Sensitive absorption techniques

for spectroscopy
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irect absorption spectros-
copy is a simple, noninva-
sive, in situ technique for

obtaining information about gas
phase species. From an absorption
spectrum, quantitative absolute
concentrations and absolute fre-
quency-dependent cross sections
can be extracted. However, direct
absorption spectroscopy suffers
from a low sensitivity that limits
its extension into several research
fields (e.g., trace gas analysis). This
low sensitivity results from the fact
that a small light attenuation has
to be measured on top of a large

In 1988, O’Keefe and Deacon*
developed a pulsed absorption
technique: pulsed cavity ring
down (CRD) spectroscopy. The
technique is based on the mea-
surement of the decay rate of light
confined in a high-finesse optical
cavity and, therefore, is insensitive
to intensity fluctuations of the
light source. The light enclosed in-
side the high-Q cavity retraces the
same optical path many times
(multipassing), and effective ab-
sorption pathlengths of over 1 km
are easily obtained. During the last
decade, CRD spectroscopy has

CRD spectroscopy has proven to be a versatile
and highly sensitive absorption technique.

background signal that in turn is
proportional to the intensity of
the light source. As a result, pulsed
lasers, which cover a broad wave-
length region (from the UV to the
IR), but exhibit large pulse-to-
pulse intensity fluctuations, are
not well suited for these studies.

Several experimental schemes
can improve the sensitivity, in-
creasing the absorption pathlength
(multipassing, for example, in a
White cell or a Herriott cell), and/or
combining direct absorption spec-
troscopy with a modulation tech-
nique (e.g., amplitude modulation,
1-f or 2-f frequency modulation).
Obviously, the initial simplicity of
the experimental scheme involved
in direct absorption spectroscopy is
abandoned when using these sensi-
tivity-enhancing schemes. Further-
more, combining direct absorption
spectroscopy with a modulation
technique no longer provides direct
quantitative information on an ab-
solute scale.
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proven to be a versatile and highly
sensitive (detection limits typically
108 cm™) absorption technique
with a time resolution that is in-
trinsically limited by the duration
of the light decay, but practically
by the repetition rate of the pulsed
laser (typically 10-100 Hz). Fur-
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Figure 1 Experimental setup for CRD spectroscopy consists of a
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thermore, the experimental setup
is rather simple. Additionally, the
technique is applicable in all wave-
length regions where components
are available and thus is capable of
probing a wide range of species.

Principle

A schematic representation of
the experimental setup is depicted
in Figure 1. Light from a pulsed
laser is coupled into a stable, high-
finesse, nonconfocal, optical cav-
ity formed by two highly reflective
mirrors (reflectivity R > 99.5%)
separated by a distance, d. The
light inside the cavity is reflected
many times back and forth be-
tween the mirrors, and at each
pass, a small fraction of the light
exits the cavity due to the (finite)
mirror transmittance. It can easily
be shown that the light intensity
inside the cavity will decay expo-
nentially. This decay is monitored
by placing a detector directly be-
hind the cavity end mirror. The
time in which the light intensity
inside the cavity decreases to 1/e
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pulsed) laser sys -

tem; a ring down cavity formed by two highly reflective mirrors (reflectivity, R)
placed at a distance, d; a detector (e.g., a photomultiplier); a digital oscilloscope
to record the decay transients; and a PC for the data processing. On the left is a
CRD spectrum of laboratory air recorded around 253.7 nm (cavity length 45 cm,
mirror reflectivity 99.7%). It demonstrates the capabilities of CRD spectroscopy;
one can measure weak absorptions of abundant species (oxygen) and strong

transitions of trace gas species (mercury).
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of its initial value is called the ring
down time, 1. In an empty cavity,
the total loss is determined by the
mirror reflectivity. This provides a
measure for the zero-absorption
baseline. An absorbing sample in-
troduced into the cavity will in-
crease the total cavity losses. As a
result, the cavity ring down time
will shorten:

_ d
T c[(1-R) +kl]

where d is the cavity length, c is the
speed of light, R is the mirror reflec-
tivity, and K is the absorption coef-
ficient of the absorber present over
a pathlength, I, inside the cavity.
Suppose we have mirrors with a
reflectivity of 99.99% placed at a
distance of 0.5 m. The effective
pathlength d/(1 - R) is then equal
to 5000 m, and the decay time is
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increased, the cavity ring down
time will increase and can be de-
termined more easily. In order to
achieve high sensitivity in the ab-
sorption measurement, only a low
accuracy in the time measurement
is needed. For example, an accu-
racy for the determination of the
ring down time of only 1% com-
bined with a 10-cm-long cavity
consisting of mirrors with a reflec-
tivity of 99.999% leads to a mini-
mum detectable absorption of
1078 cm™L. This high sensitivity is
readily achieved with a rather sim-
ple experimental setup. A higher
sensitivity requires more control
over the coupling of the light into
the cavity. Furthermore, special
care should be taken in the data
acquisition. A sensitivity of 1071°
cm~!has already been demon-
strated by Van Zee et al .2

In CEA spectroscopy, the measured time-
integrated intensity is proportional to the ring
down time of the cavity, and thus inversely
proportional to the absorption coeficient.

16.67 psec. An absorption of k =
108 cm™ over the full 50 cm will
change the decay time to 16.58
pusec. An absorption spectrum can
be obtained by measuring the
empty cavity loss and the change
in ring down time due to the ab-
sorber as a function of the wave-
length of the laser. In practice, the
empty cavity losses, since they
mostly vary slowly with respect to
the laser wavelength, can be deter-
mined from that part of the absorp-
tion spectrum wherein there are no
losses due to the absorber. It is clear
that the measurement of the ab-
sorption coefficient only involves
the determination of two time con-
stants. Furthermore, in a static cell
experiment, | = d, and knowledge
of the length of the cavity is not re-
quired for the determination of the
absorption coefficient, k.

The sensitivity attainable with
CRD spectroscopy depends on the
reflectivity of the cavity mirrors
and the accuracy with which the
ring down time can be deter-
mined. As the mirror reflectivity is
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Since CRD involves measure-
ments of the cavity decay time
(typically in the nsec/usec range),
this automatically sets the intrin-
sic limit for the achievable repeti-
tion rate of the measurements. In
practice, using pulsed CRD spec-
troscopy, the duty cycle in absorp-
tion measurements is set by the
maximum repetition rate of the
pulsed light sources. To enhance
the duty cycle, the use of cw-lasers
is a perfect option.

The development and use of
continuous wave-cavity ring down
(cw-CRD) spectroscopy has be-
come more widespread. In princi-
ple, cw-CRD is equivalent to pulsed
CRD spectroscopy; again, the tem-
poral behavior of the light exiting
the cavity is studied. As soon as a
sufficient amount of cw-light has
been coupled into the cavity, the
interaction between the cw-light
and the cavity is broken down, pre-
venting further entry of light into
the cavity (see Romanini et al.®).
Subsequently, the light inside the
cavity will decay exponentially

and the ring down time can be de-
termined. Using cw-CRD, higher
repetition rates (kHz), a higher sen-
sitivity (107° — 102 ., "t HZ™Y?) (see
Spence et al.*), and a higher spec-
tral resolution can be obtained
than with pulsed CRD spec-
troscopy. Furthermore, in cw-CRD
spectroscopy, high intracavity en-
ergies are achievable, resulting in
higher light intensities impinging
on the detector, improving the sig-
nal-to-noise ratios on the tran-
sients and therefore increasing the
overall sensitivity. An additional
advantage is that compact, easy-to-
use, and inexpensive cw-diode
lasers that have low power con-
sumption and do not require cool-
ing are available, which are inter-
esting for trace gas detection
applications at remote locations.

Applications

As a result of the high sensitiv-
ity, CRD spectroscopy can be used
in fields in which strong absorp-
tions of trace gas species or weak
absorptions of abundant species
need to be measured. Many re-
search groups have used CRD suc-
cessfully in their spectroscopic
studies. The technique can easily
be applied in different research
fields in various experimental en-
vironments and has wide spectral
coverage (UV-IR). CRD has also
been used in supersonic jets, on
molecules generated in discharges,
in flow reactors, and in flames.
The technique has been used for
spectroscopic investigations of
molecular species in order to ob-
tain information on, for example,
molecular structure, energy levels,
and predissociation rates.

Additionally, CRD spectroscopy
has been applied extensively in the
field of trace gas analysis. Detailed
studies of concentration profiles of
radicals in flames have been carried
out. The high temporal resolution
of CRD has been used in the moni-
toring of species in chemical reac-
tions. Furthermore, the combina-
tion of CRD spectroscopy with
inductively coupled plasma (ICP)
torches provides an experimental
scheme that can monitor industrial
waste processes and toxic emissions
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in real time with a high sensitivity.®
Complete overviews of CRD re-
search in the various experimental
fields can be found in the review
papers by Scherer et al.,® Wheeler et
al.,” Cheskis,® and Berden et al.®
The light source used in most
CRD experiments is monochro-

from the difference between the
cavity losses in the two directions.
In this polarization-dependent-
cavity ring down (PD-CRD) scheme,
the rate of optical rotation is mea-
sured, which is placed directly on
an absolute scale. By placing the
cavity inside a magnetic field, the

Both CRD spectroscopy and CEA spectroscopy
are highly sensitive and easy-to-use techniques
that have found their way into a variety of
experimental research fields.

matic, but a polychromatic light
source can be used as well in CRD
spectroscopy. In 1996, Engeln and
Meijer!® demonstrated this in so-
called Fourier transform-cavity ring
down (FT-CRD). The optical cavity
was excited by a broad-band dye
laser, and the light exiting the
cavity was coupled into an FT-
spectrometer. Ring down transients
at each laser frequency were created
by Fourier transforming the inter-
ferograms that were formed from
the multiexponentially decaying
transients measured at every inter-
ferometer arm-length difference. In
this way, the absorption spectrum
was constructed with a resolution
determined by the FT spectrometer.
Note that in FT-CRD spectroscopy,
the decay rate of the light exiting
the cavity is studied and thus is in-
dependent of light source fluctua-
tions. Instead of an FT spectrome-
ter, one can use a monochromator
for dispersing the light exiting the
cavity. One can scan the mono-
chromator and measure the ring
down transient at each wavelength,
or use a time-resolved optical mul-
tichannel analyzer for recording
the transients at many wavelengths
simultaneously.**

Even though the light used in
CRD experiments is polarized, only
a few schemes make use of this ex-
tra feature. Engeln et al.*? placed
the cavity between polarizers. The
light exiting the cavity was split
into two mutually orthogonal po-
larized components. The time de-
pendence of both polarization
directions was measured simultane-
ously. The information is obtained
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plane of polarization can rotate due
to dispersion (magnetic birefrin-
gence) or polarization-dependent
absorption (magnetic dichroism).
Since PD-CRD is only sensitive for
para-magnetic species, it is possible
to use it as a species-selective spec-
troscopic tool when measuring
mixtures of various gases. The PD-
CRD scheme can be modified in or-
der to measure optical rotation in
samples of chiral molecules in the
gas phase. By inserting two quarter
wave plates in the cavity, Vacarro
and co-workers'® measured the op-
tical rotation and differential ab-
sorption (circular dichroism) in-
duced by the presence of chiral
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compounds. They demonstrated a
sensitivity to angle change of 4 x
1072 rad cm™, which is substantially
better than sensitivities for many
commercial polarimeters employed
in solution-phase studies.

Although most CRD experi-
ments have been performed on
gas phase species, there are a few
studies on solids. If an optically
transparent sample is placed in-
side the cavity in such a way that
all resulting cavities are optically
stable, reflections from the surface
of the sample will remain in the
ring down cavity, and thus will
not be noticed as overall losses
from the cavity. Of course, com-
pared to the empty cavity, there
will be additional losses due to, for
example, absorption in the solid
and reflections of the sample,
which can no longer be captured
in the ring down cavity. The au-
thors have measured the polariza-
tion rotation as a result of the
Faraday effect in a BK7 window
using PD-CRD. Furthermore, they
recorded the absorption spectrum
of 20-30-nm-thick Ceo film de-
posited on a 3-mm-thick ZnSe
substrate in the 8.5-um region
(Figure 2).14

Pipino et al.'® successfully
demonstrated the combination of
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Figure 2 CRD spectroscopy on a solid sample of Cgo. A thin film (20-30 nm) of
Ceo is deposited on an optically flat ZnSe window. This window is placed inside
the ring down cavity in such a way that the reflections from the surfaces are kept
inside the cavity. The measured decay of the empty cavity is 5.6 psec, implying a
reflectivity of 99.98% (upper panel). Inserting the window reduces the ring down
time to 2.2 psec. Absorption of the thin film causes an additional loss. The
recorded CRD spectrum (lower panel) shows a resonance at 8.45 pm, which is
one of the four IR active fundamental modes of Cso. MCT = mercury cadmium

telluride.
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Figure 3 Ammonia has many rovibrational transitions in the 1.5-um region that can
easily be measured with a diode laser in a single-pass absorption cell (upper pan -
els). Therefore, these transitions can be used for trace gas detection with CEA spec -
troscopy. The lower panel on the right shows the corresponding absorption spectrum
of 1.2 ppm ammonia under atmospheric pressure. Furthermore, CEA spectroscopy
can be used for high-resolution spectroscopy. This is shown in the lower panel on the
left, where the CEA spectrum of jet-cooled ammonia (linewidth of 0.006 cm™) was

measured. Comparing the upper and lower panel, it is evident that rotational and vi -

brational cooling results in a less congested spectrum. Jet-cooled spectra are very
useful for understanding complex, room-temperature spectra.

attenuated total reflectance spec-
troscopy (which uses evanescent
waves for probing optical absorp-
tions) with CRD spectroscopy. Us-
ing this experimental scheme,
they measured absorptions in a
submonolayer of absorbed I,. By
measuring the ring down times for
two orthogonal polarization direc-
tions of the light, they showed
that the I, molecules were prefer-
entially oriented with their molec-
ular axis parallel to the surface of
the total internal reflection prism.

Cavity-Enhanced Absorption

spectroscopy

Recently, the authors developed
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an absorption technique that is an
intermediate between direct ab-
sorption spectroscopy and CRD
spectroscopy: Cavity Enhanced
Absorption spectroscopy (CEA).1°
This is a cw-absorption technique,
and instead of the temporal behav-
ior of the intensity inside the opti-
cal cavity, the total time-integrated
intensity leaking out of the cavity
is measured. It can be shown that
the measured time-integrated in-
tensity is proportional to the ring
down time of the cavity, and thus
inversely proportional to the ab-
sorption coefficient. A drawback is
that CEA spectroscopy is not inde-
pendent of the laser intensity, but
since it is a cw technique, very sta-

ble light sources can be used. The
CEA experimental setup ap-
proaches the experimental sim-
plicity of the direct absorption
technique, with the additional ad-
vantage of a sensitivity equal to
CRD spectroscopy. Furthermore,
CEA is a robust technique; there-
fore, an unstable environment (as
encountered in, for example, in
situ trace gas detection experi-
ments) will not hinder the perfor-
mance of the technique.

CEA spectroscopy has been
used in normal cell experiments
to measure the y-band of oxygen
and an overtone of ammonia at
1.5 um. O’Keefe et al.,'” using the
same technique, measured absorp-
tion spectra of water vapor and
carbon dioxide at 1.3 um. Figure 3
shows the CEA spectrum of am-
monia recorded in a supersonic jet
expansion.!® Furthermore, the
sensitivity of CEA for trace gas de-
tection under atmospheric condi-
tions for ammonia (Figure 3) and
water has been determined (1078
cm™! Hz™1/2).1° Additionally, the
CEA technique has been com-
bined with magnetic rotation
spectroscopy.'®

Conclusion

Both CRD spectroscopy and
CEA spectroscopy are highly sensi-
tive and easy-to-use techniques
that have found their way into a
variety of experimental research
fields. They have proven to be of
great potential for spectroscopic
purposes and, therefore, the appli-
cation of these techniques in vari-
ous experimental fields is expected
to increase further. The potential
for CRD, in particular, has been
demonstrated in the number of
papers that have appeared since its
development.® Even though CEA
was developed only recently, it is
already rapidly gaining interest in
the spectroscopic and analytical
research fields.
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