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2 K. ERNST and M. INGUSCIO
1. = Conventional and unconventional techniques.
The subject and the aim of the present work are in a way summarized in fig.

1, where the same region of the spectrum of excited neon atoms, but obtained
using three different detection techniques, is shown. The first spectrum (a)) is

FLT 4) &)

QG| 8}

oalC)

Fig. 1. - Transitions in neon from 560 to 620 nm. The atomie gas at pressure of 2 Torr is
excited in a d.c. discharge (i = 3mA). The fluorescence spectrum is recorded in 4). When
the discarge is irradiated by a tunable lager source, the spectral lines are recorded as
changes in the current {(B)) and by detecting acoustic signal (C)). Wavelengths
corresponding to observed transitions are: a) 585.2, b) 588.2, ¢) 584.5, ) 597.6,
e) 603.0, £} 607.4, g) 608.6, A} 614.3, ) 616.4 nm, A} and B) recordings are from (1], and
C) recording is from [2].
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obtained as usual by detecting the emitted photons, while the others two are
recorded by means of optoacoustic (b)) and optogalvanic (¢)) techniques. In the
case of the emission speetrum, the whole information on the interaction between
radiation and matter is obtained through the observation of fluorescence
radiation. A slightly different experimental configuration could be used
replacing the detection of the emitted light by detection of either transmitted or
scattered light, hence providing various spectroscopic information about atoms
and molecules, The feature commom to these techniyues is that all we learn
about atemic and molecular systems comes from the observed radiation. This
detection method has dominated in spectroscopy from its very beginning and we
shall refer Lo it as «conventional»,

Comparing speetra recorded by means of optoaceustic and oplogalvanie
techniques with conventional ones, one can hote that they are identical as far as
positions of lines corresponding to different atomic transitions are concerned. On
the other hand, some other features, as for example relative intensities and
signs, are different. That is due to completely different physical effects leading
Lo each of the recorded signals. The optoacoustic (OA), alsu cailed photoacoustic,
and optogalvanic (0G) techniques conceptually differ from conventional
techniques in that, in principle, no radiation detection devices are necessary and
the detection system has to be quite different. This is one of the reasons why we
shall call those techniques unconventional ones. In both of them, MICTOSCOPIC
processes as atom-photon and molecule-photon interactions are revealed by
means of macroscopic changes in the reaction of the system, as a whole. Instead
of measuring the intensity of rad#ation interacting with the system, we measure
now macroescopic physical quantities such as pressure, temperature and current.

The idea of investigating the interaction with radiation by looking at
macroscopic changes in the matter is not new and not only limited to
spectroscopic studies. For instance, the absorption of circuarly polarized photons
by a magnetic-resonance experiment was early investigated in Pisa [3) using the
sample itself as a detector. In fact, the macroscopic couple of force acting on the
sample causes its torsional oscillations,

The unconventional name used for the OA and 0G detection techniques has
also historical reasons. Both the effects have been known for many decades but
nobody thought about their applications in the period of pre-laser spectroscopy.
Only when combined with laser sources, these two formerly abandoned
techniques re-appeared as new and powerful tools for spectroscopy. Hundreds of
papers on their applications have been published in the past years and a large
variety of problems has been investigated.

The goal of the present paper is to describe the mechanisms of both OA and
0G effects and to show how they can be successfully applied to many different
probiems in laser spectroscopy and related topics. We will also discuss both
unconventional detection techniques from the point of view of their advantages
and limitations with respect to other techniques.
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1 K. ERNST and M. INGUSCIO
2. — Optoacoustic effect.

The optoacoustic effect was observed for the first time more than one
century ago|4-6|. In those experiments, acoustic waves were generated by
absorption of incoming electromagnetic radiation. In the first optoacoustic
experiments, a chopped sunlight was absorbed by a sample contained in a cell.
Resulting periodic heating of the sample generated an acoustic wave at chopping
frequency and the sound could be heard through the listening tube mounted on
the cell {4] or using a cautchoue tube inserted in the ear [5]. Bell called his new
device «photophone» and using its sophisticated version he was also able to
distinguish words and sentences spoken into the transmitter. He concludes his
paper |4] with the following prediction: «I anticipate that it has a wide and
independent field of usefulness in the investigation of absorption spectra in the
ultra-red-. Now we can verify how accurate and foreseeing was this prediction
declared one hundred years ago.

By measuring the acoustic disturbance, various information about absorbing
sample can be obtained. There is, however, a fundamental condition which has to
be satisfied: at least a part of energy absorbed by a sample has to be transferred
into heat through collisional relaxation processes,

The optoacoustic effect was observed in solids, liquids and gases but in the
present paper we will limit our considerations to the application of the OA
technique to gas phase only. If we compare the output (acoustic) energy and
input {radiation) energy, the conversion factor determined by their ratio turns
out to be very low. The effect is then very weak. However, due to the high
sensitivity of microphones used as acoustic detectors and due to speciral
brightness and tunability of lasers used as light sources the optoacoustic
technique became a very powerful spectroscopic tool. Three monographs [7-9]
and several review papers{10-15] were devoted to the optoacoustic technique
and its application to spectrosecopy. It has been also the subject of three
conferences {16-181.

In the following, we will recall the physical model and discuss the most
significant spectroscopie applications of the OA effect.

2°1. The physical wodel, — The detection of absorption by meuans of a
tnicrophone ean be understood as a sequence of processes as schematically shown
in fig. 2.

Optical absorption is Lhe first step. Let us consider an experimental situation
in which a sinuscidally amplitude-modulated light beam propagates along the
axis of a eylindrical cell containing an absorbing gas. As menticned before, in
order to observe the optoacoustie effect the energy absorbed by a gas sample has
to be transferred through collisions into heat. Such a proeess can oceur for
molecular gases only due 1o V-T collisional relaxations. We assume then a
molecular gas system and consider low absorption corresponding to the optical
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Fig. 2. ~ Schematical model of physical processes involved in the generation of acoustic
signals originated by absorption of radiation in pases.

&
transition between levels of energies £, and E,. That means that population of
higher-level E, is small with respect to the lower, say, the ground state. For this
situation, the rate equation for the level excited by radiation ecan be simply
written [14]

(l) _._‘,.=NIIBP—N2(/1r+Al')’

where N and N, are the concentrations corresponding to lower and higher-
energy levels, respectively, B, is the excitation rate.

The second tertn on the right takes into account two possible mechanisms of
de-excitation of the upper level: radiative with a rate constant A, and collisional
with a rate constant A,. The latter is responsible for the transfer of absorbed
energy into translational energy of molecules.

In the simplest case, when the modulation frequency of the incident light is
low with respect to the decay rate of the excited state, we can solve eq. (1) for
steady-state conditions, what gives for N,

N]H‘_ _J'V!E(r, ”’J’
A+ A A +4A T

(2) NZ(rv f) =
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where K, is expressed as the produet of the photon flux ¢ which depends on
position r and time ¢, and absorption cross-seetion . The collisional energy
transfer leads to the heat production at a rate (energy per unit time)

(1] H(r, ) = Nfr, DAE .

Using eq. (2) we have

Niglr, ysA E

(4) 11(1", t) = TA:-— s

where £ is the energy released due to collisional relaxation of molecules. For a
molecule relaxing nonradiatively to the initial state, & is simply equal to £, — E,.
The heat generated in a gas sample is then proportional to the molecular
concentration (gas pressure), photon flux (light intensity), absorption cross-
section, collisional decay rate and energy released through nonradiative channel.
It is worthwhile to note that temporal dependence of the released heat follows
exactly that of the light intensity.

. If the modulation frequency does not gatisfy the condition of being low with
respect fo the decay rate of the excited state, the temporal dependence of 5 must
be taken into account te solve eq. (1). Assuming & sinusoidally modulated photon
flux

(5) ¢ = ll + expliet]],

we have as a solution of eq. (1)

Nigge

(6) Ny= (A, + A1 + SEPR exp [i(wt ~ {1,

where ¢ = tg™? (w 7) is the phase lag of N, with respect to g. The heat produced is
given now by substituting (6) in (3)

NipyoA.E
(A, + A1 + ¥

(7 H{r, t) = exp [i{wt ~ ¢)],

As a next step of our scheme we have Lo consider the expansion of the heated
volume due to the radial temperature gradient created in the gas. As a
consequence, a pressure wave propagates outwardly from the axis of the cell,
This results in an acoustic disturbance which propagates in the gas medium. Two
different cases must be distinguished: c.w. modulated excitation and pulsed
excitation. The propagation process may be described by the inhomogeneous

UNCONVENTIONAL TECHNIQUES IN LASER SPECTROSCOPY
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wave equation which for the cylindrical symmetry has the following form:

Fp L 10p ol
{8) ﬁ—cz(ﬁ"’;é_—r):()"l)—a?-
H represents the heat source, p the pressure, ¢ is the speed of sound and y is the
ratio of specific heats for the gas. Equation (8) can be derived from the equation
of mass, momentum and energy conservation neglecting molecular-diffusion
effect.

The procedure for the solution of this equation is presented by Tam in!14]).
The final solution depends on boundary conditions and is obtained under the
assumption of optically thin absorbing medium, leading to purely radial
propagation. The OA signal for the modulated c.w. excitation is larger for larger
value of vy, larger light absorption power and smaller cell volume.

Let us consider now the case of the QA signal generation by pulsed
excitation. In almost all experimental situations the time of pulse duration At is
much shorter than collisional decay times of excited states and excitation process
may be considered as an instantaneous deposition of energy (At =0). On the
other hand, the time of heat releasing, being directly dependent on collisional
decay time, is generally shorter than time in which the generated acoustic
disturbance reaches the microphone.

An example of the microphone output shown in fig. 3 demonstrates the
complexity of the pulsed OA signal. If we then measure only the first OA signal
peak (connected to the acoustié disturbance coming directly from the illuminated
volume), we can neglect all secondary processes as resonances, reflections and
interferences which means that boundary conditions are unimportant.
Neglecting also the process of heat diffusion, which is much slower than the
process of collisional relaxation of the excited state, we have for temporal
evolution of the released heat [14]

WAE t
Y = 1= %
) H,® Ac+A,[1 exp[ rH’
20 mv 20ps 20mv 100us

1 i 1 "

Fig. 3. - Typical oscilloscope trace of the OA signal for a single laser pulse, From [66).
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W is the number of photons absorbed during the pulse, t is the lifetime of the
excited state equal to (A, + A.) 'and H, is now expressed in energy units.

The expansion of irradiated volume V of gas leads to the pressure increase
p(t) which can be caleulated from the ideal-gas law

_H,OR

(10) P(U—m,

where R is the gas constant, M is the molecular weight and Cy the specific heat
al constant volume.

We can also estimate [19] how the first OA peak depends on the radius of the
illuminated cylindrical volume and on its distance from the microphone. The
volume V to be considered determined by the radius K, of the laser beam and the
length L. of the cell is equal to =R} L. The absorption of the laser pulse and the
subsequent heat (H,) release lead to the rise of temperature

H,
PV G, ?

(11) AT =

and to the isobarical expansion of the illuminated volume described by equation

(12) (R, + AR L — =Ri L=pVAT.

5 is the density of gas, C, the specific heat at constant. pressure, 3 the expansion

coefficient and A R, the increase of the radius of the illuminated volume.
Assuming that all absorbed energy is transferred into heat we have

(13) szElaLy

where K, is the laser pulse energy and « the absorption coefficient.
Equations (11)-(13) and the assumption ARy << R}, lead to the following form

for AR,:

AR . ﬁEm i
(14) b= BrRueC,

Because of the conservation of acoustic energy, the peak displacement {7 (r)
measured at distance + and for a eylindrical acoustic wave propagating
perpendicularly to its axis may be expressed as follows:

RB.\12
(15) U(r)=AR,,(Tb) )

Using the relation between the peak acoustie pressure p(r) and the peak

UNCONVENTIONAL TECHNIQUES IN LASER SPECTRUSCOPY 9

displacement [7(r) [19]

(16) Py = coU(r)im |
we get
an pir) = LB

2eRVEC, 7,

where c is the speed of sound and +, the laser pulse width. Equation (17) is valid
only for sufficiently small R, values in order to justify our assumption that
illuminated volume expands isobarically immediately after the laser pulse. This
condition is satisfied for R, < er. In the opposite case (R, > ¢r), the pressure
increase at the heated cylinder surface takes place after absorption of the laser
pulse and the peak acoustic pressure measured at distance » is given by [19]

ﬁ(‘zEja
(18 TR i LI
) PO R,

As we can see from eqs. (17) and (18) in both cases (small and big radius of
the heated volume) the measured acoustic peak pressure p is proportional to the
laser pulse energy. Since the acoustic energy is proportional to p?, the efficiency
n of DA detection techniques defined as a ratio of output to inputl energy has
linear dependence on E, 3

E,., E}

(19) =

"‘E|.

All above calculations in the case of pulsed QA sipnals were limited to the
usual techniques of choosing the first signal peak which is only a small part of the
total «ringing» signal arising from multiple reflections, resonances, absorption
by the cell windows etc. Chin et al. [20] discuss the origin of complex pulsed OA
signal showing also in a simple qualitative way the proportionality of the first
peak OA signal to the absorbed energy.

Instead of the first peak, the envelope of the total ringing signal can be also
used as a measure of the absorption.

Let us conclude our theoretical analysis with some remarks concerning
general features of both c.w. and pulsed QA techniques. Because of the spectral
characteristics (linewidth) of laser sources, the modulated ¢,w. execitation is
mostly used when spectral resolution is required. On the other hand, when we
need high-temporal resolution, the pulsed OA method is usually applied.
Especially in the case of fast processes real-time measurements have several
advantages over the phase shifl measurements. Due to higher-conversion
efficiency into acoustic energy, the pulsed technique gives usually higher
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detection sensitivity at the sume average power of exciting source and may have
considerable advantage over c.w. technique in particular for weakly absorbing
sample. Another advantage of the pulsed technique is that it can be widely
applied to nonlinear processes requiring high light intensity.

2°2. Experimental arrangement. — Any experimental arrangement built for
oploacoustic measurements consists of three fundamental sections: a) light
source (including modulator in the case of c.w. radiation), &) optoacoustic cell
(including microphone), ¢) electronic channel for signal processing. A detailed
deseription of OA detection systems is given in [13-15). We would like to present
here some chosen aspecets which may be useful for further discussion concerning
the applications of the QA technique.

Lasers offer many advantages over conventional light sources. First of all,
Lheir spectral brightness can be several orders of magnitude higher than that
obtainable with systems combining lumps and menochromators. The cylindrical
symmetry of laser beam is in perfeet accord with radial propagution of acoustic
waves in cylindrical cells typically used in OA experiments. Due to the high
degree of directionality, the output light may be easily focused preducing high-
power densities. This is of particular importance when nonlinear effects have
to be measured. Lasers offer also possibility of generation of very short light
pulses allowing to perform OA measurements even in picosecond domain [21].
Finally, the tunability of lasers, even if limited to certain spectral ranges is of
great importance in all spectroscopic studies. The laser sources typically
used in infrared region are CO, lasers (close to 10 pwm) having many lines
coinciding with absorption lines of various molecules, and spin flip Raman laser
(close to 5 ym) pumped by a CO laser. In the visible range tunable dye lasers are
mainly used.

Another advantage offered by lasers is that the intracavity technique may be
applied to measure very weak absorptions[22-25]. Recently, a broad-band
investigation of trace amounts throughout the mid-infrared region was
performed using solid-state lead salt diode lasers [26],

The light coming from a c.w. laser has te be modulated before reaching an
OA cell. Mechanical choppers operating easily up to frequencies of several kiHz
and giving 100% amplitude modulation depth satisfy generally all the
requirements and are commonly used. The only pratical disadvantage of
amplitude modulation is a background signal due to windows absorption
generated at the same frequency. This inconvenienee can be overcome by using
frequency modulation as it was successfully demonstrated by Kreuzer and
Patel [27],

Modulated or pulsed laser light passing through absorbing gas sample
generates time-dependent temperature changes and subsequently pressure
waves propagating outwardly from the heated volume. The gas is contained in
the OA cell with a built-in microphone in order to detect the acoustic signal. For

UNCONVENTIONAL TECHNIQUES IN LASER SPECTROSCOPY 11

micraphone ACOUSEIC baffle
micruphane

Fig. 4. — Two types of OA ceils for measurements in gases. The simplest scheme is
presented in a), while in b) «acoustic baffles» have been introduced in order to minimize
windows absorption effect. From (14].

measuring strong absorptions the simplest cell construction as shown in fig. 4a)
is completely satisfactory,

However, dealing with low absorptions, particular care has to be taken in
order to minimize background signals. In most cases, those signals arise from
absorption by cell windows. A subsequent increase of their temperature is
transferred to the gas sample producing an additional acoustic signal. Thiy
«window» effect may be substantially reduced by introducing in the cell the so-
calied acoustic buffles as proposed in |28] and shown in fig. 4b). The laser beamn
can pass undisturbed through small apertures but acoustic waves generated by
windows are strongly dumped. Any imperfection of window surfuce (dirt,
scratch) produces also scattered light which can hit direclly the microphone or
the cell surface very close to it. The buffles made of absorbing material eliminate
such a signal by cutting off the scattered light. Another construction |29] consists
of adding two buffer sphere volumes near the Brewster windows, They are very
effective in isolating the laser noise at the windows and ailow a tenfold decrease
of the background signal.

Particular care has to be taken in preparing cells used for intracavity
measurements. This technique applied for very weak absorptions requires
samples introducing very small losses into the laser cavity. High-quality
Brewster windows are then necessary. It is also possible to operate the resonant
cell with no windows at all (30, 31]. Absence of windows certuinly solves the
insertion loss and the window-heating problem but it degrades the quality factor
of acoustic cavity resonance and increases the ambient acoustic noise.

One way to improve the performances of the OA cell consists then in
minimizing all background signals. Another way leading to higher signal/noise
ratio is to increase the signal itself. One of the solutions consists in multipass
arrangement in which focused laser radiation travels across the cell several
times after being reflected by two spherical mirrors placed outside the cell [32).
Absorption by a gas sample is ruoghly proportional to the number of passes of
laser pulse through the cell,

In a typical geometry with laser beam along the eylinder axis, microphone is
placed in such a way to receive the signal propagating perpendicularly to the axis
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12 K. ERNST and M. INGUSCIO

of the cell. «Inverted- eylindrical configuration was also investigated [33]. The
laser beam perpendicular to the cell axis was reflected many times due to
opportune coating of the side walls and the microphone detected the signal
propagating along the cylinder axis.

The second way leading to the increase of sensitivity of the OA systems is
the resonant enhancement of the signal by choosing properly modulation
frequency for given dimensions of the cell. In the cylindrical symmetry with the
laser beam propagating along the axis of the cell and without the temperiature
gradient along this axis (weak absorption) only radial resonance modes may be
strongly excited. On the other hand, the configuration with laser beam
perpendicular to the axis of the cell allows longitudinal modes to be excited.
Detailed discussion on advantages of both resonant and nonresonant techniques
may be found elsewere [14).

Micrephones typically used for detecting the OA signal may be divided into
two classes. Pressure variations can lead to the change of eapacitance between a
diaphragm being in contact with a gas and fixed metal plate, and to subsequent
voltage signal. This is the principle of operation of condenser microphones. A
different mechanism is used for preducing electric signals in electret
microphones. In this case a change in polarization of the electret material is
responsible for transforming pressure waves into a measured voltage signal.
Both types of microphones have been successfully and widely used in OA
measurements. In order to enhance the signal, several microphones can be
mounted into the cell and a partial output can be electronically summed [34]). Due

I N SR ER MM ER S M moduloted Light
C.Ww. SN PA signal
MOAULALIEN e~ windiow signatl”
B e S W |EM—pick-up and |, o,
mechanical
resonance

&}

puised

putsed lLight

PA signal

: A~ i N  window signal”
e, JEM-pick-up and | poise
s e mechanical

l l resgnance

b) “detection gate

Fig. 5. - Schematie comparison of the e.w.-modulated OA method (¢}) and the pulsed OA
method (8). From|19].
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Lo their miniature size the electret microphones are particularly suited for such a
sensitivity enhancement of the OA cell.

Finally, we wouild like to mention the electronic-signal processing channel
being the third section of a typical OA set-up. In the c.w.-modulated technique
OA signals produced inside the cell are detected by a lock-in amplifier. Their
intengities are proportional to the absorption by gas, while the phase-lag may
provide information about collisional relaxation rates.

In the pulsed case, the OA signal is detected by a box-car integraior, wave

"form eductor or transient digitizer. Properly chosen delay and width of the

detection gate allow to select the QA signal due to absorption by gas and to
discriminate background signals coming from window absorption and multiple
reflection having different delay times. Figure 5 summarizes qualitatively the
difference between c.w.-modulated and pulsed OA techniques as for signal and
noise production and handling.

3. — High-sensitivity optoacoustic spectroscopy.

3'1. Weak absorptions. — Development of high-power tunable lasers and
advances in the QA cell design have made possible the measurements of
extremely weak absorption transitions. One of the earliest applications of the QA
spectroscopy which has proven to be a highly sensitive detection method was the
identification and measurements of trace constituents in gas mixtures and in
particular measurements of afk pollution |27, 36, 37].

The main problem of detection of pollutants by conventional absorption
measurements is that for typical pollutant concentrations of 1 p.p.m. or less at
atmospheric pressure, the absorption is too small to be measured by direct
determination of transmission through reasonable path length. The minimum
detectable concentration varies for different atmospheric pollutants depending
on absorption coefficient of molecular transitions as well as on the intensity of
available laser line overlapping with that transition. Data on detectable
sensitivities for various molecular gases are given in[13]. The QA technique is
sensitive to detect a concentration of less than 1p.p.b. in air samples as it was
measured for SF;[13], S0,(37], NO;{35].

Besides very low absorption, another preblem arises in relation to the
selectivity of this method. A sufficient resolution of the laser source is required
in order to distinguish between pollutant absorption and interfering absorption.
When measuring trace amounts of pollutants the absorption is due Lo the gas at
extremely low partial pressure. The generated acoustic disturbance is deteetable
because it propagates in a high-pressure medium {atmosphere).

A very spectacular experiment was performed by Patel [38] who meusured
the stratospheric concentration of NO using the OA technigue with a spin-flip
Raman laser as a source of tunable infrared radiation. Monitoring of NO
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concentration is one of the very important objectives for the stratospheric
reduction of vzone and the subsequent increase in the UV radiation reaching the
Earth. NO is produced either due to photodissociation of N 0, or by reaction of
NO, with atomic oxygen. Both reactions require then UV radiation and NO
concentration should depend on solar operation. The experimental set-up
consisting of SFR laser, CO pump laser, OA absorption cell, associated
electronies and minicomputer controlling the experiment was mounted inside the
flight vessel and transported by a balloon at the altitude of 28km. SFRL tuned
to one of the NO absorbing lines close to 1827 em ™ allowed to measure the OA
signal due to absorption by NO molecules. Its pre-sunrise concentration as low
as (1.5 - 107) mol/em® corresponding to volumetric mixing ratio of 0.02 p.p.b. could
be detected. Moreover, real-time evolution of NO concentration could be
meusured.

3'2. Excited states. — The OA technique, being very convenient for trace
detection of absorbing gases, can be also used for spectroscopic measurements of
excited states which can be considered trace amounts in a gas system. Excited
states may be populated by electrie discharge [39], optical absorption[34] or
collisional energy transfer [40]. It is worth noting that population originating
from Boltzmannian distribution at room temperature can be sufficient to produce
significant optoacoustic signals from levels separated by a few thousand em™
from the ground state.

The technique which involves molecular vibrational energy transfer was
applied to the study of v = 1> v = 2 vibration-rotational transitions of “NQ. The
technique uses a coincidence of one of the CO-laser lines with one of the
vibration-rotational transitions of “NO leading to excitation to the first
vibrational level. In a mixture containing “NO and “NO the exeitation is then
collisionally transferred to NO molecules. No other suitable and selective
technique is available to populate the » =1 state of ¥NQ molecule. This method
of preparing excited molecular states is quite efficient, since the mismatch of
energy levels involved may be even as large as several timeskT. Measurements
of absorbing transitions from excited vibrational level » = 1 may be performed
for both *NO and ®*NO molecules using two collinear beams of CO laser (exciting
"“NO molecules to v =1 level) and CO laser pumped tunable SFR laser (exciting
transitions from v =1 level for both isotopic species). The OA signal due to
absorption by '*'NO molecules can be easily distinguished, since it disappears
when the cell contains “NO only.

3°3. Overtone spectroscopy. — Another example of weak absorption
successfully observed by means of QA technique is the spectroseopy of overtone
transitions. Kxperimentally, the «forbidden» nature of high-overtone and
combination band transitions in gas phase usually restricts spectroscopic studies
to very high pressures. Information about isolated molecule dynamics is then
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lost, since line shapes and overall band contours are determined primarily by
intermolecular interactions. Intracavity e.w. dye laser technique combined with
optoacoustic detection method allowed to measure gas phase overtone
absorption spectra of several molecules.

Measurements performed for CsH;s and its deuterated analogues [23, 24|
gave the overtone spectrum for CH stretch excitation up to Av =9 transition.
Analysis of the line-shapes is very important to understand the nature and the
dynamics of highly vibrational excited molecules. Due to rapid (subpicosecond)
intramolecular interactions overtone linewidths are very broad (= 100 cm '), On
the other hand, the overtone spectra od HCI[22] exhibit sharp lines since no
intramolecular interactions are possible for diatomic molecules, This allowed to
observe the rotational structure, for each of Av= 5, 6,7 of vibrational
structure,

Stella et al. [25] applied the OA detection to the observation of overtone
transitions of CH, and NH; and pointed out that, using essentially the same
pressure, they obtained a high-quality spectrum with an effective path length of
less than 10 ¢m. That, compared with the 400 m length required by conventional
method, means that they needed 5000 times less of absorbing material.

As we have shown so far the OA technique allowing to measure very weak
absorptions has been widely applied in various spectroscopic measurements due
to its high sensitivity.

4. — High-resolution optoacoﬁ‘stic spectroscopy.

So far we have discussed the sensitivity of the OA technique. This feature
has been stimulating many attempts of combining sophisticated conventional
laser techniques with OA detection. The Doppler broadening of spectral lines has
been overcome in order to take advantage of the very narrow instrumental
linewidth of laser sources.

4’1, Saturation 0A spectroscopy. — The optacoustic signal, being propor-
tional to the energy absorbed by the gas sample, is then proportional to the
number of molecules excited per unit time. That allows to observe directly
saturation effects of OA signal and to follow signal variations as a funetion of
experimental parameters such as laser intensity and gas pressure,

As is well known, in an atomic or molecular system interacting with two
counterpropagating beams of the same frequency, one can observe the effect of
the hole burning in the Doppler-broadened absorption profile, The direct
manifestation of that phenomenon in the form of Lamb-dip by using OA
technique was observed in vibrational transitions of CH,0H excited by a CO,
laser, as an evidence of the physical origin of saturation effects observed in
three-level optically pumped laser [41). Figure 6 displays the Lamb-dips 0A
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Fig. 6. — OA recordings of Lamb dips observed on a vibrational transition of CH;0OH
interacting with Lwo counter-propagating CO, laser beams. The gas pressures are:
a) 24 mTorr, b) 65 mTorr, ) 300 mTorr. From (41}

recorded in CH,OH. The COy-laser power was about 1 W, almost equally divided
belween the two counterpropagating beams. The observation of the dip is
critical on the pressure value and an important saturation broadening is also
present f42].

4'2, Intermodulated QA spectroscopy. — The signal-to-noise ratio obtained
in the Lamb-dip measurements can be substantially improved using the
intermodulation technique [43]. This method, successfully introduced for
detecting the fluorescence light from the absorbing sample, turned out to be
very effective for sub-Doppler OA spectroscopy. When the highly mono-
chromatic light beam at frequency v close to the frequency v of the absorption
line centre is incident on a gas sample then only a small velocity group of atoms
{molecules) can be excited. Their velocity components parallel to the light beam
have to be equal to (v — vp)e/v.

If the sample is subjected to two oppositely directed laser beams of the same
frequency they will interact with different velocity groups unless v, = v,. If laser
beams are strong enough and saturation of the transition takes place, a decrease
in absorption and subsequently in the intensity of the emitted light is observed
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when laser frequency v is tuned at v,. If the two counterpropagating laser beams
are amplitude modulated at two different frequencies, say f; and f,, since under
saturation the response of the sample is nonlinear, the «dip» effect can be
recorded using the sum f, + f; frequency reference for a lock-in amplifier. An
accurate analysis of the lineshape of the nonlinear component of the fluorescence
in intermodulated spectroscopy can be found in [44].

In principale, the intermodulated scheme allows the detection of the
saturation dip in the absence of any background. Instead of monitering-emitted
radiation by means of a photomultiplier a microphone may be used to measure
directly absorption changes. Such experiments of intermodulated optoacoustic
spectroscopy (IMOAS) were performed in visible for the 11-0 bund of I,
molecules excited by a dye laser [45} as well as in the infrared for vibrational
transitions of CH;O0H and other molecules [29, 46] excited by a CO, laser, and for
HCN moleeules excited by a colour centre laser [47].

The application of the OA method to high-resolution sub-Doppler
spectroscopy is made difficult by strong decrease in sensitivity at low gas
pressures. Tonelli el al. [29] observed OA saturation signal for CH,OH at a
pressure as low as 20 mTorr with the modified construction of the QA cell
allowing substantial decrease of the background signal eaused by window
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Fig. 7. - QA laser Stark spectrum of NH; recorded with intermodulated detection,
Pressure in the eell is 100 mTorr, From |45).



18 K. ERNST and M. INGUSCIO

absorption. It is worthwhile noting that at the low pressures required in order Lo
avoid collisional broadening, the saturation broadening inereases, which has to
be taken into consideration,

At this point let us indicate a difference between OA measurements
performed in visible and infrared region. In the former case, the QA detection
technique could be replaced by flucrescence measurements possibly allowing
even higher resolution. In the IR region, where fluorescence is hardly detectable
there is no alternative to OA detection. A typical OA intermodulated
spectroscopy recording at 10pm is shown in fig. 7.

The sharp Doppler-free lines are sometimes recorded over a broad pedestal.
Flastie-velocity—changing collisions are in general assumed as the main causes of
Lhe presence of this pedestal in intermodulated spectroscopy, as we discuss later
in subsect. 4°2,

Recently a careful analysis of the line shape in intermodulated 0OA
speetroscopy has been reported by Minguzzi et al. [49]. They extended to OA
detection the model developed in [44] for fluorescence detection. In addition,
they treated the effect of the actual Gaussian transversal energy distribution in
the laser beam, yielding spatial inhomogeneity of the saturation parameter.
Using this extended model, they could fit the experimental lineshapes better
than simply using a single Lorentzian curve.

4'3. Two-photon. OA  sub-Doppler spectroscopy. — Two-photon transi-
tions [50) can be induced in atoms at optical frequencies thanks to the
powerfulness of laser sources, Two-photon spectroscopy is interesting and useful
for several reasons. High-energy transitions become accessible to laser sources
and highly excited levels can be reached from the ground state, Selection rules
for two photon are different from those for single photon transitions and
different atomic or molecular states can be investigated. If the two photons come
from opposite directions, the first-order Doppler shifts cancel [51].

The OA technique was applied in {52] to two-photon spectroscopy for
detecting Doppler-free resonances in the v, band of NHj;, as shown in fig. 8, The
two counterpropagating photons were from two different COylaser transitions
(P(18)) and (P(32)). As a consequence, the Doppler shifts were not exactly
compensated, but there was not the broad background originated in
spectroscopy with photons of equal energy by two-photon absorptions from the
same direction.

In the two-photon spectroscopy measurements, the precise tuning of the
difference between initial and final energy levels of the polar molecule to the sum
of the photons energy was accomplished by means of Stark effect, using an
external electrie field.

This is an advantage of the OA technique related to the small interaction
volume, Such an experimental arrangement allows to apply easily an external
homogeneous field and to assure its uniformity over the whole gas sample.

UNCONVENTIONAL TECHNIQUES IN LASER SPI-.‘CTRUSCUPY 19

M=5

i 1 l.—._J
5 6 7 8 9
etectric field (kvfem)

Fig. 8. - QA recording of the two-photon transitions observed with #(18) and £(32) CO,
laser lines in NHy. From([52].

A series of OA measurements performed by applying uniform and weak
electric fields to various molecular samples allowed to explain the effect of the
electric field on the efficiency of optically pumped FIR lasers [53]. The effect was
understood as a nonlinear Hanle effect (NLHE), as we discuss after. Let us
simply stress here that the OA& technique allowed the investigation of the
bhenomenon for a large variety of transitions, gas pressures and laser
intensities. Using conventional absorption spectroscopy and the same volume of
gas multipass or intracavity configurations should have been neeessary.,

Another demonstration of the usefulness of small optoacoustic cells was
given by optoacoustic laser-Stark spectroscopy. In this technique molecular
transitions which are close to fixed laser frequencies are brought into resonance
by means of Stark effect. The OA detection was used in ref. [54,55] to
investigate absorptions around CO,-laser lines.

4'4. Nonlinear Hanle effect. — Besides the developement of new nonlinear
techniques, like those deseribed so far, the use of intense laser sources has
opened the possibility of observing the nonlinear version of effects already
known from linear spectroscopy. Among these we have the Hanle effect,
discovered more than sixty years ago{56], which consists in 4 change of the
polarization of the resonance radiation when an external (magnetic) field
removes the degeneracy between the Zeeman sublevels.

The nonlinear version of the Hanle effect (NLHE) manifests itself as an
increase of Lhe laser-saturated absorption when the degeneracy is removed due
to the Zeeman or Stark effect (57). The physical origin of the effect is in the
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different saturation of the different components of a resonance line (in the
presence or not of an external field) caused by coherences induced between the
Zeeman sublevels through the optical transition.

A theoretical analysis of the NLHE based on the density matrix formalism
was introduced in [58), while a rate equation model has been successfully applied
to provide a quantitative analysis of experimental results in[59, 60].

As anticipated in the previous subsection, the OA technique was used to
detect the NLHE in the interaction between saturating infrared laser beams and
resonant vibrational transitions of pelar molecules. A typical experimental
recording is shown in fig. 9. Here the molecular sample was normal methyl
aleohol and the saturating radiation from a CO, laser was resonant with a
transition of the CO stretching band. The application of an external electric field
orthogonal to the laser polarization caused the Stark effect [61], hence the
removal of the degeneracy, leading to the increase of the absorption. As already
mentioned, these increases in the absorption, investigated by OA technique,
allowed the understanding of the behaviour of optically pumped molecular lasers

in the presence of external fields [53, 621.
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Fig. 9. — Absorption increase originated by NLHE recorded with OA method for various
electric-field intensities. From[53]. CH3UH, p =200 mTorr, CO; 9-£(34), AM =+ 1.

4°5. OA Raman spectroscopy. — The OA detection, combined with nonlinear
coherent Raman scattering, has become recently a very interesting and
promising spectroscopic method. The principles of PARS (photoacoustic Raman
spectroscopy) technique may be simply explained following the scheme in fig. 10.
A molecular gas system contained in a cell interacts with two incident laser
beams (one of them is tunable) of frequencies wyg and w,, and intensities I and /..
When the difference frequency w,-oy is equal to the Raman active frequency of
the medium determined by the energy states [@) and |#) the nonlinear
interaction oceurs resulting in the amplification of f; (Stokes beam) and
attenuation of 7, (pump beam). In such a way, for each process of Stokes photon
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Fig. 10. - Schematic representation of the PARS process. From [13],

generation one molecule is trahsferred from level [} 1o level |h). Subsequent
collisional relaxation leads to the heating of the illuminated region and to the
generation of pressure wave deteeted by a microphone. The expression for the
pressure increase due to nonlinear interaction process is given by Barret and
Heller |63) and has the following form: '

(20 Ap = (y = D 1(0) gs ZAsTewnlros) [V,

v is the specific-heat ratio, /5 (0) is the initial intensity of the Stokes beam, g is
the Stokes gain coefficient, Z is the interaction length, Ay is the Cross-sec‘tll'(m
area of the Stokes beam, T the interaction time of two luser beams, w, is the
Raman transition frequency and V is the interaction volume. it is assumed that
both beams are of uniform intensities over their cross-sectional plane and that
they overlap both spatially and temporally.

PARS measurements were performed for both c.w. [64] and pulsed [65 ] laser
excitalion. In the latter case, the amount of energy deposited in a gas saumple is
greater hy several orders of magnitude. An example of PARS speetrum of CH,
is shown on fig. 11. The peak powers of two dye lasers used for the pump and
Stokes heams were 1.2 and 0.5 MW, respectively.

PARS technique can also be applied for identifying and quantifying trace
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Fig. 11, - Vibrational PARS spectrum of CH, at a pressure of 50 Torr. From [13].

constituents in gaseous mixtures. Sensitivity limits for several gases in air were
determined by Siebert et al. [32]. .

As we see again, the main advantage of the OA technique is that it provides a
direct way for detecting the energy deposited in the sample, whilg other
techniques are based on measurements of small changes in the energy of intense

radiation passing through the cell.

4'6. Multiphoton OA spectroscopy. — High intensity is essential to obsgrve
nonlinear interactions of radiation with matter; in many cases, however, hlgh—
sensilivity detection is also required. Multiphoton absorption is a typl.cal
example. The OA method turned out to be a very convenient way f.or measunn.g
multiphoten absorptions for both vibrational (66, 67] and electron_xc[13] tra.m-n-
tions. It allowed alse to observe sublinear variations of the absorption coefficient
with incident power in the OCS gas [68]. .

The dependence of the optoacoustic signal on laser intensity provides a direct
information on number of photons involved in nonlinear interaction. Since the
OA technique allows us to measure the absolute value of absorbed energy, a
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determination of the number of photons absorbed per molecule is also pHoss-
ible{69). Such an information is of considerable importance for studying
muitiple-absorption processes in polyatomic molecules [70].

47 Time-dependent OA measurements. — The acoustic signal detected by u
microphone is always delayed with respect to the optical excitation of a gas
sample. This delay time is strictly related to the mechanism itself of the
optoacoustic effect. As a first step the internal energy of a gas has to be
transferred into heat and the time needed for that () depends on the V.7
relaxation rate. The generated pressure disturbance reaches the microphone
after the time ¢, depending on the sound velocity (e) in the medium. For a given
gas sample ¢, depends on the gas pressure, while ¢, on the distance ¢ between the
iliuminated region and microphone. Such a simple technique of measuring the ¢-
value as a slope of the ¢, (d) dependence was used by Chin ef al. [20). However,
measurements of collisional decay rates are not so straighforward and they need
particular care in the interpretation of signal shape.

Detailed discussion of the acoustic-wave generation by luser excitation us
well as considerations on how the microphone signal reflects the VR, T
relaxation of gas were given by Smith et al. [71). They applied their model to
measure the collisional probabilities for relaxation of the lowest vibrational
mnodes of OCS and CF, by several collision partners.

Interesting results on picosecond time-resolved optoacoustic measurements
have been recently reported [21], The technique consists in detecting the total
OA impulse produced by two ulfirashort optical pulses with variable time delay
between them. Optoacoustic detection by itself, of course, cannot achieve
picosecond time resolution. However, by observing the integrated oploacoustic
response generated by two picosecond pulses with varying time delay, one can
measure fasi relaxation processes with time resolution limited only by the optical
pulse width, even though the optoacoustic detection mechanism is very much
slower. Measurements were performed for organic dye molecules in solution but
the technique itself appears to be of wide and general application.

4'8. Photothermal effects. — Optical heating of the medium, being the result
of the dissipation of incident energy within the material can be converted into
sound and detected with a microphone. There are, however, other technigues
allowing to measure the warming effect of the incident radiation on a sample.
They are called photothermal techniques and are based on the influence of the
temperature on the index of refraction of the heated medium.

There are two different approaches to photothermal detection spectroscopy.
In both of them, the refractive-index pradient is created and optically detected
within the medium of interest. Laser used as a source of light can provide both u
means for high-energy delivery to the sample and a means for extremely
sensitive detection of the resultant heating of the sample.
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One of the methods called «photothermal deflection spectroscopy» [72, 73 I. or
initially detection by the «mirage effect- 174] relies on detection of the d(eﬂ_ect{un
of a probe beam in the vicinity of a pulsed or intensity-modulated exmtap(m
beam which produces a temperature gradient and subsequentl?r a refractlye-
index gradient in the sample. The amplitude and phase of the peridic deflection
can be measured with a position sensor.

Photothermal deflection spectroscopy provides a simple means for the
measurements of very weak absorptions which can be determined from the
deflection of the probe beam by varying the wavelength of the pump beam. By
interseeting the probe and pump beams in space, in situ, real time.measure-
ments can be performed. The method has been recently applied to monitor a heat
release that can be ascribed to photochemical particulation [75].

Another technique used to monitor changes in the refractiv.e index of the
sample is called «thermal lensing detection» [76] and it is schematically s‘h(n‘vn on
fig. 12. When the absorption of light leads to the temperature change within the
e.iciting light beam, the radial density and refractive index ?roﬁles reprf](]uce
the shape of the beam. Using a laser source, a Gaussian intensity profile with an
extremum on the laser axis is obtained.
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Fig. 12. - Schematic diagram of the thermal lensing detection. From[80].

The refractive index distribution acts as a lens to a probe beam sent through
the sample collinear with the pump beam. With a negative Yalue- of dn/dt, the
refractive-index profile very closely approximates that of dlverglflg lensf. Asa
consequence, any change of temperature induced by a pump bea'tm is mamfeste.d
as a signal variation from phototube which measures the intensity at the centre
of the probe beam. ‘ .

Laser-induced time-dependent thermal lensing was used in the study u_f vi-
brational relaxation phenomena in various gaseous systems|[77]. The technigue
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was also suceesfully applied to the study of a gas phase multiphoton
speetra |78, TH].

Details and applications concerning the thermal-lensing detection technique
can be found in the review paper by Fang and Swofford [80].

4'Y. Future and discussion. — Many other applications of oploacoustic
technique could be mentioned. We do not intend, however, to give a complete
and exhaustive description of the subject. Qur goal was rather to point out the
versatility of this unconventional detection methad. The applications we have
being discussing should be also useful for our concluding remarks concerning
advantages, prospectives and limitations of the OA technique.

First of all, the OA method is relatively simple and does not require
sophisticated and expensive devices. At the same time its very high sensitivity
allows to measure extremely weak absorptions corresponding to cross-sections
as low as 10"¥em? In conventional absorption spectroscopy it would require
absorption lenght of the order of 10°m[12]. Tt is worth noting that such a high
sensitivity can be obtained in spite of very low conversion ratio of output (acoustic)
to input (radiative) energy. The response of the QA spectrometer is linear over
several orders of magnitude. [t has also a flat charucteristic over the whole
frequency spectrum, while sensitivity of radiation deteetors generally depends
strongly on frequency. Moreover, there are frequency ranges of electromagnetic
radiation where sensitive detectors of radiation are not available.

Certainly, the OA technique has also several limitations. The fundamental
condition which has to be satiffied results from the principle of the QA effect
which requires that at least a part of the absorbed energy is transferred into
heat. 1t eliminates the OA detection for all systems irradiating the whole
absorbed energy. Chin et al. [20] discuss pressure limits of the pulsed (A
technique. The upper limit of the pressure range is governed by absorption in
the entrance volume causing that first acoustic-peak vanishes. It depends on the
absorption coefficient of the gas. The lower pressure limit is encountered when
the V-T relaxation time is so large that the first peak does not occur before the
contributions from other sources arrive at microphone,

As far as high resolution is concerned, applications of the QA technique are
drastically limited. It seems quite obvious since requirements for high resolution
are contradictory to principles of the QA effect itself. In fact, high-resolution
measurements have to be performed in such experimental conditions to minimize
collisional interaction (pressure broadening), while, on the other hand, collisions
are essential for generating the acoustic signal. Borde [811 considered various
aspects of optieal and optoacoustic detection and showed that OA technique
being highly competitive at high pressures (low resolution) and for weak
absorption, is not suitable for low-pressure and high-resolution experiments,

In conclusion we would like to point oul how aceurate and foreseeing was the
Bell prediction anticipating of one hundred years the applieation of his invention.
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5. — Optogalvanic effect.

The optogulvanic effect is approximately twice younger than the
optoacoustic effect, since it was observed for the first time in 1928 by
Penning (82]. He noticed that the discharge current of a Ne tube changed when
illuminated by another Ne tube. This phenomenon did not offer any particutar
application until combined with tunable-laser sources by Green et al. in 1976 [83).
Since then, the optogalvanic spectroscopy has developed rapidly and hundreds of
papers have been devoted to its various aspects. The subject has been partially
covered by reviews [84,12] and by an international conference [85].

The basie physics of the optogalvanic effect is the change in the discharge
current (or voltage drop) caused by illuminating the discharge with radiation
being in resonance with an atomic or molecular transition. This change in the
current can be conveniently monitored, which offers a very simple and sensitive
unconventional absorption detector.

As we discussed in the beginning of this paper, an unconventional detection
technique requires an interaction-induced microscopic modification in the
matter, which is «amplified» and then evidenced as a macroscopic process. In the
optoacoustic technique, the microscopical process was the collisional-energy
transfer to kinetic energy, while the macroscopic process was an overall change
in the gas pressure evidenced as an acoustic wave.

Another «microscopic» effect in the matter, after its interaction with
radiation, can be a change in some electrical property of the single atom or
molecule. For instance, after photon or photons absorption, the atom can be
brought closer to ionization, and in fact techniques have been developed in which
the atomic transition is investigated by detecting the electron released after
ionization. Resonant ionization spectroscopy (RIS)[86] is a well-representative
example of this and, thanks to the extraordinary sensitivity, made possible the
detection of even a single atom,

The situation is a bit complicated by the collisions for in situ measurements,
like for the detection of atomic er molecular species in flames. However,
conceptually, it is still the same physies, since the ionization of the atom is
detected collecting the electrons by means of an applied voltage and measuring
the changes in the current. Here, again, a microscopic process is «amplified» and
detected as a modification in a macroscopic property of matter, here its electrical
conductivity.

Discharges provide a physical example in which the electric current is
eagential to the production of excited levels and ionized states. We could say that
the whole discharge is at the same time the sample to be investigated and the
maucroscopic property (its current) to be detected.

The scheme of a typical experimental arrangement for measuring the OG
signal is shown in fig 13. Absorption of resonant photons causes a change in the
discharge impedance (the effect was also called impedance effect). If the
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Fig. 13. - Typical experimental arrangement for measuring the QG signal. From |84].

discharge is direct current (DC), this change can be measured as change of the
voltage drop on the resistor R connected in series with the discharge tube. For

other types of discharge, the logic scheme is the same, but slightly different
technical solutions must be adopted.

5’1, The physical model. ~ As a first approximation the effect can be
explained by a simple model which takes into consideration the difference
between the ionization eross-sections g; for the two states involved in the optical
transition. Such an explanatioh is useful due to its simplicity, but it can be
applied only to very few experimental situations. Such a simple (practically the
simplest) model explains the fact that the optical transition leads to the chunge of
number of charges (electrons and ions) which causes the change of the discharge
impedance, :

The complexity of all the phenomena involved in the processes following the
excitation and finally leading to the ionization {for instance, associative
ionization, Penning ionization) brevents from developing a general quantitative
theory. In fact severa) parameters, strongly dependent on the particular type of
discharge, have to be taken into account.

51.1. Neon-positive column. A satisfactory theory of the OG effect for
the 594.5 nm transition in the Ne-positive column was developed by Daughty and
Lawler [87]. In spite of being applicable only to few transitions and particular
types of discharges, this theory seems to be very useful in understanding how
the various radiative and collisional processes are involved in preducing OG
signals.

The quantitative analysis of the OG effect in an atomic discharge requires the
knowledge of the collisional processes which determine the density of ions and
electrons and the distribution of excited atoms, Laser excitation modifies the

P

e

PP

s SR



28 K. ERNST and M. INGUSCIO

distribution of atomic populations and subsequently the number of charges in the
discharge, leading to the change of the conductance.

The OG effect can be positive if absorption of the radiation leads to the
increase of the discharge current and negative when a decrease of the current is
observed. The latter situation takes place, for instance, when the laser exciles
atoms to a level with smaller probability of ionization,

Pransitions starting from metastable levels and involving short-living upper
levels are typical examples.

Let us consider a Ne discharge as an example of weakly ionized gas. The
energy levels of Ne which are taken into account in cur considerations are shown
in fig. 14. All of them are divided into four groups. The mechanisms responsible
for ionization are the following:

1) one-step ionizalion by electron impact
Ne+e—Net+2e;

this process dominates for low gas pressures when electrons may have very high
energy;

2) two or multistep ionization, which is a stepwise process, as for instance
Ne+e— Ne* (1s)) + e, Ne* (1s;) + e-» Ne* + 2e;
3) associative ionization
Ney;+ Neyj— Nes +e.

Binding energy of Ne, is about 1.3eV. Therefore, excitation energy of
~20.3eV, being equal to the difference between ionization energy and binding
energy of Nes, is sufficient to create ion-electron pairs. Due to very high
probability of such a process, the excitation to one of the group-1II levels
pratically corresponds to direct ionization.

4) Penning ionization
NQ“] + Ne— Net + Ne+e.

The model proposed in {87] deals with a negative OG effect in the Ne-positive
column irradiated by radiation at 594.5nm corresponding to the 1s,—Zp,
transition.

In order to calculate the absolute magnitude of the OG effect, the positive
column dicharge has to be deseribed by a set of rate equations. The model is valid
for pressurs of (1 + 10) Torr, currents of (1 +~16)mA and radius of the tube of
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Fig. 14. - Simplified scheme of Ne energy levels involved in a quantitative model of OG
effect in a glow discharge, ¢

0.Tem. In such conditions, ion-electron pairs are produced mainly by multistep
processes in which metastable levels play a very important role. Single-step
tonization is also possible and included in the model. Recombination process is
primarily due to the diffusion to the wall.

The model of the discharge consists of a balance equation for metastable
atoms, a balance equation for elecirons and a direct-current equation.

A schematic diagram of levels in Ne atom and processes taken into account in
the model are shown on fig. 15. For purposes of the model the lsg, 1s, and 1s,
levels are lumped together as a single metastable. Actually, the Is, levelis not a
pure metastable due to slight triplet-singlet mixing. However, this simplification
is justified by the fact that the decay rates of the 1s, and 1s; levels due Lo
diffusion to the wall and the 1s, level due to escape of trapped radiation are
substantially smaller than the deeay rate of the 1s, level due to escape of trapped
radiation. It is then assumed that the 1s, level does not play an important role in
multistep ionization and a separate balance equation for this level is not
necessary.
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206 eV (1AL YIIETVITIIINIINIIIINIINIi
A
S5(e M}
TiM M}
186 eV | aleN) Zp,
5(eM)
1
1s 3 15,0 P)
1.6 eV [ts, 15(°P)
15,,
P |w

ground state

Fig. 15. - Level diagram for Ne. The lsy, 13, and 185 levels are _lumped thether u4s a
single metastable 15(*#) level. The illustrated processes are discussed in the text.
From[87].

The rate of change of the metastable density, dM/dt may be written as follows:

In the first term, responsible for the production of metastables, N is the
density of ground-state atoms, n the density of electrons and the production rate
constant P represents both direct electron-impact excitation of metastable and
indirect processes involving electron impact excitation of higher levels followed
by radiative decay to metastable level.

Next three terms represent the destruction of metastables due to wall losses
at a rate W, collisions between pairs of metastable atoms at a rate T, and
electron impact ionization of metastable atoms at a rate S, respectively. The last
destructive term represents electron impact excitation from the metastable level
to one of the 2p, levels. Since an atom excited to 2p, level has a probability of 3/4
of returning to one of metastable (135, 1s,, 1s;) levels the rate constant S/4
represents electron impact destruetion with no production of ions.

The second equation of the model describes the rate of change of the electron
density dn/d¢

™ 2.4¥

22) A oun+ Snat+ T _ p (24,
de d 2 ‘IR
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Production of electrons is due to single-step ionization represented by the
product of the first Townsend coefficient a and the electron drift velocity v, (first
term), and due to two-step processes involving metastables mentioned

previously (second and third term). The last term corresponds to the loss of

electrons due to diffusion to the wall with D, being the ambipolar diffusion
coefficient and R the column radius,

Finally, the third equation necessary to model the discharge is the direct
currenl equation

(23) {=envynlt®.

In a steady-state situation when the production of metastables and electrons is
balunced by their losses we have

‘ L dn
(24) dt_o and L 0.

Both derivatives are functions of the electron density n, metastable density M
and the axial electrie field in the column E, which ean be written as

(25) W Ho M, B,
dt

o dn _ ,

(26) iar Gn, M, ).

Equations (25) and (26} combined with eq- (23) can, in principle, determine
the values of the independent variables n, M and £ if the current 7 is fixed by an
external circuit. It is assumed now for the purposes of the model that the OG
effect can be observed in the steady state and that it causes, at most, 10%
perturbation to i. In such a situation linear-perturbation theory can be applied
and three perturbed balance equations can be written

oH oH aH

27) A.H=5“EAH+5‘-EM+'@AE=§Q,
‘ 3G, 3G \a 36
(28) AG—anAﬂ+aMAM+aEAE 0,
. 8P L B0,

(29) At—anAn+aEAE.

Equation (27) is written for metustables and ¢ is the number of photons
absorbed per unite time and unite volume and & is the branching ratio which
represents the probability of destroying a metastable upon absorption of u laser
photon. Equation (28) is the perturbed balance equation for charged particles
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and eq. (29) is the perturbed current equation. For a voltage source V, the length
of the column 7 and a ballast restistance Z, we have

(30) : AV=ZAi+IAE =10
and
(31) Ai=—lAE/z.

Equations (27)-(29) can be solved for AF which subsequenly lcads to the
following expression for Ai:

. . 4 di : ™® S’)’rrTMZ] !
a9 = A WS- - ,
{32) Al =pi(Sn + TM)(I +5 (IE) [(SnM+ 5 ) (S 4 5

representing the optogalvanic effect predicted by the model.

5'1.2. Thermal effects. A limitation of theftheury so far described is that
it is developed in a two-level scheme which means that other channels of energy
transfer (inside the atomic system) have not been taken into account. However,
significant. features of the QG effect in different types of discharge [H8, 84]
supgest that modification in the temperature plays an important role. In an
experiment on an uranium hollow ecathode in which spectrally resolved
fluorescence light was investigated, an increase in the discharge lemperature
was measured under resonant laser illumination[90]. The increase of the
discharge temperature shows the importance of an energy transfer of excitation
energy into translational energy. This is really important in the case of molecular
system as will be discussed later on.

However, the question of heating turned out to play a significant role for an
atomic positive column discharge [2,39]. It was verified in an experiment in
which optogalvanie and optoacoustic signals were measured simultancously. A
microphone placed inside the discharge tube detected acoustic disturbance
signals produced by the temperature changes in the discharge. The laser
absorption modifies the atomic-population distribution and affects the power
released into the cell through different channels. The input electrical power P, is
equal to

(33) P.=ikl,

where [ is the positive column length, # is the axial electric field and 7 is the
discharge current.

The total input power is dissipated into the discharge through several
channels:; jonization, atomic collisional and radiative de-excitation, and heat
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conduction of ground-state atoms. In the ionization channel, the energy is
ultimately released at the cell walls in the recombination process following the
ambipolar diffusion of ions and electrons. In the collisional de-excitation channel
the metastable atoms diffuse toward the walls, where they release their internal
energy. In the atomic emission the visible light (between the 2p and 1s states) is
transmitted without absorption by the cell walis, while the vacuum ultraviolet
resunance radiation (from 18 to ground state) is absorbed.

The contributions of the different channels for a positive column Ne
discharge are discussed in ref. [87). They are difficult for the precise
determination because of their dependence on various factors as pressure,
current and radius of the tube. Anyway, the substantial part of the input
clectrical power contributes directly or indirectly (through the tube walls) to the
gas-discharge temperature. Under absorption of light power Q the input electric
power is modified. Most of the absorbed laser power @ is released from the
discharge through the spentaneous emission of visible radiation, that is not
absorbed by the walls and does not contribute to the discharge temperature.
However, the radiation modifies population of metastable levels and electrons,
and then the distribution of dissipated power into different channels. In other
words, the laser radiation acts as a mechanism modifying indirectly the balance
of power of the dicharge.

The optoacoustic signal, being a measure of the change of the discharge
temperature, is proportional te the change in the dissipated power A given by

(34 AP=f AR+ fiQ=f.UE —ZDAi+ £Q,

where f. and f, are coefficients representing the fractions of electrie (1} and light
(@) powers dissipated into the discharge temperature. The last equality results
because both ¢ and & are modified under light illumination and due te the
constani-voltage power supply we have [AE = — Z A1

The experiment has shown |2] that (sccording to the eq. (34)) under light
illumination a direet compensation between electrical and laser powers may
oveur. The two terms in eq. {34) can partially cancel each other yiekding positive,
nepative and null contributions to the generated heat. In particular, under
appropriate condition a cooling of the laser-irradiated discharge may arise.

The above results show that the understanding of the energy balance of an
atomic discharge is far from being complete. A deeper insight into the gus and
wall energy deposit and the acoustic-wave produetion in a weukly ionized plasina
is required.

5'1.4. Hollow-cathode discharge. As far as the otpogalvanic effect in u
hollow cathode discharge is concerned, il is assumed that two mechanisms ean be
responsible for the change of the discharge impedance upon irradiation. One of
them is ealled ionization mechanism and is based on the fact that cross-section for
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clectron-collision—induced ionization increases as the state energy approuches
the ionization potential. The second mechanism which was proposed to be
dominant in the negative glow region of a hollow-cathode discharge is an increase
in the electron temperature of the discharge[89]. The basis for the latter
mechanism proposed by Keller et al.[91,92,89) is that in a hollow-cathode
discharge there is an equilibrium established between thermal electrons and the
atomic excitation such that, to the first approximation,the electron temperature
and the electronic excitation temperature are equal. This equilibrium is a result
of many elastic and superelastic collisions between the atoms and electrons.
Laser irradiation is a perturbation of those processes. Electron collisions
prevent a significant change of the energy-level population and the energy
supplied to the atomic system is filtered off to the electrons via superelastic
collisions.

A gimplified model of the negative glow region of a hollow-cathode discharge
based on such a mechanism was presented by Keller et al. [89]. From this model
contribution te the laser-induced impedance changes becomes clarified and the
predominance of the electron temperature mechanism is demonstrated.

51.4. Molecular discharges. As far as molecules are concerned, the OG
effect was reported for the first time in 1967 [93]. A change of discharge current
in a CO,-laser tube was observed when the laser action was switched off or on.
The application of the OG technique to molecular spectroscopy came much later,
when several atomic applications were already known.

The mechanism proposed at the beginning to explain the OG effect in atomic
discharges was based on the change of ionization probability when an atom is
transferred to a higher-energy level. For this reason, it was difficult to forecast
the OG effect in molecules where the levels are very close to each other.

However, investigations performed on molecular discharges have shown
that optogalvanic effect can be observed for both electronic[94-96] and
vibrational [97, 98] transitions. New mechanism were then needed in order to
explain the origin of the effect. A very surprising observation was reported by
Rettner et al. [95], when studying iodine discharge. In fact, OG effect was
detected even for laser irradiating the gas sample far from the discharge region.
This was of great help in proposing a hew model in order to explain I, resuits.

Two mechanism were considered, as responsible for the OG effect. One of
them, producing the increase of the discharge current and observed with laser
illumination outside the eleetrode region, was attributed to a travelling pressure
wave caused by the degradation of electronic and vibrational energy into
translation energy and by molecular dissociation. Time-resolved studies of I,
discharges |96] demonstrated that strong and very fast positive OG signals
generated from irradiation within the discharge may also result from
multiphoton ionization of 1.

Negative OG signal generated only from irradiation of the negative glow is
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attributed Lo an increase of dissocialive electron attachment to [ following
electronic and vibrational exeitation.

The extension of the OG molecular studies to the infrared region|97,99]
showed many similarities to that observed with a visible laser for [,. Therefore,
Webster and Menzies [97] postulated that a kinetic effect was involved, and like
for the optoacoustic effect, absorbed laser energy was degradated to rotational
and translation energy. Such a perturbation of the discharge dynamics leads to
the positive OG signal. The negative signals which correspond to a decrease of
discharge current are believed to result from a large enhancement in the electron
attachment rate when the negative glow region is irradiated.

A mechanism proposed to explain infrared OG effect in molecular discharges
was recently confirmed by an experiment in which OA and 0G effects were
simultaneously observed [100). To provide a complete description of the oG
effect, the molecular processes, where the changes in the translational and
vibrational temperatures play the dominant role should be determined, but the
knowledge of the discharge phenomena is not precise enough. A schematic
description of the processes leading to OG and OA effects in molecular
discharges is shown in fig. 16.

, molecutar etectron
" transtation wnd ion
excitation mobility

touser
radiation

motecular molecular ion
vibration production and
excitation LossS processes

Fig. 16. — Block diagram of the infrared OA and OG effects in molecular discharges.
From [100].

We made on overlook on the present status of the theoretical understanding
of the oplogalvanic effect. Despite the considerable success in several particular
cases, the effect is far from being completely understood and no general theory
applicable to various situation has been presented. Neverthless, the effect has
been widely and succesfully applied to atomic and molecular spectroscopy.
Fortunately in almost all spectroscepic applications the knowledge on the
microscopic mechanism of the QG effect is not required and the discharge can be

P i

e

e

P



36 K. ERNST and M. INGUSCIO

completely fgmored or considered as a «black box» with radiation input and
electric output.

The reasons for the rapid growing of applications of the OG effect are
certainly the simplicity and the versatility of the method.

6. — OG Instrumentation,

Three main types of discharge have been used in optogalvanic spectroscopy:
direct current (DC) discharge; hollow-cathode (HC) discharge and radiofre-
quency (RF) discharge.

Most of the OG experiments have been performed with the DC discharge. In
this case the change of the discharge current is measured as a voltage drop
across the ballast resistor. In a typieal experimental arrangement, schematically
shown in fig. 13, a positive column discharge in a glass tube is connected through
a hallast resistor K to a voltage-stabilized power supply. The discharge tube,
with cathode and anode being offset from the column axis, is longitudinally
irradiated with a tunable laser. The beam is mechanically chopped at a frequency
of the order of fewkHz. A lock-in amplifier monitors the current through the
ballast resistor. The capacitor protects the lock-in from the d.e. component of the
discharge tube voltage. The OG signal may be also measured with an oscilloscope
for some transitions (in some case the voltage change is as large as 3%) but
phase-sensitive detection improves substantially the signal-to-noise ratio.
Pulsed-laser sources can also be used, which requires some kind of gated
detection (for instance, box car integrators).

In order to have a stable discharge with a low-noise level, the tube hag to be
cleaned by repeatedly running at high current followed by evacuation of the
Lube. In some case a gentle flow of gas is maintained through the tube. This helps
to keep the discharge stable and prevents from its contamination by possible
reaction products. Typical operating conditions are: a potential of few hundresl
volts across the tube, the discharge current of the order of 1mA and the
diameter of the discharge tube of the order of a fewmm.

Tunable dye lasers cover all visible range, while CO, laser, colour centre
lasers or diode lasers are typically used in the infrared. In the mid-infra-red
region c.w. tunable diode lasers operating single mode (with linewidths
=10 MHz) produce high-resolution OG spectra. Although laser power is limite
to about 1mW, the diode lasers may be current modulated (and, thercfore,
frequency modulated), so that harmonic-detection method can be used to give
increased sensitivity to the OG technique.

A OG speetrum of a He-Ne glow discharge in the tuning range of Rhodamine
6 was early reported by Johnston |101] and reproduced in many review papers.
We report in fig. 17 the OG spectrum corresponding to the same region, but
obtained by a hollow-cathode discharge. In addition to the lines originating from
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Fig. 17. - OG spectrum recorded by a HC discharge containing sputtered Ca atoms and
neon at a pressure of 2Tore, 1 =65mA.
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neon used (o substain the discharge, OG signals are also recorded from
transitions in Ca atoms sputtered from the cathode. The spectrum demonstrates
how it is possible to record all the transitions between excited states so rapidly
and in such a simple way.

The main advantage of the DC glow discharge consists in its simplicity. HC
discharges, instead, turned out to be more suitable for several particular
purposes and, in general, provided a better environment for high-resolution
spectroscopy. In fact, the width of emission lines from a hollow cathode is usually
limited only by Doppler broadening. Furthermore, the investigutions are not
limited to the gas substaining the discharge but also to refractory elements
sputtered from the cathode. The metal concentration obtained by sputtering is
far enough sufficient for spectroscopic purposes. For instance, the density of
uranium atoms inside the hole of the cathode can easily be of the same order of
that obtained in an oven at 2500 “C [102]. The discharge, being a sample under
investigation and at the sume time a part of the detection system, plays one more
important role as a source of the studied species.

An advantage of the HC is that the weak plasma sample to be investigated is
more localized than for other discharge configurations. This is of great
importance when a uniform external field must be applied on the sample as in the
case of Zeeman spectroscopy [103]. HC discharges properly designed for OG
spectroscopy have been reported in the literature [92, 102, 104],

The third type of discharge which has been successfully applied to OG
spectroscopy is the RF discharge. [t presents several advantages. First of all,
there are not internal electrodes, hence allowing to work with corrosive gases.
Cleaner environment favours higher concentrations of the species of interest.
This is, for instance, useful for the study of free radicals produced by the
discharge itself. The situation is similar to the production of refractory atoms in a
HC discharge. RF discharges can be run at considerably lower pressures than
DC discharges, which can be of great importance for high-resolution
spectroscopy. RF discharge is spatially uniform and the background noise level
is not critically dependent on the gas pressure or type as for a DC discharge.

Sometimes, the RF discharge is the only solution as in the case of Vasudev
and Zare who studied the HCO molecule [105]. They were able to maintain a
very quiet RF discharge but failed to run a DC discharge because of
carbonization of electrodes,

RF field is applied across the discharge tube and a pick-up eoil wound arcund
the tube is generally used to detect any laser-induced change in the RF
field [106]. In such a scheme, the discharge plays the role of a transmitting
antenna and the circuit that of a receiving antenna, The QG effect in the RF
discharge has been also detected by either monitoring the reflected RF field in
the oscillator power unit [107] or using two electrodes measuring the fluctuations
of the current [108].

Because of the specific features and advantages of the different discharge
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configurations, OG detection provided a powerful and broadband tool for
investigation of an impressively large variety of atoms and molecules. This is
illustrated in fig. 18a) and b). As seen from the diagram, the HC discharge is
predominant in applications to atoms. For moleeules R discharges are mostly
used.

a) H He Ne Ar Kr Xe
*® *xO0O %@ * O
Li Na K Rb Cs
® A® A® A Y AD
Be Mg Ca Sr Ba Eu Yb
A A A® AN @AX AO® A®
Cu Mn Co Y Zr Mo
® ® ® [ ® ®
Ga In Hyg
A A *
La Sm
®
U
[ )

by H., Hes, L, Ny, CO, NO, CN, H;0, NO,, HCO, NH,, CO,, HCO,, H,CO,
HNO;;, CszOz.
Fig. 18. — Atoms {a)) and molecules (b)) where OG effect has been observed. Table a) is
from [109]. 01 R.F.; % d.c. discharge, @ h.c., a diode. More recently Camus ef al. (private

comm.) have used the OG effect with an ion Fe lamp for standard referenee wavelength in
the UV,

7. High-resolution OG spectroscopy.

The first experiment of Green et al. [83], in which a dye laser was used to
irradiate a discharge, demonstrated the simplicity and sensitivity of the method.
Sinee then, the interest for OG spectroscopy has rapidly grown. In fact, the
development of the OG technique observed in the late seventies brought new
ideas of its possible further applications. In the same period there was an
explosion of new nonlinear laser technigues allowing to eliminate the Doppler
broadening and then to observe high-resolution spectra. The OG technique using
such a «dirty» medium as a discharge was probably underevaluated as good and
serious candidate to high-resolution laser spectroscopy.

In 1978 Johnston {101] analysed one of the Ne transitions using a single-mode
dye laser and observed the Lamb dip in the OG signal. This result opened new
possibilities for optogalvanic detection method. Using intermodulated technigue
Schawlow and co-workers [110] presented in 1979 experimental measurements
of hyperfine splitting in *He, demonstrating the applicability of OG technigue to
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quantitative high-resolution spectroscopy. This work showed that the previous
avversion to the use of a discharge as a medium for high-resolution spectroscopy
was erroneous. Of course, such a result could not be without consequences and
s0on many papers on high-resolution LOGS were published.

On the other hand, when analysing a posteriori the same facts, one can easily
notice that many «clean» measurements in discharges had been performed
previously. A good example is spectroscopy and transient effects of species
which can be produced only in a discharge [111, 112].

At the discharge currents typical for OG spectroscopy, Stark broadening of
lines is negligible. Using particular care in the design of the discharge, it is
possible to reduce the perturbations to a level such that developing homogeneous
linewidth limited speetroscopy makes real sense. In general the linewidths are
determined by Doppler broadening. The homogeneous width is caused by
pressure broadening, due to atom-atom collisions, while the effect of charged
particles can be neglected.

7'1. Saturation and intermodulated OG spectroscopy. -~ Typical results
obtainable when investigating OG effect with narrow-band tunable lasers are
illustrated in fig. 19. The same HC discharge as for the recording shown in fig. 17
hus been used. Here the buffer gas is Ar and the pressure is lower. The
frequency of a single-mode Dye laser is scanned around the Py - 38, transition of
Calcium at 6102.7 A (total scan 5 GHz). In a) the Doppler broadened line is

a)

Fig. 19. - OG-detected 610.2 nm transition of calcium obtained by scanning narrow-band
tunable laser. Single beam is used in @), and two counter-propagating beams in b).
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Fig. 20. - OG recordings for Ne discharge: a) broad-band scan around 607.4 nm,
b) narrow-band scan of the Doppler-broadened 607.4 nm transition, ¢) IMOGS recording
of the 607.4 nm with isotopie structure fully resolved.
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recorded, with good signal-to-neise ratio. The Doppler width is about 1.4 GHz
{(FWHM), corresponding Lo a discharge kinetic temperature of about 600 K. Two
counter-propagating laser beams are used in b) and a saturation dip is easily
recorded at the centre of the Doppler profile. Becanse of the collisions, the
homogeneous width of the dip is about seven times larger than the radiative
width of the transition.

As already discussed in subsection 42, the signal-to-noise ratio for the
saturation effect can be substantially improved using the intermodulated
scheme. This is shown for the QG detection in fig. 20, where three recordings for
a Ne discharge are reported: a) a portion of the spectrum obtained with a
broadband scan around 607.4nm; b) a narrow-band scan of the Doppler
broadened transition; ¢) the intermodulated optogalvanic spectroscopy (IMOGS)
recording. Natural abundance Ne had been used. The presence of two isotopic
unresolved components causes an asimmetry in the &) profile. The isotopic
structure is fully resolved in ¢), IMOGS is limited in sensitivity only by shot noise
in the direct current substaining the discharge and compares favorably in
sensitivity with other Doppler-free methods.

In ref. {110} the authors compare the sensitivity of IMOGS to that of
Doppler-free saturated absorption. In IMOGS, the signal is detected as a change
in the discharge current rather than a change in probe-beam intensity. Both
signal (S) and noise (N) are very different in form from those in saturated
absorption spectroscopy. Nevertheless, they tried to estimate the ratio
(S/N)imocs 05/ N)ua e 8nd surprisingly they obtained as much as 100.

ZJBU U

i

18 GHz ) ’ 8.6 GHz

Fig. 21_. - OG recording of the U transition at 591.5 nm. The Doppler-limited spectrum is
shown in &), the Doppler-free intermodulated recording of the #*U hyperfine structure is
reported in b). From [102],
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IMOGS allowed Lhe Doppler-free studies of hyperfine structures and isotope
shifts of many elements. Siegel ¢f al. [113] measured the isotope shifts for nine
transitions of Mo for five even isotopes, achieving linewidths as narrow as
25 MHz. Lorentzen and Niemax {114] reported isotope shift measurements of
transitions hetween excited states of strontium isotopes 88 and 86 using a heat-
pipe discharge tube. They were also able to measure optogalvanically both
isotopie components of Srll-resonance line at 421.6nm in a Doppler-free
speetrum demonstrating the possibility of using the OG technique to Doppler-
free laser spectroscopy of excited ionie levels. Doppler free h.fs. studies by
using IMOGS technigue in the spectra of Mn, Co and La have been studied by
Behrens [115] showing its applicability to elements with complex spectra. An
example of complete resolution of the complex hyperfine structure of the
591.5nm transition of #*U is shown in fig. 21

72. IMOGS lineshape. — In intermodulated spectroscopy, as alrewly
mentioned, the homogeneously broadened (Doppler free) lines are normally
accompanied by broad Doppler-limited pedestals which result from velocity-
changing collisions with rare-gas atoms occurring during the lifetime of the lower
level of the transition. The ratios of the height of the homogeneously broadened
(Doppler-free) signal to that of the inhomogeneously broadened signal (Doppler-
limited background) is dependent on operating pressure and current. Siegel ef
al. [113} noticed a reduetion in the relative intensity of the pedestals with
increasing discharge current. The effect was interpreted in terms of a shortening
of the lifetime of the lower legels through inelastic collisions with electrons in the
HC discharge and the corresponding reduction in the number of velocity-
changing collisions that can occur during this lifetime. Recently Gough and
Hannaford [116] have shown the possibility of suppressing Doppler-limited
pedestal by operating the discharge at moderately high current density. The
quality of some of the spectra reported, in terms of linewidth and freedom from
pedestals, was comparable with that obtained for the same transitions in the
much cleaner environment of an atomic beam [117].

At constant operation parameters of the dicharge (pressure, current), the
«pedestal» is expected to be higher for transitions originating from metastable or
ground states beeause of the longer lifetime at disposal for the velocity-changing
collisions. This is illustrated in fig. 22, where the same HC discharge has been
used to investigate the IMOG lineshape for different transitions in Ne. The
velocity-changing collisions pedestal is significantly more pronounced for
transitions starting from metastable levels {the lower two). Natural abundance
neon was used for the measurements and the isotopic shift (1S) between Ne® and
Ne* could be evidenced.

Recently Belfrage et al. [118] have used IMOG technique in a neon discharge
to measure isotopic shifts.

The Doppler-free lineshape is determined by the particular transition under
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al b)

c} a)

.

Fig. 22, — Doppler-free intermodulated recordings of natural neon transition involving
(lower two) or not (upper two) metastable levels. From [138]. a} 56852.5 A, 1a,(D-2p0,
19:23GHz: 5 6074.3 A, 1s,(0) —2py(0), IS:1.7GHz ¢} 5944.8 A, 135(2) — 2p(2),
i8:1.6 GHz; o) 5881.9 &, 15,(2) —2p,(1), 1S:1.7 GHz.

investigation and by the atoms which are partners in the collisions. The effects
produced by collisions on saturated absorption spectroscopy have been the
subject of several investigations, both theoretical and experimental. For
instance, interesting results can be found in {119-122] and in the recent. review by
Chebotayev {123].

Recently, Tenenbaum et al [i24] reported a systematic study of **U
transitions lineshape of saturated absorption spectroscopy including velocity-
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changing collisions. In their ease a relatively low density {10 "Tarr) of uranium
atoms was produced in the presence of helium or xenon buffer gases at a
pressure of 0.1 to 10 Torr. Essentially, the uranium atoms were embedded in a
bath of perturbers, i.e. in an experimental environment similar to that of
optogalvanic spectroscopy of elements sputtered into the discharge from the
hollow cathode.

The observed lineshapes were interpreted on the basis of a generalized
phenomenoclogical model including «strong» and «weak» collisions (Kolehenko et
al. [125]). «Strong» collisions (heavy-mass atom perturber) tend to reproduce a
Gaussian distribution, yielding a signal with a central Lorentzian sitting on a
Gaussian background; «weak» collizions (low-mass atom perturber) are, on the
contrary, characterized by a small relative velocity change. The effect of a great
number of successive weak collisions is described by the Fokker-Plank diffusion
model and yields for the lineshape an exponential sitting on a Gaussian.

130 MHZz

absorption (@ u.}

R p— |
L\.vD = 1750 MH2z

Fig. 23. — Intermodulated OG recording for the Ca transition at 612.2nm. Doppler-free
line shape is fitted to a Lorentzian one (dashed curvel).

An example of the first case is shown in fig. 23. The intermedulated
optogalvanic spectrum was recorded for a transition of caleium (m =40) in 4
buffer gas of argon {m = 40). The predominant collisions here are «strong» and
actually the Doppler-free lineshape can be fitted to a Lorentzian (dashed curve).
In ref. [116] the case of weak collisions, yielding an exponential lineshape, was
illustrated for uranium transition in the presence of He buffer gas. The
optogalvanic intermodulated recording was obtained in|102] using neon as
buffer gas. A typical lineshape is reproduced in fig. 24. In the fit of the shupe
there was no evidence of a predominance of either the exponential weak
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1 GHz

a)

—— 16 MHz

c}

Fig. 24, - IMOGS line shape of the “5U transition at 591.5nm. From|102}. &) 1.1 Torr
Ne, 50 mA.

collisions or the Lorentziun strong-collision contribution. This suggested that
neon could be considered of «intermediate strengths compared to the external
cases observed in[124] (He and Xe).

73. POLINEX 0G spectroscopy. - Polarization intermodulated excitation
{POLINEX) was introduced by Hinsch et al.]126] and is related to other
intermodulated saturation techniques. In the ease of POLINEX the chopper is
replaced by two polarization modulators, which modulate the polarizations of the
Lwo beams at two different frequencies, producing, for instance, alternating left
and right-hand cireular polarizations, while leaving the intensities unchunged.
When the laser is tuned so that both beams are interacting with the sume atoms,
the total rate of absorption will still be modulated at the sum or difference
frequency and because of the combined rate of excitation will, in general, depend
on the relative polarization of the two beams. If the two beams have identical
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polarization, both lightfields will be preferentially absorbed by atoms of the same
orientation. On the contrary, if the two beams have different polarizations, they
will tend to interact with atoms of different orientations. The POLINEX signals
are due Lo light-induced atomic alignment or orientation and their magnitude can
be predicted with the help of simple rate equations [126].

The Doppier-broadened background caused by velocity-changing collisions in
IMOG spectroscopy is absent in POLINEX spectroscopy. This is caused by the
fact that the cross-section for disorienting collisions is at least of the same
magnitude as the cross-section for velocity-changing collisions. A typical
POLINEX optogalvanic recording is shown in fig. 25. In that case, a
radiofrequency discharge was used and the POLINEX 0G spectrum (top) is
compared with the IMOG spectrum (bottom) for the Ne 2py1s, transition at
588.2nm.

2
oNe

22
Ne

1, " L L 1

-1.0 4] 1.0 2.0
taser tuning (GHz)

Fig. 25. — Doppler-free spectrum of the Ne 2p.-1s; transition at 588.2 nim recorded by
POLINEX RF OG spectroscopy (top) and IMOG detection (bottom). From[127).
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4. Doppler-free Zeeman OG spectroscopy. - It is well_known that a
discharge can be operated in the presence of an external magnetic field. Only,
parlicular care must be put in the configuration of the discharge and on the
relative geometry of the magnetic field. These constraints, added to those
imposed by the optical geometry for sub-Doppler laser-atom interaction, could
seriously affect the feasibility of high-resolution Zeeman optlogalvanic
spectroscopy. On the contrary, in 1932, Zeeman high-resolution spectroscopy
was reported independently in a glow discharge [128], with conventional optical
detection, and in a hollow cathode [103], with unconventional OG detection.
In[128] the sub-Doppler spectrum of & He transition in a low discharge was
recorded on the conventional probe beam transmission from the saturated
system. Zeeman components were recorded with a linewidth of the order of few
humidred MHz. On the contrary, really optogalvanic detection was used in [103],
combined with an intermodulation scheme. The hollow-cathode configuration
allowed the resolution of Zeeman components of transitions of both the buffer
gus and the atomic element sputtered by the cathode.

In fig. 26 it is shown a Doppler-free Zeeman intermodulated recording of the
Ca transition *F, - *S, at 610.27nm. In the upper trace a small magnetic field (86

() is sufficient to resolve the AM =1 and AM = — 1 eomponents, since neither
) 's, b}
616 nm
612
610
3
L,
3‘:,l L
e
i}
) M
5 1.35 GHz

—be— 3

Fig. 26. — Simplified energy scheme of the lower levels of Ca (@) and Dappler-free
Zeeman intermodulated QG spectroscopy of the 610.27 nm transition (bY). Upper trace
corresponds to 86 Gauss and lower trace to 0 Gauss. From [103].
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the signal Lo-noise ratio nor the sensitivity are affected by the external field. In
addition to the two Zeeman components also the central cross-over peak is
recorded because the two transitions share a common level (*F,).

The dependence of the Zeeman splitting on the magnetic field can be easily
investigated as shown in fig. 27 for the ls/ = 1) — 2py(J = 0) Ne transition at
G07.4nm. Also in this case linear laser polarization was orthogonal to the static
magnetic field, so that AM =1 and AM= -1 Zceman components were
recorded Logether with the cross-over signal.

)\\«/ /\\\..W//\ 04
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iig. 27. — Dependence of the Zeeman splitting on the magnetic ficld for the Ne transition
at GO7.1 nm.
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These results opened the possibility of measuring weak magnetic fields in a
discharge. They also could turn out in applications in the study of collisional
transfer between magnetic sublevels. For instance, an effect of the velocity-
changing collisions on the cross-over signal can be seen in the results of fig. 28.

o)

b}

c)

a)
&)

Fig. 28. — Intermodulated Zeeman spectroscopy of the Ne 18;5-2p, transition at 588.2 nm
recorded for different polarization of laser beam (a) circular right, &) circular left,
c)-e) linear orthogonal to the magnetic field).

Here intermodulated Zeeman spectroscopy measurements were performed for a
Ne transitions starting from a metastable level, namely the ls;(J = 2)-2p.(J = 0)
transition at 588.2nm. The magnetic field was the same (65 G) for all the five
recordings. In a) and b) the laser polarization was circular (right and left) so that
only the components AM =+ 1 and AM = — 1 were excited. In c)-¢) the laser
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was linearly polarized orthogonal to the magnetic field. The Ne gas pressure was
decreased from 900mTorr in ¢) to 750mTorr in €). It can be observed a
dependence on the pressure of the crossover signal intensity relative to the
AM = + 1 signals.

The results so far described demostrated that Doppler-free oplogalvanic
spectroscopy can be an interesting diagnostic method to measure local magnetic
fields under conditions where probe measurements are not possible.

T'5. Two-photon OG spectroscopy. — In a discharge, essential for the 0G
spectroscopy, the population is not limited to the ground or close-lying levels, as,
on the contrary, is typical for usual gas phase measurements. As a consequence
in a discharge the request for two-pholon excitation is significantly reduced,
which i8 exclusive in other situations, in order to reach certain high-lying levels.
In fact, the richness of the emission spectra is likely to provide accessible one-
photon transition to reach a given level,

On the other hand, since the experiment is performed in a discharge
environment, the galvanic detection provides advantages with respect to the
detection of fluorescence. In fact, the fluoreseence induced by the two-photon
excitation eould be partially masked by the fluorescence induced by the
discharge. Optogalvanic detection overcomes this difficulty by detecting the
changes in level population caused only by the two-photon excitation.

In the first {128] Doppler-free two-photon optpgalvanic spectroscopy (TOGS)
experiment, transitions originating from ®Ne both metastable and nonmeta-
stable levels were recorded inda DC discharge. The signal was enhanced by
placing the discharge inside the laser cavity. Incidentally, this was accomplished
by quite modest modifications to the outcoupling geometry of a commercial
single-frequency dye laser.

In a subsequent work (130] Doppler-free two-photon optogalvanic spectro-
scopy was reported for a couple of transitions starting from the He metastable 'S
state. In this case, a narrow-band pulsed dye luser was used. Counter-
propagating-waves configuration allowed a sub-Doppler recording with partial
resolution of the fine structure of the transitions.

76, Optical-optical double resonance. — Optical-optical double resonance is
a well-established method for high-resolution atomic or molecular spectroscopy.
The method is applied to a tree-level system (cascade or ladder-type), say level
1-2-3, resonantly interacting with two laser beams of different frequencies w,,
and w,; propagating either in the same direction or in opposite directions [131].
In a typical conventional arrangements the saturation phenomena produced by
one laser beam (pump) are monitored on a connected transition through the
absorption (or emission) of the other beam (probe).

One of the advantages of this technique is that it is a state selective one. An
energy level is, in fact, identified by its being common to two optical transitions
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or, also, two nearby levels coupled by collisional energy transfer can act as
<commom level.. The fealure of state selectivily can be a significant advantapge
in the analysis of extremely dense spectra, like those obtained, for instance, in
moleeular discharges. For this its extension to optogalvanie detection was
supgested [132] as very interesting. The interest is inereased by the fact that
other state-selective techniques such as laser-induced fluorescence | 134] or laser-
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i, 29, - Doppler-limited 0G recording of gallium transition at 417.2 nm () and optical-
optival+louble resonance recording with two parallel laser beams (0. From | 137].
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induced polarization spectroscopy [134], can be efficiently applicd o radiating
plasma discharges,

The first experimental optogalvanic  double-resonance  speetroscopy
measurement was reported in [135]. The elements studied were neon, uranium,
and sodium in 4 commereial hollow-cathude discharge. Two different tunable dyce
lasers were used, say A and B. The 0G signals associated with laser <A. woere
sipnificantly increased when laser «B. irradiated a trausition terminating in a
common intermediate level. An important result of this work was thal energy
transfer, occurring to a nearby level not common to both laser irradiations, wax
evidenced to cause a conjunctive signal. Energy transfer can be a problem when
the technique is used to determine a common intermediate level. But, on the
other hand, the effect can give interesting information concerning energy-
trunsfer processes in atoms and molecules.

The efficiency of the optical-optical double-resonance technique in recording
simplificd complex molecular spectra was demonstrated in[136]. It is worth
noting that both in |135] and [136] Doppler-broadened signals were reported. On
the contrary, the sub-Doppler lineshape in this case is an important feature Lo be
investigated, particularly for studies of energy transfer mechanisms.

For instunce, an opened question is whether energy transfers are caused by
simple atom-atom collisions or if there is an important intermediate role of the
electrons in the discharge. The two effects could be discriminated since the first
can produce Doppler-free lineshapes. Also, in this case the velocity changing
cross-section could be compared with that for energy transfer collisions.

Doppler-free optical-optical double-resonance spectroscopy was reported
simultancously by [137] and [138]. Sharp Doppler-free signals on a broad
pedestal allowed [137] to resolve the hyperfine structure and isotopic shifts in
indium and gallium atoms intreduced by sputtering in a hollow-cathode plasma.

A Lypical experimental result is summarized in fig. 29. The Doppler-limited
OG recording of the transition at 417.206 nm is shown in «). To oblain Doppler-
free signals, a second collinear laser beam at 641.4nm, amplitude modulated,
was sent into the discharge. The frequency of modulation was sent as reference
to a lock-in amplifier. When the first laser was seanned now the sub-Doppler
spectrum was obtained b),

A study of the lineshape is shown in fig. 30. In this case the two laser beams
were counterpropagating. Both the beams were amplitude modulated at
frequencies, respectively, fy and f;. The reference at the sum f; + f; was sent to
the lock-in amplifier. The wavelength of one of the lusers was fixed and the signal
at fi+f; was recorded by scanning the wavelength of the other. The
homogeneously broadened signals is well evident over the large background
caused by velocity changing collisions (note that the common level shared by two
transitions is metastable, as also shown in fig. 22). Different atomic velocity
groups could be selected by changing the wavelength of the fixed laser within the
Doppler profile.
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i,=5882 & Ly=5944 & A, fixed
l' scanned
1, detuned:
900 MHz
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Fig. 30. - Opticai-optical double-resonance Daoppler-free OG spectroscopy in Ne. The two
luser beams intensity was about 100 mW and the gas pressure 1 Torr, From [138).

T'7. Optical pumping. - As is well known, optical pumping consists in the
creation of nonsealar (i.e. noninvariant in rotations) observables induced in an
atomic or molecular gus by light absorption. For instance, the optical pumping
can result in the orientation or alignment of a given level. As it was early
recognized [139] the orientation of metastable atoms in a discharge by optical
pumping modifies the number of produced electrons, hence affects the discharge
impedance.

There are various mechanisms which may relate nonscalar observables
created by optical pumping to the discharge impedance. For instance, the
discharge impedance can be directly related to the atomic alignment when an
anisotropy, for inst:mce arising from the electronic motion {140}, exists in the
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discharge. However, the change of impedance can be obtained after optical
bumping or alignment, also in case of isotropic discharge [141-143).

Pinard and Julien (143, 144| have carefully used the OG method to detect the
optical pumping in metastable states of Ne. They performed experiments using
both a single pumping beam and two pumping beams from the same laser
counterpropugating in the cell. The signal arises from twe interactions of given
alom with the pumping beams and it is Doppler free as shown in fig. 31. For
these atoms, with no longitudinal velocity, the depletion due to crossed pumping
effects is different according as the two beams have the same ecircular
polarization or not. The background which appears under the Doppler-free signal
may have iwo origins. In addition to velocity, changing collisions, already
discussed for intermodulated and POLINEX spectroscopy, then could also be a
contribution of ionizing collisions between two oriented metastable atoms.

#

v 1 GHz

L

Fig. 31. - OG signal due to electronic orientation in the %P, state obtained with two
counterpropagating pumping beams frequency swept through atomic resonance at
614.3 nm. From|143).

T'8. Hanle effect and level crossing. — As we have been discussing so far,
mostly all the high-resolution laser techniques, yielding homogeneous
linewidths, have been applied to OG detection. However, it is worth noting that
also the limit of homogeneous linewidth could be overcome. This was
accomplished by means of nonlinear Hanle effect (NLHE).

The effect was already discussed in the section devoted to OA detection. The
main difference is that the investigations with OG detection are performed on
atoms instead of on molecules. A variety of atomic transitions, invelving various
quantum numbers and selection rules could be investigated and the results could
be quantitatively compared with a theoretical model {60].

The effect manifests itself as an increase in the OG signal when a static
uniform magnetic field, orthogonal to the laser polarization, is applied to the
discharge and removes the zero-field degeneracy. It could be observed for
several atomic elements from Ne to Ca, Zr, Yb[60, 142, 145].

R

L

ol



il K. ERNST amd M, INGUSCIHO)

The effect was also extended to level crossings at finite fields by Hannaford
and Series [146]. A practical result was the measurement of gyromagnetic
factors and hyperfine structures in ground and excited ™Y atomic levels.

But let us come back to the subhomogeneous linewidth recortdings by means
of optogalvanic NLHE. This possibility originates from the fact that one ean
separate the contribution to the signal linewidth of the degeneracy removal in
the upper and lower state of the optical transition. In ref. |147] this was

~A T /- FWH M
130 MHz
3 3
A5,
S P, 1 1 J 1 1 —
1 u" FWHM
170 MHz
k 1
A,
L . i e 1 1 1
- 60 -40 - 20 0 20 40 60 G

Fig. 32. — Experimental demonstration of sub-homogenenus linewidth (G spectroscopy
by means of NLHE. Details are discussed in the text. From [147].
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evidenced using the fine-structure Ca triplet starting from the metastable *7
levels to the "5, level. A hollow-cathode discharge was used to produce
metastable atoms. A first experiment was performed on the *’-’S, transition at
610.2nm. In this case the Zeeman degeneracy to be removed by the magnetic
field is only in the upper level of the transition and the lower *P, level does not
contribute to the effect. As a consequence the experimental results of the
enhancement of the OG signal as a function of the magnetic field can be fitted
using the Lorentzian corresponding to the Zeeman tuning in the *S, level. This is
shown in fig. 32a). Note that the real fit is performed subtracting from the
Lorentzian lineshape (dashed curve) a Gaussian curve to take into account also
the Zeeman tuning out of resonance of the Doppler-broadened abserplion.

The second measurement was performed on the *F-%S, transition at
612.2nm. In this case, there are two independent NLHE, in the upper and in the
lower state. As a consequence the lineshape is the sum of two Lorentzians of the
same height and different widths, corresponding to different g factors and
broadenings of upper and lower levels. In the fit shown in fig. 32b) the
parameters of one Lorentzian were fixed to those obtained in the previous case,
while from the second Lorentzian it was obtained for the *P, level a FWHM
corresponding to 8 MHz. Note that this width is much smaller than the
homogeneous linewidth of the transition as obtained from the intermodulated
spectroscopy recording shown in the inset.

The case of the *P,-3S, transition at 616.2nm is more complicated to be
analysed |60, 147] but, again, a resonance width much narrower than that for the
optical transition was obtained®as shown in fig. 32¢).

It is worth noting that these results demonstrating the possibility of
subhomogeneous linewidth also evidence the limitation of OG detection for very
high resolution spectroscopy. In fact, the *# triplet in Ca is metastable, hence
the radiative widths are of the order of few hundred Hz. The observed
resonances are broadened because of collisions in the discharge, Recently, the
same experiment has been performed [148] on an atomie beam and widths three
orders of magnitude smaller than those for the OG detection were observed.

8. - OG Spectroscopy of Rydberg atoms.

There has been in the last years a strong interest in the spectroscopy of
Rydberg states. Due to tunable and narrow-band laser sources high-lying single
Rydberg levels could be selectively excited and investigated by means of various
detection techniques. The OG method was applied to deteet transitions involving
Rydberg states in 1979 by Katayama et al. [149] who observed atomic helium
transitions from the metastable 23' S state to high (n = 14 to 36) Rydberg states,
and by Camus et al.|150] who investigated highly excited levels of barium
atoms. Since then other atoms have been also investigated.
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Interesting results were obluined by studying Rydberg states in Xe atoms.
Labastie et al. [151] determined the first ionization limit and quantum defects,
OG detection method was then applied to study collisions between a Rydberg
atom and 4 rare-gas atom in the ground state allowing to determine the shifts
and broadenings of the optical lines connecting the 6p*6p configuration to
various states [152]. Lemoigne ef al. [153] have demonstrated that the system
constituted by a Xe atom in a strong magnetic field allowed to study the
diamagnetic behaviour of highly excited Rydberg states.

Although the OG effect turned out to be very sensitive and it was
successfully used for transitions in the visible, the technique did not seem to be
applicable in the infrared. There were essentially two reasons for that. First of
all, highly excited states tend to be very closely spaced, and upper and lower
levels might have comparable probabilities for collisional ionization, On the other

L e
150 MHz
- Avas10) MHZ
= 72 ' ¥
Ne ZONE
J pe——

Iig. 33. - Doppler-free sean of Ne 385-5pyy Lransition at 2,55 um. The relative strengths of
the lines from the two different isotopes are proportional to the nataral abundances. The
upper trace displays frequency markers. From [156),
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hand, for levels very close to the ionization limit, the probability of collisional
ionization might be higher than that of population of this high lying states.
Observation of Jackson et al. {154] indicated, however, that the OG technique
could become a sensitive detection tool also for spectroscopy in the infrared.
Using a colour centre laser operating near 2.6 um, they detected 0G spectrain H
and He atoms for transitions from n =4 to n = 6 states. It is worth neting that
very low concentrations of excited atoms (6 - 10° ¢m™®) could be detected al these
long wavelengths which seems to be promising for systematic atomic and
molecular spectroscopy in the infrared.

Infrared OG measurements using colour centre laser were furiher
extended [155] to Rydberg states of Ne and Ar as well as to Li and Ba atoms

" sputtered from the cathode in a HC discharge.

Finally, the Doppler-free measurement by intermodulated 0G spectroscopy
have also been performed [156]. By studying highly excited states in He and Ne
atoms in a HC discharge, tube lines as narrow as 60 MHz were observed.
Doppler-free scan of the 3s,-5p,, transition is shown in fig. 33.

As far as molecules are concerned, the OG technigue was applied to a study
of the Rydberg states of N, [157] excited in a RF discharge, Two visible bands
were investigated, first with a Doppler-limited resolution of 0.05¢m . Then a
Doppler-free method was also applied to resolve overlapped lines. Precise wave
numbers were determined for the rotational transitions of the two Rydbery
bands,

»
9. - Calibration spectroscopy.

As we have been describing so far, OG detection is a simple tool for recording
atomic or ionic spectra of both gaseous and refractory elements. The spectral
lines, being essentially Doppler broadened can be useful for quick calibration of
the wavelengths of tunable laser sources. This possibility was early recognized
by King et al.|158} who used commercial HC lamps to calibrate dye luser
wavelenghts in the visible. They demonstrated that the bandwidths could be
determined down to 0.0lnm and laser wavelengths for single-frequency
excitation experiments to 10~*nm, More recently {159] an automated pulsed dye
laser calibration was reported using OG detection combined with microprocessor
control,

The electrie signal derived from the discharge irradiated by a e.w. dye laser
can be used Lo lock the laser to characteristic transition frequencies of species in
the discharge, as early demonstrated by Green et al. | 160]. Again, the advantage
of the technique was that the same apparatus could be used for locking the laser
to various atomic and molecular transitions.

Keller et al. [161] introduced an atlas for OG wavelength calibration bused on
uranium transitions. They compared the atlas with an optical one. Uranium is an
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excellent wavelength standard because it is heavy, essentially monisotopic, vith
no hyperfine structure and with a dense spectrum from the UV to IR region.
Some of the uraninm transitions were measured to high accuracy combining OG
detection with wavemeter determination of dye laser frequencies|162]. Wave
numbers for several reference transitions could be given with 0.0006cm
uncertainty. The uranium QG atlas was actually used for wave length calibration
of pulsed lasers [163].

Stoicheff and co-workers used OG calibration for their experiments on
vaeuum UV laser spectroscopy. The VUV radiation was generated by four-wave
frequency mixing (4-WFM) in Mg and Zn [164, 165]. Two dye lasers were used.
One was tuned to a two-photon {2v,) allowed transition in the nonlinear medium,
while the other freely variable. VUV radiation was generated at the sum
frequency 2v, + v. The wavelength was determined by exciting the OG spectrum
of a uranium neon commercial HC lamp with a small portion of the tunable dye
laser radiation (v). The OG signal was averaged in a channel of the box-car
averager and displayed simullaneously with the VUV spectrum. A typical scan
is shown in fig. 34. The unknown frequencies in the VUV region could be
determined with a final absolute aceuracy of about 4 parts in 10°.
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i'ig. 34, — Fluorescence excitation spectrum of Kr, near 124 nm showing different vibronie
bands with structure due to isotopic molecules. The upper traces aure OG spectra of U
used for wavetength calibration, ¥From |165].

0G detlection was also used as a secondary-frequency standard in the
measurement of Tundamental atomic transition|166]. Here the 1°5,-2°S, two-
photon transition of positronium was observed and measured. The frequency of
the laser at 486 nm was obtained by simultaneously measuring a Doppler-free
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Te, molecular line via saturation spectroscopy. As a secomdary-frequency
standard the n=2—4 lines of deuterium, recorded by Duoppler-free 0G
spectroseopy in a Wood discharge tube, were used.

Further developments can be forecast in the application of OG detection to
spectral calibration. For instance, Webster [167] suggested the use of O0G
ealibration for laser-based techniques in monitoring of atmospheric species. The
spectral complexity of the atmosphere makes secondary wavelength standards
often unacceptable, The proposal was, when searching for a given stable or free
radical or ionic spectes in radiation from the atmosphere, to use discharges to
produce in laboratory the same species, possibly unstable, and simullaneously
recording the laboratory spectrum with OG detection.

10. — Conclusions.

Euach of the techniques, conventional or nonconventional, developed for
spectroscopic applications presents its advantages and disadvantages, and, of
course, none meets the needs of all possible experiments. As we have discussed
in the present review, much work has been reported for OG detection systems.
Good sensitivities and spectral resolution have been demonstrated in an
impressively broad variety of cases. In several situations, the discharge is in any
way necessary for the production of the species under investigation, and the OG
detection does not introduce additional dirtiness in the system.

Of course, really high-resoldtion spectroscopy will be seriously limited in
comparison with other existing, cleaner techniques. We have discussed this
aspect in subsect. 8'8 comparing linewidths obtained in a discharge with those
recorded on an atomic beam. By using an optical heterodyne absorption method,
Hall and co-workers [168] demonstrated an enhancement in signal-to-noise ratio
of more than 1000 compared to results from OG experiment.

Nevertheless, the OG technique though not achieving a fundamental noise
limit has a real advantage in its inherent simplicity.

We think that it will continue to be developed in several laboratories both for
speetroscopie applications and to extract information useful in the diagnostic of
discharges.

Note added in proof.

During the time interval between this review paper was submitted for pubblication
and the proofs received, several new works have been performed using unconventional
techniques. This gives evidence of the still growing interest in this field.

Completely new possibilities were opened thanks 1o the use of optogalvanic detection
in cases where no alternative methods are accessible. For istance CO laser could be, for
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the first time, frequency stabilized and now is available for high-resolution specroseopy
(M. Solmeeder, A. Hinz, A. Groh, K.M. Evenson, W. Urban, Appl. Phys, B, to be
published).

Also, radiofrequeney OG deteetion made possible the development of the firts c.w.
sub-Doppler optical spectroseopy of atomic oxigen (M. Inguscio, P. Minutolo, A, Sasso, G.
Tino, £’hys. Kev. A, to be published).
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