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these compounds to be monitored on a real-time basis down to the 30 part-per-
billion (ppb) level in the ambient air near hydrazine-fuel production and storage
facilities and at missile launch sites.

Three CO, laser spectroscopic techniques are considered for monitoring air-
borne levels of hydrazine fuels and their selected degradation products. These
are the 1-?-C“’Oz laser-based photoacoustic, conventional long-path absorption,
and lidar (laser radar) detection techniques. As part of the information needed
to en'imate the detection sensitivites of the hydrazine fuels by each technique,
12¢ O, laser vapor phase absorption cross sections were measured at

about 77 12¢1 O, laser wavelengths and are reported for the rocket fuels
hydrazine, monomethylhydrazine (MMH), and unsymmetrical dimethylhydrazine
(UDMH), as well as for their selected air oxidation products, dimethylamine,
trimethylamine, and methanol. Similar data are presented from the literature
for the hydrazine-fuel degradation products ammonia and methylamine. From
these data, it is estimated that detection sensitivites of 30 ppb should be obtain-
able for each of the hydrazine fuels in the presence of typical ambient air con-
centrations of water vapor by the 12¢ci O, laser photoacoustic technique. Under
similar conditions, practical detection sensitivities for hydrazine, MMH, and
UDMH of about 70, 140, and 130 ppb, respectively, should be possible using

a long-path (100-m) absorption cell, while lidar detection sensitivites of about
50, 90, and 60 ppb, respectively, would be expected using a range cell path
length of 100 meters.

Analysis of the 12C“’O;; laser absorption spectra of the aforementioned air
oxidation products of the hydrazines indicates that, at their anticipated airborne
concentrations, these compounds will not interfere with hydrazine detection,
Consideration of the concentrations of pollutants typically found in urban air

and their infrared spectral properties indicates that the estimated 12ct O, lasen
detection limits of the hydrazines should not be significantly increased by the
presence of typical air pollutants.
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I. INTRODUCTION

In this report, an account is presented of the investigation of the use
of carbon dioxide (COZ) laser spegtroscopic techniques for real-time
monitoring of toxic vapors at the parts per billion (ppb) level in the work
environment important to the Air Force and its contractors. This work in the
current program is aimed at detecting the rocket fuels hydrazine, mono-
methylhydrazine (MMH), and unsymmetrical dimethylhydrazine (UDMH), and
some of the potentially toxic air oxidation products of MMH and UDMH. If
these compounds can be successfully monitored at part-per-billion levels by
CO2 laser spectroscopic techniques, it is anticipated that many other air-
borne toxic substances of concern to the Air Force will be detectable at

similar low levels by the same techniques.

We are investigating CO2 laser-based photoacoustic, conventional
long-path absorption, and laser radar (lidar) spectroscopic techniques as
methods of monitoring the levels of toxic vapors in the ambient air, Each of
these techniques is based on the detection of selective absorption by the
molecule of interest of infrared radiation from a wavelength-tunable COZ

laser,

The excitation wavelengths selected for the detection of a particular
molecule depend upon the wavelengths of its absorbances as well as those
of potentially interfering species, The wavelength region between ~8.5 and
12.5 pm is most suitable for ambient air detection of trace molecules
because of the lack of absorption in this spectral region by most of the major
atmospheric gases, Absorption by atmospheric water vapor and COZ severely
limits detection sensitivities at other infrared wavelengths. Therefore, we
chose the well-developed, reliable COz laser as the excita;:izonl Zource for a
possible detector of toxic vapors in the ambient air. The "“C Oz lasler
can produce over 100 discrete wavelengths between ~9. 1 and 11.0 um" where
a large number of molecules (including the hydrazine-based rocket fuels

and their toxic air oxidation products of current concern) exhibit strong,




highly characteristic absorption bands. Other isotopic CO2 species can

extend the laser spectral output to almost 12 pm.

To determine the feasibility of using COZ laser-based detection
techniques to monitor the levels of toxic vapors in the ambient air, it is
necessary to measure high-resolution absorption cross sections for these
compounds as a function of CO2 laser excitation wavelength. These data
are needed to determine whether the toxic vapors of concern exhibit CO2
laser high-resolution absorption spectra that can be specifically detected
in the presence of expected interferences, These data are also required
to permit accurate estimation of the detection sensitivities of these compounds
by each of the COZ
this report are discussed vapor phase absorption spectra taken with a
lagser for the rocket fuels hydrazine, MMH, andd UDMH, and for the selected

hydrazine fuel air oxidation products ammonia, methylamine, dimethyla-

lager spectroscopic techniques under investigation., In
12 C16 o

mine, trimethylamine, and methanol. These oxidation products are among
those that may interfere with detection of the hydrazines. In addition, the
detection of dimethylamine and trimethylamine is of interest, because

these compounds may undergo further atmospheric reactions to form

potentially carcinogenic compounds. 2 High-resolution CO2 laser spectra of

the MMH and/or UDMH air oxidation products formaldehyde monomethylhy-
drazone, formaldehyde dimethylhydrazone, and N-nitrosodimethylamine

will be determined in the future and reported in a separate document,

In Section I, the Air Force's need to develop improved techniques to
monitor airborne levels of the hydrazines and some of their degradation
products is described. The COZ

under investigation for the real-time monitoring of these toxic vapors in

laser-based spectroscopic techniques

the current program are also described in Section II. In Section III, the

experimental apparatus and procedures used to determine the COZ laser

£
Literature data are reported here for ammonia and methylamine.
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high-resolution absorption spectra of the toxic vapors of concern are
described. The CO.2 laser spectra determined to date for these compounds
are presented in Section IV. Based on these high resolution spectra, a
discussion of the expected CO.2 laser detectabilities of each of these com-
pounds when photoacoustic, conventional long-path absorption, and lidar
spectroscopic detection techniques are employed is presented in Section V,

Conclusions are outlined in Section VI,




II. BACKGROUND

A. TOXIC VAPORS OF CURRENT SD CONCERN

A sensitive, selective, and reliable instrument for real-time detection

of a wide variety of toxic vapors is being developed in response to the desire
of the Air Force's Space Division (SD) to better protect the health of its own
and its contractors' personnel. Such an instrument will also help SD and
its contractors meet increasingly strict Occupational Safety and Health
Administration (OSHA) and Environmental Protection Agency (EPA) require-
ments on the use of controlled toxic substances. The associated require-
ments to demonstrate that the workplace levels of toxic vapors are less than
certain standard amounts will require much improved analytical techniques

for the detection of these compounds,.

EPA and OSHA restrictions on the use of toxic substances can have a
significant impact on Air Force operations. This was demonstrated several
years ago as the continuing availability of the rocket fuel UDMH became of
great concern to the Air Force when its sole supplier almost had to terminate
production because of difficulties in meeting OSHA standards on allowable
worker exposure to a carcinogenic reaction intermediate, N-nitrosodimethy-
lamine (NDMA), then used in the UDMH synthesis. 3 This particular problem
should be alleviated by synthesis procedures that do not employ NDMA,
However, the Air Force is also concerned about operations involving the
use of the rocket fuels hydrazine, MMH, and UDMH because of possible
adverse health effects of these compounds and some of their atmospheric

degradation products.

During routine handling as fuels, the volatile hydrazines could be
inadvertently released into the ambient air as a result of spillage, purging
of transfer lines, or clean-up procedures. These compounds are highly
toxic, and have been found in recent animal experiments to exhibit
carcinogenic and mutagenic activity. 4,5 As a result, both the American

e A% e, A

.




Conference of Governmental Industrial Hygienists (ACGIH) and the National
Institute of Occupational Safety and Health (NIOSH) recently listed these
compounds among industrial substances suspected of having carcinogenic
potential toward humans., In 1977, ACGIH adopted time-weighted average
threshold limit values over an 8-hour workday for exposure to airborne
levels of hydrazine, MMH, and UDMH of 100, 200, and 500 ppb, respectively. 6
More recently, NIOSH suggested to the Department of Labor that even
stricter standards for the hydrazines should be established. NIOSH recom-
mended occupational exposure ceilings for hydrazine, MMH, and UDMH of
30, 40, and 60 ppb, respectively, over a 2-hour period. OSHA is expected
to adopt one of these sets of threshold values as its new standards for the
hydrazines. The proposed new standards allow up to 30 times less than

current standards,

The analytical methods currently used to detect the hydrazines near
production and storage facilities or near missile launch sites are neither
sensitive nor specific enough for monitoring on a real-time basis at the
expected new threshold levels. The analytical techniques now used to -
monitor the hydrazines in air give values averaged over the sampling period.
With sufficient sampling times, the NIOSH-recommended gas chromatographic
technique is sensitive to the hydrazines down to the new NIOSH-proposed
levels, 7 Continuous monitors, however, are needed to measure peak levels
of the hydrazines. Development of real-time monitors for the hydrazines

9

based on chemilu.minescence8 and electrochemistry’ is beginning, A near
real-time instrument, using a moving paper tape impreganted with a color
test reagent, has just become available commercially, 10 It is anticipated
that the chemiluminescence, electrochemical, and paper tape monitors, in
their present form, will not provide sufficient specificity to adequately
distinguish one hydrazine from another, or the hydrazines from some

of their atmospheric degradation products such as the hydrazones. The

CO2 laser-based detection methods should be more suitable for monitoring

a wide range of compounds than are the chemiluminescence, electrochemical,

and paper tape monitors.

12
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In addition to concern about the adverse health effects of the
hydrazines, there is a growing concern that some of the atmospheric
degradation products of the hydrazines may be even more hazardous than
the parent compounds. For example, it has been found that N-nitroso-
dimethylamine (NDMA), the same compound previously used in UDMH
synthesis and one of the most potent carcinogens known, is formed in
small amounts as a result of air oxidation reactions of UDMH. i
Dimethylamine (DMA) and trimethylamine (TMA), other products formed
in air oxidation reactions of UDMH, i can form NDMA as the result of
reactions in typical NOx polluted urban atmospheres. 2 The health hazards
of the major UDMH air oxidation product, formaldehyde dimethylhydrazone
(FDH), 12 and the major MMH air oxidation product, formaldehyde mono-
methylhydrazone (FMH), are not known. However, based on the similarity
of the chemical structures of FDH [(CH3)2N-N=CH2] and FMH [Cg3>N-N=
CHZ] to the corresponding parent hydrazines [(CH3)2N-NH2 or Cg3>N-NH2]
and to NDMA [(CH3)ZN-N=0], the compounds FDH and FMH might be
expected to exhibit ¢ xic or carcinogenic properties similar to those of the

hydrazines or NDMA,

Although adequate analytical procedures are awvailable for the sensitive

13,14 none has been

and selective monitoring of NDMA in the ambient air
established for other potentially hazardous atmospheric degradation
products of the hydrazines such as FDH and FMH. As more thorough
investigations of the atmospheric degradation reactions of the hydrazines
are carried out, more compounds may be identified as deleterious to human
health, and methods for their detection will be needed. A single analytical
instrument is needed that is capable of rapidly and specifically monitoring

airborne levels in the ppb region of not only hydrazine, MMH, and UDMH,

but also of their selected atmospheric degradation products such as NDMA,
DMA, TMA, FDH, and FMH, Such an instrument will be even more necessary
as the number of EPA and OSHA controlled toxic substances increases and
their threshold limit levels are lowered. The COZ lager spectroscopic tech-

niques for monitoring airborne toxic substances may fulfill this important need.




B, CO, LASER SPECTROSCOPIC TECHNIQUES UNDER
INVESTIGATION

Molecules that undergo a dipole moment change with a change in
geometry exhibit absorption bands in the infrared region of the electro-
magnetic spectrum. 15 When a molecule absorbs infrared radiation, it is
excited to a higher vibrational or vibrational-rotational energy state. The
positions and intensities of these bands depend on the size, type of bonding,
and geometry of the molecule., As a result, a molecule's infrared spectral

characteristics can provide a ''fingerprint'' that uniquely identifies it.

To provide the selectivity required for trace detection of toxic vapors
in the ambient air, multicomponent analysis is necessary. Particular species
must be identified in the presence of others. Infrared laser spectroscopy

can further enhance the high detection specificity obtainable with an infrared

spectrophotometer equipped with an incoherent excitation source; a laser

excitation source can provide an excitation bandwidth at least 100

times narrower than can be achieved with a typical infrared spectrometer .
equipped with an incoherent excitation source. The narrower bandwidth
output of a laser source can resolve the underlying fine rotational structure
in an infrared absorption band more readily than can a conventional |3
spectrophotometer. This can be visualized by considering two hypothetical ’
molecules A and B that absorb in the same general wavelength region.

The absorption band contours of A and B are shown under conditions of

large and narrow bandwidth excitation in Figs. 1a and ib, respectively.

Under conditions of large bandwidth excitation, as with a conventional }
spectrophotometer, the underlying fine rotational structure of the two
absorption profiles remains unresolved, and the two molecules are not
easily distinguished. However, upon excitation with a laser source (in this
case, a laser source with a large number of discrete tunable lines) one
component can be identified in the presence of another, or several others, ) ,,
if these molecules exhibit distinct high-resolution spectral features.

Laser infrared spectroscopy thus greatly increases the possibility of
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multicomponent analysis and discrimination from interferences compared

with conventional infrared spectroscopy.

It is evident from Fig. 1b that, over a given wavelength region, the
specificity of laser spectroscopic detection techniques will increase with
the increasing density of available laser excitation wavelengths, * Because
of the large number of closely spaced tunable wavelengths available from
the R and P branches of its 9. 4- and 10. 4-pm bands (see Fig. 2),17 the CO

laser is particularly well-suited for the highly specific excitation of the

2

large number of molecules that absorb in the 9 to {11-pm wavelength region.

Infrared laser long-path absorption, lidar, and photoacoustic techniques
can also provide highly sensitive detection of molecules. 18 By long-path
absorption techniques, molecules that absorb at a particular laser wavelength
are detected by monitoring the decrease in the laser light intensity as it
passes through the air sample being analyzed. Long-path absorption
measurements are conventionally made as shown in Fig. 3 with a sample
cell of limited dimensions by the use of mirrors to obtain multiple passes

of the monochromatic laser beam through the air sample,

Remote ambient measurements can be made by lidar techniques. By
lidar methods, a laser beam propagates into the atmosphere to a remote
region and interacts with the species being measured. The scattered radiation
then returns to a receiver, most often colocated with the laser transmitter.
The scattered light is then converted into electrical signals that, when
processed, yield information about the concentration and distance of the

species of interest,

The infrared laser photoacoustic technique, illustrated in Fig. 4, in-

volves an intensity-modulated laser beam used to selectively vibrationally

*This is valid up to the limit set by pressure broadening of molecular
absorption lines at one atmosphere pressure. The broadened line width
is about 7.5 GHz or 0.25 cm-1 under these conditions. Thus, detection
specificities would increase with increasing density of lines up to a
density of about four lines/cm"~1,

16
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excite the molecules of interest in a small-diameter closed cell. The
energy periodically absorbed by these molecules is transferred through
collisions with the surrounding nonabsorbing host gas molecules (N 2 and
OZ) into periodic increases in the temperature of the entire gas mixture.
This produces a periodic pressure pulse in the closed cell, which can be
sensitively detected by a pressure transducer or, if the laser intensity

is modulated at frequencies in the audio region, by a microphone.

Photoacoustic detection is expected to be more sensitive than long-
path absorption and lidar techniques. 19 In any absorption measurement,
the sensitivity is ultimately limited by the difficulty of measuring the
small difference in the large intensities of the incident and transmitted
light beams; photoacoustic detection, however, measures a small absorp-
tion signal against a null background.

The interference-free detection capabilities of each of the foregoing
12C“’OZ laser-based techniques for the molecules studied here are
estimated in Section V., These estimates are derived from the molecules!®
high-resolution absorption cross sections and from assumption of state-
of-the-art detection sensitivities for each technique. In Section III, the
experimental procedures and equipment used to determine the high-

resolution absorption cross sections of these molecules are described.

19
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III. EXPERIMENTAL

Two different CO.2 laser systems were used to measure the high-
resolution vapor phase absorption cross sections of the hydrazines and

some of their air oxidation products as a function of COZ laser wavelength,

Early measurements were made with a Sylvania Model 950A CO.2 laser
that was line-tunable only within the 10, 4-pm (00°1-10°0) *2¢*0, band. The
output obtainable from this laser was normally limited to 26 wavelengths
of the 10.4-pm 1201602 band [R32(10. 171 pm) to R8(10. 333 um) and P8(10.476
pm) to P32(10. 719 pm)]. The Sylvania laser used a sealed-off laser tube.

The laser tube had zinc selenide Brewster windows which provided a
vertically polarized output. Wavelength selection was performed by a

totally reflecting, 80 groove/mm original aluminum grating placed in

the rear reflecting position of the laser cavity. The output coupler was

a 3-m radius-of-curvature, 70% reflecting mirror, The output mirror and
the grating were separated from the laser tube by a low-expansion, her-
metically sealed quartz cavity. This quartz cavity was water cooled to
achieve the thermal stability required for long operation at a single
wavelength with minimal amplitude variation. The optical cavity length

of the laser was 77 cm. The grating was mounted on a piezoelectric
transducer capable of varying the laser cavity length to permit the cavity
mode to be tuned to the center of the selected laser transition, The laser
control unit consisted of a regulated dc power supply for the laser tube

and a highly stable dc supply for the piezoelectric transducer. The laser had
an output power of almost 3 W in a TEMoo mode for its strongest laser
lines. The manufacturer specifications on the laser amplitude stability
were 5% long term and 0.5% short term,

Because the commercial (Sylvania) CO_ laser used for these early

2
measurements was tunable over only 26 lines of its 10.4-pm band, a
12C“’OZ laser that was tunable over both its 9. 4-um (00° 1-02°0) and
10.4-pm (00° 1-10° 0) bands was assembled from components available at

The Aerospace Corporation.
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This laser, which was used for most of the measurements reported here,
was tunable over 36 wavelengths in the 9. 4-pm 1?‘01602 band [R36(9. 192 pm)
to R6(9. 355 um) and P6(9. 443 pm) to P44(9. 774 um)], and over 41 wavelengths
in the 10, 4-pm l"‘c“’o‘.,_ band [R40(10. 124 pm) to R4(10. 365 um) and P4(10. 441
pm) to P46(10. 884 um)]. The laser was operated in continuous-flow mode
using a vacuum pump and a cylinder of the laser gas mixture 13. 5% nitrogen,
4,5% carbon dioxide, and 82, 0% helium supplied by Air Products, Inc. Laser
tube gas pressures between 10 and 15 Torr were used. The Aerospace-fabri-
cated laser tube was 127-cm long and fitted with zinc selenide Brewster
windows. Wavelength selection was obtained with a PTR Optics 135 groove/mm,
2.54-cm diameter, gold-coated, 95% efficient grating. The grating was
held in an Aerospace-fabricated, water-cooled copper block., Efficient
cooling of the grating was essential for high-amplitude stability of the laser.

A 2.54-cm-diameter, 10-m radius-of-curvature, zinc selenide output

coupler (II-VI, Inc.) was used. This output coupler, which was 83% reflective,
was mounted in Burleigh PZ-90 piezoelectric aligner/translator to permit

the laser cavity to be tuned. The laser optical cavity length was 163 cm.,

A 20-kV, current-regulated dc power supply, previously designed and
fabricated at Aerospace, provided voltage to the laser tube. A Hewlett-
Packard 6516A dc power supply provided voltage to the piezoelectric

aligner/translator. The laser had a TEMoo mode output power of greater

than 5 W on its strongest lines,

The optical arrangement used for the high-resolution absorption
cross-section measurements in the early portion of the study is presented
in Fig. 5. It consisted of the Sylvania CO2 laser, 30-cm path length
sample, and reference gas cells equipped with zinc selenide Brewster
windows, zinc selenide beam splitters, and polished copper mirrors. The
beam splitters and mirrors were necessary to permit measurement of the
relative transmittance of infrared radiation through the cells with a power
meter (either Scientech, Model 36/0001 or Coherent Radiation, Model 201),

A COZ laser spectrum analyzer (Optical Engineering, Model 16-A) was used




Sban e caord e i Iy Ao m T

I9j3wol3d2dg xa9seT NOO 203 juswadueray Tesndo rejusurtzadxy g *Srg

JIZATYNY
WNYLIAd S dw

v |
O 1 O %

\

BOUYIW
WLLIdS
) sa_ Toanawmy  wvae
¢ / .sn,. m dﬂ ¢ \ / =‘w._.<._n_
V1 0 A4S — - JOVWI
W14

23

e




to monitor the laser wavelength, and the shape of the beam mode pattern
transmitted through the cell was monitored using thermal image plates.
An optical arrangement similar to that in Fig, 5 was used for measure-
ments with the Aerospace-assembled COZ laser, except that a separate
reference cell was not used, Instead, reference-cell measurements

were made on a sample cell filled with nitrogen only.

The high-resolution absorption cross sections og(\), in units of

cm” latm' 1, were determined as a function of CO, laser wavelength \ for

2
hydrazine, MMH, UDMH, ammonia, dimethylamine, trimethylamine, and

methanol by evaluating the relationship

I(\) s Io (\) R

Io ) S I(\) R

= exp [-o(X)pl] (1)

Here I(\) S and Io (\) S represent the intensities of light transmitted
through and incident on the sample cell, respectively, while I(\) R and

Io {\) R 2Te comparable quantities for the reference cell. In this case,

the sample cell was filled with known pressure p (in units of atmospheres)
of one of the foregoing compounds and nitrogen was added to bring the total
pressure in the cell to one atmosphere. The reference cell was filled with
one atmosphere of nitrogen only, The quantity { represents the sample
cell path length in centimeters. The absorption measurements were made
in an atmosphere of nitrogen to model the pressure broadening of the

absorption lines of these compounds that would occur in the ambient air,

Throughout this study, three or more Io {\) and I{\) measurements
were generally made at each laser line for a given sample pressure., Higher
pressures of the hydrazines were generally used for the absorption
measurements made with the Aerospace-assembled laser than with the
Sylvania laser. These higher hydrazine pressures resulted in more precise

absorption measurements,
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Our initial absorption measurements were taken with a 30-cm path
length, 1.22-cm inside diameter, cylindrical glass sample cell. When
this cell was used, the observed absorption for the hydrazines decreased
slightly over the several hours measurements were performed. This
decrease was attributed to surface-catalyzed degradation reactions and/or
surface adsorption effects on the walls of the cell. * This problem was
alleviated by the use of a sample cell for these measurements that had
a surface-to-volume ratio of 0, 28 cm'l, about 12 times less than that of
the cell initially used, The lower surface-to-volume ratio cell was fab-
ricated by attaching 1. 85-cm outside diameter glass tubing extensions
to opposite sides of a 5-liter flask. This tubing was cut at Brewster's
angle, and the zinc selenide windows were attached to the extensions with
General Electric RTV-~60 (a silicon rubber). The nearest edge of each
Brewster window was 2 cm from the spherical bulb, The spherical glass
sample cell was also equipped with an outer mixing loop to facilitate rapid
and efficient gas mixing by convection.

The sources for the compounds studied are as follows: hydrazine
(MCB anhydrous, 97% min), MMH (Aldrich, 98% min), UDMH (Aldrich,
95% min), ammonia (Matheson, anhydrous 99.99% min), dimethylamine
(Matheson, 99.0% min), trimethylamine (Matheson, 99.0% min), and
methanol (Mallinckrodt, anhydrous AR, 99.5% min). The high purities
of these compounds were confirmed by comparing their low-resolution
vapor-phase infrared spectra determined on a Perkin-Elmer 467 grating
infrared spectrophotometer with standard spectra for these compounds

20-23 rpe lZC“’O2 lager absorption spectra of

given in the literature.
each compound were found to also be consistent with their low-resolution

standard spectra.

% . N
Surface-catalyzed degradation reactions are not anticipated to be a significant

problem in a real-field instrument, These instruments will probably be

operated in a stopped-flow mode. The sample gas will have residence times
of only a few minutes, since measurements will be performed only at several

wavelengths with time scales of a few seconds per laser line,




Small quantities of these compounds were placed in evacuable storage
tubes or bulbs where they were degassed at liquid nitrogen or dry ice
temperatures on a mercury-free, greaseless vacuum line prior to use.

The hydrazines, dimethylamine, and trimethylamine were pumped on at
dry ice temperatures to facilitate removal of impurity ammonia. The
pressures of these gases added to the absorption cell were determined by
use of a Baratron pressure gauge (MKS Instruments, Inc,) with a 77 H-10
pressure head. Matheson Research purity nitrogen (99.9995% min, ) was
used as the buffer gas throughout the study. The pressures of nitrogen
added were determined with a Matheson gauge (Model 63-5601),

sl
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IVv. RESULTS

To be detectable by COZ laser spectroscopic techniques, a molecule's
absorption bands must overlap one of the wavelength regions of COZ laser
output. Figure 6 shows the vapor-phase transmission spectra of hydrazine,
MMH, and UDMH in the 8- to 12-um region as determined at a spectral re-
solution of ~2cm-1 with a Perkin Elmer 467 infrared spectrometer equipped
with an incoherent source. The cross-hatched areas in Fig. 6 correspond

to the wavelength regions of strong 12C160z laser output, i.e., the intervals
of full-width-half-maximum output for the P and R branches of the 9.4- and

10.4-pm bands in Fig. 2.

The spectra of hydrazine and MMH exhibit absorbances that overlap
the 10, 4-pm 1201602 laser band; UDMH exhibits absorption in both the 9. 4-
and 10.4-pm bands. Similar spectra of ammonia, methylamine, dimethyla-
mine, trimethylamine, methanol, formaldehyde monomethylhydrazone,
formaldehyde dimethylhydrazone, and N-nitrosodimethylamine indicate

that these hydrazine fuel degradation products also possess absorption

bands that overlap portions of the 12C16O.2 laser output.

Spectra obtained with a conventional infrared spectrophotometer can
indicate which molecules are suitable for detection by CO2 laser spectro-
scopic techniques. Such spectra, however, generally do not reveal under-
lying rotational fine structure in an infrared band. Therefore, absorption
coefficients determined with a laser source may differ greatly from those
measured with 2 broader band conventional spectrophotometer., Differences of
up to an order of magnitude between absorption coefficients determined by a
laser source and those determined by a spectrophotometer with an incoherent
source may be possible, even when rotational fine structure remains un-
resolvable. High-resolution absolute absorption cross sections are thus
needed as a function of CO2 laser excitation wavelength for the determination
of realistic detectabilities of molecules by COZ laser methods. The large
differences possible between the absorption cross sections of molecules

measured with the use of a laser source and with a broader band conventional
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spectrophotometer are illustrated in Fig, 7 for ammonia. In this figure,
ammonia possesses resolvable rotational fine structure, and differences up
to a factor of 25 are observed between cross sections determined with a

COZ laser and those determined with a conventional infrared spectrophoto-
meter. The higher peak absorptions obtained under conditions of narrowband
excitation may permit enhanced detection sensitivities to be obtained. The
increased detection specificities obtainable with a laser source are

discussed in Section I,

The high-resolution vapor-phase CO, laser absorption spectra deter-

mined in this study for hydrazine, MMH, Zancl UDMH are presented in

Figs. 8 through 10. Similar spectra, either from the literature or determined
here, for ammonia, methylamine, dimethylamine, trimethylamine, and
methanol are presented in Figs. 11 through 15, The data given in Figs. 8
through 15 are also presented in Table I. The high-resolution absorption
cross section data for each molecule were determined after the absorption
cell was buffered to a total pressure of one atmosphere with pure nitrogen.
Since collisional broadening effects by nitrogen and oxygen are of similar
magnitude, these data should accurately represent the absorption cross
sections that would be observed for these molecules in the ambient air.

For the low pressures of the hydrazines or hydrazine fuel degradation
products used in this study, self-broadening should not contribute signifi-
cantly., The widths of the CO2 laser lines usgd to determine the absor_p::ion
cross sections in this study were on the order of 300 MHz or 0.01 cm °,
while the bandwidths of atmospheric pressure-broadened molecular rotational
lines are approximately 7.5 GHz or 0. 25 cm_i. Thus, the absorption cross
sections at each laser line should be insensitive to slight frequency variations
in the laser line positions that result from small fluctuations in the laser
cavity length, All measurements presented here were made at room temper-
ature, 295°K.

The spectral properties of the hydrazines and their possible air

oxidation products are described below as separate groups.
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A, 12C1602 LASER ABSORPTION SPECTRA OF THE HYDRAZINE-

HYDRAZINE-BASED ROCKET FUELS

1. HYDRAZINE

The hydrazine high-resolution absorption spectrum in Fig. 8 consists

of weak absorption throughout the 9. 4-pm 12C“’OZ laser band, but a series

b fan...

of very distinct peaks and valleys within the P and R branches of the

10. 4-pm band. Approximately half the 10, 4-um 12C“’O laser lines are

2
absorbed by hydrazine with cross sections greater than 3,5 crn-1 atm-l,
and three of the lines (P4, P32, and P40) are absorbed with cross sections

greater than 6.0 em™! atm™1,

The data points represented by circles in Fig. 8 were determined with
the Aerospace-assembled laser. A complete spectrum was first recorded ?

by taking the average of generally three or more absorption cross-section

roy

measurements at each laser line with the use of a sample of 3,21 Torr of
hydrazine buffered to a total pressure of 760 Torr with nitrogen. A partial
replicate spectrum was recorded with 3, 18 Torr of hydrazine for the laser
wavelengths 9. 658 (P32) to 9. 774 um (P44) and for alternate laser lines
from 10. 124 (R40) to 10. 365 pm (R4) and 10, 441 (P4) to 10. 858 pm (P44).
Averages of the 3.21- and 3. 18-Torr hydrazine absorption data are plotted

where these replicate measurements were made. Except where otherwise

noted, the disagreement between the 3.21- and 3. 18-Torr hydrazine absorption
cross sections and/or the uncertainty in the cross-section measurements 5

at either pressure were less than the size of the data point symbol.

The data points represented by squares in Fig, 8 correspond to
measurements made with the Sylvania laser. For the 10.4-um P and H
R branch measurements, two different hydrazine pressures (0.956 and
0.995 Torr) were employed. The P20 to P32 portion of the 10, 4-pm Mﬁ

absorption was rechecked with 1,040 Torr of hydrazine. The uncertainties

associated with these hydrazine data points, determined at low hydrazine

pressures, are much larger (and the data therefore less reliable) than the

s g Ry

cross sections determined at higher hydrazine pressures with the Aerospace-
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assembled laser. Similar observations can be made for the MMH and UDMH
absorption data. The absorption cross sections given for the hydrazines

in Table I correspond to those measured with the Aerospace-assembled
laser only. Even with the large uncertainties in the hydrazine data deter-
mined with the Sylvania laser, there is good general agreement between

the absorption cross sections determined by the two laser systems.

The highly structured features observed in the hydrazine spectrum in
Fig. 8 should serve as a unique spectral fingerprint to permit highly specific

detection of hydrazine by CO2 laser spectroscopy.
2. MMH

The MMH high-resolution absorption spectrum in Fig. 9 consists of
weak absorption in the 9.2~ to 9. 8-um wavelength region and moderate
absorption in the 10, 1- to 10, 9-pm region, A sharp MMH absorption feature
with a cross section close to 3.5 cm” 1atm'1 is observed at the 10. 334-pm

(R8) 1201602 laser line.

The data points designated by circles in Fig. 9 were determined with
the Aerospace-assembled laser. The absorption data plotted over the
12C“’O2 laser 10, 4-pm band represent averages of absorption measure-
ments made on samples of 2,87 and 6,01 Torr of MMH, The MMH absorption
data for the 12Cl602 laser 9.4-pm band P and R branches were determined
during the 2,87- and 6.01-Torr MMH spectral measurements, respectively.
The uncertainties in these absorption cross sections are (as for most of the
absorption cross sections measured with the Aerospace-aséembled laser)
generally smaller than the size of the data symbols, i.e., less than
approximately +7%.

The MMH absorption cross sections determined with the Sylvania

laser are represented by squares in Fig. 9. The 12016

OZ laser 10, 4-pm
P-branch MMH absorption data represent averages of absorption measure-
ments made with the use of MMH pressures of 2.00, 2.01, and 2.99 Torr.

The 10, 4-pm R-branch measurements were performed on the 2.01- and
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2.99-Torr samples., Good general agreement can be observed between

the MMH absorption cross sections determined with the Aerospace-

'f
:
z
k.
r
‘Q

assembled laser and the Sylvania laser,
3. UDMH

The high-resolution absorption spectrum for UDMH in Fig. 10 shows

1

absorption maxima of about 1.5 cm” Litm™! and 4.0 cm™latm™! within the

1201602 laser 9. 4- and 10. 4-pm bands, respectively.

The data points designated by circles were determined with the
Aerospace-assembled laser. Absorption in the 9.4-um 1201602 lager
band was determined using 4. 88 Torr of UDMH, and absorption in the
10. 4-pm band was determined on 5. 06 Torr of UDMH. Absorption cross
sections determined on the 4. 88-Torr UDMH sample at four separate laser
lines (R38, P10, P42, P44) in the 10.4-pm band were in good agreement

with the corresponding 5. 06-Torr data,

The absorption cross sections designated by squares in Fig., 10
represent averages of absorption measurements made at 1. 85 and 5. 12
Torr UDMH with the Sylvania laser. The error bars associated with these
data points represent the spread between the 1.85- and 5. 12-Torr data.

The upper limits of these error bars correspond to the 1. 85-Torr measure-
ments. These 1. 85-Torr absorption cross-section data appear anomalously
high compared to the other UDMH absorption data, The lower limits of
these error bars correspond to the 5. 12-Torr measurements. Because

of the larger fraction of light absorbed with higher sample pressures, the

5. 12-Torr measurements are considered more accurate than the 1. 85-Torr
measurements. The 5. 12-Torr UDMH absorption data are in best agreement
with the data determined with the Aerospace-assembled laser,

It is evident from Figs., 8 through 10 that hydrazine, MMH, and UDMH

possess highly characteristic izC“’OZ laser absorption profiles. The

1?'C“)Oz laser absorption profiles of the possible atmospheric degradation

products of the hydrazines, ammeocnia, methylamine, dimethylamine,

trimethylamine, and methanol, are described below, The expected




specificities of detecting each of the hydrazines in the presence of possible

interferences are described in Section V,

B. 1ZC160_, LASER ABSORPTION SPECTRA OF SELECTED

HYDRAZINE FUEL DEGRADATION PRODUCTS

The absorption measurements reported here for dimethylamine,
trimethylamine, and methanol were made with the Aerospace-assembled
lager. Absorption measurements from the literature are presented for

both ammonia and methylamine,

1. AMMONIA

High resolution ‘Zc”’oz laser absorption spectra have been reported

for ammonia in four studies. 2427 The results obtained by these different
groups are presented in Fig, 11, The data obtained by Brewer and Bruce,24
Crane, 25 and Patty et al. 26 are in good general agreement with each other.
The ammonia absorption data obtained by Mayer et al. 21 differs from those
of the other groups, particularly within the P-branch of the 9. 4-pm laser
band and at line P8 of the 10. 4-pm laser band. These differences may be

in part a result of mislabelling of the absorption data according to laser

line transitions by Mayer et al, The ammonia absorption cross sections
determined by Brewer and Bruce are believed to be the most accurate
published to date. These are the data presented in Table I,

The 1ZC1602 laser high-resolution absorption spectrum for ammonia

obtained by Brewer and Bruce is characterized by very highly structured

peaks and valleys, Strong absorption features with cross sections of

approximately 60 cm-latm-l and 11 cm-latm-l can be observed at the R30

and R16 lines of the 9. 4-pm laser band. Within the 10. 4-um laser band,

strong absorption features are observed at the laser lines R8 (~17 cm-1
atm-l), R6 (~21 cm-latm-l), and R4 (~10 cmplatm-l).

Limited avsorption measurements for ammonia within the 12C“’Oz

laser 10. 4-um band, made with the Sylvania laser, were found to be in good

26

agreement with the data of Brewer and Bruce,24 Cra.ne,25 and Patty et al.




METHYLAMINE

The 12C“.'O2 laser high-resolution absorption data for methylamine

25,28

Z.

presented in Fig. 12 were determined by Crane. Comparison of the
spectrum in Fig. 12 with that for a\mrnoni.a?‘4 in Fig. 11 indicates that
ammonia may have been present as an impurity at the 3 to 4% level in

Crane‘szs’ 28

methylamine sample. Some of the strongest absorption fea-
ture~ observed in the spectrum in Fig. 12 are identical with the strongest
features observed in Fig. 11 for ammonia. 24 This is particularly true at

the 12C“’Oz laser 9.4-pm band R30 ind R16 lines, and at the R8 through

R4 and P32 through P36 lines in the 10, 4-pm laser band. The relative
ammonia absorption intensity ratios of the laser lines within the 10. 4-pm
12c”’o2 laser band in Fig. 11 are: R8/R6/R4~0,80/1.00/0.51 and P32/P34/
P36~1,00/0.99/0.62. The corresponding ratios in Fig. 12 are: R8/R6/

R4 =~ 0.80/1.00/0.46 and P32/P34/P36~1.00/0.97/0,58, It thus appears

that the methylamine 12C“’O2 laser absorption spectrum should be redeter-
mined on a methylamine sample from which ammonia impurities have been
carefully removed. Crane's methylamine data in Table I should be considered

preliminary and subject to revision,
3. DIMETHYLAMINE

The data in Fig. 13 indicate that dimethylamine possesses absorption

bands within both the 9, 4- and 10. 4-pm lzC“‘OZ laser bands. Absorption
-1 ! and 0. 86 cm'latm'l,
respectively, are observed at the P28 and P42 lines within the 9. 4-pm

peaks with maxima of approximately 0.80 cm " atm’
laser band. An absorption valley occurs at the P40 line within the 9, 4-um
laser band. Within the 10.4-pm laser band, dimethylamine has absorption
latm™1 near the P28 and P46 laser

Lem™! at the P36

maxima of approximately 0,36 cm ~
lines and an absorption valley of approximately 0. 25 cm”
laser line,

Different pressures were used to determine the absorption cross
sections for dimethylamine in each branch of the 12Ci602 laser output,

Absorption measurements throughout the R and P branches of the 9. 4-pm
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laser band were carried out with 9. 20 and 10. 25 Torr of dimethylamine,

respectively. Pressures of 20.36 and 20.51 Torr of dimethylamine were
used for the 10.4-pm laser band R- and P-branch absorption measurements,
respectively. The dimethylamine absorption measurements were cross-
checked at selected “‘c“’oz laser wavelengths with different dimethylamine
pressures. These measurements were carried out over the 9. 4-um laser
band with the use of the following laser lines and dimethylamine pressures:
R10 and R6 (10. 25 Torr); alternate lines from P10 to P38, P40 and P42

(20. 36 Torr); P38 to P42 (9. 20 Torr); and P40 to P44 (20. 41 Torr).
Absorption measurements that were cross-checked over the 10, 4-pm

laser band included: R14, R10, R8, R4 (20.41 Torr); R40 to R28 (10, 25 Torr);
and P4 and P28 (20. 36 Torr). The data point uncertainty at laser wave-
lengths where multiple absorption measurements were made is observed

in Fig. 13 to be small,

4, TRIMETHYLAMINE

Figure 14 indicates that trimethylamine absorbs negligibly within the
10. 4-pm 1?"C“’Oz laser band, but possesses moderate absorption within
the 9.4-pm laser band. Trimethylamine absorption within the 9. 4-um
1ZC16OZ laser band is characterized by absorption shoulders with cross
sections approximately 3.5 cm-izu;m'1 and 3.3 cm”latm™! near the laser
lines P8 to P12 and P28 to P34, respectively, and by a central absorption
peak with a cross section of about 4. 0 em latm™! near the P24 and P26
laser lines. Distinct absorption valleys are observed at the R24 to R14

and P16 and P18 laser lines.

The absorption data in the 9, 4-pm laser band in Fig. 14 were deter-
mined over the laser lines R36 to R6 and P6 to P44 with the use of 2. 84 Torr
of trimethylamine, and over the lines R38 to R26, R22 to R18, and P6 to
P42 with the use of 5.35 Torr of trimethylamine. Absorption of selected

10. 4-um laser lines was determined with 2. 84 Torr of trimethylamine.
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5. METHANOL

Figure 15 shows that methanol possesses absorbances of moderate
strength in the R branches of the 1201602 9.4- and 10, 4-pm laser bands
and strong, structured absorption features in the P branch of the 9. 4-pm
laser band. Negligible absorption is observed for methanol over the P-branch
of the 1'?'C“’OZ laser 10.4-pm band. Sharp, strong absorption features, with
cross sections of approximately 8.4, 9.4, and 21.8 cm’ 1a,tm'i, are observed
for methanol at the P6, P14, and P34 lines of the 1ZC16OZ laser 9. 4-pm band.

The absorption data for methanol in the 12C1602 laser 9.4-pm band

in Fig., 15 were determined with the use of the following laser lines and
methanol pressures: R40 to R6 and P36 to P40 (3. 19 Torr); R36 to R6 and
Pé6, P8, P24, and P34 (6. 11 Torr); P6 to P34 (2.93 Torr); P6 to P42

(3.27 Torr); and P14, P22, P26, P30, P34, and P36 (5.87 Torr). Methanol
absorption data in the 1201602 laser 10. 4-pm band were determined over
the laser lines R40 to R26 and for alternate lines from R22 to R10 with

the use of 3. 27 Torr of methanol, and from R40 to R4 and P6 to P44 with

the use of 5.87 Torr of methanol.
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V. DISCUSSION

Several factors determine the lowest levels at which selected com-
pounds can be detected by CO?. laser spectroscopic techniques, within
prescribed confidence limits, in a multicomponent mixture. These factors,
some of which are interdependent, include: (1) the sensitivity or minimum
detectable absorptivity a in of the particular CO2 laser detection technique
employed, (2) the absorptivities and the spectral uniqueness of both the
compounds of interest and of interferences, (3) the total number of com-
pounds that absorb within the wavelength regions of COZ laser output,

(4) the wavelengths and number of CO2 laser lines used for monitoring, and
(5) the output power of the laser at each of these lines when the photo-
acoustic technique is employed.

Subsection A describes the state-of-the-art sensitivities of the CO2
laser-based photoacoustic, long-path absorption, and lidar detection
techniques. These gensitivity values are used with the absorption data
from Section IV to calculate the detectabilities of the hydrazines and their
degradation products studied when each is alone. The use of detection
sensitivity values and absorption data to calculate expected detectabilities
of various compounds in multicomponent mixtures is more complicated.
In Section V. B, approximations are made of the expected detectabilities
of the hydrazines in the presence of possible interferences by each
12C16Oz laser detection technique under consideration. A mathematical
procedure outlined in the appendix can be used to more exactly determine
the minimum spectroscopically detectable concentrations of various
species in multicomponent mixtures.

A. EXPECTED INTERFERENCE-FREE DETECTABILITIES OF
THE HYDRAZINES AND THEIR SELECTED OXIDATION

Y 12C1602 LASER-BASED DETECTION TECHNIQUES

1. PHOTOACOUSTIC DETECTION

The sensitivity of minimum detectable absorptivity A in® obtainable

49
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with a photoacoustic detection system for a signal-to-noise ratio of unity, is

n

. _e
%min = R (2)

where n, is the total ix_):t;tslment noise voltage and R is the detector
responsivity (V-cmn W )", Photoacoustic instrumentation development
has been directed at maximizing the detector responsivity and minimizing
the total instrument noise voltage. To increase detector responsivity,
acoustically resonant photoacoustic cells have been designed to increase
the amplitude of the sound signal in the cells. 29 Low-noise microphones
or pressure transducers and lock-in detection techniques are generally
used to minimize background signals that contribute to instrument noise.
An important contributor to total instrument noise is the small amount of
absorption that occurs at the windows of the photoacoustic cell independent
of the absorbing gas concentration. Photoacoustic cells for which window
absorption effects are minimized are being designed. This has primarily
included the design of photoacoustic cells with: (1) carefully matched
tandem reference and sample chambers to permit sample chamber window
absorption to be nulled out with that of the reference chamber30 and/or

(2) acoustic dampers inside the cell to minimize transmission of window-
absorption signals to the cell microphone, 31 Windowless photoacoustic

cells are also being investigated, 32

The most sensitive photoacoustic detector reported to date33 has a

-11 1

minimum detectable absorptivity of 10 cm” W. This photoacoustic

detector makes use of a rectangular waveguide cell that is best suited for
use with lasers that produce a rectangular cross-section mode structure.
The sensitivities of detectors suitable for use with most COz lasers and

other lasers that produce a circular cross-section beam are currently

approximately 10°? ¢m™1

W. The latter sensitivity value can be used to
estimate the expected minimum concentration values that can be detected
by CO2 laser photoacoustic techniques for various vapors under interference-

free conditions. This is accomplished by use of the relationship

o .
- _min
Pmin = o(%) (3)
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where Prmin is the minimum detectable concentration in units of atm-W,
and o(\) is the absorption cross section in units of cm” Ia,tm'1
of interest at the 1‘?'C“’OZ laser monitoring wavelength, In the absence

of the vapor

of interferences, the lowest detection limit of a molecule is obtained at

the 1?'C“’Oz‘ laser wavelength where the product of the laser output

power and the molecule's absorption cross section are largest. (The
minimum detectable concentration value decreases linearly with increasing
laser power). * The output power available at various 12C“’Oz lager wave-

lengths is dependent on the laser used. Thus, Prin values (in units of atm-W)

are listed at selected 12C“’O2 laser wavelengths 11n Table II for the hydrazines
and the selected air oxidation products of the hydrazines for which absorption
cross-section data are presented in Section IV. Table II shows that the
1201602 laser-based photoacoustic detection technique should provide
interference-free detectabilities of hydrazine, MMH, and UDMH of 0. 2,
0. 3, and 0. 3 ppb, respectively, when the 1‘?'01602 laser excitation line
used has an output power of 1 W, The other compounds in Table II should

also be detectable alone at ppb levels or less by this technique,
2. LONG-PATH ABSORPTION DETECTION

The sensitivities or minimum detectable absorptivities of long-
path absorption detection techniques depend on the ability to measure small
differences § in the intensities of the laser light incident on, and trans-
mitted through, the air sample of interest. The minimum value of § in an
optimized detection system may be 0.5%. A practical value for the absorption

path length £ in a multipass detection cell is 100 m. 34

The interference-free
detection limit p;nin (at a signal-to-noise ratio of unity) of a given com-
pound by long-path absorption techniques is thus estimated from Eq. (1) as

follows:

p' = l n (1-000/0-992

min 7}
o(\)10" cm

(4)

This is valid only for laser powers below that required to saturate the
absorbing transition,




Table II. Estimated Interference-Free Detection Lzmits for Hydrazine Fuels
and Their Oxidation Products Using i2ct Oz Laser Photoacoustic
Detection
12 .16
C" "0, Laser a b
Compound Wavelength _oi()‘) -1 amin/d)“)
A(pm) Transition (em “atm ) (atm- W)
Hydrazine 10. 441 P(4) 7.56 1.3 x 10730
10.718 P(32) 6.18 1.6 x 10_10
10. 810 P(40) 7.45 1.3 x 10
Monomethylhydrazine 10. 334 R(8) 3,48 2.9 x 10770
10. 858 P(44) 1.70 5.9 x 10
10.883 P(46) 2,06 4.9 x 10
Unsymmetrical 10. 810 P(40) 3.59 2.8x10_ :(o)
dimethylhydrazine 10.834 P(42) 3.95 2.5 x10_ 10
10.858 P(44) 3.95 2.5 x 10_10
10. 883 P(46) 3.90 2,6 x 10
Ammonia 9.219 R(30) 56. 2 1.8 x 10711
10. 334 R(8) 20.5 4.9 x 10_“
10. 349 R(6) 26,3 3.8x 10
Monomethylamine® 9.458 P(8) 0.731 1.4 x 1073
9.586 P(24) 0.881 1.1 x 10_9
9,714 P(38) 0. 748 1.3x 10
Dimethylamine 9.621 P(28) 0.80 1.3 x 10:3
9.639 P(30) 0.73 1.4 x 10_9
9.753 P(42) 0.86 1.2 x 10
Trimethylamine 9.569 P(22) 3,66 2.7 x 10~ 149
9.586 P(24) 4. 15 2.4 x 10_ 10
9.604 P(26) 3.96 2.5 x 10
Methanol 9.443 P(6) 8. 59 1.2 x 10710
9.504 P(14) 9.75 1.0 x 10_“
9.676 P(34) 21,77 4.6 x 10

3Uncertainties for absorption cross-section data given in Table 1.

b

Assumes an o in value of 10

9

cm

1, W,

cAbsorpi:ion due to suspected ammonia impurities in methylamine spectrum of
Fig. 12 are not considered here.
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The estimated interference-free detection limits for the hydrazines and
some of their degradation products by the long-path absorption technique
are listed in Table III, It is apparent, when Tables II and IIl are compared,
that long-path absorption techniques, which use a 100-m path length cell

and a detector capable of measuring light intensity differences down to 0.5%,
would provide interference-free detection limits approximately 500 times
higher than expected with a photoacoustic detector in conjunction with a
1‘?'C“’OZ line-tunable laser source of 1-W power. Such long-path absorp-
tion detection techniques would permit detection of hydrazine, MMH, and

UDMH at levels of approximately 70, 140, and 130 ppb, respectively.
3. LIDAR DETECTION

Lidar techniques have the potential for remote detection of hydrazine
fuels and their toxic degradation products. 35 The laser transmitter can be
pointed in any direction and thus provide a three-dimensional profile of the
toxic vapors of concern. Lidar detection techniques complement the point-
sampling capabilities of photoacoustic detection and conventional absorption
detection carried out with a long-path multipass cell. However, lidar systems
are more costly and more technically complex than photoacoustic and con-

ventional long-path absorption detection techniques,

Lidar detection methods may incorporate one of several different
processes by which light is scattered from molecules for the measurement
of these species, A full description of various lidar techniques is given in
Ref. 35. The method most suitable for toxic vapor detection with COZ lasers

is differential absorption scattering lidar. 35

This technique, as most commonly employed (Fig. 16), uses
at least two pulsed laser beams at slightly different wavelengths and a
detector capable of monitoring the intensity of backscattered radiation
from aerosols as these beams propagate through the atmosphere., These
beams are sequentially or simultaneously transmitted along the same
atmospheric path. The wavelength A of one laser beam is chosen to

coincide with an absorption peak of the molecule of interest, while the
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i Table III. Estimated Interference-Free Detection Iﬁ,mits for Hydrazine Fuels
i and Their Oxidation Products Using 2¢ O2 L.aser Long-Path
Absorption Detection
eV)? Estimated Minimum
Compound CO, Laser Wavelength -1 -1, Detectable Concen-
— ——— (cm “atm tration, p'min€
A (pm) Transition (atm)
Hydrazine 10. 441 P(4) 7.56 6.6 x 1073
10.718 P(32) 6.18 8.1x 10 8
10. 810 P(40) 7.45 6.7 x 10”
Monomethylhydrazine 10. 334 R(8) 3. 48 1.4 x 10-;
10. 858 P(44) 1.70 2.9 x 10-7
10. 883 P(46) 2.06 2.4x 10
Unsymmetrical 10. 810 P(40) 3.59 1.4 x 1077
dimethylhydrazine 10.834 P(42) 3.95 1.3 x 10_7
10. 858 P(44) 3.95 1.3x 10 4
10.883 P(46) 3.90 1.3 x 10
Ammonia 9.219 R(30) 56.2 8.9x 10-3
10.334 R(8) 20.5 2.4 x 10-8
10. 349 R(6) 26.3 1.9 x 10°
Monomethylamine® 9.458 P(8) 0. 731 6.8 x 1077
9.586 P(24) 0. 881 5.7Tx 10:7
9.714 P(38) 0.748 6.7 x 10
Dimethylamine 9.621 P(28) 0. 80 6.3 x 1077
9.639 P(30) 0.73 6.9 x 10 7
9.753 P(42) 0. 86 5.8 x 10~
Trimethylamine 9.569 P(22) 3. 66 1.4 x 10:;
9.586 P(24) 4,15 1.2x 10 7
9. 604 P(26) 3.96 1.3x 10
Methanol 9.443 P(6) 8. 59 5.8 x 1075
9.504 P(14) 9.75 S.1x 10_8
9.676 P(34) 21,77 2.3x 10

2Uncertainties for absorption cross-section data given in Table I,
bAssumes a § value of 0.5% and a path length of 100 meters [see Eq. (4) text].

cAbsorption due to suspected ammonia impurities in methylamine spectrum
of Fig. 12 are not considered here,
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wavelength )‘nr of the other is chosen at an absorption minimum. Because
the beams differ only slightly in wavelength, aerosol scattering is nearly
the same for both, The difference in scattered intensities of the two beams
as they propagate through the atmosphere is a result of the difference in
absorption by the molecule of interest at the two wavelengths, Range-
resolved information on the concentrations of airborne molecules can be
obtained by analysis of the scattered light intensities of each beam as a

function of time.

The detection sensitivity of lidar techniques depends on the ability
to monitor small changes in the receiver power, not on the magnitude
of the receiver power itself, provided sufficient scattered power is
available at the detector. The transmitted power, however, determines
the range over which the method can be used. For all detection configura-
tions under consideration, sufficient laser transmitter power is available
at the desired CO2 laser wavelengths., If § represents the smallest difference
in power that can be measured between the two pulse pairs, the minimum
detectable concentration n_in is given by

n o = 6/2AaL (5)

where Ao is the differential absorption o and L is the range cell
length in Fig. 16,

For remote monitoring of hydrazine fuels and their atmospheric
degradation products over a wide area, a typical range cell path length

of L = 100 m might be used. As in the case of the long-path absorption

technique, an optimized value for § is assumed to be 0.5%. Using these
values, the expected interference-free 12C“’O2 laser-based detection

limits (at a signal-to- noise ratio of 1) of various molecules can be cal-
culated from Eq. (5) if the 12016

these species are known. The expected lidar detection limits calculated

O2 laser absorption cross sections of

for the hydrazines and their degradation products are listed in Table IV,
The detection limits for the three hydrazines vary between 20 and 90 ppb.
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B. ESTIMATES OF THE HYDRAZINE-FUEL DETECT -

ABILITIES IN THE PRESENCE OF POSSIBLE

ATMOSPHERIC INTERFERENCES

The absorption cross-section measurements presented in Section IV
for the hydrazines and their selected degradation products are the basis
information needed for the ambient air monitoring of these compounds.

12C“’O2 laser lines m used to analyze an air sample

the number of

is equal to or greater than the n absorbing components in the sample

12 .16

(whose ""C OZ laser absorption cross sections are known), the unknown
concentrations of each of the n components in a sample can be determined
with the proper selection of laser lines.
of the n components determined in an ambient air sample depends upon:
(1) the accuracy of the absorbance measurements made by the detection

instrumentation, (2) the accuracy of the basis absorption cross-section

12 .16

data for each "°C 02. laser absorbing component in the mixture, and

(3) the choice and number of wavelengths used for monitoring.

sented in the appendix, the methods of matrix algebra are generally
required to estimate the concentrations of each species in a multicomponent

mixture and to select the optimum wavelengths for a fixed number of laser

lines. The best

in the presence of interferences can usually be selected by visual comparison
of the corresponding "“C" "0, laser absorption profiles. This procedure
was used for the following discussion of the expected detectabilities of:

(1) hydrazines and their selected oxidation products individually in the
presence of typical ambient levels of water vapor, (2) hydrazines in the
presence of water vapor and the selected air oxidation products of the

hydrazines, and (3) hydrazines in the presence of water vapor and typical

12 .16

C O2 laser wavelengths for detection of a single species

12 .16
2

concentrations of pollutants found in urban air.

1. EFFECT OF WATER VAPOR ABSORPTION INTERFERENCE
ON DETECTABILITIES OF HYDRAZINE FUELS AND THEIR

SELECTED DEGRADATION PRODUCTS

The absorption cross sections for the water vapor absorption bands
-1

within the 1 2C 16

O, laser region are very small, ~10"%cm™ latm
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However, the high relative concentration of water vapor in the ambient air

causes background interference absorption that can set a lower sensitivity

limit for the detection of various airborne species by lzC“’Oz laser

techniques. Figure 17 presents 1201602 laser absorption spectra of water

vapor at pressures of 15 and 6.9 Torr. These spectra consist of a few

absorption peaks on a broad continuum absorption background. Ata
water vapor pressure of 15 Torr, i.e., at about 50% RH at Z9°C, water
vapor absorption strengths of approximately 10'6 cm-1 are obtained

throughout the 12C“’O2 laser wavelength region. 36

Because of the generally continuous nature of the water-vapor-absorption
profile in this region, it is expected that maxima in the highly characteristic
absorption profiles of Figs. 8 through 15 for the hydrazine fuels and their
selected degradation products would be detectable at absorption strengths
of 10'7cm-1 or less using the 12C“’O2 laser photoacoustic technique. *

Thus, at a water vapor pressure of 15 Torr, the ¥ in value in Eq. (3)

Tem” 1, and the photoacoustic detection limits of the

would increase to 10~
compounds listed in Table II would increase by about a factor of 100 from

the 1-W laser power values indicated. In the presence of 15-Torr water
vapor, the otherwise interference-free photoacoustic detection limit for
hydrazine at either the P4 or P40 lines in the 10. 4-pm 1ZC“’OZ laser band
becomes 13 ppb. The corresponding detection limit for MMH becomes 29 ppb

at the 10. 4-pm band R8 line, while that for UDMH becomes approximately

*The absorption profiles of these species are expected to be recognizable for
absorption signals that are 10% of the water background absorption. Improve-
ments in this 10-7 cm=1 detection sensgitivity assumed above may be possible
using Stark modulation spectroscopy to discriminate against water vapor
continuum absorption. This method is based on the fact that molecules with
dipole moments can have their energy levels shifted by application of an
electric field. Thus, a modulated electric field may be used to shift the
absorption lines of such molecules into and out of resonance with a given
laser wavelength, The resulting modulated absorption signal of the species
of interest can be amplified relative to that of the water continuum absorption,
The latter absorption signal remains unmodulated by the time-varying electric
field.
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25 ppb for the P40 through P44 lines of the 10, 4-pm band, These estimated
detection limits are below the lowest proposed threshold limit values for the
hydrazines (see Section I). The detection limits for other compounds listed
in Table Il in the presence of 15 Torr water vapor, but otherwise detected

alone, would be as follows: ammonia (2 ppb at the 12C16

O2 laser 9. 4-pm
band R30 line), methylamine (110 ppb at the 9.4-pm P24 line), dimethyla-
mine (120 ppb at the 9. 4-pm P42 line), trimethylamine (24 ppb at the
9.4-pm P24 line), and methanol (4. 6 ppb at the 9.4~pm P34 line).

The presence of water vapor in the ambient air samples monitored
by the 12C“’O2 laser long-path absorption technique is not expected to
significantly increase the interference-free detectabilities listed in Table III
for the hydrazines and their oxidation products. In fact, Steinfeld and Green37
demonstrated that the presence of a broadly absorbing "interference'' gas
may actually decrease the long-path absorption detection limit of a low
concentration species in a mixture when the absorption of the laser light
by the mixture is small, and the individual absorbances of the various
species in the mixture are uncertain because of baseline fluctuations.
The addition of a broadly absorbing gas decreases the effect of the fluctua-
tions by increasing the total absorbance of the sample. The larger total

absorbance results in more sensitive measurements,

The differential absorption scattering lidar technique would be
immune from interferences with equal absorption coefficients at the two
wavelengths )‘r and )‘nr used for monitoring a given species, because the
technique measures a power ratio to yield the total Ao in the range cell.
As a result, species for which Ao = 0 do not represent interferences,
The generally continuous absorption background of water vapor in the
12C“’O2 laser region offers the possibility of selecting Xr and )‘nr wave-
lengths to detect the hydrazines or degradation products of the hydrazines
while discriminating against water, The interference-free detection limits
listed for the compounds in Table IV for the 1‘7’C16OZ laser-based lidar
technique are thus not expected to increase significantly in the presence

of water vapor.
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2. DETECTABILITIES OF THE HYDRAZINES IN THE
PRESENCE OF WATER VAPOR AND SELECTED AIR

OXIDATION PRODUCTS OF THE HYDRAZINES

Hydrazine, MMH, and UDMH are observed in Figs. 8 through 10 to

exhibit their strongest absorbances within the 1201602 laser 10, 4-pm

bands. However, small or nearly zero absorbances are observed in Figs.

12 through 15 within the 10.4-pm band of the 1201602 laser for methyla-

mine (when the suspected ammonia impurity peaks are ignored), dimethyla-

mine, trimethylamine, and methanol. Ammonia is observed in Fig. 11 to

possess sharp absorption features within the 12C1602 lager 10, 4-pm band

at the R8, R6, and R4 lines, as well as at the P34 and P32 lines. Because
these absorption features are easily recognizable, it should not be difficult to

separate the contribution of ammonia to the total absorption. The

absorption cross sections for ammonia at most of the 1'?'C“’OZ laser lines
within the 10.4-pm band are less than 0. 8 cm'iatm-i. The absorption

cross sections for methylamine, dimethylamine, trimethylamine, and

1 1 1 1

, 0.1 cm'iatm- ,

atm-i, respectively, throughout much of the 12C“’O2 laser

10.4-pm region, It is expected that a species would require an absorbance
1

methanol are less than 0.1 cm'latm- , 0.4 cm™ "atm”

and ~0, 2 cm-1

of approximately 10"7 cm™ 7, i.e., 10% of the water background absorption,
before it would constitute an important interference to the detection of the
hydrazines at the 30-ppb level. Absorbing interferences of this size

would correspond to concentrations of roughly 130 ppb for ammonia,

1 ppm for methylamine, 250 ppb of dimethylamine, 1 ppm for trimethyl-
amine, and 500 ppb for methanol. The concentrations of ammonia,
methylamine, dimethylamine, trimethylamine, and methanol in typically
polluted urban air are well below these levels, It is highly unlikely that the
airborne concentrations of these compounds could ever reach the foregoing
levels as the result of atmospheric degradation reactions of the hydrazines
unless the hydrazines were present at levels well above 30 ppb. It is not
expected that the detection limits estimated in the previous subsection for
the hydrazines in the presence of water vapor alone will be significantly

increased by the presence of the hydrazine oxidation products.




3. DETECTION OF HYDRAZINES IN THE PRESENCE OF WATER VAPOR
AND TYPICAL POLLUTANTS FOUND IN THE URBAN AIR

The detection limits of selected compounds in a multicomponent mixture

by 12Cl602 laser spectroscopic techniques generally increase from their

interference-free values with: (1) the increasing number of 12C“’O2 lager
absorbing interferences, (2) the increasing absorptivities of these inter-
ferences, and (3) the greater degree of spectral similarity between the
compounds of interest and the interferences. This subsection describes
the interferences expected at different detection locations for the hydrazine
fuels and their toxic degradation products. Where available, vapor-phase
infrared absorption data for the 12C16OZ laser region are presented for
these potential interferences.

The types and concentrations of potential interferences to the detec-
tion of the hydrazines or their toxic degradation products by 12C“’O2
laser spectroscopic techniques will vary with the detection location. Generally,
the potential interferences of highest concentration are expected to be those
pollutants in urban air that result primarily from auto emissions,
Additional interferences may become important if detection is to be
carried out near hydrazine-fuel production sites in major chemical industry
centers. In this case, the most important interferences may be chlorinated
and fluorinated compounds used as commerical solvents or propellants,
and compounds associated with plastics and/or rubber industrial use,
e.g., the acrylates and methacrylates, styrene, and butadiene and its
derivatives. The concentrations of pollutants typically found at non-urban
Air Force installations are expected to be low compared with those found
in urban and industrial locations., However, other interferences associated
with certain Air Force operations may be present, including constituents
and combustion products of jet fuel, degreasing solvents, and the volatile

constituents of paints and corrosion inhibitors,

Table V lists the typical concentrations of various pollutants in urban

air along with their corresponding infrared absorption properties within

the wavelength regions of 1ZC1602 laser output. Where available, 1‘?'C“‘O
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laser absorption spectral data are presented; otherwise, low-resolution

absorption data from standard reference spectra are given.

Of the inorganic compounds CO, NO, NOZ’ NZO’ 03, NH3, and SO2
listed in Table V, only the last three possess absorption within the wave-
length intervals of 12C16O.2 laser output. As discussed in the previous
subsection, ammonia (NH3) (at the 2 to 20 ppb concentration range typically
found in urban air24) is not expected to severely interfere with the detection
of the hydrazines. Sulfur dioxide (SOZ) absorbs weakly in the 12C“’O2
laser 9. 4-pm band R branch and exhibits practically no absorption in the
rest of the 12C“’O2 laser region. 28 Ozone (03) possesses strong absorp-
tion features within the 12C“’O2 laser 9. 4-pm band P branch but absorbs
only weakly within the 9, 4-um band R branch and throughout the 10. 4-pm
band, 25,26 Neither ozone nor sulfur dioxide would thus be expected to
significantly increase the 12C“’O2 lager spectroscopic detection limits
estimated earlier for the hydrazines in the presence of water vapor only,
since the strongest 12C”’O2 laser absorbances for the hydrazines fall within

the 10, 4-pm laser band,

More than 50 different hydrocarbons have been found in typically

45, 46

polluted urban air samples. The average concentrations of the most

abundant hydrocarbons found in a series of 200 samples of air taken in the

Los Angeles area during 1965 were as follows: *>’ 46

methane (3. 22 ppm),
ethane (0.10 ppm), propane (0.05 ppm), n-butane (0.06 ppm), n-pentane

(0. 03 ppm), i-pentane (0.04 ppm), ethylene (0.06 ppm), benzene (0.03 ppm),
and toluene (0. 05 ppm). The highest concentrations listed in Table V for
some of these same compounds‘i'2 tend to be lower than the average con-

45, 46

centrations found in the 1965 Los Angeles study. The concentration

ranges in Table V for n-butane, the pentanes, benzene, and toluene were
obtained for air samples taken in downtown Berlin, Germany during 1978, 42
The saturated hydrocarbons methane, ethane, and propane exhibit negligible
absorption47 within the 12C“)O2 lager 9. 4-pum bands and will not interfere

with the detection of the hydrazines. The compounds: n-butane,
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n-pentane, 48 and i-pentane48 possess absorption bands of 0, 6 cm'1 atm-l,
0.3 cm™? atm'l. and 0.3 cm™} atm—l. respectively, or less within the
1201602 laser 10, 4-pm band. At the levels found in the 1965 Los Angeles
45,46
study,

n-butane should only slightly increase the estimated detection limits for the

n-pentane and i-pentane should negligibly increase, while

hydrazines in the presence of ambient levels of water vapor.

Like ammonia, et:hylene26 (C2H4) exhibits a highly characteristic and

easily recognizable 12Cié’O2 laser absorption profile. Ethylene possesses a

single strong absorption feature with a cross section of 29.1 cm’ at:m-1 at

the P14 line of the 12C1602 laser 10. 4-um band. 26 This strong ethylene
absorption feature does not coincide with the strongest absorption features
of hydrazine, MMH, or UDMH. The 12C1602 laser 10, 4-pm band wave-
lengths available where the ethylene absorption cross sections are low* may
be well-suited for monitoring the hydrazines. These 10.4-pm band laser
lines and their corresponding ethylene absorption cross sections are;
R32(0.83 cm” ! atm™!), R30(0.56 cm™! atm™1), R8(0.99 cm™! atm™1),
P22(1.09 cm” ! atm™1), P28(1.30 em™! atm™1), P30 (1. 63 em™! atm™Y),
P32(0. 48 cm” ! atm™?), and P34(0.54 em™? 1).26

atm™ ). It is apparent that
ethylene concentrations of about 100 ppb at these wavelengths would produce
absorbances of 10-7 cm-l. For ethylene concentrations below 100 ppb,

the 12C“"O2 laser detection limits should not significantly increase over

those estimated in the presence of 15 Torr water vapor and no other inter-

ferences. The average ethylene concentration found in the 1965 Los Angeles

study was 60 ppb. 45, 46

The aromatic hydrocarbons benzene, 27 toluene, 43 and p-xylene43 all

absorb negligibly in the 12(:160 laser 10.4-um band and should not interfere

2

ﬂiEthylene 1ZC“’OZ laser absorption data were reported by Patty et al. 26 and

Mayer et al. 27 As found for their ammonia data, it appears that the ethylene
absorption data have been mislabelled according to laser line transitions by
Mayer et al. in the 12C1602 laser 9. 4-pm band P branch. Differences of
about a factor of 2 in the absorption cross sections can also be observed

for ethylene at certain lines within the 12C1602 laser 10. 4-um band between
the two sets of data, The data of Patty et al26 are used here. Their
ethylene measurzments were limited to the R32 to R8 and the P10 to P34
lines of the 12¢ci O2 laser 10, 4-um band.2




with detection of the hydrazines. The chlorofluorocarbons in Table V,

cclF,%% 2" cerr., %% % ¢ cL,F,, 3 and C.CLF,,
3 2F, 2C13F s and CpCLF,

moderate absorption bands within the ~C OZ laser 1C.4-um band P branch

> all possess

where the hydrazines absorb. However, the background levels of these

39,40

compounds in the ambient air are quite low, so these compounds

should not interfere with detection of the hydrazines by 12C“’Oz laser

techniques.

Data were obtained in previous studies to characterize the organic
vapors present in the ambient air of airport baggage make-up areas,
These data are relevant to the special case of monitoring for the hydrazines
and their degradation products where jet fuel is used. The previous stu.dies49
were carried out to determine potential interferences to the detection of
volatile vapors from clandestine explosive devices in airport terminals.
The largest concentrations of organic vapors (all less than 50 ppb by volume)
were found for acetone, propanal, furan, benzene, toluene, the xylenes,
the trimethylbenzenes, and styrene. Several of these molecules exhibit

*
absorbances within the wavelength regions of 12C“)O laser output,

2
Benzene, toluene and p-xylene absorb weakly within the 12C“’Oz laser

10. 4-pm band and should not interfere with detection of the hydrazines.

*Except for those molecules previously discussed and propanal, the absorp-
tion properties of these compounds are not listed in Table V. The approxi-
mate positions of the absorption band centers, within the general wavelength
region of 12c1 O, laser output, and absorption intensities (relative to the
strongest band at each molecule) in the vapor phase for some of these pos-
sible interferences are:*2 acetone, 9.17 um(w); 11.11 pm(w) propanal,

9.09 um(w-m); benzene, 9.62 pm(m); toluene, 9.09 um(m); 1, 2-dimethyl-
benzene, 9.47 pm, 9.76 pm, 10,15 um(w); 1, 4-dimethylbenzene, 9.52 um,
9. 71 um(w); 1,2, 4-trimethylbenzene, 9.97 um(w), 10,08 um(s); and
styrene, 10.99 pm(s), 9.17 pm, 9.26 um, 9.80 um(w). Here s, m, and w
denote strong, moderate, and weak band intensities, respectively.

For molecules for which vapor phase data are unavailable, the correspond-
ing neat liquid phase data are; furan, 9.42 pm(w-m), 10.10 um(s); 1, 2,
3-trimethylbenzene, 9.18 um(m), 9.94 um(w-m), 10.18 uym(w); and 1, 3,
5-trimethylbenzene, 9.68 pm(w).50
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Based on low resolution (~2 cm-l) vapor phase absorption spectra, acetone,
propanal, and styrene possess absorption bands with cross sections of

1. 30 cm-1 atm-l. 0. 40 cm-1 ! 1

less within the 1'ZC“’OZ laser 10. 4-pm band. Therefore, acetone, propanal,

atm”~ ", and 2.6 cm”~ atm-i, respectively, or
and styrene concentratinns below approximately 75, 250, and 40 ppb,
respectively, should not significantly increase the detection limits estimated
for the hydrazines in the presence of 15 Torr water vapor. However,
12C1602 laser vapor-phase absorption spectra will be required for these
compounds as well as for furan, the xylenes (other than p-xylene), and the
trimethylbenzenes to thoroughly assess their effect on the detectabilities of

the hydrazines by 12C“’OZ laser spectroscopic methods.

It may be of interest to detect hydrazine and UDMH in the presence
of one another, since a 1:1 mixture of each (Aerozine 50) is extensively
used as a rocket propellant. Figure 8 indicates that hydrazine exhibits an
absorption profile of a series of sharp peaks and valleys throughout both
the R and P branches of the 1201602 laser of 10. 4-um band. However,
UDMH in Fig. 10 exhibits negligible absorption within the R branch and
between lines P4 and about P20 of the 12C“’O2 laser 10, 4-pym band. It
should be possible to readily detect hydrazine in the presence of UDMH by
monitoring hydrazine absorption at any of its strong absorption features
throughout the 12CléO2 laser 10.4-pm band R branch and lines P4 to P20 of
the P branch. UDMH should also be detectable in the presence of hydrazine
by monitoring UDMH absorption in the hydrazine absorption valleys at the
12C1602 laser 10, 4-um band lines P28 and P30, P36 and P38, and P44

and P46.

It is also expected that it will be necessary to monitor airborne levels

of the hydrazines at locations where the rocket fuel oxidizing agent NZO4 is

in extensive use. Neither N,O itself44 nor any of its expected major

274
atmospheric degradation products (NO, 44 NOZI’ 44 NZOS’ 44 HNO3. 51
216

HONOSZ) exhibits absorption bands within the " C" 'O, laser region that would
increase the detection limits of the hydrazines by 12C”’OZ laser spectro-

scopic techniques.
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VI. CONCLUSIONS

The threshold limit values adopted by ACGIH for human exposure to
hydrazine, MMH, and UDMH in the ambient air of 100, 200, and 500 ppb,
respectively, are much less stringent than the corresponding values of
30, 40, and 60 ppb recently recommended to OSHA by NIOSH. OSHA is
expected to adopt one of these sets of thresholds as their new allowable
exposure standard for the hydrazines.

In Section V it was estimated that 30-ppb detection sensitivities or
less should be obtainable by the 12C1602 laser photoacoustic technique for
each of the hydrazines in the presence of 15 Torr water vapor. Long-
path absorption detection sensitivities of 70, 140, and 130 ppb were
estimated for hydrazine, MMH, and UDMH, respectively, under the same
conditions with the use of a 100-m path length absorption cell. The corre-
sponding lidar detection sensitivities for these compounds in the presence
of 15 Torr of water vapor were estimated to be 50, 90, and 60 ppb using a

lidar range cell path length of 100 m.

Analysis of the typical concentrations of the pollutants normally
found in the urban air and their infrared spectral properties indicated
that the 12C“’O2 laser spectroscopic detection sensitivities of the hydrazines
should not be significantly increased over the foregoing estimates by these
pollutants. It was also concluded that the concentrations of the compounds
ammonia, methylamine, dimethylamine, trimethylamine, and methanol
resulting from atmospheric degradation reactions of the hydrazines would
be too low to interfere with detection of the hydrazines. In certain industrial
locations, the concentrations of selected 12C“’OZ laser absorbing species
may be large enough to increase the detection limits of the hydrazines. To
obtain accurate hydrazine concentrations in these cases, simultaneous
equation solution methods as outlinelcé in1 (::he appendix will be required. Such

situations will require a library of "~C O2 laser absorption cross-section

data for each interfering species. Industrial chemicals for which such data
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may be required include various chlorofluorocarbons and various monomer
species associated with the plastics industry.

It is concluded that the 12016

absorption, and lidar detection methods would all provide the sensitivities

02 laser-based photoacoustic, long-path

] required for real-time detection of the hydrazines at the threshold levels

1 adapted by ACGIH. However, only the 12C“’Oz laser-based photoacoustic

technique will provide the sensitivities necessary for real-time detection
of hydrazines at the NIOSH-recommended threshold levels. Hydrazine

detection by the 12C“’O2 laser photoacoustic technique may be possible
down to the level of a few parts per billion if the water vapor continuum

background absorption can be discriminated against by techniques such as

Stark modulation spectroscopy. Work is now in progress to establish detection

limits for the hydrazines with the use of a laboratory 1201602 laser

photoacoustic detection system.




APPENDIX

METHODS TO ESTIMATE THE CONCENTRATIONS
OF SPECIES IN A MULTICOMPONENT MIXTURE
The expected absorbance ¥; of an n-component sample at wavelength i
is given by the expression

n
y.=lz:o'..p. i=1, ..., m (A1)
i o1

Here, ¢ is in the path length of light absorbed, oij is the absorption cross
section of the j-th component in the mixture at wavelength i, and p, is the
partial pressure of the j-th component in the mixture. When the number of
laser wavelengths m is equal to or greater than the number of 12C1602 laser
absorbing species n, the unknown partial pressures of each of the n com-
ponents in the mixture p. can be, in principle, calculated from the measured
absorbance Ai' This requires knowledge of the path length { and the
absorption cross sections o of the n components in the mixture over at

least n of the m wavelengths,

One method of estimating the pj values is with the aid of the inverse of

1:hematr1x¢7ij
1 & 1 o~ -1
Pj~1 Z TR '[Z: %ii A (A2)

The approximately equal sign in Eq. (A2) refers to the fact that the measured
absorbances Ai and the expected absorbances y; are not necessarily equal.

The precision with which Eq. (A2) can be solved depends on the properties

of the inverse matrix a}ii and the precision with which the Ai can be measured. 18b
The most precise values of p, result when the laser wavelengths are chosen
such that Oj-il is diagonalized as well as possible, i.e., the wavelengths are
selected to minimize interference among the n components in the mixture.

74 )




Steinfeld and Green34’ 37 found that small measurement errors in the

Ai can lead to large uncertainties in the p, values when matrix inversion
methods are used directly. As a result, they used a procedure to least-
squares fit the absorption data to remove experimental fluctuations prior
to solution for the pressure values pj. For these analyses, Steinfeld and
Green used a larger number of wavelengths m than components n in the
mixture. By the least-squares fit procedure, the best set of solutions for
the pressures pj of the species in a multicomponent mixture are obtained

when the differences between ¥; and Ai are smallest. This occurs when

= 2
d }: (O'ijpj.t -A)
Li=1 _ f,.....m (A3)

seceese NN

i
b, =05
J
Solving Eq. (A3) results in a set of m simultaneous equations:

2 2 2 . A
(Ofy * Opq0yp " - OOy} Py + (0 + Oy Tjp b o 00y ) Byt (O H OO b O 1 Ogn) P T (G e 0y) 1

(Ad)
‘(;;)-nl fOnt%mz b Im O Py e e {orznn * Om1%mn t - O, n-l"mn) Pn (O~ - onm'A"“,l
The m simultaneous equations can be compacted to a set of n simultaneous
equations so all m of the wavelength measurements can be utilized.
n
£ + f, +eee. f, = GAL =
lel szz fann Z 013A1/l dj (A5)
i=1
ji=1,...n
>
f. = g..0 A6
jk Ty ik (A6)
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This system of m equations can be solved by the use of the matrix equation

- - — r -

£q £gpeeeeeenfyn Py d, |
. f22 . . . J
. ' . (A7) |
L . ] .4
£ ieveenenns oo f P d
| S I N B

To solve Eq. (A7), Steinfeld and Green used a matrix decomposition

method to break the matrix on the left into two triangular matrices which are
transpositions of one another. This procedure minimized the rounding errors
in the matrix elements calculated during matrix decomposition. The triangular
decomposition procedure allowed the pj values to be obtained by back-substitu-
tion. Much less mathematical instability was introduced into the solution

process by this method than by matrix inversion techniques.
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ABBREVIATIONS

American Conference of Governmental
Industrial Hygienists

carbon dioxide

dimethylamine

Environmental Protection Agency

formaldehyde dimethylhydrazone

formaldehyde monomethylhydrazone

monomethylhydrazine

N-nitrosodimethylamine

ammonia

National Institute of Occupational Safety
and Health

ozone

Occupational Safety and Health Administration

parts per billion

parts per million

Space Division

sulfur dioxide

trimethylamine

unsymmetrical dimethylhydrazine
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military pts and systems, Ver-

.

satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-
fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, ci;er—ﬂc;[ Teactions in poﬁuted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, sp v
and radiation effects on materials, lubrication and surface phenomena, photo-
sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine,

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-

conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Ltboratorr Development of new materials; metal
matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in

nuclear weapons envir t; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Sciences Labouto?: Atmospheric and i pheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionosphere, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems,

THE AEROSPACE CORPORATION
El Segundo, California
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