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Laser Induced Fluorescence Characterization of 
Ions Em itted from  Hollow Cathodes 

George J. W illiams , Jr.*, Timothy B . S m ith*, M atthew T . Dom onkos*, Karyl J. Shand**, 
Alec D. Gal&more+ and R. Paul Drake++ 

Laser induced fluorescence (LIF) was used to measure the mean and variance of the velocity distribution of xenon 
ions emitted from  two hollow cathode assemblies operating at low power. High-energy ions detected in plume- 
mode and spot-mode operation are consistent with the potential-hill model of high-energy ion production. The 
distributions of velocities were modeled, yielding temperatures on the order of a few eV in plume-mode and one 
eV in spot-mode. LIF of neutral xenon atoms in the plumes indicated thermal temperatures si,@ficantly less 
than the temperatures associated with the ion velocity distributions. 
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Speed of light, 2.998*10’ m /s 
Normalized Gaussian lineshape 
Electron charge, 1.6022*10-rg C 
Electric field strength (V/m) 
Total axial force applied to the gas (N) 
Ion saturation current flux (A/cm2) 
Boltzmann constant, 1.3807*10”3 J/K 
Mass of an electron, 9.1094*10-31 kg 
Mass of an ion (kg) 
heavy particle mass (kg) 
Number density (cm ”) 
radii position (m) 
time  (s) 

Electric propulsion devices such as ion engines ti 
Hall thrusters are emerging as replacements for 
chemical rockets on satellites and planetary probes 
because they use significantly less propellant as a. 
result of their higher specific impulse. Long life, 
orificed hollow cathodes are generally considered to 
be required as the electron sources for these 
propulsion systems.r 

Electron Temperature (K) 
Speed (m/s) 
Distance from  cathode (m) 
Wavelength (rim ) 
Permeability of free space, 47r*lO-’ H/m 
Frequency (l/s) 
Heavy particle mass density (kg/m3) 
Heavy particle collision cross-section (m”) 
Solid angle - 

Severe erosion of electrodes and structures, such as 
the cathode heater, near hollow cathodes operating 
at high emission currents (a few tens of amperes) 
could lim it the lifetime  of these engines.’ A  2000 
hr test conducted at the NASA Glenn Research 
Center (GRC) identified discharge cathode assembly 
erosion as one of the primary potential failure 
mechanisms resulting from  long-term  operation.3 
Employment of a keeper electrode has provided an 
engineering solution for the current NSTAR 
configuration.4 However, a greater understanding of 
the physical phenomena associated with cathode 
operation is required for confidence in further 

WA) Coulomb logarithm  thruster development. 

The cause of this erosion .is believed to be high- 
energy ions produced near the hollow cathode 
orifice. Friedly and Wilber proposed that the high 
energy of the ions (significantly higher than the 
cathode to anode fall voltage) may result Tom 
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production of these ions near the maximum of a 
potential profile near the cathode. The ions would 
be accelerated to high kinetic energies as they 
moved off the potential-hill.5 Data obtained by 
electrostatic energy analyzer (ESA) and by retard@ 
potential analyzer @PA) confirm the existence of 
the high-energy ions and indicate that these ions are 
emitted in a roughly collimated beam away f.Yom 
the cathode.‘.’ 

To avoid perturbing cathode operation and/or 
melting of the probe, Largomuir probe 
measurements are typically not made within about 
0.5 cm of the cathode orifice.’ Because it is non- 
intrusive, laser induced fluorescence (LIF) has been 
used under similar conditions to measure plasma 
properties.6,7,8 LIF is particularly attractive in this 
case because of the small physical dimensions and 
the locally high plasma density (>1014 cme3)5. 
Verification of the “potential hill” model or 
discovery of another means of high-energy ion 
production will provide the confidence necessary for 
development of many electric propulsion devices, 
especially ion engines. 

Theory 

Laser Induced Fluorescence 
Laser induced fluorescence (LIF) is the incoherent 
emission of photons from an unstable energy level 
(electronic in the case ;of xenon or other 
monatomics) populated by the absorption of 
photons from the laser. In general, the energies 
(wavelengths) of the absorbed and emitted photons 
are different. Indeed emission may occur at many 
different wavelengths. 

The absorbing neutral xenon, Xe I, or singly 
ionized xenon, Xe II, will “see” the wavelength of 
the incoming photons shifted by the relative 
motion of the ion in the direction of the photon. 
This Doppler effect is seen as spectral line 
broadening due to the random thermal (Maxwellian) 
or artificial (accelerated) variations in absorber 
motion. It is seen as a potentiahy large Doppler 
shift due to a bulk velocity. In either case, the 
change in photon frequency v is 

Av=v,. ‘ic 
(4 

. 

Xe I and Xe II have natural absorption/ emission 
transitions throughout the visible spectrum. Xe II 
LIF was stimulated at the 5d4D-6p4Po (605.28 
mn) transition, and emission at the 6s4P-6p4Po 
(529 mn) transition was selected for collection, as 
it has the strongest emission available from the 
6s”P” state. Xe I LB? was stimulated at the 
6s’[ l/2]‘--Sf[l l/2] (582.5 mn) transition, and 
emission at the 6~‘[1/2]~-5flll/2] (617.97 and 
617.83 mn) transitions was collected. 

A dual-beam configuration interrogated the plasma. 
This permitted simultaneous measurements of 
radiaI and axial velocity components.g The beams 
were split just downstream of the dye laser as 
shown in Fig. 1. The beam passing perpendicular 
to the axis of the cathode directly measured the 
radial component of velocity and is referred to 
below as the “radial” beam. The other beam 
measured the velocity in the direction of the beam 
which has both radial and axial components. 
Because it was used to determine the axial 
component, it is referred to below as the %xial’ 
beam. The axial velocity component, vA, can be 
deduced from the radial velocity, v,, and the off axis 
velocity, vo, 

v 
A 

= vO - v, cos(a> 
sin(a) ’ (2) 

as illustrated in Fig. 2. 

Assuming statistical independence of the 
temperatures (distributions) associated with each 
velocity component, the true axial temperature, TA, 
can be calculated given the “temperatures” in the 
radial, T,, and off axis, To, directions. This 
assumption yields an elliptical relationship: 

Solving for the axial temperature yields 

TA =TR (3) 

Fluorescence Lineshane Model 
Estimating the temperature required a model of the 
fluorescence spectral lineshape. A first-order 
approximation to modeling the lineshape of the 
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LIP signal was used for this study; a more detailed 
model of the hype&me and isotopic line structure is 
under development. 

Some broadening mechanisms such as natural 
lifetime, collisions, and transit time were neglected 
because of the low density and the small resonance 
time of the excited state. The model considered 
only Doppler broadening which assumes a 
Maxwell-Boltzmann distribution. Averaging over 
the Doppler shift of each velocity component in the 
distribution yields a Gaussian lineshape, 

where Avu is the full width at half maximum 
height (FWHM): 

Xe II LIP data from the low-temperature reference 
cell were fit with six arbitrarily-located Gaussians. 
The line centers and relative line strengths of the 
Gaussians were maintained in all subsequent 
reduction of Xe II LIP data. This provided a fair 
approximation of the temperature, as well as a 
diagnostic for any possible power broadening. 

Similarly, data for Xe I LIP from the reference cell 
were also fit with six Gaussians. This fit appeared 
to agree well with data from different runs and was 
used to reduce all of the Xe I LIP data. 

Centerlines and relative magnitudes for both Xe I 
and Xe II models are given in Table 1. The center 
of the primary Gaussian in the reference cell fit was 
taken as a zero velocity datum. Speeds were 
determined by the shift .in this line incorporated in 
the entire fit. 

Apparatus and Procedure 

- 
Two hollow cathode assemblies (HCAs) were.used 
in this investigation. Both were provided to the 
University of Michigan by NASA GRC. Under an 
agreement with GRC the dimensions of the cathode 
orifices and details of their chamfering are not 
provided here. 
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One HCA was a prototype space station contactor 
with a 0.635 cm diameter hollow cathode. The 
keeper to cathode gap was. 0.2 cm. A cylindrical 
anode approximated the conditions around the 
discharge cathode of an ion engine. The 6.35 cm 
anode diameter was chosen to facilitate comparison 
of data with previous investigations of ion 
.velocities.3*4 Four 7 cm axial slits cut into the 
anode facilitated observation of cathode operation, 
ali,anment of probes, and LIP measurements. Tests 
were performed with and without voltage applied to 
the anode electrode. 

The other HCA was the “AW’ cathode used in 
HCA performance evaluation testing.‘o It 
incorporated a 0.318 cm diameter hollow cathode 
and a keeper plate located 0.4 cm downstream of the 
cathode orifice. The open keeper configuration 
permitted LIF in the cathodeto-keeper gap. The gap 
was increased from the nominal 0.2 cm to 0.4 cm 
‘because the keeper electrode extended several 
millimeters above the cathode and would have 
blocked the “axial“ beam if it had not been 
retracted. This increase allowed interrogation at 
several data points. The physical phenomena 
existing in the gap was expected to be similar 
regardless of the gap length. 

HCA handling and conditioning followed 
procedures derived from experience. with the Space 
Station Plasma Contactor program.‘“*‘l*” These 
procedures ensured the best possible means to 
achieve -similar cathode lifetimes, providing 
continuity to the research effort.. 

The HCAs were operated over a wide range of 
discharge currents and voltages. The principal 
limitations on the output power were the flow 
meter’s maximum flow rate (5 seem) and me anode 
wiring (8 A). Table 2 summarizes the operatin$ 
conditions: The current/voltage settings of tie 
HCAs were chosen to correspond to potential 
applications. However, the high operatiing current 
of a HCA in a space station contactor configuration 
was beyond the capability of the testing facility. In 
general, the operating conditions of the HCA with 
an anode were randomly chosen to present a mix of 
spot and plume modes over the range. of testing 
capability. 

Facilitv 
These experiments were conducted in the Cathode 
Test Facility (CTF) at the Plasmadynamics and 



Electric Propulsion Laboratory at the University of 
Michigan. The CTF has an inside diameter of 60 
cm and a length of 245 cm. A 41 cm diameter 
cryogenic vacuum pump maintained a high vacuum 
in the chamber during testing, with a base pressure 
of approximately 7010‘~ Pa; a cold cathode gage 
measured the pressure. The pump speed on Xe was 
approximately 1500 L/s. The CTF propellant feed 
system was designed and maintained as closely as 
possible to the specifications established in the 
contactor program. 

In all measurements, the laser beams and the 
Langmuir probe were fixed and the HCA was 
moved to permit interrogation of points in the 
HCA plume. Three degas of freedom were 
provided by two 30 cm translation stages (for axial 
and radial motion) and a lab jack with stepper 
motor (for vertical motion). The jack was mounted 
to a plate bolted to rails on the wall of the CTF; 
the axial stage was mounted on the jack, and the 
radial stage was mounted on the axial stage. 

The two translation stages were controlled and 
monitored via a computer. Resolution was on the 
order of 0.025 cm for both stages. The jack was 
controlled manually, with a HeNe laser facilitating 
alignment. Resolution on the slow-moving jack 
was about 0.05 cm, corresponding to the laser spot 
size. 

Laser and Ontics 
An argon-ion pumped Coherent dye laser (899-29 
model) was used with RhodaminedG dye. Typical 
power was 0.25 W at 605 nm and 0.35 W at 582 
nm. The laser wavelength was varied over 0.024 
nm (20 GHz) in 0.061 pm (50 MHz) increments. 
This scanning and the synchronized data collection 
were computer controlled. 

Because of the large natural fluorescence at both 
529 and 618 nm: the laser beams are chopped in 
order to phase-lock the laser induced fluorescence. 
In order to distinguish velocity components, the 
“axial” beam was chopped at 1000 Hz while the 
radial beam was chopped at 880 Hz. About 10 
percent of the radial beam was split off downstream 
of the chopper and passed through the center of a 
hollow cathode in a Hamamatsu opto-galvanic cell 
with Xe and Ne gases. The voltage applied across 
the opto-galvanic cell determines the plasma 
density and temperature: A dell voltage of 150 V 
produced an optimal LIF signature for Xe I, while 

330 V gave a strong Xe II signal. A Chromex 0.5 
m monochromator with a Hamamatsu 928 photo- 
multiplier tube (PMT) collected the fluorescence. 

The laser and optics shown schematically in Fig. 1 
are located in a controlled atmosphere/low-dust 
enclosure. The beams are delivered to the CTF and 
then to the cathode as shown in Fig. 3. The 
fluorescence from the cathode plume is collected by 
a small HlOll Spex monochromator with a 
Hamamatsu 928 PMT. 

Operational amplifier circuits converted the PMT 
current signals to voltage signals. Lock-in 
amplifiers then isolated the fluorescence 
components of these signals, separating the CTF 
“axial” from the radial component. The Coherent 
899-29 Autoscan software collected and matched the 
laser frequency to these signals. A Burleigh wave 
meter on loan from NASA GRC was used to verify 
the frequency of the laser. 

Laser alignment was accomplished in two stages. 
A 0.0125 cm diameter Tungsten wire cross hair 
was placed 6 cm downstream of the keeper to 
facilitate rough ali,gnnent. The focal volumes of 
the two laser beams were overlaid on the cross hair, 
which was within 0.1 cm of the cathode orifice 
centerline. Fine alignment consisted of 
minimizing the radial Doppler shift (zero radial 
shift being centerline) and maximizing the signal 
strength of the “axial” Doppler shift. 

Langmuir nrobe 
A flat Langmuir probe with a 0.0125 cm diameter 
tip was used to measure plasma properties, 
especially plasma potential. Because severe erosion 
of a guard ring on the probe was observed in 
previous experiments, no conductor was placed on 
the external surface of the 0.075 cm diameter 
alumina insulator on the probe electrode. 

Langmuir probes are subject to four “sheath” 
effects: deviation from quasi-neutrality, plasma 
density perturbation, ion energy depletion, and 
electron enera perturbation.13 The significance of 
these effects depends on the mean-free-path, h,, of 
the plasma, which is estimated from Larggnuir 
probe data. Previous measurements with a similar 
probe show that the mean free path of the plasma 
varies from 4.0 cm to roughly 40 cm. The sheath 
thickness will be on the order of 5.10” cm. Since 
the probe diameter and sheath thickness are much 
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less than the mean free path, these sheath effects 
can be neglected. 

The tip of the Langmuir probe was fixed 3.5 cm off 
axis from the interrogation point of the lasers. The 
cathode (was moved back and forth, permitting 
interrogation by either the laser or the probe at the 
same point along the cathode axis. The probe was 
oriented normal to the axis of the cathode. 
Alignment ,with the cathode centerline consisted of 
maximizing the measured electron number density, 
which was, calculated in real time by the data 
acquisition software. 

Results 

Because the LIF signal strength was optimized at 
most points of interrogation, the data is presented 
in a self-normalized format. PeriodicaIly, a 
polarizer was used to vary the power of the laser 
beam upstream of the first beam splitter %-a check 
for saturation and power broadening. No saturation 
or power broadening was observed. 

l/4” Contactor HCA Ion Data 
Figure 4 shows fluorescence data collected during 
an LIF interrogation 5 mm downstream of the 
keeper of the Contactor HCA operating in a 6 A 
spot-mode. The trends in Fig. 4 were typical of data 
taken at all locations and operating conditions of 
the Contactor. The slight offset of the radial signal 
indicates that the point of interrogation was 
slightly above the centerline of the cathode orifice. 
The effects of this were taken into account -in 
reducing the axial component of the velocity via 
Eqn. 2. The relatively well-defined peaks facilitated 
the calculation of bulk speeds. However, 
uncertainty in the angle CI between the two laser 
beams yielded a ten percent uncertainty in axial 
speeds. 

Figure 5 gives the centerline axial velocity 
components for the four Contactor operating 
conditions. Note that there was a significant rise in 
the velocity of the ions a few centimeters 
downstream of the keeper face in all cases. No 
variation in axial speed +.0.5 and 1.0 mm off 
centerline was observed. This symmetry existed in 
both plume and spot modes. 

The radial velocity was roughly 500 m/s in all 
spot-mode cases’and varied from-600 to 950 m/s in 

plume mode. The trend of small, roughly constant 
radial velocities suggests that there was a slight 

‘.&i,onmeht error since the radial velocity should be 
identically zero on centerline. If the HCA was at 
an angle, the radii velocity should vary with axial 
position. This slight misalignment introduced a 
negligible error in axial speed measurement. 

While the magnitudes of each distribution are 
normalized, the line widths reflect the actual spreads 
in the ,data. Note that~ much of the structure 
.observed in the reference cell signal is not present 
in the HCA data. Significantly reducing laser 
power in each beam did not reduce the line widths 
and did not reveal more structure. Reducing the 
lock-in time constants and increasing the time of 
the laser scan also had no effect. 

The temperatures associated with each of the three 
signals, were calculated by the model described 
above. The fits are shown in Fig. 4 as dashed lines. 
Failure of the model to fit more closely in the 
wings may result from the non-physical nature of 
the model, a non-Maxwellian distribution of ion 
velocities, noise amplified in the normalization, or 
some combination of these. 

Figure 6 .gives the temperature associated with the 
axial and radial measurements. The error bars 
reflect a ten percent uncertainty in fitting the data 
by hand. The values for spot-mode operation are 
roughly constant, varying between 0.5 and 1.5 eV. 
In plume-mode, the axial temperatures are larger 
and decrease si,@ficantly with axial position. The 
narrowing of the profiles most likely resulted from 
the migration of lower-energy ions from the 
centerline, leaving a narrower distribution of 
higher-energy ions. 

l/8” AR3 HCA Ion Data 
Figure 7 shows fluorescence data collected during 
an LIF interrogation 0.5 mm downstream of the 
keeper of the AR3 HCA operating in a 1.5 A 
plume mode. These data show typical trends for 
the AR3. The slight offset of the radial signal has 
been eliminated. As with the Contactor, the 

. relatively well-defmed peaks facilitated the bulk 
velocity calculations. Plume-mode LIF signal 
strengths were. comparable to those of the 
Contactor; however, the spot-mode signals were 
much weaker. 



Figure 8 gives centerline bulk axial speeds for the 
AR3 at various operating conditions. Ions moving 
towards the cathode orifice were consistently 
detected with energies of a few eV. 

Figure 9 gives the temperatures associated with the 
axial and radial velocity distributions. Note that the 
axial velocity magnitudes were significantly higher 
than the radial. 

Neutral Tempemtures 
Potentially, the temperature of the HCA plume can 
be approximated by the ion temperature. As an 
alternative, the tempemture of neutral xenon, Xe I, 
was measured using LB?. 

Figure 10 shows a typical Xe I LIF scan of the 
AR3 in plume-mode. Note the virtual overlap of 
the radial, axial, and reference profiles, implying 
that the bulk velocity of the neutrals was very 
small. The neutral signal was very strong in 
plume mode and very weak in spot mode. 

Table 3 gives neutral temperatures at the exit plane 
of the AR3 cathode. These temperatures were 
nearly an order of magnitude below the radial ion 
temperatures. The temperatures dropped by fifty 
percent a few millimeters downstream of the 
cathode orifice. 

Lanamuir nrobe 
Langmuir probe data were taken during operation of 
the AR3 HCA. The Langmuir probe measured 
floating potential, plasma potential, electron 
temperature, electron saturation current, and 
electron number density; these data were reduced 
graphically. 
Data were taken during similar previous Contactor 
HCA operation. Quantitative comparisons between 
that investigation and the present one may not be 
accurate. Contactor HCA data are presented for 
qualitative comparison only. 

Of particular interest to this investigation is the 
plasma potential, which should directIy reveal the 
presence of a “potential hill.“’ Figure 11 gives the 
plasma potential for several of the AR3 operating 
conditions and a couple Contactor operating 
conditions. The potentials varied, but there is no 
indication of a pronounced peak. 

Discussion 

The physical mechanism leading to ions traveling 
away from the negative electrode with energies 
greater than the discharge voltage is unclear. One 
theory posits the existence of a potential-hill 
downstream of the cathode.14 In the region of this 
hill, electrons emitted by the cathode ionize the 
neutrals. The secondary electrons created by this 
ionization are able to escape but the heavier ions 
accumulate, inducing the potential-hill. Once the 
hill has started to develop, the potential continues 
to grow, establishing a state between ion ejection 
and trapped secondary electrons.‘4 

The velocities at which ions escape from the hill 
away from the cathode are determined by the Bohm 
condition for a stable sheath.14 Assuming both 
primary and secondary electrons, the Bohm velocity 
is 

u, = 

where 

\K 

kT, %n + nep 

I ! 

’ kTe n (5) 
mi n 

em + 2eV, ep 

7 

n = n,~exp 0, - VJ 
em 2” [ 1 kT, 

and 

Either the peak potential or the velocity must be 
measured. The peak voltage, predicted to increase 
with electron temperature and to decrease with flow, 
is expected to be in the tens of eV for cathode 
operation. The current flowing back to the cathode 
has been found to be small.‘” 

Table 4 gives potential peaks necessary to achieve 
some of the measured ion velocities. These values 
assume all of the ions were created at the peak of 
the hill. They are, therefore, lower limits on the 
peak potentials. 

An alternate explanation of the high-energy ion 
production postulates an MPD effect.” In this 
model, the high-energy ions are accelerated by a 
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self-induced magnetic field in much the same way 
ions are accelerated in an MPD thruster. 
Considering the electrode diameters to be those of 
the cathode and keeper orifices, the electric field 
would have a significant radial component. A self- 
induced azimuthal magnetic field would result from 
the ion motion. This effect would be charactetied 
by an almost instantaneous acceleration (jump) to a 
high velocity. The acceleration is provided both by 
the crossing of the radial arc current with the self- 
generated magnetic field and by axial components 
of the arc current crossing with the azimuthal 
magnetic field, yielding a radial gradient in the 
gasdynamic pressure.16 These two effects can be 
&e-orated over the cathode face, yielding 

F.= + 
2 

4n LO 1 ln4 +3 
rc 4’ (6) 

For a flow rate on the order of 1 seem and a current 
of 6- A, the exit velocity would be on the order of 
0.075 m/s. Indeed, an upper bound to the exhaust 
speed derived from the magnetic field is 

(7) 

For 6 A, this yields a limit of roughly 5 m/s. 
Thus, even though the data may qualitatively 
suggest this mechanism, it seems to have 
negligible impact. 

l/4” Contactor HCA 
The Contactor data was consistent with a potential- 
hill located downstream of the keeper. In most 
cases, it would have to be within the first 2 mm. 
However, the 6 A plume-mode case indicates the 
presence’ of a hill roughly 10 mm from the keeper. 

The observation of higher-energy ions in both spot- 
mode and plume-mode is consistent with several 
previous investigations.‘*“.6.‘7 As expected, ‘the 
peak energy is higher for the ions generated in 
plume mode (higher electron temperature and lower 
flow rate for the same current). The relative axial 
peak locations are also consistent with previous 
Langmuir probe measurements.‘” 

The low velocities near the’ keeper may indicate a 
pre-acceleration region very near the keeper orifice. 
This phenomenon may result from the very high 
density of ions near the orifice in spot-mode. 

The temperatures are lower than those observed 
using different techniques.‘.5 In general, this 
investigation would tend to lend itself to over- 
predicting rather than under-predicting the width. 
Saturation, power-broadening, poor spatial 
resolution, and timeconstant smoothing would all 
tend, to broaden the width. While these were 
actively avoided via periodic variations in laser 
operating conditions, their absence would not tend 
to artificially narrow the spectrum, 

l/8” AR3 HCA 
With the exception of the 0.5 A operating 
condition, there was no evidence of a potential hill 
in the cathode-keeper gap. The small speeds 
measured at the cathode exit plane in the 0.5 A case 
may result from a slight misalignment. 
The absence of a peak in the spot mode data may 
result from low-power operation. In plumemode, 
failure to detect a hill might result from a peak 
downstream of the keeper. The extended gap might 
also affect the high-energy ion production. 

Neutral temneratures 
To ‘lend physical foundation to the LIF-measured 
neutral particle temperatures, a theoretical model 
was developed to predict the heavy particle 
temperatures in the hollow cathode. Salhi22 first 
derived this model for the radial distribution of 
heavy particle temperatures from a discussion of 
equipartition in a two-temperature plasma in 
Spitzer.“3 The neutrals are assumed to equilibrate 
with the ions over length scales much shorter than 
the dimensions of the cathode. -Consequently the 
heavy particle temperature distribution is modeled 
by solving the one-dimensional, t imedependent 
heat transfer equation 

f&,dTl _ dT, 
Y dr dr -- PC,x. 

The time derivative is defined according to 
Spitzer? 

dT_T-T, 
dt - tey ’ 

where t”4 is the equipartion time. Spitie?3 reports 
the convenient form of the equipartion time as: 
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The thermal conductivity was calculated using the 
mean free path method,“.% 

and the density and specific heat were rewritten 
using the kinetic description”’ 

(10) 

The model by Mandell and Katz” was used to 
obtain estimates of the electron temperature and 
number density within the orifice. The predicted 
number densities varied from 5 x lOI to 1 x 10’” 
cmF3, and the number densities ranged between 1.8 
and 2.3 eV. The boundary conditions for the 
differential equation were zero radial temperature 
gradient on axis and heavy particle temperature 
equal to the wall temperature at r=rO. 

When solving for the radii heavy particle 
temperature profile, sharp gadients were obtained 
near the wall at number densities well below those 
predicted using the model in.2s As shown in Fig. 
12, the heavy particle temperature equilibrates with 
the electron temperature away from the wall of the 
orifice. The conditions used to generate Fig. 12 are 
significantly less favorable for equilibrium than 
those predicted using the orifice model or even 
those measured in the insert region.‘” The 
temperature gradient near the wall made the 
solution of the differential equation unstable at the 
electron temperatures and number densities expected 
in the orifice region. As a check of the hypothesis 
that the bulk of the heavy particles are in 
equilibrium with the electrons, the relation 

which determines the deviation between electron 
and ion temperatures, was evaluated using an 
estimate of the field strength in the orifice, and the 
results showed approximate equality between 
electron and ion temperatures for the conditions in 
the orifice of the hollow cathode.‘2 Consequently, 
the experimentally determined ion and neutral 
temperatures reported here were physically justified. 
The authors point out that this prediction may not 

be valid for plume mode characteristics due to the 
large transients in the plasma which are not taken 
into account in this derivation. However, this 
model predicts the experimentally observed trend 
that the heavy particle temperatures increase in 
plume mode due to the elevated electron 
tempemtures.q 

Lamznuir nrobe 
The plasma potentials measured in the cathode 
keeper gap agree with the LIF data. No potential 
peaks were detected with either diagnostic. 

It is possible that the failure to detect a potential 
hill both in and beyond this gap resulted from 
misalignment of the probe with the center of the 
cathode orifice. However the relatively large region 
in which this peak should be detected (across the 2 
mm cross-section of constant velocity) would tend 
to mitigate against this. 

Conclusions 

Laser induced fluorescence was demonstrated to be a 
viable technique for interrogating the ion plumes of 
hollow cathode assemblies. The multiplex 
technique permitted repeatable, reliable 
measurement of ion speeds up to several 
centimeters downstream of the HCA. 

The LIF data tends to support the “potential-hill” 
theory of high-energy ion production in HCA 
operation. This is especially true for plume-mode 
operation, even though no peaks were detfzcted with 
the Langmuir probe. The relatively smalI 
temperatures may result from the first-order model 
used to reduce them. However, they may also 
indicate that the broader distributions observed in 
other investigations result from doubly or singly 
charged ions, collisional broadening, or integration 
of off-axis ions. This would be consistent with 
(but not necessarily supported by) other 
investigations which illustrate these effects.1g*‘o.21 
A more accurate model of the ion energy 
distribution has been developed.“’ 

The difference in Xe I and Xe II temperatures may 
indicate that the ion velocity distribution was not 
an accurate indication of the ion temperature and/or 
that Xe I and Xe II were not in thermodynamic 
equilibrium. The observed temperatures, when used 
in an equation of state, were consistent with the 



internal cathode pressures observed during 
operation. 

Finally, the observation of ions being accelerated 
back towards the cathode orifice indicate that this 
LIF technique will be of value in mapping the ion 
velocity profiles near the exit of the discharge 
cathode of an ion engine. That investigation will 
take place in the near future. 
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