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FOREWORD 

In keeping with its mission of research on propulsion and power systems, the Lewis 

Research Center has been engaged in studies of electric thrusters and the key scien- 
tific topics related to their development. The purpose of this Conference is to pre- 
sent recent results from this body of work, specifically, research on plasmas and 

magnetic fields, and to examine their importance to aerospace propulsion and power 

generation. We hope that this review will prove useful to those working in the field. 

Abe Silverstein 
Director 
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I N T R O D U C T I O N  

W. E. Moeckel 

The primary roll  of the Lewis Research Center in the NASA organization is to 
conduct research and development on propulsion and power systems fo r  aircraft  and 
spacecraft. This roll  predates the formation of NASA by many years, In fact, it 
dates back to 1941 when a group from the Langley Laboratory was moved to Cleve- 
land to establish the Aircraft Engine Research Laboratory of the National Advisory 
Committee for Aeronautics, the direct predecessor of NASA. With this  historical 
background, it is not surprising that we view most of our research from the stand- 
point of application to new o r  improved propulsion and power concepts and systems. 
This is the viewpoint which led to most of the research and technology that we a r e  
discussing at  this conference. Some of the propulsion and power concepts toward 
which this  research is directed a r e  still  quite remote from application, and some 
may prove to be infeasible. But we can not find out about the real  problems and 
limitations of these concepts unless some work is done on them. A determination 
of the feasibility of propulsion concepts is really the main responsibility a t  Lewis. 

During the 1940's and early 19501s, most of the activity a t  this Center involved 
aircraft  engines, primarily turbojets and their associated components. Their mis -  
sions were studied for al l  speed ranges. The results of these system, component, 
and mission studies were presented periodically in the form of conferences for the 
aircraft  industry, interested universities, and the armed services. Such confer- 
ences have continued intermittently during the past decade. This conference is one 
of a new ser ies  which will present in condensed and summarized form our viewpoints 
and research results in several a reas  of Lewis activity. 

During the NACA period, research a t  Lewis was proceeding on other propulsion 
concepts (in addition to turbojets), such a s  ramjets, high-energy chemical rockets, 
and nuclear-powered aircraft engines, together with mission and application studies. 
Some of the evaluation studies on the uses of nuclear energy for turbojets, ramjets, 
and rockets date back to 1946. With the increased emphasis on missiles in the mid- 
19501s, the work a t  Lewis on chemical rocket propulsion increased, and further 
studies of nuclear rockets were pursued. At present, work is continuing on al l  of 
these propulsion systems. 



Qf more &rect  interest a s  background for this conference, however, is the ori-  
gin of the work related to electric rockets, space power, and the possibilities for 
thermonuclear fusion for propulsion. Our active studies in each of these a reas  date 
back to 1956. That year marked the intensification of Lewis studies in space mis- 
sions and space propulsion in general. These studies showed, among other things, 
the potential importance of electric rockets and low-mass electric power systems 
for space propulsion. The research and development programs in electric propul- 
sion and space power systems were initiated shortly thereafter. The plasma phys- 
ics  aspects of electric rockets a r e  presented in the f i rs t  paper Two space power 
system concepts that involve plasma physics to a substantial degree - - magnetogas- 
dynamic and thermionic systems -- a r e  also discussed. These papers represent, 
of course, only a small portion of Lewis programs in these areas, since some types 
of electric rockets and space power systems a r e  now in the development stage. 

In studying electric rockets, Lewis has acquired experimental facilities which 
a r e  uniquely suited to studying certain subjects not directly related to propulsion 
and power. One of these studies, the simulation of solar-wind magnetosphere in- 
teraction, is described in the paper by Donald Chubb. In another research paper 
John Dugan describes some studies of plasma chemistry and ion-molecule inter- 
actions that a r e  related to al l  of the plasma programs, but which have much more 
basic and general interest. 

Lewis interest in fusion research also started in 1956 when the Atomic Energy 
Commission released some results of studies of means to achieve controlled thermo- 
nuclear fusion power. At that time, a preliminary study was made here a t  Lewis of 
possible propulsion applications of controlled fusion. This study concluded that con- 
trolled fusion, if achieved, could have significant aerospace propulsion and power 
applications, provided that sufficiently lightweight magnetic containment and igni- 
tion systems could be developed. This low mass requirement is not significant for 
terrestr ial  applications. It represents one of several differences between terrestr ial  

and aerospace fusion applications. This was the beginning of the Lewis exploratory 
program to develop high-intensity, large-volume electromagnets with the lowest 
possible mass .  The program is still in progress, and the results a r e  described in 
the fifth paper of this conference. Since that beginning, other potential aerospace 
uses  for  such low-mass magnets have become evident. These include magnetogas- 
dynamic power generation, some types of electric thrusters, and possibly shield- 
ing from high-energy charged particles. Some of the electromagnets that we have 
developed a r e  unique facilities for basic research on the effects of intense magnetic 
fields. The solid-state research that is being carried out in these magnets is de- 
scribed in the paper by John Woollam. In addition, the technology developed in this 

a rea  can be expected to benefit the many terrestr ial  applications of magnetic fields 

and high current densities. 



%n 1958 we initiated a small program on plasma heating to go with the stu&es t o  
produce bigger and stronger magnetic fields. The most appropriate heating method 
appeared to be ion cyclotron resonance heating. A program was set  up to  study this 
process in the steady state, in contrast to  the programs a t  Princeton and elsewhere 

that were using pulsed radiofrequency power. Our reasons for going to a steady- 
state heating method rather than pulsed methods were that it seemed more suitable 
for eventual propulsion applications and that i t  simplified the problems of diagnos- 
t ics to determine what was going on. The results on this and related plasma heating 

studies a r e  presented in the third paper. 
The plasma physics and plasma engineering programs described herein cover 

a very broad range of plasma parameters -- broader, I believe, than that being 
studied a t  any other single laboratory. This range of plasma parameters is shown 
in figure 1 where plasma regimes a r e  indicated on a density-temperature field. 
For  MND and thermionic power generation, the concern is with high density, but 
relatively low temperature -- with a high neutral background in MHD case, and a 
low neutral background in the thermionic plasma. In thrusters there a r e  higher 
energies, but somewhat lower densities, particularly for ion thrusters. The ex- 
haust plasma beam from thrusters is much lower in density, and such exhausts a r e  
being used to try to simulate the solar wind impinging on the Earth's magnetosphere. 
In fusion-related plasma experiments we try to achieve both high temperature and 
higher density, with the lowest possible neutral o r  impurity background. This broad 
scope of plasma research is very useful to  us, m d  leads to some profitable cross- 
fertilization. 
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Figure 1. - Plasma regimes studied at Lewis Research Center. 



Now that the origin of the work described in this cormference has been presented, 

P will illustrate the main reason for our interest in these subjects. The fact  is that 
we a r e  still rather poorly prepared, from the propulsion standpoint, to undertake 
exploration or" space. Man has reached tihe Moon, and there is some talk about go- 
ing on to the s t a r s .  But we a r e  still quite inadequately endowed, even conceptually, 
with propulsion systems suitable for exploration of our own solar system. The t r ip  
t imes a r e  excessive, even to the near planets, if we a r e  limited to propulsion sys- 
tems now in use o r  in the development stage. 

To illustrate the extent of the inadequacy, I will show some results of a recent 
1 mission study which indicates the propulsion system performance that is needed a s  

function of the round-trip time to reach various planets of our solar system. For  
the purpose of illustration, the space propulsion systems a r e  divided into two types. 

Type I consists of high-thrust systems whose performance is limited by the specific 

impulse (or exhaust jet velocity) that they can attain. Typical examples a r e  chemical 
rockets, solid-core nuclear rockets, and probably also gas-core nuclear rockets, if 

they become feasible. These systems can produce thrust with nearly impulsive 
bursts  so that the vehicle travels almost entirely along f ree  fall conic-section t ra-  
jectories. 

Type I! systems can achieve high specific impulse, but they a r e  limited pri- 
marily by the specific mass  - that is, the mass  per kilowatt of jet power produced. 
Electric rockets and fusion rockets (if they become a reality) fall into this category. 
These systems produce low thrust relative to the mass  of the vehicle, so  they must 
keep pushing for  a major part of the trajectory. In this respect, they a r e  more  like 
our terrestr ial  transportation systems than a r e  the type I rockets. The trajectories 

a r e  more complicated and must be calculated by numerical integration procedures. 
Figure 2 shows the specific impulse needed for type I propulsion systems for 

round t r ips  to Mars a s  function of t r ip  times. These curves a r e  for the inter- 
planetary part of the mission only and for single- o r  two-stage vehicles. These 

vehicles a r e  assumed to have been launched to escape velocity from Earth by a 
suitable high-thrust chemical o r  nuclear launching rocket. The vehicle then trav- 
e ls  to Mars  and returns to Earth with only a short stopover time. This mission 

can be thought of a s  a resupply mission for a Martian base, in which a payload is 
unloaded a t  Mars  and one of about equal mass  is loaded on and returned to Earth.  
It represents the shortest round-trip t ime possible with a fixed payload mass  a s  
function of the attainable specific impulse of the propulsion system. 

I Moeckel, Wolfgang E .  : Propulsion Systems for Manned Exploration of the 

Solar System. Astronautics and Aeronautics, vol. 7, no. 8, Aug. 1969, pp. 66-77. 
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orbit to Mars orbit and back. 

The single-stage vehicle with lo-' py load  ratio represents a reasonable size 
for assembling and launching on such a mission. A typical payload may be of the 
order of 50 000 kilograms, s o  that the entire vehicle would have a mass  of 500 000 
kilograms. This mass, together with a nuclear rocket fo r  launch to escape veloc- 
ity, could be  assembled in low Earth orbit with five or  six Saturn V launch vehicles. 
The two-stage vehicle, with payload ratio, represents an  upper extreme mass  
ratio that might be  contemplated if mission costs were not a factor, o r  if payloads 
were much smaller. 

This figure shows that solid-core nuclear fission rockets with a specific im- 
pulse of 850 seconds would require about 300 days for the two-stage vehicles, and 
they would be incapable of performing the single-stage mission. bf a gas-core 
nuclear fission rocket could be developed with specific impulse of 2500 seconds, 
this mission could be done in 3 to 6 months. This is still a long voyage for r e -  
supply and maintenance of a remote base. For  that application, a round-trip time 
of a month would be desirable, but this would require specific impulses f a r  beyond 
those attainable with any known type I propulsion concept. 

Figure 3 shows what we can do for  the same mission with type II propulsion 
systems. With an electr ic rocket with a specific mass  of about 7 kilograms per 
kilowatt, which may be achievable in the not too distant future, this mission can be 
accomplished with the single-stage in about a year. With a specific mass  of about 
1 kilogram per kilowatt, which may be possible with fusion rockets, the t r ip  time 
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Figure 3. - Mars "quick t r ipt1 requirements. Type IT propulsion; Earth 

orbit to Mars orbit and back. 

is reduced to about 5 months for  the single-stage vehicle. Again, the reduction is 
well worth achieving, but i t  s t i l l  does not get us to the 30-day range. We can fore- 
s e e  no propdsion concept that approaches the 0 .1  kilogram per kilowatt level o r  
lower that would be needed. The nearest might be  a fusion rocket operating with- 
out external magnetic containment, perhaps with high pinch currents through the 

plasma. But such plasma heating and containment schemes have been shown to be 
highly unstable and incapable of net fusion power output. 

Mass annihilation a s  a potential lightweight energy source and a photon rocket 

fo r  high specific impulse have frequently been suggested. However, the energy r e -  
leased per unit fuel mass  is not the limiting factor once we have progressed from 

chemical to nuclear power. The problem is really one of containment of the power 
and i t s  conversion to directed jet power. This containment and conversion problem 
is what determines the maximum specific impulse of a type I system and the mini- 
mum specific mass  of a type B system. 

Figure 4 shows what i s  required to reach the more distant planets with type I 

systems. The same out-and-back mission is assumed. If a 3-year voyage is as- 
sumed a s  the maximum a crew can be expected to  tolerate, we can just about make 
it to  Jupiter with the specific impulse of solid-core nuclear rockets (850 sec). 

1 With gas-core fission rockets (I = 2500 sec), the Jupiter t r ip  is reduced to 1- 
s p  

yea r s  and Saturn would be attainable in a 3-year trip. 
2 

F o r  type IT systems, figure 5 shows that a voyage can be made to Saturn in 
3 years  with the specific mass  expected for nuclear-electric rockets. If fusion 

xii 
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becomes a reality and the anticipated specjfic mass  of 1 kilogram per kilowatt can 
be  achieved, a t r ip  out to Uranus and back could be made in 3 years. Again, to 
get to  Neptune o r  Pluto and back in 3 years  requires propulsion capabilities f a r  
beyond anflhhg now anticipated. However, with some graviktional a s s i s t s  from 
Jupiter o r  SaLurn, we might be able to  reach al l  planets occasionally with 3-year 
tr ips.  

In dwelling on the inadequacy of the existing and anticipated propulsion systems 
for  quick t r ips  to  Mars and 3-year t r ips  to the outer planets, my intention was to 
illustrate that the propulsion capability is ultimately the primary factor which will 

determine the extent and frequency of manned space voyages. This is t rue  not only 
for the outer planets, but also to the near planets and to the Moon. Research 
should continue to determine the feasibility and limitations of advanced propulsion 
concepts. Plasmas and magnetic fields play dominant rolls  in many of these ad- 
vanced concepts. 



1. P L A S M A  P H Y S I C S  O F  E L E C T R I C  R O C K E T S  

George R. Seikel, Denis J. Connol ly, Char les J. Michels,  Edward A. Richley, 
J. M a r l i n  Smith,  and Ronald J. Sovie 

Most electric thrusters make use of plasma. This paper attempts to focus on 
the major plasma processes of two basically different type thrusters, which a r e  

being investigated over a wide range of power levels (figs. 1-1 and 1-2). They a r e  
the electron bombardment ion thruster and the ma~etoplasmadynamic (MPD) a r c  

thruster. Discussions of alternative types of electric thrusters a r e  included in 
references 1 to  4. 

NASA Lewis Research Center has been doing research on both electron bom- 

bardment ion thrusters and MPD a r c  thrusters for a number of years.  In both, a 
plasma is created by a dc discharge between a central cathode and a cylindrical 
anode in a diverging axial magnetic field, and ultimately a high velocity plasma 
exhaust i s  produced. 

The ion and a r c  thrusters, however, employ completely different concepts to 
accelerate the propellant. The ion thrusters use strong electric fields applied by 
an accelerator grid to extract and accelerate the propellant ions produced in the 
discharge. The MPD a r c  thruster uses forces produced by the interaction of cur-  
rents and magnetic fields to accelerate the plasma. 

This paper will mention the current status and performance of both of these 
thrusters. But, the approach will be to primarily examine how they work and what 
limits their performance. The major inefficiencies in both a r e  shown to result 
from the same plasma processes. 

ELECTRON BOMBARDMENT ION TI-IRUSTER 

Concept 

The electron bombardment thruster is a member of a broader family of thrus- 
t e r s  known a s  electrostatic thrusters. These thrusters differ mainly in  the manner 
in which they create ions. They a r e  basically the same in terms of the method of 

accelerating the ions and it is from that process that they get their name. Fig- 



ure  1-3 illustrates the eleclrost%tic aeceleraBon process. An ion source i s  shown 
,followed by an accelerator electrode system. An electric field is established be - 
tween the se t  of electrodes in such a manner that it causes, in this case,  positively 
charged ions to be accelerated to the right and leave the spacecraft. For  each ion 
that leaves the spacecraft, though, an electron remains that must be removed s o  
that the spacecraft will maintain charge neutrality. These electrons a r e  shown 
being introduced into the beam downstream of the thruster. The lower portion of the 
figure shows a potential field diagram of the potentials a s  they would exist in the 
electrode system and downstream of the thruster. Thrust per unit a r e a  is propor- 
tional to the square of the field strength, which is labeled Ea in the figure. At 
Lewis we have worked mainly with electron bombardment thrusters. This thruster 
was invented by Harold Maufman, a research scientist at Lewis (ref. 5). 

Bombardment Thruster Configuration 

Figure 1-4 is a schematic diagram of a 15-centimeter-diameter SERT B thrus- 
t e r  (SERT stands for Space Electric Rocket Test). In 1964, Lewis managed the 
SERT T flight test. This tes t  was a ballistic flight launched from Wallops Island 
which served to demonstrate that electron bombardment thrusters would work in 
space. Lewis is presently preparing for the SERT II flight test  which will be a 
6 -month duration test  of an electron bombardment thruster. 

This SERT B thruster operates a s  follows. Liquid mercury propellant is 
brought in from the left and contacts the vaporizer which is a heated porous plug. 
There i t  is vaporized and the mercury vapor passes to the right into a plenum cham- 
ber  where i t  then passes (see the small  arrows in the fig. 1-4) into the main body or  

discharge chamber. A smal l  portion of the propellant enters the discharge chamber 
through the hollow cathode. In the chamber a mercury plasma is created as a result  
of electrons which a r e  emitted from the hollow cathode and keeper arrangement. The 
electrons pass into the chamber, ionize the propellant, and eventually arrive a t  the 
anode. The entire chamber including the screen electrode is maintained a t  high posi- 
tive potential. The accelerator electrode is maintained a t  a negative potential and an 
appropriate electric field is established between these two electrodes so  that ions 
from the discharge a r e  extracted, accelerated, and exhausted to the right. The 
neutralizer cathode and keeper arrangement is used to introduce electrons into the 
exhaust beam. The thruster is surrounded by a grounded screen that would be main- 
tained a t  spacecraft potential. To enhance the ionization process, a weak magnetic 
field is imposed on the discharge chamber by means of bar magnets located around 
the periphery of the chamber and which a r e  in contact with soft iron pole pieces. As 



illustrated in figure 1-5, magnetic f lux emanates from the tips of the so-called pole 
pieces and gives r i se  to a divergent magnetic field in the discharge chamber. 

Bombardment Thruster Performance 

Bombardment thrusters have been tested a t  Lewis in sizes ranging from a few 
centimeters to 150 centimeters in diameter a t  power levels ranging from a few watts 
up to 150 kilowatts and a t  thrust levels ranging from a fraction of a millipound up to 
1/2 pound. Figure 1-6 summarizes present day performance in terms of the varia- 
tion in overall efficiency as a function of specific impulse. As a point of reference, 
the SERT II performance point is shown a t  about 4500 seconds specific impulse and 
about 72-percent overall efficiency. The SERT H thruster has been tested in vacuum 
facilities for more than 3000 hours. Current research is concentrating on the spec- 
ific impulse range of 2000 to 3000 seconds where, a s  a result  of some recent im- 
provements in thruster performance, efficiencies in the range of 50 to 6Q percent 
a r e  being obtained. This range of specific impulse has been shown from mission 
analysis studies to be one of great interest for  a number of possible applications for  
electron bombardment thrusters. 

For  our research investigations, table 1-1 shows a summary of a typical thruster 
performance point for  a 30-centimeter-diameter research thruster. From this 
table it can be seen that the discharge chamber power is a significant portion of the 
total power and one which we would like to minimize. If the discharge chamber 

1 power is divided by the beam current, in this case 12 amperes, the resulting param- 
e ter  is the amount of energy required to create an ion in the beam. This parameter 
is called "eV per ion" and is used to evaluate the effects of various thruster 

modifications. This parameter is plotted in a number of different ways. For  ex- 
ample, figure 1-7 is a plot of the discharge energy against propellant utilization 
efficiency. The propellant utilization efficiency is the beam current divided by the 
flow into the thruster expressed a s  an  equivalent current. Here we see  that the eV 
per ion stays a t  about 200 up to a value of utilization efficiency of about 80 percent. 
It is interesting to note that when Lewis started research on the electron bombard- 
ment thrusters (about 10 years ago) values of eV per ion a t  80 percent propellant 
utilization efficiency were about 1250. So there has been more than a factor of s ix  
improvement over this 10-year time period. This improvement has been primarily 
the result  of experimental efforts in the laboratory rather than the development of 
theories that predict the behavior of the plasma in the discharge chamber. The 
empirical approach was followed because the plasma of the discharge chamber is 

very complex a s  is illustrated by figure 1-8. 



En figure 1-8, the dischwge e n e r m  loss is plotkd against magnetic field 
sltrengeh where, fo r  the p u r p s e s  of these h v e s t i g a ~ o m ,  the permanent magneb of 
the ehruster a r e  replaced by electromagnelss s o  that the magnetic field can be varied. 
According to a classical electron dgfusion theory, the eV per ion should drop as the 

magnetic field increases. This is found to be the case  in practice up to a point 
(labeled BCritical in this plot). Beyond this m a g n e ~ c  field value i t  is found that the 
eV per ion does not decrease in accordance with classical dmusion considerations 

but in fact may increase and exhibit an anomalous behavior. We have investigated 
a number of magnegc field configurations to determine their effect on performance. 
In one case, for example, a magnetic field was configured to be similar to the 
"minimum B" configurations used in some fusion experimental research programs. 
This configuration was found to be effective in moving the critical magnetic field 

v a h e  to the right somewhat (fig. 1-8) and in suppressing plasma noise in the e%baust 
beam; however, it was not particularly effective in reducing the eV per ion. Another 
approach was to use the previously described diverging magnetic field (fig. 1-5). 
This configuration was found to be the most effective in reducing the eV per ion. 

!on Edraction System 

The greatest reductions in discharge chamber power, however, have been a s -  
sociated with modifications of the ion extraction system. At Lewis, analog and 
computer kchniques fo r  investigating various ion extraction designs have been de- 

veloped. For  example, figure 1-9 shows a single hole of the SERT 11 grid system a s  
it. would be se t  up for  modeling on the digital computer program. On the left the 
shaded portion represents the plasma of the dkcharge  chamber, and the sheath is 
shown a s  the parting line between the plasma and the accelerating field region of the 

grid system. The screen electrode is depicted by the small  rectangular blocks and 
the accelerator electrode by the larger ones. These blocks represent the web of the 
grids. With this model the digital computer program yields the ion trajectories a s  
they leave the plasma sheath and pass through the grid system a s  well a s  the dis- 
tribution of equipotentbls in the grid region. 

One startling improvement in performance associated with the grid system re -  
sulted from increasing the screen electrode percent open area .  h the past the 
screen electrode holes were s i m i h r  in size to the accelerator electrode holes (about 
a 50-percent open area).  It was found that increasing the screen electrode percent 
open a rea  to about 70 percent reduced the discharge chamber losses by a factor of 
two. We believe this is primarily a result of exposing more of the p k s m a  sheath 



a r e a  to the extraction field of the grid system. We have been pursuing approaches 
which we believe can Lake further advantage of this idea. 

Figure 1-10 is a comparison of the conventional grid system just described with 
a newer one - a glass-coated o r  composite grid. In the new approach a coating of 
glass is bonded to the accelerator grid. We believe the plasma attaches to the up- 
s t ream surface of this glass in such a way that an electric field is established along 
the surface of the glass. Thus, ions a r e  extracted in much the same manner a s  with 
the conventional system. With this newer glass-coated grid, high performance a t  
low specific impulses has been achieved. For example, a t  2000 seconds specific 
impulse values of eV per ion of 200 have been obtained with the glass-coated grid as 
compared with values of 400 o r  greater with the conventional grids. 8f course, the 
structural advantages of the single glass -coated grid concept a r e  apparent. It elim - 
inates both the need to maintain close spacing between the screen and accelerator 

grid and alinement between the screen and accelerator grid. These a r e  two impor- 
tant advantages of this new very attractive grid concept. 

Present  Research Aims 

In summary, electron bombardment thrusters appear to have good efficiency a t  
the higher specific impulse levels, and they recently have been making strong gains 
in performance in the lower specific impulse regions. In our research programs we 
a r e  focusing on this lower specific impulse region because of its potential applica- 
tion to a number of missions. Work with the coated optics is continuing, and we a r e  
now beginning to examine the possibility of coating other components of the thruster 
which we believe may result  in better performance. 8f course, we st i l l  need a 
better understanding of the discharge chamber plasma, and in that respect we have 
recently initiated a spectrographic experiment which we hope will shed some light 
on the plasma characteristics. 

ION SOURCE POWER BAMNCE 

As discussed in the preceding section, the major inefficiency in a bombardment 
ion thruster is the plasma discharge energy expended per beam ion produced. This 
eV per ion is a gross parameter that characterizes the performance of the ion 
source. An understanding of the plasma processes that limit a dc ion source per- 
formance can be obtained by examining a power balance. 

If only unavoidable discharge losses a r e  considered, then the limiting per- 



formance can be determined. The Rvo major unavoidable losses in a dc discharge 
a r e  the power lost to the anode and the power consumed in ionization. 

The average electron arriving a t  the anode brings with i t  a t  least twice i t s  k i -  
netic temperature kTe. l t  also deposits in the anode the energy i t  gains falling 
through the anode work function GA. Since the electron current to the anode will be 
greater  than or  approkmately equal to the total anode current IA, the power lost  to 
the anode PA can be written 

The discharge power consumed in ionization PI is 

where IB is the beam ion current  and GEFF the energy required to produce an 
ion in the plasma discharge. The greater than sign results  from the fact that only 

in the most a d v a n e e o u s  limit would a l l  the ions produced in the discharge be use- 
fully exhausted as beam current. 

Volume Ion Production Cost 

The volume ion production cost GEFF has been evaluated for the sustained 

tenuous plasmas generated in low pressure discharges by considering the collisional 
and radiative losses in the plasma volume. Results have been obtained for specific 
gases (refs. 6 to 8) and an approximate general theory (ref. 9) has also been devel- 
oped that is applicable to a l l  gases. Jack Dugan discusses the atomic models used 
in this general calculation in his presentation Plasma Chemistry and Ion-Molecule 
Interactions. Typical results for the volume ion production cost for mercury a r e  
shown in figure 1-11. The volume ion production cost in eV per ion is presented a s  
a function of electron kinetic temperature in this figure. The number of ions pro- 
duced per unit volume can also be predicted a s  a function of electron kinetic tem- 
perature. 0% course, the product of the ion production rate and volume ion p r d u c -  
tion cost is the power consumed in ionization and excitation processes per unit vol- 
ume. 



limiting !on Source Performance 

If only the minimum anode power and ionization power losses a r e  considered, 

then the limiting performance of a dc ion source can be evaluated. The analysis 
uses only conservation of energy and current. If the discharge has a constant elec- 
tron kinetic temperature kTe (eV), then for a given propellant, discharge voltage 
V, and anode work function GA, the discharge energy per beam ion is only a fune- 
Lion of electron temperature: 

Energy beam ion 

Results for mercury a r e  shown in figure 1-12 for 'A = 4.5 volts, which is the 
value for tungsten. The eV per ion curves a r e  shown a s  a function of kT, for 
V = 25, 36, and 150 volts. For each V there is an optimum kTe. Their locus is 
shown by the dashed curve. 

The eV per ion becomes large a t  low temperatures because a s  shown in fig- 
ure 1-11 the volume ion production cost is becoming unbounded. The eV per ion also 

becomes unbounded as 

because at this temperature all the power is being lost to the anode. When the dis-  

charge is operating near the optimum temperature, approximately half the discharge 
power is lost to the anode and the outer half is consumed in the inelastic atomic 
processes in the plasma volume. 

These minimum values of eV per ion indicate that the performance of present 
ion sources (under 200 eV/ion a t  36 V) may be approaching a fundamental limit. 
Such a conclusion is however not warranted since a number of simplifying assump- 
tions have been made in evaluating this power balance. Thus these values should be 

viewed only a s  a f i r s t  approximation to the performance limit of such sources. 
These results, however, do demonstrate both the importance of examinihg the 

power balances for ion sources, and they do indicate the potential performance gains 



possible through raising the discharge voltage. Also, similar calculations for pro- 
s l l a n t s  other than mercury showed that cesium and possibly xenon ion thrusters 

might outper%orm mercury thrusters at least from the point of view of an energy 
efficiency. 

MPD ARC CONCEPT 

A typical MPD arc  thruster is shown schematically in figure 1-13. Its major 
components a r e  a cathode, anode, insulator, and magnet. Although MPD a r c  
thrusters a r e  not a s  highly developed and have not achieved a s  high a performance 

as the electron bombardment ion thrusters, they do possess a number of relative 
advantages. The MPD thrusters a r e  physically and electrically simpler, they 
have an order of magnitude higher thrust density, and a given thruster can oper - 
ate over a wide range of specific impulse. An MPD a r c  thruster system may 
potentially, also, be substantially lighter than an equivalent ion thruster system. 

NASA-Lewis has tested steady-state radiation cooled MPD thrusters a t  power 
levels f rom 100 watts to 40 kilowatts. In the higher power radiation cooled thrusters 
the magnet must be located a s  shown in figure 1-13 upstream of the anode because 
of the high heat flux from the radiation cooled anode. If adequate insulation is pro- 
vided, a permanent magnetic can be used. In the lower power devices one has the 
option of using a magnet coil surrounding the anode o r  a combination of both. Water 
cooled dc MPD a r c s  have been operated to power levels of over 200 kilowatts and 
we a r e  also operating a pulsed MPD a r c  of this same geometry a t  powers up to 

4 megawatts for a fraction of a millisecond. 
In the particular category of MPD a r c  thrusters on which we have been doing 

research, most of the thrust results from the interaction of an induced azimuthal 
current and the radial component of the applied diverging magnetic field, the mag- 
netic nozzle. There are,  however, also simultaneously present two other thrust 
mechanisms. 

But before discussing the various acceleration mechanisms in an MPD a r c ,  
it would be well to examine briefly the general interactions of currents and mag- 
netic fields and electric fields associated with these in a plasma. 

Plasma Ohm's Law 

Figure 1-14 shows a vector diagram of plasma current, magnetic field, and 
electric field. The figure illustrates f i r s t  that if you pass a current through a 



plasma o r  any other conductor in the presence of a magnetic field you get a Lorenk  
d 

force or  electromagnetic force, which is the vector product j X 6 and is p r p n -  
dicular to  both the current density 7 and the magnetic fielid g. In a plasma you 
get some other effects t h a h r e  not s o  common in ordinary conductors. The electric 
fields that a r e  associaLed with this current a r e  comprised of the normal resistive 
component j/a that is parallel to the current (a being the conductivity) plus a 
component of electric field prpendicular  to the current flow direction. This is - d 

termed the Hall field, and i t  is given by the quantity (wr/a)[( jxB)/~].  The param- 
eter  w-r is defined as the electron Hall parameter where 61 is the electron cy- 
clotron frequency (i. e . , the frequency with which electrons spin around the mag- 
netic field lines), and 7 is the m e m  time for an electron to lose its momentum by 
collision. As a result,  the equivalent electric field E* in figure 1-14 is com- 
prised of two components and is not parallel to the current. The angle between the 
equivalent electr ic field and current is denoted here a s  0 .  The a r c  tangent of 0 

is equal to the Hall parameter times the sine of the angle between the magnetic 
field and the current: 

tan-' 0 = w-r sin q 

The corresponding Ohm's law is 

where the equivalent electric field is defined 

which is the sum of the applied field plus a ? X  field plus a term due to the 

electron pressure gradient divided by the electron charge density. 

Inshbilities and Turbulence 

In addition to the Mall effect on Ohm's law there a r e  effects due to oscillations 
o r  turbulence. Since plasmas a r e  rarely quiescent, oscillations a r e  nearly always 
present. In some cases these fluctuations a r e  of sufficiently small  amplitude that 



they can be ignored. However, under some circumstances (generally termed in- 
stability) these oscillatiom grow to such h r g e  amplitudes that they totally govern 
the phenomena being observed. Here a r e  some examples of these circumstances: 

F i r s t  is the anomalous or  Bohm diffusion - that is, the e&aneed diffusion of 
charged particles across  magnetic field lines. This diffusion is important in the 
nuclear fusion field since here the endeavor is to contain charged particles within 
magnetic field configurations. This is discussed in greater detail in the paper by 
Rayle e t  al. As already mentioned, anomalous diffusion also is the cause of an in- 
creased energy to produce an electron-ion pair in the ion thruster  and hence leads 
to a decrease in the efficiency of the device. 

Second, fluctuations also play an important role in the performance of MKD 
power generators as is discussed in the paper by Lester Nichols. In this case fluc- 
tuations lead to a saturation of the Wall parameter a t  a value of the order of one even 
though the magnetic field is continually increased. This is an undesirable result 
since the performance of these devices is a strongly increasing function of the ef- 
fective Wall parameter. 

Third, in MPD accelerators the phenomenon appears to manifest itself by con- 
centrating the current in the form of a rotating current spoke rather than allowing it 
to have azimuthal symmetry about the cathode. 

To illustrate the influence of oscillations on plasma devices, consider their 
effect on Ohm's law. Prom a theoretical standpoint, the problem is one of pro- 
viding a theory which agrees with what is observed experimentally. This can best 
be understood by recognizing that while Ohm's law as presented (eq. (4)) may well 
be valid within the little black box which is the experiment, we a r e  in general ob- 
serving that experiment from the outside by way of ammeters and voltmeters which 
cannot resolve in time or  space the high frequency oscillations in the plasma. So in 
effect average values a r e  measured. Therefore, the theory need only predict these 
average values. 

To better understand this statement, consider the effect of electron density 
fluctuations on Ohm's law. For  simplicity assume the following: (1) the pressure 
gradients a r e  negligible, (2) only Coulomb collisions a r e  important s o  that the elec- 

tr ical  conductivity a is independent of the electron density, and (3) the induced 
magnetic field is negligible relative to the constant applied external field so  that the 
cyclotron frequency w and the magnetic field a r e  also independent of time. 
Therefore, o, w, and B a r e  independent of time a s  denoted by the subscript o. 

It is convenient for theoretical development to separate the current into two 
parts  : 



s o  that the measured or average value is 

Therefore in order to obtain correspondence between theory and experiment an ex- - 4 - 
pression must be established for jo. To do this, the quantities j, E ,  and T a r e  

written a s  in equation (6) (1. e. , the sum of an average plus fluctuating part) and sub- 
stituted into Ohm's law (eq. (4)) which is then averaged to yield 

where we have used the fact that 7- is inversely proportional to n, for Coulomb 
collisions and have assumed that the fluctuation quantities a r e  sufficiently small  s o  
that we need only retain terms which a r e  quadratics - that is, to order of the pro- 
duct of fluctuating quantities. 

Equation (8) has the same form a s  equation (4) except it contains the extra term - 
W ~ T ~  

((ii,/neo)y) x (8,/8,) which can be put in a more conventional form by mul- 

tiplying equation (4) by iie/neo and again averaging using the additional relations 
V X E = O  and v . ~ = o  toobtain 

which has exactly the same form a s  the original Ohm's law but o and WT a r e  ef- 

fective values given by 



Obviously t r a m m r t  coefficienb a r e  eossliy modgied f rom their steady stzd.e or 
usual gas kinetic values (is e.  , +ro and W~T,) Ln the presence of fluctuatiom a s  
~~4~ becomes large. 

Lq crder  to e s k b l k h  the magnitude of the fluctt~iation ne/neo , one must e m % -  ("") 
uate in the presence of tbe electron densifcgr fluctmtion all other pertinent equatiom 
(i. e .  , electron density, eke. ). Ln the case of P\/MID generators, for example, it can 
be shown (ref. 10) &at 

s o  that ( ~ 7 ) ~ ~ ~  c o m h n t  as ~~4~ - 00; that is, the effective Hall parameter sa t -  
urates. 

Eater in this dhclassion results a r e  presented of some calculations p r f o r m e d  
in the supersonic expansion region of a MPD Lhruster where reasonable agreement 
witb e x p r i m e n t  is obhined assumining ( w s ) ~ ~ ~  = consbnt. 

MPB Acceleration Mechanisms 

P i m r e  1-15 i l lwtsa tes  the current and magnet field distribution in a typical 
MPD a r c  f i r w t e r .  Current is shown witb solid Lines and magnetic field by dashed 
lines. The applied a r c  emrent  between the anode and cathode flows radially with 
some pluming into the e x b u s t .  The applied magraeMc field diverges to form what 
can be termed a magnetic nozzle. In addition to the applied magnetic field there is 
an azimuthal magnetic field which is caused by the applied a r c  current itself. In 

addition to the applied a r c  current there is, a s  already indicated, an induced azi- 
muthal current. Why i t  is there will be explained shortly. 

With this geometry and these currents and fields there a r e  three basically dif- 

ferent thrust mechanisms simultaneousILy present: 
1. Pressure  on the physical nozzle 
2. Direct magnetic pumping, jrBg 
3 .  Magnetic nozzle processes, j gBr 

(a) Expansion 
(I) Recovery of thermal energy7 jg a ap/ar 

(2) Recovery of swirl  energy, ve jrBZ 
(b) D r s t  current, jg aE x 



The f i r s t  is simply the ordinary gas dynamic pressure on the physical anode 
nozzle. The second is the direct plasma acceleration which is termed magnetic 
pumping (sometimes also termed blowing) and is the result of the interaction of the 
radial current and the azimuthal magnetic field. The third category is the magnetic 
nozzle plasma acceleration process which results from the interaction of the azi-  
muthal current with the radial field of the magnetic nozzle. 

As indicated, there a r e  two major subcategories of magnetic nozzle processes. 
The f i rs t  subcategory, the processes termed "expansion" in a magnetic nozzle, is 
analogous to expansion processes in an ordinary physical nozzle. In the conversion 
of thermal energy into directed energy in a magnetic nozzle, the radial plasma pres-  
sure  gradient gives r i se  to a diamagnetic azimuthal current. With regard to the 
second subcategory of expansion processes, the interaction of the applied a r c  current 
and applied magnetic field causes rotational or  swirl energy to be added to the 
plasma. In the subsequent expansion in the magnetic nozzle, energy and angular 
momentum a r e  conserved, and the swir l  energy is converted into directed energy. 

Associated with this conversion is an azimuthal current driven by the T x  B electric 
field. Thus associated with expansion processes in a magnetic nozzle a r e  two mech- 
anisms that cause azimuthal current  to be induced in the magnetic nozzle. A third 
alternative mechanism is the drift current which may result from the interaction of 
the applied electric and magnetic fields. 

For  any given MPD a r c  experiment the thruster mass flow, current, and mag- 
netic field can be adjusted s o  as to  make any one of the mechanisms discussed im- 
portant. Conversely, to determine how a given MPD a r c  thruster is producing 
thrust requires an assessment of the relative importance of the various possible 
thrust mechanisms. As indicated ear l ier ,  research a t  Lewis has been aimed a t  
attempting to utilize primarily the magnetic nozzle thrust mechanisms. One can then 
view the magnetic nozzle MPD a r c  thrusters a s  an a r c  jet in which the physical 
nozzle has been replaced by a magnetic nozzle s o  that the gas dynamic heat-transfer 
losses of the physical nozzle a re  avoided. 

MPD ARC THRUSTERS 

NASA-Lewis is investigating MPD thrusters at both the subkilowatt and multi- 
kilowatt power levels. Figures 1-2 and 1-16 a r e  cutaway drawings of the 30- and 1/2- 
kilowatt thrusters. Both operate on low voltage dc and have radiation cooled anodes. 
The two thrusters differ in mass flow rate, power, and thrust level, but have com- 
parable size, efficiency, and specific impulse. 



The mulmibwat t  MPD &ruster (fig. 1-2) o p r a t e s  with an a r c  power near 
30 kilowalk and p s d u c e s  thrust of about 1/2 newton (1/10 lb). Generally Wg i s  
used a s  psopelhnt. Ionization of the plasma exhaust of this thruster is between 
about %O arid PO0 percent. The thrust  is developed primarily through rnagraetic 
nozzle effects since data show that most of the ion acceleration occurs out in the 
magnetic nozzle. The ions also apparently drag many neutral particles along with 
them. Some thrust, of course, is also due to gas -dynamic effects. 

The 1/2-kilowatt MPB thruster shown in figure 1-16 operates with an a r c  power 
of a few hundred watts. The thrust produced is a few millipounds. Xenon propel- 

lant has yielded the highest efficiency. It has a lower density discharge that ionizes 
almost all the propellant atoms. The acceleration in this case also takes place out 
in the magnetic nozzle. 

Subkilowatt MPD Are Thruster 

In addition to performance measurements, the earl iest  work done on the sub- 
kilowatt thruster  was to determine the dominant acceleration mechanism. Figure 1-17 

shows schematic views of the subkilowatt thruster and profiles of the plasma poten- 
tial and electron pressure measured by Bowditch (ref. 11). The plasma potential 
profiles were obtained by emissive probes and the magnetic field lines by magnetic 
field probes. Generally the electric field is parallel to the magnetic field. This 

shows no serious currents can a r i se  caused by x drifts. The potential profiles 
show that the accelerator voltage drops associated with ion acceleration occur out in 
the magnetic nozzle. 

The electron pressure profiles were obtained by using a Langmuir probe to ob- 
b i n  the electron number density and electron temperature from which the electron 
pressure was calculated. The gradient of electron pressure divided by the electron 
density along the axis is found to be proportional to the electric field in that direc- 
tion. This says that the acceleration occurs in a space-charge f ree  region supported 
by the electron pressure gradient (refs. Id. and 92). 

E the electron pressure is integrated over the a rea  of the station shown at the 
edge of the nozzle, the resultant force approximates the measured thrust, thus fur-  
ther supporting this magnetic nozzle model. The ions get their energy a t  the expen- 

s e  of the random electron energy. The ions and electrons a r e  tightly coupled by the 
requirement that no net currents leave the thruster. Since this was anticipated to be 
the dominant acceleration mechanism, ear l ier  versions of low power MPD a r c  
thrusters were termed magnetic-expansion thrusters (similar devices have also been 



termed oscillating electron th rmte r s  o r  nonequilibrium magnetically contained 
eleclrothermal thrusters). 

Other diagnostic work done on this thruster has included determining (ref. 13) 
that most of the accelerator voltage drop occurs near the cathode. Hence, a r c  
impedance can be controlled by varying the hollow cathode flow. This flow is  a few 
percent of the total propellant flow. 

Magnetic Expansion P r ~ e s s  

Walker and Seikel have examined analytically the type expansion process found 
in the low power MI)D a r c  thruster. Specifically, the expansion of a fully ionized 
plasma containing hot electrons and cold ions is examined in the magnetic nozzle 
produced by a Helmholtz s e t  of coils (fig. 1-18). The analysis i s  restricted to near 
the axis of symmetry and the effects of thermal conduction a r e  included since, a s  
will be shown, these can be important. 

The se t  of equations to be solved includes the electron and ion continuity and 
momentum equations, M ell's equations, and an electron energy equation. No 
asymptotic solutions to this nonlinear s e t  of equations for large values of z were 
found using classical values of the conductivity for the plasma. As a result and due 
to the fact that in the experiments major fluctuations were present, an assumption 
was introduced that the electron collision time could be replaced by an effective time 
in the manner described in the earl ier  fluctuation discussion. In particular, the 
assumption was made that the effective Hall parameter be a constant throughout the 
flow. Such an assumption assumes a saturation of this parameter of the type pre- 
viously described as being appropriak a t  least for M B  generators. 

With this additional assumption, the solutions to the p h s m a  expamion shown in  
figure 1-19 were obtained. The ordinate is the ratio of the final ion energy to the 
initial electron energy - that is, the final ion energy at the end of the expansion 
divided by the random energy the electrons had back before the expansion s h r k d .  
This is plotted against the sonic point location. The sonic point location is relative 
to the downstream coil in the Helmholtz set: zero is a t  the plane of the coil, and the 
location is given in coil radii. The parameter in the analysis is a nondimemional 
parameter best though of a s  a nondimensional magnetic field. 

These solutions illustrate a couple of points. F i rs t ,  the magnitude of the ratio 
of the final ion energy to the initial electron energy can be much larger than what you 
would get in an adiabatic expansion. The adiabatic expansion result  is shown by the 

dotted line, and this illustrates how important the thermal conduction can be in such 
a process. The second point is that for sonic point locations near the plane of the 



downstream coil the solut;jiom w e  fair ly insensitive to the sonic point location. 
However, if the sonic point moves a coil radii downstream of that plane, then the 
solutions become very sensitive to the sonic point location. 

The results  of chi§ amlysis  can be used to make a power balance for  the low 
power ME"D a r c  thruster. The results  of figure 1-19 give the final energy of the ion 
in terms of the upskeam temperature. As described ear l ier ,  in making a power 
balance f o r  the ion sources, the anode losses for  such a discharge a r e  also a function 
of the u p s h e m  electron temperature a s  a r e  the ionization losses. Thus, the results 
of figure 1-19 can be combined with the minimum anode power and volume ionization 
power losses to make a power balance for the low power thruster. This results  in 
predicting a Limit to the efficiency as a function of specific impulse. The results  of 
such a calculation a r e  shown in the figure 1-20. Calculations were done for  xenon 
propellant, a discharge voltage of 100 volts, and an anode work function of 4.2 volts 
corresponding to molybdenum. To make these calculations the sonic point location 
was assumed to be a t  the plane of the downstream coil. Corresponding to every point 
along this theoretical limit curve of figure 1-20 is an optimum discharge electron 
temperature and optimum nondimensional magnetic field. 

Figure 1-20 also shows the efficiency a s  a function of specific impulse of the 
present NASA-Lewis low power xenon MPD a r c  thrusters (ref. 8). The discrepancy 
between the experiments and the theoretical limit may indicate some substantial gains 
a r e  possible in the expr imenta l  performance of such thrusters. Caution should be 
exercised though since to make these theoretical limit calculations required assuming 
the sonic point location. I3 the sonic point were actually much further downstream 
than the plane of the downstream coil, then the theoretical limit would be lower. This 
point brings up one of the big problems yet Lo be answered for  such flows: Where 
does the sonic point occur and why? 

This expansion process that has been described relative to the low power thrus- 
t e r  is also present in the higher power devices. But for the high power devices a 
number of additional effects must be included; for example, it can be shown that the 
ion temperature must be included. The higher power devices a r e  also only partially 
ionized. Some of the effects of swir l  and pluming of current down into the nozzle 
may also have to be included. As a result,  not much work has been done on the 
s u p r s o n i c  expansion fo r  the high power thruster; there has, however, been some 
analytical work done upstream of the sonic point for  these higher power devices. 

High Power MPD Subsonic Theory 

Typical of the high power MPD a r c  thruster subsonic analyses is the work of 



Workman (ref. 14). Basically, he considers the device to consist of two concentric 
electrodes with consbnt  flow area  upstream of the throat and a dowmtream di- 

verging expansion region. He then comiders the flow of a multicomponent chem- 
ically r e a c h g  f luid through a consknt a rea  duct with heat addition to drive the fluid 
sonic a t  the throat. As was pointed out in the precedhg section and also by S e a b  
and H a s a n  (ref. 15), one does not necessarily have to have the sonic point a t  the 
throat of the device since the Ohmic heating may extend downstream of the throat 

allowing the sonic point to occur in the downstream expansion region. The inter- 
esting point of Workman's analysis is the fact that the current tends to concentrate 
a t  the throat in a distance which is  of the order of millimeters while @pically the 

dimensions of these th rmts  a r e  of the order of centimeters. h other words, the 
current tends to eoncenkak in a sheet. This current sheet is also observed in the 
analysis of Rosciszewski (ref. 16). 

There is at  least  some qualibtive expr imenta l  justSication for this result on 
the basis of the exlperimenk of Sh& (ref. 19) a s  shown in figure 1-21. In these ex- 
periments Shih segments the anode in the gas flow direction to measure the anode 
current and heat flux distribution. The anode current distribution i s  shown by the 
solid curve. The electric current is very highly p & e d  in the tht-oat of the device. 
Therefore, the current  attaches over a short dishnee a t  the throat. 

High Power MWD Exhaust 

Although the theory fo r  the supersonic region of the high power M%SB a r c  thrus- 
ter  is not well understood, some interesting diagnostic studies have been made of 
the plasma exhaust. One such study is to measure the axial velocity of each s p c i e s  
in the plasma exhaust and to determine how they vary a s  the engine opra t ing  param- 
e te r s  a r e  changed (refs. 18 and 19). The velocities were obbined by measuring the 
Doppler s h s t s  of spectral lines emitted by the various p h s m a  constituents. 

Some typical results for the MPD a r c  o p r a t i n g  on ammonia propeuant a r e  
shown in figure 1-22. Here the axial velocity of some plasma species is plotkd a s  
a function of axial distance from the anode exit plane. These data i l lus t rak  facts 
"cat were found to be true for a l l  cases studied. The observed ion and neutral ve- 
locities always increased substantially in the magnetic nozzle region outside the 
thruster. The N' and I@' ions always reached about the same peak velocity, and 
this velocity was always greater than &at corresponding to the measured specs ic  
impulse. Fas t  neutrals were observed in every run and their velocities approached 
those corresponding to the measured s p c i f i c  impulse. 

The variation of ion and neukal velocities was studied for  a variety of o p r a t i n g  



conditions. Consider the trends shown in figure 1-23. The data show that increasing 

the a r c  power a t  constant mass flow rate results in higher specific impulse and 
thruster efficiency. In this case,  the better performance is essentially due to an 
increwe in the efficiency of converting the power that is put into the plasma into 
thrust. Both the ion and neutral velocities increase with increasing a r c  power. 
Other measuremenb also indicak that the degree of ionization and electron tem- 
p r a t u r e  increase with a r c  power in this case. 

At constant specific impulse, figure 1-23 shows that the efficiency increases 
with increasing mass flow rate.  In this case the exhaust velocities do not change 
appreciably and i t  was found that the increased efficiency was due to a decrease in 

the anode heat loss. 

High Power MPD Losses 

For the high power MPD a r c  thrusters the anode losses run from about 45 to 
60 percent of the input power depending on mass  flow rate,  magnetic field, and a r c  
current. The reason for the losses can be illustrated by returning to figure 1-21. 
The dashed curve is Lhe heat flux to the anode surface a s  a function of axial position 
along the anode. The solid curve is the current flux. Note that the two curves 
almost coincide. 

This would seem to indicate that almost a l l  of the anode power loss is carried 
by electrons in the a r c  current. Simple sheath considerations mentioned before 
require the anode heat loss per electron to be a t  least  two times the electron tem- 
perature plus the anode surface work function. Upper limits on a r c  electron tem- 
peratures estimated using this rule vary from 10 to 15 electron volts. Such values 

a r e  a t  least  in qualibtive agreement with the previously discussed one-dimensional 
subsonic high-power MPD theory. 

The anode power loss also depends on a r c  voltage mode. At a given a r c  power, 

the current (and hence the anode power loss) is lower in the high voltage mode. 
Voltage mode behavior is closely related to the way current attaches to the cathode. 
Zn this connection, figure 1-24 shows an interesting sequence of photographs obtained 
by McBomell-Douglas. Each shot of figure 1-24(b) shows the cathode tip of the 
radiation cooled thruster of figure 1-24(a) viewed through the anode throat at about 
a $5' angle. The time from the start of the sequence (in hours) and the a r c  voltage 
a t  the time of the photograph a r e  shown alongside each picture. Note incidentally 

that the photographs were taken more than 500 hours into a n  endurance test  of the 
radiation cooled thruster. The first case has the highest a r c  voltage and light 
emanating primarily from the tip of the cathode. In succeeding cases one sees  a 



progressive decrease in a r c  voltage and a progressive trend toward current attach- 
ment further back on the cathode. In the last  case the voltage has dropped dras-  
tically and the current attachment has shifted to the extent that only the tip is dark. 

Operating in the low voltage mode shown in this last  picture is detrimenbl to 
thruster life. It does, however, produce somewhat higher a r c  efficiency in spite of 
the higher anode losses. Hence the power that is put into the gas is much more ef- 
ficiently converted to thrust in the low voltage mode. 

The present performance of the 30-kilowatt radiation cooled t h r u s k r  
(fig. I-24(a)) is shown in figure 1-25. These data (ref. 20) show both that the ef- 
ficiency increases with a r c  power and that at constant power the specific impulse 
can be varied over a wide range. This thruster was developed by McDonnell- 
Douglas under contract to NASA-Lewis (ref. 21). It represents the f i r s t  truly ra- 
diation cooled high power MPD a r c  thruster. The thruster is designed with ade- 
quate insulation between the anode and the magnet s o  that a radiation cooled per-  
manent magnet could be utilized. 

We a r e  presently looking into the processes which effect the way current 
attaches to the cathode. We hope that by learning to control this we can ra ise  the 
a r c  voltage to lower anode losses while maintaining the advantage of the low voltage 
mode current distribution. 

Unsteady MPD Arc Phenomena 

Thus far  only the time average current distribution has been discussed. Its 
dynamic behavior is more complicated. MPD thrusters operate over a wide range 
of conditions with the current concentrated into a rotating spoke a s  depicted in fig- 
ure  1-26. The spoke rotates in the 7 X direction along with the plasma flow. In 

the higher power thruster the frequency of rotation is usually from about I00 to 
500 kilohertz (ref. 22). The frequency increases with increasing a r c  current o r  
magnetic field strength and decreases with increasing mass flow rate or  anode 
throat diameter. 

In our typical data the current spoke is about one-third of a circle in width. It 
is very rich in harmonic content. Occasionally low order harmonics a r e  larger 
than the fundamental. There is a complete absence of a phase difference between 
otherwise identical measurements made at different axial positions. This indicates 
that there is  no component of propagation in the axial direction. For  the low power 
MPD a r c  thruster, the same general picture holds but the spoke frequency is lower 
(10 to 60 kHz, ref. 23). Also present in this thruster is a total a r c  current ripple 
o r  pulsing fluctuation. In these expr iments  Burkhart also shows that the magnitude 



of h t h  the spoke and ripple current flaactuaMons could be &fected by the a c  imped- 
m c e  of a r c  circuit. 

At present it is not clear whether the current spoke is det r imenbl  to wr fo rm-  
anee. It does, however, greatly complicate MPD a r c  theory and expr iments  to no 
clear advankge. One approach being considered, therefore, is to loolc for  ways to 
get r id of it .  Preliminary tests with the low-power thruster for example indicate 
that use of ialductors in ser ies  with a n  azimutha.lly segmented anode will ehiminate 
the current fluctuations on the segmenh. 

Fadating Spoke Theory 

Smith (ref. 24) has theoretically studied the formation of MPD a r c  spokes a s  
the result  of imtabilities generated by electron demity and/or temperature fluc- 
t u a ~ o m  in the current sheet region of the device. The theory also predick pulsa- 
tions (as have k e n  observed in the low power arcs)  a s  well a s  rotational instabil- 
ities. However, only the purely robtional  component has thus fa r  been compared to 
e x p r j m e n l d  data. The data. used a r e  for the high power thruster experiments of 
Comolly e t  al.  (ref. 22) and Malliaris (ref. 25). Typical results a r e  shown in 
figures 1-27 and 1-28. 

Frequency versus mass flow. - The order of magraitude agreement in fig- 
ure  1-27' is good; however, the theoretical curve tends to r i se  more abruptly than 
the d a b  with hc reased  current. This behavior may be associated with the break- 
down of the fundamental spoke mode into a number of higher harmonies o r  may 
hdeed result  from the desbbilkation of new fundamenbl modes. Such nonlinear 
effects cannot be accounted for by the present l inew theory but have (as was noted) 
been exwrimentaUy observed. 

Frequency versus mass flow. - The interesting point in figure 1-28 is the abrupt 

r i se  in frequency a s  one goes to low mass flows which a r e  both experimenhlly ob- 
served and analytically predicted. This analysis has also found (consistent with 
e v r i m e n t a l  observations) that the s w k e  frequency increases with the magnetic 
field and decreases wiLh increasing atomic mass of the working fluid. 

Anober theory based on the formation of spokes a s  a result of Simon-Hoh type 
insbbilities in the gradient dominated region around the electrodes has been eon- 
sidered by Hassan (ref. 26). He bas had some success in predicting the onset con- 
ditions measured at NASA-Langley (ref. 2'7). 



PULSED MPD ARCS 

In contrast to the spoke characteristics of the steady-state low and high p w e r  
MPD a rc ,  3 MPD a r c  d e ~ c e s  a r e  scaled to very high power levels (0.2 to 5 wW) 
and operate for less  than milliseconds, no spokes a re  found to exist.  These inves- 
tigations of a pulsed megawatt a r c  p l s m a  source a t  Lewis a r e  the outgrowth of the 
coaxial plasma gun research summarized in reference 28. 

Figures 1-29 and 1-30 show views of this pulsed megawatl MPB a r c  plasma 
source. Figure 1-29 is a side view of the source, which is about a meter long. On 
the right is the dewar for the superconductbg m q n e t .  The magnet provides fields 
of from 0 to 2.5 tesla a t  its center where the a r c  chamber is. 

The source operates for  a fraction of a millisecond, sending pllasma streaming 
to the right into an evacuated ghssware  test  section. The a r c  is powered by a crow- 
barred capacitor bank and inductor and uses a puff source of gas. The electro- 
magnetic hammer for the fast  gas valve is shown on the left, and below it a r e  the 
cables for the cathode heater. 

A better view of the a r c  chamber is shown in figure 1-30. This is an iron filungs 
map of the magnetic field in the a r c  chamber area.  The anode is a simple copper 
ring and the cathode is  a heated tungsten ribbon. Behind the cathode a r e  the gas ports 
for the propellant. 

The early work on this pulsed source determined that no spokes exist and inves- 
tigated the voltage-current characteristics of the arc .  Since this is a pulsed exper- 
iment and since voltage-current curves a r e  sensitive to frequency, it would be well 
to review for a moment how a r c  characteristics can change with frequency. Fig- 
ure 1-31 shows the voltage-current curve for a resistor;  this curve is linear, posi- 
tive sloped, and does not change with frequency. Also shown in this figure is the 
static voltage-current characteristic fo r  a simple, low-current a rc .  It is curvi- 
linear, negative sloped, and the characteristic varies with frequency. With slow 
enough current variations the static curve is followed. As frequency increases, the 
dynamic curves gradually change form and slope until almost resistor-l&e charac- 
terist ics occur a t  high frequency. This is the realm of the Lewis pulsed a r c  source 
being investigated. 

Although argon and nitrogen have been examined in this source, this discussion 
is limited to nitrogen (ref. 29). Figure 1-32 shows a ser ies  of four shots, each with 
a higher peak current. Each shot has the same mass flow and magnetic field. The 
las t  shot shows a peak current of 13 kiloamperes and a p%k power of 2.5 megawatts. 
Each shot represents about 100 microseconds of data, with time progressing toward 
lesser  current values. These a r e  dynamic characteristics taken at various points 
along the static curve, which lies somewhere in the shaded area.  We have arbitrarily 



shown the approximate static curve going through the midpoink of the dynamic curves. 

%% the mass  flow is held consbnt but the magnetic field is hcreased,  then the shaded 
a e a  becomes l e s s  ne-tively slowd. Thus the family of shots provides dynamic as 
well as approximate s k t i c  chmackr is t ics ,  which a r e  "both importmt ~ h a s a c t e r i s -  
t ics for  the control, poweriw, and clmsSication of arcs .  

Another experiment now in progress employs laser  scattering diwnosis  in the 
exhaust 0.50 meter downskeam of the device. Preliminary results show the ex- 
haust electron density to be about particles per cubic metes and an electron 
temperature of a few electron volts. Combining the density measurement with a 

4 Faraday cup measurement in that a rea  shows the stream velocity to be 1x10 to 
4 2x10 meters per second. In a future experiment we hope to measure transient 

pressures ,  both static and dynamic. 

THWLISER TEST FACILITIES 

NASA-Lewis has two h r g e  vacuum facili_ties (ref. 30) for testing electr ic and 
electromagnetic t h r u s k r s  (fig. 1-38) and a number of smaller facilities. In these 

facilities ion t h r u s k r s  and MPD a r c  thrusters a r e  tested a t  sufficiently low back- 
ground presslares s o  that the problems of electrical bre&down and background m m s  
e n t r ~ n m e n d  w e  not present. 

Wiehout facilities capable of p r o ~ d h g  such low background pressures,  errone- 
ous p r f o r m m c e  measurements and k a m  d i a ~ o s t i c s  may be obtained. Thus, back- 
ground pressure effects for MPD a rcs  were i n v e s t i ~ t e d  a t  Lewis (ref. 31). Fig- 
ure 1-34 shows some illustrative r e s d t s  obhined for a MgPlB thruster ruming on 
hydrogen p r o w l h n t  with the backpomd pressure  increased by bleeding nitrogen into 
the vacuum tank. The upper portion of the figure shows how the measured thrust 
changed as a result  of i n c r e m i w  the backgound pressure. The lower portion shows 

how the axial velocity of the hy$rogen p r o p e l l a t  and the product of the velocity and 
intensiw of the background dt rogen ions change with increasing pressure.  This 

lat ter  quantity is used as an in&cator of how the background gas entrainment effects 

change. 
As one sbrb at the normal operating pressure and bleeds nitrogen into the 

&&, the p rop l l an t  velociGy is unchanged for a while and then begins to decreme.  
At essentially ehe same pressure the background nitrogen ion s p c t r u m  line intensiQ 
and Doppler shift become deteclable. As the pressure is further increased the pro- 

pellant velocity continues to decrease and the background entrainment increases 
rapidly. The former  effect will reduce the measured thrust and the entrainment will. 
increase it. Thus the observed thrust can either increase o r  decrease dependling on 



which effect is domimnt. Mass entrahment can double the observed thrust a t  a 
pressure d around 0.2 torr .  

Consequently, the efficiencies reported for ehruster studies made in facilities 
thzt do not hzve the pumping speec? necessary tcl supply the probpr  low pressme  en- 
vironment a re  somewhat questiomble. F u r ~ e r m o r e ,  beam diagnostic studies in 

these facilities could also be questioned since one could not separate the effects of 
the p r i m a y  propellant ;and backgroupnd gas. 

SUMMARY OF MPD EXPERIMENTS 

In summarizing the MPD a r c  eqer iments ,  we might indicate that we have had 
fair  success making measmements of plasma p r o p s t i e s  out in the beam. Probes 
can be used to measure electron temperabre ,  number density, and beam power f l u .  
Using spectroscopic Doppler shift techniques yields detailed idormation on the ve- 
locities of the particles in the beam. More complete diagnostic studies using these 
techniques coupled with extensions Lo the analysis of the plasma magnetic nozzle 
expansion discussed herein should lead to an understanding of the acceleration proc- 
esses .  

The interelectrode re@on, however, is  another matter. The energy density is 
too high for convenUona1 probes to kist more than a few hundred milliseconds. The 
spatial reeslution required is too fine for water-cooled probes. Both probe and 
spectroscopic memurements a r e  greatly complicated by the rotating current spoke, 
and although some analysis is available, it is clear that much more work is required 
in this region to obtain a good understmding of device operation. 

SUMMARY 

To summarize the plasma processes in the electron bombardment ion thruster 

and MPD a r c  thruster, we have shown that in both types of thruster the major in- 
efficiencies a r e  the result  of the same plasma processes. Ln both cases these a r e  
(1) the fundamental power losses associated with carrying current to an  anode, and 
(2) the loss of power associated with ionizing a plasma. 

Fortunately, in the ion thruster the total power expended in the plasma discharge 
ion source can be kept smal l  compared to the ion acceleration power and high ef- 

ficiency can be obtained. 
In MPB a r c  thrusters a l l  the power is put into the plasma discharge, and thus 

the anode losses a r e  a large fraction of the total power. Since the a n d e  power loss 



is directly proportiowl to current, the most obvious method of lowering this loss is 
to o w r a b  the a r c s  a t  a higher voltwe. We a r e  exploring this approach a s  well a s  
examinhg the pssibiliLgr of lowering the power required for ionization by using only 
pa t i a l ly  i o ~ z e d  plasma propellants. 
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TABLE 1-1. - SUMMARY OF 30-CENTIMETER- 

DIAMETER THRUSTER PERFORMANCE 

I Beam power I 6 0 0 V X 1 . 5 A  1 9 0 0 ~  

Power losses: 
Accelerator 1200 V X 0.07 A 84 W 

vaporizer/feeda 
Cathode tip/keepera 
~ e u t r a l i z e r "  55 W 

a ~ s t i m a t e  based on current SERT I2 data. 

Discharge power 3 5 V X 7 . 5 A  
(175 eV x 1 .5  A) 

262 W 



Figure 1-1. - Electron-bombardment ion thruster. 

Figure 1-2. - 30-Kilowatt MPD a r c  thruster. 



Figure 1-3. - Electrostatic acceleration. 
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Figure 1-4. - 15-Centimeter-diameter experimental SERT 11 thruster.  
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Figure  1-6. - Thruster  performance.  
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Figure 1-7. - Variation of energy dissipated in discharge pe r  beam ion with 
propellant utilization efficiency. 
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Figure 1-8. - Discharge energy loss  against magnetic field strength.  
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Figure 1-9. - Single hole of SERT 11 grid system. Dimensions a r e  in milli- 
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Figure 1-11. - Volume ion production cost for  mercury.  
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Figure 1-12. - Direct current mercury source  performance l imit .  Anode work function, 
(PA = 4 . 5  volts. 



Figure 1-13. - MPD a r c  thruster. 
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Figure 1-14. - Vector diagram of plasma current, magnetic field, and electric field. 
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Figure 1-15. - MPD a r c  thrus ter  currents  and magnetic fields. 

Figure 1-16. - 1/2-Kilowatt MPD a r c  thrus ter .  
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(a) Plasma potential profiles. (b) Electron gas pressure  profiles. 

Figure 1-17. - Subkilowatt MPD a r c  thruster.  

Figure 1-18. - Plasma expansion in a magnetic nozzle. 
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Figure 1-19. - Ratio of final ion to initial electron energy as function of sonic 

point location. 
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Figure 1-20. - Low power xenon MPD a r c  thrus ter .  
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Figure 1-21, - Anode current and heat flux distribution. 
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Figure 1-23, - Arc  efficiency a s  function of specific impulse. 
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Figure 1-24. - Relation between a r c  voltage and cathode current attachment. 



ARC POWER, 
kW 

ARC 
EFFICIENCY, 

70 a o. 203 
D ,149 

. oso 

0 
500 1000 1500 2000 2500 3000 3500 

SPECIFIC IMPULSE, SEC 

Figure  1-25, - 30-Kilowatt t h rus t e r  efficiency a s  function of specific 
impulse.  
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Figure 1-26. - Rotating current spoke. 
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Figure 1-27, - Frequency a s  function of current in ammonia. Mass  

flow, 0 . 0 3  gram p e r  second; magnetic field, 0.100 tesla.  
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Figure 1-28. - Frequency a s  function of m a s s  flow in ammonia. Current,  

600 amperes ;  magnetic field, 0 .  125 tesla.  
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Figure 1-29. - Megawatt MPD-arc  plasma source.  
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Figure 1-30. - A r c  chamber.  
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Figure  1-31. - General  voltage-current character is t ic .  
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Figure 1-32. - Dynamic character is t ics  of megawatt MPD-arc  source .  Magnetic 

field, 0.  75 tes la .  
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Figure 1-33. - Electropropulsion tes t  facility; 
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Figure 1-34. - Relation between measured thrust and spectroscopic measurements in exhaust. 



11. C L O S E D - C Y C L E  M A G N E T O G A S D Y N A M I C  

P O W E R  G E N E R A T I O N  

Lester D. Nichols 

One application of the research at  Lewis Research Center in plasma physics is 
in the field of direct energy conversion, specifically in the field of magnetohydro- 
dynamic power generation. The principles of operation of these generators a r e  re- 
viewed first .  Figure II-1 shows a magnetic field in the vertical direction, a conduc- 
tor in the horizontal direction, and electrodes attached to the sides of the conductor. 
When the conductor moves perpendicular to the magnetic field, a voltage is induced 
whose direction is perpendicular to both the direction of the magnetic field and the 
direction of velocity of the conductor. If an electrical circuit with a load is com- 
pleted between the electrodes, then electrical power is generated. This principle 
does not change if the conductor is a solid, a liquid, or  a gas. When a liquid o r  a 
gas is used, then the generator is usually called a magnetohydrodynamic (MHD) 
generator, although vlmagnetogasdynamicv' is preferable for generators that use 
gaseous conductors. 

MHD power generation offers several advantages. In thermodynamic cycle 
turboalternator systems, thermal energy is transferred to a gas o r  vapor a t  a high 

pressure. This fluid is then expanded to a low pressure in a turbine. If one could 
utilize the expanding fluid itself a s  a conductor, then the need for rotating machinery 
could be eliminated. The s t r esses  in static equipment a r e  l e s s  than in rotating ma- 
chinery. Since material strength decreases with temperature, the lower s t r e s s  re- 
quirements make it possible to use fluids a t  much higher temperatures. This as- 
pect makes an MHD generator a candidate for  space application a s  well a s  for high 
efficiency ground-based systems. Also, MHD offers the possibility of very large 
generator power levels because the principle of induced voltage involves body (or 
volume) forces rather than surface forces such a s  turbines. MHD systems may be 
simpler than turboalternator systems because of the lack of seals ,  bearings, and 
other auxiliary equipment associated with rotating machinery. For  an MND sys- 
tem it is necessary to have only a moving conductor in a magnetic field. 



TYPES OF GENERATORS 

F i ~ r e  3 - 2  shows the schematic of a closed thermodynamic cycle MHB gener- 
ator system. The magnetic field is applied in the generator volume. The velocity 
i s  obtained by heating a gas to a high temperature a t  a high pressure and then ex- 
panding the gas to a low pressure and high velocity. The kinetic energy is then 
taken from the fluid by the generator, and the fluid is cooled, compressed, and 
heated for a return through the generator. In an open cycle system, the fluid does 
not return to the compressor but is exhausted to the environment. However, the 
fluids that can be easily accelerated - namely, the gases and the vapors - do not 
have high conductivity a t  temperatures below 2500 K and pressures  above 1 atmo- 
sphere. Two approaches have been suggested to get around this problem, One 
approach, suggested by Dave Elliott of JPL,  is to transfer the kinetic energy of the 
expanded gas  with low conductivity to a liquid metal with a high conductivity* This 
technique has  problems that a r e  mainly ones of fluid mechanical interraction and 
induction generator design. Although this approach may be promising in space, it 
is not discussed in the paper since there is no element of plasma physics involved. 
The other approach to solving the low conductivity problem is to raise the conduc- 
tivity of the gas. This can be achieved by heating the electrons to 2500 I(. Here 
again the attempts a r e  divided into two groups a s  shown in table 11-1. One group 
ra ises  the temperature of the gas to heat the electrons and obtain high equilibrium 
conductivity, and the other group t r ies  to raise the temperature of the electrons 
only and obtain a high nonequilibrium conductivity. These two groups can be char- 
acterized by the difference in the method of providing the high temperature fluid. 

Open Thermodynamic Cycle 

If the energy is provided a s  a result of a chemical o r  nuclear reaction in the 
gas itself, then temperatures above the melting point of solids can be used if ade- 
quate cooling is provided for any solids exposed to these hot gases. Presently the 
high temperature is provided by the combustion of liquid fuels in either oxygen o r  
preheated a i r .  The systems a r e  open cycle, and the combustion products a r e  re-  
leased into the atmosphere. The temperatures attainable this way a r e  sufficient to 
provide adequate conductivity if potassium, o r  some other easily ionizable seed, 
is added. Figure 11-3 shows one such unit. This generator, built by the Avco- 
Everett Research Laboratory in Boston, Massachusetts, has delivered 3 1 . 3  mega- 
watts for a period of about 1 minute. The burner is to the left and the magnetic 
field on the right. The fuel is alcohol burning in oxygen. Other generating units 



a r e  constructed in Japan and the Soviet Union. The applications for these generators 
include a topping cycle for a central station power plant, an emergency o r  peaking 
generator to be used on an intermittent basis, o r  any application involving a large 
amount of power for a short time. 

These open cycle units have operated for periods up to 50 hours using l iwid  
fuel. The present development in this field is directed toward coal combustion, 
Programs to develop long life electrodes and inmlators a s  well a s  seed material re- 
covery systems a r e  under way. There is also some evidence that operation a t  high 
power densities may involve a fluid mechanical problem called generator "stall" 
where boundary layer separation occurs. The limits on this phenomenon must be 
studied. Because of the ground-based application of these generators, research and 
development has been sponsored by private industry and to some extent by the Be- 
partment of Defense. Many problems associated with these equilibrium generators 
a r e  quite different from the nonequilibrium generators. 

Closed Thermodynamic Cycle 

Consider an alternate method of providing the high temperature gas. If the en- 
ergy is to be transferred to the gas from hot solid surfaces, such a s  a solid core 
reactor, the gas t emperahre  is limited to temperatures below 2500 K where the 
equilibrium conductivity (at pressures  necessary for efficient energy conversion) is 
too low. This problem may not exist in case of liquid o r  gas core reactors, and i t  
may be possible to utilize equilibrium conductivities in a closed cycle with these re- 
actors. However, to use gas m D  generators with solid core reactors some form 
of nonequilibrium conductivity (e. g. , using electric fields) must be found. The ef- 

for t  a t  Lewis is directed toward studying the feasibiliw of nonequilibrium conduc- 
tivity generators for  use in space in conjunction with a solid core nuclear reactor. 
(Fig. 11-4 is an isometric drawing of the Lewis W D  generator. ) Research groups 

in Russia, Germany, and Italy, a s  well a s  the United States, a r e  also concerned 
with this problem. In the United States, the other groups a r e  located a t  MIT, G. E . ,  

and AVCO. 

GENERATOR CURRENT-VOLTAGE CHARACTERISTICS 

Figure 11-5 gives a schematic fiew of an MHB generator. The working fluid en- 

t e r s  the generator from the left,  and the magnetic field direction is into the plane of 
the figure. A s  the fluid passes through the generator the ions move toward the top 



and the electrons toward the bottom. This charge separation creates an electric 
field EF in the positive direction, for the coordinate system chosen, At the same 
time there is a tendency for the electrons to be slowed down by the magnetic field. 

T'nis tendency is larger  for greater values of the Ball parameter, The ions, on the 
other hand, a r e  coupled more strongly to the neutrals and a r e  l e s s  affected by the 

magnetic field. This phenomenon also gives r i se  to a charge separation, with the 

ions tending to migrate to the downstream end of the generator. This charge sepa- 
ration also creates an electric field EH, called the Hall field, in a direction oppo- 
si te to the velocity. If electrical circuits a r e  provided for currents in the induced 
field o r  Faraday direction jp and in the Hall direction jH (which have resistances 

denoted by RF and %, respectively), then the currents and fields in the generator 

can be controlled because of their dependence on the circuit resistances. This de- 
pendence can be calculated by using Ohm's law for  the external circuitry and the 
variation of Ohm's law, which is appropriate fo r  the gas  resistance inside the gen- 

erator.  The vector representation of this Ohm's law, along with the vector diagram 

representing solutions to this equation, is shown in figure 11-6. This Ohm's law was 
- 6 -  , - 

discussed in the paper by Seikel et al .  The vectors a u  x B, oEF, and aEIl a r e  
4 - -  

shown in figure 11-5. The result of these vectors is the vector a(E + u x B), and 

from the form of the Ohm's law, the two t e rms  that add up to this vector must be a t  
right angles to each other. Therefore, the locus of points of the current vector must 

lie on a semicircle a s  shown in the figure. It i s  evident how the direction of the cur- 

rent and electric fields can change depending on the Hall parameter and the induced 
voltage. It i s  possible to use Ohm's law for the generator and the external circuitry 
to solve for  the currents and voltages inside the generator a s  a function of the in- 

duced voltage, the Hall parameter, and the magnitudes of the external resistances. 

As a result of the current Rowing inside the generator, energy is added to the 
electrons proportional to the scalar  product of the current and the effective electric 

field, This energy is called joule heating. In order for the electrons to maintain 
a steady-state energy level, they must, in Lurn, get rid of this energy; this  i s  done 

by collisions with the neutrals and ions. The amount of energy delivered to the 
heavy particles is porportional to the difference between the electron temperature 

and the heavy particle temperature. The proportionalib constant depends on the 
particular heavy particle involved in the collision. If internal energy levels can be 

excited, then larger  amounts of energy can be transferred in the collision. This is 
the situation, for  example, when diatomic and polyatomic molecules a r e  present. 



For  this reason, the largest  temperature difference is obtained when atoms a r e  used. 
The important parameters governing the behavior of the joule heating a r e  the Hall 
parameter, the type of atoms, and the ratios of the external circuit resistance to the 
internal generator resistance. These ratios a r e  denoted by px and p for  the Hall 

Y 
and Faraday directions, respectively. 

Figure 11-7 shows the amount of electron temperature elevation over the gas 
atom and ion temperature a s  a function of the Hall parameter. The Faraday resis- 
tance ratio is taken a s  one which would represent maximum power generation for a 
generator with constant internal impedance. There a r e  several curves that corre- 
spond to different values of the resistance in the Hall direction px, which goes 
from 0 to .o. At values of 0 and 03 the names Faraday Continuous and Faraday Seg- 
mented have been applied, respectively. It i s  noted, f i rs t  of all,  that a s  the Hall 
parameter increases, the electron temperature increases. Second, for  a given 
Hall parameter, the electron temperature increases with increasing Hall resistance 
ratio. This is the concept being studied to provide a nonequilibrium conductivity in 
the generator. As the electron temperature increases, the number of electrons in- 
creases and, hence, the conductivity is elevated. 

The elevation in electron temperature is greatest a t  open circuit in the Hall di- 
rection, because this corresponds to the largest  Ball electric field, There is a two- 

-., - -+ - 
fold advantage here: F i r s t ,  an ExB drift velocity is added to the uxB drift veloc- 
ity, thereby enhancing the current; and second, a s  a result of the increased cur- 
rent, there is increased electron heating and a consequent electron temperature 
rise. The temperature elevation depends quite critically on the ability to prevent 
the Hall currents from flowing. 

This nonequilibrium process is, of course, not new. It is the situation in any 
discharge tube. The only difference is the use of the induced voltage resulting 
from the motion of the conductor through the magnetic field a s  the driving voltage. 
Experimental verification of this result has been obtained with a magnetic field for 
both a stationary gas with an applied voltage and a flowing gas with an induced 
voltage. The largest effect in the lat ter  case has been obtained by using MHD gen- 
era tors  operating in shock tubes. 

EFFECT OF FLUCTUATIONS 

As mentioned previously, any Hall current decreases the amount of electron 
heating, primarily because of the reduction in the Hall electric field. John Smith 
in the previous paper discussed the effects of fluctuating components of the Hall 
current and the fact that they also can reduce the Hall voltage. In that sense, then2 



f luchations and Hall l e a a g e  have the same effect, A comparison between these two 
effects is shown in f igme 11-8, The effectilre Hall parzmeter, which 1s defined a s  

the ratio of the Hall field to the d ~ f e r e n c e  between the induced and Faraday field, is 
plotted as a hnct%on of the Hal?, parameter, A s  before, the Faraday resistance ratio 

is 1,0, The ideal c w v e s  represent the effect of le&age resistance. With id in i t e  

resistance, the effective Hall parameter equals the Hall parameter. As the le&age 

resistance decreases, s o  does the effeceve H d l  para.meter. At a resistance ratio 

of I0 the effective Hall parameter is below 2.8. Also shown in this figure is the 

curve considering instabilities with no Hall leakage for the case of cesium-seeded 
argon at  2000 K and a Mach number of 0,5,  Notice that for this sihalion the effec- 
tive Hall parameter is also below 2.0. These calculations a r e  based on an insta- 

bility model developed by Dr. Albert Solbes of MI$. He shows that this model 
w r e e s  well with some observed experimenhl evidence, This curve indicates that 

resistance ratios must be around PO0 o r  greater  in order to be limited only by the 

instabilities. 
A s  mentioned previously, there is quite a difference between the amount of 

nonequilibrium conductivity obtained in the shock tube and that obtained in steady- 
flow generators. This difference may be related to our experience with the MPD 

thausters. A t  high power levels and short  times, a s  discussed by Charles Michels, 

LWO differences a r e  observed: the discharge becomes more Pvresisto.or-like'P and 

l e s s  Pqare-l ike9s,  and h e r e  is no rotating spoke. It is possible that both differences 

can be explained by the short time period which may be too short for  instabilities 
to develop into a full fledged fluctuation, o r  turbulence. This short time period may 

also prevent the development of current shorting paths that a r e  found in the longer 

time generators. 

Effect of Impurities 

Now a generator is considered with a large  resistance ratio, and the effect of 
carbon monoxide impurities is examined. These impurities lower the electron 

t emperahre  and ultimately the power ouL-put. Figure E-9 shows the effect of both 

P%uchations and the impufities on the power density of an MHB generator with no 
Hall leakage. Conditions in this figure a r e  the same a s  in the previous one, except 
that the magnetic field strength is fixed a t  1 .0  tesla and the load parameter varied 
from open circuit to short circuit. Curve e is considered first. This curve shows 

the equilibrium conductivity, which is the conductivity given by the gas conditions 
and not a function of the joule heating o r  of the load parameter. This equilibrium 

conductivity provides a power densiLy of about 0,3 megawatt per cubic meter  a t  a 



load parameter corresponding to a Faraday resistance ratio of 1. For  the i d e d  

curve (no impurities and no instabilities), two things may be observed. The power 

deasity is increased by about a factor of 20, and the peak shifts to regions of lower 

load parameter. Curve b illustrates the effect of instabiliHes above load param- 
e te r s  of about 0.2. The power density drops off rather rapidly. Curve c, which 

considers the effect of impurities only, shows the power density with the addition of 
I000 pprn of carbon monoxide, The effects of other diatomic impurities a r e  roughly 

the same a s  for carbon monoxide. The maximum power density is reduced to about 

$5 times the equilibrium value, and i t s  value is below that of the ideal case and that 
of the instability case (for load parameters below 0,38). Curve d shows the effect 

of both impurities and instabilities. The peak is shifted even further toward short  

circuit, and the maximum is only about a factor of 3 greater  than equilibrium, Also, 
for load parameters above 0.5, the curve l ies  below the equilibrium curve. A s  a 

result of this calculation it seems that the impurity level must be kept well below 
the value of 1000 ppm. It should be mentioned that the effect of both instabilities 

and impurities can be lessened by using a supersonic Mach number. 
As a result of these s h d i e s  performed at Lewis, it seems reasonable to require 

resistance ratios in the Hall direction to be in the hundreds and impurities to be be- 
low 1000 ppm (and perhaps a s  low a s  I00 ppm). Fluctuation a r e  probably going to 

exist, so they must be included in any performance analysis, 

SPACE POWER SYSTEM STUDY 

In order to determine the operating parameters to be used in the ewerimenla1 

program, a system study of a possible W%%fB system fo r  use in space is considered. 
In this study it is important to include the efficiency of such generators. Figure 

%g-10 shows the isentropic efficiency of an ideal mET generator designed for mini- 

mum volume and operating with an outlet to inlet pressure ratio of 0.5 a s  a function 
of load parameter. Note that the efficiency is higher at larger  values of the load 

parameter. This i s  in conflict with the power density reeqirement which indicates 
higher power densib  at  low values of the load parameter. In space, the dictates of 

generator efficiency must be respected since the reactor and shielding weight wi l l  
probably be the dominant weight of any space power system, Notice also that, f o r  

a given generator efficiency, as the Mach number increases so must the load pa- 
rameter,  which, in turn, tends to lower the power output, This is an effect that 

tends to offset many of the advantages of supersonic Mach number as fa r  a s  non- 

equilibrium effects a r e  concerned. 
The results of the system study a r e  now examined. The generator for the 



system is assumed to be operating a s  part  of a Brayton cycle. The working fluid is 
neon, the cesium seed fraction is 0.003, the Mach number is 2.0, the generator 
pressure ratio is 0.5, and the length is 0. 5 meter. These specifications correspond 
to agproximately a I-megawatt generator at 10 atmospheres. The efficiency and ra- 
diator a rea  a r e  chosen such that these values equaled corresponding values for  a 
potassium turbine with an inlet temperature of 2000' F (1365 K). The instability 
analysis of Solbes is used to account for fluctuations. Figure 11-11 shows the results  
of this study where the magnetic field strength is plotted on the ordinate a s  a func- 
tion of the maximum cycle temperature with pressure a s  a parameter. The temper- 
ature range spans the regions from 1500 K,  which is approximately the limit for 
turbines, Lo 2500 K,  which is approximately the value for  which equilibrium con- 
ductivity is sufficient for MHD systems. Consider the point a t  2000 K and 10 tesla. 
The required pressure is then seen to be 10 atmospheres. This point represents a 
possible system operating point. The pressure is sufficiently high to provide ade- 
quate reactor heat transfer. The magnetic field strength is within the present day 

state of the art.  The temperature of the working fluid is approximately the same 
as that achieved for  the nuclear rocket program. However, the temperature is 
probably the most difficult value to achieve for long time periods. Notice the ef- 
fects if operation is attempted at a lower temperature. If the magnetic field 
strength is kept constant, then the pressure decreases and reactor heat transfer 
will suffer. On the other hand, if the pressure is kept constant, then the magnetic 
field requirements increase and may be larger than available superconducting ma- 
terials  can provide. It seems reasonable, therefore, to try to develop an MHD 
generator to operate a t  2000 K, which is therefore the temperature chosen for our 
experiment. The Hall parameter for this condition is about 12 and the effective 
Hall parameter is about 0.36. For the encperiment both the magnetic field strength 
and the system pressure have been lowered by a factor of 5, while still  maintaining 
the Hall parameter value of 12. Of course, the power density is decreased, but 

the feasibility of the technique of nonequilibrium ionization can still be studied. 
The facility uses  argon, has a graphite resistance heater, and is capable of oper- 
ating to a t  least  a 2100 K maximum temperature. 

E W I S  EXPERIMENTAL RESULTS 

The first item to consider is the amount of impurities in the facility. Because 
of the graphite resistance heater, hydrogen and carbon monoxide impurities a r e  re-  

leased. 11 has  been possible to maintain the level of these impurities down to about 
500 ppm with a purge flow which removes the impurities a t  their generation rate. 



We have talcen precautions to provide a s  high a value a s  possible of the wall re-  
sistance in the Hall and Faraday directions. F i g ~ r e  11-12 shows the present test  
section. The gas  flow i s  into the figure. The outer stainless steel supporting struc- 

ture and the insulating bricks can be seen. Ceramic keys a r e  used to hold the 
bricks in place, and the electrodes a r e  not touching the surfaces, so  that any ces- 
ium on the surface will not provide a shorting path. All insulating surfaces exposed 
to the cesium a r e  coated with a higher purity aluminum oxide in an ateempt to re- 
duce any chemical reaction with cesium. The cesium injection tube is at  the en- 
trance. It is now possible to maintain resistance to ground a t  around 2 kilohms, 
even after cesium has been injected. However, the possibility that during the time 
of injection the cesium does lower this resistance cannot be eliminated. 

We feel that this resistance is about a s  high a s  it can be fo r  the wall tempera- 
tures being used. Therefore, a further increase in the resistance ratio must be 
made by reducing the internal generator resistance (especially i f  the value of leak- 
age resistance decreases with the injection of cesium). I t  i s  possible to cool the 
walls, but this  procedure does not seem compatible with an efficient generator, 
unless, of course, i t  is a very large generator. Also, a t  a lower temperature, 
the effect of cesium deposit on the walls may even be enhanced. 

There is another reason for  trying to reduce the generator resistance. The 
joule heating of the electrons can occur only when the current flows, and since 
generators a r e  inherently voltage generators, the current can flow only when the 
internal impedance is low. Therefore, some means must be used to create ions 
to provide the conductivity to get the procedure started, This is called preioni- 
zation because i t  occurs before the gas enters the generator. Therefore, the solu- 
tion to the preionization problem may also hold the solution to the excessive leak- 
age problem. 

In some of our recent tests, the possibility has been investigated of applying 
a voltage to successive electrode pai rs  of the generator as a method of preioniza- 
tion. If the effective discharge resistance decreases for  successive electrode 
pairs, then the preionization is successful. In figure 11-13(a) the effective dis- 
charge resistance is plotted a s  a function of seed fraction for three successive 
electrode pairs. The magnetic field strength is about 1.0 tesla. The effective 
discharge resistance, o r  the generator resistance, decreases when going from 
electrode pair  3 to 4 to 5. The resistance increases, if anything, with seed frac- 
tions above 0.1 percent. At a seed fraction of 0, the effective discharge resis-  
tance becomes very large. 

Figure 11- 13(b) shows the effect of the magnetic field strength on the generator 
resistance. Again the effective resistance is plotted for  three successive electrode 
pairs. The resistances a r e  plotted a s  a function of the magnetic field strength for a 



seed f raction of about 0,05 percent, hccess ive  discharges do apparently reduce 
the discharge resistance. Also, the resistance increases with increasing magnetic 
field strength for all electrode pairs. At the highest magnetic field strength the 
discharge became unstable and the ccrrrent, rather thzn going directly across  the 
channel, shorted along the channel and passed through one of the load circuits 
downstream. 

The encouraging feature of the data shown by these two slides is that after 
sdficient preionizing the discharge resistance is reduced below 20 ohms. If the 
leakage resistance can be held above 2000 ohms, then a resistance ratio of above 
I00 can be mainbined. This condition is necessary for the attainment of non- 
equilibrium ionization, Hopefully, further reduction in the discharge region is 
possible with more preionization. 

In our future research, we plan to concentrate on the preionization of the 
plasma, It is this area  which holds the most promise for developing elevated elec- 
tron temperatures. We would like to study the means of controlling the cathode 
sheath drop and the mode of electrode emission, We will also try to reduce those 
factors which tend to hinder the achievement of electron heating. Qne possibility 
is to operate with a supersonic generator. This seems to provide a larger  region 
of load parameter where detrimental effects of impurities and instabilities can be 
reduced. There is also the possibilib of operating with a different geometry. 
There are ,  for example, generators made with diagonal conducting walls along the 
equipotentid mrfaces  of the generator. There is some evidence that the perform- 
ance is better for this geometry* A very attractive feature of these generators is 
that the number of load circuits can be reduced to one, rather than equal to the 
number of electrode pairs a s  in the Paraday generator. Finally, i t  may be of in- 
teres t  to raise the m w e t i c  field stren@h and the p resmre  to generate larger  
amounts of power, This will require the use of superconducting magnets, Another 
advantage of these m w e t s  is the p s s i b i l i b  of increased access to the test  section 
for diagnostic equipment and instrumentation. 

The goal of our research is to determine the lowest maximum cycle tempera- 
ture for which one can still achieve reasonably good performance with an MHB 

generator. 
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Figure 11-1. - Conductor moving in magnetic field. 

HYDRODYNAMIC 

H. P., 

COMPRESSOR/' 

L.T., L.'?. 

CS-26151 

Figure 11-2. - Power generator cycle with MHD enerby converter.  



Figure 11-3. - 3 1 . 3  Megawatts electric combustion-fired MWD generator. 

Figure 11-4. - MHD generator experiment. 
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Figure II-5. - MHD generator. 
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Figure 11-6. - Electric field vector diagram (15 x > EF). 
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Figure 11-7. - Electron temperature increase in Faraday segmented generator. 
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Figure 11-8. - Effect of Hall current and instabilities on effective Hall 
parameter. 
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Figure 11-9. - MHD generator power density. Mach number,  0. 5; T = 2000 K; 
5 P = 2x10 newtons pe r  square me te r .  
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Figure 11-10, - MHD generator efficiency. P res su re  ratio,  0. 5. 
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Figure It-11. - Required magnetic field strength for Brayton cycle MHD. 

Mach number, 2.0; Ne - 0.003 Cs; generator length, 0.5 meter. 

Figure It-12. - MHD generator. 
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Figure 11-13. - Effective discharge resistance fo r  argon seeded with 
cesium. 



PI I .  P L A S M A  H E A T I N G  AND C O N T A I N M E N T  

W a r r e n  D. Rayle, J o h n  J. Re inmann,  J. Reece Roth, 
a n d  Dona ld  R, S igman 

One of the most important goals of our work on plasma heating and confine- 
ment is the possibility of controlled thermonuclear fusion for space power and 
propulsion. A s  pointed out in the INTRODUCTION, the thermonuclear rocket is 
potentially the best propulsion system yet envisioned for missions with large pay- 
loads. Although this discussion will be oriented toward fusion, we also have a 
broader objective which is to acquiare knowledge and to obtain a better understand- 
ing of plasma processes. Such knowledge and understanding a r e  useful for other 
potential applications of plasma technology. 

Controlled fusion research has been conducted by many talented scientists for 
nearly two decades. No one can predict just when fusion will become a reality. 
In the meantime, we need to keep abreast of new results and knowledge in this im- 
portant sector of plasma physics. Active work in the plasma heating and confine- 
ment fields not only serves this  purpose but also permits u s  to make significant 
contributions which aid both the study of fusion and other aspects of plasma tech- 
nology in which NASA has a vital interest. 

After presenting a brief review of some of the basic factors of interest to con- 
trolled fusion, a sample of the NASA Lewis work in the plasma heating and confine- 
ment a reas  will be presented. Two plasma heating studies will be covered in some 
detail. Work related to the understanding of plasma losses  from confinement will 
be briefly touched upon. 

FUSION CONSIDERATIONS 

A good estimate of the required operating parameters of a fusion reactor may 
be obtained by performing energy-balance calculations on the overall power plant. 
The light elements of interest for  fusion reactors a r e  deuterium, tritium, and 
helium- 3. The deuterium-tritium fuel mixture, which releases most of i t s  energy 
in the form of high- energy neutrons, is considered for ground power applications. 
The deuterium - helium-3 mixture releases most of i t s  energy to charged particles, 



and it will be used for  space propulsion or  for direct conversion of charged-particle 
energy into electrical power. 

&me of the rewired parameters for deuterium - tritium or  deukeium - 
helium-3 reactors a r e  shown in the following table: 

8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Temperature, K .  10 to lo9 

Confinement time, see . . . . . . . . . . . . . . . . . . . . . . . . . . .  0, 1 to 1.0 
3 2 0 Density, particle/m 18 to 10 22 . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Magnetic field, T 5 to 10 

If positively charged ions a r e  to undergo a fusion collision, then a s  they ap- 

proach each other, their kinetic energies must be high enough to overcome the elec- 
trostatic repulsion. This requires plasmas with extremely high ion temperatures 

8 9 on the order of 10 to 10 degrees. 
The probability that a particle will undergo a fusion event is proportional to the 

amount of time the particle remains in the reactor (confinement time). Feasibility 
studies indicate that confinement t imes on the order of 0 .1  to 1 second a r e  required. 

The fusion power density is porportional to the square of the plasma number 
density. For  the power levels of interest, number densities on the order of 10 20 

2 2 to 10 particles per  cubic meter a r e  required. 

Zn all proposed fusion reactor schemes, plasmas a r e  confined with the aid of 
magnetic fields. The field strengLhs required a r e  on the order of 5 to 10 teslas, 
To efficiently produce these high fields over the large reactor volumes, we would 
use superconducting coils. 

The major obstacle in fusion research is inadequate confinement time. The 
longest confinement time in a thermalized, hot-ion plasma experiment is about 0.02 
second, and most experiments give t imes on the order of a millisecond o r  less. 
Because of these rapid loss  rates, it is difficult to produce a high-density, high- 
temperature plasma. Therefore, the major fusion research problems at  present 

a r e  (1) plasma confinement and (2) plasma production and heating. 
Confinement studies a r e  conducted in several different magnetic-field configu- 

rations. These magnetic geometries include both open-ended, and closed systems. 
Examples of these two systems a r e  shown in figures TPI-1 and III-2. Figure IE- 1 

is an example of an open-ended magnetic-mirror machine, Radial diffusion to the 

walls is reduced by the axial magnetic fields, while plasma end losses a r e  reduced 
by increasing the field intensity at  the ends. Some of the plasma approaching the 
ends gets reflected back towards the center of the machine. The higher field re-  

gions a r e  therefore called magnetic mirrors.  
A toroidal magnetic geometry (shown in fig. m-2)  was  devised to eliminate 

end losses  of mirror  systems. Plasma circulates around the major axis of the 



torus and diffuses dong the minor radius to the walls, 
Until recently, the experimental loss  ra tes  in both of these geometries exceeded 

the classical, or  collisional loss  rates,  These anomalously high losses  a r e  gener- 
ally attributed to plasma instabilities. A plasma can become unstable in many wzys, 
including both macroscopic and microscopic instabilities. In a macroscopic insta- 
bility there i s  gross  motion of the plasma to the wall, Gross motions can be con- 
trolled by magnetic wells and by magnetic shear configurations, to be discussed 
later .  The microscopic instabilities a r e  more akin to fluid dynamic turbulence. 
The result of these instabilities is increased diffusion to the wall. They may be 
caused by density and temperature gradients in the plasma o r  by non-Maxwellian 
velocity distributions of the ions o r  electrons. 

All these instabilities derive from the fact that the plasma is not in a true state 
of thermodynamic equilibrium, If the plasma relaxes to the equibrium state, it can 
release f ree  energy that can drive the instabilities. To avoid this, we must either 
eliminate the nonequilibrium condition o r  prevent the plasma from relaxing to the 
equilibrium state. 

The magnetic-well concept is a means of preventing the plasma from relaxing 
to the equilibrium state. This concept is illustrated in figure III-3. The circles 
represent surfaces of constant magnetic-field intensity. The center of the circles 
is the minimum magnetic-field intensity point. The intensity increases away from 
tF- center. The plasma is placed in  the center of the magnetic well. Since the 

plasma is dimagnetic, if  it t r i e s  to move outward into the higher field intensity re- 
gion, i t  will be pushed back toward the center. These surfaces of constant magnetic- 
field intensity should not be confused with the magnetic-field lines. The field l ines 
actually intersect these surfaces. 

An example of an open-ended magnetic-well configuration is shown in figure 
Ell-4. To produce the magnetic well, so-called quadrupole fields a r e  superposed on 
the simple magnetic mirror.  The quadrupole field consists of four l inear conduc- 
t o r s  alined parallel to the axis of the mirror  field. The current in adjacent b a r s  
runs  in opposite directions and produces the magnetic-field pattern shown in the 
upper right-hand corner of the figure. The result of superposing the two fields is 
shown at  the bottom. The magnetic well is located in the central region. Magnetic 
wells have proved completely effective in eliminating macroscopic instabilities in 
open- ended systems. 

Although it is not obvious from figure III-4, the magnetic-field lines must bulge 
toward the center of the plasma in a magnetic well. When field l ines close on them- 
selves, a s  in a toms,  it is not possible to have the field lines bulge toward the plas- 
ma everywhere. Therefore, a true magnetic well is not possible in the toroidal 
geometry. However, theory shows that the macroscopic instabilities may be stabi- 



lized in toroids by u ~ n g  average magnetic wells. An example of a toroidal average 
m m e t i c  well is shown in figure 111-5. Pour current-carrying conductors a r e  im- 
mersed in the plasma. The current flows in the same direction in all four bars.  
The magnetic-field pattern is shown in tne inset. In the central region, the field 
l ines bulge toward the plasma, but in the region outside the bars ,  the field l ines 
bulge away from the plasma. These so-called toroidal multipoles a r e  valuable for 
testing theory, and for gaining insight into the mechanisms of diffusion. But since 
the conductors a r e  immersed in the plasma, they could not be used in a fusion reac- 
tor. The conductors would be burned up by the hot plasma. 

The other way to control macroscopic instabilities in a torus is by application of 
magnetic shear. A toroidal machine with magnetic shear would have field l ines a s  
shown in figure In-6. The field lines spiral around the minor axis, and the amount 
of twist of the spiral varies along the minor radius. 

Toroidal shear fields a r e  produced by the usual toroidal windings plus another 
set of current-carrying conductors. These additional conductors can either be 
placed external to the plasma o r  be immersed in the plasma. Since a fusion plasma 

has very high electrical conductivity, the plasma can act as a current-carrying 
conductor. By transformer action a current can be induced to flow in the plasma along 
the minor axis to provide the shear field. The experiment that has produced the 
best combination of confinement time, ion temperature, and density was conducted 
in the Tokamak T-3, a broidal  machine with magnetic shear. This Russian machine 
has received a great deal of publicity lately. In this experiment the magnetic shear 
is produced by inducing a current to flow in the plasma along the minor axis of the 

torus. 
Let u s  now consider methods to control microscopic instabilities. Because of 

the relatively simple geometry of the open-ended systems, the theoretical under- 
standing of microscopic instabilities in such systems is fairly complete. The theory 
also suggests ways of eliminating most of the instabilities. This usually requires a 
more randomized ion velocity distribution than can be produced experimentally a t  
this time. Unfortunately, even if the instabilities a r e  controlled, and the losses  
a r e  caused only by classical diffusion, the energy Dalance is marginal. Some way 
is needed to further reduce the end losses below the classical values to make a 
feasible reactor. There a re  several methods under study to reduce mirror  end 
losses. The feasibility of open-ended machines will prooably res t  on the success 
of these schemes. 

In Loroidal systems, there a r e  some indications that both macroscopic and micro- 
scopic instabilities occur. Unfortunately, the toroidal geometry is so complicated 
that the theory of microscopic instabilities is far  from complete, and there a re  fewer 
theoretical guidelines for  their control. Until about 1965, experimental confinement 



times in toroidal machines were in approximate agreement with the so-called Bohm 
diffusion equation. The confinement time for Bohm diffusion is directly proportional 
to the magnetic field and inversely proportional to the electron temperature: 

This i s  an empirical relation that Bohm found to hold in experiments conducted on 
ion sources in magnetic fields. Bohm offered no theoretical derivation of the rela- 
tion, but the same functional form of the variables can De derived by the use of a 
dimensional argument. 

In contrast, the confinement time for classical o r  collisional diffusion is pro- 
portional to the square of the magnetic field and to the square root of the electron 
temperature: 

For  typical reactor design conditions the classical confinement time is several or- 
d e r s  of magnitude larger  than the Bohm confinement time. 

Fortunately, in a toroidal machine classical confinement times a r e  not re- 
quired. The actual confinement time must be about 100 to 1000 t imes that of 
Bohm. This is one clear advantage that the toroidal machine has over the open- 
ended system. A s  previously noted, in a feasible open-ended system, the end 
losses  will probably have to be l e s s  than the classical losses. 

After 1965, experimental confinement t imes in toroidal systems continued to 
increase up to about 100 Bohm times. Very recently, it was  announced that 300 
Bohm times were achieved in a toroidal multipole experiment. Thus, prospects 

for toroidal machines look good. 
It is worth pointing out that relatively long confinement t imes a r e  not the only 

encouraging feature of the recent toroidal experiments. In his recent talk at  the 

Bucharest meeting, Galeev reported that radial diffusion in the Tokomak could be 
explained entirely by binary collisions, without having to invoke collective effects 
o r  some instability related diffusion process. The loss  rate is higher than classi- 
cal diffusion because the average random-walk step size in the Tokomak is the av- 
erage separation between drift surfaces before and after a binary collision. These 

drift surfaces a r e  separated by a distance greater than the gyroradius, which is the 

step size for classical diffusion. 



It would certainly simplify matters considerably if classical scattering ideas 
could explain the losses  in the tosoidal machines. 

The present status of one aspect of fusion research can be summarized with 
the a.id of the so- czdlec! Lawson diagram (see fig. EI- 7). This is a plot of ion tem- 
perature against the product of density and confinement time. In energy balance 
calculations, n and T always appear a s  the product. A reactor will operate in the 
upper right-hand corner. The darker the shading, the better the chance for a work- 
able reactor. 

The 2X and Scylla machines a r e  open-ended machines in the United States. The 
C-stellarator is a toroidal machine a t  the Princeton Plasma Physics Laboratory, 
and Tokamak is a Russian toroidal machine. The arrows lead to open circles which 
a r e  the predicted operating points for new machines that a r e  being built and that will 
be operational in a few years. If the scaling laws a r e  correct for these machines, 
this would indeed be significant progress toward controlled fusion. Incidentally, the 
C -stellarator is now being converted into a Tokamak machine. 

ION-CYCLOTRON RESONANCE HEATING 

Theoretical Considerat ions 

The problems of confinement and stability have received a great deal of atten- 
tion, and progress is evident. Here at Lewis Research Center, we have devoted a 
greater fraction of our experimental effort to problems of plasma heating, particu- 
larly in the steady state. One such study involves the use of ion-cyclotron reso- 
nance heating. This is a process whereby energy is transferred to a plasma in the 
form of electromagnetic waves. Then, once in the plasma, the wave energy is con- 
verted to ion energy. 

A plasma column such a s  shown in figure III-8 will support the propagation of 
electromagnetic waves. If a current carrying coil is wrapped around the plasma 

column and excited by a generator of frequency w ,  energy can be transferred to a 
se t  of waves called natural modes that satisfy the boundary conditions of the plasma 
and can thus propagate along the column. The wavelengths of these modes a r e  
functions of the plasma parameters and the boundary conditions. For waves with a 
frequency approximately equal to the ion- cyclotron frequency, the wavelengths a r e  
strongly dependent on the magnetic field confining the plasma. 

The concept of cyclotron heating requires that energy from a specially construc- 
ted radiofrequency coil be coupled into these waves in the plasma at  frequencies 
slightly below the ion-cyclotron frequency. Because the current directions in adja- 



cent coil sections a r e  opposite, this specially designed coil (called a Stix coil after 
its inventor) produces fields which vary sinusoidally in the axial direction. The 
coil can thus be said to have a wavelength Xo associated with it which equals the 
distance between corresponding points on the f i r s t  and third sections, With a coil 
like this, i t  is then possible to couple significant amounts of energy to a natural 

mode of the plasma when the wavelength of the coil is the same a s  that of the n a h r a l  

mode. Thus, in a wavelength sense, there exists a resonance coupling. The wave- 
length of a natural mode is usually made to match that of the coil by varying the 
magnetic field. 

Recently, many calculations of the power that could be transferred to these 
plasma waves by a Stix coil have been made. A parametric study has  included the 
effects of magnetic field, density, density gradients, temperature, and collisions 

a s  well a s  geometric effects such a s  plasma column radius and radiofrequency coil 
dimensions. The results of some of our calculations a r e  shown in figure In-9 a s  
curves of power transferred to the plasma against magnetic field with ion tempera- 

ture a s  a parameter. For  fields such that the wave frequency equals the ion- 
cyclotron frequency, the efficiency of coupling i s  low. But, a s  the magnetic field 

is increased, the wavelengths of the most fundamental nakdral modes become closer 
to that of the S i x  coil. Finally the wavelength resonance i s  achieved, and there is a 
maximum in the coupling. Under proper conditions the efficiency of coupling can be 

80 percent. 
One of the more interesting parameters studied with regard to power transfer 

i s  that of ion temperature. We found that, a s  the ion temperature increases, the 
maximum power transfer to the plasma decreases. This is also shown in figure 

III-9. In this figure the Stix coil wavelength was 41 centimeters and the electron 
18 density 2x10 particles per cubic meter. The reduction in coupling with increased 

temperature is more severe for shorter Stix coil wavelength and/or lower electron 

density. Efficient coupling of energy to waves must be done in a part  of the plasma 
where the ion temperature i s  not too high. 

Once energy is coupled to the waves, they propagate along the plasma column 
out each end of the Stix coil. At this  point the wave characteristics a r e  studied to 

make sure  the Stix coil has generated the wave with the characteristics desired for  
the next phase of the heating scheme, that of damping of the wave and conversion of 
the wave energy into ion energy. The waves will be damped by a process called 
ion-cyclotron damping if the wave propagates (as  shown in fig. fPI- 10) into a region 
where the confining field as a function of axial position has been lowered to the point 
where the ion- cyclotron frequency equals the wave frequency. In the region where 

the field has  started to decrease, the wavelength will s tar t  to shorten, and the wave 
amplitude will increase in a manner similar to that of a water wave approaching a 



beach. This region is therefore referred to a s  a s q m q n e t i c  beach. " 
When the ion-cyclotron frewency becomes sufficiently close to the wave £re- 

quency, there will be mmy parMcles that feel the fields of the wave at  exactly the 
cyclotron frequency and a r e  thus heated, What is accomplished here is a heating of 
ions by a radiofrequency field whose effective (or Dop@er shifted) frequency is the 

ion- cyclotron frequency. 
This may appear to many a s  a rather cumbersome way to heat a plasma, First 

a plasma wave is generated; then the wave is used to heat ions. One would naturally 

prefer a more direct approach. Why not just wrap a ~ m p l e  solenoid around a plas- 

ma column and heat ions inside the coil by driving it a t  the ion gyrofrequency? This 
approach has  been tried, but it was discovered that a space charge builds up in the 
plasma producing electric fields in opposition to those applied (i, e. , there was  a 

shielding of the plasma from the applied external field). Energy is transferred 

much more efficiently to the plasma in the wave generating scheme. 

Experimental Work 

Figure EII- % 1 is a schematic of the steady - state ion- cy clotron resonance ap- 

paratus now being used at Lewis. There is a plasma column immersed in  a mag- 
netic field (mzimum value, 1 tesla). The Stix coil (wavelength, 41 cm) is lo- 
cated in the center, and is supplied by a radiofrequency generator of 6 .5  mega- 

hertz. The magnetic beach where the waves a r e  damped is placed just inside 

the mirror .  The region between the coil and the beach is where various probes 
a r e  placed to measure the properties of the wave being propagated. 

Figure EII-1% shows a plot of measured power transfer ID the plasma from the 
Six coil again& the applied direct-current magneEc field. There is a m d m u m  
in the coupling at  a point very close to that predicted by the theory. Although it is 
difficult to lmow precisely all the plasma parameter values necessary to calculate 
the m w i h t d e  of the coupling, a "best guesstP set of values may be used to predict 

the magnihtde to within 20 percent. 
We now look at  some data taken in the region of propwation immediately out- 

side the S i x  coil. The ion-cyclotron wave has a time varying component of mag- 
netic field in the axial direction, and the amplitude and phase of this field can be 

measured by a probe. The output of this probe is viewed a s  a sinusoidal signal on 
an oscilloseope where the amplihde is proportional to the strength of the wave and 
the phase is determined relative to the radiofrequency voltage on the Stix coil. 

Figure I19-13 is a plot of the measured phase of the wave against the axial position 

of the probe for  two different values of magnetic field. The distance over which a 



phase change of 2n occurs equals the wavelength of the wave, Theory tel ls  u s  that 
the closer the wave frequency is to the ion-cyclotron frequency, the shorter the 
wavelength (i. e . ,  the steeper the slope of the curve). This is exactly what you see  
presented here with the wave frequency being closer to the cyclotron frequency for  
the curve on the left. 

Now, le t  u s  move on to look a t  some data taken in the vicinity of the magnetic 
beach. Theoretically the amplitude of the axial magnetic field of the wave should 
increase as the magnetic field decreases, thus making the ion-cyclotron frequency 
approach the wave frequency. However, when the cyclotron frequency gets fllffi- 
ciently close to the wave frequency, ion- cy clotron damping becomes strong, the 
wave amplitude decreases rapidly, and ions a r e  heated. Figure III-14 shows mea- 
sured wave amplitude plotted a s  a function of axial position. The wave is propa- 
gating to the right, and the magnetic field is decreasing to the right. The point 
labeled magnetic beach region is where the wave and cyclotron frequencies a r e  
equal. The amplitude initially increases and subsequenay damps. The actual rate 
of damping and the point a t  which damping begins depends on the axial temperature 
of the plasma. 

The ion motion perpendicular to the magnetic field produces a reduction in the 
direct-current magnetic field (i. e . ,  a diamagnetism). By measuring this  reduction 
in direct-current field, it is then possible to determine the temperature to show that 
we a r e  truly heating the plasma with the ion-cyclotron wave. To measure the 
change, a diamagnetic loop is used. The change in magnetic flux is measured 
through this  loop a s  the plasma is extinguished. Figure Ill- 15 gives temperature 
(derived from diamagnetic loop measurements) a s  a function of axial position, and 
it clearly shows that in the vicinity of the magnetic beach the temperature is much 
higher than elsewhere, reaching a value greater than 500 electron volts a t  the center 

18 of the beach. The electron density of the plasma was about 2x10 particles per  
cubic meter. In pulsed experiments at  the Princeton Plasma Physics Laboratory 
ion-cyclotron heating has  been used to heat plasmas in magnetic beaches to several 
kilovolts. 

To summarize, i t  appears that ion-cyclotron damping is an eflicient and effec- 
tive way to heat plasma ions in plasmas contained in the simple magnetic configura- 
tions discussed. The question does remain, however, a s  to whether cyclotron heat- 

ing will be effective in more complex confining fields devised for the purpose of 
making the plasma more stable. And whether this process proves usable on the 
ultimate fusion machines, either alone or  in conjunction with other heating meth- 
ods, i t  has already proven its value in producing hot, dense plasmas for fusion 
research. In our future plans, a major objective i s  to apply ion-cyclotron res -  



onance heating (BCRH) to open-ended magnetic wells. The purpose of these tests  

is to esperimenhlly s b d y  the generation, propagation, and damping of waves in 
the more eomplex magnetic fields of these wells. 

kitid work on Vie well will be conducted on the present apparatas as shown on 
figure m-16. This ewerimerat involves the conversion of one of our beaehes into a 
shallow mametic well by wrapping quadmpole windings around the test  section. A 
la ter  experimentd study is planned for a superconducting magnetic mirror  appara- 
tus now under constl-uction which will have the capabilily of producing magnetic 

fields up to 8 teslas. 
One possible scheme for applying mCH to an open-ended magnetic well is shown 

on figure In- 17. Ion- cyclotron waves would be generated at the two ends of the sys- 
tem (in the mirrors)  and propagate towards the center where they give up their en- 
ergy to ions in the magnetic wells. This may have the added benefit of testing a 
scheme to reduce end losses in open-ended systems. Experiments a t  Princeton 
Plasma Physics Laboratory indicate that ions a r e  accelerated away from the Stix 

coil. It may be possible to use this acceleration effect to keep particles from es- 
caping out the ends of the magnetic well. As mentioned earl ier ,  some method to 
seduce end losses is crucial to the feasibility of open-ended reactors. 

MODIFIED PENNING DISCHARGE 

A second type of plasma heating process being studied here involves the use of 
high-voltage direct- current power in what is called a 'Pmodified Penning discharge. " 

These two heating studies represent an interesting contrast in approaches. Pn the 
ion-cyclotron heating work, you may recall, we started with a theoretical concept 
m d  attempted to verify it experimentdly m d  to refine and improve it. Pn the high- 

voltage direct-current heating study, we started with an experimentdly observed 
phenomenon and aHempted to construct a theoretical model and to improve the 

process experimentdly . 

In i t ia l  Observations of Ion Heating 

A magnetic mirror  machine is created by two superconducting coils located in 
a 1-meter-diameter vacuum tank. (Figs. In-18 and III-19 a r e  schematics of the ex- 

periment configuration. ) It is possible to produce a maximum magnetic field up to 

2.0 tesllas a t  the coils. The anode ring has a high positive dc potential of up to sev- 

e ra l  tens of kilovolts. Neutral molecules within the containment volume a r e  ionized 
by t r a p p ~ d  electrons. The ions produced a r e  heated by fluctuating electric fields 



and are  eventually lost out of the mirrors .  A photograph of the plasma is  shown in 

figure BL-20. The shape of the plasma conforms to that of the amiagnetic field. The 

vertical element in the middle is the anode ring, which is maintained a t  a high 

positive potential. 
The energy of the ions escaping through one of the magnetic mirrors  w w  mea- 

sured with a retarding potential-enerm analyzer, The curve of figure Bil-21 repre- 

sents the flux of ions whose axial energy exceeds the value shown on the abscissa. 
Also shown is the best-fitting integrated M m e l l i a n  distribution curve, This curve 
has several interesting feahnres not anticipated a t  the outset of the experiment. 
The first is that the velocity distribution is Masrwellim dong  a radius in ve%oci@ 
space, even in the high-energy tail. It was surprising to find that the particles 

were thermalized in the relatively short time (@pically 25 psec) and that they were 
confined between the mirrors ,  The second interesting feahnre w a s  the very high 
ion kinetic temperahres  observed ('710 eV, in the case shown). These high ion 

temperatures were accompanied by low electron temperahres  (no more than about 

200 eV). These features a r e  very desirable in fusion applications, since one nor- 
mdly  prefers to dump the power supply energy into the ions rather than the elec- 
trons. The Mwel l ianizat ion of the ion velocity distribution is desirable, since the 

plasma will contain one l e s s  reservoir  of f r ee  energy to drive macroscopic and mi- 
croscopic instabilities. 

These high ion temperatures were investigated further, with the results shown 

in figure l39-22. The ion kinetic t emperahre  is shown plotted as a function of 
direct-current anode voltage for four background pressures of deuterium gas. The 

kinetic temperature is approximately linearly proportional to the anode voltage up 
to the limit of the power supply used. This suggests that ions of any desired energy 
can be produced by going to a srrf%ieiently high anode voltage. The only other steady- 

state heating system to produce such high ion temperahres  is the Burnout-V device 
at  Oak Ridge National Eaborabry.  There the ions a r e  accompanied by very hot 

electrons, up to several hundred keV in energy, s o  a different heating process is 
probably operating in that case. 

Continuity-Equation Osclliatisn 

The interesting results from this modgied Penning discharge demanded an un- 
derstanding of the physical pheno~nena responsible for them, A floating Eangmuis 

probe was inserted into the plasma to study the spectrum of the electrostatic potera- 

tial fluctuations. The output of this probe was connected to a spectrum andyzer ,  
with the results shown in figure IEI-23. The peak a t  zero frequency is an interndly 

generated marker. This spectaram reveals a fundamental at  about 6800 hertz, sev- 



.eral harmonics, and a continuous spectrum that can be followed out to 2 megahertz. 
It is tempting to make the analogy with conventional hydrodynamics and explain 

the high ion kinetic temperatures as a consequence of energy being dumped from the 
power supply into the plasma at  the fundamental frequency, followed by a cascading 
up in frequency and down in scale size until i t  is dissipated in thermal energy of the 
ions. 

The characteristics of this turbulence spectrum were studied to s e e  whether 
this might explain the high ion energies. The identification of the fundamental f r e -  
quency immediately presented a problem. Its low frequency (6800 Hz in the exam- 
ple shown) in a mi r ro r  field whose maximum value was typically 1 tesla was much 
too low to be associated with the plasma frequency o r  the ion o r  electron gyrofre- 
quencies. It was also too low by orders of magnitude to be plausibly connected with 
E x B o r  grad-B drifts. Parametric variation of the plasma properties showed 
that the frequency of this oscillation depended on both the electron and neutral num- 
be r  densities, but not on the magnetic field. 

The retarding potential energy analyzer was used to measure the efflux of ions 
as a function of time. Results a r e  shown in figure IT%-24. The zero level is the 
baseline between pulses. '%he charged-particle efflux displays pulsar-like sharp, 
narrow peaks between broad, flat minima. For  different plasma conditions, these 
pulses display fine structure, periodic interpulses and other interesting detailed 
features. The particle efflux, the light output, and the electrostatic fluctuations 
were in phase at the same frequency. The light output was monitored a t  two axial 
and azimuthal stations with a pair of photomultipliers, and showed that the plasma 
was oscillating in unison with a single phase and frequency. 

These characteristics suggested that the oscillation in question is a new phe- 
nomenon, and this subsequently proved to be the case. This oscillation was 
labeled the continuity-equation oscillation, because i t  a r ises  as a consequence of 
periodic solutions to the coupled pair of continuity equations for neutrals and 
charged particles in a slightly ionized gas. The frequency is porportional to the 
square root of the product of electron and neutral number densities, and is inde- 
pendent of magnetic field. An exact solution to this pair  of equations is shown in 
figure IH-25. The ordinate is relative electron number density; the abscissa is 
time, There a r e  four values of the relative peak-to-peak amplitude 77. At high 
peak-to-peak amplitudes, the solutions have the characteristic waveform we saw in 
the particle efflux - sharp, narrow peaks between broad, flat minima. 

The oscillation frequency was systematically studied as a function of the elec- 
tron and neutral number densities. Figure III-26 shows the results. The observed 
frequency is plotted as a function of the product of relative electron and neutral 
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and the presence in the background of a continuous, fully ddeeloped, nonlinear turbu- 
leht spectmm. 

The following tab1 e summarizes the best temperatures, densities, and confine - 
ment times simultaneously observed in this experiment thus far:  

. . . . . . . . . . . . . . . . . . . . . . . . . .  Ion kinetic temperature, Ti, keV, 5 

Electron kinetic temperature, T,, eV . . . . . . . . . . . . . . . . . . . . .  200 
3 P1mma number density, ne, particle/m 2x10 16 . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ion confinement time, psec 2 7 

The ion t emperakres  listed a r e  gratifying, but the densities and confinement times 
a r e  quite low. These a r e  now limited by the rapid loss  of ions out the mirrors .  
Confinement time and density can be improved with a closed configuration such as 
shown in figure In-38 - a bumpy torus. This consists of 1 2  magnetic mi r ro r s  end- 
b-end in a broidal  array.  Such a superconducting magnet facility is presently 
under consideration for future use in this everimend. The modified Penning dis- 
charge scheme will be applied to this configuration. It is one of the few steady- 
s ta te  p lmma injection and heating schemes capable of being applied to a toroidal 
geometsgr, A reasonable go%% for  the bumpy torus would be an increase of a factor 
of 10 in codinement time and number densiw. 

STUDIES RELATED PO CONFINEMENT 

Random-Wal k Approximation 

Two studies related to confinement a r e  undemay at Lewis. One of these, an 
analytical a ~ r o a c h ,  uses a computer to simulate the plasma behavior. Gerald 
Engled has been developing a technique which may permit the approximate solution 
of plasma problems over a wide range of conditions. He calls this technique 
'Prandom-waSk approximation, " To date he has applied it to the problem of particle 
difbsion in velocity space in a magnetic-mirror configuration. The basic idea is 
this: Le t  the particle's velocity be represented by a magnitude V and an angle to 
the magnetic field 8. The changes in velocity resulting from collisions with other 
particles can be represented as probabilities. There is a certain probability that 
the velocity will change by an increment in V and in 8. 

Given expressions for these probabilities, the computer can "walk" the parti- 
cles over a two-dimensional grid in velocity space. By using iterations, and rea- 
sonably large  steps, an equilibrium distribution of particles can be found without 
undue computer time. The probabilities that bias the random walk a r e  obtained by 



comparing the random-walk with the FoMter-Planck equation, and assuming the co- 
efficients of like terms to be the same. The procedure is not the same  as the Monte 
Carlo method. Monte Carlo vrould select a step of vasia-ble length and direction, 
based on the physics of binary encounters. The random-walk: method takes large 
steps, in effect averaging over a large  number of binary encounters, thereby redu- 
cing computer time. 

Figure RI-31 shows the equilibrium solution for one test case. The distribution 
in velocity magnitude is plotted; that is, the relative number of particles possessing 
any particular value of V. The case chosen was one for  which an analytical approx- 
imation was available (shown by the curve). Note that the random-walk values ex- 
hibit approximately the same shape as the analytical result,  and that the two values 
of mirror  ratio show little effect. 

Another question of great  interest is the rate at which particles escape from 
the system. (They migrate into the loss cone. ) Figure TII-32 shows the random- 
walk loss rate plotted against the reciprocal of the logarithm of the mirror  ratio. 
A good, linear f i t  i s  evident. This agrees with the functional relation predicted by 
some of the analytical approximations for this case. 

In principle, the random-walk method could be used fo r  more complex cases. 
Englert has started looking a t  cases involving physical space gradients. The big 

question to be answered is where do we get the values of the random-walk biases 
f o r  more complex cases? Possibly, experiment might provide them. 

Plasma Turbulence 

The phenomenon of anomalous diffusion has often been associated with fluctua- 
tions in the plasma, although the nature of the connection in many real  plasmas has 
yet to be rigorously established. As yet, the nature of the fluctuations to be ex- 
pected in  any given plasma cannot be predicted. Fi rs t ,  we need a better under- 
standing of the fluctuations as they actually occur. What is the spectrum? What 

is the source of energy? How a r e  the various frequencies related? Is the fluctua- 

tion a purely random process o r  does it possess a coherence in space o r  time? 
F o r  that matter, which plasma parameters a r e  doing the fluctuating: density, tem- 
perature, o r  potential? 

John Serafini, studying this problem has given us  some answers. In figure 
III-33 his experimental device is shown. This is a crossed field device: the elec- 
t r i c  field is axial, the magnetic field radial. Into the annular plasma volume 

probes of various so r t s  may be inserted to detect the locally fluctuating quantities. 



Using Langmuir probes, he obtains turbulence spectra such as a r e  shown in 
figure IIP-34. Notice that for the three operating conditions, generally s imilar  
spectra occur, A pesk appears at a relatively low frequency followed by a rather 
smooth decline a t  higher frequencies. For  these measurements, the fluctuating 
quantity is the plasma density - a conclusion based on the behavior of the probe as 
the bias was varied. A detailed study of the spatial correlation of the various parts  
of the spectrum shows that the peak represents a coherent plasma oscillation - a 
helical mode. The higher frequencies a r e  noncoherent, with no measurable propa- 
gation lag. There is, then, the superposition of two basically different kinds of 
fluctuations. The relation of these two types of fluctuations may be seen from fig- 
u r e  HI-34. Notice that the ordinate is a logarithmic scale, s o  that the actual ampli- 
tude varies quite substmtidly along the three curves. The increasing strength of 
the coherent oscillation - the peak of the curve - is accomplished by a rising level 
of signal strength even at the very high frequencies. Such a concurrent variation 
suggests that the energy in the high-frequency part  of the spectrum derives from 
the coherent oscillation. Many means may be proposed to account for the coupling 
o r  energy transfer within the spectrum. The important implication is that the exis- 
tance of a single mode of plasma oscillation may induce quasi-random o r  turbulent 
fluctuations over a wide frequency range. The data do not provide conclusive proof 
of this relation. However, the concept of energy being supplied via a coherent 
plasma oscillation, and thence to the turbulent spectrum a t  higher frequencies is 
intuitively appealing and consistent with the available data. 

It is particularly important to determine experimentally the connection between 
turbulence o r  fluctuations of various kinds and the actual diffusion of the plasma 
particles across the magnetic field. A new device with parallel magnetic and elec- 
t r i c  fields is being constructed to permit such measurements. 

In summary, we have discussed some of the basics of the fusion research 
field and dwelt on the two steady-state heating processes being studied here at 
Lewis. In addition, we have touched briefly on work related to plasma confinement 
and losses from confinement. The purpose of this discussion has not been to pre- 
sent a comprehensive o r  even a well-balanced picture of our work in these fields. 
Rather we have tried to convey our viewpoints and objectives, and a summary of the 
results we have obtained in our studies. 
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Figure 111-1. - Plasma confined in  magnetic m i r r o r  system. 
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Figure III-2. - Plasma confined in torus.  
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Figure III-3. - Magnetic well. 
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Figure 111-4. - Plasma confined in open-ended magnetic well. 
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Figure 111-5. - Toroidal magnetic-well geometry. 
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Figure In-6. - Toroidal magnetic field with shear .  
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Figure 111-7. - Lawson diagram. 
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Figure III-8. - Four-section Stix coil for generating ion-cyclotron waves. 
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Figure ID-9. - Theoretical power transfer a s  function of magnetic field with 

ion temperature a s  parameter. 
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Figure 111-10. - Wave damping in magnetic beach. 
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Figure ID-11. - Ion cyclotron resonance apparatus. 
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Figure III-12. - Experimental power transfer as  function of 
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Figure III-13. - Ion-cyclotron wave phase for  B, a s  function 

of axial  position for  two values of magnetic field ( B ~ ~  < B ~ ~ ) .  
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Figure 111-14. - Ion-cyclotron wave amplitude B, a s  function 

of axial  position. 
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Figure 111-15. - Ion temperature f rom diamagnetic loop in beach 
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Figure 111-16. - Experimental arrangement to  study ion-cyclotron wave propa- 

gation in magnetic well. 
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Figure 111-17. - Ion cyclotron resonance heating applied to open magnetic wells. 
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Figure III-18. - Discharge operating configuration and detail of anode ring. 
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Rgure Dl-19. - Isornetsic cubway drawing of vacuum tank. 

Figure 111-20. - Photograph of plasma. 
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Figure lTl-21. - Measurement of retarding potential-energy analyzer. 
Kinetic temperature, 710 electron volts. 
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Figure In-22. - Relation of anode voltage to  deuterium kinetic temperature 
for various background gas pressure. Bma, = 2.0 T.  
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Figure 111-23. - Electrostatic potential fluctuations. 
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Figure 111-24. - Charged particle efflux a s  function of time. 
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Figure 111-25. - Relative number density a s  function of time. 

Figure 111-26. - Observed frequency a s  function of product of average electron and neutral nunlber densities. 
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Figure 111-27. - Apparatus for  investigation of external modulation of 
anode voltage. 
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Figure III-28. - Spectrum of potential fluctuations; medium background pressure, 
7 x 1 0 - ~  to r r .  



RELATIVE 
AMPLITUDE, 
POTENTIAL 

FLUCTUATIONS 

r SINUSOIDAL EXCITATION 
',FREQUENCY FUNDAMENTAL 5 kHz 

\ 

1 1 

[HARMONIC MODULATION 

\r 1ST HARMONIC ,. 1 
BY SINUSOIDAL EXCITATION 

OSCILLATION 42 kHz 

CONTINUITY-EQUATION 

FREQUENCY, kHz cs-51131 
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Figure III-30. - Bumpy torus concept. 



Figure 111-31. - Marginal distribution in  velocity magnitude. 
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I V .  T H E R M l O N l C  P L A S M A S  

Harold E. Neustadter 

1 All thermionic energy converters depend on the fact that when a metal is 
heated it emits electrons, a phenomenon in many ways analogous to the liberation 
of steam particles when water is heated. This basic property of materials was 
f i r s t  noted by Thomas Edison in 1883. The proposal to harness this property to 
achieve direct energy conversion is credited to Schlichter in 1915. Work on actual 
devices is considerably more recent, being f i rs t  reported by Hatsopolous in 1956 
and Wilson in 1957, although a thorough examination of the thermionic emission of 
electrons from the combination of materials most often used today, namely, cesium 
coated tungsten, was conducted by Langmuir in the 1920's. 

The current interest in thermionic research is heavily influenced by a desire to 
take full advantage of the high temperatures available from nuclear reactors, par-  
ticularly in  the space environment. Since thermionic converters might well operate 

3 with a heat rejection of approximately 10 K, and since heat rejection itself varies 
a s  T ~ ,  thermionic systems should allow for a major reduction in radiator size and 
hence in specific weight when compared to other lower temperature systems. In 
common with other direct  conversion devices, the thermionic converter has no 
moving parts. However, i t  is very distinct from other systems in that it has a high 
power density, with values of the order of 10 watts per square centimeter currently 
attainable. The most probable space applications of thermionic conversion systems 
include power generation for  long trips and/or large payloads. 

The simplest version of the thermionic converter, namely, the vacuum diode, 
is shown in figure W-l(a). The vacuum diode consists of two electrodes, an emitter 
and a collector, encased in a container which maintains the vacuum and a source of 

heat to drive the electrons. 
Insight into the principles of operation of the vacuum converter can be obtained 

by looking a t  figure IV-1 (b), which shows a typical interelectrode potential profile 
fo r  the vacuum converter. On the left is the emitter, with the zero of energy chosen 
a t  i ts  Fermi  level. The collector with its Fermi level is on the right. Phi is used 

to indicate the work function. Lower case cp is the vacuum work function, that is, 
- - 

 he introductory portion of this report follows to a considerable extent the 
approaches used in refs.  1 and 2. 



the amount of energy measured from the Fermi  level that an electron needs to e s -  
cape to vacuum from the interior of a solid. The subscripts e and c stand for  
emitter and collector, respectively. To t race  the path of an electron through one 
energy conversion cycle, s tar t  with an electron that is initially near the emitter 
Fermi  level. If i t  receives an energy greater than cpe, i t  can leave the emitter, 
where i t  immediately encounters another barr ier ,  A q e ,  the space charge ba r r i e r  
resulting from the electrons which preceded it. If the electron initially received an 
energy greater  than ae = cp, + Aqe, it will climb the ba r r i e r  and move across  the 
interelectrode space to reach the collector. Here i t  gives up cp, a s  heat in moving 
down to the collector Fermi level. However, a net potential difference v remains 
between the Fermi  levels of the two electrodes, so that, if  the emitter and the col- 
lector a r e  connected, the electron continues on through the external load perform- 
ing work on its way. 

The following table illustrates some of the physical constraints (ref. 1).  For 
heat-resistant transition metals cp is typically 4  to 5  volts. With a judicious 

choice of materials, such a s  an emitter with cp - 5. 3  volts and a collector with 
cp - 4 . 2  volts, and optimizing the external load losses,  one might be able to get an 
output voltage v of the order of 1  volt. Thus, in order to obtain power output, 
which is the product of the current I and the output voltage v, of 10 watts per 
square centimeter, we need current of approximately 10 amperes per square cen- 
timeter. However, as indicated in equation ( I ) ,  the emission current I depends 

strongly on ae: 

Metal 

Molybdenum 
Nickel 
Platinum 
Tantalum 
Tungsten 
Cesium 
Tungsten-cesium 
Tungsten-barium 
Tungsten-thorium 

Work function 

4 . 2 0  
4 . 6 1  
5 . 3 2  
4 . 1 9  
4 .52  
1 . 8 9  
1 . 5  
1 . 6  
2 . 7  



The crucial feature here is that I decreases exponentially a s  ae increases. In 
practice, adequate current densities a r e  unattainable in vacuum diodes because the 
space charge A q e  and hence ae a r e  too large. One might hope to minimize the 
damaging effects of space charge buildup by going to lower temperatures, using 
lower work function materials and/or reducing the interelectrode spacing. How- 
ever, even these approaches require uniform interelectrode spacing of a fraction 
of a mil to be maintained over a very large temperature range and have s o  far  pre  - 
sented difficult design and stability problems, although new approaches in this di- 
rection a r e  currently contemplated. 

The most direct, and for some time now the most promising; approach has 
been the introduction of a sufficiently dense gas of positive ions to neutralize the 
electrostatic field of the electrons. Primary attention has focused, therefore, on 
the plasma converter. Cesium is the most commonly used gas because of its low 
ionization potential. As shown in figure IV-2(a), the cesium converter is a mod- 
ified vacuum converter which allows for the addition of cesium vapor to the inter- 
electrode region. The density of the vapor is determined by the temperature of 
the cesium reservoir. The cesium enters the interelectrode region a s  a gas of 
neutral atoms and is subsequently ionized by either surface ionization a t  the hot 
emitter (unignited mode) or  volume ionization in the interelectrode region (ignited 
mode). 

The consequences of introducing cesium can be seen in figure IV-2(b). The 
primary benefit derived from a cesium plasma is the neutralization of the space 
charge, that is, reduction of Aqe. Another nontrivial benefit, however, is that 
some of the cesium atoms absorb on the collector, which is relatively cool, while 
those that come in contact with the emitter, which is hot, will boil off. As shown 
in the table of work functions, this will lower the collector work function close to 
that of cesium with the beneficial consequence of increased output voltage. 

For a number of reasons including reliability, ease of acquisition, and direct  
usefulness to development engineers, the principal analytic tool for thermionic 
converters is the plot of current against voltage, or I-v curve. Figure IV-3 
shows one such plot; actually it is a composite of various I-v curves presented 
slightly out of proportion in order to indicate al l  the features of interest more 
clearly. 

The major feature is the existence of two modes of operation. These cor- 
respond to the two ionizing processes mentioned earl ier .  The lower portion shows 
the unignited mode, in which the cesium ions a r e  produced by surface contact 
ionization. The upper curve shows the ignited mode, in which the ionization takes 
place in the interelectrode region a s  a result of electron-atom collisions. Within 



these two modes, the major I-v characteristics are  further classified by 
(1) The deep retarding region which results from the application of a reverse 

bias voltage to the diode 
(2) The apparent saturation region which is a result of either space charge 

limitation when the electron space charge is incompletely neutralized or 

the collection of all electrons when there is an adequate (excess) supply 
of ions 

(3) The region of preignition and negative resistance in which a violet-pink 
glow discharge forms at one point in front of the emitter and eventually 
covers the entire emitter 

(4) That part of the ignited mode, sometimes referred to a s  the obstructed 
region, in which there is dark space directly in front of the emitter and 
an orange flow in the interelectrode region 

The second mode appears most promising for power production since the product 
of I and v is greatest. It has been possible to produce in typical experimental 
devices current densities of 50 amperes per square centimeter near 0.5 volt for 
power densities greater than 20 watts per square centimeter. 

The paper thus far has dealt with the thermionic conversion process. Now 
consider the role played by the plasma itself. For perfect neutralization, it is 
necessary that 

where n is the number density, (+) refers to ions, and (-) refers to electrons. 
Note that this in no way implies that the current densities are  equal. Quite the 

contrary; the current is given by 

where u is the mean velocity. In thermal equilibrium the kinetic energies are  
equal: 

so that, for cesium, 



This leads to the definition of the ion richness parameter p a s  

The converter is electron rich when p << 1, ion rich when p>> 1, and approxi- 
mately neutralized when p - 1. 

The second parameter is pd, the product of the pressure and the interelec- 
trode spacing. It is approximately proportional to the number of electron mean 
f ree  paths in the converter. The effects of p and pd a s  parameters (ref. 2) a r e  
shown in figure IV-4. The major axes define a space in p and pd. Superposed 
on this is a s e t  of four different I-v curves. Each I-v curve presents the results 
of operation of the same plane parallel cesium vapor thermionic converter. The 
striking differences between the four curves ar ise  from the different combinations 
of p and pd at which each is operated. Curve B is typical of a converter oper- 
ating a t  p < 1 and pd < 10. The curve shows the full range of operation shown in 
figure IV-3 with the exception that the small current region is considerably con- 
tracted. If p is kept the same, but pd (the number of mean f ree  paths) increases, 
the transition and negative resistance regions disappear and the converter oper- 
ation goes smoothly from ignited to unignited modes, a s  shown by curve A. As 
both /3 and pd a r e  increased, we would find that the apparent saturation region 
is completely absent as in curve C. 

Figure IV-5 shows a typical se t  of interelectrode potential diagrams for the 
ignited mode as measured by Baksht and coworkers and reported in the Journal of 
Soviet Physics (ref. 3). The emitter is on the left, and the different curves are 
for the various spacings indicated. The difference between the potential heights 
a t  the emitter and collector is the internal plasma loss of the order of 1 volt. 
Most of this loss represents energy required to maintain the plasma while a 
lesser source of loss to be considered is back heating of the emitter by the plasma. 
Considerable effort has been directed toward obtaining a better understanding of 
these loss processes. At this point we should note that, in addition to the usual 
difficulties of analysis present in all plasmas, there a r e  further complica~ons 
unique to thermionic plasmas. These include the active nature of the container 
walls. That is, the walls emit and collect electrons and ions as an essential part  
of the device operation. Also, the plasma dimensions a r e  very small, that is, 



the space between emitter and collector is usually of the order of 5 to 10.mils. 
The Lewis Research Center has carried on a program of theoretical and ex- 

per imenkl  work designed to enhance our knowledge of thermionic plasma processes 
and thus ultimately to improve the converter performance. Two theoretical studies 
of the plasma have been undertaken with emphasis given to the role played by the 
sheaths o r  boundary layer between the electrodes and the bulk plasma. In a work 
by James IF. Morris the sheath parameters were coupled to electrodes a s  well a s  
the plasma in a formulation which allowed for feedback between the components, a s  
opposed to the more primitive theories which replaced the sheaths by passive 
boundary conditions. In addition to giving new insights into plasma processes under 
unignited isothermal conditions, i t  eliminated such inconsistencies of the ear l ier  
theories as the existence of a net current a t  equilibrium (ref. 4). Another theo- 
retical study undertaken by Peter Sock01 applied transport theory to the sheath 
itself in the unignited mode (ref. 5). This study is currently being extended to the 
ignited mode with emphasis on understanding the mechanism of nonthermal ioniza- 
tion in the immediate vicinity of the emitter. The matter of heat loss to the emitter 
from the plasma has been analyzed by Roland Breitwieser, who developed a tech- 
nique based on application of quite general thermodynamic constraints to the anal- 

ysis  of I-v curves (ref. 6). 
An experimental program to evaluate a possible new technique for reducing the 

losses incurred in maintaining the plasma was initiated a few years ago by Ralph 
Forman. His work involved the investigation of the enhanced electrical properties 

of a converter when placed in the radiation field of a nuclear reactor (ref. 7). Fig- 
ure IV-6 depicts the envisioned process. It was anticipated that the y-rays present 
in a reactor would a s  a result of interaction with the converter electrodes cause the 
generation of large numbers of relatively low energy electrons. These secondary 
electrons would, upon collision with the gas atoms present in the interelectrode 
space, excite (and possibly ionize some) neutral atoms. These atoms being in ex- 
cited states rather than in the ground state would be more easily ionized to produce 
ignition. Preliminary in-pile investigations have exhibited some of the anticipated 
features, as shown in figure W-6. These data a r e  for a cylindrical thoriated 
tungsten emitter operating in a xenon environment. In the absence of y radiation 
the current is negligible at low voltages, and ignition occurs near 8 volts, which is 
approximately the energy of the f i r s t  excited state for xenon. When the same con- 
vertor is operated in a reactor, two changes occur. First ,  there is an enhance- 
ment of the low voltage output believed to result from the ionization by secondary 
electrons, and second, there is a drop in the voltage necessary to cause ignition 
believed to result from the higher density of excited states. These changes become 



more pronounced a s  the y radiation flax increases. It is anticipated by analogy 
with the p-pd plots of figure IV-4 that, with a judicious choice of operating con- 
ditions (e. g.,  the gas and i t s  pressure, electrode materials, in tere lec t rde  
spacing), it should be possible to cause further enhancement and obtain ignition at 
much lower voltage. If this hoped for  behavior should materialize, there a r e  two 
possible applications. One, there is the possibility of sufficient enhancement to 
generate useful power in the unignited mode. Two, there is the possibility that in 
the ignited mode cesium could be replaced by an inert gas. Cesium initially found 
favor because of i ts  low ionization potential, but the y-rays would in effect give 
inert  gases effective ionization potentials that a r e  nearly that of cesium. This sub- 
stitution of inert  gas for cesium would eliminate many of the materials compatibility 
difficulties arising from the highly corrosive nature of cesium. In spite of the 
favorable preliminary results obtained thus far ,  this program, by virtue of being an 
in-reactor study, is very difficult to perform and expensive to maintain. However, 
since the reactor generated y-rays do not interact directly with the neutral gas 
atoms but rather serve only to generate secondary electrons, i t  was suggested that 
for test  purposes it might be possible to generate secondary electrons from a 
source other than a reactor. This was investigated theoretically and indeed found 
to be feasible. Figure IV-7 shows a schematic drawing of the experimental reactor 
simulation setup that is being operated by Robert Bacigalupi using the Lewis Re- 
search Center Dynamitron (ref. 8). The electron beam incident from the left is 
generated in the Dynamitron, passes through the thin collector, and strikes the 
emitter causing both electrodes to emit secondary electrons. It has proved possi- 
ble using the Dynamitron and a converter similar to the one used by Forman to 
generate secondary electron fluxes similar to those present in the reactor environ- 
ment, and thus to reproduce out of core the I-v curves previously obtained in the 

reactor. Work is presently under way to extend the operating range of this setup. 
As a further check on the accuracy of this analysis, namely, that the enhanced 
operation does come from the interaction of secondary electrons with the plasma, 
and also a s  a more versatile technique for determining the effects of using different 
gases and electrodes, a separate microwave diagnostic experiment is currently 
being initiated by James Dayton. In this, the arrangement is similar to the con- 
verter  experiment in the Dynamitron except that the diode is replaced by a simple 
container of gas. The plasma is irradiated by a microwave signal of variable f re-  
quency, and the reflected signal is compared with the incident signal. The type of 
information generated this way is shown in figure W-8. When the beam of the 
Dynamitron is off, the reflected signal is as shown by curve A, there being a sharp 
resonant absorption by the plasma a t  a characteristic frequency. When the beam is 
turned on, the microwave signal is reflected a s  in curve B. The frequency shift can 



be related to the charge density while the resonance broadening is related to colli- 
sion frequency v, as shown in the following equations: 

It is anticipated that this dual program will permit rather rapid investigation of a 
large number of electrode materials and plasma combinations. Of particular inter- 

2 e s t  a r e  the effect that the introduction of a Penning mixture might have on plasma 
densities and the effect that the secondary electrons might have on recombination 
rates.  While this latter research activity is st i l l  in i ts  early phase, it already 
promises to yield much information of value to an overall understanding of plasma 
phenomena in the thermionic energy conversion process. 
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Figure IV-1. - Vacuum thermionic energy converter. 
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(a) Schematic diagram of thermionic converter. 
(b) Interelectrode potential diagram. 

Figure IV-2. - Plasma (cesium) thermionic energy converter. 
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Figure IV-3. - Typical current-voltage characteristic for plasma thermi- 
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Figure IV-4. - Set of four current-voltage characteristics reflecting depend- 

ence of converter performance on ion richness parameter P and pressure- 
spacing parameter pd (ref. 2). 
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Figure IV-5. - Effect of electrode spacing on interelectrode 
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emitter temperature, 1680 K; current density, 1 .7  amperes 

per square centimeter (ref. 3). 
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Figure IV-6. - Typical results for  cylindrical converter oper- 
ated in xenon environment. Power units (MW) correspond 

to power level of reactor employed (Sterling Forest) with 

2. 5 megawatts approximately equivalent to 0.75 watt per 

gram. 
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Figure IV-7. - Dynamitron simulation. Emitter, 2 percent 

thorium-tungsten; gas, xenon a t  55 torr ;  spacing, 1 milli- 
meter.  CS-51447 

Figure IV-8. - Reflected signal obtained from microwave 
plasma analysis with electron beam off (curve A )  and with 
electron beam on (curve B). 



V. C R Y O G E N I C  A N D  S U P E R C O N D U C T I N G  M A G N E T S  

James C. Laurence,  Gera ld V. Brown,  W i l l a r d  D. Coles, a n d  Gale F a i r  

The Lewis Research Center has primary NASA responsibility for  research on 
advanced concepts of power generation and propulsion. Some of these concepts re- 
quire intense, large-volume, magnetic fields to be generated by lightweight equip- 
ment with low power consumption. Electric propulsion, magnetohydrodynamic 
power generation, thermonuclear power and propulsion, and space radiation shield- 
ing a r e  some concepts fo r  which such magnetic fields may be required. 

The development of intense magnetic fields is also of importance for studies in 
a variety of disciplines, such a s  elementary particle physics (e. g., accelerators 
and bubble chambers), solid-state physics, and plasma physics. The range of s ize  
and field which a r e  available in existing electromagnets i s  illustrated in figure V- 1. 
The largest  volume magnets a r e  the bubble chamber magnets of Argonne National 
Laboratory, Brookhaven National Laboratory, and the French national laboratory a t  
Saclay, which range in s ize  to about 6 meters at  2 to 3 teslas. To put the measure- 
ment of magnetic flux density in perspective, the Earth 's  magnetic field i s  approx- 
imately tesla (or 1 G) and a strong permanent magnet may range up to 1 tesla. 
The magnets described herein vary from 1 to a planned 30 teslas. 

The work of Bitter and others a t  the Massachusetts Institute of Technology 
(MIT) resulted in a funding by the U. S. Air Force of a national magnet laboratory 
which is now known a s  the Francis Bitter National Magnet Laboratory. It has the 
largest  concentration of high-field magnets in the world and is the center for  re- 
search in  intense fields. Their water-cooled copper solenoids reach flux densities 
of 22.5 teslas in a 3- to 4-centimeter bore, and 26.5 teslas in a very small volume 
with iron pole pieces. 

The Lewis neon-cooled aluminum electromagnets have produced 20 teslas in a 
11. 5-centimeter-diameter volume and 14 teslas in a 30-centimeter-diameter volume. 
Lewis also has a 15-tesla superconducting magnet with a 16-centimeter-diameter 
bore (the largest  and strongest superconducting magnet yet produced). Both MIT 
and McGill University a r e  working on hybrid magnets - MIT on a superconducting 
magnet with a water-cooled insert,  and McGill on a superconducting magnet with a 
cryocooled aluminum insert.  

When the program to provide large-volume, intense magnetic fields was initia- 



ted a t  Lewis, several different means of producing these fields were investigated. 
To reduce structural problems and simplify magnet construction and operation, i t  
was decided to use low-impedance, high-current design. This design criterion was 
applied f i r s t  to copper water-cooled coils, and la ter  to aluminum cryogenically 
cooled coils. 

A la rge  homopolar generator (fig. V-2) and a transformer-rectifier power 
supply (fig. V-3) were selected a s  the power sources for  the low-impedance elec- 
tromagnets. The homopolar machine, a direct-current generator, supplies 3 mega- 
watts power and a maximum of 200 000 amperes. The rectified alternating-current 
supply furnishes 1 megawatt with a maximum of 28 000 amperes. 

The low-impedance concept has the following advantages: 
(1) The magnet windings can be made in large cross  sections to take advantage 

of the very heavy currents that can be drawn from the machine. These conductors 
a r e  inherently stronger because of their size and may be nearly self-supporting in 

the fields produced. 
(2) Since the potential difference between turns of a magnet designed according 

to this concept is small (of the order of a few volts), no special high-voltage insula- 
tion o r  water treatment is necessary. The cooling water can be drawn from the 
mains and disposed of in the sewer. In addition, there a r e  no hazards because of 
high voltage. 

(3) Cryogenic cooling of the conductors, which reduces their resistance by a 
factor of 1000 o r  more, can be used in the design of the magnets. 

Two water-cooled magnets (one of which is shown in figs. V-4 and V-5, have 
been designed and built to operate from the homopolar generator. The magnet 
shown has  a 10-centimeter bore and can reach 8.8 teslas. 

It is hard to get high-current density, structural strength, and low-power con- 
sumption simultaneously in magnet windings. It is still  harder to use the conductor 
material itself a s  the structure. The massive turns of the water-cooled magnets 
a r e  self-supporting; but, at much higher current densities, pure copper is not 
strong enough to support itself. Some copper alloys (e. g . ,  BeCu and ZrCu) have 
much higher strength with only moderately increased resistivity. However, still 
greater gains in strength and much lower resistivity a r e  possible with specializa- 
tion. Many steels  have better elastic properties than the copper alloys and a r e  bet- 
t e r  for  structural support. On the other hand, some high-purity metals cooled to 
cryogenic temperatures have resistivities of only one-hundredth to one-thousandth 
that of copper at  room temperature. Thus it i s  desirable to separate the functions 
of conduction and s t r ess  support. Greater strength and lower power consumption 
result. These a r e  the principal advantages of cryogenically cooled (nonsuperconduc- 
tive) electromagnets. 



CRYOGENIC MAGNRS 

Conductors and Coolants 

The advantage of the cryogenically cooled but nonsuperconducting magnet sys- 

tems comes from the low resistance of the conductor. Commercial copper, fo r  ex- 
ample, has a resistance a t  the boiling point of helium that i s  one-hundredth i t s  r e -  

sistance at room temperature. The resistance ratio of a material, the ratio of the 
room-temperature resistance to the resistance at 4.2 K, is the working measure of 

the purity of the material. The temperature dependence of the resistivity for some 

pure metals with resistance ratios of about 1000 is shown in figure V-6. From this 
figure, it can be seen that the temperature range of importance is below 20 to 30 K. 

Commercial aluminum can be produced with a resistance ratio of 2000, and the 
temperature dependence of i t s  resistivity is similar to that of copper shown in fig- 

u re  V-6. 
Another significant factor in cryogenic magnet design is the magnetoresistance 

of the conductor, At these low temperatures, the resistance of a pure metal depends 
on the magnetic field. For  example, in figure V-7, the data for the resistivity of 

copper to 11.5 teslas show a linear dependence on magnetic field strength. Fig- 
u re  V-8 shows data for aluminum taken at  two temperatures. The aluminum mag- 

netoresistance saturates at  a low field, making this aluminum a strong candidate for 

high-field, cryogenically cooled electromagnets. 
Below 30 K,  the only coolant fluids a r e  neon, hydrogen, and helium. Liquid 

helium, a t  4 .2  K, is not a good coolant for pool-boiling heat transfer because the 

latent heat of vaporization i s  so  small. The hazards of liquid hydrogen preclude its 
use in a populated a rea  such a s  the Lewis Research Center. The choice then was to 

use liquid neon a t  27 K. 
The only known source of the inert  gas neon is the Earth's atmosphere, where 

it occurs at a concentration of about 18 ppm. Since neon i s  inert,  there a r e  no 
safety problems except those inherent with any cryogenic liquid. Large-scale pro- 
duction of oxygen f o r  the steel industry during the las t  decade has made neon avail- 

able in large supply a t  a considerable reduction in cost. Even so,  the cost of oper- 
ating with liquid neon is about $40 per l i ter ,  which is prohibitive unless the gas is 
recovered and reliquefied for reuse. The capital investment for  the Lewis neon 
liquefier was one-third that of a cold-helium gas system large enough to cool the 

magnets. In addition, liquid neon is a desirable cryogen for a boiling-heat-transfer 
application because of i t s  large latent heat per unit volume. Hence, liquid neon was  
chosen a s  the coolant for  the Lewis cryogenic electromagnets. 

The commercial high-purity aluminum, with about 17 ppm impurities and a re-  



s i sknce  ratio of 2000, was chosen a s  the conductor material for two magnets with 
inner diameters of 11.5 and 30 centimeters. Figure V-9 is a cutaway drawing of 
the completed 30-centimeter aluminum cryomagnet and i t s  containment vessel. 
The construction of the cryostat is illustrated, including the vacuum jacket, the 
liquid-nitrogen jacket, and the trace lines for  precooling of the magnet vessel and 

coils. 

Aluminum Magnet Construction 

The construction of the aluminum coils is shown in figure V-10. Each turn of 
the magnet is a composite structure providing the current path, structural strength, 
coolant passages, and insulation. The high-purity aluminum conductor is 5 centi- 
meters wide by 0.2 centimeter thick. It was anodized to produce a uniform coating 
of aluminum oxide on the surface. TFis coating serves to insulate the aluminum 

from the stainless-steel channel and to improve the boiling heat transfer by pro- 
viding additional si tes for incipient boiling. The stainless-steel channel supports 
the very soft, annealed aJuminum on three sides and also provides the hoop strength 
and much of the turn-to-turn and coil-to-coil bearing surface. Flow channels for 
the liquid-neon coolant a re  provided by stainless-steel spacer bars  held in place by 
a thin corrugated carr ier  ribbon of stainless steel. A glass and epoxy resin cloth 
provides insulation between turns. 

Two bore sizes of this magnet have been built and have been in service for about 
5 years. The magnet coils a r e  electrically connected in a series-parallel arrange- 
ment to work within the voltage and current ranges of the homopolar generator. 

A completed stack of these coils ready to be inserted in the cryostat is shown in 
figure V-11. Clearly shown in this figure a r e  the bus bars  and the intercoil connec- 
tions. These must not only carry the current, but must resist  the forces developed 
by the interaction of the current and the field. 

The real usefulness of these magnets is determined by their operating charac- 
teristics. Some of the operating characteristics of the 20-tesla magnet a r e  pre- 
sented in figure V-12, which shows the change in resistance of the coils over the 
operating range. The change in resistance a s  the magnet is energized is caused by 
the change in magnetoresistance of the aluminum conductor a s  the field increases 
and by the heating of the conductor a s  the current increases. Because the liquid 
neon is boiling under saturated conditions into a fixed-volume vapor recovery tank, 
the temperature of the liquid r ises  some 3' as the pressure in the system increases. 
This results in higher resistance values as the current is returned toward zero. 

The operation of the liquid-neon-cooled magnets i s  limited by the capacity of the 



refrigeration system, which is approximately 80 l i ters  of liquid neon per hour. 

This limitation can be better expressed a s  one period of operation per day. The 
d u r a ~ o n  of a period of operation depends on the field strength desired. At.maximum 
field (i. e . ,  maximum power consumption), the time of operation is about 1 minute, 
including time to run up to field, time of operation a t  desired field strength, and 
time to shut down. The time is much longer, of course, for lower field ranges 
(about 4 min a t  10 T). During a typical day's operation, one field sweep to 18 teslas 
and one to 16 teslas have been achieved. The power required for the maximum 
field (20 T)  is 1 megawatt at  33 volts and 15 000 amperes in each of two parallel 
se ts  of coils (30 000 A total). The stored energy is approximately 10 megajoules. 
The total power consumed by the aluminum magnet i s  one-twentieth of the power re-  
quired for water-cooled magnets of the same field strength and volume of field. 

Some other advantages of the cryogenically cooled magnets a r e  
(1) The fields can be swept quite rapidly, and for many experiments this is 

ideal. 
(2) Ripple and noise fields a r e  very small T). 
(3) The general design is appropriate for solenoids of still  higher field strength, 

higher than those possible with superconducting magnets made with presently known 
superconducting materials. 

The major disadvantages of cryogenicdly cooled magnets a r e  the short opera- 
ting time a t  maximum field, the large capital investment for the refrigeration plant, 
and the large  magnet coils and cryostats. Despite these disadvantages, the magnets 
a r e  reliable arnd produce high-intensity fields for  research in basic physics and in 
engineering applications. 

What place do cryogenic magnets have in the future now that superconducting 
magnets, which require no power, a r e  a reality? Recent work concerns methods 
of extending the field range of these magnets. 

Future Potential 

Clearly, the future of cryogenic magnets will be in a reas  where superconduct- 

ing magnets cannot function o r  a r e  uneconomical. The most obvious regime where 
cryornagnets will be important i s  in fields too strong for superconductors. Above 
15 teslas a t  present and above perhaps 20 teslas in the foreseeable future, super- 
conductors cannot carry useful amounts of current. Thus i t  may always remain 
true that cryogenic magnets will be used to reach fields higher than those possible 
with the best superconductors. A planned improvement in the aluminum cryornagnet 
at Lewis should allow fields between 25 and 30 teslas to be reached for laboratory 



research in solid-state physics and for engineering studies on materials to be used 
in high fields. Another area of some current interest is alternating-current o r  
pulsed applications where the superconductors do exhibit resistance. Here the 
power expended in a high-purity cryogenic coil may be lower than in a supercon- 
ducting coil. Furthermore, in other conditions where energy is dissipated in the 
magnet windings, such as by electromagnetic radiation and neutrons from a ther- 
monuclear reaction, it may be necessary to operate the coil hotter than attainable 
critical temperatures of superconductors to reduce refrigeration power. 

Current  Study Areas 

At Lewis, engineering analysis is being directed at the very-high-field cryo- 
magnet, with 30 teslas a s  the nominal design goal. This is twice the highest field 
so fa r  attained with superconductors, and 7.5 teslas higher than the strongest 
steady field yet attained. 

The crux of the engineering problem at  this field level is the competition for 
space in the magnet windings between the three principal factors - current density, 
strength, and cooling. A fourth factor, insulation, is essential but usually not a 
problem. A 30-tesla solenoid must have a current density of the order of 5 to 10 
kiloamperes per square centimeter to have reasonably compact windings. At these 
current densities, the force on a 1-foot length of 1-inch-square conductor in a 

2 30-tesla field is between 40 and 80 tons. The I R power dissipated in this volume 
is likely to exceed 100 watts for the purest available aluminum at  helium tempera- 
ture and 5 to 10 times a s  much for operation in hydrogen o r  neon. These power 
densities a r e  very low compared to typical values in water-cooled magnets, but 
nevertheless pose moderate to severe problems for cryogenic coolants, which have 
relatively smaller heat capacities and latent heats. Finally, the extreme softness 
and low yield strength make plastic flow of very pure aluminum a definite problem 
because of the extremely large forces. These three problems - magnet mechanical 
strength, adequate cooling, and conductor softness - a r e  paramount in the cryo- 
genic magnet engineering problem. 

The 30-tesla coil under design and study here a t  Lewis poses a very severe 
cooling problem. Figure V-13 contrasts the conductors of the existing cryomagnet 
and of the proposed 30-tesla insert coil. The cooling in the existing coil depends on 
natural convection of the liquid neon in the rather large cooling channels. In the new 
design (called "second generation"), the coolant is pumped through smaller chan- 
nels to achieve much higher heat fluxes and thus to allow higher current densities. 
Less  space is wasted in the new design because the material between cooling chan- 



nels is aluminum, which can carry current, rather than steel filler or  spacer bars.  
The purity of the alumimm to be used is not so high that i t s  softness will cause any 
great problem. At the temperature of liquid neon, an increase in the purity of the 
aluminum does not offer much resistivity advantage over moderate purity. 

Ultra-high-purity aluminum has recently been made commercially feasible for 
a magnet construction material. The advantage of this material is the lower resid- 
ual resistance, but to take full advantage of the low resistance of this ultra-high- 
purity aluminum, the operating temperature must be dropped to 10 K o r  below. 
Thus, the only possible coolant is helium, either a s  a liquid o r  a s  a supercritical 
fluid. The solutions of the strength, cooling, and plastic-flow problems for this 
situation a r e  different enough to merit the classification of such high-purity coils 
a s  "third-generation" cryogenic magnets. As yet no such third-generation coil is 
under detailed mechanical design. But, a preliminary look has been taken a t  the 
main features that such a coil might have. 

F i r s t  the conductor should be a thin, wide ribbon, backed up by a ribbon of 
steel o r  other strong material, a s  shown in figure V-14. The forces on the thin- 
ribbon conductor can thus be passed to the structure through a large bearing area,  
and large strains and plastic flow a r e  thereby avoided. The grooved conductor de- 
sign of the second-generation coils would be carried over. These interleaved rib- 
bons of conductor and steel (and a suitable thin film of insulation) would be wound 
into the common "pancake" o r  "tape-wound" coil. The figure shows several thin 
ribbons of steel. Several thin ribbons a r e  preferred to a single thick one so that 
the number of ribbons can vary from the inside of the coil to the outside. Varia- 
tions in strength requirements from inside to outside make this desirable. In fact, 
analysis shows that i f  the total thickness of the bundle of steel ribbons varies in the 
appropriate way, the turn-to-turn forces that would pass through the soft aluminum 
can be reduced almost to zero. At the same time, a troublesome problem inherent 
in tape-wound coils, the tendency of the coils to loosen and unwind when energized, 
can be avoided. This unwinding is due to the outer turns of the coil stretching more 
than the inner ones. A numerical solution of an integral equation is required to find 
the proper variation of steel thickness. Figure V-15 shows one such result for a 
30-tesla coil. The solid curve shows the desired variation in steel thickness a s  a 
function of radius. The dashed lines show how this calculated variation could be 
approximated by adding more thin steel ribbons a s  the coil is wound to give the 
greater rigidity needed in the outer turns. 

Figure V-16 shows how a 20-tesla coil wound with these techniques would com- 
pare in winding size and in power requirement with the existing first-generation 
20-tesla coil for the same inner diameter and length. Winding volume is only one- 
sixteenth as much and the required power only one twenty-fifth a s  much. The 



superiority of the third-generation design is even more pronounced at  still higher 
fields. 

This is the direction of the present work at  Lewis on cryogenic magnets. 
However, i t  is anticipated that most space applications will use superconducting 
magnets. 

SUPERCONDUCTING MAGNETS 

The phenomenon of superconductivity in metals was f i rs t  observed in the early 

1900ss. It is characterized by a total loss  of resistance to electrical current in a 
step transition a s  temperature is reduced to near absolute zero. Since the first 
studies of the phenomenon, nearly all metals have been categorized a s  either 
superconducting o r  ferromagnetic a t  very low temperatures. Most of the metals 
revert  to their normal resistance characteristics in relatively low magnetic field 
environments that a r e  externally applied o r  self-generated by a current flow in the 
metal, o r  when their temperature exceeds a characteristic low critical tempera- 
ture. These critical values a r e  not mutually independent but a r e  rather the ex- 
t reme values of a bounding surface between the superconducting and normal states, 
a s  indicated in figure V-1'7. For  values of current, magnetic field strength, and 
temperature l e s s  than critical, the material i s  superconducting. F o r  values 
greater  than these critical values (i. e . ,  for  points outside the critical surface), the 
materials a r e  normal (resistive) conductors. A characteristic of these materials 
is the Meissner effect illustrated in figures V-18 and V-19. Figure V-18 shows a 
normal conductor, such a s  copper, where the flux lines completely penetrate the 
sample. Also shown is a superconductor which excludes the flux completely (e. g. , 
tin). This phenomenon is characteristic of superconductors classified a s  type I. 
The type E superconductors a r e  illustrated in figure V-19. The behavior is simi- 
l a r  to that of type I superconductors in low fields, but a t  high fields the flux pene- 
t ra tes  partially into the conductor and produces normal and superconducting re-  

gions. 
Type I superconductors a r e  further characterized by low values of critical 

temperature, while the type 11 materials have the highest known critical tempera- 
tures.  In the type I materials, the flux enters the conductor a t  the critical field o r  
critical temperature, and the conductor reverts  to the resistive state. In type I1 
materials, however, the flux enters in discrete packets with a gradual change to 
the normal state. It was not until 1961, with the discovery of materials capable of 
retaining their superconducting characteristics a t  high field strengths (over 20 T) 
and relatively high temperatures (to 20 K) and while carrying high current densi- 



6 2 t ies (over 10 A/cm ), that significant commercial use of superconductors could 

be made. 
Current-against-field curves a r e  indicative of the maximum current that a 

short sample of a type JJ superconductor can carry  a s  a function of the applied mag- 
netic field. These curves for three of the most commonly used superconducting 
materials a r e  shown in figure V-20. The niobium-tin compound Nb3Sn is an inter- 
metallic compound with the highest critical temperature Tc and critical magnetic 
field strengh Hc of the practical materials (18.5 K and 22 T). Niobium titanium 
(Nb-Ti) is an alloy with an Hc somewhat greater than 11 T. This alloy has dis- 
placed Nb- Zr ,  an earl ier  development, in practical applications. 

Figure V-21 shows the current density that can be carried by Nb3Sn produced 
by three different methods. Large variations like these a r e  possible because 
current-carrying ability is determined by the number and nature of imperfections 
in the material. Magnetic flux penetrates high-field superconductors in individual 
tubes enclosed in a vortex of current, a s  shown in figure V-22. These so-called 
"flux lines" o r  vortices generate heat if they move through the superconductor, 
and may, in  fact, drive the superconductor back into its normal state. It is thus 
necessary for the flux lines to be immobilized by blocking them with imperfections 
in the superconductor. These imperfections a r e  called pinning sites. Dislocations, 
voids, and precipitates a r e  among those imperfections known to be effective pinning 
sites. The more numerous and effective the pinning s i tes  a re ,  the more current 
the superconductor can carry. Unfortunately, during the charging period of a coil, 
the flux must move to some degree, and the resulting heating can decrease the ef- 
fectiveness of the pinning sites, allowing more motion and more heating a t  an in- 
creasing rate. This magnetic and thermal runaway, called a flux jump, can drive 
a small par t  of the superconductor back into the normal state. This normal region 
may expand and cause the quench of the entire coil. A reliable method of preventing 
the spread of a normal region is to provide sufficient copper in.paralle1 with the 
superconductor. The effect of the copper is to shunt the current around the normal 
region temporarily to allow the normal region to cool and become superconducting 
again. This composite conductor is known a s  a "stabilized conductor" and was 
f i rs t  demonstrated by Kantrowitz and Stekly in 1965. The added copper gives sta- 
bility a t  the considerable expense of a reduction in current density. Efforts to ob- 
tain stabilization with higher current density a r e  discussed later  in the section 
Stabilized Superconductors. 

The Lewis Research Center has acquired a number of superconducting magnets 
with a large range of size and field strength, a s  shown in figure V-23. The solid 
circles represent Lewis superconducting magnets, and the solid squares the Lewis 
cryocooled magnets. The superconducting magnets with the largest bore diameters 



a r e  those built for a plasma physics facility , the Super conducting Magnetic Mirror 
Apparatus (SUMMA). The coils a r e  51 centimeters in inside diameter and have 
4. 5-tesla fields. Dr. Roth's plasma physics apparatus, the f i rs t  built with super- 
conducting magnets is also represented in figure V-23. It has an inside diameter 
of 18 centimeters and a 2.5-tesla field. Also shown a r e  magnets used in solid- 
state physics research, a s  well a s  the 16-centimeter, 15-tesla magnet, The open 
circles denote the Argonne National Laboratory (ANL) and Brookhaven National 
Laboratory (BNL) bubble chamber magnets, while the diamonds denote the Bitter 
National Magnet Laboratory (NML) water-cooled magnets. 

The cryostats for the Lewis magnets vary in size from a few l i ters  to over 
1400 l i t e r s  liquid-helium capacity. Boiloff gas from the larger facilities is col- 
lected, and reliquefied in a system (fig. V-24) consisting of two hemispherical bal- 
loons 27.5 meters in diameter, a purification system, and two 100-liter-per-hour 
liquefiers. This liquid- helium system was originally acquired fo r ,  and is mostly 
used by, a space environment simulation facility. 

The upper section of the largest magnet cryostat is shown in figure V-25. It 
has  an  inside diameter of almost 1 meter and is 4.2 meters in height, most of which 
is below floor level. 

Some of the smaller magnets compared in figure V-23 a r e  similar to those 
used at other laboratories, so  the remaining discussion is concerned with those 
that a r e  unique to Lewis. 

The highest field attained anywhere thus fa r  with superconducting magnets is 
about 15 teslas, which was attained with the 15-centimeter-bore magnet a t  Lewis. 
This magnet has a test  volume approximately nine times that of the other highest- 
field superconducting magnets. 

Lewis 15-Centimeter-Bore, 15-Tesla Magnet 

Design and construction of the 15-tesla magnet presented some problems which, 
though not unique, were intensified by the size and field strength requirements. 

The magnet and Dewar lid assembly is shown in figure V-26. The magnet is a sole- 
noid with approximate dimensions of 15 centimeters in inside diameter, 50 centi- 
meters in outside diameter, and 35 centimeters in length. Weight of the magnet is 
nearly 1000 pounds, and the stored energy when powered to maximum field strength 

approaches 2 megajoules. 
At present, Nb3Sn is the only commercially available superconducting material 

which is suitable for use in a magnetic environment greater than about 10 teslas. 
The 90 000 meters of 1/4-centimeter-wide superconductive ribbon used in the mag- 



net is a composite of Nb3Sn, stainless steel, and silver. Stainless steel serves  as 
a base for the vapor-deposited Nb3Sn and provides the high strength required. Sil- 
ver plating is added to improve the stability of the superconductor. The thickness 
of each material is varied a s  a function of the characteristics required, Excess 
thickness of any of the materials is costly in t e rms  of current density, and a s  a re-  
sult is costly in magnet volume, materials, and performance. 

Matching of the conductor to the field, strength, and stability requirements in 
different sections of the magnet led immediately to a modular design concept. Hoop 
s t ress  on the conductor and compressive loading of the magnet windings and internal 
structure a r e  necessarily high because of the high current densities required. Axial 
compressive loading of the windings builds up throughout the magnet a s  a result of 
the attractive force between conductors. To prevent compressive s t ress  from ex- 
ceeding the strength limits of the materials, load-bearing radial and axial members 
were required. The module walls serve this purpose, accepting and transmitting 
forces a t  various points in  the magnet. A computer program was used to optimize 
the design, both as to strength and conductor characteristics. Figure V-27 shows 
various par ts  of the magnet. Twenty-two coil forms were used to wind the 30 elec- 
trically distinct modules. 

Because of the large mass of the magnet, cooling of the internal parts  was es-  
sential. Grooves and holes in the support structure provide passages for the inflow 
of liquid helium and for the escape of helium gas. No provision is made for helium 
passages within the windings. Heat is generated by localized "flux jump1' penetra- 
tions o r  general transitions from superconductive to resistive modes. Thesetran- 
sitions result in the collapse of the field and the release of all of the stored energy 
in a very short time period. When this occurs, the magnet is heated, and the 
helium is vaporized. 

Superconducting Magnetic Mirror Magnets 

A set  of 51-centimeter-bore magnets in an axial ar ray is to be used in a super- 
conducting magnetic mirror  apparatus. Four of the six 51-centimeter magnets a r e  
quite similar in construction and materials to the 15-centimeter magnet. These 
magnets, shown in figure V-28, a r e  not made from stabilized material, although 
one does use  a copper-clad conductor. As a result, all these magnets a r e  readily 
triggered into the superconducting-to-normal transition, o r  quench, and none 
achieved design current o r  field strength goals in their initial tests. However, by 
operating the magnets in superfluid helium, design values were, for the most part, 
obtained. Magnet performance was improved by factors of from 1. 3 to 1.6 over 



the performance obtained when 4.2 R helium was used. 
h p e ~ l u i d  helium occurs a s  an increasing fraction of liqbid helium as the tem- 

p e r a h r e  is reduced below 2.17 K. The characteristics of the superfluid a r e  no 
l e s s  amazing than tiiose of a superconductor, and indeed these axe a e o r e t i c d  
ana l sges  b e b e e n  the two. The two characteristics of the superfluid which make 
it unique as a coolant a r e  its extremely high thermal conductivity and extremely 
low viscosity. Within certain limits of heat flux, all the heat generated anywhere 
in the liquid is conducted essentidly instantaneously to the surface of the liquid. 
When this behavior is combined with what is, for all practical purposes, zero  vis- 
cosity, there results a coolant that literally searches for  heat, penetrating even 
the smallest opening. This results  in improved superconductor stability and allows 
the attainment of higher current values. 

The remaining two 51-centimeter-bore magnets, not previously discussed, a r e  

shown in figure V-29 shortly after removal from the Dewar following a test. They 
a r e  each 80 centimeters in outside diameter and 30 centimeters long. Weight of 
the magnet pair is over 2 tons. The magnets a r e  made in three concentric modules, 
and a r e  wound of stabilized NbTi and NbgSn. 

The two types of conductor used a r e  illustrated in figure V-30. The innermost 
module, shown during assembly (fig. V- 31), consists of 20 submodules of 1.25- 
centimeter-wide NbgSn ribbon stabilized with copper and strengthened with stain- 
l e s s  steel. An intermittent insulation of mylar is used. This conductor is wound 
in pancake form. Outer modules (fig. V-32) a r e  spool-wound using a 0.218- 

centimeter-square composite of copper and NbTi. Since this set  of magnets is 
wound of stabilized materials, little additional performance benefit can be realized 
by operation of these magnets in superfluid helium. 

Stabilized Superconductors 

The superconducting coils of today represent great advances over their normal 
predecessors. But they a r e  not yet satisfactory for space applications. Whereas 
reliable, compact coils to reach high fields a r e  needed, a t  present a choice must 
be made between compactness and reliability. The quest for compactness is really 
a quest for higher current density. 

At present, the standard method of preventing thermal runaway is to place cop- 
per  in  parallel with the superconductor, a s  previously mentioned. But the amount 
of copper needed is several t imes the amount of superconductor, which makes the 
winding several times a s  large and massive. This is undesirable for aerospace 
magnets. The most obvious improvement is to use pure aluminum, which has much 



higher electrical conductivity under magnet conditions than copper. The resulting 
composite conductor may look something iike that shown in cross  section in figure 

V-33(a). A substrate of steel for strength i s  f i rs t  coated with superconductor on 
both sides and then clad with aluminum. The amount of aluminum needed could be 

very small, a s  pictured. The size of the same type of composite using copper is 
shown for comparison in figure V-33(b). 

Bonding aluminum to other metals is difficult, but fortunately, a bond may not 

be necessary. If the aluminum is close enough to the superconductor for good mag- 

netic coupling, induced eddy currents can prevent flux from moving too fast. The 
rate of heat generation is thus brought under control, and stability is achieved. At 
present, this appears to be the most promising and efficient stabilization method 
suitable for use with NbgSn. Both experimental and analytical work is in progress 
here at Lewis and elsewhere on this use  of aluminum. 

The amount of aluminum needed and, hence, the attainable composite current 

density a r e  rather difficult to calculate accurately, but the basic thinking goes like 

this. The flux must be restricted to move slowly enough that the heat generated in 
the superconductor can be conducted away without too much r ise  in temperature. 
Superconductors a r e  such poor heat conductors that only very thin layers o r  very 

small diameter wires  can be considered. Otherwise, the internal regions of the 
superconductor cannot be held below the critical temperature. For the layered 
geometry pictured in figure V-33, the required thickness of normal material varies 
a s  the cube of the superconductor thickness. This favors a thin superconductor. On 
the other hand, for  a fixed thickness of substrate, the overall current density drops 
if the superconductor becomes very thin. Thus, for each substrate thickness, the 
right choice of superconductor and aluminum thicknesses gives the best current 

density. Figure V- 34 shows the way in which the realizable overall current density 

depends on the basic substrate thickness. The upper envelope curve is obtained if 

forces  can be neglected. The other curves a r e  for various force-limited conditions 
where extra steel is needed for strength. If practical considerations allow thin sub- 

s t ra tes ,  superconductor layers,  and aluminum layers, very good current densities 
can be achieved because the required amount of aluminum can be very small. 

Advanced Superconductivity Concepts 

In this section, some of the research a reas  in superconductivity that promise 

to have the greatest effect on magnet and propulsion technology a r e  discussed 

briefly. Currently, the most extensive and fruitful research a rea  is the develop- 

ment of new alloys and intermetallic compounds that have higher critical fields or  



critical temperatures, o r  both. The materials mentioned herein, such a s  Nb3Sn 
and NbTi, represent valuable products of this research. Because so  little is known 
about the electronic properties of the many, many possible alloys and compounds, 
i t  is necessary to try different combinations by guesswork and intuition. 

As  an example of the effort involved in this area,  consider the compound Nb3Sn, 
which plays an important role in magnet technology. This is a compound of the 
transition metal niobium with the simple metal tin. The transition temperature for  
this compound is 18. 5 K, still below the boiling point of hydrogen, and the critical 
field is about 22 teslas. For several years,  this was the highest transition temper- 
ature known. Research into compounds of niobium with other simple metals has 
resulted in the recent discovery of the material Nb3 G%) with a transition 
temperature of about 20.7 K, a significant increase. 

This research effort constitutes an attempt to understand the mechanism of 
superconductivity in metals and alloys of metals, within the framework of present 
knowledge about electronic properties of simple metals. The work discussed in the 
following paragraphs represents a search for  a new mechanism for superconduc- 
tivity, outside the realm of metals. 

As  a preface to this discussion of new mechanisms in superconductors, let u s  
briefly review the mechanism of superconductivity in metals, at  least a s  i t  is cur- 
rently understood. Superconductivity a r i ses  from an attractive interaction between 
conduction electrons in a metal. Figure V-35 shows schematically how this inter- 
action arises. An electron, with a negative charge, moves through the lattice of 
ion cores, displacing the ion cores from their normal positions. The result is a 
net positive charge in the region behind the passing electron. Another electron, 
following in the path of the f i rs t ,  feels a force due to this charge. The energy of 
this interaction between the electrons, and ultimately, the critical temperature of 
the superconductor, is determined by the speed with which the lattice can respond 
to these disturbances. This model for superconductivity is usually referred to a s  
"the electron-phonon interaction. " 

The exciting new developments in superconductivity stem from attempts to find 
other mechanisms for  an electron-electron interaction. The most interesting and 
controversial model has been proposed by Little, in the form of an organic super- 
conductor. Figure V-36 shows, with art ist ic  license, a model of a polymer chain 
with periodic side branches. Little's model for the interaction consists of an elec- 
tron moving along the "spine" and causing a polarization of the charge in the side 
branches. In the same manner a s  in the electron-phonon interaction, this polari- 
zation causes a force on another electron moving along the spine. Little estimates 

3 that transition temperatures of the order of 10 K might be feasible for a suitable 
polymer. Thus fa r ,  no experimental evidence fo r  an organic superconductor has 



been found, although several investigations a r e  in progress. 
The final, and most promising, model is the so-called "excitonic supercon- 

ductor. " Figure V-37 shows a portion of the boundary between a metal and a di- 
electric. An electron initially in the dielectric may be  excited and hence move into 

the metal, leaving a hole behind. This hole ac ts  essentially a s  a positive charge, 
attracting an electron in a surface state within the metal and thus creating the same 

type of attractive interaction a s  occurred in the other models. The critical temper- 
ature for this system is determined by the energy necessary to excite the initial 

electron, and could correspond to hundreds of degrees. A practical manifestation 
of this model seems to be a layered structure, composed of alternating sheets of 

metal and insulator, possibly in the form of a ribbon. Such an excitonic supercon- 
ductor, having a high transition temperature, would certainly cause a breakthrough 
in magnet design and other engineering applications. 

One word of caution should be noted, however. Very little is known about the 
properties of electrons in these materials. For  example, even if an excitonic super- 
conductor should be discovered, the critical field and critical current characteristics 

of the material determine i t s  application to technology. So little is known about the 
superconducting state in these materials that nothing may be said about these critical 

parameters. In spite of these uncertainties, there a r e  hopes that one o r  another of 
these concepts may lead to a revolutionary development in magnet technology. 

In summary, the goal of a lightweight, stable, high-field, large-volume elec- 
tromagnet has  not yet  been reached. Indeed, the common practice has been to in- 
crease the weight and decrease the current density of the superconducting magnet 
by including a large amount of copper (or other nonsuperconductor) a s  a stabilizer 
in parallel with the superconductor, In some respects, this means that the magnet 
is essentially a cryogenically cooled nonsuperconducting magnet, at leas t  during 
some phases of i ts  operation. 

But there a r e  some promising developments which may reverse this  trend. 
Composites of normal metals and very many fine filaments of the superconductor, 
twisted and superimposed, a r e  becoming available. Dynamic stabilization with 
high-purity aluminum will be realized. The future holds (1) a continuing search for 
high-field, high- current, and high- critical- temperature alloys and compounds; 
(2) attempts to develop high-critical-temperature organic materials; and (3) at- 
tempts to enhance superconducting properties by thin-film, sandwiched conductors. 

The most exciting possibilities for new applications of the results of the magnet 
research and development of the last  10 years  a r e  high-field magnets for  direct 
conversion of energy by MHD and thermonuclear power generation; power trans- 
mission in underground superconducting o r  cryogenically cooled lines; and rotating 
machinery with field coils and/or armatures with superconducting windings. 
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Figure V-1. - Magnet comparison. 

Figure V-2. - Homopolar generator installation. Drive motor off picture to right. 



Figure  V-3. - Transformer-rect i f ier  power supply. 

Figure V-4 .  - Water-cooled 8 .8- tes la  magnet. 
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Figure  V-6. - Resistivity-temperature relation for  some pure  metals.  
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Figure V-7. - High-field magnetoresistivity of copper at  4 . 2  K. 
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Figure V-8. - Magnetoresistivity of aluminum at  two temperatures. 



Figure V-9. - Thirty-centimeter coils in magnet vessel.  
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Figure V-10. - Details of coil construction. 



Figure V-11. - lSvelve 30-centimeter-bore, liquid-neon-cooled aluminum mag- 
net coils. 
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Figure V-12. - Resistance of eight coils in series-parallel for l l-centimeter-  
bore, 20-tesla magnet. 
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Figure V-13. - Comparison of conductors for  existing cryomagnet and proposed 

30-tesla design. 
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Figure V-15. - Variable structure thickness of 
30-tesla coil. 
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Figure V-16. - Comparison of winding size and power requirement of exist- 
ing 20-tesla magnet and third-generation concept. 
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(Meissner effect). 
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Figure V-19. - Magnetic field behavior of high-current, high-field 
superconductors (type 11). 
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Figure V-20. - Critical current of three type I1 superconductors a s  
function of magnetic field. 
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Figure V-21. - Critical  current  densit ies fo r  NbgSn produced by three  
different methods. 

Figure V-22. - Flux l ines in type I1 superconductors. 
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Figure V-23. - Magnet comparison. 

- CS-38089 

Figure V-24. - Helium reliquefaction system. 



Figure V-25. - Upper section of largest magnet cryostat; 
inside diameter, 96 .5  centimeters; height, 4. 2 meters. 

Figure V-26. - Fifteen-centimeter-bore, 15-tesla magnet and 
Dewar lid. 



Fibwre V-27. - Components of magnet. 

Figure V-28. - Four 51-centimeter-bore supercon- 
ducting magnets. 



Figure V-29. - Stabilized, 51-centimeter- 

bore superconducting magnets mounted 
for  testing. 
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Figure V-30. - Superconductors and insulation. (Dimensions a r e  in cm.) 



Figure V-31. - Inner module wound with NbgSn tape. 

Figure V-32. - Outer and middle modules. 
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Figure V-33. - Comparison of stabilized composites. 
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Figure V-34. - Current density a s  function of substrate thickness. 
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Figure V-35. - Electron-phonon interaction. 
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Figure V-36. - Superconductive organic molecule 
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Figure V-37. - Excitonic superconductor. 





V I .  S O L I D - S T A T E  P H Y S I C S  I N  I N T E N S E  M A G N E T I C  F I E L D S  

John A. Woollam 

The Lewis Research Center has developed a number of very large magnets. 
These magnets are  large, not only in available volume for experiments but also in 
magnetic field strength. This makes these magnets unique for solid-state physics 
experiments. Certain experiments, such as  thermomagnetic effects, are  easier 
to perform in large working volumes. Other experiments, such a s  extreme quantum 
limit studies and spin-orbit interaction studies, are  possible only in high magnetic 
fields. Many of the solid-state experiments which are  performed are  devoted to 
understanding the physical nature of solids in fields and to searching for funda- 
mentally new phenomena. Yet some of the experiments have practical purposes, 
such a s  determining how transistors perform in fields and how thermometers a re  
affected by fields. This paper describes some of the physics experiments and some 
of the results which have engineering application. These include transport experi- 
ments, transistors in magnetic fields, magnetocaloric experiments, and a technique 
for plotting magnetic field lines in plasma containment magnets. 

THE MAGNETS 

Figure VI-1 shows a 4.0-tesla magnet (ref. 1) which produces a horizontal field 
with vertical probe access. It consists of superconducting wire wound on a 4-inch- 
diameter iron core. This produces a field directed out of the figure. The outside 
dimensions are  1 by 1 by 1 foot. The gap between pole faces is 1 inch. The dewar 
and magnet a re  precooled to 78 K by the surrounding liquid nitrogen dewar. Iron 
specific heat below 78 K is low enough that very little liquid helium is evaporated 
in cooling the magnet to 4 K and covering it with liquid. The solid to be studied is 
attached to a long probe and inserted from above. The magnet and sample are  then 
a t  bath temperature which can be lowered from 4.2 to 1 . 2  K by pumping on the 
helium with a large vacuum pump. The sample can be rotated from above, changing 
the angle between the field and the crystal axis by a motor attached to the drive 
gear. Angles a r e  recorded by an infinite -resolution, high-linearity potentiometer 
attached to the drive gear, and field strengths are  measured by integrating the 



voltage induced in a coil placed near the center of the field. This method of meas- 
uring field strength is accurate and independent of bath temperature, whereas, a 

magnetoresistor calibration depends on bath temperature. Integrator output is cal- 
ibrated against nuclear magnetic proton resonances (NMR). Integrator drift is the 
biggest source of e r ror  for this method. The magnet takes 100 liquid liters of he- 
lium for about 10 hours of running at 4 K or about 6 hours at  1.2 K. The major ad- 
vantages of this magnet for solid-state research are threefold. (1) The transverse 
field permits changing the angle between the field and the sample by rotating the 
probe from above. (In an axial access solenoid a gearing mechanism must be used.) 
(2) Helium consumption is low so that little time is spent transferring. (3) At low 
fields the iron core provides a highly homogeneous field. The super conducting coils 
provide a maximum field of about twice the field of a conventional electromagnet. 

Figure VI-2 shows a 10.5-tesla superconducting solenoid. It has an insert 
dewar and sample probe as  shown. The field is vertical and parallel to the access 
holes, so any rotation of the sample is done with gearing. Helium a t  4.2 K covers 
the magnet, and an insert dewar pumpable to 1 K is large enough to take a 2-inch- 
diameter probe. This large dimension, plus high maximum field, gives the mag- 
net advantages over the 4-tesla transverse magnet just described. The field 
strength in the 10.5-tesla magnet is measured with a copper magnetoresistor cal- 

ibrated against NMR resonances a t  4 K. Major disadvantages of this magnet a re  
threefold. (1) After the magnet has been driven to 10 tesla, a field of about 

0 .4  tesla remains trapped with zero magnet current. (2) Because shorting strips 
are used for stabilization, the magnet sweeps at a maximum rate of 10 tesla per 
half hour. (3) At this fast sweep rate, helium must be retransferred every 3 to 
4 hours. 

The third magnet system, shown in figure VI-3, is a 20-tesla neon-cooled 
cryomagnet (ref. 1). The most obvious advantage of this magnet is the high magnet- 
ic  field it produces. The 20-tesla system is nearly vibration free since cooling is 
by neon evaporation. The 2-inch-diameter working volume allows for a large ex- 
periment. Temperatures down to 1.3 K are  possible. However, the insert dewar 
is long and narrow, so pumping to 1.3 K takes several hours. There are  several 
other advantages of this magnet over the two described earlier. Rapid sweep rates 
are  possible, which permits getting much information from the experiment in a 
short time. The field direction is easily reversed, and exact zero fields a re  avail- 
able because remnant magnetizations are not present, a s  they sometimes a re  in 
superconducting solenoids. The field i s  highly homogeneous over large volumes. 
The major disadvantage of this magnet is that a t  slow sweep rates, only one run per 
day to maximum field is possible. 



EXPERIMENTS INVOLVING TRANS PORT OF HEAT 

AND ELECTRICAL CURRENTS 

Transport measurements provide a check on theoretical assumptions about 
the nature of solids and thus promote our understanding of these materials. They 
also provide a method of studying electron collisions. Coefficients such a s  the 
Hall effect a re  measured frequently to characterize the solid for i ts  use in devices 
such as solid-state electronic elements. Figure VT-4 shows how a few of these co- 
efficients a r e  measured (ref. 2). On the left voltages V1, V2, and V3 a r e  the 
galvanomagnetic voltages developed when a current flows into the sample (where 
V1 is the Hall voltage, V2 is the transverse even voltage, and V3 is the mag- 
netoresistance voltage, all with a horizontal field, a s  shown). The measurement 
of thermomagnetic effects is described on the right side of figure VI-4. Heat flow 
is provided by a heater shown a t  the bottom of the sample. At the other end a heat 
sink is at the bath temperature. Because of the heat flow, voltages a r e  produced 
in the sample. For constant heat currents, coefficient V1 is proportional to the 
adiabatic Nernst-Ettingshausen coefficient, V2 to the adiabatic thermal transverse 
even coefficient, and V3 to the adiabatic thermoelectric coefficient, again, for  

the horizontal field, as shown. 
As discussed earl ier ,  experiments done in a superconducting solenoid with an 

axial field must have a gearing mechanism (fig. VI-5) in order to rotate the sam- 
ple relative to the direction of the field (ref. 3). Two drive rods (fig. VI-5) a r e  
driven from above with synchronous motors. If the drive rods rotate in opposite 
directions, the apparatus tilts the sample, but does not rotate it about its cylinder 
axis. If the drive rods turn in the same direction, the sample will not tilt, but will 
rotate about its cylinder axis. This apparatus thus provides a rotation drive with 
two independent degrees of rotational freedom. This permits measuring transport 
coefficients in a solenoid for any angle between the field and the sample. Typical 
data runs consist of continuously monitoring the transport coefficient against field 
at a fixed angle, or  against angle at a fixed field. The parts of the probes which 
move in fields a r e  made of poor conducting materials to reduce eddy currents. 

An example of a rotation a t  a fixed field of 10 tesla is shown in figure VI-6 for 
a crystal of tin a t  4. 2 K (ref. 4). As can be seen, the electrical resistivity is 

highly anisotropic with respect to the angle between the crystal axis and field di-  
rection. At a symmetry direction which is at an angle marked zero in the figure, 
the resistivity in a field of 10 teslas drops to nearly the zero field value. At 10' 

5 on either side of this minimum, the resistivity is approximately 10 times as large 
a s  the zero field resistivity. The half width of this particular notch is 4'. For 



comparison, the output of a Hall probe is shown, and, a s  is well known, the half 
width of the output of a Hall probe is 120'. This high anisotropy of the resistance 
could be used as a very sensitive device for plotting the direction and magnitude of 
the magnetic field in magnetic bottles used for plasma confinement. The angle of 
the minimum in the resistivity gives the direction, and the value of the resistance 
just outside the minimum gives the magnitude of the field. This could be used to 
plot point by point the field and its direction throughout the volume of the magnet. 
Samples with al l  dimensions less  than 1/8 inch could be used. 

Further Results i n  Tin 

Results of some thermomagnetic experiments in tin a r e  shown in figure VI-7 
(refs. 2 and 4). The sample is in a field of 3 . 3  teslas and a t  a temperature of 
1 . 2  K.  As can be seen, the thermal transverse even coefficient is very small  and 
is within experimental e r r o r  of being zero for al l  fields and all  angles. However, 
the Nernst-Ettingshausen coefficient is very large and highly anisotropic with 
respect to the angle between the field and the crystalline axes. The field dependence 
of this coefficient has been studied, and, for example, a t  an angle of -60' (as shown 
in the fig. VI-7)) the Nernst-Ettingshausen coefficient has both cubic and quadratic 
dependencies on field. This large field dependence demonstrates the importance of 
this coefficient in possible thermoelectric power devices. 

One of the most exciting discoveries in tin was large oscillations in the ther- 
moelectric voltage a s  a function of field strength (ref. 5). Figure VI-8 shows the 
thermoelectric power as a function of field from 1.4 to 2 teslas for a sample of tin 
at 1. 2 K. The thermopower is oscillatory in field, and the oscillations grow in am- 
plitude with field strength. Each peak was assigned an integer, and the value of 
the field was measured at each peak. Figure VI-9 shows that plotting these in- 
tegers a s  a function of the reciprocal of the magnetic field corresponding to each 
integer results in a straight line. These oscillations a r e  periodic in inverse field, 

and they result from a quantization of electron orbits in momentum space. A 
strong magnetic field causes the charged electrons to spiral  in a circular motion 
in a plane perpendicular to the direction of the field. The radius of these circles, 
o r  the a rea  encompassed by these paths must have quantized values. This is shown 
by the following equation: 



where AN is the area in momentum space for an electron trajectory perpendicular 

to the magnetic field direction. The area AN depends linearly on field strength 
H, and for a fixed field there are  N quantized areas. The quantization is only in 
the plane perpendicular to the direction of the magnetic field. Parallel to the mag- 
netic field there is no quantization. Thus, the equation showing the quantization 
for AN, results in a series of concentric cylinders. If the thermopower is calcu- 
lated knowing that the areas in momentum space must be quantized when high 
magnetic fields are  present, the following expression for the thermopower S re -  

sults (ref. 6): 

The thermopower with a frequency of F is oscillatory as a cosine function and 
periodic in 1 / ~ .  The frequency F is proportional to A, the extremeal cross 
sectional area of the Fermi surface. Figure VI-10 shows the Fermi surface for a 
case of free electrons. For free electrons, the Fermi surface is a sphere. The 
cylinders which were described are  inside the Fermi surface and are  parallel to 

the 'direction of the magnetic field (ref. 7). The radius or cross sectional areas of 
the cylinders a re  proportional to field strength. Thus, as  the field increases, the cyl- 

inders radii increase also. As the outermost cylinder passes through the Fermi 
energy, the electrons on it redistribute onto other cylinders. Since thermopower, 
as  well as  other transport coefficients, depend on the density of electron states at  
the Fermi surface, this redistribution of electrons on the outer cylinder, a s  i t  
passes through the Fermi energy, causes the oscillations which are observed. In 

real metals, such a s  tin, the Fermi surface is not a simple sphere; it can be 
broken up into many different parts and can be very complicated. This can cause 

superimposed oscillations, all periodic in 1 / ~ ,  but having different frequency 
values. 

Figure VI-11 shows an example of two heating frequencies in tin at  1.2 K. The 

magnetization of this sample is plotted as  a function of the strength of the mag- 
netic field. Oscillations in the magnetization are  the deHaas-vanAlphen effect. 
Tin has a large number of deHaas-vanAlphen frequencies, all dependent on the angle 

between the field and the crystalline axes, as  shown in figure VI-12 (ref. 8). Here, 
the deHaas-vanAlphen frequencies are  plotted as the function of angle between the 
field and the crystal axes. For the field along the [ O O l ]  axis, for example, there 
a re  10 superimposed frequencies. These frequencies can be accurately measured 
(with an error  of 0.1 percent or less). This essentially gives the energy band 
structure at the Fermi energy. Energy bands, of course, occur at all energies, 



not just the Fermi  energy. But these measurements give an accurate method of 
dekrmir?ing the band structure at particular points. This allows the band structure 
theorist Lo match his calculation to the highly accurate experimental values at the 
Fermi  energy. It is the band structure a t  energies other than the Fermi  energy 
which result in the optical properties, for example, of solids. 

Very unusual effects occur in tin because of magnetic breakdown a s  shown in 
figure VI-13 (refs. 5 and 9). In this figure the thermoelectric power is plotted as a 
function of magnetic field for two different angles between the field and the crystal- 
line axis. At 52.95' large oscillations in the thermopower a r e  seen, but, less  than 
2' away, at 5 1.23' the oscillations a r e  barely visible. An extensive study of the 
amplitude of the oscillations a s  a function of the angle between the field and the 
crystalline axes has been made. Figure W-14 shows the amplitude of the oscilla- 
tions plotted against angle in the (110) rotation plane (ref. 5). As seen, there a r e  
several  giant resonances in the amplitude. The two peaks near the [001] axis (at 
about *4O) a re  due to a linear chain of orbits which a r e  opened and closed by mag- 
netic breakdown. The resonances a t  A and A' a r e  due to a coupling between two 
linear chains of orbits opened by magnetic breakdown. The exact mechanisms fo r  
the resonances B and B' and C and C' a re  not known, but they a r e  believed also to 
be due to magnetic breakdown. The linear chain responsible for the resonances at 
*4O a re  shown in figure VI-15. The large orbits 4aC and the small  orbits 36 a r e  
not connected at zero field o r  very low field. At high fields magnetic breakdown 
probability increases, and the orbits 36 and 4aC can be connected. The probabil- 
ity for breakdown increases exponentially with the strength of the magnetic field, 
and the giant resonances in the amplitude of the thermopower oscillations a r e  due 
to the-opening and closing of orbits along the [I101 direction, which is formed by a 
linear chain of the 4aC and 36 orbits (ref. 10). 

The quantum phenomena described yield accurate information on the energy 
band structure of the solid. This gives the band structure at the Fermi  energy and 
allows the theorist to construct an accurate band structure picture at a l l  energies. 
Quantum phenomena also yield information about the effective masses of electrons, 

electron energies, and scattering mechanisms. Magnetic breakdown is seen e s -  
pecially well in the quantum phenomena in the galvanomagnetic and thermomagnetic 
effects. 

Resul ts  in Graphite 

In crystalline form, graphite is a highly anisotropic material. It is a semi- 
metal, but, with alkali metals dissolved in it, i t  becomes a superconductor. In 



one direction the crystal can be pulled apart  with a piece of tape, and in the other, 
it has a tensile strength of over 100 000 psi. Fiber mats a r e  now being made with 

this material; the mats a r e  extremely strong and light and have been used in such 
things a s  airplane wings. Good synthetic crystals have only been available r e -  
cently, s o  little is known about their transport properties in extremely high mag- 
netic fields. One of these properties is the electrical magnetoresistance. In fig- 
ure VI-16 we show the magnetoresistance of two different crystals of graphite a s  a 
function of field. The plots were made for two different temperatures for each 
crystal. These crystals a r e  made by pressure annealing pyrolytic graphite a t  tem- 
peratures above 3300 K.  Sample PG3 was annealed a t  a lower temperature and with 
less  pressure than sample PG5. Thus, the crystallites a r e  more highly oriented in 
sample PG5 than they a r e  for PG3. 

We've been studying the field and temperature dependence of various samples 

of pressure-annealed pyrolytic graphite in the extreme quantum limit. By "extreme 
quantum limit, " we mean that there is only one Landau level beneath the Fermi  
energy for fields above approximately 8 teslas . As shown in figure VI-16, below 
8 teslas the quantum resonances in  the magnetoresistance a r e  apparent and a r e  

stronger fo r  the more highly oriented crystalline material. We've also been 
studying quantum resonances in the thermoelectric power a s  shown in figure W-17 
where the adiabatic thermoelectric power is plotted a s  a function of magnetic field 
from zero  to about 3.8 teslas. At low fields there a r e  sinusoidal oscillations due to 
quantization a s  was described ear l ier ;  however, a t  higher fields (above approx. 
0 .7  tesla) resonances result as each Landau level cylinder passes through the Fermi  
surface. With the sign of the resonances and their deHaas-vanAlphen frequency 
known, the position of the Fermi  surface in  the Brillouin zone, from which they 
originate, was deter mined. 

Transistors in Fields 

Of practical importance, is the study which we have been making of transistor 
performance in high magnetic fields. Table VI-1 lists several  different materials 
of different constructions and their performance in a magnetic field (ref. 11). "Per-  

formance" is defined as the ratio of the gain of the transistor in the field, to the 
gain in ze ro  field. The high field data listed were taken a t  7 teslas, and the effects 
a r e  very large. For  example, in the npn-germanium alloy transistor, gain has been 
reduced to 27 percent of i ts  value in zero field. The conclusions from this work a r e  
that planar diffused silicon transistors a r e  best for use in magnetic fields. It is 



also best to have the magnetic field oriented parallel to the ca r r i e r  motion. Tran- 
sistor performance is independent of whether the transistor is a pnp or  an  npn type. 

MAGNETOCALORIC EXPERIMENTS 

A second major class of experiments is magnetocaloric experiments. A sche- 
matic of the apparatus and the measuring electronics is shown in figure VI-18. The 
sample is thermally isolated by a carbon support rod. The sample sits in a vac- 
uum, and the vacuum can is surrounded by liquid helium. Thus, the sample comes 
to an equilibrium temperature with the surrounding bath. The bath temperature 
varies from 4 to 1.0 K in most cases. The temperature of the sample is monitored 
with a carbon thermometer using an alternating-current Wheatstone bridge. The 
bridge consist of an oscillator driving the bridge, and off-balance is detected with 
the output of a phase sensitive detector, which is tuned to the oscillator frequency. 
Using this method, changes in the temperature of the sample on the order of K 
can be detected. An example of this type of experiment is shown in figure VI-19, 

where the temperature of the sample is monitored as  a function of field strength for 
a crystal of tin a t  1.0 K and for fields between 2.3 and 5 teslas. Temperature 

changes a re  on the order of a few times K, and the oscillations a r e  a result of 
the quantization of electron orbits as was described earl ier .  These experiments 
yield information about the electron energy bands of the solid. The advantage of 
this method is that the samples need not be shaped. This method for studying 
quantum effects in solids is sensitive to spin-orbit coupling in the material. Meas- 
urements of the spin-orbit coupling in bismuth and antimony have been made by 
other observers (ref. 12). Preparations a r e  underway to use this method on Sam- 
ples of lead telluride. The magnetocaloric method has been used in a preliminary 
test  to study flux jumping in type I1 superconductors. 

A third example of this type of experiment is the magnetic phases of cesium- 
manganese -chloride. Figure VI- 20 shows the phase diagram for cesium -manganese - 
chloride material (ref. 13). The magnetic field strength is plotted as a function 
of the temperature of the sample. Above 5 K the sample is in a paramagnetic 
state. Below 5 K, in low fields, the sample orders antilerromagnetically. On 
raising the field at temperatures below 5 K, the spins of the sample flop 90'. This 

figure was made for the field along one particular axis of the crystal. Studies of 
the magnetic phases of this crystal for other orientations a t  low field were made 
by other researchers.  Other experimental methods, such as  nuclear magnetic 
resonance were also used. In a sample of cesium -copper-chloride, the phase 
boundary between the antiferromagnetic region and the paramagnetic region becomes 



pendent of temperature a t  a field of 6. 2 teslas. The sample, starting at 1. 2 K, 

cooled rapidly in an  increasing field in the antiferromagnetic region and passed 
through the antiferromagnetic boundary into the paramagnetic region a t  a temper- 
ature of about 0 . 8  K and at  a field of 6. 2 teslas. On increasing the field in the 
paramagnetic state,  the sample warms very rapidly. From the value of the field 
a t  which rapid cooling of the sample changed to rapid heating of the sample, we a r e  
able to detect the upper antiferromagnetic - paramagnetic boundary. Low temper- 
atures have traditionally been achieved by adiabatically demagnetizing a paramag- 
netic material. The rapid cooling which occurs in the antiferromagnetic region in 
an increasing field for cesium -copper -chloride, for example, opens the possibility 
for  experiments at low temperatures in increasing fields. 

Other experiments being performed a t  Lewis a re ,  for  example, magnetostric - 
tion experiments in bismuth, lead telluride, and copper (ref. 14); flux flow and flux 
pinning experiments in thin film superconductors (ref. 15); and studies of the cr i t -  
ical  field, critical current, and critical temperature for superconducting alloys that 
a r e  used for constructing superconducting magnets (ref. 16). These experiments 
a r e  continuing. 
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TABLE VI-1. - TRANSISTOR PERFORMANCE 

IN MAGNETIC FIE W 

Material 

Silicon 

Silicon 
Germanium 
Silicon 
Silicon 
Germanium 

Material 

type 

PnP 

7 
pnp 
pnp 

Construction 

Alloy 
Alloy 

Planar diffused 
Alloy 

Planar diffused 
Planar diffused 
Planar diffused 

Relative 
performance 

at 7.0 T (70 kG) 

0.83 
. 3 1  
.96 
. 27 
.94 
.94 
.67 
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Figure VI-1. - 4.0-Tesla t ransverse  field magnet. 

CS-51622 

Figure VI-2. - 10. 5-Tesla superconducting solenoid. 



TO ELECTRONICS --. - TO VACUUM PUMP 

Figure VI-3. - 20-Tesla neon-cooled cryornagnet. 
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Figure VI-4. - Transport coefficients. 



r FIXED 

Figure VI-5. - Superconducting solenoid gearing mechanism for rotat- 
ing or tilting the sample. 
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Figure VI-6. - Tin at 4.  2 K. 
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Figure VI-7. - Tin; field, 3. 3 teslas; temperature, 1. 2 K. 
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Figure VI-8. - Thermoelectric quantum effects in tin at  1. 2 K. 
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Figure VI-9. - Demonstration of periodicity in inverse  field. 

Figure VI-10. - Quantization of energy spec- 
t rum in x-y plane into d iscre te  cylindrical 

surfaces  in k-space under influence of 

applied magnetic field Hz (after Chambers,  

1956). 
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Figure  VI-11. - deHaas-vanAlphen effect in t in a t  1 . 2  K. Two beating frequen- 

c ies  shown. 
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Figure VI-12. - deHaas-vanAlphen frequencies fo r  t in 

(after Craven and Stark).  
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Figure VI-13. - Tin magnetic breakdown at  4.2 K. 
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Figure VI-14. - Magnetic breakdown in tin; field strength, 3. 3 teslas; temperature, 1. 2 K. 



Figure VI-15. - Linear chain of orbits  connected by magnetic breakdown. 
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Figure VI-16. - Magnetoresistance of graphite.  
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Figure VI-17. - Graphite quantum resonances a t  1.1 K. 

VACUUM LINE 
r A. C. WHEATSTONE BRIDGE 

RESISTANCE BOX 

CS-51623 

Figure VI-18. - Magnetocaloric experiments.  
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V I I .  S I M U L A T I O N  O F  S O L A R - W I N D  - E A R T H -  

M A G N E T O S P H E R E  I N T E R A C T I O N  

Dona ld  I. C h u b b  

Research on solar-wind - Earth-magnetosphere interaction a t  the Lewis 
Research Center was a natural outgrowth of research on magnetoplasmadynamic 
(MPD) a r c  thrusters. These thrusters were discussed in the paper by Seikel et al.  
Figure VII-1 shows the flow obtained in the initial exploratory experiments. The 
highly ionized high-velocity hydrogen exhaust of the water-cooled MPD a r c  on the 
right is used to represent the solar-wind flow. A dipole electromagnet in the insu- 
lated globe simulates the Earth's magnetic field. 

Although these preliminary experiments were encouraging, significant im- 
provements a r e  required to  obtain an adequate simulation of solar-wind - Earth- 
magnetosphere interaction. This paper describes the progress being made toward 
that goal. 

CHARACTERISTICS OF SOLAR-WIND - EARTH- 

MAGNETOSPHERE INTERACTION 

A complete discussion of the solar-wind - Earth-magnetosphere interaction is 
given by Hess (ref. 1). Figure VII-2 shows the pertinent details of the interaction. 
The solar  wind, which has a density of -3 particles per cubic centimeter, is made 
up of electrons, protons, and some helium nuclei and is therefore a plasma. It 

5 flows radially from the Sun with a velocity of -4x10 meters per  second and a tem- 
5 perature of -10 K. Imbedded in this plasma flow is a magnetic field of -4x10-' 

tesla that originates at  the Sun. It should be emphasized that these solar-wind 
properties increase by factors of 2 o r  3 during periods of solar  activity. The 
properties of the wind a r e  such that the flow is supersonic. (For a plasma flow 
to be supersonic, the square of the velocity must be greater than the sum of the 
squares of the sound speed and the Alfven speed. ) Therefore, just a s  in the case of 
an aircraft  flying supersonically in the atmosphere, a shock wave forms when the 



solar wind impinges on the Earth's magnetic field. The Earth's magnetic field acts 
like a solid body deflecting the solar-wind flow. The shock wave is about 13RE 

6 f rom the Earth (RE = Earth radius = 6 . 3 7 ~ 1 0  m) on the line connecting the Earth 
'and Sun and has a thickness of -0. OOIRE. One of the most interesting details 
about this bow shock wave is that i t  is "collisionless, " which means that the aver- 
age distance a particle travels before colliding with another particle (mean f ree  

path) is large compared to some characteristic dimension. For  the bow shock, 
the characteristic dimension is the thickness of the shock. In a conventional gas 
dynamic shock wave, i t  is the dissipation that results from particle collisions that 

accounts for the shock structure. However, for  a plasma collisionless shock wave, 
i t  is the interaction of the charged particles and the electric and magnetic fields in 
the plasma that produces the dissipation. 

As a result of passing through the shock wave, the solar wind is decelerated 
and compressed. The embedded magnetic field is also compressed. After passing 
through the shock the flow enters a region called the magnetosheath where the 
plasma properties show rapid fluctuations. Forming the boundary between the 
magnetosheath and the region where the Earth's magnetic field is confined is the 
magnetopause. The region where the Earth's magnetic field is confined is called 
the magnetosphere. Within the magnetopause electrical currents must flow in 
order to allow the transistion between the solar-wind magnetic field and the Earth's 
magnetic field. In figure VII-2 the solar-wind magnetic field and the Earth's mag- 
netic field a r e  not shown connected. Whether the magnetic field lines join o r  do not 
join is a question that has not been resolved a s  yet. If the field lines do connect, 
the magnetosphere is called open; if they do not connect, the magnetosphere is 
called closed. Figure VII-2 also shows the solar magnetic field a t  some angle to 
the solar-wind flow. This angle changes as  the Earth rotates about the Sun. 

Within the magnetosphere a r e  the belts of trapped high energy electrons and 

protons usually called the Van Allen belts. These charged particles spi ra l  about 
the Earth's magnetic field lines and a r e  reflected back and forth between the North 
and South Poles. The radiation belts begin at about 1. 5RE and extend to about 8RE. 
From 1. 5RE to 2RE many protons have energies greater than 30 MeV. This is 
usually called the inner radiation belt. In the region 3RE to  4. 5RE, which is called 
the outer belt, many electrons have energies greater than 1 . 6  MeV. 

Trailing behind the Earth is the region called the geomagnetic tail. This tail 
is caused by the solar wind dragging the Earth's magnetic field along with it. Fig- 
u r e  VII-2 shows the tail only out to  40RE. It is actually much longer and has been 
observed at distances beyond the Moon (60RE). Within the geomagnetic tai l  is a 
region, called the neutral sheet, where the magnetic field is nearly zero. The 



magnetic field changes direction across the neutral sheet. Associated with the 
geomagnetic tail is a band of keV energy charged particles denoted in figure VII-1 
a s  the plasma sheet, which has a thickness of about 10RE. 

SIMULATION CRITERIA 

Now that a brief description has been given of the main features of the solar- 
wind - Earth interaction, a way to simulate the entire interaction in the laboratory 
is considered. The following discussion was f i rs t  presented in reference 2. Fi rs t  
of all, there must be a theoretical understanding of the phenomenon in order to 
know what conditions must be satisfied for i ts  simulation. In the case of the solar- 
wind - Earth interaction there a r e  very few completely accepted explanations for 
the various features of the interaction. Therefore, simulation is dependent on the 
cri teria considered most important. We assume the following conditions (see fig. 
VII-3) must be satisfied for  a proper simulation: 

(1) Collisionless flow, X > Z 
2 2 (2) Hypersonic flow, Ms >> 1, Ma >> 1 

(3) Bow shock thin compared to standoff distance, 6 < A 

(4) Geometrical similarity, a = 1OR 
(5) Plasma beam diameter greater than interaction size, d > 4a 

The terms introduced in these expressions a r e  defined a s  follows: collisional 
mean f ree  paths, A; characteristic dimension of the experiment, 1; shock thick- 
ness, 6; shock standoff distance, A; distance from the center of the dipole to the 
edge of the magnetosphere, a; diameter of the dipole, R; diameter of the plasma 
beam, d; acoustic Mach number, Ms; and Alfven number, Ma. 

In the following discussion each one of these conditions is considered. The 
simulation cri teria resulting from these conditions a r e  written in terms of the ve- 
locity ul, the number density nl upstream of the shock, and the parameter a. 

HYPERSONIC FLOW AND SHOCK CRITERIA 

From satellite data i t  is known that both Ms and Ma a r e  about 8. The 

acoustic Mach number is defined a s  



where 

is the upstream acoustic speed. The Alfven number Ma is defined as 

where 

is the upstream Alfven number. Other t e rms  appearing in equations (1) to (4) a r e  
the velocity ul, the temperature TI, the magnetic field B1, the number density 
nl, the Boltzmann constant k, the ion mass  mi, and the magnetic permeability 
po (= 1 . 2 5 5 6 ~ 1 0 - ~  H/m). The subscript 1 refers  to conditions upstream of the 

shock (fig. VII-3). 
The Mach number of the flow is defined as (ref. 8) 

Since Ma and Ms a r e  both approximately 8, equation (5) yields M1 = 6. In a 
simulation experiment it is difficult to achieve such large Mach numbers. How- 
ever, to  a f i rs t  approximation the flow is required to be hypersonic. For  hyper- 

2 2 sonic flow, Ms >> 1 and Ma >> 1. Thus equations (1) and (3) yield the following: 



From satellite data it is known that the shock thickness is of the order of 
4 10 meters and that it stands off from the magnetosphere a distance A "- 0.3a. 

There a r e  several  theoretical treatments of the bow shock structure (ref. I, pp. 
361 to 364). However, the shock thickness predicted by Tidman (refs. 3 and 4) 
shows the best agreement with satellite results. Tidman gives the shock thick- 
ness 6 as 

where 6 is the order of the electron cyclotron radius, T2 the temperature down- 
s t ream of the shock, me the electron mass, and q the magnitude of the electron 
charge. Since the shock has a standoff distance A - 0.3a and A > 6, the shock 
thickness simulation criterion is 

GEOMETRY CRITERIA 

From satellite data we know that a = 10RE, where RE is the radius of the 
Earth. Maintaining this geometrical similarity in a simulation experiment leads 
to a simulation criterion for the magnetic field. Using satellite information about 
the size of the interaction and also experimental data on the divergence angle of the 
MPD leads to a relation fo r  the characteristic dimension of the experiment. 

Several investigators have considered the shape of the boundary between a 
streaming plasma and a dipole field (i. e . ,  the magnetosphere). These results a r e  
summarized in reference 1 (pp. 293 to 300). One of the results used to ar r ive  at  
the simulation criterion is the following. The tangentialmagnetic field strength just 
inside the magnetopause is twice the strength of the field that would exist for an un- 



disturbed dipole. For  an undisturbed dipole the magnetic field along the Earth-Sun 
line is 

where r is the distance from the center of the Earth and BE is the magnetic field 
a t  the surface of the Earth. Therefore, for the case with flow, at the position a 
(fig. VIP-3) the magnetic field is 

Using the geometrical similarity result a = 10RE gives equation (10) a s  

It is more convenient to use the magnetic field strength on the axis of the dipole, 
which is denoted by Bp in figure VII-3. For a dipole, Bp = 2BE. Therefore, 

equation (11) can be written a s  

From satellite data it is known that the magnetosphere has a width of approxi- 
mately 4a (fig. VII-3). Therefore, the plasma beam must satisfy the requirement 

Beam diameter = d 2 4a (13) 

Also, from experimental results it is known that the divergence angle of the MPD 
a r c  beam is approximately tan 0 = 1/4 (fig. VII-3). Therefore, in order to satisfy 
the beam diameter requirement, 

where L is the distance between the a r c  and the forward stagnation point located a 
distance a from the center of the dipole. A characteristic length for the experi- 
ment can now be established. Since the neutral sheet is to be investigated, it is 
necessary to maintain a collisionless flow downstream of the dipole. Based on 
satellite information, the distance 4a from the front of the magnetosphere is 



chosen as a minimum distance for maintaining a collisionless flow. Therefore, re-  
ferring to figure VII-2, the characteristic dimension of the experiment is 

COLLISIONLESS CRITERIA 

In the case of the solar  wind, the only collisional mean f ree  path to consider is 
the electron-ion. However, in a laboratory experiment where neutral atoms a r e  
present the electron-atom and ion-atom collisions must also be considered. For  
hydrogen, which is the gas most likely to be used in a simulation experiment, the 
electron-atom mean f ree  path is larger than the other mean free paths. Therefore, 
if the restrictions on the electron-ion and ion-atom mean f ree  paths a r e  satisfied, 
the electron-atom mean f ree  path is automatically larger than the dimensions of the 
experiment. F i r s t  consider the electron-ion mean f ree  path. If Spitzer's (ref. 6) 
deflection time tD is used, the electron-ion mean f ree  path is defined a s  follows : 

where eO is the permittivity of f r ee  space. The function A is defined a s  

and since 

the function f(x) can be approximated a s  



Substituting equation (19) into equation (16) yields the following simulation criterion: 

where $, is the atomic weight of the ion. 
Now consider the ion-atom mean f ree  path. Since the atom number density is 

controlled by the pumping rate of the vacuum facility, the ion-atom mean f r e e  path 
can be related to the pumping rate.  If it is assumed that the plasma beam is fully 
ionized, then in steady-state operation the conservation of the heavy particles re-  
quires that 

where A is the cross-sectional a r e a  of the beam, na the atom number density, 
and v the tank pumping speed. If the definition of the ion-atom mean f r e e  path 

is used, where oio is the ion-atom collision cross  section, equation (21) yields the 
following simulation criterion: 

There a r e  several  ion-atom cross  sections (i. e . ,  elastic and ionization). However, 
the largest of these is the charge-exchange cross  section. Since Xio is inversely 
proportional to oio, using the charge-exchange cross  section is the most conserva- 
tive way of requiring that Xi, > 2. Values for  oio a s  a function of ion velocity a r e  
given in reference 6. 

DENSITY AND VELOCITY REQUIREMENTS 

Table VII-1 lists the simulation cr i ter ia  that must be satisfied. These condi- 
tions can a l l  be expressed in t e rms  of the upstream density nl, the velocity ul, 
and the parameter a. 



If continuum one-dimensional flow expressions and the shock "jump" conditions 
a r e  used, the shock thickness cri teria can be reduced to an expression for  nl a s  a 
function of a. The equation of motion fo r  a one-dimensional plasma flow where the 
magnetic field is perpendicular to the flow direction is 

2 B2 minu + p + - = Constant 
21-10 

2 This states that the sum of the momentum flux minu , kinetic pressure p, and 
2 magnetic pressure  B /2p0 is a constant. At the stagnation point located at  posi- 

tion a, minu2 - 0 and p - 0. Therefore, applying equation (24) to the flow along 
the stagnation line gives 

where the subscript 2 denotes conditions just downstream of the shock and sub- 
script a denotes conditions at the stagnation point. The pressure is 

Since both the acoustic 'Mach number and the ALfven number a r e  much greater than 1 
2 (eq. (6)), p and ~ ~ / 2 ~ ~  can be neglected compared to minlul Therefore, 

Also, fo r  high Mach numbers the shock "jump" conditions of Tidman (refs. 3 and 4) 
a r e  the following: 



B2 4B1 

Using equations (12) and (28) in equation (27) gives 

2 2 6 Bp = 2 p  m.n u x10 0 1 1 1  

and 

If equations (28c) and (30) a r e  now used in equation (8), the shock thickness 

cri terion becomes 

Equation (31) gives the minimum value of the density that satisfies the shock thick- 
ness criterion. 

The mean f ree  path requirements (eqs. (20) and (23)) can be reduced to  relations 

between nl and ul. F i rs t  consider the electron-ion mean f ree  path (eq. (20)). 
The high acoustic Mach number requirement se t s  the limit on TI .  For  our pur- 
poses assume that Ms 2 4. Therefore, from equation (I), 

Substituting equation (32) and I = 12a into equation (20) yields 

Now In A is a slowly varying function of T1 and nl. For  the densities and tem- 
peratures to be considered In A - 10. Therefore, for our purposes (10.7/ln A) - 1, 
s o  that 



Equation (34) determines the maximum density that will satisfy hie > 2 .  

The ion-atom mean f ree  path requirement (eq. (23)) can be simplified by substi- 
2 tuting I = 12a and A = 4 m  . Therefore, equation (23) gives 

which se ts  another maximum limit on the number density. 
Figure VII-4 shows the results obtained from equations (31) and (33) to (35) fo r  

3 a = 0.2. Results for two pumping speeds (v) a r e  shown. For  v = 10 cubic meters 
per second, which is the pumping speed of the present Lewis 15-foot-diameter vac- 
uum tank, a l l  the simulation requirements cannot be satisfied. However, at 

3 fT = 5x10 cubic meters per second the shaded a rea  in figure VII-4 is a region of u1 

and nl values that will satisfy al l  the requirements. Near-future modifications t o  
3 the 15-foot vacuum tank should increase its pumping speed to 5x10 cubic meters per 

second to permit operation of an experiment in the shaded a rea  of figure VII-4. The 
polar magnetic fields associated with these conditions a r e  of the order of 1 tesla, 
which is a large field for  a 4-centimeter-diameter magnet. If the value of a is in- 
creased, then the magnetic field requirement is reduced. At the same time, how- 
ever, the region of acceptable ul and nl values is reduced. With a value of 
a = 0.4 meter there will s t i l l  be a small  range of acceptable velocities and densities 

3 for a pumping speed of v = 5x10 cubic meters per second. The polar magnetic field 
required will be of the order of 0.5 tesla. This size field should be no problem f o r  
an 8- centimeter -diameter magnet. 

INITIAL EXPERIMENTAL RESULTS 

As figure VII-4 shows, it is not possible to satisfy al l  the simulation cri teria 
with the present experiment. However, conditions can be simulated for a collision- 
less stagnation flow. As a result, the initial investigation was in the stagnation re-  

gion of the flow where a collisionless shock was expected to exist. Figure VII-5 
shows the experiment in operation. The view is at  an angle of approximately 45' 
from slightly behind the MPD arc.  Measurements of the plasma potential and the 
magnetic field in the Z-direction were made in the region about half way between the 
thruster and the dipole (ref. 7). Table VII-2 compares the plasma properties of the 



flow from the MPD a r c  with those of the solar wind. It i s  the ion-atom mean f ree  

path, which is approximately 1 meter, that Limits the collisionless flow regime. 
This is the reason the investigation has been confined to the stagnation region close 
to  the arc .  

The first results obtained from the experiment indicated that the existence of a 
shock wave is unlikely. The Mach number of the flow is approximately 0.95. Since 
MI must be greater than 1 for  a shock to form, it is concluded from these results 

that no shock can exist. Further evidence against the existence of a shock resulted 

from the plasma potential and magnetic field measurements. 
The plasma potential V is shown in figure VII-6 a s  a function of distance 

P 
from the dipole x. In figure VII-7, the magnetic field in the Z-direction BZ is 
presented a s  a function of x. To show where the magnetic field and plasma poten- 

tial profiles a r e  with respect to the light emitted, the results of figures VII-6 and 
VII-7 a r e  superimposed on the results of figure VII-5. These results a r e  shown in 
figure VII-8. Two different profiles of V appear in figure VII-6. The only major 

P 
difference between the two is that the region of rapid increase moves back about 

4 centimeters for the case  where the dipole current is 495 amperes. This is a s  ex- 

pected, since the stagnation magnetic field will be closer to the dipole for the lower 

current. 
Both potential profiles show a r i se  of about 12 volts in the initial discontinuity. 

This rising potential region corresponds to a change in velocity given by 

where AV is the change in potential, ul the upstream velocity, and u2 the 
P 4 

downstream velocity. If AV = 12 volts and ul = 5x10 meters per second, then 
P 

for hydrogen ions equation (36) yields 

and 

The limiting velocity ratio f o r  a shock is 4 (ref. 8). Therefore, this potential 
jump cannot represent a shock. However, it is very nearly the potential change 

4 that is required to stagnate hydrogen ions with a velocity of 5x10 meters per 



4 second. To stagnate ions with ul = 5x10 meters per  second requires 13.1  volts. 
Figure VII-7 shows that when the thruster is not operating the magnetic field 

has the usual 1/x3 dependence of a dipole field. When the thruster is operating, 
the magnetic field shows a change occurring in the same location a s  the rapid r i s e  
in the plasma potential. If the region of change is considered a s  lying between 
x - 71 and 59 centimeters, then 

If the change in  magnetic field is assumed to occur across  a shock, then from shock 
relations (ref. 8) this corresponds to M1 - 2.7, which is higher than expected. 
Thus the magnitude of the magnetic field change also supports the contention that 
this region of change is not a shock. 

When the measured plasma properties of equation (25) a r e  used, the magnitude 
of the stagnation magnetic field can be calculated: 

m n u  +- Bt + nlkT1 i l l  
21-10 

Using the values given in table VII-2 gives 

Referring to  figure VII-7 shows that the 7 x 1 0 - ~  tesla point occurs at  the end of the 
magnetic field change. This further substantiates the fact that the region of change 
in magnetic field and plasma potential is a stagnation flow rather than a shock wave. 
A more detailed study of the structure of the collisionless stagnation flow is cer-  
tainly of interest. It may be useful in understanding the flow in the neighborhood of 
the magnetopause. 

Besides investigating the stagnation region in our initial experiments, we have 
also visually observed regions of intense light in locations where we might expect to 
find radiation belts. However, no diagnostics of these regions have been made since 
in the present experiment some collisional processes a r e  occurring. 



FUTURE EXPERIMENTS 

At the present time we a r e  in the process of modifying the experiment to 
satisfy the simulation cri teria previously outlined for  the solar-wind - Earth inter- 
action. The two things that must be done a r e  to increase the pumping rate of the 
vacuum tank and to produce a higher Mach number flow. As has already been 

3 stated, the pumping rate of the vacuum tank is being increased to 5x10 cubic 
meters per second. This can be accomplished by adding a liquid helium cryopump 
to the tank. Two approaches a r e  being investigated to produce a higher Mach num- 
be r  flow. First ,  the MPD a r c  will be  modified to produce higher velocity flows. 
Second, the increased pumping rate will permit the dipole to be located further 
downstream. This should allow the thruster flow to expand to lower temperature 
and thus higher sonic Mach number. Once a l l  the modifications a r e  finished, a 
complete simulation may be possible. 
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TABLE VII- 1. - SIMULATION CRITERIA 

TABLE VII-2. - PROPERTIES OF PLASMA FLOW 

Simulation criteria 

Shock thickness 6 less than shock 
standoff distance A = 0.3a 

Tangential magnetic field at magnetopause 
is twice the strength of field that would 
exist for an undisturbed dipole 

Electron-ion mean free path hie greater 
than characteristic dimension of experi- . 
ment I = 12a 

Ion-atom mean free path hi, greater 
than characteristic dimension of ex- 
periment 

Acoustic Mach number much greater 
than 1 

Alfven number much greater than 1 

Analytical result 
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Figure VII-1. - Simulation experiment.  
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Figure VII-2. - Interaction of so lar  wind and Ea r th ' s  field. Din~ensionless  

distances a r e  in t e r m s  of Earth radii ,  RE. 
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Figure  VII-3. - Simulation of solar-wind - Earth  interaction.  Mean f r e e  paths >> 1;  

M s > > l ;  M a > > l ;  6 < A - 0 . 3 a .  
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Figure VII-4. - Simulation c r i t e r i a  f o r  stagnation point a t  0 .  2 me te r  f rom magnet. 

( a = 0 . 2 m ;  1 = 2 . 4 m ;  A = 0 . 0 6 m ;  R = 0 . 0 2 m . )  
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V I I I .  P L A S M A  C H E M l  S T R Y  A N D  I O N - M O L E C U L E  

I N T E R A C T I O N S  

John V. Dugan, Jr. 

PLASMA CHEMISTRY AND COLLISIONS 

This discussion is concerned with the computation of cross  sections for elec- 
tron and heavy-particle collisions a s  well a s  with their plasma applications. These 
plasma collisions determine plasma chemistry. Electron-atom collisions and im- 
pacts of ions on molecules a r e  of interest for plasma rate calculations. An outline 
of approaches and results is shown in figure VIII-1. The microscopic cross  sec- 
tions for such processes a r e  required to calculate their relative probabilities. F o r  
a fixed temperature, the rate constant (or collision coefficient) is a very useful 
kinetic quantity. It is the Maxwell averaged product of cross  section and velocity 
denoted by (Qv) . These coefficients a r e  used in both plasma continuity and energy 
equations to determine species number densities and temperatures. 

Inelastic electron-atom cross  sections a r e  of particular interest  since the en- 
ergy transfer AE in these collisions is relatively large. The AE values range 

4 f rom 10 to 10 t imes the average energy loss  per elastic collision. Ion-molecule 
collisions have large  capture cross  sections a t  thermal energies which correspond 
to relatively rapid chemical reactions. These reactions may be of the rearrange- 
ment type o r  simple charge-exchange. Both electron-atom o r  molecule and ion- 

molecule collisions control energy exchange and govern heavy particle chemistry 
in flowing ionized gases. Examples of such systems a r e  an expanding hypersonic 
a i r  s t ream and continuously operating lasers .  

ELECTRON-ATOM COLLISIONS 

Inelastic electron-atom collisions a r e  important in both low to r r )  and 

high pressure  nonequilibrium plasmas. Elastic collisions a r e  important only in 
high pressure  discharges. In many cases the inelastic electron-atom cross  sec- 
tions have been computed using the classical Gryzinski theory. This theory is ap- 

plied semiclassically with recognition of quantum structure and atomic transition 



rules. Details of quantum structure a r e  approximated in the selection of a model 
atom. These semiclassical cross  sections have been used to calculate volume ion 
production costs in low pressure discharges (refs. 1 and 2). Satisfactory results of 
this method have been mentioned by Sovie fo r  sustained helium plasmas, Although 
strictly applicable to optically thin plasmas, this approach works well f o r  plasmas 
partially thick to resonance radiation, Such plasmas a r e  found in ion engine dis- 
charges (ref. 3), radiofrequency plasma sources (ref. 4)) and cathode sheaths 

(ref. 5). 
One high pressure application of semiclassical cross  sections has been in the 

calculation of three-body (e- - e- - ion) recombination rates. These ra tes  have 
been computed for  cesium-seeded argon (MHD application) and agree well with the 
experimental values (refs. 6 and 7). The semiclassical electron-atom cross  sec- 
tions have also been used in  more elaborate plasma calculations. They a r e  em- 
ployed in calculating electronic state populations and in evaluating collision t e rms  
for the Boltzmann equation (ref. 8). This integro-differential equation is solved 
iteratively for the f ree  electron distribution function fe(u), which is then used self- 
consistently in the rate equations for bound state populations and f ree  electron num- 
ber  density Ne (ref. 9). 

ION-MOLECULE COLLISIONS 

Both types of ion-molecule collisions a r e  of interest in astrophysics, astron- 
omy, gas discharges (including masers) ,  radiation chemistry, and molecular ener- 
getics. The early theory of Langevin considers the ion-molecule collision in t e rms  
of an ion-induced dipole interaction. This theory has been used to set  upper limits 
to reaction cross  sections for ion-molecule capture collisions. Collisions involving 
polar targets (i. e . ,  molecules with permanent dipoles) cannot be treated s o  simply. 
Mass spectrometry experiments indicate that these collisions have capture cross  
sections larger  than Langevin. Numerical capture cross  sections have been calcu- 
lated for  these collisions (refs. 10 and 11). The shape of the ion trajectories has also 
been studied by means of computer-plotter techniques (refs. 12 to 14). The nature 

of the ion orbits raises the question of collision time so the lat ter  was computed. 
Computer-plotter techniques have been recently applied to making motion pictures 
of ion-molecule collisions to predict chemical reactions (ref. 15). 



MODEL ATOMS 

Both low and high pressure rate calculations require a judicious choice of 
model atoms - that is, the number of discrete electronic levels considered. Two- 
level model atoms a r e  satisfactory to account for excitation and ionization energy 
losses in volume ion production. Schematic diagrams of cesium and argon atoms 
a r e  shown in figure VIII-2. It is useful to classify atoms (for eV ion-' calculations) 
by the ratio of f i rs t  excitation potential Uex to ionization potential UI (ref. 2): 

This parameter is equal to 0.36 for cesium (relatively easily excited low ionization 
potential) and 0.72 for argon (high ionization potential but easily ionized once exci- 

ted). Energy losses  by means of excitation to levels above the f i r s t  excited state 
a r e  allowed for by assigning a mean energy loss AE = (Uex + UI)/2. 

The low pressure plasmas of interest have relatively high electron tempera- 
tures from Te = 1 to 50 electron volts. The most detailed analyses include only 
ground state and metastable (long-lived) excited state populations in the ra te  equa- 
tions. The process of stepwise excitation through upper levels leading to ionization 
is neglected a s  a source of f ree  electrons. For  the high pressure MHD plasmas, 
however, the excited state populations for 5 levels o r  so must be solved from the 
steady- state equations. 

RESULTS 

em-Atom Cross Sections 

Results of semiclassical cross-section calculations for cesium excitation and 
argon ionization near threshold a r e  shown in figure VIII-3. The cesium predictions 
a r e  within a factor of 2 for  the first and total excitation cross sections at maximum 
(ref. 2). The argon ionization cross  section is within several percent of experiment 
for 10 electron volts above threshold (ref. 2). 



Electrical Conductivity 

Solutions of the Boltzmann and rate equations for the f ree  electron distribution 
function and state populations have been done fo r  cesium (ref. 8). The atomic model 
consisted of 5 energy levels with 2- and 3-level models for comparison. The re-  
sults were used to calculate electrical conductivity in cesium-seeded argon. The 
calculated conductivity is plotted against current density and compared with experi- 
ment in figure VII-4 (ref. 8). Comparison with elastic results (using Saha N, 
values) indicates that the inclusion of the inelastic collision t e rms  improve agree- 
ment with experiment. Results for  Te < 2100 K a r e  dashed because of numerical 
convergence difficulties. All of the converged distribution functions a r e  near- 
Maxwellian; the Ne values a r e  with 10 percent of Maxwellian but somewhat below 
Saha. 

Maxwellian results of ionization fraction (f = N ~ / N ~ )  where No is the neutral 
density, for  2-, 3-, and 5-level cesium model atoms a r e  compared with detailed 
26-level results in figure VIII-5. It is assumed that the plasma is optically thick to 
resonance radiation. The 5-level results a r e  within factors of 2 to 5 of the 26-level 
results for Te = 0.2 electron volt (2321 K) (ref. 9). The 5-level optically thin a r -  
gon results for Te = 1 electron volt (11 605 K). in figure VIII- 5 show large  depar- 
tures of the ionization fraction from Saha. The results a r e  also very sensitive to 
details of the model. This can be seen by comparison of the 2- and 3-level results 
with 5-level results. Plots  of f r ee  electron source t e r m s  show that a step-wise 
ionization mechanism operates for T; < 2000 K for cesium and at  Te values from 
8000 K to 1 electron volt for  argon. 

Capture Cross Sections 

Numerical solutions of the Lagrangian equations of motion have been done for 
capture cross  sections in ion-polar molecule collisions. The coordinate system 
used is shown in figure VIII-6. The angle y defines the orientation of the dipole 
with respect to the ion-molecule vector. The classical interaction potential has  

2 been used; i t  consists of ion-permanent dipole (pe  cos y/r ) and ion-induced dipole 
2 4 (cue /2r ) terms.  The quantity p is the dipole moment and a is the polariza- 

bility. Capture in Langevin collisions occurs only for impact parameters l e s s  than 
a critical value which is a function of and the translational energy. Because of 
the dipole, the ion-polar molecule collisions a r e  not all-or-nothing captures such a s  
the Langevin captures. Thus, the cross  section must be computed from the capture 
ratio CR. This ratio is the fraction of collisions in which ion and molecule approach 



within a prescribed separation for the fixed impact parameter. The variation of CR 
2 with b is shown for a typical C H N - p a  ion capture collision in figure VIII-7 

2 (ref. 11). The maximum value bm for these cross sections occurs when the dipole 

adjusts adiabatically to the ion. 
The Langevin capture ratio is also indicated in figure VIII-7. The maximum 

2 capture ratio is a step function a t  425 A . It is clear that although the dipole in- 

creases the cross section considerably above the Langevin value i t  does not guaran- 
tee an adiabatic collision. 

The comparison of numerical and experimental cross sections as functions of 
maximum ion energy (corresponding to an experimental voltage setting) is made in 
figure Vm-8 (ref. 11). The agreement between theory and experiment is within 
10 percent at all values of ion energy. Both cross sections a r e  below the maximum. 

Ion -Dipole Collision Orbits 

Computer plotting techniques have been applied to the study of ion orbits in di- 
pole collisions. The ion is reflected a t  separations of 1 to 3 A to simulate the re- 
pulsive electron cores of ion and molecule. It has been proposed that long collision 
t imes due to spiraling imply large charge exchange cross sections in certain ion- 
molecule systems. Plots of the ion orbit for Langevin collisions demonstrate that 
spiraling does not occur a t  separations greater than 1 A (refs. 13 and 14). How- 
ever, a permanent dipole does introduce multiple reflection behavior, which leads 
to the formation of long-lived ion-molecule collision complexes. The multiple re-  
flections a r e  caused by a raising of the potential barr ier  due to dipole rotation. 
This is shown schematically in figure VIII-9. 

The particles approach with relative translational energy E . In the Langevin 
case they pass over the effective potential barr ier  at r = r*. After reflection (at 

r = r ), the ion simply passes out over the barrier  since the maximum is fixed. 
C 

In a representative ion-dipole collision the pre-reflection barr ier  is located at 
r = r ' ;  however, rotation of the dipole during reflection may shift the maximum to 
r = r" and raise it. Thus, the ion and polar molecule will reflect with efficient 
energy exchange until the ba r r i e r  is once again lowered. 

The probability of multiple reflections at impact parameters from 3 to 15 

generally increases going from HC1 to CO and CH3CN (ref. 13). It appears that 
HCl has few multiple reflection collisions because of its small moment of inertia. 
Some CH3CN multiple reflection cases have turning points at separations a s  large  a s  
23 A. A typical ion-orbit is shown in figure VIII-10 for a 10 reflection CH~CN' + 
CH3CN capture collision. 
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(ref. 10). 

.merical cross  section uc is independent of collision time in all cases. 
2 0 2  3 0 2  of uc range from Langevin (x 10 A ) for CO to 10 A for  CH3CN 

Nonpolar targets should behave like polar molecules to a greater o r  l e s se r  
degree. This is because their intermolecular potentials have angular dependent in- 
teraction terms.  There is much evidence for long-lived complexes in such systems; 
for example, N: formed from impact of N; on N2. 

Computer-Made Motion Pictures 

From a chemical aspect one is interested in whether the rotation of the polar 
molecule is hindered by the incident ion. It has been suggested that hindering will 
favor a specific chemical reaction. The plot of ion-dipole orientation angle as a 
function of ion-molecule separation is shown in figure VIII- 11. These results a r e  
for a CH3CN collision. It is clear f rom the y plot (abruptly decreasing envelope) 
that the dipole becomes hindered a t  separations less  than 10 A. 

Computer-made motion pictures of ion-dipole collisions allow for the simul- 
taneous study of ion (translational) and dipole (rotational) motion (refs. 14 and 15). 
The sample movie f rame shown in figure VIII-12 consists of ion and polar molecule 
models. The sum of the radii i s  the reflection distance rc. There is a clock in 
the upper right corner consisting of a diamond moving about an asterisk. The clock 
speeds up and slows down since a variable step-size integration routine is used. 

Movie evidence for hindered rotation in a representative collision is shown by 
the seven frames of figure VIII-13. Similar motion pictures of ion-dipole colli- 
sions were shown a t  the cnnference. The main features of those collisions a r e  
summarized a s  follows. 

The f i rs t  collision was a multiple reflection movie for a CO target. Three re-  
flections occurred and the rotator was heated. The polar rotator was only slightly 
hindered since the p value was relatively low (0.1 debye unit). However, the di- 
pole played a significant enough role to cause multiple reflections. 

The second collision was a HC1 single reflection in which a relatively hot ro- 
tator (ER = 2 kTR) was heated. This was an example of relatively strong inter- 
action (dipole moment p = 1.08 debye units). The single reflection behavior was 
typical of HC1 targets. The dipole was hindered and precessed before reflection, 
but rotated rather freely afterwards. 

A 10 reflection CHQCN collision was the third movie shown. The ion hindered 
the polar rotator s o  drastically that it actually became still  at  several different 
separations. In these instances the ion and polar molecule rotated about each 



other to conserve total angular momentum. The CH3CN molecule had a dipole 

moment of 3.92 debye units. This high p value corresponded to an ion-dipole in- 
teraction of 3 electron volts a t  a typical reflection distance. This energy was about 

100 times the sum of the thermal translational and rotational energies. 

FUTURE PLANS 

Plasma chemistry plans consist of numerical solution of the quasi-equilibrium 
flow of high temperature air. The ranges of temperature and pressure of interest 
a r e  from thermal to 50,000 K and P/Po from lom4 to 10 (where Po  is atmospheric 
pressure). These values cover an interesting range f o r  hypersonic conditions. The 
equilibration t imes for electron energy relaxation and heavy particle chemistry must 
be calculated to check the assumption of local thermodynamic equilibrium. Prelim- 
inary work will be  done with a nitrogen model consisting of N2, N, N;, N', and N" 

and e-. Similar calculations will be done with model atoms on flowing l a se r  sys- 
tems. 

A classical harmonic oscillator has  been added to the ion-molecule collision 
model for  future calculations. These ion-dipole studies will consist of computing 
collision lifetimes as a function of vibrational degrees of freedom. Reaction cross  
sections for  experimental pairs  will be computed from capture cross  sections and 
hindering probabilities (-y plots). 
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1. REARRANGEMENT 

1. RECOMBINATION 

Figure VIII-1. - Outline of problems studied and approaches used in  plasma chemistry and ion-molecule collisions. 

r e -  CONTINUUM 

CS-51675 

Figure VIII-2. - Schematic model atoms of cesium and argon with f i r s t  excitation 

and ionization potentials indicated. 
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Figure VIE-3. - Comparison of experimental and theoretical inelastic electron- 
atom cross sections plotted against incident electron energy. 
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Figure VIII-4. - Comparison of experimental electrical conductivity with two se ts  of theo- 
retical values for alkali-seeded argon discharges a s  function of current density. At- 

mospheric pressure;  gas temperature, 1500 K; seed fraction, 0.0015. 
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Figure VIII-5. - Plots of ionization fraction a s  function of neutral density for  various model atoms. 
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Figure VIII-6. - Coordinate system for three-dimensional interaction ion- 
linear molecule collision. 
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Figure W I - 7 .  - Variation of capture ratio (fraction of collisions for which ion 

and molecule approach to within 2 A) with ion impact parameter for CH3CN- 
parent ion collisions. Step-function behavior of Langevin ratio is plotted for 
comparison. 



INTEGRATED CROSS 
SECTION, 

Q, 
2' 

MAX ION ENERGY, E,,,, eV CS-44663 

Figure VIII-8. - Maximum Qma, experimental QR, and numerical (capture) Qc 

reaction c ross  sections plotted against experimental voltage setting. 

ENERGY 

Figure VIII-9. - Schematic diagrams illustrating mechanism of multiple 
reflection phenomena in ion-dipole collisions with plots of effective 

potentials f o r  Langevin and permanent dipole collision sys tems against 

ion-molecule separation. Ion-polar molecule interaction potential, 

veff ( r )  = ( ~ ~ / 2 m r ~ )  + V(r). 
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Figure WI-10. - Trace of ion projection in Y-Z plane 

for 10 reflection CH3CN-parent ion capture collision. 
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Figure WI-11. Variation of ion-dipole orientation angle dur- 

ing CH3CN-parent ion capture collision indicating hindering 
of the rotating dipole. 
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Figure WI-12. - Sample motion-picture frame for  
CH3CN collision. 
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Figure VIII-13. - Motion picture evidence for hindered rotation in 
frames 1 to 7 for  CH~CN'  + CH3CN single reflection collision. 
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