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Near-Field Measurement and Modeling Results
for Flight-Type Arcjet: Hydrogen Atom
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Hydrogen atoms were probed in the near-� eld plume of a 1.8-kW � ight-type arcjet thruster, using two-photon
laser-induced � uorescence. The arcjet was operated on an N2 /H2 gas mix simulating hydrazine decomposition
products. The velocity distributionsof H atoms were used to obtain their translational temperatures. Comparisons
of the laser-induced � uorescence signal intensity, radial linewidth, and derived density distribution with direct
simulation Monte Carlo results were in good agreement except near the nozzle exit plane. A relatively weak signal
was observed near the exit plane, while the maximum signal was unexpectedly obtained 0.8 cm downstream.
Fluorescence quenching, linewidth variation, and self-absorption effects are proposed to account for most of the
discrepancy in signal intensity. The results improve the knowledge of near-� eld � ow parameters for the arcjet and
ultimately enhance the accuracy and understanding of predicted plume impingement torques and other arcjet
plume phenomenology on spacecraft.

Nomenclature
a = Gaussian normalization parameter, dimensionless
b = Gaussian linewidth parameter, cm¡1

c = speed of light
Ekg = transition energy between states k and g
e = elementary charge
f = oscillator strength, dimensionless
g = ground quantum state
g.º/ = Gaussian line shape function, dimensionless
h̄ = Planck’s constant divided by 2¼
Iº = intensity of photon � ux at frequency º
k = intermediate quantum state
kº = absorption coef� cient at frequency º
L = absorption pathlength
l = � nal quantum state
M = species molar mass
m = electron mass
Ni = density of species i , cm¡3

r = radial coordinate, cm
T = temperature, K
z = axial coordinate, cm
1ºD = Doppler full-width-half-maximum,cm¡1

± = two-photon absorptivity
"0 = permittivity constant
O"1 = polarization vector for photon 1
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O"2 = polarization vector for photon 2
¹op = electric dipole operator
º = frequency
º0 = center frequency
¾ = absorption cross section
! = angular frequency

Subscripts

D = Doppler
L = laser
S = Stark effect
SA = self-absorption

Introduction

N ORTH–SOUTH stationkeepingfor the data relay test satellites
(DRTS) developedfor launch around 2001 and the succeeding

year will be provided by MR-509A/B hydrazine arcjet thrusters.1

Despite the successful operation of PRIMEX Aerospace Corpo-
ration (PAC) arcjets on several U.S. satellites,2 little quantitative
information has been readily available about the thruster impact on
satellites of arbitrary con� guration. To rectify this situation for the
DRTS case, experimental measurements were performed and cou-
pled with theoretical analyses. The measurement program resulted
in the � rst laser-induced� uorescence and mass spectrometric stud-
ies for a � ight-type arcjet thruster. A portion of the experimental
work concerned with the measurement of near-� eld parameters is
described in this report.

Near-� eld plume data are valuable for the understanding of the
arcjet � ow and performance properties. The term near-� eld is in-
tended to designate the volume within the � rst several centimeters
downstream from the nozzle exit plane, a region in which most
parameters are changing rapidly.

The study of the arcjet-induced effects of spacecraft plume im-
pingementand torquing,as well as contaminationand thermal load-
ing, is best accomplishedviadirectsimulationMonteCarlo (DSMC)
calculations.Code validation can be achieved via data comparisons
and improvements in computational accuracy by incorporatingex-
perimental results into the modeling analysis (where feasible, and
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provided that those results are accurate).3 In the present study, an
existing DSMC code that was previously validated on a reacting
arcjet � ow of H2 was applied to a reacting � ow of H2 and N2.

The H atom served as a probe species to study arcjet plume prop-
erties. The main quantities studied were kinetic temperature and
densitydistribution.Previousarcjet studies4¡7 have examinedprop-
ertiesof this species,whichhasa highnumberdensityin theMR-509
plume. To obtain average properties for H atoms, as opposed to av-
erage properties of individual excited states, the lower state of the
excitation was chosen to involve the ground electronic state. Only
the ground state population is a good approximationof total species
density. Kinetic temperature is state speci� c in principle, but in
practice no differences are usually detected. Ground-state probing
of the H atom had not previouslybeen performed for a hydrazineor
simulated-hydrazinearcjet.

The hydrogen atom is one of the most abundant species in the
near � eld of the hydrazine arcjet plume, but is a minor momentum
carrier because of its low atomic weight. Hydrogen atoms emerge
from the arc excitation region with the highest velocity, both di-
rected and random, because they have lower mass than other arcjet
species. The directed and random velocity of H atoms is substan-
tially reduced in the plume expansion by collisions with relatively
massive partners. Separation of H from species such as N2 and NH
is inevitable because of its relatively high perpendicular and par-
allel velocity components, coupled with scattering away from the
plume center by collisions with heavier species. Comparison with
the companionpaper to the presentstudy illustratesthe species vari-
ability in near-� eld parameters.8 Density, peak axial velocity, and
kinetic, rotational, and vibrational temperatures were obtained for
the NH molecule, and compared to DSMC results. Agreement be-
tween theory and experiment was generally good for that species,
despite a more narrow velocity distribution function and relatively
low density.

Two fundamental discrepancies between theoretical and exper-
imental results for the hydrogen arcjet plume have been recently
resolved by revised data interpretation or new experimental data,
both vindicating theory. In one case, the experimental linewidth of
the H atom Balmer alpha (H® ) transitionwas farmore broad than the
DSMC calculation predicted,7 and in the other, the experimentally
obtained dissociation fraction of H2 was several times higher than
the DSMC result.6;8 These cases illustrate the increasing value of
the DSMC method to aid the interpretationof experimentaldata ob-
tained under complex circumstancesand to � ll data and knowledge
gaps that are not readily closed by a purely experimental approach.

Experimental Setup
Test Facility and Arcjet Operation

The experimental test chamber was 5.5 m in length with a diame-
ter of 2.4 m. Test chamber vacuum was maintained by 16 VHS-400
diffusion pumps. During thruster operation at the nominal � ow rate
of 46.4 mg/s, test chamber background pressure was maintained
below 1 £ 10¡3 torr.

The thruster was mounted on a computer-controlled four-axis
positioningsystem. The arcjet nozzlewas alignedwith the long axis
of the test chamber and remained there. The vertical position of the
arcjetwas similarly� xed for the durationof themeasurements.Two-
axis positioning was performed in the axial and radial directions to
explore the spatial dependence of near-� eld parameters.

Electrical power of 1.8 kW was supplied at 80-V dc to a power
conditioning unit (PCU) provided by PAC. Power was supplied at
28-V dc to operate the protection and control electronics, which
were also provided by PAC. A � ight-model PCU for DRTS, which
would have required an input voltage of 33–51.5 V dc (Ref. 1), was
not used.

A computer-controlleddata acquisition and control system was
supplied by The Aerospace Corporation and set up to satisfy PAC
speci� cations regarding arcjet operating limits. Arcjet operating
voltage, current, inlet pressure, and � ow rates were monitored at
all times, and an automatic shutdown would have occurred had
any process limit been exceeded during normal operations. Typi-
cal recorded parameters at the 46.4-mg/s nominal operating point
at which all H atom data were obtained are 46.4-mg/s � ow rate,

0.8-mtorrbackgroundpressure,109.7-Varc voltage,15.1-Aarccur-
rent, 1.66-kW input power, 235-mN thrust [estimated from � ight
quali� cation data of Ref. 9, with 2% reduction for use of simu-
lated N2H4 (2:1 mix of H2, N2)], and 517-s Isp (also estimated from
Ref. 9). These quantities were reduced by 2% based on previous
arcjet performance measurements comparing simulated N2H4 (2:1
mix of H2:N2) at ambient inlet temperature to catalytic decomposi-
tion of liquid N2H4 (Ref. 10). In practice, voltage and current levels
varied somewhat, but the power conditionerkept arcjet input power
constant at 1.66 kW.

Laser-Induced Fluorescence
Laser-induced � uorescence (LIF) is the preferred means of ob-

taining the near-� eld parameters discussed in this report. The tech-
nique offers high spatial resolution together with high sensitivity
and results that are acceptable from a quantitative standpoint. Sub-
millimeter spatial resolutionwas achieved in the present study. This
is a requirement in the near � eld because the arcjet nozzle width at
the exit plane is on the orderof a centimeter.Sensitivity is a factor at
the existing species densities, which range from 1012 to 1016 cm¡3

in the probed region. The H atom ground state was probed via a
two-photon LIF techniquebecause a one-photonapproachcan only
probe excited states (unless the wavelength is in the XUV spec-
tral region,4 making photon generation and � uorescence detection
dif� cult and limiting spatial resolution). Excited state properties,
particularly density, do not always replicate ground-state distribu-
tions.

In the case of simultaneous absorption of two photons, the
absorption cross section derived from perturbation theory is11

¾ D [.2¼/2=h̄c2]I!jMlg j2g.º/ (1)

where Mlg is the two-quantum matrix element that may be written
as

Mlg .!/ D 2
X

k

hlj O"1 ¢ ¹opjkihkjO"2 ¢ ¹opjgi
Ekg ¡ h̄!

(2)

For a strong two-photon transition, the ratio ¾=I is ¼10¡30 cm4/W.
At low light intensities, single-photonabsorptionmay be written in
differential form as

¡dI D ¾ INi dx (3)

where dx makes an in� nitesimal contribution to L . When multiple-
photon absorption is included, the cross section may be expressed
as

¾tot D ¾ C 2I ± C ¢ ¢ ¢ (4)

where ± is the two-photon absorptivity,and for two-photon absorp-
tion Eq. (3) becomes

¡dI D 2± I 2 Ni dx (5)

A typical two-photon cross section I ± is about 7 orders of mag-
nitude smaller than a one-photoncross section. For molecules with
a center of symmetry, one-photon electric dipole transitions are al-
lowed where two-photon transitions are forbidden and vice versa.
This situation does not apply to the hydrogen atom, which is why it
is possible to readilyobserve the L¯ transitionin one- or two-photon
absorption as well as one-photon emission.

Quenching of excited states, usually a problem at high gas den-
sities, may occur as a result of collisions with partners in other
quantum states. For the arcjet, the sum of species densities at the
nozzle exit plane is about 1:0 £ 1016 cm¡3 . In LIF measurements,
if the upper state lifetime is much shorter than the interval be-
tween quenching collisions, quenching effects can be neglected.
This is the case for the n D 3 2 D3=2;5=2 levels of the hydrogen atom
in most regions of the plume expansion because the zero-pressure
lifetime is about 16 ns. Quenching effects are to be expected inside
the nozzle.

A tunable Continuum dye laser operating on R640 dye was
pumped by the 532-nm beam of a 10-Hz doubled YAG laser.
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Fig. 1 Experimental setup.

The dye laser output at 615 nm was doubled in a KDP crys-
tal, generating up to a 20-mJ/6-ns pulse at 307.5 nm. The crys-
tal was tuned via a tracking circuit to maintain maximum output
despite temperature drifts and frequency tuning. The H atom two-
photon excitation wavelength of 205 nm was generated by mix-
ing the doubled dye laser output (307.5 nm) with the fundamental
(615 nm), each of appropriate polarization, in a ¯–BaBO4 crystal
mounted on a manual angle-tuning translation stage. Pulse energy
up to 1.0 mJ was obtainable at 205 nm, but the level was main-
tained at 400–500 ¹J using the variable energy output of the YAG
laser.

After elevation to the appropriateheight for entry into the vacuum
chamber, the laser beam passed through a lens of 2-m focal length
and a vacuum window. The beam was more tightly focused inside
the chamber by a second lens of 35-cm focal length, located about
0.8 m from the � rst lens. The beam was then passed through the ar-
cjet plume perpendicularto the thrust axis. A schematic diagram of
the experimentalsetup is given in Fig. 1. To obtain an axial velocity
measurement, an optic placed below the thruster steered the beam
to a second optic sitting downstream and below the thrust axis. The
latter optic steered the beam to intersect the plume at an angle of
¼40 deg with respect to the thrust axis and in the correct location to
be aligned with the � uorescence collection optics. The laser beam
was strongly focused to probe the H atom because of the cross sec-
tion dependence on laser intensity [see Eq. (4)]. Fluorescence was
collectedby a 5-cm-diamMgF2 lens placed18 cm away from the ar-
cjet centerline.The slowly converging� uorescencebeam was trans-
mitted overa distanceof 1.2m to a re� ector that steered it throughan
LiF window into the external environment,where it passed through
a 10-nm bandpass � lter and entered a 1

8 -m monochromator. Detec-
tion was accomplishedby means of a Hamamatsu R955 photomul-
tipler tube attached at the monochromator exit. A boxcar ampli� er
was used to integrate the signal. Alignment of the collection optics
was accomplished using an HeNe laser propagated back from the
monochromator entrance or scattered light from the probe laser at
the location of interest.

The beam diameter at the focal point was estimated to be on the
order of 100 ¹m. At the arcjet, the pulse energy was 150–200 ¹J,
with shot-to-shot� uctuations·20%.Averagepowerwas constantto
better than 3% while measuring peak signal pro� les and better than
20% for lineshape measurements. The observed signal depended
approximatelyon pulse energy squared,based on a two-pointsignal
comparison at widely different pulse energies.

The laser pulse energy generating the H atom � uorescence was
recorded together with the � uorescence signal by computer. Typi-
cally 30 shots were averaged per data point, after normalizing each
according to the square of pulse energy. The normalization proce-
dure was very successful in reducing the experimental noise level,
con� rming the energy-squareddependence of the signal.

Lineshapes were recorded by stepping the dye laser frequency,
collecting signal for a suitable period, and repeating over the full
range of the transition. Fundamental frequencies were obtained in
vacuumwave numbersusinga pulsedwavemeter,normallyaccurate
to about 0.01 cm¡1. The wavemeter was automatically calibrated
at intervals with an internal helium–neon laser, but was subject to
minor drifting behavior between calibrations, which occasionally
resulted in absolutereadouterrors of up to 0.03 cm¡1. Relative error
was about 0.01 cm¡1 for the recording of individual lineshapes.
The low noise level of the lineshape data is consistent with this
� gure.

Lineshapes were typically � tted with a three parameterGaussian
function,

g.º/ D a exp
©
¡ 1

2
[.º ¡ º0/=b]2

ª
(6)

In many cases the transition center frequency was � xed, but the
linewidth parameter and peak height were always variables. These
parameters normally showed little dependence on whether the
center frequency was � xed. The small residual baseline present
in the experimental measurements was subtracted before � tting.
The linewidth is determined largely by Doppler broadening and
laser linewidth, although Stark- and self-broadening are issues
near the arcjet exit plane. The Doppler width is determined by
the Maxwell–Boltzmann distribution and is related to temperature
by

1ºD D 2
p

2 2bD D 7:162 £ 10¡7º0

p
T=M (7)

where

bD
»D

p
b2 ¡ b2

L ¡ b2
S ¡ b2

SA (8)

Because Stark broadening and self-broadening do not give rise
to a Gaussian lineshape, Eq. (8) is an approximation applicable
where bS and bSA are effective widths and b2

SA, b2
S ¿ .b2

D Cb2
L /. The

translational temperature (degrees Kelvin) may be expressed as

T D 1:0811 £ 1013
¡
M

¯
º2

0

¢
b2

D (9)
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Table 1 Hydrogen atom � ne and hyper� ne structure
(adapted from Ref. 12)

Energy,b Hyper� ne energy, !, 0,
Statea MHz MHz 109 s¡1c 109 s¡1d

3 2 S1=2 (F D 0) 0.0 ¡39.457 0.0 0.0063
3 2 P3=2 (F D 1) 2935.191 ¡4.380 18.66274 0.1897
3 2 P1=2 (F D 1) ¡314.898 C4.382 ¡1.70311 0.1897
3 2 D5=2 (F D 2) 4013.197 ¡1.577 25.45367 0.0647
3 2 D3=2 (F D 2) 2929.859 C1.577 18.66668 0.0647

a S state taken as the origin. bNeglects hyer� ne splitting. cEnergy with hyper� ne
splitting included. d Inverse lifetime.

where M is in atomic massunits andº0 is cm¡1. The laser full-width-
half-maximum(FWHM) linewidth at the fundamentaloutput of the
dye laser (565–680 nm) was assumed to be 0.07 cm¡1 and Gaus-
sian, in approximate agreement with the dye laser speci� cations
and the linewidth suggested by a rough one-time analysis using the
wavemeter.

Information about the n D 3 upper states of the hydrogen atom
is detailed in Table 1.12 The allowed upper states of the two-
photon absorption, which originates from the n D 1 2S1=2 ground
state, are n D 3 2 D3=2;5=2 and 2 S1=2. The transition intensity is about
seven times greater for the 2 D upper levels than for 2 S1=2. The � uo-
rescence lifetime of 2S1=2 is an orderof magnitudegreater.To obtain
good signal to noise ratio on the H® transition despite the intense
continuousbackground from the arcjet plume, the � uorescence de-
tection gate width was set to about13 ns. As a result, an insigni�cant
amount of signal involving the n D 3 2S1=2 level was collected.

For axial and radial measurements of the LIF signal, the laser
frequency was positioned at the center of the transition lineshape.
Some variationoccurs in the lineshapeas a functionof the radial and
axial coordinate, and therefore, the observed raw signal is only an
approximate indicatorof relativeH atom density.To obtainaccurate
density information, it is necessary to know the lineshapeas well as
peak signal so that integrated signal strength can be obtained. For
thesemeasurements,as for lineshapes,error levelsof individualdata
points can be estimated according to their deviations from the � tted
curve. The typical error is substantially less than in the previous
H-atom study.6

Numerical Approach
The � ow inside the hydrazine arcjet is characterizedby relatively

low densities and very high temperatures. The Knudsen number
(ratio of mean free path to boundary-layerscale) of the nozzle � ow
varies from about0.001at the nozzle throat to about0.1 at the nozzle
exit plane. These values indicate that the � ow will be in a state of
thermochemicalnonequilibrium.At the same time, on the � ow axis
near to the arc constriction, the ionization level can be as high as
40% (Ref. 13).

Theseconditionsplacea heavydemandonattemptsto performac-
curatenumericalsimulationsof the arcjet � ow. At PAC a continuum-
basedcomputercode called KARNAC has beendevelopedfor com-
puting arcjet � ows. The code has performed very well in detail for
hydrogen arcjet � ows.14 The accuracy of the code for hydrazine
� ows is less clear. There are several physical limitations of the
KARNAC code. First, all energy modes are assumed to be in equi-
librium.An equilibriumconditionprecludesthe possibilityof freez-
ing of the vibrational and rotational energy modes of the molecular
species in the � ow (N2 and H2 ). Residual energy in such modes,
however, is known to be a signi� cant loss mechanism for arcjets.
Second,by the time a Knudsennumberof 0.1 is reached,thephysical
basis of the Navier–Stokes equationsof � uid mechanics is no longer
valid. Finally, because there is no thermal nonequilibriumincluded,
important physical phenomena,such as vibration–dissociationcou-
pling, are missing.

Although we are primarily interested in analysis of the arcjet
plume, for the reasons listed earlier, a more detailed analysis of
the nozzle � ow is also merited. In the present study, the DSMC
method15 is employed to compute both the nozzle and plume � ows
in a single simulation. The DSMC technique is a kinetic-based
method that follows the motions and collisions of test particles

in the physical domain of interest. By time averaging the parti-
cle quantities throughout the computational domain, average prop-
erties such as density, velocity, and temperature are computed as
moments of the particle distribution function. In the present study,
the velocity distributionfunctions themselvesare of interest.This is
straightforward using the DSMC technique, but requires the com-
putations to be performed over long periods to reduce statistical
� uctuations.

The nozzle � ow is begun just downstream of the constrictor in
a region of the � ow that is in the continuum regime. A startline
for the DSMC computation is obtained from a solution generated
by KARNAC and provided by PAC. The DSMC code includes the
following physical phenomena: 1) multispecies � ow (H2 , H, HC, e,
N2 , and N); 2) rotational and vibrational relaxation; 3) dissociation
(with vibration coupling), ionization, and recombination reactions;
and 4) ohmic heating. The code is described in detail in Ref. 13
and has been extensively validated against experimental data for
hydrogen arcjets.16

In terms of boundary conditions, the nozzle wall is treated as
beingdiffusewith full accommodationof all energymodes to a � xed
temperatureof 1400K. For the plume expansion,the experimentally
determined backpressure of 0.113 Pa is imposed. The analysis is
performed for the nominal operatingcase of a � ow rate of 46.4 mg/s
and a power input to the arcjet of 1660 W.

Good spatial accuracy of the DSMC technique requires that cell
sizes be on the order of a local mean free path with a minimum of
10 particles per cell. To meet these criteria, a computationalgrid of
500 by 70 cells is employed togetherwith a total number of 350,000
particles.

If the computationalstatisticsapproximatea Poisson distribution,
the statisticalerrorwill decay as (sample size)¡1=2. In computing the
velocity and density distributions, the code was run for a suf� cient
period to reduce Poisson statisticalerror to levels below 1%. Actual
errors may be much larger than 1% if the Poisson distribution does
not apply or if sizable errors exist in the KARNAC output because
KARNAC provides the starting point for the DSMC calculation.
Comparisons with experimental data are, therefore, important for
code validation.

Results and Discussion
Lineshapes, Broadening Mechanisms, and Temperature

The � tted lineshapes obtained at several coordinates along the
plume axis are plotted in Figs. 2 and 3. The DSMC lineshape, com-
putedby transformingthe velocitydistributionfunctionaccordingto
the Doppler shift, is given for comparison in each case.No laser line
broadeningwas added to the DSMC result. The FWHM linewidths
are plotted in Fig. 4 for the DSMC results and for the Gaussian � ts
to the experimental data.

The Doppler-free two-photon absorption spectrum of the n D
3 Ã n D 1 transition17;18 provides de� nitive relative intensities and
peak positions. The spectrum shows that, whereas the relative in-
tensities and peak positions do depend on electric � eld strength,
the intense peaks remain within a 0.05-cm¡1 band. Because the fre-
quency plotted in the lineshape (see Figs. 2 and 3) is the dye laser
fundamentalfrequency,correspondingto the two-photonfrequency
sum divided by 6, the corresponding region in the plots spans less
than 0.01 cm¡1 . The energy separation of the most relevant levels
for normal two-photon absorption, the D states, is only 1.1 GHz or
0.036 cm¡1 , also insigni� cant compared to the observed linewidth.
Fine structure splitting has, therefore, been ignored in the lineshape
� tting.

All of the lineshapesin Figs. 2 and 3 are well � tted by a Gaussian
function, indicating that broadening mechanisms such as Stark ef-
fect and self-absorption, which add non-Gaussian character, are
small compared to Doppler broadening.However, the experimental
linewidth is noticeably broadened near the nozzle exit plane, with
respect to the DSMC predictionfor Dopplerwidth (see Fig. 4) and a
previousmeasurementon the NASA 1-kW hydrogenarcjet.6 For the
latter, theory and experiment were in close agreement. The quality
of the radial linewidth comparison gives a degree of con� dence in
the DSMC predictionof axial Doppler width (see Fig. 4), despite a
lack of LIF data for comparison.
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Fig. 2 Lineshapes on plume centerline at 1.0 (upper panel) and 6.4 (lower panel) §§ 0.3 mm downstream from exit plane; laser beam intersected the
plume perpendicular to the thrust axis.

The degeneracy of same n, different l levels of the hydrogen
atom, split only by spin and relativity effects, gives rise to a � rst-
order Stark effect. However, lines with odd 1n, such as H® and H°

and L® and L° , have a central Stark component that is unshifted in
� rst order, whereas no such central component exists for even 1n
transitions such as H¯ or L¯ (Ref. 19). As a result, the ¯ transitions
exhibit a much larger static-� eld Stark effect and the broadeningof
®, ° transitions is dominated by ion collisions rather than electron
collisions near the arcjet exit plane. The two-photon absorption is
an L¯ transition, and, therefore, the theoretical tables should be
reasonably accurate.

Stark broadening can be signi� cant for the hydrogen atom even
for electron density ·1012 cm¡3 because it is the most sensitive
atom to Stark effects.Analysis of previous data on the H® lineshape
near the exit plane of an H2 arcjet concluded that Stark broaden-
ing is large.7 The effect of ion collisions with H atom dominates
the Stark broadening under exit plane conditions, resulting in sub-
stantiallygreater broadeningfor some transitions,at plasma density
·1015 cm¡3, than indicated in the standard theoretical compilations
such as that by Vidal et al.20

The electron density was determined to be 6–10 £ 1013 cm¡3 at
the exit plane of the hydrogenarcjet at 1.4-kW input power, rapidly
increasing with power level and rapidly decreasing with axial dis-
tance in the downstreamdirection.7 Althoughthe electrondensityof
an arcjet operating on NH3 propellant may be considerably higher

in the arc than in the pure hydrogen case,21 there appears to be no
experimental evidence available that a signi� cant difference per-
sists at the exit plane for hydrogen and simulated hydrazine arc-
jets. At ne D 1 £ 1014 cm¡3 the expected Stark lineshape of L¯ at
2500 K is double peaked, with a sharp minimum at line center and
FWHM »1.1 cm¡1 at the one-photon L¯ transition (1º=º0 D
1:1 £ 10¡5 ).

Not only does the lineshape broaden more than expected near
the exit plane, the experimentally observed signal intensity peaks
at z D 0:8 cm then drops quickly (see Fig. 5) in the downstream
direction. From a physical standpoint, the H atom density is ex-
pected to rise in the upstream direction as a monotonic function.
There are a number of reasons why the observed peak signal could
decrease even as the density is increasing, including 1) Stark and
Doppler broadening,2) occlusionof � uorescenceby the arcjet noz-
zle, 3) inaccurate alignment of laser/arcjet/� uorescence detection
apparatus, 4) self-absorption or ampli� ed spontaneous emission,
5) quenching effects, and 6) mixing of upper state wave functions
by collisions and/or electric � elds causing breakdown of selection
rules and changesin � uorescencelifetimeor � uorescencepathways.

The temperature does not change quickly enough for Doppler
broadening to be a dominant factor, and Stark broadening does
not appear to � t the observed lineshape; nor is the lineshape
broadened suf� ciently to explain the observed intensity drop near
the exit plane. At a distance of 1 mm from the exit plane,
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Fig. 3 Lineshapes on plume centerline at 11.2 (upper panel) and 20.3
(lower panel) §§ 0.3 mm downstream from exit plane; laser beam inter-
sected the plume perpendicular to the thrust axis.

Fig. 4 Experimental and theoretical linewidths on centerline, for the
fundamental laser frequency.

� uorescence occlusion is negligible, and the alignment accuracy of
the laser/arcjet/� uorescence detection apparatus is certainly better
than 1 mm. This leaves reasons 4–6 as potential explanations.

The decrease in � uorescence intensity due to the self-absorbing
medium between probe volume and collection lens can be estimated
from the relation

¡dIº .x/ D kº Iº dx (10)

where the 8-deg divergence (half-angle) has been neglected. Upon
integrating through the medium, the result is

Iº.L/ D Iº.0/e¡ Nkº L (11)

where the further approximation has been made of replacing kº in
the integral

¡
Z L

0

kº dx

by an effective (average) value over the distance L. When the rela-
tionship between transition oscillator strength and absorption coef-
� cient is used: Z

kº dº D
e2

4"0mc
Ni f (12)

the value of Nkº L can be estimated.
The value of Ni in Eq. (12) is highly uncertain, and this quan-

tity, therefore, determines the accuracy. Emission spectroscopy of
medium power hydrogen arcjet plumes has measured H atom emis-
sion from many different levels and producedestimates of the num-
ber density.22 At 6 kW, the number density of n D 3 at z D 2.75 mm
was about 6 £ 1010 cm¡3 . Measurement of n D 2 number density
was much more dif� cult because of the vacuum UV wavelength
and because the plume is optically thick with respect to the Lyman
series. The background power level that pumps the L® transition is
estimated to be on the order of 1 mW cm¡2 near the exit plane21 and
may enhance n D 2 with respect to other excited states.

Starting from the Doppler-broadened Gaussian lineshape for
T D 2100 K, about the value predicted by the DSMC calculation
on-centerlinefor z D 0:10 cm, the modi� ed lineshapewas computed
by choosing Nkº L such that the FWHM agreed with the experimen-
tal data. The result is shown in Fig. 6. The new lineshape obtained
by including self-broadening can reproduce the experimental line-
shape very well, better than least-squares � tting to a pure Gaus-
sian function. The value of Nkº L needed was 0.45, corresponding
to an average density of about 1 £ 1012 cm¡3 over a pathlength
of 5 mm.

Ampli� ed spontaneousemission(ASE) will preferentiallyreduce
the � uorescenceyieldwhere H atomdensityis high.ASE production
has been previouslycharacterizedand compared to � uorescencein-
tensity for the same system of levels in the case of two-photon
excitation.6;23;24 Whereas LIF intensity has a quadratic dependence
on laser intensity at low to moderate levels, ASE intensity has ap-
proximately a quartic dependence. The estimated diameter of the
focused laser is 0.1 mm in the probed region. When compared to
the data of Wysong and Pobst6 obtainedat about half the laser beam
radius, LIF and ASE intensity will not be in the saturated regime.
Although the effect of ASE on the lineshape is dif� cult to calculate
accuratelydue to its nonlinearity,ASE is believed to be less compat-
ible with the observed lineshape than self-absorption. In addition,
� uorescence should be considerably more intense than ASE under
the conditionsof the measurements.6;23;24 The effect of ASE on the
observed signal intensity and linewidth was, therefore, assumed to
be small in the present study, and no attempt was made to correct
for it.

By the use of the relation

1º »D
p

1º2
D C 1º2

l C 1º2
S C 1º2

SA (13)

and Eqs. (6–9), the temperatures listed in Table 2 were obtained for
each of the measured lineshapes of Figs. 2 and 3. The lineshape
analysis is approximate, as already discussed. Error limits in all
cases but z D 0:10 cm were based on the standard deviation of the
� tted lineshape and uncertainty in the laser linewidth. No Stark or
self-absorption corrections were made for these data points, just

Table 2 Hydrogen atom radial (perpendicular)
translational temperatures

FWHM at 1025
r , z, cm ÊA cm¡1 Temperature, K Error limits, K

0, 0.10 3.91 2180a §250
0, 0.64 2.99 1786 §150
0, 1.12 2.42 1204 §80
0, 2.03 1.81 670 §60

aDSMC result.
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Fig. 5 Experimental and theoretical axial density pro� les.

Fig. 6 Self-absorption broadening near the exit plane, comparing a
pure 2100 K Gaussian with a broadened one.

as none were made in the previous two-photon LIF study of H
lineshapes in the NASA 1-kW hydrogen arcjet.6

The experimentallinewidthatr D 0 and z D 0:10cm, corresponds
to about 3150 K if due to Doppler broadening alone. This value
is extremely high, given the relatively low DSMC prediction and
the temperature of the nozzle wall, as well as previous results for
the hydrogen arcjet. In view of the clear possibility that a non-
Doppler mechanism was involved in broadening the lineshape, and
the degree of success usually obtained by the DSMC method in
predicting temperature, the DSMC result is consideredto be a more
accurate temperature indicator at this plume location. The DSMC
temperature is, therefore, the one reported in Table 2.

An equivalentamount of Stark broadening requires several times
higherplasma density than has beenmeasured in the hydrogenarcjet
and would produce a sharp minimum at the center of the lineshape.
Self-absorption will produce a broad minimum at the line center
when the absorption is strong and can account for part of the reduc-
tion in peak signal intensity near the exit plane. It is proposed that
the lineshapenear the exit plane was indeed broadenedprimarily by
self-absorption. To the extent that Stark broadening has occurred,
however,the degreeof self-absorptionwill havebeenoverestimated.

Quenching and Mixing Effects
The mixing or redistributionof upper state level populations oc-

curs in the presence of electric � elds and during collisions. The

electric � eld near the arcjet exit plane may be too low to cause mix-
ing. Based on modeling and experimental results for n D 3 H atoms
populated through the n D 3 Ã n D 1 two-photon absorption, just a
few hundred millitorr of H2 is suf� cient to equilibrate the popula-
tions of the n D 3 angular momentum states, L D 0¡2. The initial
populationdistribution is about 12% S state and 88% D state as de-
termined by the absorption cross sections (selection rules prohibit
initial population of the P state). On equilibration, the populations
become 11.1% S, 33.3% P , and 55.6% D, in accordance with the
statisticalweighting associatedwith level degeneracies.Because of
the 159-ns lifetime of 3S and little change in its population, the 3S
contribution to detected � uorescence can be neglected. In contrast,
the populationof 3P opens up two new � uorescencechannels,3P –

2S and 3P –1S, with a branching ratio of 0.118. Even the 3P –2S
channel contributes little to the � uorescence signal, due to its 46-ns
lifetime.

The quenchingrate constantsfor n D 3 H atom are approximately
1.9 £ 10¡9 and 2.8 £ 10¡9 cm3/s for H2 and N2, respectively.25 With
the assumed densities of 5 £ 1015 and 2.5 £ 1015 cm¡3 for H2 and
N2 , respectively, the partial pressures are estimated to be 0.37 and
0.18 torr at the approximate plume temperature of 2000 K. When
it is assumed that the quenching rates are proportional to pressure
and independent of temperature or velocity,26 use of the quantum
yields from Table 2 of Ref. 25 indicates a combined quantum yield
of 0.47 due to H2 and N2 quenching. The combined signal reduc-
tion factor from quenching and self-absorption is, therefore, esti-
mated to be (0.47)(1250/2000) D 0.29 at the z D 0.10 cm location.
After applying this correction and a further correction for the ra-
dial linewidth variation, the comparison of DSMC and experimen-
tal data at z D 1.25 cm and z D 0.10 cm leads to the conclusion that
the observed signal at z D 0.10 cm is still low by a factor of 2. The
reason for this is uncertain. One possible explanation relates to the
reduced � uorescence lifetime near the exit plane and the use of a
constant boxcar delay and gate width. Other possibilities include
ASE, larger-than-calculatedmean axial velocity at the exit plane,
and higher quenching rates than anticipated.

Density and Velocity Distribution
The absolute H atom density was computed by extrapolating the

mass spectrometer � ux data at z D 13 cm to a density � gure27 and
applying 1/z2 scaling to connect with LIF data at 8.2 cm, enabling
generation of the absolute density plot of Fig. 5. Only this absolute
density result applies to the right-handY axis of Fig. 5. Using the ra-
tio of densitiesat z D 0.0 and 1.2 cm predictedby the DSMC results
(these data are considered reliable in terms of relative density), a
hydrogen atom density of 1.4 £ 1015 cm¡3 was computed at the exit
plane, on the centerline. A slight underestimate might be expected
due to the extrapolation from 13 to 8.2 cm and because the mass
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Fig. 7 Radial pro� les of peak � uorescence intensity.

spectrometrydetects only the atoms with virtuallyzero radial veloc-
ity. The absolutedensity of the KARNAC resultwas 5 £ 1015 cm¡3.
Because the mass spectrometry concluded that the H mole fraction
was about 40% of the theoreticalprediction,2 £ 1015 cm¡3 is taken
to be the absolutedensity of H atoms at the exit plane,on centerline,
with absolute error estimated at C50=¡40%.

Radial peak signal pro� les, essentially the � uorescence intensity
along several radial cuts with laser frequency tuned to the center of
the spectral transition,are plotted in Fig. 7. Lorentzian � ts gave sig-
ni� cantly better results than Gaussian � ts in most cases, but near the
exit plane (z D 0.10 cm) a combination of Lorentzian and Gaussian
functions was needed for a good � t. It is expected that the radial
density distribution will depend strongly on the radial velocity dis-
tribution function, which is presumed to be Gaussian all along the
radial direction.(It was determined to be Gaussianon centerline;see
Figs. 2 and 3.) Because of reduced temperature and lower quench-
ing rates on the periphery of the plume, the tail of the radial den-
sity distributionwill be enhanced.The use of a Lorentzian function,
therefore,does not seem unreasonable,although it is highly unusual
for the present problem of a radial density pro� le in an expanding
plume. The alternative function cosnµ , where µ is the angle with
respect to the thrust axis and n is 3–5, although commonly used for
this role, did not � t well in the present case.

Self-absorptionof the magnitude described will produce a slight
distortion of the radial pro� le at z D 0.10 cm (see Fig. 7). Fluores-
cence from the far side of the plume undergoesmore self-absorption
than on the near side, leading to an enhancement of signal on the
near side and a shift in peak position of about 1 mm according to
a simple model. The quenching effect will also distort the radial
pro� le, producinga � attened peak. Whereas the z D 0.10 cm pro� le
appears to exhibit a shift in peak position of 0.3 mm, the accuracy
of the measurements does not permit a conclusive determination
regarding the magnitude of a shift or of asymmetry in the radial
pro� le, or even that such anomalies occurred.

Because of the position dependence of the width of the thermal
velocity distribution, direct comparison of the radial peak density
pro� le obtained with the probe laser positioned at the spectral line
center could not be made to the DSMC radial density pro� le. The
radial variation of the spectral linewidth was, therefore,determined
from the dependence of the DSMC velocity distribution function
on spatial coordinate and multiplied on a coordinate-by-coordinate
basis with the experimental peak density to obtain the integrated
relative density at each data point. Laser linewidth was assumed to
be small, relative to spectral linewidth, for the purposeof this trans-
formation. Figure 8 shows the radial density pro� les obtained from
this product of calculated thermal width and measured peak signal.

Fig. 8 Radial density pro� les.

DSMC density pro� les are included for comparison. The effect of
multiplying the experimental data by the DSMC linewidths can be
seen by comparing the pro� les of Figs. 7 and 8. The z D 1.02 cm
pro� le of Fig. 8 is more narrow than in Fig. 7 because the lower
temperature on the periphery results in a smaller linewidth factor
there. The opposite occurs for the z D 3.56 cm pro� le. In each case,
the close agreement between the pure-theory pro� le and that de-
rived by applying the DSMC linewidth factor to the experimental
data strongly suggests that the theoretical results are accurate. The
comparison at z D 3.56 cm is not as favorable as the z D 1.02 cm
case, but the experimental data are noisy there and the pro� le is
asymmetric. It is not clear whether theory or experiment is more
accurate for radial cuts far from the nozzle exit plane.

The DSMC Doppler linewidth predictionsused to generateFig. 8
are plotted in Fig. 9, together with � tted curves. These results were
monitored at several intervals during the computation, which was
performed for a longer period than usual to further reduce statisti-
cal error. The variation in corresponding1ºD data points suggested
that an error limit of several percent may apply to the end result,
when it is assumed that all vital elements have been incorporated
into the DSMC model and that the KARNAC results were appro-
priate. The estimated error limit in Table 2 for 1ºD , at z D 0.10 cm
on centerline, was based on this and model validation results
to date.

The shift of peak signalwhen the laser source traversed the plume
at centerline, 1.2 cm from the exit plane at 39 deg with respect
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Fig. 9 DSMC radial linewidth results, for the fundamental laser
frequency.

to plume axis, was consistent with an H atom axial velocity of
9.2 § 1.3 km/s. Given the large error bar and just a single data point,
validation of the correspondingDSMC result was not feasible. Be-
cause of alignment dif� culties and time constraints, the peak veloc-
ity and axial velocity distributionswere not pursued further.

Summary
Temperature, velocity, and relative density measurements of the

hydrogen atom were obtained in the simulated hydrazine arcjet
plume. As in the case of the NH molecule, comparisons between
experimental and theoretical results were in generally good agree-
ment for a � ight-type hydrazine arcjet, demonstrating the utility
of the DSMC code for applications beyond the hydrogen arcjet.
Agreement between theory and experiment was very good for the
radial density pro� les. Close agreement was also obtained for line-
shapes and the axial density pro� le, except near the exit plane,
where the discrepancy can be large. Spatially dependent quench-
ing and linewidth and velocity distribution broadening reduced the
observedsignalnear the exit plane. In addition, self-absorptionmay
have broadened the lineshape and further reduced the signal in that
plume region.

A positive synergy between experiment and theory has been use-
ful in furthering the fundamental understanding of the arcjet. A
comprehensivepicture is beginningto emerge regarding the atomic
andmolecularenergydistributionfor all availablemodes throughout
the arcjet plume.
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