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Dynamics of laser intracavity absorption
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The dynamical behavior of a multimode dye laser with an intracavity absorber has been investi-

gated theoretically as well as experimentally. This behavior is described by a system of rate equa-
tions which has to include the inAuence of saturation in the case of large absorption coefficients.
With the rate-equation-system model calculations have been performed for the cases of saturated
and unsaturated intracavity absorption. Saturation of the absorption is shown to severely reduce the
sensitivity of intracavity absorption. In general, the sensitivity is governed by the average lifetime of
the individual modes. This mode lifetime is limited by large intensity fluctuations which are capable
of quenching individual modes. The probability for mode quenching is shown to increase with in-

creasing spectral power density. For this reason, intracavity absorption gains sensitivity close to the
lasing threshold. The theoretical results are found to be in excellent agreement with our measure-
ments. In addition, discrepancies in previous work have been resolved within the framework of our
theory. With the detailed understanding of the intracavity absorption, reliable measurements of
very small, absolute absorption coefficients have become possible.

I. INTRODUCTION

Intracavity absorption is known as a spectroscopic
method providing an extraordinarily high sensitivity. The
smallest absorption coefficients detected so far' are on the
order of some 10 ' cm '. Under normal conditions (760
Torr, 300 K) this sensitivity corresponds to a minimum
detectable absorption oscillator strength of approximately
10 ' in two-level systems.

In 1970 Pakhomycheva et al. observed absorption
features in the emission spectrum of a neodymium-glass
laser which could be explained by weak intracavity etalon
effects. With the same technique Pakhomycheva et al.
succeeded to detect weak molecular absorption lines of
NH3 and CH4. Shortly thereafter Peterson et al. demon-
strated that the intracavity absorption technique is much
more sensitive to small concentrations of Na vapor and Iz
vapor than any external absorption measurement.

Using pulsed dye laser systems a sensitivity enhance-
ment of a factor 1000 was obtained compared with exter-
nal absorption. ' Hansch et al. , who used a cw dye
laser, achieved an enhancement factor as high as 10 .

During the years following this pioneering work, the
power of intracavity absorption spectroscopy has been
demonstrated in many different applications. We refer
especially to the Soviet work in this field reviewed by
Burakov.

One of the most obvious applications is the analysis of
molecular spectra with very small line strengths. The
first experiments were applied to the -ubiquitous atmos-
pheric water vapor. Intracavity observations of H20 were
reported in 1975 by Antonov et al. and Baev et al. ,
who detected transitions to higher vibrational levels of the
electronic ground state. In 1977, Bray et al. ' observed
the magnetic dipole transitions of the (2-0) band of the 02
(b-X) system by intracavity absorption. Hill et al. " suc-

ceeded to detect the weaker (3-0) band. Atkinson et al. '

reported intracavity absorption measurements on NO2 in
the blue and red spectral region. Antonov et al. '

presented spectra of NH3 and CH4 around 605 and 645
nm, respectively. In 1980 Smith and Gelfand' detected a
few lines of the (5-0) band of the electronic ground state
of HD by means of a photoacoustic detection technique.
Furthermore, vibrational overtones of CH and OH groups
in large molecules have been investigated. ' '

Intracavity absorption was also successfully used for
the detection of extremely small particle densities. Maeda
et al. ' detected 10 Na atoms per cm . Comparable sen-
sitivities have been reported by T. D. Harris and
Mitchell' (Fe) and Burakov et al. ' (Al, Ca).

Spectroscopy on highly excited states in plasmas by
means of intracavity absorption has been demonstrated by
Burakov et al. using hollow-cathode discharges contain-
ing Mo, Ni, and Ca. Brink and Heider ' reported obser-
vations using gas discharges of helium, neon, and hydro-
gen.

Hansch et al. demonstrated an elegant method to
study rare isotopes of the I2 molecule. The proposed
method was also applied by Datta et al. , and Hohimer
and Hargis.

The high sensitivity of intracavity absorption also en-
ables the observation of short-lived intermediate products
in chemical reactions. Therefore problems related to reac-
tion kinetics can be investigated. Work in this field was
carried out in particUlar on the HCO radical. The
application of intracavity absorption to combustion diag-
nostics was first described by Thrash et al. and has been
summarized by S. J. Harris in 1984. The corresponding
Soviet work on reaction kinetics has been reviewed in
1981 by Sarkisov and Sviridenko.

From an experimental point of view, two basically dif-
ferent detection techniques have been used so far:
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(i) In the first technique, the absorption feature can be
detected directly as an absorption dip in the laser emission
spectrum. The spectral resolution is achieved by tuning
the detection system (spectrometer) or by tuning the laser
wavelength. Furthermore, one can tune the absorption
line across the laser emission spectrum by means of an
external magnetic or electric field. In this manner intra-
cavity "laser magnetic resonance" ' and intracavity Stark
spectroscopy have been carried out.

(ii) In a second technique, intracavity absorption can be
observed in an indirect manner. In this case intracavity
absorption processes can be detected, for instance, in an
external probe cell by measuring changes of the fluores-
cence signal from the external probe. In a similar
manner, optogalvanic and photoacoustic detection in
an external cell have been demonstrated.

Besides the extreme enhancement of the sensitivity of
absorption, also other spectroscopic methods gain greatly
in sensitivity, if the probe is placed inside a laser cavity.
The following techniques have already been applied:

(i) Photoacoustic spectroscopy (Stella et al. ).
(ii) Polarization spectroscopy (Radloff and Ritze,

Mak et al. ).
(iii) Double- and triple-resonance spectroscopy in the

infrared (ir), microwave (mw), and radio frequency (rfl
spectral regions (ir-rf: Dangoisse et al. ;

' ir-mw: Ari-
mondo and Oka, ' Oka;" ir-mw-rf: Ioli et al. ).

(iv) Linear and nonlinear Raman effect (Werncke
et al. , Baev et aI. , Silvera and Tommasini and oth-
ers).

(v) Two- and three-photon absorption (Chen et al. ,
Kowalski et al. ).

Methods (iv) and (v) take additional advantage of the
higher intensity of the intracavity radiation field.

In spite of the large number of different applications,
the theory of intracavity absorption and the different
mechanisms which determine its extremely high sensitivi-
ty, are still not yet understood. The different models
which have so far been proposed, can be classified into
two groups:

(i) In the first group it is basically assumed that the
laser system reaches a steady state. In this steady-state
limit all quantities determining the sensitivity of intracav-
ity absorption are regarded as being constant in time.
Models of this kind have been developed by Hansch
et al. , Brunner and Paul so, si and Stepanov et aI s2

They predict a crucial influence of spatial inhomo-
geneities in the gain medium on the sensitivity of intra-
cavity absorption. However, various experimental results
have shown that the steady-state models are inadequate.
For a summary discussing the different discrepancies see
S. J. Harris and S. J. Harris and Weiner.

(ii) The second group of models starts from the assump-
tion that even a cw laser system generally does not reach a
steady state (Baev et al. ). In this manner pulsed laser
systems have already been treated by Keller et al. in
1972. The unperturbed temporal development in cw laser
systems is regarded as being limited by different perturb-
ing mechanisms such as, for example, mechanical instabil-
ities. For this reason, the lifetime of individual modes has
been introduced as a crucial quantity for the sensitivity of

intracavity absorption. This concept implies that the sen-
sitivity is time dependent. Such a time dependence has
been first observed in 1975 by Antonov et al. and Beliko-
va et al.

Based on the latter concept, we present an improved
theoretical model which allows us to explain the different
discrepancies reported in the literature. In particular, the
origin of the threshold condition (growing sensitivity at
decreasing pump power) is investigated in detail. The
described model is demonstrated to agree with the experi-
ments. The results are discussed in Sec. IV. Finally, we
present an overview of the different mechanisms which
are responsible for the enhanced sensitivity of intracavity
absorption.

II. THEORETICAL MODEL

A. The rate-equation system

A quantitative analysis of a laser containing an intra-
cavity absorber requires in general a system of rate equa-
tions which has to account for the time-dependent varia-
tion of the following parameters:

(i) Population densities of the dye molecules inside the
gain medium.

(ii) Population densities in the initial and final states of
the absorbing transition.

(iii) Radiation field (equal to photon number density)
inside the cavity.

Similar rate-equation systems have already been used
for passive Q switching and optical bistability in lasers.
However, for the purposes of intracavity absorption dif-
ferent approximations are required. Inside the gain medi-
um, effects such as triplet quenching or transitions be-
tween inverted states can be neglected. In the absorbing
medium one has to consider the different line-broadening
mechanisms as well as the possibility of transitions be-
tween more than two states. In the following the three
different kinds of rate equations are presented which have
been used in this paper.

For the gain medium the following approximations are
made:

(i) The wavelength dependence of the gain profile is
neglected. Throughout this paper the relative depth of an
absorption dip is taken as a measure for the sensitivity of
the intracavity absorption. For this quantity it makes no
difference whether the absorption line is located in the
maximum of the emitted line profile or in its wing. It is
therefore assumed that the radiation field in the different
modes is exposed to the same gain factor.

(ii) Spatial inhomogeneities inside the gain medium
such as "spatial hole burning" are neglected. For a linear
jet-stream dye laser calculations have shown that spatial
inhomogeneities do not influence the sensitivity of intra-
cavity absorption until the system has typically developed
for a few milliseconds without any perturbations. Esti-
mates of Baev et al. have also demonstrated that spatial
effects in a jet stream can be neglected for the intracavity
absorption.

(iii) The number of dye molecules in the lower laser lev-
el is neglected. The pump rate is assumed to be constant.
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dt

dn )
=Bi2(ni —n2)E b,2V h t „(j')—&2&tt2, (2)

where E,b, is the energy of the absorbed photons; n (in2)
is the population density in the lower (upper) level; A2i is
the Einstein 3 coefficient of the upper level; Bi2 is the
Einstein B coefficient for the absorbing transition.

The third contribution to the system of rate equations
describes the number of photons per mode. It provides
the coupling between the gain medium and the absorber
medium. Therefore, all those terms of the gain equation
and of the absorber equation have to appear which are
coupled to the radiation field (i.e., the number of photons
inside the cavity). The rate equation describing the pho-
ton balance per mode j is given by

d&,h.t..(J ) &ph.t-(j)
inv+invEphoton I+photon(j) + 1 1dt Tphoton

12( n 1 n 2 )Eabs+photon(J

(i) The last term is identical with the corresponding
term of the absorber rate equation. It represents the
frequency-dependent losses which are caused by the ab-
sorption in mode j'. Any spontaneous emission inside the
absorber is neglected.

(ii) The first term describes the stimulated emission in
the gain medium giving rise to the radiation field. In or-
der to get the system started, an additional term

+invninv+photon is incorPorated. It simulates the sPontane-
ous emission inside the gain medium which corresponds
to the second term of Eq. (1).

(iii) Kph«on( j)/Tpho«n characterizes the broadband
losses of.the cavity. The photon lifetime Tph„,n is given
by

LT ho)on co- 7

where L is the cavity length; o. defines the broadband
losses per cavity round trip, ' o. contains losses due to the
laser output, diffraction, scattering, etc.

Previously used rate-equation systems have not yet

With the preceding approximations the rate equation
for the gain medium is given by

d+ inv
~inv+inv BinvninvEphoton g &photon(j) (1)

dt j=l
where p is the pump rate, as obtained from the pump
laser power I'; 2;„„ is the Einstein 2 coefficient of the
upper level of the gain medium; n;„„ is the number of dye
molecules in the inverted level; M is the number of axial
cavity modes; Xph„,„(j)is the number of photons in mode
j; Eph„,„ is the energy of a photon emitted by the gain
medium; B;„„is the Einstein B coefficient of the inverted
state.

The simplest rate equation of the absorbing medium is
obtained for a two-level system. If the absorption acts
only on one mode j', the rate equation for the population
densities is given by

I(t) =Io exp( acti/L) . — (5)

I/Io represents an intensity ratio defining the depth of an
absorption dip which was introduced above to define the

treated the influence of the absorber by a separate rate
equation. The absorption is usually regarded as a con-
stant, time-independent loss for a particular mode. Only
Tohma has already given a numerical analysis involving
a separate absorber equation. However, this analysis was
confined to the special case of identical absorption cross
sections in the gain medium and in the absorber medium.

If the absorption cross section of a particular transition
is large enough or if the absorber particle density is suffi-
ciently small, saturation phenomena can occur. They ap-
pear as a time-dependent variation of the absorption coef-
ficient due to the change of the population density in the
absorbing levels. (This is crucial for the Q-switching ef-
fect with saturable absorbers. ) The parameters of the ab-
sorbing medium determine whether the absorption has to
be treated as saturated or unsaturated.

In the limiting case of saturated absorption the rate-
equation system can no longer be solved in closed form.
A numerical integration of the rate equations is required.

For the limiting case of unsaturated absorption, the ab-
sorption term in the photon balance equation can be treat-
ed as a time-independent loss which affects one or more
modes. In this case, one can drop the absorber equation
and one is left with an equation system for the gain medi-
um and the photon balance.

Most of the work on intracavity absorption has been
concerned with the case of unsaturated absorption. An
important analysis for this case has been carried out by
Baev et al. Within the adiabatic approximation for the
inverted medium ( dn;„„/dt =0), a system of j differential
equations for j modes is obtained which can be solved
analytically and allows a simple interpretation. In this pa-
per the influence of spontaneous emission and of spatial
inhomogeneities in the gain medium on the sensitivity of
intracavity absorption has been considered. Contributions
due to spatial inhomogeneities are shown to be about three
orders of magnitude smaller than the contribution of
spontaneous emission. This is true even in the steady-
state limit for the photon balance of a typical jet-stream
dye laser.

The sensitivity of intracavity absorption is therefore
limited by spontaneous emission and corresponds to a
minimum detectable absorption coefficient of 10
10 ' cm '. These values were first reported by Belikova
et al.

As a key result Baev et al. derived a modified Beer's
law for intracavity absorption. Instead of the classical ab-
sorption path length a modified path length is obtained.
It depends on the average time duration t describing the
unperturbed development of the particular modes, and the
length of the absorber cell l normalized with respect to
the cavity length L. In this manner an effective length
for the interaction between the laser mode and the ab-
sorber is obtained. With I being the intensity of the ab-
sorbed mode, Io the intensity in the absorption-free case,
and tt the absorption coefficient in cm, the modified ab-
sorption law is given by
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y(t) =I (for 0&t &t,d, ) . (6)

sensitivity of intracavity absorption. The natural loga-
rithm of (I/Io) equals the effective optical depth tt;ctl/L
of the absorber system.

For the time-dependent linewidth of the laser emission,
Baev et al. obtained

1/2

this manner, an equation for dNph„, „(j)/dt is obtained
and subsequently linearized. For this purpose the variable
of interest N ph«o„(j ) =NJ is expanded around some
operating point (NJ ). As a result, the temporal variation
of the fluctuations ANJ =NJ —(.Nz ) is given by

d (bNJ ) M
aj(b—NJ ) pj g—(b,NJ )+FJ(t) (9)

Here t,d, is the average mode lifetime which depends on
the particular experimental conditions. I is the laser
linewidth at the time t,d, and y(t) is the laser linewidth
at some time t. This spectral narrowing in time has often
been reported (e.g., Antonov et al. , see also a theoretical
treatment of Meyer and Flamant ).

The crucial assumption for deriving Eqs. (5) and (6) is
an unperturbed time development of the mode system
which is finally limited by mechanical instabilities (jet,
resonator), air contaminations, and other "perturbing
mechanisms" (see IIB). On the average, a mode lifetimet,d, will be established. During this lifetime the system
will develop without any perturbations. After a perturba-
tion, the system can be regarded as starting all over again
at t=0.

Typical mode lifetimes in cw systems range somewhere
from 10 psec to milliseconds. ' These finite mode life-
times were observed by Baev et ah. '

B. Intensity fluctuations in multimode
laser systems

Mironenko and Yudson and Kovalenko have inves-
tigated the fluctuations of the photon number in the indi-
vidual modes as well as the fluctuations of the total num-
ber of photons. Following the paper of Kovalenko, the
fluctuations can be evaluated by means of a Langevin for-
malism.

The rate-equation system for the gain medium and for
the number of photons per mode is extended by stochastic
Langevin forces F(t). These stochastic forces simulate
quantum-statistical fluctuations of the gain medium and
of the radiation field. Their dominant contribution stems
from spontaneous emission. In the following we analyze
the intensity fluctuations for a particular system of modes
which is independent from any intracavity absorber.
Hence the appropriate rate-equation system is given by

d+ inv

dt
~ inv+inv

+inv+invEphoton g Nphoton(J)+Fn(r) ~

j=1
dN, h.t..V) = +inv + invEphoton [Nphoton(J )+ l

Nphot-V) ++, (&) .
Tphoton

This classical rate-equation system is equivalent to the
quantum-mechanical equations of motion.

Within the adiabatic approximation dn;„„/dt is as-
sumed to vanish after the buildup stage of the system. In

where aJ and pz are coefficients which originate from the
transformation from dNJ/dt to d(bNJ)/dt Th.e aj will
be of crucial importance for the explanation of the experi-
ments. They are given by

~in'
3;„„(NJ)(1+(I )B;„„/A;„,)

(10)

where (I ) =g. (NJ ). 8;„„is assumed to be identical for
all modes.

Equation (9) represents a system of Langevin equations.
The quantum-statistical fluctuations F„(t) in the gain
medium have been neglected with respect to the
quantum-statistical fluctuations FJ (t) of the radiation
field.

Summing Eq. (9) over all modes, one obtains the time
variation of the fluctuations of the total photon number

d(It I) A(bI)+F—(t),
dt

where AI =Q (bNJ), F(t)=g F/(t), and A=gj pj.
In Eq. (11) the aJ have been neglected, since they are
small compared with A as shown by Kovalenko.
Indeed, the fluctuations of the total photon number turn
out to be independent of aj.

With bNJ ——aj exp(At) and EI =b exp(At) the eigen-
values A, of the Langevin equation system (9) and (11) can
be determined from

(A, +aj)aj+pjb =0,
(A, +A)b =0,

(12)

to be A. = —A and A, = —aj, respectively. Using these
eigenvalues, Eqs. (9) and (11) can be integrated. In this
manner the fluctuations of the total photon number and
of the photon number in the individual modes can be ex-
pressed analytically. In order to interpret the temporal
behavior and the mutual dependences of these fluctua-
tions, we now investigate their correlation functions. The
following three correlation functions are required:

(i) The autocorrelation of the fluctuations bI for the to-
tal photon number

(bI(t)bI(t+r)) = exp( —Ar) . (14)
2(q —1)

(ii) The cross correlation of the fluctuations b,NJ in
mode j with the sum of the fluctuations in all the other
modes i&j

(
(N, )'

ANJ(t) g b N; (t +r) = — exp( aJr)—
l+J

(N, )
exp( —A~) . (15)2g —1



258 H. ATMANSPACHER, H. SCHEINGRABER, AND C. R. VIDAL 32

(iii) The autocorrelation of the fluctuations»~ in
mode j
(bNJ(t)»J(t+~)) =+ (Ni )

2
exp( —a r)J

(N, )'
exp( —Ar),2I (q —1

(16)

where q is the pump rate p normalized with respect to the
pump rate at threshold p,h, .

Estimates of A and az show that A is the largest root of
Eqs. (9) and (11), and that the aj are very small. 63 As ob-
served experimentally, the total number of photons fluctu-
ates only very weakly with the sma)1 time constant A ' in
agreement with Eq. (14). This is of course also true for
the number of photons in the single-mode case.

The eigenvalues k= —o.J vanish in the single-mode
case. They only contribute to the correlation functions of
those fluctuations which differ from the single-mode case.
Hence, the autocorrelation function (14) for the total
number of photons contains no aj dependence. In Eqs.
(15) and (16) the aJ describe a slow exponential decrease
(weak damping) of the fluctuations. It follows from sta-
bility considerations that they give rise to weakly stable
solutions of the rate-equation system (9) and (11).

The "a fluctuations" are anticorrelated between indivi-
dual modes. For a positive a fluctuation of mode j in Eq.
(16), the cross correlation (15) with the sum of the fluctua-
tions in all the other modes provides a negative contribu-
tion of the same amount.

There are of course also "A fluctuations" in the indivi-
dual modes as in case of a single-mode operation. They
are correlated in phase and add up to the fluctuation of
the total number of photons.

The autocorrelation function (16) for the photon num-
ber in one mode is of particular relevance to the sensitivi-
ty of intracavity absorption. It will therefore be discussed
in more detail.

The coefficient (Nz ) /[2 (I ) ( g —1 ) ] describes the am-
plitude of the A fluctuations. Two cases have to be con-
sidered:

(i) Close to threshold [(g—1)«1] the A fluctuations
become rather large. This agrees with the result that pho-
ton statistics undergo a second-order thermodynamical
phase transition from Bose-Einstein statistics to Poisson
statistics. "

(ii) Well above threshold one has (N~) &&(N,z, ) and
( g —1)—(NJ. ) . For

((bN&) )x ——(AN~(t)AN~ (t+0)).
one obtains with

(&», )'),—&N, ), (17)

a pure Poisson distribution.
The coefficient (NJ ) /2 describes the amplitude of the

o.' fluctuations. Well above threshold it greatly exceeds
the coefficient of the A fluctuations. The amplitude of
the u fluctuations is of the same order of magnitude as
the photon number itself. The cx fluctuations are there-
fore large enough to completely quench existing modes.
Contrary to '(17) a fluctuations are proportional to the

photon number and their statistics are non-Poissonian

((», )').-(N, )'. (18)

From a thermodynamical point of view, this result
represents a simple example of a dissipation-fluctuation
theorem. In Eq. (18), (NJ) can be regarded as a mea-
sure for the dissipation of the laser system. The existence
of the a fluctuations was observed experimentally by Baev
et al. using a color-center laser. The stability of the
mode system with respect to fluctuations is directly con-
nected to the quantity czJ. For smaller damping constants
az. , the a fluctuations decrease more slowly in time. If
they decrease slowly, the amplitude of the a fluctuations
at a certain time is large. Hence, with decreasing values
of aj one has an increasing probability for mode quench-
ing.

According to Eq. (10) we find to a good approximation,
that aj —(NJ ) ' for a multimode system. Therefore, aj
decreases with a growing number of photons per mode
which is equivalent to an increasing spectral power densi-
ty. According to the preceding arguments an increasing
spectral power density therefore raises the probability that
a mode is completely quenched. For this reason the mode
lifetime t,d, is determined by the e fluctuations as long
as other effects do not prevail. In other words, the mode
lifetime increases with decreasing spectral power density.
This result is used for the interpretation of the experi-
ments in Sec. IV.

It is worth noting the analogy to the case of a two-
mode operation where the intensities in the individual
modes also undergo strong fluctuations. These fluctua-
tions appear as regular oscillations with a fixed frequency
which grows with increasing spectral power density. If
the period of the oscillation is considered as a two-mode
analog of the mode lifetime, the same dependence on the
spectral power density is obtained as in a multimode sys-
tem.

C. .Model calculatioas

The special case of a single-mode operation has already
been treated by Holt. Because of the missing interaction
between different modes, the sensitivity enhancement of
the intracavity absorption is reduced with respect to the
multimode case. In the general case of a multimode
operation the problem can be modeled by considering the
absorption of only one mode. This applies if the absorp-
tion linewidth is smaller than the mode spacing of the
laser cavity.

From an experimental point of view, Harris has dis-
tinguished narrowband and broadband absorbers. Broad-
band absorbers can be approximated by the single-mode
case, because the interaction between the modes is a
higher-order effect with respect to the absorption which
affects all modes simultaneously. However, in absorbing
systems with lines which are considerably narrower than
the laser linewidth, only a small fraction of the total num-
ber of modes is influenced by the absorption. Under these
conditions a redistribution of the energy in the different
modes takes place inside the gain medium. For this par-
ticular situation the sensitivity of intracavity absorption is
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enhanced most strongly compared to a normal absorption
outside the laser cavity.

In the following model calculations the limiting cases
of saturated and unsaturated absorption are distinguished
in treating the rate equations described above. Under the
important assumption of a finite-mode lifetime, a steady
state in a cw laser system, as it was assumed in Refs. 6,
50—52, can for technical reasons never be reached. A nu-
merical integration of the rate equations has been carried
out to test the validity of the different theoretical models.
Most of the subsequent numerical solutions are obtained
for the special case of a two-mode operation where only
one mode is exposed to an absorption by a two-level sys-
tem.

I~ -Ln(IJ'I, )

P =23 8=2
n=IO' cm

I5-

10—

l l I

0 1 2 3

FIG. 1. Model calculations of unsaturated intracavity ab-
sorption for three different absorber oscillator strengths f, and
for n =10' cm . The sensitivity S = —lnI', I/Io) is shown as a
function of the integration time t of the rate-equation system.
The linear relation between S and t represents the validity re-
gion of Beer's law. Note that the limiting sensitivity does not
depend on f.

1. Unsaturated absorption

The effects limiting the mode lifetime are not included
directly in the rate-equation system. Instead, the mode
lifetime determines the overall integration time of the sys-
tem. In this manner it is an external boundary condition
for the numerical integration of the rate equations.

The temporal development of the rate-equation system
is shown in Fig. 1. The pump parameter P* is defined as
the actual pump power P normalized with respect to the
pump power at threshold P,q, . M is the number of oscil-
lating modes. The total particle density inside the ab-
sorber is given by n =n

& +n2. Figure 1 initially reveals a
linear dependence in time for the sensitivity
S = —in(I/Io) of the intracavity absorption. This is the

prediction of the modified Beer's law in Eq. (5). The
slope of the line is ircl/L. The relative absorption depth
reaches its maximum value when the temporal develop-
ment has advanced far enough that in the absorbed mode
the spontaneous emission of the gain medium takes over.
The limiting value which corresponds to the maximum
sensitivity is therefore independent of the absorption coef-
ficient. This numerical result reveals very clearly the im-
portance of the temporal dynamics of the laser system. It
also demonstrates that for almost any practical situation a
steady-state analysis is inadequate.

For the unsaturated case the absorption coefficient does
not change in time. ( nq ln ~ ) can be neglected because the
depletion rate out of the upper excited state exceeds the
absorber pump rate at any time. This situation can be
treated using a constant, frequency-dependent absorption
loss in the photon balance. The linear dependence of S on
the absorption coefficient ~ according to Beer's law (5)
can be exploited for a quantitative determination of a.
This will be explained in more detail below.

2. Satur ated absorption

Already for an oscillator strength f as low as 10 and
for realistic particle densities, relative population densities
(nqln~ ) in the range of 0.01—0.001 can occur in a two-
level system. Even for such a situation the saturation of
the absorption has to be taken into account. A solution of
the rate-equation system provides a rather weak threshold
behavior of the sensitivity on the spectral power density.
This effect increases with a growing oscillator strength.
Figure 2 shows the relative population density (n2/n &) in
the absorber together with the sensitivity S = —In(I/Io)
as a function of the spectral power density (P*—1)/M.
The curves have been calculated for f=10, a total par-
ticle density of 10' cm, and an integration time of 0.1

msec. If the absorption oscillator strength is large, satura-
tion phenomena in intracavity absorption can already
occur at rather small radiation fields in the milliwatt
range. This is true for absorber particle densities which
are not too large. Saturation effects in intracavity absorp-
tion were first mentioned by Maeda et al. ' and observed
by Mironenko and Pack. '

Apart from the total radiation power, it is the ratio of
the absorption linewidth with respect to the bandwidth of
the radiation field which is important for the degree of sa-
turation. The relevant parameter is the spectral power
density as demonstrated by Antonov et al. Measured
sensitivities from Ref. 54 taken at different pump parame-
ters P*=P/P, q, and at different laser bandwidths b, A, ,
were normalized with respect to the bandwidths. As a re-
sult, one common curve was obtained for the sensitivity as
a function of the spectral power density (P*—I)/b, A,

which was independent of the particular bandwidths.
Absorption lines with large transition moments are, for

example, atomic resonance lines and molecular lines such
as those of Iz (with oscillator strengths f=10 ). In such
systems the reduced sensitivity at high spectral power
densities appears to be primarily due to saturation effects
in the absorber. Calculations with different particle densi-
ties and oscillator strengths ranging from 10 to 1 were
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FIG. 2. Model calculation of intracavity absorption for a
weakly saturated case (f =10 ', n =10" cm ', t =100 @sec).
The relative population density (n2/nI) (upper part) and the
sensitivity S = —ln(I/Io) (lower part) are shown as a function
of the spectral power density.

1.0

carried out to prove this point.
As a typical example of these calculations Fig. 3 shows

the sensitivity S as well as the relative population density
(n2Int) as a function of the spectral power density
(P*—1)/M and of the time t. The other parameters were

f =0.65 (Na D2—resonance line with an assumed
linewidth of 0.01 cm ') and a total particle density of 10
cm

The sensitivity clearly increases with decreasing spec-
tral power density and with progressing time. A compar-
ison of the upper and lower part of Fig. 3 shows that the
largest sensitivity occurs in the region where the relative
population density (n2/n&) vanishes, i.e., for the unsa-
turated case. In this example the threshold effect due to
the saturation in the absorption is much more pronounced
than in Fig. 2.

As the main results of the numerical integrations, two
points should be emphasized for the case of saturated ab-
sorption:

(i) The absorption coefficient is not constant, but
changes in time according to the population difference in
the absorbing levels.

(ii) Only a time-dependent absorption coefficient can be
obtained from the relative absorption depth. Similar to
the unsaturated case with a constant absorption coeffi-
cient I~, a modified Beer s law holds again with Ir=lr(t).

50

t(psec3

100 0.0

FICx. 3. Model calculations of saturated intracavity absorp-
tion (f=0.65, n =10 cm '). The relative population density
(nq/n~) and the sensitivity 5 = —ln(I/Io) are shown as a func-
tion of the spectral power density, and of the integration time of
the rate-equation system. The sensitivity enhancement at laser
threshold is clearly due to the absence of saturation in this re-
gion.

III. EXPERIMENTAL

For an experimental test of the model calculations suit-
able absorbers had to be selected which satisfy the condi-
tions of saturated and unsaturated absorption.

As a transition with a very small absorption coefficient
(unsaturated absorption) the P(11) line and the Q(11)
line of the (2-0) band of the b 'Xs+-X Xg system of the 02
molecule were chosen. Their line positions are 630.276
and 630.200 nm, respectively, where no overlap with other
02 lines or with atmospheric water vapor lines has to be
considered. The relative absorption depths of the two
lines can be compared with theoretical values.

The case of saturated absorption was studied by means
of two transitions which were selected from the (11-3)
band and the (9-2) band of the B II+„-X'Xg system of the
I2 molecule. Since the experiment was carried out under
atmospheric pressure, the lines showed a pronounced pres-
sure broadening. They had a full width at half maximum
(FWHM) of approximately 0.3 cm '. For this reason in-
dividual absorption lines could not be resolved. In the fol-
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Line
No.

Position
(cm ')

lowing table the line positions and the quantum numbers
of the corresponding transitions are given together with
the line numbers according to the atlas of Gerstenkorn
and Luc

the instant specified by the time delay. In contrast to
these experiments, our setup provides an integral measure-
ment. The time interval over which our measurements
extend, is very large compared with the pulse duration of
the laser system. This fact ensures that the measurements
yield a statistical average of the analyzed signals.

IV. RESUI TS AND DISCUSSION

2154
2155

16 280.569
16280.607

2
3

93
90

94
89 A. Relations between spectral power

density, mode lifetime, and sensitivity

These lines are again not blended by any atmospheric H20
lines.

A cw jet-stream dye laser with a folded cavity (length
I. =60 cm) has been operated with an optimized mixture
of Rhodamine-6G and Rhodamine-101. The wavelength
was tuned by means of an interference filter coated for
450 nm. The commercial birefringent filter had to be re-
moved since it produced a rather small laser linewidth
which is unfavorable for sensitive intracavity absorption.

In case of the 02 absorption the normal laboratory at-
mosphere was sufficient to detect the absorption lines
mentioned above. In this case, l/I. =1. The I2 measure-
ments were carried out in a 10-cm-long absorption cell
placed inside the cavity. The cell has been sealed off with
Brewster windows. To ensure a rather small I2 concentra-
tion, the absorption cell containing the I2 was alternately
heated and evacuated for several days before taking the
spectra. The absorption features of both molecules were
observed under normal environmental conditions (760
Torr, 300 K). Apart from the tuning filter and the ab-
sorption cell, the standard mirrors for Rhodamine-6G
were the only optical elements inside the cavity.

The dye laser was operated on a vibration-free table to
minimize mechanical instabilities. A laminar flow box
was covering the whole experimental setup to avoid any
perturbing dust particles inside the laser cavity.

The dye laser was pumped by a 5-W argon-ion laser.
Between the pump laser and the dye laser a chopper ele-
ment was inserted. By means of this chopper element the
duration of the dye laser emission is accurately defined as
the duration of the transmitted pump pulses. Depending
on the particular experimental requirements a mechanical
chopper or an electro-optic modulator (Pockels cell) was
used.

The radiation emitted by the dye laser was observed by
means of a 2-m grating spectrometer. The spectrum was
scanned photoelectrically and detected by means of a
lock-in amplifier. In addition, the modulation frequency
of the pump laser served as the reference signal for the
lock-in amplifier. With the described setup, dye laser
pulses as short as 700 nsec were analyzed.

An experimental arrangement described by Stoeckel
et al. and Chenevier et al. provides a similar kind of
information. In addition to an electro-optic modulator
placed between pump laser and dye laser, they inserted a
fast acousto-optic modulator between the dye laser and
the detection system. This second modulator was trig-
gered by the first one with a certain time delay. The sig-
nal transmitted by the delayed modulator then provides
the actual spectrum of the dye laser as it has evolved until

Convincing evidence against the hypothesis of a steady
state in a cw multimode laser system was presented by
Baev et al. ' in 1980. They observed that the individual
axial modes of a cw dye laser have a finite lifetime. The
interactions in the coupled gain-absorber system therefore
show a dynamical behavior in time. For the limiting case
of unsaturated absorption the temporal dynamics have al-
ready been described. The influence of the spectral-
power density, however, has not yet been understood.

In 1982 S. J. Harris analyzed the Fourier spectrum of
a cw multimode dye laser. At high spectral power densi-
ties the individual modes turned on and off with frequen-
cies as high as 100 kHz. This value corresponds to a
mean mode lifetime of 10 psec. He also reported that the
fluctuation frequencies decreased at low spectral power
densities.

In order to investigate the relation between the mode
lifetime and the spectral power density, measurements
have been carried out using the 02 molecule as an ab-
sorber which is clearly unsaturated. The absorption coef-
ficient at the center of the 02 lines can be calculated from
the oscillator strengths of the corresponding transitions,
the particle density in the initial state, and the FWHM of
the lines Av. The oscillator strengths were determined by
the Einstein A coefficient of the (0-0) band, the Franck-
Condon factors of the (b X) system, -and the Honl-
London factors as given by Watson. The particle densi-
ty in the initial state was calculated for a standard atmo-
sphere (Oz fraction of 21%%uo), and for normal pressure (760
Torr) and temperature (300 K). The thermal population
density in the rotational levels is of course given by a
Boltzmann distribution. With these quantities one obtains

~( P(11))=(3.54X10 cm )
1

Av
(19)

v( P(ll))
a.( Q(11))

(20)

r& (cm ') can be taken from measurements, As indicat-
ed above, intracavity absorption follows a modified Beer's
law [Eq. (5)]. Since the absorption coefficient ~ for the
lines of interest can be obtained from Eq. (19), the mea-
surement of (I/Io) provides a measure of
r d,

———ln(I/Io)/&c. Hence the dependence of r d, on
the spectral power density can be determined from
S = —ln(I/Io).

Figure 4 shows the observed absorption dips of the
Q(11) and P(11) lines for a pump pulse duration of
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t,q,~
——175 @sec, and for three different spectral power

densities. The absorption depths clearly decrease with
growing spectral power density.

Quantitative results for the sensitivity as a function of
the spectral power density are presented in Fig. 5. The
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FIG. 5. Mode lifetime t g = —ln(I/Io)/sec as obtained
from Beer's law [Eq. (5)], determined as a function of the spec-
tral power density. The measurements have been performed for
the case of unsaturated absorption and for three different
pump-pulse durations t,&,~. At small spectral power densitiest,~, approaches t,q,~ as indicated by the double bars. The
dashed lines are drawn to guide the eye.

0-
FIG. 4. Unsaturated absorption lines of atmospheric molecu-

lar oxygen for three different spectral power densities. The in-

tensities are normalized with respect to the maximum intensity
of the laser output. The sensitivity decreases with increasing
spectral power density ( P*—l )/hA, .

measurements were carried out for three different pump-
pulse durations t,q,„. The value of t,l„~ defines an upper
limit for the mode lifetime t,&,. With decreasing spec-
tral power density (P"—1)/b, k the mode lifetime t,z,
increases until the value of t,t„~ is reached. A further de-
crease of the spectral power density (P*—1)/b, A, does not
alter t,&, any more. This result strongly supports the va-
lidity of Beer s law for intracavity absorption. The slight-
ly different behavior of the curve corresponding to
t,~,„——320 psec results from a readjustment of the whole
laser system.

In order to exclude systematic errors due to weak etalon
effects, ' the ratio of a( Q(11)) with respect to I~( P(11))
was tested for different spectral power densities and
t,t„~——175 psec. The calculated ratio of the absorption
coefficients is directly related to the measured ratios of S.
For an average over 70 measurements we obtained a ratio
of 0.892+0.013 in excellent agreement with the theoreti-
cal value 0.899 given by Watson.

The increased mode lifetime close to laser threshold
gives rise to an enhanced sensitivity of intracavity absorp-
tion. This threshold behavior has been mentioned in vari-
ous papers. Nevertheless, its origin has so far not been
understood. Spatial inhornogeneities (spatial hole burn-
ing) can be excluded as a possible reason, because the
threshold condition described above has also been ob-
served in a ring dye laser. ' The running-wave character
of the radiation field avoids any spatial hole burning in-
side the gain medium.

We attribute the threshold behavior to intensity fluctua-
tions in each particular mode of the laser system. The
amplitudes of these intensity fluctuations are large enough
to completely quench individual modes. In Sec. IIB the
probability for such a process was shown to increase for
increasing spectral power densities. On a temporal aver-
age this manifests itself in a decrease of the mean mode
lifetime as observed in the experiments.

It is important to realize that the threshold condition
due to the intensity fluctuations is of fundamental nature
and cannot be avoided by any technical efforts. Other ef-
fects limiting the mode lifetime, such as mechanical insta-
bilities, inhomogeneities of the dye jet (bubbles), or air
contaminations, can be minimized by a proper experimen-
tal arrangement.

In order to define the mode lifetime by a quantity
which is experimentally accessible, the pump radiation
has been periodically modulated with a time constant
t,q,~. The sensitivity S=—in(I/Io) has been measured
as a function of the pump pulse duration t,z,„ for three
different pump parameters P*=P/P, t„.

Figure 6 presents the measured sensitivities together
with their statistical errors. At a pump-pulse duration of
some 10 psec the curves for different P* start to separate
and become nonlinear. The largest pump parameter
(P =3.5) provides the lowest sensitivity. The sensitivity
corresponding to P*=1.13 increases still up to t p p 1 5
msec. Furthermore, the spectral width AA, of the laser
emission narrows for an increasing pump-pulse duration
in agreement with Eq. (6).

According to Beer's law the mode lifetime t~,z, can be
calculated, if the absorption coefficient ~ and the sensi-
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FIG. 6. Sensitivities S = —ln(I/Io) as a function of the
pump-pulse duration t,h,p. The measurements have been per-
formed for the case of unsaturated absorption and for different
pump parameters P* which give rise to different natural mode
lifetimes t„„. The dashed curves are calculated by means of a
model in which the average mode lifetime t,d, is obtained from
the PumP-Pulse duration t h p.

modulated situation is given by a weighted mean value of
ho(t, ) and of t,h,~. The weighting factors are
' "P(t)dt

OO 0
and P(t)dt, respectively. Figure 7 illustrates the

chop
described model for t„„=400psec and t,h, ~

——175 @sec.
An average mode lifetime t,d, ——142 psec is obtained.

As already shown, the mode lifetime t,d, depends on
the spectral power density (P*—I)/b, A, . In addition, the
bandwidth AA, is proportional to t ' . Hence the result-
ing mode lifetime t,d, has to be corrected for each par-
ticular pump-pulse duration t,h p According to Beer's
law one then can calculate a sensitivity S from each re-
sulting value of t,d, . The dashed curves in Fig. 6 show
S as a function of t,h, ~ as determined by the described
method. The measurements are very well reproduced by
the calculations.

With the preceding method one obtains the quantityt,d, which is required in Beer s law, from a quantity
which can be directly measured, namely t,h,~. Beer's law
therefore provides a quantitative determination of the ab-
sorption coefficient ~ which depends only on t,d, and S
in the case of unsaturated absorption.

This method simplifies greatly, if t,h,~ is small with
respect to t„„In thi.s case t,d, is sufficiently well ap-
proximated by t,h,„which can directly be used as the
mode lifetime in Beer's law. The dependence of S on t,h,z

P(t) = & exp(-'At)

(ts) = 81psec

tivity S are known. If the pump radiation is not modulat-
ed, a natural mode lifetime t„„ofthe laser system can be
defined. In Fig. 6, t„„is indicated together with the cor-
responding pump parameter. As already explained, t„„
decreases with increasing spectral power density.

The dashed curves in Fig. 6 are calculated using a
model which takes into account the difference between the
actual mode lifetime t,d, and the pump-pulse duration
t,h,~ This model . is derived from the statistical nature of
the measurements as pointed out at the end of Sec; III,
where the average mode lifetime t,d, represents a mean
value obtained from an observation over a long period in
time. Since the mode lifetime t,d, follows an exponen-
tial distribution, its probability density decreases exponen-
tially in time

t~ode = 102 psec

— 175 gsec

P(t)=A. exp( —A, t) . (21)

I I t . I0 I I

0 0.5 1.0 1.5 t(ms)
FIG. 7. Exponential probability density characterizing the

mode lifetime. In order to illustrate the model described in the
text, numerical values are drawn for t„„=400 @sec and
t h p 1 75 p, sec. They give rise to a mode lifetime t od, ——142
@sec.

The temporal mean value of P(t) is A, '. Hence with
= (t„„)a probability density is generated which de-

scribes the sum over all contributions to an observed
"average mode" with an intrinsic lifetime t„„As.
described above, t„„is accessible to measurement.

By means of a pump-pulse duration t h p any mode
lifetime exceeding t,h,~ is cut off. On the other hand,
mode lifetimes shorter than t,h,„give a mean value (t, ).
As a result, the total average of the mode lifetime in the



32H. ATMANSPACHER, H. SCHEINGRABER, AND C. R. VIDAL

-(n (I/Ia)
~mode =

P =1.13

~nat & 500 psec

~nat hop j 8 TT+ X 2+ system
LJ g

0-
t h

-1rnsec
chop

100-

Cb
N

O
E
D tch = 50 Psec

tcho& (Psec)I
I

100 150
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whereunsaturate case ad linear dependence is obtained w ere
,=t . In this manner, the absolute value of sma absorp-

f t and (I/Io)tion coefficients can be easily determined Lrom t Q p an
by means of Beer's law.

is therefore linear for t,i„~ &&t„„.
In order to illustrate this linearity, Fig. 8 presents the

actual mode lifetime t,q, ———ln(I/Io)/vc as a function
o t,i,„„.~ is the calculated absorption coefficient for the
P ll) line as obtained by Eq. (19). The corresponding

P*= l. 13 which gives a natural modepump parameter is
lifetime of about 400 psec.

h'Figure 8 clearly shows that tmode chopand t agree wit in
the statistical errors, as long as i, pt is smaller than 120
@sec. romFrom the measured depths (I/Io and for

-r & 120 sec one obtains an absorption coeoeffi-trnode —chop ( psec
cient sc in the center of the line

a,„~=(1.36+0.14)&&10 cm

The absorption coefficient as calculated according to Eq.
(19) is

~„i,——(1.24+0. 13)X 10 cm

where the FTHM Av has been taken from measurements.
Th

'
rror originates from the statistica error o e

measured absorption linewidth b,v=(0.28S+0. cm
The experimental and the calculated values of sc are in
good agreement.

t andIt should be noted that the condition tzhpp ((tzz&
therefore the linearity of S as a function of r Q p is Ilot

11 required for the determination o t~,d, fromgenera y requ

p In order to measure smal 1 absorption coe ic'
the described method can be applied to any pump-pulse
duration whic is sma erh' h

'
ll r than the natural mode lifetime.
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FIG. 9. Saturated absorption features off the iodine molecule
around 614 nm for three different pump-pulse durations t Q p.

ct to the maximum in-The intensities are normalized with respect o e
f t the lasertensity o e af th l ser output. For large values o Q p

h ronounced spectral condensationemission spectrum s ows a pr
around those wavelengths where no absorption occurs.

B. Saturation of the absorption
and its influence on the sensitivity

S t ration phenomena in intracavity absorption havea ura
Pack ' in 1978.been first observed by Mironenko and Pac

a D lines they demonstrated a dramatic decrease
o eaf th bsorption depth for increasmg spec ra p

On the other hand, the absorption depths of thesity. n e o
neighboring H2O lines were only reduced by a sigsi nificant-

t H ce the behavior of the H2Q lines
agrees well with the preceding results for the case of unsa-

ut thatAs a result of the numerical analysis it turns out t a
si nificant saturation phenomena may a rea yread occur forsigni ican

11 as~ =10, if the absorberan oscillator strength as small as =, i e a
'

1 densit is not too large. For this reason we stud-
ied the saturation behavior of the absorp ion y

II+-X'X+) system. The selected transitions are

Figure 9 shows 2 spec rah I tra obtained for three different
t .in the relevant wavelength re-PumP-Pulse durations ph, p

'1

gion. The intensity is normalized with respect to t e
maximum intensi y o't f the 1aser output. For short pump-
pulse durations, e a, th bsorption features are well deve ope
and can easily be identified according to the atlas of Ger-
stenkorn an uc.d L . For long pump-pulse durations tphop,

trates on a ew inesCCthe total laser power emitted concentrate
at those wavelengths where the I2 ps ectrum shows no ab-
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S = -(n(I/I, )

P =198
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I typical error o

sorption. In this situation, a measurement of an absorp-
tion depth becomes, of course, impossible. However, for
shorter pump-pulse durations of some 10 @sec such an ab-
sorption depth can still be measured.

In order to demonstrate saturation effects inside the ab-
sorber, we used the results of Sec. IV A in the following
manner. With the condition t,h,p « t„„,we have already
shown that the sensitivity S depends linearly on t,h,„ in
the case of unsaturated absorption. This linearity holds
until t,d, is sufficiently well approximated by t,h,~. At
very long pump-pulse durations the mode lifetime eventu-
ally becomes independent of t,h, ~ and is simply given by
tnat-

If saturation processes become important for the ab-
sorption, the relative population density ( n2/n & ) changes
in time, and the absorption coefficient can no longer be
regarded as constant. In contrast to the unsaturated case,
we therefore expect a nonlinear dependence of S on t,h,~
at rather short pump-pulse durations. Furthermore, an
increased spectral power density should result in a re-
duced sensitivity.

Figure 10 shows the measured sensitivity S as a func-
tion of the pump-pulse duration t,ho~ for two different
pump parameters I'* and for a constant particle density.
The pump parameters are small enough to guarantee a
natural mode lifetime t„„)300 psec. The nonlinear rela-
tion between the sensitivity S and tzhop t~ode can only be

explained in the following manner. Since in Beer's law all
quantities are accurately defined with the only exception
of v, the nonlinearity has to result from a time-dependent
absorption coefficient ~.

This situation generally occurs, if saturation effects give
rise to time-dependent population densities in the absorb-
ing levels. Since the population n2 in the upper level can
no longer be neglected, the population difference between
the absorbing levels has to be considered in the rate-
equation system given in Sec. II A. Hence, the dynamical
behavior of the coupled rate equations gives rise to a
time-dependent absorption coefficient (compare the nu-
merical calculations of IIC2). A modified Beer's law
with re=a(t) describes this situation

I =Io exp[ ~(t)ctl/L] . (22)

So far the experimental results are clearly understood
by the saturation of the absorption. For such a condition,
an increased pump parameter causes, of course, a reduced
sensitivity. This is also shown in Fig. 10. In this context,
observations of Morgan et al. can readily be explained
by saturation effects. Morgan et al. have also investigat-
ed intracavity absorption of Iq, but their interpretation has
been erroneously attributed to spatial inhomogeneities.

The experimental results demonstrate that even in
molecular absorber systems (many-level systems) a pro-
nounced saturation of intracavity absorption can occur.
This is also intended as a warning, because any quantita-
tive determination of small oscillator strengths or, in par-
ticular, of small particle densities may suffer from satura-
tion inside the absorber.

Because of the saturation of the absorption, a second
type of threshold condition exists which determines the
sensitivity of intracavity absorption as a function of the
spectral power density. It depends on the oscillator
strength and the particle density of the absorber. This
threshold condition is determined by the temporal depen-
dence of the relative population density ( n2/n

& ) in the ab-
sorbing levels.

0.4- V. SUMMARY

0.2-

tchop (Psec)

0 20 40
FIG. 10. Sensitivity S= —ln(I/Io) as a function of the

pump-pulse duration t,h,p « t„„. The Ineasurements have been
'

performed for the case of saturated absorption and for two dif-
ferent pump parameters P . Instead of the linearity noticed in
Fig. 8 (unsaturated absorption), S clearly shows a nonlinear
dependence on t,h,~. Note that S increases with decreasing P*.

The preceding investigations present for the first time a
complete and consistent model explaining intracavity ab-
sorption. The theoretical predictions have been verified
by experiments. An overview summarizing the different
important quantities, is schematically illustrated in Fig.
11.

The theoretical considerations are based on a time-
dependent model. Besides mechanical and other external-
ly imposed instabilities, the unperturbed development of a
cw multimode laser system is shown to be limited by in-
tensity fluctuations which are driven by stochastic
quantum-statistical forces. cw multimode laser systems
can therefore be regarded as systems generating a train of
individual pulsed modes. For this reason the temporal
dynamics of such systems are of paramount importance
where the lifetime of individual modes plays the key role
for the sensitivity of intracavity absorption. The assump-
tion of a steady state in cw multimode lasers with nar-
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FIG 11 Overview summarizing the different processes which determine the sensitivity of intracavity absorption

rowband absorbers can in general not be maintained.
As illustrated in Fig. 11, intracavity absorption follows

a modified Beer's law. This implies that the sensitivity
S = —1n(I/IO) is proportional to the mode lifetime t
and the absorption coefficient Ir. The mode lifetime is
limited by strong intensity fluctuations, and increases
with decreasing spectral power density inside the cavity,
For this reason a fundamental threshold condition is im-
posed which does not depend on any absorber parameters.

The sensitivity of intracavity absorption is eventually
limited by the spontaneous emission. The limiting sensi-
tivity does therefore not depend on the value of the ab-
sorption coefficient. It might be reduced by spatial inho-
mogen|:ities in the gain medium, if the active gain volume
is no longer negligible with respect to the cavity volume.
Furthermore, the sensitivity can be affected by
frequency-selective losses caused by parasitic effects '

such as weak etalon effects.
Saturation processes inside the absorber have been

described by means of a rate-equation system containing a
separate absorber equation. In this manner a possible
redistribution of the population is taken into account.
The time-dependent population densities in the absorber
levels depend on the intracavity spectral power density
and on the corresponding transition moment. This
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