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Abstract

Dye lasers are widely used in spectroscopic research because they provide tunable, coherent

radiation. They employ highly fluorescent organic compounds, possessing some specific

spectroscopic properties, dissolved in organic solvents. These liquid media are cooled by

circulation. The liquid media, the dye solutions, have no scaling limitation. However, large dye

lasers that generate high-energy and high average-power outputs do not exist because of the

lack of a scalable pump source. Presently, pulsed and CW lasers and short-pulse small

flashlamp are mainly used for pumping laser dyes. Only these pump sources are able to

overcome the excessive triplet-state losses (TSLs) present in presently available laser dyes.

These TSLs result, in part, from fairly large triplet absorption coefficients, eTðlFÞ; of transient
triplet-state dye molecules generated during excitation. Using new laser dyes that possess

smaller triplet absorption coefficients should not only improve laser-action efficiencies, but

should also allow pumping with large, long-pulse flashlamps and possibly with laser diode

arrays and incoherent light sources. These pump sources are scalable and therefore would

further increase overall outputs. This paper details TSL, vibronic spin–orbit interactions in

heterocyclics, and other spectroscopic parameters affecting laser-action properties. Pump

sources for dye lasers, especially flashlamps, are also reviewed. Criteria that can be used to

identify candidate laser dyes for efficient long-pulse operation are provided. These are the so-

called quasi-aromatics (QAs), five- and six-membered heterocyclics, and are identified as

possessing small eTðlFÞ values. The pyrromethene–BF2 complexes are representatives of such

QAs. There should be many candidates that exhibit efficient laser action in different spectral

regions, under long-pulse, large flashlamp pumping.
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1. Introduction

In 1960, Maiman [1] observed laser action from the laser medium ruby. Since then,
many new laser media have been found. Much work has been devoted to scaling

Nomenclature

C capacitance (F)
E energy (J)
FSR fluorescence spectral region
GðnÞ gain in a laser cavity
f oscillator strength
kF fluorescence rate constant (s�1)
kIC internal conversion rate constant (s�1)
kISC intersystem crossing rate constant (s�1)
kP phosphorescence rate constant (s�1)
kT triplet rate constant (s�1)
L inductance (H)
LðnÞ cavity losses
mS molecules in their singlet state
mT molecules in their triplet state
n lone pair electron
NS concentration of singlet-state molecules (mol/l)
NS0 concentration of depleted ground singlet-state molecules (mol/l)
NS� concentration of excited singlet-state molecules (mol/l)
NT concentration of triplet-state molecules (mol/l)
p pulse length (s)
PðtÞ pulse intensity (power) emitted as function of time (W)
QF quantum fluorescence yield
S; S�; S��; singlet-state levels
t time and flashlamp/laser pulse rise time (s)
T�; T��; T���; triplet-state levels
TSL triplet-state losses
V voltage (V)
eSðlÞ conventional (S–S) extinction coefficient (l/mol cm)
eTðlÞ triplet extinction coefficient (l/mol cm)
l wavelength (nm)
n frequency (cm�1)
p electron occupying orbital of molecules with double bonds
p� electrons occupying higher anti-bonding orbital
tF fluorescence life time (s)
tT triplet-state life time (s)
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some laser systems to high-energy and high average-power outputs. There are many
applications in industry, research, and medicine that require large laser systems.
However, for the near-UV, visible, and near-IR portion of the spectrum, we still lack
laser systems that provide inexpensive, high-energy and high average-power outputs.
For this spectral region, we propose to use large dye lasers, using improved laser dyes
as the active media, pumped by large flashlamps.
Pump sources currently used for dye lasers (i.e., pulsed and CW lasers and small

flashlamps) have scaling limitations. Pump sources that emit short rise-time pulses
are needed to overcome excessive triplet-state losses (TSLs) present in available laser
dyes. Most of the shortcomings of presently used dye lasers result from the laser dyes
employed.
Over the last 15 years, solid-state laser media, especially those pumped with laser

diodes and laser-diode arrays, have experienced unprecedented advances in
efficiency. These lasers are compact, user friendly in the laboratory, and widely
available commercially. It is difficult to fabricate large pieces of inorganic solid-state
materials that possess a high degree of optical quality. Such materials are also
expensive.
Less expensive solid-state laser media may be found among organic plastics,

containing dissolved improved laser dyes. These media should emit efficient laser
action if pumped by large flashlamps. Plastics containing dissolved efficient near-IR
laser dyes could also be efficiently pumped with stacks of IR laser diode arrays.
However, when striving for high repetition rates to obtain high average-power

outputs, one is fighting a losing battle. It becomes impossible to remove efficiently
excessive heat from large pieces of organic or inorganic solid-state laser materials
because of their poor heat conductivity.
For these reasons, large laser systems generating high-energy and high average-

power outputs are either gas (including chemical) or liquid (dye) lasers. It seems that
practically all gases and chemical lasers have been extensively studied regarding their
potential as laser media.
Consequently, the upscaling potential of dye lasers is of considerable general

interest and is, therefore, reevaluated in this paper. These discussions are
intentionally kept on an elementary level, emphasizing the physics involved.
Laser action from organic dyes was first observed 35 years ago. However, laser-

dye technology (i.e., the development of new, more efficient laser dyes) has been
woefully slow. One reason could be those engineers and physicists may lack a
background in organic chemistry. Therefore, a short introduction to this field is
provided for easy reading.

2. Spectroscopic properties of organic compounds

2.1. Light absorption and structure of organic compounds

Electrons in organic compounds begin to absorb light starting from the vacuum
UV to the visible portion of the spectrum. Aliphatic compounds are among the
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simplest organic compounds. They consist of hydrogen and carbon atoms only. They
possess only single bonds, and one refers to them as saturated compounds (see
Fig. 1A). Their electrons are tightly bound, and considerable energy is required to
excite them into higher orbital. Often, this energy is sufficient to cause bond
breakage. Therefore, no fluorescence is observed.
Alkenes possess double bonds (see Fig. 1B). The electrons that participate in

double bonds are referred to as p electrons. These electrons are less tightly bound,

Fig. 1. Chemical structures of some organic molecules: (A) molecular structures of some alkanes;

(B) molecular structures of some alkenes; (C) molecular structures of some aromatic hydrocarbons;

(D) molecular structures of some five- and six-membered heterocyclics.
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and, therefore, they are more mobile. These compounds start absorbing light in the
near-UV, and fluorescence is generally not observed.
Of special interest are the so-called conjugated molecules possessing the

–CHQCH–CHQCH– group. They present a special kind of double bond. Each
p electron from an atom is shared with its neighbors. Here, the electrons are
distributed over the entire system, and they are less strongly bound. These
compounds are able to absorb near-UV and visible light and are excited into a so-
called p� anti-bonding orbital. The conjugated electronic system present in benzene is
noteworthy (Fig. 1C). Benzene is the simplest aromatic compound and is followed by
others such as naphthalene and anthracene. Benzene starts to absorb UV light at
about 250 nm, naphthalene at about 310 nm, anthracene at about 380 nm, and
naphthacene (tetracene) at about 490 nm. Significantly, these compounds do exhibit
fluorescence.
Rings that consist only of carbon atoms are called homocyclic compounds. Often,

strong fluorescence is observed from aromatic molecules and their derivatives,
especially the ones that exhibit rigid and planar structures.
Heterocyclics are unsaturated five- and six-membered ring systems that have as a

ring member one or more carbon atoms replaced by a heteroatom. In Fig. 1D, the
nitrogen heterocyclic acridine and some five-membered heterocyclics are presented.
Compared to benzene, these systems exhibit various degrees of chemical stability.
For our purpose, the important heteroatoms are nitrogen or oxygen atoms.
Fluorescence will generally be observed only from highly conjugated non-

aromatic, aromatic, and heterocyclic compounds. Substituting a carbon atom with a
nitrogen atom in a molecule introduces a lone pair of electrons. In many cases, one
of these electrons may be excited into a p� ring orbital. This is referred to as an n-p�

transition. Although this substitution causes a reduction to the symmetry of the
molecule, this transition is of weak intensity, and consequently, absorption spectra
of these compounds seemed to have changed only a little compared to the absorption
spectra of their parent hydrocarbon compound. However, the luminescence spectra
(fluorescence and phosphorescence) may change profoundly. Fluorescence is
observed from some of these compounds, and from others, weak or no fluorescence
is observed. Yet their phosphorescence may gain considerable intensity. The
significance of heterocyclics for laser-dye technology will be further discussed later in
this paper.
Organic dyes are compounds that exhibit strong absorption in the visible portion

of the spectrum, and organic dyes adhere to fibers. The first organic compounds to
exhibit laser action were organic dyes that also exhibited strong fluorescence. Now
all organic compounds that exhibit laser action are called laser dyes.
There is a huge amount of experimental data on organic compounds’ absorption

spectra (S–S) in the near-UV and visible portion of the spectrum in the literature; see
for example Ref. [2]. Fluorescence spectra on many organic compounds have also
been reported in the literature. There are also several review articles and books that
have been written on absorption, fluorescence, and spectroscopic properties of
organic compounds. See, for example, those written by Becker [3], Berlman [4],
F .orster [5], Hercules [6], Parker [7], and Wehry [8].
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2.2. Light absorption and emission

2.2.1. Overview

One of the most important conditions for laser action to occur from organic
compounds is for the compound to exhibit strong fluorescence. In the gas phase,
many atoms and molecules emit absorbed light as fluorescence. However, only a few
organic compounds exhibit fluorescence when dissolved in solids or solutions.
The absorption and reemission of light from molecules is not a simple process.

Several non-radiative processes precede and/or compete with the reemission process.
Often, the entire energy of an absorbed photon is converted into heat. Conversion of
absorbed light into reemission of photons from organic compounds, so-called
luminescence, consists of two parts: fluorescence and phosphorescence.
In Fig. 2, we have depicted the most important electronic transitions of molecules

with p electrons. Electronic levels in organic molecules, similar to atoms, consist of
discrete energy levels, E1; E2; y; En: However, vibronic sub-levels divide these
discrete energy levels. Smaller energy sub-levels again occupy each of these vibronic
levels. These levels result from molecular rotation and interactions of the molecule
with the solvent. As a result, absorption as well as fluorescence spectra of organic
molecules appear broad and smooth, sometimes exhibiting some vibrational structure.

Fig. 2. Simplified energy (Jablonski) diagram depicting energy levels and pathways of activation and

deactivation in organic molecules containing two electrons in their outer orbital.
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2.2.2. Absorption

At room temperature, electrons in a molecule occupy the lowest vibrational level
from which absorption occurs. By exciting the molecule with light of proper
frequency, nA; one of the electrons will be excited into higher energy vibrational/sub-
vibrational singlet levels S�; S��; y; Sn while the electron maintains its spin
orientation. These process results in the conventional UV/visible absorption
spectrum, also referred to as the singlet–singlet (S–S) absorption spectrum:

mS þ hnA-mS� ðor mS�� ; etc:Þ: ð1Þ

From here, an electron will quickly (in about 10�15 s) relax radiationless to the lowest
energy vibrational levels of S�; or S��; or, y; Sn: From here, again on a very small
time scale, the electron will return radiationless to the singlet level of S�: It is
important to note that, in solution, before the molecule can emit a photon, emission
will always occur from the lowest vibrational level from S�: In solution, thermal
relaxation of the vibrational excited molecule is fast, transferring excess vibrational
energy from the dissolved molecule to the solvent and generating heat:

mS�� ðor mS��� ; etc:Þ-mS� þ heat: ð2Þ

2.2.3. Fluorescence

From the lowest S� level, an electron can (a) decay into the different vibrational/
sub-vibrational ground singlet-state S level by emitting a light quantum of energy
hvF: This radiative process is called fluorescence:

mS�-mS þ hvF: ð3Þ

2.2.4. Internal conversion

From the lowest S� level, an electron can (b) decay to the ground singlet-state S
level radiationless with the internal conversion constant kIC This process is poorly
understood. Again, the absorbed energy is converted into heat.

2.2.5. Intersystem crossing

From the singlet-state S� level, an electron may (c) also switch its spin orientation;
its spin is now parallel to the spin of the other electron still occupying the lower level.
This effect results from spin–orbit interactions, a first-order perturbation. The rate of
this interaction, transforming the molecule mS� into a triplet-state molecule mT� is
kISC:

mS�-mT� þ heat: ð4Þ

Molecules mT� occupying the T� level remain in this state for a considerable time tT;
the triplet-state lifetime, because this process is forbidden by the spin-selection rules.

2.2.6. Phosphorescence

In solution at room temperature, a triplet-state molecule mT� will decay
radiationless to the ground singlet-state S level with the rate constant kT ¼ 1=tT:
Again, excessive energy is converted into heat. However, in solid solutions, the
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molecule may decay to the ground singlet state by emitting light of frequency nP; the
so-called phosphorescence. Solid solutions are organic compounds dissolved in
solids like plastics or solid glasses. These glasses are a specific group of organic
solvents that form glass-like substances at liquid nitrogen temperature.

mT�-mS þ hnP; ð5Þ

2.2.7. Triplet–triplet absorption

The second possibility is that a triplet-state molecule mT; by absorbing the light of
frequency nT; may be excited from T� into higher triplet levels T��; T���; y; Tm; etc.
This is the so-called triplet–triplet (T–T) absorption:

mT� þ hnT-mT�� ðor mT��� ; etc:Þ ð6Þ

This transition is spin-allowed. Therefore, T–T transitions are often strong. They
are also broad. Because of the broadness of these absorption bands, the frequency nT
often coincides with the frequency nL of laser action. This process is very detrimental
to the lasing process because it prevents or reduces laser-action efficiency. Because of
the importance of these TSLs, they will be discussed in a separate section below.
From the higher triplet levels T��; T���; y; Tm; the molecule may relax

radiationless to the lowest energy vibrational/sub-vibrational triplet level T�: The
excessive energy will again be converted into heat.

2.3. Triplet–triplet absorption in organic compounds

Reducing TSL is of critical importance for improving laser-action efficiencies in
laser dyes. Because T–T absorption is an important loss mechanism, it is discussed in
some detail in this section. The negative effect of laser light absorption by triplet-
state laser-dye molecules mT� is easily observable. When pumping with flashlamps,
the laser pulse terminates earlier than the flashlamp pulse emission.
In 1941, Lewis et al. [9] observed a transient absorption spectrum when

illuminating fluoresceine dissolved in boric acid, a solid material, with an intense
DC light source. The nature of this phosphorescence spectrum was explained by
Lewis and Lipkin [10] to present the triplet-state T� of organic molecules.
Consequently, the transient absorption observed in fluoresceine was explained
correctly as T–T absorption. The entire field advanced by a quantum leap when
Porter and Windsor [11] applied flashlamps (flash photolysis) as excitation sources.
Now, T–T absorption spectra can also be obtained from organic molecules in
solution with the triplet-state molecules possessing tT values in the microsecond
range.
The spectral range of T–T absorption in organic compounds does not only cover

the entire S–S absorption spectral region, but also stretches into the fluorescence
region and beyond. The spectral region of laser action starts at diminishing S–S
absorption and covers most of the rest of the fluorescence spectral region (FSR).
Therefore, there is always T–T absorption present over the laser-action spectral
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region. Some T–T bands are very strong. For example, anthracene (Fig. 1C) has
eTð430Þ ¼ 9:2� 104 l/mol cm.
Reviewing experimental data on T–T absorption of organic compounds, including

laser dyes reported in the literature [12–14], one observes the following. Generally, at
least one strong T–T absorption band is present on the long wavelength side of the
lowest energy S–S absorption band, covering the FSR and beyond. Often, one or
more weaker T–T absorption bands are also present in this spectral region.
The intensity of the strong T–T absorption band, eTðmaxÞ often ranges from 1 to

10� 104 l/mol cm. This is comparable to the intensity with the extinction coefficient
eSðmaxÞ of the lowest-energy S–S absorption band of organic dyes. All dyes have
strong lowest-energy absorption bands, because strong absorption in the visible
spectral region generates the impression of color.
Case C in Fig. 3 has the lowest T–T absorption over the FSR of the three

cases. Only in this case, one can expect to observe laser action. Indeed, from
T–T absorption measurements on laser dyes, case C is present in most commercially
available laser dyes. Experimentally, one generally observes eSðmaxÞ=eTðlFÞ ¼ 10215
[13–15]. Because in (laser) dyes eSðmaxÞ is very large, and eTðlFÞ of 1

10
2 1

15
of

eSðmaxÞ implies that there is still considerable T–T absorption present in the

Fig. 3. Depicts three representative cases (A, B, and C) of an organic compound that exhibits strong S–S

absorption. Also present is a strong fluorescence, FL, and only one strong T–T absorption band in the

FSR.
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fluorescence (laser-action) spectral region in most of the commercially available laser
dyes.

3. Spectroscopic parameters that affect laser action

3.1. The gain equation

By illuminating an organic compound with an intense light source, one has in
good approximation:

NS ¼ NS0 þ NS� þ NT� ð7Þ

with NS presenting the (ground-state) concentration of mS of the compound; NS0 the
depleted ground-state concentration; NS� the excited singlet-state concentration of
mS� and NT� the concentration of molecules mT� occupying the lowest energy triplet
level T�:
Basically, a laser consists of three major parts: the active medium, the excitation or

pump source, and the resonant cavity. For laser action to occur, two conditions have
to be met. First, the pump source has to generate a sufficient high overpopulation
(population inversion) NS� of excited-state molecules in S

�: Second, the gain GðnLÞ in
the active medium has to exceed all losses LmðnLÞ; including cavity losses LCðnLÞ
within the active medium and the resonant cavity [16]:

LmðnLÞ ¼ L1ðnLÞ þ L2ðnLÞ þ?þ LCðnLÞ: ð8Þ

Absorption losses L of laser light of frequency nL will be proportional to the
concentration of the absorbing species and their extinction (absorption) coefficients
eðnLÞ [16]. Therefore, besides cavity losses LCðnLÞ; losses L1ðnLÞ ¼ NS0eSðnLÞ will result
from the onset of S–S absorption of the laser dye coinciding with the onset of
fluorescence. Losses L2ðnLÞ ¼ NS�eS� ðnLÞ; resulting from the absorption of laser light
from the singlet-state molecules mS� occupying the S� level, and losses L3ðnLÞ ¼
NTeTðlFÞ ¼ TSL; resulting from triplet-state laser dye molecules mT� of concentra-
tion NT:
Losses L1ðnLÞ are small, and losses L2ðnLÞ are generally small, especially for long

flashlamp pulse excitation. We will discuss only TSLs, because they are the most
serious losses.
The intersystem crossing rate constant kISC is related to the quantum fluorescence

yield QF for (QFE1) by the approximate relationship [17]:

kISC ¼ ð1� QFÞ=tF: ð9Þ

In Eq. (9), the non-radiative transition constant kIC to the ground singlet-state S
has been neglected, and tF ¼ 1=kF is the fluorescence lifetime. tF is generally in the
10�9-s range. According to Eq. (9), the presence of a high QF (E1) value in an
organic compound indicates the presence of a small kISC value. This equation is
important in understanding the requirement that for efficient laser action to occur,
the compound must posses a high QF value. However, Eq. (9) is not of much use in
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obtaining accurate kISC values because relative measurement errors are present in the
QFE1 values.
Even in highly fluorescing compounds (QFE1), there is always some spin–orbit

interaction present. Therefore, always kISCa0; and consequently always NTa0; and
therefore, always QFo1: The quantum fluorescence yield QF is defined as the ratio of
the number of fluorescence photons emitted to the number of photons absorbed by
the compound. Good laser dyes have QF values in the 0.90–0.98 region.

3.2. The rate equation

To calculate laser-action threshold and efficiency, one has to know the losses
present in the laser system. The rate equation connects pump parameters, namely
intensity and spectral composition Pðl; tÞ to NS� ðtÞ; the concentration of excited
molecules mS as a function of time. During excitation, however, some of these
molecules will be converted into triplet-state molecule mT of concentration NTðtÞ;
giving rise to TSL.
The concentration of NT as a function of time can be determined by solving the

rate Eq. (10) presented below:

dNT=dt ¼ NS�kISC � NTtT: ð10Þ

The change of concentration dNT=dt will be proportional to the concentration NS�

of excited-state molecules mS� in S� and the intersystem crossing rate constant kISC:
However, in the lowest triplet state, T�; triplet-state molecules mT of concentration
NT will also decay radiationless to the ground singlet-state S with the rate
constant kT ¼ 1=tT: This reduces the overall concentration NT of triplet-state
molecules mT in T�:
The concentration of excited singlet-state population NS� ðtÞ depends on the power

function PðtÞ; the power output of the excitation source. Because of the smallness of
the fluorescence lifetime tF; NS� ðtÞ will follow the temporal shape and intensity of the
excitation pulse PðtÞ:

NS� ðtÞ ¼ A PðtÞ: ð11Þ

Often, however, the mathematical expressions describing the time evaluation of
PðtÞ of the excitation pulse will be complex, making it cumbersome to integrate
Eq. (10). Fortunately, this equation has two simple border cases that not only allow
easy integration, but also provide good descriptions of the physics involved.

Case A: For CW lasers, we have PðtÞ=constant. This implies NS� ðtÞ=constant and
NT=constant. Therefore,

NT ¼ NS�kISCtT; or ð12Þ

TSL ¼ NTeTðlFÞ ¼ NS�eTðlFÞkISCtT: ð13Þ

For efficient laser action to occur, all three spectroscopic parameters eTðlFÞ; kISC;
and tT must be kept small.

Case B: For pump sources emitting short pulses p; pulse rise time t is defined as the
time required for the pulse to go from about 10 percent to about 90 percent of pulse
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intensity. For pulsed lasers and pulsed flashlamps, the following rule of thumb holds
fairly well. Pulse rise time tB1

3
of the pulse length p: The rise time t of the pulse is

approximated by a straight line

PðtÞ ¼ At ¼ BNS� : ð14Þ

Using relation (14) to integrate Eq. (10) [18], yields

NT ¼ NS�kISCtT½1� tT=tð1� expð�t=tTÞÞ
: ð15Þ

For tTbt; we expand the exponent in Eq. (9) in a series, considering only the first
three terms [19]. One obtains

TSL ¼ NTeTðlFÞ ¼ 1
2
NS�eTðlFÞkISCt: ð16Þ

It is noteworthy that in Eq. (16), the triplet-state lifetime tT does not appear.
Case C: In many cases of dye-laser pumping, the pulse rise time t is comparable

with the triplet-state lifetime tT (tTBt). In this case, one may want to again expand
the exponential function (exp) in Eq. (15) further, considering the first four terms.
One obtains

TSL ¼ NTeTðlFÞ ¼ 1
2
NS�eTðlFÞkISCtð1� 1=3t=tTÞ: ð17Þ

In this equation, both the pulse rise time t and the triplet-state lifetime tT appear,
affecting TSL. However, it seems that Eq. (17) has not been tested experimentally.
Because eTðlTÞ appears in all the three Eqs. (13), (16) and (17), this theoretically

justifies our attempts to obtain improved laser-dye performance by reducing eTðlFÞ
values in new laser dyes. Therefore, regardless of the pump source employed, even
when employing presently used pump sources to pump dye lasers, higher efficiencies
will be obtained by simply switching from presently available laser dyes to laser dyes
possessing smaller eTðlFÞ values.

4. Pump sources for dye lasers

4.1. Pumping with lasers

4.1.1. Pulsed lasers

Nitrogen, excimer, frequency-doubled and Q-switched Nd:YAG, and copper
lasers are among those widely used to pump dye lasers. These lasers produce pulse
lengths, p; in the 5–20-ns range. Flashlamps having pulse lengths in the 50-ns range
are also often used for pumping dye lasers. Here, we refer to such instances as very
short-pulse excitation. Flashlamps emitting pulses of 100-ns to a few ms duration will
be discussed later.
In liquid solutions, tT is generally in the range of 1–10 ms, we have tTbt and

Eq. (16), which does not contain the triplet-state lifetime tT; holds. Because of the
smallness of t in most pulsed lasers, compounds with high QF values and fairly low
eTðlFÞ values will exhibit efficient laser action. Even if the eTðlFÞ values are not too
low, laser action might be observed.
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Compared with flashlamps, pulsed lasers used as excitation sources for dye lasers
have the following shortcoming. To obtain efficient laser action, one has to excite
into or near the strong, lowest energy absorption band of the laser dye. Therefore,
trying to cover the spectral region stretching from the near-UV/visible/near-IR
spectral region requires several pulsed lasers for excitation.
Scaling of pulsed laser-pumped dye lasers strictly depends on the size (output) of

the pump laser. Large pulsed lasers are expensive.

4.1.2. CW lasers

Dye lasers pumped with a CW laser form a very important group of lasers because
they provide a source of near-UV/visible/near-IR coherent, CW tunable radiation.
These lasers are indispensable for spectroscopic research [17,20].
For CW operation, Eq. (13) applies, and, therefore, all the three spectroscopic

parameters, kISC; eTðlFÞ; and also tT must be small. Even if kISC is small ðQFB1Þ;
laser action is only observed if NT is reduced by employing a fast jet stream. A CW
laser is focused on the jet stream, producing high concentration NS� : NT is reduced
by simply flushing triplet-state dye molecules mT down the jet stream.
The most widely used CW lasers for pumping dye lasers are the argon ion and

krypton ion lasers, which are commercially available. Output powers (all lines) of
these CW lasers range from 5 to 25W. Unfortunately, the efficiencies, i.e., the
conversion factor of electricity/laser output is very poor, generally below 0.1 percent.
Also, scaling of CW dye lasers depends on the size of the pump CW lasers. Large
CW lasers are expensive.

4.2. Pumping with flashlamps

4.2.1. Overview

In this article, large flashlamps as pump sources for dye lasers are proposed in
order to obtain inexpensive, high-energy laser sources. Therefore, flashlamp
characteristics are discussed in some detail. Flashlamps used to pump dye lasers
have been discussed in some detail by Furumoto [21], and outputs and efficiencies of
flashlamp-pumped dye lasers have been discussed by Duarte [22].
Pumping dye lasers with flashlamps has distinct advantages over using pulsed

lasers. A flashlamp-pumped dye laser can be used to pump many different laser dyes,
absorbing from 200 nm to the near-IR.
Below 200 nm, the quartz envelope of flashlamps absorbs all radiation. If high

color temperatures are present in flashlamps, the emitted radiation is a mixture of a
pressure-broadened line spectrum of the fill gas and a blackbody emission
continuum.
Coaxial as well as linear flashlamps are used for pumping dye lasers. Coaxial

flashlamps consist of an inner tube through which the dye solution flows and an
outer tube that forms the flashlamp. This arrangement forms an effective coupling
between pump source and the active medium. However, the close coupling results in
thermal effects that change the refractive index of the dye solution, lowering
repetition rates.
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Using a very large coaxial flashlamp for pumping, Baltakov et al. [23] obtained
400-J pulses at 0.8-percent efficiency. A 2.2� 10�5M solution of rhodamine 6G was
used, and the inner diameter of the dye cell was 6 cm. Such low concentrations
reduce non-uniform absorption of pump light.
We restrict our discussion to linear flashlamps because they can be operated at up

to about 100Hz. This allows one to obtain rather high average-power laser outputs.
These lamps are often used with single or double elliptical reflectors. Also, several
single flashlamps may surround the tube that contains the dye solution, in what is
known as a close-coupled configuration.
Flashlamps with rise times t from about 50 ns to several ms are widely used in dye

lasers for pumping commercially available laser dyes. These short-pulse-duration
pulses are needed to overcome TSL in order to obtain laser action. However,
flashlamps producing these short pulses are afflicted with several shortcomings.
Discharging a high-voltage capacitor bank generates flashlamp light pulses.

Flashlamp pulse rise time t; inductance L; and capacity C are related by the
equation:

t ¼ ðLCÞ1=2: ð18Þ

To obtain short-pulse rise time t; L and C must be kept small. However, the energy E

input to the flashlamp and initial voltage to the capacitor bank V are given by the
expression

E ¼ 1
2
V 2C or ð19Þ

E ¼ 1
2
V 2t2=L: ð20Þ

Consequently, to obtain high-energy outputs, E; according to Eqs. (19) and (20),
high voltages V and low inductance L operation is required. High voltage V ; in turn,
results in high current densities during the discharge, with undesirable mechanical as
well as optical consequences. The mechanical effect is tube failure, which can be
either catastrophic or non-destructive. Catastrophic tube failure is the explosion of
the flashlamp due to the shock wave generated by the sudden discharge and ohmic
heating of the gas filling. Therefore, very high-voltage operation of flashlamps must
be avoided to reduce catastrophic failure, because this effect is related to pulse
energy and pulse duration. Experiments have shown that for pulses shorter than
3-ms the explosion energy Eexp can be approximated by the expression

Eexp ¼ 4:0� 104dDt1=2 ð21Þ

with Eexp the single shot explosion energy in J, d the arc length of the flashlamp in
cm, D the bore diameter in cm, and t is one-third of the pulse length p and about
equal to the risetime of the flash lamp pulse in t in seconds.
From this expression it follows that flashlamps having a large inside wall surface

and also a long-pulse risetime t have high explosion limits. If the flashlamp is
operated below the explosion energy Eexp; the flashlamp does not fail suddenly, but
will continue to flash, exhibiting gradually reduced light output. This is mainly
caused by the erosion of the flashlamp electrodes, which results mainly in the
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deposition of metal inside the flashlamp, absorbing flashlamp light. If the deposits
inside the walls are too thick, light output may fall below the threshold for laser
action. In this case one refers to a non-destructive failure of the flashlamp.
We close this section by presenting an empirical equation giving flashlamp life in

number of pulses n as a function of the ratio between single shot explosion energy
Eexp and the energy E0 at which the flashlamp is operated:

nEðEexp=E0Þ
8:5: ð22Þ

This equation points out the exceptionally strong dependence of the flashlamp
lifetime on the value of the explosion energy Eexp: Therefore, operating a flashlamp
well below this value will result in very long flashlamp lifetime.

4.2.2. Flashlamps emitting short pulses

To obtain laser action from presently available laser dyes, flashlamps emitting
short pulses are required. High-current operation is required to obtain these short
pulses. One optical effect of the high-current operation is the generation of high
color temperatures T of the plasma. The voltages, about 20 kV, required to generate
pulses with rise time t in the 50-ns to several ms ranges, generate color temperatures
in the plasma of about 20,000K, resulting in about a 60-fold sudden increase in gas
pressure within the flashlamp during the discharge. The sudden discharge generates
high gas pressures and shock waves in the gas filling. To avoid catastrophic tube
failure flashlamp employed for dye-laser pumping must be of very sturdy (thick-wall)
construction to withstand the very sudden rise of gas pressure. The requirement to
use thick-wall tubing severely constricts the upscaling of these short-pulse
flashlamps. The upper energy of these short-pulse flashlamps used in dye lasers is
in the 1000-J range. By using such a flashlamp, operating it with a 10-Hz rep-rate,
and, for example pumping a rhodamine 6G dye solution with 1-percent efficiency,
energies of about 10 J per pulse and outputs up to about 100W can be obtained from
dye lasers.
Another optical disadvantage of high color temperatures in these flashlamps

(inherent to flashlamps employed to pump dye lasers) is their excessive generation of
short UV radiation. Because of the high color temperature present, the spectral
region of their maximum emission is located in the 150–180-nm spectral region. The
quartz envelope of the flashlamp will strongly absorb any radiation below 200 nm.
The strong, unabsorbed radiation of UV light between 200 and 300 nm will
contribute to efficient photo-chemical reactions, lowering laser-dye lifetime. This
hard UV radiation will excite triplet-state dye molecules into higher triplet-state
levels, possessing sufficient absorbed energy to undergo photo-chemical reactions.
We had differentiated between very-short-pulse and short-pulse flashlamps. Very-

short-pulse flashlamps emit pulses with rise times between 50 and a few hundred ns
(Eq. (16) applies). We designate flashlamps that emit pulses from 500-ns to several-ms
rise times, as short-pulse excitation sources. Here, Eq. (17) applies, and the pulse rise
time t is in the range of the triplet-state lifetime tT; and the triplet-state lifetime tT
appears in Eq. (17). The reason for this differentiation will become apparent later.
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Inspecting Eqs. (16) and (17), a trivial, but key observation can be made. If the
pulse rise time t of a flashlamp is too large, the resulting TSL may become too
large, and no laser action will be observed. This is regardless of the overall size
(energy output) of the flashlamp. Conversely, using the same flashlamp for pumping,
but employing a laser dye possessing smaller eTðlFÞ values, laser action can be
obtained.

4.2.3. Flashlamps emitting long pulses

For flashlamps emitting pulses in the range from several tenths of ms to tenths of
ms, we have tT5t and NS�Bconstant, and, therefore, NTðtÞBconstant: Therefore,
Eq. (13) approximately, applies. Besides the inter-system crossing constant kISC; the
triplet extinction coefficient eTðlFÞ and the triplet-state lifetime tT critically
determine laser-action efficiency and threshold. However, for most laser dyes, their
eTðlFÞ and tT values are not sufficiently small for laser action to occur under long-
pulse flashlamp excitation. However, improved laser dyes with sufficiently small
eTðlFÞ values will allow pumping with long-pulse flashlamps. Only a few laser dyes,
including rhodamine 6G, can be pumped with long pulses. Triplet-state agents (so-
called quenchers) have to be added to reduce tT values, but these quenchers generally
will reduce overall efficiencies.
There are additional advantages in employing long-pulse flashlamps as a pump

source [24]. According to Eq. (20), high-energy outputs E from flashlamps are
obtained by increasing pulse rise time t: Voltages required to discharge these
flashlamps are only in the 6–10-kV range. These characteristics have several
important advantages. Due to the lower pumping voltages applied, color
temperatures of the generated plasma are only in the 6000–10,000-K range. This
implies that the maximum emission of these flashlamps is located in the near-UV/
visible portion of the spectrum—the spectral region that most laser dyes absorb
strongly. The 200–300-nm spectral region is only of weak intensity, causing reduced
photo-decomposition of laser dyes. Filtering out this portion of the flashlamp
spectrum results in only small losses relative to the total emitted flashlamp intensity
but would greatly improve laser-dye stability. Also, because of lower color
temperatures, the generated gas pressures of the fill gas will be much lower. This
allows one to construct very large flashlamps that use thin wall tubing for
construction. Large-size flashlamps that generate 10–50-kJ and higher output are
commercially available. Further, if one could pump laser dyes with flashlamp
emitting long pulses (long risetime t), large flashlamps operating at high-energy
outputs E; could be driven at moderate voltages V : These lower driving voltages
require a high-voltage power supply with simpler circuits. These power supplies are
inexpensive and also possess smaller volumes.
This brings us to one of the main conclusions of this review article. Through the

use of long-pulse flashlamps for excitation of laser dyes possessing small eTðlFÞ
values, it is possible to construct low-cost, high-energy, and high average-power laser
systems. For example, a dye laser operating with a high-efficiency dye solution might
operate at approximately 3-percent efficiency. Pumped with a flashlamp rated for
50-kJ and operating at 10Hz, laser pulses of 1.5 kJ and 15-kW output could be
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obtained. By surrounding the tube containing the dye solution with 10 such
flashlamps, even higher outputs should result.

4.3. Other potential pump sources

4.3.1. Incoherent light sources

Thiel et al. [25,26] when employing incoherent light sources (i.e., two high-pressure
arc lamps), observed weak CW laser action from a 6� 10�4mol/l rhodamine 6G
solution. The dye solution was a mixture of water and poly(vinyl alcohol), with
ammonix added to prevent the formation of rhodamine 6G dimers. Each lamp was
focused on the surface of a jet stream. This is an important first step for obtaining
CW laser action from a laser dye without using expensive CW lasers for pumping.
Using improved laser dyes and pumping them with incoherent light sources should
improve overall laser-action efficiencies. This would be the way to obtain low-cost
CW laser light.

4.3.2. Laser-diode arrays as pump sources

Rather than pump solid-state lasers with laser-diode arrays, one should attempt to
employ the arrays to pump improved, near-IR laser dyes [27].
Due to the low efficiencies of presently available near-IR laser dyes, it is doubtful

that any laser action can be observed by pumping presently available laser dyes with
laser-diode arrays. One can surround a tube containing the improved laser-dye
solution with many surface-emitting laser-diode arrays, thus yielding a rather
compact laser device. Unlike solid-state laser media, the dye solution can be
circulated for cooling. Such an arrangement has almost no scaling limitation.
Although the laser medium (the dye solution) would be inexpensive, large stacks of
laser-diode arrays are expensive.

5. Laser dyes

5.1. Commercially available laser dyes

5.1.1. Overview

From approximately 500 organic compounds identified to exhibit laser action,
only a few show efficient laser action under flashlamp pumping [28–31]. From the
more efficient laser dyes, approximately 120 are commercially available, and about
half of them have been found by trial and error. Most of the other dyes are closely
related derivatives of laser dyes found by trial and error.
By using tuning elements like prisms or gratings in place of a high reflector in a dye

laser, one can generate tunable coherent radiation that spans most of the
fluorescence spectrum of the laser dye. By using different laser dyes, one can span
the near-UV, visible, and near-IR portion of the spectrum. Dye lasers can also
produce ultra-short pulses and coherent radiation of narrow line width.
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However, dye lasers have additional drawbacks. Besides the lack of an inexpensive
and scalable pump source, under flashlamp pumping, dye lasers exhibit rather low
efficiencies. Depending on the laser dye used, efficiencies are in the range of 0.3–0.8
percent. Only rhodamine 6G and a few other dyes show efficiencies of approximately
1 percent. Most photo-chemical reactions involve dye triplet-state molecules mT:
Consequently, reducing TSL in laser dyes should also improve their photo-stability.
Efficient laser dyes that are photo-stable, as well as water-soluble, are highly
desirable.
One can reduce the frequency of replacing the spent dye solution by installing

active-carbon filter cartridges. These filters remove photo-products as well as
unspent laser dye from the solution. A new laser dye is added to the cleaned solvent,
allowing long-time operation of the dye laser.
Coumarins and xanthenes are important classes (families) of laser dyes that are

widely used. In the following section, we will briefly discuss some of the
spectroscopic and laser-action properties of these two families of laser dyes.

5.1.2. The coumarin laser dyes

The coumarin dyes cover the important spectral region from the violet to the green
portion of the spectrum. They consist of a benzene ring to which an a-pyrone, a
benzene heterocycle, has been fused. Fig. 4 depicts a typical coumarin dye:
Coumarin 120. Its spectroscopic and, consequently, its laser-action property
characteristics strongly depend on the nature of the substituent in the 7-position
in the ring.
For coumarin 120, the 7-position is occupied by the amino-group, –NH2. Over 100

coumarin dyes are known [29]. They all are case C as depicted in Fig. 3, with
considerable T–T absorption still present over their FSR [13,14].

Fig. 4. Absorption (S–S), fluorescence (FL), (T–T) absorption spectra, and chemical structure of

coumarin 120.
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Coumarin dyes are not too stable photo-chemically; the maximum absorption of
their photo-decomposition products coincides with the spectral region of laser action.

5.1.3. The xanthene laser dyes

The xanthene dyes are often referred to as rhodamine dyes. They cover the green-
to-red portion of the spectrum and generally have good photo-stability. Rhodamine
6G is regarded as the yardstick for laser dyes. It is one of the most efficient laser dyes
and, therefore, has been the most widely studied. Fig. 5 depicts the structure of
rhodamine 6G, it is characterized by three benzene rings. This compound has a very
strong and broad (S–S) absorption band at 540 nm with its maximum extinction
coefficient eS ¼ 1:1� 105 l/mol cm. Remarkably, its eTðlFÞ ¼ 9:7� 103 l/mol cm
value [13,15] is rather high. The T–T absorption present cannot be termed small,
being only 11 times weaker than the very strong S–S absorption of this dye.
Consequently, employing laser dyes with smaller eTðlFÞ values should improve lasing
efficiencies.
Under long-pulse flashlamp pumping, rhodamine 6G is also one of the few laser

dyes that allows pumping with slow rise-time flashlamps. In a 5� 10�5mol/l
solution, laser action is observed when using a large flashlamp that produced 600-ms
pulses. As a triplet-state quencher, a 5� 10�3mol/l solution of cyclooctatetraene was
used to reduce the value of tT: Efficiency was below 0.1 percent because of the
absorption of a considerable portion of the pump light by the quencher [32]. Oxygen
from air often acts as a triplet-state quencher. Often, however, quenchers participate
in unwanted photo-chemical reactions. Consequently, using improved laser dyes will
allow the elimination of quenchers, thus improving overall laser-dye photo-stability.
Many attempts have been made to obtain tT values for rhodamine 6G. An

overview of the accuracy of these values has been provided by Thiel [15]. He
obtained the following tT values: 5-ms; for air-, 1.2-ms for oxygen-, and 20-ms for
argon-saturated ethylene glycol solutions. These results suggest the following:
improved laser dyes should posses tT values that are at least in the 1–5-ms range.

5.2. Drexhage’s loop rule

We stated that most of the presently available laser dyes were either found by trial
and error or were derivatives of laser dyes found by trial and error. Nevertheless, the

Fig. 5. Chemical structure of rhodamine 6G.
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following question arises: Are there any common structural relationships (besides
exhibiting strong fluorescence) in laser dyes that separate them from other organic
compounds? Such relationships would greatly assist in synthesizing new lasers and,
one hopes, in obtaining better laser dyes.
Fig. 6 provides a collection of some commercially available laser dyes that

possibly possess structural similarities. Most of the laser dyes depicted in Fig. 6
consist of benzene ring(s) fused to aromatic heterocyclics. Drexhage’s loop rule

Fig. 6. Collection of chemical structures of some laser dyes.
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provides an important relationship between laser-dye structure and efficient laser
action.
In 1973, Drexhage made the following significant observation when inspecting the

molecular structures of laser dyes [28]: ‘‘In a dye where the electrons of a
chromophore can make a loop when oscillating between the end groups, the triplet
yield will be higher than in a related compound where the loop is blocked’’.
To rephrase his observation: Blockage of the free movement of p electrons by

introducing heteroatom(s) results in lower triplet-state yields and, consequently, in
laser dyes possessing higher laser-action efficiencies. For example, replacing a carbon
atom in the center ring of anthracene results in families of the efficient laser dye like
the xanthene (rhodamine), oxazine, and other related dyes.

5.3. The syn-bimanes as laser dyes

Many syn-bimanes exhibit striking fluorescence, but anti-bimanes exhibit only
phosphorescence (Fig. 7). Laser action from syn-(methyl,methyl)bimane under
flashlamp pumping was observed at 505 nm when using water as a solvent [33]. It
is surprising that many of the syn-bimanes exhibit strong fluorescence. These
heterocyclics do not contain any benzene ring or any six-membered heterocyclic ring,
nor should the two carbonyl groups support any fluorescence.
Another remarkable spectroscopic property of the syn-bimanes is the dependence

of the spectral location of its lowest energy absorption band on the solvent
employed. This shift of the spectral location of its absorption bands also affects the
spectral location of its fluorescence bands. For example, syn-(methyl,methyl)bimane
dissolved in 1,4-dioxane exhibits fluorescence in the violet; when using ethanol,
fluorescence moves to the blue; and when water is used, fluorescence moves to the
blue/green portion of the spectrum. A T–T absorption band of medium intensity is
located in the blue spectral region. Fig. 8 shows this spectral arrangement of
fluorescence FL, S–S, and T–T absorption in syn-(methyl,methyl)bimane.
A change of solvents does not seem to affect the spectral location of the T–T

absorption band [34]. Also, the S–S absorption spectrum is reduced in intensity.
Since there is present considerable T–T absorption in the spectral region of
fluorescence (laser action) in syn-(methyl,methyl)bimane and other syn-bimanes,
laser action was not very efficient.
Two important observations should be noted: (a) The overall T–T absorption

spectrum of syn-(methyl,methyl)bimane is much reduced compared with the T–T

Fig. 7. Chemical structure of (a) syn- and (b) anti-bimane.
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absorption spectra of organic compounds depicted in Fig. 3. (b) On the long-
wavelength side of the T–T absorption band, T–T absorption is diminishing rapidly
to very low values.
Possibly, by introducing proper substituents in Rl and/or R2 of syn-bimane, larger

solvent shifts may be obtained, shifting the absorption, as well as the fluorescence
spectrum FL into the spectral region of very low T–T absorption. Very efficient laser
action might be observed.
Among other substituents, phenyl groups were substituted into the Rl and R2

positions. Also, benzene rings were fused directly to the syn-bimane molecule.
Although these attempts failed to produce the large solvent shifts hoped for, the
following surprising and significant observations were made.
By substituting phenyl groups in Rl and R2; the syn-bimanes experienced some

intensification and broadening of the T–T absorption band located at the blue/green
spectral region. Importantly, fusing benzene rings directly to the syn-bimane
molecule produced syn-(benzo)bimane [35] and resulted in a considerable increase in
overall T–T absorption, as depicted in Fig. 9. This is a key observation and is
important to laser-dye technology.

Fig. 8. Absorption (S–S), fluorescence (FL), (T–T) absorption, and chemical structure of syn-

(methyl,methyl)bimane.
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For efficient laser action to occur, a laser dye should not contain any benzene
ring(s) still containing all six carbon atoms, but should contain only five- and six-
membered heterocyclics, but no unsubstituted benzene rings. An unsubstituted
benzene ring still contains all of its six carbon atoms. This class of compounds is
called quasi-aromatic (QA), meaning that, in some instances, these compounds
behave as aromatic, but not in all instances. Most of the 500 laser dyes listed in
Maeda’s book [29] and in our collection of chemical structures of some laser dyes
(Fig. 2) contain at least one five- or six-membered heterocyclic in addition to at least
one unsubstituted benzene ring. For example, the coumarin molecule consists of one
six-membered heterocyclic a-pyrone and one benzene ring. The rhodamine dyes have
two benzene rings present separated by one six-membered heterocyclic.

5.4. Vibronic spin–orbit interactions in heterocyclics

Equating Drexhage’s triplet-state yields with TSL, the presence of heterocyclic
atoms in laser dyes seems to reduce TSL.
According to Eq. (13), TSL ¼ NTeTðlFÞ: Because laser dyes exhibit high QF

values, NT values are always small in laser dyes. This implies that the presence of
heterocyclic atom(s) reduces the intensity of some T–T absorption bands, including
eTðlFÞ values [36]. Vibronic spin–orbit interaction, a second-order perturbation, is
present in heterocyclics. There is vibronic coupling (mixing) between triplet ðn;p�Þ
and ðp; p�Þ states, with the ðn;p�Þ state stealing intensity from the ðp; p�Þ state. This,
in turn, reduces the intensity (oscillation strength fT) of the ðp;p�Þ state, resulting in
intensity loss of T–T transitions. This increases the ðn;p�Þ absorption intensities
present in other regions of the spectrum.

Fig. 9. Absorption (8-8), fluorescence (FL), (T–T) absorption, and chemical structure of syn-

(benzo)bimane.
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For example, anthracene and acridine, shown in Fig. 1C and D, have for their
lowest energy S–S absorption bands eSð350ÞE8500 and 10,000 l/mol cm and their
corresponding oscillator strength fSE0:14 and 0.15, respectively. However,
anthracene’s strong T–T absorption band eTð430ÞE91; 000 l/mol cm and a triplet
oscillator strength fTE0:29 are reduced when a carbon atom is replaced by the
heterocyclic nitrogen, in order to obtain acridine. For this molecule, one has
eTð440ÞE18; 400 l/mol cm and fTE0:15; respectively [36].
There are six different pathways for intersystem crossing and vibronic coupling

possible in N-containing heterocyclics [4]. Coupling scheme E is the one that applies
to laser dyes and is presented in Fig. 10.
Now, specific molecular structures of organic molecules can be proposed, such as

those present in QAs. These compounds should exhibit reduced overall T–T
absorption. Many of these QA compounds will have ðn;p�Þ states as the lowest
excited singlet states. Consequently, they will exhibit no, or only weak, fluorescence.
However, others should possess ðp; p�Þ states as the lowest excited singlet states, and
consequently, will exhibit fluorescence.
Fig. 11 depicts three cases (D, E, and F) showing the spectral locations of a lowest

energy (S–S) absorption and fluorescence FL band together with one weak T–T
absorption band of a molecule where strong vibrational spin–orbit interactions are
present. The most important arrangement of the electronic spectra is Case F, where
little T–T absorption is overlapping the FSR.
In case D depicted in Fig. 11, the T–T absorption present over the FSR is

generally the same as in Case C, depicted in Fig. 3. This case is the most unfavorable
one and is present in the syn-bimanes.

6. The pyrromethene–BF2 (P–BF2) complexes as laser dyes

6.1. Searching for QA compounds

The 1,3,5,7-tetramethylpyrromethene–BF2 (P–BF2) complex fulfilled the defini-
tion of QA compounds. Since its QF value of 0.80 is rather high, this compound was

Fig. 10. Coupling scheme present in some heterocyclics having the potential to present efficient laser dyes.
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synthesized and tested for laser action under flashlamp pumping. [37]. Fig. 12
depicts the chemical structure of the P–BF2 complexes. Laser action in the
green portion of the spectrum was observed, comparable in efficiency with coumarin
540A.
The 1,3,5,7-tetramethyl-P–BF2 complex exhibited an exceptionally small eTðlFÞ

value in the 2.5� 103 l/mol cm range. Fig. 13 depicts the S–S and T–T absorption,
together with its fluorescence spectrum FL. This dye presents the ideal case F.
More than 30 P–BF2 complexes were prepared [38,39]. Some of these complexes

are commercially available. Since the laser dye is a QA and presents a case F
compound, we will now describe the lasing and spectroscopic properties of some of
these P–BF2 complexes.

Fig. 11. Cases D, E, and F: Possible spectral locations of S–S absorption and fluorescence FL and a weak

triplet–triplet (T–T) absorption band in a heterocyclic molecule where strong vibrational spin–orbit

interactions are present.

Fig. 12. Chemical structure of P–BF2 complexes.
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6.2. The pentamethyl-P–BF2 complex

Because the QF value of the 1,3,5,7-P–BF2 complex was not too close to unity, the
1,3,5,7,8-pentamethyl-P–BF2 with QF ¼ 0:99 was synthesized. This dye dissolved in
ethanol lased approximately 300 percent more efficiently than coumarin 545 and
with a somewhat lower efficiency than rhodamine 6G. This compound also has a low
T–T absorption over the FSR [40]. To obtain water solubility, the 2,6-disodium-
disulfonate derivative was prepared. When dissolved, this laser dye lased about 3

4
less

efficiently than the parent compound. However, dissolved in methanol, this laser dye
exhibited a high degree of photo-stability. Environmental effects on the photo-
physics of these laser dyes have also been studied by Lopez-Arbiloa et al. [41].
Pumping the 510.5-nm line from a copper laser with a 40-ns pulse length at a rate

of 5 kHz, Assor et al. [42] observed efficient laser action with a 27-percent slope
efficiency.
Using all lines (457.9–514.5 nm) from a 5-W CW argon ion laser for excitation, the

pentamethyl-2,6-disodium-disulfanate-P–BF2 complex showed a significant im-
provement in the 530–624-nm spectral regions over commercial dyes currently
available [43]. At its peak of emission, this P–BF2 complex produced 2.25W at
553 nm and showed an efficiency of 45 percent. Rhodamine 6G tested in the same
laser produced 1.5W for efficiency. The half-life of this P-complex was over three

Fig. 13. Absorption (8–8), fluorescence (FL), (T–T) absorption, and chemical structure of the 1,3,5,7-

tetramethyl-P–BF2 complex.
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times longer than coumarin 6 or rhodamine 110. The best dyes in this range have
efficiencies on the order of 35 percent. Coumarin 6 and Rhodamine 110, for this
spectral range, are typically less than 25-percent efficient.

6.3. The pentamethyl-2,6-diethyl-P–BF2 complex

This laser dye is one of the most efficient P–BF2 complexes and, therefore, has
been widely studied [44]. Hence, this review article will present only a small selection
of experimental data on this compound. In ethanol as a solvent, it lased about 300
percent more efficiently than rhodamine 560, about 50 percent more efficiently than
rhodamine 575. Using the same dye laser and mirrors, this P–BF2 complex lased
about 10 percent more efficiently than rhodamine 6G.
Using a Q-switched and frequency doubled-Nd:YAG laser at 532 nm for

excitation, this and several other P–BF2 complexes, dissolved in ethanol, exhibited
conversion efficiencies in the 80-percent range [45].
O’Neil [46] dissolved this compound in propylene glycol mono-ethyl ether

pumping the P–BF2 laser dye synchronously with 2W at 532 nm from a Coherent
Antaras Nd:YAG laser and obtained 950mW at 565 nm. This is approximately twice
the efficiency of rhodamine 6G. Under the same experimental conditions, rhodamine
6G dissolved in ethylene glycol produced only 510mW. The QF value was 0.995,
indicating the presence of only a small intersystem crossing rate kISC constant.
Significantly, an unusually high tT value of 453 ms was measured for this dye. This
very high tT value seemed first to be unreal. However, recently Gorman et al. [47]
observed a tT value of 282-ms when benzene was used as a solvent for the same
P–BF2 complex.

6.4. Some other P–BF2 complexes

6.4.1. The 1,3,5,7-tetramethyl-2,6-dicarboxy-8-cyanopyrromethene–BF2 complex

Dissolved in 1,4-dioxane, this compound exhibited a high degree of photo-stability
[48]. It lased at 612 nm and outperformed rhodamine B by a factor of 2.

6.4.2. The 2,3,5,6-bis-tetramethyleneP–BF2 complex

Its low eTðlFÞ ¼ 2:4� 103 l/mol cm and high QF value support rather efficient laser
action [39]. Dissolved in ethanol, this P–BF2 lased about 90 percent as efficiently as
rhodamine 6G.

6.4.3. The 1,3,5,7-tetramethyl-2,6-dicyano-8-ethyl-P–BF2 complex

This is another typical P–BF2 complex, possessing spectroscopic and laser-action
properties very similar to most of the other P–BF2 complexes [27]. It is soluble in
most of the conventional solvents, and to some extent, in hexane and heptane.
Dissolved in different solvents, strong fluorescence is observed.
In 1,4-dioxane, the absorption maximum is located at 496 nm and the fluorescence

maximum at 521 nm; laser action at 552 nm is observed. Using a mixture of one-part
of 1,4-dioxane and four parts of heptane, this P–BF2 complex exhibited reasonable
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solubility and, surprisingly, strong fluorescence. Significantly, laser-action efficiency
approaching the one observed in pure 1,4-dioxane was observed. Most likely, the
efficiency of this laser dye can be further improved by replacing the ethyl group in
the 8-position with a methyl group. As a general rule, P–BF2 complexes with a
methyl group in the 8-position seem to lase somewhat more efficiently than with an
ethyl group in this position [39].

6.5. P–BF2 complexes dissolved in plastics

There are considerable advantages in dissolving laser dyes in plastics to form solid-
state laser materials. Porous glasses, silicates that have been organically modified,
and nanocomposites have also been used as hosts. These solid-host dye materials are
cheap to produce in large sizes, are of good optical quality, and are easy to handle,
store, and dispose. These materials are readily available, and their optical and
chemical properties are well known. By using plastics and other host materials, one
eliminates many problems associated with the use of dye lasers, such as disposing of
dye solutions, storage of flammable solvents, plumbing problems, and cleaning the
dye lasers. Drawbacks of using plastic hosts are their low thermal resistance and
photo-decomposition.
Peterson and Snafely [49] reported the first operation of a flashlamp-pumped

plastic dye laser in 1968. For many years, this field of solid-state dye lasers did not
receive much attention due to the low efficiencies obtained under flashlamp pumping
and due to the poor photo-stability of the laser dyes used, including rhodamine 6G.
In 1993 Hermes and co-workers [50] used a diode-pumped Nd:YAG laser that was

Q-switched and frequency-doubled, to pump a 1,3,5,7,8-pentamethyl-2,6-diethyl-P–
BF2 complex dissolved in a modified acrylic plastic. Conversion efficiencies as high
as 85 percent were obtained. Under the same conditions, sulforhodamine produced
only 37-percent conversion efficiency. After 1993, the field of solid-state dye lasers
has received renewed attention. From the rather large literature on solid-state dye
lasers, we mention only a few papers. Faloss and co-workers [51], again pumping
with a Q-switched and frequency-doubled Nd:YAG laser, also obtained 86-percent
slope efficiencies and 5� 105 pulses lifetime. Recently, a review article published by
Costela and Garcia-Moreno [52] contains a rather complete list of references on
relevant literature on materials for solid-state dye lasers.
It may be possible to pump efficiently solid-state hosts that contain dissolved

improved laser dyes with slow-rise-time flashlamps or by laser diodes and diode
arrays. This should result in many useful and inexpensive laser devices.

7. Discussion and summary

7.1. Improving the P–BF2 complexes

The P–BF2 complexes have the potential for further improvements. These
complexes are fairly insensitive to 2,6-position substitution [38,39,53], resulting in a
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slight shift of the lowest energy S–S absorption band. Substitution in the 2,6-position
seems to leave T–T absorption unaffected.
Substitutions in the short-axis 8- and 1,7-position, some times, result in red shifts

of the lowest energy S–S absorption band and contrary to the 2,6-position
substitution, even with mildly active substituents, can result in intensification of T–T
absorption over the FSR. This implies that the P–BF2 complexes will only be good
laser dyes for the green-to-red spectral region under flashlamp pumping.
Recently, Costela et al. [54] and Liang et al. [55] synthesized new P–BF2

complexes. Using mildly interacting substituents, the new 8-position substituted
P–BF2 complexes outperformed some commercially available laser dyes, including
rhodamine 6G.

7.2. Shortcomings of the P–BF2 complexes

When reviewing the spectroscopic parameters of the P–BF2 complexes, one
concludes that these dyes are not yet the ultimate high-efficiency laser dyes. Under
very-short-pulse laser excitation, the P–BF2 complexes outperform other laser dyes,
including rhodamine 6G. According to Eq. (16), this is to be expected. Two laser
dyes possess about the same QF values; with their tT being irrelevant, only their
eTðlFÞ values will determine laser efficiency. The P–BF2, with their very small eTðlFÞ
values, will most likely outperform all other laser dyes.
However, by using short-pulse flashlamp excitation, according to Eq. (17), one can

expect that those tT values become increasingly important. When pumping
rhodamine 6G and the P–BF2 complexes with flashlamps that have pulse rise times
in the range of several 500 ns to a few ms, one can expect that tT values will affect
efficiencies. Although the eTðlFÞ values in the P–BF2 complexes are much lower when
compared to rhodamine 6G, the reverse is true for their tT values. Most likely, these
are larger for the P–BF2 complexes. The end effect is that both dyes exhibit about the
same efficiency under short-pulse flashlamp pumping. It appears that the P–BF2

complexes belong to a small class of laser dyes, where O2 and/or collision with
solvent molecules may not reduce their triplet-state lifetime tT down to the 1–10-ms
range [46,47]. Further, the photo-stability of the P–BF2 laser dyes needs
improvement and seems to be affected by the presence of O2 [56].

7.3. High-efficiency laser dyes

One of the main conclusions of this review paper is that we still lack laser dyes that
are efficient laser dyes under long-pulse flashlamp pumping. Nevertheless, it would
be desirable to define high-efficiency laser dyes by their spectroscopic characteristics.
What values should the spectroscopic parameters kISC; eTðlFÞ; and tT be for a laser
dye to be called a high-efficiency laser dye? Since we do not know what these lowest
values are theoretically, the next best approach is to use the lowest experimental
values observed in laser dyes for specifying their spectroscopic characteristics. This
would be a QF valueE1, eTðlFÞ values in the range of 2� 103 l/mol cm, and tT values
in the range of 1–5 ms.
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As a first step toward obtaining improved laser dyes, one should synthesize closely
related derivatives of the P–BF2 complexes. To obtain dyes operating in the blue
spectral region, molecules smaller, but related to the P–BF2 complexes, should be
studied. Similarly, for dyes operating in the red spectral region, larger molecules, but
related to the P–BF2 complexes, should be investigated.
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