
Optogalvanic spectroscopy
Beniamino Barbieri* and Nicolo Beverini

Dipartimento di Fisica, Uni versita di Pisa, 56f26 Pisa, Italy

Antonio Basso
Dipartimento di Scienze Fisiche, Universita di Napoli 80125 Napoli Italy

The interaction of resonant radiation with atoms or molecules present in a discharge can induce variation
in the electrical properties of the discharge. This effect, known as the optogalvanic effect, has been shown
to be a powerful and inexpensive technique for the investigation of atomic and molecular species. Many
theoretical and experimental articles have been published in the last ten years on this subject. In this re-
view the different types of optogalvanic techniques that have been developed are reviewed and the princi-
pal theoretical models are analyzed. The spectroscopic applications are examined. An extensive reference
list is included, providing an overview of the literature.
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When a self-sustained gaseous discharge is illuminated

by radiation resonant with an atomic or molecular transi-
tion of the elements within it, a change in its electrical
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properties occurs. This change is observed as an in-
crease or decrease in the conductivity of the discharge
and is known as "the optogalvanic effect" (OGE).

The OGE was first described by Penning (1928), who
noted a variation in the impedance of a neon discharge
when it was irradiated by an emission from an adjacent
neon discharge. Similar observations were later made on
Hg and He discharges by Kenty (1950) and by Meissner
and Miller (1953). In all cases the pumping effect of the
radiation on the metastable levels, which are critically in-
volved in the ion-electron production mechanism inside
the discharge, made it possible to observe this
phenomenon by using incoherent light sources. Exten-
sive and practical applications of the OGE had to wait
for the introduction of tunable dye lasers. The OGE was
first discovered in gas-discharge lasers when a change
was observed in the discharge current as the laser came
over threshold (Garscadden et al. , 1964). It was seen in
the He-Ne laser (Schiffner and Seifert, 1965; Garscadden
and Adams, 1966), in a Xe discharge (Freiberg and
Weaver, 1967), and in Co& (Carswell and Wood, 1967).

The actual development of the OGE as a useful spec-
troscopic tool began with the work of Green, Keller,
Luther er al. (1976). They irradiated a discharge using a
tunable dye laser and demonstrated that high-sensitivity
spectra of the species present in the discharge could be
obtained. The electronic excitation of the atoms in the
discharge allowed for the observation of transitions start-
ing from the metastable or excited states, while the use of
a hollow-cathode discharge made it possible to perform
spectroscopy on a gas-phase sample of refractory ele-
ments produced by cathodic sputtering. Figure 1 is a di-
agram of what became a standard arrangement for
continuous-wave (cw) tunable laser applications. The
laser beam is amplitude modulated by a chopper, and the
optogalvanic (OG) signal is detected by a lock-in
amplifier.

The OG technique can be considered as an alternative
to absorption or fiuorescence techniques. The experi-
mentally observed perturbation of the discharge charac-
teristics induced by laser radiation (even at a high satura-
tion level) is usually sufficiently small so that the OGE
can be considered directly proportional to the number of
photons absorbed (Lawler, 1980). High-resolution spec-
troscopy techniques are discussed and compared in Sec.
IV, and some of their applications described.

Several papers published since 1976 have suggested a
wide range of applications of the OGE—spectroscopy,
small-concentration detection, isotopic analysis, laser
calibration, and laser stabilization. They have also ex-
plored extensions of the technique (molecular and ion
spectroscopy; use of cw tunable infrared lasers such as
color-center or CO2 lasers; use of pulsed lasers; and spec-
troscopy in radio-frequency discharges) and ways of
studying the kinetics of OG signal generation. The use-
fulness of OG spectroscopy has been extended by the
demonstration of sub-Doppler techniques for studying
species present within the discharge.

Discharge
cell

Dye Laser

Chopper

Reference

Lock-in
Amplifier

Ballast
Resistor

Power
supp''

FIG. 1. Typical experimental apparatus for optogalvanic spec-
troscopy. The signal is detected across the ballast resistor,
while the capacitor permits decoupling of the high-voltage
power supply.

I I. THE GPTOGALVANIC MECHANISM

A. Steady low-pressure discharges

In order to understand fully the mechanisms leading to
the OGE, it is useful to recall briefly some of the basics of
steady low-pressure gaseous discharge operations (for a

In this article we review the most important OG tech-
niques to date. Optogalvanic signal generation is ana-
lyzed in Sec. II, and the proposed models of the eAect in
diA'erent kinds of discharges are discussed. The typical
experimental apparatus is reviewed in Sec. III, while the
spectroscopic applications are considered in Sec. IV, with
emphasis on high-resolution sub-Doppler techniques. Fi-
nally, in Sec. V, we discuss other applications.

In this paper, the interest has been restricted to the op-
togalvanic eft'ect in self-sustained discharges. Other tech-
niques in which radiation fi.eld absorption triggers a
discharge are sometimes also referred to as optogalvanic
techniques, but they will not be covered by this review.
However, in Sec. V we shall briefIy consider the optogal-
vanic technique as applied to flames.

The optogalvanic eA'ect has been the subject of several
monographs and review papers, which are listed in the
Appendix. An international conference on optogalvanic
spectroscopy and its applications was held in 1983, and
the proceedings of the conference were published in a
special issue of the Journal de Physique, Colloque (C7,
1983).

In this paper only the most remarkable articles are cit-
ed, although in the references we include a complete (to
the best of our knowledge) list of the works published in
the field.
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more complete description, see Druyvesteyn and Pen-
ning, 1940 and von Engel, 1965).

In order to illustrate the different regimes of a
discharge, we show, in Fig. 2, the discharge characteris-
tic V =f (I) for Oat parallel electrodes, typical for a gas
pressure around 100 Pa (about 1 torr). For low values of

, the gas is a good insulator. Nevertheless, even be-
tween cold electrodes and in the absence of photoelectric
emission, a very small current Aows due to th
induced by external agents (such as cosmic rays). This
current is subject to statistical fluctuations.

%"hen the dc potential V, applied across the two elec-
trodes in series with a current-limiting resistor R, over-

1000
comes the so-called breakdown voltage (of th d feor ero

0 volts), a self-sustained discharge is produced (Pen-
ning, 1928). In this rn t is regime a primary electron, generated
by external agents, receives from the electric field
sufticient energy before a collision to produce secondary

tained even if the external ionization source is stopped.
For a low current, of the order of 10 —10 A '(i.e., for
large values of R), the discharge is characterized by con-
stant voltage and no light emission. This is referred to as

CC~a dark discharge" or "Townsend discharge. " As the
current increases, the space charge becomes so large that
a cathode voltage fall develops. The voltage decreases
through a transition region, called a subnormal glow
discharge, until it reaches a constant value V. In this
condition, usually known as a norm 1 1 d' ha g ow ischarge, a
visible luminescence is produced. Th 1e vo tage is only
slightly above the cathode fall potential, which is of the
order of 200—300 V and is relatively constant for current
between 1 and 100 mA. A further increase in the current

rings the limited cathodic area to saturation. As a re-
sult, the volta ge rises and the discharge operates in the
so-called "abnormal glow region" F'

n. or greater currents,

Aston, cathode Faraday 0 node
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on the order of 1 A there is a sudd tu en ransition region.
The voltage drops to several tens of volts, a level equal to
and even lower than the ionizing potential of the gas,
with a current of the order of 1—10 A Th' ' fis is referred to
as an arc discharge. This same behavior is maintained in
an alternating (ac) excited discharge, provided the fre-
quency is lower than about 10 Hz.

In the following section we shall consider only
discharges in the glow region, even though the OCHRE has
been observed both in the Townsend region (Kravis and
Haydon, 1981) and in the arc region (Van den Hock and
Visser 19V', 80&. Interest in these cases appears to be limit-
ed to diagnosing the discharge itself.

Qn the other hand, a low-pressure glow discharge
displays a nice spectroscopic property that is quite useful

late
unlike the arc isc arge, the atomic excitation is notn re-
ated to the gas temperature but results directly from the

electron energy generated by the electric field. Although
a certain amount of heat is generated by the ionic
cathode bombardment, this thermal energy is not neces-
sary for sustaining the discharge. The discharge can be
cooled, and the line broadening is limited.

Alternating dark and luminous zones can be dis-
tinguished in a glow discharge. A typical appearance of
the glow discharge is shown in Fig. 3, corresponding to a
direct-current discharge in a long cylindrical tube filled
with rare gas, at a pressure between 10 and 150 Pa (about
0.1—1 torr ~ Under different conditions the appe r
an t e properties of a glow discharge can be different.
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FIG. 3. Spatial distribution of dark and luminous zones, elec-
tric fielde d, potential V, space-charge densities p+ and p, and
current densities J+ and J in a glow discharge.
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Later, we shall consider some particular cases that are in-
teresting for their applications in optogalvanic spectros-
copy. Figure 3 also shows the behaviors of the electric
field, the charge density, and the current density, both for
negative (electron) and positive (ion) charge carriers in
the diferent discharge regions.

The generation of these difFerent regions can be ex-
plained as follows (von Engel, 1965). The electrons, ex-
tracted from the cathode by a collision of positive ions or
by the photoelectric eAect, leave the cathode with a sn1all
initial energy, of the order of 1 eV, and are then ac-
celerated by the strong electric field. The very narrow re-
gion near the cathode, where they have not yet achieved
enough energy to ionize the gas, is called the "Aston
dark space. " This is followed by a thin, weakly luminous
layer, where the electrons have gained an energy corre-
sponding to the maxima in the excitation function.
These regions are followed by the cathode dark space (or
Crookes space), characterized by the presence of a few
electrons slowed down by inelastic collisions together
with many fast electrons whose energy is well beyond the
maxima for atomic excitation. The slow electrons are re-
sponsible for the faint luminosity of this region, while the
fast ones induce ionization with high e%ciency, produc-
ing a strong electron multiplication. Due to the ioniza-
tions, and to the difFerent rnobilities of the electrons and
the positive ions, a strong positive space charge is gen-
erated, which progressively reduces the electric field to a
weak value.

A sharp increase in lun1inosity characterizes the
boundary of the negative glow. The number of low-
energy electrons becomes very large and their speed de-
creases with distance from the cathode. The ionization
efriciency is now low, while the inelastic collisions pro-
duce efFicient atomic excitation. The reduced electric
field favors recombination between the electrons and the
ions. With increasing distance from the cathode, the
average electronic energy, and consequently the luminos-
ity, decreases. A new dark region develops, called the
Faraday dark space. Just beyond the Faraday space
there is a new luminous region, the positive column,
characterized by uniform luminosity or by regularly stri-
ated zones. The axial component of the electric field in
the positive column is found to be nearly constant (this
implies that the plasma is at any point neutral) and
several orders of magnitude smaller than in the dark
space. The motion of' electrons is no longer beamlike, as
in the negative glow, but essentially random: their drift
speed is many orders of magnitude smaller than their
random velocity.

In proximity to the anode, a negative charge region is
generated by the combination of electron attraction and
ion repulsion. Thus the electric field increases again.
The electrons arriving from the positive column cross a
new dark region and are accelerated against the anode,
producing an "anode glo%" in front of it.

The nature of the gas, its pressure, the geometry of the
cell, the separation of the electrodes, their size, their ma-
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FIG. 4. Excitation cross sections for electronic impact of the
lower Ne excited states (from Tachibana, 1986).

terial, are all parameters that can change the appearance
of the glow discharge. Some particularly important pa-
ran1eters are considered here. For instance, when the
distance between the cathode and the anode is reduced
(keeping the current constant), the axial length of the
cathodic region remains unchanged, while the positive
colun1n length is progressively reduced. Before the
anode enters the Crookes dark space, the voltage on the
discharge begins to increase, demonstrating an increasing
difhculty in the ionization processes. In this condition
the discharge is called "obstructed. " A similar efFect can
be observed if the radius of the discharge tube is reduced.
When the mean free ionic path becomes comparable with
the tube radius, the voltage rises steeply. The discharge
is then in the (Tonks and Langmuir, 1929) free-fall re-
glnle.

Other peculiarities of the positive column, the cathode
fall region, and particularly the hollow-cathode discharge
shall be discussed later with regard to OG processes.

The elementary processes occurring in a glow
discharge are numerous and complex. The electrons, ac-
celerated by the electric field, have an energetic distribu-
tion that can be described by an elevated electronic tem-
perature, which at low pressure can reach values as high
as 5 X 10 K. Collisions with such energetic electrons
cause the atoms present in ihe discharge to be excited or
ionized. The relative cross sections are on the order of
10 ' —10 ' cm, being greatly dependent on the partic-
ular atomic transition and electronic energy. For exam-
ple, in Fig. 4 the cross sections for Po, I'2, I'&, and 'P&

levels of Ar (ls„ ls3, ls~, and ls2 in the Paschen nota-
tion) are shown as a function of the electronic energy
(Tachibana, 1986). The cross sections corresponding to
optically allowed transitions (for example, the '$0 —'P&

transition in argon) are larger and broader than those in-
volving metastable levels.

The n1echanism responsible for direct ionization can be

Rev. Mod. Phys. , Vol. 62, No. 3, July t 990
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summarized as follows.
(1) One-step ionization by electron impact:

3 +e ~A++2e
(2) Two-step or multistep ionization:

3 +e ~A'+e, 2 +e ~A++2e (2)

(3)

where the difference of excitation energy AE is released
as translation energy.

(4) Penning ionization:

3*+B~A +B +e (4)

This process is particularly important for discharges in
noble gases where 3 * is a metastable level. The typical
cross section is about 10 ' cm .

(5) Associative ionization:

3 *+A ~ A~++e

This process is energetically allowed for neon atoms ex-
cited to the 5s or higher-lying electronic states. The
binding energy of Ne2+ ions is effectively about 1.3 eV,
so that an excitation energy equal to 20.3 eV (equal to the
difference between the ionization energy and the binding
energy) is required to create an ion-electron pair. The
corresponding cross sections in these cases are very large,
of the order of 10 ' cm . For this reason an excitation
of Ne atoms to 3s, 4d, or more energetic levels is practi-
cally equivalent to a direct ionization.

(6) Metastable-metastable collisions:

+2 ~A +2+e (6)

Such collisions are, again in the case of neon, very
etfective due to the high energy (around 16.6 eV) of the
metastable levels.

Other specific processes contribute to the losses of ex-
cited atoms, like diffusion and deexcitation against the
cell walls. Superelastic collisions, in which excitation en-
ergy is transferred in kinetic energy, increase the elec-
tronic temperature.

A complete balance of the discharge processes requires
the inclusion of other mechanisms such as recombina-

In noble-gas discharges, process (2) is particularly im-

portant, where 3* is a metastable level. We shall see
later that this fact is of great interest in OGE generation.
Direct ionization [process (1)] dominates at low pressure,
because the electrons can acquire enough energy between
two different collisions.

Besides these processes in which the kinetic energy of
the electron is converted into excitation energy, other
processes involving collisions between excited atoms
compete to build up the excited-state population in the
discharge. The most important are the following.

(3) Excitation transfer between an atom 3 in the
ground state and an excited atom B:

tion, loss of charged particles due to ambipolar diffusion
to the discharge's walls, and radiative processes.

B. The optogalvanic signal
in a steady glow discharge

When laser radiation is tuned around a transition of an
atomic or molecular species present in the discharge, the
described processes are perturbed and the electrical prop-
erties of the discharge are changed.

The mechanisms that translate these effects into
current perturbation are essentially the following.

(1) A variation of electron-ion pair production.
(2) A variation of the electron and gas temperatures

produced by superelastic collisions with excited atoms.
Both of these processes have been invoked to explain

the OGE in different kinds of discharges, and, as we shall
see, either process can dominate OG signal generation,
depending upon the particular discharge considered.
What actually happens is that the environment of a
discharge is too complex to be described by a general
theoretical model.

The first attempt to explain the optogalvanic effect was
based on a qualitative description. Penning (1928) used
the effect to confirm the occurrence of collisions between
metastable neon atoms and ground-state argon [process
(4)].

A quantitative understanding of the OGE is possible
only if a reasonable model of the discharge can be made
and the cross sections of the involved processes are
known. Usually a rate equation formalism has been used
to describe the different processes. However, it is impos-
sible to give a complete set of rate equations for all of the
levels and processes involved in the discharge. This is
due to the very large number of equations required and
the unavailability of most cross-section values. Thus
knowledge of the properties of a particular discharge is
usually largely empirical, and establishing a general mod-
el for a quantitative description of the OGE is a very
dificult task.

The problem can be solved for a specific transition by
making reasonable approximations, such as considering
the levels immediately connected to the two resonant lev-
els by the larger cross sections, and eventually introduc-
ing empirical parameters, such as discharge impedance.

During recent years considerable effort has been made
in this direction. Some models have been obtained for
particular kinds of discharges (positive column, hollow
cathode, radio frequency) that provide good explanations
of the experimental observations under typical condi-
tions. The more important models are discussed below.

1. Positive column in a noble-gas discharge

The positive column of an inert gas discharge is a re-
gion of the glow discharge characterized by uniform
brightness, whose color depends on the particular gas or
vapor. The properties of the positive column of a glow

Rev. Mod. Phys. , Vol. 62, No. 3, July 1990
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discharge, as a function of the pressure p and the current
i, can be scaled with the dimension using the scale-
independent parameters pr and i /r, where r is the
discharge radius, p the pressure, and i the current.

For a low-pressure column (pr (10 torrcm), the
positive column is homogeneous; it can be described by a
theory first developed by Schottky (1924) and then gen-
eralized by Franklin (1976). This theory is based on the
assumptions that single-step electronic ionizing collisions
dominate ion production and that ion loss is due only to
ambipolar diffusion (i.e., the Debye length for the elec-
tron is much smaller than the tube radius, and recom-
bination occurs on the wall). As a consequence, the den-
sities of negative and positive charge are locally equal
(neutral plasma), with a maximum value on the axis and
practically zero on the wall. At higher pressure, or in the
presence of impurities, the discharge appears striated.
The diferent regimes of a positive column have been de-
scribed by Tonks and Langmuir (1929), Smits and Prins
(1979), and Cherrington (1979). When operating in a
higher-pressure regime, step wise ionization becomes
comparable to direct ionization or dominant. However,
typical conditions in OG investigations involve low-
pressure columns, because they correspond to the more
stable regime of the discharge; thus the theoretical mod-
els of the OGE that we shall discuss here refer to such
discharges.

A model that provides not only qualitative, but also
quantitative, comparison with experimental data was
developed by Lawler (1980) for the OGE in a positive
helium column. Lawler's model is based on a rate equa-
tion approach. The rate equations concern the levels,
whose populations are greatly perturbed by the laser ra-
diation, and the ion density. The model was tested by
studying a single He transition, the 2 P —3 D transition at
587.6 nm, which involves levels with well-understood ki-
netics and well-known reaction rates, and which occurs
at a convenient wavelength for dye lasers.

The process of OG signal generation is split into two
steps. First, the number of ion-electron pairs produced
in excess per absorbed photon (ionization efficiency e, ) is

calculated by solving the equations for the level popula-
tions perturbed by the laser radiation. This ionization
efficiency depends on the change in the excitation and
ionization rates for the two resonant levels and can be ex-
pressed, in general, as

(7)

where y, and y I are the total decay rates for the upper
and lower levels, respectively (summed over all possible
decay channels); y„, and yI, are the total decay rates (ex-
cept the direct decay from the upper to the lower level)
producing an ion-electron pair; and 3 is the spontaneous
radiative transition rate between the two levels. For the
considered transition, the dominant ionization process is
associative ionization of the 3 D state, while deexcitation
is primarily radiative, so that Eq. (7) can be simplified to

e, =a/3, (8)

RbAI = —IAE, (9)

where l is the positive-column length and AE is the varia-
tion in the axial electric field induced by the light. The
phenomenological equations are solved in terms of a col-
lection e%ciency e„defined as the number of excess elec-
trons that Aow through the ballast resistor per ion-
electron pair produced.

As a final result, the current signal AI is expressed in
terms of the calculated values of e, and e, as

bI =eQe, e, , (10)

where Q is the number of absorbed photons and e the
electron charge.

The complete analytical equation for the OG signal for
the considered transition is derived as

b,I = —
Q (2kT /I )'i'

S0l Rd+Rb

where p is the electron mobility, whose dependence on
the E/p ratio is well known (Brown, 1961);I is the ion
mass; Rd is the dynamic resistance given by dV/dI and

T, is the electron temperature, a function of pr (Pfau
et al. , 1969). The coefficient so is a constant, defined by
Tonks and Langmuir (1929), related to the average and
axial electron densities.

This model is satisfactory for the 2 P —3 D transition
in He, which is particularly simple because the variation
in the population of the two involved levels can be direct-
ly related to the perturbation in the discharge properties.
For transitions involving the metastable levels of noble
gases, the situation is more complex. Indeed, the meta-
stable levels play an important role in sustaining the
discharge. The absorption of a photon, not followed by
an immediate ionization, results in depletion of the
metastable-states population because the radiative decay
to ground state can be more than one order of magnitude
faster than the metastable-level lifetime, particularly at

where a is the associative ionization rate for the 3 D lev-
el. It should be observed that ionization eKciency is not
generally related to the energy of the absorbed photons.
An infrared photon may produce a large ionization
eA'ect, as demonstrated experimentally by Jackson et al.
(1980) on the 2.6S pm multiplet transitions in He. In this
case the interconnected levels have almost the same ion-
ization cross sections, but their lifetimes difter by more
than one order of magnitude. A direct application of Eq.
(8) gives, in the case of the 4d 6f tra-nsition, a value of e,
as high as 0.56. Al-Chalabi et al. (1983) have confirmed
these assertions.

The second part of Lawler's model considers the
response of the discharge plasma to perturbation due to
ion-electron pair production induced by the radiation, as-
suming a small perturbation. The variation of the
current AI, flowing through the ballast resistor R b,
enters into the equation

Rev. Mod. Phys. , Vol. 62, No. 3, July 1990
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FIG. 5. Simplified energy-level diagram for Ne, including the
ground state, the four 1s levels, the ten 2p levels, and the contin-
uum. The main collisional and radiative processes are
represented (from Sasso, Ciocca, and Arimondo, 1988).

low current. A scheme of the more relevant levels in OG
signal generation is shown in Fig. 5 for neon. The princi-
pal excitation and deexcitation channels are shown. The
lowest excited electronic configuration 2p 3s yields four

states, designated in the I. -S coupling scheme as 'P2,
P~ Pp and 'P, or, in Paschen notation, as 1s5, 1s4, 1s3,

and 1s2, respectively. The P2 and Pp are metastable,
with a radiative lifetime of the order of 1 s, while the P&

and 'P& levels decay to the ground state with a lifetime of
16 ns and 1.2 ns, respectively, by emitting VUV photons.
At pressures greater than 1 torr, radiation trapping
determines the effective lifetime of the P, level, so that
in the discharge it becomes comparable with the efI'ective
lifetime of the two metastable levels.

In Fig. 6 a typical OG spectrum obtained in a low-
pressure neon positive-column discharge at low current is
displayed. A cw dye laser is tuned in the range 580—640
nm, which covers many Ne atomic transitions originat-
ing from the 1s, levels. In this spectrum both positive
and negative variations of the current appear. This be-
havior can easily be understood (Erez et al. , 1979). At
low current, when the laser is resonant with a transition
starting from a metastable level, the resulting depletion
of the metastable population reduces the rate of two-step
ionization by electron impact [Eq. (2)]. Consequently,
photon absorption can cause a net reduction in the ion-
electron pair production, making the ionization eKciency
negative, even if the ionization cross section for the
upper level is one order of magnitude greater than that
for the metastable lower state. Higher current levels,
where the lifetime of the metastable state is quenched by
electron collisions, cause the signal to be positive, as is
usually the case.

A model that can be successfully applied to the OGE
in a Ne positive column was developed by Doughty and
Lawler (1983a). In this model the neon metastable and
"quasirnetastable" levels 1s5, 1s4, and 1s3 are lumped to-
gether as a single metastable level whose population M
evolves according to the following rate equation:

I.O—
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n, 05—
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597.6
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FIG. 6. Broadband optogalvanic spectrum of a neon positive-column discharge. The current was 1 mA and the pressure 0.8 torr.
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d M=Pn, N t—aM —TM —Sn, M —S'n, M/4 f3Q n, =, rtudN +Sn, M+ TM /2 D—(2 4. /v)2n,

=H(n„M, E), (12) =G(n„M, E), (13)

where P represents the production rate of metastable
atoms due to electron impact with ground-state atoms X
and due to radiative refilling from excited levels; w is the
loss rate of metastable atoms due to diffusion against the
wall; T is the rate for metastable-metastable collisions
leading to ionizations; S and S' are the rates for
electron-impact collisions producing ionization and exci-
tation into the 2p levels, respectively; and g is the branch-
ing ratio for radiative decay of the laser-excited 2p levels
to the nonmetastable level. Obviously, many of these
coe%cients are functions of the discharge parameters.

A second rate equation describes the production and
destruction of electrons with density n,, :

where single-step ionization is represented by the product
of the first Townsend coefficient o. and the electron drift
velocity Ud, both strong functions of E/p; D is the ambi-

polar diffusion coefficient; and I is the column radius.
Finally, a third equation relates the discharge current

to the electron density:

I =en,, cud v =F(n,„E) .

Assuming that radiation absorption is a small pertur-
bation, this set of equations can be solved by a linear,
steady-state approximation, and the following formula
for the OG signal can be derived:

where the dynamic resistance Rd =d V/dI has been intro-
duced.

A comparison between experiment and a theoretical
model is shown in Fig. 7 as a function of discharge
current intensity. The agreement between theory and ex-
periment is, however, good only under restrictive experi-
mental conditions, because under different conditions
many neglected processes may become important.

This model was generalized by Sasso, Ciocca, and Ari-
mondo (1988). The evolution of the ls, and 2p, levels has
been separately considered and collisional mixing be-
tween these levels and the neighboring levels has been in-

p= I Torr (&)

0
~ —IO
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+
UJ -5—

0
8 -IO
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u. -5—
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p= 5 Torr (c)

p = IOTorr (d)

FIG. 7. Optogalvanic signal in a neon positive column as a
function of the current at several pressures. Solid lines
represent the value calculated from Eq. (15). The crosses are
from experimental data (from Doughty and Lawler, 1983a).

EI =PQI(Sn, + TM) I(1+Rb/Rd )[(Sn,M+ TM /2)w +(S —S'/4)n, , TM'/2] I

I

eluded. In this model, the properties of the discharge in
the absence of laser absorption are also predicted from
the atomic properties, instead of being derived from
empirically measured discharge impedance. The system
of steady-state equations becomes too complex to be
solved analytica11y. Numerical solutions in the presence
and in the absence of laser radiation were obtained for a
large set of transitions in the neon spectrum. A
knowledge of the 2p populations also allows a compar-
ison between the OG and the simultaneously observed
Auorescence spectrum.

The models we have considered up to now are based
on the assumption of local-field approximation. Both the
change in the electron density and in the electron tem-
perature are included in a self-consistent way. The
change in the local electron energy, and its effect on all

-IO excitation rates, ionization rates, and transport
coefficients, is parametrized in terms of the perturbation
to the reduced field F/X. Models based on the local-field
approximation may not be appropriate to strong

p=2 Torr (b) discharges, where recombination and superelastic col-
+ + + 1 + + lisions, and, in general, the transfer between internal and

translational energy, play an important role. These con-
ditions are quite usual in the OG signal generation in a

+ + molecular discharge (Rettner et al. , 1981; Haner et al. ,

1983; Webster and Menzies, 1983a) and in a hollow
I I ~ ~ I I I I ~ I I I I I I I cathode discharge (Keller and Zalewski, 1980).

-IO- This temperature effect has also been observed in the
positive column of a He-Ne discharge by simultaneously

+
+ detecting the OG signal and the acoustic disturbance sig-

0 nal via a microphone in the same experimental arrange-
ment used for optoacoustic (OA) spectroscopy (Arimon-
do et al. , 1984). The OA signals can be explained in
terms of the energy deposited into the gas and then, in-
directly, in terms of the energy deposited on the tube
walls. The total power dissipated in a positive column il-
luminated by a laser radiation
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P„,=IlE +Qh

disperses into different output channels: visible Auores-
cence transmitted by the cell and ultraviolet Auorescence
absorbed by the walls; energy released by the deexcita-
tion of metastable atoms and recombination of ions
diffusing to the walls; and heat conduction of ground-
state atoms. All of these contributions, except the last
one, are easily related to the discharge parameters
(Doughty and Lawler, 1983a).

The presence of resonant radiation modifies the energy
balance (Sasso, Di Vito, and Arimondo, 1988), and the
acoustic signal monitors changes in the gas temperature.

The experimental observation of the OA signal in a
He-Ne positive column demonstrates that either heating
or cooling of the discharge can follow the radiation ab-
sorption, depending on the discharge parameters.

To conclude this section, we note that the OG signal
measured in a positive column is usually a spatial average
over the length of the discharge. May (1985a) has inves-
tigated a positive column with steady striation using
transverse illumination. He found periodic polarity
changes in the signal.

2. Metallic vapor in a positive column

~„OQ ( 588.2 nm)

(~v)

0 6 Terr 0 9 Toe& & 2 Ter~ 8

X

(men)

- 20-
(x 2)

the cathodic region is very different from that occurring
in the positive column. The presence of strong accelerat-
ing electric fields amplifies, by ionization avalanche, the
number of electron-ion pairs produced by the radiation.
Moreover, the changes in the metastable density and in
VUV photon generation can strongly modify the rate of
electron emission from the cathode surface. As a result,
the OG signal observed in this region is usually much
larger than the signal in the positive column.

A model for OG signal generation in the cathodic re-
gion (De Marinis et al. , 1988) can be obtained by gen-

eralization of the theory of Little and von Engel (1954).
For a neon glow discharge with two plane-parallel elec-

The first attempt at outlining a general theoretical
framework was made by Pepper (1978) for a discharge
operating in a metallic vapor in the presence of buffer
gas. He considered a simplified atomic system (ground
state, excited state, ion) in a noble-gas glow discharge.
The superelastic collision rates of electrons against these
two-level atoms or the metastable buffer gas atoms deter-
mined the electron temperature of the discharge. The ab-
sorption of radiation changed the densities of these
species and then affected the electron temperature and, as
a consequence, the discharge impedance. Numerical cal-
culations based on this model were, however, only par-
tially satisfactory.

Some modifications to the model have been made by
Maeda et al. (1981), who studied a sodium discharge in

noble gas. They also took into account the changes in-
duced in the electron density and calculated the follow-
ing equation for the relative amplitude of the OG signal:

)t QQ (803.0 nm)
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F L (585.2 nm)

(Au. )

(2m, kT, /~)'
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were k, is the electron mean free path and J is the axial
current density.
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X
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3. Optogalvanic effect in the cathodic region

As we have seen in Sec. II.A, the cathodic region is
characterized by nonuniform electric properties.
Eft'ectively, the electric field is very large at the cathode
surface, dropping almost to zero in a few millimeters.
The basic mechanism for production of an OG signal in

FIG. 8. Experimental OG and fluorescence signals as a func-
tion of the distance from the cathodic surface: (a) OG for a
laser excitation at 588.2 nm (1s5 ~2p2); (b) OG for a laser exci-
tation at 603.0 nm (1s4~2p&); (c) fluorescence at 585.2 nm

(2@i~ls, ) in the absence of laser radiation. The discharge
current was 4 mA. The pressures were 0.6, 0.9, and 1.2 torr, re-
spectively (from De Marinis et al. , 1988).
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trodes, a relation can be obtained between the discharge
current I and the cathodic voltage V, in terms of the
coefficients y;, y, y for the secondary electron emis-
sion from the cathode due to the ions, the metastable
atoms, and the photons, respectively:

(18)

where 5 is the cathode surface area and

K =2eo/d [8/em [2l/d —(//d) ]I '~

D =fdndy

G =fg "sl'~

M=f 1 y

(19)

are coefficients that are functions of the dark space
length d, the mean free path for charge transfer l, and the
number of VUV photons nd and n created by each elec-
tron entering the Crookes space and the negative glow,
respectively. I is the density of metastable atoms; fd,f, and f are geometric factors, giving the cathodic col-
lection efficiencies for photons and for metastable atoms.

In the limit of small perturbation, a variation of the
discharge current when laser radiation excites a transi-
tion can be obtained by diff'erentiating Eq. (18):

hI =BI/Bnd 3,nd +BI/Bnz b nz +BI/BI 61 . (20)

The strong nonuniformity of discharge properties near
the cathode gives a large variation in the OG signal am-
plitude as a function of the distance of the excitation re-
gion from the cathode. Figure 8 reports typical OG spa-
tial behaviors in a neon discharge for two diA'erent radia-
tion wavelengths, corresponding to transitions starting
from (a) metastable and (b) radiative levels.

Optogalvanic and conventional (fluorescence and ab-
sorption) spectroscopic techniques have been used in
parallel by Den Hartog et al. (1988) to investigate a heli-
um discharge in order to map the electric field and the
gas temperature. Their results were compared to an ana-
lytic treatment of the ion transport and a Monte Carlo
simulation of the current balance at the cathode surface.

hollow-cathode discharge is the strong electric field in
the cathodic dark region, which strongly accelerates ions
against the cathodic surface, producing very eAective
sputtering at high current values (of the order of 100
mA). In this way the discharge can be used as a source
of free atoms of refractory elements (Fig. 9).

Electron heating eA'ects are important in the case of a
hollow-cathode discharge when the minority carriers
(i.e., the atoms sputtered from the cathode) are excited by
laser radiation. This statement is supported by a series of
experiments (Keller et al. , 1979; Keller and Zalewski,
1982) in which the amplitude of the OG signal was mea-
sured for hollow-cathode lamps of di6'erent materials (U,
Eu, Na, Zr) irradiated by resonance lines, as a function of
the absorbed laser energy. Keller and co-workers found
that the amplitude of the signal was independent of the
ionization potential of the absorbing atom and of the en-
ergy diff'erence between the laser-excited level and the
continuum.

This eA'ect can be explained easily if it is assumed that
the atomic system simply transfers the excitation energy
into the electrons. The equilibrium established in a hol-
low cathode between the electrons and the atoms, result-
ing from numerous elastic and superelastic collisions,
makes the electron temperature approximately equal to
the electronic excitation temperature in the atom. Laser
irradiation slightly perturbs this process. However, the
electron collisions are so frequent that a significant
change in the level population is prevented. The energy
supplied by absorbed photons is transferred to electrons.
Since the equilibrium in the discharge is strongly affected

235

4. Hollow-cathode discharge

The hollow-cathode discharge is a particular kind of
glow discharge with an enlargement of the negative glow
region as one of its main characteristics. Let us imagine
that the cathode is formed by two Rat electrodes, parallel
to each other. If the distance between the two electrodes
is quite small with respect to their typical dimensions, the
two negative glows coalesce into a single negative glow
displaying a high radiation intensity. Often, instead of
two parallel Aat electrodes, a cylindrical cathode is used.
This design allows the discharge to handle large currents,
up to many amperes, in the glow regime in a relatively
cold carrier gas. Another advantageous property of a

238'

18 5Hz

FIG. 9. Doppler-limited optogalvanic recording of the
hyperfine structure of the 591.5 nm transition in "U. A
hollow-cathode lamp with a small isotopically enriched urani-
um foil was used (from Barbieri et al. , 1984).
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~Z =1.5
Z

veI v„hN,
v„+v„X, (21)

where v„and v„are the electron-ion and electron-neon
collision frequencies.

A theoretical and experimental investigation of the
role of photoionization in a hollow-cathode discharge
was the subject of a recent paper by Broglia et al. (1987).

by the electron energy distribution, this extra energy
causes a decrease in the impedance of the discharge.

This explanation was confirmed by the experience of
Dreze et al. , 1982. They detected simultaneously the
OGE and laser-induced intensity variations in the emis-
sion lines of a uranium hollow-cathode discharge filled
with Xe as a buA'er gas. When the laser was tuned at the
591.5 nm transition of U, the emission lines of all the
species present in the discharge (U t, U It, and Xe)
showed an increase in intensity. The intensity variation
of the Xe lines was particularly interesting, because a
direct energy transfer from the laser-excited U atoms to
Xe atoms in the ground state or in metastable states is
impossible. Dreze et al. also measured the electronic ex-
citation temperature of the atoms with and without laser
radiation and found that there was an increase on the or-
der of a few degrees Kelvin on a steady value of about
3500 K.

Keller et al. (1983), using a standard model of a
hollow-cathode discharge, performed a calculation that
shows that the OGE generation mechanism involving
direct collisional energy transfer from absorbing atoms to
electrons was approximately 100 times more efFective
than direct ionization of a laser-excited level. The
change in conductivity o. induced by the laser radiation
was determined by difFerentiating the conductivity with
respect to electron temperature and electron density.
The relative variation of the conductivity was

The impedance changes in the discharge induced by
atomic or molecular transitions can be monitored with a
good signal-to-noise ratio on the oscillator current if a re-
generative oscillator, such as a Colpitt circuit, is used.
This device works in a regime of negative dynamic resis-
tance. When the vapor cell is coupled capacitively or in-
ductively with it, the impedance Z of the sample becomes
a part of the series impedance of the circuit. In this way,
the amplitude of the OG signal (detected as b,I/I in the
oscillator circuit) is enhanced, because the negative resis-
tance —8 of the oscillator lowers the total unperturbed
impedance. The resulting OG signal is thus proportional
to hZ/(Z —R). This detection scheme, suggested by
Goldsmith et al. (1979), was demonstrated for the first
time by Stanciulescu et al. (1980a).

Other methods of extracting information on the im-
pedance variations inside the discharge include monitor-
ing of the signal induced in a pickup coil wound around
the sample (Suzuki, 1981) or direct measurement of the
dc discharge impedance using two electrodes placed in-
side the cell (Labastie, Biraben, and Giacobino, 1982). In
this latter method, the detected impedance also gives a
measurement of the discharge intensity. This is useful
when extrapolation to zero discharge intensity must be
performed in order to correct for shifts and broadening
due to spurious phenomena in the discharge.

Any theory of electrodeless discharge must consider a
complicated self-consistent system of equations describ-
ing the distribution of electron density, electron tempera-
ture, and electromagnetic fields in the skin layer. In the
presence of laser radiation, a detailed balance equation
for the perturbed level must be considered.

A simplified model was developed by Bulyshev and
co-workers (Bulyshev and Preobrazhenskii, 1984; Bu-
lyshev et al. , 1988). The relative change of the power Q
injected into the discharge was shown to be simply relat-
ed to the relative change in the electron temperature T,
by the equation

C. Optogalvanic effect in high-frequency discharges
b, Q/Q = i hv/T, (b, T, /kT, ) . (22)

1. Radio-frequency discharges

A low-pressure glow discharge can also be supported
by a radio-frequency (rf) field. The rf oscillator can be
coupled to the plasma by placing the sample inside the
oscillator circuit, in a coil (inductive coupling) or in a
capacitor (capacitive coupling). This kind of discharge
has some useful properties. The absence of internal elec-
trodes in the inductively coupled system eliminates
sputtering and contamination, even in the presence of
reactive or corrosive species. An rf discharge can also be
driven with high stability in a range of pressure often
much larger than that allowed for dc discharges. Work-
ing at lower pressures can minimize the pressure
broadening when high resolution must be achieved, while
higher pressure can produce excimer molecules present
only when three-body collisions become important.

The theoretical results were compared with the experi-
mental results of Suzuki (1981) in an argon rf discharge
and with those of Roesch (1983) in cesium.

2. Microwave discharges

The OGE has also been observed in discharges excited
by microwaves (mw). This case is different from that of
rf excitation. In a typical glow discharge, the collisional
frequency is greater than the field oscillation frequency,
while the opposite is true for mw excitation. Since the
collisional processes are very important in OG signal
generation, the OG signal obtained in a mw excitation
contains additional information. Suzuki et al. (1983) an-
alyzed methods for mw excitation and their applications.
The study of free radicals, which are easily created in a
mw discharge, and their kinetics, was suggested as one
application. The OG signal was detected by using a
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FIG. 10. Schematic drawing of the bright region in the
discharge cell with microwave excitation. At high pressure the
bright region is restricted around the probe. As the pressure
decreases, the bright region increases (from Suzuki, et al. ,
1983).

diode to monitor the reflected microwave power extract-
ed by a directional coupler, or by observing the potential
induced in a pair of probes inside the chamber. Suzuki
eI; al. demonstrated that, even using a quite noisy mw
source such as a magnetron, a good signal-to-noise ratio
could be achieved if the OG signal were extracted by
means of a pair of parallel rods. With this arrangement,
the sensitivity (measured as the voltage on the electrodes
divided by the laser power absorbed) was found to be one
to two orders of magnitude greater than the sensitivity
obtained from the usual OG signal in a dc discharge.
This observed high sensitivity cannot be explained with
the electron-gas heating mechanism. In order to explain
the OGE with a double probe, it is necessary to consider
the position of the discharge cell inside the cavity (Fig.
10). The mw field is more intense at probe 1 than it is at
probe 2. As a result, there is a difFerence in electron tem-
perature and in electron density close to the two probes.
A space-charge potential is then generated, which is a
function of the pressure in the discharge and of the
specific mechanisms of the discharge in difIerent gases.
The model presented to explain this signal generation fits
the experimental results quite well for three diAerent
discharges (Ar, Ne, and 0~).

D. Transient effects

When a dc discharge is excited by a pulsed dye laser,
an important change is observed in the OG signal. The
high laser power density easily saturates the transitions,
allowing observation of multiphoton processes. Ultravio-
let wavelengths can be produced more easily, and the
corresponding spectra can be investigated. Finally, the
short duration of the pulses allows time-resolved studies
of the OGE, which give additional information about the
kinetics (at the price of a more complex theoretical inter-
pretation).

The first phenomenological analysis (Erez et al. , 1979)
obtained qualitative agreement with the experiments by

fitting the experimental curves with a sum of exponential
functions whose constants were given by the efFective life-
times of the levels involved in the excited transition.

A complete model describing the pulsed OGE must
take into account the great perturbation induced in the
level populations and interpret the complex phenomenol-
ogy observed, such as multiple sign reversal in time evo-
lution, amplified spontaneous emissions, and nonlinear
effects due to two-step photoionization (van de Weijer
and Cremers, 1985a). Yasuda et al. (1985) developed a
model for a particular transition in the HeI spectrum
(the 2 5 3 I' t—ransition at 388.9 nm), in which they con-
sidered the sharp spike observed in the early time stage of
the OG current signal. From available data on the radia-
tive and collisional cross sections, they found that relaxa-
tion of the OG signal in the He positive column was pri-
marily governed by ion current to the walls, followed by
wall recombination. It was shown that the Rp product is
a good parameter for characterizing the discharge, along
the Tonks and Langmuir model, in the considered pres-
sure range (0.18—0.8 torr cm).

The calculated values obtained in this model using the
data of Bickerton and von Engel (1956) were quite satis-
factory compared to the measured values. The analysis
considered only the first fast response, and no attempt
was made to explain the continuing evolution of the sig-
nal. It should be noted, however, that the amplitude of
this first sharp signal is more than an order of magnitude
greater than the signal that follows it. In the case of
molecular discharges, the time-resolved OGE can give
much information on the chemical processes in the
discharge. This is discussed in the next section.

E. Molecular discharges

As we have pointed out in Sec. II.B, in a molecular
discharge the OGE arises primarily through a heating
mechanism. It was the observation of an OGE during
absorption of low-energy infrared photons in pure vibra-
tional transitions, without any modifications of the elec-
tronic states, that first led to this hypothesis (Webster
and Menzies, 1983a). The absorbed radiation energy is
translated into a gas temperature increase through vibra-
tional relaxation. Many important processes in the
discharge, such as the electron-impact ionization, the
electron attachment, or the electron-ion recombination,
are gas-temperature dependent. Consequently, the im-
pedance of the discharge is changed. Evidence of this
efFect also results from the generation of a weak OG sig-
nal when iodine molecules are irradiated outside the re-
gion in a pure iodine discharge (Rettner et al. , 1981;
Webster and Menzies, 1983a). A time-resolved investiga-
tion showed that the perturbation induced by the laser
was primarily a pressure wave traveling at the velocity of
sound.

This is the same mechanism that gives rise to the op-
toacoustic efFect. As a matter of fact, an important op-
toacoustic e6'ect was observed in conjunction with the
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FIG. 11. Spatial dependence of the optogalvanic signal (LOCx)
and laser-induced Auorescence (LIF) of N2 ion vs the distance
from the cathodic surface in a 1.0 torr nitrogen discharge (from
Walkup et al. , 1983a).

II I. EXPERIMENTAL APPARATUS

In this section we briefIy analyze the typical experi-
mental apparatus that has been used to study the OGE.
The detection of an OG signal depends both upon the
excitation —whether the laser is continuous wave or
pulsed —and the lamp —whether it is dc or ac sustained.

A. Light sources

1. Continuous-wave lasers

The basic setup for OG spectroscopy using a cw laser
is shown in Fig. 1. The laser beam is amplitude modulat-
ed by the chopper before irradiating the discharge. The

OGE by Hameau et al. (1985) in vibrational excitation of
CO&. NH3, and SF6. The amplitude of the optoacoustic
effect and its temporal evolution give additional informa-
tion on the mechanism of the OGE.

A detailed quantitative analysis of the OGE in a
molecular discharge would require a complete knowledge
of the chemistry of the discharge. The experimental re-
sults demonstrate that different mechanisms interact in
the generation of an OG signal and that their relative
weight depends on the specific molecules as well as on the
irradiated region of the discharge. A very peculiar case
is the detection of molecular ions, described by Walkup
et al. (1983a, 1983b). In this case, the authors suggest a
mechanism in which ion mobility is modified by laser ex-
citation due to the difference between collisional proper-
ties of the ions in the ground state and in the excited
state. Note that the OG signal was observed only while
using laser irradiation within the cathode dark space,
which is the only region where positive ions are
significant current carriers (Fig. 11).

OG signal is detected through the ballast resistor R~ and
analyzed by the lock-in amplifier, whose reference comes
from the chopper. A capacitor blocks the high voltage.

The laser beam can be frequency modulated as well
(Goldsmith et al. , 1979). In this case the output of the
lock-in is the derivative of the absorption signal. The
technique of frequency modulation of a dye laser is quite
sophisticated, so this method has rarely been applied in
the visible region. By contrast, this is a very simple tech-
nique when a diode laser is used, because frequency can
easily be modulated by current modulation (Webster and
Menzies, 1983a, 1983b).

The choice of a proper laser source in an experiment is
linked to the spectroscopic study required. Experimen-
talists first used commercial multimode cw lasers to ob-
serve the OG effect in both volatile and refractory ele-
ments. As soon as the potential of the method for high-
resolution spectroscopy was recognized, more sophisti-
cated lasers were employed.

The use of a single-mode laser with active frequency
stabilization was introduced by Johnston (1978a, 1978b),
and since then similar sources have contributed much to
high-resolution spectroscopy through OG detection.

The tunable cw F-center laser was introduced by Jack-
son et al. (1980) in infrared OG spectroscopy of transi-
tions induced between highly excited atomic states in
helium.

The tunable IR diode laser is expected to be more im-
portant in the near future for OG studies of molecular
spectra and (with the new short-wavelength diode) for
OG studies of atomic spectra.

Optogalvanic detection in the infrared range has been
extended by the use of CO& and NO& lasers (Hameau
et al. , 1984).

2. Pulsed lasers

Where pulsed lasers are used as the excitation source
to observe the OGE, a boxcar integrator typically re-
places the lock-in amplifier (Fig. 12). Pulsed dye lasers
were successfully used in the visible region mainly to
study high-lying levels by two-step excitation (Camus
et al. , 1979, 1982, 1983a, 1983b; Delsart et al. , 1981;
Shuker et al. , 1981; Aymar et al. , 1982; Caesar and
Heully, 1983b). Extension of the technique to multistep
OG laser spectroscopy was demonstrated by Broglia
et al. (1983a).

The short pulse duration of some pulsed lasers enables
one to study the temporal evolution of the OG signal, an
approach first taken by Miron et al. (1979) and then by
Rosenfeld et al. (1979); Shuker et al. (1982); Caesar and
Heully (1983a); Shuker et al. (1983b, 1984); Fujimoto
et al. (1983);and Broglia et al. (1983b).

The use of pulsed lasers can also open the region of the
near-ultraviolet to spectroscopic investigation. It has,
moreover, enhanced the applicability of the OGE in the
study of several processes, such as quasiresonant Penning
ionization, electron detachment, and laser-induced

Rev. Mod. Phys. , Vol. 62, No. 3, July 1990



Barbieri, Beverini, and Sasso: Optogalvanic spectroscopy

N2 laser dye laser discharge
ce 1 l

prearnpli f(er

recorder boxcar

H. V,

FIG. 12. Schematic diagram of the experimental 1ayout for
pulsed optogalvanic spectroscopy.

dipole-dipole pair absorption. These applications are the
subject of Sec. V.

So far we have considered changes in the experimental
apparatus in connection with sources, either cw or
pulsed. In the next section we shall discuss the different
discharges used in OG experiments.

richment by cataphoresis in hollow-cathode discharges
had not been successful. Kushner's proposal is still
awaiting realization.

When the vapor pressure of an element being studied is
low, a heat-pipe structure permits the observation of the
OGE in a positive column. The design is the same as
that commonly used in absorption spectroscopy. An ex-
ample is shown in Fig. 13 (Camus, 1974). Two nickel or
stainless-steel hollow electrodes are assembled at the ex-
tremities of a ceramic tube by means of aluminum hold-
ers, which also provide a cooling system. In the inner
part of the ceramic tube a 20-cm-long stainless tube is
mounted. The inner walls of this tube are covered by
three layers of 100-mesh stainless steel, forming the wick
of the heat pipe. The cell is heated over the central part
by an electrical oven; a thermocouple provides tempera-
ture measurements. The metal vapor is controlled by no-
ble buAer gas at some torr pressure. This apparatus was
used for barium Rydberg-state analysis (Camus, Dieulin,
and Morillon, 1979; Camus, Dieulin, and El Himdy,
1982, 1983a, 1983b). Similar devices were used by
Bridges (1978) and Roesch (1983) for cesium.

B. Cell discharges

A discharge is often a noisy medium, but if some essen-
tial operating conditions are fulfilled, the noise can be re-
duced to the level of shot noise, or statistical fluctuations
in the number of charges reaching the electrodes.

The useful working region of the voltage-current plot
is a function of the geometry of the discharge, of the
pressure of the carrier gas, and of the particular element
under study. The pressure range in which the glow is
stable is proportional to the inverse of the discharge
transversal dimension (or cathode diameter in a hollow-
cathode discharge).

Many kinds of glow discharge have been used for OGE
detection: He-Ne laser tubes, commercial hollow-
cathode discharges, heat-pipe discharges, and even Ne in-
dicator lamps (Nestor, 1982) and mercury vapor germici-
dal lamps (Bridges, 1978). Specially designed apparatus
have been developed for high-resolution spectroscopy.

1. Positive column

The detection of the OGE in noble gases in positive
columns does not present any particular difhculty once
cleanliness of the discharge tube environment has been
assured. In the case of molecular discharges, a continu-
ous Aow of gas is usually maintained.

The positive column is more easily modeled than any
other region of the glow discharge because of the spatial
uniformity of this region. As we have seen in Sec. II.B.1,
positive-column Inodels have produced satisfactory ex-
planations of the OGE.

In 1983 Kushner proposed that isotope enrichment of
copper ions in positive columns of Cu-Ne discharge
should be possible. Previous proposals for isotope en-

2. Commercial hollow-cathode discharges

Commercial hollow-cathode lamps were extensively
used for the first OG applications. They are relatively
inexpensive (where not yet present in the spectroscopic
laboratories) for almost all of the elements of the Periodic
Table, and their electrical noise is very low —at the level
of shot noise. However, their design can be incompatible
with some specific applications. Essentially, the problem
is the design of the cathode, which is a cylinder closed at
one end. This design does not usually allow propagation
in the cathodic region of two counterpropagating beams,
a characteristic feature in sub-Doppler saturation tech-
niques (see Sec. IV). Moreover, at the shortest wave-
lengths, photoelectric emission produced by the laser
striking the cathodic surface can give an unwanted back-
ground signal.

For these reasons, the need to make hollow cathode
tubes with a clear optical path through the cathode was
recognized early. On the other hand, since the magni-
tude, the signal strength, and even the sign of the OG sig-
nal can change when different regions in the discharge
are irradiated (Zalewski et al. , 1979), it would be desir-
able to work with discharges in which one could probe
the different regions independently. In particular, in or-
der to collect spectroscopic data, it would be useful to
have available discharge tubes that permitted a probe of
the negative glow region because of the interesting
features to be found there.

It is not easy to design a discharge geometry that
satisfies all of these requirements, offers a sufTicient con-
centration of sputtered refractory elements, and permits
one to work in a wide range of currents and buffer gas
pressures. We shall describe some hollow-cathode
discharges developed for OG spectroscopy applications.
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FIG. 13. Cross section of a heat-pipe discharge I,'from Camus, 1974).

3. Hollow-cathode discharges
for high-resolution spectroscopy

A hollow-cathode lamp designed specifically for OG
spectroscopy usually provides both a clear optical path
through the cathode and a cooling system for the
cathode. The need for cooling results from the relatively
high current required to obtain active sputtering. The
heat generated by ion collisions against the cathode is
significant and must be dissipated to avoid instability,
collective motion of the gas carrier, and degassing of the
cathodic materials, as well as to reduce the Doppler
width of the spectral lines.

Feldmann (1979) was the first to introduce a discharge
with a clear path through the electrodes. Such a
discharge, however, was not devised to obtain Doppler-
free spectra, but to perform operations under continuous-
ly Aowing buffer gas, the aim being OG detection of
molecular spectra in the visible part of the spectrum.

Miyazaki et al. (1983a, 1983b, 1983c) modified
Feldrnann's discharge by positioning the hollow cathode
between two hollow anodes to ensure that the whole
length of the bore was covered with the negative glow.
In this design the electrodes were cooled with Aowing
water.

A similar lamp was used by Behrens and Guthorlein
(1983) and Behrens et al. (1983) for the investigation of
refractory elements.

Lawler et al. (1981) developed a hollow-cathode lamp
[Fig. 14(a)] to be used for high-resolution spectroscopy.
The cathode had a large internal diameter that allowed
for operation at low pressure. This assured a minimum
perturbation due to the electric field near the center of
the hole. The cathode was 50 rnm long, with an internal
diameter as large as 27 mm. The anode, in the form of a
tungsten bar pin, 1.5 mm in diameter, was placed in front
of the cathode in order to suppress the positive column.
With such a lamp, the discharge operated at a current of
about 150 mA without cathode cooling, allowing the
recording of a molybdenum homogeneous linewidth of

less than 30 MHz. Operation at higher currents is possi-
ble, but it quickly produces a deposit of sputtered materi-
al on the inside of the glass tube, increasing the probabili-
ty of arcing.

Another design has been reported by Keller et al.
(1983), which allowed the use of a small cathode with
currents up to 1 A for extended periods of time. In all of
these designs, the importance of a very good cleaning of
the apparatus was stressed. This can be achieved by de-
gassing in a good vacuum (10 —10 torr) and by run-
ning the discharge at high currents with high-purity
gases for some time.

A very simple design of a hollow-cathode lamp for
high-resolution spectroscopy was reported by Barbieri
et al. (1984). Its main characteristics are simplicity of
construction and easy demountability [Fig. 14(b)]. The
different components of the lamp were mounted on glass
cones. The anode was a tungsten or nickel pin or an
aluminum rod. The cathode was inserted into a holder
made of copper and fastened to a massive copper rod
cooled by Bowing water. The cathode was made either of
the element to be studied or of a stainless-steel cylinder
into which a role of foil of the sample to be studied was
inserted. Typical dimensions were 6 to 12 mm in diame-
ter and 16 mm long. The larger cathodes permitted low-
pressure operation, while the smallest diameters were
used when high current densities were required for an
e%cient sputtering operation. All of the metallic parts in
the discharge tube, excluding the extremity of the
cathode holder and the anode tip, were shielded by glass
tubes to force the discharge between the anode tip and
the inner cathodic region.

An interesting hollow-cathode geometry that prevents
selective excitation of either negative glow or cathode
dark space and restricts extension of the positive column
to a few millimeters was used by Webster and Menzies
(1983) in their studies of the infrared OCy spectra of mole-
cules. The glass cell was 16 cm long with a 1 cm internal
diameter and had cross-connected O-ring joints with
quartz windows mounted 5 cm apart for transverse laser
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4. Radio-frequency and microwave discharges

Discharges sustained by variable fields (radio frequen-
cy or microwave) overcome some of the inherent limita-
tions of dc discharges, so that they can be a useful corn-

p emenlement to the conventional OG method. The variable
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probing of the discharge. A tungsten rod anode and
molybdenum hollow cathode were each mounted on slid-
ing 0-ring connections, which allowed the region of the
discharge probed by the laser to be adjusted. The length
of the discharge could be reached in the same way.

fields produce a homogeneous plasma with an electron
temperature relatively high compared to that of a dc
discharge. Moreover, their ability to run a discharge
without the need of internal electrodes is an interesting

f-feature that will certainly increase their importance in u-
ture applications. They make possible, for example, the
study of corrosive gases that would damage the usual
electrode materials. They allow the study of organic
compounds, which in dc discharges can cause arcing
even at moderate currents, because their tendency to
cause carbon deposition on the electrodes. They are also
not aQ'ected by shot noise, which is the ultimate contribu-
tion to the signal-to-noise ratio deterioration in dc
discharges. On the other hand, the study of refractory
elements is strictly linked to the use of discharges with
internal electrodes, from which atoms of interest can be
sputtered in the plasma.

Optogalvanic detection of both atomic and molecular
gaas species in rf discharges has been undertaken by way
of three main approaches, all described by Stanciulescu
et al. (1980b) and later summarized by Camus (1983).
These are sketched in Fig. 15. In a11 of the schemes, the
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FiG. 14. Hollow-cathode designs for sub-Doppler QG spec-
troscopy: (a) hollow-cathode discharge tube (from Lawler
et al. , 1981); (b) cross section of the central part of a simple,
water-cooled hollow-cathode lamp {from Barbieri et a . ,I. 1984).

FIG. 15. Dift'erent schemes for OCr detection based on laser-
induced change in the impedence of a rf discharge: (a) The re-
generative signal of the rf oscillator is monitored; (b) the OG
signal is extracted by a pickup coil would around the discharge
cell; {c)two active electrodes are placed inside the cell to moni-
tor current fluctuations.
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discharge is sustained by external electrodes coupled to a
regenerative oscillator delivering about 100 mW of
power, typically in the frequency range 10—50 MHz.
They difter from one another in the way that they detect
the perturbation in the plasma.

In the first scheme, shown in Fig. 15(a), a laser-induced
change in the plasma impedance is monitored through
corresponding changes in the regime of the oscillator.
Any oscillator adjusts its level of oscillation so that losses
are balanced by regenerative amplification. If the losses
are slightly increased, the oscillator amplitude is corre-
spondingly decreased, and this produces an observable
change in the oscillator's anode current. So, in this rear-
rangement, the same oscillating circuit represents the
detection and the excitation system of the high-frequency
discharge.

A detection circuit capacitively coupled to the plasma
discharge, instead of inductively coupled, has been sug-
gested by Stanciulescu et al. (1980c).

Suzuki (1981) introduced a diA'erent scheme for detect-
ing impedance changes in the discharge [Fig. 15(b)]. The
OG signal is monitored by a pickup coil wound outside
of the cell, so that the discharge plays the part of a
transmitting antenna and the coil that of a receiving an-
tenna. An rf field at 13.56 MHz is applied to the
discharge tube, which is 40 cm long with diameters be-
tween 10 and 30 mm, through two copper-ring electrodes
wound to the tube and separated by 5 —10 cm. The out-
put power of the rf transmitter is in the range of 4—45 W.
The gas is continuously pumped through the discharge at
a pressure between 0.01 and 0.4 torr. The pickup coil (10
nH) and a capacitor form a tank circuit, which is adjust-
ed to be resonant with the 13.56 MHz rf field. The sig-
nals picked up by the coil are rectified and passed
through an amplifier tuned to the modulation frequency
of the laser beam. The output is measured with a lock-in
amplifier.

The third scheme [Fig. 15(c)], in some ways intermedi-
ate between the first two, was applied by Labastie et al.
(Labastie, Biraben, and Giacobino, 1982; Labastie,
Giacobino, and Biraben, 1982). They used an rf
discharge to populate excited levels of atoms, but placed
two electrodes inside the cell to detect the impedance
variation. A voltage V of about 10 volts was applied be-
tween the electrodes, and the plasma impedance varia-
tion was measured by way of the current variations
through an external resistance. This experimental ar-
rangement allowed Labastie et al. to operate at very low
discharge currents, in order to minimize the shift and the
broadening due to the discharge.

Recently Francesconi et al. (1990) developed a new ap-
proach to impedance spectroscopy. In this technique the
physical parameter probed is the dielectric constant of
the medium under investigation. The atomic or molecu-
lar sample (not necessarily a discharge) is introduced as a
component in a radio-frequency resonant circuit by capa-
citive coupling. A change in the dielectric constant of

the sample introduces variations of both the resonant fre-
quency and the merit factor Q of the resonant circuit.
The measurement of these changes has been performed
by a frequency heterodyne scheme with respect to a
stable unperturbed oscillator. This new technique has
been applied as a demonstration to dc and rf discharges
and to a sample of sodium vapor. In the case of
discharges, Francesconi et al. observed an improvement
in sensitivity by more than one order of magnitude com-
pared with conventional optogalvanic detection.

A similar approach has also been developed by Yan
et al. (1990). They operated with a neon discharge bulb
as a relaxation oscillation. The relaxation oscillation is
generated by a simple RC circuit in which the neon lamp
is connected in parallel with a capacitor C charged
through a resistor R. The relaxation oscillations occur at
a frequency determined by the time constant RC. Reso-
nant irradiation causes a change in the electron density
perturbing the discharge breakdown and, as a conse-
quence, the relaxation oscillation frequency. A change of
a few percent in the oscillation frequency was observed
with resonant irradiation of tenths of microwatts for
some neon transitions.

A peculiar method for detecting atomic transitions in
rf plasmas, very similar to the conventional optogalvanic
method but not directly connected with the change in the
discharge impedance, was introduced by Brandenberger
(1987). He placed inside a Kr rf discharge two electrodes
connected to an external passive circuit (Fig. 16). Each
electrode, when hit by the metastable Kr atoms, ejected
electrons into the discharge. Because the electrodes were
placed symmetrically inside the discharge, in the absence
of resonant laser radiation no net current Aowed in the

5cm

li~ --wuuw-Pj'

RF
OSCI L LATOR

DIFFERENTIAL
OSC ILLOSCOP E

FIG. 16. Optovoltaic detection scheme. The ohmic electrodes
at the opposite sides of the cell probe the optovoltaic signal by
using a differential oscilloscope (from Brandenberger, 1987).
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external circuit. However, when laser radiation resonant
with a transition involving a metastable level crossed the
discharge in an area around electrode 2, the concentra-
tion of metastable atoms was then no longer symmetric
and a net current Aowed from electrode 3 to electrode 8
through the external circuit. Brandenberger stressed the
difterence between this technique and conventional OG
detection by calling it "optovoltaic" detection. Suzuki
et al. (1983) used a similar device in preliminary studies
of He2 transitions detected by the double-probe method.
Their discharge was sustained by a microwave field in-
stead of an rf field. The cell was placed in an Evenson-
type microwave cavity coupled to a commercial magne-
tron, with a current-regulating circuit, through a coaxial
cable. The microwave power was variable only within a
limited range around 20 W. The probes were tungsten
wires 0.5 mm in diameter, placed inside the ce11. Best
performances were obtained with the wires arranged
parallel to the cell axis, 5 mm from each other. When
the discharge was sustained, a potential difference of
several volts appeared across the two probes due to the
inhomogeneous electric fields inside the cavity.

These first applications of rf discharges to OG spec-
troscopy have produced very promising results. It is to
be hoped that successful applications of these schemes to
the study of unstable molecules, molecular ions, and radi-
cals, easily produced in the plasma of such discharges,
will follow.

tor strength. This result is not surprising, considering
the complex mechanism of OG signal generation. The
oscillator strength is only one of many parameters that
a8'ect the relation between the absorbed photons and the
variation in discharge current. For comparison, we
present in Fig. 17 the spectrum of neon in the range
560—620 nm, observed on the same discharge by difFerent
methods (fluorescence spectroscopy, optogalvanic spec-
troscopy, and optoacoustic spectroscopy). The relative
intensities of the lines recorded with the three spectro-
scopic techniques show dramatic differences.

The OG recorded line profiles are clearly dependent
upon the current running the discharge and, especially at
high values of current () 100 mA), may be sensitively
diferent from profiles obtained by absorpti. on spectrosco-
py. These differences can be particularly dramatic in ob-
serving transitions starting from metastable levels in no-
ble gases (Kane, 1984), as explained in Sec. II B (Fig. 18).

Engleman et al. (1985) studied the eA'ect of saturation
on the spectrum profile of hyperfine structure when the
individual components were partially overlapped. They
compared the Fourier-transform emission spectrum with
an OG spectrum of the hyperfine structure of the 22 125

IV. SPECTROSCOPIC METHODS

A. Linear spectroscopY

The application of the OGE to spectroscopy dates
from the availability of tunable lasers. The usefulness of
the efFect for laser stabilization or wavelength calibration
was immediately evident. At the same time, it o6'ered the
possibility of other applications —observing spectra from
nonvolatile gases in hollow-cathode lamps, for example,
or using a single-mode laser to adapt sub-Doppler tech-
niques already developed for saturation spectroscopy.

The main objections to the use of OG spectroscopy
were concerned with the problems of performing high-
resolution spectroscopy in a discharge. One anticipates a
nonlinear response from the plasma with respect to pa-
rameters such as the number densities of the species, the
electron density, the temperature, and the intensity of the
incoming light.

Bachor et al. (1982) compared the integrated absorp-
tion on a spectral line and the line profile, recorded by
OG detection and by conventional absorption spectrosco-
py on the same dc hollow-cathode discharge. The OG
technique is not equivalent to absorption spectroscopy.
As Bachor et al. pointed out, while OG detection can be
usefully applied to wavelength determination of the tran-
sition, one should not expect to deduce from the signal
intensity an absolute quantitative measurement of oscilla-

OG~i

0--

FIG. 17. Neon transitions between S80 and 620 nm, observed
on the same discharge with three diA'erent techniques: (a)
Auorescence spectroscopy; (b) optogalvanic spectroscopy; (c)
optoacoustic spectroscopy. Neon pressure was 2.7 torr and the
current intensity 3 mA (from Sasso, Ciocca, and Arimondo,
1988).
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cm D 3 /2 D 3/2 transition of ' Lu and ' Lu in a
commercial Lu hollow-cathode lamp. They obtained a
good fit to the hyperfine OG spectrum by introducing a
single saturation parameter, and their OG values for
hyperfine constants and isotope shifts were of the same
order of accuracy as those for the Fourier-transform
spectrum case.

To conclude this discussion, we can assert that with a
minimum of care OG spectroscopy can give useful infor-
mation for state assignments of high-lying levels and for
measurements of isotope shifts, fine and hyperfine struc-
tures, etc., while great care must be taken in the utiliza-
tion of the data for line shape and linewidth.

Within these limits, many features make OG spectros-
copy attractive when compared to other conventional
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FIG. 18. Line shape of the 1s& —2p& neon transition at 588.2 nm
in a positive-column discharge: (a) saturated absorption and op-
togalvanic line profile, simultaneously recorded; (b) optogalvan-
ic line profiles as a function of the dye laser power (from Kane,
1983).

spectroscopic techniques in the ultraviolet, visible, and
near-infrared regions of the spectrum. First, it is an
economical technique, since it does not require the use of
such devices as monochromators or photomultiplier
tubes. The direct observation of variations in the
discharge parameters can also greatly simplify the detec-
tion apparatus: no special designs are needed to collect
the Iluorescence emission (the detection of the transmit-
ted light is not usually convenient because the medium is
optically thin, too) and commercial lamps can be used. A
glow discharge is an inexpensive way to obtain quite
large densities of excited states in volatile elements, espe-
cially in metastable states. Gaseous states of refractory
elements are easily produced in hollow-cathode
discharges. A remarkable population of atoms in excited
levels is present in the discharge due to electron-neutral-
atom collisions. In this way transitions between excited
levels with different values of total angular momentum J
can be recorded. Optogalvanic spectroscopy permits one
to record atomic and molecular lines that, otherwise,
would be possible only on an atomic or molecular beam.
In molecular spectroscopy, OG techniques are the most
natural way to investigate atomic and molecular species
and radicals available from parent molecular compounds
that are present in a discharge.

Optogalvanic spectroscopy is intrinsically more sensi-
tive than absorption spectroscopy, the former being
based upon a signal on a zero background, the latter
recording a small variation superimposed on a large sig-
nal. When OG spectroscopy is compared to fluorescence
techniques, one sees that it offers the advantage of not be-
ing affected either by the background signal due to the
discharge luminosity or by the scattering of the excita-
tion signal. This is particularly important when the
fIuorescence must be detected at the same wavelength as
the absorbed radiation.

Highly efficient detection and collection of charges
produced by radiation are the bases of the high sensitivi-
ty of OG spectroscopy. From this point of view, OG
spectroscopy may be compared with resonance ionization
spectroscopy (RIS), in which, starting from neutral atom-
ic or molecular species, ionizations are induced by reso-
nant multiphoton absorption and the created electron-ion
pairs are collected by electrodes.

We shall examine below some applications of OG spec-
troscopy at moderate resolution (Doppler-limited
linewidths) and then consider the high-resolution appli-
cations.

Going beyond the many papers that demonstrate the
technique and study the discharge mechanism (see Sec.
II), we find that to date, the main application of linear
OG techniques for original spectroscopic measurement
has been the study of highly excited states in atoms or in
molecules. Both rf and dc discharges have been utilized;
the laser sources were primarily cw or pulsed dye lasers,
although color-center lasers, diode lasers, and CO2 lasers
have also been used.

Apart from probes of the Rydberg levels of Xe (which
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can be reached directly from the metastable states by cw
dye lasers), most other studies utilize the two-step tech-
nique in which two different transitions are excited in se-
quence by two laser beams. It has been demonstrated
that this provides greater amplification of the signal than
does the single-photon technique for transitions starting
from the intermediate level (Shuker et al. , 1981). In
complex atoms, such as uranium, a three-step excitation
can be useful (Broglia et al. , 1983a).

The amplification of the signal in two-step and three-
step techniques can be used to identify the intermediate

level in a complex spectrum. This opportunity is com-
pletely developed in the intermodulated double-
resonance technique, suggested by Vidal (1980). Here the
two laser beams are separately amplitude modulated at
two different frequencies f, and f2, and the signal at the
sum or difference modulation frequency is detected by
the lock-in amplifier. The result is that only atoms in-
teracting with both laser beams give a signal without the
background of single-photon absorption. This method is
particularly useful for identifying lines embedded in
dense and complex molecular spectra (Fig. 19). The
theory of the double-resonance technique is detailed in
Miyazaki et al. (1983b).

An experimental apparatus that permits similar obser-
vation of the two-step signal without single-photon back-
ground in the case of pulsed laser excitation has been
presented by Wakata et al. (1981). They made an elec-
tronic comparison of the OG signals in the presence and
in the absence of one of the two lasers, thereby extracting
a signal proportional to the relative enhancement, which
they called an alternated enhanced double-resonance op-
togalvanic signal (AEDROGS).

B. High-resolution spectroscopy techniques
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As our understanding of atomic and molecular struc-
ture improves, the resolution imposed by the linewidth of
the recorded resonances becomes more important.

Let us consider an atom in a low-pressure environment
(p —1 torr). For transition occurring in the visible part
of the spectrum, the Doppler broadening contributes 100
times more to the linewidth than broadening due to the
finite lifetime of the levels; collisions with atoms, ions,
electrons; and perturbations of the electromagnetic field.
Purging the linewidth of the Doppler contribution to the
broadening has become one of the main problems that
spectroscopy is called upon to solve. With the advent of
lasers, several techniques have been developed to elimi-
nate Doppler broadening. They can be grouped in three
classes: saturation spectroscopy techniques; two-photon
spectroscopy; and trapped-particle spectroscopy. To
date, only the first two classes of techniques have been
combined with OG detection.

The different methods developed for sub-Doppler spec-
troscopy can also be applied using the OG technique.
The OG signal is actually proportional to the absorption
of radiation by the atoms of the discharge, so that the
same saturation methods used for other detection tech-
niques, such as optoacoustic or fluorescence spectrosco-
py, can be used.

1. Intermodulation optogalvanic spectroscopy

FICi. 19. Optogalvanic single-resonance spectrum (lowest spec-
trum) and examples of the OG double-resonance spectra (upper
three spectra) for the (0,0) band of the c4 'll„—a" 'Xg+ system of
N& (from Miyazaki et al. , 1983a).

In 1978, Johnston made the first sub-Doppler observa-
tion with OG detection. A He-Ne discharge was irradi-
ated by a dye laser, and the transmitted beam was
reAected by a mirror back into the discharge. The profile
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b n„=b ni = ( n„n( )( b vH I—b vD )I,I2 I8I~, (23)

where n„and nI are the densities of atoms in the upper
and lower levels, respectively; hv& and hva are the
homogeneous and inhomogeneous widths; I, and I2 are
the counterpropagating beam intensities; and Iz is the
saturation intensity.

Intermodulated optogalvanic spectroscopy (IMOGS)
was first applied by Lawler et al. (1979a) to the study of
hyperfine splitting in He. Since then it has been applied
to the detection of lines in both volatile and refractory
elements. The elimination of Doppler broadening al-
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FIG. 20. Experimental apparatus for intermodulated optogal-
vanic spectroscopy. the two counterpropagating beams are
chopped at two difFerent frequencies f ~

and f2, while the signal
is synchronously detected at a frequency f, +fz (from Lawler
et al. , 1979a).

of the line, recorded by tuning the dye laser frequency,
displayed the characteristic Lamb dip at the center of the
resonance due to the saturation effect for atoms with a
zero-velocity component along the light direction. In or-
der to avoid this background, it is necessary to develop a
technique that is sensitive only to the saturated signal
due to the atoms absorbing photons from both beams;
that is, the signal to be observed must arise directly from
the nonlinear mechanism.

This effect can be obtained using the intermodulation
technique. This sub-Doppler technique, first introduced
by Sorem and Schawlow (1972) for fiuorescence spectros-
copy, was applied by Lawler et al. (1979a) to OG spec-
troscopy. The laser beam is split into two beams of about
the same intensity (Fig. 20), which are mechanically
chopped at two different frequencies f, and f2 and sent
through the discharge in opposite directions. In this way
they interact with atoms whose velocity component along
the direction of propagation is zero. Because of the non-
linearity of the absorption under saturated conditions,
signals at the frequency (f, f2 ) and (

—f, +f2 ) can be
detected when the same atoms interact with both beams.
The intensity of the intermodulated signal can be calcu-
lated easily (Lawler et al. , 1979a) using a two-level model
in the Doppler-broadened weak-saturation limit. The
change in the density of atoms in the upper and lower
levels at the line center, modulated at the sum frequency
(f &

+f2 ), can be calculated as

lowed isotope shifts to be recorded in Net (Jackson
et a/. , 1981; Lyons et a/. , 1981; Belfrage et a/. , 1983b;
Inguscio, 1983), in Moi (Siegel et al. , 1981; Belfrage
et al. , 1983b), in Sr I and Sr is (Lorenzen and Niemax,
1982); in OI (Ernst, Minutolo, et al. , 1989), and in Ar
(Murnick et al. , 1986; Moscatelli et al. , 1988). Behrens
and Guthorlein (1983) determined hyperfine coupling
constants and isotope shifts for some Yb I, Eu I, and Eu II
transitions and recorded Doppler-free hyperfine struc-
tures of Mn i, Ca I, and La I; Barbieri et al. (1984) report-
ed hyperfine structure of the transition at 591.5 nm in

UI. Transitions between highly excited states of the
oxygen atom (Fig. 21), populated through the dissocia-
tion of 02 molecules in the discharge, were observed by
Inguscio et al. (1988). Zeeman Doppler-free OG spec-
troscopy by IMOGS has been carried out by Beverini,
Galli, et al. (1982) in a study of transitions of Net and
Car. IMOGS spectra were extended from the visible to
the infrared by Jackson et al. (1981) studying highly ex-
cited states in He.

A characteristic of this method is the appearance of a
crossover signal when two lines with a common level fall
inside one Doppler width. In this case some atoms have
a velocity component in the beam direction such that
they are in resonance with photons from both of the
beams because of an opposite Doppler shift.

The IMOGS spectra usually display a narrow homo-
geneous profile superimposed on a large Gaussian pede-
stal of a width corresponding to the Doppler linewidth,
as first outlined by Gerstenberger et al. (1979). This
effect is due to elastic velocity-changing collisions. A sat-
uration signal can arise if an atom with a velocity com-
ponent in the light direction v, and resonant with one ra-
diation beam at a frequency 0+kv, is changed by an
elastic collision to —v, and is then resonant with the oth-
er beam (Letokhov and Chebotayev, 1977). The relative
weight of the collision mixing on the homogeneous signal
is clearly a function of the effective lifetime of the levels,
so that the effect is particularly evident in transitions
starting from ground state or metastable levels (Fig. 22).
Moreover, the crossover signal is affected by the
velocity-changing collisions. This phenomenon has been
studied both experimentally (Brechignac et al. , 1977,
1978; Tenenbaum et a/. , 1983; Gough and Hannaford,
1985; Sasso, Tino, et al. , 1988) and theoretically (Smith
and Hansch, 1971; Kolchenko et a/. , 1973; Herman,
1976, 1978).

Velocity-changing collisions can be described by a
model that distinguishes between two possible regimes of
elastic collisions according to the value of the mean
change of the velocity component (hv, ), in one col-
lision. If k(b, v, ), b, vD, a single collision completely
thermalizes the atomic velocity distribution (a "strong
collision" ). By contrast, if k(hv, ), (b,vD, which can
occur when a heavy active atom is perturbed by a light
buffer gas, the off-resonance signal is due to multiple col-
lision effects.

In the case of "strong" collisions, the line shape of the
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S=A Av~ +C exp, —
',vH /4+ (v —vo)

2(v —vo)

saturated signal has been calculated by Smith and
Hansch (1971)as

represents the relative weight of' the collisional back-
ground with respect to the narrower homogeneous peak
and is a function of the collisional and radiative cross
sections. When the eA'ective lifetime of the lower level is
much longer than that of the upper, it can be expressed
as

where A is a normalization constant. The parameter C
C =2(~ln2)' I', bvH/y, hv~), (2&)

where I, is the cross-relaxation rate of the lower level
la ) and y, takes into account all the decay channels of
the transition.

cO
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300 IVIHz

FIG. 21. Spectrum of an O2-Ne discharge around 616 nm: (a)
fluorescence spectrum recorded through a grating rnonochro-
mator with 0.1 nm resolution; (b) OG signal obtained by fre-
quency scanning a multimode dye laser; (c) Doppler-limited line
profile; (d) IMOG S Doppler-free registration of the 0
Pq —'D3 p 1 transitions.

FIG. 22. Intermodulated opto galvanic signal in a hollow-
cathode discharge containing natural-abundance neon. Three
different transitions are recorded: (a) 1sz —2p3 at 616.3 nm; (b)
1s4 —2p3 at 617.4 nm; (c) 2p4 —4s'," at 590.2 nm. The change in
the line shape is caused by the different effective lifetimes of the
lower (longer) level of each transition; (a) —10 s, (b) —10 s,
(c) —10 s (from Sasso, Tino, et al. , 1988).
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FIG. 23. Saturated absorption signal profile for the (a) U-Xe
and (b) U-He systems, demonstrating the different regimes of
the velocity-changing collision. Buffer gas pressure was 2.5 torr
in both cases (after Tenenbaum et al. , 1983).

The model has been refined by Brechignac et al.
(1977), who include additional terms in Eq. (24) that take
into account the different collisional partners in the
discharge of the active atom.

The "weak" collision regime occurs only in extreme
cases in which there is a very large ratio between the
mass of the active atom and the perturber, like that of
uranium in helium. Tenenbaum et al. (1983) developed a
model, based on Fokker-Planck diffusion equations, to fit
the experimental results. The observed line shape was
qualitatively different from the "strong" collision case,
resulting in an exponential function superimposed on a
Gaussian profile (Fig. 23).

The study of the physics of velocity-changing collisions
can be of interest both in the search for optimum experi-
mental conditions for sub-Doppler resolution and in use-
ful information about collisional processes.

sorption of the two beams will, in general, depend on
their relative polarization. When the two beams have the
same polarization, they will be preferentially absorbed by
atoms of the same orientation with a resultant increase in
saturation; when the polarizations are different, the two
beams will tend to interact with atoms of different orien-
tation, and there will be less total saturation.

One important way in which POLINEX spectroscopy
differs from intermodulated spectroscopy is that a signal
beam cannot produce a modulated signal because the to-
tal rate of absorption in an isotropic medium does not de-
pend on the sign or direction of the light polarization.
As a consequence, any modulation of the excitation rate
gives a nonlinear signal, and good selectivity for the
Doppler-free signal can be maintained even when one po-
larization modulation is removed. The fact that the cross
section for disorientation of atoms is usually of the same
order as, or greater than, the velocity-changing collisions
also eliminates the broad pedestal present in intermodu-
lated spectroscopy.

Another advantage of POLINEX over intermodulated
spectroscopy is that the crossover signal is frequently of
opposite sign, so that it can easily be distinguished in
complicated spectra. It must be noted that if an ampli-
tude modulation is present together with the polarization
modulation, a spurious signal is produced.

The theory of POLINEX spectroscopy has been
presented by Hansch and Toschek (1970) in a density-
matrix formalism and by Teets et al. (1977) in a simpler
rate equation approach. The amplitude of the
POLINEX signal for a transition between two levels of
angular momentum J and J' can easily be calculated
from the Clebsch-Gordon coefBcients. In cases of low
saturation, this leads to an analytical equation given by

2. Polarization intermodulation excitation spectroscopy

Hansch and co-workers have demonstrated that the in-
termodulated technique can be improved by modulating
the polarization, instead of the amplitude, of the two
counterpropagating beams. This method is referred to as
polarization intermodulation excitation (POLINEX).
When the laser is tuned within the homogeneous width,
the total rate of excitation will still be modulated at the
sum or difference frequency, because the combined ab-

~a R I ZA Tloral
MOQUQ ATOR
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AMPl IF IER
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FIG. 24. Experimental setup for Doppler-free POLINEX spec-
troscopy (from Hansch et al. , 1981).
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FIG. 25. POLINEX optogalvanic spectroscopy compared with
IMOGS. Upper part: a section of the hyperfine spectrum of the
2'P —3 D line of 'He. Lower part: the same spectrum recorded
by the intermodulated technique (from Hansch et al. , 1981).

3. Other saturation techniques: beam-overlap modulation
and Doppler-free double-resonance spectroscopy

Another method of obtaining sub-Doppler spectra was
recently suggested by Duffey et al. , 1985. Instead of
modulating the intensity or the polarization of the two
opposite laser beams at different frequencies and detect-
ing the intermodulated signal, they modulated the degree
of overlap between the beams. Qne of the two beams was
reAected by a high-frequency vibrating mirror, which
provided the overlap modulation. In this scheme the
Doppler background was suppressed without the need
for an intermodulation technique. The advantage of the
method consists in a simplification of the apparatus and
the ability to use the full laser power.

Doppler-free optical double-resonance spectroscopy

Hansch et al. (1981) that can be used for both linear and
circular polarized beams.

POLINEX with QG detection was first demonstrated
on a He transition (Dabkiewicz et al. , 1981; Hansch
et al. , 1981) and subsequently used to detect transitions
of Ne (Lyons et al. , 1981; Julien and Pinard, 1982; Bel-
frage et al. , 1983a, 1983b; Pinard and Julien, 1983).

An experimental setup for Doppler-free POLINEX
spectroscopy is shown in Fig. 24. In Fig. 25 a typical
PQLINEX spectrum is shown.

can be performed essentially in two ways. The first
method, already mentioned in Sec. IV.A.3, was proposed
by Vidal (1980) as a state-selective technique. Two coun-
terpropagating laser beams are intensity modulated at
diff'erent frequencies f, and f2 and directed collinearly
through the discharge. Laser beam 1 is fixed on the tran-
sition ~&2, and the signal is detected at the frequency
(f &

+ f 2) scanning the wavelength of lasers beam 2 over
the Doppler profile of the transition m». A homogene-
ously broadened signal appears on a large background
due to velocity-changing collisions. Inguscio (1983) re-
ported the first such measurement on Ne transitions.

The second method comes directly from the optical-
optical double resonance. In this case, laser beam 2 is
fixed on the transition co&3 and modulated at frequency
fz. The transmitted intensity of the unmodulated laser
beam 1, tuned over the Doppler profile of transition co,2,
is detected at frequency f2.

The first QG experiment using this method was carried
out by Behrens et al. (1983) on Gas and In I transitions.
Once again they recorded Doppler-free signals on a large
Doppler pedestal. Both of these techniques are expected
to be used successfully in clarifying collisional roles in en-

ergy transfer inside the plasma.

4. Two-photon optogalvanic spectroscopy

Doppler-free two-photon spectroscopy is based on an
entirely different principle from saturation spectroscopy
for the elimination of Doppler broadening. It is well
known that two-photon spectroscopy gives a sub-
Doppler resolution if the atoms can absorb two photons
from two laser beams propagating in opposite directions.
In effect, the Doppler shift on the first photon, due to
atomic motion, is exactly compensated by the second
one. Two-photon transitions have 1ow probabilities, be-
ing proportional to the square of the intensity, so that
usually it is necessary to have quite a strong radiation
power, unless a quasiresonant intermediate state is
present to increase the transition probability.

The first experiments with two-photon OG spectrosco-
py (Goldsmith et al. , 1979) were performed by placing
the discharge cell in the dye laser cavity. Goldsmith and
his co-workers observed some transitions starting from
the 3s levels of neon with a power of the order of 20
kW/cm in the waist.

Another method is to use a pulsed laser, as did
Goldsmith and Smith (1980) for the transition 2 5 5D—
of He. They were able to observe the 284 MHz (J =2)-
(J= 1) fine-structure splitting of the 5'D state.

5. Level-crossing spectroscopy and
the nonlinear Hanle effect

It is known from classical spectroscopy that one can
obtain sub-Doppler information on levels connected by
an optical transition by observing the evolution of the
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coherent states generated by suitable polarized radiation
as a function of an applied static magnetic (or electric)
field. This evolution shows up as a variation of the
Auorescence polarization, when the applied field is swept
across zero (Hanle effect) or a crossing value of the Zee-
man levels (level crossing).

Such an effect cannot be observed by OG detection,
which is sensitive to the absorption. However, when the
power density of the radiation is high enough so that it
must be taken into account for saturation, then the ab-
sorption coefficient may also experience variations as a
function of the applied field. In order to understand the
physics of this phenomenon, let us consider the simplest
case, a (J =0)-(J=1) transition. An atomic sample is
placed in a static magnetic field and interacts with a
monochromatic resonance radiation linearly polarized
orthogonally to the field (o. polarization). When the
magnetic field is not present, an atom can be excited by
the o. photon to a coherent superposition of the M=+1
and M = —1 sublevels; however, when the Zeeman split-
ting is greater than the homogeneous width of the transi-
tion, a single atom can see only the o. + or the a com-
ponent of the incident radiation. As a consequence, the
whole power is effective on a single atom in the case of
zero field, while only half power is effective in the case of
resolved levels: in the first case the saturation is twice
that experienced by an atom in the second case. The ab-
sorption k on a Doppler-broadened line is given, in the
presence of saturation, by the equation

k =ko/(1+S)'i (26)

where ko is the unsaturated absorption coefficient and S
the saturation parameter. The ratio A between the ab-
sorption coefficient in the two cases is then

R (S)=[(1+S)/(1+2S)]' (27)

For S ))1, the absorption is enhanced by a factor of &2.
The case of different J~J' transitions is more com-

plex, but it can be treated similarly. The value of the
enhancement R (J,J') of the absorption coefficient be-
tween the extreme cases of completely degenerate and
completely resolved Zeeman sublevels has been calculat-
ed as a function of the saturation value by Beverini et al.
(1985) in a simple rate equation formalism, which well
describes the typical situation of an OG experiment (Fig.
26).

A theory intended to evaluate the profile of the effect
at intermediate field strength requires the explicit calcu-
lation of the atomic matrix density evolution. Feld et al.
(1974) derived a formal equation for the absorption
coefficient for the 0~1 transition for low saturation
values by a perturbation calculation. Their solution is,
however, quite involved and is difficult to compare
directly with experimental data.

The observation of the nonlinear Hanle effect (NLHE)
in an optoacoustic cell (Inguscio et a/. , 1980; Strumia
et al. , 1981; Ingt)scio et al. , 1982) suggested that the OG
technique might be used for detecting the NLHE and
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FIG. 26. Enhancement of the optogalvanic signal as a function
of the saturation value for different J~J' transitions (from
Beverini et al. , 198S).

stimulated level crossing (Beverini and Inguscio, 1980).
Experimental results were presented by Hannaford and
Series (1981a, 1981b), by Barbieri et al. (1983), and by
Beverini et al. (1985) on difterent transitions of Zr I, Ca I,
Ari, and Net (Fig. 27) in hollow-cathode discharges.
The width of the observed NLHE can give useful infor-
mation about collisional broadening (phase-changing col-
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603.0 nrn

40 20 20 40 GauSS

FIG. 27. Optogalvanic detection of the nonlinear Hanle effect
for the J:1~1 transition at 603 nm in Ne. The width of the
effect is comparable in upper and lower levels of the optical
transition, and the experimental points can be fitted to the
difference of a single Lorentzian and a Gaussian line shape,
Gas pressure was 1.07 torr, discharge current was 65 mA, and
laser power was 80 mW (from Beverini et al. , 1985).
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hsions) at very low pressure (of the order of 1 torr, for
w ic it is very difficult to obtain significant measure-
ments by other methods (Beverini et al. , 1985).

It must be observed that the NLHE '
d elated
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FIG. 28. 0 to alvp g anic nonlinear Hanle eA'ect recorded using a
hollow-cathode lamp for the 610.2 6122. , and 616.2 nm Ca
transitions starting from the metastabl 'I'
3p 3

as a e 0 1, triplet. For the

0 —S, transition the exexperimental points can be well fitted
(eliminating the Doppler contribution) b Lu ion y a orentzian curve of
wi t @=100MHz, comparable with the linewidth measured
by means of the intermodulated technique (130 MH )

e pro e can be fitted by the superposition of
Lorentzian cur

1 ion 0 two

width =1
'

n curves of the same amplitude th l

y= 00 MHz and the narrower with a width corres ond-
ing to about 6 MHz duez, ue to the removal of degeneration in the
lower metastable levels.
der of 7

e same narrow structure of th
of 7 MHz, can be observed for the 'I' —'S

e or-

width is sm
1 e 2

—
1 tl ansi tioIl. This

wi is smaller than the natural linewidth f tho e transition (10
MHz). From Barbieri et al. (1983).

removal of the degeneracy between Zeeman components
of the transition itself. This means th t '

ns a in general the
profile of the NLHE appears as a superposition of two
curves corresponding to removal of degeneracy rom the
upper and the lower states. If the lower level is the
ground state or a metastable state, the width of the curve
corresponding to this level can be very narrow, and may

o e ransition (Fig.be narrower than the natural width f th t

Extension of the technique to nonzero-field level cross-
ing (Hannaford and Series, 1981a, 1982a H f
et a/. , 1983a 19

a, a; annaford
a, 1983b) makes possible the measurem t f

e yperfine structure of refractory elements present in
hollow-cathode discharges (Fig. 29). Moreover, the
stimulated level crossing, which is difterent from the clas-

~ ~

sical one, is sensitive to the level crossing occurring both
in the upper and in the lower level of the transition,
thereby extending the possible applications.

The NHLE, combined with the use of a multimode
aser, provides a further tool for measurin th t'ng e a omic gJ
actor. The method is based on a "modmo e crossing" e6'ect

occurring when the Zeeman splitt'
'

hing in t e upper or in

the lower level is equal to the laser mode separation.
This techni ue has been applied to the measurement of
the Lande factor of several levels of Zr (Hannaford and

eries, 1982b).

C. Advantages and limits of optogalvanic
spectroscopy

In Sec. IV.A s.A some useful properties of the OCz tech-
nique were outlined: OG spectroscopy is less ex e
and involves t e

is ess expensive
s t". e use of fewer electronics than the

o tical dete
to-n

p
'

ection techniques. %'ith regard t thar o e signal-
in a isc arge can be re-o-noise ratio, the current noise
' d'

uced practically to the shot noise —th t ', ha is, t e statisti-
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cal fluctuation of the number of charged particles —when
the discharge is driven in the correct regime. In this con-
dition the rms noise current (Itv )RMs is given by

where I is the current in the discharge and hv is the
detection bandwidth. With typical current in a hollow
cathode of 30 mA, this formula gives I& —1 nA in a
bandwidth of 1 Hz.

Keller et al. (1980) discussed the signal-to-noise ratio
from experimental data for typical transitions in a urani-
um hollow-cathode lamp. They estimated from the ob-
served OG signal that the detection limit for uranium
atom concentration, with 1 watt laser radiation power,
was of the order of 10 atoms/cm, while the metastable
I'2 state of Ne yielded a detection limit of about 3 X 10

atoms/cm . These considerations show the usefulness of
the OG technique in Inany applications, such as laser
wavelength calibration, detection of small impurities,
etc. , which are the subject of the following section.

One possible disadvantage that should be noted is that
the useful regime of a discharge is limited to a narrow
range of discharge parameters and that these conditions
are particularly delicate when the current is increased (as
is necessary for e%cient sputtering in hollow-cathode
lamps). It might be difficult, for instance, to perform
measurements at significantly different pressure values in
order to determine the pressure dependence.

In the case of sub-Doppler techniques, Belfrage et al.
(1983b) have compared intermodulated fluorescence spec-
troscopy, polarization fluorescence spectroscopy, and the
corresponding OG technique. The polarization tech-
nique demonstrated a larger signal-to-noise ratio, while
the intermodulated technique was affected by a large
pedestal due to elastic velocity-changing collisions (see
Sec. IV.B.1).

In general, it can be demonstrated that the OCr tech-
niques perform almost the same as traditional optical
techniques, with the real advantage of inherent simplici-
ty. However, they cannot offer the maximum signal-to-
noise ratio in detecting spectra. Hollberg et al. (1983)
showed that, with highly sophisticated FM spectroscopy,
the signal-to-noise ratio in the recording of a sub-

Doppler spectrum of an erbium hollow-cathode
discharge could be enhanced by a factor of greater than
1000 over the best OG results. The price paid for the
best performance is the use of much more electronics.

V. APPLICATIONS

A. Spectrum analysis

1. Rydberg states

The optogalvanic technique has been extensively ap-
plied to the study of Rydberg states. These can be

reached by exciting radiative transitions starting from
metastable levels, which are well populated in the
discharge. This is particularly true for the noble gases or
for alkaline-earth atoms. An analysis of the np 'S
(n =14—36) in He was performed by Katayama et al.
(1979) using an ultraviolet pulsed dye laser. Delsart
et al. (1981) observed some Rydberg levels of Kr with an
accuracy of 0.03 cm ' using a two-step technique and a
pulsed dye laser. The Rydberg spectrum and some au-
toionizing states of Xe, which can be reached from the
metastable states with the absorption of a single photon
in the visible region, were measured with greater accura-
cy (10 cm ) using a cw dye laser in an rf discharge by
Grandin and Husson (1981); Labastie et al. (Labastie,
Biraben, and Giacobino, 1982; Labastie, Giacobino, and
Biraben, 1982); and Lemoigne et al. (1983, 1984). Camus
et al. (1979, 1982, 1983a, 1983b) applied the technique to
Ba in a heat-pipe discharge with a two-step excitation,
obtaining a long list of new observed and assigned levels.
Begemann and Saykally (1982) obtained the infrared
spectrum of Ar and Ne between 3600 and 4100 cm ' us-
ing a color-center laser. The application of the intermo-
dulated sub-Doppler technique allowed Lorenzen and
Niemax (1982) to determine isotopic shifts of some tran-
sitions starting from the metastable levels.

Doppler-free two-photon spectroscopy has been uti-
lized by Beigang and Timmerman (1983) to investigate
isotope shifts and hyperfine structures of msns and msnd
Rydberg series of alkaline-earth elements for n values up
to 150.

The optogalvanic technique is very e%cient for the in-
vestigation of autoionizing levels. Caeser and Heully
(1983b) have studied the 3p' ns', nd-' series of Ne in a
hollow-cathode discharge. Wada et al. (1986, 1987) have
explored the Kr autoionizing transition in the region be-
tween 16 700 and 17 250 cm

2. Complex atoms

In the programs for laser-induced isotope separation,
optogalvanic spectroscopy has been extensively used in
conjunction with beam spectroscopy as a quick way to
investigate transitions between highly excited levels of
uranium. Beam spectroscopy is more accurate, but the
technology is more complex because of the high tempera-
ture required for the oven and the high reactivity of
uranium. Palmer et al. (1981) published a wavemeter
measurement of spectral lines, while Broglia et ai.
(1983a) used a three-step technique to identify high-
excitation-level transitions. Many papers on OG mecha-
nisms in hollow-cathode discharges refer to U lamps (see
Sec. II). Optogalvanic investigation of doubly excited
uranium (U III) has been reported by Piyakis and Gagne
(1989).

A systematic study of the spectra of PrI and Pr II in
the range from 576 to 625 nm, using a commercial hol-
low cathode, has been reported by Reddy and Rao
(1988). The sub-Doppler intermodulated OG technique
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TABLE I. Atomic spectroscopy studies using optogalvanic detection: dc, direct current (positive column); hc, hollow cathode; hp,
heat pipe; mw, microwave; rf, radio frequency.

Authors Element
Kind of

discharge
Laser
source

Experimental
results

Begemann and Saykally, 1982
Su et al. , 1987
Suzuki et al. , 1983

Murnick et al. , 1986

Moscatelli et a/. , 1988
Camus et al. , 1982
Rinneberg and Neukammer, 1983

Beigang, Schmidt, and West, 1983

Inguscio, 1983
Barbieri et al. , 1983
Bobulescu et al. , 1980
Aymar et al. , 1986

Gerstenberger et a/. , 1979

Beverini, Bionducci, et al. , 1982
Bevenni, Galli, et al. , 1982

Lawler et al. , 1981
Babin et al. , 1987
Hansch et al. , 1981

Katayama et al. , 1979

Goldsmith and Smith, 1979

Jackson et al. , 1981
Ganguly and Garscadden, 1985

Lawler et a/. , 1979a

Hansch et al. , 1981

van de Weijer and Cremers,
1985a, 1985b

Wada et al. , 1986, 1987

Delsart et al. , 1981

Behrens et al. , 1983

Engleman et al. , 1985

Behrens and Guthorlein, 1983

Beigang and Timmermann, 1983

Ar, Ne
Ar
Ar

Ar
Ba
Ba

Be, Mg

Ca, Ne, U
Ca
Cs
Cd

Cu, Mo
Fe
He, Ne

He

He

He, Ne
He

He

He

Hg

Lu

Mn, Co, La

Yb, Eu I, EuII
Mg, Ca, Sr, Ba

dc
hc

rf
hp
hp

hc
hc
rf
rf

hc
hc
dc

dc

hc
dc

dc

dc

hc

dc

hc

hc

col, center
cw dye
cw dye

cw dye
cw dye
cw dye

pulsed dye

cw dye
cw dye

nonlinear
pulsed dye

cw dye

cw dye

cw dye
pulsed dye

cw dye

pulsed dye

pulsed

col. center
cw dye

cw dye

cw dye

pulsed dye

cw dye

pulsed dye

cw dye

cw dye

cw dye

cw dye

IR spectrum (3600—4100) cm
Wavelength calibration
First OG spectroscopy
in microwave discharge
Isotope shift in optical transitions for"""Ar (IMOGS)
Isotope shift (IMOGS)
Two-step excitation of Rydberg states
Rydberg-states spectroscopy of the states
6snp "P and 6snf "F
by two-step excitation
Rydberg series of msns and msnd
configurations (n = 10—70)
Doppler-free spectroscopy, isotope shifts
hf structures (IMOGS)
Hanle effect
Autoionizing profiles of resonances
5s5p PJ —5p 3P
Hyperfine structure,
isotope shifts (IMOGS)

Hyperfine structure,
isotope shifts (IMOGS)

Doppler-free spectroscopy
Wavelength calibration
Hyperfine structure
of 'He 3'P —3 D transitions
Rydberg-levels investigation
71p'S (n =14—36)
Demonstration of two-photon OG
spectroscopy in He 2'S —5'S transitions
and 2'S —5'D
IR Rydberg series
Allowed and forbidden
Rydberg series 2s 'S—ns 'S, np 'P,
nd'D (n +46)
First demonstration of IMOGS of
He2'P —3 D transition at 587.5 nm

First demonstration of POLINEX with
OG detection of 'He 2'P —3'D transition
Two-step photoionizaiion

Autoionizing visible transitions:
5p'-7d', 5p'-9s'
Rydberg states nd[3/2]z, nd[7/2jz,
(n =15—25)
Hyperfine constants of 8p P
and 6p P levels; isotope shifts
Hyperfine structure of the D3/2 D3/2
transition and isotope shifts in' ' Lu
Doppler-limited and
Doppler-free spectroscopy (IMOGS)
Hyperfine structure and isotope shifts of
Rydberg series by Doppler-free
two-photon spectroscopy
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TABLE I. (Continued).

Authors Element
Kind of Laser

discharge source
Experimental

results

Siegel et a/. , 1981
Wakata et al. , 1981
Singh and Rao, 1989
Beverini et al. , 1985
Goldsmith et al. , 1979

Mo
Na
Nb
Ne
Ne

Nestor, 1982
Belfrage et al. , 1983a, 1983b

Ne, Ar
Ne, Mo

Lyons et al. , 1981 Ne

Julien and Pinard, 1982
Miyazaki et a/. , 1983a, 1983b,

1983c, 1983d
Bickel and Innes, et al. , 1985

Ne
Ne

Ne

Caesar and Heully, 1983a, 1983b

Keaton et al. , 1987
Inguscio et a/. , 1988
Ernst et al. , 1989
Reddy and Rao, 1988

O
0
0
Pr I, Pr II

Lorenzen and Niemax, 1982
Naveedullah and Naqvi, 1985

SrI, Sr II
Th

Langlois and Gagne, 1987

Broglia et a/. , 1983a

Palmer et al. , 1981

U

U

Piyakis and Gagne, 1989

Pianarosa et al. , 1984

U III

U

Dovichi et al. , 1982
Kroll and Persson, 1985

U
51@

Grandin and Husson, 1981 Xe

Labastie, Giacobino, and Biraben, 1982 Xe

Lemoigne et a/. , 1983, 1984
Hannaford et al. , 1983a, 1983b
Chevalier et al. , 1988

Xe, Kr
Zr, Y
Zr

Chevalier et al. , 1987 Zr

Bourne et al. , 1986 Zr

Labastie, Biraben, and Giacobino, 1982 Xe

hc
hc
hc
hc
dc

dc
hc

rf
hc

hc

dc
rf
rf
hc

hp
hp

hc

hc

hc
hc

rf
dc
hc

hc

hc

cw dye
pulsed dye

cw dye
cw dye
cw dye

pulsed dye
cw dye

cw dye

cw dye
cw dye

pulsed dye

pulsed dye

pulsed dye
cw dye
cw dye
cw dye

pulsed dye

cw dye

pulsed dye

cw dye

cw dye

cw dye

pulsed dye
cw dye

cw dye

cw dye

cw dye

cw dye
cw dye
cw dye

cw dye

cw dye

Isotope shifts
Two-step and two-photon excitation
Doppler-limited hyperfine structure
Optogalvanic nonlinear Hanle effect
Demonstration of Doppler-free
two-photon OG spectroscopy
Two-photon OG spectroscopy
Comparison of Doppler-free techniques
(IMOGS, POLINEX, polarization)
Doppler-free spectra of 1s —2p,
transition at 585.2 nm
Optical pumping
Double resonance

Two-photon and two-color OG
investigations
Rydberg series (3p'-ns, nd)
and autoionizing series (3p'-ns', nd')
Highly excited atoms detection
Fine structure of 4d D4 0 levels (IMOGS)
Isotope shift in ' '"0 optical transitions
Doppler-limited hyperfine structure
of optical transitions
Isotope shifts measurements
Pressure broadening and isotope shifts
of 6 P]/2-8 P]/2 3/2 transitions
OG detection of Zeeman patterns
(IMOGS)
Highly excited spectrum for isotope
separation study
Wavemeter measurements
of spectral lines
Identification of doubly ionized uranium
transitions in noble-gas discharge
Doppler-limited isotope shifts
(

'"' ' U) measurements
Wavelength calibration
Hyperfine structures of the
3d 4s D —3d 4p F transition
Rydberg states np[1/2], (n =15—19);
nf [3/2]~ (n = 1 1 —43)
Rydberg series:
6p [5/2]3-nd [7/2]4, ns [3/2]z
6p[5/2]2, 6p[3/2, —ns[3/2), (n =12-27)
5p'ns[3/2], ;5p'ns[3/2], (n =12—27)
Collisional shift and broadening
of the Rydberg levels
Rydberg states in magnetic field
Demonstration of level crossing
Hyperfine constants for the levels
3FO 5F 3FO 3D0

]& 3&
3FO 3D0 3D0

4s 2~ 3

(POLINEX, IMOGS)
Isotope shifts measurements of
optical transitions for 'Zr
(POLINEX, IMOGS)
Hyperfine structure and isotope shifts
for a'F2 —z F2 transitions (IMOGS)
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has been applied to the measurement of hyperfine separa-
tions and isotopic shifts in excited levels of atoms such as
molybdenum (Siegel et al. , 1981), lutetium (Engleman
et al. , 1985), and zirconium (Bourne et al. , 1986; Che-
valier et al. , 1987).

A summary of work done in atomic spectroscopy with
optogalvanic detection is given in Table I.

3. Molecules

The OCx detection of molecular transitions was first
demonstrated by Schenck et al. (1978), who observed the
absorption spectra of metal oxides. Feldman (1979)
recorded transitions in NH2, NO2, Nz, and Hz in the
spectral range 570—620 nm and managed to observe
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6 7
4

k

17400
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14 12
I I

17550
10

17600
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17250 17300 17350
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50QM
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(c)

FICx. 30. Optogalvanic spectrum of the He2 dimer: (a) low-resolution spectrum of the b '11~ —f 5„ transition; (h) high-resolution
Doppler-limited spectrum of the R (4) and R (5) components; (c) Doppler-free intermodulated spectrum of the R (6) component
(from Kawakita et al. , 1985).
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weak transitions, such as the Ledbetter band, represent-
ing transitions between the Rydberg states C4 'H„—'X+,
in N2. Molecular iodine transitions were detected by
Demuynck and Destombes (1981) in the range 578 —630
nm, as well as by Rettner et al. (1981) in the range
520—630 nm. These last investigators obtained OG sig-
nals irradiating even the cell far from the discharge re-
gion, a result renewing the interest in the nature of the
OG signal. Iodine was also chosen by Haner et al. (1983)
in their time-resolved study of the OG effect.

Suzuki (1981) detected OG spectra of Nz, NHz, and
NO& in the wavelength region between 580 nm, and 630
nm in an rf discharge. In subsequent work (Suzuki and
Kakimoto, 1982) a more detailed study of Nz Rydberg
states, in the spectral range covered by rhodamine 6G, is
presented. Lines from the Ledbetter band are resolved
using intermodulated Doppler-free OG spectroscopy.
Carlson et al. (1985) have observed the TiO diatomic
molecules produced in a glow discharge by sputtering ti-
tanium metal and TiOz from the inner surface of a hol-
low cathode composed of a compressed mixture of these
two substances; they recorded the optogalvanic spectrum
of the (0,0) band of the 8 II—X b, transition.

Miyazaki et al. (1983a, 1983c), using the optical-
optical double-resonance method proposed by Vidal
(1980), have verified the assignments made by Suzuki
(1981). The same technique was also used in a study of
Hz transitions (Miyazaki et al. , 1983d).

Webster and Menzies (1983a, 1983b) extended OG
molecular studies to infrared wavelengths. They record-
ed portions of the NH3 v2 band at 9.5 pm and the NO& v3
band at 6.2 pm using cw tunable diode lasers to probe the
dc electrical discharge in pure NH3 and in NO&/He gas
mixture. An isotopic CO& laser was used by Muen-
chausen et al. (1984) in the detection of OG signals in rf
discharges with D20, H2CO, NH3, SO&, H2S, and H202.
Van Roozenadael et al. (1986), using an isotopic CO
laser, have examined the optogalvanic spectrum of a
low-pressure rf discharge in NO, NO2, HNO3, HCO2,

Suzuki et al. (1983) detected, in a discharge produced
by a microwave field, transitions in the dimer He&. The
same system was studied with sub-Doppler techniques by
Kawakita et al. (1985; see also Fig. 30).

Reactive radical species that can be produced in a
discharge can also be usefully studied using the OG tech-
nique. Vasudev and Zare (1982) presented a study of
HCO performed with a cw single-mode dye laser in an rf
discharge in acetaldehyde vapor. They were able to mea-
sure the linewidths in a band of excited-state transitions,
demonstrating mixing between some levels in the upper
state of the transition and nearby strongly predissociated
levels.

(King et al. , 1977) by means of a suitable discharge lamp
in any spectral region. The use of a hollow cathode made
by an element with a high density transition spectrum,
such as uranium, is particularly straightforward. The re-
gion between 348.8 nm and 908.5 nm is covered by an at-
las published by Palmer et al. (1980), which reports the
Fourier-transform spectrum emitted from a uranium
hollow-cathode discharge in Ne. The wavelengths of the
stronger transitions (about a thousand) were tabulated
with an estimate accurate of 0.005 cm '. A comparison
with the OG spectrum (Keller et al. , 1980) showed an
agreement in the relative intensity of about 30%, apart
from occasional anomalous lines.

Dovichi et al. (1982) analyzed the application of the
same atlas for wavelength calibration of pulsed lasers.
They found the atlas useful for this purpose and the rela-
tive intensity of the lines similar to that observed with cw
laser sources. A commercial hollow-cathode lamp was
used for the visible region, while at wavelengths shorter
than 350 nm it was necessary to use a drilled hollow
cathode to avoid the background signal due to photoelec-
tric emission from the cathode surface, as discussed in
Sec. III.

Other elements —like Na (King et al. , 1977), Th (Kell-
er et al. , 1980; Sansonetti and Weber, 1984), Ne (Be-
gemann and Saykally, 1982), and Ar (Su et al. , 1987)—
have been used occasionally for wavelength calibration.

For wavelength calibration of a tunable UV pulsed
laser, Babin et al. (1987) have published an optogalvanic
spectrum of iron. The accuracy of the measured wave-

length is limited to 0.05 cm ' by the spectral width of
the pulsed laser.

Special care must be taken when high-intensity pulsed
lasers are used or when the discharge is driven at high
current, because asymmetries and shifts of the line
profiles caused by saturation effects and self-absorption
phenomena can arise. Beenen and Piepmeier (1981) ob-
served a shift of the peak maximum up to 0.15 cm
They analyzed the phenomenon and conceived a model
that fit the experimental results quite well (Piepmeier and
Beenen, 1982) and indicated the experimental conditions
that minimized the effect. By contrast, no observable
asymmetry or shift was observed by Dovichi et al.
(1982).

Webster (1982) suggested a special technique for wave-
length calibration, which could be used in laser monitor-
ing of reactive atmospheric species: the reactive species
of interest (molecules or radicals) are produced in a
discharge, and the OG spectrum is compared with the at-
mospheric fluorescence spectrum produced by the same
laser beam.

C. Laser frequency stabilization

B. Wavelength calibration

The OG effect can provide an accurate and economical
way to calibrate the wavelength of a tunable dye laser

Widespread use is being made of OG signals to stabi-
lize laser frequencies, as in the case of the cw CO2 laser.
The standard technique is based on the impedance
change in the excitation discharge as a function of the
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output power of the laser. A laser working in a single-
modc and single-linc 1cglme 1s frequency IHodulatcd
tuning the length of the laser cavity using a piezoelectric
transducer (PZT). The OG signal is observed as an ac
voltage signal across the ballast resistor of the power sup-
ply line by a phase detector. The error signal is amplified
and sent to drive the PZT in order to correct the cavity
length. A stabilization on the peak power of the order of
5 X 10 was obtained using this method (Skolnick, 1970;
Thomason and Elbers, 1975; Smith and MoAatt, 1979;
Moffatt and Smith, 1984).

When the modulation frequency was increased, the
OGE was observed to decrease; it vanished in low-
pressure lasers at 2—3 KHz. Moffatt and Smith (1984)
explained this phenomenon by analyzing the collisional
relaxation processes in the discharge plasma; they found
that the OG effect reappeared at higher frequencies (with
an opposite phase). A better performance was achieved
by modulating at a frequency of 10—20 kHz (long-term
stability better than 5X10 ), because of the lower-
density spectral noise of the discharge in this frequency
region. This relatively high frequency modulation makes
possible rapid corrections to reduce the laser noise in the
audio-frequency band.

Kavaya et al. (1982) have reported optogalvanic stabil-
ization of a high-pressure (200 torr) wave-guide COz
laser, with a feedback stabilization loop that allowed con-
tinuous tuning of the laser frequency over a wide portion
of the broadening gain proNe. The optogalvanic signal
could be greatly improved by picking up the signal from
a low-pressure amplifier discharge (Bourdet and
Houmault, 1986).

The stabilization of CO2 lasers by OG monitoring of
the Doppler profile is now widely practiced in labora-
tories, when ultimate stability properties are not impor-
tant, because of its simplicity and low cost when com-
pared with other more sophisticated methods such as sat-
uration fIuoresccnce. The method is particularly well
suited for output equipment, because it requires no addi-
tional instrumentation or detector to obtain the error sig-
nal.

The optogalvanic signal can also be obtained without
any direct connection with the high-voltage electric cir-
cuit of the laser discharge: Abramski et al. (1985) used a
simple needle probe placed in the water cooling jacket to
detect capacitively the signal.

A more accurate stabilization can be reached by lock-
ing a low-pressure laser on a homogeneous line by means
of a sub-Doppler technique. This was done in 1973 by
Bourdet et a/. in a CO& laser with a total linewidth of 50
MHz and a homogeneous width, according to the pres-
sure, between 4 and 8 MHz. They were able to stabilize
the laser on the Lamb dip of the gain profile by modulat-
ing the reAection grating with a PZT: in this way they
obtained a stability of the order of 2X10 ' over a
period of some ten seconds. However, in order to ob-
serve the Lamb dip in a CO2 laser, one must have a pres-
sure lower than 1 torr, and at this pressure the laser can
operate only on the most powerful transitions.

A solution for this problem was introduced by Shy and
Yen (1986). They suggested using a low-pressure
discharge for Lamb dip detection, while keeping the laser
discharge tube at higher pressure. They found that this
technique could be applied to the majority of ordinary
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FIG. 31. High-accuracy CO laser stabilization circuit (from Schneider et al, , 1987).
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lasing transitions with a frequency stability better than
1X 10-'.

A similar method was recently used by Schneider et al.
(1987; see also Fig. 31) to stabilize a CO laser. They
locked the CO laser to the absorption Lamb dip detected
by the OG technique in an external low-pressure CO
discharge and were able to obtain a relative stabilization
in the 100 kHz range. A third derivative technique was
applied in order to avoid frequency shifts due to asym-
metry in the line shape. This locking method has partic-
ular importance for metrology. In fact, while optogal-
vanic CO2 laser stabilization is simply an alternative to
fluorescence detection —which ultimately gives better
stability in the 30 kHz range —the CO laser stabilization
by optogalvanic methods is innovative, since the CO mol-
ecule does not offer a similar fluorescence property. The
CO transition frequencies can now be measured with an
accuracy comparable to that of the CO2 transitions, and
a new series of calibrated wavelengths covers the infrared
region.

The OG signal has also been used to frequency lock a
dye laser on an atomic transition, following the usual sta-
bilization schemes used in spectroscopy. The first fre-
quency stabilization of a multimode cw dye laser on an
OG signal from a hollow-cathode lamp was carried out
by Green et al. (1977).

Yamaguchi and Suzuki (1982) proposed the extension
of OG laser stabilization to diode lasers. They found that
it was particularly effective for an A1GaAs diode laser in
the near-infrared region. However, molecular spectra
have a weak intensity in this region, and very few atomic
absorption transitions occur. Menocal et al. (1989) have
reported the frequency locking of a 1.5 pm distributed
feedback diode laser to a neon indicator lamp.

D. ion detection and plasma diagnostics

case an OG signal comes from photodetachment of the
electron from the negative ion, induced by the laser radi-
ation when the photon energy is greater than the photo-
detachment energy. The reaction does not change the
number of free charged particles, but the discharge im-
pedance is greatly reduced due to the very different
mobilities of free electrons and negative ions. This signal
can be distinguished easily from the molecular absorption
signal by its spatial and temporal properties. The first
proposal came from Taillet (1969), who suggested using
the method to determine the density of 0 ions in an ox-
ygen discharge by irradiation with a fixed-frequency
pulsed laser. The experimental method was set forth in
detail by Bacal et al. (1979a, 1979b) in describing the
measurement of H in a plasma using a ruby laser. The
method was also applied by Pealat et a1. (1985) to an
analysis of magnetic multicusp discharges. By using UV
lasers, one can observe many other negative ions. Green-
berg et al. (1984), with a XeC1 exciter laser, observed
photodetachment phenomena in a NF3 discharge.

Through the use of a tunable laser, photodetachment
spectroscopy can also be employed to determine the elec-
tron affinity of atoms or radicals. Webster et al. (1983)
observed a sudden increase in the discharge current at
the energy threshold of this reaction in iodine when the
laser was tuned from 420 to 380 nm. They determined a
threshold energy for photodetachment of 3.0591+0.0001
eV (Fig. 32). This result, obtained with a simple and
inexpensive discharge tube, was more accurate than the
complex determination made with a crossed-beam
method.

The same technique was also used by Klein et al.
(1983) to determine the electron affinity of the CN radi-
cal. In this case, a frequency-doubled dye laser was used,
because the photodetachment threshold fell in the
320—330 nm region. The rotational structure of the radi-

1. Positive-ion detection

Optogalvanic detection of ionic transitions was report-
ed in Ba+ and Eu+ by Schenck and Smyth (1978); in U+
by Keller et al. (1979) and by Dreze et al. (1982); and in
I by Rettner et al. (1981). Lorenzen and Niemax (1982)
detected a Sr+ transition by sub-Doppler Lamb dip spec-
troscopy and measured the isotopic shift. Molecular pos-
itive ions (N2+, CO+) were observed by Walkup et al.
(1983a, 1983b, 1983c). The ionic transitions are obvious-
ly more perturbed than atomic ones by the discharge en-
vironment, and the spectroscopic information is not as
accurate. Detection of ionic transition can be, however,
very useful for the study of ion mobility in the discharge
(Walkup et a/. , 1983a, 1983b, 1983c).

—o2
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Laser 0/avelength (nrn'. Air)
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2. Photodetachment spectroscopy

The optogalvanic technique can be useful in diagnosing
a discharge in which negative ions are present. In this

FIG. 32. Iodine photodetachment spectrum near the 405 nm
threshold. The lower trace shows the potassium laser-induced
fluorescence, which was used for calibration (after Webster
et al. , 1983).
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cal levels, not resolved in this experiment, made the
determination of the affinity value (3.821+0.004 eV) both
more complex and less accurate.

The photodetachment optogalvanic technique was ap-
plied to the study of negative-ion kinetics in an rf
discharge. Gottscho and Gaebe (1986) used the tech-
nique in a low-pressure rf glow discharge at a frequency
between 50 and 750 kHz in BC13 and C12, while Kramer
(1986) studied a 13.56 MHz discharge in chlorine. Simi-
larly, Touzeau et al. (1989) monitored the density of 0
in a pure 02 discharge. In all these cases, a pulsed dye
laser (eventually frequency doubled), pumped by an exci-
mer laser, was used. The experimenters determined the
photodetachment energy for Cl (3.6118+0.0005 eV) and
could monitor the anion densities and identify the nega-
tive ions from the temporal and spatial wavelength
dependences of the optogalvanic signals.

3. Other applications

A multiphoton optogalvanic technique was suggested
by Ausschnitt et al. (1978) to probe the ground- and
excited-state densities and the translational temperatures
of H and D atoms in a plasma. Two UV pulsed laser
beams were overlapped inside the discharge. The laser
frequencies f, and f2 were chosen so that f &

+f2 would
be resonant with the 1S—2S two-photon transition, while
neither 2f, nor 2f& were resonant with an intermediate
level. In this way, a significant ionization from the
ground state of hydrogen could be achieved by three-
photon absorption only when both laser beams were
present. Photoionization from the collisionally popu-
lated excited state was achieved by a single f i photon ab-
sorption. The optogalvanic signals observed in the pres-
ence of f, only and in the presence of both f, and fz

laser beams gave a measurement of the relative popula-
tion of the ground and excited states. The Doppler width
of the 1S—2S transition was also monitored, and hence
the translational temperature calculated, by tuning f2.
This technique gives a much better spatial and temporal
resolution than other standard plasma diagnostic tech-
niques, but without the difhculty of working at the Ly-
man a wavelength necessary in a Auorescence technique.

Another suggested application for optogalvanic spec-
troscopy is the study of Penning ionization (Shuker
et a/. , 1980; Ben-Arnar et al. , 1981, 1984; Shuker et al. ,
1983a). The excitation energy of the 7d D~&z, D3&z level
of Ca+ over the neutral-atom ground state is almost reso-
nant (within kT) with the excitation energy of the I'z
metastable state of Ne. The time-resolved optogalvanic
signal generated by the absorption of laser radiation from
this metastable level can provide information about the
kinetics of the Penning process. A similar Penning ion-
ization process was observed by Nogar and Keaton
(1985) in the production of 02+ ions in an Oz/Ne
discharge, and by Reddy et al. (1989) in a Hg-Ar
discharge.

E. Multiphoton excitation and detection in flames

The QG technique was first applied to Games by
Green, Keller, Schenck, et al. (1976) shortly after its in-
troduction. A Game can be considered as a region of very
weak plasma (density less than O. l%%uo). When the OG
effect occurs, an enhancement in ionization is observed.
Since only enhanced ionization occurs, the OCx effect in
flames is often referred to as a "laser-enhanced ioniza-
tion" (LEI), especially in works describing analytical ap-
plications. The experimental apparatus for OG studies of
a Game does not differ substantially from that used with
electrical discharges. To detect the enhancement in ion-
ization produced by the OG effect, electrodes are inserted
in the flame and kept at a negative voltage (about 10
volts) with respect to the burner. The experimental ap-
paratus is not entirely satisfactory, since it introduces a
perturbation in the Game dynamics. By contrast, optical
techniques do not perturb the characteristic of the Aame,
but the signal may be perturbed by interference from
scattered laser radiation.

The OG effect in flames has been used mainly for (a)
determining the elemental concentration of atomic and
molecular species in different zones of the Aames and for
(b) spatial mapping of ion and radical concentrations.
Applications to ion mobility determinations and to stud-
ies of charge-transfer mechanisms have been made as
well.

An explanation of the OG effect, in Aames was first pro-
vided by Green, Keller, Schenck, et al. (1976) and
Alkemade (1977). A number of papers followed to deal
with theoretical and experimental aspects of the QG
effect in Aames: Travis et a/. , 1979; Smyth et a/. , 1980;
van Dijk and Alkemade, 1980; Axner et a/. , 1983. Green
et al. (1980) studied the electrical interferences to the sig-
nal due to the background ionization in the Aame;
Schenck et al. (1981) studied the temporal and spatial
characteristic of the signal for cw lasers, while Berthoud
et al. (1983) studied the effect of laser beam position and
applied probe potential on the shape of the signal using a
pulsed laser. Reviews of the first applications have been
presented by Schenck and Hastie (1981), Travis and De-
Voe (1981),Zorov et al. (1982), and Turk et al. (1983).

The experimental observation by Green, Travis, and
Keller (1976) that OG laser absorption was more sensi-
tive than laser-induced Auorescence suggested the use of
the QG technique for analytical applications. An ioniza-
tion enhancement factor of five to eight orders of magni-
tude has been observed. This is attributed to the lower
ionization of the excited atom (Travis et al. , 1979).
Turk, Travis et al. (1979) published some results on the
detection limit of some metals seeded in a premixed air-
acetylene Aame. For some species the detection limits
were 10 to 100 times better than for other Game-based
techniques. The electrodes were a pair of parallel plates
rather than rods. This arrangement reduced interference
from background ionization in the Game. Turk and his
co-workers used a Aash-lamp-pumped dye laser with
frequency-doubled capability. Detection limits ( 10
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were reported by Travis et al. 1982). The fundamental
detection limit has been discussed by Matveev et al.
(1978) and Travis et al. (1982). In order to improve the
sensitivity, a two-step excitation approach has been used
on several elements to populate levels closer to the ion-
ization limit. The first application was made on sodium
by Gonchakov et al. (1979); Turk, Mallard, et al. (1979)
used two tunable dye lasers synchronously pumped by a
nitrogen-pumped dye laser to detect a number of ele-
ments. Zorov et al. (1980) applied the technique to the
determination of lithium and cesium concentration, while
Salcedo Torres et al. (1981) determined indium concen-
tration in an acetylene-air Game. Other applications of
stepwise excitation include those of Turk, DeVoe, and
Travis (1982) and Axner et al. (1983), which measured
the detection limit on a number of metals using excimer-
pumped dye lasers.

The first use of OG techniques to detect molecular
species indigenous to a Aame was made by Schenck et al.
(1978). Bands of LaO in a premixed hydrogen/air Game
with excitation in the 360—750 nm wavelength range
were detected. Optogalvanic spectra have also been ob-
tained for yttrium and scandium oxides, as well as for
SrOH, CaO, CaOH, and BaOH. In all these cases the
ionization limits were below the dissociation energy of
the molecules. No signals were obtained from OH, CH,
or other Aame species where the dissociation energy was
less than the ionization limit.

Multiphoton ionization of NO in Aames has been re-
ported by Mallard, Miller, and Smyth (1982) and by
Rockney et al. (1982). Smyth and Mallard (1982) detect-
ed multiphoton ionization of PO in a premixed
acetylene-air Game.

The OG technique has also been used to detect the
presence of atoms and radicals directly involved in the
combustion mechanism. Goldsmith (1982) detected H in
an atmospheric-pressure hydrogen-air fIame using reso-
nant two-photon ionization detection. The two-photon
scheme excited the transition 1S—2S. A Nd: YAG laser
provided a beam at 266 nm wavelength by fourth har-
monic generation. The 223 nm wavelength radiation re-
quired to complete the excitation was obtained by divert-
ing part of the frequency-doubled output of the Nd: YAG
to pump a dye laser. The dye laser output was frequency
doubled and then mixed with the Nd:YAG laser radia-
tion. The two beams at 266 nm and 224 nm were focused
in the Game and crossed at a 25 mrad angle. This geome-
trical scheme provides a detailed spatial resolution that
allows the mapping of the H radical concentration
throughout different regions of the flame.

Atomic oxygen has been detected (Goldsmith, 1983a)
in a premixed atmospheric-pressure hydrogen/
oxygen/argon Game using a similar experimental setup.
A sensitivity of a few parts per million has been reached
in the post-liame gases region (Goldsmith, 1983b). Reso-
nant excitation and detection of these species using other
optical techniques is not an easy task. Radiation in the
vacuum-ultraviolet region of the spectrum is required

due to the gap of about 10 eV between the ground state
and the first excited state (Goldsmith, 1983c). Raman
techniques cannot be applied due to the lack of structure
in the ground state.

Yl. CONCLUSIONS

Today the OG detection is a well-developed spectro-
scopic technology. It complements other optical tech-
niques, like the traditional absorption and fluorescence
spectroscopy or the optoacoustic spectroscopy.

The theoretical background and the fundamental
mechanisms of the OG effect are well established and un-
derstood. Since a discharge is a complex medium, a com-
plete description of the OG effect may require the
knowledge of a large number of physical parameters.
However, as shown in Sec. II, it is possible to build sim-
ple mathematical models that correctly reproduce the
phenomenology of the experimental conditions. As
shown in Sec. V, practical applications do not even re-
quire a complete theoretical modelingt

The different spectroscopic methods developed for the
traditional spectroscopy can also be applied to the OG
spectroscopy, including the saturation methods for sub-
Doppler resolution. The OG technique cannot compete
in ultimate resolution with the traditional methods, but
in many cases a small loss in resolution and accuracy is
the price to be paid for a more simple and economical ex-
perimental apparatus. We have shown that sometimes
the application of the OG technique is the best detection
method. A typical example is when absorption spectros-
copy is not efficient because the sample is optically thin,
and there is no fluorescence signal available —as is often
the case in molecular infrared spectroscopy.

For all these reasons, we think that OG spectroscopy
will be considered more frequently in laboratory applica-
tion as a standard spectroscopical technique, especially
for technological applications like laser stabilization and
laser wavelength calibration.
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