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A sensor based on laser-induced fluorescence has been installed at the 20-MW NASA Ames Aerodynamic
Heating Facility. The sensor has provided new, quantitative, real-time information about properties of the arcjet
flow in the highly dissociated, partially ionized, nonequilibrium regime. Number densities of atomic oxygen,
flow-velocities, heavy particle translational temperatures, and collisional quenching rates have been measured.
These results have been used to test and refine computational models of the arcjet flow. The calculated number
densities, translational temperatures, and flow velocities are in moderately good agreement with experiment.

Nomenclature

A = Einstein A coefficient in Egs. (2) and (3)

Ay = constant used to calculate (do/d2)
in Eq. (9)

c = speed of light

D = Raman calibration constant defined by
Eq. (7)

dm/dr = arc heater mass flow rate

(do/dQ)y = Raman scattering cross section for H,

E = energy per laser pulse in laser-induced
fluorescence experiment

E;. = energy of the fine structure level with
quantum number J”

E, = energy per laser pulse in Raman
calibration

F(t) = relative laser intensity as a function of
time, normalized according to Eq. (5)

G,/C = preamplifier gain/capacitance ratio

G, = photomultiplier tube gain

G® = second-order autocorrelation function of
laser field

& = degeneracy of lower-state fine structure
level

Hy = mass-averaged enthalpy

hv = energy per uv laser photon in laser-induced
fluorescence experiment

hv, = energy of Raman-scattered photon

I = arc heater current

1. = integrated LIF intensity for the
3p*P, |, < 2p*P,. transition

J = angular momentum quantum number in
excited electronic state

J" = angular momentum quantum number in
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RCJETS have been used for many years to simulate the
re-entry environment in the laboratory.' The arc flow
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lower electronic state

rate constant for quenching by electrons
rate constant for quenching by neutral
species

length of region over which fluorescence is
observed

frozen Mach number

number density of electrons

number density of H,

number density of atomic nitrogen
number density of neutral species

number density of atomic oxygen

electron charge

preamplifier signal voltage

time during laser pulse in Eq. (5)

arc heater voltage

flow velocity

splitting between O-atom absorption line
and NO absorption line at a particular value
of ¢

splitting between O-atom absorption line
and NO absorption line at # = 90 deg

arc heater efficiency

transmission of windows and filters
photomultiplier tube quantum efficiency
angle between laser propagation direction
and flow direction

laser wavelength

constant used to calculate (do/d(}) in Eq. (9)
wave number for pump photon

wave number for Stokes photon

integrated two-photon absorption cross
section for the 3p*P, | , < 2p°P, transition
two-photon absorption cross section
fluorescence quantum yield

solid angle of fluorescence collection
system

two-photon frequency, 4mc/A

laser beam spot size in horizontal direction
laser beam spot size in vertical direction

Introduction
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conditions are tailored to simulate the conditions to be en-
countered by the model material during re-entry, and the
response of the material to these conditions is studied. The
material must be able to withstand the heating caused by
radiation, convection, and surface recombination of the spe-
cies contained in the shock. All of the existing thermal pro-
tection matertals, such as the Space Shuttle tiles, were de-
veloped using this type of testing. The aerothermodynamic
states of the flows in arcjet facilities are not known well enough
to allow realistic simulations of future space missions that will
encounter more severe heating and more serious departures
from chemical equilibrium.?

The experiments described here are designed to add to the
existing body of knowledge of arcjet properties,® which in
turn will be used to test and refine computational models of
the arcjet flow. Before this work, number densities of major
species had never been measured in the freestream of any
arcjet flow; two of these species, O(2p*P) and N(2p*5?), had
never been directly observed. Translational temperatures and
flow velocities of atomic copper were measured previously at
the Johnson Space Center (JSC).**> Because the copper ve-
locities were lower than predictions, and because the flow
conditions at NASA Ames are substantially different from
those at JSC, further measurements and calculations must be
carried out before the flow velocities can be understood. After
atomic copper was found to be an unreliable probe in the
Ames arc heater (A. O’Keefe and D. J. Bamford, unpub-
lished results), atomic oxygen was used as the target species
for velocity and temperature measurements.

Experiment

The 20-MW NASA Ames Aerodynamic Heating Facility
has been described in detail elsewhere.® A constricted arc
heater and a conical nozzle are used to provide dissociated
hypersonic flow over test models in the test section of the
facility. Freestream conditions in the test section are varied
by changing the size of the throat, the size of the nozzle exit,
the reservoir pressure, or the electrical power dissipated in
the arc heater. The nozzle geometric area ratio (exit-to-throat)
can be varied from 64 to 400, whereas the reservoir pressure
can be varied from 1.0 to 5.5 atms. The maximum power
dissipation is 20 MW. The facility uses either air or nitrogen,
mixed with argon, as the test gas.

The experiments are aimed at detecting two of the most
important constituents of the flow: 1) atomic oxygen and 2)
atomic nitrogen, using laser-induced fluorescence (LIF). The
basic approach can be explained with reference to the energy
level diagrams for atomic oxygen and nitrogen in Fig. 1. Oxy-
gen atoms in the ground electronic state are excited via the
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Fig. 1 Energy level diagrams for atomic oxygen and nitrogen.

3p?P,, , < 2p*P, two-photon transition at 225.7 nm, and de-
tected using the 3p*P,, , — 3s5°S¢ fluorescence transition at
844.5 nm. Nitrogen atoms are excited using the 3p*D" < 2p*S5°
two-photon transition at 211 nm and detected via the 3p*D°
—> 3s*P transition at 869 nm.

A schematic diagram of the LIF sensor is shown in Fig. 2.
A frequency-tripled Nd:YAG laser (Continuum NY81) pumps
a tunable dye laser (Continuum ND60, Dual Grating Option).
For oxygen atom detection the dye laser (Coumarin 460 laser
dye) produces tunable radiation in the 452-nm region. When
nitrogen atoms are detected, Stilbene 420 dye is used to pro-
duce tunable radiation near 422 nm. The tunable blue radia-
tion is frequency-doubled in a crystal of beta-barium borate
(BBO) to produce the appropriate uv wavelength. The uv
radiation is separated from residual blue radiation with a Pel-
lin-Broca prism, and then reflected off three dielectric mirrors
(only one of which is shown in the figure), toward the large
vacuum chamber that comprises the test cell. The laser beam
is shaped by a telescope consisting of two fused silica lenses
to form a nearly collimated beam of the appropriate diameter.
It then passes through an assembly containing an optically
flat fused silica window and down into the test cell. The laser
is linearly polarized, with its electric field vector usually lying
paralle] to the flow direction. The angle between the laser
direction and the flow direction can be varied by moving the
window assembly from one flange to another on top of the
test cell. A small amount of uv radiation transmitted by the
first dielectric mirror is directed onto a pyroelectric energy
meter (Molectron J3-09) to measure pulse-to-pulse fluctua-
tions in the laser energy.

Laser-induced fluorescence is detected at right angles to
the laser and flow directions. The fluorescence passes through
a glass window on the west side of the test cell. A fused silica
lens (f = 35 cm) located about 200 cm from the observation
point is used to image the fluorescence onto the surface of a
red-sensitive photomultiplier tube (Hamamatsu R636). A cir-
cular aperture of variable size in front of the photomultiplier
tube (PMT) serves to define the observation region. This
region is located 25 cm downstream from the nozzle exit, and
10 cm upstream of the test model position. An optical inter-
ference filter (Corion S$10-850-S for O-atoms, Corion S10-870-
S for N-atoms) transmits light at the wavelength of interest
and blocks light at other wavelengths.

A separate beam path is used to determine the dye laser
wavelength. A small amount of uv radiation reflected from
the incident face of the Pellin-Broca prism is separated from
residual blue light by a 90-deg prism. The uv radiation is then
directed into a small stainless cell filled with nitric oxide.
Laser-induced fluorescence from the nitric oxide is detected
by a photomultiplier tube (Hamamatsu R928). An uv-trans-
mitting filter (Schott UG11) is used to prevent scattered laser
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Fig. 2 Schematic diagram (not drawn to scale) of the flow sensor.
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light from reaching the PMT. The absolute wavelengths are
determined from the nitric oxide molecular constants and line
positions given by Engleman et al.”

Signals are processed using a Stanford Research Systems
data acquisition system. Three gated integrators (SR250), lo-
cated in an SR280 boxcar mainframe, receive signals from
three detectors (arcjet PMT, nitric oxide PMT, and pyro-
electric energy meter). In some cases the signals pass through
a preamplifier (Ortec 113, Ortec 9305, or SRS SR240) prior
to the gated integrator. Output voltages from the gated in-
tegrators are digitized and transferred to a microcomputer via
an SR245 computer interface.

The interpretation of the two-photon LIF results draws
upon procedures developed earlier to measure two-photon
absorption cross sections.®” A pulse from the narrow-band
laser source excites the atoms at the peak of the Doppler
absorption profile, and the fluorescence resulting from that
pulse is detected by a photomultiplier tube. The fraction of
atoms excited during the pulse depends on the spatial and
temporal characteristics of the laser source and on the Dop-
pler width.°~!! The fraction of excited atoms that fluoresce at
this wavelength (the fluorescence quantum yield ¢,) will de-
pend on the rates of competing processes including collisional
quenching, stimulated emission, and absorption of a third
photon into the ionization continuum. The laser intensity is
maintained at relatively low value, at which neither the two-
photon transition nor the subsequent transition to the ioni-
zation continuum is saturated, and at which stimulated emis-
sion (also called “amplified spontaneous emission” or ASE)
is insignificant. Rate equations are used to describe the in-
teraction of the atoms with the radiation field, as was done
previously,” to measure absolute number densities. To mea-
sure O-atom fine structure temperature, the relative inten-
sities of transitions originating from the three fine structure
levels in the ground electronic state are measured. To deter-
mine velocities, the Doppler shift of the O-atom resonance
at a fixed angle between the laser direction and the flow
direction is measured.

Theory

Two different computer codes have been used to interpret
the experimental results. The first code provides an approx-
imate solution that ignores detailed chemical processes in the
expanding flow. Because it allows rapid calculations to be
made, the code is used to develop an intuitive understanding
of the effect of changing arc heater conditions on the flow
properties. The second code accounts for detailed chemical
processes and provides more accurate results.

The first code combines a one-dimensional flow code de-
veloped by Yoshikawa and Katzen,'? Gupta’s thermodynamic
properties,’? and the Aerotherm Chemical Equilibrium (ACE)
program.'* This code uses M, to define the state of the gas
and its properties relative to location in the conical nozzle or
test section of the facility. Most properties of the gas, having
undergone relaxation of several internal degrees of freedom
(DOF), are assumed to be approximately the same as if the
gas had made an instantaneous transition from full equilib-
rium flow to flow in which all internal energy exchanges are
frozen. The frozen Mach number specifies the equilibrium
speed of sound and the constant entropy at which the ex-
panding gas has made its transition to an internally frozen
flow. Higher values of M, correspond to flows closer to equi-
librium chemistry. The calculations assume M, = 1.0, cor-
responding to freezing at the nozzle entrance.

The second code, entitled NOZNT,' solves a one-dimen-
sional steady flow through a convergent-divergent nozzle in
the dissociated and ionized regime. It assumes the entrance
and the beginning section of the nozzle to be at equilibrium.
The rest of the flow is solved assuming multitemperature non-
equilibrium flow. The equilibrium portion of the flow is solved
with the pressure-specified method. Nonequilibrium calcu-
lations of the flow are started in the converging portion of

the nozzle upstream of the throat. The nonequilibrium cal-
culation also uses the pressure-specified method up to the
point: where M, = 1.8. From this point the area-specified
method is used. In this region of the flow the equations for
conservation of species, vibrational energy, and electron-elec-
tronic energy are solved numerically.

Different methods for calculating the enthalpy are used in
the two computer codes. In the ACE calculations, the en-
thalpy distribution across the hypersonic stream in the test
section is assumed to vary directly with the heating rate mea-
sured at the stagnation point of a 2.54-cm-diam hemisphere.
The mass-averaged and centerline enthalpies are then cal-
culated using energy balance and mass flow relationships for
the arc heater. In this method, the centerline enthalpies are
about 15% higher than the mass-averaged enthalpies. The
mass-averaged enthalpy is calculated according to the follow-
ing equation:

dm

HT = nVI <Ht—) (1)

Values of 7, as a function of flow conditions, are interpolated
from cooling water temperature-rise measurements for an
identical arc heater at Ames Research Center.

A different procedure is used to calculate enthalpies for the
NOZNT calculations. A radial distribution of enthalpies in-
side the arc constrictor is calculated using the flowfield code
ARCFLO."* The centerline enthalpy at the nozzle entrance
is assumed to be half as large as the centerline enthalpy at
the arc heater exit because of the mixing process in the settling
chamber between the constrictor and the nozzle. This as-
sumption was used in earlier work to obtain good agreement
between observed and predicted stagnation-point heating rates
and nitric oxide emission spectra.'® In this approximation the
centerline enthalpy at the nozzle entrance is larger than the
calculated mass-averaged enthalpy by a factor that varies be-
tween 1.5-2.5, depending on the run conditions.

Experimental and Theoretical Results

The experiments were carried out under a variety of test
conditions during twenty-three runs, which are numbered for
future reference and summarized in Table 1. The throat di-
ameter was 3.81 cm in each test. For runs 4—7, the centerline
enthalpies calculated by the two methods discussed above are
shown in Table 1.

Table 1 Summary of arcjet conditions

Nozzle Centerline
1, P, diameter, w
Run A psi |4 cm ACE NOZNT
1 1150 30 2700 30.5 — —_—
2 2000 64 3700 61.0 _— —
3 2000 65 3700 61.0 R —
4 1600 40 2950 61.0 22.9 30.6
5 1600 40 2900 61.0 21.2 30.3
6 2000 65 2800 61.0 15.0 31.0
7 750 20 2350 61.0 15.6 28.2
8 600 20 2600 61.0 e —
9 800 20 2300 61.0 —_ —_
10 650 20 2450 61.0 _— E—
11 600 20 2600 61.0 —— —
12 750 20 2500 61.0 —_— _
13 725 20 2400 61.0 — —_—
14 850 20 2100 61.0 —_— —
15 725 20 2400 61.0 —_— e
16 800 20 2250 61.0 ——
17 1200 24 2400 30.5 —_ o
18 1200 25 2500 30.5 —_ _
19 1200 25 2450 30.5 R —

20-23 1200 25 2525 30.5
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Establishing Validity of Experimental Techniques

Examples of O-atom LIF signals from the 3p*P,. < 2p*P,.
transitions are shown in Fig. 3. The peak signal intensity
decreases as J” decreases because fine structure levels of higher
energy have lower population, a trend that can be quantified
using the known relative intensities'-!® of the state-to-state
fine structure transitions.

Figure 4 shows an LIF spectrum for the 3p*D{, < 2p*S%,
transition of atomic nitrogen. The solid line represents N-
atom LIF, whereas the dotted line represents nitric oxide LIF.
The NO lines have all been assigned to the (2,0) band of the
B-1I < X?II transition using constants of Engleman et al.”

Because the measurements of arcjet properties are not in-
stantaneous, the degree to which atomic densities remain con-
stant during a test had to be measured. To test for fluctuations
the laser was tuned onto the peak of the 3p°P, , < 2p°P,
transition, and the LIF intensity (properly normalized for
energy variations) was monitored as a function of time during
run 13. The data were acquired in a series of bins with 5 laser
pulses averaged together per bin. The LIF intensity varied by
+10% about its mean value, but showed no systematic drift
during the run. During run 4 the integrated intensity of the
LIF spectrum was constant to within 3% in two scans taken
at 4-min intervals.

Fluorescence quenching must be accounted for when re-
lating absolute signal sizes to absolute excited state number
densities. If an ensemble of excited atoms is created by a short
laser pulse, the excited state number density will then decay
exponentially. The exponential decay is caused by three first-
order rate processes that remove population from the excited
state: 1) radiative decay, 2) collisional deactivation by neutral
species, and 3) collisional deactivation by electrons. The time
scale on which excited atoms flow out of the observation
region (several microseconds) is too long to affect the mea-
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Fig. 3 Spectrum showing the 3p°P, , , < 2pP,. transitions in atomic
oxygen, run 22.
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Fig. 4 LIF spectrum showing the 3p*DY, < 2p*SY, transition in
atomic nitrogen, along with a nitric oxide reference spectrum, run 17.

surement. Because the fluorescence intensity is proportional
to the excited state number density, it will decay exponentially
with the same time constant. The exponential decay time of
the fluorescence 7, is given by the following equation:

= (A + kN, + kN)! (2)

A related quantity is ¢, the fraction of excited atoms that
decay radiatively, which is given by the following equation:

¢ = Ay (€)

The values of the Einstein A coefficients for atomic oxygen
and nitrogen are well-established in the literature.!”!® If the
fluorescence lifetime 7, is longer than the laser pulse length,
then its value (and thus the value of ¢,) can be determined
experimentally. This was the case for atomic oxygen under
the entire range of test conditions used in these experiments.
For atomic nitrogen the range of conditions tested was more
limited and the signal-to-noise ratio was poorer, but the mea-
sured 7, values were similar to those for atomic oxygen. Decay
curves were obtained by scanning the gate on the SR250 gated
integrator. For atomic oxygen, the fluorescence lifetimes ranged
from 23.1 to 33.4 ns, corresponding to fluorescence quantum
yields between 0.65-0.94. Atomic nitrogen fluorescence life-
times ranged from 23.5 to 33.4 ns, corresponding to fluores-
cence quantum yields between 0.54—0.68. For both species
the observed fluorescence lifetimes are consistent with quench-
ing by heavy particles alone, as estimated from earlier mea-
surements of fluorescence quenching in discharge/flow sys-
tems.”1?

In any nonlinear optics experiment one must check for the
presence of other optical processes that compete with the
process being measured. If no other processes remove pop-
ulation from the excited state during the laser pulse, then the
number of detected photons in a two-photon excited fluores-
cence experiment is proportional to the square of the laser
pulse energy [Ref. 9, Eq. (28)]. Thus, a plot of the logarithm
of the LIF intensity as a function of the logarithm of the laser
pulse energy should yield a straight line with a slope of 2.0.
The range of laser intensities over which the slope does equal
2.0 is called the “low intensity regime.”” On the other hand,
if significant population is removed from the excited state by
other optical processes such as photoionization or ASE,2->
then the LIF intensity at high laser pulse energies will be
lower than it would be in the absence of these competing
processes. The log-log plot will thus be nonlinear, with a slope
that decreases as the pulse energy increases. To check for
these competing processes, the laser pulse energy was varied
by detuning the BBO doubling crystal while leaving every-
thing else unchanged. A pyroelectric detector array verified
that the spatial profile and position of the laser beam inside
the test cell were not changed significantly by this procedure.
The log-log plot of O-atom LIF signal vs laser energy was
linear with a least-squares slope of 2.0, as expected in the
low-intensity regime. At the highest laser energy used in this
test, the peak laser intensity was comparable to the intensity
used in the number density measurements, approximately 20
MW/cm?.

Atomic Oxygen Number Density Measurement

To convert the measured O-atom LIF intensities into ab-
solute number densities, several calibration steps were carried
out. The basic approach was outlined in an earlier paper’ on
the measurement of the two-photon absorption cross section
in atomic oxygen. Using a source that produced O-atoms of
a known number density, the two-photon cross section was
determined by carefully measuring the laser intensity and the
sensitivity of the fluorescence collection system. The mea-
sured cross section agreed well with theory.”!” In the present
experiment this sequence of steps was reversed: the known
cross section was used to determine the unknown number
density in the arcjet.
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In earlier work®” all of the equations needed to interpret
the data were derived. A rearrangement of Eq. (29) of Ref.
9 leads to the following expression for the atomic oxygen
number density:

N, = [4773(S/E2)w.,wn(hV)z/&(2)¢f'D L Fe dt”} @

In the following paragraphs, the procedures used to measure
the quantities in Eq. (4) are described.

The laser spatial profile was measured at the appropriate
position inside the test cell with a Spiricon pyroelectric de-
tector array. This device has a series of detectors spaced at
100-pm intervals. Each detector produces a voltage propor-
tional to the local laser intensity. A reflection from a glass
plate oriented near Brewster’s angle was used to produce a
reflection of the uv beam that was weak enough to avoid
saturating the detectors. Using the array’s built-in electronics,
a sequence of voltages, corresponding to a sequence of in-
tensity readings from the various detectors, was sent to the
Tektronix 2467 oscilloscope. The oscilloscope readout was
photographed and saved for further analysis. Rotation of the
one-dimensional detector array by 90 deg allowed profiles to
be obtained in the vertical and horizontal directions, where
“vertical” means parallel to the flow direction.

Spatial profile data were analyzed assuming a Gaussian
form for the spatial distribution, as was done previously.? The
width of the Gaussian in the ith direction is characterized by
a spot size w,, which is the distance from centerline at which
the intensity has fallen to (1/e7) of its centerline value.

The relative laser energy was recorded during each exper-
iment using a reading from a Molectron pyroelectric detector,
as shown schematically in Fig. 2. This arrangement was adopted
because an energy meter could not be placed inside the test
cell during the arcjet runs. These relative readings were placed
on an absolute scale after the number density experiment by
comparing the boxcar-averaged Molectron readings with
readings from a Scientech Astral power meter inside the test
cell.

The laser temporal profile was measured using a fast pho-
todiode (EG&G FND-100Q, biased at 90 V) along with a
fast oscilloscope {Tektronix 2467). The energy of the uv beam
was reduced by three near-Brewster angle reflections to avoid
saturating the photodiode. As was explained previously,” F(r)
is properly normalized according to the following equation:

f F(t) de’ = 1 )

The integral of the square of F(r) was calculated from a Gauss-
ian fit to the observed temporal profile.

To relate the observed signal strength to the number of
ground-state atoms, ¢ must be known. This quantity de-
pends on the degree to which the laser contains intensity
fluctuations on a timescale too short to be detected. Because
the two-photon excitation rate depends on the square of the
instantaneous laser intensity, a laser pulse with severe inten-
sity fluctuations will produce more excited atoms than a smooth
pulse, all other factors (including pulse energy and apparent
pulse length) being equal. The amount of two-photon exci-
tation is proportional to a parameter G‘», which is unity for
a smooth pulse and greater than 1 for a “spiky” pulse. In
earlier work,'" different 226-nm laser systems produced dif-
ferent values of G. Because the laser system used in the
present work was not used in the earlier work, reasonable
assumptions about the physics which produces “‘spikiness” in
the various laser systems were used to conclude that G® =
2.2 + 0.8 for the laser system used in the present experiments.
The value of G cannot be determined more precisely with-
out carrying out measurements on an O-atom source of known
density, as was done in Refs. 9 and 11.

In estimating 6®, the observed linewidth of the two-pho-
ton transition must be accounted for. The value of & de-
pends on the absolute frequency w, depending on the spacing
between w and the atomic resonance. The normalized LIF
intensity at any value of w is proportional to 6. When the
transition width increases (because of Doppler broadening
and/or a broader laser linewidth), the value of 4 on line-
center decreases. In previous work® the function ¢ (w) was
integrated over w to yield the following equation:

| 60w do = 60 S oy 2 ©)

The value of the integrated two-photon absorption cross sec-
tion, (1.87 = 0.60) x 10~ % cm*, was determined in earlier
work with a transform-limited laser.'” Figure 3 was used to
estimate & on linecenter as follows. Appropriate scale fac-
tors were used to convert the graph to a plot of 6™ as a
function of w. The parameter G was assumed equal to 2.2,
and the peak value of 6™ was adjusted to make the inte-
grated area of the transition satisfy Eq. (6).

The absolute sensitivity of the fluorescence collection sys-
tem was measured by Raman scattering in hydrogen.* The
O-atom fluorescence signal is proportional to a calibration
constant D, given by the following equation:

D = LOmm,qG,(G,/C) ™)

The calibration constant is determined by filling the obser-
vation region with hydrogen, exciting the gas with a laser in
the 625-nm wavelength region, and observing the first Stokes
radiation in the 845-nm region.” This constant is given by the
following equation:

Shy,
D= |—"" (8)

do
EUNH <E>

For the excitation geometry used in the Raman calibration,
the scattering cross section is given by the following equation:

do\ A}
<dQ> (v - ) ©)
where A;, = 874 x 10738 em?¥sr, v, = 84,800 cm~', and
v, = v, — 4155 cm~'. Because the collection solid angle is

small, there is no need to correct for the angular dependence
of the differential Raman scattering cross section as was done
in Ref. 8. At the wavelength that produces scattered photons
at 844.5 nm, the value of (do/d()) is equal to 3.56 x 10-*
cm?/sr.

The Raman calibration was carried out by placing a small
stainless steel cell, filled with hydrogen and equipped with
Brewster-angle entrance and exit windows for the laser beam,
inside the test cell. A Pyrex® view-port allowed scattered
photons at right angles to the laser direction to escape. This
window did not restrict the viewing region of the fluorescence
collection lens. The path of the visible laser beam was the
same as the path followed by the 226-nm beam, perpendicular
to the flow direction. The polarization vector of the laser
radiation was oriented parallel to the flow direction. The
Scientech power meter was placed on the floor of the test cell
to measure the laser pulse energy. The fluorescence collection
system and detection electronics (including Ortec 113 preamp)
were configured exactly as they had been in the O-atom num-
ber density measurement. The size of the aperture defining
the observation region was checked by closing it down on a
drill bit of known size (4.37 mm), as was done in the O-atom
measurements. The signal amplitude and laser pulse energy
were recorded as a function of laser wavelength. The Raman
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Table 2 Values of the quantities used to calculate
the atomic oxygen number density under the
conditions of run 22, using Eq. (4)

Quantity Value

S 0.032V

E 7.0 x 107*J

w, 0.114 cm

W), 0.059 cm

hy 8.80 x 10-"1]
g 1.97 X 10~* cm*s
&b, 0.91

D 3.4 X 107V cm sr
JFX "y de” 1.7 x 10%s~!
N(J" = 2) 1.3 x 10% em~3

(experiment)
SN = 2,1,0)
(experiment)
INJ" = 2,1, 0)

(NOZNT)

(1.8 = 0.8) x 10" em™*

1.0 x 10 ¢cm~3

Table 3 Fine structure temperatures

Geometric T, K T, K
Run area ratio experiment NOZNT
16 256 461 = 50 275
21 64 532 = 50 560
22 64 514 = 50 560

calibration constant was calculated at each wavelength using
Eq. (8), after applying a small correction to account for re-
flection losses on the viewport.

The data used to calculate the atomic oxygen number den-
sity are shown in Table 2. The calculation takes place in two
steps. First, the population in the J” = 2 fine structure state
is determined using Eq. (4). Then, using the measured relative
populations in the three fine structure levels (discussed in the
following subsection), the total population in the 2p*P elec-
tronic state is calculated. For comparison, the calculated num-
ber density from the NOZNT code is also shown in Table 2.

Fine Structure Temperatures

The fine structure temperature should be very close to the
local translational temperature. Ab initio calculations of rate
constants for state-to-state fine structure collisional excitation
and de-excitation by hydrogen predict numbers on the order
of 107" ¢cm?® s~ ' at 500 K.*® The rate constants for larger
collision partners should be at least as large as those for hy-
drogen. Using a typical number density of heavy particles in
the flow (10'® cm~7), a relaxation time of about 1 us is esti-
mated for equilibration among the fine structure levels. Be-
cause this time is much shorter than both the flow time be-
tween the nozzle exit and the point of observation (about 50
us), and the transit time inside the nozzle (several hundred
us), equilibrium should be reached. Because heavy particles
are the collisional partners in this relaxation process, the tem-
perature characterizing the fine structure levels should equal
the heavy particle translational temperature. This assumption
is supported by experience with laboratory sources of oxygen
atoms. In earlier experiments® using atoms created in a mi-
crowave discharge and then equilibrated with O, at room
temperature in a flow system, the fine-structure relative pop-
ulations (measured by two-photon LIF) approximated a room-
temperature Boltzmann distribution.

Fine structure temperatures were determined as follows.
During a single arcjet run lasting approximately 15 min, the
laser was scanned through each of the three fine structure
lines (3p°P, 1 <= 2p*P,, 3p°P,, < 2p°Py, and 3p°P,, < 2p°P,).
The laser beam path was kept constant as the wavelength was
changed. The spatial and temporal profiles were certainly
constant over the small range of wavelengths used. (The arc
heater current, pressure, and voltage were held constant to
within 2% throughout the run. In previous runs of the same
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Fig. 5 Boltzmann plots for the fine structure levels of atomic oxygen
(squares), along with least-squares fits to Boltzmann distributions (solid
lines), runs 16, 20, and 22,
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Fig. 6 LIF signals for nitric oxide (in a room temperature static gas
cell) and atomic oxygen (in the arcjet) as a function of laser wavelength.

length under similar conditions, the observed LIF signal on
a single transition showed no detectable systematic change
during the run.) For each of the three lines the signal, properly
normalized for pulse energy fluctuations, was measured as a
function of wavelength. Examples of such spectra were shown
earlier in Fig. 3. The integrated areas of these curves, which
are proportional to the population in the fine structure state
forming the lower level of the transition, were recorded. The
natural logarithm of (/,./g,.) was plotted as a function of the
energy E,. to produce “Boltzmann plots” (shown in Fig. 5)
from which the temperature could be calculated. The least-
squares fits to straight lines yield the fine structure temper-
atures shown and compared with theory in Table 3.

Atomic Oxygen Velocity Measurements

The physical basis of the velocity measurements is as fol-
lows. If an ensemble of atoms has a nonzero average velocity
component along the direction of laser propagation, the po-
sition of the absorption resonance will be shifted relative to
the resonance position in the case of stationary atoms. The
velocity is calculated from the magnitude of this shift.

In preliminary experiments atomic copper sputtered from
electrodes was used as the target species, but the results were
unacceptable because the local atomic density fluctuated wildly
during the course of a given run and declined steadily from
run to run as the electrodes aged. In subsequent experiments
atomic oxygen, a major component of the flow that provided
much more reliable results, was used as the target species.

The procedure for measuring velocities consisted of three
steps:

1) Measure the splitting between the O-atom line and the
nearest nitric oxide line at 6 = 90 deg.

2) Measure the splitting between the O-atom line and the
same nitric oxide line at fixed value of @ less than 90 deg.
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3) Calculate the flow velocity from the following equation:

c(Ar, — AAy)
= - 10
v Acos 6 (10)

Examples of the data used in the velocity measurements
are shown in Fig. 6. The dotted lines show spectra at 8 = 73
deg, run 5, while the solid lines show spectra at 8 = 90 deg,
run 12. In both cases the spectrum with a peak at ~225.586
nm is the NO reference spectrum. This peak is the R,(16)
transition in the y(0,0) band of *N'O, an isotopic species
with a 0.3% abundance in the sample of natural nitric oxide.

Values of (AA, — A\, were derived from the spectra using
the least-squares curve fitting. To describe the asymmetric
shape of the 3p*P,,, < 2p*P, transition (which consists of
three overlapped lines), the positions and relative intensities
of the three lines, which are known from Doppler-free spec-
troscopy,'® were used. The fitted position of the strongest
component, the 3p*P, < 2p*P, line, was defined as the O-
atom peak position and its spacing relative to the fitted po-
sition of the R,(16) line of "N!'°O was measured. The best
fits were obtained using Lorentzian fits to the O-atom peaks
and Gaussian fits to the NO peaks. The results, along with
calculations from the ACE and NOZNT codes, are presented
in Table 4 and shown graphically in Fig. 7. In that figure, the
abscissa is the mass-averaged enthalpy calculated by the
ARCFLO code.

The data from runs 7 and 8 provide some information about
the radial dependence of the velocity. The quantity r is the
distance of the observation point above the centerline of the
flow. Although the r = 0 cm and r = 15 cm data were taken
during two different arcjet runs, the conditions were nearly
identical. Because the average observed velocity at r = 15
cm (4.40 = 0.10 km/s) matches the velocity at r = 0 cm (4.41
km/s), the velocity seems independent of radial position over
at least a 15-cm range for expansion through a 61-cm nozzle.
(The off-axis velocity was corrected for imperfect collimation
by assuming that the atoms move in a straight line from the
throat to the point of observation).

Table 4 Summary of O-atom velocity measurements

Run r, cm v, obs v, ACE v, NOZNT
4 0 493 + 0.3 4.53 5.49
4 0 498 = 0.3 — —
5 0 451 + 0.3 4.43 R
6 0 5.67 + 0.3 4.08 5.69
7 0 441 = 0.3 4.04 5.05
7 0 441 = 0.3 e e
8 15 4.37 = 0.3 4.07 5.02
8 15 452 + 03 —_ —_—
8 15 432 = 0.3 _ _—
6 T T
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Fig. 7 Comparison of observed and calculated O-atom velocities.

Error Estimates

The biggest source of error in the number density mea-
surement is uncertainty about the value of 6, because of
the unknown photon statistical factor G®. The true value of
6@ could differ by =36% (+0.8/2.2) from the assumed
value. Five of the six other experimentally determined quan-
tities in Eq. (4) [w,, ®,, ¢, D, and [ F?(¢") dt"] have each
been measured to a precision of 5-10%, whereas the sixth
quantity, S/E?, has been measured to a precision of 3%. Add-
ing these errors in quadrature, a total error of about 25% for
the quantity [N,6®] is obtained. (This error limit is consis-
tent with earlier work'® in which the two-photon cross section
was measured to a precision of +30%.) Adding this error in
quadrature with the 36% error in 6@, a total error limit of
+44% is obtained for N,. In the velocity measurements the
combined random error (from the noise in the spectra) and
systematic error (from imperfect measurement of 8, +0.5
deg) is approximately 0.3 km/s. In the fine structure temper-
ature measurement the individual relative peak intensities are
reproducible to within 3%, corresponding to an uncertainty
of +£50 K in the fine structure temperature.

Discussion

Two major components of the arcjet flow, O(2p*P) and
N(2p*S?), have been detected by laser-induced fluorescence.
To our knowledge, this represents the first direct detection
of either species in the freestream of an arcjet flow.

The observed and calculated O-atom densities agree mod-
erately well with the experimental number density being slightly
higher than the calculated density. Three facts should be noted
in interpreting this result. First, the NOZNT code calculates
virtually complete dissociation of O, under the entire range
of enthalpies produced by the arc heater. The uncertainty
about the true value of the enthalpy is too small to take the
flow out of the fully dissociated regime for O, under the
conditions of the number density measurement. Thus, the
impact pressure is proportional to the product N,v*. Second,
the composition of the test gas (80% air, 20% argon) is well-
known from experimental flow rate measurements. Third, the
observed impact pressure is accurately reproduced in the
NOZNT calculations. If the calculated value of N, is too low,
then the calculated velocity must be too high, in qualitative
agreement with the trend shown in Fig. 7. The accuracy of
the number density measurement can be improved by cali-
brating the measurement against a laboratory O-atom source
with a known density. The same procedure can be used to
measure the N-atom number density, which is very sensitive
to the centerline enthalpy. Measurements of atomic oxygen
number density, atomic nitrogen number density, and flow
velocity under a single set of test conditions are needed to
resolve the small discrepancy raised by this first number den-
sity measurement.

In two of the three cases shown in Table 3, the observed
fine structure temperature is in reasonably good agreement
with the translational temperatures calculated using NOZNT.
This result is consistent with earlier measurements of NO
rotational temperatures'® that also agreed with the predictions
of NOZNT. In one case, the measured fine structure tem-
perature is much higher than the calculated translational tem-
perature. The reason for this discrepancy is not known. Since
the NOZNT calculations rely on assumptions about collisional
relaxation rates that may not be accurate, and since the equal-
ity between heavy particle transitional temperature and fine
structure temperature may not hold at low densities, this lack
of agreement is not completely surprising. Further experi-
ments covering a variety of operating conditions should clarify
this issue.

The observed velocities are systematically higher than the
velocities calculated using the ACE code, which is to be ex-
pected for two reasons: 1) the assumed enthalpy is too low
to be consistent with the existing body of experimental data,'*
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and 2) the assumption of frozen chemistry precludes N-atom
recombination in the nozzle. As noted above, the NOZNT
code predicts velocities that are systematically higher than the
observed velocities by about 10%. The reason for this dis-
crepancy is not clear. The calculations can be improved through
a better knowledge of N-atom recombination rates and non-
thermal electronic population distributions, whereas the ex-
perimental uncertainty can be reduced by exciting the flow
at a smaller incidence angle and using a laboratory O-atom
source as a zero-velocity reference.

Although flow velocities and translational temperatures have
been measured at NASA Johnson Space Center using atomic
copper as a probe,** these results cannot yet be compared
with the present results because the flow conditions and com-
puter codes used to predict the flow properties are different
in the two cases.

Summary and Conclusions

A laser-induced fluorescence sensor has provided new in-
formation about the properties of the arcjet flow at the NASA
Ames Aerodynamic Heating Facility. The number density of
O(2p°P)is (1.8 = 0.8) x 10" cm~? for one set of conditions,
in fair agreement with predictions from the NOZNT code.
The fluorescence quenching rates for O(3p*P) and N(3p*D")
are surprisingly small under all conditions, and they are con-
sistent with quenching by heavy particles alone. The three
fine structure levels of O(2p*P) are in thermal equilibrium at
temperatures near 500 K, which should approximate the local
translational temperature. Good agreement between mea-
sured fine structure temperatures and calculated translational
temperatures (from NOZNT) was obtained in two out of three
cases. The velocities of atomic oxygen under most conditions
are between 4-5 km/s. They are slightly larger than predicted
from the ACE computer code that assumes frozen chemistry,
and are in moderately good agreement with the NOZNT code
that includes detailed chemical rate calculations.
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