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ABSTRACT

Optical absorption nmeasurenents of trace |evel (ppb) pollutants in anbient air sanples and chemical reaction products in |aboratory
flow reactors have been nade using a new technique enploying pul sed |aser sources. This new technique allows optical absorption
neasurements to be nmade using either broad band or narrow band pulsed |asers and offers a tenporal resolution and absorption
detection sensitivity significantly greater than can be attained by using stabilized continuous |ight sources. The technique is
based upon the neasurenent of the rate of absorption rather than the nmgnitude of absorption of a light pulse confined within a
closed optical cavity. The decay of the light intensity within the cavity is a sinple exponential with | oss conponents due to mirror
| oss, broadband scatter (Rayleigh, Me), and nol ecul ar absorption. W present neasurenents that denonstrate the great sensitivity of
this technique and the utility of this approach as a sensitive probe of conplex chemical environnents.
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sensitive new optical absorption FI GURE 1. Schematic representation of the
t echni ques are needed. experimental layout wused to evaluate the

Cavity Lossmeter absorption technique. A 10
ns optical pulse froma dye |aser punped by a
In the limt of weak absor pt i on nitrogen laser is node natched to the sanple

: : : : absorption cavity and coupled into it by weak
the transmtted optlcal Intensity (I) transm ssion through the cavity mirrors(TOLO *-

decr eases exponentially w th 1|0'5).GI The 1ight hCOUﬁI ed iln ils trapper? ina
i i Cl ose caV|ty Wt the on y 0SS nechanl sns
absor ption . pat hl e‘ngt h (I ) 'n being intracavity absorption and transm ssion
accordance with Beer's |aw, loss at the mrror surfaces. A signal
— [-kl] ; proportional to the intracavity optical
I I oxe ! Wher? the exponent ' al Iintensity is obtained by neasuring the
decay constant, k, is the absorption transmitted signal through the rear mrror.
coefficient at the frequency of the This signal is digitized and fit to an
. . . . . exponential waveform to obtain the ring-down
I'nci de_nt beam and _| o IS the incident time constant, which can be expressed as a
intensity. The ability to accurately l'oss per pass.
neasure the ratio of | to I, )
typically limits the neasurement to optical systems and sources that have
mnimm |losses of 0.01% to 0.001% stabilized output intensity. In the
As a rule, such precision absorption nost sophi sti cat ed | abor at ory
measurenments require sophisticated systems, the required intensity

stability has been achieved by using
several types of continuous |asers



(e.qg. infrared | asers'>, di ode
l asers®’, and tunable cw dye |asers®.
Typi cal experinmental configurations
al so enploy sone form of frequency
nodul ation to discrimnate against
| ow frequency noi se.

The sanme level of sensitivity
has not yet been possible for
experi nent al systens based upon
pul sed |aser sources for severa
reasons. First, the pulse to pulse
anplitude variation of nost pulsed
| aser sources is typically larger
than 10% Therefore, the detectors
used need a greater dynam c range and
their effective signal resol ution
suffers. In addition, frequency
nodul ati on t echni ques are not
feasible with the short pul sew dths
(typically 10 to 30 nsec) of these
| asers. Because of t hese
limtations, sensitive absorption
neasur enents have not been nade over
the full spectral range accessible
only with the conbination of pulsed
| asers and non- 1| i near frequency
conver si on techni ques.

The Cavity Lossnmeter system
(Deacon Research, Palo Alto, CA
enpl oys a new technique that allows
an increase of several orders of

magni t ude in sensitivity of
absorption nmeasurenent over existing
t echni ques whi |l e t aki ng t he
advant ages of pulsed |aser sources.
Its sensitivity is  better t han

0.0001% (1 ppm and its operation
range is between 0.0001% and about
5% Its spectral range is linted
only by the availability of short
pul se (several tens of nanosecond or
shorter) lasers and high reflectors
(better than 99% reflectivity) at a
gi ven wavel engt h.

Princi pl es of operation

Details of the devel opnent and
design of the basic Cavity Lossneter
system described here have Dbeen
discussed in a recent paper?®. A
schemati c representation of t he
system approach and configuration is
shown in Figure 1. The technique is

based on the neasurenment of the rate
of absorption of a tailored 1ight
pul se by a sanple located within a
closed optical cavity consisted of
two parallel, aligned mrrors wth
very high reflectivity. A pul se of
light is coupled into the cavity from
which a small portion (~50 parts-per-
mllion) is transnmitted through one
of the mirrors on each transit cycle
and directed into a photodetector
The neasured intensity of the snmall,
out - coupl ed I'i ght pul se is
proportional to t hat of t he
circulating pulse within the cavity.
In the absence of any other |oss
mechanism the rate of intra-cavity
intensity loss is

di/dt = G xc/L x| (1)

where C is the coefficient of
transmission for the mirrors at the
| aser wavel ength, ¢ is the speed of
light, and L is the cavity Ilength.
The solution to this differential
equation is a sinmple exponential

I =1, x exp[-Gxc/Lx(t-t,)] (2)

where |, is the initial intensity
injected into the cavity at tine to.
It can be seen that additional |osses
in the cavity sinply add to the
magni t ude of the decay constant, G.

In order to nmake t he
deternmination of the loss rate, the
signal is amplified, digitized, and
transferred to a nicroconputer. The
conputer extracts the exponential
decay tinme (1) of the signal and

calculates the total loss (I') of the
cavity according to

= 1-exp(-2L/ct) O 2L/ct (3)

The loss obtained by this
nethod is the sum of the |osses
experienced by the light stored in
the cavity, including |osses at the
mrrors due to absorption, scatter,
diffraction, and transm ssion as well



as the absorption due to the sanple
encl osed within the cavity.

The absorption neasurenent is
then based upon the neasurenent of a

si gnal decay tinme and t he
determ nation of the loss rate.
There are sever al signi ficant
advantages to nmking the absorption
neasur enent in the time donain
First, t he sensitivity of t he

technique increases as the sanple
absorption decr eases since t he
exponential decay tine |engthens and
becones easier to determne. The
ultimte sensitivity is limted by
the finite mirror loss within the
cavity. In addition, the sanple size
required is npbdest since the beam
exactly retraces itself each cycle.
For a two mrror cavity the beam
passes through a waist in the center
which pernits spatially resolved
sanpling of small sanples.

Narrow band absorption spectra
are recorded by scanning the output

of a pulsed laser through the
sel ected spectral region containing
an absorption resonance. In the

nost basic design, the entire space
between the two cavity nmirrors serves
as a sample cell. In nore
sophi sti cat ed adapt at i ons, t he
"sanmpl e" (e.g. a discharge, flane or
a nolecular beam source) would be
| ocated between the two mirrors. The
loss of an "enpty" reference cavity
is determined first and is later
subtracted from that of the cavity
with the sanple in presence. The
difference is attributed to the I|oss
of the sanple.

Appl i cations

The system described here is,
in part, a closed path nultipass
absorption cell with ef fective
pathlength of 10* neters. The
ability to sanple such large paths
with a small (ranging from 0.2 to 5
nmeter cavity size) optical system
makes this approach usef ul in
at nospheric or conbustion analysis,
especially in studies where spatially
resol ved sampl i ng of trace

constituents is desi red. One
promising area of application is
atmospheric nonitoring of various
pol lutants. A nunber of such species
can be detected by visible or near W
absorption analysis. Because the
absorption coefficients at various
wavel engths are known for a large
nunber of inportant pollutants, it is
a sinple task to transform the
nmeasured absorption signal to an
absol ute concentration. Since the
equi val ent path length over which the
measurenent is nade is very long (10
- 20  km, the sensitivity s
excel |l ent.

In order to characterize the
per f or mance of t he basi c
configuration of t he Cavity
Lossneter, we have nade survey scans
of anbient air using a 1 neter cavity
length. Qur earliest studies were of
the red optical absorptions of
nol ecul ar oxygen. These bands are
due to the strongly forbidden by, -

)?Zg transition in O known as the
at nospheric bands of oxygen

Conponents of this transition have
been wused for Lidar probes of the
at nosphere and have been wel

characterized. W used several very
weak vibronic conponents of this
system to characterize t he
capabilities of this technique and
representative spectra are shown in a
recent paper °. Thr oughout t he
visible, and particularly in the
| onger wavel engt h regi ons, conponents
of H,O vi brati onal overtone
transitions can be seen. Two
representative spectra are shown in

Fi gure 2. These spectra are due to
very weak overtone conbi nati on
bands?'®. W have also recorded the

overtone spectra of organic species
such as propane at room tenperature.
The typical spectra observed for
large organic overtones is quite
broad, as is seen by other techniques

such as intra-cavity dye |Iaser
absor ption'.
These exanples help illustrate

the sensitivity of the Cavity
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FI GURE 2. Absorption spectrumof air in the spectral region between 5880 A and 5980 A, and between
6440 A and 6560 A taken at 0.1 A steps which shows several comnbination overtone bands due to
absorption by the HO nolecule. The loss scale (per pass) on the left refers to neasurenments nade
with a 1 cm” laser bandwi dth, which is greater than the pressure broadened transition bandwi dth.
The baseline |oss signal ([100-150 ppm) is due to the transmission loss of the mirrors used. The
data acquisition time was about 1 second per point.
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FIGURE 3. Absorption spectrumof air in the spectral region between 4250 A and 4600 A taken at 0.1
A steps showing the absorption bands due to trace levels of NO, present in the air. The spectrum
shown in (a) is a reproduction of that obtained by reference 12 and provi des the absorption cross
section as a function of wavel ength throughout this region. The spectrumshown in (b) is obtained
using the Cavity Lossnmeter. The sloping baseline at the short wavelength end is the result of the
gradual change in the mrror reflectivity function and would normally be subtracted froma sanple
spectrum We have not done this subtraction to denonstrate the gradual variation of this function.
The data acquisition rate was the same as that used to collect the data shown in Figure 2. (Figure 3
reproduced with permssion fromRef. 12.)
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Lossneter for making neasurenments of
at nospheric pollutants. The NG,
nol ecul e provi des an excel | ent
exanpl e of such species since it is
i mport ant in t he at nospheric
chem stry of wurban areas and has
absorption bands in the visible
region, which can be used for
concentrati on measurenents. The
absorption spectra of NGO, from 430-
455 nm has been neasured and the
absorption coefficient determined as
a function of wavelength over this
range®?. W have neasured the
absorption spectra of anbi ent
| aboratory air over the same spectral
range; typical results are presented
in Figure 3. Figure 3a shows the NG
absorption Cross section as a
function of wavelength (reproduced
with pernission from Ref. 12). The
mrror pair used in our analysis was
coated for peak reflectivity at ~460
nm The increasing baseline seen in

our spectra t owar ds shorter
wavel engt h results from t he
increasing mrror transm ssion. In

normal operation this baseline would
be subtracted out, however this
figure is a typical example of the
reflection function for the types of
mrrors used. The change in
reflectivity is very gradual and is
only easily perceived when scans of
this width are nmade.

The nmeasured absorption (per
100-cm pat hl ength) at 448 nmis about
20 ppm giving an absorption

FI GURE 4. Absorption spectrum produced by an
el ectrical discharge in a nitrogen/oxygen

m xture. The features seen are attributed to
the NO, nol ecul e. The average product

mol ecul e density is estimated to be O 8x10° %
cm®.

coefficient (ki) of 2x107 cm
Since the absorption cross section
(o) at the sanme wavel ength is 5x10°%°
cnt, *2 the concentration of NO, is:

[NO] = ka/o = 4x10 nolecules cm?
or about 16 ppb.

W have also slightly nodified
the optical arrangenent to permit the
anal ysis  of gas phase chem cal
reaction products. To illustrate one
such configuration we have neasured
the production of NO, from the
reaction of excited at orrs and
nol ecul es formed in a weak el ectrical
di scharge in an air gas mxture. The
mrrors that conprise the closed
optical cavity were used as vacuum
chamber windows for the 50 cm long
cell containing the gas flow (0.3 - 5
Torr total pressure) and electrical
di scharge. The mirrors were nounted
on soft o-rings in a housing so that
they can be independently adjusted
and aligned to the input |aser beam
A slow flow of air was passed through
a 300 volt discharge at a pressure of
0.5 Torr and drifted down the axis of

the cell. Figure 4 is the spectrum
with the mirror transm ssion baseline
subtracted for clarity. The sane
features seen in Figure 3 are present
in Figure 4 and, as above, a
cal cul ati on of t he aver age NG,
density results in

[NO] = 8 x 10 nol ecul es cm?.



Because the reaction products are
flowing down the axis of the cell the
pr oduct density will vary with
posi tion. In another configuration
the absorption spectra could be used
to determ ne product concentrations
as a function of position (or time in
a reaction flow tube).

The absor ption t echni que
enpl oyed by the Cavity Lossneter has
several inmportant features that wll
make it an attractive approach for a
variety of applications. First, it
is much nore sensitive than any ot her
direct absorption technique in the
visible range and offers effective
pat hl engths  of sever al tens of
kil oneters. The estimated m nimum
det ectabl e absorption, based upon a
m ni num of 107 loss per pass through

a 100 cm cell, is ~10° cm' In
addi ti on, it can provi de a
measur enent with a t enpor a
resolution of less than 10°® sec for
single pul se det ermi nati ons.
Al t hough the system requires the use
of a laser, it is conpact and

reasonably insensitive to vibrations,
and can be operated as a nobile
sensor. Finally, the system can be
run in either a broadband (over
several tens of nn) scanning node or
a narrowband high resolution node
dependi ng upon the |aser used. These
features suggest that the area of
greatest potential application are in
the analysis of atnmospheric gases
such as various pollutants, or in the
area of gas purity analysis, such as
for electronics materials production.
Such applications may include the

anal ysi s of i ndustri al stack
em ssions, the nonitoring of chemnica
production gas flows, or mobile
det erm nati ons of sel ected speci es.
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