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Abstract

Introduction

Hybrid rockets have advan tages over liquid or solid rockets because they are safer and can be stopped and restarted. The goal of
these studies are  to characteri ze combustion ef fici ency and environmental  impact of hybrid rocket motors. The design and testing of
diode l aser sensors to measure chemical constituents in exhaust plumes of hybrid rockets i s presen ted. A diode laser wi th output i n the
763 nm reg ion of the oxygen spectrum was employed to measure oxygen concentrations in exhaust plumes of  mini-hybrid rockets.
The temperatures of the exhaust plumes were estimated to be 3000 K.  This high temperature reduces the sen sitivity of oxygen
measurements because the oxygen molecules are spread over a much  greater number of  energy states than when at 300 K.  Thus, there
are f ewer molecules to absorb radiation at the measuring wavelengths. A lock-in amplifier, u sing second harmonic amplificati on, was
used to measure the signal .   Qual itati ve results showed a 50 mV signal , buri ed in 75 mV noi se, when amplified, produced a 1.0 volt
si gnal wi th 150 mV noise.

     Diode laser spectrometers are powerful instruments for probing the chemical and ph ysical properties of  the exhaust plumes of
hybrid rocket engines.  This study  has two goal s.  The first is to measure oxygen, hydroxyl radi cal , water vapor and carbon dioxide
concentrati ons produced by these rocket engines in an ef fort to enhance thei r combusti on efficiency and thrust capabi lity.  The second
is to measure the effect hybrid rockets would have on the environment.  Information that can be learned from these measurements
includes pressure, temperature, combustion effici ency, molecular veloci ties and number densi ties of  important species.  The diode
lasers we pl an to employ emit in the near i nfrared region of the electromagnetic spectrum.  This region of  the spectrum yields si gnals
much l ess i ntense than those in the i nfrared region.  However, diode l asers that currentl y emit in the infrared require cooling to liquid
nitrogen temperatures for operati on making them less attractive for sensors that are rugged and portabl e in the field.  The negative
aspect of  using lasers that emit in the n ear infrared is that the radiati on consi sts of overtone and combination bands from the infrared
and these bands are very  temperature sensitive. Because of this, diode lasers tuned to wavelengths that measure water vapor, oxygen ,
hydroxyl radi cal  and carbon dioxide at room temperatures may be usel ess at the estimated 3000-4700 K produced by hybrid rocket
motors.  We are currentl y modeling the spectra of water vapor, oxygen, hydroxyl radi cal and carbon dioxide in order to define
measurement wavelengths that can be employed with a reasonable chance of success.  This study examines the use of  diode l asers to
measure oxygen i n the rocket plume.
     When the temperature of a gaseous sample, such as oxygen, is rai sed, the spectrum broadens and the intensities of individual
spectral l ines are reduced.  This i s expl ained by the Bol tzmann di stribu tion  of energies, defined i n Equati on 1.
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(1)Although the area under the cu rve of all the spectral transitions is a constant, at high temperatures many more energy levels are
occupied and consequently any si ngle transition has a smaller contri buti on to the overall spectrum.  Because of this great diminishment
of signal, lock-in ampl ifiers and harmonic detection schemes must be employed to rescue the si gnal  from the noisy environment of  the
exhaust plume.
     A very posi ti ve feature of this research is that, not only do these measurements apply to the exhaust plumes of hybrid rocket motors,
the measurement scheme can be applied to any combusti on process: truck and automobi le engines, ai rplane engines, power plant
chimneys and incinerator plumes.  Di ode lasers are non-invasive, occupy a smal l footprint and requ ire a minimal power supply.  By
including these sensors in combusti on processes, feedback loops can be designed to control the combusti on process to optimize
performance and minimize polluti on of the environment.

Experimental
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     Two single-mode VCSEL diode l asers, obtained from Laser Components Gm bH were employed in al l reported studies.  The l asers
were u sed to probe the oxygen spectrum in the region of  759 to 766 nm (See oxygen spectrum in Figure 1).

Figures 1 and 2.  Left-hand figure is the HITRAN-PC produ ced spectrum of diatomic oxygen at 296 K at a path length  of 1.00 m.
The diode lasers obtained from Laser Compon ents produce emission wavel engths i n the  range 759  to 766 nm.  The ri ght-hand f igure
shows the spectral f eatures that could be observed in the accessible region of our lasers.

     Important parameters for the VCSEL l asers used are summarized in Table 1.  Noti ce the very smal l tuning capabi liti es as a f uncti on
of either temperature or current.  A ten degree temperature variation allows tuning over a wavel ength  range of 0.6 nm while a 2 mA
current sweep would al low the laser to be tuned 0.8 nm.  This is why lasers used for spectroscopi c measurements must be custom
fabricated, or hand pi cked f rom a stock of units.  Figure 5 i s a schematic of the measurement apparatus.

nm/mA0.4__/_ICurrent Tuning Coefficient

nm/K0.06__/__Temperature Tuning Coefficient

MHz30P0 = 0.3 mW_VLinewidth

MHz100f3dBBandwidth

12FWHM_Beam Divergence

mW0.50.3PsmOptical Output Power (SM)

nm766763759Iop = 1.5 x Ith_Emission Wavelength

mA3Iop = 1.5 x IthIopOperating Current

mA4.02.01.0IthThreshold Current

UnitsMaxTypMinConditionsSymbolParameter

Table 1.  Important parameters for VCSEL diode laser used in these studies.

Figure 5.  Schematic of apparatu s used to measure oxygen. A stainless steel  cell was constructed wi th dimensions 38 mm diameter by
1150 mm long and having 25.4 mm di ameter sapphire windows to con tain the oxygen and adjust its pressure as needed for these
studies.  The temperature of  the laser was control led by a Thorl abs TEC 2000 Temperature Controller attached to a Thorl abs Model
TCLD-M9 TEC LD Mount which housed the diode laser.   For som e of  the studies, the l aser temperature was modulated by imposing a
signal from one of  the signal  generators onto the set point temperature voltage of  the temperature controller.  The cu rren t to the laser
was provided wi th a Thorlabs LDC 500 Laser Diode Control ler.  The laser current in some experiments was modulated by  imposing a
sawtooth waveform, ~ 20 Hz , onto the set point current of the l aser control ler.  This was accomplished wi th an INSTEK Model GHG-
8020H Functi on Generator.  When the l ock-in ampl ifier was used, a small, high f requency sine wave, ~20 kHz, was added to the laser
current.  The si ne wav e was produced by a Stanford Research Systems Model DS335, 3.1 MHz Synthesi zed Functi on Generator.
These modu lated diode laser si gnals were detected by a Thorl abs PDA55 Si licon Photodiode Detector by direct measurement with a
LeCroy 9310 Dual 300 MHz Digital  Storage Oscilloscope.  For some of the measurements, the silicon  photodiode signal was fed into a
Stanford Research Systems Model  SR830 DSP Lock-In Amplifier and the amplified signal, or one of  its harmonics was measured.
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Figures 3 and 4. Oscilloscope traces of  oxygen measurements of laboratory air ov er an open path.  The two oxygen peaks centered
around 763 nm are visibl e in both figures.  Figure 4 on the right is an optimized spectrum of the one pi ctured in Figure 3 after
expanding the time base to 0.2 milliseconds per divisi on and increasing the path  length between laser and detector.  Figure 4 shows
the applied triangular ramp on Channel 2 of  the osci lloscope.  Each oscilloscope trace repeats the spectrum as the current ramp sweeps
posi ti ve and negati ve across the set point current of the power supply.  The repeated spectra are mirror images of each other.
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     Figures 6 through 8 shows differen t ways of employing a l ock-in ampl ifier wh en making spectral  measurements using diode l asers.
Each figure gives the results of measuring ambient laboratory oxygen concentrati ons over an open path of 2.225 m at 296 K.  The
bottom osci lloscope trace i n each figure i s the signal  obtained by connecti ng the si licon diode photo detector di rectly into Channel  2 of
the osci lloscope.  Figure 6 shows the advantage gained by passing the signal  from the photodiode detector through the lock-in
amplifier and measuring the first harmonic of the photo detector signal .  The lock-in amplified si gnal is connected to Channel 1 of  the
oscilloscope.  The sweep rate of the osci lloscope is such that the same ox ygen peak appears three times on the oscilloscope screen.
The oxygen produces a peak of approximately 50 mV amplitude when observing the unamplified si gnal  on Channel 2.  If we calculate
the noise in the si gnal  as one-fifth of the ampl itude of  the trace being equal  to one standard dev iation, the noi se is calculated to be 3
mV.  This yields a signal to noise ratio of 16.7.  The amplitude of the first harmonic of the oxygen peak measured after being
processed by the lock-in amplifier i s approximately 10.05 volts and exhibits a one standard deviation noi se level  of  around 0.2V.  The
signal to noi se rati o of the amplified first harmonic i s 50.3 almost exactl y three times better than the unampl ified si gnal   and a si gnal

201 times l arger.  Figure 7 shows oxygen measuremen t under the same condi tions as the measuremen t di scussed in Figure 6.  This time
the lock-in amplifier is used to ampl ify the second harmonic of the signal received from the photodiode detector.  Almost exactl y the
same noise levels and signal  level s were achieved as before.  However, there is no simple rel ati onship between the signal trace of  a
second harmon ic signal and the concentration of oxygen and significant mathemati cal manipulati ons must be carried out to obtain a
value proportional  to concentration.  See J. Reid and D. Labrie, Second-Harmonic Detection with Tunable Diode Lasers – Comparison
of Experiment and Theory, Applied Physics, 1981, B 26, 203-210, for an excellent di scussion of the topic.  Figure 8 i s a measurement
of laboratory oxygen under the same experimental  conditions as Figures 6 and 7.  This time the third harmonic of  the ampl ified silicon
photo detector i s passed to Channel  1 of the oscilloscope.  Our assessment of  these three methods indi cates no real  advan tage for going
to additional trouble of using second or higher harmonics when measuring oxygen when the amount of oxygen is substanti al.  These
methods do yield a significant advantage when measuring much smaller concentrati ons, however.

Figure 8.  Oscilloscope traces of oxygen measurement before
rocket i s fired.

Figure 9.  Osci lloscope traces of oxygen measurement during
rocket f iri ng.

     The great advan tage of using a lock-in amplifier to measure oxygen concentrati ons becomes very apparent when trying to measure
th rough the noisy environment of the rocket exhaust plume.  Figure 8 shows the oxygen concentration, as measured di rectly from the
si licon photodiode detector being connected to the oscilloscope.  This is recorded i n the oscilloscope as Trace C.  The oxygen detected
is the oxygen in the laboratory between the diode laser source and the diode laser detector with the rocket motor off.  The distance
between laser and detector is 2.225 m.  Notice the superposition of the 20 kHz modulati on frequency on Trace C.  This 20 kHz
frequency  is the one “ locked on” by the lock-in ampl ifier and only noise and si gnal at this f requency is ampl ified.  The ampl itude of  the
oxygen  si gnal  i s 0.45 volts f or unamplified Trace C.  Trace D, which is the amplified first harmonic signal from the lock-in amplifier,
is shown  at the top of  Figure 8.  The amplitude of the oxygen trace from the l ock-in amplifier corresponds to 6.0 vol ts, a gain of 13.3
over the unampl ified si gnal.  Figure 9 shows what happens when the rocket motor is being fired and the oxygen is measured.  The
oxygen measured includes the laboratory air between the detector and laser as well as the oxygen in the rocket plume.  The
unamplified signal from the photo detector is recorded on Channel  1.  As can be seen, it is virtually impossi ble to pick an oxygen
signal from the noisy environment of the rocket motor exhaust plume.  The first harmonic of  the lock-in ampl ified photo detector
si gnal is recorded at Channel 2 of  the oscilloscope.  The oxygen si gnal  is easily measured.

Conclusion

Results

     Al though we have successf ully measured, in a qual itati ve sense, the oxygen in the plume of  a lab scal e mini-hybrid rocket, much
chal lenging work lies ahead.  Now that we have the basi c equipment set up and  operati ng, we plan to work di ligently on reducing
noi se in the entire measuremen t system.  We pl an to implement National  Instruments LabVIEW sof tware and hardware to al low us
greater f reedom in designing the experiments needed and recording the data.  Mu ch work needs to be done i n taking the raw data and
cal culati ng a spectral line shape with sufficient accuracy to be able to do some curve fitting required to estimated pressu re and Doppler
broadening, temperature and number density of  the ox ygen in the plume.  This is an exci ting, chal lenging project and we are looking
forward to working our way to a su ccessful implementati on of  using diode lasers as sensors for hybrid rocket exhaust plumes and a
host of other combusti on plumes.
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Graph 1.  Oxygen signal versus oxygen pressure.

Graph 1 shows the ef fect on the oxygen signal  when the pressure of  oxygen is vari ed from 780.7 to 27.8 torr.  These measuremen ts
were carried out in the apparatus illustrated in Figure 5.  As the pressure is lowered the intensity of  the signal  becomes smal ler and
narrower.  The decrease in peak width is due to a reducti on of pressure broadening of  spectral  lines.  Doppler broadening, due to the
range of veloci ti es exhibited by the gas molecules at right angles to the measurement axis, i s still present.


