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[571 ABSTRACT 
A method for plasma heating of levitated samples for 
containerless microgravity processing is disclosed. A 
sample is levitated by electrostatic, electromagnetic, 
aerodynamic, or acoustic systems, as is appropriate for 
the physical properties of the particular sample. The 
sample is heated by a plasma torch at atmospheric pres- 
sure. A ground plate is provided to help direct the 
plasma towards the sample. In addition, Helmholtz coils 
are provided to produce a magnetic field that can be 
used to spiral the plasma around the sample. The plasma 
heating system is oriented such that it does not interfere 
with the levitation system. 

27 Claims, 4 Drawing Sheets 
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PLASMA HEATING FOR CONTAINERLESS AND 
M I C R O G R A W  MATERIALS PROCESSING 

ORIGIN O F  THE INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 U.S.C. 
$202) in which the Contractor has elected not to retain 
title. 

TECHNICAL FIELD 
The present invention relates to an improved method 

for containerless heating and processing of materials, 
especially under microgravity conditions such as are 
found in space. More particularly, the method relates to 
novel uses of a plasma torch for sample heating and 
processing. 

BACKGROUND ART 
Plasma torches are well-known tools for heating, 

welding, and cutting a variety of materials. U.S. Pat. 
No. 3,158,729 to Gross teaches a plasma torch design in 
which inert gas is ionized by a metal rod to which a 
high-frequency and high-voltage current source is con- 
nected. More often a plasma arc is established between 
two tubular electrodes by a high-voltage direct current 
source. The arc is often controlled or modified by a 
magnetic field created around the electrodes. Such a 
structure is taught by U.S. Pat. No. 5,132,511 to Labrot 
et al. 

The inert gas which becomes ionized to form miasma 
usually flows through the torch at high velocity, and 
thus may carry the plasma “flame” to the object to be 
heated. In many applications a transferred arc configu- 
ration is used. In that situation, the sample must be 
conductive and is connected to the power source to 
become part of the anode of the torch. Then the plasma 
flows directly to the sample, thus heating it. If the sam- 
ple is nonconductive, or if it is not feasible to connect 
the sample into the circuit, a nontransferred arc torch 
must be used. There, inert gas flow and an additional 
magnetic field are used to force the plasma “flame” to 
impinge on the sample. However, heating efficiency is 
often drastically reduced due to an electric charge that 
develops on the sample due to thermionic emissions and 
deflects the plasma from the sample. 

Microgravity environments such as those found in 
orbiting satellites or space vehicles present special chal- 
lenges and opportunities for plasma and other methods 
of sample heating. Under low gravity conditions, many 
materials can be purified and crystallized to yield sam- 
ples with properties that cannot be obtained under nor- 
mal gravity conditions. One of the advantages of the 
microgravity environment is that samples can be levi- 
tated and controlled readily. Normal gravity processing 
usually requires a container for the sample, but the ease 
of levitation under microgravity conditions allows con- 
tainerless heat processing of samples. Containerless 
processing avoids both sample contamination and sam- 
ple loss. Impurities picked up from the container may 
contaminate and affect final product quality. Also, valu- 
able samples may be lost when sample adheres to the 
container during processing. 

Therefore, there has been considerable attention to 
various methods of levitation and heating of samples for 
microgravity processing. U.S. Pat. No. 5,155,651 to 
Yoda et al. teaches an electrostatic levitator for use in 
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microgravity experiments. U.S. Pat. No. 5,196,999 to 
Abe teaches an electrostatic levitation furnace in which 
the levitated sample is heated by electromagnetic radia- 
tion focused by an elliptical mirror. U.S. Pat. No. 
4,979,182 to Lohoefer describes an electromagnetic 
levitator that uses four magnetic coils to levitate and 
heat an electrically conductive sample. U.S. Pat. No. 
4,578,552 to Mortimer describes a single coil electro- 
magnetic levitatorheater for an electrically conductive 
sample. U.S. Pat. No. 5,150,272 to Danley et al. teaches 
a plurality of separate coils for levitating and heating 
conductive samples. 

STATEMENT OF THE INVENTION 
It is an object of the present invention to provide a 

means for rapidly and efficiently heating samples for 
containerless microgravity processing. 

It is a further object of the present invention to pro- 
vide a heating method that works equally well with 
either conductive or nonconductive samples. 

It is a further object to provide a heating method that 
is compatible with all of the commonly used means of 
sample levitation and positioning. 

Applicants have found that heating by a plasma torch 
is ideal for microgravity experiments because of the 
extremely high temperatures that are available and be- 
cause of the contamination protection afforded the 
heated sample by the plasma torch inert gas stream. 
Transferred arc plasma heating is not feasible in the 
context of microgravity since there is no convenient 
way to connect a levitated sample to the plasma power 
circuit. 

Instead, Applicants have found that a plasma torch 
can be used to effectively heat a containerless sample if 
a ground plate is provided in proximity to the sample. 
The required current loop is completed when the 
plasma contacts the ground plate. This allows the 
plasma to contact and heat The sample despite any 
surface charges that may develop on the sample. 
In a first embodiment the present invention uses a 

conventional direct current plasma torch that is di- 
rected towards a levitated sample. The sample can be 
nonconductive or conductive; conductive samples can 

45 be magnetic or nonmagnetic. Hence, the exact levita- 
tion system employed depends on the sample proper- 
ties. For example, processing of a sample with magnetic 
properties could advantageously use an electromag- 
netic levitation system. The plasma heating system is 

50 compatible with all levitation systems: electromagnetic, 
electrostatic, aerodynamic jet, and acoustic levitators. 
The important factor is that a ground plate must be 
situated in the vicinity of the levitated sample on the 

A second embodiment of the present invention is 
substantially the same as the first embodiment in terms 
of the ground plate and the levitation system. However, 
in this embodiment the sample is enclosed by a pair of 

60 electromagnetic Helmholtz coils. These coils produce a 
magnetic field which directs the plasma towards the 
sample and the ground plate. This arrangement can 
draw out the plasma “flame” farther from the torch 
than it might otherwise extend and direct it towards the 

65 sample and ground plate. The plasma is concentrated by 
the magnetic field along the axis of the coil. In addition, 
the magnetic field causes the plasma to spiral in close 
proximity to the sample. Thus, a magnetic field can 

55 opposite side of the sample from the plasma torch. 
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assure improved sample contact with the plasma and 
faster concomitant heating. 

The location of the sample and the ground plate are 
determined by the characteristics of the plasma torch 
and the length of the “flame” produced by the torch. To 
be effective the ground plate must interact with the 
plasma. Normally the ground plate is placed at approxi- 
mately the greatest distance from the torch that the 
plasma reaches. With such a setup, the sample is nor- 
mally placed halfway between the ground plate and the 
torch. Since the magnetic field generated by the Helm- 
holtz coils draws out and directs the plasma, the mag- 
netic field allows the plate to be placed farther from the 
torch than would otherwise be feasible. 

The distances of sample and plate placement can be 
altered as long as the plasma can “see” the ground plate 
on the opposite side of the sample. That is to say, the 
sample must be placed between the ground plate and 
the torch, and the plate must be larger than the sample 
when viewed from the vantage point of the plasma 
torch. Similarly, the ground plate can have a number of 
different shapes and can even partially surround the 
sample as long as the plate can still be “seen” by the 
plasma and as long as the plate does not interfere with 
the levitation system employed. The axis of the plasma 
torch can be parallel or perpendicular to the axis of 
levitation. Multiple plasma torches can be employed to 
increase the speed of heating. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The objects and features of the present invention, 

which are believed to be novel, are set forth with partic- 
ularity in the appended claims. The present invention, 
both as to its organization and manner of operation, 
together with further objects and advantages, may best 
be understood by reference to the following descrip- 
tion, taken in connection with the accompanying draw- 
ings. 

FIG. 1 is a diagrammatic representation of the pres- 
ent invention employing an electromagnetic levitation/- 
positioner system; 

FIG. 2 is a diagrammatic representation of the pres- 
ent invention employing an aerodynamic 1evitatioxUpo- 
sitioner system; 

FIG. 3 is a diagrammatic representation of the pres- 
ent invention employing an acoustic levitation/posi- 
tioner system; and 

FIG. 4 is a diagrammatic representation of the pres- 
ent invention employing an electrostatic levitation/po- 
sitioner system. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The following description is provided to enable any 
person skilled in the art to make and use the invention 
and sets forth the best modes contemplated by the in- 
ventors of carrying out their invention. Various modifi- 
cations, however, will remain readily apparent to those 
skilled in the art, since the generic principles of the 
present invention have been defined herein specifically 
to provide a method of using a plasma torch and an 
associated ground plate to neat a levitated sample for 
microgravity processing. 

FIG. 1 shows the present invention employing an 
electromagnetic levitation system 16. In this apparatus a 
plasma torch 10 that is used produces a flame of approx- 
imately 3 cm in length. The torch 10 is designed to 
operate at atmospheric pressure and uses argon as an 
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4 
inert plasma gas which flows out of a central passage- 
way 11. During use the torch consumes about one liter 
of argon per minute. A current of 75 amperes D.C. 
maximum flows between a cathode 12 and an anode 13, 
thus ionizing the argon in the passageway 11. To stabi- 
lize the plasma and to provide further protection to the 
sample, the plasma torch 10 also provides an inert gas 
shield. This shield is produced by a concentric collar 25 
that surrounds the plasma torch 10. The gas shield is 
emitted through opening 26. During normal operation 
the plasma torch 10 consumes approximately 5 liters per 
minute of shield gas. As explained above, the overall 
dimensions of the complete apparatus are determined 
by the size of the plasma flame. Similar plasma torches 
are readily available with “flames” of up to about 18 cm 
in length. Thus, the apparatus could be readily scaled up 
at least sixfold. 

The plasma torch 10 is situated at one end of a space 
defined by Helmholtz coils 18. At the opposite end of 
the space is situated ground plate 20 which is electri- 
cally connected (not shown) to the ground of the 
plasma torch power supply (also not shown). In this 
apparatus where the plasma “flame” has a maximum 
length of about 3 centimeters, the ground plate 20 is a 
round metallic disc with a diameter of about six centi- 
meters. Approximately midway between the ground 
plate 20 and the plasma torch 10 is located a sample 15. 
Although the plasma torch 10 is capable of heating any 
type of material, the sample 15 in this example is levi- 
tated by electromagnetic levitation coils 16 and must, 
itself, be metallic or electrically conductive for the 
electromagnetic levitation to be effective. 

To operate the apparatus the electromagnetic levita- 
tion coils 16 are first energized to levitate a solid sample 
15. Then the Helmholtz coils 18 are energized and the 
argon flow from the plasma torch opening 11 and shield 
opening 26 is started. For a sample 15 of about 6 milli- 
meters in diameter, the Helmholtz coils produce a field 
with a strength of about 10 gauss. The electromagnetic 
coils 16 are adjusted as necessary to stabilize and posi- 
tion the levitated sample 15. Finally, the plasma torch 
10 is energized and plasma production commences. The 
plasma torch 10 is designed so that plasma is forced out 
of central passageway 11 by the flow of argon gas. The 
plasma “flame” thus produced is concentrated and spi- 
ralled around the sample 15 by the magnetic field gener- 
ated by Helmholtz coils 18. The “flame” is also electri- 
cally attracted by ground plate 20, thus ensuring that 
the sample 15 is quickly and efficiently heated. 

FIG. 2 shows the present invention configured to use 
an aerodynamic jet to levitate and position the sample 
15. Here the aerodynamic jet is actually produced by 
the concentric collar 25 that normally emits an inert gas 
shield from openings 26. Applicants have found that by 
increasing the flow rate of the shield sample 15 can be 
levitated by the gas stream. Thus, the normal torch 
configuration can also provide aerodynamic levitation. 
Generally, the levitating gas stream will be of the same 
composition as the inert gas used to generate the 
plasma, but there is no reason that a different gas cannot 
be used. After the sample is levitated, the plasma gas is 
emitted from central opening 11, the plasma torch 10 is 
energized, and plasma generation begins. Normally the 
Helmholtz coils 18 will be energized prior to or con- 
comitantly with plasma generation. 

In FIG. 3 an acoustic levitation system 35,36 is used 
to levitate and position sample 15. The acoustic system 
consists of a transducer module 35 and a reflectorhen- 
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sor module 36. The transducer module 35 contains a levitating the sample; 
piezoelectric element that projects a beam of ultrasonic providing at least one plasma torch to produce a 
acoustic energy. The reflector/ sensor module 36 senses plasma flame; and 
the acoustic energy and generates a control signal to providing a ground plate near but physically sepa- 
modulate the output of the transducer module 35. At 5 rated from the sample and arranged so that the 
the same time the reflector/sensor 36 reflects the beam levitated sample is disposed between the plasma 
back towards the transducer 35, thereby setting up torch and the ground plate, 
standing waves. The sample becomes captured in a so that the plasma flame will be drawn past the levitated 
node of the standing waves and is held between the sample to the ground plate, thereby heating the sample. 
transducer 35 and the reflector/sensor 36. It is not con- 10 8. The method of claim 7 wherein the sample is levi- 
venient to position the acoustic levitation system 35, 36 tated by a levitation device selected from a group com- 
on the same axis as the plasma torch 10 and the ground prising an electromagnetic levitation device, an electro- 
plate 20; therefore, the plasma torch 10 and ground static levitation device, an acoustic levitation device, 
plate 20 axis are perpendicular to the axis of the acoustic and an aerodynamic levitation device. 
levitation system 35, 36. 9. The method of claim 7 further containing the step 

Finally, FIG. 4 shows the present invention using an of providing a set of Helmholtz coils to produce a direct 
electrostatic levitator electrodes 40 to levitate the sam- current magnetic field in a region including the levi- 
ple 15. It is difficult to locate the electrostatic levitation tated sample. 
system on the same axis as the plasma torch 10 and 10. The method of claim 7 wherein a plurality of 
ground plate 20. Therefore, an axis normal to the elec- 20 plasma torches are provided with the sample disposed 
trostatic electrodes 40 is perpendicular to an axis of 
cylindrical symmetry through the plasma torch 10 and 11. The method of claim 7 wherein the ground plate 
ground plate 20. Although the electrostatic system is 
shown diagrammatically as simple plate-type electrodes 12. The method of claim 7 wherein the ground plate 
40, it actually consists of more complex compound 25 is cup shaped and partially surrounds the sample. 
electrodes which allow more accurate fine positioning 13. A method for heating a sample without a con- 
of the sample 15. 

Those skilled in the art will appreciate that various providing a sample to be heated; 
adaptations and modifications of the just-described pre- using an electrostatic levitation device to levitate the 
ferred embodiment can be configured without depart- 30 sample; 
ing from the scope and spirit of the invention. There- providing a direct current plasma torch to produce a 
fore, it is to be understood that, within the scope of the plasma flame; and 
appended claims, the invention may be practiced other providing a ground plate near but physically sepa- 
than as specifically described herein. rated from the sample and arranged so that the 

We claim: 35 levitated sample is disposed between the plasma 
1. A method for heating a sample without a container torch and the ground plate, 

comprising the steps of: so that the plasma flame will be drawn past the levitated 
providing a sample to be heated; sample to the ground plate, thereby heating the sample. 
levitating the sample; 14. The method of claim 13 further containing the 
providing at least one plasma torch to produce a 40 step of providing a set of Helmholtz coils to produce a 

plasma flame; direct current magnetic field in a/region including the 
providing a ground plate near but physically sepa- levitated sample. 

rated from the sample and arranged so that the 15. A method for heating a sample without a con- 
levitated sample is disposed between the plasma tainer comprising the steps of: 
torch and the ground plate; and providing a sample to be heated; 

using an electrostatic levitation device to levitate the 
sample; 

providing a direct current plasma torch to produce a 
plasma flame; 

providing a ground plate near but physically sepa- 
rated from the sample and arranged so that the 
levitated sample is disposed between the plasma 
torch and the ground plate; and 

using a pair of Helmholtz coils to produce a direct 
current magnetic field in a region including the 
levitated sample, 

so that plasma flame is directed towards the ground 
plate by the magnetic field and the magnetic field also 
concentrates the plasma flame in the vicinity of the 

16. A device for heating a sample without a container 

means for levitating the sample; 
at least one plasma torch; and 
a ground plate near but physically separated from the 

sample and arranged so that the levitated sample is 
disposed between the plasma torch and the ground 
plate. 

15 

between the torches and the ground plate. 

is substantially flat. 

tainer comprising the steps of: 

45 
providing a direct current magnetic field in a 

region including the levitated sample, so that the plasma 
flame is directed towards the ground plate by the mag- 
netic field and the magnetic field also concentrates the 
plasma flame in the vicinity of the sample for more 50 
effective heating. 

2. The method of claim 1 wherein the sample is levi- 
tated by a levitating device selected from a group com- 
prising an electromagnetic levitation device, an electro- 
static levitation device, an acoustic levitation device, 55 
and an aerodynamic levitation device. 

3. The method of claim 1 wherein a pair of Helmholtz 
coils produce the direct current magnetic field. 

4. The method of claim 1 wherein a plurality of 
plasma torches are provided with the sample disposed 60 sample for more effective heating. 
between the torches and the ground plate. 

substantially flat. 

cup shaped and partially surrounds the sample. 

comprising the steps of: 

5. The method of claim 1 wherein the ground plate i s  

6. The method of claim 1 wherein the ground plate is 

7. A method for heating a sample without a container 

providing a sample to be heated; 

comprising: 

65 
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17. The device of claim 16 wherein the means for 
levitating the sample is selected from a group compris- 
ing an electromagnetic levitation device, an electro- 
static levitation device, an acoustic levitation device, 
and an aerodynamic levitation device. 

18. The device of claim 16 wherein the device also 
comprises a pair of Helmholtz coils to produce a direct 
current magnetic field to concentrate the plasma around 
the sample. 
19. The device of claim 16 wherein a plurality of 

plasma torches are used to heat the sample. 
20. The device of claim 16 wherein the ground plate 

is substantially flat. 
21. The device of claim 16 wherein the ground plate 

is cup shaped and partially surrounds the sample. 
22. A device for heating a sample without a container 

comprising: 
an electromagnetic sample levitator; 
a direct current plasma torch; 
a ground plate near but physically separated from the 

sample and arranged so that the levitated sample is 
disposed between the plasma torch and the ground 
plate; and 

a pair of Helmholtz coils to produce a direct current 
magnetic field in a region including the sample. 

23. A device for heating a sample without a container 
under microgravity conditions, the device comprising: 

means for levitating the sample; 
a direct current plasma torch for producing a plasma 

flame from an electrical discharge and a flow of 
inert gas; and 

a ground plate near but physically separated from the 
sample, disposed so that the levitated sample is 
between the plasma torch and the ground plate so 
that surface electrical charge is removed from the 
sample and the plasma flame is drawn towards and 

8 
contacts the sample, thereby ensuring rapid and 
uniform sample heating. 

24. The device of claim 23, further comprising Helm- 
holtz coils surrounding the sample to produce a direct 

5 current magnetic field in a region including the levi- 
tated sample to concentrate the plasma flame around 
the sample. 

25. The device of claim 23, wherein the means to 
levitate the sample is selected from a group consisting of 

lo an electromagnetic levitation device, an electrostatic 
levitation device, an acoustic levitation device and an 
aerodynamic levitation device. 

26. A device for heating a sample without a container 
under microgravity conditions, the device comprising: 

means for levitating the sample; 
a direct current plasma torch for producing a plasma 

flame from an electrical discharge and a flow of 
inert gas; 

Helmholtz coils surrounding the sample to produce a 
direct current magnetic field in a region including 
the levitated sample to concentrate the plasma 
flame around the sample; and 

a ground plate near but physically separated from the 
sample, disposed so that the levitated sample is 
between the plasma torch and the ground plate so 
that surface electrical charge is removed from the 
sample and the plasma flame is drawn towards and 
contacts the sample, thereby ensuring rapid and 

27. The device of claim 26, wherein the means to 
levitate the sample is selected from a group consisting of 
an electromagnetic levitation device, an electrostatic 
levitation device, an acoustic levitation device and an 

l5 
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30 uniform sample heating. 

35 aerodynamic levitation device. 
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