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Because of the large mass, low fiist ionization potentiat  and large electron impact ionization cross-seetion,
it has been suggested that use of Buckminsterfullerene  (Cm) as a propellant might result in significant increases in
ion engine efficiency over that obtained with xenon at low specific impulse. Bezausc  fullerencs  dcxompose  at an
appreciable rate when exposed to temperatures greater than 800° C, it is desirable to eliminate hot cathode surfaces so
testing of fullcrcnc  propellant was conducted using a RF ion engine. The RF engine was successfully operated using
xenon; however, it was found that when the number flow rate of fullcrene-to-xenon  cxcectted 1 -to- 16 the discharge
would quench. The reason for this is that fullerencs  have a large cross-wxtion  for electron attachment and a
comparison of rate factors for positive and negative fullcrene  ion production shows that an electron temperature
greater than 10 CV is nested to sustain a fullcrem  discharge. Time-averaged Langmuir  probe data show that electron
energies greater than this arc obtaind in the RF engine when it is operated on xenon. However, when fullcrencx are
added to the discharge high energy chxtrons  beeome depleted and the disehargc  quenches when enough fullcrenc is
added. Thus, conventional RF thrusters arc unsuitable for operation on ful]crenes.
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Because of the large mass, low first ionization
potential and large electron impact ionization cross-
scction, it has been suggested that use of
Buckminsterfullcrenc  (Cm) as a propellant might result
in significant increases in ion engine efficiency over
that obtained with xenon for missions requiring specific
impulse in the 1,000 to 3,000 s range [1,2]. Since
1991, three groups [3-5] have reported on the
dcvclopmcnt  of ion thrusters which utilize fullerencs  as
a propellant. Anderson and Fitzgerald [3], and Hruby et
al. [4] both successfully sustained fullcrcnc plasma arc
discharges using thoriated tungsten filament cathode ion
sources. Anderson and Fitzgerald were able to extract
beam currents between 2 and 3 mA from their device
with a net accelerating voltage of 1.9 kV and a
minimum disehargc  voltage of 22 V. They confirmti
the prcsencc  of fullercnc ions by mass spectral analysis
of the extracted ion beam. Hruby ct at. detected fullerene
material dcpositui  on optical surfaces using Fourier
transform infrared (F’I’IR) spectroscopy. Both of these
groups reported substantial erosion of the filament
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cathodes used in their dcviccs that ultimately resulted in
cathode failure. The presence of a significant quantity of
toh.rene-insoluble  carbonaceous material was observed in
the effusion cell by both groups after heating.

Hruby ct al. carried out tests of fullerene
material compatibility with stainless steel,
molybdenum, atumina,  boron nitride, aluminum nitride,
and quartz. They reported that no reaction of the
fullcrencs  crecurred with any of these materials, but
chose quartz for their discharge chamber with
molybdenum and stainless steels grids. Anderson and
Fitzgcratd  used twth graphite and stainless steel sources
and stainless steel grids. In both sources, notable
degradation of the propellant molcculcs  at high
temperature was confirmed by IWR spectroscopic
analysis of the powder rcnlaining in the effusive cell and
on the watls  of the discharge chamber. However, mass
spectral analysis of the ion beam did not indicate the
presence of C2 fragments which would be expcetwl fmm
cdlisionally  dissociate fullcrenes  [6].

Horak  and Gibson [7] operated a eommcreially
available Kaufman ion source with fullcrenes for ion
assisted deposition applications. They were able to
sustain a discharge for 30 minutes while extracting a
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50-100 f.tA/cm2  beam of fullcrcnc ions. ‘lhcy reported
that approximately 10% of the initial mass of C@ was
rccovcrcd  from the. d ischargc chamber as a mixture of
graphitic  carbon and fullcrcnc.

Takcgahara and Nakayama [5] have reported an
unsuccessful attempt to establish an RF-generated
plasma using fullcrcncs.  They found that their quartz
discharge chamber wall tcmpcraturc was too low,
resulting in condensation of the fullcrcnc propellant.
Takcgahara  and Nakayama  obtained FIUR absorption
spcctrrr of their Cm powder both before evaporation and
after cmdcnsation.  If normalized, their spectra indicate
a loss of material similar to thal  observed by Hruby et
al, and Anderson and Fitzgerald.

The observed degradation of fullcrcncs  in these
reports is a concern because the carbon residue could
clog hollow cathodes and propellant fczd lines. Flakes
of residue could also short out the optics system grids
[8]. In addition, decreased thruster efficiency duc to
extraction of an ion &am with a distribution of charge-
to-mass ratio would result from extraction of ionizd
fullcrcnc  fragments. Since fullcrencs  became available
in macroscopic quantities in 1991 [9], there have been
several experimental studies of the Urcrmal stability of
C60 [10-12]. Frum ct al, [13] observed thermal
degradation of c60 heated to 1223 K while studying its
infrared emission spectrum, while Sundar ct al. [12]
observed that solid C60 decomposes into amorphous
carbon upon heat treatment beyond 993 K for 24 hours.
Lcifcr ct al. investigated solid state fullcrenc
decomposition kinetics [14]. Fullcrene  degradation is
attributed to solid-state unimolccular  decay with an
activation energy of 266 kJ/mol  over the temperature
range from 1073 to 1173 K. Thus in order to avoid
significant propellant degradation, thruster operating
temperatures must be maintained below approximately
1073 K,

To avoid the prcscncc  of high temperature
hollow cathode which typically operate at tcmpcraturcs
in excess of 1300 K, an RF discharge chamber similar
to that of Takcgahara and Nakayama [5] was
constructed. An Eni Power Systems 13.56 MHz RF
power generator (model 600A) and impcdancc matching
circuit to rcducc rcflcctivc  RF 10SSCS from the engine
were used. A schematic diagram and a photograph of the
RF thruster assembly arc shown in Figs. 1 and 2,
respectively.

The RF thruster, shown in Fig. 1, has a two-
grid optics system and is mounted inside a 90 cm
diameter by 150 cm long vacuum chamber capable of
maintaining a no load pressure in the 10-4 Pa (10-6
Torr) range. The molybdenum grids are spaced 1.3 mm
apart and have 331 matching 2.4 mm diameter holes
with ccntcr-to-ccntcr  spacing of 3.0 mm for an open
area fraction of 0.29. The discharge chamber is cncloscd

at the downstream cnd by the optics systcm,  along the
diameter by a 70 mm diamclcr, 70 mm long quartz
VCSSC1 and at the. upstream cnd by a quartz crucible.
Wrapped around the quartz vessel is a 7 turn RF coil,
made from 6.3 mm diameter copper tubing, which
induces an alternating azimuthal ehxtric  field. To avoid
fullcrcne. condensation a heater wire, placed inside the
RF coil tubing, is used to control the discharge chamber
wall temperature.

The  acce le ra to r  g r id  b ias  supp ly
(100 mA D. C., up to 2.0 kV) is used to bias the
accelerator grid negative with rcsfxxt  to ground. The
screen gl id, which provides the discharge chamber
rcfercncc  potential, is biased positive with respect to
ground by the screen grid bias supply (100 mA D.C.,
up to 2.0 kV). The matching circuit located adjacent to
the RF engine is used to match the load impedance to
the 50 Q RG-213 coaxial transmission line. RF
power is supplied by an Eni Power Systems 13.56
MHz RF power generator (model 600A).

The quartz crucible located at the upstream end
of the discharge chamber is used to store fullcrcncs.
when heated the fullcrcncs  sublimate and effuse into the
discharge chamber. A small fraction of the fullcrcnc
mass flow in directed toward a water cooled Inficon
model XTM/2 quartz crystal micro-balance (QCM).
Real-time measurement.s of the rate at which fullcrencs
condcnsc on the QCM can be correlated to the actual
mass flow of fullcrcncs  into the discharge chamber
through a calibration constant.
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Fig. 1 Schematic diagram of fullcrenc  RF thruster

A photograph of RF ion thruster mounted in
the vacuum facility is shown in Fig. 2. The thruster
coil is obscured by the presents of a stainless steel
ground screen. A tungsten filament, used to start the
RF discharge, can be seen in front of the accelerator
grid. The. discharge is initiated by heating the filament
to thcrmionic emission tcmpcraturcs  and biasing both
the scrccn and accelerator grids positive to draw

2



clcarons into lhc ciischargc chamber while. K}; power is
being supplied. Once the cii.schargc has txzn ignited,
the, accclc.ralor gri(i is bia.scd ncgalivc to cxtracl ions and
stoi) ctczoons from backslrcarning  into IIIC discharge
charnbcr. At this point the filament can bc left on 10
pr-ovi(ic beam neutralizing clcchxms or it can bc turned
off and beam ncutrali~.irrg electron can bc provi(ic from
the vacuum tank wails.

l;ig. 2 Picture of l-t]”; Thruster

‘t’hc quartz crucible used to store and evaporate
fuilcrcncs is shown in I“Jig. 3. “1’hc  crucible has a 6 mm
diamclcr’ tube fused to a coaxiai 25 mm diarnctcr hrbc in
which fuiicrcnc  powder is place.d. The ccn[cr hrbc is
used to introduce test gases, such as xenon, in[o the
discharge chamber. The flanged-crrd of the crucible
atlachcs 10 the upstream cnd of lhc disc. hargc charnbcr.
A dam blocks lhc trd(om haif of the crucible 10 prevent
fullcrc.nc spillage. This photograph was obtainczt after a
preliminary test where the ftangcd-cnd of the crucible
was not heated. Ilc material at the flanged-end of Lhc
crucible is cmrdcnscd fullcrcnc while the material behind
the quarlz. dam, which was heated, is amorphous and
graphi[ic carbon residue. The smail trrbc Iocatcd
slightly upstrcarn of Lbc dam is u.scd to dire.ct flow to
Lhc Q(:M sc.nsor locatcci approximate.iy 70 mm away
from the crucibic.

Crucible Wnpcralurc  was monitorrd using a
lhcrmocouplc rnountc.d near the (iam on the ouLsidc  wal I
bctwccn the quart~. and a hc.atcr which surrounds the
crucibic. ini(ial  calibrations of crucible tcmpcraturc
w e r e  conduclcd  with lhcrmocouplcs  altachc(i to t h e
insicic walls as well as at the monimring location. ‘1’hc
tcmpcralurc on the inside of lhc crucible was

approximately 40 to 50 K lower than lhc lcmpcralurc
mc.asurcxi at the nmnitoring location.

l:ig.  3 Quartz Crucible

In addition 10 calibrating lhc crucible
tcrnpcralurcs,  discharge chamber wail tcmpcrakrre was
calibrated as a function of heater power. 7’o avoid RF;
intcrfcrcrlcc wilt) the thcr-mocoupics, the. discharge
chamber tcrnpcraturc was not monitortd  during
c.xpcrimcrrts.  Although the discharge chamber wall
[cmpcraturc was not nlonitorcd during tcs(ing, a
rcasonabic cstima~c of the tcmpcraturc  could bc obtained
from the power being supplied to the chamber. I’hc
ohjcctivc during most cxpcrimcnts was to keep the
discharge chamber tcmpcrahrrcs bctwccn 873 anti
1073 K. This required providing bctwcerr  250 and
450 W of heater power. ‘i’hc crucible and the [iischargc
charnbcr arc not isoiatcd thermally; as a rcsull, the
power input to both bcalcrs  infiucnccs the tcmpcraturc
of the whole syslcm,  Typicail y, the tcmpcraturc varied
by up to 100 K from hottc.st to coi(icst point in the
discharge chamber-crucibic  systcm.  Ihc oplics systcrn
was not heated dircztiy and the scrccrr grid was typically
atxmt 200 K colder than lhc hottcsl spot in the sys~cm.

‘tlrc lhcrmai calibrations were done with out
RI; power applied LO I.hc systcm; however, the. RI:
power wit] inftucncc the systcrn tcmpcraturc.  It is
rrotcxi Lhat a Iargc fraction of the RF: power also goes
into heating ~hc chamber either from plasma (ii ffusion
to the wntls, ra(iiation to the walls or eddy current
hca[ing of the gri(is. “1’hcrcforc,  [hc power ICVCI tO
maintain the discharge chamber tcmpcra[urc  is
cs.scntially the sum of the resistance healer power and
the RF power.

‘Ihc QCM  is water cooled ar)(i Lhc tcmpcralurc
of the (JCM hoi(icr was found to bc below 3(X) K
during all cxpcrimcnts which is colci enough LO kcq
fullcrcncs from sublimating from the QCM.  Ikcausc



the geometry of the cxpcrimcntal  apparatus does not
change during a particular cxpcrimcnt,  it is assumcx!  that
the fraction of the flow impinging on the QCM remains
constant as the flow rate and RF thruster tc.mpcraturc
vary. The systcm is taken apart between runs to
resupply fullcrcncs  to the crucible resulting in sligh(
variations of alignment bctwcx-m  the crucible and QCM
from run to run; thcrcforc,  calibration constants arc
obtained for each run,

The calibration constant for total flow rate was
dctcrmincd  by weighing the fullcrene-filled crucible
before and after heating 10 find the total mass of
evaporated material. This quantity was then dividd by
the total accumulated mass on the qcm crystal to obtain
the calibration constant C where

.

J“ dt‘qcm
T

(-q, 1)

where AM is the total mass sublimated from the

crucible, m and is the mass flow condensing on theqcm
qcm and tk integration is over the time T during which
fullcrcncs were flowing to the qcm. The actual mass

flow rate to the discharge chamber m is

m= (c-1) m
qcm “ @q. 2)

For typical cxpcrimcnts  C is on the order of 8,000.

MkiL&.wr imcnts  with RF Ermi~

To verify that a discharge could be sustained and to
obtain data on the thruster operating characteristics, the
RF engine was first operated using xenon as the source
gas. Shown in Fig. 4 is the extracted beam current as a
function of RF power for total and net accelerating
voltages of 2.5 and 1.5 kV, respectively. The two
curves shown correspond to flow rates of 0.25 and 0.15
mg/s. ~c maximum xenon ion current (space-charge
lirnitcd)  which could be cxtractcd  through the optics
systcm  was 42 mA. The minimum beam-ion energy

COSL for the higher flow rate case was found to bc
approximately 2,600 CV per &am ion. The efficiency
of this engine could be improved significantly if the
existing grids were rcplaccd  with a high open-area
fraction, high pcrvcance optics system. However, since
the goal of these tests was to determine if a fullcrcnc
discharge could be sustained, the cost of a better optics
systcm was not felt to be justified. In addition, higher
efficiency could be achicvcxt  for a smaller surface-to-
volumc  ratio discharge chamber which reduces diffusion

losses. T“hc small size of Lhc discharge chamba  was
chosen because limited quantities of fullcrcne  (a few
gm) were readily available. With the small thruster size
ksts lasting on the order of 1 hr could be run with less
than a gm of fullcrcnc.
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Fig. 4 Extracted Beam Current vs. RF Power

Based the operating characteristics of the RF
thruster operating on xenon, estimates of cxpcctwt
operating characteristics with C60 were made, The
space-charge lim itcd C60 current for the optics system
operating with net and total accelerating voltages of 1.5
and 2,5 kV, rcspcxtivcly,  is about 18 mA. The cross-
scction  for positive ion formation of Cm is an order of
magnitude larger than that for xenon [15, 16]; thcrcforc,
the number density of fullcrcnc  required to sustain a
discharge. comparable to that obtained with xenon is an
order of magnitude Iowcr. Because C@ has a mass of
720 a.m.u.  compared to 131 a.m.u.  for xenon, the
fullercnc  mass flow rates expected to produce
comparable plasma densities to those obtained at the
xenon flow shown in Fig. 4 are .013 and .008 mg/s.

Shown in Fig. 5, is a plot of fullerene  mass
flow rate into the discharge chamber as a function of
time. As seen in Fig. 5, fullcrcnc  flow rates greater
than .20 mg/s  (1.1 mg/s of xenon would be required to
provide the same number flow rate) were provided to the
engine for -7.5 minutes. Bctwccn 300 and 600 W of
power was provided to the thruster during this run so
the wall tcmpcraturc  should have been over high enough
to keep (:60 from condensing. Repeated attempts were
made throughout this test to ignite a fullcrene  discharge
with from 10 to 300 W of RF power being supplied to
the engine; however, a sustained discharge was not
achicvcd.  Additional testing conducted by starting a
xenon di.schargc and then adding fulkrencs  to the xenon
flow was performed. During this testing it was found
that when the ratio of fullcrene to xenon neutrals
cxcccdcd 1: 16??(data  from 8-28-94), the plasma
extinguished. This result led to suspicion that C60
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anion formation was responsible for quenching the
plasma.
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Fig.5 Fttllerene Mass Flow Ratevs.  Time

Onc diffcrcncc bctwccn  C60 and noble gas
propellants is that C60 has a large cross-section for
negative ion formation, even at electron energies as
high as 14 CV [17-19). Duc to the large cross-section
for anion formation, electron attachment can dominate
over positive ion formation for a low energy electron
group. If this occurs, the Cm behaves as an electron
scavcngcr and the discharge can be quenched. Because a
discharge in the RF thruster must be self sustaining, the
positive ion formation rate must cxcccd  the anion
formation rate. The electron energy distribution in a
typical RF discharge has a Maxwcllian  group and a
higher energy electron group [20]. It is recognized that
the high energy electrons contribute to cation formation
and not to negative ion production. Therefore,
computation of negative and positive ion production
rates based on a thermal electron energy distribu~ion
results in a conservative estimate of the electron
tcmpcraturc  required to sustain C@ RF discharge.

To estimate the ion production rates in a
plasma, peak intensities for positive and negative ion
production shown in the literature [15,19] were used to
obtain rate factors for ion production <ov>. It was
assumed that the electrons used to acquire these data
have a monocncrgctic  distribution. The rate factor for
ion production resulting from collisions with an
electron group in the plasma is

a

o
<Crv> = -—’:-—  . @q. 3)

~ dn
o

The term in the denominator is a constan~ and is equal
to the total number density of electrons.

The differential foml  of Maxwell’s law for the
distribution of velocities is given by

2rm<E E

( )

dn = ——–– Cxp — dE. @q. 4)
(IK~T)3~  kB T

Substituting Eq. 4 into F4. 3 yields,

‘ov’=APcxp(i3dE” ‘“’)
o

substituting fi<afi> for cJE in Eq. 5, rate factors
were determined using cross section data for negative
fullerene  ion formation from Reference [19] and the
cross-section for C60+ formation shown in Reference
[21 ] normalized to the data of Sai Baba [15]. Rate
factor curves for C6fj as a function of electron
tcmpcraturc arc shown in Fig. 6. For comparison the
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Fig. 6 Rate Factors vs. Electron Temperature

rate factor for xenon ion formation is shown. Cross-
scction  data for xenon were obtained from Rcfcrcncc
[16]. It is evident that negative fullcrenc  ion production
rates excxxd  those of positive ion production at electron
energies below approximately 10 eV.

mu ir Pro& Dab

To obtain information on the electron energy
distribution in the RF thruster, a Langmuir probe was
installd  in the discharge chamber. The probe consists
of 0.25 mm diameter tungsten wire approximately
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3 mm long which is exposed to the plasma. The wire
leading up to the probe is jacketed by an alumina tube.
The probe is located on the thruster axis, 27 mm from
the screen grid. Typically, plasma densities arc high
enough during experiments that the probe erodes
substantially. After 3.5 hrs of plasma exposure the
diameter had decreased to 0.12 mm and the length had
dccrcascd  to 2.4 mm.

Shown in Fig. 7 arc Langmuir  probe traces
obtained with a the RF thruster operating with 200 W
of RF power and a xenon flow rate of .21 mgh. In this
case, the grids on the scrccn  and accelerator grids were
biased at vacuum tank ground, so the system was
operated without beam extraction. Traces shown were
obtained with O , 0.007 and 0.011 mgh fullcrene
flowing into the discharge chamber. Addition of
increasing amounts of fullcrcnc  to the flow results in

increasingly sharper rises in negative current as probe
potential incrcascs.  The electron energy distribution
function is proportional to the second derivative of
probe current with respect to probe voltage [22].
Generally it is difficult to obtain second derivatives of
experimental data without amplifying noise to the point
where it dominates. Williams [23] used a Fourier series
smoothing tcchniquc  to compute swond derivatives.
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Fig. 7 Langmuir Probe Traces

The technique introduces smoothing errors. Additional
errors associated with determining plasma potential
from Langmuir  probe as WCII as the rounding of the
probe trace near plasma potential make obtaining
accurate quantitative electron energy distribution
functions diflictdt.  Ncvcrthclcss  the tcchniquc dm.s give
useful qualitative information on trends that occur as
operating conditions arc changed.

Shown in Fig. 8 arc the electron energy
distribution functions estimated from the data shown in
Fig. 7. These distribution functions were all
normali7d  to unity. The distribution function with
pure xenon is seen to have a large high energy group
centered al about 60 eV and a low energy group. As
fullcrcnc  is introduced to the discharge chamber, the
distribution shifts toward a Maxwcllian  distribution and
the magnitude and energy of the high energy group
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dccrcases.  When the fullcrcnc flow rate was incrcastxl to
0.012 mgls  the plasma extinguished.
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Fig.8 Electron Energy Distribution Functions

The exact reason why the high energy electrons
bccomc &plc4cd as fullcrcnc  is added to the discharge is
not known. Fullcrencs  remove low energy electrons
from the discharge when they form negative ions, so a
depletion of low energy electron would be expwcd.
Collisions, however, would tend to replenish the low
energy electron group. In addition, it is noted that time
averaged current are mcaurcd with the Langmuir prob.
The electron arc being acdcratd  and dccclcratcd during
each RF cycle and the high energy clcxmon  group may
have this high energy during a small fraction of the RF
cycle. l~uring a portion of the cycle they may bc
slowed to a low enough energy that they could combine
with fullmencs.  Such electrons would be lost and not
re-accclcrated,  resulting in an apparent dccrcasc  in high
energy clectmns.

From the Langmuir probe data it appears that
electron cnergius  are high enough to sustain a fullcrenc
discharge; yc~ cxpcrimcntally  that is not the case. As
previously discussed, the electron energy varies during
each cycle and electrons are lost due to negative ion
formation during the low energy portion of the cycle. It
should be feasible to improve thruster efficiency by
adding an clcctro-magnet to induce an axial magnetic
field to reduce diffusion IOSSCS. In addition if a
discharge could be sustained with a fullcrcnc-to-xenon
ratio greater than 1:1, it might be possible to increase
electron energy enough to sustain a fullcrcne discharge
by seuing the gyro-frequency equat to the RF-frequency.
Of course, as the ratio dccrca.scs  it bccomcs  increasingly
more unlikely that this approach will work,

Some data showing the fraction of fullcrenc-to-
xcnon required to quench a xenon discharge as a function
of RF power appears in Fig. 9. These data were
obtained with the optics systcm  grids biased at vacuum
tank reference. The xenon flow rate was 0.21 mgh and
fullcrcnc.  flow was increased until the discharge
qucnchcd. As smn here, the ratio of fullcrcnc-to-xenon
required to quench the discharge increases as RF power



incrcascs. Al 200 W the ratio of fullcrcnc-lo-xenon
molecules required to quench the discharge is 1:145.
The largest ratio which has been achicvwl with this RF
thruster is 1:16 with the thruster operating with a xenon

12 X1 O”’ r xonOnlNss aOwrak.0.21mg/5
m U.mlwatina  Vdlx). -0 v /
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Fullerene-to-xenon Ratio Required to
Quench Discharge

flow rate of 0.3 mg/s and RF power of 350 W. The
fact that such a small fraction of fullcrcnc  qucnchcs  the
discharge means that it is unlikely that a fullcrcne
discharge could be sustained with this particular RF
thruster configuration.

Us ions

The feasibility of using fullcrcncs as a propellant in a
conventional RF thruster was studied. 11 was
dcterniincd  that a self sustained RF discharge could not
bc achieved in such a thruster because fullcrcncs
scavcngc  plasma electrons to form negative ions. In
order to operate a thruster on fullcrcncs  a method of
supplying high energy electrons is ncdcd.  Sustained
fullcrcnc  discharges have been achicvcd  using filament
cathodes to supply high energy ckxtrons;  however,
thermal degradation of fullcrcncs has been observed in
these discharges. Avoiding problems associated with
thermal decomposition prccludcs usc of cathodes
operating at tcmpcraturcs  greater than 1073 K. Future
work on fullcrcnc  tlu-wwcrs  should include studying the
feasibility of constructing a field emission cathode
capable of operating at low tcmpcraturc  and providing
ampere lCVC1  currents for thousands of hours. Another
option would be to investigate the using of multipolc
RF antennas for sustaining the RF discharge. Such a
system could be set up to operate in a manner similar to
a 3-phase induction motor. By having a continuously
rotating electric field it mighl  be possible to keep the
electron energy high enough to sustain an RF discharge.

The research described in this paper was
conducted at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the
Nationat  Aeronautics and Space Administration.

~le authors thank A. G. Owens, W. R.
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