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SOME LASER TECHNIQUES FOR CHEMICAL DETECTION
Robert K. Sander and M. T. Buchwald
University of California
Los Alamos Scientific Laboratory
. 0. Box 1663
Los Alamos, New Mexico 87545
ABSTRACT
Spectroscopy provides a fast sensitive method for chemical analysis,
Lasers are high intensity narrow bandwidth, collimated light sources in
the infrared, visible, and ultraviolet spectral regions. Wavelength
tunable lasers can be used for spectroscopic chemical idenlification by
means of techniques such as opto-acoustic spectroscopy, thermal lensing,
and fluorescence excitation. These methods all share the useful char-
acteristic that their detection sensitivity to small quamiities of chem-
icals improves with higher laser intensity. We have developed apparatuses
to use these techniques for trace chemical identification and detection.
In addition, a useful improvement to thermal lensing, which we designate

thermal deflection spectroscopy, has been developed.



SOME LASER TECHNIQUES FOR CHEMICAL DETECTION
R. K. Sander and M. I. Buchwald
University of Caliiornia
Lus Alamos Scientific Laboratory
P. 0. Box 1663
Los Alamos, New Mexico 87545
Light absorption methods for chemical detection have been used for
many years since they offer some real advantages cver other methods.
Optical absorption can be used as a probe for chemicals at a distance
from the detector, thus preventing exposure of the operator to toxic or
hazardous materials. The advent of laser light sources enhances the
utijity of traditional absorption techniques. Thus, the beam-like
nature of laser light provides romote detection at much larger distances;
the high intensity provides greater sensitivity for real time detection,
and (he narrow linewidths and tunability provide selectivity and specifi-
city in identitying the toxic chemical in a complex envircmental sample.
In traditional absorption spectroscopy light is passed through
sample and the ratio of light intensity transmitted to light intensity
incident on the sample, 1/lo, is measured. Beer's law is used to aelate
this measurement to the quantity of abusorbing material present in the
sanple.  Increasing the intensity of the incident light does not aftfect
this ratio nor does it appreciably aftect the accuracy ot the measure-
ment if the amount of light absorbed s small.  The reason is that one
is measuring the effect of a small number of molecules onoa barge amount
of Light and tiving to obnerve small changes an o Larpe quantity,
Fortunately, a proup of technigues which are collectively termed
excitation spectiroscopy have been developed over the Tant century or no

and have been much less used until the advent ot lasers.  These method:.



include fluorescence spectroscopyl'2 and the opto-acoustic effect.3

Their common characteristic is that they follow the effects of the light
absorbed rather than the light transmitted. Fluorescence spectroscopy,
for instance, measures the light emitted from the sample at a different
wavelength following absorption. For a smell sample there may be very
little fluorescent light emitted, but the amount of flucrescence is pro-
portional to the incident light intensity. Thus, the sensitivity of
this method for trace chemical detection is greatly enhauced by the use
of powerful lasers. The emitted light may be distinguished from the
incident light by its different wavelength and bv the difference in
propagation direction. Liser-induced fluorescence has been used to
detect compounds in the part-per-trillion renge.1

In the opto-acoustic eftect 4 microphone is used to deteci a pres-
sure pulse following depositiorn of the absorbed light energy in the
sample. This method shares willh fluorescence the same chnracteristic of
having & detection sensitivity that improves with increasing laser light
intensity. The opto-accustic effect has been used to detect compounds
in the sub-part-per-billion rangc.

In a complex environmental sample there moy be many different chem-
icals present; in order to prevent false alarms a toxic chemical detec-
tion method must also be an identification method. One neels te have a
"fingerprint" nattern o peaks and valleys in the optical absorption
spectrum of the compound of interest so that as the laser is scanned an
wavelength, the excitation ot {lnorescence (or aconstic energy) mirror:
that pattern of pedks and valleys, i.e. where there is no abhsorption
there can be no fluorescence.  This pattern can then be used to specit-

ically identify the compound. In fluvrescense spectroscopy it 16 alwo



possible to measure the set of wavelengths emitted from the sample for a
fixed excitation wavelength and thus obtain a two dimensioral pattern
for even better identification.

Since the requirement for a wavelength tunable laser light source
is so important, Fig. 1 shows the range of various laser tuning tech-
niques. Most methods begin with powerful, efficient driver lasers shown
on the bottom of the figure. The driver lasers often are limited in
tuning range, but these driver outputs can be shifted to new wavelengths
by meaus of the techniques shown in the upper part of the figure.
Sometimes the shift is fixed as in Raman shifting;s sometimes the shift
is con’' inuously tunable as in dye laser56 or optical parametric oscil-
lators.7 These methods cover the ultraviolet, visible, and infrarcd
regions of the spectrum.

In Fig. 2 arc shown the chemical agents of interest on the Jeft
side of the figure and the simolants with which we have worked on the
right side. They are similar in that all of them arc phosphonate ssters.
In Fig. 3 is shown an infrared absorption spectrum of pure liquid OSP
along with assignments of the absorption peaks to specific boud stretch-
ing 1rvquuncivs.8 These bonds are present in both the chemical uagent s
as well as our simulants.  Superimpored on the graph in dashed lines are
the wavelengths of some CUz laser lines. A (‘U_.,_ laser could be rapidly
tuned from one line to another to provide the kind of spectral signature
previously discussed,

Figure 4 shows a concept ol how opto-acoustic detection vcoyld b,
used ftor point monitoring.  An anplitude modulated laser bean, it ot s
absorbded in the ducl, deposits energy in the aar and produces a patt-rn

of pressure waves which are detected by the micvophone.  The sound



intensity is greatly increased if the modulation frequency corresponds
to a resonant mode of the duct. Slots allow fresh air sample to flow
through the device for a quick response to contamination. While similar
devices already exist, it would be useful if opto-acoustic detection
could be used fur remote monitoring, and more specifically, as single-
ended remote monitoring devices where both the detector and the laser
are in the same place. Such a concept is depicted in Fig. 5. Using a
300-watt CO2 laser and a cloud of Freon 12, we have generated sound
intensities of over 100 decibels.

When the modulated CO2 laser is absorbed in a gas sample, both
acoustic pressure waves and transient temperature increascs are produced,
We have discussed the detection of the pressure purises; the temperature
increase -roduces a decrease in the refractive index of the air. This
effect has been used as a chemjcal detection technique and is called
thermal lensing spectrorropy. In our modification, the gradient in
refractive index at tle CO2 laser Leam can be used to deflect a second
probe laser beam such as a helium neon laser, aad the deflecivion can be
measured with a dual pholodjode.]0 A device to accomplish this is shown
in Fig. 6. A CO2 laser is modulated by a slotted wheel. 1. A helium
pcon laser beam travels parallel and adjacent to the C“Z following the
germanium beam combiner, 2 A 15-cm cell tilled with air and varying
partial pressures of absorber causes deflecticy of the helium neon beam
with a lever avm, L, of 2 meters. A beam stop, 3, of pyrex prevents the
C02 laser from damaging the photodiode.  The dual photodiode hax two
rilicon photodiodes with a narrevw gap between them and balanced so that
a small motion ot the HeNe spot off of center will produce a signal in
the differential amplifier. A spot motion of 10_1 spot diameters can he

detected.



In Fig. 7 is seen the deflection signal ovuserved for a CO2 laser
input to the cell as shown. The average L‘O2 power at a repetition rate
of 20 Hz is 0.1 watt. The absorber is DMMP at its room temperature
vapor pressure of approximately 1 torr, mixed with 680 torr of air.

Varying the partial pressure of absorber by successive dilutions is
difficult because of absorption on the cell walls, however, Fig. 8 can
be obtained using Freon 12 as the absorber gas mixed with N2 gas at 76C
torr. Signal is determined from the peak of plots such as Fig. 7.
Focusing the lasers into the cell gives a larger signal than the colli-
mated beams. The latter measurvments have been multiplied by a factor
of "3 to place them on the same scule.

In order to test the effect of higher power CO2 lasers on the
signal, Fig. 9 was plotted. The good straight line behavior suggests
that the sensitivity of the technique will improve with higher power
lasers.

This experiment can be extended to a single-ended remote detection
method §if one realizes that the deflected image of the HeNe spot can be
at a tarpet snd monitored by meons of a telescope with a dual phocodiode
at the focus. Such a device is shown in Fig. 10. The modulation of the
C()2 lLaser appears as a modulated motion of the HeNe laser spot on the
rock. This experiment has been perforgied in o lab and proves to bhe
remarkably insensitive to the surface roughness ot the rock.  Fortun-

ately, €6 Jasers eperate in a window an the atmorpherie transmssion

. 1
spectrum where there are few antertering absorhers naturally present.

and they ave line tunable over a wide range and are also efficient,
As part of a contract, we have also developed an apparatus for

measvring laser-ivduced tlaorescence, The machine i, at presenty a



research instrument built for maximwa flexibility and is shown in Fip. 1l.
It consists or a pulsed nitrogen laser at 3371 X which pumps a tunable
dye laser in the green to orange region of the spectrum. The dye laser
is frequency doubled in a nonlirear crystal to provide a source of
tunable ultraviolet light, which excited the sample. The fluorescence
is picked off from the side and focused into a monochrometer. A photc-
multiplier tube detects the pulses of light, and a boxcar amplifier
averages the resulting electrical pulses for a stripchart recorder to
display. Data is displayed as a function of either the excitation
wavelength (determined by the dye laser) or the emission wavelength
(determined by the monochrometer setting). Because of the extreme
sensitivity of this apparatus, even part-per-million impurities in the
liquid samples have been shown to give erroneous results.

In summary, both the opto-acoustic and thermal deflection techniques
show high potential for use as point or remote detection methods at the
part-per-million level. The next steps in the program will be to extend
the work to the chemical agents and Lo develop an optimal set of wave-
lengths for agent identification in a real world environment. The
laser-induced fluorescence technique requires further testing on purified

samples.

This work supported by the Chemical Systems Laboratory under coutract,



References

1. D. D. Davis, W. S. Heaps, D. Philen, M. Rogers, T. McGee, A. Nelson,
and A. J. Moriarity, Rev. Sci. Instru. 50, 1505 (1979).

2. I. B. Berlman, Handbhook of Fluorescence Spectra of Aromatic Molecules,
2nd ed. (Academic Press, N. Y. 1971).

3. L. B. Kreuzer, J. Appl. Phys. 42, 2934 (1971).

4, C. K. N. Patel and R. J. Kerl, Appl. Phys. Lett. 30, 578 (1977).

5. T. R. voree, R. C. Sze, D. L. Barker, and P. B. Scott, I.E.E.E.

J. Quantum Electron. 15, 337 (1979).

6. F. P. Shifer ed., Dye Lasers (Springer-Verlag, New York, 1973).

7. R. L. Byer and R. L. Hderbst in Nonlinear Infrared Generation,
Y. R. Shen ed., (Springer-Verlag, New Yerk, 1977).

8. L. Fagerlind, I. Lidgren, J. Santesson, K. E. Stensio, G. Wallerberg,
B. Ostman, FOA 1 Report A 1541-C2(C4), Defense Research Institute,
Stockholm, Sweden (1971).

9. J. R. Whinnery, Accounts Chem. Res. 7, 225 (1979).

10. M. I. Buchwald and R. K. Sander, Los Alamos Scientific Lab report
LA-UR-79-3443 (1979).

11. C. Young and R. E. Chapman, J. Quant. Spect. Radiat. Transfer 14,
679 (1974).

12. M. S. Shumate, R. T. Menzies, J. S. Margolis, and L. G. Rosengren,

Appl. Opt. 15, 2480 (1976).



Figure Cap%tions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

2.

10.

11.

A survey of various techniques tor producing tunable lasers.
Chemical agents and simulants.

The infrared absorption spectrum of neat liquid OSP, and CO
laser emission lines which could be used to fingerprint the
} resence of OSP.

A conceptual design of an opto-acoustic cell for chemical
detection.

A conceptual design of a system for remote chemical detection
using the opto-acoustic effect.

The apparatus used for thermal deflection experiments on trace
chemicals.

The time-resolved thermal deflection signal as observed on an
oscilloscope.

A plot of signal versus concentration obtained by successive
dilution of a gas sample. The experiment was performed both
for focused laser beams and for collimated laser beams.

A plot of thermal deflection signal strength versus CO2 laser
power incident on the cell.

The apparatus used for quasi-singlc ended remote detection
by thermal deflection. At the focus of the telescope is the
duai photodiode which monitors deflection or the Helium Neon
spot on the rock. In lab tests the sensitivity is similar
to the apparatus of Fig. 6.

The laser apparatus for producing and dctecting fluorescence.
Spectra may be taken as a function of excitiation wavelength
or as a function of emission wavelength.



