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1.0 INTRODUCTION

This monograph summarizes the theory and construction of a tuna-

ble continuous wave CCW) Rhodamine 6G dye laser longitudinally pumped

by an argon laser. The CW dye laser efficiency and power output ex-

pressions derived from the intrinsic properties of a dye molecule are

described in section 3.2. Section 3.3 contains the design of an as-

tigmatic compensated 3-mirror resonator for the laser. The need for

a flowing dye solution to improve dye laser efficiency and to prevent

the dye solution from heating is discussed in section 3.4. From these

basic considerations, the present system was designed and constructed

using a flowing liquid cell or liquid jet for the laser medium, as

described in section 4. Pilot experiments on the operation and pro-

perties of the dye laser were performed and are described in section 5.

2.0 LITERATURE SURVEY

In 1966, Sorokin and Lankard accidentally discovered that organic

dye molecules can be used as a laser medium1. Intensive studies and

experiments in the pulsed emission mode had been carried out by Weber

and Bass2, Pappalardo, et a13, Snavely and peterson4, and Sorokin, et

15,6a . Spectral narrowing and wavelength selectability from the wide

fluorescence emission band of these molecules was shown possible by

Soffer and McFarland in 1967 when they substituted a diffraction grating

for one of the resonator mirrors7. Peterson, et al in 1970 announced
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the first CW dye laser8. A recent, more efficient design employing a

jet stream approach has been reported by Letouzey and Sari9, Runge and

10 11 .

Rosenberg , and Wellegehausen, et al . D~fferentdyes can now be

employed to cover different parts of the whole visible spectrum12.

3.0 THEORECTICAL CONSIDERATIONS

This section describes the general properties of dye molecules,

from which the efficiency and power output of a flowing liquid laser

using a dye solution as the active medium are derived through the cou-

pled equations relating populations of the ground and excited states

and the optical electromagnetic field intensity. From consideration

of these expressions an estimate of the minimum pump power density re-

quired for lasing is made.

The resonator is designed to satisfy the required pump beam power

density and such optical device parameters as tunability and astigmatic

compensation of the dye cell arrangement. From the resonator design,

the physical configuration of the lasing volume is specified to be a

short cylinder with small cross-sectional area.

The need for a flowing dye solution to improve efficiency and

remove the heat dissipated to the solvent from the high pump power

density required is analysed.
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3.1 PROPERTle:S OF DYE MOLECULES

The following description of dye molecule properties follows

closely that of Snavely13.

An energy level diagram characteristic of an organic dye molecule

is shown in Figure 1. The electronic ground state of the molecule is

a singlet state, designated here as 1, which spans a range of energies

determined by the quantized vibrational and rotational excitation of

the molecule. The energy difference between vibrational states is

typically of the order of 1400 to 1700 cm-1. The energy spacing be-

tween rotational levels is smaller than the spacing between vibrational

levels by a factor of approximately 100. The rotational levels, there-

fore, provide a near continuum of states between the vibrational levels.

Each excited electronic state of the molecule consists of a simi-

lar broad continuum, and optical transitions between these continua

give rise to characteristic broad absorption and emission spectra as

shown in Figure 2. The first and second excited singlet states are

designated as 3 and 5 in Figure 1. Transitions betweensingletstates

are selection-rule allowed, resulting in strong absorption and emission

bands.

As the first step in the laser process, the molecules are excited

from the lowest levels of the ground singlet 1 state to higher vibra-

tional-rotational levels of the 3 state by absorbed light. This pro-
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Figure 1

Singlet states Triplet States

Schematic representation of the energy levels of a dye
molecule13. The horizontal lines represent vibrational
states. The solid lines are absorption and emission
transitions. The wavy lines are radiationless transitions.
The dotted lines are phosphorescence transitions.
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500 SSe

Wavelength (nm)

wCO

Figure 2 Absorption and fluorescence spectra of 10-4 molar solution
of Rhodamine 6G in ethano113.

cess is indicated by the transition from state A to state b (A~b).

The molecular energy then decays nonradiatively to level B, a low

level of the 3 state, as indicated by the wavy line b~B. The laser

emission results from the stimulated transition B --+-a. state a is a

higher-lying vibrational-rotational state of 1. The laser process

is terminated by the nonradiative decay a___A.

The particular transition from state A to state B is known as

the (0, 0) transition frequency designated as J~t in Figure 1.

The concentration of molecules in the excited singlet state 3

must reach a certain value, "the critical inversion", before coherent

oscillation will be produced by the dye when placed in an optical
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resonator. The magnitude of the critical inversion depends upon the

losses of the complete laser system.

The decay of radiation emitted in the spontaneous singlet state

process B ~ a, known as fluorescence, is governed by the rate constant

of state B. The rate constant kBa is the reciprocal of the exponential

lifetime of a large number of dye molecules transiting from state B

to state a.

The photon energy for which the optical absorption of the molecule

is a maximum is greater than the photon energy at the fluorescence maxi-

mum. The energy difference between absorption and emission processes

is taken up by the radiationless processes b~A and a-A. The separa-

tion between fluorescence and singlet absorption spectra is important

for the dye laser since the unexcited dye is transparent to the fluores-

cence radiation.

Molecules in the excited singlet 3 state may relax via a nonradia-

tive process to a lower lying triplet state, designated as 2 in Figure

1, instead of decaying to the ground state. This process, known as

intersystem crossing, proceeds at a rate governed by the intersystem

crossing rate constant k32. Intersystem crossing is indicated by a

dashed line in Figure 1. Obviously intersystem crossing competes with

fluorescence in the deactivation of 3. This competition is detrimental

to the operation of the laser in several ways.
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The rate constant for decay of the triplet state to the ground

state, denoted by kZ1' is generally much smaller than k31 since the

triplet-singlet transition is selection-rule forbidden. The actual

value of kZ1 depends upon experimental conditions. The decay process

Z~1 may be radiative or nonradiative. The radiation accompanying

the process is termed phosphorescence. Owing to its relatively small

rate constant, kZ1' the triplet state acts as a trap for the excited

molecules and depletes the supply of molecules available for the

laser process.

state Z is the lowest-lying state of a manifold of excited triplet

states, the first of which is indicated as 4 in Figure 1. Triplet-triplet

transitions are selection-rule allowed and the optical absorption

associated with these transitions is strong. Unfortunately, the

corresponding absorption band generally overlaps the singlet-state

fluorescence spectrum. Consequently, the accumulation of molecules

in the triplet state produces a large optical loss at the wavelengths

for which laser emission is probable. The absorption associated with

triplet-triplet processes can be strong enough to quench or even pre-

vent laser emission. In order to minimize the detrimental effects of

the molecular triplet state, it is necessary to reach laser threshold

before a significant number of molecules have accumulated in the

were performed in a

triplet state. Because of this, all of the early dye laser experiments

pulse emission mode excited either by flashlampZ,

laser6. All of these studies required computeror by ruby
3,4,5,13

analysis of the coupled time-dependent differential equations, which
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govern the population of the states.

The triplet state of many dye molecules is highly reactive chemi-

cally. Thus, the relaxation of the triplet to singlet ground state

may be enhanced through the use of chemical additives, known as triplet

13 14 15. 8
quenchers, e.g. oxygen , Ammonyx-LO ' ,Tr1ton-X100, and cyclo-

octatetraene3. The value of k21 has been reported to vary from 107

second-1 in an oxygen saturated alcohol solution to 103 second-1 or

less in a carefully degassed dye solution. A substantial improvement

in dye laser performance has been shown with the addition of triplet

quencher in the dye solution. This improvement can be traced to the

higher relaxation rate of the triplet state to the singlet ground

state.

Optical absorption between excited singlet states, such as the

process connecting 3 and 5 in Figure 1, is also a possible source of

optical loss in the dye laser. The importance of this process is

difficult to assess at this time. This optical loss is probably not

as serious as that associated with the triplet-triplet transitions,

since the population of the 3 state remains relatively small when

compared to that of the 1 or 2 state.

3.2 KINETICS OF LASING VOLUME

The laser action and performance of a CW dye laser may be best
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understood through a careful study of the active region. The theoreti-
~

cal efficiency and power output can be calcu~ted by meticulously ac-

counting for each and every process that occurs within the lasing vo-

lume. For the present work on a CW laser, the steady state solutions

are obtained by setting the various rate equations equal to zero.

First assume that a set of four electronic vibrationally broaden-

ed levels (two singlets and two triplets), are sufficient to account

for the kinetics of the laser. Figure 1 can then be simplified to that

of figure 3. With this assumption, there are only two decay paths for

the state 3: fluorescence and intersystem crossing. The singlet-trip-

let rate constant k32 can now be estimated through the definition of

quantum yield ~13,16.

number of fluorescence photons emitted per second
number of excitation photons absorbed per second

1

or, ~-
1> -

number of excited molecules decaying other than
by fluorescence per second

number of fluorescence photons emitted per second

2

By associating the number of fluorescence photons emitted per

second with the decay rate constant for the singlet-singlet transition

k3l, and the balance of the excited molecules decaying other than by

fluorescence per second with the intersystem decay rate constant k32,

eq. 2 can then be expressed as

k 1-1> k
32 = T 31

3

where k.. = reciprocal of the exponential transition lifetime of a large
~J

number of excited dye molecules in state i to state j.
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Singlet States Triplet States
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Figure 3 Simplified schematic representation of the energy levels
of a dye molecule. The horizontal lines represent
vibrational states. The solid lines are absorption and
emission transitions. The wavy lines are radiationless
transitions. The dotted lines are phosphorescence
transitions.
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This expression tends to over estimate the intersystem crossing

rate constant. This over estimation, however, does not seriously

affect the analysis15.

Secondly, it is assumed that the decay rate constant of the excited

tripl~t state is greater than the excitation rate constant; in other

words,

k4z» kz4,

the population density of the excited triplet state 4 can be ignored.

4

Under this assumption, the triplet accumulation from state 3 due to

intersystem decay is balanced only by the triplet state Z depopulation

to the singlet ground state 1. The triplet equation constituting the

first simultaneous equation can now be written.

5

The second simultaneous equation relates the dye molecule conser-

vation and the fraction of light absorbed, f.

where

f == 1 - exp (- (nl + nZ + n3) ITpI)

n. = population de~sity of the ith electronic state
1 (molecules/em),

6

Clp

1

= absorption cross section at pump frequency (cmZ), and

= length of active region (cm).

A third simultaneous equation is needed to find the three coupled

population densities of state 1, Z and 3. This relationship can be

derived by considering the optical electromagnetic field intensity

within the active region. The growth of intensity in a laser mode

as a result of amplification by the active medium can be described

as
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where

d 1L- = G 1d z L

1L = intracavity dye laser flux density (Watt/cm2),

d z = displacement in the direction of propagation (cm), and

7

G = net effective gain coefficient of the medium and the
resonator structure.

By assuming that the gain coefficient of the dye laser is unifor~

within the lasing volume, G is then the difference between the gain by

stimulated emission 3-+1 and the losses by the self absorption 1~3,

triplet-triplet absorption 2~4,diffraction and scattering losses at

various surfaces (e.g. mirrors, glass, etc.)_and loss due to output

mirror transmissivity. Under the steady state conditions, G is set

equal to zero.

8

where

S = fractional loss per pass including diffraction,

scattering, etc. at various surfaces (S<<..1), and

T = output mirror transmissivity (T 1).

The above cross sections are effective (per molecule) values as

averages over the absorption or emission band population differences.

Due to the Stokes shift between emission and absorption bands,

the cross sections ~1(~J and 0i~(~0 are not equal, as is the case
,

for sharp levels, but are related through Boltzmann~ distribution.

- 12 -
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Stepanov and RUbinov17, by assuming that the probabilities of redistri-

bution of the electrons over the sublevels of 1 and 3 are considerably

greater than the probabilities of optical and nonoptical transitions

between the vibrational states, proved that

By solving the simultaneous equations 5, 6 and 8, the population

density of h t
. eac s ate can be obtained as

~ ~ [ N (<r" (.1,) k~1 - CS~ (.1,)k32) - d,( k3z. f k,,)]

~~ [ <X + NCfj3( VL)J k3~

if l 0( + NG{3 ( JL; Jkl.'

<J:,/.JL,)k", + CG3(vL)K.32..+ 0"i3(.JL)kzI -0';4(.ut.')k32.

10

11

12

cJ.-= ~+L
z

I n I \N = -.\n ( ~ )<L \\-+
1> J

The steady state excited singlet state equation can be written

as

13

where

7,

V = volume of uniformly pumped region (cm/), andp

h = Planck constant.

- 13 -
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where =
ex p ( h(J2-JL.) )kTo '

.{)Q.= (0,0) transition frequency (Hz),

k = Boltzmann constant, and

To = temperature of dye molecule ( K).

n1
=

n2 =

n3 =

where D =



The hQL and hJp are quantum energies at the emission and pumping

frequencies. The first and second terms correspond to excitation of

~ 1~3 by fractional absorption of another CW laser light with

constant pump power Pin at a discrete frequency ~p and reabsorption of

emitted dye laser light respectively, whereas the third and fourth terms

correspond to the excited singlet state depopulation by stimulated emi-

ssion and depopulation via the triplet state respectively. By sub-

stituting eq. 10 and eq. 12 into eqo 13, the intracavity dye laser flux

where

As half of the dye laser flux IL is moving in one direction within

the resonator, the laser power output through the output mirror can be

immediately written as

15

where P t = dye laser power output (Watt), andou

A = cross-sectional area of active volume (cm2)o

Putting eqo 14 into eqo 15, it is evident that

By inspection of eq. 16, it is obvious that P t has a linear de-
ou

pendence on the Pump Power P. . It is then natural to define a slone
In ~
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. . dPo,"~

eff1c1ency '=~p,~.

be identified.

By substituting eq. 3 and eq. 9 into eq. 16, 1 can

.l. CIj,,(OL) ~ _ G24( UL) _ S + \ ~ r...L -\- cPA, -L
J

1-1> k", I k21 2 RYI(-9-)l kZI \- 't' K3\

S+T ~ (f (UL)fA..~ +~ -L + It-1 + cr;~(~L)~4-(0l
2 ~)\(q) \~ ll-~ k31 I-t k:'1 2.\) K£\

Further examination of eq. 16 reveals that P. has to overcome an1n

17

inherent power requirement before there is any dye laser oscillation.

This requirement can be identified as the threshold power density IT.

Thus, after substituting eq. 3 and eq. 9 into eq. 16, the threshold

power density IT can be defined as

where

18

Because the threshold power density IT must be reached before

there is any dye laser oscillation, it is important to estimate this

threshold requirement. For the present work on a Rhodamine 6G dye

laser, the typical values of dye laser parameters are given in Table 1.

Table 1. TYPICAL VALUES OF DYE LASER PARAHETERS (Rhodamine 6G)13,15

4 = 0.85

<:Ji', (580 nm) = 2.67 10-18 2x cm

CJ24(580 nm) = 3.66 -17 2x 10 cm

or
= 2.105 10-16 2x cm

k31 = 1.35 X 108
-1

sec.
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As was pointed out in section 3.1, the triplet-singlet transition

rate constant k21 varies depending on experimental conditions, and it

is necessary to know k21 in order to calculate the threshold power den-

sity IT. For the present, if it is assumed that the dye laser mode

volume VL matches exactly with the pump beam mode volume Vp' or

VL / VpN 1, IT can be calculated by substituting the dye laser para-

meters into eq. 18. IT is plotted as a function of k21 with the out-

put mirror transmissitivity T as a variable parameter as shown in Fi-

gure 4.

It can be seen from figure 4 or by inspection of eq. 18 that

even if T = 0, k21 still has to be greater than 2.80 x 106 sec.-1 be-

fore the dye laser oscillates. Furthermore, IT approaches a minimum

value of 1.12 kW/cm2 if the triplet-singlet decay rate constant k21

has the same magnitude as the singlet-triplet decay rate constant k32.

k32 is given by eq. 3 to be ~ k31. Thus, it is obvious from figure 4

that IT can vary between 1.12 kW/cm2 and infinity depending on the value

of k21. The detrimental effect of triplet state accumulation due

to a low triplet-singlet transition is at once evident.

- 16 -
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Similarly, the dye laser efficiency is plotted as a function of

k21 with T as a variable parameter in figure 5. The increase in effi-

ciency due to an increase in the triplet-singlet transition is again

obvious. It is also obvious that the optimum output mirror transmiss-

ivity is about 15%. If the triplet-singlet decay is as fast as the

singlet-triplet, or k21 = k32, a slope efficiency of 63.1;j can be pre-

dicted.

3.3~O RESONATOR ANALYSIS

The previous section discussed the kinetics of the gain region,

but a laser oscillator is not complete without a resonator to provide

both storage and feedback. Section 3.3.1 discusses the necessity of

a 3-mirror folded resonator and the compensation analysis for the asti-

gmatism introduced by certain optical members of the cavity. The re-

sonator is then designed to meet the pump power density requirement and

satisfy the wave propagation properties. By the characteristic of wave

propagation, the physical dimension of the lasing region is specified

to be a short cylindrical rod with small cross-sectional area. Lastly,

the output linewidth of the dye laser is derived from the dispersion

property of the prism.

3.3.1 ASTIGMATIC COMPENSATION OF A 3-MIRROR FOLDED RESONATOR

The active section consists of a flowing film of organic dye solu-
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tion either confined within a cell with windows or projected through

open space by a nozzle ~ithin the resonator. Both of these approaches

have been attempted and are discussed later.

To minimize losses due to surface reflection, the "sheet" of fluid

is either positioned at the Brewster angle or the windows used in the

cell are anti-reflection (AR) coated and positioned at normal incidence.

Due to the high cost and optical damage susceptibility of AR coatings,

the experiments were performed with the "sheet" oriented at the Brew-

ster angle.

A parallel plate introduces astigmatism when positioned at an

angle to the light beam. Thus, in order to obtain a laser mode with

low diffraction losses, the optical defect must be compensated.

Figure 6 shows a parallel plate of thickness t and a refractive
s

index n , with a light beam incident at the Brewster angle, i.e.s

e = arctan (n). By using the refraction ray matrices across as s

boundary obtained by matching the transverse phase and amplitude vari-

ations of the incident, reflected and refracted waves18, it can be

shown that the effective

The difference between the sagittal distance and tangential

distance is then

- 20 -
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Figure 6 Parallel plate at Brewster angle

For exam,le, if the plate is a parallel "sheet" of egftylene

1),,$

0.25 mm'Acanglycol with refractive index 1.43 and a thickness of

be calculated to be 0.109 mm. For an enclosed cell consisting of

three parallel "plates", two of them glass of thickness 1.60 mm and

refractive index 1.53 sandwiching a "sheet" of ethanol of thickness

1 mm and refractive index 1.329, it can be shown that the total

Furthermore, if the laser is to be wavelength tunable, selective

losses must be used to discriminate against some of the free running

frequency modes. A number of schemes have been employed, such as

diffraction gratings? or Pockels cells19. A Brewster dispersiye

prism was used in the present design because it has lower optical

insertion loss than the diffraction grating or the Pockels cell. The

output linewidth obtained with a prism is sufficiently narrow to be
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useful as a light source for Raman spectroscopy. However, the prism

also introduces a small additional astigmatism but it is always set

at such a position that the difference in pathlengths is not critical

and can be neglected as shown in the next section.

Another optical element that can introduce astigmatism is a

mirror used at oblique incidence. The mirror then focuses the

sagittal (xz) ray bundles at a different location than the tangential

(yz) bundles. This is reflected in two different focal lengths fx

and f , which are related to the normal incidence focal length f ofy

the mirror by20

and

~
Co 5l~)

=JcosCcp)

22

23

where f is the angle of incidence of the ray bundle axis on the

mirror.

With these optical defects, it is possible to offset one with

another to cause the focal points in the xz and yz planes to coincide.

By requiring that

and substituting f

24

where R = radius of curvature of the mirror.

For example, a mirror with radius of curvature 10 cm, the compen-

sation angle for the parallel "sheet" of ethylene glycol can be cal-
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culated to be 2.670. And with the same mirror, the compensation

angle for the three parallel "sheets": glass-ethanol-glass can be

o
calculated to be 10.37 .

With the astigmatic compensation expected by setting one of the

resonator mirrors at an angle to the dye laser beam, the arrangement

of the resonator components is at once evident. As shown in figure

8, the mirror R7, is set at an angle ~ to the normal incidence of/

the dye laser beam. Because R3 is set at an angle, a third mirror

R2 is needed to 'cap' the resonator - to contain the dye laser

irradiance within the resonator. The solid line in figure 8 indicates

the resonator optic axis.

As is shown in figure 8, a pump beam p. can be brought into theln

resonator in two possible ways. p. can be introduced directly into the
ln

mirror R
3 as in figure 8a. Alternatively, p. can be brought in throughln

the Brewster prism as in figure 8b. It is possible to introduce p. into
ln

the resonator through the prism because the angle of deviation is different

for light with different wavelengths.

3.3.2 3-MIRROR FOLDED RESONATOR ANALYSIS

In the discussion of section 3.2, it was demonstrated that high

pump power density (> 103 Watt/cm2) is required at the lasing region.

Since a useful laser oscillator must operate well above threshold, a

- 23 -
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more realistic power density is about 10 kWatt/cm2.

The power density is inversely proportional to the beam cross-sec-

tional area as shown in figure 9. The graph is drawn by assuming that

63.2% of light intensity is contained within one beam radius. It shows

that if 10 kW/cm2 of power density is to be achieved, the beam radius

must be ~ 0.025 mm. With 10 kW/cm2 of pump power and if the triplet-sing-

let decay rate constant is greater than 3 x 106 sec.-1, laser oscil-

lation should be achieved.

The desired beam cross-sectional area can be achieved by properly

focusing the incoming pump beam. This focusing can be accomplished

by a spherical mirror or a lens. An ideal thin lens of focal length

f transforms an incoming spherical wave with radius R1 immediately

radius R2
21

10, where

25

The radius of curvature is taken to be positive if the wavefront is

convex as viewed from z = CO .

The phase front radius of the pump laser beam in our case is

nearly infinite, viz, the wave front of the laser beam is plane. Thus

R1 is co and eq. 25 reduces to

,

Rz

\
-"1 26

For the case of concave spherical mirror the focal length f
Km

=2 1r/here

- 25 -

to the left of the lens into a spherical wave .vith

immediately to the right of it, as shown in figure
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Phase front
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f

Figure 10 Transformation of wavefront by a thin lens

R is the radius of curvature of the mirror, thusm

27

The transformed spherical wave then propagates towards the dye

cell region. By assuming a slowly varying complex intensity distri-

but ion perpendicular to the propagation axis and using the scalar

wave equation, it can be shown that the transverse beam amplitude

f t " " G " O f
.

th." t 1 . G . 21,22
unc lon rema1ns auss1an 1 e 1npu pane wave 1S ausS1an ,

which is the case for the pump laser used in these experiments. By

introducing two real beam parameters in the complex parameter

where R = radius of curvature of the phase front, and 'A = beam wave-

length, and utilizing the properties derived from the wave equation,

it can be shown that the beam radius propagates along the z axis

according to the relation21,22 (see figure 11)

28
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and the wave front curvature R is

29

where u) = radius where the beam intensity is 1/e that on the axis,

0)0= beam waist radius where the phase front is plane, and

z = distance measured from the beam waist.

----- --

Figure 11 Contour of a Gaussian Beam

By solving eq. 28 and eq. 29 simultaneously, it can be shown

If the same 10 em radius mirror that was selected in our compensation

be produced at a distance of about 5 ern from~ -o~at the fobus of, the

spherical mirror. With the beam radius transformed to 0.024 mm,

the power density from the 1 watt argon laser can then be expected to

- 28 -
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1. F' I (,j -,,- )< 1 30UJo = l.0 l t +- \.0 .J ,
.- R'"2.-1and "t =
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calculation is used to focus the 1 watt argon laser beam which has a

wavelength of 514.5 nm and beam waist of 0.34 mm, by employing eq. 27,

eq. 30 and eq.31, it can be shown that a 'spot' radius of O.024___mm can



be about 3.49 x 104 watt/cm2. This is then a substantial amount

above the minimum threshold power density of 1.12 kW/cm2.

Further examination of eq. 28 reveals that the beam radius

expands as a function of wavelength and distance from the beam waist.

For optimum dye laser efficiency, it is necessary to have the dye

laser beam mode volume contained within the pump beam mode volume.

The mode volume of a 'cylindrical' beam can be calculated using

eq. 28 as

j

~
~ 2, )"f. Z

V ~ 'I L0 0 l\..!- -rrk)c>~ J dX
-:S.

= mode volume..,and 2-

length of 'cylindrical' rod.

32

where V

ts

By using eq. 32, the ratio of the mode volume difference between

the dye laser beam VL and the pump beam Vp to the pump beam volume Vp

can be formed.

33

where

pump wavelength = 514.5 nm, and

>'L= dye laser wavelength.

A graph of eq. 33 is plotted in figure 12 as function of cell thick-

ness ts and variable parameter AL. It is obvious that to have low loss

and wide tunability, t must be small. A maximum cell thickness of 1 rom,s

would mean an 'overlap' of 0.2%
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at 580 nm and 0.3% at 620 nm. ~ much more important effect is that

the pump and laser beams are not in line as they focus into the dye

cell, if figure 8a is used. However, if the lasing region is confined

within a short cylinder ( 1 ~ 1 mm) with small cross-sectional area

( wo~ 0.024 mm), the 'overlap' discrepancy can be neglected.

When the pump power exceeds the threshold power required, laser

light will be generated under favourable conditions. This light will

propagate towards the mirror R1, as shown in figure 8, with the wave

front curvature of the propagating light described by eq. 29. From

the property of mirrors that a light ray will retrace itself if the

light ray is at normal incidence to the mirror surface, and by matching

the phase front radius of curvature of dye laser light from the

lasing region with a concave spherical mirror the same radius of

curvature properly positioned, the beam will refocus onto the same

"'spot'.

In this case, a commercially available spherical concave mirror

R1 with radius of curvature of 5 em, to be positioned about 5 em from

the dye was chosen.

The dye laser beam remerges from the lasing region after refection

from R1 and propagates towards the spherical concave mirror R2. Since

a collimated light beam will emerge if a light source is positioned

at the focus of the concave mirror, and since the beam waist in the

dye is positioned at the focus of the spherical concave mirror R2 as

- 31 -



explained earlier from the threshold power density requirement, the

dye laser light from R2 is collimated and directed towards the mirror

R3. The beam size at R2 is sufficiently large that the wavefront

remains essentially plane according to eq. 28 over the whole space

between R2 and R3. For this reason the astigmatic path difference

between R2 and R3 due to the Brewster prism (see figure 8) has almost

no effect on the resonator mode. From the property of mirrors that

a light ray retraces itself if the light ray is at normal incidence

to the mirror surface, it is evident that a mirror with radius of

curvature nearly infinite will reflect the beam from R2 onto itself

and return it towards the lasing region. This recollimated beam will

then focus onto the lasing region after reflected from mirror R2 for

further amplification.

This, then, completes the analysis of the 3-mirror folded

resonator.

3.3.3 OUTPUT LINEWIDTH

Through wavelength-selective resonator feedback, a laser may be

tuned. The selected output radiation constitutes a spectrum of a

certain linewidth. This linewidth will be found to be dependent on

the dispersion in the refractive index of the prism and the radius

of curvature of the mirror R3. This situation is illustrated in

figure 13.
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Figure 13 Dispersive property of a prism

Let 1 in figure 13 be the first ray bundle comprising of all the

fluorescence emission photons from the centre of the lasing region.

This bundle after reflection by the concave mirror R3 is deviated by

a prism P through an angle that depends on the wavelength.

Assume that the refractive index n( A) of the prism can be

approximated by a linear equation of the form

n(A) = b + a"

where a and b are constants, and A = wavelength (nm).

For example, a SF-4 glass prism has refractive index as

'>\ ( nm )

643.8
589.3
546.1
486.1

n

1.74851
1.75496
1.76168
1 .77473

n can be expressed through linear regression analysis as

Y)(A) = 35

The equation is as shown in figure 14. The prism's refractive index
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of wavelength within this band (486.1 nm to 643.8 nm) can now be

estimated by using eq. 35. For example, n(580 nm) = 1.75769.

...

).,7 -

Q)
>

The prism's refractive index is related to the minimum angle

of deviation by23

y', ::. 36

where d = prism's apex angle,

q, = angle of incidence AJ Brewster angle = arctan (n( '>\ )), and

~W\= angle of deviation

= angle between the incident ray and emerging ray from the

prism as shown in figure 15.

- 34 -
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Figure 14 Refractive index of SF-4 glass vs wavelength



~ Figure 15 Brewsterprism geometry

The minimum angle of deviation can be adjusted by rotating the

prism. This is necessary to minimize the surface reflection of dye

light from the prism. For example, with d = 600 and n(580nm) = 1.75769,

the angle of deviation can be calculated to be 63.00.

The difference in n due to the difference in ~ , implies that d~

is different for different A as is obvious from eq. 34 and eq. 36.

For a small deviation in ~~ due to a wavelength shift, it can be

shown from eq. 36 that the perturbed angle of deviation A~can be

found to be

37

By differentiating eq. 34 with respect to A , and substituting

into eq. 37, A6mcan be expressed as a function of difference wave-

length ~A.

Since a plane mirror R2 can only be positioned normal to a ray
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viith a particular wave-'ength, the ray with this wavelength can then

retrace itself throughout the resonator. This particular ray defines

a resonator axis. 1, 2, 3 in figure 13 form a resonator axis. Another

ray 4 with different wavelength (" + 6.A.) approaches the plane mirror

R2 at an angle of incidence AdM after passing through the prism.

This beam reflected from R2 as 5 then refracts back through the prism

again and is deviatedfurtherby ~6~ emergingas 6. Upon reflection

by the mirror R3, this ray 7 is clearly displaced by a distance 2f.~~M

at a distance f = ~, where R3 = radius of curvature of mirror R3'

away. Since f is approximately the distance from the mirror R3 to

the dye cell, the deviated ray will fail to pass through the pumped

region if the deviation 2f.~d~ is comparable to the beam spot radius

perturbed angle of

:~~. By this criterion no oscillation is possible beyond this

deviation, AdM = wo.
R3

resonator axis, there

Since the beam can deviate to

either side of the is a total angle tolerance

of 2 ~Om. Therefore the output line width from eq. 38 can no\v be

estimated to be

\ i' \
Co'S~(O<+-(]W,. klo_

Q.s'Y\toe. R~
39

For a prism with refractive index as a function of A as in eq.

35, apex angle cA = 600, the angle of deviation CYh calculated to be

63.00 at wavelength A = 580 nm, the beam radius Wo = 0.024 mm and a

mirror radius of curvature R3 = 10 em, it can be shown by using eq.

39 that ~~ = 1.38 nm.
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Since for sgectroscopic applications the wavelength values are

often expressed in terms of wavenumbers, eq. 39 can be modified to

give a linewidth in wavenumber units. Since the product of wavelength

A and wavenumber J is unity, it can be shown that

40

For example, \vhen /J./\ = 1.38 nm, \6.0', =41.0 cm-1 at ~= 580 nm.

By substituting eq. 40 into eq. 39, the output linewidth in ter~s

of wavenumber is then

41

3.4 FLOW RATE ANALYSIS

The need for a flowing dye solution is two fold: 1) to decrease

triplet state absorption and 2) to re~ove heat. A high flow rate

does not affect the singlet-singlet transition because its decay rate

constant k31 is substantially higher than the rate at which molecules

can be moved through the pumped region of the dye.

As was pointed out in the previous section, the triplet-singlet

transition rate constant k21 has to reach a certain value before any

lasing oscillation can occur. The transition rate constant between

two states is the reciprocal of the lifetime of a molecule between

the same two states. Thus, it is obvious that if the rate constant

- 37 -



is low, an accumulation of the triplet state would occur, and would

quench the laser action. Thus, the removal of the triplet state is

necessary and this can be accomplished by 1) triplet quencher, see

section 3.1, or 2) by physical removal of the molecules with electrons

in the triplet state.

Since the quantitative effect of the triplet quencher on the dye

solution was not known, we decided first to investigate the other

method of removing the triplet state. For the present case, the

minimum k21 is 2.8 x 106 sec.-1, which corresponds to a maximum triplet

lifetime of 3.57 x 10-7 sec. If the pump beam radius = 0.024 mm, to

physically replenish the whole lasing volume in a time corresponding

-1 4to k21 ' the flow rate has to be greater than 13 m/sec. This ob-

viously is physically very difficult. However, closer examination of

the replenishing process, reveals that it is still possible to have

a laser operating with decreased efficiency and increased threshold

power density requirement using rapid flow without a triplet quencher.

Consider a 'sheet' of dye solution of thickness. 1, moving at

velocity v along the x axis transverse to the pumping beam. Assume

that a circular cross-section is uniformly illuminated by the pump

beam of radius ~o, as illustrated in figure 16. This cross-sectional

area is inscribed by the equation x2 + y2 =

At time t ~ the solution has moved a--distance of vt. Clearly the

section A in figure 16 is the region full of replenished solution.
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~~f.1-2

Figure 16 Overlapping area of two identical circles
when one is linearly displaced by a constant
velocity

This volume can provide maximum dye laser amplification. Assume

section B, now filled with molecules excited to the triplet state,

provides no gain to the dye laser. Clearly the ratio of area A to

the circle area gives the ratio of the useful laser gain volume VL

to the pump beam volume Vp. The area of section B can be calculated

as

B

= \ 2

[

_ . -'

(
vi:.'

., t~ fI - ?<: tv', '-
- ~(.,L I

42

By using eq. 42, the ratio VL / Vp can be derived as

V A l1&.JD~-f:l :. =
-:;- T .\,,2 . \ ?
vP . ,N, '\ !AI 0

,r- . -\

(
A- \ 4 vt

J

--
(

vt'\ '2.'~
=:::::;: 2. OS\ '!\ 2 IJ~ Z

. \ I - _2 \ ..
) ,

Ii ... ~ WO I).,.., .)
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beam, i.e. tr = 2~o. Clearly, the ratio is a good approximation

only if the 'sheet' thickness is significantly less than 1 mm for

reasons discussed in section 3.3.2 and shown in figure 12.

It is also evident that if the singlet-triplet crossing time Ust

( 1 / k32 ) is less than t , the principal means of reducing tripletr

absorption is by replenishing the dye lasing volume with fresh

solution during the time ~st. It is clear that for a velocity v,

the fractional beam area giving amplification is the same as the

ratio tf = "tst / t .r Either by eq. 46 or from figure 17 with tf, the

ratio VL / Vp can be found. ~ith this ratio, the new minimum thres-

is the minimum threshold power density

1.12 2 2
~ kW/cm , where 1.12 kW/cm
~

obtained in section 3.2. The

hold power density can be estimated as

new dye laser efficiency can also similarly calculated as ~~ .,~.

For example, velocity of dye solution ~ 7 m/sec. and beam radius

= 0.024 mm, t = 6.8 x 10-6 sec. andr ~st = 3 x 10-7 sec. (ref. 24)

VL / Vp is then 0.042. The new minimum threshold power density is

therefore about 27 kW/cm2, which is still below the expected available

pump power density of 34.9 kW/cm2 calculated in section 3.3.2. If the

velocity of dye solution is increased to 14 m/sec., the corresponding

threshold would be about 13.4 kW/cm2.

- 40 -

The ratio VL / Vp is plotted as a function of the ratio t / tr

in figure 17. The residence time t is defined as the total time
r

needed for a dye molecule to pass through the middle of the pump
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This shows the importance of having a high flow rate as it de-

creases the threshold power density requirement.

Aside from increasing laser efficiency, high flow rate is needed

to remove the heat introduced by the pumping laser. If the pump

power is adjusted to 1.5 watt, and the dye laser is operating at 30%

conversion efficiency, 450 mW dye laser output is available. And a

substantial portion of the re~aining energy 1.05 watt is dissipated

into heating the solvent. Since a substantial amount of power is

dissipated into a small cylindrical volume Wo = 0.024 mm, 1 = 1 mm),

this heating effect must be investigated.

Consider a differential lasing region of thickness 1 made up of

dye solution ofde~sity f and specific heat s, moving at a linear

velocity v along y axis transverse to the Gaussian distributed pumping

beam of beam radius We with fractional power W dissipated as heating

the solution, it can be shown that the total rise in temperature

6T for the differential region assuming no heat is conducted to the

surrounding can be expressed as
00

A T - r \f\j
D -

j' Te,O'
, e-aD

=
v.J

~ t.\~PS :; V
44

For example, if 1 watt is dissipated as heat by the pumping beam

of beam radius wo = 0.024 mm, and the lasing volume is made up of

1 = ~ mm thick ethylene glycol sheet of density p = 1.112 gm/cm3 and
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specific heat s = 1.53 Joules/gm °c moving at a velocity v = 700 cm/sec.,

~T can be calculated by employing eq. 44 to be 7.89 °C. And if the

same 1 watt is dissipated as heat by the pumping beam of beam radius

00 = 0.024 mm and the lasing volume is made up of 1 = 1 mm thick
7-

ethanol of density p = 0.81 gm/cmJ, and specific heat s = 2.51 Joules/gm °c

moving at a velocity v = 14 m/sec., AT can be calculated by using

eq. 44 to be 0.83 °c.

Eq. 44 clearly overestimates the temperature increase because

the heat conduction to the surrounding dye solution is neglected.

However, the functional dependence of tej~perature increase is evident.

To avoid the dye laser output lineshift due to dye molecule temperature

fluctuation, it is necessary to have a large cross-sectional area ~~~,

but this is impossible because a high pump power density is required.

Similarly because of the wave propagation within the resonator, the

thickness 1 has to be small. Finally the solubility and viscosity

of the dye solution for use with the particular dye cell design has

to be considered. By these constraints, once a solvent is chosen,

both the specific heat and density are deter.ined. Therefore the only

alternative to lower the total temperature increase is to have a high

flow rate.

Further heating of the dye solvent is produced by the mechanical

pump used to circulate the solution. To remove the heat, the dye was

circulated through a reservoir placed in an ice bath.
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To achieve a high flow rate to increase the dye laser efficiency

and decrease the heating problem, a heavy-duty magnetic coupled pump

was used in this experiment. The magnetic coupled pump was chosen

to avoid grease contamination which would result if other type of

pumps were used. Grease in the dye solution would cause a decrease

in the fluorescence efficiency of the dye.

4.0 MECHANICAL CONSIDERATIONS

From the previous sectio~, t~e physical dimensions of the lasing

volume with a flowing dye solution are specified. This section dis-

cusses the two possible ways to acco~plish these goals: 1) confined

flow in a cell, and 2) open 'sheet' flow from a nozzle. The sheet

of flowing dye solution has to form an optically uniform window with

minimum diffraction and scattering losses.

The idea of constructing an enclosed cell is appealing, since

the optical quality of the sheet is defined by the windows and low

viscosity dye solvents can be used. The cell windows, however, are

frequently damaged by pump light when dye solution is circulated

through the cell and irradiated. It is believed that the pump beam

disintegrates the slower moving dye molecules at the interface between

the solvent and the window, thus damaging or 'burning' the windows.

An operating cell was constructed as shown in figure 18. The
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The dye jet construction has the advantage that there are no

windows to burn, therefore permitting more reliable operation and

higher intensities. But the liquid jet is subject to problems of

poor optical quality surfaces due to surface ripples in the flowing

sheet and bubbles arising from agitation of the projected solvent

on contact with the receiver of the liquid. However, these bubbles

do introduce oxygen into the liquid and serve as a triplet quencher.

These factors can be minimized by careful design and construction.

It is known that in order to obtain a smooth 'sheet' with minimum

ripples, it is necessary to have a flow with low Reynolds number.

Reynolds number R is defined as25

\vhere
f = density of fluid,

V= velocity of fluid,

d = thickness of the flowing 'sheet', and

Nt= viscosity of fluid.

Reynolds number is a measure of turbulence. A smooth flow can

usually be achieved if 30~ R < 200. It is obvious that once a

viscous liquid is chosen for its particular property, e.g. solubility,

the density and viscosity are fixed. For the present case, ethylene

- 46 -

thickness of the web is about 1 mm. Ethyl alcohol was used as solvent

because it has a low viscosity, thus permitting a high flow rate. The

flow rate at the window was measured to be 14 m/sec.



glycol is chosen because it has a high viscosity (20 cp) and the dye

can be dissolved to the necessary concentration. The factors that

can lower the Reynolds number are a decrease in velocity and a

decrease in the 'sheet' thickness. But the velocity has to be high

for high efficiency and low threshold power density, therefore the

only means is a decrease in the 'sheet' thickness.

For example, the density, velocity and viscosity of a 0.25 mm

thick ethylene glycol sheet are 1.11 gm/cm3, 7 m/sec. and 20 cP

respectively; Reynolds number can be calculated by using eq. 45 to

be about 97.1. Therefore, if a nozzle has these specifications and

flow rate, a smooth sheet flow can be expected. A successful nozzle

was constructed after considerable experimentation, and is shown in

figure 19.

~ in. stainless tubing

stainless steel rod machined to fit ~ in. tubing with
a hold drilled to fit a size 18 hypodermic needle and
silver soldered in position

Size 18 hypodermic needle trimmed in length

Tip trimmed, polished and pinched with a form to
make a slit

Longitudinal ripples

Laser flux

Liquid sheet

Trail of bubbles

Figure 19 Nozzle
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The 'flowing sheet' from the working nozzle still had longitudinal

ripples as shown in figure 19. It is suspected that these ripples

are caused by the uneven nozzle tip surface. These ripples did not

cause any serious problem because only a small region (beam radius

N 0.024 mm) had to be smooth.

5.0 EXPERIMENT

The previous sections discussed the possibility of success in

constructing a dye laser. This section describes the experiments on

the dye laser so constructed.

The optical arrangement of the equipment was as shown in figure

8. The mirrors a~d prism were mounted in respective optical holders

attached to a steel surface plate by means of magnetic bases. The

cell or nozzle was held by a rigid fixture mounted on a magnetic base.

The dye used was Rhodamine 6G and the liquid flow diagram is

shown in figure 20. It was necessary to stabilize the liquid tempera-

ture through an ice bath in order to obtain a stable dye laser mode.

No bubble filtering was used in this prototype design, because it was

believed that even if bubbles were present, an intermittant emission

of dye laser flux would still be observed.

The dye cell was employed first. In this configuration, the

- 48 -



liquid flow

magnetic

coupled
pump

n_-3cen or nozzle

:1\ rce bath
I

IL_

dye solution
reservoir

Figure 20 Liquid flow di~gram

dye laser was made to operate only when a chopper wheel was used to

reduce the window burning problem. The use of the dye cell was

abandoned and the dye jet use instead after it was found that the

dye/ethyl alcohol solution reacts chemically with the aluminum cell.

During the course of experiments, it was found that the due

solution degraded rapidly with time. The fluorescence of the dye

solution was substantially weaker when compared to freshly prepared

solution. It is suspected that dimerisation of dye molecules had

26 27occurred ' .

5.1 RESONA ':'ORA~JIGmIENT PROCEDURE

With the astigmatic com~ensated resonators shown in figure 8,

certain alignment procedures were developed, as follows.

For the resonator of figure 8b:
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a) The argon ion laser was adjusted to maximum power output at 514.5 nm.

b) The prism was positioned at minimum deviation using the argon beam

or the dye fluorescence as the alignment light source.

c) The mirror R3 was oriented at the proper compensated angle for

the dye cell or jet.

d) The mirror R2 was situated roughly in position.

e) The cell or jet was placed at the Brewster angle ( minimum surface

reflection) and a sharp spectrum or "rainbow" was formed on the

laboratory wall from the fluorescence reflected by the mirror

R3, passing through the prism and reflecting from the mirror R2-

f) R1 was then oriented to form another sharp "rainbow" superimposed

on the spectrum formed in step e.

g) The "rainbows" were then reflected back into the prism by adjusting

R2- Laser oscillation generally would begin when the adjustments

were properly made_

The procedures for aligning the figure 8a configuration were

identical to the above except the sequence of steps was then a, c,

d, e, b! f, g.

5.2 OUTPUT COUPLING METHOD AND LASER PERFORi:IANCE

Lasing was observed when all the mirrors used were 100% reflective.

When a 5% transmittance mirror was used as an output coupler instead of

the 100% 'reflectance mirror R2' no lasing was observed. This indicates
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that the double-pass excess gain of the dye laser was less than 5%.

When a microscope glass slide or a cover glass was inserted in

the dye laser beam at the Brewster angle, some light could be coupled

out of the resonator without quenching the oscillation. The percentage

of output coupling was varied through a small range by tilting the

slide close to Brewster angle.

With the glass slide coupling, and a 1.5 watt pump power, a

maximum dye laser power output of about 40 mW at 580 nm was observed.

This corresponds to an efficiency of 2.67%.

The power output fluctuated during the entire operating period.

It is believed that this is due to the bubbles formed by vaporized

dye solution by the pump beam.

As estimated tuning range from 570 nm to 610 nm was observed with

no output coupling. When a glass plate output coupler was used, the

tunability was as expected, substantially decreased, due to the higher

threshold.

A sI,ectrum of the laser was recorded using a 1-meter Jarrell-Ash

spectrometer w~th the glass slide coupler. As shown in figure 21 with

the wavelength set at about 17377 cm-1 (575 nm), the oscillation

occupied a 22 cm-1 (0.73 nm) bandwidth made up of about six lines

each of about 2 cm-1 (0.066 nm) in width. The maximum amplitudes of
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Figure 21 Spectrograph of dye laser
output at about 575 nm
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the six lines are equally spaced at about 4 cm-1 (0.132 nm). By the

symmetric pattern, it can be seen that the spacing between maximum

and minimum is about 2 cm-1 (0.066 nm).

The 22 cm-1 bandwidth is about half the calculated bandwidth of

41.0 cm-1 (1.38 nm) in section 3.3.3, but this is to be expected

because the theorectical calculation assumes that oscillation is

quenched only when the misalignment per pass is as great as the beam

diameter in the dye cell, and amplification is constant throughout

the lasing region.

The individual lines in the output spectrum existed because

resonances occur in the glass slide used as the output coupler. It

can be shown by considering either maximum or minimum surface reflection

within the glass slide that28

I
2Y)c(ccSf>

'AL

2 y,d cos cP

where D.0 = linewidth in wavenumber (cm -1),

46

\I!iththe an-.:;leof incidence "V Brewster angle = arctan(n), it
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n = refractive index of glass slide AJ 1.53,

d = thickness of glass slide 1 mm,

= angle of reflectance,

A = linewidth in wavelength (nm), and

= wavelength of emitting laser light.



ca~ he ca1cula~~d that the spacing between the lines due to the glass

-1
= 3.90 cm (0.09 nm). The measured spacing between lines

(0.132 nm) is in close approximation with the calculated

By sy~metry property, it can be deduced that ~he wavelength

difference between minimum and maximum intensity is about half the

wavelength difference in the line spacing, or about 1.95 cm-1

(0.0645 nm). This is in close accordance with the experimental

result of 2 cm-1 (~.066'nm).

Dering the course of experiment, the Raman spectrum of carbon

tetrachloride excited with 579 nm light fro~ the dye laser was

recorded as shown in figure 22. Since the peaks of the Raman lines

are ~ 30 cm-1 wide and the dye laser spectrum is 22 cm-1 wide, its

spectral purity is t11erefore sufficient for Raman scattering experiments.

6.0 CO;:CLUSION

A successful dye laser has been constructed as predicted ~y the

theory. It had also been shown that the laser has a 'wid~ continuous

tuning range.
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Figure 22
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Spectrograph of Carbon Tetrachloride
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Al thou[Sh i ts t~Jllabil i ty makes the d.;"e laser extreJ:'ely versa -:i le,

its overall efficiency is still very low in continuous operation,

because it depends upon another CW laser with efficiency below 0.1%

for its excitation. This inefficiency might be overcome ~ith some

type of direct electrical pumping of the dye, possibly through

electrochemiluminescence as proposed by Measures29. So far no

successful laser operation has been reported using that scheme.

The flow ra~e ~ight be increased to co~trol the triplet lifeti~e

if dye vapor is used instead of liquid - since it might be easier

to circulate gas than liquid at very high velocities. Recently a

successLtl pulse mode Taser using dye vapor has b en reported by

Sith, et a130. This certainly deserves intensive research.
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