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tant factors affecting the reliability of FT-IR bacteria
identification.

Further advances in FPA-FTIR technology are expect-
ed to provide significant advantages beyond those sum-
marized above. For example, with an increase in the size
of the array detector from 32 3 32 to 128 3 128, there
would be approximately a 16-fold increase in the area
that can be imaged, without sacrificing spatial resolution.
Accordingly, by optimizing the microarray deposition
method to generate bacterial films with spot sizes ap-
proaching 100 mm in diameter, separated by distances of
50 mm, 25 samples could be analyzed simultaneously
with a 128 3 128 FPA detector while still collecting 300
spectra/sample, thereby retaining a significant amount of
redundancy. Although detector arrays of 64 3 64, or larg-
er, presently require that the FT-IR spectrometer be op-
erated in the step-scan mode, the development of rapid-
scan FPA-FTIR spectrometers compatible with larger ar-
ray detectors would allow for unprecedented sample
throughput rates in routine microbiological analysis.
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INTRODUCTION

We report the first observation of an optovoltaic effect
generated in saturated neutral optically thick cesium va-
por irradiated with a monochromatic diode laser. The de-
sign of the Cs vapor cell device and the experimental
setup are presented, and the preliminary spectral opto-
voltaic signal features are qualitatively attempted.

The spectral and photonic properties of optically thick
alkali metal vapors are much less known, more problem-
atic, and raise new spectroscopic challenges compared to
the case of optically thin vapors. There are several rea-
sons for this lack of experimental spectral data; one of
them is the fact that conventional absorption, emission,
and fluorescence spectroscopic methods are not appro-
priate for the analysis of an optically thick vapor. In order
to obtain spectral information essential for the in-depth
understanding of optically thick metallic vapors in the
vicinity of a surface, systematic studies of the spectral
characterization of saturated Cs vapors in closed electro-
deless cells, in both the linear1,2 and nonlinear regimes,
have been conducted in our laboratory. In order to com-
plement the spectroscopic investigation of optically thick
Cs vapor, we are now exploring a spectroscopic method
based on the detection and measurements of voltage sig-
nals associated with an irradiated volume of the vapor.
To this end, we used a new design of the Cs cell (pro-
duced in our laboratory), with two internal probe elec-
trodes. It appeared that the resonantly irradiated Cs vapor
cell exhibited spectral electric activity without the assis-
tance of an external electric voltage, which we call the
optovoltaic effect. This effect is different from the con-
ventional optogalvanic effect in which glow discharge in
hollow cathode cells3 are used. This new effect is also
different from the one used for the detection and inves-
tigation of laser-desorbed silver in a low-pressure argon
atmosphere4 and the one studied in optogalvanic signals
due to laser-heated electrodes in hollow cathode plasmas.5

The preliminary results are promising and stimulate fur-
ther research in this original axis of experimental atomic
spectroscopy, based on the observation of electric effects
induced on probe electrodes without an external bias volt-
age in a volume of a metallic vapor.

The aim of this note is to present the preliminary ob-
servations of this resonant spectral optovoltaic phenom-
enon and propose a simple qualitative explanation of the
features of the effect.

DESCRIPTION OF THE CESIUM VAPOR CELL
DEVICE AND THE EXPERIMENTAL SETUP

The design of the Cs vapor cell (with no buffer gas)
used in our experiment is shown in Fig. 1. The glass cell,
produced in our laboratory, consists of a cylindrical body,
a reservoir of Cs connected at right angles to the body,
and two parallel-plate internal electrodes of different siz-
es. The glass cell is first heated in a 1026 torr vacuum
environment in order to eliminate contaminants and im-
purities and then filled with a pure Cs under a controlled
environment and by the usual procedures. One electrode
is ;4.8 cm long, ;0.9 cm in width, and ;1 mm thick,
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FIG. 1. Design of the cesium cell. E designates the cell entrance win-
dow. (For detailed description, see text.) FIG. 2. Diagram of the experimental setup (L: Lens, M: Mirror, PM:

Photomultiplier Tube, P.P: Polarizing Prism (Beam Splitter), P.R: Polar-
ization Rotator, and Coax: coaxial cable).

and the other (starting at half the length of the cylindrical
body of the cell) is ;2.4 cm long, 1 mm in width, and
1 mm thick. The electrodes are separated by a gap of
about 4 mm. The front end of the largest electrode is
situated at 0.6 cm from the internal surface of the cell
entrance window. Electrodes with different sizes have
been chosen in order to take advantage of the spatial
asymmetry regarding the electrical effects in the cell, par-
ticularly increasing the electric detection efficiency due
to the electrode edge effects. The inner diameter and in-
ner length of the cell body are ;2.4 cm and ;5.8 cm,
respectively. The internal structure of the reservoir pre-
vents the Cs liquid from dropping into the cylindrical
body. The cell body was enclosed in an aluminum block,
leaving only the windows uncovered. A stack of alumi-
num rings was placed around the Cs reservoir, vertically
oriented. The device was placed on a horizontal hotplate
(MIRAK model HP 72935), under a Pyrex glass cover,
and heated to a constant programmed temperature be-
tween 100 and 150 8C. A saturated Cs neutral vapor was
thus obtained. The temperature of the cell and the vapor
were measured using two thermocouples, one in contact
with the cylindrical body of the cell and the other in
contact with the top of the Cs reservoir (which is the
coolest point of the cell). In this configuration, the body
of the cell is kept about 10 8C hotter than the coolest
point of the cell in order to avoid the condensation of the
Cs on the windows, the inner walls of the body, and the
electrodes.

The block-diagram of our experimental setup is sche-
matically illustrated in Fig. 2. The Cs vapor is excited by
a monochromatic diode laser (Environmental Optical
Sensors, Inc., Model LCU 2001 M), with a bandwidth
lower than 10 MHz. We chose the atomic hyperfine struc-
ture transition lines [62S1/2 (Fg 5 4) → 62P3/2 (Fe 5 3,4,5)]
and [62S1/2 (Fg 5 3) → 62P3/2 (Fe 5 2,3,4)] at wavelength
852.2 nm, where Fg and Fe are the quantum numbers of
the hyperfine levels of the ground and excited states, re-
spectively. The spectral stepping of the diode laser sweep
around the 852.2 nm resonance line was carried out by
using a piezoelectric device having a resolution of a few
MHz. The diode laser beam was split in two parts. The
weaker part of the split beam was directed into a Fabry–
Pérot interferometer, which permitted the calibration of

the explored spectral band. The stronger beam was di-
rected at an angle of incidence of ;28 with respect to the
normal of the cell entrance window surface. The arrange-
ment of the experimental setup permitted us to perform,
simultaneously, measurements of laser-induced retroflu-
orescence spectra and electrical signals at the electrodes
of the cell. For comparison, the retrofluorescent signal,
observed at an angle of ;168 with respect to the normal
of the entrance window surface, was captured by a 0.5
m Jarrell-Ash Czerny–Turner spectrometer. The retroflu-
orescence signals are used to scale the frequency axis of
the optovoltaic spectra. The electrodes of the Cs cell were
directly connected, through a shielded cable (with a BNC
connector at one end), to a lock-in amplifier (Stanford
Research Systems, Model SRS 530), used in a voltmeter
mode having a 100 MV voltage input impedance and 25
pF capacitance. A shielding of the recording cables was
necessary as the signal was very sensitive to the ambient
magnetic fields. The use of a lock-in amplifier has the
benefit of permitting the extraction of the signal associ-
ated with the modulated laser beam from the total noisy
signal. No external bias voltage was applied to the elec-
trodes of the Cs cell. The reference signal for the syn-
chronous detection was generated by the controller of a
chopper, which mechanically modulated the amplitude of
the laser beam at an appropriate frequency of about 644
Hz.

RESULTS

When the diode laser is tuned far away from the 852.2
nm (62S1/2 → 62P3/2) resonance line, the voltage measured
at the electrodes of the Cs cell is negligible compared to
the maximum optovoltaic signal in the resonance spectral
band. When the laser is off, the signal is zero. However,
when the laser was scanned through the atomic resonant
852.2 nm (62S1/2 → 62P3/2) transition line, a voltage (op-
tovoltaic signal) was detected whose magnitude depended
on the intensity, the frequency of the laser beam, and the
temperature of the vapor. We observed that by approach-
ing the laser beam close to an electrode or by shifting it
from the cell axis the optovoltaic signal was affected. For
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FIG. 3. Experimental optovoltaic spectra: Dependence on laser power
at fixed temperature TV 5 136 8C for the transition 62S1/2 (Fg 5 3) →
62P3/2 (Fe 5 4,3,2).

FIG. 4. Experimental optovoltaic spectra: Dependence on the vapor
temperature at fixed laser power PL 5 10 mW for the transition 62S1/2

(Fg 5 4) → 62P3/2 (Fe 5 5,4,3).

recording the spectral signals given in the following, the
laser beam was in coincidence with the cell axis. The
amplitudes of the optovoltaic signals were in the range
between 50 mV and 500 mV, as indicated by the full-
range sensitivity of the lock-in amplifier, corresponding
to laser powers in the interval from 1 mW to 30 mW
(laser beam diameter of ;0.014 cm2) and atomic number
densities in the range of 1013–1014 atoms cm23. At these
atomic densities, the Cs vapor was optically thick at
852.2 nm resonance in the linear regime (kvl k 1, where
kv is the spectral absorption coefficient of the medium),
over a vapor thickness of the order of a few wavelengths
(l ; 10lL). The laser powers used correspond to an op-
tical saturation regime (nonlinear). The signal strength
evolves by four orders of magnitude while the laser pow-
er evolves by a factor of 30. Below 1 mW, we did not
observe optovoltaic signal.

Figure 3 shows the spectral optovoltaic signals corre-
sponding to the [62S1/2 (Fg 5 3) → 62P3/2 (Fe 5 2,3,4)]

atomic excitation channel for different laser powers (1.5,
2.52, 5.02, 7.5, 10, 15, and 30.0 mW) and recorded at a
constant vapor temperature, Tv 5 136 8C. In order to dis-
play signals of different amplitudes simultaneously on the
same graph, the amplitudes of the experimental results
are presented in arbitrary units for different scale ranges
of the lock-in amplifier used. One may note the particular
evolution of the structures of the spectra. At a laser power
of 1.5 mW, the spectral profile has two peaks, symmet-
rically located at DnL ; 658 MHz on both sides of the
zero detuning of the [62S1/2 (Fg 5 3)–62P3/2 (Fe 5 2,3,4)]
line center. The spectral half width at half-maximum of
the individual peaks is about 130 MHz. By gradually in-
creasing the laser power, a new symmetrical structure
(made up of satellite peaks) appears at 2.5 mW on both
sides of the zero detuning, and then at 7.5 mW a peak
centered at zero detuning emerges. At 10 mW, the central
peak disappears. Moreover, one may notice a relative de-
crease in the intensities of the satellite peaks. At 30 mW,
a two-peak profile, similar to Fig. 3 (1.5 mW), is ob-
served. However, the individual peaks are broader (half
width at half-maximum ;210 MHz) and are located sym-
metrically at approximately 6500 MHz, on both sides of
the zero detuning.

Figure 4 represents the spectral optovoltaic signals cor-
responding to the [62S1/2 (Fg 5 4) → 62P3/2 (Fe 5 3,4,5)]
atomic excitation transition channel at various vapor tem-
peratures (104.7, 119.8, 128, 130.7, and 139.1 8C) for a
fixed laser power of 10 mW. The number density of the
Cs vapor is 1.9 3 1013 atoms cm23 at 104.7 8C and 1.2
3 1014 atoms cm23 at 139.1 8C, as determined by the
Langmuir–Taylor vapor pressure equation.6 As in the pre-
ceding figure, the different scale ranges of the lock-in
amplifier used are indicated on the y-axis of the graphs.



APPLIED SPECTROSCOPY 1371

FIG. 5. Schematic view of electrical effects in a Cs vapor cell irradi-
ated by a diode laser. e1 and e2 are electrodes (e2 is ground-connected),
C indicates space charge surrounding the surface of electrode e1 in
contact with the vapor, V is the illuminated volume of vapor, and p
designates polarized atom.

At 104.7 8C the spectral signal exhibits two peaks at
about 6350 MHz, on both sides of the zero detuning,
whose half width at half-maximum (of each peak) is
;125 MHz. As the temperature increases from 104.7 to
139 8C, the spectral signal exhibits satellite peaks. For
example, at 119.8 8C symmetric satellite peaks appear on
both sides of the zero detuning from the [62S1/2 (Fg 5 4)–
62P3/2 (Fe 5 3,4,5)] line center and, at 130.7 8C, a peak
centered at zero detuning is observed. We note that the
relative intensities of the satellite peaks undergo signifi-
cant changes for weak variations of the vapor temperature
between 128 8C and 130 8C. At 139.1 8C, the peak cen-
tered at zero detuning disappears and distortions on the
wings of the spectrum are observed.

DISCUSSION

The configuration of our experimental setup and the
atomic spectral properties of the observed signals are dis-
tinct from the setups used and results obtained by the
conventional optogalvanic spectroscopy in glow dis-
charges.7,8 Our experimental device behaves like a current
(or voltage) generator, featuring original spectral prop-
erties. The spectral optovoltaic signal is sensitive to the
temperature of the vapor and the frequency and intensity
of the exciting monochromatic diode laser. Our experi-
ment is different from that of Brandenberger9 in that (1)
it was implemented in a pure alkaline vapor (Cs) while
that of Brandenberger was performed in inert gas (Kr),
(2) there was no plasma discharge in our cell while in
that of Brandenberger, a pair of external ring-shaped elec-
trodes was used to produce a radio frequency (RF) dis-
charge plasma in the cell. However, in both cases, no
external bias voltage was applied (or needed) to collect
the optovoltaic signal from the cell. By using a laser
beam at the wavelength 852.2 nm, we exclude the non-
resonant process of direct one-photon photoionization of
the Cs atom from ground level. The energy of a laser
photon (hnL 5 1.45 eV) is not high enough to produce
the direct ionization of the atoms of the vapor in ground
state (Ei 5 3.89 eV is the ionization potential of the Cs
atom), nor to produce a photoelectric effect on the glass
and electrode surfaces (fCs 5 2.14 eV is the workfunction
of a Cs thin solid film). Thermoelectronic emission at the
temperatures used and electron multiplication due to elec-
tron–atom collisions are also excluded. The relaxation
processes due to elastic collisions in an optically thick
vapor (1014 atoms/cm3) are important and the evolution
of the atomic optical coherencies are strongly perturbed.
In our experimental conditions, the extra phase infor-
mation contained in the Bloch equation is lost or irrele-
vant. In this case, the ac Stark effect (or Rabi splitting
effect) is negligible. Note, also, that the spectral Doppler
width (;450 MHz) is very important compared to the
laser width (10 MHz).

We attribute the origin of the optovoltaic signal to the
existence of four concurrent and necessary phenomena in
the volume of the cell irradiated by the laser: the presence
of an internal long-range electrical field without an ex-
ternal bias voltage, the polarization of the Cs vapor, the
generation of electron–ion pairs by the effect of the laser
radiation, and the surface ionization of the excited Cs

producing space charges surrounding the surface of the
electrodes.

In order to make our preliminary qualitative assump-
tion clear, let us consider Fig. 5, which shows a schematic
representation of a cylindrical dielectric cell containing a
Cs vapor optically thick at resonance. Two metallic plane
probe electrodes are introduced in the vapor; the ground-
connected one is used as the reference. The cell is irra-
diated by a laser beam along the axis of the cell. The
diameter of the laser beam is smaller than the gap be-
tween the two electrodes. This schematization of the cell
is a simple model reasonably close to our experimental
conditions. The floating electrode can be an important
source of electric charges by surface ionization processes
forming a cloud of charges surrounding the electrode sur-
face due to its contact with the Cs vapor.10,11 This sheath
of electrical charges, therefore, constitute a space charge
generating an internal long-range electrical field inside
the cell, without the assistance of an external voltage. An
important optical pumping of the excited 62P3/2 level re-
sults from the laser–atom interaction in the Cs vapor ir-
radiated by the diode laser tuned at the resonant 852.2
nm (62S1/2–62P3/2) atomic transition, thus generating a
macroscopic polarization of the illuminated volume of
the Cs vapor. Generation of electron–ion Cs2

1 pairs also
occurs in the vapor due to the laser-photosensitized ion-
ization by binary collisions of 6 2P cesium atoms
(2Cs(62P3/2) → Cs2

1 1 e2).12 The polarization of the va-
por can disturb the space charge surrounding the probe
electrode. The electrical charges, particularly the elec-
trons, produced by the photo-sensitized ionization phe-
nomenon are driven by the action of the long-range in-
ternal electrical field. Each heavy positive ion in the Cs
vapor simultaneously attracts several electrons in its
closeness13,14 before neutralization by the recombination
process, thus inducing variations in the space charge dis-
tribution. The whole movement of the free charges (elec-
trons and positive ions) produces an electrical current,
which can supply an electrical signal to an external cir-



1372 Volume 58, Number 11, 2004

cuit. Two running modes of the external circuit are pos-
sible: the photo-current and the photo-voltage modes. The
origin of the optovoltaic effect is associated with this
electrical current and is observed, in our case, in the pho-
to-voltage mode.

According to the preceding qualitative viewpoint, we
can write the optovoltaic signal SOV as a complicated non-
trivial function F:

SOV 5 F[k(IL, nL, TV), iC, ip] (1)

where k(IL, nL, TV) is the nonlinear absorption coefficient
(corresponding to the resonant [62S1/2(Fg) → 62P3/2(Fe)]
atomic transition), which depends on the laser intensity
IL, the laser frequency nL, and the Cs vapor temperature
TV; iC is the electrical current associated with the gener-
ation of electron–ion Cs2

1 pairs; and ip is the current due
to the laser-induced polarization of the Cs vapor excited
at the 62P3/2 level. Since there are two types of charge
carriers (electrons and positive ions), we can write

iC 5 i1 1 i2 (2)

where i1 is associated with the positive ions and i– with
the electrons.

The value of SOV measured without an external voltage
supply cannot be directly used to determine the atomic
spectral properties of the optically thick vapor. The mag-
nitude of the current intensities iC and ip are governed, in
a complicated way, by the properties of the atomic ab-
sorption coefficient, the nature and the geometric shape
of the probe electrodes in contact with the vapor, and the
spatial positioning of the laser beam relative to the elec-
trodes. The nonlinear optovoltaic phenomenon observed
in an optically thick vapor is non-trivial to interpret. The
interpretation of the spectral optovoltaic signal brings
about several problems that stimulate further develop-
ment of the potential application of this effect as a di-
agnostic tool for characterizing an optically thick metallic
vapor. Before attempting any quantitative theoretical in-
vestigation, additional experiments are necessary to con-
firm our assumptions regarding the origin of the spectral
optovoltaic signal in a neutral Cs vapor irradiated by a
monochromatic diode laser tuned over the resonance line.
No experimental work has yet been conducted with an
applied external low voltage (;2 V) on the electrodes.
This is an interesting question; works have been initiated
but at this stage no appropriate answer can be proposed.

These optovoltaic signals, obtained as a function of the
laser frequency, the power of the exciting laser beam, and
the temperature of the vapor, exhibit unusual spectral
characteristics different from those obtained by using
conventional optogalvanic, retrofluorescence, and selec-
tive reflection spectroscopic methods. This new optovol-
taic phenomenon that we observed appears as a basic
effect for a potential new laser spectroscopic method for
the analysis of optically thick alkali metal vapors.

We believe that this note on the observation of a new
optovoltaic effect in neutral metallic vapor will arouse an
interest among the spectroscopists’ community and stim-
ulate work to push ahead this new area of laser spectros-
copy.
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INTRODUCTION

Beam shaping and probe volume control are very fa-
miliar problems to all members of the scientific com-
munity having to deal with laser diagnostics. A related
problem, going under the name of ‘‘wing effects’’, often
hampers data reduction for absolute measurements. Laser
induced fluorescence (LIF)1,2 and laser induced incandes-
cence (LII)3–5 are typical examples in which such a dif-
ficulty may very likely arise. In these cases, and in many
others, beam manipulation and, most important, a check
of its results, can give a firm basis for correct measure-
ments. A common method of exploring the light distri-
bution across a beam or within the probe volume is the
scanning of a pinhole or a slit system.6,7 This is a low-
cost but remarkably time-consuming technique. More-
over, this procedure is neither easily applicable nor sat-
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