This article was downloaded by:

On: 30 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Spectroscopy Letters
| Publication details, including instructions for authors and subscription information:
IpCeasCOp) http://www.informaworld.com/smpp/title~content=t713597299

BHL

LEIETS

Exbir: Mok C. Mkl

Ar IeTarions . Makmwizieary laamat

Method of Sellctive Intracavity Absorption Using Dye Lasers
B. I. Stepanov? A. N. Rubinov®
 Byelorussian Academy of Sciences, Institute of Physics, Linsk, USSR

@ Ty & Frarcis

Sukame 38 Mumtzers 4-% 1005

To cite this Article Stepanov, B. I. and Rubinov, A. N.(1975) 'Method of Sellctive Intracavity Absorption Using Dye Lasers',
Spectroscopy Letters, 8: 9, 621 — 635

To link to this Article: DOI: 10.1080/00387017508067369
URL: http://dx.doi.org/10.1080/00387017508067369

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. conftermns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this nmaterial.



http://www.informaworld.com/smpp/title~content=t713597299
http://dx.doi.org/10.1080/00387017508067369
http://www.informaworld.com/terms-and-conditions-of-access.pdf

04:26 30 January 2011

Downl oaded At:

SPECTROSCOPY LETTERS, 8(9), 621-635 (1975)

METHOD OF SELECTIVE INTRACAVITY ABSORPLION
USING DYE LASERS
B.l.Stepanov and A,N.Rubinov

Institute of Physics, Byelorussian Academy
of Eciences, l.insk, USSR

INTRODUCT ION

The method of the selective intracavity absorption is ba-
sed on the high sensitivity of the laser intensity on the ab-~
sorption of the sample placed into the resonator. The method
for Nd-glass laser with inhomogeneous broadening of the gain
spectrum was grounded and experimentally checked by the authors
of the papersq'2. Later demands for the spectral region expan-
ding of the method have led to application of dye lasers for
the intracavity measurements, The capability to broadeband
emission in the different spectral regions makes of dye lasers
the unique instruments for intracavity spectroscopy. 4 number
of the successful experiments on the dye lasers applications
to the sensitive detection of Na, Ba, Ho, FPr, 12, Br2 small
concentrations was published until now5'6. At the same time
one cannot consider the theoretical analysis ol the intraca-
vity absorption characteristics of the dye lasers, i.e, the
lasers with homogeneous spectral broadening of active media
as sufficiently complete and reliable, The theoretical e¢sti-

mation of the sensitivity of the method for CVW laser operati-
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622 STEPANOV AND RUBINOV

on was given in papersV’B. But analytical formulae for sensi-
tivity in reference7 are valid only for near-threshold le -
vels of pumping power which dces not often correspond to ex-

perimental conditions and leaves open the question about po-

tentialities of the method at the higher pumping power ( two
or more times exceeding the threshold ). The authors of the

reference8

consider the problem at any pumping levels, but
their approach is based on the simplified model which seems
to be doubtful and requires the speclal foundation, In par-
ticular they suppose the existence in the active media of the
number of Nj particles, which interact only with one mode J
and do not interact with other laser modes, and also of the
number of Ro molecules ( so called reservoir ) equslly inte-
racting with every mode, In the case of the homogeneous spe-
ctral broadening such dividing the molecules into types does
not seem to be rightful. In addition in the both papers’*S
the gain and loss of all modes ( except one ) are assumed to
be of the same values so the total number of modes is given
arbitrary and not connected with resonator, active media and
pumping parsmeters. Because of this reason one cannot calcu-
late correctly the value of the method sensitivity or analy-
ze it's dependence on the parasmeters.

In this paper the attempt is made to describe analyti-
cally the characteristics of the intracavity absorption in
dye lasers under arbitrary pum, ing power level for steady-
state laser operation taking into account the spectral depen-
dence of the gain.
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INITIAL EQUATIONS AND ANALYTICAL FORMULAE
The approach in use is based on the rate equations me-
thod. In the case of length dependent gain &nd loss the ¢on-
dition of steady-state operation of i-mode could be evident-
ly given as
£ ¢

Jig oou e = [k ouioo,
a ] (1)
i

where Kg(x) and K, (x) are the gain and loss coefficients per
cm of active media length and Ui(x) the volume density of i -
mode radiation at the point x. The value of Ki(x) denotes the
laser radiation losses due to the inactive absorptioa ( in -
cluding the absorption by the excited molecules ) and scatte-
ring, edge losses and losses connected with output of radia-
tion throughout the mirrors of the resonator. Assuming all

these losses independent on x, we may transform (1) to

¢

[ kg Cou;0dx

K = i‘Tg___L____ 2
J U0 dx
0
For the sake of the simplicity we shall consider a small

overlapping of luminescence and absorption bands when for Ki(x)

the expression below is valid

i n*
ka Q() = ?;L' n_ ? (3
where ; = l31n6; is the gain coefficient per full number of
X
molecules n , B the Einstein coefficient)and'l(xvn_ the

relative population of the excited level at the point X .Using
(3) and representing the density of laser radiation as a pro-
duction

U, = U?» @L(x) (%)
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where u? is the amplitude of U;,(X) , one may rewrite (2) in
the form

X

L

ke _ n
n (5

We denoted by n_T the vaclu,e
,,J R 09 £; (0 dx (&)
n- = —
i dx

which is an average density of the excited molecules inte-
racting with mode 1. To find 1. we shall use the ba -

lance equation for the steady-state regime
* 1 X x
By = N ((BU* )+ 00 Bl () + 1 oc)% BiU (%) . @)
Here B U.(x) and Bjuf(’o are the probabilities of induced
emission 8t i and j frequencles, and T is the lifetime
of the excited state. The rate of pumping BUF and the to-
tal councentration n =nx + n.*(x) are assumed to be in-
dependent on x .,
Multiplying the equation (7) by {, (X), then integra-
ting the left-hand and right-hand sides by x from 0 to
4
{ and dividing the result into [1;(9dx  one can obtain
° *
the equation for the uasknown value of n,
ETBU = {4+ TBU, +@. TB U+ & TR, U’ (8)
x N prRTRN T L A O U

N P j3i

Here ¢

¥t
(P WEOdx , (9

IR
IR e dx

(- =
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e*
Il di dx

A 7 (10)
/ ofn?x){(@dx

If modes under consideration are plane standing waves
the distribution function K;(x) may be represented as

Ar (K+{)x :]

L= - [t - 8 —5 1)

{
2
where k and i are the whole numbers. In terms of negligibly
small oscillations of the value nﬁ@)OVer standing wave peri-
0d? we may simplify (9) and (10) to

4
T 100 dx

A = -,
¢
["f:00 fiodx

o = _ﬁ,i . (13)

J fefi () olx

Substitutiang (11) inlo (12) and (1%) one finds/ﬁ = 3/4,el =

=1/2. Independence of the parameters on the mode numbers i and
j means that voth parameters are of the same values for any

modes. Keeping this in mind one obtains from () aad (8)

3

X

(@-4)Th;u,” + 4 2 TRy = teu, (5 =) ~ b (14)

2
- j

The sum Z: TPJJ‘UJ'D ia (14) cun be found by summarizing the

=,

left-hand and the right-hauc sides of eguation (14) by i in-

dex from 1 tom ( m is the total number of oscillating modes).

Having, substituted the result back to (14) one can find after

some simple algebra the following expression for the radisti-

on aGensity of i mode
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x
0 h\)r\{ Thp [ % 6(?@7‘0”] 1 }

4 = ] Rl (15)
LovTpx U= Lk g (mea) + J(m-1)+

fere § = A//b ( for the plane standing waves T o= 2/3% ).

Now we shall take into account the spectral dependence of
the gain and the loss coefficients. Let the gain band be de-
scribea by & dispersion curve. If the beginning of the mode
number count is put at the maximum of the gain band the spec-

tral function #;. assumes the form

20
1+ 02 zi)z
where 20 is the gain halfwidth and 0V is the spectral

space between neighbour modes. Taking into account that
spectral selector ( prism, dif%action grating and others )
can be inserted into a resonator and assuming the additio-
nal losses Akf and Ak,t are present at the frequencies

J and t, respectively, we shall write down the loss coeffi-

cient in the form
EPREN
K=o [f4 ()] *3(/'“}'*5&”\& “7)

where 26 is the ualfwidth of the selector trensmission

’ 8

t

and & t are the delta functions.

i
From formulae (1) - (17) using the connection bet -
ween total number of oscillating modes m &i:d the maximum
number of the last oscillating mode i0 (m= 210+ 1 ; and
taking into sccount the total spectral widbth of laser emis-
sion LOSV being always less than the halfwidtn of the gain
npend (a) ( or the halfwidth of the selector transmission

vand b, if any ) one can come to expression



04:26 30 January 2011

Downl oaded At:

SELECTIVE INTRACAVITY ABSORPTION 627

8
uo= Mn[fi-iz(zo)z}_{ TBUP{ %o/ k,
' QrtFx" -7 I+L2(%))Z*[“Lz(%))2j[€tj 2k "’5:' AT(; }

riEaioof-$ -1+ s - |

QJL'O .t Z(T‘:o + 1

Deduction of (18) is made under conditions K /&, 9,

(18)

io' >> 1, which are practically always valid. The value of

~ af
¢ aatt

is equivalent to a if there is no a selector in the resona-
tor (b— o ) or to b when the selector is used with
b<< a. Solving the equation (18) at i = io’ which makes U, ( i=

=i, ) = 0 one can find the maximum number of oscillating mode
BT 1y
v 3/3 .1 1
5) V3 (‘, -1)(1 ";O) : (19)

T8U

Here x°= —‘(—7;# is the ratio of the pumping power to the
0 (o]

threshold power for mode i = U ( it is easy to see that thres-

hold for i = O is Tﬁui}m = K,/ % ) . For plane standing wa-

ves ( a— = 2/3 ) the total gumber of oscillating modes is

m = 2i,= Lab (£ Y2V - (20)

which is in exact coincidence with the corresponding expres-—

9

sion in the paper-” obtained by other means.
From (18) it is easy to find the gap depth in the laser
emission spectrum at the mode j to be
h'\)h, TBUp aky /X,

Pko -1 B‘j"(?)zJ I+ AK,[ 2(&)) ] 1)

AUJ U U(AK =0) =
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when a selector is used or

hvn  TBUp 1 Kk
Au’f - v'fP -7 Ko 1+ AKI/Ko (22)

without a selector. If Akf = O expression (18) may be simpli-
fied to
(5\)1
2, O .
oyt rEe T L] L p gty )y
A L JEE R (23)
The ratio of (21) or (22) to (23) gives the relative value of
[
the gap depth.AW/Lﬂ* . For the central frequency j = O the va-

lue is
AU %, BK/K, A, -
—_— . E— ZLob ‘ é_\l 2 _ (24)
Ut k) X[ +3————(%_‘) ()]

or after substituting (19) for i,

ay akf K,
. L 2
- AT (25)

where

(26)

{ 4RLC, \2/3
{ {
3~ -1 -— ’
G-U-3)
N is the mean refraction index of the media in the resona-
and
tor, L the resonator basey( =2C the halfwidth of the
active media gain band ( or selector transmission band ). If

the relative error of experiment is (AU /U ) = 0 the ab-

min
solute sensitivity of the intracavity absorption measurements

at frequency j= 0 is
. \Ln cav Bk, L 27
\ Ako ‘”mir\ - A
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where AK, is the ahbsorption coefficient at this frequency an/
E, the thickiess of the sample.
It is easy to see the absolute sensitivity of the opti-
cal density measurements with the conventional method to be

equal to the relative error
conven

(okg) . =6
If the parameter @ is of the same value in both cases the

enhancement of the sensitivity for intracavity method is

conwen
 (akelodmin A (28)
Caklt )m.cav KL
o~/ min

For comparison we shall give the corresponding formulae
for the single frequency laser operation. In this case inste-
ad of the spectral gap one registers the difference au of in-
tensities with and without the absorbing sample in the resona-

tor. From (5) and (7) under.Z: y. = 0 one obtains
JEL
(Au> AkfK, {
U e T, Ak _ 4
u %ingle 1+ 8K, :

’ (29)
inol!
(akaz,)if'f“ = ekl (1- %ﬁ) . (30)

conyen
aky{, min 1

Sugte " i) T (L)

(1

It is quite evident the formulae (29) - (%1) are also valid
for any frequency of multi-mode laser emission if the gain spec-
trum is completely inhomogeneous and each mode interacts only

with its own type of molecules.
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To analyze the above formulae one needs to know the loss
coefficient K, . According to referenceqo it may be pre-~
sented in the form of
R R
2t 77, td (32)
where yo is scattering and inactive absorption coefficient,

?y and 7, are resoaator mirror reflectivities, ¢ is angle

. s
divergency ,%d* an aperture.

DISCUSSION

1f there is no a selector in the resonator the absolute

value of the gap depth at the frequency of the sample absorp-
tion, according to (22), does not depend on the mode number j
( i.e. on the position of the absorption line of the sample re-
lative to the ceater of the laser emission spectrum ) and is
totally determined by +the value of the sample absorption
loss Ak In the presence of a selector ( see (21) ) the
gap depth decreases as freguency moves off the meximum of the
selector traansmission band, In both cases the absolute gap
depth is proportiomal to the pumping power. As is seen from (21)
and (23) in contrast to the absolute value ( Au{ ) the rela-
tive one ( Auj / u? ) increases as frequency moves off the
gain band center.

Taking into account the ratio Auf / %* caanot exceed 1
( Au; / UF‘ = 1 corresponds to zero intensity of the laser
emission at the frequency j ) one can conclude from (21), (23)

and (19) that for any mode aumber
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: 2 AkiTke i?
[ 7Y% gy, (% (33)
[

the presence of the additional losses Akj will reduce the
intensity of the mode to zero ( in (33) it is assumed for the
sake of the simplicity ¢ = a ). The maximum value of AAKJ
over which the full gap of the intensity at frequency j = 0

will be observed is

max

“ (34)
AK = -
A

Considering the absorption loss of the sample Ak & kmax
and assuming A > 1 we may transform (25) into the simple
linear function

aufu = Ak [k (35)

According to (34), (35) and (26) the linear dependence

of all /U on ak is true at any level of pumping. This

property is of the great practical value and may serve as the
basis for the simple quantf%ive method of the intracavity se-
lective absorption measurements. As it follows from (25) and
(26) the linear fumction (3%) is valid only under the condi-
tion A > 1. The A estimation for the typical parameters
( L = 50em C = 2000 cu™ ', X 5> 1, Y=2/3, A~ 1)

gives A = 4.103, which means the inequality A > 1 for dye

lasers is fully guaranteed. In contrast to the multimode re-
gime the single frequency operation (or multimode operation

with completely inhomogeneous gain spectrum of the active me-
dia ) is characterized by nonlinear dependenceo AU / U on

Ak , making it inconvenient for the practical usage.
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From (21) and (22) one can draw a conclusion of the me-~
thod spectral resolution which is of the most impé%ant charac-
teristics. 1t is seen from (21) the gap depth in the laser
spectrum at j mode is determined by the additional losses at
frequency | and independent on the value of the additional
losses at frequency t. As this is valid for any j and t unclu-
ding t = j ¥ 1 , the conclusion can be made that the spectral
resolution corresponds to the intermode distance &9 y 1l.e,

rather high ( for example 63 = 10™2 cn™?

if L= 50 em ).
As it follows from (22) the ratio of the gap values at
frequencies j and t ( under ak; /K, < 1) is proportional

to that of the loss coefficients at the frequencies

[ o
auj faup = 8K /bl (36)

It is easy to show the relationship is true as well if
the additional losses are present not only at two frequencies
( j and t ) but at any anumber m* of frequencies as far as m*
is sufficiently less than the total number of modes m = 2io+
+ 1 . 1t means the simple measurements of the undistorted ab-
sorption line shape caun be made by the method if only the 1li-
ne width under invegtigation is sufficiently narrower than
the full width of the laser emission spectrum. One should keep
in mind the shape of the absolute (Auf ) but not relative
( Auf / uf' ) inteusity gap gives the right shape of the ab-
sorption line.

Now let us consider the sensitivity of the intracevity
czosorption measurements. As is seen from (28) aud (28) the

sensitivity enhancement factor depends on the laser radiati-
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on losses per a resonator pass ( K.l ), the resonator base
(L), the gain baud halfwidth ( ¢, ), the pumping power
excess over the threshold ( X, ) and parameter T which des-
cribes the spatial overlapping of modes in the active media.
One can see the dependence on the pumping power is essential
only at low pumping levels. The sensitivity reaches its maxi-
mum if a laser operates at the very threshold. But usually
such a regime is jnsufficiently stable and inconvenient for
practical use. If the laser pumping exceeds the threshold by
a factor of 1,5 or more the relative sengitivity becomes prac—
tically independent on it. But the absolute gap depth increa-
ges permanently along with the pumping power ( see formula
(22) ).

The broader the gain band of the laser active media ( g)
the higher sensitivity of the intracavity method. lnsertion
of any spectral selectors into the resonator resulting in the
narrowing of the laser emission spectrum ( (, decreases ) re-
duces the scnsitivity . On the contrary the partial compensa-
tion of the gain spectral dependence leacing to the broade -
ning of the laser emissioa spectrum could result in higher sea-
sitivity of measurements.

The analysis of enhancement factor dependence on parame-

ter L shows the existence of the optimum resonator base

pt  2ad ,
e LD 57

7,7,

corresponding to the maximum sensitivity of measurements. For

. ~ : oan=D . - iy !
typical values ¢ = 5.1077 rad, 2d = G.5 cm, pl + =t ===
- “rea

opt
= 0.5 formula (%7) gives ZJP = 50 cn.
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Parameter W‘ amounts 2/3 while using the plane mirror
resonator. But it can be increased the resonator being exchan-
ged for a spherical one. This change is accompanied by mode-
competition strengthening and as is seen from (26) and (28)
by selective absgsorption sensitivity rise.

The value of the laser radiation loss per a resonator
pass ( l%t ) is of a great importance for the method. Sensi-
tivity enhancement factor é is inversely dependent on the
parameter kot . As it follows from (32) this parameter can
be reduced by increasing of the mirrar reflectivities, decre-
asing of the angle divergency and increasing of an aperture,
Unfortunately, the value of K[t for pulsed dye lasers is
comparatively large (kl ~ 1 ). In such a case enhancement
factor & equals parameter A , which typically has a va-
lue of 4.105. If relative experimental error is 8 ~ 5%the
optical density values as low &as AkJo‘v 10=2 can be registe-
red, Parameter k;e for CW dye lasers apparently could be re-

2 or ’105 which should permit the incre-

duced by a factor of 10
a8ing of the absclute sensitivity up to the optical densities
sk~ 1077- 1078,

In the case of the single frequency operation the sensi-
tivity of the intracavity method is higher than conventional
one only at K€<,1 ( we consider X »>1 ). If kfy 1 the conven-
tional measurements are preferred(the same is true for multi-
frequency laser operation if the g ain spectrum of active media
is completely inhomogeneous). The typical sensitivity of the
multimode intracavity method exceeds one of the single frequ-

ency operation by a factor of A~ 4.105.
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The results presented above differ greatly from the con-

clusion of the papers. It is assertained in the paper that at

the high pumping levels the sensitivities of the intracavity
absorption measurements with homogeneous and completely inho-
mogeneous spectrum broadening of active media are adequate.ln
both cases according to the reference8 enhancement parameter
2 is equal to 1/k( which is three orders less than the value

3 given by formula (28) above.
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