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these compounds in workplace ambient air samples to values of 30, 40, and

60 ppb, respectively. Although these concentrations correspond to ceiling
values in air samples collected over a 2-hour period, the Air Force desires

a continuous detector that can measure peak concentrations of the hydrazines
at the expected new threshold levels to better protect the health of its per-
sonnel and that of its contractors.

’xEscimates made from CO; laser absorption cross section data determined for the
hydrazines in a previous Aerospace study indicate that the hydrazines should
be detectable by the CO2 laser photoacoustic technique at the desired low ppb
levels even in the presence of the ambient levels of pollutants and water vapor
found in urban atmospheres. To assess the validity of these hydrazine-fuel
detection estimates by the CO2 laser photoacoustic technique, various labora-
tory photoacoustic detection systems were assembled and their minimum detectabl
absorptivity values were determined during the present study.-

_The photoacoustic detection system that provided the best performance in this
study possessed optically tandem sample and reference cells connected to a
differential capacitance manometer. This system was designed to minimize the
effects of spurious absorption at the photoacoustic cell windows. Dilution
experiments carried out with the calibration gas ethylene in pure'\dry nitrogen
indicated that this system exhibited a linear photoacoustic response from
10 ppm ethylene (the highest concentration studied) down to a lower limit
ethylene detection sensitivity of about 2 ppb at the COj laser's 10.4-um band
Pl4 line. These data indicate that hydrazine, MMH, and UDMH should be detect-
able on a real-time basis at concentrations below the desired 30, 40, and
60 ppb levels, respectively, with this photoacoustic detection system., Dilu-
tion experiments performed with UDMH in nitrogen demonstrated that this sys-
tem can provide measurable UDMH absorption signals at UDMH concentrations of
close to 25 ppb, a value below its anticipated new OSHA standard. Similar re-
sults are expected for hydrazine and MMH using detection systems with similar
minizum detectable absorptivity values to the system investigated here.
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I. INTRODUCTION

The Air Force needs a sensitive, selective, and reliable instrument to

i simultaneously detect a variety of toxic vapors at low parts—per-billion (ppb)
: levels in the ambient air in real time. The capability of monitoring low ppb
levels of airborne toxic substances is desired by the Air Force to ensure the
workplace safety of its personnel and that of its contractors. A toxic vapor
detector of this type would also help the Air Force meet increasingly strict

Occupational Safety and Health Administration (OSHA) and Environmental Protec~

tion Agency (EPA) requirements for demonstrating that the airborne levels of

controlled toxic and/or environmentally harmful substances associated with

certain Air Force operations are below certain standards.

The Air Force's Space Division has a particular need for improved de~
tection methods for the toxic rocket fuels hydrazine, monomethylhydrazine P
(MMH), and unsymmetrical dimethylhydrazine (UDMH) as well as some of the po-
tentially toxic MMH and UDMH air oxidation products. The health hazards to
humans resulting from exposure to these compounds, even at very low concentra-
tions, are of increasingly great concern. Analytical methods are needed that
will allow the continuous ambient air monitoring of the hydrazine fuels at
levels as low as 30 ppb in the work environment of the Space Division and 1its
contractors. This report describes experimental work performed to date at The
Aerospace Corporation to determine the capability of the CO, laser photoacous- g
tic technique to detect low ppb levels of the hydrazine fuels in the ambient
air in real time. -

In an earlier Aerospace study,1 absorption cross section data were mea-
sured for each of the hydrazine fuels as well as for some of their air oxida-
tion products at about 77 CO, lager wavelengths each. These data indicated
that the desired low ppb detection sensitivities should be obtainable for hy-
drazine, MMH, and UDMH in the presence of typical ambient air concentrations
of water vapor by the CO, laser photoacoustic technique. Analysis of the CO,
laser absorption spectra of the expected hydrazine~fuel air oxidation products
also indicated that at their anticipated airborne concentrations these
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compounds should not interfere with detection of the hydrazines. Further,
consideration of the concentrations of pollutants typically found in urban

air, along with their infrared spectral properties, indicated that the

expected low ppb level CO, laser photoacoustic detection limits of the
hydrazines should not be significantly increased by the presence of typical
air pollutants. ]

The background to the Air Force's need for improved ambient air detection

methods for the hydrazines and their degradation products is reviewed in Sec~- 5

tion II. This section also describes the CO, laser photoacoustic technique 1
for the trace detection of these compounds that is presently under investiga-
tion. The different laboratory photoacoustic detection systems investigated @

here, along with the procedures used to determine the performance of these 1

systems, are described in Section II1. The minimum detectable absorptivity
values and, where determined, the hydrazine—fuel detection limits obtained
with these photoacoustic detection systems are discussed in Section IV. Sec- {

tion V outlines the conclusions of this study.
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II. BACKGROUND

A. HYDRAZINE FUELS AND TOXIC DEGRADATION PRODUCTS OF AIR FORCE COMCERN

The compounds hydrazine, MMH, and UDMH are extensively used by the Air
Force as rocket fuels. During routine handling and transferring operations,
the possibility exists that the volatile hydrazines can be inadvertently
released into the ambient air. The hydrazines are highly toxic and recent
animal toxicological studies indicate that these compounds exhibit mutagenic
and carcinogenic activity.2’3 As a result, both the American Conference of
Governmental Industrial Hygienists (ACGIH) and the National Institute of Occu-
pational Safety and Health (NIOSH) have listed these compounds as suspected
human carcinogens. ACGIH has adopted time-weighted average threshold limit
values for exposure to hydrazine, MMH, and UDMH over an 8-hour work day of
100, 200, and 500 ppb, respectively.“ NIOSH has recommended to the Department
of Labor that the maximum allowable concentrations of hydrazine, MMH, and UDMH
in workplace ambient air samples, collected over a period not to exceed 2
hours, be reduced to values of 30, 40, and 60 ppb, respectively. OSHA is ex-
pected to adopt one of these sets of threshold levels, which are up to 30
times lower than current threshold levels, as their new standard for

hydrazines.

Besides the concern about the toxic and carcinogenic properties of the
hydrazines, some of the hydrazine-fuel atmospheric degradation products have
been found to be, or are expected to be, serious human health hazards. For
example, N-nitrosodimethylamine (NDMA), a highly potent carcinogen, has been
found to be formed in small amounts as the result of air oxidation reactions
of UDHH.S It has also been found that dimethylamine (DyA) and trimethylamine
(TMA), other products found in air oxidation reactions of UDMH, can form NDMA
as the result of reactions with NO, in polluted atmospheres.6 Further, the
health hazards of the major UDMH and MMH air oxidation products formaldehyde
dimethylhydrazone (FDH)7 and formaldehyde monomethylhydrazone (FMH),8 respec-
tively, are not known. However, FDH and FMH are structuraily similar to the
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hydrazines and NDMA and might be expected to exhibit similar toxic or carcino- [

genic properties to these compounds.

Concern about the toxic and/or carcinogenic properties of the hydrazine
fuels and some of their atmospheric degradation products currently affect Air
Force satellite and missile launch operations. For example, a major engineer-
ing effort is being planned at the Western Test Range (Vandenberg AFB) to en-
sure the safety of personnel and compliance with current and anticipated OSHA
requirements concerning the use of the hydrazine fuels.9 To effectively as-
sess the success of this engineering effort, much improved ambient air detec-
tion capabilities for the hydrazine fuels and their degradation products are

needed.

The analytical methods currently used to detect the hydrazineslo near

launch sites or near production and storage facilities are not sufficiently

sensitive and specific for real-time monitoring at the expected new threshold

levels. Continuous monitors are needed to measure peak levels of the hydra- ¥
zines. Real-time monitors for these compounds are just beginning to be

11 ang electrochemistty.12 A near real- ' i3

developed based on chemiluminescence
time instrument that uses a moving paper tape impregnated with a color test

reagent has recently become available.13 These chemiluminescence, electro-

chemical, and paper tape monitors are not expected to be sufficiently specific

in their present form to distinguish the hydrazines from each other or from }
some of their structurally similar atmospheric degradation products such as

the hydrazones. Although an analytical method is available for the sensitive, 4
selective, and potentially near real~time monitoring of NDMA in the ambient _ f
air,14'15 analytical procedures have not been established for other poten-
tially hazardous atmospheric degradation products of the hydrazines such as
FDH and FMH. Still other atmospheric degradation products of the hydrazines
may be identified that are human health hazards for which improved detection
capability is needed. As a result of the foregoing considerations, an impor-

tant current need of the Air Force is a single analytical instrument capable

of specifically and rapidly monitoring low ppb levels of not only each of the
hydrazine fuels but also their selected air oxidation products NDMA, DMA, TMA,
FDH, and FMH. A trace molexule detector that can detect a variety of toxic
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vapors will be needed even more as the number of controlled OSHA and EPA toxic

substances increase and as their allowable work place levels are lowered. As ]
indicated in Section I, earlier studies performed at The Aerospace Corporation i

indicate that the CO, laser photoacoustic detection technique may fulfill this

important need. This technique is described in the following subsection.

B. COp, LASER PHOTOACOUSTIC DETECTION TECHNIQUE UNDER INVESTIGATION

By the COp laser photoacoustic technique, a modulated beam of CO, laser

radiation is passed through a cell containing the sample to be analyzed. The

wavelength of this radiation is chosen to be coincident with an infrared ab-
sorption feature of the species to be detected. The radiation periodically
absorbed by the species of interest is converted through collisions with the
nonabsorbing surrounding host gas molecules (Ny and 0O7) into thermal motion of
the entire gas mixture. This produces a modulated pressure rise in the cell
which can be sensitively detected by a pressure transducer. If the laser in-
tensity 1s modulated at frequencies in the audio region, a microphone can be

used as the pressure transducer. 8
1. DETECTION SPECIFICITIES ?

In order to rapidly detect a variety of toxic vapors in the ambient air |
at low ppb levels, the capability of performing highly specific and sensitive !
multicomponent analysis is required. These toxic vapors have to be detected
in the possible presence of much larger relative concentrations of other
gases. It is well known that a molecule's infrared absorption spectrum* can 1

17 This 1is because a molecule's infrared ab-

be used to uniquely identify it.
sorption band intensities and positions depend upon the molecule's type of

bonding, geometry, and size. Because each molecule has its own infrared ab-

sorption signature, infrared spectroscopic techniques offer the potential of ‘
highly specific multicomponent analysis. For this to be possible, however,

the infrared radiation used for detection must be of sufficiently narrow

*Molecules that undergo a change in dipole moment with a change in geometry
exhibit absorption bands in the infrared region of the electromagnetic
spectrum. When a molecule absorbs infrared radiation it ifsexcited to a . !
higher vibrational or vibrational-rotational energy state. :




excitation bandwidth to distinguish the absorption features of the various
molecules. Infrared grating and prism spectrometers equipped with conven~
tional incoherent excitation sources have been used to specifically detect
species in multicomponent gas mixtures. Significantly greater detection
specificities, however, can be obtained using detectors equipped with infrared
laser excitation sources. This is because of the hundred times narrower
excitation bandwidth that can be obtained with an infrared laser source than
that obtained with an i{nfrared spectrometer equipped with an incoherent ex-
citation source. The narrower bandwidth output of a laser source can much
more readily resolve the fine rotational structure in an infrared absorption

band than can a conventional spectrophotometer.

The 12C1602 laser is well suited as an excitation source for a toxic va-
por detector. This laser is well developed and highly reliable. It has a

spectral output of greater than 100 discretely tunable lines between approxi-

mately 9.1 and 11.0 um18

19-21

where many molecules, including the hydrazine-based
rocket fuels and their atmospheric degradation products of current
concern, exhibit highly characteristic, strong absorption bands. The
wavelengths of the 12C1602 laser lines are exactly known and can be repro-
ducibly obtained.18 For each molecule that exhibits resolvable fine structure
in the 12C1602 laser wavelength region, a unique spectral signature is
obtained as the result of the many near wavelength coincidences of the laser
lines and the molecule's absorption lines.2? Other CO, isotopic species can
produce laser output at wavelengths as long as 12.0 um.18 The foregoing con-
siderations also apply to laser lines from these species. CO, laser-based
detection methods in general are well suited for detection of molecules in the
ambient air since CO, laser spectral output occurs within the 8.5 to

12.5-um wavelength region where interferences from water vapor, CO,, and other

atmospheric constituents are minimized.
2. DETECTION SENSITIVITIES

Photoacoustic detection methods have measured much smaller absorption co-
efficients than can be measured by conventional long-path absorption tech-

niques. The sensitivity of conventional long-path absorption techniques is

10




limited by the difficulty in measuring the small difference in the intensities
of the incident and transmitted light beams through the absorber of interest.
The photoacoustic technique, on the other hand, measures small absorption sig-
nals against a null backgrourd. In this case, the photcdcoustic signal is
directly proportional to the optical power absorbed. Because of the high
light intensities and small bandwidths produced by laser sources, the photo-
acoustic technique is well suited for use with laser spectroscopic detection

methods.23

Both acoustically resonant and nonresonant sample cells have been invest-
igated for use in gas phase photoacoustic spectroscopyv. The relative advan-~
tages of each type of cell have been discussed in recent litetatute.24-28 The
pressure fluctuations produced in a nonresonant cell are a function of the
energy absorbed in a given illumination cycle.29’30 Any energy remaining from
previous illumination cycles only contributes noise to the desired signal.

The responsivity of a cylindrical nonresonant photoacoustic cell varies

inversely with the square of the cell radius!

and decreases with increasing
exciting light modulation frequency.27'28 Thus, nonresonant cells are de-
signed to be of as small a diameter as practicable. They also use low fre-
quency chopped illumination sources. Resonant cells are designed to accumu-
late the absorbed energy in a standing acoustic wave when the exciting laser
light is concentrated along the axis of the sample cell and modulated at a
cell resonant frequency.29'30 In this case, the cell acts as an amplifier
such that the energy stored in the standing wave is many times greater than
the energy absorbed per illumination cycle. Longitudinal, azimuthal, and
radial acoustic modes may be excited in a resonant cell. Resonant photo-
acoustic cells that use either predominantly radial or longitudinal acoustic
modes have been investigated. The modulation frequencies used for resonant
cells depend upon the cell dimensions. Resonant cells have been designed to
operate at high chopping frequencies and provide no substantial reduction in
the responsivity obtainable with nonresonant cells operating in the low-
frequency regime.27'28 Since the power spectrum of external acoustic noise
usually exhibits an inverse frequency dependence, resonant photoacoustic cells

are expected to provide inherently higher signal-to-noise ratios than
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nonresonant cells operated at lower modulation frequencies.27'28 A more im—
portant noise source in photoacoustic cells is the small amount of absorption
that occurs at the windows of the photoacoustic cell, which is independent of
the absorbing gas concentration. Work has been directed at designing photo-
acoustic cells for which window absorption effects are minimized. For nonres-
onant photoacoustic cells, this has primarily included the design of cells
with: (1) carefully matched optically tandem reference and sample chambers to
allow sample chamber window absorption to be nulled out with that of the ref-
erence chambe:.':”"32 or (2) acoustic dampers inside the cell to minimize trans-
mission of window absorption signals to the cell pressure transducer.33 Reso~
nant photoacoustic cells have been designed that employ radial34 or longitudi-~
nal33 acoustic modes that effectively eliminate the coupling of background
window absorption signals to the cell pressure transducer. Resonant photo—-
acoustic cells thus provide greater inherent immunity from background window

absorption than nonresonant cells.

Although acoustically resonant cells provide greater potential immunity
to external background nolse and unwanted window absorption than nonresonant
cells, this advantage is offset by the fact that the acoustic resonance condi-
tion is a sensitive function of gas temperature, pressure, and composi-
tion.23’26 This can make it difficult to maintain signal linearity over a
wide range of conditions. By contrast, the nonresonant photoacoustic cell
sensitivity (signal divided by concentration of signal-producing species) has
been found to be nearly independent of the total cell pressure over the regime

760 Torr to approximately 20 Torr. 24,35

The photoacoustic cells developed to date have generally employed either
microphones or capacitance manometers as the transducers used to detect the
modulated pressure signals produced as the result of light absorption.32 Ca~
pacitance manometers have been primarily used in nonresonant photoacoustic
cells in which differential measurements are made on sample and reference
chambers in an attempt to null out background window absorption. Microphones
have generally been used in nonresonant single~cell designs and in acousti-~

cally resonant cell designs.
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d36 were the first to use laser excitation sources in

Kerr and Atwoo
conjunction with photoacoustic detection. They obtained minimum detectable
absorptivity values down to approximately 1076 cn™! watt using a co,
laser illuminated single cell photoacoustic detector.36 Cell window
absorption effects limited lower sensitivity values. This detector employed a
nonresonant cell equipped with a capacitance manometer pressure transducer.
Kreuzer and coworkers37 later designed a microphone-equipped nonresonant
single photoacoustic cell with window background signals of approximately
5 x 10'7 cm-l Watt. This 1is near the expected minimum background absorptivity

value of 10”7 cm”!

31

obtainable with nonresonant single photoacoustic cell
designs. The minimum detectable absorptivities of differential nonresonant
cells, or resonant cells designed to minimize window absorption, that are
suitable for use with circular cross section beam co, lasers are current1y31
approximately 1.0-9 em~! Watt. Patel and Ker138 have demonstrated a
photoacoustic cell suitable for use with rectangular waveguide lasers that
have minimum detectable absorptivity values as low as 107! cn! watt. The
minimum concentrations for various vapors that can be detected under
interference—-free conditions by COZ laser photoacoustic techniques can be

estimated by use of the relationship

min a(}) 1)

Here a n is the minimum detectable absorptivity value for the photoacoustic

mi
cell in units of cm-l‘Watt, and o()) is the absorption cross section in units
of cn~! atm™! of the vapor of interest at the CO, laser monitoring wavelength.

1 1

Thus, for molecules with moderate absorption strengths of 5 cm * atm -,
interference-free CO, laser photoacoustic detection limits of approximately
100 ppb would be expected with nonresonant single photoacoustic cells when
l-watt co, lager exciting lines are used. Sub—-ppb interference-free detection
limits pight be expected for a moderately absorbing molecule under similar
conditions with photoacoustic cells designed to minimize window absorption

effects.
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As part of the present study, we have conducted a preliminary experimen-
tal investigation of the relative suitability of selected types of photoacous-
tic cell designs to the ambient air detection of the hydrazine-based rocket
fuels. The different types of photoacoustic cells investigated are described
in the following section.
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ITI. EXPERIMENTAL

The 1201602 laser used as an excitation source for the photoacoustic
detection systems investigated in the present study was assembled in-house.
This laser, described in detail in our earlier report,1 is tunable over
approximately 36 wavelengths of its 9.4—-um band and 41 wavelengths of its
10.4-um band.

The performance of three different nonresonant photoacoustic detectcion
systems was investigated during this study. The optical arrangement used to
make measurements with these photoacoustic detection systems is exhibited in
Fig. 1. The vertically polarized laser output was oriented to horizontal
polarization by the use of a pair of 45-degree mirrors. This output was
focused to a diameter of 2 to 3 mm as it is passed through the photoacoustic
cells. For these nonresonant cells, the intensity of the exciting light was
modulated at frequencies of elther 20 or 13 Hz by a Laser Precision Corpo-
ration chopper (Model CTX-534) and at 13 Hz by a Brower Laboratories chopper
(Model 312B). A Scientech, Inc. Model 36/0001 power meter was used at the
optical exit of the photoacoustic cell housing to monitor laser output power.
When necessary, low voltage signals from the photoacoustic detection systems'
pressure transducers were preamplified by either a Princeton Applied Research
Corporation (P.A.R.C.) Model 113 or a Model 225 low noise preamplifier before
being sent to the lock-in detection system. An Ithaco Dynatrac Model 391A, a
P.A.R.C. Model 5204, or a P.A.R.C. Model 124A lock-in amplifier was used to
detect the preamplified pressure transducer signals at the exciting light mod-
ulation frequencies. The different photoacoustic detection systems investi-
gated in this study together with a resonant photoacoustic detection system

recently assembled at The Aerospace Corporation are described below.

A. BECKMAN-JPL NONRESONANT GLASS CELLS

The photoacoustic detection system whose performance was most extensively
investigated here was designed and fabricated by personnel at Beckman Instru-

ments, Inc. and the Jet Propulsion Laboratory (JPL). The system was developed
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by Beckman and JPL as part of an earlier Law Enforcement Assistance Admini-

stration (LEAA) funded, Aerospace—administered program to investigate the
feasibility of using the C0, laser photoacoustic technique to detect vapors
emanating from clandestine explosive devices.39 This system was basically
comprised of two identical téndem acouystically nonresonant Pyrex glass cells
equipped with parallel zinc selenide Brewster's angle windows and Bruel and

Kjaer No. 4165 condenser microphones.

The cell bodies were 2.54 cm square, with a 0.95-cm diameter, 12-cm-long
center bore. The center bore of each cell was connected by three 2-mm diam-
eter ports to gas inlet and outlet tubes (2 mm inside diameter) and a micro-
phone. A four-way glass stopcock with a Teflon inner sleeve (Ace Glass, Inc.
8148-T23) was attached to the inlet and outlet tubes on each cell. This stop-
cock allowed the cell to be operated in a continuous flow or stopped-flow
mode. The cells were mounted in an insulated aluminum box housing designed to
allow cell bakeout at temperatures up to L50°C and operation at constant pre-
determined temperatures between 27 and 50°C. In the present study all mea-

surements carried out with this system were made at ambient temperatures.

The zinc selenide windows were mounted on the bodies of the cells with an
epoxy formulation of 502 by weight EPON No. 828 (Shell Chemical Company) and
50%Z Versamid No. 125 (Gengral Mills, Inc.). The 1.25 cm diameter Bruel and
Kjaer microphones were placed in stainless steel holders, which in turn were
placed over the glass cells and bolted to the aluminum cell housing. A pres-
sure and vacuum—tight seal concentric with the front of the microphone was
provided by compression of an indium-coated stainless steel O-ring. An annu- '
lar space within the microphone assembly permitted the back side of the micro-
phone diaphragm to be evacuated. Signals from the microphones were amplified
by General Radio Model 1560-P42 preamplifiers connected to the microphones

through Bruel and Kjaer adapters.

The Beckman-JPL photoacoustic cells were designed to permit differential
absorption measurements to be made between the two cells to minimize back-
ground signals because of window absorption. However, as described in Sec-
tion IV, the cells were not used in the differential mode in the present study

because of their different outgassing rates.

17




B. AEROSPACE CORPORATION NONRESONANT GLASS CELL

A nonresonant glass photoacoustic cell was fabricated at The Aerospace
Corporation. This cell had an opti¢al path length of 17.2 cm and a bore of
0.78 cm. It was equipped with parallel zinc selenide Brewster's angle win-
dows, two grease-free 4-mm Kontes glass stopcocks {Model K-826510) to permit
either continuous or stopped flow operation, and a single Knowles Electronics
Corporation miniature electret microphone with built-in FET preamplifier
(Model 1834) as the pressure transducer. The cell body was fabricated from
heavy wall (1.27 cm o.d.) Pyrex glass tubing. The stopcocks were attached to
the cell body close to the stopcock shaft-barrel seat to minimize the cell
dead volume. The stopcocks were located near opposite ends of the cell
length, approximately 1 cm from the closest edge of the cell windows. The
electret microphone, which had dimensions of 0.79 x 0.56 x 0.41 cm, rested in
a depression made at the junction of the cell body and a 2-cm length of 0.6
i.d. tubing attached to the cell midway between the end windows. Electrical
connections were made to the electret microphone through a Teflon inner plug
that provided a vacuum tight seal to the 0.6 cm i.d. tubing. Ome 1.35-volt
battery provided electrical power to the electret microphone. The zinc
selenide windows were attached to the ends of the heavy wall glass tubing by

Torr Seal low vapor pressure resin.

C.  AEROSPACE CORPORATION ASSEMBLED NONRESONANT STAINLESS-STEEL SYSTEM

At The Aerospace Corporation two matched stainless-steel nonresonant
cells were designed and fabricated for use in differential absorption measure-
ments with a capacitanée manometer as the pressure transducer. The cells were
arranged in a configuration similar to that suggested by Shumate.31 Their op-
tical path axes were placed in parallel to each other with the capacitance
manometer connected between them. The inner volumes of these connectors were
kept small. The cells had an optical path length of 14.9 cm and a bore of
0.99 cm. The cells were each eﬁuipped with two Nupro stainless steel valves
(Model SS-2H2) to permit either continuous or stopped-flow operation and
parallel zinc selenide Brewster's angle windows. The windows were held onto
the ends of the cells by aluminum end plates. Viton O~rings were employed to
provide a pressure and vacuum—tight seal of the windows to the cell body.

18
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The capacitance manometer used in this photoacoustic detection system was
an MKS Instruments, Inc. Baratron type 170 Pressure Meter with 10 Torr full
range differential pressure head. The manufacturer stated that the minimum
responée time of this capacitance manometer was 40 msec. The smallest pres-
sure change resolvable with this manometer was about 10'6 of the maximum head
pressure range. The use of the 1 Torr full range pressure head available from
MKS Instruments, Inc. potentially offers more sensitive detection by a factor
of 10 than that obtained in the present study with the 10 Torr full range

pressure head.

The basic optical arrangement exhibited in Fig. 2 was used for the photo-
acoustic measurements carried out with these nonresonant stainless-steel
cells. Two gold-coated 45-degree mirrors were used to reflect the laser beam

that passes through the sample cell back through the reference cell.

D. AEROSPACE CGRPQ&QifH? ASSEMBLED RESONANT STAINLESS-STEEL CELL

An acoust!siir Uadtnait stainless-steél cell based on a design of
Gerlach and Amer3& %»% recently been fabricated at The Aerospace Corporation.
The capabilitw of this photoacoustic detection system to detect low ppb levels
of the hydrazines will be investigated soon. This cell (Fig. 3) is cylindri-
cal with flat end walls. The inside height of the cylindrical cell is 6.5 cm
and the inside diameter is 24.8 cm. These dimensions were chosen to permit
the laser excitation beam to pass through zinc selenide windows at Brewster's
angle. The cell is designed to minimize the effects of background window
absorption by placing the windows at the nodes of the resonant mode being ex-
cited (the first radial mode with respect to the excitation beam axis).34 If
the cell is defined in terms of conventional cylindrical coordinates, the
laser beam enters through a window mounted on one end wall at r = 0.628R, ¢ =
0°, and z = 0, then passes diagonally through the center of the cell and exits
through another window at r = 0.628R, ¢ = 180°, and z = L on the other end
wall. Here R and L are the cell inside radius and height, respectively. If
the beam is to pass through the windows at Brewster's angle, the ratio of cell

radius to height must be R/L = 0.797n, where n is the refractive index of the
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Fig. 3. Acoustically Resonant Stainless Steel Cell
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window material. The cell will use a microphone as its pressure transducer.
This microphone will be located along the cell axis (r = 0) where the maximum
gain in the first radial mode occurs. Gas inlet and outlet ports, fitted with
Nupro stainless—-steel valves (Model SS-2H2), are located at positions directly
opposite the cell windows at node positions of the first radial cell mode.

The first radial mode of the resonant cell is expected to be found near

3500 Hz.

Ethylene was chosen as a convenient reference gas to determine photo-
acoustic detector responsivity because of its well-characterized, highly-
structured 1261602 laser absorption profile and its low reactivity and adsorp-
tivity on cell walls. Photoacoustic detector responsivity measurements were
typically made over a several order of magnitude range of concentration of
ethylene in nitrogen at selected 12C1602 laser lines. Limited dilution exper-
iments were also performed for the hydrazine fuels. The dilution experiments
were carried out by first transferring a known pressure of the sample gas of
interest from a storage sample tube or bulb to either a calibrated 3.48 ml
section on a mercury-free, greaseless vacuum line or to a calibrated 220 ml
bulb on the vacuum line. The pressures were determined by use of a Baratron
pressure gauge (MKS Instruments, Inc.) with a 77H-10 pressure head. The
sample ;n the 3.48 ml section or the 220 ml bulb was then condensed into a
5430 ml1 flask equipped with an outer mixing loop. The sample gas was con-
densed in the flask at liquid nitrogen temperature and approximately 800 Torr
of Matheson Research Purity nitrogen (99.9995%7 min.) was added. The nitrogen
pressures were determined with a Wallace and Tiernan gauge (Model FA 160230).:
The mixing loop of the 5430 ml flask was used to facilitate efficient convec-
tion mixing of the gas mixture. The gas mixture was then expanded into the

photoacoustic cell of interest to determine the responsivity.
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IV. RESULTS AND DISCUSSION

To determine the suitability of a particular CO, laser photoacoustic
detection system to monitor airborne levels of the hydrazine fuels on a real-
time basis, the measurement of the system's minimum detectable absorptivity
value is required. Information is also needed on the possible adsorption ef-
fects and degradation properties of the hydrazine fuels in the system's photo-
acoustic cell. The minimum detectable absorptivity values of the different
photoacoustic cells investigated in the present study were generally deter-
mined by measuring the photoacoustic absorption signals produced in ethylene-
nitrogen gas mixtures of known concentration by the selected CO, laser 10.4~

40 the

um band lines P12, Pl4, P16, and P22. According to Patty and coworkers,
CO, laser absorption cross sections for ethylene at these wavelengths are
4.35, 29.10, 4.55, and 1.09 eml atm™l, respectively, in the presence of one
atmosphere of nitrogen. When time permitted, the linearity of the signal
response of the different photoacoustic cells was examined as a function of
hydrazine fuel concentration. Some of the 10.4=-um band C02 laser lines used
for these measurements along with the corresponding hydrazine fuel absorption
cross sections (in units of em ! atm™!) were:l R8(0.13), R6(0.10), R4(0.06),
P28(1.11), P38(3.27), P40(3.59), and P42(3.95) for UDMH; R12(0.78), R10(1l.19),
R8(3.48), R6(0.87) and R4(1.52) for MMH; and R8(4.71), R6(4.76), R4(4.73), and
P4(7.56) for hydrazine. Ammonia (NH3) 1is a degradation product of each of the
hydrazines. To determine whether the hydrazines undergo decomposition in the
photoacoustic cells, various ammonia absorption features were monitored during
the photoacoustic measurements on the hydrazines. Some of the CO, laser
10.4-um band lines used for this purpose and their corresponding ammonia
absorption cross sections (in units of cn”l aen™l) were:41 R8(20.5),
R6(26.3), R4(11.0), P4(2.00), P32(13.7), P36(8.43), P38(4.21), P40(0.950) and
P42(0.412).

The minimum detectable absorptivity measurements carried out for the dif-
ferent photoacoustic detection systems investigated in the present study are
described below.




A. BECKMAN-JPL NONRESONANT GLASS CELLS

Figure 4 displays a plot of the measured photoacoustic absorption signal
per incident laser power (in units of mV/W) of one of the Beckman-JPL nonreso-
nant cells as a function of ethylene concentration in ethylene-pure dry nitro-
gen mixtures at the CO, laser 10.4-um band P12, Pl4, P16, and P22 lines. This
single Beckman-JPL photoacoustic cell exhibited a linear photoacoustic re-
sponse from 5.7 ppm ethylene in nitrogen (the highest ethylene concentration
studied) down to a lower limit ethylene detection sensitivity of about 250 ppb
at the COp laser 10.4-um band P14 line. This lower limit ethylene detection
sensitivity was set by a background absorption signal of between approximately
0.1 and 0.5 mV/W that was measured when the photoacoustic cell was filled with
pure dry nitrogen only. Similar results were also obtained with the other
Beckman=JPL cell. The minimum detectable absorptivity values for these cells,
when used individually, can thus be calculated from Eq. (1) and the ethylene
! aea™! ac the O, laser 10.4-um band P14
line to be approximately 7.3 x 1076 cml.Watt. This value is about 70 times

absorption cross section of 29.1 cm ~ atm

larger than the state-of-the-art single nonresonant cell detection sensiti-

vity.31

Beckman Corporation personnel found these photoacoustic cells gave
similar anomalous background absorption signals in the previous LEAA~sponsored
explosives vapor detection program. In that study and in the present study,
this anomalous cell background adsorption was found to increase gradually with
time within both the CO, laser's 9.4~ and 10.4-um bands even after the cells
were extensively pumped on under vacuum at elevated temperatures and filled
with pure nitrogen. We believe that this background absorption results from
the outgassing of organic species from the adhesive material used to bond the
zinc selenide windows to the cell body, or volatile organic substances that
evolve from either the microphone or the Teflon inner-sleeve material used in

the cell stopcocks.

During the previous LEAA-sponsored study carried out with the Beckman-JPL
photoacoustic detection system it was found that a sample and reference
photoacoustic cell used in a difforential mode of operation resulted in about
a factor of 10 improvement in detection sensitivity over that obtained with a

single cell. This improvement resulted from the partial nulling of the
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background absorption in the sample cell by that in the reference cell. The

limiting error in these differential measurements was found to be a result of
different rates of change in the backg:ound absorption signals in the sample
and reference cells. The different and variable outgassing rates observed for
the two Beckman-JPL cells in the present study did not permit them to be con-

veniently used in the differential mode here.

The detection sensitivity of approximately 250 ppb obtained for ethylene
at the CO, laser 10.4-uym band Pl4 line with the single Beckman-JPL photoacous-
tic cell indicates that detection sensitivities of between 1 and 2.5 ppm
should be obtainable for the hydrazine fuels with this cell. Although these
detection sensitivities are well above the low ppb sensitivities desired for
the hydrazines, photoacoustic response measurements were made for each of the
hydrazines as a function of concentration to determine the importance of ad-
sorption effects or degradation properties of the hydrazines in the Beckman-
JPL glass photoacoustic cell. Figure 5 exhibits a plot of the measured photo-~
acoustic absorption signal per incident laser power of one of the Beckman-JPL
cells as a function of UDMH concentration in UDMH-nitrogen mixtures at the CO,
laser 10.4-pym band P38 and P40 lines. This single cell exhibits a linear pho-
toacoustic response from about 1400 ppm UDMH in nitrogen (the highest UDMH
concentration studied) down to about 6 ppm UDMH in nitrogen. The lower limit
detection sensitivity of UDMH in the Beckman—-JPL cell was set by a background
absorption signal of about 0.5 mV/W obtained when the photoacoustic cell was
filled with pure dry nitrogen. .ae photoacoustic signal per incident laser
power values plotted at various UDMH concentrations in Fig. 5 were taken as
the zero-time intercepts. from plots such as exhibited in Figs. 6 and 7. Plot-
ted here are the photoacoustic signals per incident laser power values at par-
ticular initial UDMH concentrations versus sample residence time in each pho-
toacoustic cell. At UDMH concentrations of approximately 13 ppm and below,
the photoacoustic signal was observed to gradually increase with increasing
sample residence time. This is presumably because of the outgassing of an im-
purity in the cell that absorbs within the 002 lager 10.4-uym band P-branch. At
UDMH concentrations of 27 ppm and greater, the photoacoustic signal in the co,

laser 10.4~uym band P-branch was observed to decrease with increasing sample
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residence time in the photoacdustic cell. The latter signal decrease with
time apparently results from sample adsorption or reaction effects of UDMH on

the photoacoustic cell walls.

Figure 8 indicates the measured photoacoustic absorption signal per inci-
dent laser power obtained with the Beckman~JPL cell as a function of MMH con-
centration in MMH-nitrogen mixtures at the Co, laser 10.4-uym band R8 and R10
lines. The photoacoustic signal per incident laser power values plotted at
various MMH concentrations in Fig. 8 were taken, as in the UDMH measurements,
from zero~time intercepts of plots such as shown in Figs. 9 and 10. The half-
lives for decay of the UDMH or MMH absorption signals with sample residence
time in the Beckman—-JPL glass photoacoustic cells at each of the different
UDMH and MMH concentrations studied were found to be 0.7 hour or longer. Thus,
loss of UDMH or MMH on the walls of glass photoacoustic cells is not expected
to be a significant problem in a real field instrument. These instruments
will be operated in either a continuous-flow or a stopped-flow mode. The
residence time for a sample gas in a field instrument that operates in a
stopped—-flow mode is expected to be at most a few minutes, since measurements
will be performed only at several wavelengths with measurement times of only a

few seconds per laser wavelength.

Photoacoustic response measurements performed with the Beckman-JPL photo-
acoustic cell on hydrazine-nitrogen mixtures indicate that hydrazine is nearly
completely adsorbed or undergoes nearly complete degradation reactions on the
cell walls within the 30-minute or greater time period that it takes to first
fill the cell and then begin the photoacoustic measurements. For example,
hydrazine—-nitrogen mixtures prepared to yield hydrazine concentrations of 9.7,
46.6, and 89.5 ppm were found to give only background level signals of between
0.1 and 0.7 aV/W in the Beckman-JPL cell at the Co, laser 10.4-um band P4, R4,
R6, and R8 lines. On the basis of the photoacoustic responsitivity data ob-
tained for ethylene, UDMH, and MMH in the Beckman-JPL cell, along with the
relative absorption cross sections of hydrazine to these compounds, photo-
acoustic signal per incident laser power values for hydrazine of between 2.4
and 46 mV/W would be expected under the foregoing conditioms. Similarly,
after sample residence times of up to 45 minutes, hydrazine-nitrogen mixtures
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prepared to have hydrazine concentrations of between 1000 and 1400 ppm gave i
photoacoustic responsivities about a factor of 10 lower than the approximately ?
560 to 1260 mV/W values expected. Figure 11 displays a semilog plot of the

photoacoustic absorption signal per incident laser power as a function of {
residence time of a gas sample prepared to have an initial hydrazine concen-

tration of 1420 ppm. Figure 11 indicates the relative intensities of the pho-

toacoustic response after a sample resids time of about 1 hour at the CO,
laser 10.4-um band R8, R6, R4, and P4 lines were 0.80, 1.00, 0.49, and 0.31,

e s e b

respectively. An equal concentration mixture of ammonia and hydrazine would
give a relative photoacoustic response of 0.81, 1.00, 0.51, and 0.31, respec-

tively, at these same laser lines. Further work is needed to determine 3

whether hydrazine is adsorbed or reacts significantly on glass photoacoustic
cell walls for the expected field instrument sample residence times of a few

minutes.

B. AEROSPACE CORPORATION NONRESONANT GLASS CELL 3

The measured photoacoustic absorption signals per incident laser power of i
a 10.5 ppm sample of ethylene in nitrogen were determined at the €0, laser . ' !
10.4-pym band lines P12, Pl4, P16, and P22 to be (prior to preamplification) )
0.89, 5.11, 1.04, and 0.37 wV/W, respectively, with The Aerospace Corpora-

tion's nonresonant glass cell. When this cell was filled with nitrogen only,

it gave a background photoacoustic absorption signal at each of these laser

lines of approximately 0.05 # 0.0l pV/W. These data indicate that this photo-
acoustic cell should provide noise equivalent detection sensitivities for
ethylene of about 100 ppb at the CO, laser 10.4~ym band P14 line. The linear-
ity of the photoacoustic response of this cell was confirmed by the good
agreement between the relative ethylene absorption signals at the €0, laser
excitation wavelengths used and the published absorption cross sections for
ethylene at these wavelengths. The relative photoacoustic responsivities mea-
sured  in the present study for 10.5 ppm ethylene in nitrogen at the CO, laser
10.4=-ym band P12, P14, P16, and P22 lines were 0.16, 1.00, 0.19, and 0.06, re-
spectively. The relative CO, laser absorption cross sections for éthylene in L

one atmosphere of nitrogen at these lines are 0.15, 1.00, 0.16, and 0.04, i

respectively.
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The ethylene detection sensitivity of about 100 ppb obtained for this
single nonresonant glass photoacoustic cell at the CO, laser 10.4=-ym band Pl4
line is only 2.5 times lower than that obtained with a single Beckman—-JPL pho-
toacoustic cell. This ethylene detection sensitivity corresponds to detection
sengitivities for each of the hydrazines of slightly below 1 ppm, or values
approximately 30 times greater than desired for the hydrazines. As in the
case of the Beckman~JPL photoacoustic cells, the detection sensitivities ob-
tained with this single nonresonant glass cell are limited by background ab-
sorption produced by organic contaminants present in the cell when it is
filled with pure dry nitrogen only. Possible sources for these contaminants
are the electret microphone or the epoxy material used to bond the zinc

selenide windows to the cell body.

Because both the condenser microphone-equipped Beckman-JPL cell and this
electret microphone-equipped cell were found to give excessive background ab-
sorption signals on account of cell organic contamination, we next investi-
gated the performance of the capacitance manometer-equipped stainless steel
photoacoustic detection system that was assembled at Aerospace. The perfor-
mance of this photoacoustic detection system is described in the following

subsection.

c. AEROSPACE CORPORATION ASSEMBLED NONRESONANT STAINLESS-~STEEL SYSTEM

Figure 12 exhibits the measured photoacoustic absorption signal per
incident laser power (in units of mV/W) of The Aerospace Corporation's non-
resonant stainless~steel photoacoustic detection system as a function of
ethylene concentration in ethylene-nitrogen mixtures at the CO, laser
10.4-pm band P12, P14, P16, and P22 lines. This photoacoustic detection
system exhibits a linear photoacoustic response from 11 ppm of ethylene (the
highth concentration studied) down to ethylene concentrations as low as
2 ppb. The loss of linearity of the ethylene photoacoustic response at the
€0, laser 10.4-ym band lines P12, P16, and P22 in Fig. 12 at low ethylene con-
centrations may be a result of incomplete canceling of the sample cell window
absorption signals with those of the reference cell. The lack of complete

nulling of the window absorption signals in these cells probably results from
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Fig. 12. Photoacoustic Response Versus Ethylene Concentration in
Aerospace Nonresonant Stainless Steel System
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up to a 6% greater incident laser intensity on the sample cell than on the
reference cell, The different light intensities on these cells are caused by
optical losses on the gold-coated mirrors used to direct the laser light
through the reference cell after it exits the sample cell. At the various
ethvlene concentrations studied, the relative photoacoustic signals at the
different laser excitation wavelengths used are generally within experimental
error of the relative CO, laser absorption cross sections for ethylene at
these wavelengths. The observation of measurable photoacoustic signals at the
CO, laser 10.4~um band lines P12 and P16 for ethylene concentrations below

10 ppb indicates that ethylene should be detectable at concentrations near

1 ppb at the CO, laser 10.4-um band P14 line. The fact that ethylene has an
absorption cross section of 29.10 em™! atm™! at the P14 line, while UDMH, MMH,
and hydrazine exhibit absorption cross sections of 3.95, 3.48, and 7.56 et
atm-l at the COZ laser 10.4-um band lines P42, R8, and P4, respectively, indi-
cates that this photoacoustic detection system should provide interference-
free detection sensitivities below the 10 ppb level for each of the

hydrazines.

An ethylene detection sensitivity of 1 ppb corresponds to a minimum de-
tectable absorptivity value for this photoacoustic detection system of approx-
imately 3 x 10"8 cm"1 W. This minimum detectable absorptivity value is 250
and 100 times lower than that obtained with the Beckman-JPL and The Aerospace
Corporation's nonresonant glass photoacoustic cells, respectively. The use of
a capacitance manometer with a 1 Torr differential head, instead of the
10 Torr head used here, together with more careful .experimentation to minimize
the background electronic noise that is currently the limiting noise source in
this photoacoustic detection system, should permit minimum detectable absorp—
tivity values near 1 x 102 co”! W to be attained. A photoacoustic cell of
this minimum detectable absorptivity value would provide interference-free de-

tection sensitivities for the hydrazines at levels below 1 ppb.

The measured photoacoustic absorption signal per incident laser power of
The Aerospace Corporation's nonresonant stainless-steel photoacoustic detec-
tion gystem as a function of UDMH concentration in UDMH-nitrogen mixtures at
the CO, laser 10.4=-uym band P42 and P28 lines is shown in Fig. 13. Here
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UDMH concentrations from near 300 ppm down to about 25 ppb were studied. The
photoacoustic signal per incident laser power values plotted at various UDMH
concentrations in Fig. 13 correspond to measurements taken for sample resi-
dence times of generally greater than 30 minutes. Attempts were not made to
record photoacoustic signals in these studies over sufficiently long periods
to allow extrapolation of these signals back to zero—time as was done for the

studies on the Beckman-JPL photoacoustic detection system.

The solid line exhibited in Fig. 13 represents, on the basis of the rela-
tive absorption cross section data for UDMH and ethylene at the CO, laser
10.4-um band P42 and Pl4 lines, respectively, the expected photoacoustic ab-~
sorption signal strength at the CO, laser 10.4-pym band P42 line as a function
of UDMH concentration. The absorption signals for UDMH in the higher con-
centration regime of Fig. 13 are believed to be lower than they should be be-
cause of partial adsorption or reaction of the UDMH on the photoacoustic cell
walls. The loss of linearity in the UDMH absorption signals at low UDMH con-
centrations in Fig. 13, similar to that observed at low ethylene concentra-
tions in Fig. 12, is believed to be partly because of incomplete canceling of
the window absorption signals in the sample and reference cells. The relative
UDMH photoacoustic signals in Fig. 13 at the CO, laser 10.4-um band and P28
lines are observed, at the various UDMH concentrations studied, to be equal
within experimental error to that expected on the basis of the previously mea-

1 -1

atm at these

sured UDMH absorption cross sections of 3.95 and 1.1l cm
lines, respectively. The fact that the correct relative photoacoustic re-
sponse for UDMH is observed at the P42 and P28 lines at a UDMH concentration
of 25 ppb indicates that detectable UDMH signals should be attainable at con-
centrations of about 10 ppdb, or well below the desired 60 ppb detection sensi-

tivity, with the use of the CO, laser 10.4-um band P42 line.

Preliminary photoacoustic measurements were also performed with both MMH
and hydrazine in the nonresonant stainless steel photoacoustic detection sys=
tem. These measurements indicated that MMH and hydrazine underwent substan-
tial adsorption, reaction or both on the stainless steel cell walls during the
approximately 30-minute time period between when the cells were filled and the

first photoacoustic measurements were made. The absorption signals resulting
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from MMH and hydrazine were observed to decay nearly as rapidly in the stain-
less steel photoacoustic cells as hydrazine absorption decayed in the Beckman-
JPL glass photoacoustic cells. Thus, before a photoacoustic field instrument
can be developed that uses nonresonant stainless steel cells, further experi-
ments will be needed to determine the extent to which MMH and hydrazine are
adsorbed or react on the stainless steel photoacoustic cell walls during the

anticipated field instrument sample residence times of a few minutes or less.

If it is found that significant adsorption or reaction of MMH or hydra-
zine occurs in nonresonant glass or stainless steel photoacoustic cells for
sample residence times of a few minutes or less, alternative materials for the
fabrication of nonresonant photoacoustic cells will need to be investigated.
If significant MMH or hydrazine signal decay occurs during these short resi-
dence times, resonant photoacoustic cell designs should also be investigated.
Resonant photoacoustic cells typically have surface to volume ratios as much
as an order of magnitude lower than those of nonresonant photoacoustic cells.
As a result, the extent to which the MMH or hydrazine absorption signals decay
for a given sample residence time may be much lower in a resonant photoacous-
tic cell than in a nonresonant cell. 1In addition, resonant cells can be much
more successfully operated in a continuous—-flow mode than nonresonant cells.
This is because background acoustical noise resulting from gas turbulence can
be suppressed in a resonant photoacoustic cell, unlike in nonresonant cell, by
locating the gas sample inlet and outlet ports at resonant cell acoustical
node positions. Sample adsorption or reaction effects would be expected to be

negligible for photoacoustic cells used in a continuous=flow mode.
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V. CONCLUSIONS

Estimates made from CO, laser absorption cross section data for the

hydrazines in a previous Aerospace smdy1

indicated that CO, laser-based pho-
toacoustic, long-path absorption, and lidar detection methods should provide
the specificities and sensitivities required for real-time detection of hydra-
zine, MMH, and UDMH in workplace ambient air at the threshold levels adopted
by ACGIH of 100, 200, and 500 ppb, respectively. The CO, laser photoacoustic
technique was concluded to best provide the specificities and sensitivities
necessary for the real-time ambient air detection of these compounds at the

NIOSH recommended thresholds of 30, 40, and 60 ppb, respectively.

The capability of the CO, laser photoacoustic technique to detect the hy-
drazines at concentrations below the NIOSH recommended threshold levels was
confirmed in the present laboratory study by the use of a photoacoustic detec-
tion system designed to minimize both the effects of spurious absorption at
the photoacoustic cell windows and volatile organic contaminants from photo-
acoustic cell materials. The system possessed optically tandem sample and
reference cells connected to a differential capacitance manometer. Dilution
experiments carried out with the calibration gas ethylene in this apparatus
indicated that the sjstem has a minimum detectable absorptivity value of ap-
proximately 3 x 10~8 cm~l.w. By comparison of the ethyleme absorption cross
sections to those for the hydrazine fuels, it was concluded that interference-
free detection sensitivities below the 10 ppb level should be possible for
each of the hydrazines with the use of a detection system of similar minimum
detectable absorptivity value. In confirmation of this conclusion, dilution
experiments performed with UDMH in nitrogen demonstrated that this system can
provide measurable UDMH photoacoustic absorption signals at both the CO, laser
10.4~1m band P42 and P28 lines for UDMH concentrations as low as 25 ppb. The
fact that UDMH absorbs the P28 laser line about 3.6 times more weakly than the
P42 laser line indicates that interference~free UDMH detection sensitivities
below 10 ppb should be obtainable with this system with the use of the CO,
laser 10.4~um band P42 line. Interference-free detection sensitivities of
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less than 10 ppb are expected for hydrazine and MMH using photoacoustic detec-

tion systems of similar responsivity to that used here, but in which sample
adsorption or reaction effects on the cell walls are minimized. Interference-
free detection sensitivities for the hydrazines at levels below 1 pbb may be
possible with the use of a photoacoustic detection system with a 1 Torr full
range differential capacitance manometer instead of the 10 Torr full range
head used here. It is concluded, on the basis of the results of the present
study, as well as the previous Aerospace study,1 that real-time detection
sensitivities below the NIOSH recommended levels should be obtainable for each
of the hydrazine-fuels, even in the presence of typical ambient air concentra-
tions of water vapor and air pollutants by the CO, laser photoacoustic tech-
nique. CO, laser photoacoustic detection sensitivities in the ambient air
down to the few ppb level for the hydrazines may be possible if the water
vapor background absorption can be discriminated against by techniques such as

Stark or frequency modulation spectroscopy.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
imental and theoretical investigations necessary for the evaluation and applica-
tion of scientific advances to new military space systems. Versatility 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 systems. Expertise in the latest scientific developments is vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistry and fluild mechanics, structural sechanics, flight
dynamics; high-temperature thermomechanics, gas kinetics and radiation; research
in envirommental chemistry and contamination; cw and pulsed chemical laser

development including chemical kinetics, spectroscopy, optical resonators and
bear pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport 1in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on asterials, lu~
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvirommental research and
monitoring.

Electronics Research Laboratory: Microelectrorics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imasging; millimeter-wave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance~sens{tive saystem design, distributed architectures for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal matrix
composites, polymers, and new forms of carbon; component failure analysis and
relisbility; fracture mechanics and stress corrosfon; evaluation of materfals in
space enviromment; materials performance in space transportation systems; anal-
ysis of systems vulnerability and survivability in eneny-induced environments.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radfation

from the atmosphere, density and composition of the upper stmosphere, aurorae
and airglow; magnetospheric physics, cosaic rays, generation and propagation of
plasma waves in the wmagnetosphere; solar physics, infrared astronouy; the
effects of nuclear explosions, magnetic storms, and solar activity on the
earth's atmosphere, ionosphere, and wsagnetosphere; the effects of optical,
electromagnetic, and particulate radistions in space on space systems.







