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ie btools of laser

in the past decade dye lasers have Decome indiapen
spectroscopy and have also found sn ever Soorcasing number of other
acientific and technological appli-ations. The pasis of itheir success is
their broad tunability as well as a number of ciher gubsionding properties
that are nover found in this singeiar combination in any other class of
lasers. 1his is caused by the faci thab the aective medium in dye lasers is
in genecal a liquid soiution of crgonie dy=a and thus enter the powerful
aynthetic methods of wrganic chemisgnry S ooreits aa inllinite variety of
different molecules which can be tailor-made to meet the constantly
increasing demands of new applications.

The present wavelength coverage of dye lasers ls from aboub 300 nm o
about 130C nm and the prospectd for a further extension towards longer and
shorter wavelengths with ngwiylsynfhésized dyes are good. The typical
tuning range of a =ingle dye is about 50 nm and can be extended in special
cases Lo 130 nm.

The galn of dye lasers can be made extremely high, so that lasers with
only a few microns of active length can be operated. In anpiifiers one has
actually achieved amplification factors of 108.

are i N

crder of 107 Cen Jinese cogethe.  With bandwidlin o
e reason Dor the grod mode—locking that iz possible with dye laszers and
which nas resulted iy The sherteat laser pulscs of only 20 fs that have

teen achizvel recently.

Mmohrer important advantage of dyz lasers is that the active medium is
genarally used in the liquid phase, even though operation of dye lasers
with the active mediur in the vapor phase or in solid solution is possi-
ble. This means that flow systems can be used Lo carry away excess heat

and Lo cool the active medium as well a= the reservolr to any wanted

operating temperature even sb high average s 1. Recently more than a kW

of averaz: subpab o.zp wWas sbtainzd in & pulsed dye laser and there iz no
{: siheuatd oot be possible te realize even much higher
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The hign powers just mentioned ceuld make dye lasers candidates for in-

dustrial sonlications, provided the efficiency is high enough. This unfor-

=¥

tunately is a serious drawback of dye lasers at the present time, since

‘the highest wall-plug efficiencies reported are those of flashlamp-pumped

'dye 1ssers with about 1.0%. There is good hepe, however, that new dyes

could raise this efficiency to over %%, which could make dye lasers become
competebive with C02 lasers in applications wherc the shorter wavelength
of dy~ lasers is important.

Finally, one must also be aware of the faét that dyes as active medium
are extremely cheap compared to crystals and plasses of solid-state la-
sers, even though the photo-degradation of dyes during laser opcration
rakes & constant partial replacement of the dyes necessary. The problem of
dye photo-degradztion might, however, soon be solved at least in ¢ertain
chemical classes of dyes on which sypthetic work in this direction is in

DProgress.

In the following secticn the general properties of dyes will be dis-
cussed in more detail, in particular chemical structure, light absorption
and emissicr and pathways for radiationless deactivation of dyes. The
second, third, and fourth section will discuss laser-pumped, flashlamp-
pumped, ard continuous-wave dye lasers, respectively. The next sections
will explain tuning metheds, dye laser amplifiers, and mode-locking of dye
lasers. Finally some special types of dye lasers will be discussed.
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GENEHAL PROPLRTIES OF ORGANIC i

R} orgar‘c dyes in the preper sense of the word, meaning compounds having
a high absorption in the wvisible part of the spectrum, possess several
conjugated double bonds. The basin mechanism for light absorption by com-
pounds containing conjugated doutis bonds is the same, in whatever part of
the spectrum these compounds have their longest wavelength absorption
band, whether near-infrarad, visible, or near ultraviolet. We thus use the
term dye in the wider senss as =neompasaing all substances containing con-
Jugated double bonds.

Organic compounds_without double or triple bends ustally absorb at
wavelengths below 160 nm, correspeonding to a pholon energy of 180 keal/-
mole. This energy is higher than the disscciation energy of most chemical
bends, therefore photochemical decomposition iz likely to oceur, 380 such
compounds are not very suitable as the active medium in a laser.

If we have two conjugated double bonds, as in the molecule butadiene,
H2C=CH-CH=CI-[2, the long-wavelength absorption band is at about 220 nm.
Since the fluorescence, and hence the laser emission is always red-
shifted, dye lasers can hardly be expected to operate below about 250 rm.,

The long-wavelength limit of dye laser cperation is determined by the
chemical stability of the dye. A dye absorbing in the infrared has a low-
lying excited singlet state and, even slightly lower than that, a meta-
stable triplet state, The triplet state has two unpaired electrons and
thus, chemically speaking, biradical character. There is good reason to
assume that most of the dye molecules that preach this highly reactive
state by thermal excitation will react with solvent molecules, dissolved
oxygen, Impurities, or other dye melecules to yleld decomposition pro-
ducts. The decomposition would be of pseudo-first order with a reaction
constant k1_Aexp( =B /HT), where A 1s the Arrhenius constant and has
most often a value of about” 10123ec1
(ranging from 1010 to 107% sec'1), E,
is the gas conatant and T the absolute temperature. The half-life of such
a2 dye in solution then is t1/2-1n2/k Assuming as a minimum practieal
lifetime one day, ‘the abeve relations yleld an activation energy of 24
keal/mole, corresponding te a wavelength of 1.2 ym. If A=10'° sec'1,

for reactions of this type
i3 the aectivation energy, R

-
Fof, srdsng.

this shifts the wavelongth to 1.7 m. Obwously there is 1i4L).  hope of
evir preparing & dys absorbing beyond 1.7 i1 that will be stoi' iy soiue
tien at reoom temperature. Thus dye-laser operation at room temperature in
the infrared will be restricted to wavelengths not extending far beyond
T.7 um.

An important subdivisicn of dyes is into ionic and uncharged compounds.
This feature mainly determines melting point, vapor pressure, and solubi-
lity in various solvents. An uncharged dye already mentioned is butadiene;
other examples are arcmatics: anthracene, pyrene, perylene, etc. Examples
of neutral moelcules that are efficient laser dyes, 1like coumarins,
stilbenes, or oxazones will be discussed later. They usually have low
melting points, relatively high vapor pressures, and good solubility in
unpolar solvents, like benzene, cyclohexane, chloreform, etc. Examples for
cationic dyes include most of the cyanine dyes. These compounds are salts,
consisting of the positively charged dye lon and some negatively ok--_zd
counterion, like chloridas, tetrafluorcborate, perchlorate, étu;'Tﬁey have
high melting polnts, very low vapor pressure over the temperature region
where they are stable, good solubility in more polar sclvents like
aleohols, and only slight sclubility in less polar solvents. The same can
be said of anionic dyes, which usually have some metal counter-ion.

Many dyes can exist as cationic, neutral and anionic molecules depend-
ing on the pH of the sclution, e.g. fluorescein:

&= | &

Nevtral form Callenle form Di~anlonic form
[alcobolic  aclution) [hydrochloric acid solution) sodlum hydroxyde telytion

It should be stressed here that dyes can be used as active media in the
solid, liquid and vapor phase. It 18 clear from the above discussion that
only uncharged dyes would work well in the vapor phase. Since most dyes
form good single erystals, it -might seem attractive to use them directly
in this form. There are, howéver', two main obstacles to that: The extreme-
ly high values of the extinction coefficients in dyes, which prevents the
pump light from exciting more than a surface layer a few microns thick;
and the concentration quenching of fluorescence that usually sets in,
whenever the dye molecules approach each other closer than about 10 nm.
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oping a suitable host crystal with a small fraction {cne thousandth or
less) of dye circumvents these difficulties. On the other hand, =0lid
soluticns of many different types can be used. For instance, one can dis-
solve a dye in the liguid monemer of a plastics material and then poly-
merize it; or one can disscive it in an inorganic glass (e.g. boric aric

glass) or an organie glass (e sucrose glass) or some semirigid materiai

like gelatine or polyvinylalechol. One can also operate a dye laser at low
temperatures in an orgsnic solvent or solven? mixture like EPA, a mixture
of 5 parts of ethylether, 5 parts isopentane, nnd 2 parts etharcl that

forms a clear organic glasa when cooled dowm to 77 K.

1.1 Llight Absorption by Orgenic Dyess
Wavelengtha and strengeh of light absorption of dyes can be caloulatad In
) rafinsd methods of

good agreement with experimental datz by the
quantum chemistry. Tne best phyzical insighi. however, iz provided by a
highly simpiified guantum-mechanizal medel, such as the free-electron gas
model developed by KUEm(1). This model is based on the fact that dye
malecules are essentiaily planmar with ail atoms of the conjugated chain
lying in a common plane and linked by sizma-bonds. By comparizon, the pi-
electrons have a node in the plane of the nuclel and form a charge cloud
above and below this plane alcorng bthe conjugated chain, The centers of the
upper and lower lobes of the pi-eicctron cloud are about one half bond-
length distant from the melscular plane. Hence the electrostatic potential
for any single pi-electron moving in the field of the rest of the molecule
may be considered constunt, provided all bond lengths and atoms are the
same. Assume, that the conjugated chain which extends approximately one
bond length to the left and right of the terminal atoms has length L. Then
the ener*gy E of the n-th eigenstate of this electron 1s given by

..hn /BmL where h is PLANCK's constant, m is the mass of the
electr'on, and n is the quantum number giving the number of antincdes of
the eigenfunction along the chain. fccording to the Pauli principle each
state can be cccupled by two elsctrens. Thus, if we have B electrons, the
lower 1/2M states are f£illed with two electrons each, while all higher
states are empty (provicad ¥ is am even number; this is usually the case
in stable molecules sinee only highiy c=-ctive rediczls possess an ur-

palred electron?, The absorinion

i3 o owmnoderoin
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light) raises one electron from an unoccupied to an empty state. The long-
est wavelergth absorption band then corresponds to a transition from the
highest occupled to the lowest empty state with

erln—s—:}—(h’q-k) or Am,,z—%’—«l\%{.
This indicates that to a firat approximation the position of the absorp-
tion band is determined orily by the chain length and by the number of pi-
electrons N. Oood examples of this relation are the symmetrical cyaning
dyes of the general formula

@-e—cu=cu—yﬁcnz'{;ﬁ—-Q=cn+cn=cu—rﬁ@

k bk k

where j is the number of conjugated double 'bonds, R1 a simple alkyl
group like C2H5, and R indicates that the termiral nitrogen atoms are
part of a larger group, as for example in the following dye (homologcus
series of thiacyanines):

@ p +—c><_cu-—>—~ (I;,cq—cn GHTFH:C@
«.

c,H, c,;«, . cI:,H,
The double headed arrow mea.ns that the two formilae are limiting struc-
tures of a rescnance hybrid, The pi-electrons in the phenyl ring can be
neglected in first approximztion, or treated as a polarizable charge
cloud, leading to an apparent enlargement of the chain length L. In the
case of the last-mentioned dye, good agreement is found between calculated
arid experimental absorption wavelength, when the chain length L is assumed
to extend 1.3 bond lengths {instead of 1.0 bond length as above) beyond
the terminzl atoms. The bond length in cyanines is 1,40 angstrom. The good
agreement between the results of this simple calculation and the experi-
mental data is shown by the following comparison:
Wavelength (in rm) of absorption maximum for thiacyanines
Number of conjugated double bonds j=

2 3¢ i 5
Calculated 295 - 521 649 776
Experimental 422 556 652 760

S3milzrly good agreement can o2 found for all other homologous series of

tre end length exterdirg ovor the

srymlcps ctbres o onoome s Soust by ocomnaciuun wdnn the ex
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ebserved absorption wavelength for one member of the series.

A simple perturbation treatment allows to ‘calculate the influence of
such factors as hetero atoms in the conjugated chain, variable bend
lengths as in pelyenes, or branching of the pi-electron system as in many
dyes, e.g. those of the xanthene class of laser dyes. The oscillator
strength of the absorption bands ean also be caleulated easily by the
free-electron model and yields good agreement with experimental data. For
a more detailed deseription the reader is referred to )

A peculiarity of the spectra of organic dyes as opposed to atomic and
ionic spectra is the width of the abscrption bands, which usually covers
several tens of nanometers. This is immediately comprehensible when cne
recalls that a typlcal dye molecule may possess [ifty or more atoms, giv-
ing rise to about 150 normal vibrations of the molecular skeleton. These
vibrations together with their overtones, densely cover the spectrum
between a few wavenumbers and 3000 cm_1. Many of these are closely
.coupled to the eleetronic transition. Furthermcre, collisional and elec-
trostatic perturbations, caused by their surrcunding solvent molecules
broaden the individual lines of such vibrational transitions. As a further
complication, every vibrational sublevel of every electronic state, in-
cluding the ground state, has superimposed on it a ladder of rotationally
excited sublevels. These are extremely broadened because of the frequent
collisions with sclvent molecules which hinder the rotational movement so
that there is a quasicentinuum of states superimposed on every electronic
state. The population of theses levels in contact with thermalized solvent
molecules is determined by a Boltzmann distribution. After an electronic
transition, which leads to a non-equilibrium state (Franck-Condon state),
the approach to thermal equilibrium is very fast in liquid solutions at
room temperatures, usually taking less than. a picosecond @) . Thus the
absorption 1s practically cantinuous all over the absorption band. The
‘same is true for the fluorescance emiésion corresponding to the transition
from the electronically excited state to the'gr‘ound state. This results in
a fluorescence band which 1s.a mirror image of the absorption band,
displaced towards lower wavenumbers by reflection at the the wavenumber of
the purely electronic transition (0-0 transition).

Recently it has become possible to obtain absorption and emission spec-
tra of laser 'dyes at very low temperatures in the gas phase (3 ). These
spectra exhibit a number of sharp lines as is to be expected from the

&
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above discussion of the influence of temperature and solvent.

The concentratlon dependence of dye apectra is most pronounced in solu-
tions_ where the solvent consists of small highly polar molecules, notably
water. Dispersion forces between the large dye molecules tend to bring the
dye molecules together in a position with the planes of the molecules par-
allel, where the interaction energy usually is highest. This is counter-
acted by the repulsive Coulomb forces if the dye molecules are charged. In
solvents of high dielectric constants this repulsion is lowered and the
moncmer-dimer equilibrium is far to the side of the dimer,

The spectral differences between monomer and dimer can easily be under-
atood at least qualitatively (4). The degenerate energy levels of two
monomers split into two levels of different energies 1f they come close
enough to experience Interaction energy and the concomitant formation of a
dimer. Now two transitions are possible, and these in general possess dif-
ferent transition moments depending on the wave functions of the dimer.
Most often the long-wavelength transition has a practically vanishing
transition moment, so that only one absorption band of the dimer is ob-
served, lylng to the short-wavelength side of the monomer band. This has
an Important consequence for the Fluorescence of such dimers. Since the
upper level from which the fluorescence starts is always the lowest-lying
excited electronic level, and since a small transition moment is coupled
to a long lifetime of the excited state, these dimers would show a very
slow decay of their fluorescence. This, however, makes them suseceptible to
competing quenching pmcessesl, which in liquid solutions are generally
diffusion-controlled and hence very fast processes, Consequently, in most
of the cases the fluorescence of the dimers is completely gquenched and
cannot be observed.

This is the reason why dimers constitute an absorptive loss for the
pump radiation in dye lasers and must be avolded by all means, There are
several ways in which this may be done. One is to use a less polar sol-
vent, 1like alcohol or chloroform. There ax:'e very few dyes which show
dimerization in alcohol at the highest concentrations and at low tempera-
tures. Another possibility is to add a detergent to the aqueous dye solu-
tion, which then form micelles that contain one molecule each (5).

Acld-base equilibria have already been mentloned above for the case of
fluoresceln. Very often these equilibria are less obvious and several ex-
amples will be shown, when specj:fic classes of laser dyes are discussed.
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1.2 Light lon by Crganio e
Tiepe soe g Goehileh an excited wolesicle can return directly
o indirectly ko b g stete. Jome of these ere schematically d=2iict

: y d2oioi-
i In Fig. 1.
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Fig 1. Energy level diagram of a typical dye molecule with radiative
(s0lld lines) and non-radiative (broken lines) transitions

it is the relative importance of these which mainiy determine how useful a
dye will preve in dye lasers. Tho one process thab is directly used in dye
lasers is the radiative transition from the first excited singlet state
SLJ to the ground stat G. If this emission, termed "fluorescence", cccurs
spentaneocusly, its radiative lifetime Tap is connected with the Einstein
coefficient A and the oscillator strength £ of the perkinent absorption

band by
A=lfr =Bl ulel/macg)i® £,

where | 15 the refractive index of the sof'tution, &y is the charge and
Ty is the mass of the electron, g is the veloelty of light, and v de-
notes the wavenumber of the center of the (narrcw) absorption band. This
relation is valid if the half-width of the emission band is small and its
poaition is not shifted significantly from that of the absorption band.
Since the f-values of the transitions are near unity in most dyes, the
radiative lifetime T is typically of the order of a few nanoseconds.
Geperally, however, the flucrescence spectrum 1s broad and shows censider-

tle Stokes shift. In this ecams the cudiabive lifebtime can be cotnuted
With the 3Stricklesr-Berg relation (6):
Fdv el dv
A 288 % W00 ,.___ln___( ,),‘ - { —‘j;w—
T I\" ‘Ll"')dv fengest * ¥

waveienglh
sbserpiian band

where F(U) = dQ/d% is the flucrescence spectrum {in Quanta Q per wave-
number} and (¥ is the melar decadie extinction coefficient.

The actually measured fluorescence lifetime Te i3 always shorter than
the radiative lifetime because of the radiationless deactlvation processes
competing with deactivation by fluorescernce. The ratio rf.f'rrf. = ¢f.,
the quantum yield of fluorescence. Inis is ao, since the quantum yleld of
fluorescence ia defined as the number of flucrescence quanta emitted di-
vided by the number cf quanta abscrbed, and the rate of fluorescence quan-
ta emitted 13 given by 1/ Tag? while the rate of molecules deactivated
{which in steady state equals the rate of absorption) i3 given by 1/Tf.

The fiuorescence lifetime can usually be measured with good accuracy
and the absorption even more so. Thus it is generally easy to obtain reli-
abie values of the guantum yield of fluorescence for a dye by this method .
In contrast to this, the determination of absolute quantum yields by di-
rect measurements of absorbed and emitted quanta is very difficult and
usually the accuracies obtained are unsatisfactory 7). Easler than an
absolute determination is the measurement of relative quantum ylelds by
comparison to a standard scluticn of a dye with lmown quantum yleld of
fluorescence, which has a fluorescence emission in the same spectral
region., Good laser dyes should have quéntum yield as high as possible,
il.e. ﬁear‘ 100%, -but recentlly‘llaéer emission has been obtained even with
dyes having quantum yields as low as 0.1% (8).

Tne radiative transition from '1‘1 to § is termed "phosphorescenca™, In
principle, one should be able to estimate the radiative lifetime Tr_p of
the phosphorescence on the basils of‘\the G to T.I absorption. Since this
.very weak forbldden transition is normally completely obscured by absorp-
tion due to impurities, the phoshorescence radiative lifetime can be ob-
tained from the directly measured quantum yleld of phosphorescence ¢p
and the observed phosphorescence lifetime T_, as in the case of fluores-
cence: Trp = Tp”’p' As expected for spin-forbidden transitions, it
is extremely long, ranging from milliseccnds to many seconda. Consequent-
ly, even relatively slow quenching processes can lead to _r‘adiat.ionless
deactivation in liquid solution. Hence the observed gquantum yield is gen-
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‘eraliy cery low in licaid soltlon, BECOMING appre . .o only ab low
‘per'atw,;f':"i:.‘ e.g. at 77 K In s0lid solutions. Usually no messurable [.oos—
phorescence can be observed in liquid solutions. Here T which 1s iden-
‘tical with the triplet lifetime Tes i3 often determined by flash spec-
troscopy from the vanishing of the triplet-triplet absorption bands. As-
suming the radiative lifetime at elevated temperatures is the same as at
low temperatures, the quartumiyield of phosphorescence at elevated tempe
ratures can be obtained.

From the foregeing discusaien of light emission by dye molecules one
might come tc the conclusion that there are two possible ways, at least in
principle, of using an organic dye solutlon as the actlve medium in a
laser: One might utilize elther tha fluo-escence or the phosphorescence
emizsion. At first sight the long lifetime of the triplet state makes
Phosphorescence look more attractive. (n the other hand, due to the
strongly forbidden transition a very high concentration of dye is required
to obtain an amplification factor large enough to overccme the inevitable
cavity losses in a laser. In fact, for many dyes this concentration would
be higher than the soludbility of the dye in any solvent. A further unfa-
vora?le property of these systems is that there will almost certainly be
losses due to the triplet-triplet absorption. These absorption bands are
generally very broad and diffuse and the probability that tHey overlap the
phosphorescence band and thus attenuate the phosphorescence emission by
reabsorption is high. Because of these difficulties no laser using the
‘phosphorescence of a dye has yet beén reporteé. The poasibility ean not be
_:excludcd, however, that further study of phosphorescence and triplet~trip-
let abszorption in molecules of different types of chemical constitution
might eventually lead to a laser operating, flor example, at the tempera-
‘ture of liquid nitrogen. On the other hand, the prebability for thié seems
low at present and these systems will ot te considered here, For a more
" detailed discussion of phosphorescen% systems the reader is referred to
the 1iterature(9). '

1.3 Radiationless Deactivation of Crganic Dyes

Radiationless deactivation of excited states of dye molecules is of utmost
importance in dye lasers, In most cases they conatitute loss mechanisms in
dye lasers but can in some cases be helpful, as will be shown later. Only
the more important of these processes will be discussed here (10}. -

{LFER

The radiationless decar from some wwelied singlet state directly to the
ground state is termed "internal conversion”. The rate of this relaxation
pathway can vary by many orders of magnitude depending cn the molecular
structure and the solvent. There are several processes that are known to

(”). A lamous example is the

enhance the rate of internal conversion
comparison of the molecular structure of the two dyes phenolphthalein and
fluorescein. The latter contains an oxygen bridge between the two phenyl
rings that carry the phenol groups. In this way the molecule becomes very
rigid, while in phenoiphthalein the two phenyl rings can rotate and thus
dissipate energy. Consequently, phenolphthalein is non-fluorescent in al-
kaline solution while fluorescein has a quantum yield of fluorescence of
G0%. Similarly the mobility of the diethylaminc groups in rhodamine B is
responsible for the terperature dpendent quantum yield: only a few percent
in boiling alcchol, U0% at room temperature, increasing to nearly 100%,
when the temperature is lowered or a highly viscous solvent like glycerol
is used, that can dampen the out-of-plane torsional movement of the di-
ethylamino group setting in in the excited state. If these groups are ri-
gidized, as in the dye rhodamine 110, the quantum yield is found to be

(12). One must not conclude,

virtually 100%, independent of temperature
however, that a rigid molecular structure will always lead to a high quan-
tum yield of fluorescence or that a non-rigid molecule always has a low
quantum yield, since other dissipative mechanisms, to be discussed below,
mightr have a stronger influence in this respect.

Ancther effective mechanism for internal convérsion consists in the
coupling of the electronic transition to normal modes of vibrations in-
volving hydrogen atoms in end-positions. If this coupling Is streng, a
high probability exists that the molecule makes an adiabatic transition
from the lowest vibronic level of the f;rst excitgd state S1 to high-
lying vibronic levels of the ground state G, This process has an increas-
ing probability with increasing vibroéic energy, since then the change in
vibrational quantum number is minimized. Becé.t._:se of the small masa of the
hydrogen atom, vibrations involving hydrogen atoms have the highest energy
and are thus very likely to contribute to this process. This is ecorrobo-
rated by the fact that deuteration in the end-positions usually lncreases
the fluorescence quantum yield. Furthermore, this effect is more pronounc-
ed in infrared laser dyes, since here the electronic energy is low and
consequently the change in vibronic quantum number 1s smaller.
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whenever a dye is excited into 52 or a higher state internal conver-
sion goes via Sl‘
exc}ted states and S1 (
pared to the.fluorescence lifetime, the quantum yield of flucrescence is
generally independent of the excibation wavelength. For a long time the
aromatic molecule azulene was the only laown excepﬁion to this rule, with
_its fluorescence emitted as a transition from 52 to_G, while emission
from S1 to G 13 extremely _weak. Only recently weak fluorescence from
S2 could be detected in several other molecules with strong laser
excltation (13).

The radiationlesas transition from S1 to the lowest triplet level T?

Since the time for internal conversion between higher
is of the order of 1 pa, and thus very short com-

is termed "intersystem crogsing". It is extremely important that the in-
teraystem crossing rate be as low as possible to make a good laser dye. As
mentioned above, the triplet state is metastable, so that high concentra-
tiona of dye molecules can'aébuhulate in the tripiet state during a pump
cyele and attenuzte or even quench the laser radlation by triplet-triplet
absorption. The ratio of the intersystem crossaing rate to the total deac-
tivation rate is defined as the triplet yiéld of a dye. DREXHAGE ()
has empirically found a rule that allows a semiquantitave correlation bet-
ween molecular structure and interaystem crossing rate or triplet yleld.

DREXHAGE's loop rule states that in 2 dye where the pi-electrens of the
chromophore can make a loop when oscillating betweent the end groups, the
triplet yleld will be higher than in a related compound where this loop is
blocked. It may be said that the circulating electrons create an orbital
magnetic moment which couples with the spin of the electrons. This in-
‘ereased spin-orbit coupling then enhances the rate of intersystem cross-
Eing, thus giving rise to a higher triplet yield. Thias loop rule has proven
very useful in the design of new laser dyes. It predicts e.g. low triplet
ylelds in the rhodamines compared to .the acridires, which differ only by
the substitution of the oxygen atom in tha xanthene structure by a nitre-
gen atom. Experimentally a triplet yield of 1% was found in rhodamine 6G
(15} and 10% in acridine orange Similarly well confirmed predic-
tions were made for many other dyes.

Spin-orbit coupling can also be enhanced and thus intersystem crossing
rate increased by the introduction of heavy atoms inte the molecular
structure. This heavy-atom effect is clearly demenstrated in the dye
eosin, which is a tetrabromo-substituted fluorescein. While the triplet

| &
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jield of fluorescein in alkaline solution i3 only 3%, it is as high as 76%

in ecsin(16).

In the dye erythrosin, where the four bromine atoms of
eosin are replaced by four iodine atoms, the triplet yleld is even higher.
bviously, 1t 1s advisable to avold heavy-atom substituents in the syn-
thesis of new laser dyes.
j The interaystem rate is also enhanced by an external heavy-atom effect,
which can be studied when the dye is dissolved iIn organic solvents con-
taining heavy atoms, like lcdomethane or lodobenzene. This effect has been
exploited by DREXHAGE in an ingeniously simple method for the determina-
tion of relative triplet yields. He found that the mentioned sclvents
increase the value of the intersystem rate in first approximation by a
constant factor independent. on its magnitude. Hence in the case of a dye
in which the triplet yield is small compared to the quantum yield of fluo-
rescence, the enhancement of the intersystem crossing rate by, say a fac-
tor of 1000 will nct change the flucrescence efficiency appreclably. How-—
ever, in a dye where the triplet yield and the quantum yield of fluores-
cence are comparable, the same enhancement of the Intersystem crossing
rate will cause a reduction of the guantum yield of fluorescence by three
orders of magnitude. Thus, for an approximate determination of triplet
yield, one simply adda an equal amount of lodomethane to the ethanolie dye
soluticn and observes the concomitant reduction in fluorescence intensity.
Another intermolecular pathway of deactivaticon is created by charge

an that the fluorescence

tranafer interactions. It has long been known
of dyes is quenched by certain anions. The strength of the quenching ac-
tion is decreasing in the order: icdide, thiccyanate, bromide, chleride,
perchlorate, suggesting a charge transfer {(redox-reaction) in the excited
state of the dye. Since many dyes are cations that must have of necessity
a negatively charged counter-ion, this means that it is preferable to use

the perchlorate icn for this purpose, whenever possible. This is most im-

‘portant, when a less polar solvent i1s used, where the dye-counterion pair

is not fully dissocilated, whereas in a polar solvent the counter-ions in
dilute solution are usually so far away from the excited dye molecule that
it carmot reach the dye molecule by diffusion during the lifetime of the
excited state. There are many other molecules in addition to the anions
menticned above, that can quench the fluorezcence by a charge transfer in
the excited state of the dye molecule,

The effect of dimerization on fluorescence quenching has been discussed
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. above. A more detalled account of this effect can be found in (18).

Reactions in the excited state can result in new pathways of radiative
as well as radiationless deactivation. The more 'important of these reac-
tions are the formation of excited complexes, so-called "exciplexés", pro-
tolytic reactions in the excited state, and a great' ‘vaf'iety of" photoreac-
tions, that lead to a photodecompositior;\ of ﬁhé dye molecule.

Exciplexes usually have a low quantum efficiency, In the few cases
where fluorescence efficiency is high one can expect good lasing efficien-
cles, since the lower laser level is unstable and thus an inversion easily
fobtained (19)‘

Protolytic reactions in the excited state occur in quite a number of
laser dyes, since these dyes become more acidic or more basic upon excita-
tion; they thus may piek up a proton from the solvent or lose one to ig,
depending on its pH « A good example. of this behaviocur is found in
the class of coumarin dyes. While in these dyes the new species formed in
the excited state is often as highly fluorescent as the mother molecule,
:only in a different wavelength region, this effect can be used advantage-
‘ously in dye lasers. Often, however, the new specles exhibits a high rate
of radiationless deactivation and thus is detrimental to laser action. In
contrast to this, one might occasicnally find dyes that are normally non-
Tluerescent and only become fluorescent in the new species formed in a
protolytic reaction in the excited state.

Photodegradation of laser dyes is a ma Jor problem in dye lasers and has
been studied by many authors 1) s although only few papers have inves-
‘tigated the underlying chemical processes in detail (22). Usually it is
not so much the diminishing concentration that abates laser action, but
rather the reabsorption of laser radiation by the photoproducts. Since
most photoreactions will start from the triplet state of the dye molecule
because of its long lifetime, a reducticn of triplet lifetime can allevi
‘ate this problem to some extent. This 'is particularly true for the new la-
ser dyes with intramolecular energy transfer that will be discussed later.

Radiationless energy transfer, intermolecular as well as intramolecu-
lar, is another pathway for radiationless deactivation of excited dye mo=-
lecules, The conditions for radiationless energy transfer are glven by the
FURSTER-DEXTER theory (237, Efficient singiet-singlet energy transfer
from S1 of a dye molecule (the donor) to S, of some other molecule
{the acceptor) will always occur, if there is a good spectral overlap of
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the fluorescence band of the donor and the absorption band of the accep-
tor, provided the intermolecular distance is not greater than a character-
istie distance R{J' that can be computed from theory and spectroscopic
data and often is of the order of 50 angstrom. For triplet-triplet energy
transfer this characteristic distance is only a few angstrom,

If singlet-singlet energy transfer 1s from the excited dye to a non-
fluorescent molecule, it constitutes a loss mechanism for laser action.
If, on the other hand energy 1s transferred to some otfier highly fluores-
cent laser dye, it only brings about a spectral shift of the laser
emission, that 1s often tarda\;lagfteargeous.

Triplet~triplet energyvis used to great extent in dye laser operation
to reduce the triplet lifetime of laser.dyes by the addition of so-called
triplet quenchers. An effective triplet quencher 1s molecular oxygen, that
is usually dissolved in any dye solution in equilibrium with laboratory
alr at an approximately 10"3 molar concentration. A disadvantage of mo-
lecular oxygen as triplet quencher is the fact that in the process highly
reactive singlet oxygen 1s éréated that can readlly attack many dye mele-
cules and thus enhance the photodecomposition rate. Another disadvantage
is the fact that molecular oxygen enhances the intersystem crossing rate,
too, so that more triplets are created. The relative magnitude of this
effect determines whether the net effect of molecular oxygen on dye laser
action is positive or negative. With rhodamine 6G, for example, dye laser
efficiency is greatly improved by oxygen, while with brilliantsulphaflavin
dye laser emission is extinguished even with minor traces of axygen. Other
well-known triplet quenchers are unsaturated hydrocarbons with low-lying
tripleta. The most often used of these i3 cyclooctatetraene (generally ab-
breviated COT). It has the disadvantage of being also quite reactive, in
particular prone to polymerization in the absence of specially added sta-
bilizers. The concentrations of these_triplet quenchers needed for effec-
tive operation 1s quite high, due té the small characteristic distance
RO' which aggravates the above-mentiocned édver-se effects on dye laser
action. If, on the other hand, intramclecular btriplet-triplet energy
transfer is used, as {9 done in the new laser dyes to be discussed below,
each dye has its individual triplet quencher chemically linked to it,
which means a much reduced bulk concentration.
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oxazores are uncharged, neatrsl molacules wiih a hizh dinole moment in the
ground stahe, which changes dr‘as‘clcal‘iy upon ervcitation of ‘he molecule.
This results in a strong selvatochromie eﬂ'f‘ect, which practizally means
that a dye laser operated with -these dyes can be tuned continuously by a
change of solvent or solvent mixture. In addition the oxazores exnibit a
mich greater photochemical stability than the most-often used xanthene
dyes (29)‘

A very efficlent laser dye for operation around 700 nm,.that has re-

cently become available 1s generally known by the abbreviation DCM. Its
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P ochemical synthasis fu
the classical way is atlli able to make considerabie progress ia designing
betber laszer dyws with remarkable improvments in varlous dye properties.
O the other hand there 1s no doubt that there is an asympiotic limit for
Bl

cils procadure. To overcome these limitafions a new approach 1z no '
slmilar bo the procedure of nature, where in the many crucial points of
svolution new molecules made vp from gmaller functlecnal subunits provided
rew functional capabilities, It was polnted out some years ago that chemi-
cal iinking of seveszl properly chosen chromo'phor‘es would provide a means
to reach higher efficiency In flashlamp-pumped dye lasers and that triplet
quenchers, aisc linked chemically to a laser dye would result in a much
reduced triplet loss in a laser utilizing this dye -(3”).

Fecently the first few laser dyes designed according to this new prin-
eiple have been synthesized and their laser characteristics studied. The

dye p-terphenyl was linked to the dye dimethyl-FOPOP by a CHz—group and
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the intr-luction of stilbene as a triplet guencher for the dye dimethyl-
POPOP th-t was again linked by a CHE—gz'oup. It was found that the laser
energy per pulse was 110 times that of dimethyl-POPOP when pumped with the
same electrical energy of 50 joule per pulse in a small ceaxial-flashlamp~
(352 Foliowiig the decay of the triplet-triplet ab-
sorption after short-pulse exci:

pumped dye laser

ation by a XeCl-laser it was shown that

this dramatic etfficiency improvement was indeed caused by a thousandfold
reduction iu the triplet lifetime of the dimethyl-POPCPumoiety through en-
ergy-transier from the dimethylPOFOP-moiety tc the stilbene-moiety (36).
Further work along the lines indicated here only briefly will certainly
increase the efficiency and photochemical stability very considerablv,

Finally the interested reader is rcferred to the informaticnal material
of laser dye manufacturers, which gives tuning ranges and efficiency data
for a great number of dye and solvent ccembinations (31 and to a recent
publication that gives information on the relative photochemical stability
and the concomitant operaticnal cost for a number of dyes for cw-dye laser
operation (38).

2.
LASER-PUMPED PULSED DYE LASERS

The main complication in dye lasers is the-existence of triplet states.
The intersystem crossing rate is high enough in most dyes to reduce the
quantun yield of fluorescence to values substantially below unity. As in-
dicated above, this has the two-fold consequence of, firstly, reducing the
population in the first excited singlet state and hence the amplification
factor and, secondly, enhancing the txiiplet.-'triplet absorption losses hy
increasing the population density of the lowest triplet state,

Assume a light flux density -which rises slowly to a level P {quanta

sec”! om™

), a molecular absorption cross-section o ‘(cmz), a quantum
yield ¢T of triplet formation, a triplet lifetime 1, population density of
the triplet and ground state of np and ng, {em™”), respectively, and,
neglecting the small population of the excited singlet state, a total dye

melecule concentration of n = ny + n,I.. A steady state 1z reached when

[SEES L

the role of triplei Doiieo.on wgddls She el Codeetivation:
Pfiﬂgd’y:”r/fT- {/.1)
Thus the fraction of mole_: .5 in the triplet state is given by
nyfi = Podpre/(l + Podrey). (2.2}
Assuming seme typical values for a dye, o = 10“16 cmz, $pp = 0.7 (cor-

responding to a quantum yield of flucrescence of at most 0.9), and Tp =
10—4 sez, the power to maintain half of the molecules in the triplet

= 107 quanta see™ cm‘g, or an irradiation of only

state is P”2
1/2 kW cm"2 in the absorption band of the dye. This is much less than
the threshold pump power calculated below. Hence a slowly rising pump
light pulse would transfer most of the molecules to the triplet state and
deplete the ground state correspondingly. On the other hand, the popu-
lation of the triplet state can be held arbitrarily small, if the light
flux density rises fast enough, l.e. if it reaches threshold in a time
that is small compared to the reciprocal of the intersystem crossing rate.
For a typical value of the intersystem crossing rate of 107 sec"1, the
risetime should be less than 100 ns. This is easily achieved with Q-
switched solid state lasers, nitrogen lasers, or excimer lasers. In such a
laser-pumped pulsed dye laser one may heglect all triplet effects in a

first approximatiocn.
2.1 Oseillation Condition

It is easy then to write down the oscillation condition for a dye laser.
In 1ts simplest form a dye laser consists of a cuvette of length L (em}
with a dye solution of concentration n (cm"3) and two parallel end
windows carrying a reflective layer each of reflectivity R for the laser
rescnator. With n, :nolecules/cm3 excited to the first singlet state,
the laser will start oscillating at a wavenumber ¥, if the overall gain is
equal to or greater than one:

ep [ -2, (Fng LIR exp [+ 00, L] 2 1. (2.3)
Here 0,(%) and ag{¥) are the cross-sections for absorpticn and stimulated
fluorescence at ¥, respectively, and g is the population of the ground
state. Tne first expcnential term gives the attenuation due to reabsorp-
tion of the flucreacence by the long-wavelength tail of the absorption
band. The cross-section for stimulated fluorescence 1s related to the Ein-

stein coefficlent B
oD =g(MBhfey [ gdi=1.
ﬂnn;:::;mc (2.1”
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Substituting the Einstein coe:ff'icient. A for gpontancous enission according
b ot .

Gr® AT (2.5}
and realizing that g(9)A o = Q{%), the number of [luorescence quanta. per
wave number intervall, one cbtains

#
alf)= SK:DG 'E%T"' (2.6)
Since tie fiucrescence band usvally is a mirror image of the absorption
band, the maximum values of the cross-saciiong in absorption and emiaaion

are lcund to be equal: .

s = Tamas

{2.7;
Taking the logarithm of (2.3} and rearranging .t leads to a form of tiw
ocmciliaticn eocncition vhich makes it easier &o Jliscues the influence of

the war s paranctors:

(2.8
whera S = C1/01An{/R) and y (9} = ﬂ‘.-"\"s,
e constant 3 o the left-raind cide of (2.8) on’y contains parameters

of the rescnator, i.e. the active L, and the railsctivity R of vhs

wiryors. Ot bypes of loases, live sthsring, diffraction, ete., may be

stivily Roep. Te value of (%) is
ime minimum fracticn of the moiccules bhat must o: ralsad to the first

accounted Jor by o eflective

41lation. One usy ther

excited singlet suabe to rfgach the thresnold rof‘
caleuiate the funciion Y{V) frcw the abscrptivn and fluorescence spectra
for any concentration n of the dye ard value S of thz cavity. [n this way
one fimds the frouency for the minimum of this function. This frequency
can also be obtained by differsnbiating (2.3) and setting the differential
quetient dy(T1/2% = 0, This ylelds

EE LRGSR (2.9)
{prime means differentiation with respscs t;: %} from which the start-
oseillation frequency can be obtaired. I one plots the laser wavelengzih

versus the copcentration

{{.e. the wavelength at which the minimm of Y(¥) occurs)¥with § a fixed
parameter or versus the active length L of the cuvette with the concentra-
tion of the dye as a parameter, one immediately realizes the wide tuning
range of a dye laser that can be induced by changing the dye eonnentration
or the length or the Q of the rescnator. It also demenstrates the high
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zain, which permits the use of extremely small active iengths of only a
few um,
The mbsorbed power density W necessary to maintain a fractlon y of the
molecular concentration in the excited singlet state is
Wz pnthe, ¥/t , (2.10}
and the power flux P, assuming the incident radlation is completely ab-
sorbed in the dye sample,
P=Whe=yhegi /1o ' (2.11)
Wiere ‘:’p is the wave number of the absorbed pump radiation. If the radia-
tion is neot coupletely absorbed, the relatiun betwsen thie incident power
Lfm and the aboorbed power is W o= win(1 - e:q){—apnGL)). Since in
o8t QEzes N onecs

1y ecquals g thiz reduces fei sptleally thin sampies

¢ vhreshold incident power flux Fin then is
Pra=pheg¥ Wine,) {2.12)
in the above derivablon of the cscillation condition and cencentration
dependesnce of the laser wavelength, broad-band raeflectors have been
assumed. The evi-nsion b the cize of wavelenazth-zelective refiectors
andjor dispersive wloeents in the savivy s siraigni-forward and will not

he Lreatad hEre.
2.2 Practical Puuning Arrangements

dhere. are two distinetly different methods of pumplrg, namely bransverse
ard longitudina! pumping. In transverse pumping, the pump-laser radiation
impinges on vhe dye cuvette in a directlon normal to the axia of dye laser
emission. In the simplest caze a cylindrical lens focusses the pump-laser
beam into a simple rectangular spectrophotoneter type of cuvette so that
the focal line lies directly behind and parallel te the entrance window.
If the focal line 13 normal to the exit windows of the dye laser beam, dye
laser emission can easily be achleved with the Fresnel reflection from the
windows providing the feedback. This ls, indeed, the easiest arrangsment
for a quick test of the lasing capabilitids of a dye. In most cases,
however, an external laser resanator with dispersive elements for tuning
the dye laser radiatien will be used and then this feedback 1s unwanted
and can be removed very aimply by tilting the cuvette a few degrees. For
higher pulse repetition wates the solution must at least be stirred with a
amall magnecic stirrer, and, at higher pur-u.ilse energles, a more or less
elaborate fiow system is usuaily employsd io avoid laser bea.m degradaticn

e to the teat-induced soniiersrs in the s2lution.
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The laléer' beam diazmeter can be manipulated to some extent in this ar-
rangement by the judicicus choice of the dye concentration, that deter-
mines the penetration depth, and the focal length of the cylindrical lens,
that determines the height of the pumped region. A distinet disadvantage
of this simple pumping arrangement is the spatial non-uniformity of the
inversion caused by the pumping from one side only. A recent publication
(39). The dye cell shown schematically in Fig. 2
1s a bore in a prism that is placed in such a geometrical poaitien that a

shows a way around this

collimated pump-laser beam entering the hypothenuse face of the prism is
divided into four equal parts that impinge on the bore as indicated in the
figure so that the solution is uniformly irradiated over its surface.

L
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Fig. 2 BETHUNE—cell

The gain in transversely pumped dye solutions can reach very high va-
lues. This makes transverse pumping especially suitable for osclllators
and small-signal preamplifiers where a large beam cross-section 1is not
normally needed. For end-stages of an amplifier chain, however, one has to
use large crossz-sections because of the low saturation intensities of
dyes, lying usually in the region of Mn‘/cm . These large cross-sections
carmot be pumped transversely because of the low penetration depth of the
punp radiaticn for reascnably high dye concentrations. The conecentrations
cammot be made too low, if a useful gain 1s to be obtained. Thus longitu-
dinal pumping is generally used in these cases. Cuvettes for longitudinal
pumping are normally provided with Brewster windews. This has the addi-
tional advantage of a higher angle of incidenlce for the sherter-wavelength
pump radlation so that a perfect apatial overlap of pump and dye laser
beams inside the cuvette is possible,; while they are seperated cutside the
cuvette, If windows normal or inclined a few degrees to the dye laser axis
are used, one has either to sacrifice complete spatial overlap of pump and
dye laser beam inside the dye cuvette or use beamsplitters for combining
pump and dye laser beams, which apart from the added complexity usually
introduces unwanted losses.
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3.
FLASHLAMP-PUMPED DYEZ LASER3

In the case of flashlamp-pumped dye lasers, triplet effects become impor-
tant because of the long risetime or duration of the pump light pulse. Se-
veral authors have treated the kinetics of dye laser emission by a set of
coupled rate equations Including terms to accunt for tfiplet-triplet ab-
sorption losses. Since the triplet losses are time-dependent, they affect
the efficiency as well as the emission wavelength of the dye laser. The
results apply only to the specific light pulse form considered. It is
therefore worthwhile to have an expression connecting population densities
in the ground, lowest excited singlet, and triplet states with the laser
wavelength and cavity parameters.

The following simple modification of the coscillation conditicn dis-
cussed for the case of laser-pumped dye lasers takes into account triplet-
triplet absorption lesses, characterized by an absorption cross-section
O Let o = nofn be normalized ground state population density,and B =
nT/n the normalized triplet population density. Then the oscillation
condition, its derivative with respect to wave number, and the balance of
population denaities give the following three equations for «, 8, y {(prime
denotes differentlation with respect to wave number):

~ag—-of+oy="5Sn, (3.12)
—ox—orf+oy=0, (3.10)
g+ f+yml. (3.1c)

from these equations and the observed laser wavelength, the population
densities in the ground, excited singlet, and triplet state can be ob-
tained.

The ratio R/y, obtained from the above relations, and the time to te
reach threshold can bte used for an estimate of the Intersystem croasing

rate k if one assumes that to is small compared to the triplet

lif‘etim?and that the pump-light intensity is rising linearly. Then we
have dy/dt = constant and dB/dt = kSTFL, which ylelds after integration
Bly = kST 0/2. On the other hand, the observed t, can give an upper
limit for UT

siocn can only be achieved for Yog > BCm, yielding or < EUfltokST
(110}

at the laser wavelength for known kST' alnce laser emis-
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3.7 Practicel Pumping Arrangeuents

-

Floshiamp-pumped dye Iazer heads consisb in principls of Lh

the flashiamp, and a pump light reflector or «iiffuser. The
to concentrate the pump light emitted From the exterded, uncoliimated,

broad-berd source, the flashlamp, onto th: absorbing dye solution in the

cuvette, The reflector can bz of the imaging tye, —=.Z. an elliptical
eylinde}" whose foeal lines determine the vositior of *nz linezr lemp and
cuvebte, or 1f con be of the close-coupling type, which is especially
advisable wrere there are several flashlamps surrounding the cuvette.
Instead of a specular reflector, a diffusely reflecting layer of Ba!:‘»(}u
or compressed teflon powder behind a glass tube surrounding flashlamp and
cuvette is often uzed,

The deslgn of the pump cavity is thus asimilar to that of sclid-state
lasers, except that for dye lasers it iz even more lmportant to prevent.
non-uniform heating of the dys sclution in erder “o avoid thermal schlie-
ren. Furthermore, it is advisable to use some means of filtering out pho-
tochemically active short wavelengtﬁs which might decompose the dye mole-
cules. At low pulse repetition rates it is often sufficient to use an ab-
sorting glass tube for the cuvette, At higher pulss repetition rates it is
advisable to use a double-walled cu@ette with a temperature-controlled
flowing filter solutlon and/or a filter solution surrounding the flash-
lamp(s). -

For maximum utilization of the pumplight the length of the cuvette will
generally be about the same as that of the flashlamp. This In turn makes a
flow system almost mandatory, because in a leng cuvette even a small ther-
mal gradient can severely degrade the resonator characteristics. The dye
flow through the cuvette may be longitudinal or transverse. In either case
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to b in the turbulent regime

i e nlghoentgn

Tris racialy mixes tine liguid and hencs reducca thermal gradients doe o

nocewsiTerne pumy light abserption in the cuvotte, The rwaterlals ol G-
ringe, cubing, «=irculating pump, and the reservolr must be carefully

chosen to be compatible with the solvents used. Even clear plasatie tubing
can give off absorbing or quenching plasticizer and filler material.

2 great variety of flashlamps have been used in dye lasers. The
simplest pooaibllity is the use of commercial xencn flashlamps. The rise-
time of linear and helical flashlamps can be reduced and the cutput power
inereased by the Intreduction of a high-veltage, high-current switch In
the discharge c¢ircuit, Spark-gaps, thyratrons and thyristors have been
used for this purpose ' . An increase in lifetime by at least a factor
of ten is possible, if some preionization method 13 used. Cne can either
apply =2 consr.?iit}_‘sy flowing simmer current upon which the main discharge is

<
before the main discharge
Ancther type of flashlamp with a very fast risetime i3 a low inductance

ccaxlal lamp in which a cylindrical plasma .sheet surrounda the cuvette.

or use a low-energy preionizatlon discharge about a us
(433

superimposead

With thiz lzup, too, a spark gap or simlar switching means i3 used in
series with the lamp, so that a wvoltage much higher than the self-firing
voltage of the lamp can be used to insure rapid plasma build-up. At the
same time the pressure can be adjusted so that the plasma fills the lamp
uniformly (M). Risetimes below 100 nsg can be achleved with this type of
lamp and not too high pulse energies. Coaxial flashlamps are now alsc
available commercially. :

Tnis configuration 1s also amenable to up-scaling, and this has been
done by russian workers (QS), who cobtained dye laser pulses of up to 150
Joule cutput energy.

The average power available in f;ashlamp-pumped dye lasers has con-
stantly increased over the years, Recently a highly reliable laser with an
average power of over 100 W using rhodamine 6G and broad-band operation
was reported, that can operate for at least 105 shots without inter-

(Hﬁ)_ Very

ruption for lamp replacement at a 50 Hz pulse repetition rate
recently average powers of over 1kW were reported for short term operation
of several seconds only.

Wall-plug efficiencies of flashlamp-pumped dye lasers at present are

typleally between 0.6 to 0.8%(u7).
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From many experimental bhreshold data of flashlamp-pumped dye lasers one
can conclude that for continucus operation of these lasers one would need
arc lamps of at least 5 kW electrical input power, which would have to be
acomnodated into the same pump cavities, No such lamps are available at
present. Consequently as of yet no incoherently pumped cw-dye lasers do
exist. On the ofther hand it is eaay to focus the beam of an argon-ion
laser of only a few watt output power into a spot of about 310 pm diameter
and thus reach a power density that iz higher than the threshold values
that can be calculated from the oscillaticn conditions given above. Cne
irmedeately seea, however, that thermal problems are much more serious
here and that flow velocitles of several meters per second are needed to
remove the heat developed in the focal spot sufficiently fast to prevent
thermal degradation of the rescnator properties.

In the first cw-dye lasers (48) sapphire windows were used for the
dye flow cells, but even these were often quickly damaged by particulate
matter adhering to the windows in the pumped region. This problem was
sclved by the introduction of the free-jet technology {49)
solution using a sufficiently viscous solvent like ethylene glycol ejected

. A jet of dye

from a nozzle several mm wide and 108 um to Imm high exhibits excellent
cptical properties as long as laminar flow ié maintained. This limits the
heat. load that can be removed by the jet and thus the output of the dye
laser in this configuration usually is limited to a few watts. The intro-
duction of solvents of higher heat capacity, e.g. aqueous solutions of
polyvinylaleohol, improved the output capability to tens of watts {50).
The main trick of cw-dye laser operation is the achievement of perfect
‘'mode matching of the dye laser mode:énd the pump mode. For this reason
simple plane-plane rescnators ¢annot be used-and confocal resonators are
commonly employed, The wavelength-selective rescnators for this applica-
tion will be discussed in the next section. While the spectral bandwidth
of pulsed dye lasers can at best be narrowed down to the Fourier limit
determined by the pulse duration, cw-dye lasers are free from this limi-
tation. Consequently, frequency stabilization and mode selectlon tech-
niques have been refined to a high degree of perfection. In fact, the
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spectral resclution in the Mz to kHz region now obtainable with cw-dye
iasers, have made them Indispensable tools of high resolution spectroscopy

that zre now alse commercially available in many different verslons.

5.
WAVELWENGTH-SELECTIVE RESONATORS FOR DYE LASERS

A coarse selection of the dye-~laser emission wavelength is possible by
judicidus choice of the dye, the solvent, and the resonator @ and length,
as described above. Fine tuning and simultanecus attainment of small line-
widths can only be achieved by using a wavelength-selective resonator.

Up to now the following four classes of wavelength-selective rescnators
have been employed:

1)} rescnators including devices for spatlal wavelength separation,

2) resonators including devices for interferometric wavelength discri-
mination,

3) rescnators including devices with rotational dispersion,

4} rescnators with wavelength-selective distributed feedback,

The literature abounds with the various implementations of these four
classes and combinaticns thereof. For lack of space only a few typical and
generally useful examples will be discussed here.

In the first class, using spatial wavelength separabtion, usually
gratings or prisms are employed. In the first implementation of a wave-
length-selective resonator one of broadband diélectric mirrors of the re--
sonator was replaced by a plane optical grating in Littrow mounting. The
spectral resclution obtainable with this simple arrangement is mainly de-
termined by the beam divergence of the laser. The passive spectrgl width
is 2d cosa

Hem =g (5.1)
where v 1is the wavelength, d the grating _constant, m the diffraction
order, o the angle of incidence, and Ax the beam divergence angle. If the
laser has a diffraction-limited beam divergence, the passive bandwidth is

Ay =244 ddcosa/mD . (5.2)
vwhere D 1s the inner diameter of the cuvette. If beam-expanding optics are
used Inside the resonator to decrease the beam-divergence angle by the
magnification ratio, the passive bandwidth is reduced by the.same amount.
The active spectral bandwidth is smaller than the pagsive bandwidth
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depending on the available gain, sometimes by factors of up to 100. Never-
theless, passive bandwidths are given here since these give an upper limit
for the spectral bandwidth.

While high-quality gratings can have efficiencies of up to 95% at the
blaze wavelength, most gratings have lower efficiencles, 65% being a real-
istie values. Thua, the insertion loss due to a grating is substantial and
makes resonators containing gratings in general unsuitable for lasers with
relatively low gain, in particular ew-dye lasers. Another disadvantage of
gratings 1s the reflecting metal-film ccating which may be damaged by high
power and energy pulses. This problem can be circumvented to some extent
by the introducticn of intra-cavity beam-expanding optics which at the
same time improves the spectral resolution as explained above. This is
especially true for laser-pumped pulsed lasers in the transverse pumping
configuration where the beam cross-section is generally very small.

Ancther arrangement using a grating without the need for intra-cavity
beam expansion is the grazing incidence configuration. Of the many vari-

ants of this configuration that have been published, only one is shown in
Fig. 3 (5!). In this configuration the grating itself acts as a beam
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Fig. 3 Use of a grating In grazing incidence r i |
expander of high magnification. later it was shown that it is more effi-

gient to use a two-prism beam expander in series with a grating in grazing
incidence (52)
especially well suited for pumping with short.pulse nitrogen lasers, where
the cavity round-trip time of the dye laser must be short enough for the
spectrally dispersed feedback to reagh the dye cell 1n a state of high

. These arrangement can be made very compact and are thus

inversion. .

If prisms are used as dispersive elements in a wavelength-selective
resonator, & single prism has too low an angular dispersion te be able to
reduce the bandwidth of the laser significantly. For this reason multiple
prism arrangements are often used. Working near the Brewster angle, where
do/dp = 2, (uis the refractive index of the prism material), the angular

dispersion of a prism i3
da/dd =2dg/da. {(5.3)
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Using z prisms in auvtocecllimation with a laser of beam divergence Aa; the
passive spectral width is '

da
Ady= e,
&'. 4zd_u[d).. (5.1
and in the diffraction-limited_case
_L2yp - _
7 dzdpdd (5.5)

bBvaluating these equations e.g. for the case of GOO—prisés of Schott-glass
SF 10 for which Hp =1.72802 and dp/di = 1.35x10-“, one sees that a 6-
prism arrangement in autocollimation has a smaller passive bandwidth than
a grating with 1200 lines/mm in autocollimation. The total insertion loss
of & prisms is quite low since the prisms are used near the Brewstar
angle.

"Prisms are especially well suited as dispersive elements in ring laser
resonators. Fig 4 shows a design using four 90° constant-deviation prisms
that are simultaneously counter-rotated for wavelength tuning, With prisms
made from SF 10 the spectral range covered reached from 430 nm to beyond
700 nm and the spectral width was 0.8 nm at 600 nm and decreased towards

shorter wavelength (53)

. A noteworthy advantage of theae multiprism ring
lasers 1s that they obviate the need for mirrors with broadband dielectric
reflective coatings. Another advantage 13 the ease with which travelling
vwave operation can be achieved, which avolds spatial hole-burning effects.

Qutput can e.g. be obtalned from an intra-cavity beam splitting cube.

Fig. 4 Hing laser with four 90° constant- deviation prisms. KT rotating
prism tables, MT movable table, LT laser cuvette, P beam spiitter.
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The int:erferc_metrie method most often used for tuning dye lasers is the
insertion of cne or more Fabry-Perot etalons or interference filters into
the laser resonator. The wavelength A of maximum transmission in k-th op-
der for a Fabry-Perot of thickmess d, refractive index M, and with an
angle o between 1ts normal and the optical axis, is given by ki =
2udcosat. Here of is the refracted angle inside the etalon. Thus for air
the angular dispersion is di/da = Atana . Hence the spectral bandwidth

for beam divergence An is :
. 43, =2 Az tang,
(5.6)

The wavelength shift Ms for turning the Fabry-Perot from a position nor-
mal to the optical axis (a = ¢, corresponding to a wavelength J\O)
through an angle a is A2, = (1 — cosa) Aq . {5.7)
The free spectral range MF between adjan_:ent. orders is MF = Mk.

The spectral width near }\0 1s determined by the reflection coefficient R

of the Fabry-Perot mirrors, Sl= A1/F, /R (5.82
where F = m/R/{T = 1) F"]..R (5.9)

13 the so-called finesse factof.

From these relations it is easy to determine the required properties of
the laser and the Fabry-Perct Ffor mnarrow band erission and wide tun-
ability. The attainable minimum bandwidth is .determined by the minimum
angle which avoids reflections from the first mirror of the Fabry-Perot
back into the cuvette. If q 18 the ratio of the diameter of the cuvette to
the distance between the Fabry-Perot and the nearest cuvette window, the
minimum bandwidth is 44, =idstanlq. ' : {5.10)

As the angle is increased to tune over the free spectral range, the
bandwidth increases according to (5.6). Thus, a large tuning range is
posgible only at the expense of a relatively .large increase in bandwidth,
In addition to an inereasing bandwidth, the use of a Fabry-Perct at high
angles also introduces sericus walk-off losses, which become the more
serfous the larger the ratioc of et.alon:ﬁhickness to beam diameter and t;he‘
higher the angle. In order to realize a speéif‘ied narrow bandwidth, one
would have to reduce the tuning -range and/or the beam divergence of the
lager. Wavelength selecticn and simultaneous spectral narrowing down to
less than 1 pm were achieved in this way in laser-pumped and fiashlamp-
pumped dye lasers (58

" Nowadays Fabry-Perot etalons are generally used in conjunction with
gratings to achleve a wide tunin,glll range together with a constant narrow
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bandwidth. Microprocessors or microcomputers are usually employed to steer
the motors that turn the axis of the Fabry-Perot etalons and the grating
while tuning in order to keep the wavelength of both devices in synchron-
ism. As soon as the limit of the tuning range of one of the etalons is
reached, it is switched to the next order. '

If the bandwidth 1s narrowed down so much by ohe or more Fabry-Perots
that only one longitudinal mode is oscillating the rescnator length deter-
mines the laser wavelength. Accordingly, again length actuators and turn-
ing motors of the Fabry-Perots must be kept in synchronism by computers
when tuning. This is especially true with cw-dye lasers with wavelength
stabilization.

Pressure tuning of Fabry-Perot etalons is often applied for scanning
over a limited wavelength range because of the simplicity of this method
in pulsed lasers as well as in cw-dye lasers (55).

There are several methods that make use of the rotation of polarization
for wavelength selection (56), but the only one that has gained impor-
tance is the birefringent filter. In the simplest implementation it con-
sists of a single quartz plate cut parallel to the coptical axis of the
crystal, which has a retardation of several half-wavelengths at the center
of the tuning range, and which is introduced into the resorator at an
angle o between the optical axis of the crystal and that of the resonator.
The resonator must, of course, contain enough Brewster windows, so that
linearly polarized laser radiation is emitted. In this case there are
transmission maxima for retardations at half mhl’r.ipl.e wavelengths,

kAj2 s Apxycosa. (5.10)
Here k 1s the order number, Ap the birefringence, and Xy the erystal
thickness, both for normal Ancldence.Thus, the wavelength spread for a

beam divergence fa is 1 cosx sing N
dlw =Aanada = —~ m . (5.11)

This expression i very small near o x 0. Now, however, the bandwidth is
not determined by the beam divergence of the laser, as in the methods
discussed above, but rather by. the transmission T of the birefringent

filter. Tmcos (mdpud/l). (5.12)
If a reduction of, say, 10% brings the laser below thresheld, one would
expect an active bandwidth of di, =50 dpd. {5.13)

This bandwidth can be reduced further by the introduction of one or more
additicnal quartz plates of greater thickness, as in Lyot or similar
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Mrefringent. filters havs now becomo bhe standard turing
=2lements of owo<dye lasers because of the zase wlth Q’hich they allow tn
achieve single longitudinal mode operation over a largs tuning rarge.

vavelength =eleetion 3 disbributed feedback will v treated in section 8.

I

DYE LASER AMPLIFIERS

The flucrescence decay fime of dyes iz only a few nencseconds. This means
that a dye-laser amplifier ecannot store energy any longsr, in contrasth Lo
snlld-nlate laser zmplilfie-s with their storage Time us Lo ms. Jonsequent -
ly ns pulses cannor be amplir"%irg’;;htc nigher outpub powers than whab could
have been obtalned in an equallyYpumped oseillator. Revertheless they are
very useful to amplify the output from a low—power oscillater, that can
much mere easily be contrelled as to zpectral bandwidth and mode struc-
ture, to moderately high powers. -

The usefulnzss of dye laser amplifiers is somewhat limited by amplified
spontancous fluorescence, whlch is an unaveldable background noise pedes-
tal upon which the amplified signal sits. Frem baslc quantum-mechanical
principles it has been derlved that this noise in the cutput of the ampli-
fler corresponds te an Input of at least one photon per mode, or to an in-
put of blackbody-radiation of more tihan 20000 K. Hence only light from co-
herent sources strong compared to this noise will constitute useful input
signals for such an amplifier.

Amplified spontanecus emisslon (abbreviated ASE) limits alse the maxi-
‘mum single-pass gain of {ndividual amp'lif‘ier_stages. If an amplifier stage
iz pumped too high, ASE will saturate both ends of the amplifier and thus
deplete the inversion that was' intended for signal amplifiecation. This
problem has been studied theoretically and experimentally (59), and it
has been shown that in a specific example increasing the pump intensity by
a factor ofs 100 ralses the inversion avallable for signal amplifica-
tion only by H0%. Usually amplification factors of not higher than 1000
have been cbtained without an unduly nigh content of ASE, Sectioning the

‘resolution have been obtainsd
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lasers or frequercy-rultiplied MN4-YAG lasers now contain one or more am-

plifier stages. For detalls the reader 1s referred to the informational

“material of the manufacturera,

Very high peak powsrs can be obtained by the amplification of pulses
with a pulse duratlon that is short compared to the flucrescence decay
time, Several recent publications describe amplifiers that amplify the
weak pulses of a mode-locked cw-dye laser into the GW range (61). In
these systems it 13 especizlly important to suppress the ASE background
which has a similar energy content because of 1ta long duration as the ps
signal, This is usually done by two or three cuvebtes or free jets of sa-
turable abscrber solution, e.g. malachite green as absorber for amplifiers
with rhodamine 6G as active medium. Small signal transmission is made so
low (e.g. 70_7) by chosing a sufficiently high absorber concentration
that only the sfgnal can saturate the abscrption, giving a 50 to 70%
transmission of the peak signal intensity. This also helps to compensate
gignal pulse broadening by saturatlion of the amplifier. In this way sub-ps
pulses can be amplified without pulse'-;f‘or'm degradation.

Several years ago a number of papers described regenrative dye laser
amplifiers, which can be described as broadband oscillators with injection
of the sipnal Into their resonator (62). Now interest in these systems
has subsided as travelling wave amplifiers have matured to give similar
amplification factors without the difficulty of wild osclllations.

An interesting application of dye laser amplifiers is as image ampli-

fier. Single pass' gains as high as 30 dB and with diffraction-limited
(63)

7.
MODE-LOCKING CF DYE LASERS

Dye lasers are the only source of ultrashort wavelength-tunable pulses
down to fs pulse duration, working on a continuous, highly repetitive
basls. They are capable of producing such pulses, since the frequency
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bandwidih required i3 still much less than that of . Lypleal dye fluoroz-

cence tarnd.

Mode-locking of dye lazers follows the same general ideas employed for
mode-locking of sclid-state dye lasers. At a suitable position in the re-
senator either a loss or a gain modulator is placed. Active mode-locking
using electrically driven loss modulators only leads to pulses of 100 to
200 ps duration and has practically been abandoned. The only two methods
that are presently being applled are passive mode-locking with organic dye
solutions as saturable absorbers and gain modulation using the method that
now is generally referred to as synchronous pumping,

The first passive mode-locking of a flashlamp-pumped rhodamine 6G laser
used the absorber dye 3.3'-diethyloxadicarbocyanine icdide, now generally
abbreviated DODCT (6“. This dye is still the one that has given the
shortest pulse widths. A very recent report (65) achivved pulse widths
of 90 fs using this dye in a cw-dye ring laser. By a nonlinear optical
method these pulses could be shortened down to 30 f3, which means the
shortest optical pulse ever observed (66).

It is remarkable that the excited-state lifetime or ground-state
recovery time of the saturable absorber does not determine the pulse
width, which becomes immediately clear if one notices that this time in
DODCI is about 1ns. Evidently it is the interplay of saturation of the
absorption and the saturation of amplification, that is {mportant. While
the saturable absorber steepens the front edge_ of the pulse, the trailing
wing of the pulse is suppressed by the saturation of the amplification in
the active medium. Not all possible pulse shapes experience this pulse
sharpening mechanisms, pulses with a atep-like front or Gaussian-shaped
pulses are. best suited for this - mechanism (6”. The twe oppositely
travelling waves in a ring laser colliding in the saturable absorber seem
to enhance this effect, perhaps influenced by the grating induced by the
standing wave thus created in a way that is not yet completely understood.

Wnile passive mode-locking in pulsed dye lasers has been used in a
falrly broad spectral region (68 and In cw-dye lasers only in a very
restricted range due to the lack of known saturable absorbers, the method
of synchronous pumping can be used in the wholé spectral range of dye
laser operation as long as suitable pump sources are avallable. Here the
gain of the active medium 1s modulated by pumping the dye with a mode-
locked pulse of an argon-ion or krypton-ion laser of typleally about 100 ps
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ps pulse width. If the round-trip time of the dyo laser resonator asd the
period of the pump-pulse occurrence are exactly matched (usually this must
be done with an accuracy of at least um), saturation of the dye sets in
after a few round-trips and sharpens the pulse down to sub-ps pulse

widths, provided all parameters are optimized (69).

8. .
SPECIAL FORMS CF DYE LASERS AND OUTLOCK

Vapor-phase dye lasers have the {as of yet unfulfilled) promise of
giving shorter wavelength laser emission than in solution, since most dyes
show hypsochromic spectral shifts when going to the vapor phase. At the
same time, however, photochemical stability is impaired because of a lack
of stabilizing collisions with solvent molecules. Russian workers have
successfully circumvented this difficulty by using high pressure {up to 30
bar} buffer gases like pentane or ether (70 and a flow sytem for the
vapor {71). The molecular prerequisites for a good laser dye for use in
the vapor phase have been discussed above.

The mest severe drawback of solid-state dye lasers is the relatively
bad phetochemical stability of dyes imbedded in plastics material. As soon
as better dyes are available they might become of high interest because of
their intrinsie simplicity and cheapness (72}.
crystals are no sclution because of the softness and low optical damage
threshold of the suitable crystals (73).

Distributed-feedback dye lasers, once more of a laboratory curiosity

(7%

generating tunable ps pulses in an astonishingly simple way. In thesc

Also dyes embedded in

y have recently come into prominence because of their potential for

lagers two coherent pump beams Iimpinge on a dye cuvette creating a fringe
pattern in the surface layer of the dye. In the maxima the dye is pumped
strongly, creating a phased array of excited -dye layer_s that create gain-
mocdulated distributed feedback without the need of an external resonator.
The laser wavelength of such a éevice is determined by the fringe spacing
and . the refractive index of the solubtion by a simple Bragg condition.
Tuning is possible in varlous ways: changing the index of refraction by
pressurizing or changing the composition er temperature of the solvent,
and changing the angle of incidence of the two pump beams.'BOH was the
first to notice the capability of a distrituted-feedback dye laser pumped
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by short pulses of a nitrogen laser éo generate single ps pulses (75).
This comes about because of a self-Q-switching or cavity-dumping action
that is best understood looking at the set of coupled rate equations
deseribing laser action in these devices., For lack of space the reader is

referred to the papers of BOR and coworkers (76).

Looking back at the cne and a half decades of dye laser development
one notices that over 1000 papers have been published on dye laser
development and many more on applications of dye lasers. Still the
potential for further development seems tramendous. This starts with the
active medium itself, where the carefully planned design of new laser dyes
has just begun Lo show very promising results with higher efficiency,
better photochemical stability and greater wavelength coverage. The
extremely large ecpectral bandwidths available in dyes promise still
shorter pulses, poseibiy down to 1 {s. With nigher pump-pulse energies of
excimer lasers becoming available cne can expect further increase of peak
power ol ultrashort pulses, possibly into the terawatt region. Increasing
efficiency of flashlamp-pumped dye lasers will bring the average power of
these lasers into the multi-kilowatt rggion and might make them eligible
for specialized industrial applications. These few examples may suffice to
indicate that there is a bright future ahead for dye lasers.
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