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Abstract. Emission spectra of multimode lasers are very sen-
sitive to spectrally selective extinction in their cavity. This
phenomenon allows the quantitative measurement of absorp-
tion. The sensitivity of measurements of intracavity absorp-
tion grows with the laser pulse duration. The ultimate sen-
sitivity obtained with a cw laser is set by various perturba-
tions of the light coherence, such as quantum noise, Rayleigh
scattering, four-wave mixing by population pulsations, and
stimulated Brillouin scattering. It depends on the particular
laser type used, and on its operative parameters, for example
pump power, cavity loss, cavity length, and length of the
gain medium. Nonlinear mode-coupling dominates the dy-
namics of lasers that feature a thin gain medium, such as
dye lasers, whereas Rayleigh scattering is more important in
lasers with a long gain medium, such as doped fibre lasers, or
theTi:sapphire laser. The highest sensitivity so far has been
obtained with a cw dye laser. It corresponds to70 000 km
effective length of the absorption path. The ultimate spec-
tral resolution is determined by the spectral width of mode
emission, which is0.7 Hz in this dye laser. High sensitiv-
ity and high temporal and spectral resolution allow various
practical applications of laser intracavity spectroscopy, such
as measurements and simulations of atmospheric absorption,
molecular and atomic spectroscopy, process control, isotope
separation, study of free radicals and chemical reactions,
combustion diagnostics, spectroscopy of excited states and
nonlinear processes, measurements of gain and of spectrally
narrow light emission. Intracavity absorption in single-mode
lasers shows enhanced sensitivity as well, although not as
high as in multimode lasers.

PACS: 42.55.Ah; 42.62.Fi

Absorption spectroscopy is one of the most important tech-
niques for the detection and characterization of various types
of matter. It is based on the measurement of the spectral
extinction, by the absorber, of light transmitted through the
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sample. This extinction is governed by the Lambert–Beer law

I(ν)= I0(ν) exp[−κ(ν)L] , (1)

where I0(ν) is the incident spectral light flux,I(ν) is the
transmitted light flux,κ(ν) is the absorption coefficient of the
sample, andL is the optical path length of the absorber. The
absorption coefficient is expressed by the absorber densityn
and cross sectionσ as

κ(ν)= nσ(ν) . (2)

The absorption signalK in the transmitted spectrum is de-
fined as

K = ln
I0

I
. (3)

For a small absorption signal,∆I � I0,

K =∆I/I0 (4)

holds, with∆I being the reduction of the light flux by the
absorption.

Spectral resolution, temporal resolution, and the mini-
mum density required for the detection of the absorber are the
key parameters that determine the scope of possible practi-
cal applications of absorption spectroscopy. It is a challenge
to spectroscopists to push these limits to the extremes. High
spectral resolution is accomplished by the use of frequency-
stabilised single-mode lasers and various Doppler-free tech-
niques [1]. Time resolution is being improved by the appli-
cation of shorter laser pulses, whose length is on the order
of a few fs at present [2]. Improvements of sensitivity have
mostly involved the detectivity of the light. However, the in-
trinsic sensitivity of the particular strategy of measurements
also has actually enormous reserves.

The detection limitis defined as the smallest absorption
coefficientκmin detectable in the transmitted spectrum. It is
characterized (i) by thesignal-to-noise ratioin the recorded
spectrum, and (ii) by thespectral sensitivity, which is the ab-
sorption signal per corresponding absorption coefficient. Ac-
cording to (1), the spectral sensitivity in conventional meas-
urements equals the absorption path length,L. In general, we



172

define the spectral sensitivity as an effective absorption path
length,

Leff = K/κ . (5)

With these definitions, the detection limit is

κmin= (K)min× (Leff)
−1
max , (6)

where(K)min is the noise-equivalent absorption signal, and
(Leff)max is the maximum value of spectral sensitivity.

The noise on the detected signals ofI and I0 may be
minimized by various modulation techniques for spectral
recording, for example photoacoustic spectroscopy [3, 4], op-
tothermal spectroscopy [5], and various kinds of frequency
modulation spectroscopy [6, 7]. These techniques permit the
recording of noise-equivalent absorption signals in the range
Kmin= 10−7–10−12.

In this paper we shall focus onspectral sensitivityLeff,
whose inverse is the second factor in (6), which also deter-
mines the detection limit. The spectral sensitivity of absorp-
tion can be enhanced in several ways:

(i) Free propagation of light in the atmosphere [8, 9] pro-
vides up to16 km absorption length. Such long-path meas-
urements, however, apply only to atmospheric extinction and
merely provide an average over the entire absorber length.

(ii) Multireflection cells [10, 11] allow some 100-fold ex-
tension of the effective absorber length. This factor is limited
by the loss of light at the mirrors, and by the necessity of
sufficient geometrical separation of the successively reflected
laser beams. With10 m base length of the cell, the effective
absorption length may be at most1 km.

(iii) Higher enhancement of the effective absorption path
length is accomplished by the method of cavity ringdown
spectroscopy [12]. Here, the absorber is placed inside a pas-
sive cavity, into which a short laser pulse is injected. From the
measured decay time of this pulse, the absorption is derived.
The effective absorption length is determined by the average
number of round trips of the light, and by the cavity lengthL.
With high-quality mirrors,70 kmhas been achieved [13].

(iv) Very high spectral sensitivity is obtained by intracav-
ity absorption spectroscopy (ICAS) with a multimode laser
whose homogeneously broadened gain exceeds the absorp-
tion linewidth [14–19]. In such a multimode laser, the broad-
band cavity loss is compensated by the laser gain. This laser
is equivalent to an undamped cavity with extremely high fi-
nesse,105–1010, which is limited by the perturbations of
light coherence only, for example, by spontaneous emission.
The emission spectrum of this laser is extremely sensitive to
narrow-line absorption in the cavity thanks to the enormous
effective absorption path length. The highest value recently
established with a cw Rh6G dye laser is70 000 km[20].

In this paper we present the most important results
achieved by theoretical and experimental studies of the ICAS
technique, and by its application. The principles of ICAS
are recollected in Sect. 1. Spectral dynamics of ideal multi-
mode lasers is introduced in Sect. 2. The high sensitivity of
the laser emission spectrum to intracavity absorption (ICA)
is explained in Sect. 3, and the fundamental sensitivity limit
to ICA is estimated in Sect. 4. Perturbations of the ideal laser
dynamics, such as quantum fluctuations, Rayleigh scattering
and mode coupling, and their influence on the sensitivity and

linearity of absorption measurements are discussed in Sect. 5.
Full-scale fluctuations of light in individual modes take place
as a result of weak mode coupling; they are analysed in
Sect. 6. The prerequisites for quantitative measurements of
absorption coefficients are outlined in Sect. 7. In the subse-
quent section, the combination of ICAS with noise reduction
is inspected. This combination allows simultaneous optimiza-
tion of both factors in (6), i.e. a multiplicative reduction of the
detection limit. The results obtained by ICAS with different
lasers, such asNd3+-doped glass laser, dye laser,Ti:sapphire
laser, colour centre laser, diode laser, doped fibre laser, and
optical parametric oscillator are reviewed in Sect. 9. The
specific potential for enhancing the sensitivity of ICAS meas-
urements is shown. Various practical applications of ICAS
based on its high sensitivity and high temporal resolution
are outlined in Sect. 10, and the ultimate spectral resolution
of ICAS is discussed in Sect. 11. Finally, the application of
single-modelasers for ICAS is shown in comparison to mul-
timode lasers in Sect. 12.

1 Principles of ICAS with multimode lasers

The principal features of ICAS with multimode lasers are
shown in Fig. 1. The laser cavity consists of two mirrors M1
and M2 and includes a medium of broadband gainG(ν) and
a sample with a narrow-line absorption spectrumκ(ν). The
sample is either confined in an absorption cell, or just placed
in an open part of the cavity. The foremost requirement for
the application of multimode ICAS is that the linewidth of
the absorber is smaller than homogeneous spectral broaden-
ing of the gain medium. Although the laser gain is made to
compensate broadband cavity loss such as the mirror trans-
mission, it is not affected by narrow-line ICA. The laser light
passes through the absorber many times, and ICA is accu-
mulated in its spectrum, as in a multipass cell. Additional
inhomogeneous broadening of the gain is beneficial, since
the spectral range for absorption measurements with a par-
ticular laser is broadened. However, if the absorber linewidth
equals or even exceeds the homogeneous gain broadening, the
spectral sensitivity of ICA measurements is far lower. This
case is equivalent to ICAS with a single-mode laser; it will
be discussed in Sect. 12. If not stated otherwise in the fol-
lowing, we assume that the condition of small bandwidth of
absorption holds which is necessary for sensitive multimode
ICAS.

For ICAS of gaseous samples whose linewidths are typic-
ally less than0.3 cm−1, many gain media are suitable. Lasers
having been successfully applied to ICAS include theNd3+
glass laser [14, 15, 21, 22], dye lasers [17, 23–25], colour
centre lasers [26–28], theTi:sapphire laser [29–31], diode
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Fig. 1. Schematics of measurements of intracavity absorption
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lasers [32, 33], doped fibre lasers [34], and other doped solid-
state lasers. Tuning the broadband laser emission to a spe-
cific spectral region is accomplished by wavelength-selective
elements in the cavity, such as a prism, a lens with chromatic
aberration, or a pellicle, by using specially coated cavity mir-
rors, or by adjusting the parameters of laser operation and the
cavity configuration.

The laser cavity has to be designed in such a way that
spectrally periodic loss due to light reflection or scattering
from all the optical elements in the cavity is small enough. Es-
pecially, one has to avoid optical components inside the laser
with parallel or nearly parallel surfaces. Since the laser emis-
sion is so sensitive to intracavity extinction, even scattering
on dust particles or imperfections of intracavity optical sur-
faces may be large enough to cause parasitic etalon fringes
in the laser output spectrum [25, 35]. If the fringe period is
comparable with the width of the absorption features in the
cavity, the spectral modulation may either mask the spectral
data completely or hamper a quantitative analysis. Fringes
with a period that differs significantly from the absorption
linewidth are harmless. In order to avoid etalon fringes the
laser mirrors are preferably made of thick substrates with
their back surfaces tilted by5◦ to 10◦. Optical windows inside
the cavity have to be thick and wedged. It should be noted that
even light reflected or scattered from etalons outside the cav-
ity can re-enter the cavity through the output mirror and cause
etalon fringes in the laser output. Undesirable spectrally peri-
odic structures in the averaged emission spectrum of the laser
can be reduced by periodic modulation of the positions of the
critical optical elements, for example by piezoelectric elem-
ents [35, 36]. The application of a unidirectional ring laser
for ICAS also reduces the spectral modulation of loss [37].
Special attention has to be paid to the orientation of bire-
frigent crystals in solid state lasers. The crystal axis must be
oriented parallel to the optical axis, or parallel to the elec-
trical vector of the light field in the cavity, such that the
birefringence of the crystal does not contribute to spectral loss
modulation [30].

The emission spectrum of the laser is typically measured
with a grating spectrograph and a multichannel recorder, for
example, a diode array, or a photographic plate. Usually, the
recording system does not resolve individual laser modes, and
the discrete spectrum of laser emission appears continuous,
I(ν), as schematically shown in Fig. 1. Time-resolved spectral
recording is required for calibration of the sensitivity of intra-
cavity absorption spectra. Temporal resolution is usually ob-
tained by pulse modulation of the pump power, for example,
by an acousto-optic deflector or by an electro-optic modu-
lator, such that the broadband laser is switched alternately
above and below the laser threshold. After a preselected time
interval measured from the onset of the broadband laser oscil-
lation, the laser output is deflected by a second acousto-optic
deflector for a short time interval on the entrance slit of the
spectrograph for detection [38]. Alternatively, the spectrum is
recorded continuously as a function of time by a mechanical
streak camera [21, 39], or by an optical multichannel analyser
with sufficient time resolution [30]. Fourier-transform inter-
ferometry may also allow for time-resolved spectral recording
of laser emission and ICA [40, 41]. This technique is espe-
cially useful in the infrared spectral range where conventional
diode arrays would be either not available, or very expensive,
and of poor quality.

The application of a monochromator [42] and a Fabry–
Pérot etalon [43] for stepwise recording the spectrum of laser
emission forfeits parallel data acquisition: the recording is
sequential, and instabilities of the total laser power are trans-
formed into equivalent spectral noise. With parallel spectral
recording, – i.e. by polychromator and diode array – instabil-
ities of the total laser power are not harmful.

An alternative way for recording broadband IR laser emis-
sion is up-conversion of IR light by mixing it in a nonlinear
crystal with monochromatic light [44]. The wavelength of the
up-converted light is adjusted by properly setting the wave-
length of the narrow-band laser. In this way, the IR emission
spectrum of the laser can be read out in the visible range
by conventional diode arrays. Moreover, the application of
a pulsed monochromatic laser for up-conversion acts as a time
gate and allows for time-resolved spectral recording [45].

Nondispersive techniques such as fluorescence [17],
photoacoustic [46], or optogalvanic spectroscopy [47] may be
applied to the recording of intracavity absorption as well. In
these variants, the same types of gases to be detected inside
the laser cavity have to be contained at high concentration in
the external fluorescent, photoacoustic, or optogalvanic cells,
respectively. ICA selectively quenches the broadband light
and makes the corresponding signal of the external cell de-
crease.

2 Spectral dynamics of multimode lasers

Many properties of multimode lasers and, in particular, the
temporal evolution of their emission spectrum and the re-
sponse to intracavity absorption are satisfactorily described
by rate equations for themean valuesof the photon numbers
Mq in the laser modeq, and for the laser inversionN [19].
In this section we neglect, for simplicity, the stochastic nature
of spontaneous emission, and the wave nature of the light, as
well as the coupling of laser modes – except by their common
gain. We assume that the gain is homogeneously broadened
only, and that the laser operates in the ideal four-level con-
figuration: the relaxation of the pump level to the upper laser
level, and of the lower laser level to the ground level is as-
sumed to be very fast compared with the relaxation from the
upper to the lower laser level. This situation appears, for ex-
ample, with dye lasers. The rate equations for such a laser
are

Ṁq =−γMq+ BqN(Mq+1)−κqcMq , (7)

Ṅ = P− AN−N
∑

q

BqMq . (8)

Here,γ is the broadband cavity loss,κq is the absorption co-
efficient of intracavity absorption at theq-th axial laser mode,
c is the velocity of light,P is the pump rate, andA is the rate
of spontaneous decay of the upper laser level. Laser inversion
equals the populationN of the upper laser level. Equation (7)
includes the mean value of the rate of spontaneous emission
BqN [48], which is considered the only perturbation of laser
dynamics in this approximation. The homogeneously broad-
ened laser gain, expressed as a rateBq of induced emission
per one inverted dye molecule and per one photon in modeq,
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is approximated by the Lorentzian profile

Bq = B0

1+
(

q−q0
Q

)2 , (9)

with the frequency variable scaled in units of the mode num-
bers,q= 2L/λq. Here,L is the length of the cavity, andλq is
the wavelength of the light in modeq. The maximum gain at
the central modeq0 is B0, and the spectral width of the gain
is Q (HWHM). The laser gainB0 is the product of the Ein-
stein coefficient for stimulated emission,B, and a factor that
depends upon the particular geometry of the laser beam in the
cavity.

Let us consider the spectral dynamics of a Rh6G dye laser
with typical parameters, such asA= 1.7×108 s−1, B0 =
10−2 s−1, γ = 1.5×106 s−1, i.e., 1% loss per round trip, the
spectral width of the gainQ= 2.5×105, andL = 1 m. After
the pump power is switched on att = 0, the laser dynamics
extends over four time regimes, characterized by subsequent
increasing saturation of different variables: (i) the laser in-
versionN, (ii) the total photon numberM =∑Mq, and (iii)
the photon numbersMq in individual laser modes, such that
finally (iv) the spectral output is stationary.

The laser dynamics in the first two regimes is analysed
under the assumption that the dye laser operates near the max-
imum of its spectral gain, and that the gain is approximately
constant over allm oscillating modes. Under these conditions,
rate (7) and (8) can be summed overq:

Ṁ =−γM+ B0N(M+m) , (10)

Ṅ = P− AN− B0NM . (11)

Thefirst time regime, t< tth, is characterized by the growth of
laser inversion as

N = ηNth
(
1−e−At

)
. (12)

Here,η is the normalized pump rateη = P/Pth, with Pth =
ANth being the threshold pump rate, andNth = γ/B0 being
the threshold inversion. In this time regime the inversion is
smaller than at the laser threshold,N< Nth, andM ∼= 0. The
duration of the build-up of laser inversion is about 1/ηA.

Thesecond time regime, tth < t < tM , is characterized by
the saturation of laser inversion at the intermediate quasi-
stationary levelN = ηNth. The total photon number in the
laser cavity grows exponentially as exp[(η−1)γt], until the
inversion is depleted to its final stationary valueN = Nth at
t = tM. At that time the total photon number approaches its
stationary value

Ms∼= A

B0
(η−1) . (13)

The numerical solutions of (10) and (11), forη= 2, are shown
in Fig. 2. The first time regime extends over4 ns, and the sec-
ond one over80 ns.

During t> tM , the total photon number in the laser cavity
M, and the laser inversionN, keep their stationary values,Ms

andNs, respectively. However, the spectral distribution of the
photon numbers among laser modes still continues to vary.
This spectral dynamics can be obtained by solving (7) and (8).
Figures 3 and 4 demonstrate, in 3-D representation, spectrally
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Fig. 2. Transient dynamics of the inversionN and of the total photon num-
bers M normalized by their stationary valuesNs and Ms in the cavity of
a Rh6G dye laser calculated according to (10) and (11)
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Fig. 3. Transient dynamics of the gain,BqN, calculated for the modesq of
a Rh6G dye laser at pump rateη= 2. B0 is the maximum gain at the central
modeq0, Q is the spectral width of the gain, andγ is the cavity loss
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and temporally resolved numerical solutions obtained for the
normalized inversionN/Nth and photon numbersMq/Mmax

0
in the laser modes. Laser parameters and time scale are as
in Fig. 2. Figure 3 shows the spectral dynamics of the laser
gain: The horizontal planeB0N = γ represents the level of
inversion required for compensation of the cavity loss. The
inversion above this plane represents positive gain for the in-
dicated laser modes. Since the inversion, in the second time
regime, is twice as large as the threshold inversion of the
central mode, laser emission grows exponentially within the
spectral range where the gain assumes at least half its max-
imum value, i.e. within its full spectral width, 2Q= 5×105.
Figure 4 demonstrates this growth in the central part of the
emission spectrum.

Figure 3 shows that laser inversion compensates the cavity
loss att> tM only for the central mode. Uncompensated loss
of other modes results in decaying emission. Since the total
laser power stays constant at that time (see Fig. 2), redistribu-
tion of the power from the distant modes to the central modes
takes place. This “spectral narrowing”, or “spectral condensa-
tion”, of the laser emission spectrum represents thethird time
regimeof the spectral dynamics. Let us assume, for a mo-
ment, that intracavity absorption is absent. With spontaneous
emission neglected, the photon number in modeq,

Mq(t)= Ms

√
γt/π

Q
exp

[
−
(

q−q0

Q

)2

γt

]
, (14)

is derived from (7)–(9). This transient spectrum has Gaussian
shape with the width (HWHM)

∆q(t)= Q

√
ln 2

γt
. (15)

The light emission has been numerically calculated
from (7)–(9) and is shown, vs. mode index and time, in Fig. 5
for up to 250 stime of evolution. The pump rate isη= 1.3,
and the spectral interval is 100 times smaller than the one in
Fig. 4. The third time regime, representing spectral conden-
sation, extends until some10 s. The subsequent saturation of
the spectral dynamics during the final temporal evolution is
caused by spontaneous emission.

Figure 6 shows the photon numberM0 in the central mode
q0 as a function of time. The logarithmic scale covers al-
most three orders of magnitude, and the time scale more
than 6 orders of magnitude. As expected from (14), the ini-
tial growth of the light power varies as the square root of
time. The spectral saturation timet0

s , required for reaching
stationary emission in the central mode, is defined from the
crossing of the straight line of initial growth, and the sta-
tionary value of the photon number. The data in Fig. 6 yield
t0
s = 9 s. Figures 4 through 6 show that the third time regime,

including the spectral redistribution of laser emission at con-
stant total power, extends over 8 orders of magnitude, i.e.
from tM

∼= 80 ns, to t0
s
∼= 10 s.

At t > t0
s , a fourth time regimeof the spectral dynam-

ics emerges. It is characterized by a stationary light distri-
bution, Ms

q, which is derived from (7)–(9) including sponta-
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Fig. 5. Transient dynamics of the emission spectrum, calculated for the
Rh6G dye laser at pump rateη= 1.3; the time scale is compressed by109,
and the spectral scale is expanded by102 as compared to Fig. 4. Photon
numbersMq are normalized to the stationary photon numberMs
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s is the spectral saturation time
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neous emission:

Ms
q =

Ms
0

1+Ms
0

(
q−q0

Q

)2 . (16)

Here, Ms
0 is the stationary photon number in the central

modeq0. After normalization by
∑

Ms
q = Ms, and using (13),

we obtain

Ms
0 =

(
Ms

πQ

)2

= A2(η−1)2

π2B2
0Q2

. (17)

According to the above definition, the spectral satura-
tion time of theemissioninto the central mode is obtained
from (14) and (17), assumingM0(t0

s)= Ms
0, as

t0
s =

A2(η−1)2

B2
0Q2π3γ

= Ms
0

πγ
. (18)

Substituting the parameters of the Rh6G dye laser (withη =
1.3) we obtaint0

s = 9 s, which agrees with the value resulting
from the numerical data that are plotted in Fig. 6.
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The stationary laser spectrum in (16) has Lorentzian
shape, with the width (HWHM)

∆qs= Q√
Ms

0

= πB0Q2

A(η−1)
. (19)

The stationary emission bandwidth calculated with the laser
parameters of Fig. 5 is remarkable:∆qs= 39 modes. It has
been conjectured that one laser mode only survives owing
to mode competition if the gain is homogeneously broad-
ened [49]. This conclusion would indeed hold if spontaneous
emission were considered very weak and, therefore, meant to
be neglected. Then, the condensation of the laser spectrum ac-
cording to (14) would continue till finally one laser mode sur-
vived. However, spontaneous emission, even if much smaller
than induced emission, cannot justifiably be neglected since it
limits the spectral condensation, and defines the spectral sat-
uration time, the width of the stationary emission spectrum,
and the spectral width of individual laser modes [50].

Stationary inversion,Ns, derived from (7) is determined
by the mode with the smallest net loss. In the above simple
model, it is the central mode, and

Ns= γ

B0

(
1− 1

Ms
0

)
. (20)

This expression shows that the laser gainB0Ns in the station-
ary state is always exceeded by the cavity lossγ , even for the
strongest mode: the loss in the cavity is compensated by the
laser gain,andby spontaneous emission.

3 Sensitivity to intracavity absorption

Narrow-band intracavity absorptionκq causes additional loss
in the corresponding laser modes and, as a consequence, ex-
ponential decay of the photon numbers as compared with the
undisturbed laser mode. The solution of rate equations (7)
and (8) in the third time regime, (14), is modified by ICA to
yield

Mq,κ(t)= Mq(t) exp(−κqct) , (21)

which is equivalent to the Lambert–Beer law, (1), where the
absorption path length is substituted by the effective absorp-
tion path lengthLeff = ct.

In order to demonstrate the effect of ICA on the spec-
tral laser dynamics and the stationary state, we have numer-
ically solved the rate equations (7)–(9), with the inclusion
of a weak absorption line. The absorption coefficient has
been set toκ0 = 1.2×10−12 cm−1, and its spectral width to
∆q= 2 (HWHM) in the centre of the gain spectrum. Such
an absorption line corresponds to the Doppler-broadened
(T = 20 K) transition3S1/2→ 3P3/2 in sodium with the dens-
ity 0.05 cm−3. The modified spectral laser dynamics is shown
in Fig. 7, where the laser parameters are the same as in Fig. 5,
except for ICA. In order to spectrally resolve the absorption
line, the frequency scale in Fig. 7 is expanded again, such that
only 100 central modes are left over. Indeed, Fig. 7 shows the
absorption signal in the centre of the emission spectrum. This
signal initially increases with the duration of laser emission,
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Fig. 7. Transient dynamics of the emission spectrum calculated for the
Rh6G dye laser, as in Fig. 5, but with ICA line of absorption coefficient,
κ = 1.2×10−12 cm−1 at q= q0. Photon numbersMq are normalized by the
stationary photon number in the strongest modes,q0±5
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Fig. 8. Absorption signalK in the modeq0, vs. duration of laser emission,
calculated from the spectrum in Fig. 7;ts is the spectral saturation time of
absorption

and finally saturates to its stationary spectral shape. Accord-
ing to (3) the value of the absorption signalKq in modeq is

Kq = ln
Mq

Mq,κ
, (22)

where the number of photons in modeq is Mq,κ in the pres-
ence of ICA, andMq in the absence. The valueMq may be
estimated by determining the number of photons in one of the
neighbouring modes that is not modified by the absorption.
As a result, the difference of the net loss in the cavity at the
wavelengths of the corresponding laser modes is derived.

Figure 8 shows the absorption signalKq of the modeq0,
due to ICA, corresponding to Fig. 7. The absorption signal
grows linearly, with the duration of laser emission during
the initial stages of laser operation, as expected from (21)
and (22),

Kq = κqct . (23)

The absorption signal is estimated by taking the photon num-
bers in the modeq0 for Mq,κ , and in modeq0+5 for Mq.
Since the modeq0+5 still suffers the residual ICA absorp-
tion 0.14κ0, and its gain is smaller by 0.05κ0, the resulting
absorption signal corresponds to the loss differenceκ = κ0−
κ5 = 1×10−12 cm−1. The solid line in Fig. 8, an extrapola-
tion of the linear fit of Kq in the initial stage, shows the
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temporal evolution of this absorption signal, expected with
the linear dependence of (23), which holds up to20 s. After-
wards, the absorption signal saturates to its stationary value.

4 The fundamental limit of sensitivity

The mean stationary mode distribution of the photon num-
bers in the laser with ICA is calculated analytically, like (16),
from (7) and (20) atṀ = 0:

Ms
q,κ =

Ms
q

1+ cκqMs
q

γ

. (24)

With this result, the stationary absorption signal in modeq is
calculated from (22) as

Ks
q = ln

(
1+ κqcMs

q

γ

)
. (25)

When intracavity absorption is weak, such thatKs� 1, (25)
becomes

Ks
q
∼= κqcMs

q

γ
. (26)

Extrapolation of the linear time dependence in (23) to the sta-
tionary solution in (26) yields the spectral saturation timets of
theabsorption signal,

ts=
Ks

q

cκq
= Ms

q

γ
, (27)

which determines the effective absorption length,

Leff = cts=
cMs

q

γ
, (28)

achievable in the detection of ICA under cw operation. This
quantity characterizes the laser dynamics, not the measured
absorption line, and is thefundamental sensitivity limit. It is
the same for all absorption lines small enough and situated
in the same part of the laser output spectrum. Note that (27)
can be used for the calculation ofts in order to evaluate the
absorption in the laser spectrum. In contrast,t0

s of (18) is the
spectral saturation time ofemissionin the central laser mode.
According to (18) and (27), the spectral saturation times of
emission and absorption at the central modeq= 0 are related,
but differ: ts= πt0

s .
At the central mode, the effective absorption length, ac-

cording to (17) and (28), is

Leff = A2(η−1)2c

π2B2
0Q2γ

= G(η−1)2 , (29)

whereG= (A/πBQ)2c/γ is the effective absorption length
at the pump rateη= 2, which is a specific value for the laser
used. The duration of laser emission required to exploit this
sensitivity ists= Leff/c. With the Rh6G dye laser in the above
example,G= 9.4×107 km. At η= 1.3, we expect to reach
Leff = 8.37×106 km, which is 20 times the distance from
Earth to Moon. The corresponding spectral saturation time is

ts= 28 s. Estimates by (29) are valid for weak absorption sig-
nals, for mirrors with a flat spectral profile of reflection, and
with no additional selective elements in the cavity reducing
the emission bandwidth.

Strong ICA, such as in Figs. 7 and 8, modifies the emis-
sion spectrum, and (17) and (26) do not hold any more. The
different photon numbers in laser modes at the centre and on
the wing of an absorption line saturate after different times.
An estimate of sensitivity, by (28), for a strong absorption line
should involve aneffectivephoton number [51],

Meff = Ms
q

Ks
q

exp(Ks
q)−1

= Ms
q,κ

Ks
q

1−exp(−Ks
q)
, (30)

which is an intermediate value between the photon numbers
in the compared modes. The spectral saturation time deter-
mined in Fig. 8 from the results of numerical calculations is
about20 s. This result complies well with the value of the
effective photon number in this line,Meff = 0.7Mq.

Equation (29) allows the estimation of the fundamen-
tal limit of sensitivity to ICA obtainable with other lasers.
For instance, with aTi:sapphire laser [30]G= 1.3×109 km
(A= 3×105 s−1, B0= 2×10−6 s−1, γ = 1.5×106 s−1, Q=
6×105, L = 1.85 m), and with GaAlAs diode laser [32]
G = 2.5×102 km (A= 109 s−1, B0 = 10 s−1, γ = 109 s−1,
Q= 3.5×104, L = 0.7 m).

5 Perturbations of laser dynamics

The fundamental sensitivity limit is expected to grow with the
pump rate according to (29). However, experiments show that
the sensitivity of various lasers does not obey this prediction.
Only diode lasers have proven so far to show this funda-
mentally limited sensitivity [32, 52]. Figure 9 [53] shows the
sensitivity to ICA of various lasers measured as a function
of pump power. The sensitivity is expressed as the effective
length of absorption,Leff, determined from the spectral sat-
uration timets that was recorded in experiments. In contrast
to diode lasers, solid-state lasers, such asTi:sapphire [29, 30]
and doped fibre lasers [34, 54], show almost no dependence of
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their sensitivity upon the pump rate. Moreover, the sensitiv-
ity to ICA achieved with dye lasersdecreaseswith the pump
rate [55, 56].

According to the observed performance we conclude that
the sensitivity of multimode lasers to ICA is limited by qual-
itatively different kinds of perturbation of the laser dynamics.
The effect of these perturbations can be analysed by includ-
ing individually modelled ratesXq of perturbation of the laser
emission in the rate (7),

Ṁq = (−γ + BqN−κqc)Mq+ Xq . (31)

If no rate of perturbation exceeds that of spontaneous emis-
sion,Xq = BqN, according to (7).

The mean stationary spectral distribution of laser emis-
sion is obtained from (31) aṫM = 0,

Ms
q,κ =

Xq

γ − BqNs+κqc
. (32)

With this result the stationary absorption signal in modeq is
calculated from (22) as

Ks
q = ln

(
1+ κqc

γ − BqNs

)
. (33)

The stationary inversionNs is determined by the laser modes
with maximum net gain; it is calculated from (31) atκq = 0:

Ns= γ

B0
− Xq

B0Ms
0

. (34)

When intracavity absorption is weak, such thatKs� 1, (33)
becomes

Ks
q
∼= κqcMs

q

Xq
. (35)

Extrapolation of the linear dependence in (23) to the station-
ary solution in (35) yields the characteristic time of spectral
saturation,ts= Ms

q/Xq, and the effective absorption length

Leff =
cMs

q

Xq
. (36)
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Fig. 10. Limitation of ICAS sensitivity by three mechanisms of pertubation
included in the model. The range of parameters accessible in the measure-
ments is indicated

The sensitivity limit of absorption measurements ex-
pressed in (36) depends upon the rate of the particular per-
turbation of the laser light,Xq. We consider now three types
of perturbations, whose effects depend in qualitatively differ-
ent ways on the strength of the intracavity light, and whose
respective dominance is schematically shown in Fig. 10.

5.1 Spontaneous emission

The perturbation by spontaneous emission,Xq = BqN, is
fundamental and present in all lasers. It has been included
before even in the simplified model. Under stationary laser
operationBqNs∼= γ , and the sensitivity to ICA grows with
the pump rate, which complies well with the performance of
diode laser (Fig. 9). Their sensitivity rises with the pump rate,
at least close to the threshold,η < 1.05 [52]. However, their
achieved sensitivity is poorer than that of other laser types:
the high intrinsic loss and low output power of diode lasers
are responsible for their low sensitivity. In this type of laser,
the dominance of spontaneous emission is brought about by
the high internal loss in the laser diode. Other lasers show
far smaller loss and, therefore, less gain and a higher fun-
damental limit of their sensitivity. The specific perturbation
of coherence by spontaneous emission is enhanced in lasers
whose modes are non-orthogonal [57]. This enhancement is
rather strong in lasers with unstable cavities.

5.2 Rayleigh scattering

Rayleigh scattering of the laser light off local fluctuations of
density and temperature in a dense gain material shifts the fre-
quency and the phase of a fraction of the light in the cavity
modes. Since the frequency shift is small, the scattered light
remains in the same mode and disturbs the phase coherence
of the light [58]. The rate of perturbation of the laser is ex-
pressed by the fractional rate of scattered lightXq = RMs

q,
with R being the rate of scattering into the laser mode. Ac-
cording to (36), the spectral sensitivity,

Leff = c/R, (37)

is now independent of the pump power. Whenever Rayleigh
scattering is assumed to be the dominant perturbation, the
sensitivity to ICA is not expected to vary with the pump rate
and photon numbers in laser modes, as shown in Fig. 10. Such
a performance has been observed with solid-state lasers, for
example,Ti:sapphire and fibre lasers that have a long and
dense gain medium. In a good fibre, the loss by Rayleigh
scattering at1.1µm is aboutδ = 0.4 dB/km [59]. If we as-
sume that all the scattered light acts as perturbation, then
R∼= 0.23δc= 2.8×104 s−1. According to (37) the spectral
sensitivity amounts toLeff = 1/0.23δ= 11 km. If the fibre
fills only part of the cavity length, the spectral sensitivity is
higher, as the rate of Rayleigh scattering per round trip of
the laser is cut down. The spectral sensitivity ofNd3+- and
Yb3+-doped fibre lasers to ICA is found to be in the range
10–130 km [34, 54] (see also Fig. 9). These data prove the
dominance of Rayleigh scattering on the spectral sensitiv-
ity of fibre lasers. A short gain medium in the cavity helps
in general: A typicalTi:sapphire laser whose gain medium
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fills a smaller fraction of the cavity length, as compared with
a fibre laser, shows respectively higher sensitivity.

The effect of Rayleigh scattering in a rhodamine 6G
dye laser has been simulated by re-injection of part of the
frequency-shifted laser light into the cavity [50]. The strength
of this optical feedback is controlled by making the light
pass filters of suitable optical density. Increased feedback has
been shown to reduce the sensitivity and broaden the emission
bandwidth. This observation confirms Rayleigh scattering as
a potentially effective perturbation of laser coherence.

5.3 Nonlinear susceptibility

The highest sensitivity to ICA has been obtained so far with
a cw dye laser [20, 60, 61]. The width of the dye jet takes
such a small portion of the cavity that the effect of Rayleigh
scattering is almost absent. Now, the sensitivity is limited
by one of variousthird-order nonlinearities. This perturba-
tion may be expressed byXq = D(Ms

q)
2, whereD is a field-

independent function of the relevant nonlinear susceptibil-
ity [56], if the mode amplitudes are considered uncorrelated.
According to (36), the spectral sensitivitydecreaseswith in-
creasing light power in the mode,

Leff = c/DMs
q , (38)

which is schematically shown in Fig. 10. The variation of the
spectral saturation time upon the pump rate is weaker, how-
ever, than that upon the photon number in the mode, since the
emission bandwidth also grows with the pump rate. The pho-
ton number in the central mode is calculated, as a function
of the pump rate, from (13) and (14) by settingt = t0

s . We as-
sume that relationt0

s = ts/π, derived in Sect. 4 in the case of
perturbation by spontaneous emission only, holds. Substitut-
ing ts= 1/DMs

q one derives the spectral sensitivity from (38)
as function of the pump-rate excessη−1,

L0
eff = c

(
π2B2

0Q2

A2D2γ

)1/3
1

(η−1)2/3
. (39)

The actually measured sensitivity is assumed to deviate from
this equation since (14) is valid only under the idealizing ap-
proximation that the net cavity gain equals the single-pass
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Fig. 11. Sensitivity of a cw dye laser,Leff, and spectral saturation timets
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spectral gain. However, the effective gain turns out modified
by spectrally selective reflection of the laser mirrors, and by
atmospheric ICA lines. Moreover, mode amplitudes might be
correlated by nonlinear coupling. In fact, the spectral sensitiv-
ity of the dye laser in Fig. 9 decreases with increasing pump
rate atη > 1.05. At lower levels of the pump rate the sensi-
tivity saturates to the constant valueLeff

∼= 30 000 km. This
value is three orders of magnitude higher than the sensitiv-
ity obtained with a fibre laser, and two orders of magnitude
higher than that of aTi:sapphire laser. This enormous differ-
ence of sensitivities corresponds to different filling factors of
the gain medium in the cavity which are10%–50% in a fibre
laser,1%–2% in a Ti:sapphire laser, and0.005% in a dye
laser.

Figure 11 shows data of the spectral saturation time,
measured in a Rh6G dye laser, versus the pump-rate excess,
in the range 0.06≤ (η−1) ≤ 3, for 2%, 4%, and9% loss
per cavity round trip. The cavity loss has been varied by the
mirror transmission. The spectral sensitivity varies upon the
pump rate as(η−1)x, with x in the range from−0.6 to−0.8,
which reasonably agrees with (39).

5.4 Mode coupling

Particularly harmful to the attainment of good spectral sen-
sitivity is any interaction that efficiently couples the laser
modes. Major contributions to mode coupling in a solid-
state or liquid laser arise from the nonlinearities of the ac-
tive medium and the saturated gain. An incident pair of light
waves of different frequencies generates a material excitation
at its beat frequency; in turn, the material excitation interacts
with each of the incident waves and induces dielectric polar-
izations whose frequencies are shifted away from that of the
incident waves by the beat frequency. This coupling generates
four-wave mixing of the light. If only two light modes are in-
volved, the four-wave mixing is degenerate and gives rise to
spatial hole burning. In a multimode laser, however, there are
many light waves of different frequencies corresponding to
the longitudinal cavity modes. Each pair of these light waves
reads out material excitations, created byall other pairs of
light waves with the same beat frequency. Hence, stimulated
scattering in a multimode laser entails degenerateandnonde-
generate four-wave mixing.

The most important nonlinearities governing the dynam-
ics of multimode dye lasers and reducing their sensitivity to
ICA are mode coupling by four-wave mixing viastimulated
Brillouin scattering (SBS) [56, 62, 63], and viapopulation
pulsations(PP) in the gain medium [63–68]. These nonlin-
earities have been modelled using various levels of simplifi-
cation: SBS was described as incoherent scattering of photons
between cavity modes [56, 62], four-wave mixing by PP only
in the degenerate case of spatial hole burning [17, 69–71].
Later it was shown that the effect of spatial hole burning
alonedoes not match, in a cw dye laser with a thin jet, even
the sensitivity-reducing effect of spontaneous emission [25],
whereas either the additional consideration of quantum fluc-
tuations [72], or the inclusion of temporal PP gives rise to
substantial loss of sensitivity [66]. All these models, marred
by incomplete accounting of four-wave mixing, underesti-
mate the actual effect of mode coupling on the sensitivity of
dye lasers to ICA.
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Adequate modelling the effect of mode coupling on the
multimode laser dynamics requires full numerical evaluation
of four-wave mixing via SBS and PP including light phases
and quantum fluctuations [63]. This laser model makes use of
complex light amplitudes,aq, such that nonlinear scattering
is described in terms of general four-wave mixing driven by
the intermode beat notes, and of phase-dependent scattering
Sr [63, 73]. Thus, any possible mechanism, in particular SBS,
PP, and the effects of electronic nonlinearities, is represented.
For simplicity we consider a class A laser, for example a dye
laser, where inversion and polarization can be adiabatically
eliminated on the long time scale of the evolution of laser
light. The equation of motion of the light amplitudes in a mul-
timode dye laser is

ȧq = 1

2
(BqN−γ −κqc)aq+ fq

+ 1

2

∑
r

Sr aq+r

∑
p

Rp−q,r a
∗
p+r ap . (40)

Here,Rp,q,r is the spatial correlation of laser modesp, q, and
r . Quantum fluctuations are described by the Langevin force
fq that is normalized as

〈 fq(t)〉 = 0 ; 〈 f ∗p (t) fq(t
′)〉 = γδ(t− t ′)δp,q , (41)

such that (40) is transformed to (7) atS= 0 by settingMq =
aqa∗q . The scattering function, defined for the dominant pop-
ulation pulsations [63] is

S(PP)
r = γB0

ηA− iωr
. (42)

Numerical simulations have revealed characteristics of the
multimode laser dynamics that derive from population pulsa-
tions: the strength of the pulsations varies in proportion with
the cavity loss, as expected from (42), the power in individual
laser modes is low-frequency modulated, and the intermode
beat notes become suppressed. The appearance of these phe-
nomena has been confirmed by recording the spectral laser
dynamics of a cw Rh6G dye laser [63, 73]. Figures 9 and 11
show the reduction of the sensitivity to ICA, measured with
this laser, as the pump rateor the cavity loss increases. On the
other hand, simulations performed of the laser dynamics with
perturbation by mere SBS, shownodependence upon the cav-
ity loss. This result proves that the dominant nonlinearity in
a Rh6G dye laser of the typical parameter values listed in
Sect. 2 is PP. In a unidirectional ring laser this nonlinearity is
smaller than that of a standing wave laser with the same pa-
rameters. However, the additional optical elements required
for the achievement of unidirectional propagation increase the
cavity loss and overall PP. As a result, the perturbations by
four-wave mixing in a standing-wave laser and in a unidirec-
tional ring laser in fact are comparable in strength.

The parametric variation of the effects of four-wave mix-
ing, spontaneous emission, and Rayleigh scattering in a cw
dye laser may be plotted in a two-dimensional diagram as
in Fig. 12. It separates the regions, in parameter space of
loss and pump rate, where a particular phenomenon is re-
sponsible for the limitation of sensitivity of the laser to ICA.
These regions are identified from the results of the com-
puter simulations, taking into account just one phenomenon
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Fig. 12. Parameter regions of dominant limitations of sensitivity of a dye
laser by spontaneous emission (SE), Rayleigh scattering (RS), stimulated
Brillouin scattering (SBS), and population pulsations (PP)

at a time. The simultaneous action of PP and SBS may mod-
ify the position of the line of equal strength of PP and SBS
in the diagram due to quenching of the beat notes of the
light by PP. In contrast, SBS depends upon the beat notes
a∗p+qap, see last term of (40), but it does not react on them.
The region where Rayleigh scattering is dominant represents
the area of constant maximum sensitivity. It is enclosed by
dashed lines that indicate an arbitrarily selected strength of
Rayleigh scattering. If Rayleigh scattering is small enough,
this area disappears and the highest sensitivity is reached at
the merger point of the boundaries of the three areas SBS, PP,
and SE.

The inclusion of dispersion into the model causes loss of
sensitivity in the weak-dispersion regime, but growth at high
enough dispersion. This anomaly complies well with the re-
sults of experiments [60]: the sensitivity has been shown to
grow when the weak dispersion in the cavity owing to the
presence of the gain medium and other optical elements is
compensated by four prisms as compared to the laser without
such compensation. Still further enhancement of the sensi-
tivity, up to the fundamental sensitivity limit, is possible in
a strongly dispersive cavity. However, the inclusion of ad-
ditional dispersive elements in the cavity for sensitivity en-
hancement is again traded off by higher cavity loss that causes
in turn some loss of sensitivity.

In solid-state lasers, four-wave mixing by the temporal
part of PP is reduced in general by a much longer lifetime of
the upper laser level. On the other hand, the active medium in
a solid-state laser is usually longer than that of a dye laser, and
four-wave mixing by the nonlinear electronic susceptibility
must be taken into account.

Sensitivity quenching also results from the modulation of
the pump laser by frequency components equal to the mode
spacing of the laser [74, 75]. This modulation results from
technical noise, or from self-mode-locking in the pump laser.
In the latter case, corresponding modulation of the gain takes
place. This modulation produces sidebands of the laser modes
on the spectral positions of their neighbouring modes. There-
fore, energy transfer takes place from the original modes to
those neighbouring ones. The transfer rate varies as the pho-
ton number in the laser modes, and it can be formally treated
in a similar way to Rayleigh scattering and be included inR
of (37).

The identification of particular factors that limit the sen-
sitivity in each type of laser allows one to optimize the laser



181

parameters for the most precise, sensitive, and reliable detec-
tion of ultra-weak or extremely rarefied absorbers.

6 Light fluctuations in laser modes

Except in the preceding Sect. 5.4, we have dealt with the
dynamics of a multimode laser described in terms ofmean
valuesof the light flux in individual laser modes. Rate equa-
tion (7), for example, characterizes the mean values of photon
numbers in the laser modes corresponding to experimental
data averaged over many laser pulses, or over long integration
time of cw operation. However, the weakness of mode coup-
ling and the concomitant sensitivity to perturbation leaves this
system susceptible to large variation of the light flux in indi-
vidual laser modes. These fluctuations are described by (40),
which takes into account stochastic excitation of the laser
modes by spontaneous emission. In case of negligible mode
coupling,S= 0, the trajectories of a mode signal exhibit full-
scale quantum fluctuations [76, 77]. The autocorrelation time
of these fluctuations,tq, coincides with the spectral satura-
tion time ts if determined by spontaneous emission only; it
is a few seconds according to (27). Under the influence of
quantum fluctuations the laser is expected to show stochastic
evolution [78].

The mean period of fluctuations observed with a dye laser
is about1 ms. Figure 13 shows photographically recorded
spectrochronograms of the output of a cw multimode Rh6G
laser at0.5 GHzspectral resolution, for various values of the
pump rate,η [79]. The spectrochronograms represent emis-
sion spectra of the laser, along the ordinate direction, which
have been sequentially recorded, by a mechanical streak
camera, in the abscissa direction. The length of the two-
mirrors cavity was15 cm, and the1-GHz mode spacing is
well resolved. The time resolution of these measurements
is about10µs, and the horizontal lines represent individual
laser modes. The emission in the laser modes indeed exhibits
full-scale fluctuations. The autocorrelation time of these fluc-
tuations, about1 ms, is much shorter than that of quantum
fluctuations, some20 s, and it decreases as the pump rate in-
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Fig. 13.Spectrochronograms of the output of a cw Rh6G laser at high spec-
tral resolution, for various values of the pump rate,η. The horizontal lines
are individual laser modes separated by1 GHz [79]

creases, in contrast to quantum fluctuations, see (27). These
short-time fluctuations result from nonlinear mode coupling
that causes redistribution of the energy among the modes,
with quantum fluctuations acting as the drive [63]. The time
scale of the actual fluctuations is determined by the strength
of mode coupling, i.e. by the last term on the right-hand
side of (40). The short autocorrelation time of the fluctuations
observed in the experiment corresponds to a short spectral
saturation time, and to reduced sensitivity to ICA. This laser
dynamics reveals the type and strength of mode coupling:
dominating quantum fluctuations or mode coupling leave it
stochastic or chaotic [80–82], respectively, the latter type of
dynamics usually with a small number of effective degrees of
freedom. Even regular dynamics is observed at very strong
mode coupling [83].

The data of Fig. 13 demonstrate that the recording of
a single laser spectrum at an arbitrary moment of time with
high enough spectral resolution shows the absorption spec-
trum superimposed with enormous modal noise, such that the
absorption is hardly identified. Averaging cancels the fluctua-
tions, but not the absorption spectrum. As an example, Fig. 14
shows the emission spectra ofn (1< n< 1024) superimposed
light pulses of aLiF:F+2 laser [84]. The pulse duration of this
laser,300 ns, is much shorter than the expected autocorrela-
tion time of modal fluctuations. The cavity length is25 mm,
and the resolution of the spectrograph is just enough to re-
solve individual modes separated by6 GHz. The single-pulse
record (n= 1) shows large spectral fluctuations of the modal
intensity, since the distribution of photon numbers in individ-

256
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899.17902.59906.91

Wavelength (nm)

Fig. 14. Densitograms of photographically recorded spectra ofn superim-
posed pulses of a colour centre laser. Cavity lengthL = 25 mm. Wavelength
values of some ICA lines of water vapour are indicated [84]
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ual modes obeys an exponential law [76]. The accumulation
of light over many pulses reduces these fluctuations to such
a low level that finally, atn= 1024, the intracavity absorp-
tion lines of atmospheric water appear. The deviations of the
spectral flux from its mean value in multi-pulse spectra show
a Gaussian distribution. The width of this distribution varies
as in any random process, namely as the square root of the
number of averaged laser pulses. Atn= 1024, the amplitude
of the spectral noise,∆Mq

∼= 0.03Mq, complies well with the
last spectrum in Fig. 13.

Reduction of the spectral noise is achieved by integrating
the signal over many laserpulses, as well as by integrating
the signal over many lasermodesor, in cw laser operation,
by integrating the emission over atime interval much longer
than the autocorrelation time of modal fluctuations. Thus, re-
duction of spectral noise is feasible by the increase of the
number of oscillating laser modes upon extending the cavity
length, if spectral resolution remains invariant. When meas-
uring the absorption of water vapour at atmospheric pressure,
the linewidth is about5 GHz. With a 3-m laser cavity, 100
modes are averaged by the spectral recording of such a line
by one laser pulse, and this recording would show10% noise.
Additional averaging, say, over0.1 sat ts= 1 ms, reduces the
spectral noise to1%. Averaging over transverse modes, if
excited in the laser, would additionally quench the spectral
noise.

7 Quantitative measurements by ICAS

Various strategies exist for quantitative measurements of ICA
strength. We shall discuss here three most important vari-
ants: (i). Measurement of the absorption signals in the fourth
time regime, i.e. under cw operation, when the laser emission
spectrum is stationary. In this case, the calibration of the sen-
sitivity to ICA is accomplished by recording the laser spectral
dynamics and deriving the spectral saturation timets. Alterna-
tively, the sensitivity may be calibrated by an ICA line whose
absorption is known. (ii). Measurement of the absorption sig-
nals in the third time regime – i.e., under progressing spectral
evolution – by means of a laser with well-defined pulse du-
rationt� ts. Here the absorption signal is determined by the
time elapsed after the onset of laser oscillation, according
to (23). (iii). Measuring ICA by a multimode laser with mod-
ulated gain.

7.1 Continuous recording

The first method of quantitative measurements under con-
tinuous laser operation, requires one to know the spectral
saturation time. The absorption coefficient is then derived, ac-
cording to (27), from the stationary absorption signalKs

q:

κq =
Ks

q

cts
. (43)

Although this type of measurements offers the highest
sensitivity available with a particular laser, its accuracy suf-
fers from the potential instability of the laser parameters:
pump power, spectral position of the emission, laser thresh-
old, cavity loss, etc. In particular, the spectral saturation time
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Fig. 15. Transient spectral dynamics of a Rh6G dye laser (L = 68 cm, γ =
5.4×106 s−1, B= 2.6×10−2 s−1) with intracavity atmospheric absorption
recorded at pump rateη= 1.1 [50]

has to be controlled during the measurement, as may be done
by recording the laser spectral dynamics, or by measuring the
value of the absorption signalKs

q corresponding to a cali-
brated absorption line in the laser cavity.

The recording of the spectral dynamics of a Rh6G dye
laser by ICA is demonstrated in Fig. 15 [50]. In this experi-
ment, an argon pump laser is switched by means of an electro-
optic modulator (EOM). Transient emission spectra of the
dye laser are recorded with a spectrograph and a diode array
by synchronizing the0.3-ms-long reading cycles of the diode
array and switching the laser. Every 32nd reading cycle of the
diode array triggers the control signal of the EOM that stops
the laser emission. The following reading cycle again triggers
the EOM and starts the laser emission. As a result, the laser
power is interrupted for one reading cycle of the diode array,
and else is kept constant for a series of 31 subsequent read-
ing cycles. The background noise signal accumulated by the
diode array when shutting off the laser is subtracted from all
the following 31 records. The signal obtained during then-th
reading cycle represents the emission spectrum of the laser
at delay timetn measured from the laser start up through the
centre of then-th reading cycle. The records have been aver-
aged temporally over 128 series of cycles and spectrally over
9 longitudinal laser modes that contribute to the signal on
each photodiode. Spectral noise is reduced to less than3% by
this averaging. Figure 15 shows, in a 3-D display a sampled
set of spectra recorded at stepwise increasing the time delay
tn after the onset of laser oscillations. The spectral conden-
sation of the laser output and the more and more increasing
notches of the absorption dips that evolve according to (14)
and (21) are recognized in the initial stage of laser dynamics.
At the end of the recording, however, the spectral distribution
is found stationary.

From the recorded dips the absorption signal is calculated
using (22). The signal of the line atλ= 587.224 nmis shown
in Fig. 16. Whereas the residual photon numberMq,κ is rep-
resented by the signal in the centre of the absorption dip, the
reference valueMq is obtained from the mean value of the
signal of the diode array far enough on both wings of the ab-
sorption line. The data in the first phase of the evolution, at
t< 3 ms, obey a linear fit,Kq(t)= κqct (23). This fit provides
us with the value of the absorption coefficient in the centre of
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Fig. 16. (5): Absorption signalK due to the water absorption line atλ=
587.178 nmin the output spectrum of the Rh6G dye laser, and (◦): square
of laser fluxM2

max in the maximum of the spectrum calculated from the data
in Fig. 15, vs. the duration of the laser emission.t0

s , ts: spectral saturation
times of emission and absorption, respectively

the measured absorption line, hereκq= 1.15×10−8 cm−1. At
t> 5 msthe absorption signal saturates to the stationary value
Ks

q. The crossing of the lineKq(t)= Ks
q with the initial line of

finite slope yields the spectral saturation timets. In this par-
ticular example,ts= 3.3 ms. Note that varied parameters of
the laser make the spectral saturation time vary within a wide
margin, for example from200µs [24] to 230 ms[20].

The square of the light power in the centre of the emission
spectrum is shown in Fig. 16 as well. As expected from (14)
this quantity initially grows linearly with time. The spec-
tral saturation time of emissiont0

s required for reaching the
stationary emission in the central mode is3.4 ms. In this
particular example it is just slightly higher thants, as it is
with most dye lasers. However, in general the spectral satu-
ration time of light emissiont0

s may differ substantially from
the corresponding timets of absorption, which is responsi-
ble for the sensitivity to ICA. It was shown above that with
quantum-limited sensitivityt0

s = ts/π (see (18) and (27)). In
a Ti:sapphire laser, for example,t0

s may far exceedts, see
Sect. 9.3. Therefore, the derivation of the sensitivity to ICA
from the measured saturation time of spectral narrowing of
the laseremissionis unreliable [31].

The spectral laser dynamics can be recorded also when
a shutter in the output beam of the dye laser, for example,
an acousto-optic modulator synchronized with the pump laser
pulse, admits only a short pulsed fraction of the laser light to
the diode array [38]. By varying the time delay of the gating
pulse, this technique records data during the evolution of the
spectra, from which all the relevant quantities are extracted.
However, the procedure requires longer time to get results
comparable with the above method, since parallel record-
ing is replaced here by sequential recording. Photographic
recording of the laser spectral dynamics is an alternative, for
example, by combining the spectrograph with a mechanical
streak camera [21, 79, 83].

7.2 Pulsed operation

The second method of quantitative absorption measurements
is convenient when maximum sensitivity is not required. The
recorded laser pulses of lengthτ extend inside the third
regime of the spectral laser dynamics, and usuallyτ� ts. The
spectral recording is done in one of two ways:

(i) The simplest procedure is time-integrated spectral
recording of the laser emission by a photographic plate [85],

a diode array [61, 86], or stepwise by a single photodetec-
tor [87]. The absorption signal is integrated over the total
duration of the laser pulse and, for reduced noise, over
many pulses. The value of the recorded absorption sig-
nal depends as much on the duration of the laser pulse
as on the particular temporal evolution and spectral dis-
tribution of the laser output. If the spectral power density
does not vary in time near the absorption line, the absorp-
tion coefficient isκq = Kq/2ct, as derived from integra-
tion of (23). In case of spectral condensation, according
to (14), the absorption coefficient in the spectral maximum is
κq
∼= 3Kq/5ct [61].
(ii) Another way is time-resolved spectral recording that

involves the detection of the output spectrum over one short
time interval∆t only, at the end of the laser pulse of length
τ with ∆t� τ < ts [88, 89]. The absorption coefficient is de-
rived according to (23) asκq = Kq/ct.

In this type of recording one has to be sure that the laser
pulse duration is kept shorter than the spectral saturation
time. Then, the sensitivity of measurements does not depend
upon the position of the absorption line in the laser spec-
trum. Moreover, the results of these measurements depend
neither on pump rate nor on cavity loss and are, therefore,
not affected by any potential instability of laser power, or by
air flow inside the cavity. However, the sensitivity to ICA is
scaled down byτ/ts.

7.3 Recording with a modulated pump

The third method of absorption measurements is the appli-
cation of a multimode laser with its pump power modulated.
The frequency of modulation has to be slightly lower than
the intermode beat frequency,ω0 = πc/L [74, 75]. Due to
dispersion near the absorption line, mode spacings in the cen-
tre of the absorption line are increased, and in the wings
decreased [90]. If the modulation frequency is tuned to reson-
ance with particular mode spacings, the corresponding modes
suffer smaller loss. As a result, the laser spectrum condenses
into two emission lines on the wings of the absorption line.
The spectral separation between these lines,∆ω, varies upon
scanning the modulation frequency or the cavity length. In the
wings of the absorption line, where Lorentzian broadening
dominates,

∆ω=
√

2cβL
∫
κ(ω)dω

−π∆L
, (44)

with β being the filling factor, i.e. the fraction of the cav-
ity filled with the absorber, and∆L is the increment of
the cavity length [75]. Resonance of the beat notes in these
wings with the external modulation frequency requires the
cavity length to be tuned shorter than the empty cavity. Meas-
urements of the spectral separation∆ω of the line doublet
at least at two values of the cavity length yield, accord-
ing to (44), the spectrally integrated absorption coefficient∫
κ(ω)dω, which is determined by the oscillator strength and

the concentration of the sample. The accuracy of this type
of measurement is very high. The spectral position of the
doublet is independent of the stability of the effective ab-
sorption lengthLeff and of the stability of other laser pa-
rameters. Pulsed lasers are applicable as well to this kind of
measurement.
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7.4 Nonlinear distortions of the line shapes of absorption

Sometimes particular nonlinearities appear with the recording
of strong ICA lines. The nonlinear contributions to the signals
are usually made observable by the dispersion associated with
the absorption line. These nonlinearities belong to one of four
categories:

The first one includes the condensation of the emission
spectrum, i.e. the accumulation of spectral power near the
absorption lines of resonant electronic transitions. The disper-
sion of the absorption line is responsible for the formation of
an intracavity lens and for the corresponding modification of
the stability range of the cavity in the wings of this line, if ei-
ther the absorber distribution is spatially nonuniform [91], or
the absorber is saturated [92]. A suitable remedy is shifting
the operational parameters of the laser towards the centre of
the laser’s parameter range of stability.

The second category also displays some irregular spectral
condensation close to the absorptive resonance. It is associ-
ated with the appearance of self-mode-locking by ICA, and
with the dispersion near the absorption line [93–98]. The
modulation of the light flux and laser gain is resonant with
particular mode spacings somewhere at the absorption line.
Other laser modes suffer extra loss, since their sidebands
generated by the gain modulation, do not match the neigh-
bouring modes, and decay. Indeed, modulation of the laser
emission revealing mode-locking near ICA lines has been ob-
served [97, 98]. This effect is restricted to strong resonant
transitions, and reduced gas pressure, when the collisional
broadening is smaller than inhomogeneous Doppler broaden-
ing. Complete modelling of this phenomenon would require
the inclusion of the coherent interaction of both the absorber
and the gain-providing molecules with the laser field in (40),
a task that has not been performed yet. This distortion in-
deed affects the accuracy of absorption measurements, and
self-mode-locking should be avoided.

The third category is characterized by an asymmetry of
the ICA signal appearing as enhancement of the spectral flux
at the high-frequency wing of the absorption line, and as re-
duction on the low-frequency wing [99, 100]. This modifica-
tion of the absorption signal goes along with a corresponding
asymmetry of the entire emission spectrum [62, 101]; it can
be traced to the effects of SBS and/or PP [63, 73, 100]. The
modification of the emission spectrum by SBS is caused by
the antisymmetric spectral profile of the scattering function,
and a corresponding Stokes shift of the laser emission [56, 63,
100]. The modification by PP is the result of the population
pulsation’s effect on the beat notes of the laser which results
in a low-frequency modulation of the beat. Therefore, inter-
mode beating takes place at a frequency that somewhat ex-
ceeds the frequency separation of the beating modes [63]. The
dispersion in the cavity modifies the mode separation, and
one group of modes can be brought into resonance with the
modulation frequency of the polarization of the gain medium.
This modulation, however, is determined by the beat notes of
the majority of laser modes. The loss in this group of modes
is reduced, and the intensity increases [51, 73]. The effect of
PP is substantially reduced under diminished loss in the laser
resonator, the effect of SBS by the application of a ring laser
with unidirectional oscillation.

The fourth category shows enhanced background signals
that are centred around the absorption lines and somewhat

broader than these lines. A corresponding decrease of the
background signal shows up with a gain line. This effect is
caused by the spectral inhomogeneity of the gain, as it ap-
pears, for example by an insufficient relaxation rate of the
lower laser level [100]. Since the light flux is spectrally con-
stant within a particular homogeneous contribution to the gain
profile, narrow-line intracavity absorption (or gain) is com-
pensated by spectrally symmetric increase (or decrease) of
the light flux within this homogeneous section of the pro-
file [100, 102].

All these nonlinear distortions have been observed at high
pump rate, usually with pulsed lasers. They turn insignificant
or even disappear at lower light flux inside the laser cavity.

The identification of the physical origin of the observed
nonlinearities in a particular experiment is prerequisite for
the appropriate adjustment of the operational parameters of
the laser in order to suppress undesired features in the spec-
trum. However, measurements under the majority of con-
ditions have shown a linear response of the laser emission
spectrum to ICA.

8 Combination of ICAS with noise-quenching signal
recording

For complete characterization of the potential of an absorp-
tion measurement, the spectral sensitivity considered so far
must be supplemented by a factor that indicates the qual-
ity of recording by the pertaining ratio of signal and noise.
This “detectivity” is the inverse of the minimum detectable
absorption signal,Kmin. High detectivity may considerably
enhance the overall sensitivity when ICAS is supplemented
with noise-reducing techniques of signal detection as, for ex-
ample, in photoacoustic [46, 103], fluorescence [17, 104], op-
togalvanic [47], or saturation spectroscopy [62].

In conventional photoacoustic spectroscopy of gases for
detection of weak absorption, laser light modulated by an op-
tical chopper passes through a photoacoustic cell filled with
the gaseous sample. Part of the absorbed radiation heats the
gas and increases the gas pressure. Since the laser beam is
modulated, the oscillating gas pressure generates an acoustic
wave that is detected by a microphone and converted into an
electric signal [4]. With a small signal, its strength is directly
proportional to the laser power and to the absorption coeffi-
cient and, therefore, to the concentration of the sample in the
PA cell. Spectral (and chemical) selectivity derives from scan-
ning the frequency of the light source. Usually a narrow-band
laser is used such that only at the resonances of the sample is
an acoustic signal generated.

The application of a photoacoustic cell in ICA measure-
ments requires some modifications of this technique. The
sample cell with the trace gas to be measured is included in
the cavity of a multimode laser. The laser should be switched
off after a preselected lapse of time in order to set the re-
quired effective absorption path length,Leff. Moreover, the
output of the multimode laser is modulated, and the frequency
of this modulation is made to equal the resonant frequency
of the photoacoustic cell. Another photoacoustic cell placed
in the output beam of the laser is filled with the trace gas at
high concentration, such that one-way absorption in the cell
is strong enough. The total pressures in the sample cell and
detector cell should match each other, such that the absorp-
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tion linewidths in both cells agree. Thus, the output light of
the laser without ICA gives rise to a strong photoacoustic
signal, if the laser light contains spectral components being
absorbed in the sample. When, however, the intracavity cell
is filled with the trace gas to be measured, light emission at
the frequency components corresponding to the absorption
decreases and reduces the photoacoustic signal. As a result,
the absorption signal in this scheme is inverted: a weak photo-
acoustic signal corresponds to strong concentration of the
trace gas in the sample. The dynamic range of this type of
measurement may extend from 5 through 10 orders of magni-
tude [103]. It is determined by the signal-to-noise ratio of the
ICA-less photoacoustic signal, by the stability of the emis-
sion spectrum of the laser, and by the jitter of the laser pulse
length. The inherent averaging over a large number of ICA
lines in the emission spectrum by the photoacoustic detection
substantially increases the precision of this procedure.

In a different scheme for the enhancement of detectiv-
ity, the photoacoustic cell is placed directly in the cavity of
a powerful single-mode laser [105]. In this case, some en-
hancement of the overall sensitivity is achieved not by better
spectral sensitivity, but only because of the increased optical
power inside the photoacoustic cell.

External fluorescence tubes and optogalvanic cells may
likewise be used for enhanced detectivity in analogous
schemes of detection [17, 47].

Moreover, ICAS may be supplemented in order to oper-
ate, in fact, as a variant of saturation spectroscopy [62]: the
probe is placed in the cavity of the broadband laser, and the
narrow-band radiation of a saturating laser is made to pump
a well-defined transition in the probe. By the modulation of
this narrow-band radiation, the population density in the ini-
tial and in the final state of the transition is made to vary with
the frequency of the modulation. Within the emission spec-
trum of the broadband laser, all absorber transitions sharing
a common level with the pumped transition will give rise to
incremented or decremented spectral light power. This varia-
tion is revealed when using a phase-sensitive detection tech-
nique, for example a monochromator combined with lock-in
amplifier. Signals from other transitions, whose energy lev-
els are populated by energy transfer from the pumped level,
will also show up, but with a phase difference, determined by
the rate of energy transfer. The maximum signal is achieved
when the modulation frequency is smaller than or equal to
1/ts. Note that such a measurement provides Doppler-free
absorption spectra, whose resolution is limited by the band-
width of the narrow-band laser. Moreover, the sensitivity of
detection of the absorption signal is increased, since it is not
measured on the background of the strong fluctuating emis-
sion spectrum, but on zero background. The fluctuations of
the laser modes outside ICA lines do not contribute to the out-
put signal. This scheme is also applicable with narrow-band
saturation of another line that shares a common level with the
absorber line (“cross-saturation” spectroscopy).

9 Sensitive ICA measurements with various types of
lasers

Most available types of multimode lasers, emitting both cw
or long enough pulses, have been applied to the detection of
ICA, although their specific dynamics makes vast differences

Table 1. The values of spectral saturation timets of absorption, effective
absorption path lengthLeff and the emission bandwidth∆νexp (HWHM)
achieved in ICAS measurements with various lasers. The origin of the lim-
itation of sensitivity is indicated as FWM for four-wave mixing, RS for
Rayleigh scattering, SE for spontaneous emission, andτ for limitation by
the laser pulse duration

Laser type ts /ms Leff /km Limitation ∆νexp /GHz

Dye [20] 230 70000 FWM 45
Ti:sapphire [112] 4.5 1300 FWM, RS 100
Diode [52] 0.13 40 SE 3
Fibre [54] 0.43 130 RS 1500
Nd3+-glass [110] 12 3600 τ 300
CCL [117] 0.4 120 τ 3000
OPO [123] 5×10−6 0.0015 τ 200

of sensitivity prevail. In order to appreciate the respective use-
fulness of a particular laser for the detection of gaseous traces,
inspection of two quantities suffices: the effective absorption
path length, which characterizes the sensitivity of the meas-
urement, and the bandwidth of the emission spectrum which
characterizes the amount of spectral information simultan-
eously obtained with a single measurement. In this section
we review these quantities as obtained from the dynamics of
various types of lasers. Table 1 shows the highest sensitivity,
corresponding spectral saturation time, the origin of sensitiv-
ity limitation, and the bandwidth of spectral emission, that
have been achieved with these lasers.

9.1 Nd3+-doped glass laser

An early broadband laser applied to ICAS was the flash-
lamp-pumpedNd3+-doped glass laser [14, 15]. Already the
first measurements have demonstrated the effective absorp-
tion path lengthLeff

∼= 300 km, set by the1-ms duration of
the laser pulse. The inhomogeneous broadening of the gain
line as a consequence of the distribution of theNd3+ ions over
non-equivalent sites in glass allowed spectrally broad emis-
sion, from1.055to 1.067µm, recorded in each pulse of the
laser. Weak absorption spectra of many molecular species,
such asCO2, CH4, C2H2, C2HD, NH3 [106], andH2O, HN3,
HCN [107], have been recorded in this spectral range for the
first time.

The spectral dynamics ofNd3+-doped glass lasers differs
from that of dye lasers commonly used with ICAS in two re-
spects:

(i) It is a “class B” laser [108] (as most other solid-state
lasers) where the resonator loss rateγ exceeds the rate of
spontaneous emission,γ > A. Laser inversion does not adi-
abatically follow the photon number in the laser cavity, as
in dye lasers, and damped relaxation oscillations take place
in the transient regime of laser dynamics. But as long as
the power in individual laser modes does not drop below
the level of spontaneous emission – which is so under most
real conditions – these oscillations do not perturb the evolu-
tion of the absorption signal, and the modified Lambert–Beer
law of (21) holds. Measurements of the spectral dynamics of
a Nd3+-doped glass laser [21, 109] have confirmed the valid-
ity of (21).

(ii) Spectral condensation does not take place in this laser
since the gain is inhomogeneously broadened. The total emis-
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sion spectrum does not narrow as it does with lasers run-
ning on homogeneously broadened gain, but, in contrast,
widens with the duration of laser oscillation [21, 108] owing
to the delayed excitation of ions whose resonances are some-
what shifted off their vacuum frequency. The condition for
highly sensitive multimode ICA measurements holds for each
individual class of ions, since the homogeneous linewidth
exceeds the width of absorption lines. Increasing the laser
pulse duration up to12 ms has demonstrated the expected
growth of sensitivity, and the maximum value approached
Leff = 3600 km[110]. No competing limitation of sensitivity
has been recognized so far: Further enhancement of the sen-
sitivity may be feasible by increasing the pulse duration, but
was actually hampered by the thermal distortion of the active
medium.

The spectral range covered with this type of laser has been
extended to1.050–1.083µm when using a Brewster prism
inside the cavity [111].

9.2 Dye lasers

Multimode dye lasers have been widely used with ICAS
so far. They operate in the visible and near IR and can be
pumped by a pulsed laser, by a flash-lamp, or by a cw noble-
gas laser. Exceedingly high sensitivity to ICA has been shown
achievable with cw dye lasers [20, 60, 61]. The sensitivity in
these lasers is ultimately limited by the nonlinear interaction
of light and gain medium, namely by four-wave mixing due
to population pulsations [63, 73]. This nonlinearity varies as
the cavity loss (42), and as the overlap integral of the modes
in the gain medium which contributes to the coefficientR
of (40). Although in unidirectional ring lasers the overlap of
laser modes in the gain medium is smaller, the cavity loss
usually exceeds that of standing-wave lasers. Therefore the
sensitivity in both these laser types assumes about the same
level. However, interference of the laser light with light re-
flected or scattered from all the optical components is smaller
in the cavity of a unidirectional ring laser, and the spectrum of
this laser is less sensitive to such spectral distortions and has
less spectral noise [37].

Figure 17 shows an example of the spectral dynamics
of a Rh6G dye laser with high sensitivity. The data have
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Fig. 17. Transient spectral dynamics of a Rh6G dye laser (L = 3 m,
γ = 106 s−1, B= 6×10−3 s−1) with intracavity atmospheric absorption
recorded at pump rateη= 1.01

been recorded by a spectrograph and a diode array, as in
Fig. 15. The laser parameters of this experiment areL = 3 m,
η= 1.01,γ = 106 s−1, B= 6×10−3 s−1, andQ= 7.5×105.
The loss,2% per cavity round trip, is identified as intrin-
sic cavity loss, such as absorption in the dye, and scattering
and absorption in the mirrors; it cannot be reduced any more.
The evaluation of the fundamentally limited spectral satura-
tion time by (28) yields7 sfor small absorption lines near the
emission maximum.

The absorption signalK of three lines,λ1 = 586.941,
λ2= 587.000, andλ3= 587.013 nm, is shown in Fig. 18 (top)
depending upon the duration of laser emission. The absorp-
tion coefficients of these lines, obtained from the corres-
ponding initial slopes ofK(t), are1.24×10−9, 1.51×10−9,
and 5.01×10−10 cm−1, respectively. The absorption signal
of the lineλ1 = 586.941 is obtained by averaging over only
8 records of the spectral dynamics and is, therefore, nois-
ier than the other two absorption signals averaged over 80
records. The mean value of the spectral saturation time de-
termined from these absorption signals is〈ts〉 = 70 ms±3%.
The absorption lines are rather strong, and the laser power in
the stationary spectrum in the centre of the absorption lines
drops down to 0.05–0.3. From (30) and (27) one derives the
fundamentally limited spectral saturation time to be some-
where in the range0.35–2 s, which is larger than the recorded
value,70 ms. This finding indicates that the sensitivity of the
dye laser to ICA is not primarily affected by spontaneous
emission, but by other effects such as nonlinear mode coup-
ling and/or Rayleigh scattering.

Figure 18 (bottom) shows the square of laser flux at the
maximum of the spectral envelope,M2

max, at λ = 587.004,
calculated from the data in Fig. 17, vs. the duration of laser
emission. This dependence provides us with the spectral sat-
uration time of emission,t0

s = 108 ms, which is 50% larger
thants. The discrepancy betweent0

s andts has been traced to
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Fig. 18.Absorption signalsK of atmospheric absorption lines at586.941 nm
(◦), 587.000 nm(5), and 587.013 nm (4) (top), and square of laser flux
M2

max in the maximum of the spectrum (bottom) calculated from the data
in Fig. 17, vs. the duration of the laser emission.t0

s , ts: spectral saturation
times of emission and absorption, respectively
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the effects of four-wave mixing and dispersion on the laser
spectral dynamics [73]. These effects limit the sensitivity to
ICA and produce additional loss for weak modes. Therefore
the value oft0

s cannot be used as a measure for sensitivity
replacingts as has been suggested [31, 60].

In order to visualize the sensitivity of ICA measurements,
we estimate the absorption signal ofNa atoms (3S1/2→
3P3/2) at the concentrationn= 1 cm−3 in the cavity of a cw
Rh6G laser with the so far highest available sensitivity,Leff =
70 000 km(ts= 230 ms) [20]. For a naturally broadened tran-
sition (δν = 10 MHz), for example in an atomic beam inter-
secting the cavity, the absorption coefficient in the line centre
of absorption isκ = nσ = 1.1×10−9 cm−1. This loss gener-
ates a strong signal of absorption,K = 7.7, in the emission
spectrum, corresponding to 2000-fold reduction of the spec-
tral power density at the line centre. If theNa atoms are con-
fined in an absorption cell, their resonance line is Doppler-
broadened (δν = 1.3 GHz), and κ = 1.2×10−11 cm−1. The
reduction of the spectral power density at the line centre is
9% (K ∼= 0.09) in this case, which still suffices for detecting
with good signal-to-noise ratio. These examples demonstrate
the potential of ICAS for spectroscopy of individual atoms or
even molecules.

9.3 Ti:sapphire laser

A titanium-doped crystal displays gain that extends from
670 nm to 1.1µm. This kind of crystal meets rather well
the requirements for sensitive ICAS. However, its applica-
tion to ICAS is restrained by the intrinsic birefringence of the
sapphire which in general causes spectral modulation of the
output. In order to avoid this complication, theC axis of the
crystal has to be set parallel to the optical axis of the laser
cavity, or perpendicular to both the axis of the cavity and the
electric field vector of the laser emission. In the latter case
the laser gain is higher than in the former one, and only the
ordinary beam is generated [30]. The sensitivity of this laser
type to ICA ranges from50 km [29] to 1300 km effective
absorption length [31, 112], depending on the laser parame-
ters. This sensitivity is much smaller than what is expected
from the limiting effect of spontaneous emission. According
to (29), the fundamental sensitivity limit is3×108 km (ts=
1000 s), calculated with laser parameters taken from experi-
ment [112] (A= 3×105 s−1, B= 1×10−6 s−1, Q= 6×105,
γ = 3×106 cm−1, L = 2 m, atη= 1.3).

The sensitivity to ICA of a cwTi:sapphire laser does not
depend much on the pump power; in fact it decreases very
weakly upon increasing pump power [29–31, 112]. From this
observation one concludes that Rayleigh scattering is the
dominant perturbation of the spectral evolution and limits the
sensitivity, in contrast to a dye laser, whereas the effect of
nonlinear mode coupling is secondary in the crystal. Four-
wave mixing by PP in aTi:sapphire laser is almost absent,
since the rate of population decay of the upper laser level is
about103 times smaller than in the dye laser. In this situ-
ation, nonlinear mode coupling by four-wave mixing due to
other nonlinearities in the crystal, for example of electronic
type, dominate the influence of PP. Indeed, a degenerate ver-
sion of electronic nonlinearity, the Kerr effect, is relatively
strong inTi:sapphire crystals and responsible, for example,
for the observed self-mode-locking of this laser [113]. Thus,
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Fig. 19. Observed transient spectral dynamics of aTi:sapphire laser with
intracavity water absorption

it is natural to assume that this particular type of four-wave
mixing contributes to the spectral dynamics in this crystal
laser, further reduces the laser’s sensitivity to ICA, and pro-
duces additional loss at weak modes, similar to the effect of
PP in dye lasers.

Figure 19 shows a temporal sequence of emission spec-
tra obtained with aTi:sapphire laser [112] and recorded with
a spectrograph and a diode array, like the data of Fig. 15.
The Ti:sapphire laser operated in a linear standing-wave con-
figuration whose parameters were set as above. The absorp-
tion signal atλ = 845.352 nm, and the square of the light
flux at the maximum of the spectral envelope,M2

max, at λ=
845.37 nm, versus the duration of laser emission, are shown
in Fig. 20a. The absorption coefficientκq of this line, calcu-
lated from the linear fitKq = κqct, is 1.03×10−8 cm−1. The
absorption signal saturates afterts= 3.8 msto its stationary
value. In contrast, the square of the laser flux in the peak
of the spectrum does not show any saturation at this time.
Figure 20b shows again the square of the light flux at the
emission peak versus the duration of laser emission, but on
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a compressed time scale. The data just hint to beginning sat-
uration, and the saturation timet0

s of spectral evolution of the
peak emission much exceeds that of the absorption signal and
the60-msmaximum recording time, in contrast with the rela-
tionshipts= πt0

s of Sect. 4.
The two saturation timest0

s and ts seem to differ for the
mode coupling by four-wave mixing caused by the nonlinear-
ity of the host material, and for the dispersion in the cavity.
The beat notes of the laser modes in the centre of the emis-
sion spectrum modulate the electronic polarization in the host
material. Dispersion leaves this modulation off-resonant with
the spacings of the modes in the rest of the spectrum. There-
fore, light scattered from each of these modes decays and
does not contribute to any neighbouring mode. As a result,
weaker modes acquire extra loss. In this case, condensation
of the laser spectrum to the stationary state results fromboth
the gain profile of excited ions as in (18),and the nonlinear
extra loss. This additional contribution to the loss grows with
the light flux, and will modify the spectral variation of the
net gain. When the gain varies more than expected from (9),
the condensation advances faster than indicated by (15). This
situation is shown in Fig. 20b, where the slope ofM2

q(t) in-
creases even att > 10 ms. This process saturates when the
number of oscillating modes has declined.

Such a scenario of accelerated condensation of the emis-
sion spectrum of aTi:sapphire laser att> 10 ms, with ts being
only 3 ms, has been also recorded in earlier experiment with
a Ti:sapphire ring laser atη= 1.8 [31, Fig. 5]. Furthermore,
modulation of the laser output at the beat frequency of the
modes has been observed. The degree of this modulation in-
creases as the laser pulse duration grows [31, Fig. 8]. These
observations support the above assumption. With that actual
type of nonlinearity, the sensitivity limits of linear and ring
lasers agree.

The spectral width of laser emission at t =4 mswas found
to be100 GHz(HWHM) [112], which is assumed to be the
spectral width of laser oscillation narrowed by a Brewster
prism used for wavelength selection, and by intracavity ab-
sorption. The output spectrum of the ideal laser is expected to
be560 GHzwide, according to (15).

The results of Fig. 20 indicate that the dynamics of the
absorption signals should not be identified with the dynam-
ics of spectral condensation which feigns too high sensi-
tivity of ICAS in the Ti:sapphire laser. The data show that
the spectral saturation time of emission is at least 20 times
that of the absorption signal. Previously, the value120 ms
has been found as the spectral saturation time of emis-
sion, 40 times longer than that of the absorption signal
(3 ms) [31]. Thus we emphasize that only the spectral satura-
tion time ofabsorption, ts, yields a reliable effective absorp-
tion path length.

9.4 Colour centre lasers

Colour centre lasers (CCL) for ICAS operate in the spec-
tral range0.6µm through3µm [114], where the fundamental
vibrational bands of most molecules are located, and ICAS
promises both high sensitivity for the detection of low con-
centration, and high selectivity for the discrimination of mo-
lecular species. However, most cw CCL require cooling by
liquid nitrogen, and their spectrum condenses into very few

modes only [115] due to the small spectral width of the
gain. Thus, ICA measurements seem restricted to pulsed-laser
operation [43]. CCL convenient for use in ICAS measure-
ments areLiF:F+2 [26, 27] andLiF:F−2 [28, 116] lasers that
operate at room temperature and in broad spectral ranges
in the near IR. Measurements of the absorption ofH2O,
HDO, and CH4 with LiF:F−2 lasers have been reported in
the range1.1µm through1.25µm. The maximum sensitiv-
ity achieved corresponds toLeff = 60 km [116] and was set
by thet = 200µs laser pulse duration. Measurements of ICA
with LiF:F+2 are possible in the range 890–970 withLeff

∼=
100 km [117]. Some other types of CCL have been proved
suitable for ICAS measurements, for example aNaF:F+2 :F−3
laser in the range0.98–1.4µm [118], aNaCl:F+2 laser in the
range1.48–1.56µm [44], and aKCl:Li Fa (II) laser in the
range2.6–2.7µm [43].

9.5 Diode lasers

Although the performance of certain lasers in ICAS appli-
cations seems promising, their practical application may be
prohibitive nonetheless for their delicate, bulky, or expen-
sive set-up. From this viewpoint diode lasers seem attrac-
tive. Unfortunately, their performance is inadequate on var-
ious counts: (i) The gain width in diode lasers is rather
small, and only a very narrow spectral interval can be in-
vestigated with one laser pulse. (ii) Commercial diode lasers
have to be specially prepared for their application with ICAS,
and they must be equipped with an external cavity. One or
both [32] of their facets must become antireflection-coated,
or they should be cut at Brewster’s angle to the optical
axis [33] in order to minimize periodic structures in the
output spectrum generated by parasitic internal etalons and
named “spectral channelling”. (iii) Diode lasers show loss
in the diode channel that may be as high as70% per sin-
gle path [32], and therefore their sensitivity is curtailed even
by spontaneous emission. With the typical laser parameters
A= 109 s−1, B= 10 s−1, andγ = 109 s−1 [32], and with the
pump rateη= 1.1, the fundamental limit of sensitivity is only
Leff = 2.5 km.

All the measurements reported so far have been per-
formed by GaAlAs lasers at770 nm [33], and at780 nm
wavelength [32, 52]. A linear diode laser with one AR-coated
facet shows strong spectral channelling, and at1% above
threshold already operates in one of these channels only [32].
A ring resonator with both facets AR-coated is less suscep-
tible to spectral modulation since two reflections from AR-
coated facets are required to build up an interference pat-
tern [52]. The sensitivity of detection grows with the pump
power up to4% above threshold (see Fig. 9). At higher pump
rates, other perturbations of coherence seem to appear and
dominate the laser dynamics. The highest sensitivity obtained
so far with diode lasers corresponds toLeff = 40 km, with
the emission bandwidth being just3 GHz (HWHM). At this
level of sensitivity, even one pair of planes with low reflection
in the ring cavity produces strong spectral modulation. This
modulation can be reduced, however, by cutting a diode facet
at Brewster’s angle [33].

The technological progress in manufacturing and prepar-
ation of diode lasers will presumably improve their sensitivity
and future applicability for ICAS in the extremely useful ac-
cessible spectral range0.4µm through30µm.
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9.6 Doped fibre lasers

Doped fibre lasers are actually doped glass lasers, as de-
scribed in Sect. 9.1, but manufactured as waveguides for the
pump and laser light. Fibre lasers operate continuously on nu-
merous ionic transitions of various rare earth dopants, such
as Nd, Yb, Pr, Tm, Er, Ho, in the range of0.45 through
3.9µm [119]. The high concentration of the pump and laser
light in a small channel (usually2–5µm wide) allows effi-
cient transfer of the pump power to the active ions and ensures
high gain. As a result, fibre lasers operate upon diode-laser
pumping with their typical pump threshold below1 mW. The
combination of laser and pump laser can be manufactured as
a compact unit that consumes low power in accordance with
the requirements of field measurements of IC absorption [34].
Important advantages of fibre lasers over diode lasers are their
low loss and the inhomogeneous broadening of their gain
which allows for measurements of ICA in a broad spectral
range with no spectral tuning. The internal loss in the fibre is
in fact negligibly small, and the overall cavity loss may be as
low as10% per round trip which results mostly from the poor
efficiency of the optical coupling of the external part of the
cavity to the fibre. Measurements of relaxation oscillations of
the laser output after incrementing the pump power allow for
the determination of the cavity loss and of other parameters,
including the nonlinearities of the gain-providing glass [120].

The sensitivity of aNd3+-doped fibre laser to ICA does
not depend on the pump excess in the broad range 0.1< η−
1< 10 (see Fig. 9), and it is limited to its asymptotic value
probably by Rayleigh scattering in the fibre [53, 54]. The ef-
fect of Rayleigh scattering is here stronger than in a bulk
glass laser, since the divergence of the light in the fibre is
larger, and so is the acceptance angle for Rayleigh scattering
being coupled into the laser mode [59]. The highest sen-
sitivity of ICA measured by aNd3+-doped fibre laser has
been found to yieldLeff = 130 km [54]. The bandwidth of
stationary emission is as high as1.5×103 GHz (HWHM)
at η ∼= 10. The emission spectrum is easily tunable within
a broad range with some selective element such as a prism
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Fig. 21.Output spectrum of aNd3+-doped fibre laser with intracavity atmo-
spheric absorption

or a dispersive lens inside the cavity. Figure 21 shows an ex-
ample of superimposed emission spectra of aNd3+-doped
fibre laser obtained by tuning the emission spectrum by a dis-
persive lens [54]. With the use of a single set of cavity mir-
rors, the spectrum extends over two transition bands in the
Nd3+ ion, 4F3/2→ 4I9/2 (0.9–0.945µm) and4F3/2→ 4I11/2
(1.075–1.145µm). This tuning feature allows for measure-
ments of absorption of a great variety of molecular species by
the same experimental arrangement.

9.7 Other solid-state lasers

Many other solid-state lasers are also applicable for ICAS
measurements. In spite of its relatively narrow gain profile,
a ruby laser has been used for measurements of the absorption
spectrum of water vapour at694 nm[121]. The0.6-cm−1-
wide emission spectrum had been tuned over6 cm−1 by vary-
ing the temperature of the ruby crystal. Better opportuni-
ties for wide-band spectral recording offer laser crystals with
a broad gain spectrum, for exampleCr3+:YAG operating in
the range1.38–1.55µm [42], or Co:MgF2 operating in the
range1.6–2.5µm [45].

9.8 Optical parametric oscillators

Multimode optical parametric oscillators (OPO) have been
also suggested for use with ICAS [122]. Their signal and
idler light waves, at frequenciesωs andωi , are generated by
light of a narrow-line pump laser at the frequencyωp with the
help of a nonlinear crystal, for example, BBO. The degree to
which the three wave-vectors obey the phase-matching condi-
tion ωp = ωs+ωi defines the spectral bandwidth of both the
signal and idler light. If the cavity includes ICA and there-
fore some modes of, say, the idler wave decay quickly, signal
light also decays at the corresponding frequencies. The po-
tential of ICAS with OPO includes: (i) broad tuning range of
the multimode laser emission from a single pump source, and
(ii) measuring ICA of the IR idler light by recording the sig-
nal light in thevisibleemission spectrum leaving the spectral
recording much easier. The drawback of this use of an OPO
is the rather narrow emission spectrum owing to the intrinsic
resonant conditions.

In the only experiment performed so far on ICAS by an
OPO the absorption of acetylene at1.53µm in the cavity of
the idler wave has been measured in the spectrum of the sig-
nal wave at461 nm[123]. The duration of the laser pulses
was only5 ns, and the effective absorption path length did not
exceedLeff = 1.5 m. The spectral width of converted IR emis-
sion, 200 GHz(HWHM), was increased by using divergent
pump light. However, the operation of the idler wave would
turn single-mode already after100µs of laser action, which
imposes the narrow limit on the sensitivity of ICAS with this
particular OPO.

10 Applications of ICAS

ICAS is distinguished by specific beneficial features: (i) high
sensitivity, (ii) parallel multichannel spectral recording, (iii)
high time resolution, and (iv) no interference by background



190

light from the sample. High sensitivity allows one to meas-
ure spectra of very weak absorption or gain, caused either
by a small number of molecules, or by weak transitions.
Numerous absorption lines of one or more species can be
recorded simultaneously in one pulse of laser emission, im-
possible with any other laser technique of sensitive detection.
Time resolution can be as good as a fewns, although the re-
quired sensitivity may necessitate longer unimpeded oscilla-
tion, i.e. lower temporal resolution. Light-emitting absorptive
samples, as they occur, for example, in studies of combustion,
explosion, etc., neither generate a background nor any addi-
tional noise to the signal. ICAS is the only technique adapted
to the investigation of processes that go on under all these
complicating conditions: for example, when recording the
transient kinetics of chemical reactions in multicomponent
gas mixtures. We account here for certain principal examples
of ICA measurements that have been successfully applied to
the solution of a wealth of various problems.

10.1 Measurements of weak line absorption

10.1.1 Atmospheric extinction.Even the first recordings of
output spectra of lasers whose cavities contained air have
demonstrated many unknown absorption lines [107, 124,
125], when compared with spectra of solar absorption [126].
The sunlight’s absorption path length in the atmosphere does
not exceed some tens ofkm, whereas the effective absorption
path length in the above ICAS experiments is some hundreds
of km. Furthermore, many atmospheric absorption lines could
not be detected in the spectrum of solar absorption, since they
are superimposed with absorption in the solar corona.

The most complete information on the absorption of many
atmospheric compounds is accumulated in the HITRAN
database [127]. Figure 22 shows, as an example, a section of
atmospheric absorption obtained in the cavity of a multimode
Rh6G dye laser, and the corresponding section calculated
from the HITRAN database [128]. The effective absorption
path length of ICA has beenLeff = 330 km, set by detecting
for 0.17 ms, starting1.02 msafter the onset of laser oscilla-
tion, with an experimental set-up similar to the one described
in Sect. 7. The laser emission was recorded by a spectro-
graph and a diode array at a combined spectral resolution
of 2.4 GHz (0.08 cm−1). The mode separation frequency is
64 MHz. Each spectral record is averaged over 2048 laser
pulses. Averaging over many laser pulses as well as over
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many modes within the interval of spectral resolution reduces
to 0.4% the noise that results from mode fluctuations. The
entire absorption spectrum in the range from571.3 nm to
604.3 nm has been composed from individual overlapping
emission spectra of0.3-nm bandwidth each. The observed
spectrum consists mostly of overtones of atmospheric water
absorption. It is juxtaposed with an atmospheric spectrum cal-
culated from the HITRAN database with the absorptive path
length set to330 km, and the temperature296 K, convolved
with the apparatus function of the spectrograph. Only water
vapour at the concentration of7.39×10−3 is found to ab-
sorb light, according to the database. The spectral positions
and the strengths of most of 581 water vapour lines con-
tained in the database are well reproduced by the observed
spectrum. However, 10 lines are found missing in the ICA
spectrum, shifted in frequency by more than10 GHz, or hav-
ing a different line strength (at least by a factor 2). In addition,
the ICA spectrum contains 104 new lines whose absorption
signal is at leastKmin = 0.12, which definitely exceeds the
spectral noise of the record and corresponds to the absorption
coefficient of3.8×10−9 cm−1. Some of the novel absorp-
tion lines are indicated in Fig. 22 by arrows. This observation
proves the feasibility of accurate quantitative measurements
of both spectral positions and strengths of weak absorption
lines by ICAS.

10.1.2 Molecular spectroscopy.A considerable wealth of
spectral data on various molecular species has been col-
lected in those spectral intervals accessible by lasers. Mo-
lecular overtone absorption in the visible and near-IR spectral
ranges is, as a rule, very weak and can be hardly detected
by conventional measurements of absorption. The high sen-
sitivity of ICAS permits one to investigate quantitatively var-
ious features of these weak absorption spectra of numerous
molecules. Spectroscopic studies of the molecules require,
sometimes, only measurements of the spectral positions of
absorption lines. In these cases the exact determination of the
sensitivity is unimportant, and the measurements can be car-
ried out with a cw laser disregarding the achieved spectral
sensitivity as long as the spectral signal is strong enough.

In the visible range, ICAS usually makes use of dye lasers.
Highly forbidden transitions ofO2, for example, have been
recorded around630 nm[129] with rhodamine B, or around
580 nm [130] with rhodamine 101 and 110 dye lasers. In
the range near630 nm, the absorption strength and colli-
sional broadening of individual rotational lines ofO2 have
been measured in detail [88, 131]. The overtone spectra of
heteronuclear molecules have been studied in the visible
as well [132]: rotational constants of the sixth harmonics
of transitions of H35Cl and H37Cl were recorded in the
spectral range about635 nm [129]. The rotational struc-
ture of CHD3, CHF3 [133], SiH4 [134], SiHD3 [132], CH4,
NH3 [135], GeH4 [136], N2O [137], H2S [138], HOCl [139],
and C2D2 [140] has been analysed in detail in the spec-
tral range from500 nm to 1µm by means of various dye
lasers, or with aTi:sapphire laser. Vibrational spectra of ICA
of O3 with their spectral resolution as good as0.42 GHz
have revealed radiative line broadening by predissociation
and yielded estimates of the lifetimes of the lowest excited
(triplet) state [141]. Absolute values of absorption coeffi-
cients ofCO2 overtone lines have been derived from time-
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resolved recordings of the emission spectrum of aTi:sapphire
laser with ICA [142].

The absorption spectra even of small molecules are usu-
ally rather complex. Their identification may be simplified by
the suppression of hot-band absorption at low temperature.
Expansion of the sample gas in a supersonic jet reduces rota-
tional and vibrational temperatures of the absorber gas down
to a few K. Supersonic jet expansion ofI2 and dimethyl-s-
tetrazine in the laser cavity perpendicular to the optical axis
has allowed the recording of ICA spectra at0.1 K [143].
Cooling ofNO2 [144] andCH4 [145] molecules down to4 K
demonstrated very strong suppression of the absorption from
hot bands such that the identification of the absorbing vibra-
tional band has been accomplished.

Formation, excited-state dynamics, and dissociation of
noble gas (He, Ar, Kr, andXe) van der Waals complexes ofI2
formed in a pulsed supersonic jet have been studied by ICAS
with a dye laser [146]. Many of the recorded absorption spec-
tra have been identified. Complexes formed with more than
one kind of noble-gas atom decay via non-emitting processes
which exclude the alternative use of laser-induced fluores-
cence for this kind of study.

The spectra of the absorption from highly excited states
of various small molecules, such asH2O, HDO, D2O [22],
CO2, CH4, C2HD, NH3 [106], C2H2, HN3, HCN [107],
CH3OH [26], C2D2, CH3D, N2O, H2, ND3, N2H4 [147], and
O3 [141], have been studied with the help ofNd3+-doped
glass lasers, and withLiF:F+2 /F

−
2 CCL in the spectral region

from 0.9µm to 1.25µm. Most spectra were recorded and
identified for the first time. These data have allowed one to
determine various molecular constants, pressure broadening
coefficients, and frequency shifts.

Extension of the ICA technique into the deeper IR has
been achieved by using aKCl:Tl0(1) CCL to measure the
molecular absorption ofSiH4, SiH2Cl2, and SiHCl3 in the
range1.48–1.545µm [148], by using aCr4+:YAG laser for
the spectral absorption of atmospheric water in the range
1.38–1.55µm [42], of aCo:MgF2 for the absorption ofCO2
at 2µm [45], and of aKCl:Li Fa(II) CCL to measureH2O,
N2O andCH4 at 2.65µm [43].

10.1.3 Simulation of planetary atmospheres.Methane is
present in the atmospheres of all the outer planets of our
solar system and of the natural satellites of Saturn and Nep-
tune, and its absorption distinguishes the light reflected from
these celestial bodies. These absorption lines characterize the
planetary atmospheres with respect to relative methane abun-
dance, atmospheric pressure, and temperature. Spectrometric
data may be fitted by data collected from suitably conditioned
laboratory gas probes. The small size of an intracavity absorp-
tion cell admits precise control of the temperature, pressure,
and fractional concentrations in the gas mixture, which is
indispensable for this simulating of planetary atmospheres,
and for comparison of ICA spectra with planetary absorption
spectra [149]. The line intensities ofCH4 and the coefficients
of pressure broadening byN2, H2, He, andCH4, as well as
pressure-induced line shifts have been measured in the spec-
tral regions around620, 680, and720 nmby using various
dye lasers with a controlled pulse duration of up to200µs,
and with short sampling time intervals (1–2µs), in a broad
range of temperatures, from77 K to 296 K[149, 150]. At this
short pulse duration, nonlinear mode coupling is negligible,

and the residual inaccuracy of these fits of absorption line
profiles is rather small, viz. about1%–2%. A detailed meas-
urement of this kind has been devoted to the atmosphere of
Saturn [151]. ICAS measurements of line intensities of the
648-nmband ofNH3 in suitable samples at low temperatures
allow the comparison with planetary spectrograms and the
determination of the abundance of ammonia in the planets’ at-
mospheres, of the altitude of water clouds, and of a presumed
cloud of ammonium hydrosulfide, as well as variations of the
densities from the centre to the limb of the disks of Jupiter and
Saturn [152].

10.1.4 Process control and plasma diagnostics.The produc-
tion of high-quality silicon films for electronic devices, or
of diamond-like carbon films requires in situ control of the
process of chemical vapour deposition and in situ monitor-
ing, at extremely low levels, the contamination of the feed
gases and the residual pollution from the chamber walls dur-
ing the processing. Both these capabilities are offered by
ICAS. Recording the spectra of theSiH2 radical in the re-
action chamber at concentrations in the ppb range in the
550-nm domain has proven the different efficiency of chem-
ical vapour deposition of thin silicon films when starting from
differing silicon-containing compounds, for example ethylsi-
lane and diethylsilane [153, 154]. Moreover, various contam-
inations, that reduce the quality of the silicon film such as
water vapour, have been recorded simultaneously. Many effi-
cient ways of in situ controlling technological processes in the
chemical industry have not been exploited so far.

Monitoring an electrical discharge is achieved by record-
ing the distorted absorption profiles of neutral atoms and ions.
In a helium–cesium plasma generated by a microwave, or in
a cw discharge, the diffuse and sharp series of cesium corres-
ponding to the6P1/2–8D3/2 and6P3/2–8S1/2 transitions have
been studied. One may separate the contribution of electron
broadening and derive the electron concentration in the dis-
charge [155].

ICA of excited hydrogen atoms recorded on theHα lines
at 656.5 nmby a DCM dye laser allows one to reveal or con-
trol the temperature and population ofH∗. This control is im-
portant, for example, with plasma-enhanced chemical vapour
deposition of diamond-structured carbon films using hydro-
carbons as source gases [156]. Similar monitoring could be
used with the control of other hydrogen-containing plasmas,
for example in nuclear fusion.

10.1.5 Atomic absorption.Many atomic species show ab-
sorption on electronic transitions in the visible or near IR and
can be detected by ICAS. Moreover, supplementary excita-
tion of higher electronics levels, for example by an electrical
discharge, helps to increase the number of detectable absorp-
tion lines and species. The detection of atomic absorption by
ICAS often requires the vaporization of the sample. Inside
a laser cavity a sample is easily vaporized by the flame of an
acetylene–air burner, with the solution of a suitable salt in-
jected into the air stream [157]. Absorption lines ofNa, Li , Sr,
Ba, andCs have been detected with the use of a flash-lamp-
pumped pulsed dye laser. The sensitivity of these measure-
ments was limited by the3-µspulse duration toLeff = 10 km,
and5×105 atoms/cm3 of Nahave been detected [158]. A RF
discharge [159], or flame [160], generates dissociated species
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as, for example, atomic oxygen. Thanks to the extreme sen-
sitivity, absorption on highly forbidden atomic intercombina-
tion lines has shown up in the cavity of a dye laser. Even
atoms that are normally found in the solid phase have given
rise to absorption spectra, namely when vaporized by a dis-
charge inside the laser cavity [93] where states excited by
electron collisions may also contribute to the absorption, in an
atomic beam [94], in an electrothermal atomizer [104], or in
a plasma, ignited by a second pulsed laser on the surface of
the sample [161].

Atomic absorption may be also recorded when theso-
lution of a salt is placed inside the laser cavity. However,
the width of the ICA lines should not exceed the homoge-
neous spectral width of both the gain medium and the emis-
sion bandwidth of the laser. This requirement holds with the
absorption of rare earth ions in solutions, since their inner
electronic transitions responsible for absorption in the visi-
ble are not strongly broadened by the surrounding solvent.
The linewidth of this absorption is about1 nm. The extinction
of solutions of rare earth salts, such asEu(NO3)3, Pr(NO3)3,
NdCl3, HoCl3 in water or methanol has been measured with
dye lasers of up to2.5µspulse duration [162]. Measurements
on other ions, for example, iron, are not as sensitive, since
their spectral absorption features are too broad. However, the
sensitivity is still higher than that of conventional measure-
ments. For instance, iron has been detected in a solution at the
concentration0.5 ppb[163].

10.1.6 Isotope separation.Broadband laser light with one
particular isotopic species inside the cavity is attenuated in
the spectral bands of the isotope-shifted absorption; it cannot
excite that same isotope in a cell outside the cavity, although
the other isotopes will be excited. This feature can be used
for isotope separation when the excited species get removed
chemically or by photoionization. A typical example is the
separation of35Cl and37Cl [164], where an enrichment fac-
tor of 17 has been achieved.I35Cl inside the cavity locked the
laser output off those unwanted output frequencies that excite
I35Cl, and in the external cell that contained the isotope mix-
ture,I37Cl was selectively excited (see also [17]). The prod-
ucts of the subsequent photochemical reaction were found
enriched in37Cl. Similar arrangements have been used for the
separation of isotopes ofH, C, O [165], and of235U [166].

10.2 Time-resolved measurements

The spectral monitoring of transient processes is one of the
salient features of ICAS. With studies of reaction kinetics or
for sensitive process control, temporal resolution must sup-
plement high spectral sensitivity of detection. The sensitivity
of ICA measurements is determined, as shown above, by the
laser pulse durationτ, if the operating conditions of the laser
are set such that the spectral saturation timets exceedsτ.
The time resolution is also determined by the duration of the
laser pulseτ necessary for the required sensitivity, accord-
ing to Leff/τ = c. Indeed, time resolution can be traded in for
sensitivity within wide margins, with10 nsbeing the short-
est practical resolution time. Absorption measurements with
an effective absorption path lengthLeff = 1 km, for example,
can be made resolved at time intervals of3µs by using, for
example, a flash-lamp-pumped dye laser, where the condition

t< ts is always fulfilled. Time-resolved measurements that go
along with high sensitivity are especially useful for the detec-
tion of excited atoms or molecules, and of transient species
such as free radicals generated, for example, by flash photoly-
sis, flames, discharges, or by chemical reactions. Often the
reaction kinetics is accessible.

10.2.1 Spectroscopy of free radicals and chemical reactions.
Free radicals are stable but very reactive molecules. Colli-
sions with other species as well as with each other may ini-
tiate a chemical reaction and destroy them. Free radicals are
important intermediate products of many multistage chemical
reactions. The study of these reactions makes for the heart of
various chemical applications, as atmospheric chemistry, or
process control in chemical industry. However, radicals are
usually short-living, and their concentration is small. Thus,
they can hardly be studied by conventional spectroscopic
techniques. Here, ICAS is the most convenient method.

The amide groupNH2 was the first radical to become
detected by its absorption in the cavity of a multimode
laser [167]. It was obtained by flash photolysis of ammonia,
NH3, in a cell placed in the cavity of a flash-lamp-pumped
Rh6G dye laser. The duration of the dye laser pulse –0.3µs,
ten times less than the duration of the photolysis pulse – al-
lowed for time-resolved detection when the laser pulse was
delayed. Both the production of the radicals and their recom-
bination were studied by recording absorption lines ofNH2
at 605 nmwith the laser delayed by up to0.5 sfrom the pho-
tolysis flash. The lifetime ofNH2 was found to be1 ms. In
addition, the same experimental set-up was used for record-
ing the absorption spectrum of theHCOradicals, produced by
flash photolysis of acetaldehyde or formaldehyde. The decay
time of theHCO radical was found to be100µs.

Detailed examinations of the modus and rate ofNH2
decay in reactions with each other, with other molecules,
and by collisions with the walls were made in a series of
subsequent experiments using flash-lamp-pumped dye lasers
with their pulse duration extending from2µs to 20µs [168–
173]. A multistage reaction including two intermediate steps
has been unravelled by consequently recording the absorp-
tion spectra ofNH2 radicals, ofHNO radicals, and even-
tually of stableNO2 molecules in the same spectral range,
615–620 nm. Figure 23 shows that theNH2 radicals van-
ish within 100µs and generateNHO radicals, whose self-
recombination takes place within1 s [174]. Such measure-
ments on radicals of long lifetime permit substantially higher
sensitivity, for example when using a dye laser with1-ms
pulse duration [175]. A comprehensive survey of various
multistage reactions pertinent to the photo-oxidation of am-
monia has required to unravel the reactions ofNH2 radi-
cals in various gas mixtures includingO2 [168], O3 [169],
SO2 [170], NO2 [171], and NO [172], and other relevant
atmospheric molecules. The rate constants of 24 principal re-
actions important for the photochemistry of the atmosphere
have been determined in this way [176]. It was found that the
presence of ammonia leads to effective decrease of the con-
centration of nitrogen oxides [173].

NH2 radicals are also created in electrical discharges. The
rotational distribution ofNH2 in the electronic-vibrational
ground state has revealed the dynamics of gas heating in
a pulsed low-pressure ammonia–neon discharge [177].
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Fig. 23. ICA spectrum photographically recorded by a flash-lamp-pumped
dye laser of the photolysis products of a mixture of ammonia with oxygen
at various delay times after the photolysis pulse [174]

The photolysis of acetaldehyde was analysed in detail by
recording absorption spectra ofHCO radicals in the cavity
of a cw dye laser with controlled duration of the laser emis-
sion [178]. Fast relaxation processes were suitably monitored
by 1-µs-long pulses, whereas100-µs laser pulses were ap-
plied for sensitively recording weak absorption. The photoly-
sis was initiated by the fourth harmonic of aNd:YAG laser
at 266 nmwith 8-ns pulse length. It was found that absorp-
tion on different transitions results in differing decay rates
of the radical. This surprising finding derives from the ab-
sorption signal decaying both by the recombination of the
radicals, and by the relaxation of vibrational excitation: the
excited state may either react or vibrationally decay [179].
The number of vibrationally excited radicals and their decay
rate depends upon the excited ro-vibrational levels, i.e. upon
the wavelength of the photolytic light, and upon the sample
pressure [179, 180]. These particular features of the reaction
dynamics have to be carefully modelled for correct estima-
tion of the rate constants of the chemical reactions. Moreover,
the presence of other molecular species modifies the decay of
HCO radicals by opening additional reaction channels [179].
Flash photolysis of acetaldehyde in the presence ofNO dis-
closed a two-stage process [174, 181]:HCO radicals created
by the flash react withNO molecules and produce the second
intermediate product,HNO radicals, after100µs. This radi-
cal decays into stable end-products, one of them beingNO2.

Free radicalsHCO [182] andCH2 [183] have been also
found in a methane/air flame by ICA detection in the spec-
tral range620–630 nm. The kinetics of the formation and
decay of these radicals and their temperature were measured
here along the gas flow as a function of the distance from the
burner.

The generation and decay of fluoronitrideNF, after flash
photolysis ofNF2, in the cavity of a Coumarine 7 dye laser
have been recorded in the spectral range around529 nmat
1.3µs pulse duration [184]. The lifetime of these radicals in
the presence ofSF6 molecules was found to be15µs. This
exploration approved the feasibility of a chemical laser in the
visible on electronic transitions inNF. Another such attempt
on BaO, CaO, andSrOrequired measuring the absorption of
the components of certain exothermic reactions, in a flame, of
the compositionsBa+N2O, andCa, Sr+N2O+CO [185].

The expected gain has not been confirmed so far, however,
many absorptive transitions of these oxides were recorded
and identified for the first time.

The absorption spectra of several other radicals in-
cluding HO2 (1.2–1.27µm), CH3O2 (1.2–1.22µm), HSO
(570–590 nm) have been reported [176]. The spectra ofHO2
andCH3O2 radicals were recorded in the cavity of aLiF:F−2 -
centre laser [28]. These radicals were generated by flash
photolysis of a mixture of methanol, chlorine, and oxygen, or
of methane, chlorine and oxygen [176], respectively.

Radicals are also created by a radio-frequency discharge
during chemical vapour deposition on surfaces. An example
is SiH2 which is produced in the course of chemical vapour
deposition of thin layers of silica [153, 154]. Various boron
hydrides have been produced in gas-phase reactions by a RF
discharge ofB2H6 in He or Ar, and their spectra have been
analysed in situ in real time under conditions comparable to
those used in doping and boriding, as well as in deposition
processes involving boron: absorption spectra ofBH2, atomic
B, and electronically excitedH2 have been observed by ICAS
during chemical vapour deposition [186]. The detection of
radicals in the gas phase completes the diagnostics of the
RF plasma conditions which control the quality of chemical
vapour deposition; they represent an example of advanced
process control.

Various diatomic radicals, mostly oxides (MeO) and ni-
trides (MeN), with Me being a metal atom (Ti, Zr, Nb, Mo,
Cr, W), are produced by flash photolysis of hexacarboniles
Me(CO)6 [187], or by a pulsed electrical discharge in the
gas mixtureMeCl4+O2 for MeO, andMeCl4+N2+Ar for
MeN [188]. Electronic absorption spectra have been recorded
in the visible and near-IR ranges. Many observed absorption
bands turned out novel and were successfully assigned, and
interatomic potential functions and rotational constants have
been determined.

10.2.2 Dynamics of excited states.Time-resolved absorption
spectra are crucial for unravelling the dynamics of excited
states of atoms and molecules, their evolution of population,
lifetime of states and species, energy transfer, and interaction
with other species.

The population dynamics of several excited states ofXe
in electrical discharge was observed in the cavity of a pulsed
LiF:F+2 -centre laser in the spectral range880–970 nm[27].
The discharge was probed by the laser at a variable time de-
lay after the pulse that excited the discharge as demonstrated
in Fig. 24, and the time resolution in these measurements was
0.2µs. The lifetime of the lowest metastable state was found
to be 400µs. The same experimental set-up has been used
for time-resolved recording absorption spectra of the excimer
moleculesHe2 in the afterglow of a pulsed discharge [189].
Absorption lines of the P and R branches of the 0-0 vibra-
tional band of the electronic transitionc3∑+

g –a3∑+
u of He2

have been recorded and assigned. Plots, versusJ(J+1), of
the rotational line strength normalized by(2J+1) with J be-
ing the rotational quantum number (“Hoenl–London plots”)
have been derived from these data for various time delays
and discharge parameters. The rotational energy distribution
of theHe∗2 molecules, its deviation from thermal equilibrium,
and the variation of rotational temperature and metastable
population have been derived from these plots as functions of
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Fig. 24. Absorption spectra ofHe2 molecules in an electric discharge
plasma ofHe at 13 mbar, at various times after the termination of the
discharge [189]

the time delay in the afterglow. These data reveal the dynam-
ics of the excimer molecules in the discharge. The maximum
concentration ofHe2 molecules in the lowest excited state
shows up100µs after the termination of the electrical dis-
charge.

The diagnostics of excited states is especially important
for the development of gas lasers. The dynamics of populat-
ing the metastable state A3∑+

u of the nitrogen molecule in
the plasma of an electrical discharge has been studied with
a Rh6G dye laser of0.1-µs pulse duration [190]. Substantial
time resolution was indispensable since the decay time of this
state is about0.5µs only. This study permits one to establish
the proper conditions for stable operation of a self-sustained
volume discharge in aCO2 laser. The gas composition in
a chemical oxygen–iodine laser has been measured by ICAS
using aTi:sapphire laser. The populations of excited oxygen
molecules, and the concentration of water vapour, the param-
eters most important for the efficiency of this laser, have been
precisely monitored [191].

10.3 Other applications

10.3.1 Measurements of optical gain.The emission spectrum
of a multimode laser is sensitive not only to weak narrow-
band extinction in the cavity, but to any other spectral vari-
ation of cavity loss that may result, for example, in narrow-
band net gain. Therefore, ICAS can be applied to the diagnos-
tics of light amplification in potential laser media. Spectra of
gain in various media under different types of excitation have
been demonstrated this way. The gain spectrum of the disso-
ciative products of acetylene,C2H2, in an electrical discharge
was recorded in the spectral region around1.06µm using
aNd3+-doped glass laser [192]. Molecular iodine,I2, was op-
tically excited by anAr-ion laser, and spectra of its gain were

air

129I2

127I2

λ (nm)902.59 908.70

Fig. 25. Photographically recorded emission spectrum of a multimode
F+2 :LiF laser showing bright spectral lines of gain in127I2 (top), in 129I2
(centre), anddark linesof atmospheric absorption (bottom) [27]

observed at590 nmin the cavity of a dye laser [193]. When
a sample ofI2 was placed in the cavity of aF+2 :LiF colour
centre laser and excited by a pulsedXe-ion laser, gain was ob-
served at900 nm[27]. Figure 25 shows an output spectrum of
this F+2 :LiF laser, pumped collinearly through the rear mirror
by the same xenon laser that excites also theI2 inside the cav-
ity of the CCL: part of the pump beam, after passing through
theLiF crystal, enters into the intracavity cell filled with the
vapour of one of the iodine isotopes127I2 or 129I2 and excites
it to certain ro-vibrational levels of the first excited electronic
state. As a result, the population in many ro-vibrational lev-
els of the excited electronic state is inverted with respect to
lower ro-vibrational levels of the electronic ground state and
amplifies light in the near IR. Some of these inverted tran-
sitions of two isotopes of iodine appear in photographically
recorded emission spectra of such aF+2 :LiF laser in Fig. 25.
In contrast to the dark absorption lines, the gain-carrying lines
appear bright in the figure. The high gain provided on some
of these transitions far exceeds threshold and assures laser os-
cillation even with the iodine cell alone being the amplifying
medium in the cavity [27].

10.3.2 Detection of spectrally narrow light emission.The
emission spectrum of a multimode laser is sensitive also to
external narrow-band radiation injected into the laser cavity.
Under this injection the multimode laser may show, for ex-
ample,narrow-bandlight emission [194]. This phenomenon
may be useful for the detection of very weak back-scattered
light, as it is to be detected by LIDAR devices. The minute
amounts of retrieved residual light that has been scattered in
the turbid medium may trigger a detectable signal on account
of the enormous spectral sensitivity [195].

Unfortunately, the very same sensitivity may give rise to
parasitic periodicity of the recorded spectra: a minute fraction
of the laser output backscattered into the cavity after pass-
ing a sheet of glass is capable of impressing a corresponding
etalon structure on the laser output spectrum.

10.3.3 Nonlinear light interaction.The extension of ICAS
to studies of nonlinear absorption is straightforward. A two-
photon absorption line, for example, shows up in ICAS, if the
absorber is simultaneously irradiated, in addition to the many
modes of the laser, by strong narrow-band light, with any sum
frequency of this light and a laser mode being resonant with
the absorber. In other words, a photon taken from one of the
modes of the broadband laser makes up for the energy defect
of a photon of the narrow-band light with respect to the two-
photon resonance transition. The excitation of such a line is
characterized by a cross section that is resonantly enhanced
when a real level whose parity is opposite to the parity of both
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ground and excited states comes close to the intermediate vir-
tual level.

A measurement of the cross section for the excitation
of a two-photon transition in potassium vapour has included
a narrow-band ruby laser and a broadband DOTS dye laser
excited by the same ruby laser [196]. In fact, two states, the
fine-structure-split resonance levels2P1/2 and2P3/2, enhance
the two-photon absorption probability, but can give rise to de-
structive interference. This interference of indistinguishable
pathways from the ground state to the excited state is demon-
strated with the detection by ICAS of two-photon absorption
in sodium vapour [197], see Fig. 26. A pulsed broadband dye
laser was tuned to the frequency range of theNa 3P–5S ab-
sorption, and a pulsed narrow-band dye laser close to the
3S–3P resonance transition, say, to the wavelengthλ12. One
observes, in the spectrum of the broadband laser, an addi-
tional absorption line at the wavelengthλ23, which varies with
λ12, such that their sum frequency equals the two-photon fre-
quencyν12+ ν23= ν3S−5S. The absorption line atλ23 corres-
ponds to the second photon of the two-photon transition. At
the particular tuningλ12= 589.40 nmandλ23= 615.64 nm,
the amplitude of the two-photon line vanishes due to destruc-
tive interference of the two excitation channels.

If broadband and narrow-band lasers obeyν12− ν23=
±νmol, with νmol being one of the frequencies of a molecular
absorber, one observes spectrally selective intracavity gain or
loss corresponding to Raman or inverse Raman scattering. In
this way inverse Raman scattering of benzene and toluene in
the liquid phase in the cavity of a dye laser has been recorded
in the range600 cm−1 < νmol < 3200 cm−1 [198]. A narrow-
band ruby laser atλ12 provided the pump light for the Raman
process, and its second harmonic the pump light for a dye
laser. Thanks to the high sensitivity of the procedure, Raman–
Stokes scattering of acetylene at atmospheric pressure in the
cavity of a cryptocyanine dye laser atλ23= 804.76 nmwas
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Fig. 26. Absorption spectra ofNa vapour, in a broadband dye laser, upon
injection of narrow-band light at wavelengthλ12 stepwise scanned. Two-
photon absorption on the transition 3S–5S: the anticorrelated wavelengths
λ12 and λ23 correspond to first and second photons, respectively. The
lines at615.43 nmand616.08 nmrepresent single-photon absorption at the
3P–5S transitions [197]

detected when both Raman scattering and dye laser were
excited by the ruby laser atλ12= 694.3 nm. The observed Ra-
man line corresponds to the vibrational transition in acetylene
atνmol = 1957 cm−1 [199].

These approaches demonstrate the accessibility of UV or
far-IR transitions by sensitive nonlinear techniques involving
only visible lasers.

10.3.4 Spectroscopy by attenuated total reflection.If an op-
tical element inside the cavity of a multimode laser is used
in a configuration of total reflection, intracavity narrow-band
extinction in the evanescent field that spreads outside the re-
flecting facet of this element is detected in the spectrum of
the laser output [200]. Comparative measurements of intra-
cavity absorption ofI2 andNO2 in a cell and in the evanescent
field proved the agreement of the results of this type of ICA
measurements [201]. The use of the evanescent field does not
require an absorption cell, and it allows one to measure chem-
ically aggressive or scattered microscopic samples. However,
due to the exponential decay of the evanescent field with the
distance from the surface, the fraction of the total mode vol-
ume that the absorber occupies is usually considerably less
than in the conventional ICAS configurations. This fraction is
substantially increased when guiding the light in the cavity by
a fibre, for example by using a fibre laser. In this case the frac-
tion of the evanescent field interacting with the surface-bound
absorber may be comparable to the fraction of the field in the
fibre core.

11 Spectral resolution of ICAS

In the typical configuration of an ICAS spectrometer shown
in Fig. 1 the spectral resolution of a measurement of absorp-
tion is ultimately determined by the spectral separation of
the laser modes,c/2L. In contrast to conventional absorption
measurements, however, recorded spectra of ICA represent
the signal integrated not over the spectral interval of reso-
lution, but just over the bandwidth of individual laser modes,
β, which is much less thanc/2L. Therefore, the ICA spec-
trum is not obtained as the usual convolution of the trans-
mission spectrum of the sample with the apparatus function
of the spectrometer, but it is represented by the set of trans-
mission values that result from probing the absorber at fixed
spectral positions. If the absorption feature of the sample is
larger than the mode separation, it is well reproduced in ICAS
measurements. However, if this feature is smaller than that
mode separation, its reproduction is uncertain. It may even
disappear entirely from the ICA spectrum as, for example,
a narrow absorption line that is situated between two adjacent
laser modes.

This specific characteristic of ICA measurements is
schematically demonstrated in the example of Fig. 27. The
absorption spectrum of the sample is assumed to consist of
two absorption lines of different strengths and linewidths
(Fig. 27a). The emission spectrum of a laser with ICA repro-
duces the absorption of the sample only at the frequencies
of the oscillating laser modes, as indicated by the length of
fat vertical lines in Fig. 27b. The thin line shows the super-
imposed transmission spectrum of the sample. The imaging
of the absorption spectrum by the laser modes is insuffi-
cient, since the spectral separation of the modes exceeds the
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Fig. 27a–c.Schematic demonstration of ICA measurements:a Absorption
spectrum of a sample.b Emission spectrum of a laser with ICA, compris-
ing a set of oscillating laser modes whose power is indicated by the length
of the vertical lines.c Succesive spectral positions of the emitting laser
modes obtained by synchronously scanning the cavity length and intracavity
etalon.Fat lines represent the initial mode positions. Athin line in b and
c shows the transmission spectrum of the sample obtained during the scan

linewidth of the sample’s absorption. Note that the weak
absorption line perfectly overlaps with the laser mode and
shows even a larger ICA signal than the second absorption
line which is stronger but does not match a laser mode.

The spectral separation of longitudinal modes in a typ-
ical laser is usually smaller than the linewidth of gaseous
absorption under normal conditions. With a1-m-long res-
onator, for example, it amounts to0.005 cm−1, or 150 MHz.
This resolution satisfies measurements of molecular absorp-
tion lines with collisionally broadened profiles, say, at atmo-
spheric pressure, which are typically3 GHzwide.

11.1 ICAS of high resolution

The implementation of this resolution requires the applica-
tion of spectrometers with very high resolving power, i.e.,
ν/∆ν = 4×106. Typically the resolution of standard grat-
ing spectrometers extends from104 through106. Thus, the
spectral resolution of ICAS is usually determined by the spec-
trometer used. However, the spectral resolution can approach
the value of mode separation even if the resolution∆ν of
the spectrometer is insufficient. For this purpose an etalon,
whose based is much smaller than the cavity lengthL, is
placed in the cavity such that only one oscillating laser mode
is left over per free spectral range of the etalon, and the
corresponding spectral modulation is resolved by the spec-
trometer,∆ν < c/2d. When the etalon is scanned across the
emission spectrum of the laser, for example by tilting it, the
laser emission jumps from one laser mode to the next one, and

L

M2 M1M3
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x2 x1

dabsorbergain

pump

Fig. 28. Schematic experimental set-up used for ICAS measurements with
high spectral resolution. The laser cavity includes gain, absorber, two cav-
ity mirrors M1 and M3 and an etalon mirror M2. Mirrors M1 and M2 are
synchronously translated byx1 andx2 by piezoceramic translators

so on [202]. Finally, the total emission spectrum of the laser is
obtained by combining records spectrally shifted byc/2L in-
crements, that have been made while scanning the etalon over
one free spectral range.

Better spectral resolution is achieved by synchronously
scanning both the intracavity etalon, and the cavity reso-
nances [203]. The scanning speed of the cavity length must
equald/L times that of the etalon. Thus, the spectral positions
of the emitting laser modes scan continuously across the
emission spectrum, as explained in Fig. 27c. Dark lines repre-
sent the initial positions of oscillating modes in the laser. The
spectral separation between these modes is much larger than
in Fig. 27b due to mode selection by the intracavity etalon.
Thin vertical lines represent the successive values of position
and strength of laser modes measured by this synchronous
fine tuning of the etalon spacing and the cavity length. The
spectral features of the absorption sample are well reproduced
in this record. The spectral increment may be set as small as
necessary for the required spectral resolution. Now, the ulti-
mate spectral resolution is in fact determined by the emission
bandwidth of the laser modes,β.

Figure 28 schematically shows a set-up used for record-
ing ICA with high spectral resolution [203]. The laser cav-
ity includes gain, absorber, and two mirrors M1 and M3, as
in Fig. 1, but an additional etalon mirror M2, which is just
a glass substrate with4% reflection. This weak etalon suffices
for suppressing all but one laser mode in each of its free spec-
tral ranges, since the laser is very sensitive to selective loss
in the cavity. The rear side of the substrate M2 subtends the
Brewster angle in order to avoid a parasitic etalon. Both out-
put coupler M1 and etalon M2 are placed on piezo elements
and translated by a ramp voltage. In order to achieve a spec-
tral record of the entire range of laser emission, all the active
modes have to be scanned at least over one free spectral range
of the etalon. This is achieved by shifting the output coupler
M1 by x1= λL/2d. At the same time, the etalon spacing must
be increased byx1− x2 = λ/2, as accomplished by shifting
the mirror M2 byx2= (λL/2d)−λ/2. The speeds of mirrors
M1 and M2 are related aṡx2/ẋ1= 1−d/L in order to warrant
synchronism.

In an experiment demonstrating high spectral resolution
and sensitivity of ICAS, aNe discharge has been probed
in the cavity of a cw Rh6G dye laser, pumped by a pulse-
modulatedAr-ion laser. The duration of laser pulses was
1 ms. An etalon was formed by the output coupler M1 and the
mirror substrate M2 being separated byd= 4.5 cm.

Figure 29 shows the absorption line ofNe at 576.442 nm;
it represents the first ICAS measurement with high spec-
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Fig. 29.Absorption line ofNe at 576.442 nmin a cw discharge recorded by
ICAS with high spectral resolution. Thesolid line is a Doppler-fit to three
sets of experimental data

tral resolution. The pressure ofNe is 1 mbar, and the ab-
sorption line is Doppler-broadened with0.88 GHz(HWHM)
linewidth at 470 K, whereas the spectral resolution of the
spectrograph is∆ν = 0.42 GHz (HWHM). The line profile
has been recorded within one free spectral range of the etalon,
3.4 GHz. The polychromator operated in the monochromator
mode with a rectangular apparatus function whose spectral
width is∆ν = 3.2 GHz, slightly smaller than the free spectral
range of the etalon. The output signal was detected by a pho-
tomultiplier, and the spectral distance between subsequent
data points is175 kHz. Averaging over 50 spectral scans re-
duces the spectral noise. The solid line in Fig. 27 is a fit to the
experimental data by a Doppler profile. The linewidth of the
fit is 0.9 GHz(HWHM), which is in good agreement with the
expected value. Recording in a broader spectral range would
require for detection a diode array instead of a photomulti-
plier.

11.2 The limits of resolution

The ultimate spectral resolution of the above approach equals
the bandwidth of a laser mode. If spontaneous emission is
the only perturbation of coherence in the laser, this band-
width might be just a small fraction of1 Hz [204]. However,
as shown above, other types of perturbation of light coher-
ence usually dominate the multimode laser. They determine
the spectral saturation time as well as the bandwidth of the
laser modes. The corresponding relation of spectral saturation
time and spectral bandwidth of the laser modes can be ex-
pressed in terms of multiple-beam interference of light waves
that decay under the action of perturbationXq [50]. The spec-
tral distribution of the light power within a mode is described
by Airy’s formula [1]

I = I0
1

1+ F sin2 ∆ϕ/2
, (45)

where∆ϕ = 2L∆ω/c is the phase difference of interfering
waves of frequency separation∆ω that is accumulated after
one round trip in the cavity, andF = 4(1− δ)/δ2, with δ be-
ing the relative loss of light after one path through the cavity
due to perturbationXq. This loss is calculated from (31) as
δ= Ṁt/Ms

q = XqL/Ms
qc. If δ� 1, we obtainF = (2/δ)2=

(2Ms
qc/L Xq)

2. In this approximation, the sine function is re-
placed by its argument, and the final spectral distribution of
the light power I(ω) is identified as the Lorentzian shape

I0/[1+ (ω−ωq
1/2β )

2]. The spectral width (FWHM) of this profile,
β , is calculated with (45), by settingI = 1

2 I0,

β = Xq

Ms
q
. (46)

Taking into account thatts= Ms
q/Xq (see (36)), we find the

general relationship

βts= 1 . (47)

This result characterizes the universal relationship be-
tween the spectral width of the light emission in an individual
laser mode which represents the ultimate spectral resolution
of ICAS, and the saturation time of the spectral laser dynam-
ics which represents the ultimate sensitivity of ICAS.

The above result shows that increasing perturbation of the
laser light in the cavity causes the decrease of the spectral
saturation time of the laser dynamics,and the increase of
the spectral bandwidth of the individual laser modes. Conse-
quently, the fundamental limit of the spectral bandwidth of
laser modes, as calculated by Schawlow and Townes [204]
with the assumption of spontaneous emission as the only per-
turbation, is inaccessible with most lasers. Instead, the spec-
tral bandwidth of the laser modes is determined by the dom-
inant perturbation of laser coherence, for example Rayleigh
scattering, or by nonlinearities, and Schawlow’s and Tow-
nes’s result must be generalized according to (46).

12 ICAS with a single-mode laser

Sometimes absorption inside a laser cavity does not meet the
principal condition for ICAS-related high sensitivity, namely
that the linewidth of intracavity absorption must not exceed
the spectral width of the homogeneously broadened gain.
This situation is met, for example, when a single-mode laser
is used for intracavity measurements [205–207], or when
the emission bandwidth of a multimode laser is smaller than
the absorber linewidth [208]. We qualify these situations as
“single-mode ICAS”, in contrast to multimode ICAS, as dis-
cussed so far, where the condition for high sensitivity holds.

The sensitivity of single-mode lasers to ICA is signifi-
cantly below that of multimode lasers. Figure 30 demon-
strates the two situations and their principal difference. It
shows the spectral distribution of the cavity loss,γ(ν), includ-
ing an ICA line, and the spectral profiles of the gain in both
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Fig. 30. Gain of a multimode (dashed line) and single-mode (solid line)
laser in the presence of narrow-line ICA in the laser
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laser types. In the stationary state, the laser gain is always
set by the mode with the smallest net loss (see (20)). In the
multimode laser the gain is set by the modes without ICA,
as shown by the dashed line. Therefore, the loss by ICAis
left uncompensatedby the gain, and light emission drops in
the spectral range of ICA absorption. On the other hand, the
gain of a single-mode laser is set by the loss in this particular
mode. When tuned to the centre of the ICA line it equals the
total cavity loss includingγ and ICA, as shown in Fig. 30 by
the solid line. In this case, ICAis compensatedby increased
gain, and the reduction of output power is insignificant.

Single-mode ICAS shows increased sensitivity at the
pump rate being reduced close to threshold, in contrast with
multimode ICAS: At the reduced pumping, the laser can
compensate just partially the ICA loss by additional gain.
This phenomenon has been described by simplified laser
equations neglecting spontaneous emission. Such calcula-
tions show indeed qualitatively higher sensitivity at lower
pump rate, although the sensitivity grows infinitely when
approaching laser threshold [1, 205, 209]. The inclusion of
spontaneous emission into a set of laser equations based
on field amplitudes has provided a more realistic result and
shown sensitivity saturating near threshold [210].

The derivation of the spectral sensitivity of single-mode
ICAS requires, in the first place, suitable modelling of sponta-
neous emission. Restriction of the above rate-equation model
to one laser mode is sufficient for this purpose: The stationary
solutions of rate equations (10) and (11) are

M = 1

2

(
P

γ
− A

B

)
+
√

1

4

(
P

γ
− A

B

)2

+ P

γ
, (48)

N =
1

2

(
A

P
+ B

γ

)
+ B

√
1

4P2

(
P

γ
− A

B

)2

+ 1

γP

−1

.

(49)

Intracavity absorption with the coefficientκ increases the cav-
ity loss by

∆γ = κc . (50)

With Pth = Aγ/B, and P= ηPth, we obtain, forη� 1, the
photon number

M = A

B

(
η

γ

γ +∆γ
−1

)
, (51)

and the inversion

N = γ +∆γ

B
. (52)

Here, the relative pump rate is defined for the cavity with no
intracavity absorber (κ = 0).

Equation (51) shows the decrease of the laser output
power by intracavity absorption. The effective absorption
path length Leff is easily calculated from this equation
using (5) and (22):

Leff = c

∆γ
ln

M(γ)

M(γ +∆γ)
∼= η

η−1

c

γ
. (53)

If T is the fractional loss of light per round trip in the cavity,
we get from (53), forη� 1,

Leff
∼= c

γ
= 2L

T
. (54)

Comparison with (28) shows that the sensitivity of single-
mode ICAS fails to meet the sensitivity of multimode ICAS
by the factorMs

q, i.e. the photon number in the absorbed laser
mode, which usually amounts to many orders of magnitude.

Sensitivity enhancementξ over conventional one-way ab-
sorption is defined as the ratio of the effective absorption
length and the length of the intracavity absorber. If the entire
cavity is filled with the absorber,

ξ = Leff

L
. (55)

As a numerical example, we give the absorption signal ob-
tained in the output of a strongly pumped single-mode dye
laser withL = 1 mandT = 0.01, and filled with an absorber:
it is 200 times stronger than with the absorber outside the cav-
ity, ξ = 2/T = 200.

Close to laser threshold the approximate solutions in (51)–
(53) do not hold, and the exact solution of (48) and (49)
should be used. Figure 31 (top) shows the calculated out-
put power of a cw dye laser calculated with (48) versus the
pump rate, for nine different values of cavity loss,γ = γ0+
κc, with γ0 being the internal cavity loss, andκ the extinction
caused by the additional intracavity absorber. The laser pa-
rameters used for these data areL = 1 m, A= 1.7×108 s−1,
B= 10−2 s−1, γ = 1.5×106 s−1 (1% loss per cavity round
trip). The pump rateη refers to the threshold valuePth =
2.55×1016 s−1 of the laser withκ = 0. The extra loss is dis-
tributed over the cavity length and corresponds to absorption
coefficients from1×10−9 through8×10−9 cm−1.
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Fig. 31. ICAS with single-mode laser: output of a laser (top) and sensitiv-
ity enhancement (bottom) as function of the pump rate,η−1, at different
values of ICA absorptionκ
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Figure 31 (top) reveals that the fractional variation of the
laser power due to the incremental extra loss in the cavity is
particularly high close to the laser threshold (η∼= 1). The sen-
sitivity enhancementξ calculated from these data is shown in
Fig. 31 (bottom) as a function of the pump rate for five values
of the absorption coefficientκ. The maximum value of sensi-
tivity enhancement,ξ = 1.3×107 is obtained near threshold
within κ < 10−9 cm−1. It corresponds to the effective absorp-
tion path lengthLeff = 1.3×104 km. This high sensitivity is
hardly established in practice: the required residual instabil-
ity of the pump power must be as low as10−5, for example,
and sensitivity and resolution of the detection of output power
must be as high as to discriminate10 nW. A monochromator
must filter spontaneous emission in the other modes except
when the laser displays narrow spectral gain, as for example
a CO2 laser [205], or anAr-ion laser [206]. If the output of
more than one mode is detected, the sensitivity decreases.

Single-mode ICAS can be also used for the detection of
gain. A few hundredths of a percent of gain by excitedCO
molecules has been detected inside the cavity of a single
modeCO laser [211].

Although the sensitivity of single-mode ICAS is smaller
than that of multimode ICAS, it still exceeds the sensitivity
of conventional absorption spectroscopy. It may be useful for
measurements of broadband absorbers, and it requires simple
means of detection only. Certainly it is suitable for addressing
special problems of light absorption.

Even a two-mode laser shows high sensitivity to intracav-
ity absorption, if just one mode feels this absorption [212].
The laser gain is set by the mode unaffected by ICA, and the
other mode exponentially decays, like the modes in a mul-
timode laser. Such a device might be also applied to ICAS.
However, as a matter of fact, a laser with broadband gain
operates single-mode if the other modes are strongly sup-
pressed, but multimode if the suppression is insufficient. An
attempt to build a two-mode laser with a binary resonator,
but with the same active medium shared by the modes [213]
was unsuccessful since the loss in both cavities could not be
made balanced precisely. The tolerance to the residual differ-
ence depends upon the required sensitivity, and is as small as
1/Leff, which was never accomplished.

Other variations of single-mode intracavity spectroscopy
have been furnished with the detection of fluorescence [214,
215], photoacoustic signals [105, 216], or saturation [7] in-
side the laser cavity. Here, the detected signal is enhanced,
over conventional spectroscopy, by the power in the laser cav-
ity much exceeding the output power. Thus, the enhancement
of sensitivity follows the power enhancement and would be
on the order of 100.

13 Summary

This review has dealt with the fundamental properties of
multimode lasers. The extreme sensitivity of their emission
spectra to minute intracavity absorption is the basis for laser
intracavity absorption spectroscopy. Depending on the laser
type and operation parameters, the sensitivityLeff of this
technique is limited by the duration of the laser pulse, or
in cw operation by various perturbations of laser coherence,
in particular spontaneous emission, Rayleigh scattering, and
nonlinear mode-coupling. Measurements of absorption made

by ICAS allow for accurate determination of extremely small
absorption coefficients, of wavelength positions, and of the
broadening of weak absorption lines in gases. The detectable
concentration of an absorber is further reduced by optimizing
the detectivity(Kmin)

−1 of the recorded laser light.
The ultimate spectral resolutionβ of ICAS measurements

is determined by the emission bandwidth of laser modes,
which in turn is determined by the same perturbations as the
sensitivity, such that

β = c

Leff
. (56)

The capability of ICAS is exploited to the ultimate by the
recording of transient processes, when high time resolution
is required in addition to high spectral sensitivity. Time reso-
lution is restricted by the laser pulse durationτ (if τ < ts) that
is necessary to achieve the required sensitivity,

τ = Leff

c
. (57)

ICAS is the only sensitive spectroscopic technique providing
parallel spectral recording. The laser emission yields as much
simultaneous spectral information as modes are oscillating.

The sensitivity of single-mode ICAS,Lsm
eff is higher than

the sensitivity of conventional detection of absorption, al-
though much lower than that of multimode ICAS,Lmm

eff . At
a high pump rateη� 1, these two figures of sensitivity relate
as

Lmm
eff = MqLsm

eff . (58)

Many lasers have been tested for their suitability for mul-
timode ICAS. The highest sensitivity so far has been demon-
strated with a cw dye laser. It corresponds to the effective
absorption path lengthLeff = 70 000 km. The various exam-
ples presented in this review show the benefits and resources
of the ICAS technique with respect to many practical applica-
tions. The development of new compact multimode lasers, the
optimization of their parameters, and improved data process-
ing will make this technique pervade, in the near future, many
areas of applied spectroscopy.
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