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Introduction

EVERAL recentinvestigationshave measured the ion tempera-

ture and the full width at half maximum (FWHM) of the ion en-
ergy distributionin a variety of electric propulsion systems.! =3 Sig-
nificant attention has been paid to the apparentdiscrepancy between
the spread in ion energy distributions measured using laser-induced
fluorescence (LIF) and those obtained using other diagnostic tech-
niques. Though the energy and velocity distributions are widely
acknowledgedto be non-Maxwellian, temperatures calculated from
Maxwellian fits to the distributionsare commonly used as a figure of
meritin the comparisonsof distributions ! 3-8 Several explanations
have been suggested to resolve the order of magnitude difference
between the temperature indicated by LIF measurements (a few
electron volts) and the FWHM of ion energy distributions measured
by energy analyzers (tens of electron volts). These include the col-
lecting of crossflowing ions in probes, nonrepresentative sampling
of the velocity distribution by LIF, broadening by multiply charged
ions that are absent from LIF measurements, and collisional broad-
ening by the intrusive nature of probe measurements.

LIF and energy analyzer data were taken at the same location
in the plume of the 5-kW P5 Hall thruster to provide a concrete
comparisonof ion energy and velocity distributions,as well as tem-
peratures from the two techniques. All testing was conducted in
the large vacuum test facility at the Plasmadynamics and Electric
Propulsion Laboratory?’

Theory

LIF

Dual-beam interrogation of the plasma enabled simultaneous
measurement of azimuthal and axial velocity distributions>° The
laser beams are split just downstream of the dye laser, propagate
downstream parallel, enter the vacuum chamber, and pass through
a 10-cm-diam lens.® The azimuthal beam passes through the cen-
ter of the lens and is focused at the interrogation point. The axial
beam passes near the edge of the lens, is refracted at an angle «,
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and crosses the azimuthal beam, focused, at the same interrogation
point. The volume of interrogation, which is defined by the crossing
of the laser beams, is roughly 1 mm?.

A first-order fit to the fluorescence spectrum provides the mean
velocity and temperature in the azimuthal and off-axis directions.
The line-fitting model considers only Doppler broadening of a non-
stationary Maxwellian distribution, which yields a Gaussian line
shape,'® where v, is the line center, M the mass of the ion, and Av),
the FWHM.:

Avp = (Quy/o)[2 fnf(Z)kT/M]% )

The Xe II LIF spectrumof a low-temperaturereference cell is curve
fitted with six Gaussians with identical widths, whose line centers
and relative line strengths are chosen to provide the best fit to the
data.® The fits to determine temperatures have an uncertainty of
roughly £0.1 eV. The mean axial velocity is given by
vy — Vg cos(a)

2

Vay =

4 sin(ar)

where o =9.72 £ 0.04 deg. Because the azimuthal and axial veloc-

ity distributions are statistically independent, the axial temperature
T, is given by the elliptical relationship'!
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or, solving for T,
+ 1:|

where Tk is the temperature of the azimuthal distribution and 7 is
the temperature of the off-axis distribution. The equivalent energy
distribution f(E) for a given component can then be calculated
directly from the velocity distribution f (v), where E = Mv?/2e.
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T, = TR|: “4)

MBMS

The molecular beam mass spectrometer (MBMS) is a time-of-
flight mass spectrometer with a 45-deg parallel plate energy an-
alyzer. Ions pass into the MBMS through a sampling orifice and
enter the 45-deg energy analyzer, which allows only ions of a spe-
cific energy-to-chargeratio to pass throughand reach the detector.!*
This ratio is selected by setting the electric field between the plates
of the analyzer. Sweeping the value of this field yields an entire ion
energy distribution.

The MBMS, unlike LIF, directly records the axial ion energy
distributionfunction. A drifting Maxwellian energy distributionhas

the form!®
[2F
M

1
FE = (4nkTE) xp
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The temperature of the distributioncan be calculated in terms of the
ratio r =/(E1. Ep):
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r—1°

Tlevl= r — ba(r)

E,[V] (6)

where E| , is the energy at the 1/e point of the energy distribution.
The velocity distributionis then directly calculated for each energy
in the distribution.

Velocity and Energy Distributions

Collisionless acceleration of an ion beam tends to cool the ve-
locity distribution along the acceleration axis.!>!* Consider an ion
population with initial bulk velocity u, and velocity FWHM, Au,.
A potential drop U will accelerate a stationary ion mass M to
u, = +/(2eU /M), while ions at the FWHM points of the initial dis-
tribution will be accelerated to

Uy = \/(uo + Aug/2)? + ul

For u, > u,, the FWHM of the accelerated beam is Au;=u, —
u_ = Auguo/u,. Because Aug=2+/[2 0 (2)kTy/M], the ratio of
the final to initial axial temperatures becomes

T/‘/To = (A“/'/A“o)2 = (“0/“:»)2 7
and the Doppler-broadenedaxial linewidth becomes
1
Avp = (2o /) (uo/u.)[2 b (2)(kTo/M)]? ®)

Thus [by use of Eq. (8)], acceleratinga populationinitially at 300 m/s
and 5800 K through 250 V would result in an axial velocity of
19.2 km/s and an axial temperature of 1.36 K. The azimuthal tem-
perature and linewidth remain unaffected by this process.

Values of the ratio of electric field strength (volts per centime-
ter) to total number density (per cubic centimeter), ¢ /N, less than
5 x 107'® (Vecm?) indicate a collisionally dominated flow.!! For an
Xe flow rate of 60 cm?/s and, from LIF, a temperature of 4300 K,
&/N isroughly 8 x 10715 (Vcm?). Thus, the assumption of a purely
displaced Maxwellian distribution is not strictly appropriate.

Electron-ion collisions could occur to restore temperature iso-
tropy. Given an ion density ny, upstream of the acceleration zone,
an electron temperature 7,, and assuming U > T,, the mean free
path for electron-ion momentum transfer collisions A is

| (37 M, U 2eU
A=— ——=— 9
nyo, \ 8 M T, Mu?

o

where M, is the electron mass, o,, is the momentum transfer cross
section, and u, is the initial ion bulk velocity before electrostatic
acceleration!® Forny =1 x 103 cm™ ando,, =2 x 107 % cm?, A ~
0.5 cm, which is of the same order of magnitude as the acceleration
length>'* Thus, some restorationto equilibriumshouldbe expected.

Divergence of the beam within the interrogation spot would also
tend to counteract this cooling effect. Given a divergence angle
0 within the spot and a sufficiently cooled beam so that f(v) =
8(v — u), the divergence linewidth is'!

Avg, = (u,/c)[1 — cos(6/2)]vy (10)

which translates to an equivalent temperature increase, ATy,

ATy = —— 2Ll (2 2 (11)
div — 2&1(2) X ) CoS 5

For example, given the same initial temperature of 5800 K, a po-
tential drop of 250 V, and a beam divergence of 40 deg across the
interrogation spot results in an apparent temperature increase of
3800-9600 K. A 4-deg beam divergence gives an apparent temper-
ature increase of only 0.0038 K or, roughly, the same 5800 K.

Results and Discussion

Figure 1 shows LIF and MBMS data taken 0.1 m downstream
of the center of the P5 discharge annulus with the P5 operating at

300V,5.3 A, anda 6 mg/s Xe flow rate. The three LIF spectra (axial,
azimuthal, and referencecell) in Fig. 1a were taken simultaneously.
Shifts away from the reference cell peak indicate increasing speed.
From curve fits and using Eq. (4), ion temperatures of these data
were 6500, 4300, and 750 K for the axial, azimuthal, and reference
celldistributions,respectively. The differencein axial and azimuthal
temperatures may indicate beam divergence. The LIF axial velocity
distribution peaked at 17.6+ 1.5 km/s [from Eq. (2)]; the corre-
sponding energy distribution peak is at 210 £ 20 eV with a FWHM
of 25 eV.

Though the azimuthal and axial velocity distributions (Fig. 1b)
have roughly the same breadth, the axial and azimuthal energy dis-
tributions (Fig. 1¢) are radically different. The peak of the azimuthal
velocity profile is at —750 m/s, which corresponds to an energy of
0.4 eV. This illustrates that, for roughly the same temperature, the
FWHM of the energy distributionis a function of the energy of the
peak in that distribution. As the bulk ion energy increases, so will
the breadth of the distribution.

Figures 1b and 1c present MBMS data in addition to distribu-
tions calculated from LIF data. Note that there is a second peak in
the MBMS distributions that is not captured in the LIF traces. This
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Fig. 1 Wavelength, velocity, and energy distributions for 1.5-kW P5
operation; data taken 0.1 m downstream in center of discharge annulus.
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may result from elastic momentum transfer or charge exchange col-
lisions. This second distribution is obscured in the LIF spectra by
broadeningand hyperfine structure. For this analysis,only the char-
acteristics of the larger peak in the MBMS energy distribution were
considered.

The MBMS velocity distribution peaked at 18.9 £ 0.4 km/s, and
the energy distribution peaked at 230+ 10 eV corrected for plasma
potential with a FWHM of 20 eV. The bulk axial velocity given
by LIF is 7.4% less than the MBMS peak velocity. This difference
is too great for the uncertainty in angle «. The difference may re-
sult from noise-related fitting errors of the LIF data (potentially as
large as 10% uncertainty, or 1500 m/s), incorrect estimation of the
plasma potential in the MBMS data reduction, chamber effects in
the MBMS data, or a combination of these. Applying Eq. (6) to the
MBMS energy distribution yields a temperature of 2500 K.

Neither axial temperature measurement shows the drastic cool-
ing predicted by collisionless acceleration theory. From Eq. (11), a
divergenceof 35 &= 6 deg, which is consistentwith LIF velocity map-
ping off the centerline of the discharge annulus, yields the temper-
ature measured by LIF. Beam divergence, plasma oscillations, and
electron-neutral collisions may also offset any acceleration cool-
ing, and the measured temperature probably results from a complex
combination of effects.

The MBMS temperatureis roughly 41% of the LIF axial temper-
ature. This difference may result from the non-Maxwellian nature
of the data and/or saturation broadening of the LIF data. Whereas
the scarcity of datain the MBMS peak introducesuncertaintyin the
evaluation of Eq. (5), a distribution with a temperature of 6500 K is
apoor fit of the data. An improved deconvolutionmodel is needed to
increase the accuracy of velocity and energy distributionsmeasured
with LIF.

Conclusions

The spreadin theion energydistributionobtained from LIF datais
comparable to that obtained from MBMS data given the uncertain-
ties in both techniques involved. The ion temperatures calculated
from the two techniques were of the same order of magnitude and
indicate significant beam divergence. The primary differences as-
sociated with these techniques that are stated in the literature are
not actually present. The MBMS is not artificially broadening the
signal due to the collection of crossflowing ions, and the LIF signal
is neither from a sparsely populated electronic state nor from an
interrogation spot too small to capture the velocity profile.
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Nomenclature
A = constantin Stern-Volmer relation
B = constantin Stern-Volmer relation
C = rotor chord
E = Arrhenius activation energy
1 = measured luminescentintensity
p = pressure
R = radial location
Rg = universal gas constant
T = temperature, K
X = chordwise distance
Subscripts
hub = wvalue at hub location
ref = reference value
0 = stagnation value

Introduction

RESSURE and temperature-sensitivepaints have been utilized
for the measurementof blade surface pressure and temperature
in a high-speed axial compressor environment. Four blades were
painted: two with temperature sensitive paints and two with pressure
sensitive paints allowing pressure distributions to be corrected for
paint sensitivity to temperature variations. Pressure maps on the

Received 16 September 2000; revision received 5 July 2001; accepted

for publication 20 October 2001. Copyright © 2002 by the authors. Pub-
lished by the American Institute of Aeronautics and Astronautics, Inc., with
permission. Copies of this paper may be made for personal or internal use,
on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0748-4658/02 $10.00 in correspondence with the CCC.

*Research Scientist, Model Systems. Member ATIAA.

+Engine(—:r, Test. Member AIAA.

*Professor, School of Aeronautics and Astronautics. Senior Member
ATAA.

S Instrumentation Technology Manager. Senior Member AIAA.

IMcAllister Distinguished Professor, School of Mechanical Engineering.
Fellow ATAA.



