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DETERMINATION OF DYE LASER INTRINSIC GAIN CHARACTERISTICS
USING DIRECTLY MEASURABLE SPECTROSCOFIC QUANTITIES

MM ALZALABAMNI
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ABSTRACT

The dye laser analysis depends on the gain eguation
that contains cross-sections of the relevant ewmission and’
absorption molecular transitlens involved Lo the lasing
process., The absorption cross-—-section osiv) is directly

related ko the absorbance curves of the dvye.

The emission cross-~section o, {v}! has been derived in
m

terms of directly measurable spectroscopic guantities. The
lew freguency tail of the absorption curves _is minutely
diminishing for wvery dilute solutions (210 °  meles/lit)
usually wused In laser system. This lowv Efreguency tall
overlaps the operating freguency band of the 1laser. The
linear dependence of the dye absorption on the dve



.2 M. M. ALZALABANI

concentration (Beer- Lambert law), is used to solve the low
frequency tail problem. The intrinsic 4ain characteristics
sre calculated for the dye Rhodamine "B" and the results are
in qood agreement with the reported experimental results.

INTRODUCTION

The large number of hiqghly fluorescent dye molecules
represent a vast reservolir of potential laser sources. The
vibrational and rotatinnal states are represented as fine
and hyperfinc structure within each electronic slale in both
singlet and triplet energy ladder, Jablonski energy level
diagram is shown Iin Flg.1l.

The dye laser operation is based on the fluorescence
transiflon that competes with the following processes.:
1) Internal conversion as the nonradiative decay of the
first excited singlet state Sl to the ground state So.
2) Intersystem crossing of the electrons from S1 to the
first excited triplet state T1 wvwhose lifetime 1is lang
enough to trap excited electrons out from the lasing channel.

The performance of the dye lasers as tunable coherent
sources [1,2,3,4), and as wide band optical anmnplifiers
[5,6,7), depends on the intrinsic gain vharacleristics
expressed in terms of molecular transition cross-sections
involved in the laser action (8,9,10].

In a previous work [1l0], we have derived a simplified
expression of the intrinsic gain coefficient in terms of the
absorbance and flugrescence curves. But it was not pessible
to use thls derived gain expression for galn calculation
because the low Efreguency tail of the absorption curve,
which is the most important part of the whole absorption
curve, was not available. However, the problem of low
freguency tail can be solved on the basis of Beer-Lambert
Law, that assumes linear dependence of the dye absorbance on
its concentration. In this work, we have reviewed our
previous approach, and extended it to calculate the
intrinsic gain characteristics of the laser dyes. -

Intrinsic Gain Analysis

The intrinsic gain coefficientis the net increase of
photons number in certain mode, per unit lengkth per photan,
as a result of molecular transitions involved in the laser
action. The main molecular processes involwved ln, or
competina with, the laser acticn are shown In Jablonski
energy level diagram in Fig. 1.
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Fig.(1): Jebloaski Energy Level Disgram of a Typical
Organle Dye Nol=cule.

The intrinsic gain of the laser dye can be expressed in
terms of the relevant absorption and emission cross-section,
defined as the relative change in photon number per unit
length per molecule in the initial state of the transition:

G(v,n,1).1 = o (V).N .1 —za,(\_x}.N..l (1)
1 2 £ 1 L 1 L
vhere: _ v
oe(vl = stimulated emission cross-section,
c;(GJ = absorption cross-section of the iiblossy
transition.
N1= popuiation density of first excited singlet state
¥ = wave number
1. =1 or 1l
* 1 [=1

1a = total optical length of the dye.

1 = fractional pumped length = 11/ 1o

n = fractional excited state population = NA/ No
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The dominant lossy transitions are the single state
cransition (5 ---» Sl) and, to less extent, the intersystem
(=]
crossing (I.5.C) with subseguent triplet absorption
(T‘——-~T2). Then the gian equation will be:
G(v,n,1) = ¢ _(V).N . = e (V)N /1~ o (v}.N_- (2)
e i E [ T T
where OS(G ) is the ahsarption cross-section of first singlet

state. Howvever, for hiahly fluorescent dyes having guantum
yield approaching unity, the effect of intersystem crossing
is negllgible. For other dves, the oguantum yileld can be
increased by lowering temperature, using viscous solvenbt, or
triplet state quenchlnag by paramagnetic additives [111, foxr
this case the triplet state losses will be neglected and we
get:

Gi{v,n,1} = oe(G).n - oE(G}./ 1- (3)

This expression of intrinsic galn coefficient s to be
formulated in terms of readily measurable absorbance and
Eluorescence of the laser dye.

a)- Singlet Absorption Cross-section aB(G)

From aa(Gy definition we get:

1 =1 e—(o;(v).No.d}- (4]

<

But the absorbance Ab(v) log (I_/1)

= = _(v).m.d (%)
AsS Ioand I are the incident and transmitted light intensity,
and the absorbance Ab(v) is also called the optical density

ES(GI = decadic molar extinction coefficient,

m molar concentration of the dye solution,.

d = thickness of the dye solution,
No = m.NQ/ 1000 .
N = Avogadro's number.

a

Then we get: os(G) = 1n 20.AB(V)/(N_.d) (&)
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B}-Stimulated Emission Cross-saction ae(G):

The relative increase in stimulated photons number per
unit length 1s:

o (v).N = B hv L oe(v) . N LEfC
-] Y

Sl ]

vith B _ Einstein coefficient of stiwulaled cwission.
fluorescence shape function.

refractive index of the solvent.

planck’s constant.

speed of light in vacuum.

mn i n

Then ae(G) = B .hv. e(v).f/c (7}

with J g(v) dv = ¢ (8)

As ¢ is the fluorescence quantum yield (£l). Using Einstein
relations between B _ , B _ and A for transitions betwaen

states of the same degeneracy:

B,_,=B8,,ad A =B __ . n{v) . hv ()

with ni{v) = mode density per unit frequency = Snvzfa/ cTam
Then ae(G) can be expressed in fluorescence parameters as:

o (v) = (Ba/n(v)) . elv) &/c (11)
An explicit relation between the spontaneous emission rate 2
and the singlet state absorption cross-section can be

derived as Ttollovs.

The devrease in the radiation intensity after passing

through a dye solution of concentration No wem 3 and
thickness d{cn) is AT (V) and equal to I[G).OE (G).No,d.

But from the defintion of B, ,we have also for AL{v):
A I(v) = B .pel{vi. hv. N .d
S=4% o

with p(v) radiation energy densikty per unit freguency

I(v).(E/C)/av

Won
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The spontaneous emission rate Alv) between single upper and
sinqle lower state is:

Alvi = n(u).os(G).aa.c/: {(12)

For total wvalue of spontaneous emisslon rake ; eg(l2) should
be integrated over the whole lower states i.e.

@0 w
A= (c/8)] nivy.o(V).dv = (8nf /& ) Ve (viav (13
3 ° =]

f=]
Using Fé&rester approximation [1l2], to substitute for v its

mean value v, sve get:
2 Zm = =
A= (8rvigtset) [ e tviav (14)
<

Egquation (14} represents the fluorescence transitlon rate
"A" in terms of singlet absorption cress-section o that is

directly zelated Lo the measurable dye absorbance Ab{v].
The fluorescence line shape function e(v), can be related to
the measured fluorescence intensity Ir(v) as follows: The

fluorescence intensity I[(v) of a continuobws source is

usually measured as power per unit steradian per unit
Ereguency interval [(13], and can be expressed as:

Ir(V] = K.A.h.v.e(v).Nld (15}

with K is an instrumental constant that depends on the
fellowing factors:

1. Excitation source lntensity

Slit width

Absorption solid angle

Fluorescence so0lid angle,

Spectral ratio between source bandwldth and dye
absorption bandwidth.
These factors restrict the measured £fluorescence intensity
use for only comparative study, For any guantitative
analysis, the measured fluorescence intensifty should be
normalized for each dye solution. For thls reason, the
normalized fluorescence intensity Ir(vl/Imux should be used

N L

in our analysis.
The normalized condition (8} can be used with eq.(15) to

geb:

[vv]
§ (I (vi/v) dv = K.A.N .d.h.9 (18)
[=]
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and now ei(v) can be expressed as:

I
el{v) = Ir(v).¢ / {v j (If(v)/v) dv}
[

making the same approximalion used in eg.{14); we get:

w0
e{v) = 1.(v) . @(v_/vi/ [ I.(v) dv (17)

<
The two integrals in eg.{14) and (17) represenkt the two
areas under the two functions og(v} and If(v) that have

mirror—-image symmetry about the trequency of pure electronlc
transition [13]1. This mirror image symmetry is based on the
duantum mechanical assumption that the electric dipole
transition matrix element is the same for beth upward and
downward transitions (14). This mirror Iimage symmetry
between es(v} and Ir(V) is shown 1in Fig.2. Using this

s?mmetry; the two integrals in egs.{14) and {17) c¢an be
written as:

J'as(\h AV = o (V). AV K (18}

jIr(GJ dv = 1 LAV LK {19}

where the proportionality factor thas the same wvalue for

both intearals because of the mirrnr image symwmetry between
the absorption and the floursence curves

Where : & UB and A Ga are the bandwidth of absorption and

fluorescence spectra respectively. Using egs.{(18) and (19)
together with (14) and (17) and substitute in eq.(10), we
get the stimulated emission cross-section oe(v) as:
o (F) = o C @iV VYT {Av /Av )T v/ ) (20)
e = max < = a f ' omax
. For most dyes the two band widths Ava ang Ave are proved to

be egual withln the limiks of the experimental errors [(LlZ21}.
This equality confirms the symmetry relatlon approximation
used in egs.(18) and (19). Putting A v, = & v in eq.(2), we

get:

o (V) = o v _sv)? (10vi/1, ) (71)

=4 8 mox mox

This normalized form of stimulated emission cross-sectiaon
minimizes the effects of experimental errors related teo the
excitation sources , instrumentali set-up, and detecting and
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recording devices. S5ome authors estimuale these experimental
errors bto be % 10% [12] , a&and even more (% 25 %), due to
several distortion factors(l5]1.The Eluorescence intensity is
yanally measured in a relative manner with arbitrary scale.
Therfore the importance of normalized fluorescence intensity

in the expression of Og(;], iz confirmed.

C)- Intrinsic Gain Expression:

The absorption cross-section oB(G) and the stimulated
emission cross-section 09(51, in egs.(6) and ({21) are
expressed in terms of directly measurable guantities . Using

eq.(6) and eq. (21} in eq.(3) we get

— E|
G{v,n,1l) = 1nl0 {Abm0x¢.(ve/v).(If/Irmax).(n/d)—Abfld} (22)

This equation represents the intrinsic gain in terms of the
relative fluorescence intensity and the absorbence of the
laser dye.

D) Intrinsic Gain Calculation:

To apply eq.{22) for gain calculation,we have noticed
that the most lmportant part of the absorption curve in the
low frequency side(low frequency tail) is diminishingly
small and is normally beyond the measurable ranqge for low

dve concentrations (klo_smolefli. These low concentrations
are usually used in dye laser systems.

In?previous work [10],we used analytic f£itting function
to repreasent the low fregquency tail ot absorptlion curve for
lov frequency concentratlons.

The problem of low freguency tall of the absorption
curves are solved here by applying Beer-Lambert Law of the
linear dependence o0f the dye absorption on the dye
concentration in the dilute solutions.

Egquation (22) describes the fregquency dependence of the
intrinsic gain coefficient G{(v,n,l) and its wvariation with
the excited state £fractiunal population n, khe pumped
fractional length l,and the flucrescence quantum vield ¢ as
paramekers.
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We have used eq.(22),together with Be¢er-Lambexrt law,to

calculate the intrinsic gain characteristics for the laser
dye Rhodamine "B" whose £fluorescence and absorption curves
are shown in Fig.2 £156,:71; in which the absorption result
is plotted as molar extinccion coefficient Egv).

To express the absorbence Ab{V} in terms of eéGJ,
eq.{22) is to be modified to get:

i _ £ _
Gtv,n,1) = 1nl0 {e_ .@(v_/v}i(1/]I y.n.m - e.m/ly (23]

faax

B0IV0

HUOLO

€,tv)
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The fluorescence and abserption results in Fig.2 are for
Rhodamine B molar concentration m = $ x 10 mole/lit in
methanel, with Eluorescence quantum yield ¢ = 1 (171. With
magnified low fregquency tail (=x100) Eoxr the absorption curve
eg(v) [18). The fractional pumped length 1 = 1.0 for axial

purmping and for full length transverse pumping. We have
calculated the intrinsic gain characteristlcs for different
values of fractional excited state population n: n = 0.15,
0.1, 0.024, 0.01, 0.005, 0.0025, 0.001, and 0.0005 and kthe
resulted gain curves are shown in Fiqg.3.

The calculated gain characteristics in Fig.3 are in good
agreement with the reported resulgts [(16,17,19], and these
curves disclose the following properties of the dye laser:

6(%,a,1) 4

Cim

1
!
1

Nl
\ A s

15000 16000 17000 18000’7
1
}

Anve nunber { Om-

Fig.(3}: Celeulatod Intrinailc Onin Characterintica

for the leger dve Rhodozine B.
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1} The dve suviution exhibits positive coetficient over a wide
spectral range, even for very small fractional exclted
state population !{n < 0.01). Therfore the dvye lasers
truly Etypirfy a fgur-level laser scheme.

2} The dye laser dain increases and its frequency profile
changes with increasing excited state fractiecnal
population which can be changed, either by varying the
pumping rate or by changing dye concentration.

31 The peak of the calculated gain curves shifts to highey
frequency as "n" or "1" increases, leading to laser
frequency shifts to lower wvalues by ilncreasing the dye
concenl:zallon or the dye optical length, these results
are in good agreement with previously reported
experimental results (20,21]).

CONCLUSION

In our previous work, stimulated emlssion cross-section
iz oxpressed in terms ofreadily measurable spectroscopic

parameters, nanely normalized fluorescence intensity,

freguency of maximum fluorescence, and fluocrescence guantum

yield . Using this expression of « (v), we have calculated
=

the intrinsic gain coefficient for the dye Rhodamine B and
plotted the frequency profile of the gain characteristics
with the excited state fractional population as a parameter.
These calculated gain characteristics are in good agreement
with the reported results.

In this work, we have used Beer~Lambert Ilaw to
calculate the low frequency tail of the absorption
cross-section In the intrinsic gain expression.

This intrinsic galn expression is applicable for other
flucrescent dyes and the calculated gain characterisiicv, can
be used to study and explain the performance of the dye
laser and its frequency dependence on the dye parameters.
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