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SUMMARY 

The problem of controlling impurities in thermonuclear plasmas is 
critical to the successful development of fusion power. Several impor-
tant decision points and milestones in the Controlled Thermonuclear Re-
search Program, including the EPR decisions and design, will be encountered 
during the rest of this decade and the availability of information on im-
purity effects during that period will be an important factor in success-
fully meeting each milestone. While some data on the effects of impurities 
will be obtained from present and planned future experiments, there is no 
device other than PDX at PPPL which is primarily devoted to impurities 
studies. In addition, there is a need to develop plasma diagnostics, par-
ticularly new diagnostics for studying impurity effects. General Atomic 
Company and Oak PJLdge National Laboratory propose to build an Impurity 
Study Experiment (ISX) which will answer many of the needs outlined above. 

ISX is a modest tokamak which emphasizes the production of a pre-
dictable test plasma, experimental flexibility, ease of assembly and dis-
assembly, and good diagnostic access. Its plasma models the outer cooler 
layers in EPR like plasmas. In addition, provisions will be made for long 
discharge times which may be necessary to observe some impurity effects. 
These machine characteristics will enable one to study the collisional 
transport of impurities in the plasma, perform systematic studies of wall 
and limiter materials and geometries, study methods of cleaning the walls, 
and develop and test new diagnostic techniques. 

ISX will employ water-cooled copper coils to produce a maximum toroi-
dal magnetic field of 20 kG at the plasma axis, which is 77 cm from the 
major axis. The plasma minor radius will be about 15 cm, and the maximum 
plasma current will be 100 kA which will be induced by an iron core trans-
former with a capability of up to 0.9 volt-sec for long discharges. An 
aspect ratio of five and the modest magnetic field permit a design with 
ample space for thick wall structures such as honeycomb walls. The "pic-
ture frame" toroidal field coil provides additional space, while remova-
ble coil top sections allow easy replacement of the vacuum chamber. The 
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72-turn toroidal field coil is grouped into 24 sections for increased 
access- Absence of a conducting shell and placement of the vertical field 
and transformer primary coils away from the plasma allow easy viewing of 
the plasma and good diagnostic access. 

ISX will be built at ORNL and will share the ORMAK power supplies. 
The machine can be built by December 1976, at a cost of $2.24 million. 
The program will be managed jointly by ORNL and GAC. 

The principal goals of the ISX Program are: 
— to understand the production of impurities in tokamak plasmas; 

to determine the mechanisms of impurity diffusion; 
— to test methods of impurity control through modification of 

the diffusion process, and through improved wall and limiter 
configurations, materials and treatment. 

The size of the ISX plasma facility and the timing of the ISX program have 
been designed to meet these goals. The attainment of these goals will pro-
vide urgently needed information concerning the impurity problem in fusion 
plasmas and hence will provide vital input to decision making processes for 
the first EPR. 
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1. INTRODUCTION 

1.1 The Impurity Question in Tokamak Fusion Research 

The experimental and theoretical study of tokamak-type devices as 
potential fusion reactors has generated considerable optimism that the 
goal of practical fusion power will become a reality. In discussing the 
problems that have to be solved in order to reach this goal, a recent AEC 
report on the status of tokamak research1 has identified four main physics 
problems. The problem areas are configuration stability, plasma transport 
and scaling, heating, and boundary effects. It was noted that there is no 
existing major machine in the U-S. which is devoted primarily to the solu-
tion of impurity and boundary problems. In view of this a need exists for 
a moderate size experiment dedicated to the study of surface effects and 
impurity control in tokamaks. The problem is broad enough that such a ma-
chine must be flexible and easily modified. It is the purpose of this 
document to propose the construction of an Impurity Study Experiment (ISX) 
which will answer this need. 

TFTR 

The problem of controlling impurities in thermonuclear plasmas is 
critical to the successful development of fusion power, due to the exces-
sive radiative power losses that can be caused by even small amounts of 
impurities. Several important decision points and milestones for the de-
velopment of fusion power will be encountered during the rest of this 
decade and the availability of information on impurity effects will be an 
important factor in meeting e«ach milestone. For example, an important de-
cision has recently been made to proceed with the request for FY-76 fund-
ing for the Tokamak Fusion Test Reactor (TFTR). It has been proposed that 
the effects of impurities in the TFTR can be overcome by simply having a 
sufficiently large distance between the hot plasma core and the vacuum 
wall and 1 miter, which may be filled with a gas blanket. While this tech-
nique might be adequate for the TFTR, it may be economically impractical 
for larger devices. 
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PDX and TTAP 

The use of divertors to control impurities has been proposed fre-
quently, and the PDX device is being constructed to examine this tech-
nique.2 However, extensive experimental information will not be available 
for three or four years. The benefits of divertors are at best partial, 
and diveiters involve plasma manipulation rather than impurity source con-
trol. Furthermore, the addition of divertors to a tokamak reactor proba-
bly represents a significant economic penalty, and the money represented 
might better be spent in increased size. In the TTAP conceptual design3 

it is being proposed to attack the impurity problem with a concerted ef-
fort involving wall and edge treatment in the presence of a large, hot 
plasma. However, this experiment is also several years in the future. 

EPR 

One of the important milestones in the development of fusion power 
is the successful operation of the first Experimental Power Reactor (EPR). 
It is the plan of the U.S. piogram to have EPR-I operational by 1985. Con-
sidering the construction, design and budgetary planning times involved, 
the initial decision point on EPR-I will probably occur within three to 
five years from now. Other than the divertor experiments on PDX, the only 
new U.S. tokamak devices scheduled for operation during this time will be 
PLT and Doublet III, both of which will study mostly confinement scaling 
into the trapped-ion regime. Thus, with no additional new machines, the 
decision about EPR-I will have to be made without much additional input on 
the impurity problem. There is, therefore, a need for a device to begin 
experiments within two years from now which will provide information to 
assist ERDA-DGTR in making an initial judgement on the effect of the im-
purity problem on EPR-I. In addition, other machines under construction 
or being proposed (Doublet III, Tokamak FTR, TTAP) will benefit from in-
formation on the control of impurities. If this information is not avail-
able, their progress could be seriously impaired. 
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1.2 Need for Impurity Research Facilities 

There is little possibility of acquiring systematic knowledge of 
impurity effects in present machines. ST has been shut down. Doublet II-A 
is committed to a demanding program of configuration studies, and ORMAK has 
a full schedule of neutral beam heating, plasma scaling and RF heating for 
the years ahead. Furthermore, CRMAK, Doublet II-A, ATC, and Ale tor were 
all designed for specific purposes and all have limited diagnostic access. 
In addition, it is difficult and expensive to modify these devices for 
other purposes. A separate impurity study experiment is therefore indi-
cated. 

The detailed study of impurity problems in toroidal plasma systems 
requires the development of new diagnostic techniques. Furthermore, a 
plasma device designed with the requirement5 of diagnostic development in 
mind would fill a need in the U.S. CTR program.u ISX will produce a hot 
tokamak test plasma, and the machine will be already equipped with a full 
complement of conventional diagnostics. Yet it will still have many large-
aperture access points available for further instrumentation and experi-
mentation. The combination of an impurity studies experiment with a device 
suitable for diagnostic development appears to be the logical means to get 
needed impurity information within the next several years. 

1.3 Concept and Content of the ISX Proposal 

It is proposed herein that a tokamak, which can be built and begin 
operation by December 1976, be constructed to study impurity transport, 
impurity control and diagnostic development. Because these studies will 
require frequent changes of wall materials, impurity sources, diagnostics, 
pumping and gas inlet configurations, etc., the device has been designed 
for rapid changing of the entire liner-limiter-vacuum tank assembly. The 
design features of large aspect ratio (R/a = 5), moderate toroidal field 
(B^ = 20 kG), and no conducting shell make it possible to provide space 
for additional pumping, gettering, gas blanket studies, and tests on thick 
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structures such as honeycomb walls. The large available space also facili-
tates diagnostic access and allows flexibility to develop new experimental 
configurations as the need arises. Furthermore, provision has been made 
for a 0.9 V*sec ohmic heating transformer, which will ensure the long dis-
charge time (100—200 ms) needed for impurity diffusion and accumulation 
studies in high plasmas. Such a device will provide a realistic 
model of the outer plasma layers of a larger, hotter EPR-size device. 

As the development of fusion power progresses, it is vital that the 
National Laboratories and private ind..ry continue to develop the capa-
bility for cooperative endeavors. With this objective in mind, the staffs 
of Oak Ridge National Laboratory and General Atomic Company are proposing 
ISX as a joint experiment. It is believed that by combining the expertise 
and facilities of two laboratories, new ideas and technologies may evolve 
that otherwise might not. Because of the availabiliLy of the appropriate 
physical facilities at ORNL, it is proposed that the device be built at 
ORNL. The initial conceptual design was done at GAC, and the detailed 
design will be done at ORNL. Close cooperation and frequent visits will 
be carried out during the design and construction phases. When experi-
ments begin, GAC personnel will be sent to ORNL to participate in the 
operation of the machine. 

In Chapter 2, the scientific and technical knowledge about impurities 
in tokamaks is briefly reviewed, with an emphasis on hydrogen plasmas. 
Problems amenable to experimental investigation are indicated, and it is 
shown that ISX will be a flexible and very useful device for resolving 
many of them. The plasma parameters and the research plan for ISX are 
also presented. In Chapter 3 the experimental device is described and 
the major engineering features are pointed out. The four chapters that 
follow give the details of the anticipated design; the construction sched-
ule and costs; siting;, environmental, safety and health considerations; 
and program management. The details of the engineering design are given 
in the first appendix. Additional appendices discuss the diagnostic de-
velopment effort that should accompany ISX, a proposed impurity pumping 
experiment and possible future experiments in ISX. 
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2. PHYSICS AND TECHNOLOGICAL GOALS 

2.1 The Impurity Problem in Tokamaks 

The importance of impurity control in future tokamak systems and the 
limitations imposed on plasma operation by impurities are recognized in 
general. However, the detailed behavior of impurities, including their 
origins and their transport properties in a plasma, is not well under-
stood. The development of effective impurity control techniques requires 
a knowledge of the impurity-plasma and plasma-wall interactions. 

Any study of the role of impurities will have to consider two basic 
problems. First, there is the problem of determining the source of im-
purities and the physical processes that govern the influx of impurities 
from the boundaries of the vacuum chamber. Second, it is necessary to 
study the physical phenomena affecting the transport of impurities into 
or out of the plasma's inner regions. The understanding of these pro-
cesses can lead to the development of methods to control impurities. 

Some impurities enter the plasma at the time of its formation, due to 
the interaction of the plasma with the limiter and the vacuum wall, through 
material evaporation and induced desorption of surface contaminants. As 
the discharge continues, sputtering due to high energy charge exchange 
neutrals becomes an additional source of impurity atoms. The ISX. plasina 
will not produce as high a flux of high energy neutrals as is anticipated 
in higher temperature tokamaks or in fusion reactors. However, evaporation 
and desorption will continue to be serious sources of impurities in the 
larger devices, and ISX results will be timely and relevant. 

T.t is well known that classical theory1'2 predicts that proton-impurity 
collisions produce a transport of impurities into the plasma leading eventu-

2 
ally to a highly peaked impurity distribution of the form Nz(r) « [N^Cr)] . 
Theoretical studies have shown that this impurity transport in a torus is 
enhanced in the banana,3plateau,5 and Pfirsch-Schliiter regimes.6'7'8'9 

The experimental data to date is not definitive10'11 and additional stu-
dies are urgently needed. In particular, measurements of impurity trans-
port are required. These can be accomplished by obtaining careful time 
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resolved radial profiles of test impurities in the ISX plasma. The outer 
portion of even reactor plasmas will be in the collisional regime (defined 
as the collisional mean free paths being short compared to RQq)• Since 
the entire ISX plasma is expected to be in the collisional regime, ISX 
data should help clarify the processes in that critical region through 
which impurities will be transported. 

2.2 Study of Impurity Sources 

A major goal of ISX will be to study the sources of the impurities 
caused by the plasma interaction with the wall and limiter and to discover 
means to reduce these sources. In particular, it is necessary to: 

(1) Clarify the mechanisms by which impurities are produced. 
(2) Study techniques of in situ cleaning of the wall and limiter. 
(3) Study the performance of various wall and limiter materials, 

both high-Z and low-Z, under comparable controlled conditions. 
(4) Perform initial tests on alternate wall structures such as the 

honeycomb wall that have been proposed for reducing impurity 
influx into the plasma. 

Essentially all plasma contamination in tokamaks originates from 
plasma-wall and plasma-limiter interactions. In long discharges, two pro-
cesses can be observed: an initial large impurity influx during the break-
down phase, followed in some experiments by a more gradual buildup of im-
purity concentration during the discharge. These two effects were clearly 
seen recently in Pulsator.12 

Much of this contamination is desorbed from the wall and limiter. It 
is probably not surprising that this situation exists since really clean 
surfaces are not possible except for short times at usual tokamak base 
pressures. This is evident in the work done on the contamination of the 
gold liner surfaces used in ORMAK13 and in the JFT-2A.1* Auger analysis 
has shown that upon exposure to the air, even an inert surface like gold 
rapidly becomes 30—80% covered with carbon and oxygen bearing impurities,13 

which can then be desorbed by the plasma. Similarly, it has been shown 
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that even the most careful handling leaves gold surfaces heavily contami-
nated. 141 Since gold is an especially inert material, one might expect 
even more severe problems on other surfaces. 

Since it is virtually impossible to avoid surface impurities in build-
ing and maintaining a tokamak, methods must be found to clean surfaces once 
they are in place. The classical method employed in obtaining high vacuums 
is to bake the walls at the highest practical temperature. ISX will initi-
ally be bakeable to 400°C. However, tests suggest that even 600°C is not 
enough to drive all hydrocarbons from a surface.13» 

Therefore, tokamaks usually also employ discharge cleaning, which con-
sists of rapid discharges in low pressure gases. The detailed wall chemis-
try leading to cleanup is not known, but it has been shown that some carbon 
Is removed.13 Rccent tests show that oxygen discharges are very efficient 
in the removal of carbon and hydrocarbons.13 Oxygen discharge cleaning was 
tried in ORMAK and led to an increase of more than 50% in plasma current, 
although the effect on if any, was not clear. Such cleaning techniques 
need to be tried on a number of liner materials under diagnosible conditions. 
It is also possible that the addition of RF heating during discharge clean-
ing15 could be used to produce more energetic ions and improve the effec-
tiveness of discharge cleaning. On the other hand, TFR operates success-
fully without discharge cleaning by extensive baking to 420°C.16 

An alternative method is to deposit a getter on the walls just before 
each discharge. Discharges with titanium gettering in ATC had only half 
the resistance anomaly factor of non-gettered discharges, and gas recycling 
was lower.17 

Thus, the sketchy evidence to date, is that surface preparation tech-
niques can have a substantial effect on tokamak impurities. Clearly, it 
would greatly advance the basic understanding of impurity adsorption, de-
sorption and evaporation if systematic studies involving different mate-
rials could be made where plasma impurity levels and surface contaminants 
were monitored simultaneously. Appearance potential spectrometry18 or 
Auger electron analysis would permit the measurement of surface contami-
nants before and after each shot. 
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Sputtering is another method by which impurities can be released from 
the walls. However, due to the low ion temperature, sputtering rates in 
ISX will be so low compared to those of reactor plasmas that only a pre-
liminary differentiation between various materials will be possible. Aug-
mentation of the sputtering rates in ISX by the addition of RF heating or 
neutral beams has been proposed. Such possibilities will be carefully 
considered. 

Beyond the scientific study of the impurity production process de-
scribed above are the dual technological questions of which materials are 
useful for walls and limiters and what structural configurations for im-
purity minimization are practical. Materials for limiter and liner use 
are usually categorized as "high Z" or "low Z." Some suggested low-Z ma-
terials have been silicon carbide,19 berylium, berylium oxide and carbon. 
High-Z materials include, stainless steel, tungsten, molybdenum, niobium, 
vanadium, titanium, and gold. The materials must be tested to withstand 
repeated baking and discharge cleaning cycles with their vacuum and struc-
tural properties essentially intact. Tests must be run to determine meth-
ods and feasibility of in situ surface cleaning for each material. Hydro-
gen recycling and hold-up on each material surface must be evaluated. 
Possible chemical reaction between the materials and the various gases in-
volved in tokamak operation and cleanup must be determined. The relative 
effects of the impurities released into the plasma by each material must 
be evaluated. 

Effects of various wall and limiter structures on plasma quality will 
face a similar program of tests. A honeycomb wall structure has been pro-
posed in the TTAP conceptual program20 as part of an effort to attack the 
sources of the impurities directly and to qualify specific materials and 
techniques for EPR use. Honeycomb walls show the promise for reducing 
sputtering rates of wall materials by a factor of 3 or more by simple geo-
metric effects. As noted above, the lower ion temperature in ISX produces 
relatively low sputtering rates which will prevent a definitive sputtering 
test of honeycomb walls. However, other properties of such a wall can be 
evaluated. The structural and. vacuum integrity of honeycomb wall can be 
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evaluated in the tokamak environment. The effects of the increased sur-
face area and possible cleanup problems of the honeycomb cells can also 
be evalmted. 

In order to examine these impurity source questions efficiently, a 
primary design objective of the device is the ability to change the liner 
and limiter rapidly. The proposed design is such that the entire vacuum 
system up to the pumps can be easily removed and a replacement inserted. 
Such a system will allow rapid comparative tests of materials and structures. 

2.3 Study of Impurity Transport 

2.3.1 Transport Processes 

Even with the best of walls, impurities will be produced. Therefore, 
the processes by which these impurities are transported into the hot cen-
tral plasma are highly important. Because of the present time and budge-
tary constraints, it is not possible to construct a machine that can pro-
duce plasmas which operate in the trapped-ion regime. The ISX plasma will 
be dominated by collisional effects. Thus, while a reactor-like plasma 
cannot be produced in the device, it will be possible to simulate the ex-
tremely important transport conditions that will be found at the outer 
edge of thermonuclear plasmas. Thus the study of impurities in a small 
device will be very useful in predicting the behavior of impurity influx 
in larger plasmas. 

A primary goal of ISX is to check the impurity transport in the col-
lisional regime. This will require the measurement of time resolved radial 
profiles resulting from the deliberate injection of a known quantity of a 
test impurity into a well-characterized toroidal plasma. Low Z materials 
would be preferred as test impurities, so that stripping processes will 
not complicate transport. This will require the development of new diag-
nostic techniques to detect light, fully stripped impurities. However, 
the experiment can be performed using medium Z impurities and conventional 
diagnostics. 
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2.3.?. Modification of Impurity Transport 

Several techniques have been proposed to control the impurity trans-
port near the outer regions of the plasma. For example, PDX21 and the D.C. 
Octopole22 will study the effect of poloidal divertors. Magnetic limiters 
have been proposed as a method of avoiding impurities at the time the dis-
charge is initiated.20'23 A study of magnetic limiters would require a 
special field-shaping coil system and strong differential pumping near the 
wall, but it will probably be feasible to implement magnetic limiters on 
ISX if desired. Gas blankets have been suggested and, recently, local in-
jection of hydrogen gas has been suggested as a technique to reverse the 
inward flow of impurities.2u 

The effect of poloidally asymmetric injection of hydrogen on impurity 
diffusion is treated mathematically in Appendix C.l. Briefly, in a torus 
each species has a flow pattern such that there is an upward or downward 
toroidal drift (depending on the toroidal field polarity) followed by a 
return flow along field lines. The toroidal drift is slower for impuri-
ties due to their higher Z. The return motion is affected by collisional 
friction between species. If the relative velocity of the hydrogen and 
impurity ions can be reversed by the injection of hydrogen, then the in-
ward flow of impurities may be reversed. The Effect is reversed by re-
versing the polarity of the toroidal field. Thus the experiment probably 
has a relatively straightforward "yes or no" answer. Calculations have 
been carried out to estimate the criteria necessary to study the process 
and it appears feasible in the device being proposed herein. Because of 
the simplicity of the method and che minimal requirements on machine de-
sign, a study of Che effect of the hydrogen flow technique will be the 
first major experiment in iSX. 

2.A ISK Plasma Parameters 

As outlined above, it i* vital that the tsacMne beinft proposed herein 

operation by late in order to provide input into the difficult 

<tue«tc£cm$ concerning she role iapuri i. lew in toUassafcs- It in alfio nece*-

rfary that the metoiwa be f W s l b i e that it c m be oassilv nodlfiud co test 
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new ideas for impurity control. In fact, one of the important objectives 
during the design and construction period is to continue the development 
of ideas and techniques which could be tested in the device. These cri-
teria suggest a moderate size tokamak comparable to currently operating 
machines. 

2.4.1 Basic Plasma Parameters 
The plasmas produced by standard, ohmically heated tokamaks have been 

studied independently by many laboratories and can now be considered repro-
ducible and predictable. One of the most predictable features of the sta-
ble discharge is 0.2 ^ 3 ^ 0.4 for q^ > 3, where 

= a B /RB (a) = 27raa BT/|iRI (2.1) T p T o p 

w h i l e 

n(T + T.) e x 
3 p B 2 ( a ) / 2 y ( 2 , 2 ) 

is the ratio of the average plasma pressure to the poloidal magnetic ener-
gy density at the limiter.25 Temperature and density will then tend to 
adjust themselves near the appropriate = 0.3 line in - Tg space. 
Lines of (5̂  = 0.3 are drawn in Fig. 2.1 for current values from 30 kA to 
100 kA for the proposed experimental device, and these define in part the 
range of parameters over which the machine can operate. 

2.4.2 Low Density Limit 

In order to perform a relevant study of impurity transport in the 
plasma, it will be necessary to avoid introducing any additional turbu-
lence in the plasma beyond that which is always present in normal MHD-
stable tokamaks. Therefore, this experiment should be operable at densi-
ties above the onset limits for the ion-acoustic and ion cyclotron 
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Fig. 2.1. Operating curves of ISX at 3 = 0-3, B = 20 kG for various 

plasma currents, n and T are on-axis electron density r eo eo 
and temperature respectively. The ion acoustic-ion cyclotron 
and impurity diffusion limits discussed in the text are drawn. 

Typical operative points of similar-sized tokamaks are shown. 
o = ORMAK: I P = 90 kA, B T = 18 kG, = 6.3, t = 48 ms 

o = ORMAK: I P = 60 kA, B T = 18 kG, qs. = 10, t = 48 ms 

A E T-3: I = P 60 kA, Bt = 17 kG 

V = T-3: I = P 80 kA, Bt = 17 kG 

0 = T-3: I = P 40 kA, Bt = 17 kG 

• = ST: I -P 50 kA, Bt = 37 kG, t = 15 ms, a = 14 cm 
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instabilities, which for a parabolic current density distribution, are 
given approximately by25'27»28 

eo 
21 

fia eC i 
( 2 . 3 ) 

where Ci ~ 0.12 for T /T.̂  = 4 in hydrogen. By including Eq. (2.2) and 

the rough constancy of the combined condition can be reduced to 

n > 4.5 X 1012 cm"3 to avoid ion acoustic turbulence. This will not eo 
be a severe limitation. 

2.4.3 Impurity Transport Rate 

Impurity transport can be quite slow, and it is necessary to ensure 
that the neoclassical impurity diffusion time is much shorter than the 
duration of the discharge in order to observe an equilibrium impurity 
distribution. The Pfirsch-Schluter impurity diffusion time, as derived 
in Appendix C.2, is given by 

= 1.7 X 101 
a2B2 TI 

n i Z l q 
(sec) (2.4) 

where a is in (m), B in (T) , in (keV) and n̂ ^ i.3 in (cm-3). Using 

B,j./qa a a nT^ and neglecting the weak dependences of the ion tempera-
ture,25 T. iW'l it follows that r, ® T /ZT. A low Z impurity 

i p I e I 
Likely to be ot* interest is carbon, which becomes fully stripped for 
T - 150 eV in equilibrium.39 Requiring < 50 msec for _> 6 gives 
the vertical curve labeled "?..rT > 0.3 sec" at T = 750 eV in Fig. 2.1, I I eo ° 
which may limit the permissible operating temperature for some experiments. 
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Higher temperatures would be permissible when studying other impurities, 
or if the impurities arrive at an equilibrium distribution sooner than 
expected classically. These restrictions are all compatible with normal 
tokamak operation. 

Consequently, it appears that the proposed ISX device will be capable 
of producing a plasma suitable for the planned impurity diffusion and im-
purity control experiments without any serious limitations. 

2.5 ISX Research Program Plan 

2.5.1 Scope 

The ISX Research Program will be dedicated to answering the questions 
of impurity sources, transport and control raised in the first two sections 
of this chapter. The quality and interpretation of the ISX experiments 
will depend to a large extent on parallel efforts in impurity modeling, 
code development, and diagnostic development. The ISX Research Program 
is outlined in the following paragraphs in approximately chronological 
order with respect to the date of initiation of its major components. A 
detailed experimental plan and priorities will be laid out jointly by ORNL 
and GAC. 

Development of diagnostics for more complete and accurate measurement 
of impurity related properties will be an important component of the ISX 
program. Certain existing techniques used in surface studies, such as ap-
pearance potential spectroscopy, secondary ion mass spectroscopy, Auger 
electron spectroscopy and ellipsometry, can be adapted to a tokamak en-
vironment and will be essential to obtaining an adequate understanding of 
the origin of the impurities. New methods of tracking partially or fully 
stripped impurity species in a plasma, such as optical resonance scattering 
and particle elastic scatcering techniques, will supplement and add to data 
obtained by conventional spectroscopic techniques. Additional details of 
these and other new diagnostic ideas are given in Appendix B. Appearance 
potential spectroscopy will have been tested on ORMAK. An optical reso-
nance scattering system will be developed at GAC and installod on ISX. 
After startup it will be used in the impurity flow reversal and boundary 
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layer studies. It is expected that an elastic scattering diagnostic will 
be developed at GAC and installed on ISX during FY-1978 so that it can make 
valuable contributions to the impurity transport investigations. Because 
of the lead time associated with diagnostic development, it is important 
that development effort begin in FY-1976. 

Modeling and code development must also begin during FY—1976, in order 
to predict expected results from the experiments and to interpret the ex-
perimental data. The objective is to utilize a toroidal equilibrium and 
transport code which includes impurity ionization and diffusion. This will 
be coupled to boundary layer routines which include major limiter-wall-plasma 
edge effects. 

2.5.2 Experimental Program Plan 

Major ISX program objectives and starting dates are given in Table 2.1. 

Table 2.1 

ISX Program Objective Date 

Begin start-up experiments 
Begin impurity flow reversal experiment 
Begin wall and boundary studies 
Begin impurity transport studies 

(Run concurrently with wall and boundary studies) 
Advanced materials studies 

January 1977 
March 1977 
August 1977 
March 1978 

December 1978 



1 "7 

START-UP EXPERIMENT 
The initial start-up procedures beginning in January 1977 will study 

surface cleanup techniques with a standard stainless steel liner. This 
will yield timely information useful for all tokamak experiments, by es-
tablishing which is the most effective cleanup procedure for routine use 
in ISX. Impurity levels in a standard discharge will be monitored as func-
tions of bakeout time and temperature; of discharge cleaning power input, 
duty cycle, duration and the gases used during discharge cleaning; and 
possibly gettering. Appearance potential spectroscopy will be used to moni-
tor the impurities on the wall, and an attempt will be made to correlate 
these with the impurity levels observed in the plasma. 
IMPURITY FLOW REVERSAL EXPERIMENT 

The hydrogen-induced impurity flow reversal proposed in Sect. 2.2 of 
this chapter and Appendix C is a technique that potentially could signifi-
cantly affect the tokamak impurity control problem. A test of this tech-
nique will be the first major experiment to be performed on ISX. The ini-
tial task will be to determine the existence or non-existence of the pre-
dicted effect. This should be relatively easy to check using a deliberately 
introduced impurity, such as neon, and observing the intensity of a selected 
Ne line near the center of the plasma as a function of both the hydrogen gas 
injection rate and the magnetic field direction. If the effect is indeed 
present, it will be compared against the quantitative predictions of the 
theoretical model. 
WALL AND BOUNDARY STUDIES 

After the flow reversal study, the ISX experimental program will con-
centrate on wall, limiter, materials, and boundary layer studies. It will 
first be necessary to correlate and characterize impurities in the plasma 
with surface contamination for a standard stainless steel liner and molyb-
denum or tungsten liroiter configuration. Then limiter surface evaporation 
will be studied and the relative contributions of limiters and walls to 
plasma impurities will be determined. The type and spectra of photons, 
neutral particles and charged particles bombarding the walls will be meas-
ured for standard discharges, and an attempt will be made to understand 
the mechanisms of energy transport from the plasma to the wall. Surface 
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chemistry, surface reflection of neutrals and gas recycling will be stud-
ied. The goal of these studies is to develop a detailed understanding of 
the wall-boundary layer-plasma interaction. The surface studies will uti-
lize the surface diagnostics already mentioned, and will require the infor-
mation obtained from laboratory surface studies and other tests undur con-
trolled conditions. The optical resonance scattering diagnostic will be 
used to track Fe, Cr, Mo, and W in the boundary region. Pyrometers, bo-
lometers, thermocouples, energy analyzers, momentum (pressure) transducers 
and specially developed ionization gages will all be used to study the bom-
barding and reflected particle species. These wall and boundary experi-
ments will be performed mostly in FY-1978. It will also be possible to do 
limited testing of different limiter materials during this period. 
IMPURITY TRANSPORT STUDIES 

The next goal of the experimental program is to study the transport 
of impurities in the ISX plasna, including correlations with MHD activity. 
Spectroscopic methods can be used for low and medium-Z impurities, for 
which the rate coefficients are fairly well known, e.g., Refs. 30—33. 
Interpretation of the data requires a comparison with calculations obtained 
from a transient code that includes impurity excitation, ionization and 
recombination, as well as several possible diffusion models.3'' Figures 2.2 
through 2.6 show some examples of relative impurity concentrations, based 
on the work of Jordan,35,36 calculated for typical ISX parameters with an 
electron temperature on axis of 750 eV. Table 2.2 gives the wavelengths 
of some lines that should be useful. Presently available basic atomic data 
for high-Z ions is inadequate, although there is active research in this 
field. However, even if the data were available, unfolding the impurity 
transport from ionization data is a complex problem. Impurity diffusion 
can be studied spectroscopically most easily by methods in which a known 
amount of foreign impurity, such as Ne is puffed into the discharge cham-
ber. Very low-Z impurities, such as helium or lithium, which will be 
stripped in the outer regions of the plasma would eliminate the ionization 
processes and make the diffusion study much easier. However, fully stripped 
ions can not be observed spectroscopically. Thus, the elastic scattering 
diagnostic, which is capable of detecting and resolving He+2 and Li+3, 
should make it possible to study the diffusion of low-Z impurities. 
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Fig. 2.2, The corona equilibrium for carbon in ISX consists of a shell 

of C V I whose spatial extent will be strongly modified by the 
actual Tg profile, and completely stripped carbon in the core. 
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Table 2.2 

Observable lines for the corona equilibria in Plfturcss 2.2—2.£ 

» 

Special -Mft?. 

Carbon VI 33.H 

Oxygen V U 21.602 
VUi 18.97 

Seon VIU 770.409 
IX 13.447 
X 12.134 

Silicon XII 44.165 
XIIt 110.96 
XIV 6.182 

Iron VI 292.74 
VIII 168.18 
X 174.58 
XII 69.6 
XIV 59.579 
XVI 171.66 
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DESCRIPTION* OF THE DESIGN 

A design chat meets the physics goals outlined in Chapter 2 has been 
developed in sufficient detail to establish engineering feasibility and 
costs. The prine objective of the design was to provide for maximum flexi-
bility of operation, which was defined as easy access to the plasma and to 
ail vital machine parts, a maximum amount of space tor future changes in 
wall and limiter configurations, and rapid, easy assembly and disassembly 
operations. Proven technologies were preferred at all times to minimize 
the cost and delay associated with technological development. It was also 
stipulated that 1SX should share the TF, OH, and VF power supplies used by 
ORMAK through transfer switches, to reduce the costs further. Table 3.1 
summarizes the principal dimensions and parameters of the design. 

To obtain the desired space and flexible access, ISX will be built 
without the usual conducting shell. Plasma equilibrium will be maintained 
by means of an externally generated vertical field. As seen from Figs. 3.1 
and 3.2, the vertical field and ohmic heating coils are placed so as not to 
hinder full-scan vertical access, and to allow for 20-cm high L^dial access 
apertures. The 72 toroidal field coils are grouped into 24 sets of three 
turns each in order to provide large radial access apertures and a 5-cm 
wide space at the inner limiter. 

Assembly and disassembly are facilitated by making the plasma and 
vacuum tun k systems independent of the structural and magnetic field sys-
tems. For disassembly the upper part of the OH transformer simply lifts 
off. The upper sections of the picture frame toroidal field coils can be 
removed by unbolting at the indicated finger and half-lap joint®. The up-
per half of the outer vertical field and ohmic heating coil assembly can 
then be removed as a unit. This enables the vacuum tank and its contents 
to be lifted clear, even with radial penetrations attached. The procedure 
is reversed for reassembly. 

ISX will be built initially with a dual vacuum system, consisting of 
a fiberglass-epoxy pressure resistant tank and a thin, bakeable welded 
metal inner chamber or liner. Baking will be by induction heating, and 
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Table 3.1. Projected ISX Dimensions and Parameters 

Plasma 
Cross section 
Major radius (nominal) 
Minor radius (nominal) 
Centerline field 
Plasma current (max) 
Safety factor at limiter (100 kA) 

Toroidal Field System 
Magnetic field at plasma axis 
Repetition rate 
Flat top length 
Current (max) 
Number of turns 
Number of turns per coil 
Ampere turns 
Maximum driving voltage 
Inductance 
Resistance 
Flattop power 
Energy per pulse 
Coil shape 
Conductor material 
Maximum temperature rise per pulse 
Coolant 
Vertical aperture 
Radial aperture 
Conductor cross section 
''urrent density 
conductor weight 

Circular 
77 cm 
15 cm 
20 kG 
100 kA 
3.0 

20 kG 
1 per minute 
400 ms 
100 kA 
72 
3 
7.7 x 106 

1000 V 
1.6 mH 
2.6 mfi 
30 MW 
24 MJ 
Rectangular 
Copper 
12°C 
Water 
105 cm 
70 cm 
2.5 cm x 10 cm 
4000 A/cm2 

6 x 103 kg 
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Table 3.1. (continued) 

Transformer Core and Yoke 
Material 
Lamination thickness 
Core radius 
Flux change 
Weight of core and yoke 

Ohmic Heading System 
Coil material 
Current 
Turns ratio 
Driving voltage 

Conductor area 
Temperature rise per pulse 
Cooling 

Vertical Field System 
Coil material 
Maximum current 
Total turns 
Driving voltage 
Cooling 

Vacuum Pumping 
Primary 

Type 

Number 
Design base pressure 

Secondary 
Type 

A1S1 1010 carbon steel 
20 gage 
29 cm 
0.9 volt-sec 
2.3 x 10'' kg 

Copper 
17 kA 
6:1 
400 V initial; 
50 V flattop 
10 cm3 

0.5°C 
Air, natural con-
vection 

Copper 
20 kA 
8 
20 V 
Air, natural con-
vection 

500 11 sec turbo-
molecular pumps 
2 
3 x 10~9 torr 

6-in. oil diffusion 
pump 



31 

Table 3.1 (continued) 

Vacuum Pumping (con't) 
Number 
Design base pressure 

Primary Vacuum Vessel 

Type construction 
Material 

Cross section 
Wall thickness 
Baking temperature 

L i m i t e r 

Inside wall 
Outside wall 
Upper 
Lower*2 

Secondary Vacuum Vessel 
Type construction 
Cross section 
Wall thickness 
Thermal protection 

2 

2 x 10~6 torr 

All welded 
Austenitic stainless 
steel 
40 cm x 50 cm 
0.5 ram 
400°C 

Fixed bar 
Fixed bar 
Fixed bar 
Movable toroidal 
ring 

Fiberglass/epoxy 
58 cm x 78 cm 
3.2 cm 
Water-cooled stainless 
steel panels attached 
to inner surfaces 

^Included as part of impurity flow reversal experiment. 



Fig. 3.1. ISX - Profile View 
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Fig. 3.2. ISX - Plan View 



provision is made for discharge cleaning. Heat is removed by a water-
cooled stainless steel panel cold wall attached to the inside surfaces 
of the fiberglass tank. These panels are designed so that holes can simply 
be cut out for new ports without rerouting water tubes- The relative inde-
pendence of the vacuum tank from other components will allow the substitu-
tion of a single, all metal, bellows type vacuum chamber if experimental 
needs require it. It is anticipated that a number of vacuum tanks and 
chambers will be constructed during the life of ISX for different purposes. 
When changing chambers, the new unit will first be assembled and leak-
checked on a vacuum test stand. Then it will be lowered into ISX as a 
unit, thus minimizing machine down time. 

ISX will be installed in the area previously occupied by the IMP and 
Interem experiments. The toroidal field power supply will be controlled 
by the ORMAK computer already dedicated to this function. However, ISX 
will have its own data acquisition and system coordination computers and 
equipment. Existing computers at ORNL will be used for data analysis. 



4. ISTRUCTTON SCHEDULE 

Figure 4-1 ir. a PERI schedule for the design., fabrication and 
assembly of the ISX. A preliminary proposal and directive request will 
be submitted to ERDA-ORO for approval in March, 1975. Based on approval 
of this request by April 1, 19/5, the ISX will be operational by December 1, 
1976. The schedule is based on the receipt of monies as specified in 
Chapter 5. 

Engineering drawing and procurement specifications will be prepared 
by the UCCND Engineering Organization. Where possible, components will be 
procured from industry; however, the fabrication facilities within the 
ERDA-ORO complex will be utilized as required to meet the objectives of 
design, cost, and schedule. Installation will be accomplished utilizing 
a cost-plus-fixed-fee contractor. Final connection and checkout will be 
by UCCND maintenance, engineering, and operating personnel. 

The ISX is to be installed in Building 9201-2 in close proximity to 
the existing ORMAK. Required site work and the interfacing with the 
present operating ORMAK must be considered in evaluating this proposal. 
The schedule as shown assumes that the site is available when needed and 
interconnections can be made at the times shown. 
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5. ESTIMATED COSTS 

5.1 Machine Construction Costs 

The ISX design was developed in sufficient detail so as to be able 
to include every identifiable item in a cost estimate. These estimates 
were based on detailed analysis of the proposed design and include pro-
curement, fabrication, assembly, and engineering. The estimates were made 
by an interdisciplinary team from the UCCND Estimating Engineering organi-
zation by standard procedures using drawings and bills-of-materials for 
basic machine elements produced by UCCND and ORNL engineers and specialists. 
Account was taken of existing equipment that can presently be identified 
as either "spare" or "shareable" and that can be utilized for ISX. Because 
of the uncertainties contained in the cost estimation and because the esti-
mates were based on a design that is preliminary in nature, it is necessary 
to include a 30-percent contingency allowance. The total estimated cost 
is $2.24 million. A breakdown of the estimated cost by subsystem and by 
fiscal year is given in Table 5.1. 

5.2 Associated Costs for Equipping ISX Facility 

The costs listed in Table 5.1 do not include the associated costs 
for support of the scientific and operating staff and other costs of test-
ing and experimental operation. Furthermore, although all parts of the 
construction of ISX were considered in the cost estimation process, not 
all are reflected in the costs in Table 5.1 because, in keeping with prac-
tices in other CTR projects, it has been assumed that some equipment will 
be provided as part of the costs of experimental operation while other 
items that will have been procured in the normal course of already existent 
programs will be available for exclusive or shared use by ISX. Equipment 
provided from operating funds conventionally includes a large part of the 
plasma diagnostics. The costs of such additional equipment and staff that 
must be procured for ISX at GAC and ORNL is listed in Table 5-2 by fiscal 
year. Total and incremental scientific and operating personnel are also 
listed in Table 5-3. 



Table 5.1 Construction Expenses by Fiscal Years 
(Thousands of dollars) 

Description Total FY-75 FY-76 FY-76A FY-7 7 

Liner 40 0 40 0 0 
Secondary Vacuum 93 0 93 0 0 
Cold Wall 10 0 10 0 0 
Vacuum System 42 0 35 7 0 
Toroidal Field Coils 134 0 134 0 0 
Other Coils 32 0 32 0 0 
Iron Core 116 0 116 0 0 
Support Structure & Piping 39 0 34 5 0 
Electrical Systems 187 0 150 37 0 
Instruments & Controls 73 0 63 10 0 
Diagnostics 35 0 35 0 0 
Data Handling Modifications 6 0 3 3 0 
Assembly 191 0 0 125 66 
Engineering 610 60 464 49 37 
Contingency 480 18 361 70 31 

Total Operating 2088 78 1570 306 134 

Capital Equipment Costs 117 0 117 0 0 
Contingency 35 0 35 0 0 

Total Capital 
Equipment 152 0 152 0 0 

aEscal.ated dollars. 
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Table 5.2. Expenses Other than Device Fabrication 
by Fiscal Year for GAC and ORNL 

(Thousands of dollars)12 

FY-76 FY-76A FY-77 FY-78 FY-79 

Normal Operations 850 375 2500 3000 3000 
Capital Equipment 370 70 300 300 300 

aJanuary-1975 dollars. 

Table 5.3. Manpower Requirements by Fiscal Year 
for GAC and ORNL 

FY-76 FY-76A FY-77 FY-78 FY-79 

Manyears 6(l-l/2)a 10(4)* 18(8)a 21(3)a 21 

"^Denotes incremental manyears. 
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6. SITING, ENVIRONMENTAL, SAFETY, FIRE AND HEALTH CONSIDERATIONS 

6.1 Site 

The site planned for ISX is Building 9201-2, a concrete and masonry 
building in the southeastern part of the Oak Ridge Y-12 plant. It is lo-
cated next to the ORMAK experiment in the area previously occupied by the 
IMP and Interem experiments. ISX will use the existing IMP control room. 
,\s shown in Fig. 6.1, the location for ISX is in a high crane bay. 

6.2 Environmental Assessment 

The ISX facility will impact the environment primarily through its 
requirements for electrical power generation and distribution and the dis-
charge of waste heat at the site. Construction and operation of ISX will 
not have a significant impact on supplies of any material. Being located 
within a large plant inside an existing building and constituting only a 
very small fraction of the plant's activities, ISX has little other en-
vironmental impact. Benefits to the nation's fusion power program are 
very large compared to the environmental costs. 

6.2.1 Description 

6.2.1.1 Facility. General descriptions of ISX and its site are 
given in Chapter 3 and 6.1. Features germane to the .assessment of en-
vironmental impact are as follows. 

There will be no visual impact. The tokamak device itself and most 
of the supporting systems are located within a large existing building. 
Existing cooling towers and power supplies located near the building will 
also be screened from public view by intervening, existing structures. 

In the recommended design, approximately 6 tons of copper, and 3.5 
tons of ASTM-M5 steel will be employed. Practically all of these materials 
will be recoverable at the conclusion of several years of operation. No 
other mdtcrict 1 of strategic importance will be used. 
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6.2.1.2 Anticipated Benefits 

Tha ISX facility is conceived as a vital step toward practical, use-
ful tokamak power reactors. Its basic purpose is to further understand-
ing of tokamak plasmas similar in some important regards to those ex-
pected to be encountered in fusion power reactors.1 The primary thrust 
in this regard will be toward elucidation and possible solution of the 
problems of plasma impurities. Of comparable importance is the antici-
pated contribution to the development of certain diagnostics essential 
to tokamak power reactors. Particular goals of ISX and anticipated bene-
fits to the ERDA-DCTR's program for the development of fusion power are 
detailed in Chapter 2. 

The timing of the projected facility is integrated within an overall 
program plan2 that is designed to achieve useful fusion power in the 1990's. 
A specific role of ISX is to provide physics and technology input for the 
design and construction of what is expected to be the first magnetically 
confined fusion device to produce electric power: the 20-50 MW(e) Experi-
mental Power Reactor (EPR-1), a large tokamak which is tentatively sched-
uled to begin operation around 1985. 

Impurity effects are recognized as a crucial and uncertain area of 
tokamak physics. The ISX concept includes some features not found in any 
other existing or proposed tokamak that should lead to improved under-
standing and control of impurity effects. These include an exceptionally 
high-vacuum, bakeable system with quickly replaceable liner of unique de-
sign, and long pulse capability. 

We believe that a thorough evaluation of ISX based on the foregoing 
considerations will support the conclusion that the results of ISX opera-
tion will be of great benefit in the timely, orderly development of fusion 
power in the U.S. The underlying reason for pursuing fusion power is the 
desire to provide to the public an economically and environmentally at-
tractive alternate electric power source in the nearest possible future. 
At this time magnetic confinement of fusion plasma, in particular the 
tokamak scheme of magnetic confinement, is the most promising route to 
attainment of the goal at the earliest time. The ISX project is, there-
fore, a necessary part of the overall research and development program 
leading to successful commercialization of fusion power. 
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6.2.1.3 Characterization of Existing Environment 

The site is within the Oak Ridge Y-12 Plant, which is located within 
the corporate limits of the City of Oak Ridge. The Y-12 Plant occupies a 
500-acre tract lying in the valley between Pine Ridge and Chestnut Ridge, 
which rise 200 to 300 ft above the valley floor. A road open to the public 
runs along the valley, skirting the north edge of the plant. The building 
housing ISX is near the south edge of the plant. A small stream, the East 
Fork of Poplar Creek, which originates about two miles west of the ISX 
site, flows eastwardly through a riprapped channel about 40 ft south of 
the building. The ridges and the valley outside the plant are government 
property (part of the 37,000 acres still owned by the ERDA in the Oak 
Ridge area). The environs of the Y-12 Plant are generally wooded and 
are unused (except for ERDA-controlled forestry). The nearest residence 
is about 1-1/2 miles from the site, across Pine ridge; high-density popu-
lation of the city of Oak Ridge begins about 2 miles away in the same 
direction. 

The site lies in a seismic area classified by the Uniform Building 
Code as "Zone 2 — Moderate Damage." Seismic activity in East Tennessee 
has been mild to moderate, with 11 earthquakes of V and VI intensity on 
the modified Mercalli scale in the last 100 years. One quake with in-
tensities of VII occurred in the Knoxville area in 1913. 

6.2.2 Evaluation of the Environmental Impact 

6.2.2.1 Adverse Effects Which Cannot be Avoided 
The possible adverse environmental impacts of the proposed project 

include the following areas: requirements for electric power, heat dis-
sipation, and disposal of sanitary wastes. 

The proposed project will require a peak of about 24 MW of power for 
a few tenths of a second. Annual consumption will amount to less than 106 

kWh. No additional power generating capacity will be required to product? 
this power. Since the peak power to the project will be interruptable, 
the project will have no significant effect on power generating reserves 
in the area. 
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The amount of heat to be dissipated from the proposed project during 
the day is roughly equivalent to a 0.4-MW steady state load. The heat load 
corresponds to an evaporation rate of about 1300 lb/hr of water. Fogging 
effects from the evaporation of 1300 lb/hr are not expected to be signifi-
cant . 

The ISX staff will comprise about 15 people. Thus the presence of 
this facility will have negligible effects on the sewage output from the 
Y-12 Plant (which has a working population of 6,100). 

6.2.3 Known or Potential Conflicts with State or Local Programs 

No conflict with any state or local program is foreseen. 

6.3 Safety 

6.3.1 Safety Programs 

Activities at the ISX site (Building 9201-2, Y-12 Plant) will come 
under the safety programs of the Y-12 Plant and the ORNL Thermonuclear 
Division. 

"It is the policy of the Y-12 Plant to establish an ef-
fective accident prevention program and to maintain the 
necessary staff, service, and advisory groups to assist 
line supervision who are responsible for the safety of 
employees and equipment. Whenever our safety objective 
conflicts with other objectives, safety shall be our 
first consideration." 

Program management is implemented by the Plant Superintendent through 
monthly meetings of a Central Safety Committee consisting of plant and di-
vision superintendents. Safety committees at 4 levels meet regularly to 
assist in instruction of personnel and analysis of safety problems. A 
Safety Department is responsible for formulation and direction of the pro-
gram, analysis, auditing and evaluations, and recommendations to line 
supervision. A Radiation Safety Department, responsible for all personnel 
and environmental monitoring, provides technical assistance to line super-
vision. 

The Thermonuclear Division of ORNL, being located in the Y-12 area, 
comes under the Y-12 safety program, through a permanent, qualified 
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Division Safety Officer who provides liaison and insures compliance. The 
Thermonuclear Division safety program implements the Y-12 program with pro-
cedures specific to CTR experiments. 

6.3.2 ERDA Requirements 

All phases of the project will be done in accordance with AECM 0550, 
"Operational Safety Standards." 

6.3.3 Industrial Safety 

Equipment will be fitted with safety devices and protective guards to 
prevent operator injury. Electrical work, piping, and pressure vessels 
will conform with applicable codes and standards. (Thirteen standards 
applicable to design and installation of electrical systems are specified 
in Carbide General Design Criteria Y-EF-538.) 

Hazards associated with the laser systems will be controlled by ap-
propriate precautions in design and operation, including warning and inter-
lock systems and limitation of personnel access (per Sect. 1.8, ORNL Safety 
Manual). 

Operations involving liquid nitrogen will utilize procedures, protec-
tive clothing, and equipment called for in handling cryogenic liquids. 
Hydrogen will be handled in a manner consistent with established procedures 
to control flammability hazards. 

6.3.4 Radiological Safety 

The radiological hazards associated with ISX will consist primarily 
of the emission of X-rays during each plasma discharge. In addition, during 
possible experiments involving deuterium there will be some emission of 
neutrons from the plasma during shots. Local shielding and exclusion areas 
will be provided to insure that personnel do not receive exposures to pene-
trating radiation in excess of current ERDA regulations during operation or 
maintenance. There are no plans to use tritium in ISX and no provision has 
been made in the design for its handling. 

6.3.5 Seismic Considerations 

Tlie new portions of the facility will be designed in accordance with 
the seismic design criteria for ERDA facilities to prevent unacceptable 
hazards to persons or property. 



•4U 

6.4 Fire Protection 

Building 9201-2 is equipped with automatic sprinkler systems for pro-
tection of the building and equipment. Fire alarm boxes and sprinkler an-
nunciator alarms are connected through the Y-12 Plant fire alarm system to 
the fire and guard headquarters and to the plant emergency control center. 
The plant emergency control center is manned at all times. 

In addition to the fire alarm system, all fire doors and alarms associ-
ated with the water distribution system are monitored by the plant monitor-
ing system that provides information on exact location of an alarm and 
planned procedures in a matter of seconds. (The system is presently being 
computerized and expanded to include the fire alarm boxes and sprinkler an-
nunciator alarms for all ORNL-cccupied buildings in Y-12, including Bldg. 
9201-2. 

The Y-12 Plant Emergency Squad, consisting of 13 people, responds to 
all alarms with a pumper, a fully-equipped emergency truck, and an ambu-
lance. Another pumper and a C02 truck serve as backup. Other personnel 
and equipment from other Oak Ridge plants and the City of Oak Ridge respond 
to larger emergencies under mutual aid agreements. 

6.5 Medical Services 

Medical services for the ISX staff will be available from both the 
Y-12 Health Center and the ORNL Health Division. The latter provides peri-
odic examinations as well as consultation on health problems for ORNL staff 
members. The Y-12 Health Center has on-site availability and will provide 
treatment for illness or injury affecting an ISX employee while at work or 
that arises out of or in the course of his or her employment. In addition, 
the Y-12 Health Center is responsible for defining and maintaining a 
healthful work environment and is available for monitoring health hazards. 
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7. PROGRAM MANAGEMENT 

7.1 Administration 

The ISX project will be jointly managed by GAC and ORNL. Union Car-
bide Corporation Nuclear Division will be the sole contractor during the 
engineering and construction phases of the project. Design criteria will 
be developed with the understanding and acceptance of the Fusion Division 
of GAC and Thermonuclear Division of ORNL. Close consultation between the 
laboratories will be maintained throughout the engineering and construction 
stages. During the operational phase the general experimental plan with 
priorities will be laid out jointly with periodic updating by GAC and ORNL. 
The Thermonuclear Division of ORNL will be responsible for ensuring the 
readiness of ISX for the accomplishment of the experimental plan and for 
all maintenance. Individual experimentors will be responsible for the per-
formance of their own experiments. Final decision-making responsibility 
will rest with the Director of the Fusion Division at GAC and the Director 
of the Thermonuclear Division at ORNL. 

Each laboratory will operate its own base program to support its indi-
vidual experimental activities on ISX. Requests for operating funds and 
the capital funds needed for the ISX program and support activities will 
be made separately through the ORG and San Francisco ERDA offices by ORNL 
and GAC respectively. These requests will be coordinated in accordance 
with the program responsibilities and research participation agreed upon 
for each laboratory. 

In order to clarify obligations and responsibilities, and to satisfy 
ERDA requirements, UCCND and ORNL procedures and GAC corporate procedures, 
contracts will be drawn up and signed as required. A good precedent for 
cooperation between UCCND-ORNL GAC and the ERDA already exists in the de-
velopment of the High Temperature Gas Cooled Reactor (HTGR). 
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7.2 Method of Accomplishment 

7.2.1 Design and Construction ~ __ 

The design and construction of ISX will be accomplished using methods 
and procedures which are currently used by Union Carbide Corporation in 
the operation of the ERDA — Oak Ridge, Tennessee facilities. These meth-
ods and procedures, which were developed in cooperation of the ERDA-ORO, 
are compatible with ERDA-DCTR's major device fabrication procedures. 

A preliminary design and cost estimate has been made by UCCND Engi-
neering and will be documented in a Preliminary Proposal which will ac-
company the Request for Directive Authorization submission to ERDA-ORO. 
This directive will set the scope, cost, and schedule for the project. 
Any deviation from the directive will require a Directive Modification 
approved by ERDA-ORO. 

Design and construction responsibilities will be as follows. 

7.2.2 Union Carbide Corporation — Nuclear Division 

UCCND shall: (1) furnish architect-engineer services, including in-
spection, for the design and construction; (2) procure and/or fabricate 
special equipment; (3) provide maintenance support to the construction 
forces; and (4) install equipment which requires continued operation of 
existing systems. 

7.2.3 Cost Plus Fixed Fee Contractor 

Construction will be by a Cost Plus Fixed Fee contractor except as 
noted under UCCND's responsibilities. 
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APPENDIX A 

DESCRIPTION OF DESIGN 

The ISX physics and engineering effort has resulted in a conceptual 
design deemed suitable for detailed engineering design. The conceptual 
design was done in enough detail to: 

1) show that the physics program outlined can be met, 
2) determine if the design is feasible from the engineering point 

of view, and 
3) estimate the cost of building the experiment. 

This appendix points out many of the engineering features of the basic 
machine. 

A.l General Description 

ISX is a modest parameter tokamak having an iron core and no con-
ducting shell. It is to be located in BuilOing 9201-2 in the Y-12 area 
of the Oak Ridge National Laboratory, in close proximity to the ORMAK 
experiment in order to time-share the ORMAK toroidal field, ohmic heating, 
and vertical field power supplies. The machine is designed with water-
cooled copper coils for the toroidal field system. The design toroidal 
field strength is 20 kG at the center of the plasma. Plasma current, up 
to 100 kA, is induced by means of an iron core transformer with a six to 
one turns ratio. Plasma equilibrium is provided by a vertical magnetic 
field in a closed loop feedback system that utilizes plasma position sen-
sors. Vacuum is maintained within dual, concentric, differentially pumped 
toroidal vacuum chambers. The nominal values for the plasma major and 
minor radii are 77 cm and 15 cm respectively. A detailed listing of major 
component characteristics is presented as Table 3.1 in the main body of 
the text. The machine is shown in Figs. 3.1 and 3.2. 
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A.2 Liner, Limiter, and Secondary Vacuum Vessel 

Any plasma experiment intended for the study of impurities in the 
discharge must have excellent vacuum conditions in the discharge chamber. 
The goal for ISX is a base pressure in the range 10~8—10-9 torr. In order 
to maintain a high degree of flexibility to experiment with plasma walls 
of differing materials or construction (e.g., honeycomb walls), it is de-
sirable to minimize the engineering requirements and costs of the vacuum 
vessels. A dual coaxial vacuum system consisting of a thin metal liner 
inside a fiberglass/epoxy pressure-resisting vessel is thought tr h the 
lowest cost solution. However, a single, thin vessel with reinforcing 
sections is also being considered. A thin-walled liner eliminates the 
need for an insulating break and allows easy and inexpensive replacement. 

The liner is an all-welded, thin wall vessel. The resulting elimina-
tion of mechanical joints, except for appurtenances, renders the liner as 
leak-tight as possible. All parts use high-temperature metal seals. To 
minimize the release of impurity atoms from surfaces, the liner is bakeable 
to 400°C and appendages to 3p0°C. The initial liner planned for ISX is of 
0.5-mm-thick austenitic stainless steel with external stiffeners. Tungsten 
bar limiters are included at a single fixed azimuthal position on the inner, 
outer, and upper walls for protection of the liner. The plasma radius is 
determined by a moveable tungsten loop limiter supported from the bottom 
which is required for the impurity flow reversal experiment. 

The secondary vacuum vessel is made from nonconducting epoxy/fiberglass 
to avoid an electrical break and to allow rapid penetration of the vertical 
field produced by external coils. It is assembled from two concentric 
cylinders forming the inner and outer walls plus two annular pieces forming 
the top and bottom walls. Elastomer 0-ring seals are used at all secondary 
vacuum joints. The experience at GAC with the Doublet II-A G-10 epoxy/fiber-
glass secondary vacuum enclosure has been incorporated in the conceptual de-
sign. However, associated studies are being conducted to determine the opti-
mum composite matrix considering cost, mechanical strength and vacuum prop-
erties. 
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A water-cooled cold wall, assembled from commercial heat transfer 
panels, is attached to the inside surface of the secondary vacuum vessel 
to protect it during liner baking. These panels are of stainless steel 
and broken into several sections to minimize induced electrical currents. 
Demineralized water is used for cooling. 

Penetrations to the plasma region, for either diagnostics or vacuum 
pumping, are accomplished through ports located on the top, bottom, and 
outer vertical walls of the machine. Figure A.2.1 shows the proposed method 
of installation. The metal flange potted into the secondary tank is de-
signed to eliminate leakage along the laminations. Bakeable metal seals 
are required at all liner connections. The joint design allows all con-
nections to be made from outside the secondary vacuum tank after the liner 
is in position. Electrical breaks are included to isolate outside equip-
ment from the liner. 

A.3 Vacuum Pumping System 

To run successful impurity experiments, the plasma envelope must be 
a clean, bakeable vessel with an adequate pumping system. In addition 
it is desirable to have a flexible facility which can be modified as the 
experimental program dictates. 

Design criteria established for the machine vacuum system are as 
follows. 

1. The primary vacuum vessel must be made of thin (0.5 mm) stainless 
steel and be bakeable to 400°C. The base pressure is to be in the 10~9 

torr range. All penetrations are to be bakeable and must have metal gas-
kets. The entire liner should be easily removable. 

2. Pumping speed on the primary vessel shall be sufficient to reduce 
the pressure to 10~7 torr or lower between shots when the machine is oper-
ated every 3 minutes. 

3. The secondary vacuum vessel shall be fiberglass-epoxy v.ith elasto-
mer seals and be capable of a base pressure in the low 10~6 torr range. 
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4. A differential pressure system will be provided to protect the 
thin-walled liner during pumpdown or in the event of a sudden pressure rise 
in either the primary or secondary vessel. 

5. Both primary and secondary pumping systems will have at least two 
pumps, allowing the system to continue under vacuum at a higher pressure 
during pump maintenance or in the event of component failure. 

6. Provisions will be made to perform the impurity flow reversal ex-
periment in which a flow of 1019—lO20 molecules/sec of H 2 will be admitted 
after the plasma is established. Addition of a fast H2 pulse manifold and 
getter pumping will be required. 

The components of the proposed system are shown in Fig. A.3.1 and a 
summary of the system characteristics is given in Table A.3.1. 

Primary Vacuum System 
A survey of operating tokamaks shows that those machines having a 

bakeable (300—400°) stainless steel vacuum vessel have a typical overall 
outgassing rate of about 10-11 torr S./sec/cm2. Assuming that this rate 
can be achieved in the ISX liner, as described in App. A.2., calculations 
show that two 500 A/sec turbomolecular pumps with liquid nitrogen cold traps 
can produce an ultimate base pressure of approximately 3 x 10-9 torr. The 
system is conductance limited by the 15-cm dia x 65 cm-long tubes connect-
ing the pumps to the primary vessel. The sizing of these ducts is deter-
mined by the design of the toroidal field coils. A residual gas analyzer 
will provide continuous monitoring of both the amount and composition of 
the background gas. Provisions will be made in the primary vessel for the 
addition of pumping during the impurity flow reversal experiment. 

Secondary Vacuum System 
The secondary vacuum vessel as discussed in A.2 will be made of an 

epoxy/fiberglass laminate and utilize elastomer seals. Proper choice of 
materials should provide an outgassing rate of about 1 x 10~8 torr £/sec/cm2. 
Utilizing two liquid nitrogen trapped, 6-inch, high-speed oil diffusion pumps, 
it should be possible to attain a base pressure of about 2 x 10-6 torr. The 
primary limitation is the size of the pumping ports routed between the toro-
idal field coils. 
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For legend, see Table A.3.2. 



Table A.3.1 

Material 

Volume (£) 

Surface Area (m2) 

Outgassing Rate 
torr Si/sec 

Net pumping speed 
£/sec 

Base Press. Torr 

Baking Temperature 

Pumping System 2 

Primary System 

304L Stainless Steel 

970 

9 

9 x 10-7 

330 

3 x 10-9 

400°C 
— 500 l/sec turbomolecular pumps with 

LN2 traps. Backed by 17-cfm 
mechanical pumps. 

Secondary System 

Epoxy/Fiberglass 

1800 

12 

1.2 x 10"3 

700 

2 x 10"6 

Not bakeable 

2 — 6-in. oil diffusion pumps 
with LN2 cold traps backed 
by 17-cfm mechanical pumps. 



Table A.3.2. Vacuum Systems Component List 

ITEM REQ'D DESCRIPTION 

1 1 Primary Vacuum Vessel 
2 1 Secondary Vacuum Vessel 
3 4 Getter Pump 
4 2 Diffusion Pump 
5 4 Forepump 
6 1 Roughing Pump 
7 2 500 L/S Turbomolecular Pump 
8 2 Air Oper. Alum. Valve 
9 2 Air. Oper. S'STL Valve 

10 1 Bakeable S'STL Valve 
11 2 Air Oper. Alum. Valve 
12 1 Air Oper. Alum. Valve 
13 3 Lk Det. & Let Up Valve 
14 8 Piezoelectric H 2 Valve 
15 1 Differential Pressure Sensor 
16 - Foreline Oil Trap 
17 2 LN2 Cold Trap 
18 2 LN2 Cold Trap 
19 1 Rupture Disk 
20 6 Thermocouple Gauge 
21 3 Ion Gauge 
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Differential Pressure Control 
To protect the thin-walled primary vessel from both internal and ex-

ternal overpressure during roughdown or in the event of a vacuum accident 
in either vessel, it is necessary to provide a bypass between the two 
vessels. 

During pumpdown a 2-inch bakeable valve connects the two systems. 
This valve is also controlled by a Baratron differential pressure sensor 
set to operate at a few hundred microns for protection of the liner in 
non-catastrophic situations. This system is backed up by a rupture disc 
for situations where the valve is too slow. 

Roughing System 
The machine will be roughed down by means of a mechanical pump pro-

vided with a foreline trap to prevent migration of oil into the system 
during pumpdown. Both vessels will, of course, be roughed down simultane-
ously by means of the bypass valve. Roughdown to 10~2 torr should take 
about 15 minutes. 

A.4 Plasma Current Driving System and Vertical Field System 

The plasma current in ISX is driven by the ORMAK ohmic heating power 
supply through a 6:1 step down iron core transformer with 0.9 volt seconds 
of flux change. The primary and vertical field windings are located on 
and supported from two concentric insulating cylinders between the vacuum 
vessel and the toroidal field coils. This placement allows full radial 
access across the top and bottom of the vacuum tank. The upper half of 
the outer set of coils lifts out as a unit to enable the vacuum vessels 
to be removed without dismantling the radial vacuum penetrations. 

The coils are attached to the cylinders to facilitate rapid installa-
tion into the machine. Each turn is a continuous bar of copper conductor. 
The primary consists of two identical sets of six windings each, one above 
and one below the horizontal midplane. These two sets of windings will be 
connected in parallel to provide some vertical stability for the plasma by 
allowing the windings to act as a partial conducting shell. 
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The vertical field provides radial equilibrium and stability of the 
plasma current. The vertical field windings will be arranged on the same 
concentric cylinders as the ohmic heating primary windings. The windings 
will be arranged so that there is no net flux linkage of the iron core by 
the vertical field windings. The vertical field will be powered by the 
ORMAK transitorized vertical field supply. To assure radial plasma sta-
bility for long pulses, the vertical field system will be connected in a 
feedback control loop consisting of position sensors, amplifiers, and 
the power supply. Vertical plasma stability will be provided by a stronger 
than usual vertical field curvature, which is made possible by the radial 
feedback control. The final placement and number of the vertical field 
windings has not yet been determined. 

A.5 Toroidal Field System 

The toroidal field coil consists of seventy-two turns arranged in 
twenty-four sets of three turns each, which allows good radial and verti-
cal access to the plasma volume for diagnostics and pumping. The number 
of turns was chosen to produce a magnetic field of 20 kG at the plasma 
center line for a driving current of 107 kA, which will be supplied on a 
time-sharing basis by the new ORMAK toroidal field supply that will be 
installed in mid-1975. A key feature of the coil design is the removable 
top piece of each coil, which makes it possible simply to lower the vacuum 
vessels into place. The rectangular "picture frame" coil shape affords 
maximum volume within the coil aperture for future experimental needs. 

The bolted joints securing the removable coil pieces are quite simi-
lar to those on Doublet II-A. Finger joints, effected by a single bolt 
torqued to apply a minimum contact pressure of 1200 psi on each of nine 
contacting surfaces, are used on the inner legs because of limited space. 
These joints are placed at a zero bending point for uniform loading of the 
fingers. The center section of the iron core must be lifted out in order 
to reach the finger joint bolts. Half-lap joints are used on the outer 
legs, where more space is available. Each set of three lap joints is held 
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by eight insulated bolts that pass through all three joints. The three 
grouped coils are separated by heavily anodized aluminum plate spacers. 

The coil pieces are formed from 1-inch thick copper. The coil cross 
section at most places is 2.5 cm x 10 cm, which keeps the current density 
at or about 4 kA/cm2. Heating is then not a major problem. The fixed 
legs of the coil are cooled with deionized water. However, the removable 
top pieces can be cooled sufficiently simply by conduction through the 
copper to the cooled legs and by air convection. Thus the top pieces can 
be removed without breaking any water connections. 

Stress distributions in the coil have been calculated. A typical 
result is shown in Figure A.5.1. Extra material is added to the highly 
stressed corners. Coil centering forces are reacted in a non-conducting 
bucking ring. Structural rings, located both top and bottom, are used to 
fix and maintain the proper positioning and to react the relatively light 
circumferential loading caused by fringing magnetic fields from the verti-
cal field and transformer primary coils. 

A.6 Instrumentation, Controls, and Data Handling Systems 

A.6.1 Instruments and Controls 

The basic instrumentation for machine control is accomplished by the 
use of analog controllers and monitors mounted in standard nineteen-inch 
relay rack panels. Existing power supplies presently being used to power 
the ORMAK facility will be used to power the ISX facility. Provisions will 
be made for transferring control between the ORMAK control room and the ISX 
control room. 

A.6.1.1 Magnetic Fields and Ohmic Heating System Instrumentation and 
Controls. The vertical field system uses the ORMAK transistorized verti-
cal field power supply in a feedback control system. Plasma position and 
toroidal current magnitude will be sensed using field loops whose output 
will be integrated and utilized for changing the vertical field current 
such as to center the plasma within the liner. The toroidal field current 
will be provided by the ORMAK SCR controlled toroidal field supply. This 
supply is controlled and monitored by an existing PDP-11/10 computer. The 



Fig. A.5.1 Stress Contours — TF Coil 
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ohmic heating system will utilize the present ORMAK capacitor bank and 
transistorized power supply. The current will be controlled by a pre-
programmed pulse having variable ramp-up, hold, and ramp-down. All power 
supplies will be interlocked to overtemperature switches on their respec-
tive coil sets. In addition the toroidal field windings have six strain 
gages provided to monitor the strains generated in the coil set. 

A.6.1.2 Vacuum System Controls and Instrumentation. Two vacuum sys-
tems are utilized in the machine. These consist of one for tne evacuation 
of the primary tank and one for the secondary tank. In addition a common 
roughing system is utilized for initial pumpdown. An estimated total of 
nine thermocouple-type gage controllers will be used for monitoring low 
vacuum and for interlocking isolation valves. High vacuum monitoring and 
isolation will utilize an estimated total of four ion gage controllers. 
The vacuum of the liner and the secondary chamber will be recorded. A dif-
ferential pressure gage controller will be used for sensing the- differen-
tial pressure between the primary 'tank and the secondary tank. This con-
troller will be interlocked with an equalizing valve to prevent collapse 
of the liner. 

Provisions will be provided for baking the liner to as higir as 400°C. 
Control will be manual, utilizing a multi-tapped transformer for limiting 
the power input. An overtemperature interlock will be provided. Tempera-
ture of the secondary vacuum chamber will be monitored by temperature 
switches which will shut off the liner baking power if a preset tempera-
ture is exceeded. The liner temperature will be recorded. 

A.6.1.3 Miscellaneous Instrumentation. It is known that X-rays can 
be generated by the plasma. Two X-ray monitors will be adequate, one for 
soft X-rays and one for hard X-rays. 

To provide syncronization for the current pulses powering the machine 
and for the plasma diagnostics, digital delay timers are utilized. These 
timers have a delay range of from 0.00001 second to 0.99999 seconds. It 
is estimated that ten units will be required initially with room provided 
to expand to thirty units later. 



64 

A.6.2 Data Handling System 

The data handling system shown in Fig. A.6.1 will: 
1) provide a data link between the existing PDP-11/10 toroidal field 

control computer and the existing PDP-12 data coordinating com-
puter, 

2) provide data links between plasma diagnostic data acquisition 
equipment and the data coordinating computer, and 

3) provide data analysis and various outputs derived from experi-
mental data via existing interconnected facilities consisting 
at present of a PDP-11, PDP-15, PDP-10, displays, and hard copy 
output devices. 

The only part of the computer system necessary for basic machine opera-
tion is the PDP-11/10 toroidal field control computer. The rest of the sys-
tem is used for plasma diagnostics. Additional data computers will be re-
quired as the diagnostic system expands. 

Software revision will be required for the existing PDP-11/10 toroidal 
field control compu ir and the PDP-12 data coordinating computer. All 
other software required for system startup exists from previous experi-
ments. 

A.7 Conventional Diagnostics 

ISX will be equipped with most diagnostics found on present day toka-
maks, so that both the day-to-day operation of the machine can be ade-
quately monitored and the basic plasma parameters necessary for the theo-
retical description of impurity creation and transport can be measured. 
In addition, the few existing diagnostics which can provide information 
on impurities will be included. The development of new impurity diagnos-
tics is treated in Appendix B. The cost of development of new diagnostics 
is not contained in this proposal. 

Various engineering and plasma diagnostics are necessary to fulfill 
the experimental goals. The first category includes vacuum gauges, helium 
leak detector, current sensors, residual gas analyzer and numerous tempera-
ture sensors. The second includes one-turn voltage loops, Rogowski coil, 



65 

TO EXISTING POP 11/45 AND POP 10 
FOR DISPLAY a ANALYSIS RESPECTIVELY 

Fig. A.6.1. ISX Instrumentation and Data Handling System 
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vertical and horizontal displacement coil pairs, plasma diamagnetic loop, 
various magnetic pickup coils, hard X-ray detector, single path microwave 
interferometer, Thomson scattering apparatus, charge-exchange neutral spec-
trometer, and soft X-ray detectors and spectrometer. The X-ray measure-
ments will also yield impurity information. Other present-day impurity 
diagnostics to be included are the vacuum ultra-violet spectroscope, fast 
vacuum gauges, and wall and limiter thermocouples or bolometers. 

A major goal of the design of ISX has been ease of diagnostic access. 
This influenced the placement of the vertical field and ohmic heating coils, 
as well as the grouping of the toroidal field coils. As a result, complete 
radial scans across the minor diameter of the plasma can be made through 
vertical ports, which can be located between any of the 24 radial arms of 
the TF coil. Vertical scans of 10 cm above or below the midplane can be 
made through the radial ports. In addition, there is ample clearance 
between the TF coil groups for 5-cm by 20-cm tangential ports. 
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APPENDIX B 

DIAGNOSTIC DEVELOPMENT 

A primary goal of the ISX facility is to act as a development site 
for new plasma diagnostics, particularly new impurity diagnostics which 
will be needed for the most effective use of ISX. While the earliest de-
velopmental stages of any new diagnostic must certainly be on an off-line 
test stand, it is important that the later developmental stages be done 
in the actual working environment of an operational confinement device. 
If a diagnostic technique is to be a practical method, then it must prove 
its ability to perform in static and time varying magnetic fields, in elec-
trically noise environments, in relatively intense radiation fluxes, and 
in the temperature extremes encountered during the cleanup phases of opera-
tion. 

For a confinement device to serve as an efficient site for diagnostic 
development, a set of five criteria must be met. 

(1) Easy and complete access to the plasma must be provided. Clearly 
there must be an adequate number of good diagnostic sites so that more than 
one diagnostic may be tested at a time. This guarantees a sufficient amount 
of time for each diagnostic to complete its development program. Such sites 
must also provide sufficient access so that the diagnostic under development 
can observe the desired portion of the machine without undue restrictions. 

(2) Fast turnaround must be provided. Unexpected events are the rule 
during any developmental program. If required to let up to air for changes, 
the confinement device must have the ability to rapidly return to its normal 
operating conditions. To do this, efficient in situ cleaning methods are a 
necessity. 

(3) A known environment must be provided. A complete set of conven-
tional diagnostics is required to properly evaluate the performance of the 
diagnostic under development. 

(4) The confinement device must be able to produce a plasma similar 
to the plasma upon which the developmental diagnostics are ultimately to 
be used, since the working parameter range of most diagnostics is often 
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limited. For tokamak diagnostics this implies that the temperature and 
density must be similar to a tokamak discharge. This condition is most 
easily achieved with a tokamak. 

(5) The confinement device should be available for the development 
task. For an optimum development program, the confinement device must be 
able to devote a long series of discharges tailored to the needs of the 
diagnostic. 

The proposed design for ISX meets all of these criteria. Complete 
radial access is provided across the top and bottom of the vacuum chamber. 
Low ultimate vacuum with large pumping speeds and high temperature baking, 
along with discharge cleaning, is provided to quickly bring the device 
from atmospheric pressure to a good operating regime. A complete set of 
conventional plasma diagnostics is provided (Appendix A.7). ISX is a 
tokamak designed to produce conventional tokamak plasmas similar to those 
produced by other present day devices. It is proposed that ISX be dedi-
cated primarily to the study of impurities and the development of new di-
agnostics. 

Existing diagnostics which provide information on impurities are few 
compared to those used for general plasma diagnostics. To date, impurities 
in the plasma have been identified through ultraviolet spectroscopy or by 
detection of characteristic X-rays. Determination of impurity density pro-
files has been done by Abel inversion of UV observations across various 
chords of the plasma or by using an array of X-ray detectors which viewed 
the plasma through a pin hole. These techniques will all be used in this 
experiment; however, to take full advantage of the machine, new diagnostics 
must be developed. 

Numerous diagnostics are under consideration or development at GAC 
and ORNL. For example, it is well known that Thomson scattering provides 
electron temperature and density profiles with great reliability. If the 
proton density could also be measured with similar accuracy, then the Z 
profile could also be determined. Thus, accurate measurements of proton 
density profiles would be very useful. At present, a technique for this 
is under study at GAC which is based on the detection of charge exchange 
neutrals created by injecting a modulated neutral hydrogen beam into the 
plasma. 
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The plasma-surface interaction is difficult to study during the dis-
charge. Most measurement techniques used in surface studies (e.g., Auger 
spectroscopy) are seriously perturbed by the environment in the machine. 
However, the appearance potential spectrometer* can be used to study sur-
face conditions before and after each discharge. This method will be tried 
on ORMAK, and thus will be available to ISX. 

It is feasible to observe the resonance scattering of light from many 
impurity neutral and ion species. This scattering is so strong that in the 
visible range, a CW tunable dye laser source is sufficient to detect some 
neutral species at concentrations as low as 10s cm-3. Radiation from the 
same line due to collisional ionization is calculated to be well below the 
intensity of the resonantly scattered light. Furthermore, Doppler broaden-
ing of the scattered light can be measured to determine the local velocity 
distribution of even cold scattering particles. 

The use. of a dye laser source will limit the application of the reso-o 
nance scattering technique to wavelengths above about 4000 A. Even so, 
there are many useful and interesting transitions available. Since the 
radiative lifetimes of most excited states are very short, most species 
will be in the ground state. Among the accessible transitions from the o o 
ground states of neutral atoms are Fe I at 4375.93 A, Cr I at 4274.80 A, 

o o 

W I at 4659.87 A, and Mo I at 3902.96 A, all of which are common tokamak 
impurities. Some other elements that have transitions in the visible from 
the neutral ground state, and which may therefore be useful as deliberate-
ly introduced impurities, are Li, Na, K, Cs, Mg, Ti, Ba, and ASi. Finally, 
some species have long-lived metastable states which can be populated by 
collisional excitation processes, and which have transitions in the opti-
cal range. The most notable examples are the neutral noble gases and the 
noble-gas-like ions, such as Nail, although there are many others as well. 
One must use the measured electron density and temperature profiles along 
with a complete set of rate equations for electron impact ionization and 
excitation to determine the concentration of the target species. Fortu-
nately this information is readily available for the noble gases Ne, A, 
and Xe. Preliminary calculations of scattering from a metastable state 
of Xe II indicate that a concentration of 5 x 103 cm-3 of this state can 
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be detected. However, at electron temperatures above 50 eV, a total Xe 
concentration of more than 1011 cm-3 would be required to produce this 
density of the metastable. Thus the optical resonance scattering tech-
nique is very sensitive for measuring impurity concentrations and tempera-
tures in regions where the plasma is cool — either near the walls or in 
the early stages of the discharge. Development of these techniques has 
already begun at GA. 

Furthermore, by working at ultraviolet wavelengths, it is also possi-
ble to detect impurities in hotter regions of the plasma by resonant 
scattering off the ground states of impurity ions. UV sources, unlike 
dye lasers, would require development. Breton and Papoular2 have made a 
source consisting of a solid target strongly irradiated by a laser pulse 
that should permit detection of impurities having resonance lines above 

o 

1000 A at densities on the order of 108 cm-3. Unfortunately, even with 
this source there will be a region in the center of the ISX plasma where o 

impurities will be so highly ionized that no resonance lines above 1000 A 
will be available. Even so, UV resonant scattering is a promising tech-
nique and is one that will be studied further at GAC. 

The elastic scattering of a beam of incident neutral particles off 
ions in a plasma offers the possibility of: 1) local measurements of im-
purity concentrations, combined with a low resolution capability for iden-
tifying impurities on the basis of atomic mass; 2) a rough direct local 
measurement of 3) local measurements of proton temperature. An inci-
dent high-energy beam (say H at 20 keV to 30 keV) will undergo occasional 
Rutherford scattering at large angles (3° to 30°) due to a very close col-
lision with a plasma or an impurity ion. In addition, there is a proba-
bility that the incident neutral particle will emerge in the neutral state 
and therefore be free to reach a detector outside the plasma. Further-
more, the energy of the scattered particles will be less than the initial 
energy, due to recoil of the target ion, and the energy spectrum of the 
scattered neutrals will then be a function of the (fixed) scattering angle, 
the target mass and the target velocity. Analysis of the energy spectrum 
then, in principle, would allow identification of the target ions by atomic 
mass, although due to target particle thermal motion, the resolution is 
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somewhat limited. It is not possible to separate carbon and oxygen "lines" 
from each other, but they can be separated from hydrogen and from iron and 
other heavy impurities. Lithium can be resolved from hydrogen and oxygen. 
If it is known that one impurity dominates, then the width of its energy 
spectrum can be used to determine its temperature. 

The ion-neutral scattering cross sections are fairly weak functions 
ri the charge state of the ion; the main dependence is on the nuclear 
charge. Therefore, if an energy range of scattered particles can be iden-
tified with a particular atomic species, the number of particles detected 
within that energy range is an approximate indication of the local density 
of that element, more or less independent of its charge state. It has been 
calculated that high Z impurities should be detectable down to about 109 

cm-3. A similar technique was used3 to measure the temperature of helium 
gas at about 2000°K from scattered D + ions at an incident energy of 2.6 keV. 
Furthermore, ion-neutral scattering cross sections are roughly proportional 
to the nuclear charge squared. Therefore the total number of particles 
scattered at a fixed angle is proportional to £ ^nuclear' t*ie 

absence of appreciable high Z contaminants, gives a rough local measure-
ment of Z eff Energy analysis of the scattered neutrals allows one to 
observe the thermally broadened "line" due to scattering off the plasma 
protons, which can then be used to calculate the local proton temperature 
and density. Calculations based on presently available cross sections 
show that sufficient count rates might be obtained to permit single shot 
time resolved measurements on a millisecond time scale in ISX when a high 
density converged neutral beam source is used. The neutral elastic scat-
tering technique is being intensively studied at GAC. 

Recent developments in the production of far infrared laser radiation 
makes possible a number of new diagnostics for use on plasmas of thermo-
nuclear interest. Several hundred milliwatts of CW radiation will soon 
be available at X = 496 ym for use in an electron density interferometer. 
In particular, a multi-channel interferometer would allow real-time deter-
mination of the electron density radial profile. Once developed, this 
diagnostic would also be useable with the larger, higher density machines 
of the future. Development of a 1-megawatt pulsed 496-ym laser appears 
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feasible. Such a laser would permit the development of a Thomson 
scattering-like ion temperature diagnostic. Recently it has been pro-
posed that c a n also be measured by this same scattering process.4455 

In addition, the measurement of trapped electron lifetimes via echo detec-
tion of radiation at twice the frequency of the incident far infrared radi-
ation has been proposed.6 

Neutral beams can be used to directly measure the poloidal flux func-
tion, I | J ( R). 7 Once (R> is known, the radial profile of the poloidal mag-
netic field and the plasma current density can be derived. This measure-
ment is based upon the fact that a counteringected (opposite to the plasma 
current) ion which is born near the outside of the torus will move outward 
from its birth flux surface and may hit the limiter and be lost. Thus the 
hot counterinjected ions will occupy only a part of the plasma volume. By 
measuring the size of the region of well-contained fast ions, ̂ (R) may be 
obtained. A multiangle tangential charge exchange analyzer can locate the 
edge of the region of the contained ions. The detector only has to detect 
the presence or absence of the fast beam particles. A. relatively low cur-
rent beam with a maximum ion energy of 70 keV is required. 
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APPENDIX C 

IMPURITY TRANSPORT IN A COLLISIONAL PLASMA 

C.l The Impurity Flow Reversal Experiment 

It has been predicted1 that the usual inward flow or impurities near 
•he surface of a toroidal plasma can be reversed by the axisvinmecrac in-
jection of hydrogen gas at one poloidal location and removaL an tne dia-
metrically opposite point. It is proposed that this prediction be cesLed 
on ISX. This appendix summarizes the theoretical calculation trnJ indi-
cates. how the experiment might be done. 

Consider a plasma consisting of electrons, pro cons and a sir.gle im-
pur'cy. Denoting proton parameters by the subscript a and iaipurit v para-
meters by I, the force balance equations in the Pfirsch-Schluter 01 clJ 
lisional regime can be written as2'3 

where R is the frictional force due to ion impurity collisions. 
It can be verified a postei'Lox'i that only the component of R 

parallel to the magnetic field is important.2 Neglecting temperature 

Vp. = n.e(E + v. X B) + R 1 1 1 (C. ! 

"i + v X B) - R 

gradients, the friction force may l-.1. e:-.prtŝ ed as 3 

r.i. n. 
R. 

where u - v. - v,. and : 
I i = 3 < 2 i r W a

 n , T 3 / a / n ^ e * f 1 L O l i l I 
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Here Cx is a numerical coefficient of 0(1) which depends on the equiva-
lent charge a = n^Z2/n^. 

The equations will be solved using the toroidal coordinate system 
shown in Fig. C.l. Working only to first order in inverse aspect ratio 
c = r/RQ « 1, the toroidal and poloidal components of Eqs. (C.l) and 
(C.2) can be manipulated to give3 

n.v. = - nTZT v = -r- (C.4) l lr I I Ir eB P 

Thus, the radial ion and impurity fluxes are coupled due to the parallel 
component of the frictional force. To affect impurity diffusion, the 
relative velocity u.j j - û , between ions and impurities must be changed. 

Eliminating E^ between the radial components of Eqs. (C.l) and (C.2) 

one finds3 

B 1 
U
P
 = B?T UT " ^ n. T T \ i 3r <"0.5) 

Now introduce an axisymmetric source of particles S(r,0). For 
simplicity, let the source and sink parts o£ S balance on each flux 
surface. Subtracting the proLon and impurity continuity equations and 
assuming the particle densities are nearly constant on a flux surface, 
one obtains1 

- I T ? (1 + £ cos 9) u = — - — • (C. 6) r 30 p n. n. i 1 

Consequently, one finds 

u (r) + U (r,0) 
u (r,0) = -E2 § ( c_ 7 ) 
p 1 + c cos 0 
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- R 

R = R 0 

Fig. C.l. The toroidal coordinate system (r, v, 
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wh<?re 

e ' S i(r , r ) S 1 ( r , r ) \ 
- • (r.O) = r / (1 + £ cos O 

s ir/2 n. nT j 
\ 1 / 

As r nay be justified a posteriori, at ti = u„/u = 0 ( E 2 1 . T O nt 2 T p 
lp-isr first- order in = B„. /(I -»- f r n s and R = R /(i i. . - ' i 

i lo p po 
Si'.ice >IHD stability demands Bp/B.j. = 0(f), Eq.s. 'C.5) and (C.7) may be 
combined to produce 

2. cos u ! 1 **i 1 3pI uTu,a> = — r | — ^ 
T eB n. r̂ 11,7., dr To \ l II 

HI 
+ i. (r,0) + 0(e = ) 

F 

Kith these results, the fluxes u.v. and n.v, could be calculated 
i lr I Ir 

directly. A more interesting result is the flux surface average of these 
quantities, 

2~ 
ri " 27 ^ d° niVlr (1 + ' c o s 0 ) ' ( C" 9 ) 

For the special case S^ = 0 and 

sin 0 
i "o 1 + t cos 0 s : = S. , 2 " — r. (C.10) 
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evaluation of Eq. (C.9) yields 

V i 
2 m. E2C! 

T.t eaB2 
ll po 3r 

"i 
7 3r 

nl I 

e B_ R To o (C.U) 

The form of S^ introduced in Eq. (C.10) corresponds to a source of 

particles at the top of the machine and a sink at the bottom. Clearly, if 
| S^ j is large enough and if s q

B J 0 has the proper sign, the usual inward 

impurity flux can be reversed. The required source strength is1 

R B To 3r nl Zl 

2n. T. 
i I 

e B t a R (C.12> 

It has been verified6 that the inclusion of temperature gradients 
makes only a small change in the source strength required to reverse the 
impurity flux. Ref. 4 also demonstrates that the impurity inflow can be 
controlled by axisymmetric heating at one poloidal location and cooling at 
the diametrically opposite point. Even with more general particle and heat 
source functions than Eq. (C.10), it was found that only the first harmonic 
(.sin 0) term nffects the net impurity flow at this order of analysis.1* 

t I>rnaliy directed hydrogen gas with velocity v^ can penetrate a 

null J I:I P L A M I I A a mean distance X = v /n <o. v > = 3 x 10i3 v /n (MKS o e ionz e o e 
iinii.. I. |'i!lu!i'(|ui!ut I y, the required throughput of protons around the torus 
la roughly 

dN. v T. 
-j-E- > 4-nRaXS = 8 x 101* . (C.13) 
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If v^ ^ 10 m/sec, the proton throughput for impurity flow reversal is 

dN T. 
= 1 0 1 8 i ; ( c- 1 4 ) 

where T is in eV and B̂ , in Tesla. Since in ISX B̂ , = 2.0 Tesla, and 

assuming T^ = 100 eV in the outer layers of the plasma, one obtains 

dNp/dt = 5 x 1019 sec-1. Allowing a factor of two for the roughness of the 

calculation, a molecular hydrogen injection rate as high as 5 x 1019 sec-1 

may be required. The natural hydrogen recycling rate, on the basis of 
ORMAK3 and ATC6 experience, should fall between 1020 sec"1 and 10®1 sec-1. 
Therefore, in order to obtain the required poloidally antisymmetric com-
ponent of the proton source function, it may only be necessary to use an 
axisymmetric limiter around the bottom of the plasma which, together with 
local high speed pumping, will act as a net proton sink. If this alone 
is not sufficient, then an axisymmetric hydrogen gas feed located oppo-
site the limiter will be needed. 

The axisymmetric high speed local pumping required by this experi-
ment can be most readily provided by gettering on the inside surfaces of 
a pumping plenum which opens to the bottom of the plasma chamber around 
the axisymmetric limiter, as shown in Fig. C.2. The gettering can be pro-
duced by fresh titanium evaporated on the pumping plenum walls between 
shots. Conventional turbomolecular pumps with liquid nitrogen traps will 
provide 500 £/sec of primary pumping. When the titanium gettering is 
active, ir will be necessary to puff in the filling gas just prior to 
breakdown. 

The hydrogen input at the top of the chamber should also be toroi-
dally symmetric. W;ile another plenum chamber could be used, there is 
less gas in the pipeline if a smaller manifold is employed. The smaller 
the manifold, the more rapidly the flow can be modulated; however, if it 
is too small, the flottf will no longer be toroidally symmetric. A 50-cm2 

manifold carrying gas at a density of 1011* cm-3 would allow flow 
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Fig. C.2. Conceptual layout of the plasma chamber for the 
impurity flow reversal experiment 
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modulation on a 10-msec time scale and still preserve good toroidal sym-
metry. About 500 equally spaced 1-mm2 holes will then provide the proper 
flow. 

As can he appreciated from Eq. (C.12), the gas injection can be made 
to drive impurities either into or out of the plasma merely by changing 
the sian of B^. However, this effect is independent of the poloidal ina°.-
Ttetic field components. Therefore, if the currents in the primary coils 
,-ind vertical field coils are also changed along with the toroidal field, 
the magnetic configuration should be identical and any changes in the 
plasmn should be due only to the gas flow. Only comparative measurements 
of the impurity level, as inferred from UV spectroscopy, soft X-ray emis-
sion and the plasma resistance anomaly, will be needed at first to demon-
stnfe whether the flow reversal effect exists or not. However, a com-
parison with theory will require more precise measurements of the concen-
tration of a deliberately introduced impurity species. 

C.2 Impurity Transport Time 

In the absence of the proton source discussed in the last section, 
the Pfirsch-Schliiter theory predicts that impurities diffuse into the 
plasma. To get a rough estimate of how rapidly this takes place, an im-
purity transport time can be defined in the following manner 

TI 
ni a 

<VIR> FI 

Using Eq. (C.ll) with S = 0 , one finds o 

2 m . i : a C , I 3 p . n . 9 p T 

z r = - J L — L - I 1 - i - l 
I I _ x.TeaB2 \ 3r nTZT dr 

x l p o ' -I- 1 
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Replacing diffplantation by division by a scale length and evaluating 
vario'i"? phy.-i'cil constants, one firds 

a2B2T.?5 

Tt = 1.7 x 102' I 

where q = aB^/RB^ is the safety factor, T\ is in keV, and all oth«jr 

quantities are in MKS units. 
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APPENDIX D 

POSSIBLE FUTURE ROLES FOR ISX 

The early experimental role for ISX has been considered in Chapter 2 
and Appendix C. The purpose of this appendix is to outline a series of 
possible future roles for the facility following completion of its ini-
tial program. This appendix is divided into three sections. The first 
two deal with possible impurity related investigations, and the third 
considers a possible RF heating role for ISX. 

D.l MHD Instability Studies in ISX 

In a small flexible device such as ISX which does not have mainline 
xesponsibilities in the areas of scaling and state-of-the-art technology, 
it will be possible to devote a significant effort toward more detailed 
understanding of several factors which limit the mainline devices. Equal-
ly important as the questions of impurities, are questions of mechanisms 
for anomalous plasma transport, of disruptive instabilities, and of re-
striction of operating regimes (for example, to a given density range, or 
to a given scaling of density with plasma current, etc.). 

Each of these questions appears to be strongly related to MHD ac-
tivity in the plasma and appears especially susceptible to being answered 
using a combination of a well-diagnosed, readily-modified tckamak available 
for such studies and a theoretical effort of the type already underway at 
Oak Ridge, ISX becomes operational at a time when the MHD code development 
effort by the Oak Ridge MHD Theory Group reaches the production stage. 

Efforts within the MHD Group at Oak Ridge center on the creation of 
fluid codes in one, two and three dimensions, treating cylindrical and 
toroidal plasma discharges on the perfectly conducting and resistive time 
scales, both in linear and non-linear regimes of instability development. 
The work has already resulted in construction of various codes, including 
a non-linear 3D code to treat internal kink modes in high 3 discharges. 
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Work is in progress to test methods for inclusion of realistically shaped 
boundaries, vacuum regions, operation at lower B, and inclusion of plasma 
resistivity to allow treatment of tearing modes and related instabilities. 

The broad questions which can be approached with the aid of a matched 
experimental and theoretical/numerical program include the following: 

1) What is the relation between plasma stability and transport and 
such external parameters as plasma shape, safety factor at plasma 
edge, safety factor at the magnetic axis, etc.? 

2) What are the externally measurable instability characteristics 
such as growth rates, saturation amplitudes, fringe fields, scaling 
with parameters, etc., of the theoretical modes? 

3) How does the experimental MHD activity compare with these? Which 
modes dominate under what conditions? Is there some behavior 
beyond the scope of these explanations? What are the properties 
of this? 

4) What are thu consequences of the theoretical modes such as non-
linear evolution, convection transport, turbulence, magnetic 
surface disruptions, etc.? 

5) Can these be checked experimentally, especially as to their scal-
ing properties to permit inference of behavior in other machines 
where parameters such as collisionality may be rather different? 

The theoretical foundations of such a program of research are alreniv 
being put into ulaci-. The addition of an experimental effort including 
the very sophisticated diagnostic end data handling facilities already de-
veloped on tokamak experiments should lead to rapid development of a co-
herent picture of the improvements to be made in tokaniak operation through 
prediction and possible manipulation of the MHD activity in the plasma. 

1).2 Further Impurity Related Studies 

In a tokaruk discharge the wail and boundary conditions strongly af-
fect the interna! phvsical parameters of the dischar&u which, iri turn, 
determine the nar.ii.-e of t.:o plasiv;-w:i.Ll interaction. The? controllable 
and experimenta'l • .u'»e«5sil»le v*:j 11 r-"t*inn in TSX provHo:- .in environment 
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where broadly-based experiments, basic to understanding and controlling 
the influx of impurities can be performed. In this section we discuss 
several of the underlying plasma phenomena and ways in which the under-
standing of them can facilitate an effective understanding of the impurity 
question. In aid of this basic objective the proposed machine charac-
teristics and diagnostic capabilities were discussed previously in this 
proposal. 

The important point to be recognized is that there are many physical 
phenomena which may influence the production and transport of impurities 
in a tokamak discharge. At the same time, these phenomena themselves are 
affected by the impurities and boundary interactions. Many experiments 
to be listed below have previously been done to various degrees of com-
pleteness but not under the controlled conditions nor for the integrated 
impurity study purposes proposed for ISX. Although the descriptions which 
follow are brief and qualitative, the areas outlined deserve special at-
tention in that they do integrate, in a thematic way, a broadlv-based re-
search effort to be implemented in ISX, but capable of providing important 
supportive information in critical design areas for general tokamak devices. 

This report has separated the impurity problems into two broad cate-
gories: transport and production. 

In order to understand impurity transport mechanisms in low safety-
factor tokamaks, it will be necessary to examine the effect of MHD fluctu-
ations. The transport rates and impurity levels will be determined by one 
set of diagnostics, and another set will simultaneously determine fluctu-
ation types and levels. By correlating these data under various conditions, 
it will be possible to test existing transport theories, i.e., neoclassical, 
turbulent, convection along broken field lines, etc. Also, the influence 
of impurities on the level of fluctuations can be determined, ranging from 
the regime of low level turbulence to more violent processes such as the 
disruption of the discharge caused by impurity radiation cooling effects, 
which are strongly influenced by the boundary conditions. 

Runaway electrons may also be present due to large electric fields 
and low density during the plasma startup phase, or from large voltages 
due to plasma disruptions, or from other processes. in addition to their 
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influence on plasma properties, runaway electrons may result in severe 
local heating and damage to the chamber wall. The behavior of these beams 
in ISX may be affected by the absence of a conducting shell, especially 
during startup. Several schemes have been proposed in present and future 
tokamaks to protect the walls from the runaway beams. Such protection 
schemes can be tested in ISX, and the inherent flexibility of the machine 
will permit examination of the chamber wall after electron bombardment. 
The basic physics of this runaway production and loss are not well under-
stood at present, and require considerable further study. 

Determination of the role of impurities in the plasma energy balance 
is essential. In a plasma with a high impurity concentration, especially 
with partially stripped high Z material, constituents of the energy bal-
ance will include line, recombination, bremsstrahlung, and synchrotron 
radiation. The diagnostics required to make these radiation measurements 
will Include soft X-ray detectors, spectrometers, microwave detectors, 
and bolometric devices. The radiation spectrum can be altered by turbu-
lence levels and by runaway electrons. 

D.3 RF Heating in ISX 

There are many kinds of RF heating techniques that are applicable to 
tokamak plasmas. It is proposed to attempt two of these techniques in ISX. 

One technique was chosen because it will have been tried on ORMAK and 
its continuation will represent the application of tested methods. This 
is lower hybrid resonant heating involving ultra high frequency power 
(S 1 GHZ). The other technique, Alfven wave heating, has, to our knowl-
edge, not been attempted on any tokamak to date. It will be tried in 
order to test its applicability to future tokamaks. Attempts to perform 
this experiment on the existing ORMAK would require a nsu liner and be 
fraught with difficulty while it could be much more easily attempted on 
ISX. It is a low frequency method for which power is easily available 
and standard RF techniques easily applied. 
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As the experiment matures, other types of RF heating may be tried. 
High on the list of priorities would be ion cyclotron and fast wave heat-
ing experiments, poloidally asymmetric heating for impurity flow reversal, 
and rf heating for enhanced sputtering during discharge cleaning. 

D.3.1 Lower Hybrid Experiments 

The phenomena of the lower hybrid resonance has been described in 
numerous theoretical and experimental papers.1-5 The experimental results 
have been encouraging. The lower hybrid resonant frequency in ISX should 
be roughly the same as in ORMAK. For ORMAK we have proposed in the ini-
tial heating experiments a power source of 100 kW in the frequency range 
of ^ 700—900 MHz. This same power source should be adequate for ISX. 

In ORMAK the initial attempts will utilize an antenna to couple the 
power into the plasma. The first experiments will be at low power (<100W) 
and will test the concept and optimize the matching. Later experiments at 
S 100 kW will be predicated on the success of this method. By the time 
that ISX comes on line, the success or failure of this technique will be 
well known at high power levels. If successful, we would propose for 
simplicity one or more similar antennas on ISX. These can be inserted 
through ports on the equatorial plane. It may be advantageous to have 
multiple antennas phased to produce a parallel wavelength along the field 
optimized to avoid known evanescent regions. This technique may be un-
necessary but in any case multiple antennae would permit a higher power 
level. In a simple experiment like this any existing liner would ade-
quately serve the experiment. 

If the antenna system is not successful, a waveguide power feed and 
a slow wave structure on the liner wall could be used. This may require 
a separate liner (and perhaps a separate vacuum chamber) dedicated to the 
lower hybrid experiment. 

Because of the toroidal field coil spacing the waveguide for this 
frequency range would easily fit between the coils. However, the present 
plans for the vertical field coils on the outside and inside of the vacuum 
tank would not allow access for such a large waveguide (*v» 5 in. x 10 in.). 
We would therefore go into the tank and liner through the top (or bottom) . 
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Presuming a dedicated liner for this experiment, a slow wave structure 
could be built into the wall. This would involve a series of deep grooves 
in the radial direction extending the full radial width of the liner if it 
is rectangular, or a separate toroidal structure with poloidal grooves 
supported inside the liner and surrounding the plasma. An interesting 
alternative to the passive slow wave structure is a set of pulsed wave-
guides which will provide the proper k||. This has the disadvantage of I i 
requiring more ports and the advantage of having a larger power handling 
capability. 

Providing some success at coupling power into the plasma, the experi-
ment would be upgraded to the several hundred kilowatt level. The defini-
tive test of any auxiliary heating scheme should be to attempt a major ion 
temperature increase. At least as much RF power as ohmic heating power 
would be used. 
D. 3.2 Alfven Wave Experiments 

Proposals for low frequency heating utilizing Alfven waves have re-
cently been made by A. Hasegawa6 and by J. Tataronis and W. Grossman.7 

The experimental configurations suggested by each are somewhat different, 
however, the phenomena appears to be the same and the frequencies are 
approximately the same. 

In both cases the experimental arrangement involves coils insici: the 
vacuum chamber next to the plasma. Hasegawa suggests a coil with many 
turns lying parallel to the minor axis and extending a large fraction 
(1/4—1/2) of the way around the circumference. This would produce waves 
with kĵ  > k,| which would tend to cut off the magnetosonic wave. In actu-
ality Hasegawa suggests that a smaller number turns, so as to make m = 1 
or 2, may be sufficient. 

In the case of ISX this may be possible by having the liner split in 
the toroidal direction in two or four pieces, twice in the poloidal direc-
tion and oppositely directed currents in the toroidal direction in adjacent 
sections of the liner.0 Hence, it may be possible to do this experiment 
with no internal coils. The frequency range is ~ 1 MHz. Hasegawa suggests 
that the frequency should be swept so that the resonance will appear 
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throughout the plasma. Tataronis and Grossman have suggested a helical 
coil set similar to the rotational transform coils of a stellarator. This 
would give a helical periodicity like cos (m - k||z) where k.i | = 1/R. 

Tataronis and Grossman9 have made calculations as to the appropriate 
frequency range for ORMAK. They find in the Alfven continum a spectrum 
extending down to ^ 1 MHz for small values of m. The impedance of the 
system appears to be optimized for m = 2 or 3 at a Tew MHr;. Extension of 
these calculations to ISX suggests no major changes. Other coil configu-
rations have been suggested. In both cases there is no upper frequency 
limit. Tataronis and Grossman's approximations require to « w In ISX 
this restricts the frequencies to below ^ 10 MHz for the linear theory. 

Because of the internal coils, the liner and vacuum tank may have to 
be dedicated to the experiment. The low cost of these structures and the 
ease of exchanging tanks makes this quite practical. The coils would be 
insulated from the plasma with a suitable ceramic material. This may 
cause undesirable impurity problems for other experiments. 

The power source is anticipated to be standard RF vacuum tubes. These 
low-cost sources can easily be made to handle megawatts. The initial ex-
periments would involve diagnostic level power to measure coupling effici-
ency and input impedance. Following this, power levels at or exceeding 
the ohmic heating power would be attempted for the reasons already given 
for the lower hybrid experiments. 

This experiment would involve techniques not previously attempted on 
tokaniaks. Because of the internal structures, it may be difficult to ex-
trapolate these experiments to reactor size machines. However, the physics 
understanding is important and may lead to increased understanding of the 
basic processes of RF absorption in plasmas. 
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