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I. SUMMARY

This report describes our experimental and theoretical efforts
to understand dye laser operation. The approach used by McCumber1 for
treating phonon-terminated lasers was applied to investigate the gain prop-
erties of dye lasers and was extended to include effects arising from popu-
lation buildup in the triplet—level system and associated triplet~triplet
absorptive losses. The gain is expressed in terms of time~dependent
excited-state populations and spectral emission and/or absorption functions.
For a given optical-pump pulse, a computer program was used to solve rate
equations for the populations up to threshold and to calculate therefrom the
gain as a function of fime and frequency. The gain varies with frequency
over the broad fluorescence bands characteristic of dye molecules and with
time until the threshold for laser action is reached. Experiments using
rhodamine 6G verify the predicted dependence of the laser frequency and
time of threshold on cavity Q and demonstrate laser frequency tuning by
adjusting the opening time of an intracavity Q switch. No variation of laser
frequency is expected for fluorescing molecules exhibiting large Stokes
shifts; this is observed for 7-hydroxycoumarin. Computer calculations
of the gain for anthracene and rhodamine B illustrate the dependence of
gain properties on the rate of intersystem crossing and triplet-triplet ab-
sorption. An estimate of the rate of intersystem crossing for rhodamine B
in methanol is obtained from a comparison of predicted and observed laser

threshold conditions.

This theory is also used to show how to determine whether a par-
ticular flashlamp will be able to excite lasing in a particular dye. To date
it has been common practice to impose on dye laser flashlamps the condition
that in order to achieve lasing they must reach their maximum intensity in
a time, T, less than the time, Ty when the net gain becomes negative due
to the growth of triplet-triplet absorption. We show that this condition is
neither necessary nor sufficient for success in exciting lasing. Instead,
the important quantity is shown to be the net integrated flashlamp intensity

up to the moment when the gain is maximum.



Experimental evidence is presented in support of our theoretical
conclusions. Laser frequency tuning by each of the three methods mentioned
above is demonstrated. In addition we report lasing four dyes with a simple,

easy-to-assemble linear flashlamp pump system.
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II. INTRODUCTION

The active medium in dye laser is a solution of an organic dye
in either a liquid or a plastic host# The first dye laser was demonstrated
by Sorokin and Lankard® in March 1966; they used a Q-switched ruby laser
to excite a solution of chloroaluminum phthalocyanine in ethanol. Dye
lasers studied since have been both laser and flashlamp pumped and have

emitted at wavelengths from ~ 0.45 to ~ 1.06p.

The general characteristics of the absorption and emission spectra
of dye solutions are shown in Fig. 1. These curves and their relationship
to dye laser action can be qualitatively understood by examination of Fig. 2,
which shows schematically the energy levels of a dye molecuie in solution.
Each level represents a particular electronic, vibrational, and rotational
state of the molecule. Since the electronic contribution to the energy is by
far the largest, these levels are grouped together according to their elec~
tronic state and by their net electronic spin, either 0 or 1, into groups of
singlets or triplets, respectively. Since it is impossible to represent the
exact molecular configuration, we shall arbitrarily define the distance from
the solid vertical line (on the left in Fig. 2) to represent the molecular con-
figuration corresponding to the group of levels. Since electronic excitation
takes place much faster than the molecule's configuration can change, ab-
sorption and emission are shown vertically in Fig. 2. Atfter absorption
from SO to Sl’ the molecule relaxes nonradiatively to the lower levels of S1
whence it can emit a photon of less energy than the one absorbed. This

accounts for the Stokes shift of fluorescence from absorption in dye solutions.

Examining Figs. 1 and 2, we see that the dye solution can emit where
there is little or no absorption. The energy level scheme for S-S fluorescence
is like that of a four-level laser and suggests the possibility of achieving laser

action in these solutions.

- et e A am s ot e = e = = e o - e e e Ye mm e = A e e = e e e e e e e e e wm e n e A

e
Much of this introductory material may also be found in Appendix A.
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Fig. 1 Absorption and Emission Spectra of a Dye Solution
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The achievement of lasing is hindered by two facts: the radiative
lifetimes of most dye solutions are short (in general~ 5nsec), and inter-
system crossing to T1 and internal conversion to SO are nonradiative loss
mechanisms. In addition, T-T absorption may be in the same wavelength
range as S-S fluorescence. This may cause a potential dye laser to not
lase at all or to self-terminate due to the growth of T-T absorption. To
achieve dye lasing it is, therefore, necessary to excite a sufficient popu-~
lation into S1 before either the T-T absorption becomes large or the excited
population decays away. For this reason a pump source must be energetic
and fast: thus the first dye laser pumps were other laser beams (Fig. 3a).
Since laser-pumped lasers are not very practical, flashlamps that could
produce flashes of light with energies of ~10 to ~100J, with risetimes
(time to the peak of the pulse) of ~ 500nsec were developed. Sorokin et al.3
used an annular lamp, shown schematically in Fig. 3b, and a disc-shaped
capacitor to achieve the desired flashlamp pulse. Schafer et al.4 have also
obtained laser action by exciting certain dye solutions with a commercial

linear flashlamp, as shown in Fig. 3c.

In addition to those listed in Table I, there are dye lasers available
to fill in almost the entire spectral range from 0.45 to 1. 06pum. The lasing
wavelengths of most dye lasers can be tuned over very wide ranges (upwards

2,5 ad-

of 200&) by varying the dye sol\rent,2 varying the dye concentration,
justing the cavity Q,6 and by Q-switching the dye 1aser.7 Soffer and McFarland8
have demonstrated that by using a diffraction grating as one of the cavity
mirrors, one can narrow the lasing spectrum of a dye to less than 1A and

select the laser wavelength without sacrificing much of the output energy.

The main body of this report (Sec. III) is composed of a paper on
dye lasers which was originally prepared for publication in a scientific journal.
As such it contains its own introductory segment and concluding remarks.
For the sake of clarity and brevity neither of these items will be repeated
elswhere in this report. However, the reader might find it useful to read
Appendix B before reading Sec. IIl since this appendix presents in a simplified

form some of the salient points of our theory.

The second part of the next section contains additional descriptions

of our experiments.
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Lasing o
Pumpin Stability of =~ Wavelength (A)
Dye Solvent!®! Schemel(b) Dye Solution  and Color(c)
7 hydroxycoumarin  water (buffered to pH =9) AFPL not stable  ~ 4588, blue
7 diethylamino~ ethanol AFPL stable ~ 4590, blue
4 methylcoumarin
fluorescein-Na salt ethanol LPL, AFPL stable ~ 5370, green
rhodamine 6G ethanol LPL, AFPL, LFPL stable ~ 5800, yellow
rhodamine B ethanol LPL, AFPL, LFPL stable ~ 6100, red
pyronin B methanol AFPL --- ~ 6230, red
cryptocyanine glycerol LPL not stable ~ 7300, deep red
DTTC iodide!¥ DMSO LPL not stable  ~ 8000, near L.R.
Dye 11(€) acetone LPL - ~10,000, LR.

TABLE 1
REPRESENTATIVE DYE LASERS

(a) There may be several possible solvents.

(b) LPL = Laser pumped lasing
AFPL = Annular flashlamp pumped lasing
LFPL = Linear flashlamp pumped lasing

{c) When flashlamp pumped lasing has been achieved the wavelengih and color given aye for this type
of excitation. Also note that the particular wavelength can be adjusted by + ~ 150A by adjustment
of cavity Q and solution concentration.

{d) 3,3'-diethylthiatricarbocyanine iodide

(e) 1,1'-diethyl 4, 4'~quinotricarbocyanine iodide, Y. Miyzoe and M. Maeda, Appl. Phys. Lett. 12,
206 (1968). le
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III. INVESTIGATION OF DYE LASERS

A. Frequéncy- and Time-Dependent Gain Characteristics of

Dye Lasers

1. Introduction

During the past two years, pulsed laser action at visible and
near-infrared wavelengths has been obtained from a large number of
optically pumped organic dye molecules.9 In this paper, the frequency-
and time-~-dependent gain characteristics of media containing dye mole-
cules are examined theoretically and experimentally. The approach used
is one originally developed by McCumber ™ to treat the frequency-dependent
gain properties of phonon-terminated lasers. The gain is expressed in
terms of calculated time-varying excited-state populations and measured
spectral emission and/or absorption functions. The results show explicitly
the manner in which the gain varies with frequency over the broad fluo~
rescence spectrum of the dye and with time up to the moment the threshold
for oscillation is reached. The dependence of these properties on the rate
of optical pumping and on the modes and rates of decay of the excited state

populations is also shown.

Gain calculations made using the above approach were applied
recently to explain the observed dependence of lasing frequency on cavity @
and the different lasing frequencies reported for flashlamp vs laser pumping.
The temperature dependence of the lasing frequency inherent in the theory
has also been :r'epor’ced.11 More extensive gain calculations, which illus~
trate the dependence of the gain on pump rate, cavity losses, and fluo-
rescence spectrum, are presented herein. Predicted gain properties are
confirmed by experiments using rhodamine 6G and 7-hydroxycoumarin. Also,
a new technique predicted earlier10 for frequency tuning by adjusting the

opening time of an intracavity Q-switch is demonstrated.

The relaxation of many optically excited dye molecules includes
significant decay to the metastable triplet-level system. This transfer
can be detrimental to laser action because (1) it reduces the number of

molecules in the singlet system and hence the maximum gain possible,



and (2) it leads to additional losses if the triplet-triplet absorption spec-
trum overlaps the fluorescence spectrum. The gain expressions and rate
equations have therefore been extended to include the effects of the triplet-
level system. Quantitative gain calculations are frequentiy hampered,
however, because the rates of intersystem crossing and the triplet-triplet
spectra for molecules of interest are not known. The gain properties of
anthracene and rhodamine B are computed to illustrate the time evolution
of the gain and the effects of the triplet population buildup. Since the rate
of intersystem crossing for rhodamine B was not known, calculations were
made using a range of rate constants. It is shown that, by comparing the mea-
sured laser frequency and time of threshold with various predicted values,
estimates of the intersystem crossing rate and the importance of the

triplet-triplet losses can be obtained.

In a final section requirements for achieving laser action using
flashlamp pumping are analyzed. Because of the continual buildup of trip-
let population, it is important that the pumping rate be sufficient to reach
threshold gain before triplet losses become dominant. The required pump-
ing conditions are dependent, in a complicated way, upon characteristics
of both the flashlamp and the dye. Approximate expressions are derived
which illustrate these relationships. The potential for lasing a particular
dye-flashlamp combination can be more properly evaluated, however, using
calculations of the frequency- and time- dependent gain characteristics as

described in this paper.
2. Theory

The energy levels and transitions for organic dye rnolecules12 of
importance for laser operation are summarized in Fig. 4. Dye laser ac-
tion has been obtained by optical pumping using short-pulse (Z 10_(D sec)
flashlamp or Q-switched laser radiation. Molecules are excited into vi-
brational-rotational levels of S1 or higher electronic singlet states and
quickly decay nonradiatively to the lower levels of the Sl manifold
(~ 1071 _ 10712 sec). From S,, molecules relax (1) to the singlet ground
state radiatively by fluorescence and nonradiatively by internal conversion
and (2) to the triplet level system by intersystem crossing, 13 the total

8. 10_9 sec. When the lowest trip-

let state is well below Sl’ it is usually metastable with a lifetime > 10_4 sec.

characteristic decay time being ~ 10~

Relaxation from T1 occurs by phosphorescence or by nonradiative decay if

quenching impurities are present in the solution.

10
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a. Gain-Frequency Dependence

Laser emission arises from transitions between the lower levels
of S1 and high-lying vibrational levels of the ground state. The gain per
unit length for photons of angular frequency w with wavevector and polari-

zation indices (15:.' \) is
Gw, kX, \) = e(w, li A) - alw, kN, (1)

where a{w, lfgd \) is the absorption coefficient of the laser medium and
e{w, k, 1\) is the corresponding stimulated emission coefficient. During
intense optical pumping, a significant molecular population may accumu-
late in the lowest excited singlet and triplet states S1 and T,. Thus in
addition to absorptive losses associated with transitions from the ground
state, other spin-allowed transitions Sl — S and T, T may be important.
In terms of the total absorption cross-sections cria for electronic state i,

a

a o-Tl (w, li’ ?\), (2)

g
S

a

(w, k, )+ N P (w, 1»3, A) + N

0 1 1 1

where Ni is the number of molecules per unit volume in the ith set of

a(w, lfd A)=N

S S T

levels. The population within each set of vibrational levels for a given
electronic state is assumed to attain a Boltzmann thermal equilibrium
distribution characteristic of the host temperature in a time short com-
pared to the rates of optical pumping and decay from'Sl. This is gen-
erally a good approximation, although the use of intense light pulses

from @Q-switched lasers can result in "hole-burning" and a non-Boltzmann

14-17

population distribution in SO' Instances in which the above ap-

proximation may not be valid will be discussed elsewhere.

McCumber has shown ! that the absorption and emission cross-

sections for broadband transitions are related by

2 (w)

. = exp [A(w - p)/kT] , (3)
o (w)

where Hu is a temperature-dependent excitation potential given by the

net free energy required to excite one molecule while maintaining the

12



lattice temperature T. Many dye molecules of interest have approxi-
mately mirror-image absorption and emission spectra; for these cases
1 can be taken to be the frequency of the 0-0 transition between the low-~
est vibrational levels of S0 and Sl' Using Egs. (1-3) and dropping the

wavevector~-polarization indices, the gain can be written as

Gw) = {NSl exp [B(x - w)/KT] - NSO} a‘;o W) - NSl crasl(w) - NTla'aTl ). (4)

The absorption cross-section UaS at frequencies where the gain is
large is usually very small and ngt readily measurable, thus Eq. (4)
is more usefully expressed in terms of the emissicn cross-section. Us-

1ng Eq. (3) and mtroducmg a fluorescence function f(w, k A) defined by

S (W) = f(w) [ch/wn(w)] , Eq. (4) becomes
_ _ _ _ 2nc & _
Glo) = (Ng - Ng exp[-1 w)/kT]}(W) f) - Ng o5 (@) NTlof"Tl(w) -

(5)
n{w) is the index of refraction of the medium at frequency w. The quan-
tity f(w) in Eq. (5) is the average intensity in photons per second per unit
frequency interval per unit solid angle observed for each emitting mole-
cule. It can be derived from the emission spectrum via

=]

A(S *S)-ZSdﬂkatl“i’—z-%’—)‘)dw . (6)

N 4n

In Eq. (6) A is the spontaneous emission probability and is related to
the excited state lifetime T and quantum yield ¢ by TA = ¢. Since the
spectrum of f(w) depends upon the population distribution among the vi-
brational levels, it is a function of temperature T. 1 Therefore the
f(w) to be used in Eq. (5) must be determined for the temperature of

interest.
Other terms can be added to Eq. (5), if needed, to account for

dispersive losses associated with the laser cavity or the introduction
of frequency-selective elements into the cavity.

13



Lasing in a broadband cavity will occur at the frequency of the
highest peak of the G(w) curve where dG/dw = 0. It is evident from
Egs. (4) and (5) that for a given temperature, the frequency at which
the gain is a maximum, and hence the lasing frequency at threshold,
is governed by a combination of the absorption and emission spectra
and the population densities Ni' Because the latter changes during
the optical pumping, the gain and the frequency of the gain peak are

also time dependent.

b. Gain-Time Dependence

The level populations at any time after the initiation of pumping
are obtained from solutions of the rate equations governing the excita-
tion and relaxation processes. Since we shall be concerned with the

gain only up to the threshold for oscillation, the photon field in the

laser cavity and stimulated emission processes are omitted. (These
will be treated in a subsequent paper.) Excitation is assumed to pro-
ceed via optical pumping into Sl and/or higher excited singlet states
followed by very rapid decay to a thermal equilibrium distribution
among the lower vibrational levels of Sl' Pumping wavelengths suit-
able for inducing emission frorn'Sl to So or exciting molecules from
Sl or Tl

lowing calculations. Even if the latter wavelengths were present, the

to higher excited states are assumed to be absent in the fol-

rates of decay back to Sl or T1 are generally very much faster than
available flashlamp pumping rates and hence no significant net change
in excited-state population occurs. The metastable Tl level is con-
sidered to be located sufficiently far below Sl that reverse intersystem
transitions T, —’Sl are negligible. -Thus we treat a simple system
consisting of three sets of energy levels: the lowest excited singlet

(S) and triplet (T) states and the ground state (0).

The rate equations for the effective three-level system are:

14
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s _ _ 1
- - Ng + P{t) N,
dN
T _
il TTN 7 + kgp Ng
dN, ' 1 1 -

where ’TS and TT

(72)

(7b)

(7¢)

are the singlet and triplet state lifetimes, P(t) is the

optical pumping rate, and kST is the rate of intersystem crossing S = T.

The calculations can be scaled conveniently by introducing the following

dimensionless quantities:

n, = Ni/N
X = t/T

Yy = TSP

p = TS/TT
no= TgKgyp

(8)

For a closed system and in the absence of photochemical processes,

the total molecular concentration N = NS + NT

can thus be rewritten

[oR
=

S _ .
T = (1 +\()nS ynT+y ,
dn
T _
ax = ~ pap tang
and the gain is given by
-G _ _
g(w) - N - (nS noe ) u)l’l(b..)) f(w)
where
Q =h (p -w/kT

15

+ N0 = constant.

nTUT(w) ,

Eq. (7)

(92)

(9b)

(10)

(11)



For a given pumping function y(xTS), the simultaneous differ-
ential equations in Eq. (9) are solved on a IBM 7044 computer using
a predictor-corrector method. vy is taken to be constant over an x
interval which was typically ~ 0. 0l of the pumping pulse duration.
Starting from their thermal equilibrium at x = 0, the populations ng
and N, at later times are calculated and inserted into the gain expres-
sion together with the measured spectral furctions, temperature, and
estimated u; the final computer readout is the gain G as a function of

w at selected times during the pumping.

The frequency of the peak of the gain curve G(w) changes dur-
ing pumping until threshold is reached. The lasing frequency is there-
fore dependent upon the losses or the Q of the laser cavity. For cavi-
ties and dyes having time-independent losses, the lasing frequency,
if threshold gain is attained, will always be the same, independent
of the time and intensity properties of the optical-pump pulse; only

the period of pumping to achieve threshold will vary.

This is not the case, however, when time-varying losses, such
as those arising from excited singlet and triplet state absorption,
are present. If the triplet level has a lifetime long compared to both
the pumping pulse and Tgr @ significant tripilet population buildup may
occur. The transfer of molecules to a metastable triplet level is
proportional to the rate of intersystem crossing kST and is an inte-
grating process during the pumping. It affects the gain in two ways:
(1) the total number of molecules in the singlet system and the
associated maximum gain possible are reduced and (2), if the T-T
absorption overlaps the fluorescence, there is a loss mechanism in-
creasing with time. Both can be detrimental to laser action. Since
flashlamp pulses are generally very much longer than the Tg of dye
molecules, the number of molecules in T1 can become a sizable frac-
tion of the total population. The triplet population buildup is com-
paratively less important when short-pulse laser excitation is used,

but is not necessarily negligible.

16
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Three limiting cases can be readily distinguished for calcu-

lating gain properties of dye lasers:

I.

kg

= 0.

The triplet population N.(t) = 0 at all times and hence the

(t
T
above effects of the triplet level system are absent. The
simplified rate equations for this case have been presented
previously in connection with the treatment of flashlamp-

versus laser-pumped dye lasers.zo

II. # 0, 7.,.>> 7., T-T absorption deces not overlap fluocrescence
T T S p p

specirum.
. > . - -1
If the pump pulse has a duration < ‘TS and a rate P(‘r.)|max < TS ,
the total population transfer to the triplet system before
threshold is attained will be small; the gain can therefore be
calculated as in I. Flashlamp pulses, however, are generally
much longer and a population transfer sufficient to affect the
gain may occur. Under weak pumping conditions (i.e..
P(t) Tg << 1), NS(t) = NOP(t) TS and the gain can be written
2
GW) ~ N, [P() 7o ~ e M (28 1) . (12)
0 S wn{w)’ -~
From Eq. (7b), the triplet population at time t after pumping
begins is
t
NT(t) e kSTS NS(t) dt. (13)
o
Because of this transfer, the population in the singlet system
is continually decreasing and "
No(t) ~ N - NT(t) ~ N - kSTg NS(t) dt. (14)
o

Thus if the decrease of No(t) exceeds the increase of the P(t) 'TS
term in Eq. (12), the gain may actually begin to diminish before

the peak pumping intensity is reached.

i



II1. kST # 0, TT >> Tge T-T absorption overlaps fluorescence

spectrum.

The gain in this case must be calculated using Eq. (4) or (5)

and solutions of the coupled rate equations in Eq. (7).

Application of the above gain theory for a known pump function P(t)
requires, in case I, knowledge of the SO - S1 absorption or emission
spectra, fluorescence lifetime Tgr and quantum yield ¢. Cases II and
III require, in addition, knowledge of the T-T absorption cross-section

ch(w), triplet lifetime T and rate of intersystem crossing kST'

3. Gain Calculations with no Intersystem Crossing

The preceding formalism is first applied to calculate the gain
when the rate of intersystem crossing is small and can be neglected.
Two dyes, rhodamine 6G and 7-hydroxycoumarin, which have high
fluorescence quantum efficiencies and which approximate this limiting
case, are treated. The calculations were performed by setting n = 0
in Eq. (9). Since in this case Ny, = 0 at all times,having measured f(w),
one need know only nS(t) to determine the gain and possible lasing fre-

guency.

a. Rhodamine 6G

We have found that a 10_4 M solution of rhodamine 6G in
ethanol is very nearly an opiimal concentration for obtaining reliable,
low threshold, and reasonably energetic laser action; therefore this
solution was selected for detailed experimental and theoretical analysis.
The absorption and fluorescence specira are shown in Fig. 5. The
fluorescence function f(w) was scaled using a measured lifetime
Tg = 7.4 nsec and the reported quantum yield(1 1 ¢ = 0.84. Plots of
G(w) for various values of ng are given in Fig. 6. In Fig.7 the peak
of the gain curve, and hence the lasing frequency at threshold is plotted

Versus ng. To determine whether a given excitation pulse is sufficient

18
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to achieve oscillation, one need only compute nS(t) and then select
a cavity configuration having a threshold gain less than that corre-
sponding to the largest value of Ng. Once the value of ng required
for threshold is known, the lasing frequency can be predicted from
Fig. 4.

However, to calculate nS(t) from the rate equations, Eq. (7)
or Eq. (9), one must accurately evaluate the pumping rate P(t). Al-
though the spectral properties of the pumping source and the dye
absorption bands can be measured, the net absorption of pump light
by the dye in a laser cavity is also determined by geometrical fac-
tors and scattering. Therefore, in practice, it may be difficult
to determine the effective pumping rate with a high degree of

accuracy. (See the discussion of this point in Ref. 10.)

A typical flashlamp pumping function y(t) is shown in Fig. 8.

It was obtaired from an annular flashlamp used in the experiments
reported below. The lamp was energized by a 0.25 pf oil-filled
capacitor having a large self-inductance of = 1600 nH; it typically
dissipated about 50J in the discharge. All subsequent calculations
for rhodamine 6G were performed using the pulse shape in Fig. 8.
The nS(t) calculated for Ymax = 0.03 is also included in Fig. 8.
Note that in general when the flashlamp pulse duration is >> Tg

and k... = 0, the population nS(t) simply tracks y(t).

ST
As an example, consider a cavity composed of cne 100%R

broadband mirror and one 60%R mirror. Allowing ~5% addi-

tional loss due to absorption by unpumped molecules and scatter-

2 -1

ing, the threshold gain required for lasing would be ~ 3.2X 10 “ cm

2

From Fig. 6, this corresponds to n, ~ 0.45 X 10”“, and thus, from

S
Fig. 8, lasing should begin at t ® 250 nsec. The expected lasing
frequency according to Fig. 7 is 16, 700 cm_l. These predictions
are confirmed by the experimental results reported in Figs. 9 and

10; these results will be discussed in greater detail below.
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Two general comments are in order at this point. First,
note that lasing threshold can be achieved when the inverted popula-
tion is << 0. 5 indicating that dye lasers are four-level lasing systems.
Second, since the rate equations used do not contain terms accounting
for stimulated emission from Sl to SO’ the population ng can approach
unity for strong pumping. This can ocecur, for example, when radia-
tion from high-energy Q-switched lasers excites molecules to levels
above the lowest level in Sl’ since there is no optical field present

to stimulate Sl - SO transitions. If n, does approach unity, the

]
peak lasing gain must occur at the frequency where the fluorescent
spectrum is most intense. Thus the curve in Fig. 7 apprcaches

17,700 cm_l tangentially as ng ~ 1.

Since ng varies with time, the frequency at which the gain is
maximum may also vary with time. In Ref. 7 a plot of this frequency
for rhodamine B in methanol versus time, for a specific pump func-
tion, led to the prediction that the lasing wavelength could be varied
by inserting a variable delay Q-switch in the optical cavity. Such
an experiment was performed for rhodamine 6G using the apparatus
sketched in Fig.1ll; the results in Fig.12 confirm the prediction. Be-
cause the lamp-capacitor combination used produced a pulse which
peaked at Tm ® 900 nsec, spectra b and ¢ in Fig. 12 were obtained
when ng was decreasing with time; thus the lasing wavelength should
increase going from b tc c¢. Unfortunately these results cannot be
directly compared to the predicted time dependence of the lasing
frequency obtained from Figs. 7 and 8 because the experimental pump

function was not identical tc that used in the calculations.

Both the magnitude of g(w) and the wavelength at which it
is maximum depend upon Ng and, through ng, on the time lapse
after initiating pumping. Therefore cavities having different Q's
or threshold gain requirements will exhibit lasing at different fre=-
quencies. As seen from Figs. 6 and 7, low-Q cavities requiring

high gain for oscillation will lase at higher frequencies (shorter
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Output Spectrum of a Q-Switched Rhodamine 6G Laser Using
the Experimental Arrangement in Fig. 11.

a) No voltage on Pockels cell
b) Pockels cell opened at 1. 04 usec after initiation of pumping
¢) Pockels cell opened at 1. 13 psec.

Since the Pockels cell does not always act as g perfect shutter,
prepulsing can occur; the emission at = 5780A in b) is due to
lasing in the lower @ cavity formed when the Q-switch is still
mainly closed.
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wavelengths) than high-{ cavities. This is demonstrated explicitly
in Fig. 9, where the experimentally observed lasing band for several
choices of cavity mirrors is compared to the computed frequency for
which glw) = Ethreshold"

Another facet of the dynamic behavior is that for a given
pumping rate, threshold will be reached at different times for dif-
ferent cavity Q's. This is shown in Fig.13 where the computed time
to achieve threshold gain is plotted versus the.maximum value of
the pump function y for several choices of cavity mirrors. For
certain low-Q cavities and weak pumping, lasing threshold is not
reached. Fig. 10 shows the experimentally measured time to reach
oscillation as a function of pump energy. These data exhibit the
predicted behavior; however, since the gas pressure in the flash-
lamp was varied to obtain firing with different voltages on the energy
storage capacitor, the form of y(t) was not identical for each energy.

Direct comparison of Figs.13and 10 is thus not possible.

b . T7-Hydroxycoumarin

Laser action from 7-hydroxycoumarin has been reported by
Snavely and Peterson. 18 Since the quantum yield is 0.99, 18,19
intersystem crossing can be neglected. Gain calculations were made
using the fluorescence spectrum measured for a 10_3£ solution of
g = 5.5 nsec, and ¢ = 0.99.

The results, together with the pump function used, are shown in

7-hydroxycoumarin in water (pH = 9), 7

Fig. 14. The Stokes shift for this solution is very large (~ 5000 cm—l).
In the approximation of mirror symmetry,i(p - w) S 2500 cm"1 and
the exponential term in Eq. (5) is always small. The gain at room
temperature and for frequencies less than or equal to that at the
fluorescence peak can thus be written

2
glo)~ (ng - 4 X 10 6)(%’(%) £(w) : (15)
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cavities used had broadband mirrors and estimated gains required
for threshold as follows:

1

A - 100%R and 8%R mirrors, Gthreshold =0.187 cm

B - 100%Rand 14%Rmirrors, Gy .= 0.128 cm” '

C — 100%R and 60%R mirrors, Gy .. po1q = 0 032 cm:I

D — 100%R and 80%R mirrors, Gthreshold = 0.015 cm

E - 100%R and 99.5%R mirrors, Gy o 0, = 0.0031 em ™!
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Since for the flashlamp pulse considered, ng is already =~ 5 X 10—5 at

40 nsec, -the gain maximum and lasing will occur at the peak of the

f(w) fluorescence spectrum, w= 21,800 cm—1 {4590 A). There should
be no change in frequency of g(w) Imax and, except for the highest Q
cavities, there should be no dependence of lasing wavelength on cavity
Q (see Fig. 14). This is indeed observed. Using an annular flashlamp
and cavities composed of one 100%R broadband mirror and either a
98%, 79 %, or 49%R broadband mirror for output coupling, the meas-
ured central lasing wavelength was (4588 + 5)2&.

The behavior exhibited for 7-hydroxycoumarin may be gener-
alized to other dyes. Whenever there is very little overlap of the
fluorescence spectrum and the singlet or triplet absorption spectra,
the lasing frequency will be independent of Q in a broadband cavity.
This property can be utilized to check on the presence of T~T absorp-
tion in dyes with large Stokes shifts. The above results for 7-hydroxy-
coumarin support the notion that triplet absorption is unimportant for

this dye.

4. Gain Calculations Where Intersystem Crossing is

_Important

Analysis of the effects of population transfer to the triplet
level system on laser gain and thresholds is frequently hampered be-
cause the rate of intersystem crossing and the T-T absorption spec-
trum for the molecule and solvent of interest are not known. Although
the total nonradiative decay from Sl can be readily determined from
measurements of the fluorescence lifetime and quantum yield, the
relative contributions of internal conversion and intersystem crossing 13
remain to be established. Two examples are treated in this section.
In the first case, anthracene, the T-T absorption spectrum and various
rate constants are known; in the second case, rhodamine B, the T-T

spectrum is known but not the rate of intersystem crossing. By comparing
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the observed laser threshold and frequency for the latter case with
values predicted using various choices of kST’ limits can be set on
the range of possible crossover rates. In both cases the T-T spec-
trum was measured for a solvent different from that used for the
lifetime, quantum yield, and fluorescence spectrum. This, combined
with large uncertainties in the T-T extinction coefficients, necessarily
limit any quantitative predictions. The triplet lifetimes are assumed
to be long compared to the fluorescence lifetimes and the duration of

the pumping pulse.
a. Anthracene

Anthracene was chosen for analysis since its triplet spectrum
has been studied extensively. 20 The singlet fluorescence spectrum
for anthracene in cyclohexane21 and a portion of the triplet absorp-
tion spec’crum22 which overlaps it are shown in Fig. 15. The fluo-

rescence function f(w) was scaled using 7, = 4.9 nsec and¢ = 0.36

in Eq. (6) and p = 26,500 cm_l. 21 ForSexcitation, the second
harmonic of a ruby laser at 34724& and a pulse shape y(t) given in
Fig. 19 were considered. The rate of intersystem crossing for
anthracene in benzene has been measured 23 and corresponds to

n = 0.13; a value of n = 0.1 was used in the present calculations.
The triplet lifetime, which can be strongly affected by the presence
of quenching impurities, was assumed to be greater than 1 ysec and
hence relaxation from T, to S0 is negligible on the time scale of
the pumping and singlet decay. The rate equations in Eq. (9) were
solved under the above conditions. 24 The resulting time-varying
fractional populations in the singlet and triplet levels are included
in Fig. 16. Whereas the singlet population increases and decreases
with only a small time lag with respect to y, the triplet population
exhibits a continual increase and approaches ~ 20 % of the total

population for a pumping intensity of Ymax = 1.0.
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The buildup of the triplet population and the strong T-T ab-
sorption peak at 23, 500 crn"l dramatically affect the gain in this
spectral region. This is seen from the gain curves at various times
during the pumping pulse shown in Fig. 17. Shortly after pumping
begins, the maximum gain is obtained at 23, 600 cm-l. As pumping
proceeds, the gain maximum jumps discontinuously to 25, 000 cm-l
The gain then continues to increase as Ng increases until the popu-
lation accumulation in the triplet state and associated absorptive
losses become important. The onset of significant T-T losses is
first apparent as a small dip in the gain curve at = 23, 500 cm_1

for t = 14. 4 nsec. The continued growth of n_, soon makes the gain

T
negative in this region and, at latter times, in other spectral re-

gions as well.

Sorokin et al.9 estimated that to achieve laser action in
anthracene at =~ 25, 000 cm-l, the pump source should reach its
maximum at a time less than ~ 5 X 10-9 sec; hence excitation
via a giant pulse laser would be required. 2 Their estimate was
based upon the extreme case that all nonradiative decay was inter-
system crossing, that is, 5 = 0. 64, whereas 5 = 0.1 was used in above
calculations. For the assumption n = 0. 64, the triplet population
buildup is much faster and large regions of negative gain appear much
sooner. Isolated regions of positive gain, such as att = 30 nsec in

Fig. 17, do remain, however.

b. Rhodamine B

In an earlier letter, 1o the gain characteristics of rhodamine
B in methanol for flashlamp versus laser pumping were compared.
Gain calculations were performed neglecting the triplet system, al-
though its possible importance in the flashlamp-pumped case was
acknowledged. Buettner 26 has recently measured the T-T absorp-
tion spectrum of rhodamine B in polymethylmethacrylate. The
triplet spectrum, 2 together with the absorption and fluorescence

spectrum of 5 X 10_5£ rhodamine B in methanol, are shown in
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Fig. 18. Although the T-T spectrum in methanol may be somewhat
different, we shall use Buettner's curve as shown. The dashed por-

tion of the curve is an extrapolation used in the gain calculations.

The lifetime and quantum yield for the first excited singlet
state of rhodamine B in ethanol are 2.0 nsec and 0. 39 respectively; 18
these values are used in the calculations belew. The rate of inter-
system crossing, hocwever, has not been determined to cur knowledge.
Calculations were therefore made using several different values of
1 ranging from 0 to 0. 61. The {riplet population buildup is very de-
pendent upcen the branching raiio for decay from Sl' In Fig. 19, the
flashlamp function y and resulting singlet and triplet level populations
are shown for several different 9 values. Observe that when g is
large, the maximum value of ng occurs before the peak of y. There-
fore here, and in case II discussed earlier, the maximum gain for
long pumping pulses is nct necessarily coincident with the peak of
the pumping intensity. This is in conirast to the behavicr shown in

Fig. 8 where there is no population transfer from the singlet system.

Gain curves G(w) for 5 X 10~ 5M_ rhodamine B in methanol
were computed as described previously using the flashlamp curve in
Fig. 19 and a peak pumping intensity y_ = 1072, For n > 0.4
the T-T losses predominate to the exteunt that for practical purposes,
the gain is always negative. Gain curves for smaller values of 75
are shown in Figs. 20, 21, 22. These figures reveal the sensitivity
of the shape of the over-all gain curve and region of possible laser
action to the rate of intersystem crossing. Since the T-T losses
make a larger relative contribution to gain reduction in the low fre-
quency, low gain porticn of the fluorescence spectrum, changes due
to the triplet population appear initially in this region. Note that
in Ref. 10 we were unable to obtain laser action at the lower fre-
quencies although the gain curves calculated neglecting triplet ef-

fects suggested that lasing should be possible.
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In experiments using a flashlamp-pumped solution of rhodamine
B, lasing was recorded at = 16,250 cm"1 approximately 200 nsec after
initiation of pumping. The cavity losses were ~ 3.5 X 1072 cm™! and
the estimated pumping rate corresponded to Ymax 10‘2. Inspection
of Fig. 21 indicates that for 7 = 0.1 the peak in the gain curve has the
required value for lasing and the frequency and time at which threshold
gain is reached are approximately éorrect (see arrow). For Tq = 2 nsec,

this corresponds to a k value of 5 X 107 sec_l. Thus measurements

of the time and frequenig at the threshold for laser action can be com-~
bined with calculated gain curves to obtain estimates of the rate of
intersystem crossing. The accuracy achlevable is dependent, of course,
upon how well the T-T absorption intensity 21 and other parameters

are known.

5. Flashlamp Pumping Criterion

For dyes in which the effects of triplet absorption are import-
ant, it is essential that the pumping rate be suifficient to achieve lasing
threshold before these losses become dominant. While this is usually
not a significant consideration for Q-switched laser pumping, it can
be for flashlamp pumping. Criteria for the latter can be derived
from the preceding gain expressions. Neglecting absorption from Sl’
Eqg. (4) can be rearranged as follows:

1}

Glw) = NS [e

+ 1] o4w) - Np[op(w) - o5W)] - Noyw) . (16)

Since we shall be interested in cases where aT(u) > o-o(w) in the fluo-
rescence region, the second term on the right is negative. Therefore,
because of the continual population accumulation in the metastable trip-
let level during optical pumping, laser action is possible only if
threshold gain is reached before the triplet loss term, N(t)[cT(w) 0(w)] ,
becomes equal to the singlet gain term, NS(t) [e + 1] go(u), in Eq. (16),
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Sorokin et a1.28’ ? have discussed the above characteristics
of dye lasers previously and have given an expression for the time TI
at which the singlet gain and triplet loss terms become equal. A flash-
lamp which had an intensity increasing linearly up to a maximum at

time Tm was considered. Assuming an effective pumping rate Pot for

. 2
0 =t = T_ and weak pumping, NS(t) ~ NP 7gt and NT(t) ~ NPOkSTTSt /2.
Using these values in Eq. (16), the critical time becomes
2(e® + 1) o ()
T, W) = (17)

kST[O_T(w) - Uo(wn

For the special case of mirror-image absorption and fluorescence spec-

tra, where O“O(U) = ao(ZwO - w) e_n, and in the further limits of e-n<< 1
and ch(w) >> co(w), Eq. (17) reduces to
2w, -~ w)
2 7ol&g
T, (w) = . (18)
‘ ST @

This is the result presented previously by Sorokin et al. 9  As an exam-
ple, Tl(w) is plotted as a function of frequency in Fig. 23 using the pre-
ceding data for rhodamine B. The figure illustrates the large variation

of Tl(w) that may occur throughout the fluorescence region.

Recently, in evaluating potential candidates for flashlamp-pumped
organic-dye lasers, the criterion was imposed that for a flashlamp ris-
ing linearly in time and attaining its maximum intensity at Tm, laser ac-
tion is possible only if Tm < TI' This condition is relevant to effi-
cient pumping or for a constant energy flashlamp. In general, however,
it is neither a necessary nor a sufficient condition. If the threshold
gain for oscillation can be obtained for a flashlamp having Tm < Tl’ then
a similar, more energetic lamp having the same or larger pumping
rate will likewise achieve lasing even though its peak intensity may occur
at a time greater than TI' At the other extreme, Trn < Tl is not a
sufficient condition since obviously the pump power must also be ade-

quate to reach threshold gain.
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To achieve laser action, it is the integrated pumping intensity
within some characteristic time which is important. We illustrate this
by considering a pumping pulse P(t) = Psin (nt/ZTm) for 0=t =< 2T ,
again in the limit of weak pumping. For this lamp, the gain in Eq. (16)
is maximum at a time

t = —= tan —_ . (19)

where Td is a parameter characteristic only of the dye and is defined by

2(en + 1) cro(w)
T (w) = — {20)
d kST[o-T(w) cro(w)]
For a constant Q laser cavity, threshold gain must be reached by tmax'

Note that here the time of maximum gain depends both upon the dye,
via Td' and upon the lamp pulse, via Tm. In contrast, for a flashlamp
having a linearly increasing pumping flux, tmax = TI/Z (or Td/Z since
Td = Tf). The minimum pumping rate required to achieve laser

action is found by setting the gain at tmax equal to the threshold gain

Gthres and is given by
RN
p - Gthres(w) * N(TO(‘“)) 1+ Ty -1
0 ZTm NkSTTS [o‘T(w) - cro(w)] 4T |

Using this result, the minimum number of pumping photons that must

be absorbed in a time t a after initiation of pumping is

t Ty P
max [Gthres.(w) + No-O(w)] [ 1+ Tm ]

( _
Ny o EEar= - TR T[T ) = o o]
o

Numerical estimates of the corresponding pump powers required to
achieve lasing for a typical dye are in agreement with results given

earlier. 28 The conditions imposed by Eqgs. (19-22), while rigorously

(21)

(22)

applicable only to sine-shaped pulses, clearly demonstrate that the criteria

for successful flashlamp pumping involve an interdependence on properties
of both the lamp and the dye.
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Since for broadband dye fluorescence and laser cavities the
frequency at which the gain is a maximum may vary with time, esti-
mates of lasing conditions made using the above types of expressions
are uncertain because one does not know a priori what frequency (w)
to use. The above treatment and Eqgs. (19-22) were presented to
expose explicitly some of the problems involved in selecting flashlamp
parameters. Whenever the flashlamp pulse shape, cavity losses, and
spectroscopic properties of the dye of interest are known, it is pre-
ferable to calculate G(w) curves for various pumping rates P(t) Imax
until the peak gain obtained is sufficient to achieve oscillation. In
this manner the time and frequency at threshold and the minimum

energy required for lasing can be found simultaneously.

6. Concluding Remarks

The gain characteristics of dye lasers have been calculated
by treating them as four-level laser systems; rapid equilibration among
the vibrational levels was assumed and population transfer to the trip-
let level system and associated losses were included. The treatment
reveals the time evolution of the gain, the dependence of the laser fre-
guency on cavity Q, and, from experiments using rhodamine 6G, how
the lasing frequency may be tuned by the introduction of an intracavity
Q switch. When intersystem crossing is negligible, a master set of
gain-vs-~-frequency curves can be constructed for various excited-
state population values. These, combined with solutions of the popu-
lation rate equatias for a given pump pulse, can be used to predict -
the frequency and time. at threshold for a laser cavity of known losses.
When triplet losses are important, however, no single set of gain
curves suffices for all pump pulses but must be calculated for each

individual case.
Knowledge of several spectroscopic properties is prerequisite

to the successful application of the theory to a particular dye. These

properties include absorption and fluorescence spectra, lifetimes of
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the excited singlet and triplet states and fluorescence quantum efficiency.
These quantities must also be appropriate to the host, dye concentration,
and temperature of interest. Because radiation trapping effects may be
present in an actual laser configuration, the effective trapped lifetime is
required in the population rate equations; in evaluating the fluorescence
function f(w), however, the true radiative lifetime is required.

Application of the theory to predict the threshold conditions for
a given laser configuration requires, in addition, knowledge of cavity losses
and the time and intensity characteristics of the pump source. In practice,
these properties usually cannot be determined precisely because of geo-
metric factors affecting the net absorption and scattering. The accuracy

of the threshold predictions are accordingly limited.

Comparison of computer-calculated vs observed laser threshold
conditions can be used to obtain estimates of the rates of intersystem
crossing, as was shown in the case of rhodamine B, and to establish the
importance and the spectral distribution of triplet loss mechanisms. In
cases of overlapping fluorescence and triplet absorption spectra, such as
anthracene, it would be of interest to examine those spectral regions where
lasing could be obtained at later times even when np is large. A Q-switch
in the laser cavity, as used in the experimental arrangement in Fig. 14,
could be opened at various times after pumping began and the lasing spec-
trum probed by using a grating or other intracavity frequency-selecting

element.
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B. Additional Experiments

The scheme for pumping dyes with linear lamps as demonstrated
by Sc:héife:c'4 and sketched in Fig. 3 involves operation of the lamp at vol-
tages above that at which it breaks down. The spark gap prevents lamp
breakdown and permits storage of the appropriate energy on the low capaci-
tance, high-voltage capacitor. This arrangement of circuit elements gives

pulses with fairly short risetimes (~ 1 usec).

We decided to try a variation of Schifer's scheme by using a higher
capacitance at lower voltage to store the pump energy. The operating vol-
tage was below the lamp breakdown voltage and so parallel triggering could
be employed and no energy wasted in the spark gap. We used a PEK Labs
XE1l-3 lamp, a Maxwell L.abs 5.5 pf, 5kV, ~ 10 nh capacitor and a 3 in.
silver-plated elliptical cavity with the dye at one focus and the lamp at the
other. This system produced a light pulse which peaked in ~ 2 usec and
was able to excite lasing in ethanol solutions of rhodamine 6G, rhodamine B,
acridine red, and pyronin B. The threshold for a 10_4M rhodamine 6G
solution was = 14J using broadband 100 and 99 percent R cavity mirrors.
We feel that this will be substantially lowered when a dye cell with more
carefully aligned windows is obtained. When the lamp was water cooled
and the dye flowing throughthe cell, we were able to operate this system
at repetition rates up to 20 pps before the need for cooling the dye supply

arose.

A number of attempts were made to find new dye laser materials,
with particular emphasis on the blue region of the spectrum. The dyes
were tried in annular flashlamps with one or more of several different
capacitors, namely a 2.2 pfd-12kV, a 0.18ufd-50kV, and a 0.3 pfd-25kV
unit. The optics consisted of 100 and 99 percent R mirrors at the wave~
lengths of interest. The dyes tried unsuccessfully are listed in Table II.
Table I lists results on several in which laser action was previously ob-~
served elsewhere, and two which have only recently been reported —

7 diethylamino-4 methylcoumarin28 and pyronin B.29
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TABLE II. Compilation of dye-solvent combinations which did not
laser in the annular flashlamp. Mirror reflectivities of 100% and
99. 59, were used.

Dye Solvent Conc. Energy in joules
l-aminonapthalene ethanol 1074 90
" cyclohexane 1074 90
9-amino acridine hydro- ethanol 10_4 90
chloride
" " 1" 3 -4
HZO 107,10 110
4-phenyl -7-hydroxy ethanol 1074 90
coumarin
3-phenyl coumarin ethanol 1074 90
4-OH-3-C00Eth coumarin ethanol 107% 90
p-terphenyl cyclohexane 1074 90
perylene cyclohexane 1074 90
Pyronin Y ethanol 1074 90
T " .5x107%
Rubrene benzene 1073 110
9, 10 diphenyl anthracene benzene 10” 4 110
ligroin 1073 110
triphenylethylene methanol 10° 3, 1074 110
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1v. CONCLUSIONS

The main conclusions reached during this work are given in
Sec. III. A where they are presented in the context of our theoretical and
experimental work. We have developed a method of analysis for dye lasers
which permits us to explain most of their properties. As part of this work
we have shown that the effectiveness of a particular dye-flashlamp combina~
tion depends in a complicated manner on both dye and flashlamp properties.
This interdependence makes it inappropriate to select flashlamp parameters
by assuming a simple pump-pulse shape and estimating therefrom the input
energy requirements. Indeed, it is more useful in cases where the re-
quired dye and flashlamp properties are known to compute the time- and
frequency-dependent gain for various pumping rates in order to determine
the minimum required pump energy. However, there is one general con-
clusion about flashlamps which provides a useful rule of thumb when de-~
signing a dye laser system. It is that for a fixed energy, the pump lamp

will be more efficient if the pump pulse is short (i.e., <1 psec).

In summary we find that most dye laser properties can be under-~
stood through the analysis presented in this report. This approach gives
some aid in selecting potential laser candidates and in planning the appro-
priate pumping procedure. With this arnalysis available as a tool, future
studies of dye lasers should be more easily planned and the resulis more

readily understood.
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Appendix A

DYE LASERS: THE THREEPENNY LASER*

M. Bass**
Raytheon Research Division
Waltham, Massachusetts

The active medium in dye lasers is a solution of an organic dye
in either a liquid or a plastic host. The first dye laser was demonstrated
by Sorokin and Lamkardl in March 1966; they used a Q-switched ruby laser
to excite a solution of chloroaluminum phthalocyanine in ethanol. Dye
lasers studied since have been both laser and flashlamp pumped and have
emitted at wavelengths from ~0. 45 to~1. 06pm. This paper examines the
properties of fluorescing dye solutions as they relate to lasing, describes
methods used to excite dye lasers, and discusses some of their lasing

properties.

The general characteristics of the absorption and emission spectra
of dye solutions are shown in Fig. 1. These curves and their relationship
to dye laser action can be qualitatively understood by examination of Fig. 2,
which shows schematically the energy levels of a dye molecule in
solution. FEach level represents a particular electronic, vibrational, and
rotational state of the molecule. Since the electronic contribution to the
energy is by far the largest, these levels are grouped together according
to their electronic state and by their net electronic spin, either 0 or 1,
into groups of singlets or triplets, respectively. Since it is impossible
to represent the exact molecular configuration we shall arbitrarily define
the distance from the solid vertical line {on the left in Fig. 2.} to represent
the molecular configuration corresponding to that group of levels. Electronic
excitation takes place much faster than the molecule's configuration can
change, and so absorption and emission are shown vertically in Fig. 2.
After absorption from S0 to Sl' the molecule relaxes nonradiatively to the
lower levels of S1 whence it can emit a photon of less energy than the one
absorbed. This accounts for the Stokes shift of fluorescence from
absorption in dye solutions.

*The research reported in this paper was sponsored in part by the
Electronics Research Center under NASA Contract NAS 12-635.

“Paper appears in Nerem Record 10, 36 (1968),
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Examining Figs. 1 and 2,- we see that the dye solution can emit
where there is no absorption. The energy level scheme for S-S fluorescence
is like that of a four-level laser and suggests the possibility of achieving

laser action in these solutions.

The achievement of lasi.ng is hindered by two facts: the radiative
lifetimes of most dye solutions are short (in general ~5ns), and intersystem
crossing to T0 is a nonradiative loss mechanism. In addition, T-T
absorption may be in the same wavelength range as S-S fluorescence. This
may cause a potential dye laser'to not lase at all or to self-terminate due
to the growth of T-T absorption. To achieve dye lasing it is, therefore,
necessary to excite a sufficient population into S1 before either the T-T
absorption becomes large or the excited population decays away. For this
reason a pump source must be energetic and fast: thus the first dye laser
pumps were other laser beams (Fig. 3). Since laser-pumped lasers are
not very practical, flashlamps which could produce flashes of light with
energies of ~10 to ~100 j, with risetimes (time to the peak of the pulse)
of ~500ns, were developed. Sorokin et al. 2 used an annular lamp,
shown schematically in Fig. 3b, and a disc-shaped capacitor to achieve
the desired flashlamp pulse. We have recently found that, with such a
lamp, any capacitor with ahigh ringing frequency will do. In addition
Schafer et al. 3 have obtained laser action by exciting certain dye
solutions with a commercial linear flashlamp, as shown in Fig. 3c.

We have lased rhodamine 6G in ethanol, as well as the two commercially

available plastics listed in Table I, with linear lamp pumping.

In addition to those listed in Table I, there are dye lasers
available to fill in almost the entire spectral range from 0. 45 to 1. 06um,
The lasing wavelengths of most dye lasers can be tuned over very wide
ranges (upwards of ZOO;\) by varying the dye solvent, ! varying the dye

concentration, 4 adjusting the cavity Q, > and by Q-switching the dye

laser.

The dependence of the lasing wavelength on cavity Q and Q-
switching are dynamic effects arising from the frequency- and time-
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dependent gain of the laser. In most dyes the gain, and the wavelength at
which it is maximum, changes with the time elapsed since excitation. Figure
4 shows this effect for rhodamine B in methanol. For a given cavity Q -

a certain gain is required for lasing and so the laser wavelength will be the
one which achieves this gain first. Change the cavity Q and there will be a new
laser wavelength. Fig. 4 also shows that a Q-switch in the cavity with a
variable delay could be used to select the lasing wavelength. In addition,
Soffer and M«':Farlamd7 have demonstrated that, by using a diffraction

grating as one of the cavity mirrors, one can narrow the lasing spectrum

and select the laser wavelength without sacrificing much of the output energy.

Dye lasers can be used as broadband optical frequéncy amplifiers. 8
Figure 5, which shows the amplification of the second Stokes line of toluene
by different solutions of DTTC, suggests that dye solution amplifiers may

also be useful for certain spectroscope applications.
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Fig.
Fig.

Fig.

Fig.

Figure Captions:
Absorption and Emission Spectra of a Dye Solution.

Schematic Energy-Level Diagram of a Dye Molecule Showing
the Transitions Relevant to Dye Laser Action.

Methods of Dye Laser Excitation.

Calculated Frequency-Dependent Gain of 5x10 > Rhodamine
B in Methanol at Various Times After Pumping Begins. The
time dependence and estimated intensity of the flashlamp
pump is shown in the insert (from Ref. 6).

Spectrographic Evidence of the Amplification of the Second
Stqlges Shifted Line from Toluene by a Ruby Laser Pumped
10 "M Solution of DTTC in (a} DMSO and (b) Ethyl Alcohol

(from Ref. 8).
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TABLE I

Representative Dye Lasers

Dye Solvent(a) Pumping Scheme(b) Stability of Lasing Wavelength(c)
LPL, AFPL, LFPL Dye Solution and Color
7 Hydroxycoumarin Water (buffered topH=9) AFPL not stable ~45884, blue
fluorescein-Na Salt ethanol LPL, AFPL stable ~537OZ\, green
rhodamine 6G ethanol LPL, AFPL, LFPL stable ~58004, yellow
rhodamine B ethanol LPL, AFPL stable ~61001?\, red
cryptocyanine glycerol LPL not stable -7300K, deep red
DTTC iodide'? DMSO LPL not stable ~80004, near I. R,
Dye 111 acetone LPL ' -- ~100004, L R.
rhodamine 6G Stycast®epoxy LPL stable ~5550, yellow green
rhodamine B Stycast~epoxy LPL stable ~5850, yellow
red fluorescing(f) Acrylic plastic AFPL, LFPL stable ~6340§, red
plastic .
yellow fluorescing(g) Acrylic plastic AFPL, LFPL stable ~60004, orange

plastic

a. There may be several possible solvents

b. LPL = Laser pumped lasing
AFPL = Annular Flashlamp pumped lasing
LFPL = Linear Flashlamp pumped lasitg¢

When flashlamp pumped lasing has been arnl cived the wavelength and color given are for this
type of excitation. Also note that the partii ular wavelength can be adjusted by ~+150A by
adjustment of cavity Q and solution conceat ration.

d. 33! diethylthiatricarbocyanine iodide

11' Diethyl 44' quinotricarbocyanine iouide. Y. Miyzgoe and M. Maeda, Appl. Phys. L. 12,
206 (1968). 2<
f. Obtained from American Cyanamid Co.

g Obtained from Rohm and Haas Co.
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Appendix B

Frequency-and Time-Dependent Gain Characteristics

of Laser- and Flashlamp-Pumped Dye Solution Lasers.

M. Bass, T. F. Deutsch and M. J. Weber
Raytheon Research Division

Waltham, Massachusetts

Abstract

Dye solution lasers are observed to lase at shorter wavelengths when
laser-pumped than when flashlamp-excited. A comparison of the computed
frequency- and time-dependent gains for the two pumping methods explains
this behavior and the observed Q dependence of the lasing frequency. This
treatment also suggests a new technique for frequency tuning dye lasers.

- e - - ARt = e e AP e A R e L W S W A e = Em e e e R A e M EE eGP M Em e s e e e e e e e et R G e e e e e M e

*The research reported in this paper was sponsored in part by the Electronics
Research Center under NASA Contract NAS 12-635; to be published Appl.
Phys. Lett. (August 15, 1968).
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Visible laser action in solutions containing organic dye molecules
has been achieved using both laser pumping(l-3) and short-pulse flashlamp
pumping. (4-6) A summary of lasing wavelengths observed by us and others
for dye solutions which lased with both types of excitation is presented in
Table I. Despite a variety of experimental conditions, the wavelengths ob-
tained using laser pumping are always shorter than those obtained by flash-
lamp excitation. This behavior can be understood by comparing the gain
characteristics of the lasing medium for each type of pumping. An extension
of McCumber's approach”’ to the treatment of phonon-terminated solid-
state lasers is used. The frequency dependence of the gain and its evolution
with time are computed using the time-dependent ground and excited state
populations and the spontaneous emission spectrum. The calculations ac-
count for the observed lasing frequencies of rhodamine B, explain the re-
ported(s) @ dependence of the lasing frequency, and suggest a new technique

for frequency tuning dye lasers.

Our laser-pumped data in Table I was obtained by focusing the sec-
ond harmonic of a Q-switched ruby (34704) or Nd:YAG (53204) laser into a
2 cm long dye cell with a 12 cm focal length lens; the risetimes ranged from
10 - 30 nsec. Lasing parallel to the direction of the pump light was achieved
by aligning the windows of the cell to form a cavity composed of two ~ 57
reflectors. For flashlamp pumping, a cavity with broadband output coupling
and losses estimated to be ~ 10% was used. Solutions of rhodamine 6G,
fluorescein-Na salt, and acridine red in ethanol were excited by the coaxial
flashlamp described previously;(é) the lamp had a risetime of ~ 200 nsec
and a discharge length of 15 cm. A similar lamp having a risetime of
~ 500 nsec was used to obtain the rhodamine B in methanol data analyzed
below. The lowest fluorescein-Na salt and acridine red concentration for
which laser-pumped lasing was achieved was 10-4 M. Note that if the
wavelength difference in Table I for laser vs. flashlamp pumping was due
only to the effect of increasing self-absorption with increasing concentration,

(1,9)

as discussed elsewhere, the laser pumped laser should have had the

longer lasing wavelength. The unusually long wavelength observed by

(2)

tion used, which was almost two orders of magnitude greater than ours.

Schifer et al. for laser-pumped rhodamine B arises from the concentra-
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TABLE 1

SUMMARY OF LASING WAVELENGTHS FOR VARIOUS DYE SOLUTIONS

Dye Laser Wavelength (:A’x)

Molar Laser Pump piaghlamp
Dye Solvent Concentration 3470A 5320A Pump Ref.
Rhodamine B methanol 5X107° 5790 6170 a
ethanol 5X107° 5790 6220 a
" - 5770 5770 b
" 2x107> 6080 c
polymethyl- 6X10°° 6250 d
methacrylate
Rhodamine 6G ethanol 1074 5620 5950 a
" 1074 5990(e) a
" 1074 5850 £
" - 5650 5650 b
" - 5520-(h) g
5940
polymethyl- 6010 d
methacrylate
Acridine red  ethanol 1074 5840 a
" 5X107° 6150 a
" : 1074 6015 f
" 1073 orange i
Fluorescein- -4
Na Salt ethanol 10 5370 a
" 5%107° 5600 a
", H,0 1074 5500 £
" n 1073 green
H,0 ' 5350
a. Present work e. Obtained using a 170 J pulse from an FX-38
b. Ref. 3 flashlamp; risetime 2 psec, duration 20Opsec (FWHM)
c Ref. 2 f. Ref. 4
d. Ref. 15 g- Ref. 13
h. Tuned with a grating in the cavity.
i. Ref. 1
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The gain of organic dye solutions varies with both frequency and time
during the pumping pulse. To analyze this dependence, we consider a system
composed of two sets of energy levels corresponding to the ground and first
excited singlet states and associated vibrational levels and having populations
per unit volume of N_ and N+, respectively. The populations within each set
are assumed to attain a thermal equilibrium distribution characteristic of the
solution temperature T in a time short compared to the pumping time or sing-
let decay time. Decay to the triplet level system is neglected in the present

(

can be significant. however,

10) Populating of and selective absorption from triplet levels
(1,11)

calculations.
and will be treated in detail elsewhere.
McCumber(7) has shown that for a system of two sets of energy levels, the

gain at frequency cr(cm_l) is given by

glo) = {N, - N_exp [hc (v ~ o )/kT]} #s)/n’e® (1)

where for dye solutions f(c) is the fluorescence intensity in photons per sec
per unit frequency interval per unit solid angle for each emitting molecule,
n is the refractive index, and thrO is the net free energy requirec'i to excite
one molecule. For dyes having mirror-image absorption and emission spec-

tra, T is taken to be the frequency of the 0-0 transition.

It is evident from Eqg. (1) that the frequency at which the gain is a
maximum, and thus the lasing frequency at threshold, is governed by the
time-dependent populations and the emission spectral function f{r). The
variaticn of the populations N+ during the pumping pulse up to threshold
can be found from the rate equation

AN, 1 |
T = [= + P{i)] N, + NP({t) ; {2)
where 7 is the lifetime of the excited singlet state, P(t) is the pumping
rate and N = N+ + N_. Computer solutions of Eq. (2) were obtained using
the measured time dependence and estimated intensities of P(t). For laser

pumping, a 10 mJ, 30 nsec pulse applied to a 5 X 1075 M_ solution of rho-

(12

Flashlamp pumping, in contrast, corresponds to the weak

damine B in methanol, T = 2nsec ). correspends to a ['TP(’c)Jnax ~ 1,
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pumping limit ['rP(t)]max <<'l. Because the spectral output and electrical-
to-optical conversion efficiency of the flashlamp was not well established,
estimates of TP(i) were uncertain and therefore calculations were made using
a range of 7P values (the final choice being guided by the observed laser fre-
quency and time at threshold). The N+(t) values for both laser and flashlamp
pumping together with the measured f(s) for rhodamine B in methanol were
substituted into Eq. (l); the resulting gain vs. frequency curves at various
times during the excitation pulse are shown in Fig. 1. For laser pumping,
oscillation began at about 5 nsec and at a frequency of 17, 260 cm_l. The
estimated gain required for oscillation in the cavity used was ~ 1.5 cmnl.
From Fig. la, this gain value is first reached at =~ 4. 8 nsec and at a fre-
quency of = 17, 250 cm_l, in good agreement with experiment. Similarly,
for flashlamp pumping (=~ 20j electrical input energy) oscillation began at
~ 200 nsec with a frequency of 16, 200 cm . This behavior is again pre-
dicted by Fig. 1 based upon a required threshold gain of ~ 3.5 X 10_3 em” b,
An examination of Fig. 1 reveals why dye sclutions lase at different
frequencies for the different pumping and cavity configurations. Whereas
with flashlamp excitation there is never any gain at frequencies greater than
~ 17,000 cm_l, with laser excitation the gain is a maximum at frequerncies
as high as ~ 17, 600 cm-l. Since the end-pumped, laser-excited dye cavity
requires high gain to achieve oscillation, the lasing frequencies are higher
than in the flashlamp-pumped case. It should be reccgnized that for a given
cavity, if the pumping energy and risetime of the flashlamp were sufficient
to produce the same inversicn as the laser pump, the same g(oc) curve and
lasing frequency would be.obtained. However, the time of threshold may be
different because it is dependent upcn the time development of the pump pulse.
More typically, though, the gains achievable with laser pumping are much

greater than those for existing flashlamp pumping.
Fig. 1 also demonstrates that for a given excitation pulse, the gain

and the frequency at which it is a maximum depend upon the time interval

following the initiation of pumping. This is shown explicitly in Fig. 2
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where these quantities are plotted as a function of time for the flashlamp
case. Clearly the lasing frequency can be selected by introducing a Q
switch into the dye laser cavity and opening it after the appropriate time
interval. In addition, since the gain depends on this time interval tco, it
should be possible to adjust the time of opening the Q switch so as tc op-
timize the laser output.

1. (8) observed that the emission wavelength of a dye

Schifer et a
laser increased or decreased with increasing or decreasing cavity Q. The
behavior is immediately understandable from inspection of Fig. 1 and sug-
gests that frequency selection can be obtained by careful chcice of cavity Q.
This is a dynamic process in that the time interval between initiating pump-
ing and the start of laser oscillation also depends upon the cavity Q and in-
creases with decreasing Q. For a fixed Q, the greater the pumping rate,
the earlier oscillation begins; however, the frequency remains the same.
We have observed this effect for flashlamp-pumped rhocdamine B. With
flashlamp pumping of a lO_4 M soclution of rhodamine B in methanol, an
increase in the input energy to the flashlamp by a factor of 1.3 resulted
in a decrease in the interval befcre lasing began by a factor of 1.3. The

lasing wavelength remained the same.

Soffer and McFarland, using rhodamine 6G ir ethanol, have shown
that a dye laser can be tuned cver more than 400 45; by inserting a wave-
length selecting element, such as a grating or a filter, into the laser cav-
ity. (13, 14) Their work indicated further that laser-pumped rhodamine 6G
had gain in the spectral region where we cbserved it to lase with flashlamp
pumping. It is readily apparent from the calculated gain curves in Fig. la
for laser pumping that the same should be true for rhodamine B in methanol.
To verify this, the lasing wavelengths of several solutions were measured
when various glass filters were inserted into the dye laser cavity. The
cavity was formed by an external 98. 5% R broadband mirror and the ~ 5%
reflectance of one window of the dye cell. The introduction of the filter into

the cavity makes the gain required for laser oscillation high where the filter
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absorbs and low where it transmits; thus lasing will occur at the latter
wavelengths. The results, summarized in Fig. 3, show that the lasing
wavelength for laser-pumped rhodamine B can indeed be shifted to the

red by over 300131 in agreement with the range predicted in Fig. 1. The
effect of a wavelength selecting element in the laser cavity on the frequency-
dependent gain curves can be predicted by the addition of an appropriate

multiplicative factor in the gain expression, Eq. (1).
We would like to thank Miss Winifred Doherty for programming
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H. Furumoto for useful discussions.
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Fig. 1
Fig. 2
Fig. 3

Figure Captions

Calculated frequency - dependent gain of 5 X 10-5 M rho-

damine B in methanol at various times (nsec) after pumping
begins: (a) laser pumping, (b) flashlamp pumping. The time
dependence and estimated intensity of the excitation pulses
used in the calculationris are shown in the inserts. Arrows

indicate the observed lasing frequencies.

Calculated frequency at which the gain 1s a maximum (solid
curve) and the maximum gain value (dashed curve) for
5 X 10_5 M rhodamine B as a function of time for flashlamp

pumping.

Lasing wavelength as a function of concentration and with
different Coraing glass filters in the laser cavity for laser-

pumped rhodamine B =solutions.
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Calculated gain of flashlamp pumped rhodamine B {cm')

Calculated gqain of laser pumped rhodamine B (cm)
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