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This invention relates to a method and apparatusfor 
producing a hot, stable plasma and for substantially reduc 
ing charge-exchange losses in such a plasma by providing 
a plasma blanket about the plasma by microwave heating 
of the electrons'therein. 
A plasma may be de?ned as a space charge neutralized 

ion gas and may be used in a variety of accelerators, 
mass spectrometers, high temperaturechemical reactors, 
and other electrical devices. Also, plasmas are desired 
for the study of the physics of plasmas, and in the ex 
perimentalstudy of controlled thermonuclear reactions. 
in conventional practice, a plasma is highly contami 

nated with neutral gas particles. Collision processes of 
the neutral gas particles and other attendant phenomenon 
seriously alter the behavior of the plasma and may render 
such a plasma unstable or un?t for various uses. Power 
requirements in conventional methods of plasma produc 
tion are high and plasma production ei?ciency is low. In 
conventional practice a plasma may be generated by elec 
tron bombardment of gas molecules as in an are dis 

However, a stable, energetic plasma has been 
Thus, there exists a need for 

some method of substantially reducing the effects of neu 
tral gas particles on such plasmas. 
_. The present invention ‘is for a method-and apparatus 

_ ‘forproducing a stable, medium density, high temperature 
plasma in an evacuated enclosure permeated by a suitable 
magnetic ?eld wherein the plasma is shielded from neu-v 
tral gas particles by an energetic plasma‘ blanket. This 
blanket is created by connecting a microwave generator 
to a re?ecting cavity within the evacuated enclosure such 

. that the electronsv therein are“ heated at the electron 
cyclotron frequency'of the electrons. These heated elec 
trons will, in turn,- produce ions, and both ions and elec 
trons will move along magnetic ?eld lines to produce 
this plasma blanket. Such a plasma blanket will essen 
tially eliminate charge-exchange losses of the plasma 
within the inside of the blanket, will provide a back 
ground for dissociation, ionization, etc., for trapping, and‘ 
will provide'a means for optimizing the electron tempera 
ture for stability. A detailed description of the operating 
parameters for creating and sustaining such a plasma 
blanket will be described in detail below.‘ ' 

' I United States- Patent 0’ l 

15 

20 

25 

30 

35 

40 

.45 

50 

‘ It is therefore an object of this invention to provide a ' 
method and apparatus for producing an energetic stable 
plasma. -' ‘ 

It is another object of this invention to provide a device 
for producing a plasma including means for shielding the 
plasma from neutral particles; . 

.It is still another, object of this invention to provide a 
device wherein radio frequency“ energy is employed in‘ the 
productionof ions ina plasma and for providing a plasma 
blanket about the plasma as a shield therefor. 
._ Theseand other objects and advantages of this invert; 
tlon will become apparent upon a' consideration-of the 

' following detailed‘ ‘speci?cation and the accompanying 

The single. ?gure is a schematic 

out. _ . __ . 7 ~ 

"In the drawing',j_.a typical mirror a?eld geometry is 
produced within an evacuated “vessell byajpair of elec 
tromagnetic coils 2,2’. i The vessel 1» is providedwith 
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2 
conduits 3, 3' that communicate with appropriate vacuum 
pumps, not shown. Positioned within the central region 
of the vessel 1 is a copper liner 4 as shown and being a 
surface of revolution symmetrically about the axis of the 
coils 2, 2'.' The annular portion of liner 4 between the 
coils 2, 2' is perforated. The diameter of this annular 
portion may be about 12 inches, for example, and the - 
length of this portion may be about 8 inches, for exam 
ple. The overall length of the liner 4 on the axis thereof 
may be about 22 inches, for example. These dimensions 
are given by way of illustration only. It should be un 
derstood that the size of the liner 4 is not critical and 
may be made smaller or larger, if desired. It should be 
noted that the cavity de?ned by the liner 4 is of such size 
that it is many times larger than the fundamental wave 
length of the microwave energy, to be described below, 
which is fed into the cavity. Thus, the device is designed 
to operate in high modes. v . 
The liner 4 is provided with a Vacuum connection 5 and 

gas inlet‘fee-d lines 6, 6’. The gas feed lines communi 
cate with portions of the liner 4 that project into the 
throat of the coils 2, 2’. These ends of the liner 4 that 
project into the coils 2, 2’ are provided with a plurality 

' of microwave cut-off tubes '7, 7’ to allow for plasma pump 
ing and to prevent microwave energy from escaping ‘ 
through these ends of the liner 4. These tubes, '7, 7' 
have a diameter of about % inch, for example. The 
liner 4 is connected to a microwave generator. 3 through a 
waveguide transmission line 9. The end ‘chambers 14% 
and 14-’, as Well as the area surrounding the liner 45, and 
the chamber 15 are ?rst evacuated to a pressure of 10-6 
mm. Hg and then as feed gas is fed into the chamber 15 
the pressure in chambers 14, 14’ is raised to a selected 
pressure in the range of (3-6) X l0—5 mm. Hg, while the 
pressure in the chamber 15 within the liner dis raised to a 
selected value in the range from 1><10.-5 to 2X10“5 mm. 
Hg. The values of these pressures are set in accordance 
with the rate of gas feed into the chamber 15 within liner 
4 and the value of the operating power of the generator 3. 
For example, when the generator 8 is operating at 3.5 
kw. and 10.8 kmc. and the gas feed rate is .12 cc./sec., 
these pressures in chambers 14, 14' and 15 are adjusted 
to 6><l0—5 mm’. Hg and 2><10—5 mm. Hg, respectively. 
When the generator 8 is operating at 1 kw. and 10.8 kmc. 
and the gasfeed rate is .06 cc./sec., these pressures in 
chambers 14, 14' and 15 are adjusted to 3 X l0—5 mm. Hg 
and 1><l0—5 mm. Hg, respectively. ‘ It has been deter 
mined that at an operating power of 3.5 kw. for the gen 
erator 8, the gas feed rate must not vary any measurable 
amount from 0.12 cc./se'c. in order to maintain a stable 
plasma, and when operated at the 1 kw. power level the 
feed rate must not vary any measurable amount from ' 
0.06 cc./sec. for a stable plasma in the device described 
above. , It should be noted that operation at the 3.5 kw. I 
power level and a gas feed rate of 0.12 cc./sec. is the'most 
e?icient in terms of ion density within the plasma. Thus. 
the device in the ?gure may be operated to produce a 
stable plasma with the microwave generator operating ' 
atany selected power from 1 to 3.5 kw. and at a frequency 
of 10.8 kmc. and the gas fee-d'rate is at some value from 
0.06 cc./sec. to 0.12 cc./sec. depending on the operating‘ 
power level. T he-pressures in the'various chambers will 
be set'within the ranges speci?ed above for operation at 
any power level and gas feed rates between the respec 
tive upper and lower limits speci?ed above. . 

. The coils 2, 2' provide a magnetic ?eld'with a mirror 
ratio of 2:1. For example, the magnetic ?eld has a ?ux 
\density of about ‘6820 gauss on the axis at the midpoint 
of the coils and a ?uxydensity of'about 3410 gauss on the 
axis at the midpoint between the coils. The lines 13, ‘513,’ 
are lines ‘of constant magnetic ?ux‘ and the value of this 
?ux is about 3820 gauss, for example, when the micro 



4.3 
wave generator 8 is operating at 10.8 kmc. The magnetic 
?eld ?ux is selected such that the cyclotron frequency for 
electrons within the liner 4 equals the frequency of the 
microwave input power. 

In a typical operation of the device described above, 
feed gas which may be deuterium, for example, is fed at 
the desired, selected rate through the gas feed tubes 6, 6’, 
and the pressures in the various chambers are adjusted to 
the desired values as discussed above. Simultaneously, 
the coils 2, 2' ‘are energized to provide the above men 
tioned ?ux densities and the microwave generator is set 
in operation at the desired power level from 1 to 3.5 kw. 
and at a frequency of 10.8 kmc. Under these operating 
conditions, a plasma 12 is produced by the energy sup 
plied to the electrons in the system from the generator 8. 
Thus, heating at the electron cyclotron frequency is pro 
duced along the lines 13, 13' of constant magnetic ?ux. 
It should be noted that the liner 4 does not need to be 
resonant; rather, it needs only to be a re?ecting cavity. 
The conditions necessary for this heating process to 

exist are as follows. If one considers that initially a 
number of electrons are present with random velocities 
and random phases in their Larmor orbits, the condition 
that an appreciable number of them gain energy by a 
re?ecting process is that they must be effectively brought 
into phase with the microwave electric ?eld. The quali 
tative condition necessary for the electrons to be phased 

_ is that they gain an amount of energy between scattering 
events greater than they had initially. For this condition 
to be satis?ed the following inequality must hold: 

eeh 
T>E* 

where e is the magnitude of the plane polarized micro 
wave electric ?eld intensity, )t is the mean free path of 
the electrons, and E1 is the initial average energy of the 
electrons. The minimum electric ?eld intensity needed 
becomes: 

€>27’L:Ei 
where 7\ has been replaced by 1/110‘. The number density 
of scattering centers is n, and 0' is the effective cross sec 
tion for a 90° scattering. If this condition is satis?ed, 
an electron with initial energy E, and 180° out of phase 
with the applied microwave ?eld will lose an amount of 
energy 5,, and then gain energy because it Will be in phase 
with the ?eld for the remainder of its free path. Elec 
trons less than 180° out of phase with the microwave ?eld 
will gain more energy, and electrons starting in phase with 
this ?eld will have an energy greater than 2E1 at the end 
of a mean scattering time. The average energy of the 
electrons after one scattering time will thus be greater 
than 1-3,. The energy gained per cycle is proportional to 
the Larmor radius of the electron and thus the rate of 
‘energy gain increases with increasing electron energy. 
The energy cannot increase without limit, however, be 
cause of the relativistic increase in electron mass which 
changes the Larmor frequency and takes the electron out 
of resonance with the heating ?eld. The above conditions 
are satis?ed when the cyclotron frequency for the elec 
trons within the liner 4 is equaled to the frequency of the 
microwave input power. 
The heating of the electrons will initially produce ions 

due to the ionization of the residual neutral gas within the ~ 
liner 4. As these ions gain energy from the hot electrons 
or auxiliary ion heating processes they will be con?ned 
within the area Till inside of the plasma 12. The deute-ri— 
um gas being fed into the chamber 15 through tubes 6, 6' 
is also ionized by the heated electrons. It has been deter 
mined that for a given gas feed rate and for a selected 
operating power for the microwave generator 8, that the 
ions produced by the ionization of this feed gas will form 
a plasma blanket with a thickness “T.” The electron 
density and thickness of this blanket are a function of the 
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operating power of the generator 8 and are greatest at the 
3.5 kw. operating level. As mentioned above the gas 
feed rate is critical for each operating power level in order 
to produce a stable plasma, and at 3.5 kw. the critical gas 
feed rate is 0.12 cc./sec. This blanket will not form when 
the feed rate is higher because the relatively cold gas par 
ticles in the gas feed will prevent such a formation, and 
when the gas feed rate is lower the plasma is unstable and 
no blanket formation will occur. 
The plasma blanket thus formed acts as a shield against 

neutral particles trying to enter the plasma from the area 
surrounding the plasma blanket. Any neutral particle 
entering this blanket will quickly become ionized before 
it can reach the plasma con?ned within the area 11 
shielded by this blanket. Thus, the plasma in this area 
it is essentially protected against charge exchange losses 
by the plasma blanket. The blanket ‘provides a back 
ground for dissociation, ionization and for trapping, and 
provides a means for optimizing the electron temperature 
for stable operating conditions. Under the above operat 
ing conditions the electron density in the blanket is about 
2><1012 electrons/cm}, and these electrons have a tem 
perature equivalent to about 20 kv. Such a blanket will 
cause the density 1201 of neutral particles of mean thermal 
energy in the central plasma in the area 11 to decrease 
according to the formula 

r101 : nOrK 

where no is the neutral density outside the blanket plasma, 
e is the microwave ?eld, and 

T 
Krr 

where T is the thickness of the blanket and A is the mean 
free path of the electrons for ionization of the back 
ground gas. In a typical operation of the above device, 
A is about 2.5 cm. Thus, the neutral particles outside the 
plasma blanket are effectively prevented from reaching 
the area 11 within the blanket since they become ionized 
before they ever reach this area and the number of neutral 
particles in the area 11 are reduced in accordance with 
the above formula. Therefore, a stable, dense and very 
energetic plasma is formed and maintained in the area 11. 
It has been determined that at the 3.5 kw. operating power 
level the ion density of the central plasma under stable 
operating conditions is at some value from 5><1012 to 
1013 ions/cm.3. At the 1 kw. operating level this ion 
density ranges from (2.5—3)><l012 ion/cm.3. Thus, it 
can be seen that as the operating power level is increased 
the ion density will increase. 
The ion density of the trapped plasma may be increased 

further by the injection of a beam of neutral tritium di 
rectly into the plasma blanket, where it is quickly ionized 
by the hot electrons within this blanket. The neutral 
tritium beam may have an injection energy of a selected 
value in the range from 50~l00 kev., for example. 

It should be noted that the effectiveness of the plasma 
blanket in stopping neutral particles can easily be deter 
mined by directing a beam of neutral particles toward 
such a blanket and observing if any of these neutrals ac 
tually penetrate and can be detected on the other side of 
such a blanket. The neutrals would have to actually pass 
through the blanket twice in any passage through the cen 
tral area 11 in the above described device. It has been 
determined that the plasma blanket is very effective in 
stopping such a neutral beam. 
A good indication of a stable plasma is when simul 

taneously the X-rays from the plasma have a constant 
measured value, the electron temperature has a'constant 
average measured value, and the diamagnetic properties of 
the‘plasrna are stable. Diagnostic measurements of the 
plasma produced in the operation of the above described 
device have clearly indicated that a stable plasma is pro 
videdunder the speci?ed operating conditions. 
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In the operation of the above described device, it has 
been observed and con?rmed by measurements that some 
neutrons have been produced. It is assumed that the 
energy and density of the ions in the stable, hot plasma 
have acquired sni?cient values for the production of such 
neutrons. Thus the device described above can also be 
used as a neutron source. 

It should be noted that the present device is not limited 
for use with deuterium only as the feed gas. A mixture 
of deuterium and tritium can also be used as the feed gas, 
if desired. Also, the present device can be operated with 
a microwave generator which provides a shorter wave 
length than that described above. With such a generator, 
the size of the blanket plasma can be reduced substantially 
and the magnetic flux can be increased, thus increasing 
the energy-density of the inner plasma. In addition, when 
the device is operated with a shorter wave length, it may 
be feasible to dispense with the re?ecting cavity de?ned 
by the liner 4, and the walls 1 of the outer chamber are 
then used as the re?ecting cavity. 

This invention has been described by way of illustration 
rather than limitation and it should be apparent that the 
invention is equally applicable in ?elds other than those 
described. 
What is claimed is: 
1. A method of producing a stable, energetic, dense plas 

ma within an evacuated re?ecting cavity disposed within an 
evacuated enclosure permeated by axially symmetric mag 
netic mirror ?elds comprising the steps of evacuating said 
cavity and said enclosure to a ?rst selected pressure, feed 
ing high frequency microwave energy of a selected power 
and frequency into said evacuated re?ecting cavity, estab 
lishing said magnetic ?elds at a strength such that the 
electron ‘cyclotron frequency is made equal to the fre 
quency of said microwave energy, the electrons within 
said cavity being heated by said microwave energy along 
lines of constant magnetic ?ux provided by said magnetic 
?elds, said heated electrons ionizing the background gas 
within said cavity to form a primary plasma, feeding gas 
at a selected critical rate into said cavity and simultaneous 
ly raising the pressure ‘within said enclosure and cavity 
to second and third pressures, respectively, said critical 
gas feed rate being proportional to the selected operating 
power of said microwave energy for any selected cavity 
size, whereby a stable plasma blanket is formed surround 

' ing said primary plasma, said blanket shielding said pri 
mary plasma from neutral particles and rendering said 
primary plasma stable, energetic and dense. 

2. The method'set forth in claim 1, wherein said ?rst 
pressure is 10*6 mm. Hg, said second pressure in 
said enclosure is of a selected value in the range from 
(3-6) X 10-5 mm. Hg, said third pressure in said cavity is 
of a selected value in the range from (1-2) ><10—5 mm. 
Hg, said gas feed rate is at a selected value in the range 
from 0,06 cc./sec. to 0.12 cc./sec., said microwave en 
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ergy is of a selected power setting from 1 to 3.5 kw. and 
at an operating frequency of 10.8 kmc., and said magnetic 
mirror coils having a mirror ratio of 2: 1, said lines of con 
stant magnetic ?ux having a selected value of about 3820 
gauss. 

3. The method set forth in claim 1,wherein said selected 
gas feed rate is 0.12 'cc./sec., said second, selected en 
closure pressure is 6><10-5 mm. Hg, said third, selected 
cavity pressure is 2X l0~5 mm. Hg, said selected operating 
power for said microwave energy is 3.5 kw., and said feed 
gas is deuterium, whereby said stable primary plasma has 
an ion density of about 1013 ions per cubic centimeter. 

4. The method set forth in claim 2, wherein said se 
lected gas feed rate is 0.06 cc./sec., said second, selected 
enclosure pressure is 3 X 10*5 mm. Hg, said third, selected ' 
cavity pressure is 1><10~5 mm. Hg, said selected operating 
power for said microwave energy is 1 kw., and said feed 
gas is deuterium, whereby said stable primary plasma has 
an ion density of about 3 X 1012 ions per cubic centimeter. 

5. A method of producing a stable, energetic, dense 
plasma within an evacuated enclosure permeated by aXial~ 
ly symmetric magnetic mirror ?elds, comprising the steps 
of evacuating said enclosure to a ?rst selected pressure, 
feeding high frequency micromave energy of a selected 
power and frequency into said evacuated enclosure which 
acts as a re?ecting cavity, establishing said magnetic ?elds 
at a strength such that the electron cyclotron frequency 
is made equal to the frequency of said microwave energy, 
the electrons within said enclosure being heated by said 
microwave energy along lines of constant magnetic flux 
provided by said magnetic ?elds, said heated electrons 
ionizing the background gas within said enclosure to form 
a primary plasma, feeding gas at a selected critical rate 
into said enclosure and simultaneously raising the pressure 
within said enclosure to a selected second pressure, said 
critical gas feed rate being proportional to the selected 
operating power level of said microwave energy for any 
selected enclosure size, whereby a stable plasma blanket 
is formed surrounding said primary plasma, said blanket 
shielding said primary plasma from neutral particles and 
rendering said primary plasma stable, energetic and dense. 
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