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Optical Diagnostics of a Low Power Hydrogen Arcjet
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Laser induced fluorescence from the tla transition at 15, 233 cm-1 was utilized to measure the axial velocity field of atomic
hydrogen 0.5 mm downstream of the nozzle exit plane of a one-killowatt class hydrogen arcjet. These data indicate
velocities of 11 kmis on centerline. From measured fluorescence line shapes, an atomic hydrogen translational temperature
of 2050 K was extracted. Emission measurements of the first fifteen lines of the Balmer series indicate a non-equilibrium
population distribution for low lying energy levels. Upper energy level populations suggest an electron temperature of
1500 K. Preliminary results from two additional optical diagnostics, Raman scattering and vacuum ultraviolet absorption,
are discussed.

Introduction
energy levels, make use of Doppler shifted and Doppler

Over the last several years, low power arcjet broadened fluorescence excitation spectrum. The data are

technology has evolved from laboratory devices to flight interpreted in a manner which includes the fine structure
qualified units. 1 The future design of more efficient and resulting from the spin-orbit coupling of the electrons

reliable thrusters capable of optimum performance requires with the nucleus enabling a more accurate determination

a better understanding of the physical processes governing of the atomic hydrogen kinetic temperature. Vacuum ultra-

arcjet operation. The integration of these devices onto violet absorption spectroscopy of atomic hydrogen is an

spacecraft requires continued accurate assessment of plume innovative experimental strategy to directly measure

impacts. Numerical modelling of arcjets requires detailed frozen-flow losses associated with dissociation. This

information for code verification. Each of these issues diagnostic has not been applied in the past due to the

necessitates spatially resolved measurements of plasma unavailability of a tunable monochromatic light source in

properties during arcjet operation. this spectral region. A microwave driven argon plasma is
being developed as a broadband continuum source for this

This paper reports on a research effort to make these purpose.
detailed measurements. Currently, several diagnostic
strategies, in various stages of implementation, are being Very little work has been performed to make
employed on a 1 kW hydrogen arcjet thruster. These quantitative measurements of molecular hydrogen in
diagnostics include laser-induced fluorescence (LIF) to plasma flows. We are employing CW laser based Raman
characterize the velocity field at the nozzle exit plane, scattering utilizing photon counting electronics to
vacuum ultraviolet absorption to determine atomic ground measure ground state number density and rotational
state populations and temperature, Raman scattering to temperature in the arcjet exit plane. Additionally, by
determine molecular ground state populations and measuring the spontaneous emission from the atomic
temperatures, and emission spectroscopy to determine hydrogen transitions corresponding to the Balmer series in
excited state populations and temperatures. the visible part of the spectrum, information on the

electron density, atomic excited state populations and
Laser-induced fluorescence has been utilized as a population temperatures are determined.

diagnostic in high speed reactive flows in the past,
however, this work represents the first successful The result of this multi-faceted approach is a cohesive
application of a novel narrow-band continuous wave (CW) investigation into all aspects of the arcjet plasma.
ring dye laser method to measure the velocity, Individually, these measurements address a number of
concentration, and kinetic temperature of excited atomic unresolved technical issues such as the importance of
hydrogen simultaneously in a non-intrusive manner. 2  nozzle configuration as an arcjet design parameter, the
These measurements, obtained via excitation of the atomic appropriate governing equilibrating mechanisms in
hydrogen transition from the second to the third principal various parts of the arcjet plasma, and the role of

recombination in performance enhancement. More
* Assistant Professor. Member AIAA importantly, as a whole these measurements provide the

SProfessor Member AIAA basis for the formation of an accurate physical model of

the arcjet and provide a means for an accurate assessment

Copynght © 1991 by Stanford University. Pubhshed by the Amencan

Instutute of Aeronautics and Astronautcs, Inc with rcrmssion.



91-091

of the performance limiting phenomena and critical design broadening, caused by the random motion of individual
factors for future arcjet thrusters. atoms, is a function of temperature for a given transition.

It creates a Gaussian profile with a halfwidth given by:5

Theory

LIF depends on exciting a specific quantum transition. Av = Vo [8kT n2 ] (3)
In order to avoid seeding tracer molecules, a specie with a mc2
suitable transition must be present The exhaust plume of where k is Boltzmann's constant, T is the translational
a hydrogen-fueled arcjet consists of atomic and molecular temperature and m is the atomic mass. Since hydrogen is
hydrogen as well as electrons. The Balmer a transition the lightest atom, relatively wide profiles are encountered.
of atomic hydrogen was selected owing to its accessibility Temperatures on the order of 2000 K yield halwidths of
at 656.28 nm 3 and the substantial population in the about half a wavenumber. This is of the same order of
absorbing state at arcjet operating conditions. The Balmer magnitude as the 0.25 to 0.50 cm- 1 Doppler shift due to

bulk velocities of 5000 to 10,000 m/s. Stark broadeninga transition is the first line of the well-known Balmer is caused by the interaction of the electric field of the
is caused by the interaction of the electric field of theseries. In this series the lower energy level is the first electrons and is usually given as a function of electron

excited state where n, the principal quantum number, is .number density. Anticipated values of electron number
two. Each level is further split by spin-orbit coupling density are in the range of 1013 to 1014 cm- 3 whichquantified by J, the total angular momentum. Note that correspond to Stark halfwidths of 0.10 to 0.18 cm1.6 7

the Lyman series, in which the lower level is the ground While smaller than the Doppler halfwidths, they are still
state, involves transitions in the vacuum ultraviolet for h le sm alle r tha n the D opp r alfwidhs, they are stll
which suitable CW laser sources are not yet readily significant. For the Balmer a transition, Stark effects
available. Fluorescence is obtained when the laser is create a profile that is close to Lorentzian in shape.
tuned to the frequency resonant with the energy difference Doppler and Stark broadening are convolved together in a
between the two states of an allowed transition. The line-shape function which correlates fluorescence intensity
laser, which is focused to the point of interest in the flow, with laser frequency.
induces some of the atoms in the lower state to absorb a
photon, thus pumping them into the upper state. Some The third mechanism is power broadening, a
of these atoms in the upper state will radiatively decay phenomena in which the laser perturbs the populations of
back to the lower state re-emitting a photon in an arbitrary the atomic states. The induced absorption reduces the
direction. The number of photons incident on the detector number of atoms in the lower (n=2) state while increasing
is given by:4  the number in the upper state (n=3). If the number of

atoms involved in this process is small compared to the
Np = n2 A21VE ~ ) total number of atoms in these states, the fluorescence

4re signal is linear with both the laser intensity and the line
where n2 is the number density of the upper level, A21 is shape function. When the laser intensity becomes large
the spontaneous emission rate, V is the fluorescence probe the populations of the two states change significantly.

e ss e n r, V i t pr This change is limited to a condition known as saturationvolume, e is the efficiency of the collection optics, and Q where the maximum ratio of populations of the two states
is the solid angle subtended by the collection optics. The is equal to the ratio the degeneracies. As saturation is
population in the upper level may be significant in the approached, the fluorescence signal becomes a nonlinear
absence of laser excitation leading to a large background function of the laser intensity and line shape function,
signal. causing the profile to become broader. In order to

determine temperature it is necessary to avoid saturation.
Velocity is determined from the Doppler shift of the

transition. The laser is scanned in frequency to record a
fluorescence excitation spectrum. The excitation spectrum Experimental
is Doppler shifted according to the relation:

Av = Vo v/c (2) The arcjet thruster used in this experiment is a 1 kW
where Vo is the laser frequency, v is the bulk velocity class radiatively-cooled laboratory-type thruster designed
relative to the direction of laser propagation and c is the and built at NASA Lewis Research Center. 8 The
speed of light. A stationary gas sample is used to provide tungsten nozzle has a 0.635 mm diameter throat and a
a reference (unshifted) frequency. Since the shifts are conical diverging section with an area ratio of 225:1 (9.53
measured at the line center (where the fluorescence signal mm exit diameter). Operating conditions for this
is maximum), the ability to determine the maximum experiment were 14 mg/s of H2 propellant with voltage
controls the resolution of the velocity measurement The and current levels of 122 V and 10 A respectively. The
ability to determine the maximum is dependent on the arcjet was operated in a 0.56 m diameter cylindrical
broadness of the excitation feature, stainless steel chamber 1.09 m long. The 0.35 Torr

background pressure was maintained by two 1250 cfm
There are three predominant broadening mechanisms blowers through 6 inch diameter line.

that must be considered for this flow. Doppler
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lock-in amplifier helped to eliminate high frequency noise.
Laser-Induced Fluorescence: The computer averaged the fluorescence signals for each

A schematic of the LIF experimental set-up is shown wavemeter reading.
in Figure 1. The fluorescence excitation laser was a CW
ring dye laser (Spectra Physics Model 380). When For a stationary reference the arcjet plume itself was
pumped by a 6 W argon-ion laser and operating on DCM used. Since the arcjet was axisymmetric, there was no
dye, it produced several hundred milliwatts of power at radial velocity component at the centerline. Thus, radial
15,233 cm-1 (656 nm) and had a nominal bandwidth of 10 excitation at the centerline was used to provide an
MHz. Since this bandwidth was significantly less than unshifted signal. This was performed in a separate
the broadening mechanisms of the Balmer a transition, experiment, by directing the laser vertically through the
the shapes of the recorded line accurately depicted the plume in the radial direction. The fluorescence collection
broadening mechanisms. Part of the beam was passed and detection system was unaltered from the axial
through a 2 GHz Fabry-Perot interferometer to monitor excitation experiments. The collection axis was
mode structure and insure single mode operation. Another horizontal in the radial direction and normal to both the
portion of the beam was directed into a wavemeter radial and axial excitation laser beams. The reference data
(Burleigh WA-10) which used a Michelson interferomezer was taken on several days and found to be repeatable
to measure laser frequency to within 0.01 cm- 1. This was within the accuracy of the wavemeter. The reference
effectively calibrated in other experiments where it was frequency used was determined from the average of the
used to locate molecular transitions in NO and OH. Its radial excitation experiments. This value, 15233.16 cm- 1

readings agreed with expected values to 0.01 cm-I. It was agrees with published values for this transition.3

also tested against the known wavelength of a HeNe laser.
A third beam splitter directed the laser to a photodiode Vacuum Ultraviolet Absorption:
detector which monitored laser power. Vacuum ultraviolet (UV) absorption spectroscopy was

employed to measure the ground state atomic hydrogen
Two mirrors directed the laser through a 12 mm glass concentrations in at the arcjet nozzle exit plane. A

window at the end of the chamber into the arcjet plume. schematic of the experimental apparatus for the vacuum
Just outside the window was a lens which focused the ultraviolet absorption experiment is shown in Figure 2.
laser to a waist of 0.1 mm (as measured assuming a The UV light source was a microwave driven argon or
Gaussian profile) at the arcjet exit plane. The laser was hydrogen plasma operated at discharge pressures ranging
easily centered on the arcjet axis by directing it into the from 10 to 100 torr. The power from a 200 Watt, 2.45
nozzle throat. Reflections from the expansion section of GHz power supply was transported to the plasma by a
the nozzle provided a sufficient means of accurate coaxial waveguide and coupled into an Evenson type
alignment to the arcjet centerline. During the experiment, microwave cavity. This plasma was separated from the
the radial position of the laser was set to within a 0.01 vacuum chamber by a planar magnesium fluoride window.
mm accuracy by a translation stage on which the final
turning mirror was mounted. The florescence was The emission from the microwave driven plasma was
collected through an 83 mm window with a lens operating directed through the arcjet plume, and then spectrally
at f/6.5 (76 mm diameter, 280 mm focal length) and analyzed using a 0.5 m Czerny-Turner scanning vacuum
imaged onto a 1P28 photomultiplier tube (PMT) with a monochromator. The vacuum monochromator was
magnification of 1.8. A notch filter with a nominal 10 A isolated from the vacuum chamber by a 1.75 cm diameter
(23 cm- 1) bandwidth was placed directly in froit of the magnesium fluoride lens having a 10 cm focal length.
PMT to filter out light other than that from the transition During operation, the monochromator was maintained at a
of interest. A 0.41 mm aperture was mounted directly in pressure below one millitorr by a turbo molecular pump
front of the filter at the focal plane of the imaging optic. that in turn was backed by a small mechanical pump. A
It determined the measurement location in the plume as UV sensitive, 5 cm end on photomuliplier tube was
well as the axial spatial resolution. Phase sensitive mounted to the exit slit of the vacuum monochromator to
detection was used to discriminate the fluorescence signal monitor the microwave driven plasma emission that arives
from the background emission which was 100 to 1000 at the entrence slit with and without the presence of the
times greater. A lock-in amplifier (SRS SR510) was hydrogen arcjet plume.
synchronized to a mechanical chopper at 1.8 kHz. The
signal from the lock-in was collected and stored in a In order to discriminate between the UV source and
laboratory computer along with the output from the intrinsic plume emission, the light emitted from the
wavemeter and laser power detector. microwave plasma source was mechanically chopped at a

frequency of 270 Hz. This permited the use of a lock-in
At each spatial point investigated the laser was scanned amplifier and phase sensitive detection. The output of the

in frequency by varying the voltage on a (piezo-controlled) lockin amplifier was digitized and recorded on a personal
75 GHz intracavity etalon. The laser was able to scan computer.
over a range of about 1.5 cm- 1, enough to capture most of
the fluorescence excitation line. To minimize the noise, When employing hydrogen as a UV emission source in
the scan times were several minutes with time averaging the microwave discharge, the Lyman a transition line can
performed at two levels. A 3 second time constant on the be used as an absorption probe for ground state hydrogen
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detection in the arcjet plume. In cases where the plume
temperature is much greater than the microwave source NR = No nH Z do/do Q (6)
plasma temperature, then the linewidth of the source probe
is less than the absorption linewidth of the hydrogen Here, z is the interaction length and Q the solid angle
atoms. Under these circumstances, the ground stateatoms. Under these circumstances, the ground state of collection. The rotational temperatures can be obtained
number density Nm, of absorbing species (for cases when by mo nitoring the ro attered teeate s a e tain

the absorbing plume is uniform along a line-of-sight) is by monitoring the scattered radiation that lies in
iven as: wavelength regions consistent with that associated with

Sscattering from particular initial vibronic states. The
Nm = - In [ 0 ] / Bmn h vmn e(vo) 1 (4) relative scattering intensities are indicative of the

where Bmn is the Einstein stimulated absorption distribution of populations in these states and hence a
coefficient, vo is the line center frequency for the Lyman measure of the rotational (for a single vibrational state) or
a transition, 1 is the absorption path length, E(Vo) is the vibrational temperature. Uncertainty in the differential
normalized line shape evaluated at line center, h is scattering cross-sections and volumes excited by the laser
Planck's constant and I/Io represents the fractional precludes absolute measurements of ni2 unless the
absorption at line center. For a Doppler broadened diagnostic can be calibrated against a gas mixture of
absorption lineshape, e(vo) is given as: known molecular hydrogen concentrations. To this point

e(vo)= [AVd-/2 in - 1  (5) only calibration runs in a test cell containing 10%
hydrogen and argon has been performed

Here, Avd is the Doppler halfwidth and is given by Eqn.3.

Results
Emission Spectroscopv:

Optical line emission intensities were employed to Laser-Induced Fluorescence:
measure the atomic hydrogen excited electronic state Results from two typical scans are shown in Figure
number densities and to infer the electron kinetic 3. The solid lines represent the ratio of the output from
temperature. Emission measurements were made using a the lock-in amplifier with the laser power as measured by
1 meter scanning monochromator that was equipped with the photodiode. Each curve is normalized by its peak to
a IP28 PMT at the exit slit plane. An achromatic lens facilitate comparison. The two scans are from the same
produced an image of the plasma plume, magnified probe volume at the plume centerline, 1.3 diameters from
approximately 2.8 times, on the 3 mm high, 30 micron the exit plane. The dashed lines represent least squares fits
wide entrance slit. Phase sensitive detection was used to of Voigt profiles. The main purpose of the fitted curves
minimize the effect of stray light interferences. Again the is to improve identification of the maximum point. A
output was digitized and recorded on a personal computer. more appropriate model for these data would include the
A relative intensity calibration was performed using a fine structure of the spin orbit coupling. The radial
tungsten ribbon lamp. The temperature of the ribbon was excitation scan is the zero velocity (unshifted) reference.
determined using a disappearing filament pyrometer. The axial scan for this probe volume (at the centerline)

yields the largest shift, 0.65 cm-1, and hence the highest
Raman Scattering: axial velocity at this axial position. This corresponds to a

Work is underway, to develop a diagnostic for ground peak axial velocity of 12.8 km/s. The shifts are
state molecular hydrogen concentrations and rotational determined from the absolute laser frequency (wavemeter)
temperatures. Two approaches are at present being measurements which are only accurate to within 0.01
evaluated. These are distinguished by the laser source. In cm- 1. This translates into an error in velocity of ±200
cases where background luminescence is not too severe, m/s. Radial-excitation scans were conducted several times
the 514 nm output from a CW argon-ion laser can be over several days and found to reproducibly yield an
employed together with gated photon counting. For unshifted maximum value at 15,233.16 cm- 1.
analysis of the the near exit plane region of the arcjet
plume, we are employing pulsed laser strategies (doubled Scans were conducted at various radial positions at
output from a Quanta-Ray Nd:YAG laser) in conjunction the axial location 0.5 mm from the exit plane. The
with a boxcar averager to permit us to overcome the resulting velocity profile is shown in Figure 4. The
intrinsic background emission near the scattered profile is symmetric about the center with a fairly linear
wavelengths. In both cases, the scattered light is collected gradient away from the centerline. The fluorescence signal
and spectrally analyzed with a single pass monochromator. decreases significantly away from the centerline due to a

decrease in density of excited-state H atoms. This most
The number of Raman scattered photons NR can be likely includes effects from both a decrease in total H

related to the number of incident laser photons No and the atom density and a decrease in the population temperature.
number density of the ground electronic state molecular The peak value of the fluorescence signal decreases by a
hydrogen nH2 (in a particular vibronic level) through the factor of 70 from the centerline to the edge of the plume
differential scattering cross-section do/do by: for a given laser intensity. As the laser is positioned
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further from the centerline, increased laser intensities energy difference between the upper states (n>5) and the
become necessary to overcome the noise. These ionization limit is small in comparison to the electron
intensities cause some saturation of the transition as thermal, it is likely that electron collisional processes
determined by an increased halfwidth. The increased dominate in the redistribution of populations between
halfwidth, however, does not seriously interfere with the these states, and therefore, the slope of the Boltzmann plot
location of the maximum and thus the Doppler shift, in this region is assumed to represent the free electron

. temperature. The slope of the line through the pointsMeasurements at the centerline (where the excited H atom corresponding to these upper energy levels indicates ancorresponding to these upper energy levels indicates an
density is high) indicate that the halfwidths increase up to electron temperature of approximately 1500 K. Although
40% due to saturation at the laser power levels used. these data are line-of-sight averaged values, spatially

resolved measurements can be obtained by Abel inversion
Translational temperature is determined from the of the line-of-sight measurements across various chords

shape of the fluorescence curve. A model of the Bal!Tr for a determination of spatial variation in the electron
Alpha transition is used which assumes that the transiuon temperature.
is the superpostion of the five fine structure components
with their relative intensities as given by Dirac Theory 9 . Raman Scattering:
A computer routine was written which uses a least squares As previously mentioned, the Raman scattering
technique to fit the data to the model. Figure 5 shows a -experiments are still in the preliminary stages.
typical fluorescence scan from the center line near the exit Measurements have been made on H2 in a test cell using a
plane along with the corresponding model and residual. pulsed, frequency doubled Nd:YAG laser (532 nm,
The temperature was determined to be 2052 K with an operating at 10 Hz) and have yielded results in good
uncertainty of 285 K. The unbroadened fine structure agreement with theory. A measured and predicted room

components are superimposed to compare the relative temperature spectrum is shown in Figure 7. The predicted
and intes . spectrum has been normalized to the measured value at

ositions and intensitiesline center of the J=l component of the v = 0 - v = 1
Vacuum Ultraviolet Absotio: (AJ=0) Raman transition originating from the ground
Vacuum Ultraviolet Absorption:

Telectronic state of molecular hydrogen. This
The continuum output of the microwave driven plasma normalization provides the necessary calibration factors forwas designed to provided a light source for absorption by analysis of the Raman spectra measured from the arcjet

the ground state atomic hydrogen in the arcjet plume. plume. Preliminary measurements in the arcjet plume are
When operated on mixtures of argon and hydrogen, it being conducted.
provides a narrow line source at 121.5 nm (Lyman a
transition)

Concluding Remarks
Preliminary line-of-sight absorption measurements

were performed using the Lyman a line emission from the We have described and implemented a variety of
lamp. With the plasma emission directed through the diagnostic strategies for arcjet thruster plume
center of the plume near the nozzle exit, approximately characterization. These measurements will form the basis
60% absorption is observed. By assuming that all the for an understanding of overall arcjet operation and a
absorption is accounted for by atomic hydrogen, and that benchmark for theoretical modelling.
the gas kinetic temperature is approximately 2000 K, then
we predict a line average density of 5 x 1013 cm-3 . This Preliminary results of atomic hydrogen velocities
measurement somewhat under predicts the dissociation suggest that the atomic hydrogen has a significantly
fraction computed on the basis of an enthalpy balance and greater diffusion velocity than originally anticipated.
known thermal efficiencies. Further measurements need Measured peak velocities (along arcjet centerline at the
to be performed, with improved spatial resolution for an nozzle exit plane are in the 11 to 12 km/s range.
accurate assessment of the atomic hydrogen variation
within the arcjet plume. These measurements will take Gas kinetic temperatures obtained by measurements
advantage of the axial symmetry by Abel transformation of the Ha fluorescence lineshape are compared to
of the line-of-sight data obtained through arcjet measurements of the free electron temperature obtained by

translation optical emission spectroscopy. These measurements agree
to within experimental error, suggesting that the energy

Emission Spectroscopy: exchange mechanism between the heavy species and free
The sensitivity of the emission spectroscopy system electrons is very efficient. These measurements also

permitted measurement of the first fifteen emission lines provide a means of optimizing the nozzle geometry for
of the Balmer series. The total intensity in each of these more efficient gasdynamic expansion.
transitions was determined. These data are displayed in the
form of a Boltzmann plot in Figure 6. The lower energy Measurements of the molecular hydrogen and atomic
levels (n=3,4,and 5) were not in equilibrium with the hydrogen concentrations have been described, and are
upper states. This is attributed to the likeliness that these currently in progress. These measurements are extremely
states are strongly influenced by radiative decay. Since the important in that they will provide us with dissociation
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fractions and a measure of the frozen flow efficiency
during arcjet operation. All the measurements described
here are expected to provide us with a means of
optimizing arcjet performance.
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