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1. Introduction 

I,.; .. ' 

.eo 

This document is the final technical report on work carried out for the 

United States Department of Justice, National Institute of Law.'Enforcement 

and Criminal Justice, Law Enforcement Assistance Administration, Washington, 

D.C. (LEAA). 

This program was part of a larger program managed by The law Enforce-

ment Group of the Aerospace Corporation, E1 Segundo, California, for LEAA undet~ 

Contract No. J-LEAA-025-73. This actual program constituted a subcontract 

(No. 44343-V) with The Aerospace Corporation. 

The objective of this investigation was to determine the feasibility of 

using a laser optoacoustic device to detect the presence of minute quantities 

of tracS! vapors emitted by various explosives. 

Th~motivation for this study is the need for a method of detecting the 

presence of explosives without extensive search and without disturbance of 

theexp:losives. An effective remote detection method would be a great de­

terrent;to both illegal and unauthorized use of exp10sive.s.~ 

'. The\;,;hveral1 function of such a detection and monitor'~'~g met'hod might 
';,' 

correspo:n'd in many respects to that of metal detection methods used at air­

'ports to" deter the ca rryi ng of concealed weapons made of meta 1. The outl in es 

,'of chara.cteri stka lly shapedweapon~ c,a,r.ri ed in. baggage can be reveal ed 
;- . ", 

through~~the use of X-ray machines.·This methb4.is effective only in the case 
.:. ~ ~ 

';of dens'~;/:inateria1s such as metalS., At the present time, the detection, Qf ex .. 

Plosivesis much more difficult since the sub;i~nces are not particul~rlY 
dense nor necessa17.11y of anyone specific shape. 

Conimercial explosives and detonators might 'be made more easily detec­

table by various means Qf "tagging." If the tagging metho:d consists in fact 

1 
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of impregnation of some component ~Y a specific gas, such asSF6, for example, 

the explosive and/or the detonator might be detected optoacoustically through 

detection of the "taggant". 

The optoacoustic method is not new. It has been known for years ihat it 

is possible to focus radiation onto a body of gas, to heat it up slightly and 

to generate a pressure wave in the gas. T;1e pressure wave can be detected 

with a sensitive microphone and this type of system is used in industry either 

to monitor the presence of the gas or the level of the incident radiation. 

This method is particularly sensitive if the incident radiation is strongly 

absorbed by the gas. 

Despite this long and commonplace history, this method took on newdimen­

sions with the advent of tunable lasers and in the new configuration, t~e 

method is not only sensitive,~ut specific since each molecular species has 

its o~n optoaS,oustic "signature" as the. laser is tuned over ten or more appro­

priate{ Wavel engths~: 

The results of this investigation indicate that the optoacou$tic method 

can be used effectively for the detection of explosives. A summary of-the 

principal results is presented in Section 2 of th5s report. 

In as much as it is meaningful, this repurt follows the task designation 

and language of the origi na l/proposal S~'~Dlitted by Case Western. Reserve 

University. All departures from the original plan were either c1earl~' dic­

tated by the nature of the intermediate results or were agreed to by both 

Aeros~ace Corporation and Case Western Reserve University so as to ensure 

attainment of the principal objectives of this investigation. 

Details of equipment, experimental methods and results are presented in 

)e.:4iOv\ 3. The significance of these results is discussed 'fn Section 4 and 

recommendations for further action are presented in Section 5. 

3 

2. Summary of Results 

(Note: this is not a summary of all the work performed but rather a 

summary of principal sign.ificant results.) 

1. In the absence of interfering species, nitroglycerine (NG) ethylene 

glycol dinitrate (EGDN) and dinitrotoluene (DNT) can be unmistakably 

detected in the 6 micron, 9 micron and 11 micron wavel.ength regions. 

2. Interfering species can be divided into two categories: one being 

environmental and the other being associated with the sample. Atmos­

pheric "pol1utants" such as NO, N02, CH4, water vapor, iso-butane and 

normal butane are examples of the first category and shoe polish, 

shaving lotion, and water entrained in hygroscopic samples are examples 

of the latter. 

In so far as environmental interfering species are concerned, NG, EGDN, 

and DNT can be detected best in the 9~ wavelength region, using a mixed 

isotope CO2 laser. It is estimated that trinitrotoluene can be detected 

in that region al so. In the 6~ wavel,~mgth regjon (CO laser), both N02 
and water vapor cause troublesome int~rference. In the 9.8~ to ll~ 

\I/avelength region, butane vapors are troublesome. For all such cases, 

the effect of these troublesome interferences.~an be alleviated if neces­

sary by use of differential, double path, detection methods. However, 

these wavelength regions should perhaps be avoided in favor of the 

9.2~ IV 9.7~ and the ll~ IV 12ilwavelength regions where novmany, there 

is no interference from environmental interfer.ing species. Radiation 

at these wavel ength regions are avaflabl e from': mixed isotope CO2 lasers 

such as those used in the present investigation. 

...._--------------------------
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3. The presence of SF6 vapol' emitted by a simulated balsting cap and by 

pieces of Teflon impregnated over a year ago with SF
6

, were readily 

detected with an optoacoustic detector liing radiation in the 10.6u . 

wavelength region. The signals were so strong that neither environ~ 

mental nor sample related interfering species woul.d cause significant 

degradation. More specifically, the peak values of the optoacoustic 

signals were 714 uv/mw and 4 uv/mw for the blasting cap and the Teflon 

capsules respectively. The strongest interfering signal was of the 

order of ~ 0.5 uv/mw, resulting in a signal to noise ratio of at least 

8. 

4. Optoacoustic detection is as sensitive for explosives as for small 

molecules such as SF6, except perhaps for ring structures small as 

DNT and TNT. It is likely that much vibrational energy gets trapped 

in other intramolecular vibrational modes and is not available for 

heating up the gas through vibrational-translational energy transfer. 

In this context, for the larger molecules, it is meaningless to talk 

of rejection ratios. More constructively, wavelength regions need to 

be chosen so a~ to avoid interfering species. That is possible with 

the use of mixed isotope CO2 lasers which are now available in sealed­

off long lived configuration. 

On theother hand, SF6 is so strongly efficient that it does have a 

very high rejection ratio. 

5. The results of this present investigation~indicate that a portable, 

field operable, long lived, laser optoacoustic detector can be imple-
" 

mented. Preliminary estimates indicate that power consumption in the 
" 

operating mode is likely to be less than?-OO watts,. overall weight is 
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likely to be less than 100 lbs (separable into 2 or 3 component parts 

of less than 40 lbs each, with dimensions comparable to those of small 

suitcases or backpacks used by hikers.) 

6. The pri nci pa 1 recommenda t i 011 is that a one year amendment program be 

implemented without delay to further define the parameters for opti­

mum detection modes in the 9.2p ~ 9.8p and the IIp ~ 12p wavelength 

regions for explosives and in the 10.6p wavelength region for SF6, 

and to yield a prototype unit with characteristics in overall agree­

ment with those delineated above ;n item 5. 

3. Feasibility Investigation 

3.1 Basic Component Investigation 

3.1.1 Optoacoustic Detection Method: Underlying Prin~iples and 

Experimental Techniques 

In the context of the present investigation, the presenge of minute 

quantities of explosives vapor in a "car.rier" gas such as air.or nitrogen, 

is detected by exposing the gas mixture to monochromatic infrared radiation. 

This incident radiation is absorbed by the explos;,ves molecule which store 

the energy internally in the form of vibrational ~nergy. Non-resonant colli­

sions with carrier gas molecules result in transfer of the internal vibra­

tional energy (in the explosives molec~le) to the molecules of the carrier 

gas, in the form of external translational energy. Thi&becomes manifest 

in the form of minute increases in temperature and pressdre. If the incident 

radiation is modulated, sound waves are produced in the gas and these can be 

detected with very sensitive microphones. 
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The two basic molecular processes just described and two other competing 

processes are illustrated schematically in Figure 1. Absorption is illustrated 

as Process 1 and vibrational-translational (V-T) energy transfer ;s shown as 

Process 3. In th~ present context, the magnitude of the optoacoustic signal 

can :p.G',signifJ,cantly decreased by the competing effects of Proce~ses (2) and 

(4). In process (2), intermolecular col1ision results in spontaneous emission, 

i.e., fluorescence rather than V-T energy transfer, whereas ;1'1 process (4), 

vibrational energy is trapped internally and degraded from one vibrational 

mode into another until all phase relationship with the modulation rRference 

signa 1 is lost. 

In the interest of completeness, a simple rate equation description of 

the optoacoustic process is provided in Appendix 1. Equation (9) of that 

account yields the result that the magnitude of the optoacoustic signal is 

proportional to 

where 

N :: number explosive vapor molecu1es/cm3 

10 = intansity of incident radiation in watt/cm2/sec 

B ::: Einstein Coefficient For Stiriiulated Absorption an.~ Emission 
-1 -1 -1 

T = T + t 
C R 

T~l = rate of de-excitation due to collisions 

-1 TR = rate of de-excitation due fluorescence 

This result indicates that optimum conditions are attained when 8I = T-1. 
\I 

Since, in practice, near standard conditions, T~l is not likely to be larger 
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than 105 whereas t~l is not likely to be less than 106, this means that 

for optimum conditions BI ~ T-
l meaning that it is not useful to excite 

\I c 
molecules at a rate higher than we can de-excite by V-T transfel-. In fact, 

-1 1 if BIo exceeds T greatly, the signal actually starts to decrease as T ! 
\I. 

These considerations are illustrated schematically in Figure 2. Indicated 

also is the fact that for a variety of reasons, there is also an initial dead 

zone and no optoacoustic signal is detected for power levels below threshold. 

A block diagram of the apparatus used in this investigation is exhibited 

in Figure 3. 

Two types of '! asers, the CO and CO2 1 asers, were used in determi ni ng the 

optoacoustic spectra of the explosives. The CO laser used in this investiga­

tion was a sealed-off dry ice cooled, grating tuned device using 12C160 as the 

lasing gas. The laser could be tuned from well below 5.B microns to aboVf~ 

6.6 microns, with output power ranging from a few hU!1dred milliwatts at the 

shorter wavelengths to about 70 milliwatts at 6.6 microns. It was initially 

felt that to achieve single line operation at wavelengths greater than 6p, 

it would be necessary to use 13C180 as the lasing gas. After considerable 

effort, it was discovered that whereas 12C1BO could be operated satisfactorily 

in the sealed-off mode, the isotope 13C180 as supplied, contained impurities 

in significant quantities and sealed-off operation could not be sustained. 

The cost of the l3C1BO isotope prohibits flowing operation. fortunately at 

about that time, operating techniques had been sufficiently developed so that 

Significant single line power could be obtained with l2C180 up to 6.626 mic-

* rons. Further increases in wavelength being of no interest, it was agreed 

that efforts to use 13C1BO would be discontinued. While operation with this 

* CWRU and Aerospace. 
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gas proved to be unsatisfactory because of impurities in the rare isotope 

gas, this approach proved unnecessary when the required wavelengths were 

obtained using the 12C160 isotope. The fifteen wavelengths used in this 

part of the study spanned the region from 5.837 microns and 6.626 microns and 

are listed in Table 1. 
Excitation in the 9 micron and 11 micron regions was obtained using 

two CO
2 

lasers. In the 9 micron region~ a flowing gas, water cooled, grating 

tuned laser using l2c1602-as the active medium was used. Eight wavelengths 

ranging from 9.25 microns to 9.71 microns, with powers to 1 watt, were used 

in this region. These are also listed in Table 1. 

In the 11 micron region a sealed-off, water cooled, grating tuned laser 

containing a mixture of 12C1602 and 13c1602 was used for excitation. The 

seven wavelengths, spanning the region from 10.75 microns to 11.19 microns, 

which were used in this part of the investigation are listed in Table 1 . 

The optoacoustic detector used for this work is a high sensitivity de­

vice of a proprietary design. Sodium chlor'ide windows ,are used to permit 

entrance and exit of the exciting radiation. The cell is capab1e of being 

evacuated to a moderate vacuum (~ 1 Torr) to enable rapid and positive re­

moval of vapors between sample runs. Heater' coils are provided to permit 

operation at elevated temperatures. lhe detectivity of the cell was measured 

using SF
6 

excited with 10.571 micron radiation, The cell was shown to detect 

1 part in 106 SF
6 

in air with a signal to noise ratio of 10
5

, indicating an 

extrapolated sensiti~ity of at least 1 part in 109 (vapor phase) or approxi~ 

mately 1 part in 1012 at liquid density. 

The exciting r~diation was chopped with a variable rate mechanical 

chopper and all signal measurements were done using standard phase sensi-

9 

tive techniques with reference to the chopping frequency. Signal amplifica­

tion and detection was accomplished with a Keithley Instruments Model 427 

c:uV'rent Amplifier and a PAR Mode'! HR-8 Lock-In Amplifier. Laser power mea~ 

surernents were made with a Coherent Radiation Model 210 Power Meter. 

All explosives spectra were taken with a small sample placed inside the 

cell. In most instances,the cell was evacuated with the explosive sample 

in place, after which the cell was filled with dry nitrogen or with air or 

with air containing some interfering species. In all measurements} since 

a closed system was used, it was assumed that the explosive vapors were at 

thermal equilib'tillm with the source. 

Initially, use of brass optoacoustic cells and long stretches of copper 

tubing was accompanied by the absence of any optoacoustic signal. This was 

interpreted, correctly, as being due to excessive adsorption of the explosives 

molecules on the cell walls. Subsequent investigations were carried out with 

the cells heated to about 45°C. Further investigations with cell and explo­

sives at room temperature (~ 23°C) indicated that these explosives can also 

be detected at room temperature, the ratios of signals at the two tempera~ 

tures being in fact very nearly equal to the ratio of the vapor pressures at 

the two temperatures. 

3.1.2 Reproducibility and Linearity of Signals 

A measure of the quality of the data obtained in this investigation 

was obtained by detecting NG in air using eleven different CO2 lines in the 

10.611 \'lavelength region, all at 50 mw power level. Each of the readings was 

repeated fOUl' times after all parameters had been adjusted arbitrarily to 
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other rt~dings and then reset to the original values. The results obtained 

from that iexercise are tabulated in Table II. It is seen that the root mean 

square valLl!j~ of the deviation from perfect reproducibility is 4.8%. The 

average is tloser to 3%, there being two large errors 9.6% and 5.9% which 

are respoU1sibh~ for the root mean square deviation being larger. It is 

estimated that with e1 ectroU'lica l1y controll ed plasma current modul at; on 

rather than mechanical modulation, with appropriate narrow band filtering 

at the pre-amp stage and with feedback control on the laser power supply, 

tbis type of error can be reduced to less than 1.5%. 

Linearity of the signal with respect to the incident radiation power 

level is of interest, since interpretation of data is simplified if it can 

be shown that increase in population density would merely result in a pro­

portional increase in the magnitude of the optoacoustic signal. Similarly, 

spectra of interfering species can then be added to the spectra of explosives 

vapors in a linear manner. To investigate this possibility, optoacoustic 

signals for NG and air were obtained at twenty different CO2 transition waVe­

lengths in the 10 ~ 11~ wavelength region for incident power levels ranging 

from 20 mw to 350 mw. The normalized signals are plotted versus power level 
, 

in Figure 4. At low power levels, "dead zone!! behavior could be detected; in 

the 60 mw to 300 mw range, the notma 1 i zed response curves \l/ere reasonably 

flat indicating linear response. There seemed to be indication of saturation 

for some of the highly absorbed lines. The overall behavior indicates, how­

ever, that linear superposition of signals would not result in grossly mis­

leading conclusions. The data al'e presented in Figure 4. 

3.1.3 Initial Considerations of Vapor Pressure and Absorption Spectra 

Standard moderate resolution infrared absorption spectra were collected 

-----------------------~~-----
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for the four explosives NG, EGDN, DNT and TNT as well as for some additional 

commercial preparations such as PETN, TOVEX and ROX. These spectra ~5 well 

as corresponding spectr! for NO, N02, CH4, isobutane and normal butane are 

exhibited in Appendix 2. A summary of these ab.sorptions of interest in the 

present context is provided schematically in Figure 4. The wavelength regions 

at which discrete laser outputs can be obtained are al~o indicated in this 

figure. 

Measured and/or extrapolated values for the vapor' pressures of the four 

explosives of princ~pal interest were obtained from the l'iteraturel ,2. These 

values are shown in FIgure 4. These values indicate that at room temperature, 

equilibrium number densities are 1.25 x 1014/cc , 5.28 x 1014/cc and 1.25 x 

1012/cc for EGDN, DNT and NG respectively. 

3.1.4 Optoacou?tic Spectra of Explosives 

Optoacoustic spectra were obtained by placing the explosive sample 

in the cell, evacuating it to less than one torr pressure and then filling 

the cell with dry nitrogen. The letter of the original contract specified 

that spectra of the explosives alone were also to be investigated. Initially 

this was done for three explosives but no signals were obtained. Previous 

experience with other gases had indicated that whereas high resolution spec­

tra could be obtained with gases at pressure less than 1 Torr, the opto­

acoustic signal was usually three or four orders of magn{tude smaller than 

when a "carrier" gas was used with the sample. In addition, in the context 

of the intended application, the optoacoustic signal of interest would be 

that generated with th~ exp1o~ive vapor in air. In view of these cons'idera­

tions, it was agreed* that all optoacoustic spectra would be obtained with 

dry nitrogen. 

* CWRU and Aerospace 
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The 611 t~avelength Region 

In p)"acti ce, the commerci ally suppl i ed cl:--y ni trogen yi e 1 ded a background 

optoacoustid~ignal in the 611 wavelength region, not characteristic of water 

vaRpr but similar to tt,at of N02, This background was subtracted from the 
. ,~~.: ' . 

. 'c'\ 

explosive vapor optoacoustic spectra in all cases. 
'J; 

Optoacoustic spectra for the 611 wavelength region for the vapors of NG, 

EGDN and DNT are exhibited in Figures 6, 7 and 8. The average laser power, 

measured at the input of the cell was 10 nrw at each wavelength. Spectra of 

TN), RDX, PETN and·J6VEX are shown in Figures 9, 10, 11 and 12 respectively. 
~"1 " ' 

(It may be mentioAed at this paint that comparison of these spectra with that 

for water vapor suggests that in. all these fOBr cases, the observed spectra 

are primarily due to water vapor. For gDX, PETN and TOVEX, the water- vapor 

signal is too large to be due to water vapor in the laboratory air. Water 

mlJst have been present entrained in the explosives samples.) Spectrum for 
1 

a low NG content dynamite is shown ,'in Figure 13. Data exhibited in these 

figures are also available in numerical form in Table III. 

Optoacoustic spectra for the 9~ wavelength region for vapors of NG, 

EGDN~ DNT, Dynamite and black powder are shown ;n Figures 14,.15, 16, 17 and 

18 respectively. The corresponding data are presented ;n Table IV. 

In the 1111 wavelength reg;on, optoacoustic spectra were obtaine.d.:for 
f· ,,~ ."_ , 

vapors of NG and EGDN for 45°C and for 23°C. The spectra are shown rlotted 

in Figures 19, 201 and 22 respectively and the corresponding data are pre­

sented in numerical form in Table VJ 

3.2 Investigation of Interfering Species 

It was agreed that the interfering species to be investigated would be 

13 

butane, methane, N02, NO and water vapor. These were investigated in both 

the 611 and 911 wavelength regions. 

For the 611 wavelength region, the concentrations for the samples used 

are listed in Table VI and optoacoustic spect)~a data are listed in Table VII. 

The spectra are shown plotted in Figures 14 - 18 • 

In the 911 wavelength region, none of the listed interfering species 

yielded any optoacoustic signal except for butane. The optoacoustic spectrum 

for butane is shown in Figure 23. 

3.3 Determination of Optoacoustic Spectra of Explosives Vapoy' In The 

Presence of Interfering Species 

Our extensive exploration of additional transitions in the 9~ and 1111 

wavelength region did not leave us with sufficient time to perform all the 

tasks of the contract to the letter. However, all the required spectra of 

the listed interfering species had indeed been obtained and the results of 

our investigation of the validity of superposition of spectra alloWdus to 

draw conclusions from the two separate families of spectra. Furthermore, 

and this was really the most compelling reason, 'data listed in Tables 5 and 

6, clearly show that interference due to water vapor renders the 6~ wave­

length region marginal at best for optoacoustic detection of explosives 

vapors. Although interference from N02" a:lone mi ght threaten to render detec­

tion of DNT ineffective, the added effect of the omnipresent water vapor is 

much, much worse. Therefore for the 611 wavelength region, optoacoustic 

spectra of vapors of EGDN, NG and DNT in the presence of water vapor have 

been synthesized from actual (but separately determined) optoacoustic spectra. 

Figure 19 illustrates that it is relatively easy to detect EGDN at room 

,.'." 



", 

14 

temperature at 50% RH. As shown in Figures 20 and 21, the situation is less 

happy for NG and circumstances are definitely not favorable for DNT. Rela­

tive humidity of 50% would be unacceptable for the last case. 

4. Feasibility Determination 

In this section we report on the results of an evaluation of whether it 

is indeed feasible to use op·toacoustics to detec:t the presence of explosives. 

We base our evaluation on data reported in previous sections, on ad~itional 

data to be reported in this section and on experience obtained during a 

field operation of a portable optoacoustic unit. 

Some of the basic considerations included'in our evaiuation are those 

of 

a. Intrinsic optoacoustic efficiency 

b. Basic difficulties due to interference 

c. Ultimate 'limitations imposed by technology 

d. Cost, reliability and ease of operation. 

We have l'jsted in Table VIII, a quantity which serves as a figure of 

merit in so far as optoacoustic detection is concerned. It;s the maximum 

normalized optoacoustic signal detected (that is, microvolts of signal per 

milliwatt of incident radiation) for a vapor with a concentration of 1 part 

per million. The actual figures listed in Table VIII are valid only for the 

specific CO transitions used in this investigation. 

Optoacoustic Efficiency 

Referring to Table VIII, we see that the optoacoustic efficiencies of 

the explosives EGDN and NG are comparable to those of smaller molecules but that 

I 
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of DNT is lower. It is not possible to conclude on the basis of this data 

alone whether ring structures do enhance internal vibrational energy trapping. 

resulting in lower optoacoustic efficiency, or whether the lower value for DNT 

is due to smaller absorption coefficients. However, the values listed in . 

Table VIII indicate that there is nothing drastically wrong with the opto­

acoustic response of the explosives EGDN, NG and DNT. We are not certain 

about TNTo Since most of the six micron wavelength region work was carried 

out with only about 10 milliwatt of incident power, there is much opportunity 

for enhancement of the signal. Similar conclusions are equally valid for the 

data obtained in the nine and eleven micron wavelength regions. 

Interference 

As mentioned in previous sections, interference may arise because of 

other molecular systems present in the environment or because of substances 

which are entrained with the explosives. In the 6 micron wavelength region, 

NO, N02 and water vapor give rise to interference of varying degrees of 

difficulty depending on the explosives involved. However it is water vapor 

which is most troublesome. It is interesting to note that for the 6~ tran­

sitions used in this investigation, water is infact very inefficient opto­

acoustically speaking, the signal being 0.001 ~v/mw/ppm as compared with 

8.55 ~v/mw/ppm for NG, 1.114 ~v/mw/ppm for EGDN and 0.05 ~v/mw/ppm for DNT 

respectively. However, there are many water molecules in air even at "low" 

relative humidity and the resulting interference is not negligible. (See 

Figure 32, for example). 

We note however that if the water vapor is present in the environment, 

the optoacoustic signal from that background can be determined separately 

and subtracted from the combined signal. In practice this would be carried 

out using two optoacoustic cells. A single incident beam is split and the 
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two portions are directed with the two detector cells. The resulting water 

vapor background signals are adjusted 50_ that no coherent AC optoacoustic 

signal is obtained in the absence of the explosive. The explosive opto­

acoustic signal alone is obtained as the laser tuned across (say) six diffe­

rent transitions. This same technique can be used to alleviate the inter­

ference effects due to other environmental interfering species. Using this 

comoon mode rejection scheme, it i,s anticipated that all the three explosives 

NG, EGDN and DNT can be detected for conditions equivalent to the vapor being 

in equilibrium with the explosive. 

Of much greater concern are instances where the water seems to be en­

trained in the explosive and the vapor pressure of the explosive itself is 

low so that the water vapor optoacoustic signal dominates the output. This 

seems to be the situation for the explosives RDX, PETN and TOVEX. In the 

laboratory, there was some thought of removing the water from the explosives 

so that the optoacoustic signa'is of the explosives alone could be obtained. 

However inasmuch as some of these explosives are normally prepared in the 

form of water slurries, and furthermore inas much as in contemplated use 

at airports etc., there would not be opportunity for desicating all luggage 

presented for inspection, this elaborate approach was abandoned for more prac­

tical ways of circumventing the interference problem. This was th~ principal 

reason for the additional work carried out at 9 and 11 microns. Investiga­

tions at those higher wavelengths show that there is no interference due to 

NO, N02, CH4 or water vapor. However higher mcnecular weight hydrocarbons 

may be troublesome and butane constitutes an example. Again, dual cell, 

common mode rejection techniques may be used to circumvent the effects of 

environmental interfering species in the 9 - 12 micron wavelength region. 

Ie 
The principal components of an optoacoustic detector system are a laser, 

a radiation chopper, the detector cell itself and associated power supplies 

and signal processing electronics. Of all these ingredients, the only item 

which is questionable is the availability of a long lived sealed-off, extended 

tuning range CO laser. More specifically, the operating life expectancy sho~ld 

be above 5000 hrs. in sealed-off dry-ice cooled mode; power should be at 

least 1 watt when operated with a diffraction grating or its equivalent. Gain 

should be sufficiently high so that the tuning range extblds to at least 6.6 

microns. Although such a laser might be available at one or more laboratories, 

there is no acc~mulated experience regarding long-lived sealed-off CO lasers. 

In contrast to this, there is now sufficientcol1ective experience to indicate 

without the question of a doubt that long-lived, sealed-off CO2 lasers with 

mixed isotopes and extended tuning rang~can readily be 1mplemented. This is 

a very good reason for serious thought to the g~ -12~ wavelength regions, 

The detector cell is inherently a simple device and there is ample infor­

mation in open literature regarding the principles guiding the design of such 

cells. Every laboratory will of course, develop its own preferred practice 

in cell design resulting in real or imagined improved performance. The results 

of our study suggest that the inner surfaces of the cell be heated to reduce 

adsorption but the temperature should"not be so high as to degrade microphone 

performance. It is important to check the electronic saturation characteris­

tics of such microphones. 

Most of the data in the course of this investigation were taken using a 
'.' 

mechanical light choppel~. Mechanical choppers are adequate for the purpose 
. .' 

but are often not very stable in the chopping frequency, do not provide simple 

harmonic modulation and often. cannot provide modulation at sufficiently high 
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frequencies. At Case Western Reserve University, \lIe find that more satis­

factory modulation can be obtained via direct modulation of the laser plasma 

discharge current. Higher modulation frequencies and smaller cells can be 

obtained in this manner. Feedback control can also be used to ensure sinu­

soidal modulation. Reverting to the topic of cell design, it is worth men­

tioning at this point, that some cells have high acoustic Q but are not very 

sensitive to minor frequency deviations away from the resonant frequency. 

Other cells of more classic design have the disadvantage of having such 

sha~~'~esonance curves that elaborate frequency stabilization is required if 

noise is to be kept to acceptable levels. 

Cost, Reliability and Ease of Maintenance 

laser exc'ited optoacoustic detector systems contemplated in this study 

are inherently simple systems. A rough estimate indicates that such systems 

may be produced for sale at a unit price of less than $25,000 each. This 

price would vary somewhat depending on what additional signal processing 

and/or display features are required. Again CO systems might be trouble­

some because of the possible need for occasional refill. There is no such 

difficulty with sealed-off long-lived CO2 lasers and it would seem that the 

CO2 units can be operated with non-technical personnel. 

More specHi ca lly, a typi ca 1 CO2 ·laser optoacousti c detector system 

would comprise of the following components with the indicated estimated 

power requirements, size and weight. 

a. The laser and cell assembly; including the coolant reservoir, 

thermoelectric cooler, beam splitter, common mode'rejection dual 

cell assembly, diffraction grating for wave)ength tuning, and 

',' 

<, 
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piezoelectric transmission mirror for power optimization. Power 

requirement is approximately 200 watts, weight ts estimated to be 

less than 50 lbs. and dimensions are of the order of 22 10 x 8" X 81D • 

b. The power supply unit includes the high voltage power supply, dis­

charge current modulation control, diffraction grating stepping 

motor supply and control and cavity dimension optimization supply 

and control. Dimensions are estimated to be of the order of 18" x 

8" x 8". Weight is less than 50 lbs. 

c. The data processing and display unit includes a current (pre) ampli­

fier and a ph,ase sensitive amplifier with a limited frequency tuning 

option. Logic for controlling the tuning sequence of the laser and 

means for process; ng the II si gnaturEl" of the received signal are 

provided. A simple yes/no type of display (perhaps audio as well 

as visual) would probably be the principal output device. In 

addition a simple "profile" or "signature" readout device might also 

be desirable. 

As this phase of the investigation neared the end as dictated by allotted 

time and funds, it became manifestly clear that the investigation had suc­

ceeded in revealing the nature of the possible problems and had also succeeded 

in establishing the directions in whi~h ,some further limited additional inves­

tigations are indicated. To do the most good in the remaining time it was 

* agreed that we would not hold outselves strictly to all the exact letter of 

the contract but proceed as rapidly as possible to reveal the possibilities 

* CWRU and Aerospace. .", 



20 

available to us in the 9~ ~ ll~ wavelength region. For awhile this im­

plied that we would not have the opportunity to carry out the test in 

public places such as an airport or a bus station. We were fortunate that 

we were able to secure the use of a more or less portable self contained CO 

laser excited optoacoustic unit, constructed by CWRU for a local instrument 
2 

company, and we were able to operate this unit for four days in a local 

instrument exhibit at the Convention Center in downtown Cleveland. The 

environment in that hall was less than optimum from a health standpoint but 

was excellent for our purposes. We were not allowed to bring explosives into 

that hall but were able to detect SF6 at lO.6~ amidst all the gasoline fumes 

and other types of pollution. A view of the apparatus used in the laboratory 

investigations is provided in Figure 33a and a view of t~e field operable 

unit is provided in Figure 33b. 

This field demonstration was of special significance in view of some 

additional work carried out at the suggestion of Aerospace. Three types 

of samples were tested to see if SF6 emitted by these samples could be de­

tected optoacoustic. As indicated by the results exhibited in Figure 34, 

the result was positive in all three cases. The first sample consisted of 

a metal simulated blasting cap. The SF6 optoacoustic signal obtained in 

that case was overwhelmingly large, being 714 ~v/mw. The other two samples 

consisted of Teflon capsules impregnated with SF6 sometime ago and estimated 

to be emitting SF6 at extremely low rates perhaps at the rate of 1 - 5 nano­

liters per minute. As shown in Figure 34, positive identification were ob­

tained in both cases but the profile showed signs of saturation and the 

intensity of the incident radiation was probably too high for the purposes. 

I 
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5. Recommendations 

It is recommended that this initial promising investigation be followed 

up with an amendment so that the following activities and results might be 

pursued and attained. 

~. Optoacoustic spectra of explosives and of SF6 be examined carefully 

in the g~ ~ 12~ wavelength region using mixed isotope CO2 lasers. The 

interference due to hydrocarbons (butane and higher molecular weight) 

such as those found in jet fuels need to be examined. 

~. The dual cell common-mode rejection technique be developed and used 

in all future investigations so as to yield more meaningful estimates 

of irreducible effects of interfering species. 

c. The 611 wavelength region be re-examined with increased CO power 

and with the dual cell common-mode reje.ction technique. 

d. Detection be carried out with gas flowing through the detector cell. 

e. A fie1d operable system be designed incorporating scanning and 

power optimization, narrow band filtering and phase sensitive ampli­

fication, and appropr.iate signal processing and display. 

f. A prototype of this field operable unit be implemented. 
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TABLE I 

Laser Wavelengths Used in Optoacoustic Investigation 

12C160 12C 160 2 
13C160 2 

5.837 microns 9.217 microns 10.753 microns 

5.880 9.247 10.800 

5.941 9.303 10.833 

6.002 9.352 10.850 

6.063 9.455 11. 065 

6.132 9.501 11.107 

6.174 9.550 11.149 

6.213 9.601 11 .194 

6.258 9.655 

6.312 9.711 

6.367 

6.408 

6.465 

6.538 

6.626 



---- --------~-----

e e 
TABLE II 

Analysis of Reproducibility of Data - NG and air, 50 m\v Power 

f .... 

( (S_S)2)~ 
((;:5)2)'2 

Line $1 $2 $3 $4 $ x 100 = 6 ~ 

$ 

P24 11.193 2.2 2.1 2.30 2.30 2.23 .083 3.7% 

P22 11.171 2.2 2.3 2.20 2.10 2.20 .070 3.2 

P20 11.149 2.4 2.3 2.20 2.20 2.28 .083 3.6 

P18 11. 127 2.4 2.38 2.30 2.20 2.32 .078 3.3 

P16 11. 1 06 2.1 2.20 2.10 2.10 2.13 .043 2.0 

P14 11. 085 2.3 2.30 2.20 2.20 2.25 .050 2.2 0\ 
-A 

R14 10.816 .64 .60 .60 .60 .61 .021 3.5 

R16 10.800 .50 .52 .44 .44 .475 .046 9.6 

R18 10.783 .46 .36 .44 .44 .425 .038 5.9 

R20 10.768 .46 .46 .44 .44 .45 .0lD 2.2 

R22 10.752 .36 .36 .38 .36 .365 .008 2.3 

(15 2 )J2 = 4.8% 

Analysis of Reproducibility of Data 

NG + Air 50 mw Power 
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TABLE III 
TABLE IV 

Explosive Optoacoustic Spectra (Ilv/mw) 'In the 6 ~licron Region 
Explosive Optoacoustic Spectra (IlV/OM) in the 9 Micron Region 

EGDN 
Wavelengtt). NG _E(!ON, DNT 

~AVELENGTH .J!L +lO%NG DNL TNT ~ RDX PETN PVNAHITE --... 
6. 626 1l 0.8 0.8 1.6 0.2 4.8 3.2 2.4 4.8 9.71 h.l 1.7 2.5 0.8 
6.538 0 0 3.0 3.2 12.2 5.2 6.2 6.0 9.655 1.7 2.2 0.6 
6.465 0 0 1.6 2. 1 5.4 3.1 2.8 3.6 9.601 2.2 3.2 0.8 
6.408 0 0 1.1 0.8 2.8 1.3 1.1 1.5 9.550 2,,2 5.0 1.0 
6.367 0 0 0.8 0.8 2.3 1.3 1.5 2.2 9.501 2.2 5.0 1.1 
6.312 0 0 0 0 0.3 0.3 0 0 9.455 4.0 1.0 
6.258 0 0 0 0 0.5 0.3 0 0 9.352 0.75 2.0 .55 
6.213 0 0 0.4 0.5 1.1 1.0 0.2 0.5 9.303 0.5 1.5 .35 
6.174 1.0 2.2 2.0 5.8 13.3 5.8 6.0 3.5 9.247 0.25 1.0 .30 
6.132 0 1.4 0.3 0.6 2.6 1.1 1.3 2.0 9.217 0.5 .20 
6.063 0.3 3. !~ 1.3 2.8 6.2 3.6 1.1 3.6 J 

6.002 5.3 60.5 4.6 2.6 10.9 5.3 4.3 7.6 
5.941 2.1 41.2 3.2 3.0 8~5 3.5 2.7 6.0 
5.880 2.0 3.3 2.9 7.2 16.7 7.2 7.4 7.2 
5.837 0.1 1.2 1.1 1.6 6.1 3.1 2.3 3.0 

I 

---- -"--------- ii __ ~ 
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TABLE V TABLE VI 

Explosive Optoacoustic Spectra (~v/mw) in the 11 Micron Region 
Concentration of Interfering Species (partial pressure) ~n Nitrogen 

J1!lve1ength NG(45:£l NG(23°C) 'EGDN( 43°C} EGDN(23°C) Interfering 
Species Concentration 

11 .194 u 6.5 0.4 6.2 0.6 NO 16 ppm 
11.149 5.2 0.4 7.0 0.6 N02 6.1 
11.107 4.6 0.4 6.5 0.55 

11.065 3.3 0.35 5.3 0.5 
CH4 10 

10.850 0.12 0.23 C4H10 8.8 

10.833 1.5 1.5 Water Vapor rv 57,000 

10.800 '1.3 0.12 0.8 0.23 

10.753 1.0 0.12 0.5 0.23 -

-----=---------------------------



• 

13 -3 1 ppm in air at 1 stm, 45°C cotresponds to 2.3 x 10 em 
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APPENDIX I 

A Rate Equation Description Of A 

Two Level Optoacoustic System 

68 

In the interest of completeness, \'Ie provide here a rate ~c~iJi.'ition 

description of a simple two level model of an optoacoustic system. In 

this model, the molecular system interacts resonantly with incident 

radiation and transitions between the two leve1s are stimulated. In 

addition, de-excitation from the upper level occurs because of fluore-
-1 ) scence (spontaneous emission, with rate TR and also because of 

collisions (with race T~l). The optoacoustic signal is propor­

tional to N2t~1 Where N2 is the number of mOlecules in the upper 

state, per unit volume. The power levels required for excitation, 

the behavior of the system when near saturation and the desirability 

of using the second harmonic signal are topics also mentioned briefly 

in passing. 

Let us consider a two 'level system, and 

Let N - number of molecules/cm3 = Nl + N2 

where Nl = number of molecules/cm3 in the lower state 

and Vi = 2 
number of molecules/cm3 in the upper state 

The rate equation description of the system may be written as 
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(2 ) 

where 812 
::: 821 

:::: 
Einstein's Coefficient For Stimulated Emission 

and Absorption 

v :::: frequency of radiation interacting resonantly 
with the molecular system 

I ::: number of photons/cm2/sec of energy hv v 

't'R ::: radiation lifetime of Upper state 

't'c ::: collisional lifetime of upper state 

For com'enience these equations can be combined and slightly 
rewritten as 

where B ". B hv .. 12 C 

-1 
't ::: (L + 

~R 

We note in passing that 

(3) 

e' 

70 

We may safely assume that steady-state conditions are aliWays 

attained, i.e., for any Iv ' the system has ample time to adjust it­

self to steady-state conditions appropriate to that value. This means 

that we can take 

d 
dt (N2 - N,) ::: 0 and equation (3) yields 

(4) 

-1 The acoustic signal is proportional to N2Tc and we have accordingly 

that the acoustic signal (5) 

In the case where the incident radiation is modulated at frequency 

w so that 

where 0 ~ 0 ~ 1 

we can consistently write 

BNIO(lto sinwt)T~l 
- 281

0
(1+0 ~inwt) + 2T-1 

Expanding in powers of osinwt and retaining only terms up to the 

second power of (osinwt)~ we have 

(6) 

(7) 

----------- .. _---
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(8) 

Insofar as the sinwt term is concerned, we see that for very small 

10' Blo < < 1'-1 and 

( 9) 

But when 10 becomes very large, then 

1 -2 N 
Q~)o 2" 't'c i.fI 0 

o 
(10) 

It is quite transparent that Blo should be large but not larger than 1'-1. 

This can be demonstrated also by solving (10) for the optimum value of Blo' 

Actually Blo ~ f- or the reciprocal of the lifetime as specified by inter­

action with radiation and the optimum condition merely says (qualitatively) 

"tl1~j:_~U1l9.yl d.J!.Q..t..mmlP harder than we can depl ete the upper state by coll i­

,sj.o!)j1J..J?!~. 

Dep~nding on the partial pressure of the absorbing gas, the presence 

or absence of othel''' gases, and the influence of wall collisions, T might 

be of the order of, say, lO~6 sec. and it found that saturation sets in at 

~j~ low power§ of the order of fractions of a watt/cm2. This is in agree­

\'lith our experience in our high resolution saturation spectra of SF6 and 

of r129 .• 
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Furthermore the manner in which saturation occurs is of interest. 

In equation (8), the dominant D.C. term has 10 to the same power in the 

numerator and in the denominator. Unnecessarily high values of 10 might 

not bring correspondingly higher signal values but there are no penalties 

either. This is different for the other terms. In particular, the a.c. 

term at frequency w saturates according to I~l and so do~s the second 

harmonic term. It is important therefore in practice to avoid using 

unnecessarily high incident powers. 

Scattering and absorption at the window would result in a spurious 

signal also at a frequency of wand it has been suggested that detection 

of the second harmonic might provide the means for discriminating against 

that spurious signal. However, from equation (8) we note that as satura­

tion sets in the two terms have t~2 following behavior. 

( 12) 

-1 2 
2 1 TC 0 

o sin2wt + 2" BIO sin2wt (13 ) 

The amplitude of the second harmonic term is smaller by a factor of 

T-
1 which can be as large as 107 ! c 

L-__________________ ~ ________ _ 



APPENDIX II 

COLLECTION OF LOW RESOLUTION INFRARED ABSORPTION 

SPECTRA FOR EXPLOSIVES AND INTERFERING SPECIES 
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Fi gureA 1. Low Reso 1 Liti on Absorption Spectrum of NG (Ref. 3) 
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Figure A8. Low Resolution Absorption Spectrum of Water Vapor (Ref. 4) 
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