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FUNDAMENTAL EXPERIMENTS OF C6o APPLICATION TO ION THRUSTER

Yoshinori NAKAYAMA" and Haruki TAKEGAHARA"

Abstract
C6o application to the electron bombardment ion thruster was evaluated. This thruster has a dischargechamber body heater, as well as the C6o sublimation crucible heater, to avoid the C60 re-solidification
and several design considerations were employed to prevent the re-solidification, fragmentation andmulti-ionization caused by the hot filament cathode and the energetic electron bombardment. Usingthis thruster, it was confirmed that the remarkable improvement of the crucible performance wasachieved because the flow rate of the new-designed crucible was 4.9 SCCM (2.6 mg/s), that wascomparable to that of the typical ion thruster. Moreover, it was also confirmed that the thrust was 3.4mN (net acceleration voltage = 700 V), and the improvement of the thruster performance was achieved,
compared with performance in the previous work. However, it becomes obvious that the propellantutilization efficiency is still low and the ion production cost is very high. In order to push forward thisstudy, therefore, the improvements of the efficiency and the cost, by the optimization of the dischargevoltage and the filament current, and the application of the effective plasma confinement, are necessary.

I. Background

At present, ion propulsions are on its practical application phase in order to apply to the auxiliary
propulsion of north-south station keeping (NSSK) of geosynchronous satellite, main-propulsion fororbit transfer vehicle or interplanetary vehicle. However, compared with the conventional chemicalpropulsion, the thrust level generated by electric propulsion is very low and this disadvantage causessome difficulties such as long mission time, long lifetime, in spite of its excellent efficiency andSspecific impulse. It is well-known that the thrust generated by ion propulsion is proportional to theroot of the propellant ion mass. Thus, the application of the larger mass and lower ionization potentialpropellant causes the improvement of the thrust level, and the performance improvement.

C6o, a recently discovered allotrope of carbon
molecule, has many advantageous properties as an Table I Major Properties
electric propulsion propellant. The summarized property Xe C60
major properties of C60 molecule are shown in Table
1. This molecule has lower ionization potential and Molecular Weight 131.30 720.66
larger molecular weight, compared with the MolecularDiametcr, A 4.40 7.1

Ionization Potential. cV 12.13 7.61conventional ion propulsion propellant such as ElectnAffinity. V 2.65Mercury, Argon, Krypton and Xenon. Its application Sublimation Temperature, K -700to the electrostatic propulsion propellant will -
improve the performance. Since 1991, thus, there are three groups[l -6] which have reported on thedevelopment of an ion thruster using C60 as a propellant. However, this molecule has alsodisadvantageous properties. C60 is a solid (powder) in a normal temperature. Therefore, it needs asublimation device such as a heater for its gaseous feed to the discharge chamber. The re-solidification
phenomenon at lower temperature than sublimation point and the fragmentation phenomenon at hightemperature will occur. Moreover, its sublimated gas flow rate control is another problem for the
steady operation. It is necessary to clear these problems for the practical application.

NOTE : It is reported[7] that 0.13 W of electric energy is necessary for the sublimated flow rateof 1.0 SCCM because its sublimation enthalpy is 181.4 kJ/mol (at 427 °C).

II. Design Concepts of Electron Bombardment Ion Thruster for the Co Propellant
Figure 1 shows the schematic drawing of the ion thruster designed and fabricated in this study

for the C60 propellant. The design concepts of this thruster are as follows.
I. Plasma Production by the Electron Bombardment

In order to avoid the nulti-ionization and the fragmentation by the electron which has the excessivekinetic energy, the electron bombardment type ionization method is adopted because of thecontrollability of the discharge voltage. Moreover, C6o negative ion may be generated because of theelectron affinity by the reduction of the discharge voltage, when electron has the less energy than thefirst ionization potential.
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2. Installation of the Body Heater A node

Body heater is installed around Ac Grd <(Scic Pate)
the discharge chamber in order to Filament
avoid the Cso re-solidification at the Body Baffle
chamber wall.y
3. Geometrical Considerations on the Heater
Devices 0

a. In order to avoid the C6o re- .- Fament-
solidification and the deposition on Cruile Heater Suspender
the chamber wall, the crucible is Anode r ci e t Flament-
positioned at the axis of the back plate . Crucible Suspender

of the discharge chamber. ceo-samp
b. The filament cathode is Cutaway-View Top-Vew (without Grids and Baffle)

positioned out of the field of view Fig. 1 Schematic Drawing ofC6o Ion Thruster
from the crucible, in order to avoid
the fragmentation by the hot filament cathode, which was reported by Anderson et al.[3]

c. For the effective collision of the electron emitted from the filament with the sublimated C60,
the electron accepting item (anode) is positioned at the axis of the crucible and the electron flux
intersects with the sublimated C60 flow.

The grids of this thruster are non-dished and have 8cm beam diameter, and the crucible of this
thruster can be replaced by another one.

III. Preliminary Experiments [2]

In order to produce and extract the ion of C60, the following preliminary experiments were
performed.
1. Sublimation Experiment

Sublimation Experiment was performed in order to estimate the flow rate, evaluate the flow
pattern and the possibility of the fragmentation phenomenon of the sublimated C60.

[Flow rate] : After the pre-heating of the body (the whole of discharge chamber) was operated,
the crucible was heated by the crucible-heater (100 W). The flow rate was estimated from the difference
between Cro-sample mass of the pre-experiment and that of post-experiment. As shown in Fig. 2, the
obtained data on the flow rate are divided into two groups; approximately 0.5 and 0.15 SCCM. It
seemed that the crucible had two over-all heat transfer coefficients, and its heat transfer coefficient
was dominated by the setting of the crucible.

[Flow Pattern] : Figure 3 shows the deposition / flow pattern of the sublimated C6o evaluated
from the shades on the polyester films which were set on the surface of the baffle, the discharge
chamber wall and the target. Judging from the obtained shades, the re-solidification phenomenon on
the discharge chamber wall at the downstream region of the baffle was little observed. It is considered
because there are the effect of the crucible's position (the center of the bottom) and the influence of the
baffle. To feed the more sublimated C6o to the downstream region through the baffle, structural /
geometrical / thermal improvements will be necessary. The re-solidification phenomenon on the surface
of the upstream region of the baffle was little observed. It is estimated that the heat-up of the body
effects against the re-solidification phenomenon.

[Fragmentation] : Judging from the FTIR spectrum analysis, it was confirmed that the
fragmentation of the sublimated C6o did not occur.
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2. Ion production Experiment
Ion Production Experiment was performed in order to produce both the positive ion and the

negative ion of C6o without the application of the electric field; the accelerator grid was not installed,
the screen voltage was fixed at zero volt.

[Typical Result] : The current detected by the target was from 0.4 mA to 1.0 mA while C6o
seemed to be sublimated by the crucible. The average of the discharge current in this experiment was
about 1.5 Aand it was about 43 times as large as the flow rate of the sublimated C6o (0.5 SCCM = 35
mA eq.). The repetition of this experiment was confirmed if the filament is stable. It was assumed that
the charge detected by the target was the ion of C60. To examine this discussion, however, it is necessary
that the ion is particularized by the experiments (e.g., ExB-Probe, Time-Of-Flight).

[Detected Charges] : The relationship between the target current (It) and the target voltage (Vt)
is shown in Fig. 4. The following results are obtained from this figure.
* Positive and negative charges were produced in the discharge chamber, and detected by the target.
* Target current is proportional to target voltage.
* Extraction current of negative charges is larger than that of positive charges, estimating from the
difference between both inclinations. 1.o
It is estimated that the optimization of the discharge -
voltage is necessary in order to produce the only positive E o.o
or negative ion. '

[FTIR Spectra]: The FTIR spectra of the collected -1.o
powder on the target and the screen grid, and the original
sample are shown in Fig. 5. The typical featuring peaks u -2.0
of C6o are 527.4, 576.4, 1182.4 and 1428.5 /cm. These Z
peaks are confirmed in the spectrum of the original I -3.0

powder (c), the collected powder on the target (a) and
the screen grid (b). Moreover, these peaks of the collected -40 - ,
powder on the target stand out in comparison to that of -4 -200 0 200 400

the original powder. As a result, it is estimated that C60 Target Potential, Vi, V

was sublimated in the crucible without fragmentation, Fig. 4 Target Current vs. Target Voltage
passed through the screen grid and was detected by the target. 1oo

In addition, the production of the matter such as soot
was observed on the surface of the baffle. It was examined .
that the amount of the matter was large when the body-heater
was not operated. It was confirmed that the above mentioned .L
matter such as soot was not CMo molecule or the fragmented
molecules of the C60, judging from the spectra of the matter.
However, more detailed experiments are necessary in order o ,. . 4
to particularize the matter. 4000oo 3o 2o00 iooo 400
3. Ion Extraction Experiment WaveNumber, I/cm

Ion Extraction Experiment was performed in order to (a) Target
extract the positive ion of C60. The experiment was performed o
likewise with the ion production experiment, except for the *
application the some voltages to the ion extraction grids. The
screen voltage was set on 0 V or +200 V, and the accelerator
and the target voltage were set on from 0 V to -300 V. This
experiment showed the following results.
* Ion beam with subtle luminosity was visually observed when F

the target current was detected. o 30 , 1 0 4 0
400

0  
3000 2000 1000 400* Concentric marks, which seems to be caused by the beam WaveNumber. I/cm

interaction, were observed on the target. (b) Screen Grid
The preliminary thruster performance data in this experiment 0oo
are as follows.
* Maximum target current was 0.82 mA.
* Maximum value of the extraction current was 1.1 mA.
* Maximum propellant utilization efficiency was 2.3%.
*Drain ratio :10 - 35 % at Vm= Vsc = +200 V,

50~ 60 % at Vm = Vsc =0 V.
This drain ratio improvement by the application of the electric 01
field to the screen grid implies the effective acceleration of 4000 3000 2000 1000 400
the charged particles by the electric field. . (c Ree or l ample)

Compared with the conventional thruster performance- . F Sc
Fig. 5 FTIR Spectra
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data using Xenon, these data fall behind. However, it is because that the effective plasma confinement
by the magnetic field is not applied in this thruster design and the sufficient propellant supply is not
realized in the present C60 sublimation method. In order to push forward this study, it becomes clear
that the increase of the sublimated mass and the effective plasma confinement are necessary.

IV. Experimental Procedure and Apparatus

4.1 Experimental Procedure and Facilities
The series of the fundamental experiments were classified into two major experiments;

"Sublimation Experiment" for the improvement of the flow rate of sublimated C60 and "Ion Extraction
Experiment" for the improvement of the thruster performance. The schematic drawing of the space
chamber and its facilities used in the present study is shown in Fig. 6. The space chamber (L : 2,050
mm, 0: 900 mm) has two turbo-molecular-pumps (2,200 1/sec x 2) and auxiliary rotary-pump (1,500
1/min.). Its maximum vacuum extent was at approximately 1.0 x 10-3 Pa (7.5 x 10-6 Torr) during
experiments without the operation of the body-heater. Figure 7 shows the schematic drawing of the
experimental circuit. The values of currents, voltages, vacuum extent and temperatures were measured
by multimeter. The target-plate was set at 8 cm downstream from the screen grid.

The C60-sample used in the present work is the fullerene sample called "Refined" or "Mixture."
The sample consists of C6o (approximately 90%), C70 (approximately 10%), and trace amounts of
impurities-toluene (solvent) and oxygen molecule (absorption).

NOTE: It is reported[8] that C6o absorbs oxygen molecule at room temperature and discharges
it at 350 'C, and this absorption phenomenon is reversible.

4.2 Sublimation Experiment
-- 3-- ,Insulator ©Crucible-BodyThe crucible used in the preliminary experiments ator C

(hereafter called to "Old-type Crucible") was unsteady,
and its flow rate was lower than that of the typical ion
thruster. This is because the over-all heat transfer
coefficient was dominated by the setting of the crucible,
and very low. Then, the attempts in order to improve and
increase the flow rate of sublimated C6o were performed
by setting the orifice or the baffle within the crucible. ' Inner --
This attempts, however, were unsuccessful. Therefore, i
the increase of the sublimated flow rate will be achieved _
only by the improvement of the over-all heat transfer 1 Fire-Lod-Heater
coefficient of the crucible. On the basis of the above Cutaway-Vew Top-View
mentioned data and the properties of C6 , the new design Fig. 8 Schematic rawing of Crucible
of the crucible was performed. 8 Schematicrawing of Crucible

[New-type Crucible] :"The design concepts of
"New-type Crucible" are as follows.
i. Large Area of Heat Transfer Suiface I

In order to increase of heat flux
2. Large Area of Contact Surface to Sample

In order to improve heat transfer coefficient
3. Center-positioned Heater

In order to use the whole of heat transfer and
thermal radiation from the heater for the C60 sublimation Fig. 9 Photograph of Crucible Parts 3
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Figure 8 shows the schematic drawing of the "New-type Crucible" designed from the above
concepts, and Fig. 9 shows the parts of the crucible; (a)Insulator, (b)Anode, (c)Crucible-body, (d)Inner
and (e)Crucible-heater from the left side. The insulator is made of alumina, and the others are made of
stainless steel. The inner has a smooth surface. This inner is set on the inside surface of the crucible-
body in order to prevent C6o-sample from clinging on the inside surface of the crucible-body which
has a rough surface. In addition, thermocouple was set on the outside surface of the crucible in order
to measure the representative temperature of the crucible: -

[Estimation of Flow Rate] : After the body (the whole of discharge chamber) was pre-heated by
the body-heater (400 W - 20 min.), the crucible was heated by the crucible-heater (35 W - 3, 4, 5, 6
and 7 min.). The flow rate was estimated from the difference between the C60-sample mass of the pre-
experiment and that of the post-experiment.
.- [Estimation of Re-solidification Ratio]: The stainless steel plate was set on the inside surface of

the body (the whole of discharge chamber) in order to estimate the re-solidification ratio which is the
amount of mass of C6o-sample returned to the solid state against the sublimated mass.

4.3 Ion Extraction Experiment Table 2
Ion Extraction Experiment was performed in order to produce and extract Experimental

the positive ion of C6o. The experiment was performed as follows: Parameters
(0) The discharge voltage (Vd) , the voltage between body and filament (Vp), the aram. set-value
screen voltage (Vsc), the accelerator voltage (Vac) and the target voltage (Vt) were = = =
set on the value shown in Table 2, respectively, Phb 400W
(1) The filament was operated as soon as the body-heater was operated on 400 W. Vd 403

(2) After 20 minutes, the crucible-heater was operated on 35 W, f 6.5-7.5A
(3) 7 minutes later, the above operation was terminated. vp 10v
In order to evaluate the effect of the baffle, this experiment was also performed vsc 700V

Vac -350Vwithout the baffle. Moreover, aluminum film was set on the target surface in order v c  500v
to measure the mass deposited on the target, and the mass was estimated from the
difference between the aluminum film mass of pre-experiment and that of post-experiment.

NOTE : The detailed ionization (including double and triple ionization) and fragmentation
processes were reported by M. Lenius et al.[9] and M. Sai Baba et al.[ 10] In their works, in the case of
the electron bombardment ionization, the fragmentation of C6o ion will appear at the over 45 eV of
electron energy, and the double and triple charged C6o ion will appear at the over 15 eV and 25 eV,3 respectively.

V. Results and Discussions

5.1 Sublimation Experiment
[Flow Rate] : Figure 10 shows the temporal change of the representative temperature of the

crucible (Tcr) and the mass of the sublimated C60 (Am). The whole of C60-sample placed into the
crucible was entirely sublimated by the crucible at 7 minutes. Therefore, it seemed that the sublimated
mass at 7 minutes would be larger if C6o-sample was filled into the crucible. The relationship between
the sublimated mass (Am) and the representative temperature of the crucible (Tcr) is shown in Fig. 11.
This figure shows that the obtained mass of the sublimated C6o is proportional to the attained
representative temperature of the crucible. As shown in these figures, the following results are obtained.
* C6o shows the stable sublimation by this crucible.
* Sublimation point is approximately 360 'C.

P 600 - 500 500
- e - Tcr  / - 2 B

S500 --- E E
S500 m 400 .. 400

I /° = /400
-........... - 300 0 300

S200 a a
300 100 100| 100 . 2

S0 - 0 0
0 2 4 6 8 300 400 500

Time, min. Crucible-Temperature, Tcr, 'C
Fig. 10 Crucible Temp. and Sublimated Mass Fig. 11 Sublimated Mass vs. Crucible Temp.
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The sublimation point obtained in this experiment is 0 s.
slightly lower than that obtained in our pervious work[l];
370 "C. It is assumed because the measurement point of 2 40o
the thermocouple in this experiment was set on the 8 . ... ' .
outside surface of the crucible. The flow rate of the" 30 - r  wo
sublimated C6o is shown in Fig. 12. This figure shows ;: - " - s w
the flow rate obtained in this experiment (thick line), . 2.0
and the flow rate obtained in our previous work[2] .
(normal line). The thick broken line in this figure shows 1.0
the predictive flow rate when C6a-sample was filled into ____
the crucible, and the length of this line depends on the o .'limit of the crucible capacity. As shown in this figure, it Time, mn 1' 20
can be seen that the flow rate is 4.9 SCCM (2.6 mg/s). Fig. 12 Flow Rate of Sublimated C6o
This flow rate is comparable with the flow rate of the
typical ion thruster. It is estimated that the remarkable improvement of the crucible performance was
achieved because the flow rate of this crucible is 10 times as high as that of the previous crucibles, and
the consumption power of this crucible-heater is one-third times as low as that of the previous crucible-
heater.

[Re-solidification Ratio] : It was confirmed that the re-solidification ratio which is the amount
of mass of C6o-sample returned to the solid state against the sublimated mass was approximately 20 %
estimated from the increase mass of the plate set on the inside surface of the discharge chamber. In our
previous work, however, it was obvious that the body-heater is effective for prevention of the re-
solidification phenomenon. Therefore, it seemed that the body-heater was not capable of sublimation
of the whole of re-solidification sample, that is, not entirely capable of compensation for the re-
solidification phenomenon.

5.2 Ion Extraction Experiment
[With Baffle] : The typical result in ion extraction experiment with the baffle is shown in Fig.

13. As shown in this figure, the following results are obtained.
* Target current has a little fluctuation.
* Average of target current (beam current) is 7.35 mA.
* Maximum of target current is 9.83 mA.
* Average of accelerator current (drain current) is 0.1 mA.
* Filament is stable (average discharge current: 2.43 A).
The average discharge current (2.43 A) is approximately 7.1 times as large as the flow rate of the
sublimated C6o (4.9 SCCM = 343 mA eq.).
* Pressure in vacuum chamber has little fluctuation.
It was assumed that a large quantity of the out-gas from the body-heater caused to negate the fluctuation
of the pressure (e.g., if the body-heater was not operated, the pressure was approximately 1.0 x 10-5
Torr instead of 6.0 x 10-' Torr).
* Period during target current is detected coincides with period during discharge current flows and
period during C60 sublimates by crucible.
In this period, moreover, the ion beam with luminosity was visually observed.

10 9. 10 < 3

62~ 7.0
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= 2 I 2 7 3.0

..-:6 6.' , x 3
S4 4 5.0

6 2 - it 2 id - .0
.- --- -- - U CS

0 .... .... 0 < O "- 1.03 4 5 6 7 3 4 6 7
Time, min. . Time, min.

(a) Target and Accelerator Current (b) Discharge Current and Pressure
Fig. 13. Typical Result on Ion Extraction Experiment with Baffle
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[Without Baffle) : The photograph when the target
-* current was detected is shown in Fig. 14. It can be seen

h", luminosity of the ion beam between the grids and the target.
: Moreover, the dark region can be also seen on the grids. It

.-. u is assumed becausethe thermal distortion of the grids was
t: caused by the heat from the body-heater, and interrupted

the light from the filament within the body. The summary
of the performance and setting-parameters in these
experiments is shown in Table 3. As shown in Table 3, theh
following results are obtained.

than that with baffle.
- Target current (beam current) is 33.0 mA.
SAverage discharge current (1.75 A) is approximately 5.1 Fg. 14 Photograph of Ion Beam

times as large as the flow rate of the sublimated C6o.SThrust is 3.4 mN (net acceleration voltage = 700 V).
* Total consumption power is 635 W. Table 3 Summary of Thruster Performance
* Thrust/Power Rate is 5.33 mN/kW (include body- and Setting-Parameters
heater power), 14.5 mN/kW (not include body- IP2-01 a IE06 IE12
heater power). pt .(with B0 (with B (w/o B1)
* Improvement of thruster performance achieved, Fient- Cunent. ff A 6.0 7.0 6.5
compared with performance in the previous work. ament voltage, f. v 48 17.5 16.0

However, it becomes obvious that the FiamentPower.PfW 288 122.5 104
propellant utilization efficiency is still low and the Dischage Current. Id. A 1.5 2.43 1.75
ion production cost is very high. In order to push Discharge voltage. Vd. V 20 40 40

forward this study, therefore, the improvements of Discharge Power Pd W 30 97.2 70

the efficiency and the cost, by the optimization of Eective Dis.-Votage. V. V 44.0 48.75 48.0
the discharge voltage and the filament current, and Heat Power P. W 450 400 400
the application of the effective plasma confinement, Cnu.Heater Power, Phc. W 100 35 35
are necessary. Moreover, the improvement of the w Rate. r SCM 0.5 4.89Row Rate, n'i. SCCM 0.5 4.89 4.89
gnid support system is also necessary, because it is Efective Flow Rate. r SCCM 0.5 3.86 3.87
difficult to keep the insulation between the screen
and the accelerator grid during this experiment a ve. V. 20

Acoal tage, Vac, V -200 .350 -350
operated; the body-heater operated. Target Voltage. M. V -200 -500 -500

[Baffle] : It was confirmed that the target Target Curent. It mA 0.82 9.83 33.0
current in this experiment without the baffle was Ace Cuen c.mA 0.05 0.12 3.0
larger than that with the baffle. However, it became Extrad cunrent. lex. mA 0.87 9.95 36.0

also clear that the re-solidification phenomenon on nus. mN 0.05 1.01 3.37
the whole of the discharge chamber wall was
observed in this experiment without the baffle. Dinl Ratio. % 5.e7 1.20 8.3

[Detected Mass] : The mass deposited on the
target was almost equivalent to the charge detected #:31s lJPCJuly1995 = Bae

by the target. Therefore, it is estimated that the most of the non-ionized C6o were not detected by the
target but diffused to the space of the vacuum chamber due to the pressure gradient.

VI. Concluding Remarks

C60 application to the electron bombardment ion thruster where several considerations in its
design were taken into accounts to prevent the C6o re-solidification, fragmentation and multi-ionization
was evaluated. The following concluding remarks have been obtained through the series of the
experiments.

1I . Through the preliminary experiments, it was confirmed that the crucible used in preliminary
experiments was unsteady and its flow rate was lower than that of the typical ion thruster. This is
because the over-all heat transfer coefficient was dominated by the setting of the crucible, and very
low. It was considered that the structural / geometrical / thermal improvement of the crucible is necessary
to feed the more sublimated C6o. Then, the ion beam, which has subtle luminosity, was visually observed
when the target current was detected. Compared with the conventional thruster using Xenon, the
obtained performance data using Cs0 fall behind.

2. Through the sublimation experiment, it was confirmed that the remarkable improvement of
the crucible performance was achieved because the flow rate of the new-designed crucible was 4.9
SCCM (2.6 mg/s), that was comparable to that of the typical ion thruster.
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3. Through the ion extraction experiment, it was also confirmed that the thrust was 3.4 mN (net
acceleration voltage = 700 V), and the improvement of the thruster performance was achieved, compared
with performance in the previous work. However, it becomes obvious that the propellant utilization
efficiency is still low and the ion production cost is very high. In order to push forward this study,
therefore, the improvements of the efficiency and the cost, by the optimization of the discharge voltage
and the filament current; and the application of the effective plasma confinement, are necessary.
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