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ABSTRACT

CONTINUOUS WAVE ENERGY TRANSFER DYE LASERS IN THE NEAR
INFRARED SPECTRAL REGION
Theory - Modeling - Simulation - Performance
by
Basilios Panoutsopoulos

Adyviser: Professor Samir Ahmed

Energy transfer processes in dye mixture lasers in which optical excitation energy is
absorbed by one dye (the donor) and transferred to a second dye (the acceptor) in which
laser action takes place, have been extensively studied toimprove the efficiency and broaden
the attainable spectral range of pulsed dye lasers. In this work, we developed a theoretical
simulation model which predicts the attainable gain spectrum of cw laser pumped energy
transfer dye lasers (ETDL) as function of donor and acceptor concentrations, their spectral
parameters, energy transfer parameters, laser cavity and pump power and excitation
wavelength. The model takes into account contributions due to both radiative and non
radiative energy transfer.

Numerical simulation results applied the model to different dyes. The model predicts
that there are a number of useful dye candidates pairs that would benefit from the ETDL
approach in terms of reduced power and attainable spectral range. Analysis of the relevant
gain parameters of cw ETDLs, together with results for a representative and practically

useful Donor - Acceptor pair, is presented. Thus, for instance, the model predicts that the



blue-green argon ion laser may be used to excite infrared lasing dyes such as Nile Blue 690,
which normally require separate red krypton ion laser for excitation.

These predictions were confirmed by experimental results where we were able to
achieve the first reported operation of a cw energy transfer dye laser. In this work we used
the argon ion laser to excite an ETDL with Rhodamine 610 as donor and Nile Blue 690 as
acceptor to demonstrate laser action in the near infrared, with operational parameters very
close to those predicted by our theoretical simulation model. It is believed that the results
obtained in this work open up a new and practically useful avenue for CW laser operation

with improved spectral capabilities and reduced pump requirement.
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1 Introduction and Background
1.1 Development of Single Dye and Energy Transfer Dye Mixture

Lasers

Development of Single Dye Lasers:

The efficient luminescence exhibited by many organic compounds make their use
as laser materials attractive and this possibility was considered early in laser research.
Initial experiments produced disappointing results. Beginning 1967 the production of
coherent, visible radiation by fluorescent organic dyes in solution has been demonstrated;
the device based upon this phenomenon is called dye laser.

The organic dye laser belongs to the family of liquid lasers and must be distinguished
from the inorganic liquid laser based upon the fluorescence of rare earth ions in liquid
solvents, a device that is similar to many respects to the solid state laser. The properties
of the inorganic liquid laser have been extensively reviewed, [1-3].

The earliest published suggestions that organic materials could be used as active
media seen to be those of Brock et al., [4], and Rautian and Sobelmann, [5], who proposed
in 1961 that triplet state phosphorescence could serve as the basis for an organic laser.
In 1964 Stockman et al., [6], discused a laser process based upon a singlet state
fluorescence, and Stockman, [7], described early results in the experimental effort to
realize a dye laser using the dye perylene excited by a fast powerful flashlamp.

The first report of stimulated emission from an organic dye solution excited by a
laser was first reported by Sorokin and Lankard [8] who observed laser emission from
a solution of chloroaluminum p.htalocyanine, and subsequently by Schafer, Schmidth,

and Volze [9] who obtained laser action from a number of cyanine type dyes. Dye laser



action was also demonstrated independently by Spaeth and Bortfiekd [10], and Stepanov,
Rabinov and Mostovnikov [11]. The uniqueness of these contributions was that they
were the first reports of laser action from broad, diffuse energy bands rather than a set
of discrete energy levels, typical of gas and rare earth lasers. The tunability of the dye
laser is consequence of the broadened electronic levels characteristics of organic dyes.
Soffer and McFarland [12] succeeded in spectrally narrowing band tuning a dye laser
by replacing one of the resonators with a diffraction grating. This was the first dem-
onstration that a laser could be efficiently tuned over a broad spectral range. Sorokin
and Lankard [13], and Schmidt and Schafer [14] replaced the high intensity laser pumping
source with a flashlamp excitation, very fast and of high intensity, established the fea-
sibility of a continuous dye laser. These people showed experimentally that the widely
held notion, that a cw laser was not possible because of metastable triplet state losses,
was incorrect.

Development in the continuous dye laser over the past two decades have made it
unique among existing lasers. The first system was reported by Peterson, Tuccio, and
Snavely [15] at Kodak Research Laboratories. It had a 55 mW output with a fixed
bandwidth of about 3 n.m. using a focused argon laser as a pump. The cw dye laser with
subsequent refinements has allowed the dye laser to realize its full potential as a useful
tool in many applications.

Typical applications include areas such as fundamental physics, spectroscopy
techniques, industrial applications, medicine, military, large scale laser isotope separa-
tion, and laser radar as well as light detection and ranging (lidar). In particular, the
techniques of fluorescence and saturation spectroscopy have permitted precision spectral

measurements to be made in atomic sodium [16], and atomic hydrogen [17], and accurate



trace analysis of sodium in the laboratory [18], and the atmosphere [19]. Laser spec-
troscopy is described in Walther, [20] and high resolution laser spectroscopy in Shimoda,
[21]. Applications of laser for ultrafast light pulses in Shapiro, [22], applications of
lasers in physical chemistry and biophysics in Joussot-Dubien, [23], and in medicine
and biology by Wolbarsht, [24]. Dye lasers offer to researchers both pulsed and con-
tinuous wave operation that is tunable from the near-UV to the near-IR. The wavelength
range have been extended to the UV spectral region using harmonic and sum frequency
generation, Blit et al. [25], and in IR utilizing mixing in LiNbQ,, Pine [26]. Such
versatility emerges from the large choice of molecular dye species available coupled
with a wide variety of excitation sources. This unique flexibility furnishes many eco-
nomic and engineering design advantages. Emission at any particular wavelength is
achieved by simply changing the dye, which offer significant savings in capital and

operating cost, although complicating the design of the dye laser itself.

Development of Energy Transfer Dye Mixture Lasers:

Energy transfer in binary dye laser mixtures was first investigated by Lin et al.,
[27,28], Ahmed at al., [29], Kenney-Wallace and al., [30], C. E. Moeller and al., [31],
in pulse lasers. This process can provide ways of extending the wavelength regions in
which lasing is achieved by using a mixture of dyes. It was shown that energy transfer
from donor will usually decrease the threshold pump intensity needed fordirectexcitation
of the acceptor lasing dye. This way became possible to excite dyes that can not be
excited directly from the pumping source. Excitation of a dye laser through energy
transfer processes is very efficient for the improvement of dye laser efficiency and the

extension of their tuning range. This ability of a higher energy dye (donor) to transfer



energy to a lower energy dye (acceptor) in order to maximize energy coupling into the
lasing medium is efficient to extend to which the fluorescence spectrum of the higher
energy dye overlaps the absorption spectrum of the lower energy lasing dye. Therefore
energy transfer dye lasers have become the subject of intense study, but only a few
mixture systems (donor - acceptor pairs) have been reported to have efficient transfer
for dye operation, [32]. Coumarin dyes can not be used as efficient donor in Coumarin
- Xanthene dye mixtures, [33], since a strong triplet - triplet absorption of Coumarin
overlaps the florescence region of Xanthene dyes. However, the detriment effect due to
T-T absorption of the donor dye can be removed from the dye mixture systems under
short pulse pumping. Urisu and Kajiyama, [34], observed gain enhancement in N, laser
pumped Coumarin 30 - Rhodamine 6G mixtures relative to a solution containing Rho-
damine 6G alone. Improvement of laser peak power has been reported for a mixture of
Coumarin 1 - Uranine, [35], too.

Continuous wave dye laser emission in the near infrared region has been reported
where a krypton ion laser served as pump source, [36]. The generation of broadly tunable,
narrow linewidth, high power radiation in the near infrared is important for a number of
scientific applications. The infrared radiation may be utilized as a spectroscopic source
orin laser - matter interactions that require a high power, wavelength tunable light source.
Frequency doubling of the near infrared radiation leads to a tunable source of high spectral
brightness in the near ultraviolet and visible blue, [32]. Also difference frequency
experiments can be performed which involve mixing tunable mid infrared radiation with
afixed frequency laser source to generate tunable mid infrared radiation, [37,38]. Lasing

properties of several near-IR dyes are reported by Pierce and Birge, [39].



1.2 Thesis Statement

The concept of energy transfer in laser dye mixtures has been studied to improve
the efficiency and broaden the spectral range of pulsed dye lasers. In this work we
develop a theoretical model to predict the gain spectrum of a cw laser pumped energy
transfer dye laser (ETDL) as function of acceptor and donor concentrations, tﬁeir
absorption and emission spectra, pump power and wavelength, and dimensions of the
active region. The model predicts that there are a number of candidate dye pairs which
would benefit from such an approach, in terms of reduced pump requirements and
increased attainable spectral range. It also shows that the use of the argon ion laser, which
is a convenient and widely used pump source, may be practically extended through the
use of energy transfer processes to a number of dyes which would otherwise require
excitation at longer wavelengths from a krypton ion laser. These predictions are con-
firmed by experiments in which argon laser excitation, which cannot normally be used
to excite Nile Blue, is used to excite a mixture of Rhodamine 610 (donor) and Nile Blue

690 (acceptor) to demonstrate laser action in the near infrared.



1.3 Thesis Organization

In Chapter One we provide a general background on the development of single dye
lasers and dye mixture lasers. In these lines we present the historical development along
with typical characteristics and applications. The thesis statement and organization are
included here.

In Chapter Two we discuss the optical properties of organic dyes. The optical
properties of organic dyes form the basis for the operation of dye lasers.

In Chapter Three we examine the energy transfer processes in dye mixtures and
we develop the concept of energy transfer efficiency. We continue examining the
fluorescence of single dyes and dye mixtures.

In Chapter Four we develop a complete model of a cw energy transfer dye mixture
laser. The model is based on the rate equations approach and uses some necessary and
practically valid approximations to derive a simple and useful expression of the dye gain
spectrum as function of donor and acceptor concentration, their spectral characteristics,
energy transfer parameters, laser cavity dimensions and pump power and wavelength.

In Chapter Five we present simulation and experimental results from an operating
cw ETDL consisting from a pair of two well known and commonly used dyes, Rhodamine
610 as donor and Nile Blue 690 as acceptor. From a comparison of the theoretical and
experimental results we see that there is a small difference, peak shift between the
predicted and experimental results. This difference may be due to inherent assumptions

of the model, lower pump power, and experimental errors.



In Chapter Six we present conclusions of our work. These conclusions form the
basis for design better cw ETDLs. Finally we discuss topics that need further research

or improvement for more efficient cw ETDLs.
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2 Organic Dyes and Dye Lasers

2.1 Introduction

The development of dye lasers has been intimately tied to the systematic search
for organic dye structures and dye media in which stimulated emission is observed. An
array of photochemical properties such as absorptivity, emission yield, Stokes shift, and
triplet formation influence threshold and peak power lasing characteristics. The tailoring
of dyes must also contend with variables having to do with photochemical reactions
which degrade dye and produce competitively absorbing products, thus influencing dye
service life as well as other parameters. The advent of powerful laser or flashlamp pump
sources and the needs for high output and repetition rate requires photostable dyes than
ever before. The photostability of dyestuifs interest many technologies. These include
not only dye laser applications but also new systems for information and computer
technology (imaging, photoconductivity, and molecular electronics). Advancesin these
important areas will depend significantly on the development of robust, reliable dye
media in which operation can be substantially prolonged.

In this chapter we present the basic structure of a dye. We relate its physical
properties of interest with its operation as a laser medium. The physical characteristics
of a dye are used in the next chapters to determine the energy transfer between two

appropriately selected dyes, and predict the behaviour of a cw ETDL.
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2.2 Optical Properties of Organic Dyes and Dye Lasers

The class of organic molecules which absorb strongly and fluoresce intensely are
called Dyes. The electronic energy level structure of such molecules primarily arises
from two valence electrons and consist of singlet (S,, S;, S,, ..) and triplet (T,, T,,..)
levels. In the singlet states the spin of the two electrons are antiparallel, while in the
triplet states are parallel. In general, spin-flip transitions (S->T or T->S) are optically
much less probable than S->S or T->T transitions. The absorption and emission spectra
of these molecules are fairly broad and continuous due to the substructure of vibrational
and rotational levels. Fig. 1-2 is a schematic representation of transitions and energy
level structure associated with an organic dye laser.

Of the thousands of organic dyes available, only a few classes of dyes meet the
stringent criteria for becoming useful laser dyes. The various classes of dyes and the
region of the spectrum they cover are illustrated in Fig. 2-2.

Laser action for such a dye medium involves excitation (Sy->S,) through intense
optical pumping which is accomplished trough a flashlamp or another laser, followed
by rapid (~10"*?s) internal conversion to the lowest vibrational-rotational level of the S,
electronic state. This leads to population inversion and subsequent laser emission
between this low-lying S, level and a high vibrational level of the S, ground electronic
state.

Although the emission spectral width for these dyes can be quite extensive (iypically
20-50 nm FWHM), the range of wavelengths over which laser action can occur is
appreciably less. Laser oscillation on the short wavelength side of the emission profile

is prevent by singlet absorption (S,->S,) while on the long -wavelength side it is the drop
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in probability of the emission that restricts the range of wavelengths available for laser
action. Fig. 2-3 shows the portion of the wavelength range useful for laser action. The
dye has to be circulated through some form of heat exchanger to avoid the development
of thermal (and thereby refractive index) inhomogeneities. A filter is often used to reduce

the scattering loss from bubbles.

Physics of Dye Lasers:

The electronic energy levels of an organic dye molecule are not sharply defined,
but are rather a band of levels formed by smear of vibrational and rotational levels, [1].
We shall examine the optical properties of two such broadened electronic energy levels.
At the first approach we shall consider the ground state level S, and the first excited level
S,, and we shall ignore the influence of the other levels.

InFig. 2-4 we have schematically drawn two energy leveis which have a width Av
and are spaced by an energy difference hv,. The dye molecule is excited optically by
pump photons of frequency v,. Light emission will be observed at frequency v,.

Upon excitation by a pumping photon, each level will be considered to be ther-
malized in a time very short compared to the radiative lifetime. Typically for organic
dyes the thermalization time is expected to be on the order of picoseconds, while the
radiative lifetime is of the order of nanoseconds. Measurements of the thermalization
time have been performed by Ricard, Lowdermilk, and Ducing, [2], for dye molecules
in solution by investigated the rise time of stimulated emission on a picosecond time
scale.

Letusnow consider two levels which has been optically excited and are thermalized
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with populations Ny and N, [3]. In each level the electrons will be distributed in energy,

E, according to the distribution function 1;(E;). Then the level populations are:
N,= [n(E)aE 2-1

Under the conditions of rapid thermalization the distribution functions can be

approximated by a Boltzmann distribution:

E.
n(E) = Cg(E) exp*{ k_%} 2-2

where: . C;is a normalizing factor,
g,(E) is the level degeneracy.

The absorption coefficient for a simple two discrete level system is:

1dl,

V' I,dz

hvn
=—c“"{BOINo—BloN1} ) 2-3

where: I, is the intensity of radiation at frequency v,

n is the refractive index of the dye,
By, is the Einstein absorption coefficient,
B, is the Einstein emission coefficient.

Such a system can not exhibit negative loss or gain under steady state excitation.
Laser action can only take place in more complex systems where it is possible to invert
the population by some means, such that N,>N,, [4]. This is usually accomplished by
utilizing additional energy levels as in the case of three or four level system. In the case

of the broadened two level system, we will show how the width of the levels themselves
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will provide a means of achieving gain with optical excitation.
We write the absorption coefficient, Eq. 2-3, as an amplification or gain coefficient
at a frequency, v, for a system of two broadened levels as, [5]:

o(v) =N,0,(V) —N,0,(V) 2-4

where: hvn

c,(v)= { —}B 10(V)

c

the emission cross section, and

hvn
c

c,(vV)= { }BOI(V)

the absorption cross section.
The frequency dependent cross sections are defined in terms of the electron dis-

tribution functions, Stepanov and Rabinov [3], as:

o,(v)= fce(El,\r)n(El)dEl 2-5

0,0 = [ 0,EVINENE, 2-6

Then the gain equation, Eq. 2-4, can be rewritten as:

o(v) =6,(V){N, — Cu(V)N 2-17
Y ew)
and the condition for amplification becomes:
N, 0.(v) h_3g
Ny o.(v)

To determine the ratio of the absorption and emission cross sections, let us assume

C,=C,. Equating up and down transitions we obtain:
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©,(E,,V)8,(E) = 0,(E, V)go(Ey) 2-9
where:  E, =E,+h{v-v,}
Using the above equations, we can finally write the expression of the absorption
over emission cross section as:

c,(V) —-h{vo—V}
o, (v)—exp T 2-10

Substituting Eq 2-10 to Eq. 2-9 we get the requirement for amplification in two
broadened levels system:

N, —h(Vo—V)
No>exp T 2-11

From the above it is clear that if v > v, the condition for gain is achieved only if
there is a net population inversion between levels O and 1. However, more interestingly,
for the case where v < v, amplification can occur even though there is not net population
inversion. This is a very important distinction between a system of two discrete energy
levels and a system of two broadened levels.

In order to determine the gain under conditions of optical pumping with pump of
intensity I, and frequency v,, we equate the absorption and emission of photons between

the two broadened levels,
1
Ny, (v,)I, =N, ;E+ o,(v,)I, 2-12

where: 1T is the spontaneous emission lifetime.

The total concentration, N, is:

N =N,+N, 2-13
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where: N, is the population on the ground state,
N, is the concentration on the excited state.
Solving for the excited population, N,, we get:

N
Ny=— 1 o 2-14
o, T e —

We observe that in order to obtain a large population inlevel 1, the conditionv, > v,
must be satisfied.

We obtain the total gain at a frequency v by substituting Eq. 2-14 into Eq. 2-7:

~h{vy-v}
1+exp—g —h{vo—v}
a(v) =G, (VIN{ — o il S 2-15
+1+exp—g—

o, (v,
The width of the broadened levels, Av, has a strong bearing on the size of the gain.
If hAv « kT, the system reduces to the equivalent of a two level system and there is no
gainf
For the case of very broad band k(v, —v,) € kT, the gain equation reduces to:

ov) =, (VIN 2-16

This is the limiting gain for the totally inverted system. Unfortunately, as Av is
increased the cross section, &,(V) is decreased. Dyes exhibiting the largest gains usually
have energy bands in the range of 0.1 to 0.3 eV. The width of energy bands is directly
related to the spontaneous or natural lifetime, 7.

According to Eq. 2-15 the shortest © becomes, the more intense the pumping radiation
I, must be to achieve gain. For most dyes of interest 1/t =3x 10*g,,,, making T typically

in the nanosecond range, Parker [6].
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A Typical Organic Dye: Rhodamine 6G:

Rhodamine 6G is a well known and extensively studied dye. It is perhaps the most
widely used dye in dye lasers. It converts efficiently pump light to emitting light and
this is the main reason there is an extensive literature of available data. In Table 2-1 we
list the various cross sections and in Table 2-2 we list the intraband decay lifetimes for

this dye.
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—_—
TABLE 2-1

Cross Sections for Rhodamine 6G
A, =530nm, A, =580nm
Iw

Ground-state pump’ s absorption cross section:

Gsl ‘__so((l)p) - 3.8x10_160m2

Ground-state laser’ s absorption cross section:
_ -19 2

Os, 5,(®@.) = 1.0x10™ "cm

Excited-state laser’ s emission cross section:
— -16 2

Os, s,(®,) = 1.2x10™"cm

Excited-state pump’ s absorption cross section:
—_ -17 2

Os, 5,(®,) =4.0xI0™ 'cm

Excited-state laser’ s absorption cross section:
—_ -17 2

Os, 5,(®,) =1.0x10""cm

Triplet-state pump’ s absorption cross section:
— -17 2

Or, -5,(®,) =1.0xJ0""cm

Triplet-state laser’ s absorption cross section:

Gsz‘_sl(me) = 1.0X]0-17cm2




TABLE 2-2

Intraband Decay Lifetimes for Rhodamine 6G

20

| 81> 80> Ty, 5, =Ty =3.7x107 sec

| S2 > 8, > T, s, = 0(fast!)
| 8, > T, > :Tr s =5.0x10sec
| T2 >'—)| Tl > :TTZ(—'TI = O(fast)

| Ty > Sy > T r=5.0x107sec
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Structure of an Organic Dye Molecule
Energy Diagrom ond Transitions
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Figure 2-1. Schematic representation of energy level structure and transitions relevant

to laser action associated with an organic dye.
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Classes of Laser Organic Dyes
Wavelength Tunability Range
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Wavelength, (nm)

coooo Scintillators
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»———w Oxazines
*wrx Polymethines

Figure 2-2. Various classes of dyes useful for laser operation, with the respective

operational range.
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Figure 2-3. Portion of the wavelength range of a dye useful for laser action. Lasing may

occur only in the range under the net gain curve.



24

/]
S
1 El
n(E1>
V V vV
P e 0
=0
P n(EO>
>0

Figure 2-4. Schematic representation of a two energy level system.
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3 Energy Transfer Processes and Fluorescence in Dye Mixtures

3.1 Energy Transfer Processes in Dye Mixtures

3.2.1 Energy Transfer Mechanisms in a Dye Mixture
The subject of energy transfer between unlike molecules in solution has received

considerable theoretical attention [1-3]. Energy transfer in laser dye mixture has been
utilized to achieve better dye laser performance. The main mechanisms that have been
proposed for such an energy transfer are:
a) Radiative transfer, and
b) Non-radiative transfer:

i) resonance transfer due to long range dipole - dipole interaction, and

ii) diffusion controlled collisional transfer.
In mechanism (a) we have absorption of donor emission by an acceptor; mechanisms
(b) are non radiative and the excitation transfer takes place before the excited donor
emits, in contrast to mechanism (a). These mechanisms contribute to the donor
fluorescence quenching and enhance the acceptor fluorescence yield. Theory and
experiment have shown that these various mechanisms involved may be distinguished
by simply measuring the donor fluorescence lifetime as a function of acceptor concen-
tration. For example, if the donor lifetime is little affected by the concentrations of the

acceptor molecules, then mechanism (a) can be considered the dominant one.
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3.2.2 Radiative Transfer

The radiative transfer is a two step process. During the first phase a molecule emits

a photon; during the second phase another molecule absorbs the radiation, i.e.:

D,+A »D +hv+A 3-1

D+hv+A - D +A4, 3-2

As there is no direct interaction between the donor, D, and the acceptor, A, mol-
ecules, the donor decay time is not affected by the process or by the concentration of
acceptor molecules. For this case, the efficiency of transfer is governed by the amount
of overlap between the fluorescence spectrum of the donor and the absorption spectrum
of the acceptor, and by the values of molar extinction coefficient of the absorption
spectrum of the acceptor. Thus as the concentration of the acceptor is increased, the
fluorescence yield of the donor is decreased but the fluorescence decay time of the donor
remains unaffected.

Understandably, viscosity is unimportant. Since the probability for radiative
transfer falls off with distance, R, as R, the transfer distance can be very large, often
being limited only by the physical size of the container.

The radiative process has been nicknamed "trivial” because it is easy to conceive
and explain, not because it is unimportant.

Singlet - singlet radiative transfer is due to the absofption of a fraction ¢, of the
excited donor, D,, fluorescence photons of concentration [D], by the acceptor, A, of
concentration [A]. In general, atany given wavelength, A, the fraction o, (A) of the excited

donor, D,, fluorescence photons absorbed by the acceptor is given by Birks, [4], as:
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o, (A) =Fop(M) {1 —exp{-2.3[AIDE,(M)}} 3-3
where:  F,p(A) is the normalized spectrum of the donor normalized to unit area over
the wavelength scale,
[A] is the molar concentration of the acceptor, Mole/Litre
D is the specimen thickness,

E,()\) is the absorption spectrum of the acceptor.

Integrating equation (3) over all wavelengths we get:
o= LMFOD(?») {1 -exp{-2.3[AIDE,(A)}}dA 3-4
or equivalently:
o =1- meFOD(X) ex;;{—2.3[A IDE, ()} 3-5

Unlike the frequently used approximate expression for o, [4], which is based on
the assumption that 2.3D[A]E, « 1, Eq. (5) gives the exact expression of o,. This permits
us to evaluate with accuracy the value of o, at any given acceptor concentration, [A].

The quantum efficiency, f,, of radiative transfer acting alone, is, [4]:
J, =0 3-6
where:  {yp is the quantum yield of the donor in the absence of acceptor.
In the presence of non radiative transfer, the quantum efficiency of radiative energy
transfer, f,, is given by, [4]:
Jr =0 =£)00p 3-17

where: £, is the non radiative transfer efficiency.
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3.2.3 Non-Radiative Transfer

The non radiative transfer is an one step process involving the simultaneous de-

excitation of the donor and the excitation of the acceptor. Since there must be an
interaction between the donor and acceptor, the donor yield and decay time are both
affected by the presence of acceptors.
The interaction between donor and acceptor is composed principally of a Coulomb and
an exchange interaction. The Coulomb term, which is the long range term, can be
represented by a multipole expansion, the first term of which is the dipole - dipole term,
the second the dipole quadruple, and so on. If the optical transitions are allowed, the
dipole - dipole term predominates; the higher terms and the exchange term can be
neglected, Foster [5,6].

In liquids the effects of diffusion and possibly excitation migration must be con-
sidered in addition to that of resonance transfer, Brown et al. [7]. The effect of diffusion
on energy transfer by a dipole - dipole interaction was first treated by Kurskii and
Selivanenko [8]. The approach of Antonov - Romanovski and Galanin [9] for rigid
solutions was expanded to include liquids by Kilin et al. [10] and Agrestetal. [11]. The
Foster formulation was modified to include Brownian translational motion by Bagda-
saryan and Muler [12]. Their mathematical solution is limited to steady state excitation,
so that no variation in donor decay rate with acceptor concentrations could be indicated.
A quantitative description of the decrease in donor decay time as a function of the
diffusion coefficient D has be presented by Yokota and Tanimo [13], Steinberg and
Katchalski [14], and Birks and Leite [15]. When the diffusion coefficient, D, is very
large and transfer is diffusion controlied, the probability of energy transferis proportional

to D. When the diffusion coefficient, D, is small and the long range dipole dipole
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interaction is dominant, the transfer probability of energy transfer varies as D**. The
above ideas have been expanded to include molecular displacements during the lifetime
of the excited state by Mikhelashvili [16].

We define the mean diffusion length, r, in a liquid as, Birks and Leite [17]:
r= (ZD TOD)1/2 3-8
where: T, is the fluorescence decay time of the donor in the absence of acceptor,

and
D =D,+D, 3-9
where:  Dj, the diffusion coefficient of the donor,
D, the diffusion coefficient of the acceptor.

Based on the above definition, the studies of energy transfer can be divided into
three regimens:
1. A diffusion controlled or Stern Volmer region where r > R,,
2. An intermediate region where r~R,,
3. An inductive resonance or Foster region where r <R,

The appropriate determination of the radiationless transfer efficiency, f,,, depends
on the appropriate selection of the kinetics responsible for radiationless transfer [18,19].
To avoid complications and uncertainties in the processes of selecting the most appro-
priate kinetics, and given the fact that the erroneous selection of the kinetics will result
in a significant error in the non radiative efficiency values, we use a general expression
forthe radiationless transferefficiency, f,,. Inthisexpression f,, does notrely on selection
criteria, and is intended to apply over the whole range of diffusion and resonance energy

transfer parameters which are expected to apply in quenching experiments, [19].
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K, K
£=1 -7{—9+K—3",2n‘”A exp[A¥K][1 -erf(A/K'™]  3-10

where:
K =K, +4nDR 4N[A]
A =4n"DRZN[A]

Ko =1/t
r6K 1/4
R,,f=rAD+o.724{ "D °]
D =D,+D,
-__N
N=—"1
1000

where: T, is the fluorescence decay time of the donor in the absence of acceptor,

R, is the distance of closest approach of donor and acceptor,
D is the total diffusion coefficient,
Dy, is the diffusion coefficient of the donor,
D, is the diffusion coefficient of the acceptor
N is Avogadro’s number
I, is the critical distance at which one half of the donor molecules decay by
energy transfer and one half by radiative and non-radiative depopulation rates,
I,p is the distance of closest approach between donor and acceptor.
3.3.4 Transfer Efficiency

The total transfer efficiency, f, of energy transfer from a donor dye to an acceptor
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dye, is defined as the sum of the radiative, Eq. 3-7, and non radiative, Eq. 3-10, energies
transfer efficiencies, that is:

f=f,+f 3-11
The transfer efficiency for a dye mixture of consisting of Rhodamine 610 Perchlorate
as donor and Nile Blue 690 Perchlorate as acceptor, has been calculated and used for
the gain evaluation later in this work. Fig. 3-1 shows typical data for Rhodamine 610,
and Fig. 3-2 for Nile Blue 690. The results of the energy transfer evaluation are shown
in Fig. 3-3. We see that the total transfer efficiency is increased linearly for low

concentrations and reaches saturation as the concentration is increased.



Rhodamine B

CAS No.: 81-889
Synanym: Rhodamine 610

Lasing Ama: 603 (N)
588 (YA6)

MW 479.02

cr

== Ahsorption max: 545 nm

€n = 1.06 % 10° L mole ' cm” '
€.; = 72x 10" L mole 'cem
£ = 4x10"L mole 'cm

== Fluorescence max: 565 nm
Solvent: Methano!
Uncorrected

Laser Qutput
wa Nd:YAR Pump

Solvent: Methanol

Conc. {motar): 3% 10°*

A... = 588 nm; range = 578-605 nm
= Nitrogen Pump

Sofvent: Methanol

Conc. (molar): 4.6x 10 °

Ams = 609 nm; range = 595-639 nm

Figure 3-1 Typical data characteristics of Rhodamine 610, [21].
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Nile Blue A Perchlorate
O e

CAS Ho.: 53340-16-2
Synonym: Nile Blue 690 Perchiorate
Quantum yield (in EtOH) 0.23

Lasing Armar 693 (N;)
630 (YAG)

MW 417.85
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== Absorption max: 627 nm
Eme = 1.68 x10° L mole™! cm”
s = 1.07 x10° L mole ™' ¢m ™!
€y = 8.5%10° L mole em™!
== Flygrescence max: 660 nm
Solvent: Methano!
Corrected

i

Laser Output

. wm N:YAG Pump

Scivent: Metharol
~ Conc. imolary: 2x107*
A.., = 690 nm: range = 678-733 nm
w= Nitrogen Pump
Solvent: Methanol
Conc. (mofar): 4 x 10 *
Any = 633 nm; range = 675718 nm

Figure 3-2 Typical data characteristics of Nile Blue 690, [21].
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Energy Transfer Efficiency

in a Dye Mixture

Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 3-3. Energy transfer efficiency in a dye mixture.
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3.2 Fluorescence a Dye Mixture

In this section we develop expressions for the fluorescence of donor and acceptor
in a dye mixture, [4,20]. The fluorescence of the donor is due to the direct excitation of
a pump source, but that of the acceptor is due to the direct excitation of the pumping
source, if any, and contribution of both the radiative and non-radiative energy transfer

Processes.

Donor Fluorescence:

The fluorescence intensity of a solution containing a single dye only, the donor, is:
Fop =1p{1-exp{-2.3E,(2,) [D1d }}¢p 3-12

where: I, is the intensity of the exciting light,
E, is the decadic extinction coefficient of the donor,
[D] is the donor molar concentration,
d is the specimen thickness,
A, is the pumping source wavelength,
Oop is the quantum yield of the donor alone.
Similar expression holds for the fluorescence of the acceptor alone.

The above equation can be written in the more convenient form:

Fop =0, Dp 3-13

where:  Q, =I{1-exp[-2.3E,A,[D]d]}

is the fluorescence decay time of the donor in the absence of acceptor,



Fluorescence of the donor in the presence of acceptor:
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The fluorescence intensity of a solution containing donor in the presence of acceptor

is given by:
Fp =1{1-exp{-2.3E,(A,)[D]d —2.3E,(A,)[Ald}}

{ Ep(,)ID]
Ep(\,)ID1+Ex(A,)[A]

} {1 ~£o)op = 1}

where:  f, =(1-£,)0,00p
The above equation can be written as:
Fp =I1{1-exp{-2.3E,(A,)[D]d —2.3E,(A,)[Ald }}

}{1 —f;lr} {1 _ar}q)()D

which can be written in the more convenient form:

Fp= QZ{ Ep(\,)[D1+EA(A,)[A]

} {1-/ 31 {1-0,}0p

where:

Q, =1,{1-exp{-2.3E,(2,)[D]d -2.3E,(,)[Ald }}

Physically the term E,(A,) [DV/{Ep(A,) [D]+ E4(A,) [A]} measures the part of the

incident light which is absorbed by the donor molecules. The term (1-f,) gives the

fraction of the excited donor molecules in nonradiative manner, that is, it represents the

radiative part.
Dividing Eq. 3-16 by Eq. 3-12, we get,

) 0, Ex(A,)ID]
F), —FOD{——;} {1-£,}{1 —a’}{ED(A,p)[D]'f‘EA(?\p) [A]}

3-17
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where: % _ 1-exp{-2.3Ep(A,)[D1d —2.3E,(A,)[Ald }
0 1—exp[2.3Ep(A,)[D]d]

Acceptor Fluorescence:

The fluorescence intensity of the acceptor in a solution containing a mixture of two
dyes, both donor and acceptor, when illuminated at a wavelength of donor and acceptor
excitation is the result of:

1. Direct absorption of the incident light by the acceptor,
2. Absorption of the fluorescence of the donor, i.e. radiative transfer, and
3. Non radiative energy transfer from the donor.

The expression for the acceptor fluorescence is:

) E,(\,) (D]
Fa= Qz{ E20) D1+ Es(hy) [Al}f"’q""‘

+Q{ Es(,)[A] }q)
L Ep,) ID1+E,(\,) [Ald | ™

+0 { Ep(A,)[D]
2 Eo(,) D1+ Ex(\,) [A]

}f,(bm 3-18

where:  Ep is the decadic extinction coefficient of the dorior,
E, is the decadic extinction coefficient of the acceptor,
[D] is the donor molar concentration,

[A] is the acceptor concentration.
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The above equation can be written in the more convenient form:

_ { Ep(A\) ID1f + 1+ Es(M,) [A]
! Ep(\,) ID1+E,(,)[A]

}Q2¢0A 3-19

multiplying the denominator and nominator by Q,¢,,, we get,

P {ED(A,,)[D][fm+ﬁ]+EA(x,,)[A]} { Qz} {%A}
A~%op Y

Ep(A,) D]+ E,(\,)[A] 0] | oo

3-20
O

The total fluorescence of a dye mixture containing a donor and an acceptor dye is
the sum of the individual fluorescences, that is:
F=F,+F, 3-21
Figure 3-4 shows the absorption and fluorescence spectra of Rhodamine 610 and
Nile Blue 690. The figure shows clearly the overlap of the Rhodamine 610 fluorescence

(donor) with the Nile Blue 610 absorption (acceptor).
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Figure 3-4. Typical absorption and fluorescence spectra of Rhodamine 610 (donor) and

Nile Blue 690 (acceptor).
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4 Theory and Modeling of a Continuous Wave Energy Transfer Dye
Laser

4.1 Introduction

In this work we develop a theoretical model to predict the gain spectrum of a cw
laser pumped energy transfer dye laser (ETDL) as function of acceptor and donor con-
centrations, their absorption and emission spectra, pump power and wavelength, and
dimensions of the active region. The model predicts that there are a number of candidate
dye pairs which would benefit from such an approach, in terms of reduced pump
requirements and increased attainable spectral range. It also shows that the use of the
argon ion laser, which is a convenient and widely used pump source, may be practically
extended through the use of energy transfer processes to :: number of dyes which would
otherwise require excitation at longer wavelengths from a krypton ion laser. These
predictions are confirmed by experiments in which argon laser excitation, which cannot
normally be used to excite Nile Blue, is used to excite a mixture of Rhodamine 610

(donor) and Nile Blue 690 (acceptor) to demonstrate laser action in the near infrared.
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4.2 Theory and Development of an Analytical Model
4.2.1 Rate Equations

In the present section, we are using the rate equations which govern the rate at
which populations of various levels change under the action of a continuous wave
laser pump, in the presence of laser radiation, for a given two dye mixture solution
with specified characteristics for each dye. The rate equation approach provides a
convenient means of studying the time dependence of atomic population of various
levels under the presence of radiation at frequencies corresponding to different
transitions of the atoms. It also gives the steady state population difference between
the actual levels involved in the laser transition and allows one to study whether an
inversion of the population is achievable in a transition and, if so, what would be the
minimum pumping rate required to maintain a steady population inversion for con-
tinuous wave operation of the laser. In addition allows the derivation of an expression
for the dye mixture gain in terms of readily available dye and kinetics terms.

We shall model the two dye mixture laser using the rate equations approach,
Statzand de Mars [1], and Dunsmuir [2]. In our model of the two dye, donor - acceptor,
mixture laser system we shall include the population excitation due to the cw laser
source, the energy transfer due to the non radiative decay process, the energy transfer
due radiative decay process, the triplet-triplet losses and shall not include the induced
emission rate [3]. The rate equations of donor and acceptor laser dye mixture at

threshold, a set of two coupled equations, take the form:

For the singlet state:
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The rate equations of donor and acceptor laser dye mixture at threshold are given by:
a) the donor equation is:

dN,p _ oA, (r,z)Nop _Nw
dt hv, Top

_klerlDNOA 4"'1

where: N, is the population of the donor in the excited state, cm™,
o.p(A,) is the absorption cross section of the donor at the pumping
wavelength, cm?,
A, is the wavelength of the pumping beam, cm
I(1,z) is the power flux of the pumping beam, W/cnr?’,
Nqp is the population of the donor at the ground state, cm™,
h is Planck’s constant,
v, is the frequency of the pumping beam, s”,
N,p, is the population of the acceptor at the excited state, cm™,
T,p is the lifetime of the donor at the excited singlet state, s,
k.. is the rate constant for the energy transfer due to a non radiative process,
cm’/s,
Noa is the population of the acceptor at the ground state, cm™.

The term to the left hand side represents the rate of change of the excited donor
population as function of time. On the right hand side, the first term represents the
absorption of the pump light energy, the second term represents depopulation of the
excited state by spontaneous emission, and the third term represents the energy
transfer from donor to acceptor due a non radiative process. When the population is

in equilibrium the first term is balanced by the second and third terms. The term kv,
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represents the quantum energy of a photon at the frequency v,

b) the acceptor equation is:

where:

dNyy O AL, z)Nogy Ny

N, , is the population of the acceptor in the excited state, cm™,

04(A,) is the absorption cross section of the acceptor at the pumping
wavelength, cm?,

A, is the wavelength of the pumping beam, cm

L(r,z) is the power flux of the pumping beam, W/cm?,

Noa is the population of the acceptor at the ground state, cm?,

h is Planck’s constant,

v, is the frequency of the pumping beam, s,

N, is the population of the acceptor at the excited state, cm™,

T4 is the lifetime of the acceptor at the excited singlet state, s,

k,.is the rate constant for the energy transfer due to a non radiative process,
cm’/s,

N,p is the population of the donor at the excited state, cm?,

k. is the rate constant for the energy transfer due to the radiative process,

s,

The termon the left hand side represents the rate of change of the excited acceptor

population as function of time. On the right hand side, the first term represents the

absorption of the pump light energy, the second term represents depopulation of the

excited state by spontaneous emission, the third term represents the energy transfer

from donor to acceptor due to a non radiative process, and the fourth term represents
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the energy transfer from donor to acceptor due to the radiative process. When the
population is in equilibrium the first, third, and fourth terms are balanced by the
second term. The term kv, represents the quantum energy of a photon at the frequency
v,. The singlet state equations include energy transfer processes and nonradiative
decay processes, but do not include [3] the induced emission rate.
For the triplet state:

The population dynamics of the triplet state is described by the triplet state rate
equations.
a) the donor equation:

dN,p Nip
= — —— 4-3
dt 1D™stD ’C‘D

where: N, is the population of the excited donor molecules in the triplet state,
cm?,
k.o is the probability per unit time that an excited donor singlet molecule
will make the transition to the singlet state, s,
T,p is the triplet lifetime of a donor molecule, s,
N;p is the population of the excited donor molecules in the singlet state,
3

cme.

b) the acceptor equation:

where: N, is the population of the excited acceptor molecules in the triplet state,

cm?,

k.4 1s the probability per unit time that an excited acceptor singlet molecule
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will make the transition to the singlet state, s,
T, is the triplet life time of the acceptor molecule, s,
N, is the population of the excited donor molecules in the singlet state,

cm>.
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4.2.2 Population Densities of Ground and Excited State Dye Mole-

cules

The molecules are considered to be in either the ground state, or the first excited
state, or the triplet state. The principle of conservation of matter requires conservation
of molecules, so that for the donor molecules:

Np=N,p+Ngp +Nip 4-5
where: N is the population of the donor molecules, cm.,,
N,p is the population of the excited donor molecules, cm ;,
Ngp is the population of the ground state molecules, cm.,,
N is the population of the triplet state molecules, cm .
and, for the acceptor molecules:
Ny=Ny,+Ny +Nyu 4-6
where: N, is the population of the donor molecules, cm.s,
Nj, is the population of the excited donor molecules, cm,
Ny, is the population of the ground state molecules, cm.,,
N,, is the population of the triplet state molecules, cm.,.
The population concentration of either donor or acceptor is determined from

the concentration of the dye as:
N =A[N]C 4-17
where:  Nisthe population concentration of either the acceptor or donor molecules,

cm,,
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A is Avogadro’s number, 6.023x10? Molecules/Mole,
[N] is the concentration of either the acceptor or donor, Mole/Litre,

C is a conversion factor from litre to cm?®, equal to 1.0 x 10 Litre/cm’.
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4.2.3 Absorption of Light by a Dye Mixture Medium

Beer - Lambert law states that if a monochromatic light beam of intensity 1(0)
is incident normally on a specimen of thickness d, containing N molecules of the
absorbing species per unit volume, the intensity of the light is attenuating according
to tﬁe equation:

I(z) =1(0)e ™
=I1(0)e™ 0<z<d 4-8
where:  I(z) is the light beam intensity at distance z, W/cm?,

I(0) is the light beam intensity at the surface of the absorbing medium,
W/cm?
o()) is the molecular absorption cross section at wavelength A, cm?,
N is the concentration of molecules in the absorbing medium, cm’,
I is the absorption coefficient, cm™,
z the distance in the direction of the beam propagation, cm

Beers - Lambert law is expressed usually in the form:
1(z) =1(0)10™°ME 0<z<d 4-9
where:  €is the decadic molar extinction coefficient, Liter Mole™ cm™

[M] is the molar concentration of the absorbing species, Mole/Liter
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In the case of a two component mixture the total absorption at a given wavelength
will be the sum of the absorbances of the two component, then Beer - Lambert law

takes the form:

- N, N,
I(z) =1 (0)e {6, M N1+ 0, INp )1z

~{e,M) N, ]+epR) Ntz

=1(0)10 0<z<d 4-10

where:  €,4(A) is the decadic molar extinction coefficient of the acceptor at wave-
length A, Liter Mole™! cm™
[N,] is the molar concentration of the absorbing species of the acceptor,
Mole/Liter
gp(A)is the decadic molar extinction coefficient of the donor at wavelength
A, Liter Mole cm?
[Np] is the molar concentration of the absorbing species of the donor,
Mole/Liter

A relationship between the decadic extinction coefficient, €, and the molecular

absorption cross section, 6, can be found by writing Eq. 4-8 and Eq. 4-9 in the form:
Iy
log—I— =¢g[M1d
Iy
ln—I— =ud =oNd
and comparing, we get:

0=3.82x10"%¢

A simplification can be made in the case the absorbance of the acceptor is much
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less than the of the absorbance of the donor at the pumping wavelength, then Eq.

4-10 takes the simpler form:

¢, (W) INp 1z

1(z) =1(0)10 O<z<d 4-11
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The laser pumped cw dye laser geometry in which our model is based on is the

customary longitudinal arrangement used in almost all cw dye lasers, [4,5]. The active

region of the laser is assumed to have length d in the z direction with both pump and

laser beams having their waists at the entrance surface, z=0. Assuming that the pump

beam and laser beam propagate in the fundamental Gaussian mode, the radial intensity

distribution of the pump irradiance, I,(r,z), can be written for the case in which the

pump is not absorbed as, [6]:

I(r,2)=

with: W e 7"’”?[ . 4727

2 =bPA'P
P on

[ 4P,(0)

Weo 2ex [—2rw?]
bhe || W | P 2

P P

where: b, is the confocal parameter of the pump beam, cm,

P,(0) is the incident pump power, Watt,

z is the distance along the beam axis, cm,

W, is the beam radius at any point z, cm,

W, is the beam radius at the point z=0, cm,

r is the radial distance from the cavity axis, cm,

h is Planck’s constant,

c is the velocity of light in free space, cm/s.
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The above equation does not express accurately the pump irradiance in the laser
cavity, however, since the absorption necessary to produce population invention ,
and hence gain has been ignored. Thus, modified Eq. 4-12 to include absorption,

using Beer’s - Albert’s law, yields:

4P, (0)] [ exp[-2r¥/W?]

5r2) 2[ bhe || T 1+42%?

:| exp[-N,0,(A,)z] 4-13
where: N, is the concentration of the ground state molecules, cm?,
0,(A,) is the singlet state absdrption cross section, cm?.

Itis important to note that an accurate description of the dye laser would include
transverse as well as longitudinal dependence of the variables. To solve the complete
non linear problem including this additional complication would be a formidable talk.
A much simpler problem, however has been considered by Pike [7]. For the case
when the active region is confined to within a distance less than the confocal parameter
of the beam waist, i.e. the Gaussian beams can be considered to be of constant
diameter.

The laser and pumping beam geometries in the vicinity of the active region are
shownin detail in Figure 4-1. The active region of the laser is assumed to have length
din the z direction with both pump and laser beams having their waists at the entrance
surface, z=0. The waist diameters of pump and laser beams are assumed to be 2W,,

and 2W, respectively. FFor generality it is assumed that the pump and laser beans also

have different confocal parameters b, and b;.
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Dye Solution
Dye Loser Lasing Beam
Argon Laser Pumping Beam
Nr
T 7
2w 50 2 2w 0
2=0 z=d

Figure 4-1. Large scale representation of the active region of a cw dye laser.
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4.2.5 Population of Excited States

Under steady state conditions of continuous constant excitation, the concen-
tration of molecules in the singlet excited state is in equilibrium with the ground state

concentration, 1.e.:

dN,p
=0, 4—
7 0 14
and
dN,,
—2=0; 4-—
7 0 15

then, the rate equations, Eq. 4-1 and 4-2, take the form:

oaD(A’p)Ip(r’z)NOD NID
= L 4-1
0 - 2=k Ny 6

14

O A (r,z)Ny, N. :
hv Toa

14
Solving the firstequation, Eq. 4-16, we get the population concentration in the excited

state of the donor:

Ny () = Cup(A, ), (r,2)Nop 4-18
1D\ = -
{knrNOA +;?;}hv,,
Defining [7]:
Tp =k, Noas +é 4-19

we can rewrite Eq. 4-18 as:
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(o)) (A’p)l p (r x4 )NOD
hv

Nip()= T 4-20

Solving the second equation, Eq. 4-17, we get the population concentration of the
excited state of the acceptor:

GaA(A’p)Ip(r, Z)NOA
hv,

N1A=T0A{ +knerDN0A+krN1D} 4-21

We rewrite the above equation in a more convenient form:

TOAIp(rs Z)GaA (}\‘p)NOA

Nip = TouNyp(r,2) {k, Noa + Top = Top + 4, } + hv 4-22
p
Upon substitution of &, = ok, §os = k1sTos, and Eq. 4-19, we obtain:
1 1 ¢0D} TOAIp(r7Z)GaA(?"p)NOA
Ny =TuyNippy———+o,— ¢+ 4-23
1A 0A ID{ T TOD TOD th

Substituting Eq. 3-7 into the above and after some algebraic simplifications, we get:

_ ToalVip Toal (7, 2)0,4 (A, )Noa

N.
Niy == (o op( ~fy) 4} + =

4-24

P

Finally, upon substitution of Eqs. 3-7, 3-9 and 4-20 into the above we obtain:

1,(r,z)
hv

[6.5(\,)Nonf + oy (A, )Ngy] 4-25

N, =T
14

Eq. 4-20 and Eq. 4-25, represent the population concentration of the excited
acceptor and donor molecules as function of the concentration and the characteristics
of the system and the donor and acceptor dyes.

This equation can be simplified if the absorption cross section of the acceptor
at the pumping wavelength is much smaller than the one of the donor, then we can

write:
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I,(r,z)
N1A=Toa"——phv {0n(A)Ngp} 4-26
P

Under the steady state conditions of the continuous, constant excitation, the
concentration of molecules in the triplet state is in equilibrium with the singlet state
concentration. Then the triplet rate equations take the form:

a) the donor equation:

NltD =kJIDTlDNlD 4—27

b) the acceptor equation:

Ny =k TulNyy 4-28
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4.2.6 Dye Gain Coefficient and Laser System Gain

For a transversely pumped dye laser jet the building of the output laser beam,
I, along the cell axis, z, is, [8]:

al,
dz

= NleeA (le)[e _NOAo-aA(}\'e)Ic _NODGaD(?\‘e)Ie
_NltAGalA(?\’e)Ie ~N11DGaID(?\'e) _A(xe)le 4-29
where: A (A,) denotes the optical losses in the cavity which depend on the emitting

wavelength, but do not depend on the molecular concentrations, cm’l.
The right term represents the rare of change of the buildup up of the light as
function of distance in the cavity, the first right term represents the buildup of light,
the rest of the terms on the right represent the losses due to absorption by the donor
and acceptor molecules.
If the optical losses in the cavity are due to the mirrors only, then these loses

can be expressed as:
A\ = —5% In[R,(M)R,(M)] 4-30

where:  R,,R, are the reflection coefficients of the mirrors, and
d is the active length of the medium.

The reflection coefficients are functions of wavelength.

The growth of irradiance in a laser medium as a result of amplification by the

active medium can be expressed as:
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dl,

dz=G1 4-31

e

We define the system’s gain as, [8]:

G—ldl‘ | 4-32
1, dz

Substituting Eq. 4-29 into Eq. 4-32, we obtain:
G Ny, Np,A,) =N,,6,,(A,) = Nyy©,4(A,) —NopGop(R,)
=Ny s0uaX) = NypGop@,) —A L) 4-33
The gain coefficient per unit length of the dye mixture is defined as:
8Ny, Np, A,) =Ny 6,,(A,) = Ny 6,4 (A,) = NopG,p(A,)
~NyaGoiah) —Nyp0,p(A,) 4-34
To develop a gain equation which can be used to predict the gain of cw ETDL,
the following two assumptions will be made:
- the absorption of the donor molecules in the triplet state is negligibly small in the
fluorescence spectrum region of the acceptor molecule, as it is the practical case; the
absorption of the donor molecules in the triplet state will only be considered;
- a small fraction of the available donor molecules are in the first state of the donor;
then Ny, = Np.
Taking into account the first assumption, as it is the practical case, then the fifth
term can be neglected; thus the above equation takes the simplified form:
g (N4, NpA,) =Ny 6,4 (A,) = Noy G, s (X,) = NopOop(A,) ~N,4Coa(r,) 4-35
But at the triplet excited population of the acceptor at the steady state is

Nya =k, TNy, 4-36
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and conservation of molecules requires that
N, =Ny +N,, +N,,, 4-37
Substituting Eq. 4-36into Eq. 4-37 we get the ground state population of the acceptor.
Ny =N,—N,, -k, TNy, 4-38
Substituting Eq. 4-38 into Eq. 4-35 we get: »
gy, Np,A,) =Ny {0,,A,) +0,Q,)
—k, T A [0,,,) -0, ()]}
-N,c,,(A,) 4-39
We define as the effective cross section of the acceptor the terms in the curved
brackets, so:
O = 0,4 (X)) + 0, (A) — k., T,[0,4(A,) — 0,4, (X)) 4-40
The gain coefficient equation of a dye mixture takes the form:
8N4 Np, &) =Ny, 0,4(X,) —NyG,4(A,) —NopOp(A,) 4-41
Finally, taking into account the second assumption Ny, = Np, the above equation
takes the form:
gy, Np, ) =Ny S,4A,) —NyS,4(A,) —NpOp(A,) 4-42
This last equation shows clearly that the gain of the dye mixture depends on the
concentration of both donor and acceptor, in addition to wavelength dependence
because the absorption and emission cross section of donor and acceptor are wave-
length dependent. The best optimum will be found, according to our model, if all

these dependances have been taken into account. In our work this and for a specific

wavelength, the maximum gain is found as function of acceptor and donor concen-
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trations; then the same process is repeated for another wavelength and the maximum
gain is obtained as function of both concentrations. A triad of wavelength, acceptor
concentration, and donor concentration gives the maximum gain of a dye mixture for

a given laser system.
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4.3 Analytical Model of a Continuous Wave Energy Transfer Dye Laser

An analytical model is now developed, taking into account all previous results
found in previous sections.
The total light energy that is absorbed in the laser jet of thickness d, taking into

account both donor and acceptor absorption, is:

¢ - 2
fl,,(z)dz =f [(O) PNl
0

d —{£ £ Zz
- f 0 U B "R | PP P
0
The excited donor population, at the steady state, is:
oA (r,2)N,
Nyp(y =22 ,:’\(, Woo o 4-44

The excited acceptor population, at the steady state, is:

1,(r,z)
Nin©) =T 52 [005 (0, Wonf + 6,0 )Noy] 4-45

P
The equation of the dye mixture gain per unit length is:
8N4 Np,A.) =Ny, 0.~ Ny 0,4 (A,) —Npo,p(A,) 4-46
Substituting Eq. 4-43, and Eq. 4-45, into Eq. 4-46, we can rewrite the gain equation
in terms of the parameters of the system.
8Ny Np, A,) = 6,5 (1,) {To4[Cp A INpS + Gy (A, )N ]

4P,(0) [ exp(-2r¥/w?)
bhe || 1+ @2bY)

] exp[—{NpC.p(A,) + G (A, )Ny }21}

-N,6,(A,)-Ny0,,(A,) 4-47
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Finally, following the approach developed by Pike [4], the on axis, r=0, single pass

gain, g,, can be written as:
8o(Ny-Np,A,) = 0,[/(7») {[TOADGaD(xp)f'*‘NoAGaAo\'p)]

J‘ 4P ,(0) [ exp[-Npo.p(A,) —~NoaGu(A,)]z dz}
o | b,he 1+ (42%/b?) z

_NAGaA(A'e)d _NDGaD(?\'g)d 4"'48

Furthermore, if it is assumed that d<<b, ( a good assumption for a practical cw

laser system [4-6,8] ), the above equation can be cast in the simpler form:
8Ny, Np, X)) = 6,4(A,) {7,4P ,(0)

F Op(A,)Npf+ caA()\‘p)N OA]
| 6p(A,)Np + G (A, )N

[ 1—exp[-Npo,p(A,)d ~=NoOGaup(A,)d]
b,hc ]}

Taking into account that Ny, =N, —N,, — N, the above equation takes the final form:
8oNasNp, A,) = 6,4(A,) {104 4P, (0)

[ Op(A,Npf + 06,4, )Ny ]
L)) (xp)ND + Oas (}\‘p)NOA

1- exp[_NDGaD(xp)d — [Ny =Ny, —NtA]o’aD()\’p)d]
b,hc !

Comparing Eq. 46 and Eq. 50, we get the excited acceptor population concentration

as:
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Cop(A,)Np + Gy (A, )Noa
[ 1 —exp[-NpG.p(A,)d =[Ny — Ny, —NIA]GaD(A'p)d]iI 4-51

Ny = TOA4Pp(0)[ Cap(h,Nof + G“A(A'p)Nm:l

b,hc
Eq. 50 gives the on axis gain of a dye mixture as function of the dyes concentration,
their spectra characteristics, the transfer efficiency between donor and acceptor, and the
pumping beam characteristics. Thisis a useful expression of the dye mixture gainbecause
its simplicity and availability of the required data, [9]). This expression will be used for

a series of computer simulations that will provide the optimum operating conditions for

the ETDL.
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5 Simulation and Experiments of a Continuous Wave Energy Transfer
Dye Laser

5.1 Numerical Simulation

Simulation calculations were carried out to simulate a cw ETDL with a solution of
the a mixture consisting of Rhodamine 610 Perchlorate as donor and Nile Blue 690
Perchlorate as acceptor in Ethylene Glycol. The parameters used in the calculations to
obtain the on axis single pass gain, were those of typical argon laser pumped cw dye
lasers [1-4]. Specifically we assumed the following:
- a cw argon laser, capable of delivering 7 W at 514.5 nm as the pump source;
-a0.025 cm le;lgth of active region for dye laser, d [5];
- a 20 um pump beam radius Wy, [1,5];
- k4 T4 = 1 for Nile Blue 690 in Ethylene Glycol, which is a typical value for dye lasers
[1-6];
- since, there appears to be no data in the literature on the triplet state of Nile Blue A
Perchlorate, a value of 0.1x107® cm? was assumed for the triplet state absorption cross
section at the wavelength of peak fluorescence (A =680 nm). The value assumed was
based on comparison of known singlet and triplet absorption cross section in Rhodamine
690, and the known singlet absorption cross section for Nile Blue 690;
- spectral data (singlet state absorption and singlet state stimulation emission cross
sections) on the donor and acceptor in ethylene glycol used in our calculations were
taken from References [1,6-8];
- datarequired for the calculation of the total transfer efficiency, f, (Eq. 3-11), were based

on the parameters of the two dyes and References [1,8-12].
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The mathematical computer software package "Mathematica" was used for
numerical evaluation of the dye gain expression as function of the acceptor and donor
concentration for a number of emitting wavelengths. Part of the calculations were
repeated using the software package "MathCAD". The results obtained with both
software packages were found in agreement. The donor and acceptor concentration,
range of interest was selected as: 10”° Mole/Litre to 1 Mole/Litre, and the lasing wave-
length in the range of 650 to 750 nm.

Fig. 5-1 shows the self absorption and stimulation emission cross section of Nile
Blue 690 Perchorate values used in the numerical calculations.

Table 5-1 shows typical values of the parameters for donor (Rhodamine 610
Perchlorate) and acceptor (Nile Blue 690 Perchlorate) dyes used for the numerical
calculation of the dye mixture gain.

Table 5-2 shows typical values of the solvent parameters, (Ethylene Glycol) used
in the numerical calculations.

Table 5-3 shows typical values of the laser system, of the pump power and
wavelength and the expecting lasing wavelength.

Table 5-4 shows the value of typical physical constants used in the simulation
calculations.

Table 5-5 shows part of the numerical simulation results for the gain at a lasing
wavelength of 700 nm, and a typical values of donor and acceptor concentrations.

Table 5-6 shows part of the numerical simulation results for the gain as function

of wavelength for typical pairs of donor and acceptor concentration.



Stimulated Emission and Self Absorption
of Nile Blue in a Dye Mixture

Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 5-1. Self absorption and stimulated emission for Nile Blue Perchlorate 690.
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TABLE 5-1

Laser Dyes Parameters

Dyes:  Donor: Rhodamine B Perchlorate

Acceptor:  Nile Blue A Perchlorate

71

Donor: Rhodamine B Perchlorate

Parameters:

OpaA,) =1.0x 107" cm?

7,=8.0x10" s

Np=intherangeof 1 to 1x10”° Moles/Litre

Acceptor: Nile Blue A Perchlorate

Parameters:

6, A,)=115x10" cm®

0,,(A,)=2.0x10" cm?

6,,A)=50x10" cm?

T, =1.0x107 s

N,=intherangeof 1 to 1x10° Moles/Litre




TABLE 5-2

Solvent Parameters
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Solvent: Ethylene Glycol

taste. It is very hygroscopic.

General Properties:
Molecular weight
Freezing point, (C)
Boiling point, (C)

Flash point, (C)
Minimum ignition temperature, (C)
Density, (g/cm’)
Refractive index
Viscosity, (cPoise)
Dielectric constant
Tonization potential, (eV)

Solubility

Optical Properties:

Transmission, (%) 20 35 40

62.07
-13
197.3
110
410
1.11
1.43
26.09
37.7
10.49

water, alcohol

60

75

Characteristics: Ethylene Glycol is a colorless, odorless liquid with a bittersweet

Wavelength, (nm) 210 220 230 240 250 260 280

9% 98
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Table 5-3

Laser System Parameters

Cavity jet stream thickness: 0.25 mm

Pumping Power, P, =7 W

Pumping Power (Main Line), A,=514.5 nm

N Emitting Wavelength, A,=710 nm
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Table 5-4

Physical Constants

IAvogadro’s: A =6.023 x 10 ® molecules/Mole

"Planck’s: h=6.63x10*]J.s

|I Speed of Light in Vacuum: ¢ =3 x 10 '* cm/s




[D]

TABLE 5-5

Calculation of Gain

(A,=700 nm)

75

Moles/Litre

[A] f 0 1x10-5 |1x10-4 }1x10-3|1x10-2 |{1x10-1 {1.0
Moles/Litre

1.0x10-5 0.02 [0.00010 |0.00029 [0.00187 {0.0086 [0.0098 }0.00978 10.0097
1.0x10-4 10.18 [0.00091 |0.00262 |0.01659 {0.0769 {0.0869 [0.08690 |0.0868
5.0x10-4 [0.55 [0.00182 [0.00659 |0.04570 10.2148 }0.2444 10.24316 |0.2430
1.0x10-3 [0.74 |-0.0027 [0.02965 {0.05014 [0.2545 {0.2910 [0.28941 10.2893
5.0x10-3 [0.96 [-0.2017 [-0.1987 }-0.1741 |-0.067 }-0.049 [-0.0504 |-0.050
1.0x10-2 [1.0 -0.6586 |-0.6576 [-0.6491 |-0.612 |-0.603 [-0.6039 |-0.603
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TABLE 5-6
Dye Mixture Gain as Function of Wavelength

(A,=700 nm)

Emitting [A]=10 [A]=10" [A]=10"*

Wavelength

(nm)

[D]=10"

[D]=10?

[DI=10"

680
690
700
710
720

0.114717
0.221555
0.254551
0.166328
0.125804

0.132453
0.263318
0.291013
0.188411
0.138364

0.033056
0.811373
0.076949

0.478213

0.030318 l'
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5.1.1 Gain of Dye Mixture as Function of Donor Concentration

The effect of the donor concentration on the dye mixture gain is examined next.
Numerical solutions were carried using the exact expression of Eq. 4-48. Fig. 5-2 to
5-6 show the dependance of the on axis single pass gain, g,, on the donor concentration
for five wavelengths, 680, 690, 700, 710, 720 nm, and for three values of acceptor
concentration, 102, 10®, 10~ Mole/Litre. The results exhibit a linear dependence of
the on axis gain on donor concentrations at low concentration reaching saturation at
high donor concentration. Maximum gain is observed around 700 nm and for donor
and acceptor concentrations of 10 and 10 Mole/Litre respectively.

These calculations were repeated again, with, however, the approximate
expression of Eq. 4-50 replacing the exact expression of Eq. 4-48. As expected,
essentially the same results were obtained. This indicates that the simpler expression

of Eq. 4-50 represents a reasonable and practically useful approximation.
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Simulation Results:

Gain of Dye Mixture at 680 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Gain, (1/cm)
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Figure 5-2. Gain of a dye mixture as function of donor concentration at 680 nm.
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Simulation Resultsy

Gain of Dye Mixture at 6390 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser

J oy v g v s byt e g

0.00
10° 10™ 10°® 10 107
Donor Concentration, (Mole/Litre)

Figure 5-3. Gain of a dye mixture as function of donor concentration at 690 nm.
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Simulation Results:

Gain of Dye Mixture at 700 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser

0.40

Gain, (1/cm)

11t e e v ey e gy
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10 10™ 10°* 10°* 107
Donor Concentration, (Mole/Litre)

Figure 5-4. Gain of a dye mixture as function of donor concentration at 700 nm.
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Simulation Results:

Gain of Dye Mixture at 710 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 5-5. Gain of a dye mixture as function of donor concentration at 710 nm.



Simulation Results:

Gain of Dye Mixture at 720 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser

0.40
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Donor Concentration, (Mole/Litre)

Gain, (1/cm)

Lag ot 0000 0 b0 0008109

0.00

Figure 5-6. Gain of a dye mixture as function of donor concentration at 720 nm.
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5.1.2 Gain of Dye Mixture as Function of Acceptor Concentration

In this section we examine the effect of acceptor concentration on the dye
mixture gain. Numerical simulations were carried out using the exact expression
4-48. Fig. 5-7 to Fig. 5-11 show the dependance of the on axis single pass gain, g,
on the acceptor concentration for five wavelengths, 680, 690, 700, 710, 720 nm, and
for three values of acceptor concentration, 10?3, 10*, 10° Mole/Litre. The results
show a clear peak of the dye mixture gain as function of acceptor concentration.
Comparison of the results in Figures 5-7 to 5-11, shows that maximum gain occurs
around 700 nm and for approximate concentrations of 10 and 10 Mole/Litre of
donor and acceptor, respectively.

Thése calculations were repeated again, with, however, the approximate
expression of Eq. 4-50 replacing the exact expression of Eq. 4-48. As expected,
essentially the same results were obtained. This indicates that the simpler expression

of Eq. 4-50 represents a reasonable and practically useful approximation.
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Simulation Results:

Gain of Dye Mixture at 680 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 5-7. Gain as function of acceptor concentration at 680 nm.
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Simulation Results:

Gain of Dye Mixture at 690 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser

0.50

0.00

Cain, (1/cm)
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Figure 5-8. Gain as function of acceptor concentration at 690 nm.
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Simulation Results:

Gain of Dye Mixture at 700 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 5-9. Gain as function of acceptor concentration at 700 nm.



Simulation Results:

Gain of Dye Mixture at 710 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 5-10. Gain as function of acceptor concentration at 710 nm.
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Simulation Results:

Gain of Dye Mixture at 720 nm
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 5-11. Gain as function of acceptor concentration at 720 nm.
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5.1.3 Gain of Dye Mixture as Function of Wavelength

The wavelength dependance of the dye mixture gain gives valuable information
for the attainable range and optimum operating wavelength of acw ETDL. Fig. 5-12
shows the wavelength dependence of the on axis single pass gain, g, fora given pair
of donor and acceptor concentrations. The results exhibit a clear peak around 700
nm, the expected value of lasing. The results indicate that for a given donor con-
centration, [D], and acceptor concentration, [A], there is an optimum value of lasing
wavelength, A, which corresponds to a maximum value of the dye mixture gain. It
can also be seen that the gain of Nile Blue A 690 Perchlorate in the binary solution
is higher than that in the neat solution. We note that lasing will occur at this optimum
triad of values of donor and acceptor concentrations and emitting wavelength if the
assumed values for the triplet state data are correct.

These calculations were repeated again, with, however, the approximate
expression of Eq. 4-50 replacing the exact expression of Eq. 4-48. As expected,
essentially the same results were obtained. This indicates that the simpler expression

of Eq. 4-50 represents a reasonable and practically useful approximation.
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Simulation Results:

Gain of Dye Mixture

Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 5-12. Gain as function of wavelength for different donor and acceptor con-

centrations.
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5.2 Experimental Results

A series of experiments were performed in order to verify the validity of the model.
We measured the fluorescence of both donor and acceptor alone, and dye mixtures with
a variety of donor and acceptor concentrations in the range of 550 to 750 nm. The
previous simulation and experimental results were used as a guide for the design and
successful operation a the first cw ETDL.

The first phase of experiments consisted of measuring the fluorescence of the donor
and acceptor alone as well as a series of pair of dyes mixtures with a variety of donor
and acceptor concentrations for the same donor and acceptor. Several pair of dyes were
selected in order to examine attainable spectral range, fluorescence output, and energy
transfer efficiency. Based on these results, and selection criteria for choice of dyes for
different spectral output requirements we selected Rhodamine 610 Perchlorate as donor
and Nile Blue 690 Perchlorate as acceptor.

The second phase of experiments consisted on design and realization of acw ETDL.
The results of phase one showed that the selected pvair of donor - acceptor was promising
of laser action. The donor efficiently absorbed the pumped energy from the argon ion
laser, energy was transferred from donor to acceptor efficiently, and the florescence of
the mixture was greater than that of the acceptor alone in the lasing range of interest.
The simulation results determined the optimum triplet of donor and acceptor concen-
trations and lasing wavelength. Have the above as guide we designed and successfully
operated the first continuous wave energy transfer dye laser in the near infrared spectral

region using an argon laser as pumping source.
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5.2.1 Fluorescence Measurements of Single and Mixture Dyes

In this section we describe the fluorescence measurement experiments of the
donor and acceptor alone, and dye mixtures. The experimental setup used for
fluorescence measurements is shown in Fig. 5-13.

The Coherent model CR-999 argon ion laser was used as the pump source. This
laser gives maximum output power 4W. The sample dye cell had dimensions 1x1x2
cm approximately. The cell was pumped with approximately 30 mW argon green
power which was monitored and kept constant using a power meter. A Jarrel Ash
82-020 spectrometer was used to monitor the florescence intensity distribution of the
samples from the plastic sell. The fluorescence radiation was collected with an
appropriate set up consisting of a series of two lenses, into the input slot of the
spectrometer. A greater amount of the collected fluorescence increases the reading
sensitivity of the phase lock in amplifier. To avoid error due to different cell material,
we used the same sell for all experiments. The spectrometer was equipped with a
photomultiplier, RCA 6217, which was converting the light output into a corre-
sponding voltage. Because the wide range of wavelength measurements we found
necessary to use a calibration curve for correction of the results. The numerical
fcsults in arbitrary scale were provided by a lock in amplifier which was fed with the
outputs of photomultiplier and a beam chopper.

Fig. 5-14 shows the calibration curve of the photomultiplier RCA 6217. Its
sensitivity is decreasing, almost linearly, as function of wavelength and for the range
of 550 to 750 nm. Because the previous range is the range of interest, the use of the

calibration curve was necessary for correction of the readings.
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Fig. 5-15 to Fig. 5-18 present the fluorescence results of the donor alone,
Rhodamine 610, and for the range of 550 to 650 nm. As pump source we used the
argon ion laser described before. To perform the series of experiments we used the
setup described before. Ethylene Glycol was used as solvent. From the experimental
data we see that the fluorescence of the donor alone is function of wavelength and
dye concentration. We observe that there is a dyad of values, dye concentration and
wavelength, that presents a clear peak fluorescence intensity. The peak value as
function of both the emitting wavelength and dye concentration occurs at 590 nm
and 2x10™ Mole/Litre.

Fig. 5-15to Fig. 5-18 present the fluorescence results of the acceptor alone, Nile
Blue 690, and for the range of 650 to 750 nm. As pump source we used an argon ion
laser. To perform the series of experiments we used the setup described before. As
solvent we used Ethylene Glycol. From the experimental data we concluded that the
fluorescence of the donor alone is function of wavelength and dye concentration.
There is a dyad of values, dye concentration and wavelength, that presents a clear
peak fluorescence intensity. The concentration of the dye has a small effect on the
fluorescence intensity compared with the donor dye. This is mainly dye to the fact
the acceptor’ s absorption band does not coincide well with the pumping source
emitting source. The peak value as function of both the emitting wavelength and dye
concentration was fount to occur at 680 nm and 2x10” Mole/Litre.

Fig. 5-19to Fig. 5-22 present the fluorescence intensity of many pairs of donor
and acceptor dye concentrations, Rhodamine 610 and Nile Blue 690 respectively, for
the range of 550 to 750 nm. As pump source we used an argon ion laser. To perform

the series of experiments we used the setup described before. As solvent we used
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Ethylene Glycol. We were able to do the following useful conclusions based on the
experimental results:

- the fluorescence intensity of the donor and acceptor pair of mixtures depend strongly
on the triad of donor concentration, acceptor concentration and the emitting wave-
length.

- comparison of the donor fluorescence alone in the mixture shows that the donor
fluorescence intensity in dye mixture is less than that of the donor alone, for the same
donor concentration.

- comparison of the acceptor fluorescence alone in the mixture shows that the acceptor
fluorescence intensity in the mixture is much greater than that of the acceptor alone,
for the same acceptor concentration.

It is obvious from the last two statements that the acceptor, Nile Blue 690, was
benefited from a such mixture because it presents an increase of its fluorescence
intensity. At the same time the intensity of the donor has been decreased showing
transfer of energy from donor to acceptor. The results show a promising dye mixture
for lasing in the acceptor fluorescence range, near infrared, while pumping in the
donor absorption range, in the blue - greenrange. Using this method of energy transfer
we can succeed to lase dyes from a given pump source that otherwise would be

impossible.
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Chopper

Fluorescence Meosurments

Spectro-
meter

Lock in
Amplifier

Argon Ion Laser

Power
Meter

Figure 4-13. Experimental setup for fluorescence measurements.
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Relative Calibration Curve for
Jarrel Ash Spectrometer 82—-020
and Photomultiplier RCA—6217
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Figure 4-14. Calibration curve for the spectrometer used.



Experimental Results:
Fluorescence of Single Dye
Dye: Rhodamine B

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-15. Fluorescence of donor alone.
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Experimental Results:
Fluorescence of Single Dye
Dye: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-16. Fluorescence of donor alone.
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Experimental Results:
Fluorescence of Single Dye
Dye: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-17. Fluorescence of donor alone.
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Experimental Results:
Fluorescence of Single Dye
Dye: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-18. Fluorescence of donor alone.



Experimental Results:

Fluorescence of Single Dye

Dye: Nile Blue
Solvent: Ethylene Glycol
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Pump Source: Argon lon Laser
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Figure 4-19. Florescence of acceptor alone.
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Experimental Results:
Fluorescence of Single Dye
Dye: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-20. Florescence of acceptor alone.
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Experimental Results:
Fluorescence of Single Dye
Dye: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-21. Florescence of acceptor alone.
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Experimental Results:
Fluorescence of Single Dye
Dye: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-22. Florescence of acceptor alone.
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Experimental Results:
Fluorescence of a Single Dye
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-23. Florescence of dye mixture.
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Experimental Results:
Fluorescence of a Single Dye
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-24. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-25. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-26. Florescence of dye mixture.



109

Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-27. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-28. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-29. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-30. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-31. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-32. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-33. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-34. Florescence of dye mixture.



117

Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-35. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-36. Florescence of dye mixture.
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Expéerimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-37. Florescence of dye mixture.
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Experimental Results:
Fluorescence of Dye Mixture
Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 4-38. Florescence of dye mixture.
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5.2.2 Realization of a CW Energy Transfer Dye Laser

The final and conclusive part of this work was the realization of the proposed
scheme for a cw ETDL. Torealize a cw ETDL we took into account our simulation
and experimental results for the optimum operational conditions of the cw ETDL.
We successfully demonstrated the operation of a cw ETDL for first time, [13]. The
experimental setup used is shown in Fig 4-39

The pump source was an argon ion laser, Coherent model Innova 70. This laser
is designed for a broad range of applications requiring reliable continuous wave laser
light in the blue and green regions of the visible spectrum. The system uses an
exceptionally stable resonator and the metal ceramic tube design which makes it an
ideal tool for use in research and industry. The laser head and power supply are
separate units. This argon ion laser is capable of delivering a maximum output power
of 4 W in the blue-green region. All available power was used to pump the dye laser
mixture.

The dye laser, model CR 590, was used for a mixture operation with Rhodamine
610 Perchlorate as donor, and Nile Blue 690 Perchlorate as acceptor. The dye mixture
was flowing continuously and cooled using the pump and water cooling system
provided with the dye laser by Coherent. The dye laser system, CR 599-01, consist
of a dye laser head and a utility module. The optical schematic for the dye laser cavity
is given in Fig. 4-40. All components are mounted to a 2" diameter Invar rod for
stability. The basic configuration is an astigmatic three mirror cavity. The pump
beam is focused on the dye in a direction not collinear with the laser mode by

broadband reflecting mirror. The jet stream which is inserted at Brewster angle
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compensates for the astigmatism introduced by the use of the of axis mirror. The jet
stream is normally 1/4 mm thick, 1-1/2 mm wide and flows at 7 m/s. The TEM,,
mode of the dye laser is similar in appearance to that of a gas laser. The laser head
consists of a 2" solid bar of low thermal expansion Invar which acts as an optical
bench for the components of the dye laser. The Invar rod is convenient for mounting
intracavity accessories such as etalons for single frequency operation. There are
orthogonal position and angular controls for the pump beam focusing mirror, jet
stream, and cavity reflectors. To operate the dye laser in the near infrared, we found
necessary to change the cavity mirrors.

A Jarrel Ash 82-020 spectrometer was used to monitor the output florescence
and lasing wavelength. The spectrometer used for measuring the wavelength of the
fluorescence beam was equipped with an RCA 6217 photomultiplier which was
converting the light output into a corresponding voltage. The numerical results were
provided by a lock in amplifier which was fed with the outputs of photomultiplier
and a beam chopper.

The following method was used to obtain lasing from the dye mixture:

- The donor and acceptor concentrations were increasing continuously, up to the
expected values of 5x10 and 10 Mole/Litre respectively.

- For every pair of donor and acceptor concentrations the laser cavity was aligned
and tuned peak for maximum on axis fluorescence at the expecting lasing wavelength.
Eventually laser action at 714 nm was successfully obtained at 5x10® and 107
Mole/Litre donor and acceptor concentrations. The first experimental result are
tabulated in Table 5-7, [14].

Fig. 4-41 shows the simulation results of dye mixture gain fordonor and acceptor
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concentrations of 5x10° and 10 Mole/Litre, respectively. The maximum gain occurs
at 700 nm.

Fig. 4-42 shows the on axis fluorescence of dye mixture gain for donor and
acceptor concentrations of 5x10° and 10 Mole/Litre, respectively, just before the
generation of laser radiation.

Fig. 4-43 presents the distribution of lasing output power as function of
wavelength. The maximum output occurs at 714 nm.

For comparison, Figure 4-44 presents the laser output as function of wavelength
as well as the numerical simulation results for the dye mixture gain, the experimentally
measured on axis fluorescence intensity, for the same donor (Rhodamine 610
Perchlorate) and acceptor (Nile Blue 690 Perchlorate) concentrations of 5x10? and
10 Mole/Litre, respectively. On the same Figure, the florescence of the single dye
solutions for both donor and acceptor, and for the same concentrations as that of the
mixture, are shown. We notice that the donor fluorescence in the mixture is less than
that of the single donor, while the acceptor florescence in the mixture has been
increased dramatically compared to that of the single acceptor.

To perform the series of experiments we used the setup described before. As
solvent we used Ethylene Glycol. Comparison of the results shows a successful
modeling as we were able to predict accurately the donor and acceptor concentrations
and lasing wavelength for the selected pair of dyes. The acceptor, Nile Blue 690,
was able to lase in the near infrared in a dye mixture, while getting energy from the
donor which was pumped by a argon ion laser. The successful operation was based

in the principle of energy transfer in dye mixtures.



Donor: Rhodamine 610 Perchlorate, 5x10> Mole/Litre

TABLE 5-7

Experimental Results of a Continuous Wave Energy Transfer Dye Laser
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Acceptor: Nile Blue 610 Perchlorate, 10 Mole/Litre

Solvent: Ethylene Glycol

Input Source: Argon Ion Laser, 4 W

Maximum Output Power: 20 mW

Wavelength at Maximum Output Power: 714 nm
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Realization of a CW Dye Mixture Laser
Measurments Setup
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Figure 5-39. Experimental setup for the realization of acw ETDL and measurements.
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Simulation Results:

Gain of Dye Mixture

Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser

0.30

o
)
o

Gain, (1/cm)
o
o

(AN EEE NI RN NEA R AR RN NENE!

0.00 L L L L L L L L L L T L e
660 650 750

Wavelength, (nm)

TRy [D]=5x10_’_‘; gMoIe/LHre
Al=1x10 Mole/Litre

Figure 5-41. Dye mixture gain for the operational cw ETDL.
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Fluorescence of Dye Mixture:
Donor: [Rhodamine B]=1Q" (Mole/Litre)
Acceptor: [Nile Blue]=10"" (Mole/Litre)
Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 5-42. Dye mixture fluorescence for the operational cw ETDL.
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Experimental Results:

Output Power as Function of Wavelength
for a Dye Mixture

Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon lon Laser
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Figure 5-43. Dye mixture laser output power for the operational cw ETDL.



130

Comparison of Simulation,

and Experimental Results:

Donor: Rhodamine B

Acceptor: Nile Blue

Solvent: Ethylene Glycol

Pump Source: Argon_ lon Lager
[D]= 5x1O Mol/Ln‘ [A]=107" Mol /Lit

Intensity
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coooo Fluorescence of Dye Mixture
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Figure 5-44. Comparison of simulation and experimental results.
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6 Conclusion and Further Work

The basic objective of this work was to develop a theoretical model that will predict
the behaviour of cw energy transfer dye mixture lasers. Based on the theoretical model
developed, we examined the effects of energy transfer parameters, donor and acceptor
concentration, spectra characteristics, laser geometry, and pump source power and wave-
length. To select an appropriate pair of dyes, we performed a detailed analysis of many dye
pairs and selected two well known dyes, Rhodamine 610 as donor and Nile Blue 690 as
acceptor. Following a detailed analysis of the factors affecting the dye gain performance,
an ETDL was theoretically modeled using the above pair of dyes, and with numerical
simulation we determined the optimum pair of donor and acceptor concentrations and the
wavelength for which the dye gain is maximum, with an argon ion laser excitation source.
The simulation predicted the operational viability of the system.

The energy transfer approach was used to overcame the limitation of argon ion laser
pumped dyes to lase in the near infrared and to extent their applications and versatility. The
krypton ion laser is the required pumping source of dyes that lase in the near infrared which
is expensive and inefficient compared with the argon ion laser. In the energy transfer
approach, two dyes are diluted in the solvent. The dyes are selected such that the donor be
able to absorb energy from the pump source and fluorescence in the absorption region of
the acceptor, while the acceptor the absorbs the energy transferred by the donor, and lases
in its fluorescence range. The optimum concentration of the dyes and the lasing wavelength
are determined from the numerical simulation.

In conclusion, we have presented a theoretical model which predicts the dependence

of the gain spectrum of cw laser pumped energy transfer laser (ETDL) on acceptor and

> =t
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donor concentrations, as well as energy transfer parameters. Analysis of the relevant gain
parameters was also presented. The method developed can be used to govern the per-
formance of cw ETDL by changing one or more of the relevant gain parameters which are
contained in the gain equation.

Future application of the model is expected to show that there are many candidate dye
pairs which would benefit from such an approach in terms of reduced pump power and
increased attainable spectral range. It is expected also to show that the use of the argon ion
laser, which is a convenient and widely used pump source, may be practically extended
through the use of energy transfer processes to the cw excitation of dyes which would

otherwise require excitation at longer wavelengths from a krypton ion laser.
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