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FOREWORD

The Ultraviolet Oxygen Sensor has been developed under Contract No. F33615-
67~C-1775 by Beckman Instruments, Inc., Advanced Technology Operations,
2500 Harbor Boulevard, Fullerton, California, as Beckman Job No. 2499. The
contract monitor was Ints Kaleps, Biotechnology Branch, Life Support Division
of the Biomedical Laboratory, Aerospace Medical Research Laboratories.*

The research was performed in support of Project 6373, "Equipment for Life
Support in Aerospace," Task 637302, "Respiratory Support Equipment," Work
Unit No. 637302044, "Development of a Quantitative Oxygen Sensor Utilizing
the Ultraviolet Absorption of Oxygen." This research began in June 1967 and
was completed in July 1968.

This technical report has been reviewed and is approved.
C. H. KRATOCHVIL, Colonel, USAF, MC

Commander
Aerospace Medical Research Laboratory

*In December 1968, the Biotechnology Branch, Life Support Division, and
Biomedical Laboratory were abolished. The Laboratories were redesignated
Aerospace Medical Research Laboratory.
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ABSTRACT

The Ultraviolet Oxygen Sensor has been developed to quantitatively measure
oxygen in a closed atmosphere. The essential elements of the instrument are:
the ultraviolet source, an optical chopper, the sample cell, the photomulti-
plier tube, and the required electronic circuits. No monochromator or optical
filter has been used. A Xenon discharge lamp with emission at 1470 angstroms
is used with a sample path of 0.125 mm to provide a system sensitive to oxygen
and insensitive to other gases found in a closed atmosphere enviromment. This
configuration allows the use of a nondispersive optical system and an optical
chopper to provide a double beam system. The oxygen concentration is deter-
mined by measuring the amount of energy absorbed through the sample cell.

This measurement is compared to a reference signal obtained by directing the
ultraviolet beam through an oxygen-free path to the photomultiplier. The
electronic ratio of these two measurements results in a stable signal that

is independent of variation in the source and detector. Preliminary testing
of the prototype confirms the feasibility of this approach. Using various
mixtures of oxygen and nitrogen, we have shown response from 0 to 100 percent
oxygen. Since the scope of work allowed only very limited testing of the
prototype, complete performance data is not yet available. We recommend that
testing be continued to complete the design specifications for an

engineering model of a flight-qualified Ultraviolet Oxygen Sensor and that

the engineering model be built and tested.
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SECTION I

INTRODUCTION

A system has been developed for the measurement of oxygen using the principle
of the absorption of ultraviolet energy by oxygen. The purpose of this
project was to develop a simple optical instrument which could be used to
measure oxygen in space cabin enviromments. The primary requirement of this
task was that no optical components be used other than the source, absorption
path and detector. The solution to the problem was achieved by selecting as
the source a xenon lamp with relatively narrow band emission in the far ultra-
violet region of the spectrum. At 1475 K, which is the peak emission of the
source, oxygen has a very high absorption coefficient. This required that an
absorption path of 0.1 mm be used. Since the absorption coefficients of other
atmospheric gases are much lower than that of oxygen with this short a path
length there is relatively no interference from other gases. The use of a
photomultiplier of the l2-stage head-on type, therefore, made the system
highly sensitive to atmospheric oxygen while being insensitive to changes in
other gases in the atmosphere. Finally, to provide a system that would have
very long term stability, a double~beam system was designed using an optical
chopper. The chopper alternately directs the ultraviolet energy through a
reference path and the absorption cell. The electronic ratio of the reference
and sample signals provides an output dependent solely upon the concentration
of oxygen in the atmosphere being monitored. ’

A prototype was fabricated and tested to prove the capability of this system.
The results proved the feasibility of designing and qualifying for space use
a simple system for the optical measurement of oxygen.




SECTION II

TECHNICAL DESCRIPTION

PRINCIPLES OF OPERATION

The Ultraviolet Oxygén Sensor uses the absorption of ultraviolet energy for
the measurement of oxygen in closed atmospheric environments. The detector
uses a nondispersive optical system whose primary components are the ultra-
violet source, an optical chopper, and a photomultiplier tube. The ultra-
violet source is a capillary stabilized 50 mm Xenon discharge lamp. The peak
emission is at 1470A. At this wavelength, the high absorption coefficient of
oxygen allows the use of a very small sample path length. The path length
used is 0.125 mm. The attenuation of the source energy along the optical
path is given by Lambert's law:

-ksyx
I>\ = on e N
where: I,5 = light intensity at a particular wavelength before
entering an absorbing medium--either x or k = o.
k), = absorption coefficient to base e at a particular
wavelength
x = sample path length

The best possible conditions for monitoring the gas concentration exists for
an isolated absorption band having a large absorption coefficient.

The Lambert equation can be rewritten as:

-CVX
I = I e
where: ¢ = absorption/concentration of molecules in a volume
v = the volume through which the energy passes

The result is that the absorption coefficient k can be written in the form
of concentration of material present and ultimately:

ky = kaoy B 237
A °A 760 T

where: P = gas pressure in mm Hg
T = temperature absolute, K
ko) = absorption coefficient at standard temperature and

pressure to the base e

-2-




The equation relating the dependence of energy attenuation upon gas pressure
can be obtained by substituting the original equation and the equation for k:

-k P 237
= I O)\. — e=1
I o © 760 T

Solving directly for the partial pressure of the gas at a chosen wavelength
and fixed path is given as:
2.787 In Iop

P =
ko)\_ X I)\

The initial attenuated intensity is monitored over a narrow spectral band as
the output current of a photomultiplier tube. The current output is given  as

i, = €I

Il

where: C a constant

is current output
When additional gases are present in the absorbing sample volume, the energy
intensity equation can be modified approximately:
-(k1 + ky...+ ky) x
I}\ = on e

where ky absorption coefficient indicated for each of the various gases
present.

On reducing this equation, the effect of their presence om the final signal
is given as:

1 o - k k where k = a constant.

n I T na Pn
This equation illustrates the necessity of isolating the absorption band or
utilizing a large value in comparison to other gases commonly found in closed
atmospheres.

Since gases other than oxygen have much smaller absorption coefficients in
the wavelength region near 147OA the oxygen sensor is independent of changes
in the concentration of other gases in the atmosphere. Figure 1 shows the
absorption coefficients of several atmospheric gases. It can be seen that at
1470A the absorption coefficient of oxygen is about 35 times that of water
vapor. The selection of the source wavelength and sample path length has
therefore resulted in a sensor which is insensitive to water vapor.

SYSTEM DESCRIPTION
Ultraviolet Source

The ultraviolet source is a 50-mm Xenon discharge lamp (EMR 582X-05). The
emission of the source is shown in figure 2. About 85 percent of the
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radiated output is at 1470&. Since this is the wavelength near which the
absorption coefficient of oxygen is near a maximum, the concentration of the
source energy at this wavelength permits the design of an oxygen sensor
without the use of a dispersive optical system.

Optical Chopper

An electronically driven tuning fork has been used as an optical chopper to
provide a sample beam and reference beam for dual beam operation. By meas-
uring the ratio of the energy through the sample and reference paths, automatic
compensation is continuously provided for variations in the source and detector.
The tuning fork is operated at about 300 Hz. It vibrates a small spherical
mirror to alternately reflect the light from the source between the sample and
reference paths. The mirror is positioned to image the light source onto the
photocathode of the photomultiplier tube. The peak-to-peak amplitude of the
mirror is 2.5 mm. This allows 1.25 mm between the sample and reference beams.
The tuning fork provides a reference signal for synchronous demodulation of

the photomultiplier signal.

Detector

An RCA photomultiplier tube is used. It is a l2-stage, head-on photomultiplier
with a cesium-telluride photocathode and lithium fluoride window. The response
curve of the detector is shown in figure 3. The quantum efficiency of the
detector is near its maximum at 1470A. The detector is mounted in a block that
is attached by reed springs to the base of the oxygen sensor. The springs
permit the detector assembly to be loaded against the sample-reference window
to form an oxygen-free reference path. The window is a 0.500 mm sapphire
window, one-half of which is cut back 0.125 mm to provide the absorption path
for the sample. Oxygen is excluded from the reference path by maintaining
optical contact between the detector window and the sapphire window. Assembled
in this way, the only optical parts that are required are the optical windows
and the mirror used on the optical chopper.

ELECTRONICS

The electronic circuits were designed to use solid state components through-
out. The power supplies and amplifiers that were used are available as off-
the-shelf encapsulated modules. Sufficient space is available in the
instrument package to allow flexibility for experimentation. High density
packaging techniques can reduce the size of the instrument to about one-half
its current dimensions.

The Ultraviolet Oxygen Sensor requires isolated plus and minus 28v dc at 10
watts. The input power is distributed to operate the UV source, the chopper,
the photomultiplier, amplifiers, and power supplies.

Source and Detector Power

The source and detector are powered from a 1500-volt regulated power supply,
EM401, shown in figure 4. The 1500-volt supply is an inverter that is

-6-
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operated from the +28v dc input power. Use of the 1500-volt inverter to

start the source provides for the maximum voltage that might be required for
this purpose. After ionization of the Xenon in the discharge lamp, it becomes
more conductive and operates at a typical value of 450 volts. A series
resistor limits the current through the source. The 1500-volt inverter also
powers the detector, an RCA C70178 photomultiplier.

Chopper Drive Circuit

The chopper drive circuit is a commercially available unit made by American
Time Products (Type 4A Driver, figure 35).

Bias current for the pickup coil L2 and base current for Ql is provided by

the voltage drop across the SG22. Ql is a common emitter stage that provides
all the voltage amplification for the oscillator. The output of Ql is coupled
through the 22k resistor to the base of the emitter follower Q2. The bias
current of-Q2 is determined by the dc voltage at the collector of Ql. The
emitter -load of Q2 is L2, the drive coil of the fork.

The operation of the oscillator is as follows: Any disturbance of the fork
changes the inductance of L1 so that a voltage variation appears across it.
This variation changes the input current to Ql, which amplifies it. The
amplified signal is used to drive a changing current through L2. The resulting
change in the magnetic field around L2 moves the fork to reinforce the original
variation sensed by L1, and oscillations at the forks resonant frequency build
up. The amplitude of the fork is controlled by the 2.5k potentiometer that
limits the drive current capability of the circuit.

Signal Amplification and Synchronous Demodulator

As the UV beam is alternated between the sample path and the reference path,
the output current of the photomultiplier alternates between two levels
representing the transmittance through each path. The photomultiplier output
is injected into the chopper-stabilized operational amplifier, AR201, whose
output voltage is proportional to the input current. The output is shown in
figure 6. The switch Q101 and Q102 are operated to provide two outputs to
the log ratio circuit representing the alternate half-cycles of the signal.
In order to synchronize the switches with the signal, an output from the
chopper (figure 6) is used to develop a square wave that can be adjusted in
phase and used to turn Q101 and Q102 on and off at the proper times,

The output from the chopper is a sine wave which is fed through a resistor
mounted in the chopper driver socket, to an amplifier comsisting of Ql06 and
Q107, resulting in a rectangular wave that is then differentiated by C104

and the input resistance of IC10l. The negative-going spike switches the .
output of the plL900 to its positive supply voltage (+3.3v). The output then
returns to zero after a period of time determined by Cl104, R114 and R115.

This output is then squared up by an amplifier consisting of Q108 and Q109,
differentiated by Cl05 and the input resistance of IC102. Again, the negative
spike switches the output of ICl02 to +3.3v, and since the timing of the
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negative spike is controlled by the time constant of C104, R114 and R115, the
leading edge of the outer square waveé is adjustable in relationship to the
input signal. The width, and therefore symmetry, is controlled by the time
constant of C105, R118 and R119. This output (figure 7a) is fed through
level-shifting diodes CR10l and CR102 to Ql03. The square waves at the
collectors of Ql04 and QlO5 are 180° out of phase, and can be observed at.
test points TP10l and TP102 (figure 7b). The negative halves of the square
waves are used to turn on Q101 and Q102. The positive halves are blocked by
CR104 and CR105. The output of the switches can be observed at TP103 and

TP104 (figures 7c¢ and 7d).

In setting up the switch circuitry, use an oscilloscope at TP10l or TPl02 to
adjust the symmetry and at TP1l03 and 104 to adjust the phase.

Signal Linearization

A logarithmic ratio circuit is used to linearize the amplified detector signal.
The outputs from the synchronous switches are filtered and fed to operational
amplifiers AR201 and AR202. 1In the feedback circuits of these amplifiers are
matched logarithmic devices contained in the Nexus logarithmic module LGR-6

(referred to as EM 201).

The output of each amplifier is:

log -t
e, = a log —
Ri
where: e, is the output voltage

ej is the input voltage
R; is input resistor
A is a constant =60 mv.

The outputs of AR201 and AR202 are fed to opposite inputs of AR203 to give at
the output of AR203 the difference of the two logarithms.

That is, 0203 = 4(%6202 " €0201)

The reference signal is egogz. It should be a constant since it is the
logarithm of the current resulting from the energy through the reference
path. The sample signal, egy01, is the logarithm of the current resulting
from the energy through the sample path. This current is theoretically an
exponential function of. the oxygen concentration; therefore e 537 is
proportional to the 0, concentration.

The output of AR203 is also a linear function of O, concentration. This

output is amplified by AR204. The zero level is adjustable by R217, the gain
by R212. The feedback is accessible at the terminals of the boards so that

~]12~
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temperature compensation can be added, since the absorption of UV by 0, is
dependent on temperature.

Amplifier Power Supply

The instrument is designed for *28v supply voltages. A series regulator
package (EM301) provides +15 volts for the operational amplifiers. The +28
volt input powers the high voltage inverter and the chopper driver. Since

the chopper amplitude is a function of the supply voltage, the +28 input

must be held to 28 *0.05 volts. If an unregulated supply is used, a regulator
would have to be added for the driver.

Overvoltage protection circuits are provided. If either of the input voltages
exceeds 32 volts, the corresponding Zener VR301 or VR302 breaks down and fires
its SCR which will, in turn, blow a fuse.

VR303 provides +3.3 volts from the +15 volt supply for the integrated circuits
in the phase shifter.

When the power supply board is removed, the +28 volt line to the high voltage
supply and the chopper driver is opened.

14~




SECTION III

TEST RESULTS

A series of tests were conducted to establish the performance characteristics
and to determine the limitations of the prototype Ultraviolet Oxygen Sensor.
All of the tests were done at ambient laboratory conditions. The temperature
typically varied from 25 to 28C. Since only very limited testing could be
done, the primary purpose of the tests was to prove the feasibility of using
a nondispersive optical instrument for measuring oxygen in atmospheric
environments. '

Figure 8 shows the instrument response to samples of 0 to 100 percent oxygen.
The balance of the mixture was nitrogen. Since this signal has been processed
by a logarithmic amplifier, the curve should have been linear. The sharp
departure from linearity is probably due to the use of too long a sample path.
Our breadboard tests results showed that the required sample path is 0.125 mm.
When we assembled the prototype, it was difficult to maintain optical contact
between the photomultiplier window and the sample-reference path window. The
actual sample path is probably greater than 0.125 mm. The position of the
photomultiplier tube was adjusted to reduce leakage of the sample into the
reference path. The adjustment of the photomultiplier tube may have increased
“the sample path length so that higher concentrations of oxygen cause nearly
total absorption of the ultraviolet energy. Another analysis of this non-
linearity can be made by observing the photomultiplier signal before
demodulation. Figure 9 shows the reference signal and the sample signal as

a function of oxygen concentration. Since the response is plotted on a
logarithmic scale, the curve should be linear. Furthermore, if the reference
path were completely sealed, the reference signal vs. oxygen concentration
would be parallel to the X-axis. Since the reference signal does vary with
oxygen concentration, there is obviously leakage of the sample into the
reference path. Since the reference path is actually performing as a second
"sample path" with a greatly reduced path length compared to the sample path,
the reference signal curve is linear on the logarithmic scale. Curve ej, the
signal from the sample path, shows the nonlinearity which is also obtained
from the final output shown in figure 8. It is therefore expected that a
reduction of the sample path length would result in a linear output over the
range of 0 to 100 percent oxygen (note that this is at ~760 mm Hg).

The performance of the logarithmic amplifiers in linearizing a logarithmic
signal can be seen from figure 10. This shows, on rectangular coordinates,
the sample and reference signals plotted against oxygen concentration. These
curves have the same shape as those of figure 9.

One test was performed to determine the instrument's sensitivity to water

vapor. Ambient room air at 27C and 50 percent relative humidity was pumped
through the sample cell and the signal was recorded. A calcium sulfate

-15-
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drying tube was then placed between the pump and the sample cell and no change
in signal was noted, indicating that the instrument is insensitive to atmos-
pheric water vapor.

The stability of the system was evaluated by flowing nitrogen through the
sample cell for 3 hours and recording the output signal. The signal was
constant to within 0.3 percent oxygen. The response to step changes in gas
concentration was recorded at various concentrations between 0 and 100 percent
oxygen. The signal for a given gas mixture was always within one division of
the previous measurement.

The sensitivity of the sensor to position was determined by operating it
while varying the orientation of the unit. A 90° change in orientation
caused a change in signal equivalent to less than 2 percent oxygen. This may
be due to a slight sag in the vanes of the chopper that would change the
energy reaching the detector. This can probably be overcome by using a
chopper with a torsional motion of the tines, thus allowing the use of a much
shorter tuning fork assembly while still maintaining the required beam
deflection between the sample and reference paths.

-19-




SECTION IV

RECOMMENDATIONS FOR FUTURE WORK

Although the opportunity existed for only limited testing of the prototype,
the test results prove the feasibility of using a very simple optical instru-
ment for measuring oxygen atmospheric environments. By proper selection of
the source, sample path, and detector, the complexities associated with
dispersive optical systems are not necessary for measuring oxygen. Since
only a brief period of time was available for testing the prototype, our
recommendations are only preliminary. The prototype is a completely self-
contained system and the final recommendations will be developed after a
thorough program of prototype testing is completed.

The most essential improvement required for the UV Oxygen Sensor is the
isolation of the reference path from the sample path. This can be accom- _
plished by using essentially the same methods as in the prototype but including
the use of cement to permanently hold the sapphire window to both the photomul-
tiplier tube and to the housing containing the source and chopper. This should
provide total exclusion of the sample gas from the reference path while main-
taining the required 0.125 mm sample path.

Another refinement of the sample cell design will be the provision of an
additional surface, at the edge of the sample cell, against which the photo-
multiplier window can bear. This will alleviate the problem encountered in
maintaining optical contact between the sapphire window and the photomulti-
plier tube. The fabrication of the windows and photomultiplier can be held to
a greater precision so that each of the windows' surfaces are parallel to each
other and perpendicular to the axis of the photomultiplier envelope. This
will facilitate the assembly of the system so that no air can enter the
reference path. '

The present design uses a tuning fork chopper to produce the dual beam required
for the ratio measuring system. The chopper and the Xenon discharge lamp must
be enclosed in a nitrogen-filled chamber. Three O-rings are used in this
chamber, two as seals for the housing, and one to seal the electrical connec-
tor. There is also a needle valve through which the chamber can be evacuated
and filled with dry nitrogen. The O~-rings and the valve can be eliminated by
designing a system that will use only hermetic seals. This technique will
result in a greatly extended operating life of the sensor.

An alternate approach to the design of the source and optical chopper might
result in a system that would not require the use of a nitrogen purge and
hermetic seals. It should be possible to design the source to include an
internal pair of electrodes to which an electrostatic or magnetic field could
be applied to deflect the electron beam of the source in the manner analogous
to that used in a cathode ray tube. Then the source, sample-reference window,
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and photomultiplier interfaces could be sealed to exclude the atmosphere from
the optical path.

A substantial reduction in both weight and volume of the oxygen sensor is
immediately possible using high density packaging techniques. The prototype
system was designed as two separate units. This was done primarily as a
convenience for independently testing the electronics and sensor portions of-
the system. The design can be modified to provide a single unit, thus
eliminating the external cabling and connectors required for the prototype.
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