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ABSTRACT

A study khas been carried out to explore the feasibility of detecting
various explosive vapors in the presence of known interferences, using the
technique of laser optoacoustics. Measurements were made in the 6, 9,
and 11 micrometer regions. In the 6 micrometer region, str(;ng interfer-
ence by water vapor made the sensitive detection of explosives {rap0'rs infea ~
sible, In the 9 and i1 micrometer regions, interferences were substantially
reduced; and the explosive vapors ethylenvevglycol dinitrate, nitroglycerine,
and 2 to 4 dinitrotoluéne could be sensitivély detected. Additional measure-

ments are recommended to verify that the technique has practical feasibility.
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PREFACE

This document represents the final report of a subcontract effort by
the Case Western Reserve University on the feasibility of the laser opto-
acoustic technique for explosives vaporé detection.

The original Case Western report (submitted in April 1975) was
reviewed by a number of qualified agenéieé, as well as The Aerospace
Corporation and the National Institute of Law Enforcement and Criminal
Justice, As a result kof those reviews, additional technical material was
requested of, and submitted by, Case Western in an addendum lettér. The
addendum results have been integrated into the final report by The Aerospace
Corporation. The entire report has been edited and retyped by The
Aerospace Corporation for typograpiical errors and standardization.

It is emphasized that the technical contents of this document are Case
Western data and evaluations under the ‘subc’ontract. No néw data have been
generated or included since that subcontract was completed. The recom-
mendations in Chapter V are those of Case Western Reserve. Concurrence
by The ,Ae‘ros‘pace Corporation is neither stated nor implied.

Some téchnical notes have been incorporated into the text where
appropriate., As an’ example, mé.ny of the optoacoustic spectra for explo-
sives may be contaminated with Wéter vapor. Later vé,por charac?:erization
work on PETN and RDX has shown almost negligible vaéor pressure for
these explosives; the refo’re, the absorption‘lines indicated in ‘Figures B-3

and B-4 are believed to be eszentially those of water.
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SUMMARY

The ability to detect small quantities of explosives in relatively large
volumes may require the deveiepment and refinement of techniciues ﬁot prés -
ently in commercial use. This report documents the work performed in ‘
probing one of these technigques: laser optoacoustics.

Optoacoustics itself is not a new technique but has received increased
attention with the advent of tunable lasers. A laser beam is focused: into a.’
cell containing a gas sample of interest. If certain gas sample consfituents
absorb this radiation, the gas will heat up, thereby producing an increase in
pressure which can be detected by a sensitive microphone.

This technique appeared to have a minimum detection limit and a suf-
ficient potential for improved speciyficity‘in comkparison to available vapor
detectors to warrant a detailed investigation., - The Aerosiaace Co‘rpbration,'
under contract to the ILiaw Enforcement Assistance Administration, awarded
a subcontract to the Case Western Reserve University to investigate the
feasibility of the laser optoacoustic technique for the detection ryof explosivés
vapors. The purpose of the subcontract was to measmi‘re‘ the strengthé of
laser optoacoustic signals for common explbsives and selected interference
gases to det;erkmyine whether explosive skignal"s ,of interest cbuld be deteéte‘d ;
in the 'presencé of interferénces.. "Thke infrared spectral region mést c‘on"— |
ducive to good detection was also to be detérmined. |

Case Western ’Reserve‘ University ut'ilizing both carbon dioxicié and

carbon monoxide lasers scanned thirty-nine wavelengths in the 6, 9, and i1
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micrometer spectral regions of the infrared. Nine explosives wereinvestigated
at a variety of available wavelengths. The explosives examined were:

Nitroglycerine

Ethylene Glycol Dinitrate

Dinitrotoluene

Trinitrotoleune

RDX

PETN

Tovex

Dynamite

Black Powder

Several other gasés were also examined which may act as interfer-
ences to the detection of explosives.

The results of the stﬁdy indicate that although explosives exhibit signifi-
cant absorption in the 6 micrometer region, the strong absorption by water in
this region p‘recludes the detection of explosives vapors at the required lower
concentration. Further work» indicated that water does not absorb as strongly
in the 9 to 11 micrometer region and that a number of explosive vapors did
exhibit significant absorption in this region. | l
Although not all of the explosives and potential interferences could be
" checked for absorption at all of the longer wavelengths, it was concluded that
a field operable instrument probably could be developed using the longer wave -
lehgth region for operation., ; However, a more thorough study of éxplgSiVes
a’nc‘l'in{:k‘erfere’nce abskorp‘ti(k_)nks in ‘thef’ 9 ’ktorii micrometer regions Would be

required before prototype development should be begun,

S xvi




CHAPTER I. INTRODUCTION

The objective of this study was to determine the feaysibility of using a
laser optoacoustic device to detect the presence of minute quantities of frace
- vapors emitted by various explosives. The motivation for the study is the
need for a method of detecting the presence of explosives without extensive
search and without disturbancé of the explosives.. An effective detection
method would be a great deterrent td both illegal and unauthorized use of
explosives.

One means of detecting explosives is by detecting the vapors they emit.
These vapors can be identified by various chemi¢a1 and physical ‘properties
of the constituent molecules. |

The opt‘oacoustic method is not new. It has been known for years that
it is possible to focus modulated radiation into an absorbing gas, causing it
to heat up slightly and thereby generate a pressure Wave’inside the gas ves-
sel., The pressure wave can be detected with a sensitive microphone. ’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. The optoaco’ustic
method took on new dimensibnswwith the advenf of tunable lasers. With
lasers, the method is not only sensitix}e but’can be‘ specifid for rn'q‘leycular.
species that exhibit uniciﬁe optoacoustic signatures as the laser is tuned over

ten or more appropriate wavelengths. .



A summary of the principal results is presented in Chapter II of this
’report. Details of ‘eq;lipment, experimental methods, ahd results are pre-
~sented in Chapter III. The significance of these results is discussed in
Chapter IV, and recommendations for further action are presented in

Chapter V.




CHAPTER II. SUMMARY OF PRINCIPAL ‘RESULTS

This investigation into the feasibility of using a laser optoacoustic

device to detect explosives vapors resulted in the following significant

findings:

as,

In the absence of interfering species, nitroglycerine (NG), ethyl-
ene glycbl dinitrate (EGDN) and dinitrotoluene (DNT) can be un-
mistakably detected in the 6 micrometer, 9 micrometer and 11
micrometer wavelength régions.

Iﬁterfering species are either environmental or are associated
with the explosive itself or its containment. Atmospheric
'pollutants'' such as nitric oxide (NO), nitrogen dioxide (NOz),
methane (CH4), water vapor, isobutane and normal butane are
examples of the first category; nitrobenzene, alcohol, cyclo-
hexanone, and xylene are examnples of the latter.

In the> 6 micrometer wavelength region'[carbon monoxide (CO)
laser], both NOZ and water vapér éause troubleéome interfer-
ence. Iﬁ the 9.8 to 11 micrometer wavelen’gtvh‘region,' butane
vapérs are troublesome. The 6 microme‘ter Wavélength' re’gion

should perhaps be avoided in favor of the 9.2 to-9.7 micrometer

and the 11 to 12 micyrome’ter wavelength 'regions, where there is

subs'tkantially less interference frorri water vapor. B Rkadiation at

these wavelength regions is available from mixed isotope carbon

did};ide (VCOZ)klas'er;s‘, ‘such as thos'é used ‘in the present

investigation.



Thé presence of SF6 vapor emitted by a simulated blasting cap
and by pieces of Teflon impregnated with SF6 ‘over a year earlier
was readily detected with an optoacoustic detector using radia-
tion in thé 10.6 fnicrometer wavelength region. ‘In these favor-
able circumstances, the signals were so strong that neither
environmental nor sample-related interfering species caused
significant interference. More specifically, the peak values of
the optoacoustic signals were 714 microvolts per milliwatt (p.V/‘
mW) and 4 pV/mW for the blasting cap and the Téflon capsules,
respectively. The strongest interfering signal was of thé order
of 0.5 pV/mW, resulting in a signal-to-noise ratio of at least
eight. |

A portable, fie'd operable, long;-livedylaser optoacoustic detec~ .
tor can be impklemented; however, the féasibility of detecting the
low levels of characteristic vapors from explosives iﬁ the pres -
ence of interference must be firmly established before such a
development is initiated.

Pfeliminary estimates indicate that power consumption in the
operatin‘g mode can be less than 200 watts, overall weight can
be less than 100 pounds (se’parable‘ into two or three component
‘parts of 1e\_§5 than 40 pounds ‘each, with dimenéions comparable

to those of small suitcases or backpacks used by hikers),




CHAPTER III. FEASIBILITY INVESTIGATION

A, Basic Component Investigation

1. Optoacoustic detection method: underlying principles and

experimental techniques. In the context of the present investigation, the

presence of minute quantities of explésives vapor in a ''carrier'' gas, such
askair or nitrogen, is detected by exposing the gas mixture to monochromatic
infrared radiation. This incident radiation is absorbed by the explosives |
molecules, which store the energy internally in the form of vibrational
energy. Non-resonant collisions with carrier gas molecules result in trans-
fer of the internal vibrational energy (in the explosives molecules) to the
molecules of the carrier gas, in the form of external translational energy.
This energy becomes manifest in the form of minute increases in tempera- -
ture, An increase in pressure ’occu.rs, if the gas is contained in a closed
cell. If the incident radiatioﬁ is modulated, ;sound waves are produced
inside the gas container and these can be detected with very sensitive
microphones,

~ The two basic molecuiar processes just described and two other com-
- peting proces‘s‘es are illustrated schematically, in Figure 1. Absori)tibn is
illustrated as Process 1 and vibrational-translational (V-T) energy tr‘a'nsfer‘
ié shown as Process 3. In the present context, the magnimde_éf the o’ptgj- |

acoustic signal can be significahtly decreased by the competing effects of

- Processes {2) and (4). In Process (2), the excited state decays through »
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1. Incident radiation absorbed in an allowed
molecule undergoes vibrational-rotational
excitation o

2. Fluorescence decay through a number of
allowed transitions; several photons
emitted

3. Vibrational-translational energy transfer; ‘
many intermediate energy levels usually
involved

4. Internal energy trapping in a state not

-accessible to vibrational-translational

energy transfer

F_ikgure 1. Molecular Processes in
' ' ~ Optoacoustic Spectroscopy




spontaneous emission, whereas in Process (4), vibrational energy is
trapped internally and degraded from one vibrational mode into another,
uﬁtil all phase relationship with the modulétion reference signal is lost.

In the interest of completeness, a simpl\e rate equation descriptioh of
the optoacoustic process is provided in Appendix A. Equation (A~9') of that
account yields the result that the magnitude of the optoacoustic signal is

proportional to

B NI
1 c o
2 eI +1h?
o
where
N = number density of explosives vapor given in molecules per
cubic centimeter (cm3)
Io = intensity of incident radiation per unit time given in watts
per square centimeter second (W'/‘cmz-sec)
B = Einstein coefficient for stimulated absorption and emission,
-1 -1 -1
T =T tTR
'r,;i = rate of de-excitation due to collisions
Tg{i = radiative rate of de-excitation due to fluorescence decay

This result indicates that optimum conditions are attained when "

BIO = Since, in practice,r ne'a‘r standard conditions, Tiii is not likely to

be larger than 10° whereas ,‘.;1_1'5 not likely to be 1eés than 106,_then for

' optimum conditions BI,0 = T(;i; this means that it is not us efﬁl to excite



molecules at a rate higher than they can be de-excited by vibrational-
translational transfer. In fact, if BIo exceeds 'r-1 greatly, the signal
actually starts to decrease as 1/101, 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‘signa‘.l is
detected for power levels below threshold.

A block diagram of the apparatus used in this investigation is shown
in Figure 3,

Two types of lasers, CO and COZ’ were used to measure the optoa-
coustic spectra of the explosives. The CO laser was a sealed-off, dry ice

12 .16

cooled, grating tuned device using ~~“C O as the lasing gas. This laser

could be tuned from well below 5,8 micrometers to above 6.6 micrometers,

with output power ranging from a few hundred milliwatts at the shorter

. :k ’
wavelengths to about 70 milliwatts at 6.6 micrometers. The 15 wavelengths

It was initially felt that to achieve single line operation at wavelengths

13C18

greater than 6 micrometers it would be necessary to use 0O as the

lasing gas. After considerable effort, it was discovered that whereas

,izciéo»could be operated satisfactorily in the sealed-off mode, 13C1‘80,
as supplied, contained impurities in significant quantities, and sealed-off

Opération with it could not be sustained. Moreover,'the high cost of 130180
prohibits flowing operation. Fortuna‘tely. at about that time, operating tech-

niques had been sufficiently developed so that signifiCant single line powe‘r

12016

could be obtained with O up to 6.’62‘6, micrometers. Further increases

in Wa‘.vele‘ngt‘hv being of no interest, efforts. to use 13(3180‘Were discontinued.
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used in the 12'(31‘,60 laser part of the study spanned the region from 5. 837

to 6. 626 micrometers; they are listed in Table 1.

Excitation in the 9 micrometer and 11 micrometer regions was
obtained by using two CO‘2 lasers. In the 9 micrometer region, the device
was a flowing gas, water cooled, grating tuned laser using 1201602 as the
active medium. Fourteen wavelengths, ranging from 9.217 to 9.711
micrometers, with powers to 1 watt, were used in this region. These are
also listed in Table 1. | |

In the 11 micrometer region, a sealed-off, water cooled, grating
tuned laser containing a mixture of 712C1602 and 13C“)O2 was used for
excitation. The nine wavelengths, spanning the region from 10.753 to
11.194 micrometers, that ywere usyed in this part of the study are also
listed in Table 1.

The optoacoustic detector used for this work is a high sensitivity
device. Sodium chloride (NaCl) windows are used to permit entrance and
- exit of the exciting radiation. The cell is kcapable‘of being evacuated to a
moderate vacuum (~1 Torr) to enable rapid and positive removal of vapors
between sarhple runs. - Heater .coils are provided to permit operation at‘ ele-
vated temperatures, rZ‘[‘he detectivity of the cell was 'measu,red by using SF6
excited with 10,571 micrometer radiation. The cell was shown to detect
one part in‘106 SF6 in air with a sig.nal—tb—noise ratio of 105, indic_a;ti‘ng an

extrapolated sensitivity of one part in 101'1 (vapor phase), assuming a signal-

to-noise ratio of unity. A view of the apparatus used in the laboratory

11



Table 1. Laser Wavelengths Used in Optoacoustic Investigation

12,16, 12160, 13C1602
Max. Power Max Power Max Power
Wavelength Available Wavelength Available Wavelength Avgilable
- (Micrometers)  (Milliwatts) (Micrometers) (Watts) (Micrometers) (Watts)
5.837 400 - .9.217 1.2 10.753 1.6
5. 880 190 9.247 . 2.6 10783 1.9
5.941 215 9.280 3.7 10.800 1.9
6.002 250 9.303 4.3 ; 10.833 1.5
6.063 200 9.3562 ’ 3.7 10.850 -
6.132 175 9.455 - 11.065 1.3
6.174 _ 110 9.486 3.2 11.107 1.9
6.213 145 9.501 - . 11.149 1.8
6.258 200 9.550 N R LT 1.4
6.312 110 9,584 4.0
6.367 135 9.601 3.8
6.408 80 - 9.65k5 s
6.465 90 9.673 2.4
6.538 50 AR 1.0
6.602 20
6.626 : 40

12



s

investigations is shown in Figure 4 and a view of the field operable unit
is provided in Figure 5. |

The exciting radiation was chopped with a variable rate mechanical
chopper, and all signal measurements were made by using standard phé.se-
sensitive techniques with reference to the chopping freqﬁency. Signal
amplification and detection was accomplished with a Keithley Instruments
Model 427 Current Amplifier and a PAR Model HR-8 Lock-In Amplifier.
Laser power measurements were made with a Coherent Radiation Modely210
Power Meter, |

In most instances, the cell was evacuated with thewexplosiv‘e‘s sample
in place, after which the cell was filled with dry nitrogen, or with aii', or
with air containing some interfering species. In all measurements, sinée
a closed system was used, it‘was a‘s sumed that the explosive‘s vapors were
at thermal equilibrium with the source.

Details of the laboratory system and concepts follow:

a. Optoacoustic Cell

1. Frequency Response
Optoacoustic response vs. chopping frequency is shown
-in Figure 6.

2. Sensitivity Determination

The sensitivity of the optoacoustic cell has been determined

for SF6 at 10.571 micrometers, the wabvelength of the P(18) line

13






A
] P18 » 10,571,
° P =15
: 1 b 2.5 um
v 2.5
L SF 4
c | Light ~ 15w (P18)
| ©f = 2726 > R = % = 410
. £ = 3462 » R = 5-10°
O
’ Q
=
E S
5 Vo | 3462 Hz
s 1t [ : " e
on .
Py [ \
[ SR
- \
‘.5 ® ; ’
- \ | | ¢ Y—0—e
b o —eo——¢0 : .
,
| ot
: [ ] ® .
L ‘ , . Nal .
2600 2800 3000 3200 3400 -

~ Modulation frequency. (Hz)

Figure 6. Fréquency Response of the OptbacouStic Cell

15



of the (001)-(100) CO, band. The following data were used

2

in the determination:
Laser wavelength = 10‘.571 micrometers
SF, partial pressure [in 1 atmosphere (atm)
of nitrogen (NZ)] = 2.5 X 10-3 Torr
Laser power = 0.15 watt
Chopping frequency = 2726 Herz
Signal-to-noise ratio = 4 X 10°

1) the sensitivity

. -8 = .
for a signal-to-noise ratio of unity is 3 X 10 cm =~ watt 1,

Using @ = 7.3 X 10-4 1rnilliTorr_1 crn—1 for SF(),(

Since the detected optoacoustic signal is a function of the
absorption coefficient of the gas, the laser power, and the
cross-section for conversion of absorbed energy to acoustic
energy for the particular molecular system being studied, and
" is not otherwise dependent on the wavelength of the exciting
light, no calibration was made for the cell at CO wavelengths,

It should be observed that the calibration for SF6 at 10.571
micrometers is not necessarily valid for all other moleéule s be-
cause the portion of internal vibratio‘na.l‘energy which is converted
to kinetic energy may vary among differént molecular speCies;

-

3. Description of Cell

The optéacoustic detector used in this work is an
aycoustickally resonant device. The cell is constructed of brass

~ and aluminum, with appropriate gasketing and valves tc: permit
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evacuétion to pressures-on the order of 1 Torr. The optical
windows at each end of the cell are of NaCl. Since it is known
that polar molecules, such as explosives, tend to be adsorbed
onto the surface of mate‘rials such as those uéed in this cell,
heater coils were provided to enable operation at»elevated tem-
peratures, All measurements were made with a small sample
placed inside the cell, so no provisions were made to permit
continuous air fléw. |

A dimensional draWing of the cell is shown in Figure 7.

b. Measurement Procedure

' Prior to making measurements, the cell was cleaned with
methanol to remove surface dirt, and air dried overnight., The cell
was then evacuated to a pressure of less than 1 Torr and filled with

high purity N, to a pressure of 1 atm. A spectrum was then obtained

2
using the same wavelengths and intensities whickh were to be used for
the explosives measurements. This background spectrum, which was
nonzero in the 6 micrometer region, was subtracted from each
explosives specirum. A small explosives sample (typically ~1 milli-
gram) was then placed i.}ns.ide the cell and the cell was again evacuated
and filled with high purity N, to 1 atrﬁ and the spectrurh was obtained.
The sample '§vas removed, the cell was flushed with NZ’ evakcuated‘ ‘~ -
and refilled with N,. The background spectrum was regeatgd to

ensure that no explosikve remained in the cell before a new sample

17
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was inserted. Measurements were made with the cell at room

{emperature or at 45 degrees Celsius (°C).

c. Sample Handling

1.

Methods for Verification of Purity of Explosives and

Interference Gases

(a)  Explosives

No local verification of purity of explosives was
undertaken. The samples were used as obtained from
Austin Powder Co., McArthur, Ohio.

{b) Interference Gases

No local verification of purity of the interference
gases was undertaken. The gases, diluted in high purity

N2 to the concentrations given below, were supplied by

-~ Air Products and Chemicals, Tamaqua, Pa. Analytical

reports were supplied with the gases,

Concentration in N

2
Gas [parts per million (ppm))
NO o 16
NOZ ‘ - 6.1
CH4 10
C4H10 "~ 8. 8
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Precautions Taken to Ensure that Contamination

Did Not Occur

To ensure noncontamination of the samples, the explosives

were stored in clean metal or glass containers at all times,.

The gases were stored as sﬁpplied in high pressure cylinders.

As a check of noncontamination, no changes in spectra

were observed during the several months of the measurement

phase of the program.

3.

Methods to Verify Whether or Not Adsorption or

Desorption of Material Occurred Inside Cell

(a) Adsorption or Desorption of Explosives

Rakaczky, et a.l.,(z) have reported that explosives
vapors are adsorbed by many ‘material‘s, iﬁcluding those
used in the construction of the cell. Qualitative evidence
that this was in fact occurring was obtained in Case
Western Reserve University's early experiments, To
minimize the problems arising from this effect, namely
loss of samples, the éell was normally operated at an
elevated tve,mperature (45°C). Although heating did not
eliminate the adsorption problem, it did sj,_gniﬁcantly
reduce its impact. In addition, no effects resulting from
desorption of explosives or other materials from the cell

walls were observed. If significant desorption were
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occurring, the explosives spectrum would have been
observable after removal of the bulk sample from the
cell.

(b) Adsorption or Desorption of Foreign Materials

Had adsorption and subsequent desorption of
foreign materials occurred in the cell, the spectra of
such materials would have been included in the background
spectra taken with high purity NZ' Since- the background‘
spectra were subtracted from the explosives spectra, no
net effect of such materials was contained in the
explosives spectra.

4, Methods Used to Detect Possible Contamination

As indicated in Par., c.2, 7o changes in spectra were
observed during the several months of the measurement phasé
of the program, -

d. - Saturation Investigation

Linearity of the signal With re spect\to the incident radiation
power level is of interest, since interpretation of data is simplified if
it can be shown that increase in popul‘a‘t‘ion. density would merely

‘result in a proportional inc fease in the magnitude of the opt-oacoustic‘
signal. Similarly, spectra of interfering species can then be added _
to the spectra of explosivés vaiaors in a linear maﬁ‘ner. Td investigate
this possibility, optoacoustic _éignals for NG 'aﬁd air \xrere‘ obtained

~ at 20 different CO,

transitiori, wavelengths in the 10 to 11 ‘micrometer £
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wavelength region for incident power levels ranging from 20 to

350 milliwatts. The normalized signals are plotted versus power
level in Figure 8. At low power levels, ''dead zone'' behavior could
be detected; in _thé 60 to 300 milliwatt range, the normalized response
curves ‘wére reasonably flat indicating linear response, There
seemed to Be indication of saturation for some of the highly absorbed
lines, The overall behavior indicates, however, that linear super-
position of signals would not result in grossly misleading conclusions.

Similar saturation measurements were not made in the 6
micrometer region for two reasons. First, although such measure~
ments were attempted, the CO laser did not produce enough output
power for saturation to be obser\}able and, second, the results of the
optoacoustic investigation indicated that 6 micrometer radiation is
not appropriate for use in an explosives detection device. No
theoretical calculations of saturation pakra’xneters were rnad’e, there-
fore no comparison with theory was made.

Minimum detectable concentrations of éac,h of the three explo-
sives for which meaningful spectra were obtained have been calyculat‘e;‘i
from the data 6btafned in this p’rogr‘amkand‘the ndise—dete,rfnined
minimum detectable signal of 0. 15 microvél’ts. ’Thesbe calculated
results are presented in Table 2. In these cal‘culatior‘xs it vvas‘i
assumeci thatk measurement on the four most strongly absorbed laser
lines is sufficient for detectibn a.nd"ide‘ntifi'cation of the vapor." |

, La.s‘kerl power of 10 milliwatts, at 6 mici‘dméters, and '1‘050 tnilliwatts



Table 2. Minimum Detectable Explosive Concentration
Using Four Wavelengths

Min. Det. Conc.”

Wavelength
(Micrometers) Explosive (ppm vapor)
6 NG 0.24 x 107
EGDN 2.5
DNT 220,
' -2
9 NG 0.055 x 10
EGDN 2.5
DNT 16.
‘ 10-2
1 NG 0.28 x 10
EGDN 1.5

* .
Interference-free conditions.




at both 9 micrometers and 11 micrometers, has been assumed.

These powers were selected to ensure that no saturation

occurred,

e, Characterization of CO and COZ lasers

1.

CO laser

(a) The gas mixture contained CO, NZ’ xenon (Xe)

and heliurm (He) in the volumetric ratio CO:NZ:Xe:He =
1:1:0.5:13.

(b) The amplitude stability of the output power was
approximately +1% over a 5 minute period.

(c) Once the laéer was set to a particular transition,
wavelength instability was less than £0.0001 micrometer,
which was the resolution of the monochromator used in
the wavelength determination.

(d) - The electrical discharge was in two sections, the
voltage and current in each being 8 kilovolts and 6
milliamperes.

(e) ;The‘ discharge was cooled by a céolant jacket
through which methanol at -75°C was circulated.

(£) Theicavity consisted of a 10 vméter radius of curva-
ture germanium mirror coated for 95% reflectivity at
5.5 micrometers,' and a 240 1ines/ndillimetef gold’
replica difffaction grating on a copper substrate. 'I‘he

reflector spacing was 1.08 meters.
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(g) The discharge tube had an active length of

0.75 meter and an inside diameter of 1.2 centimeters,
The laser windows were 1,9 X 3,8 X 0.5 centimeter
calcium fluoride (CaFZ) crystals,

' CO, Layser (Flowing Gas)

(a) The gas mixture contained COZ’ NZ and He in the

volumetric ratio CO,:N,:He = 1:3:16,

(b) The amplitude stability of the output power was

approximately +1% oyer a 5 minute period.

' (c)’ Once the laser was set;'to a particular transition,
wavelength instability was less than +0.0001 micrometer,
which was the resolution of the monochromator used in
the wavelength determination.

(d) The electrical discharge -Was in two sections; the
current in each being 10 milliamperes, Discharge voltage
was not measured.

(e) T?;e discharge tube was cooledkby a water jacket
through which tap water was circulated.

(£) The cavity consisted of a 4 mete‘r’radius of curva-
ture germanium mirror coated for 80% reflectivity at

10. 6 micrometers, and a 150 lines/millimeter original
diffractiqn grating rul‘ed on aluminum. The reflector

~spacing was 1 meter,
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(g) The discharge tube had an active léngth of
0.61 meter and an inside diameter of 1 centimeter, The -
laser windows were 1.9 X 3.8 X 0.5 centimeter NaCl
crystals,

CO» Laser (Sealed)

(a) The gas mixture contained ‘13C1602 CO, Xe and

He in fhe volumetric ratio 13C1602:CO:X‘e:He = 7:7:1:15.
(b) The amplitude stability of the cutput power was
approximately +1% over a 5 minute periodk.

(c) Once the laser wa s set to a particulai' transition;
wavelength instability was less than +=0.0001 rn‘i'c‘rometer,
which was the resolution of the m‘onochroma.tor used in
the wavelength determination,

(d) The electricai dischargekwas‘ in two sections vvithb
the current in each being 6 milliamperes.

(e) The discharge tube was cooled by a water jacket
through which tap water was flowed.

(£) The cavity consisted of a 2 meter radius of curva-
ture gérmanium mirror coated for 85% reflectivity at

10. 6 micrometers, and a 150 line s/millimeter original -

diffraction grating ruled on aluminum. The reflé»ctor

spacing was 1 meter,
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(g) The discharge tube had an active length of

0.61 meter and an inside diameter of 1 centimeter. The
laser windows were 1,3 X 0.50 X 0.08 inch zinc selenide
(Z1iSe) crystals.

(h) The discharge tube and éavity coﬁstruction for

this laser were identical té that for the flowing CDZ laser.

2. Reproducibility and linearity of signals. A measure of the

quality of the data obtained in this investigation was obtained by detecting

NG in the air using 11 different CO2 lines in the 10.6 micrometer wavelength

region, all at the 50 milliwatt power level. Each of the readings was
fepeated four times, after all pafameters had been adjusted arbitrarily to
other readings, and then reset té the original values. The results obtained
from that exercise are éhown in Table 3. it is seen that the root mean
square value of the deviation from perféct reproducibility is 4.8%. The
average »is'clos’er to ‘.3%, there kbkeing two large eyrrors, 9.6% and 5.9%,
which are responsible for the root mean square deviation being larger, It
is estimated that, with electronically controlled plasma current modulation -
rather than mechanical modﬁlation, with appropriate narrow band filtévring

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

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

3. Initial considerations of vapor pressure and absorption spectra.

‘;Standard,‘ moderate-resolution infrared-absorption spectra were collected'

for the foﬁr explosivés, NG, EGDN, DNT and TNT, as well as for some

‘additiona\,l‘ commercial preparations such as PETN, TOVEX and ROX. |
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Table 3. Analysis of ‘Repi-oducibility of Data ~ NG and Air, 50 Milliwatts Power

(@)

R22

Analysis bf'Reproducib11ity of'Data

NG+ A 50 mW PoWef :

(52)”?, = 4.8%

Line A S S, Sy S, ( (s-5 -—-g———— x 100 = §
P24 11,193 2.2 21 230 230 2.23 083 3.7%
p2z nan 2.2 2.3 2.20 2.0 2.20 .070 3.2
P20 11.149 2.4 2.3 2.20  2.20  2.28 .083 3.6
P18 11127 2.4 2.38  2.30  2.20  2.32 .078 3.3
P16 11,106 2.1 2.20 210 2.0 2.13 043 2.0
P14 11.085 2.3 2.30 2.20 2.20  2.25 .050 2.2
R14 10.816 .64 .60 .60 60 .61 021 3.5
R16 10.800 .50 .52 44 44 475 .086 9.6
R18 10.783 .46 .36 .44 44z 038 5.9
R20 10.768 .46 .46 ! 4485 .010 2.2
10.752 .36 .36 38 .36 .365 .008 2.3



" A summary of the absorptions of interest in the present context is provided
schematically in Figure 9. Wavelength regions at which discrete lagser out-
puts can be obtained are also indicated in this figure.

E ‘Meaytsured and/or extrapolated values for the vapor pressures
of the four explosives of principal interest were obtained from the litera-
f’cure.(3’ 4) These values, shown in Figﬁrel 10, indicate that at room temper-
ature, equilibrium number densities are 1.25 x 1014, 5,28 x 1014, and

1.25'X 1012 per cubic centimeter for EGDN, DNT and NG, respectively.

4. Optoacoustic spectra of explosives. The original contract

specified that spectra of the ejcplosives alone were also to be investigated.
Initially this was done for three explosives, but no signals were obtained.
- Previous expérience with other "gases had indicated that, whereas high
resolution spectra could be obtained with gases at pressureé less than
1 Torr, the optoacoustic signal was usually three or four orders of magni-
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 the explosives vai:or in air. In view of these
cyo’nsiderations, it was agreed by" both Case Western and Aefospace that all
opktoa’coustic spectra would be obtained Wit_:h dry NZ' ’
- In practice, the’ commé'rcia.lly supplied dry Nz’yie‘lde‘d a back-
ground 6ptoacoustic signal in the 6 micrometer wavelength region, (hot \
’c’:‘lrlaracte'ristic‘of Water vapor‘ but»’ similar to that of NOzk. This background, ‘

was subtracted from the explosives \}ap0r optoacoustic spectra in all cases.
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The normalized spectra for explosives and inte’rferénces measure‘d
in the 6, 9 and 11 micrometer regions are collected and presented in Appen-
dix B.

Optoacoustic spectra for the 6 micrometer wavelength region for
the vapors of NG, EGDN and DNT are shown in Figures B-1, B-2, ’an_d B-3.
The average laser power, measured at the input of the cell was 10 milliwatts
at each wavelength. Spectra of TNT, RDX, PETN and TOVEX are shown'in

Figures B-4, B-5, B-6, and B-7, réspectively. The reader is cautioned at

this point that comparison of these spectra with that of water vapor suggests

that in all four cases, the observed spectra are primarily due to water vapor.

For RDX, PETN and TOVEX, the water vapor signal is too ‘1argé to be dne
to contamination by water in the laboratory air. It is concluded théﬁc water
is a significant contaminant in these explc;sives and is the major emitted
vapor. The Spegtrum for a low NG content dynamite is shown in Figure B-8.
Data shown in these figures are also given in numerical form in Table 4.
Optoacoustic spedtra for the 9 micrometer 'Wave‘length régidn

for vapors of NG, EGDN, DNT,. dynamite and black powder are shown in
Figures B-9, B-10, B-11, B-12, and B-13, respectively. The correspond-
ing data for NG, EGDN and DNT are given in Table 5. - k o

| In the 11 micrometer wavelength region, optoacoustlc spectra
were obtained for vapors of NG and EGDN for 23 C and for 45°C. The
spectra are shown plotted in Figures B-i4, B—15, B—16, and B-517; respec_ -

tively, and the corresponding data are given in numerical form in Table 6.
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Table 4. Explosive Optoacoustic Spectra (Microvolt per Milliwatt)
in the 6 Micrometer Region

WAVELENGTH EGDN
(Micrometers) NG  +10%NG DONT ~ TNT TOVEX  RDX  PETN ' DYNAMIC
6.626 0.8 0.8 1.6 0.2 48 3.2 2.4 4.8
6.538 0 0 3.0 3.2 12.2 52 6.2 6.0
6.465 0 0 1.6 2.1 54 3.1 2.8 3.6
6.408 0 0 11 0.8 2.8 1.3 1.1 1.5
6.367 0 0 0.8 0.8 2.3 1.3 1.5 2.2
6.312 0 0 0 0 0.3 0.3 0 0
6.258 0 0 0 0 0.5 0.3 0 0
6.213 0 0 0.4 0.5 1.1 1.0 0.2 0.5
6.174 1.0 2.2 2.0 58 13.3 5. 6.0 3.5
6.132 0 | 1.4 0.3 0.6 26 1.1 1.3 2.0
6.063 0.3 39 1.3 2.8 62 3.6 1.1 3.6
6.002 5.3 60.5 4.6 2.6 10.9 5.3 4.3 7.6
5.941 21 4.2 3.2 3.0 85 3.5 2.7 6.0
- 5.880 20 3.3 29 7.2 167 1.2 7.4 7.2
5.8 01 1.2 1.6 61 3.1 2.3 3.0
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Table 5. Explosive Optoacoustic Spectra (Microvolt per Milliw’att)
in the 9 Micrometer Region :

~Wavelength

(Micrometers) NG EGDN DNT
9.711 1.7 2.5 0.8
9.655 | 1.7 2.2 0.6
9.601 2.2 3.2 0.8
9.550 2.2 5.0 1.0
9.501 2.2 5.0 1.1
9.455 - 4.0 1.0
9.352 0.75 2.0 .55
9.303 0.5 1.5 .35
9.247 ' - 0.25 1.0 .30
9 5 .20

217 - 0.
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Table 6. Explosive Optoacoustic Spectra (Microvolt per Milliwatt)
; in the 11 Micrometer Region

(ﬁ?Z$gﬁggZ¢s) NG(45°C) Ne§(23°C) EGDN(45°C) - EGDN(23°C)
11.194 6.5 0.4 6.2 0.6
11.149 5.2 0.4 7.0 0.6
11.107 4.6 0.4 6.5 0.55
11.065 3.3 0.35 5.3 0.5
10.850 - 0.12 - - 0.23
10.833 s - 1.5 -
10.800 1.3 0.12 0.8 0.23

10.753 1.0 0.12 0.5 0.23
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B. Investigation of Interfering Species

It was agreed that the interfering species to be investigated would be
butane, methane, NOZ’ NO and water vapor. These were investigated in
both the 6 micrometer and 9 micrometer wavelength regions.

- For the 6 micrometer wavelength region, the concentrations for the
samples used are listed in Table 7 and optoacoustic spectra data are listed
in Table 8, The spectra are shown plotted in Figures B-18 thrmigh B-22,

In the 9 micrometer wavelength region, none of the listed interfering
species yielded any optoacoustic signal except for butane. The optoacoustic

spectrum for butane is shown in Figure B-23,

C. Determination of Optoacoustic Spectra of Explosives Vapor in

the Presence of Interfering Species

The extensive exploration of additional transitions in the 9 micrometer
and 11 micrometer wavelehgth region did not leave sufficient timé to per-
form all the tasks of the contract to the letter. However, all the required
spectra of the listed interfering species had been obtained, and the results
of the investigation of the validity of superposition of spectra a.llowb con-
clusions to be drawn from the two separate familie’s of spectra. Further-
more, and this was really the most compelling reason, data listed in
Tables 7 and 8 clearly,sth that ihterference‘dﬁe to water vapokr renders
the 6 micrometer wavelength region marginal at be st for optoacou$tic
detection of explosives kv'a.por,sk. Although int'erfe‘rencekfz:om NO, alone
might threaten to render detection of DNT ineffectiVe, the added effect of |

the omnipresent water vapor is much, much worse. Therefore, for the
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Table 7. Concentration of Interfering Species

(partial pressure) in Nitrogen

Interfering
Species

NO
N02

CH4

CaHyg

Water Vapor

38
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Table 8. Pollutant Optoacoustic Spectra (Microvolt per
Milliwatt) in the 6 Micrometer Region ,

Wavelength Nitric Nitrogen ,
(Micrometers)  Butane ‘Methane Oxide Dioxide Water
6.626 2.50 0.17 2.38 9.7 12.5
6.538 .67 0.67 2.37 0 28.0
6.465 2.50 1.59 0.39 - 5.50 15.0
6.408 2.40  0.75 1.08 3.08 8.5
6.367 0.72 0.90 0.28 2.00 7.5
6.312 0.13 0.47 0.25 1.16 1.0
6.258 0.20  0.09 0.67 0.94 1.5
6.213 0.25 0.29 0.66 2.01 3.5
6.174 1.75 1.08 1.87 8.37  33.5
6.132 0.30 0.21 0.25 1.75 9.0
6.063 0.28 0.42 0.34 3.43  20.0
6.002 1.43 o 0 4.17 30.0
5.941 0.91 0.19 0.22 3.18  22.0
5.880 1.16 0.91 0.14 8.64  50.0
6.87 075 2.0 o0 9.40  20.0
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6 micrometer wavelength region, the optoacou’s’tic 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 B-24
illustrafes that it‘ is relatively easy to detect EGDN at réom temperature at
50% relative humidity. As shown in Figures B-25 and B-26, the situation
is less favorable for NG, and circumstances are definitely not favorable for

DNT. A relative humidity of 50% would be unacceptable for the last case.




CHAPTER IV. FEASIBILITY DETERMINATIONS

In this chapter, results are reported of an evaluation of whether it
is indeed feasible to use optoacoustics to detect the presence of ve’xplosives.
The evaluation is based on data reported in previous sections, on additional
data to be reported in this section and on experience obtained during field
operation of a portable optoacoustic unit,

Some of the basic considerations included in the evaluation are those

of:
Ca. Intrinsic optoacoustic efficiency
b.  Basic difficulties due to interference
c.  Ultimate limitations imposed by technology
d. Cost, reliability and ease of operation.

 Table 9 lists quantities which serve as figures of merit insofar as
optoacoustic detection is concerned. They are the maximum normalized ‘
optoacoust1c signals detected (that 1s, mlcrovoltv of signal per milliwatt of
1nc1dent radlatlon) for a vapor with a concentration of 1 ppm. The a.ctual
figures listed in Table 9 are valid only for the specific CO transitions used
in this investigation. ’
A. Dptoacou’stvic Efficiency

: Referring to Table 9, it ,is‘ seen that the optoacoustic effici‘enciesof"
the explosives EGDN an’d NG are comparable to ythose' ofvsmaller‘fnoieculyes,’
- but that of DNT is lower, It is not poésiblej to co‘v‘nclu‘kdé\on the"basi"s’of'

the se . data alone whether ring struccuree do enhance 1nternal v1brat10na1 AT
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Table 9. Optoacousf:ic Efficiency of Explosives and
Interfering Species at 6 Micrometers

Max. Normalized Molecular Max normalized

Molecule Optoacoustic Signal Concentration Optoacoustic Signal

(uV/mi) ~ (ppm) per. ppm

; (uV/mi/ppm)
NG 5.3 ' ; 0.62 8.55
EGDN 60.5 53 1.14

- DNT 4.6 92 0.05
NO 2.38 4 16 0.15
NO, 9.46 6.1 | 1.55
H,0 50 47 x 10° 0.001
(39°C, 50% RH)

CH4 | 2.1 10 | | 0.21
Butane 2.5 8.8 0.28

Results ca1cu]ated using ‘the following data:

Explosive ~ Number density at 45°C for vapor
‘ i ~ in equilibrium with explosive

NG S  1.43x 10'3 73

EGDN S 1.22 x 10°

DNT N 2.13 x 10'°

1 ppm in air at 1 atm, 45°C corresponds to 2.3 X 10" 3¢m3

RH = -relative humidity
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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 9 indicate that there is nothing drastically wrong

with the optoacoustic response of the explosives EGDN, NG and DNT. Since

most of the 6 micrometer wavelength region work was carried out with only
about 10 milliwatts of incident power, there is rnuch opportunity for enhance-
ment of the signal, Similar conclusions are equally valid for the datahobtained
in the 9 micrometer and 11 micfometer wavelength regions.
B. Interference
As mentioned in previous sectiohs, interference may arise because

of other molecular systems present in the environment or because of sub-
' stances entrained with the explosives, In the 6 micrometer wavelength
region, NO, NO2 and vvatef vapor give rise to interfe‘rénce of varying
degrees of difficﬁlty depending on the explosives involved. However, it is
water vapor which is most troublesome. It is interesting to note that, for
the 6 micrometer transitions used in this inyve’stigation', water is in fact
vei‘y‘ optoacoustically inefficient, the signal being 0.001 pV/mW /ppm as
- compared with 8,55 uV/mW/ppm for NG, 1.114 pV/mW/ppm fbr‘EGDN and
O, 05 wV/mW /ppm fér DNT, ‘re spectively. However, theré are krn’any water g
~ rﬁolecules in air, even at ''low" felative humidity, aﬁd the fesulting, int‘:‘e r- |
ference is not negligible. (See Figﬁre”B -26, ,foi‘ example,) -

- We note, howéver? that if the water vaporv is pre séﬁt in the ‘kenviron‘_

ment, the optoacoustic signal from that backgljourid can be dev‘ter'm'iln’ed
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separateiy and subtracted from the combined signal. In practice this could
be carried out using two optoacoustic cells. A single incident beam Woula
be split and the two portions directed into two detector cells. The resulting
: wafer vapor background signals would be adjusted so that no coherent
alternating current optoacoustic signal is obtained in the absence of the
explosive. The explosives optoacoustic signal alone is obtained as the laser
tuned across (say) six different transitions. This same technique can be
used to alleviate the interference effects due to other environfnental inter-
fering species, By use of this common mode rejection scheme, it is
anticipated that all three explosives, NG, EGDN and DNT, ca’n be detected
for conditions equivalent to the vapor being in equilibrium with the explosive
(for NG, approximately | ppm; for EGDN, about 75 ppm; and for DNT,
about 50 ppm). | |

Of much greater concern are instances where the water seems to be
entrained 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 tc; b¢ the situation for the explosives RDX, PETN and TOVEX. In
the laboratory, there was some thought of removing the water from the
explosivkes so that the optoacoustic signals of the explosives alone could be
thained. Hdwever, inasmuch as some of these explosives are norxnally
prepared in the form of Water s_luyrr.ie‘s and, since, in tﬁe contemplated use
at aikrports,; étc. » there would n‘ot,b’e the bpport}lnity t‘o desicca‘te'a}.'l luggage
; p‘rés‘e‘nted for‘inskpection, ‘this ‘elaborat;e appfoach \ﬁas abandoned for more

; p‘ra‘c‘tic'kal‘wa.ys of circumventing the interference problem. Th1s was the
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principal reason for the' additional work carried out at 9 micrometers and
11 micrometers. Investigations at these higher wavelengths showed no
interference due to NOQ, NOZ’ CH4 or water vapor. However, highér
molecular weight hydrocarbons may be troublesome, and butane constitutes
an example. Again, dual celﬂl, common mode rejection techniques may be

used to reduce the effects of environmental interfering species in the 9 to

12 micrometer wavelength region.

C. System Design Considerations »

The principal components of an optoacousti‘c detector system are a
laser, a radiation chopper, the detector cell itself and associated power
supplies and signal processing electronics. Of all thése ingredienfs, the
only questionable item is the availability of a long-lived, sealed-off,
extended tuning range CO laser. More specifically, the operating life
expectancy should be above 5000 hoﬁrs in the sealed-off, dry ice cooled
mode; power should be at least 1 watt when operated with a diffraction
grating or its equivalent; and gain should be sufficiently high so that the
tuning range extends to at least 6.6 micrometers. Although such a laéef :
might be available at one or more laboratories, there is no accumulated
experi‘ence regafding IOng‘—lived, sealed-off CO lasers. In contrast toﬂthi}s,J
there is néw sufficient collective ei‘cperiehc‘é to indicate that *lon_kgk-,lived,
sealed-off CO‘& lasers with mixed’is otopes and extended tuning fang’e can
readily be irﬁplemen‘ced. This is a good réason for giving éeri’ousﬁ théught
to the 9 to 12 micrometer wavelength region. | e |

The detector cell is inherently a simple de’vicev, and there is i_n,'for‘- .

" mation in the opeh,literature regarding the prihcipies guiding the "desi'g'n
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of such cells. Each laboratory will, of course, develop its own preferred
practice in cell design; resulting in real or imagined improved performance,
The results of this 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. Itis important to check the electronic
saturation characteristics of such microphones.

Most of the data in the course of this investigation were taken using
a mechanical light chopper. Mechanical choppers are adequate for the
purpose, but are often not very stable in the chopping fréquency, dé not
provide simple harmonic modﬁlation and often cannot provide modulation at
sufficiently high frequencies. At Case Western, it is found 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
dbtained in this manner. Feedback control can also be used to ensure sinu-
soidal modulation. Reverting to the topic of cell de sign, it is worth men-
tioning at this point that some cells have high acoﬁstic, quality factors (Q),
: “but ar‘e'not very seﬁsitive to minor frequency deviations away from the
resonant frequency. Other cells of more classic design have the disadvan-
tage of having such sharp resonance curves that elab‘orate frequency stabili-
zation is required if noise is to be kept to acceptable }‘-;e'«{.rels. |

Laser—‘excitéd, optoacoustic detector systems contemplated in this
study are inherently simple systerﬁs. ,A“rough estimate indicates that such

systems may be produced for sale at a unit pric_:e' of less than $25, 000.




This price would vary somewhat depending on what additional signal
processing and/or display features are required. Again CO systems migh_t
be troublesome 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 C,O2 units could be operated by non-technical personnel.

More specifically, a typical CO2 laser optoacoustic detector system -

would comprise the fo]lovving components with the indicated estimated power
requirements, sizes and weights;

a. The laser and cell assembly, including the coolant reservoir,
thermoelectric cooler, beam splitter, common mode rejec~
tion dual ‘vcell assembly, diffraction grating for wavelength
tuning and piezoelectric transmission mirror for powér
optimization. The power requiremeﬁt is approximately
200 watts, weight is estimated to be less than 50 pounds and
dimensions are of the order of 22 X 8 X 8 inches.

b. The power supply unit includes the‘h‘igh voltage power supply, ‘
discharge current modulation control, ‘diffrac‘tion grating
stepping motor supply and conti'ol and cavity dimension

~optimization supply and éqntrol, Dimensions are estimated
_to.be of the order of 18 >X, 8 X8 incheé'. kWeight’ is‘le"ss than
50 ‘pound,s . |

c. The data processing aﬁd, display unit inclucﬁles,a,c.urr‘ent

| v (’?re) amﬁlifier vand’ ’a’pha se;sensitive amplifi,ér’w‘ith"a

limited freQuency' tuning optibn. Lo'gic for controlling the
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tuning sequence of the laser and means for processing
the "signature'' of the received signal are provided. A
simple yes/no tjrpe of display (perhaps audio as well as
visual) would probably be the principal ogtput 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 clear that the investigation had succeeded
in révealing the nature of the possible problems and had also succeeded in
establishing the directions in which some limited, additional investigations
were indicated. To do the most good in the remaining time, it was agre‘ed
by both Case Western and Aerospace that the investigation would not be
strictly limited to the-exact letter of the contract, but would proceed as
rapidly as possible to reveal the possibilities available in the 9 to 11
micrometer Wavelength region. . For a while, .this implied fhat there would
not be an opportunity to cérry out the test in public places, such as an air-
port or a bus statién. Fortunately, a semiportable, self-contained CO2
laser-excited optoacoustic unit (constructed by Case Western Reserve
Univer sity under separate contract for a local instrument coinpany) was
secured and this unit was operated for four days at a local instrument exhibit
at the Convention Center 1n downtown Cleveland. The enviroﬁ‘rnen‘t in the
hall was excellent for test purposes. Although bringing explosives into
‘ the hall was not allowed, the ability‘ to detect SF6 ‘at 10.6 mic‘rometekrs

‘amidst all the gasoline fumes and other types of pollution Was‘demonst‘ratéd. :
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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 ascertain if SF, emitted by these samples could be
optoacoustically detected. As indicated by the results exhibited in Fig-
ure B-27, SF6 was detected in all three cases. The first sample consisted
of'a metal'simulya’ced blasting cap. The SF6 optoacousfical signai obtained
in that case was overwhelmingly large, being 714 pV/mW. The other two
samples consisted of Teflon capsules impregnated with SF6 at an earljer
time and estimated to be emitting SF6 at extremely low rates, perhaps at
the rate of 1 to 5 nanoliters per minute., As shown in Figure B-27, positive
identification was obtained in both cases, but the profile showed signs of
saturation and the intensity of the incident radiation was probably too high

for the purpose.
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CHAPTER V. REGCOMMENDA TIONS

It is recommended that this initial promising investigation be

followed up so that the following activities and results might be pursued

and attained:

a.

"Optoacoustic spectfa of explosives and of SF6 be examined
carefully in the 9 to 12 micrometer wavelength region with
the use of mixed isotope CO2 lasers, The interference due
to hydrocarbons (butane ard higher molecular weight), such
as those found in jet fuels, needs 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
iﬁtérfering species. |

The 6 micrometer wavelength region be re-’eﬁcamined with
increased CO power and with the duai cell, éommon-mode
rejectioﬁ technique.

Detection bé carried out with gas flowing through the
detector cell.

A field‘o\perablAe system be de signed incorporating scanning

and power optimization, narrow band filtering and phase

sensitive amplification and appropriate signal processing

and display.

A‘pfototype of this field ope,rable unit be implemented.



APPENDIX A

A RATE EQUATION DESCRIPTION OF A
TWO-LEVEL OPTQACQUSTIC £¥STEM
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In the interest of completeness, we provide here a rate equation
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 levels are stimulated. In

addition, de-excitation from the upper level occurs because of fluor-

‘o . 1 )
escence (spontaneous emission, with rate TR ) and alsc because of colli~
1

»

sions (with rate "r;1). The optoacoustic signal is proportional to Nz'r;

where N, 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 moleycu.les/crn3 =’N1 + N,
where N1 =z number of molecules/cmgin the lower state
and N, = number of molecules/crn3 in the upper state

The rate equation description of the system may be written as

dNi J.."'_'_ hy ' I\) hy 1 1
gt 7" Bz Nyt By Np + (= )N,
R Cc
dNZ I\)h»’ ‘ I\)hv ; 1 1
TE T By e Np v B Ny - (AN,
R c
where B12 = Bg1 = Einstein Coefficient For Stimulated

: Abso‘rptiori and Emission
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frequency of radiation interacting resonantly

V=
with the molecular system

Iv = number of photons/cma/sec of energy hv

TR = radiation lifetime of upper state

To = collisional lifetime of‘ upper state

For convenience these equations can be combined and slightly

rewritten as

d U X ‘
-a;(N2 - Ni) = - B(N2 - Ni)l\) - 2T N2 (A-3)
B hv
where B = B12 =
e
R c
We note in pé.s sing that
ﬁ2c3 : Tr2C3
B, , = A =
iz Avhv3 -2l A\)h\)?"rR

We may safely assume that steady-state conditions are always
attained, i.e., for any L, the sysfemhas ample time to adjust itself
to stea.dy—state conditions appropriate to that value. This means that

we ‘can take
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-—(N, - N,) =0 and Eq. (A-3) yields
1 .

BNI
N _________\)_____i (A-4)
ZBI + 27
\) ’
The acoustic signal is proportional to NZTc_:i and we have, accordingly,
that the acoustic signal
- BNI\)T;1 e
e N T = —— ‘ : (A¢-"'5) :
2¢ apr 42770 |
By
In the case where the incident radiation is modulated at frequency

w so that

I, = I (1 + 8 sin wt) where 0< 5 $1 ’ (A'_ké»)

we can consistently write

. -1
1 BNIo(i + 8§ sin u.)t)'Tc

2c

N i

2BI (1 + 6 sinwt) + 21

Expanding in powers of & sin wt and retaining only terms up to the second k

pdwer of (6 sin wt), we have’



, BNI s 4BZIZNT'152
- [0 N o (o] C
N,T. = o1 ~133
~ 2BI ) + 27 [ZBIO +27° 7]
2r"2BNI | 4BZIZ'NT;1 >
+ < Oizésinwt+ _136 sin 2wt + -=-
(2BI_ + 2177) (2BI  +2777)

(A-8)
Insofar as the sin wt term is concerned, we see that for very small

I, Bl << +~1 and
o] [o]

ZT;ZBNIO WERY: ,
—75 ¢ "'2'(?) BNI_s (A-9)
(ZBI0 + 21 7) c :
But when I, becomes very large, then
277 2BNI ‘
T ot i (A-10)
(ZBI0 + 27 7) o ,

It is quite apparent that BI0 should be large but not larger than 'r_1
This can be demonstrated also by solving Eq. (A-10) for the optimum
value of Blo'. Actually BIo '='71r- or the reciprocal of the lifetime as

specified by inte raction with radiation and the optimum condition merely

“says (qual'itatiVely) that we should not pump harder than we can deplete

- the ’upper state by collisional process.

Depending on the partial pres"sure of the absorbing’gays, the pre-

sence or absence of other gases, and the influence of wall collisions,
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T might be of the order of, say, 10-6 second and it found that saturation

sets in at quite low powers of the order of fractions of a Watt/cmz. This

is in agreement with our experience in our high resolution saturation spec-

129
2 -

Furthermore the manner in which saturation occurs is of interest.

tra of SF6 and of I

In Eq. (A-~8), the dominant direct currénty term has IO to th\e’ same power
in the numerator and in the denominator. U‘nnecessarily high values of
I might not bring correspondingly higher signal %falues but there are no
penalties either., This is different for the other terms. In particular,
the alternating current term at frequency w saturates according to I;i,

and so does the second harmonic term. It is important therefore in

practice to avoid using unnecessarily high incident powers.

_Scattering and absorptiori at the window would result in a spurious
signal also at a frequency of w, and it has been suggested that detection
of the second harmonic might provide the means for discriminating
against that spurious signal. However, from Eq. (A-8) we nc;te that as

saturation sets in the two terms have the following behavior

2 °BNI ; L 2% :
- - _1zésinwt—'-§—-§l—— sin wt o (A-11)
(Z‘BI0 + 27 )T ‘ o R ,
13 8§  sin 2wt = —Z-—ET;— sin 2wt o ‘ (A-i?),

(‘21310 +2777)

The ~ampliti1déi of the second harmonic term is smaller by a factor

ofi'-r;'i ‘which can be as 'lé,rge av.s"1071;
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APPENDIX B

COLLECTION OF OPTOACOUSTIC SPECTRA OF EXPLOSIVES
AND INTERFERENCES TAKEN AT 6 pm (CO LASER)

AND 9 AND 11 pm (CO2 LASER)
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Figure B-1, Optoacousfic Spectrum of NG at 6vMi"cr‘ome’ters‘(45°C)
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Figure B-2. Optoacoustic Spectrum of EGDN(10% NG) at 6 Micrometers (45°C)
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Figure B-3. Optoacoustic Spectrum of DNT at 6 Micrometers (45°C)
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Flgure B-4. Optoacoustlc Spectrum of TNT at 6 Micrometers (45°C)
(Spectrum is probably significantly contamlnated with-
- water vapor absorptlon spectrum) »
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- Figure B-5. Optoacoustic Spectrum of RDX at 6 Micrometers (45°C)

(Spectrum is probably significantly contaminated with
water vapor absorption spectrum)
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Figure B-6. Optoacoustic Spectrum of PETN at 6 Micrometers (45°C)
(Spectrum is probably significantly conta.mmated with
water vapor spectrum):
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Figure B-7. Optoacoustic Spectrum of TOVEX at 6 Micrometers
' (45°C) (Spectrum is probably significantly con-
taminated with wa’ter vapor spectrum)
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Figure B-8. Optoacoustic Spectrum of Dynamite at 6 Micrometers (45°C)
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| Figure B-9, Optoacoustic Spectrum of NG at 9 Micrometers (45°C)
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Figure B-10. Optoacoustic Spectrum of EGDN at 9 Micrometers (45°C)
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Figure B-11, Optoacoustic Spectrum of DNT at 9 Micrpmeters _(450(})'
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‘Figure‘B—iZ. Optoacoustic Spectrum of Dynamite at 9 Micrometers ‘(45°C)
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Figure B-14, Optoacoustic Spectrum of NG at 11 Micrometers (23‘°C)‘
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- Figure B-15, Optoacoustic Spectrum of NG at 1.1 M‘i'crometers‘(zisoc)'v
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Figure B-16. Optoacoustic Spectrum of EGDN at 11 Micrometers .( 23°C)
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Figure B-17. Optoacoustic Spectrum of EGDN at 11 Micrometers (45°)
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- Figure B-18, Optoacoustic Spectrum of Butane at 6 Micrometers
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Figure B-19, Optoacoustic Spectrum of Methane at 6 Micrometers
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- Figure B-21. Opto:ac,ous*cicb Signal of NO2 at 6 Micrometers
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Figure B-22. Optoacoustic Spectrum of Water,Vapbr at 6 Micrornet_éfs‘
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Fkigu‘re‘B-Zél. Comparison of EGDN and Water Vapoi' Optoacoustic -
Spectra at 6 Micrometers (50% Relative Humidity)
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~ Figure B-25, Comparison of NG and Water Vépor; Optoa‘cous’t’ivc‘ LT
e . Spectra at '6vMicromete’rs(20% Relative Humidity) .
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L Figure ‘B-26'. Comparispn of NG and Water Vapbf Optoacousfic
- S ‘Spectra at 6 Micrometers (50% Relative Humidity)




Figure B-27.
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