
broadband coatings are available. Similarly, the use of
wavelength-selecting elements for limiting the linewidth
of the output can restrict the efficient emission to the
spectral range of a single dye, or to those dyes whose
wavelength is close to the primary design wavelength of
the laser cavity optics. Generally, the simpler the configur-
ation, the greater the possible range of wavelengths that
can be generated using a range of dyes, without the need
to change optical elements.

Laser-pumped devices can generate a tunable output
over a spectral range of many nanometres from a given
laser dye. Increasing the reflectivity of the output mirror
increases the tunable bandwidth. Use of additional ele-
ments in the resonator enables a beam of high spectral
purity to be emitted of better than 1 MHz with single-mode
emission, but more commonly of the order of 100 MHz,
(AA ~0.001 nm) [12,54,31]. Alternatively, use of mode-
locking techniques has enabled very short pulses to be
generated of the order of 6 fs.

Pulsed lasers can be operated as simple oscillators to
give an emission of a few tens of watts of average power
[36] close to the peak of the gain curve for efficient laser
dyes, such as the xanthenes or the pyrromethenes. How-
ever, this value decreases as the wavelength is ‘tuned’ away
from the peak of the gain curve. A master oscillator power
amplifier (MOPA) system developed for laser isotope
separation in the USA has demonstrated many kilowatts
of average power with high spectral purity, from what is
probably the largest dye laser in the world [37].

The temporal profile tends to follow, or be marginally
shorter than, the pump pulse. This type of laser will give a
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very broad spectrum of pulse lengths from the very short
to continuous, depending on the pump laser. Similar
remarks apply to the pulse repetition rate. A range of pump
lasers is available as discussed in Table 2 to provide the
desired output. For example, copper vapour lasers have
pulse lengths of about 10 ns and a pulse repetition frequency
(PRF) of over 10 kHz, whereas nitrogen lasers have a pulse
length of a few nanoseconds and a typical PRF of up to 300
Hz. The characteristics of frequency-doubled solid-state
lasers is similar to the latter, although PRFs of many tens
of kilohertz are possible.

The beam quality of this class of dye laser is generally
somewhat better than that from a flashlamp-pumped
device, owing to less waste heat being generated in the
laser head. In this case, the pump source and the design
of the resonant cavity have a strong influence on the
performance. However, in general, beam quality is often a
secondary consideration. The divergence of the emitted
beam is usually substantially less than 10 mrad, often
better than 1 mrad. The beam size is usually less than 10
mm, typically in the range from 1 to 3 mm.

Linearly polarised energy is generated if a tuning grating
is included in the cavity. This also occurs if any
component is oriented at Brewster’s angle. Additional
components can be included, either intra- or extra-cavity,
to enhance the polarised output.

The performance of dye lasers with a continuous wave
output is comparable with laser-pumped sources in terms
of the beam quality. Moreover, its spectral characteristics
are similar, with frequency stability or linewidths of the
order of 1 kHz being demonstrated via injection seeding.
Injection seeding is a technique that allows control of the
permitted oscillations in a laser cavity by feeding photons
from a separate low-power ultra-low-bandwidth secondary
laser into the primary laser cavity. The spectral emission
range is comparable with other dye lasers, stretching from
365 to 1000 nm. This range can be extended further into
the UV and near IR by use of complementary optical
techniques, such as non-linear conversion.

A CW dye laser is capable of emitting beams with power
in the ‘watt class’. For special applications, the power has
been extended to give tens of watts of tunable light. Recent
developments with diode pumping and use of diode-
pumped solid-state lasers have seen the efficiency of the
complete CW dye laser system increase substantially,
compared with the classic ion-laser pump source. Diode
pumping has been used for near infrared emission [38].

The development of ring laser cavities, as shown in
Figure 7, has led to the generation of beams with high
spectral purity.

Solid-state phase

Currently, very few companies offer dye-doped laser
materials for sale. However, good quality materials can be
made relatively easily in a laboratory equipped for polymer
or glass technology experiments. No particularly sophisti-
cated equipment is required and reliable techniques have
been developed by various laboratories, hence research
groups and other source developers can produce their own
samples. Many different types of host have been demon-
strated [39] and techniques for the production of various



hosts are outlined in the sections below; the references
providing details on experimental procedures.

The use of conventional solid glass materials doped with
laser dyes is quite attractive, as they have low optical scatter,
low distortion, are hard and stable, and can be polished to
be smooth and flat. However, it is usually impossible to use
such a host directly, owing to the need to heat the
constituent materials to temperatures in excess of 1000 °C
during production, thereby destroying the laser dye.
Consequently, alternative host materials and techniques for
fabrication at a lower temperature have been sought.

There are two major approaches: synthesising polymer
or ‘glassy materials’ at low temperature; or producing a
glass with a porous structure. The former technique allows
a laser dye to be added to the constituent chemicals and
is known as pre-doping. A porous structure allows a dye
solution to be introduced into the structure to impregnate
it via diffusion and is termed post-doping of the solid
matrix.

Pre-doped hosts usually produce solid materials with
good optical quality and uniform dye concentration. These
dye-doped solids can have properties approaching those
of glass, but tend to be somewhat softer, which can have
an adverse impact on performance, particularly if high
energy performance is required. A major breakthrough in
the optical quality of dye-doped materials, particularly
laser rods shown in Figure 12, has been a refinement of
the production method, involving purification of
precursors and careful control of the curing process. The
new and improved process has led to a significant
reduction in optical scatter in the laser rods and discs and
control of the refractive index profile, which in the past
has led to strong lensing within a rod.

In contrast, post-doped materials are usually more ‘glass-
like’, with many of the excellent bulk properties of glass,
but the material can be susceptible to losses owing to
excessive optical scatter from the pores in the host matrix.
Clearly, there is a trade-off between ensuring that the
average pore size is large enough to absorb the dye
solution, to achieve a good concentration, and still having
very good optical quality with low losses, particularly
optical scatter.

Pre-doped hosts

In this case, a solution of the chosen laser dye is mixed
with one of the constituent chemicals used to form the host
matrix, which are normally thermoplastic polymers with
linear molecular structures. Consequently, successful
application of this technique is dependent on limiting the

temperatures used in the polymerisation, condensation or
curing processes invoked to produce the solid material, to
less than a few hundred degrees Celsius. This process has
been used successfully by many teams to produce dye-
doped sol-gel [40], poly(methyl methacrylate) (PMMA)
[41], ormosil [42-44] and polyacrylamide gels [45].
Typically, these laser materials have laser-dye
concentrations of the order of 2 x 107* m.

One of the snags with the pre-doping technique is that
the laser dye may not be soluble in the basic constituent
chemicals, such as the monomer — use of a co-polymer
solves this problem [46]. An example is the popular dye
Rhodamine 6G, which is insufficiently soluble in methyl
methacrylate. In this case it is normal to use a hydroxylic
co-monomer, e.g. 2-hydroxypropyl acrylate/methyl meth-
acrylate, in order to produce Rhodamine 6G-doped PMMA.

The duration of the curing process can take from a few
tens of minutes in the case of polyacrylamide gels to many
weeks for ormosils; PMMA takes 5-10 days. Careful
thermal control is necessary in order to prevent the build
up of stresses during the formation of the host matrix as
the volume can shrink by about 80% in some cases, for
example with a sol-gel. Various strategies have been
developed to alleviate the stress formation, including the
use of drying control chemical additives; however, some
additives can be difficult to remove.

Post-doped hosts

The use of this technique enables genuine glass-like
materials to be produced, using elevated temperatures to
strengthen the matrix, during the fabrication process.
Porous structures can either be generated through a
chemical reaction or by selective etching of a solid-glass
matrix. The resulting porous material can then be doped
with a suitable laser-dye solution; however, it is usually
difficult to calculate the exact dye concentration in the
host matrix. Thus, it can be difficult to optimise a laser-
dye concentration for a given laser excitation technique.
A common approach is to estimate the amount of dye
solution taken up by the host matrix from the difference
in dye solution at the beginning and end of the doping or
impregnation process. Hence, the doping concentration can
be estimated.

The other major drawback of this type of structure is
the problem of achieving an optical-grade polish on the
surfaces after the doping process, owing to the porous
structure. A number of techniques have been investigated
for ‘back-filling’ the pores, including poly composite
glasses [41].

Figure 12 Dye-doped gain media: (a) slabs; (b) discs; (c) rods
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Fabrication of solid-state dye-laser media

The methods used for fabrication of dye-doped materials
are more complex than the approach used for the liquid-
phase devices, but much simpler than the methods used
for most solid-state laser materials. The fundamental
approach is to mould the dye-doped material to the
appropriate size, using a container of the approximate
shape, allowing for shrinkage, and cutting to the required
shape and size. The container can be made of any suitable
inert substance, usually polythene or glass. Care is required
during the curing or condensation processes to avoid
introducing stress into the host and achieving a uniform
density. It is essential to ensure that the polymer is fully
cured before any machining of the pre-form is undertaken.
A range of techniques can be used to cut the sample to the
approximate size and finish by diamond turning and/or
polishing. Various dye-doped gain media can be seen in
Figure 12.

Optical coatings: Optical coatings are used to minimise
stray reflections and control coupling of energy within the
cavity and beyond. In the case of the liquid-phase source,
it is usually quite easy to apply the optical coatings to the
appropriate optical elements. Application of durable
optical coatings to polymeric media is usually more of a
challenge, and demands novel approaches.

Application of AR coatings to a dye-doped gain medium
is important if high performance is to be achieved from
the gain medium. The durability of ‘coatings’ is a problem
with many materials, especially if the material to be
‘coated’ is soft or deforms easily. Sol-gel coatings have been
spun on to a polymer [47], which enhanced the perform-
ance substantially. Moth-eye coatings [48,49] have been
applied to PMMA developed by DERA (now QinetiQ) to
control parasitic reflections. Parasitic reflections are a
consequence of the high gain available in dye lasers and
can occur from reflections between any suitably aligned
surfaces (Figure 13). In general, parasitic reflections are
detrimental as they can reduce output beam power and in
other cases destroy the gain medium.

The moth-eye coating technique is attractive, as it is
effective over a wide range of incidence angles and can be
used to suppress longitudinal parasitic effects. A magnified
photograph of this modification to the surface texture is
shown in Figure 14; the pitch of the pattern is 400 nm.
Transverse parasitic laser action can damage the
cylindrical surface of the gain medium. This action can be
suppressed by roughening and ‘blackening’ the curved
surface of the disc.

Damage threshold: Damage threshold is not an issue in
liquid lasers, but for unmodified plastic materials, it is
usually of the order of 2 J/cm?, but this can be increased by
a factor of five or so by the use of additives, such as co-
monomers and low molecular weight chemicals [50]. The
porous glasses tend to have an inherent laser-induced
damage threshold that is in the region of 26 J/cm?, with the
value for ormosils of the order of 20 J/cm?. Polycom glass is
quoted as having a damage threshold of about 26 J/cm?
[61,52]. Polyacrylamide gels potentially have a high damage
threshold as they have some mobility within the matrix, so
can be ‘self-healing’ [45].
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Figure 13 Parasitic effects in a dye-doped disc

Figure 14 Moth-eye anti-reflection coating

Bulk damage effects can be mitigated by careful
purification of the constituent chemicals used to create the
host, particularly the exclusion of dust and other foreign
particles, including moisture and bubbles. This process is
an integral part of the improved fabrication process
designed to enhance optical quality of the dye-doped
media.

Photostability: ‘Service life’ of a dye-doped element is
dependent on the photostability of the laser dye, which
depends on the number of photons absorbed by each laser
dye molecule [50], and the damage threshold of the host;
both aspects are a function of the incident pump fluence.
Some molecules are more resilient than others, for example
Pyr 597 is much better than Pyr 650, which in turn is much
more resilient than Rhodamine 11B [50]. Photodestruction
results from excited dye molecules in a triplet state, being
excited from the lowest triplet energy state (7)) into higher
states (T,). Having absorbed two light quanta, these
molecules undergo chemical reactions, which may involve
rearrangement of their chemical bonds, or other reactions
with dissolved impurities, or residual solvent or oxygen
from the atmosphere. The laser efficiency can be reduced
significantly, because the ‘photo-products’ often absorb in
the same part of the spectrum as the laser emission.

Good photostability may be achieved if the laser dye—
host combination has high laser efficiency. Recent studies



have reported [50] that dye-doped modified PMMA was
superior to a modified acrylic co-polymer, which was
much better than ‘pure’ PMMA. In the case of an inefficient
‘combination’, a significant proportion of the pump light
will be trapped in the matrix, which leads to local heating
and stresses resulting in destruction of laser-dye molecules
in this zone. Thus the trapped energy assists the photo-
degradation processes.

Additives to the solid-state medium: During the design and
development of any laser, care has to be taken to avoid
damage to optical components, particularly those in the
resonant cavity. In the case of the liquid-phase device this
relates to the dye-cell windows, however, ‘damage-resilient’
materials such as quartz are often used in the component.
As far as the dye solution is concerned, the very nature of
its state means that damage sites are not an issue, but
additives are used to improve the photostability of the dye
solution, as described above. The circumstances are some-
what different in the case of the solid-state gain medium,
where damage sites can be a significant problem owing to
the low damage threshold of the host matrix.

As noted above, a range of additives has been identified
that increase the damage threshold of the host [53].
Moreover, other additives enhance the photostability of the
laser dye. In the latter case the dopants of the polymer
suppress the generation and branching of radical chains
through cross-relaxation between the vibrational levels of
the polymer macromolecules and those in the introduced
additives. Elimination of these radicals and their products
is vital for good ‘service life’ as they interact readily with
the dye molecules in their first excited singlet (S,) states
and subsequently lead to the destruction of the dye
molecules. These radical interactions have been postulated
as the principal destruction mechanism.

Solid-state dye lasers

The architecture of this class of laser closely follows that
of the liquid-phase devices. However, many of these
devices are laser-pumped and a very simple configuration
is desirable for many applications. Consequently, the off-
axis end-pumping arrangement has been developed as this
avoids the need for the design and implementation of
dichroic mirrors, thus leading to a cheaper and more
flexible design (Figure 15).

A number of pump sources are available for this type
of laser and their characteristics are reviewed in Table 2.
Q-Switched pulses of the order of 10 ns permit a pump
flux of the order of 100 MW/cm? to be achieved from an
energy density of about 1 J/cm?. This is well within the
operational limits of most host materials used in solid-state
dye lasers, and it is well in excess of that needed for
fluorescence saturation (ca. 1 MW/cm?) of most laser dyes,
so enabling the efficient extraction of laser energy from the
gain medium. For this class of short pump-pulses triplet
state population is minimal and thermal-lensing effects
should be small, particularly at low repetition rates.

A relatively simple arrangement with a coaxial
flashlamp used to create laser action is also possible. For
example, a dye-doped rod may be inserted into the annulus
of the lamp, with suitable mirrors arranged to form the
resonant cavity. A schematic arrangement is shown in
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Figure 15 Off-axis end-pumping
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Figure 16 Flashlamp-pumped polymer rod test: (a) laboratory
example; (b) schematic

Figure 16. For the best performance it is necessary to match
the length of the dye-doped rod to that of the flashlamp,
as is common with liquid dye lasers.

The use of a flashlamp source presents a number of
issues that need careful consideration, such as the triplet-
excitation problem and the creation of a dynamical thermal
lens within the rod. The triplet-loss problem can be
mitigated by the use of relatively short flashlamp pulses,
or energy from a surface discharge and additives that collide
with the excited dye molecules in the host. Consequently,
the additives will only solve this problem if they can be
arranged to be in very close proximity to the dye molecules.
The thermal lens can be controlled through careful design
to avoid a thermal gradient in the rod. An additional
problem is generating a sufficiently large flux in the cavity
to ensure fluorescence saturation without exceeding the
damage threshold of the host matrix. As indicated above,
fluxes of the order of 1 MW/cm? are required for efficient
energy extraction from the cavity. However, when using
long-pulse excitation this would require pulses with a
fluence of the order of 10 J/cm?. Unfortunately, this fluence
is well beyond the damage threshold of most polymeric and
some glass-like hosts, hence lower efficiency operation is
necessary to achieve reliable and repeatable performance.
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Performance of flashlamp-pumped solid-state dye lasers
Significant enhancements have been demonstrated in the
last few years [54-58] in the performance of flashlamp-
pumped dye-doped rods. One of the major problems that
has been solved is the capability to produce a rod with
good optical quality and low loss, and sufficiently long to
match the pumped volume in a flashlamp-pumped system.
It has been estimated that bulk losses should not exceed
0.5%/cm for satisfactory laser performance [59].

Thermally induced focussing effects in laser rods are
well known [14] and are a result of temperature gradients
occurring across the component, leading to refractive index
changes. Additionally, a dynamic lens has been noted in
polymer rods [58]; Figure 17 shows how the stress-induced
lens of a Pyr 567-doped PMMA rod changed over a 40-day
observation period.

A significant limitation in the performance achieved
from a flashlamp-pumped solid-state laser is the number
of high-energy pulses that can be generated from a single
laser rod. After a few high-energy shots the output de-
creases with increasing number of pulses, as shown in
Figure 18. In the case of the low repetition rate the interval
between pulses was between 1 and 8 min. As can be seen
for the 1 Hz case, the decline in performance was more
rapid, owing to the heat not being able to be dissipated and
hence allowing the creation a thermally-induced lens, in
addition to triplet excitation. If the gain medium is not
excited for a few minutes, the gain medium recovers and
the original performance is re-established.

The temporal characteristics recorded from a similar
dye-doped PMMA rod closely follow the flashlamp pulse,
as shown in Figure 19. The output trace is quite
symmetrical and illustrates that there is no obvious
indication of a premature termination of lasing, such that
may result from dynamic thermal lensing in the rod or
excessive triplet-state absorption.

Figure 20 shows the performance of three polymeric rods
(PMMA), each doped with a different pyrromethene dye.
The laser threshold was of the order of 100 ] for each of
them with a slope efficiency of up to ca. 0.5% and an overall
conversion efficiency of ca. 0.3%. More recent results have
reported an output energy of 1.1 ] per pulse with a
conversion efficiency close to 0.5%; in this case the laser-
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Figure 17 Variation of focal length of a Pyr 560-doped PMMA
rod
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dye dopant was Pyr 567 [56,58]. The same study reports that
Pyr 567 exhibits better laser efficiency than Pyr 580, which
in turn is better than Pyr 597. All of the pyrromethene-
doped rods out-perform those doped with Rhodamine 6G.
The divergence from lasers using dye-doped laser rods is
of the order of 10 mrad.

Long-pulse operation (in the microsecond regime, or
longer) presents issues with the gain—loss balance and the
need for a high fluence to generate a peak intensity above
the threshold for laser action. This can result in more
damage to plastic hosts than other media, as the main
damage mechanisms are energy related rather than power
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Figure 20 Comparative laser performance of dye-doped PMMA
rods

dependent. Additionally, management of the triplet-state
build-up is a considerable challenge for long-pulse laser
operation. This process acts not only as a loss mechanism,
but can also provide a route to singlet oxygen generation,
leading to rapid photodegradation of the laser dye.
Spectral emission is readily achieved in the visible
band. The most energetic pulses are in the green to orange
part of the spectrum. Pulse lengths are of the order of a
microsecond and the spectral width is about 4 nm.

Performance of laser-pumped solid-state dye lasers
Off-axis pumping, shown in Figure 15, allows a simple
configuration, but a small penalty is paid in conversion
efficiency, owing to the poor overlap of the pump energy
and the resonant beam. In this arrangement the reflectivity
of the output coupler is usually in the range of 30 to 50%.
End pumping of the laser disc is common, but transverse
pumping of the gain medium is also feasible [60].
Efficiency of operation well in excess of 60% can be readily
obtained from solid-state media doped with a high
performance laser dye, such as Rhodamine 6G or the ones
listed in Table 3.

Table 3 Emission data of three pyrromethene laser dyes in
different hosts, when longitudinally-pumped with a frequency
doubled Q-switched Nd:YAG source®

Laser performance data

Laser material A (nm) Slope efficiency? (%)
Pyr 567 in PMMA 554 85 (64)

Pyr 567 in ormosil 552 80 (67)

Pyr 567 in MeOH 557 > 80

Pyr 580 in PMMA 563 86 (69)

Pyr 580 in MeOH 556 > 80

Pyr 597 in PMMA 581 86 (58)

Pyr 597 in ormosil 578 80 (62)

Pyr 597 in MeOH 585 ~ 80

a Dye-doped discs, without an anti-reflection coating, were used with
typical sizes of about 25 mm diameter and 6-8 mm thick; the dye
concentration was of the order of 2 x 10™* m (data are also included for
laser dyes in a methanol solution for comparison)

b The figures in parentheses are for off-axis pumping of ‘uncoated’ discs
with 5 ns pulses

The threshold energy for laser action is typically in the
range of 100 uJ of pump energy for the range of laser dyes
in the hosts quoted in Table 3. Owing to the small
threshold energy there is little difference between the slope
efficiency and the overall efficiency with a high energy per
pulse output.

In the short-pulse regime, pyrromethene dyes show
better conversion efficiency than xanthenes or other dyes.
A recent review [51] indicated that pyrromethene dyes
showed a similar performance in solid-state and liquid
hosts. Furthermore, those laser dyes, which show good
efficiency, also tend to show good photostability, as this
avoids detrimental thermally induced stress, as described
above. An additional observation was that there had been
little improvement in the performance of solid hosts doped
with xanthenes over the last 15 years, despite the improve-
ment in the host matrix materials. This fact tends to
indicate that the emission from this class of laser has been
dominated by the performance of the laser dye, rather than
the host. It is anticipated that excited-state absorption is
probably the limiting loss mechanism with this class of
dye. Optical epoxy hosts doped with pyrromethene dyes
were found to have poorer laser efficiency and lifetime in
comparison with analogous modified PMMA samples when
tested [61].

Laser pumping of dye-doped materials with short pulses
(nanoseconds) can provide output pulses with an energy
of 500 mJ per pulse when using high performance laser
dyes. The spectral range for this high performance is
typically 550-650 nm. The performance when emitting
pulses of microsecond duration tends to be inferior, owing
to the increased triplet-state losses and the low peak power
of the excitation source. The spectral emission range can
extend from the UV to the near IR. An efficient route to
the UV is frequency-doubling of yellow light [62]. A
photograph of this form of arrangement is shown in Figure
21 and features the use of potassium titanyl phosphate
(KTP) and B-barium borate (BBO) to undertake the various
frequency conversion stages.

The pulse length of the energy emitted is closely related
to that of the pump, in the short-pulse regime up to about
a microsecond. For longer pulse lengths, triplet state
population becomes the dominant factor, which can lead
to premature cessation of laser action.

The spectral emission bandwidth from a dye-doped host
can extend over many tens of nanometres, often signifi-
cantly more than is observed with the identical dye in a
solution [41,51]. Figure 22 shows the emission bandwidth
of two dyes in a PMMA host.

Recent studies report a ‘service life’ of more than 60 000
pulses from a pyrromethene-doped micro-porous glass
when pumped with a power density of 25 MW/cm? [10].
This value reduced to about 45 000 shots when the
fluence increased to 50 MW/cm?. The identical host doped
with Rhodamine 11B laser dye gave a service life of about
110 000 pulses. However, this dye has a somewhat lower
efficiency than the pyrromethene laser dyes. For all of
these studies the service life was defined as the point
where the output energy fell to 70% of its initial value. The
tests were undertaken by irradiating a single site in the
gain medium and were limited by the photo-bleaching of
the dye in the host and not by damage to the host. Service
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Figure 22 Laser-dye emission bandwidth in PMMA

lifetimes of many tens of thousands of shots have been
recorded from dyes in ormosil and PMMA hosts [54,63].

The pulse length of the excitation influences the service
life, as a high fluence is required to achieve laser action
in the long-pulse regime, which, of course, is energy
dependent. Consequently, the service life for long-pulse
operation is often in the realm of a few thousand pulses
from a given site, although a more shots can be achieved
by movement of the dye-doped disc.

Short-pulse operations with pulse lengths of 30 ps have
been demonstrated with dye-doped gain media pumped
with the second harmonic from a mode-locked neodymium
laser (Nd:YAG) [64]. Single pulse and pulse trains were ob-
tained from materials doped with Pyr 580 and Rhodamine
11B.

Studies have shown that the peak of the laser output
from a dye can change according to which host is being
used [41]. Dyes with a relatively polar ground state and a
non-polar excited state experiences a hypsochromic (blue)
shift as the host is changed from an organic polymer, such
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as PMMA, to a partially organic matrix (ormosil) and
finally to an inorganic glass host. These wavelength shifts
reflect changes in the dye—host interactions, with increased
interaction in inorganic hosts with hydrogen bonding sites,
leading to dye absorption occurring. Some laser dyes, such
as the perylenes (with relatively non-polar ground state
and more polar excited states), are non-ionic and relatively
non-polar and experience a red shift (bathochromic) in sol-
gel glass, as their interaction with the inorganic host is
relatively weak [41]. Wavelength shifts can also occur
during the degradation of a dye-doped host during
operation, owing to the creation of photodegradation pro-
ducts, which have an absorption profile coinciding with
the laser emission band. This acts in a similar way to the
spectral control filter described above, by creating an
additional loss at the emission wavelength and forcing the
emission to a different wavelength with a better excess
gain. Of course this does not occur if the degradation
products are transparent. Figure 23 shows comparative out-
put spectra of a pyrromethene dye in various hosts,
reflecting the modified dye-host interactions.

- Pyr 597
100 R EE Ormosil
Pyr 567 i ! —-— PMMA
A MeOH

Absorption, au

Figure 23 Lasing spectra of a pyrromethene dye in various hosts

APPLICATIONS

The maturity, ease of use and flexibility of the liquid dye-
laser technology make it the source of choice for a wide
range of applications, and not merely a curiosity of a
laboratory. Examples of industrial applications include
inspection and laser isotope separation [28,37,65] to enrich
uranium, with less emphasis on use as a manufacturing
tool [66]. In medicine, the scope of their application
appears to be growing rapidly embracing a range of skin
treatments, including tattoo removal, diagnostic measure-
ments, lithotripsy and activation of photosensitive drugs
for photodynamic therapy [67,68]. Spectroscopy is an
application where dye lasers have been employed
extensively in the past, but optical parametric oscillators
now offer an alternative source. Other applications include
communications, particularly underwater [69], bathymetry
[70] and creation of guide stars [71,72] for reference in an
adaptive optical system.

Dye-doped solid-state materials can be used in place of
liquid-phase dye cells in a range of laser-pumped systems,
with the exception of the very high power devices, where



bulk damage would be a serious issue, and where very high
spectral purity is required. For many applications this gain
medium offers a more convenient alternative to the liquid-
phase device, particularly for those with low power
requirements.

PROSPECTS FOR DYE LASERS

A number of research teams around the world continue to
develop dye-laser technology for a vast range of applic-
ations. The recent past has seen a dramatic increase in
many aspects of performance, ranging from the longevity
of the laser-dye solution to the output energy produced by
dye-doped solid-state devices.

Solid-state dye lasers are likely to become increasingly
popular as this technology provides a very simple, low cost
and reliable tunable source. These features are very import-
ant for many applications, particularly those involving
medical treatment. As the host material is developed
through refinement of the fabrication process the perform-
ance of the dye-doped devices will improve further owing
to reduced loss in the gain material. The most obvious bene-
fits are likely to be enhanced efficiency and greater service
life.

The performance and compactness of solid-state dye
lasers could be enhanced through the application of laser-
diode-pumping techniques, particularly for longer-wave-
length emissions. At other wavelengths the development
of surface-discharge techniques could provide a significant
enhancement in efficiency for the shorter-wavelength
emissions and in the visible waveband. The ability of this
technology to generate very short pulses could have a
significant impact on triplet-state losses and enhance the
service life of the dye-doped materials.

The future for liquid dye lasers continues to be good,
although solid-state lasers are challenging its supreme posi-
tion as the source of choice for spectroscopic analysis.
However, this class of laser continues to offer an effective
device, which is both cost effective and reliable. For those
applications that require a laser beam with high energy, high
pulse repetition frequency and a tunable output it has few
challengers. Development of the surface discharge excitation
source could well enhance the performance of liquid dye
lasers.

There appears to be little activity to develop new laser
dyes. The major thrust in dye development appears to be
for biotechnological applications. There is a need for dyes
with enhanced performance in the near IR.

SUMMARY

The liquid-phase lasers may be designed to give a continu-
ous wave output beam or a pulsed emission, depending on
the form of the optical excitation of the organic dye solution.
In the case of a solid-state dye laser the laser is embodied
into a host matrix such as a porous glass or polymer [39-
46,73-82]. This class of laser source tends to be used in a
way that generates a pulsed output beam. The optical excit-
ation can be coherent from another laser or incoherent,
using the energy from a flashlamp or an arc lamp. An
alternative approach involves the use of light from a surface
discharge [34], which offers the prospect of a highly efficient

operation. Laser diodes have also been used for this
function.

The optical set up of a dye laser can be extremely simple
[83], particularly in the case of a liquid dye laser, which
leads to its flexibility and general versatility. However, this
does have a cost in mechanical complexity if sustained
output is required, along with some of its other attributes,
such as narrow linewidth, high repetition rate and high
power. For this type of operation the liquid laser needs a
mechanical pump to circulate the dye solution from a
reservoir and additional elements are required in the
cavity, to control the output.

The simplicity and versatility makes the liquid dye-laser
technology attractive for many applications, other
attributes are its very broad spectral emission capability,
including simultaneous multi-colour emission. Addition-
ally, the output power of a dye laser is related to the size
of the laser gain medium, enabling the power generated
to be scaled using the same optical configuration (energy
scalability). A big advantage of this liquid-phase tech-
nology, compared with solid-state devices, including solid-
state dye sources, is the ease of removal of heat from the
gain medium. This feature leads directly to the ability to
operate these lasers at a high repetition rate with high-
energy pulses, which permits a high average power output
to be generated. However, care is required in the design
of the circulation system to achieve a compact arrangement
that allows an easy and clean procedure for changing the
dye solution, otherwise it can become a messy configur-
ation.

Despite the significant progress with solid-state dye
materials and the performance of this class of laser, other
limitations in the physical characteristics of the gain
media, restrict its performance and hence the potential
applications, of the solid-state devices. Examples of these
limitations include the thermal degradation of the dye,
along with thermal expansion of the gain element and its
consequent impact on the cavity stability, which limit the
spread in spectral emission wavelengths (laser linewidth)
that can be achieved from this class of laser. Therefore,
solid-state dye lasers cannot be expected to supersede the
liquid laser in all of its established applications, par-
ticularly those requiring high spectral purity, such as
spectroscopy. For many other applications such as medical
or military, which generally require energetic pulses of
coloured light, the solid-state dye laser is most attractive
owing to it greater simplicity and potential for a smaller
source.

Successful dye lasers require a multi-disciplinary
approach to their design and operation. This can lead to
high performance operation in the visible and near infrared
parts of the spectrum. Design of high performance dyes
operating in the near IR with a wavelength close to ‘one
micron’ would enhance the performance of this class of
laser.

The author is most grateful to the very helpful discussions
with colleagues, particularly Dr David Orchard and Dr
Mark Venner.
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