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ABSTRACT

Experiments in the ELMO Bumpy Torus (EBT-I) have demonstrated that plasma currents produced by
microwave-heated electron annuli can provide macroscopically stable plasma confinement in a steady-state
bumpy torus. EBT experiments have established a reference case in which the data agree sufficiently
well with neoclassical transport theory to warrant a full test of transport scaling. This proof-of-
principle device, EBT-P, is designed to be a steady-state, microwave-heated toroidal fusion device with
plasma parameters extrapolable to near reactor-relevant regime. As such, EBT-P would provide a test of
scaling, accelerate the development of the technology required for later reactor applications, provide a
demonstration of the capability to analyze and control higher beta plasmas, test theoretical studies of
EBT transport, and provide a focus for reactor applications design studies. As proposed, the device
will be 11.2 m in diameter with 36 superconducting magnets. Microwave heating will be accomplished at
110 GHz for bulk heating and at 60 GHz for profile heating. The report further describes in detail the
basic device, including machine diagnostics, personnel protection requirements, and support utilities
for construction at the Y-12 Plant, Building 9201-2.






EXECUTIVE SUMMARY
BACKGROUND

During 1978 the U.S. Department of Energy's (DOE's) Office of Fusion Energy (FTM) initiated an
aggressive development program to broaden the base of the magnetic fusion research program by fostering
the development of several of the most promising alternate fusion concepts.

Several alternate concepts were reviewed in detail by £TM during briefings held in October 1978.
The Oak Ridge National Laboratory's (ORNL's)} ELMO Bumpy Torus (EBT) concept was selected by ETM's Concept
Review Committee as one of the alternate concepts to be pursued to a proof-of-principle level. The
proof-of-principle experiment is defined as one having a hydrogen plasma with an icn temperature in the
keV range and an nv product of 1012-1013 om™3 sec.

As part of the overall EBT program plan, ORNL was authorized to proceed with project definition
design studies for EBT proof-of-principle experiments (EBT-P). This report documents that effort.

Sections 1 through 11 of this report summarize the preliminary conceptual engineering design effort
for the EBT-P device. The appendix includes the scientific basis for the engineering studies, a brief
discussion of EBT-P theory, a look at future experimental options, and all engineering drawings produced
for this report (see Sect. A.9 for all drawing callouts).

SUMMARY OF PLASMA CONFINEMENT IN EBT

An ordinary bumpy torus with only vacuum magnetic fields is magnetohydrodynamic (MHD) unstable.
However, in the EBT! at QRNL, this problem has been circumvented by the application of electron cyclotron
heating (ECH), which, as discovered in mirror research at ORNL, creates high beta (g), hot electron
annuli that modify the toroidal magnetic field in such a way as to prevent MHD instabilities. The
primary motivation for EBT confinement research is the fusion reactor goal that, in this configuration,
could provide high 38, steady-state operation in a large aspect ratio, high accessibility reactor embodi-
ment.

The demonstration of the stabilization of the toroidally confined plasma by the energetic electron
annulus prompted additional studies of the confinement properties of the configuration. Even in the Tow
magnetic field {6 kG) of ORNL's EBT-1 device, the stable toroidal plasma attains significant density
(ﬁé A 1032 ¢m-3), temperature (Te ~ 300 eV, T, ~ 100 eV), and confinement time (re ~ 5 msec) with 18 GHz,
50 kW of microwave power. This permits favorable comparison with a diffusive neoclassical transport
model.l With these encouraging results as a baseline, a new experiment, EBT-Scale (EBT-S), is presently
under way to provide deeper insight into the scaling of plasma parameters with higher microwave frequency
(28 GHz), magnetic field (10 kG), and heating power (<200 kW).

The EBT-I device has experimentally provided a proof-of-principle: the demonstration of a smooth
transition from the typical MHD-unstable bumpy torus regime [when the annulus beta (Bannu]us) is Tow]
into a macrostable hot plasma regime extending over a significant range of operating conditions provided

B8
0:22:1239, work has progressed from a demonstration of this macrostability to an increasingly detailed
understanding of plasma properties. [It should be noted that there is now a second EBT, the Nagoya
Bumpy Torus (NBT) in Nagoya, Japan, which is operating and obtaining results similar to those of EBT-I.2]
Stability calculations have shown that the annuli and the toroidal plasma in EBT serve to stabilize

exceeds the theoretically predicted value for stability. In the six years since EBT-I began

each other and that unstable coupling of the two plasmas does not occur,®>* a fact verified in EBT-I at
low g. Theoretically, ballooning modes in the toroidal core plasma lead to upper limits on the con-

tainable amount of core plasma {it is found that values of B cannot greatly exceed B )}

core annulus’

ix



However, the resulting values of Beore 21€ high encugh to be attractive for reactor designs. Calcu-
Tations based on MHD theory led to early concern about the ballooning instability of the annulus.
However, MHD theory provides an inadequate description of annulus behavior, and a kinetic treatment
demonstrates that ballooning modes are stabilized. Also, a number of microinstabilities that could
conceivably occur in this system have been studied and are found to be stable for the expected field and
plasma gradients.®

So far, theoretical studies have provided no significant evidence of macroscopically unstable
behavior of the toroidal plasma in interesting regimes, and the EBT-I experiment has demonstrated nearly
quiescent T-mode operation with very low density fluctuation levels.! In experiments collisioniess
scaling (energy confinement time T increases with temperature} has been observed, and the magnitude of
e is consistent with neoclassical theory.®2 The results of a comparison between the experimentally
observed plasma parameters (ion and electron temperatures, plasma density, and confinement time) and the
values and behavior predicted by neoclassical theory are very encouraging: 1in the T-mode the EBT-I
plasma parameters seem entirely consistent with neoclassical transport predictions. The correspondence
is, of course, in a limited range of parameters and has a coarse nature, as dictated by the small size
of the experiment and by diagnostic limitations associated with operation at lTow microwave frequency,
low magnetic field, and low plasma density.

THE LOGIC OF THE EBT-P DESIGN

This report summarizes the work that was undertaken on EBT-P during 1979. This device has evolved
from the earlier EBT-II design,l9:11 which was presented to ETM's Concept Review Committee. The further
optimization of the design reflects advances made in the theoretical studies of the EBT plasma. Much of
this work has been published,®9:12 and a brief summary of the salient points is given in Sects. A.2,
A.3, and A.4. One paper yet to be published is appended to Sect. A.2.8 The device is desighed in fits
basic form to achieve nt > 1012 cm™3 sec with n » 1013 ¢m™3 and T 2 1 keV. The device parameters that
should give these conditions have been established by using simple EBT scaling arguments.10>11  For
several years EBT scaling has been a fundamental element in design studies; it is based upon basic
theoretical scaling laws with coefficients determined from experimental measurements from EBT-1/S. The
more detailed theory compares favorably with experimental results in the T-mode of operation in EBT and
confirms that the gross behavior of the toroidal core density and temperatures is dominated by the
neoclassical electron transport coefficients, leading to EBT scaling of (see Sect. A.2) nt ~ A2 Tg/z
for small collisionality v/o, where collisionality is defined as v/Q n/Tg/2 (BRCap). Here a, is the
mean plasma radius, and A is the magnetic aspect ratio defined as R/Rc’ where R and RC are the major
radius of the torus and the magnetic radius of curvature, respectively. For conservative estimates, the
collisionality is assumed to be constant.

It is possible to modify the aspect ratio and mirvor ratio with coils additional to the simpie
toroidal coil set; such coils are known, respectively, as aspect ratio enhancement (ARE) coils and trim
coils. The effective aspect ratio with ARE coils may be written as Aeff = (R/Rc) fARE = A fARE' Such
coils on EBT-P might lead to an enhancement factor as high as fape ™ 2 (see Sect. A.7.7).

Finally, the cutoff for microwave propagation (electron plasma frequency Upe < electron cyclotron
frequency, “ce) imposes an upper 1imit on density n, which scales as the square of the magnetic field;

i.e., Max ™ fﬁ " B%, where fp is the applied wmicrowave frequency and Br is the resonant magnetic field.
The resonance occurs in the region between the coils, and for mirror ratio M~ 2, the maximum field at
the coil BM " ZBP.

Using the above formulae and scaling from EBT-I, one can find that EBT-P should have fu > 60 GHz,

Br >2T, BM >4 T, and A > 8.



A machine such as this, with the additional constraint that the plasma radius should scale up from
the present device toward the radius expected for the next phase (see Sect. A.8), will have a larger
major radius and larger toroidal coils. In comparison to EBT-I, which has RC = 1.5 m and uses 5 MW of
coil power for Br = 0.6 T, EBT-P will have R > 3 M; consequently, with copper coils the needed power
will be in excess of 50 MW. Because the steady-state operation of EBT-P is an imporiant consideration
and because further power is required for producing the rings and plasma, we follow the EBT-II logic in
using superconducting coils.!® Because of the need for radiation shielding and dewar and thermal
shields, this in turn modifies the magnetic geometry. Designs have been considered that have a magnetic
geometry and single-particle confinement comparable with that in EBT-I. This constraint is applied to
ensure that scaling from EBT~-I would be valid (see Sect. A.4).

The end result of these optimizations is the proposal for a basic device with R = 5.6 m, 36 cavi-
ties, A = 16, and ap = 0.19 m. The field proposed for these c¢nils is as large as we believe possible
with present superconducting coil technology, BM = 8 7 (see Sect. A.4). The maximum resonant frequency
is f = 110 GHz. Programs are under way to produce prototype coils (see Sects. 7.1 and A.4) and to
develop the high frequency gyrotrons for cperation at 110 GHz and 60 GHz (see Sects. 7.2 and A.5). To
make this program both cost- and time-effective, we propose a device that will be upgraded in stages.

Following are some upgrade options.

(1) Although the device can operate at 110 GHz with €0-GHz profile heating, it may well start at 60 GHz,
using the existing EBT-5 28-GHz gyrotrons for prcfile heating.

(2) The application of ion cyclotron heating (ICH) s discussed in Sect. A.7.2.

(3) The application of neutral beams is discussed in Sect. A.7.3.

(4) To accommodate powerful steady-state neutral beam heating with its associated high particle flux,
we propose the addition of a divertor to maintair a constant plasma density that is below microwave
cutoff.

(5) The basic machine is designed with trim coils to vary the mirror ratio, and to allow for the
addition of ARE coils (see Sect. A.7.1).

(6) Finally, the device is designed for a rebuild in a 48-coil version.

The parameters of the basic machine and the ultinate upgraded device are given in the table follow-
ing this. To accelerate the program and check the efficiency of the various options, we have proposed
and are implementing a more aggressive experimental program on the present EBT device (see Sect. A.8).
EBT~I uses up to 60 kW of 18-GHz power plus up to 30 kW of profile heating at 10.8 GHz. EBT-S will
initially use up to 200 kW at 28 GHz plus 60 kW at 18 GHz. Upgrades approved for FY 1980 include ARE
coils, ICH, a diagnostic neutral beam, and design stucies for a divertor. In addition, more extensive
diagnostics and data acquisition systems are being applied. Proposed for FY 1981-1983 are the appli~
cation of further ECH power, ICH power, a divertor, and more powerful neutral beams.

X1



EBT-P device parameters

Ultimately
Basic upgraded
device device
Machine
Number of coils 36 48
Magnetic field-on-axis
(cavity, coil) 2.5-3.0T, 5.7 T
Major radius 5.6 m 7.2m
Coil mean radius
(mirror, trim) 35 cm, 52 cm
Aspect ratio {coil) 16:1 20 - 40
Mirror ratio 1.9-2.3
Hot electron annulus
N 1-6 x 1012 cn3
Ta 500-2000 keV
Bannulus 10-50%
Toroidal plasma
N A1.6 x 1083 cm™3 (nom) a6 x 1013
T ~2 keV {nom) 23
Maximum 8 0.5% (nom) 23%
Mean plasma 19 cm
Plasma volume 4000 Titers ~5200
nt 1042 sec an3 1013
Particle confinement
Trapped v75% ~85%
Passing (toroidal) n20% ~55%
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1. INTRODUCTION

During 1978 the U.S, Department of Energy's (DOE's) Office of Fusion Energy (ETM) initiated an
aggressive development program to broaden the base of the magnetic fusion research program by fostering
the development of several of the most promising alternate fusion concepts. An alternate concept is a
plasma confinement approach that does not fall within the main-line tokamak or mirror fusion programs
and that appears to show promise for a fusion reactor. It is intended that the development effort lead
to testing experimentally one or more alternate concepts at the proof-of-principle level by the end of
FY 1984. The proof-of-principle experiment is defined as a hydrogen plasma confinement experiment in
which nearly all of the relevant dimensionless physics parameters such as collisionality, beta, etc.,
are near enough to the reactor plasma regime to allow a reasonable extrapolation. Typical plasma con-
ditions for such an experiment might be an ion temperature in the keV range and an nt product of
1012-7013 cm™3 sec.

Several alternate concepts were reviewed in detail by ETM during briefings held in October 1978.
Based on evaluations by ETM's Concept Review Committee, the Oak Ridge National Laboratory's (ORNL's)
ELMO Bumpy Torus (EBT) concept was accepted as one of the alternate concepts to be pursued at a proof-
of-principle Tevel. A Memorandum of Agreement (MOA), dated March 15, 1979, between ETM, DOE's Oak
Ridge Operations (OR0), and ORNL was prepared as a key planning document for the initial phases of the
project. This MOA, included in Sect. 9, outlines the role of key participants. As part of the overall
EBT program plan, ORNL was authorized to proceed with project definition design studies for EBT proof-
of-principle experiments (EBT-P). This report documents that effort.

The EBT-P device as defined in this report is proposed for construction at ORNL's Building 9201-2,
located in the Y-12 Plant. EBT-P will use 36 superconducting coils to provide the required steady-
state, cyclotron resonant, toroidal magnetic field of 3.9 T for electron cyclotron heating (ECH) with
microwaves at 110 GHz. The peak design fields are 8.0 7 in the coil, 5.7 T in the coil throat, and
3.0 T in the cavity midplane. Bulk ECH will be provided by six 110~GHz, 200-kW continuous wave {cw)
gyrotrons, and profile heating will be provided by three 60-GHz, 200-kW ew gyrotrons. The torus
major radius and mean coil radius are 560 c¢m and 35 cm, respectively, yielding a mechanical aspect
ratio of approximately 16. The basic device parameters of microwave frequency and power, magnetic
field, and size should allow experiments that operate in near or similar collisionless regime as
observed in the present experiment, EBT-I, and thus provide a definitive test of plasma scaling. The
EBT-P design also includes planning for the possible future addition of aspect ratio enhancement (ARE)
coils, neutral beam and fon cyclotron heating, a divertor, and the expansion of the torus to larger
diameter configurations. Planning considerations for these options are discussed in greater detail
throughout the report.

Sections 1 through 11 of this report summarize the preliminary conceptual engineering design effort
for the EBT-P device. The appendix includes the scientific basis for the engineering studies, a brief
discussion of EBT-P theory as well as a look at future axperimental options, and all engineering draw-
ings produced for this report (see Sect. A.9 for all drawing callouts).






2. PHYSICAL DESCRIPTION OF PROJECT

This preliminary design report is based on the installation of the EBT-P experiment in Building
9201-2 in the Y-12 Plant. The device and its enclosure will be located on the second floor immediately
west of the existing EBT-I/S. Drawings X2E-14270-0008 (sheets 1 and 2) show the physical layout of the
equipment required for EBT-P. Plan and elevation views of the device are shown in Drawings XZE-14270-
0003 and X2E-14270-0004. The physical characteristics of the device are presented in Table 2.1.

The EBT-P device is a 5.6-m major radius, 36-sector toroidal device. The toroidal vacuum vassel
is composed of 36 aluminum mirror cavity sectors alternating with 36 auxiliary vacuum liner sectors.
fach auxiliary vacuum liner is located concentric with the inner bore of each mirror coil vacuum dewar
assembly with a 0.05-0.10-in. radial clearance and contains flexible expansion joints to accommodate

Table 2.1. EBT-P design parameters

Torus
Torus major radius 5.6m
Number of sectors 36
Minimum clear bore radius 19 cm
Tarus volume 10.4 m3
Torus surface area 38.87 m?

Superconducting magnet assembly

Hirror coil Trim coil
Number of coils 36 36
Winding mean radius 35 cm 52 cm
Winding area 465 cm? 164 cm?
Design current density 6600 A/cm? 6700 A/ow?
Maximum field at winding 8.0 7 2.0T7
Device magnetics
Trim coil on Trim coil off
Mirror ratio 1.9 2.3
Coil central field 5.7 7 5.7 7
Mirror central field 3.0 7 2.5T
Mirror coil current density 5000 A/cm? 6600 A/cm?
Trim coil current density 6700 A/cm? 0
Microwave heating system
Bulk Profile
Number of gyrotrons 6 3
Frequency 110 GHz 60 GHz
Total power 1.2 MW 600 ki

Torus vacuum system

18-3C00 liter/sec
cryosorption pumps

5 x 1077 torr
Operating pressure ~107¢ torr
1000 liter/sec

Primary system

Ultimate pressure

Pumping speed per port




thermal expansion of the torus. Access ports for diagnostics, etc., are provided in the mirror cavity
sectors, located between each vacuum dewar assembly.

The steady-state EBT-P plasma is contained by the magnetic field generated by the 36 mirror
(toroidal field) coils, which have radially split windings (primary mirror winding and auxiliary trim
winding), allowing adjustment of the device mirror ratio. Each coil consists of these two liquid-
helium-cooled (pool boiling) NbTi superconducting windings enclosed in a stainless steel case. Each of
these encased coils is mounted internal to a stainless steel vacuum dewar via a system of titanium
tension struts that carries the magnetic load from the coils to the dewar outer ring to the device
structural supports. A tungsten alloy shield located on the inner bore and sides of the vacuum dewar
external to the evacuated area protects each superconducting coil from photon (bremsstrahlung) radi-
ation. Power is supplied to the mirror windings and trim windings from their respective high current
dc power supplies through helium-vapor-cooled leads arranged in series fashion. Automatic quench
protection is provided for each coil.

Stabilization and heating of the plasma are provided by the injection of 1.8 MW of microwave power
at frequencies of 60 and 110 GHz into the toroidal vessel. The microwave power is transmitted from the
nine gyrotron power sources to the vacuum vessel via separate bulk and profile oversized waveguides
having symmetrical connections to each mirror cavity. The gyrotron is a microwave power oscillatar
based upon the principles of the cyclotron resonance maser. No auxiliary heating is included in the
base design, although provisions have been made to accommodate the eventual addition of neutral beam
injectors.

Primary pumping of the toroidal vacuum vessel is accomplished through the use of eighteen 10-in.
cryosorption pumps located on every other mirror cavity. A roughing system, composed of cryosorption
and turbomolecular pumps, is utilized for the initial pumpdown of the toroidal vacuum vessel and coil
vacuum dewars and for the regeneration of the primary cryosorption pumps. Primary pumping of the coil
vacuum dewars is accomplished through the use of a 7-in. cryosorption pump on each dewar. The torus
cryosorption pumps will be shielded from scattered microwave energy by a water-cooled, perforated
copper plate located in each pumping port.

The experiment is housed in a three-level, concrete/lead enclosure extending from 4 ft below first
floor level (9201-2) to 19 ft above second floor level. The two upper levels — the operating level and
the mezzanine level — are surrounded by a 27-in.-thick concrete/lead biological radiation shield. At the
operating level the torus structure is mounted to a concrete pad supported by concrete columns.
Approximately 4 ft above the operating floor is the torus midplane. The mezzanine floor, directly
below the operating floor, provides operating access to diagnostic and ancillary equipment. Entrance
to the experiment will be through a "darkroom maze" on the mezzanine level that is designed to attenuate
reflected radiation. Housed on the lower level of the enclosure are the gyrotron assemblies, the
regulator and crowbar portion of the gyrotron power supplies, and the mirror coil dc power supplies.

A control room located adjacent to the shielded enclosure in the northwest low-bay area will house
all instrumentation and control components and diagnostics.

Mechanical equipment associated with device operation will be located reasonably close to the
device whare space is available. The cold box and liquid helium storage dewar portion of the helium
refrigeration equipment will be located on the north low-bay roof inside a metal enclosure, and the
comprassor will be located on a covered concrete pad at the west end of the building. Located outside
the building will be helium gas storage tanks to accommodate the gas-equivalent content of the liquid
helium system.

The gyrotron power supplies will be located in two areas adjacent to the experiment site. The
high voltage switchgear will be located on an open, fenced concrete pad on the south side of Building
9201-2, and the remainder of the high voltage power supply equipment will be sheltered in a building
addition at the west end of the building.



3. PROJECT PURPOSE AMD JUSTIFICATION
3.1 PROJECT PURPOSE

The purpose of the EBT~P project is the design, procurement, fabrication, installation, and opera-
tion of an experimental fusion device based on the EBT concept; this device, however, will provide a
higher density, higher temperature proof-of-principle extension of that concept extrapolable to the
reactor plasma regime.

Experiments in the ELMO Bumpy Torus (EBT-I and EBT-S) have demonstrated that plasma currents pro-~
duced by microwave-heated, hot electron annuli can provide macroscopically stable plasma confinement in
a steady-state bumpy torus, The EBT experiments have established a reference case in which the data
agree sufficiently well with neoclassical transport thecry to make imperative a full test of the trans-
port scaling. [If the EBT approach can be extended to confine high beta toroidal plasmas, it will offer
an attractive alternative to the tokamak and wagnetic mirror approaches to controlled thermonuciear
fusion.

Qur present understanding of equilibrium, stability, and transport in EBT has suggested a Ssequence
of experimental devices and related research activities Teading progressively toward an attractive
full-scale reactor. The implementation of the steps in this sequence hinges on the development of very
high power cw microwave sources at millimeter wavelengths.

The ERT-P device described herein would provide a test of scaling, accelerate the development of
the technology required for later reactor applications, provide a demonstration of the capability to
analyze and control higher beta plasmas, test theoretical studies of EBT transport, and provide a focus
for reactor application design studies. '

3.2 JUSTIFICATION OF NEED AND SCOPE

A quote from the DOE "Report on the Concept Review Committee Recommendations for Proof-of-Principle
Alternate Concept Programs," DOE/ET-0085, summparizes the current DOE policy and the basis for this
project:

The recently announced DOE policy statement on the development of fusion energy places
increased emphasis on the testing of promising alternate concepts. WMore specifically, this

policy suggests comparisons of promising alternatives with tokamaks and mirrors in the mid

1980's. In order to make these concept comparisons, it is necessary to extend greatly the

scientific data base for the alternative concepts toward the reactor regime to provide sig-

nificant experimental tests. These significant tests have been designated as proof-of-

principle (POP) experiments and have most of the important dimensionless parameters in or

near the reactor regime. A POP experiment for an alternate concept can be considered the

scientific equivalent of PLT in the tokamak program.

It has long been recognized that a bumpy torus configuration would contain single particles. The
vertical drift motion, a common feature of all toroidal devices that results from the variation of the
magnetic field with major radius, is combined in the bumpy torus with an azimuthal drift that is the
result of the variation of the magnetic field with minor radius. Although single particles are well
contained, a plasma is unstable in a simple bumpy torus. The variation of the magnetic field in minor
radius, the feature resulting in single-particle confinement, is such that the energy can be reduced if
the plasma expands to regions of lower magnetic field. This gives rise to magnetohydrodynamic (MHD)
instabilities. The unique feature of the ELMO Bumpy Torus (EBT) is the fact that the magnetic field is
modified by plasma currents such that an unstable configuration is transformed into a stable one.

Early ORNL experiments revealed that an annulus of high energy electrons was formed in a simpie
mirror with electron cyclotron resonance heating (ECRH). These annuli significantly modified the



vacuum magnetic field. It has been conjectured that if the same effect occurred in a bumpy torus, it
would stabilize the plasma. EBT, which first operated in 1973, verified this principle. This device
has now operated with ECRH using frequencies at 10.6 and 18 GHz to achieve plasmas with densities of
1012 and electron temperatures of 400 eV.

The parameters achieved, as well as a number of technological features of EBT, made this device
attractive as a candidate for a fusion reactor. Some of these advantages include steady-state opera-
tion, modular construction, and high aspect vatio (the ratio of wmajor to minor radius).

An ad hoc committee convened by ETM, with John Foster as chairman, examined the fusion effort in
the U.S. Their recommendation was to broaden the research effort to include alternatives to the leading
concepts. To implement that recommendation, a review of alternative concepts was held in 1978 to
identify the most promising ones. A portion of the report on that review is quoted above. As a result
of that review, EBT was chosen as one concept for more intensive development.

The leading concepts are the tokamak and mirror approaches. Both of these concepts are being
extensively studied throughout the world. Experimental devices of both types have been constructed in
many different countries. In contrast, until very recently, the U.S. was the only country with a bumpy
torus program. However, there is now another bumpy torus that uses ECH in Nagoya, Japan.

The plasma parameters in EBT-P will exceed those of EBT-I1/S, allowing experimental verification of
the EBT scaling laws. In addition, the technology will be more advanced than that of EBT-I/S. Large
volume, high field superconducting coils will be developed to provide the steady-state magnetic fields;
high power, high frequency microwave sources will be developed to provide ECH.

Several different microwave frequencies will be used in EBT-P. Just as in EBT-1/S, a high fre-
quency will be used for bulk heating, and a lower frequency — about half the higher frequency - will
be used for profile heating. In EBT-P these frequencies will be 110 and 60 GHz. The capability will
be provided, however, to add additional heating. This will be additional power not anly at the same
frequencies, but also at other frequencies (e.g., 90 GHz).

The device will be a flexible research tool capable of significant modifications. Although the
initial device will have 36 coils, the effective size can readily be expanded in two ways. The first
is a straightforward increase in the size of the device by increasing the number of coils to 48 with a
corresponding increase in the major radius. The second is to increase the effective size through the
addition of special coils, aspect ratio enhancement (ARE) coils. The coils will modify the magnetic
field configuration such that effectively large aspect ratios are attained without increasing the
mechanical aspect ratio.



4. PRINCIPAL SAFETY, FIRE, AND HEALTH HAZARDS
4.1 SAFETY ACTIVITIES

4.1.1 Division and Plant Safety Activities

Because the EBT-P facility will be located in Building 9201-2 at the Y-12 Plant and operated by
the Fusion Energy Division (FED) of ORNL, it will be subject to the safety programs of both Y-12 and
ORNL.

The Y-12 safety policy is defined as follows:

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

This policy is implemented by the Plant Superintendent, the Central Safety Committee consisting of
division and shift superintendents, three other safety committees at lower levels, a safety department,
and a radiation safety department.

Within the Fusion Energy Division, a permanent Division Safety Officer provides 1iaison to and
ensures compliance with the Y-12 safety program and oversees the Division safety activities. The FED
safety program implements the Y-12 safety program with procedures specific to fusion experiments.

4.1.2 Department of Energy Safety Reguirements

DOE safety requirements are stated in DOE Manual 0550, "Operational Safety Standards." All phases
of the EBT-P project will be carried out in compliance with these requirements.

4.1.3 Preparatory Safety Activities

A formal Safety Analysis Report will be prepared and submitted to the Y-12 Central Safety Committee
and the DOE ORD office. They must review and approve the report before operation can begin.

Prior to initial operation, a detailed check of the experiment will be performed to verify that
all equipment is in good operating order, that all controls and instrumentation are operating properly,
and that the field installation has been done correctly. A committee of qualified technical personnel
from outside the EBT-P operating group will veview the engineering design from a safety standpoint and
witness the check of the experiment.

4.2 SAFETY PRECAUTIONS

4,2.1 Industrial Safety

A1l equipment will be fitted with safety devices anc/or protective guards to prevent operator
injury. Piping, pressure vessels, and electrical work will conform to applicable codes and standards.
(Union Carbide Corporation General Design Criteria Y-EF-538 specifies 13 standards applicable to
electrical systems.)

Any hazardous electrical areas will be interlocked with a master key located on the master control
panel. Removal of this key shuts down the machine. Also, an emergency trip contrel that shuts down
the 13.8-kV breakers leading to the power supplies will be under the control of the operating officer.



Operations involving liquefied gases will use the procedures, protective clothing, and equipment
developed for handling cryogenic liquids. Hydrogen flammability hazards will be controlled by established
procedures.

4.2.2 Microwave Safety

The device is designed to contain totally the injected microwave energy. The vacuuin vessel metal-
to-metal seals are of special design to ensure microwave containment as well as vacuum integrity. All
openings for diagnostic access and vacuum pumpout will have traps to contain the microwaves at the
injected frequencies.

A1l access doors through the biological shield around the device will be interlocked with the
microwave power supplies. The interlock system will be redundant and designed such that all access
doors must be locked and the keys inserted in a panel in the control room before the microwave power

supplies can be energized.

4.2.3 Seismic Considerations

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

4.2.4 Fire Protection

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

In addition to the fire alarm system, all fire doors and alarms associated with the water distri-
bution system are monitored by the plant monitoring system, which provides in a matter of seconds
information on the exact location of an alarm and on planned procedures. (The system is presently
being computerized and expanded to inciude the fire alarm boxes and sprinkler annunciator alarms for
ORNL-occupied buildings at Y-12, including Building 9201-2.)

The Y-12 Plant Emergency Squad, consisting of 13 persons, responds to all alarms with a pumper, a
fully equipped emergency truck, and an ambulance. Another pumper and a C0, truck serve as back-up.
Under mutual aid agreements personnel and equipment from ORNL, the Oak Ridge Gaseous Diffusion Plant,
and the City of Oak Ridge respond to larger emergencies.

4.3 RADIOLOGICAL SAFETY

The biological shielding for EBT-P is based on a dose rate of 2.5 mrem/hr, which is within the
limits required for unrestricted occupancy. The radiological hazards have been determined by approxi-
mate methods based on worst case assumptions. However, a detailed analysis and more refined input data
may permit a reduction of the shielding requirements.

The main source of radiation with an ionized hydrogen plasma will be bremsstrahlung from hot
e¢lectrons in the annuli striking the aluminum side walls of the cavities. Radiation from all other
sources will be much lower in either energy (<100 keV) or intensity and will therefore be rapidly
attenuated in any shielding adequate for the hot electron bremsstrahlung.

In the present design the southeast corner of the control room is nearer the machine than any other
point in the control room; therefore, the dose rate is determined at this point, which is ~10 m from the



center of the torus. The calculations assume a point source located at the center of each cavity;
however, the geometrical factor that increases the effective shielding is ignored, as are the shielding
effects of the machine components and supporting structure.

In deternining the heat input to the superconducting coils, a maximum of T MY of microwave power
was assumed to dissipate in the electron annuli and bz converted to bremsstrahlung in the cavity Viner
with a conversion efficiency of 1.85%. A similar assumption will be made here with the corresponding
result that the biclogical shield will have a wide margin of safety. Also, the photon energy spectra
of Edelsack et al.! are used where the maximum electron temperature is taken to be 2 MeV.

The contribution to the dose rate due to the bremsstrahlung can be reduced to <2.5 mrem/hr by a
combination shield consisting of a shield around the cavities of 3.8-cm-thick tungsten alloy plus an
enclosing wall composed of 12 in. of lead and 15 in. of concrete. This is calculated by numerically
integrating the 2-MeV bremsstrahlung spectrum with and without the attenuation produced by the shielding.?
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5. ENVIRONMENTAL IMPACT

The impact of the EBT-P facility on the environment during either the construction or operation
phase will be minimal. The basic toroidal device will be located within Building 9201-2, with auxiliary
structures and enclosures located exterior to the building as requived. The major items to be located
outside of Building 9201-2 are a power supply building addition, a transformer pad located south of
9201-2, a covered helium compressor pad, gaseous helium storage tanks, and interconnecting utility
piping and conduit. Once completed. these items in themselves will pose no major threat to the environ-
ment. MNormal construction safeguards for the prevention of dust, erosion, etc., will minimize problems
during this phase. Consumption of resources during the operation phase will have the only apparent
impact on the environment. These impacts can be isolated to power consumption, waste heat rejection,
and hazardous radiation emission; none of these, when treated properly, need have an adverse impact.

5.1 ENVIRONMENTAL CONSIDERATIONS

Waste heat rejection will be accomplished by a circulating demineralized water system through a
new cooling tower to be installed on an existing basin. The total waste heat from EBT-P will be
approximately 19 MW while the device is in full operation. The fogging resulting from the disposal of
the waste heat is not considered significant.

Although electrical power consumption will be sigrificant, it will require no new power-generating
capacity. As a result of existing loads within the building, addit{ional fransformer capacity of 30 MVA
must be installed. The project will have no significart impact on the power-generating reserves in the
area.

Radiation protection in the form of a concrete and lead shield immediately surrounding the device
will be required, Such a shield will be designed so thrat the radiation levels outside the enclosure
will be below the current maximum DOE radiation exposure level (see Sect. 4).

5.2 ENERGY CONSERVATION

The facilities will be designed using techniques and equipment that reflect, where feasible, a
good energy-efficient design. Good engineering judgments will be used in determining potential areas
of energy use reduction and recovery. Because of the experimental and intermittent nature of the
device, waste heat recovery during operation on a large scale does not appear to be feasible.

1






6. QUALITY ASSURANCE PLANNING

A11 phases of the definitive design, fabrication, installation, and operation of the EBT-P project
will be conducted in accordance with an approved Project Quality Assurance Plan (PQAP) in order to
prevent potential significant quality problems that could impact facility safety, reliability, and
costs. The PQAP will be developed and implemented during the Title I design in accordance with the
requirements of DOE-ORO and ORNL's Quality Assurance (QA) Office.

A preliminary Project Quality Assurance Assessment (PQAA) has been performed for the EBT-P project
as defined in this preconceptual design report (see below). This assessment is based on the work break-
down structure (WBS) shown in Fig. 6.1 and was prepared in accordance with "Quality Assurance Assess-
ments," ORNL QA Procedure QA-L-1-103. The PQAA identifies each project element and assesses both the
consequences and probability of a quality failure within that element. Items having significant failure
consequences and negligible {or acceptable) failure probability are identified as noncritical items.
Items having significant or unknown failure consequences and significant or unknown failure probability
are identified as critical items. The PQAP will establish the policies and methods, define the responsi-
bilities, and identify applicable DOE, UCC-ND, or subcontractor organizational elements necessary to
ensure effective and timely implementation of the technical requirements needed to prevent or reduce
the probability of critical item failures.

The requirements of the PQAP wiil be required by contract specification and purchase order, as
applicable, to be passed on to all subtier contractors, fabricators, or consultants performing work on
or supplying services to the EBT-P project.
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UNION |

CARBIDE | 0AK RIDGE NATIONAL LABORATORY

QUALITY ASSURANCE ASSESSMENT

ASSESSMENT NO.

PREL IMINARY 29-79

.......... REVISION NO.

PROJECT TITLE

DATE
_____ EBT-P (4460-0702) 9/28/79

DIVISION PROGRAM 189 NO.

Fusion Fnergy EBT Proqram
PARTICIPATING DIVISIONS AND QUTSIDE dﬁGAN}ZAT\ONS

One IP from the following: Grumman Aerospace Corp., MCDonnel Douglas, Inc.,
Westinghouse Electric Corp., EBASCO

"APPLICABLE QA STANDARDS FOR THIS PROJECT

SPP D-2-16 ORO IMD 02XX

1. PRCJECT DESCRIPTION - Engineering design, procurement, fabrication and installation of an experi-
mental fusion device in Bldg. 9201-2. Plasma volume will be contained inside a toroidal shaped
vacuuin vessel composed of 36 superconducting magnet-dewar assemblies alternating with 36 aluminum
cavities. Major radius of the torus will be 5.6 meters, and the assembly will be contained inside
a lead-shielded enclosure immediately to the west of EBT-1. Nine gyrotrons, located outside of the
device enclosure, will supply microwave power to the plasma at frequencies up to 110 GHz. A con-
trol room will be provided for control instrumentation, data acquisition, and plasma diagnostics7
Est. Design and Const. Cost $40-70. M Temp. Range Ambient to 4.2° K press. Range ]lTlY\'lEm. to 5 X 107

2. PROJECT BREAKDOWN (Breakdown of the project into major structures, systems, subsystems, and components)

croup 1 _Building Additions and Modifications Group 6 Device Utilities

croup 2 Toroidal Vessel | Group.7_Instrumentation
croup 3 _Magnetics System

croup 4 _Microwave Heating

croup 5 Yacuum and Fueling System

3. ASSESSMENT OF CONSEQUENCE AND PROBABILITY OF FAILURE

(Indicate S if consequence is significant and Sor U if the probability is

significant or unknown. A blank space will indicate negligible or acceptable
consequence or probability) GROUP NUMBER
112 34 5 6 7
Effect on Human Health and Safety or Environment will be: Consequence) - 1S S S - S S
Probability 1 U _ - _ -
Cense - - -
Loss of Experimental Data or Meeting Program Objectives will be: ensravence — S S |S S
Probakility - ]- U U - U -
Conse - |- - - -
Effect on Funding ond Schedule will be: onsequence 5‘1 S ]
Prokability - 1- ] U - - -

SIGNATURES
Originator & L7 ok ate _i’:é&"??_ Appraved by (Qﬁw Date 2.‘;311.,-
Aoproved by ¥ .. _::“5;”8 __?;i el 4 SO mﬁé Date ,ﬁz—lﬁ——

Approvad by Date Reviewed by (QAD) Daie

UCN-12972 (3 12-78)
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4. DESCRIPTION OF POTENTIAL QUALITY PROBLEM (For each group listed in part 2 in which the consequences of failure are

significant and the probability of failure is significant or unknown, provide a brief description of the potential quality
problem).

Group 2 - Toroidal vessel problems could signifizantly affect the cost and schedule of this
program since even a small unexpected problem could delay installation and check-
out of many subsequently installed subsystems.

Group 3 - Magnet coils and power supplies are essential to operation of the device. A fail-
ure or degradation in the performance »>f either would adversely affect device oper-
ation. Coils and supplies must be designed and manufactured to achieve a high
degree of reliability.

Group 4 - Microwave heating is critical to the basic experimental concept of EBT fusion
devices. Individual subsystems should be sufficiently reliable to permit extended
operation at the required high power levels without degradation of performance.
Replacement equipment includes various items that have a long procurement lead
time, which could adversely affect experimental data, cost, and schedule if one
should fail.

Group 5 - High quality vacuum system components are critical to achieving the low pressures
required for system operation. Although this equipment in general is standard
off-the-shelf equipment and will Tikely be designed with some extra capacity, a
failure of one or more components could affect the timeliness and quality of
experimental data.

Group 6 - Device utilities should be designed to minimize the overall probability of device
failure by the prudent use of redundant equipment with a reasonable margin of
reserve capacity.

Group 7 - Instrumentation will be extensive, in order to monitor the basic equipment oper-
ating conditions and to gain the necessary experimental data. It must be both
precise and sufficiently redundant to permit safe operation despite individual
instrument failures.

5. ASSESSMENT RECOMMENDATIONS
B QA Plan Required (Required when the consequence of failure is significant and the probability is either significant
or unknown). )
[J QA Plan not Required (Indicate rationale in Part 6).
{0 QA Program Index Required {Required for RDT F2-2 compliance, optional otherwise).

[ Impact on current Project QA Plan necessitates its revision. Revise by

6. RATIONALE (Justify when no project QA Plan is required).

7. This Assessment will be reviewed and up-dated, if necessary, by _During Title I Desiagn

DATE ORMILESTONE
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7. ASSESSMENT OF RESEARCH ANE DEVELOPMENT INTERFACE

Successful realization of EBT-P requires significant advances in some areas of technology. The
ongoing EBT-S experimental program will have an essential role in extending the technology by providing
important operating experience and serving as a test bed for subsystems and components; other needs will
require development efforts specifically for EBT-P,

Two major subsystems, the superconducting mirror magnets and the microwave sources, have been
identified as requiring intensive development efforts. Development tasks for these components have been
initiated. A consistent and vigorous effort will be required to produce results on a schedule consistent
with the needs for EBT-P. A third subsystem, neutral beams, will also require a substantial development
effort, but such an effort has not yet started. Although neutral beams are not required for the initial
EBT-P installation, a development program must be defined and initiated at an early date in order to
maintain the credibility of neutral beam injection as a future option (see Sect. A.7.3).

As the design of EBT-P proceeds, it may be determined that other subsystems and components will
require some level of development before enough confidence can be gained on these systems or components
to include them on EBT-P; ion cyclotron heating is a notable example (see Sect. A.7.2).

7.1 MAGNET DEVELOPMENT

A development effort for the mirror magnets has been initiated at ORNL. The purposes of this
development task are (1) to demonstrate design features and fabrication techniques that will produce the
required field accuracy and eliminate systematic (cumulative) field errors; (2) to solve the problems of
structural containment and of maintaining proper alignment in the dewar after cooldown and energizing;
(3) to evaluate thermal design features and determine hzat removal capability; and (4) to develop tech-
niques, facilities, and criteria for acceptance testing of the coils manufactured for EBT-P. In short?
the development effort is aimed at reducing the risk of proceeding with the final design and manufacture
of a full complement of 36 magnets.

The magnet development program consists of two parallel efforts. One effort requires the design,
fabrication, and testing of two instrumented test magnets of the NbTi pool-boiling concept as proposed
for EBT-P. The coils will include heaters embedded in portions of the conductor for simulating heat
input from gamma rays and other sources. The magnets will be tested separately and then as a pair in a
two-magnet array as they would be installed on EBT-P. The other effort is intended to retain flexibility
for an alternate design concept based on a NbySn superconductor and forced-flow cooling. One instru-
mented test magnet will be built and tested individually and then with one or both NbTi magnets, again
as it would be mounted in EBT-P. Sufficient Nb3Sn superconducting material will be procured for a
second magnet if additional magnet testing is required.

The development test schedule as now proposed will provide significant test results which will be
available early enough to provide useful data for the EBT-P design; they will also be available prior to
ordering the superconductor for all 36 magnets (April 1981). Essentially complete test results will be
available prior to the start of magnet manufacture (February 1982). Once the industrial participant who
will direct the final design and manufacture of the mirror magnets for EBT-P is selected, he will need
to interact with the development activity, assist in determining appropriate acceptance tests, monitor
or participate in performance tests, and apply the experience thus gained to the overall EBT-P program.

7.2 MICROWAVE DEVELOPMENT

The microwave heating capability planned for £BT-P will provide substantial cw power (~.1.2 MW) at a
frequency of 110 GHz for bulk heating and a lower cw power (600 kW) at a frequency of perhaps 60 GHz
for profile heating.

17
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The microwave system includes three basic elements: (1) a multiple array of microwave sources
{gyrotrons); (2) a microwave distribution system for the efficient transfer of energy to the plasma; and
(3) supporting electrical and electronic subsystems for monitoring, control, and safety. These basic
elements require an intensive, complementary development effort that is being performed by ORNL as a
continuation of the microwave heating support activities conducted for many years by the ORNL EBT
program.

7.2.1 Microwave Sources

The time required to develop the microwave sources is the principal uncertainty affecting the
EBT-P schedule.

Much of the technology needed is being developed under a program started in April 1976 to develop a
28-GHz, 200-kW cw gyrotron for EBT-S. This work is being done by Varian Associates, Palo Alto, Cali-
fornia, under subcontract to ORNL. At the time the work started, available tubes were capable of no
more than a few kW steady state. Accomplishments include the attainment of 105 kW for several minutes
in May 1978 and the successful operation of EBT-S with 50 kW of microwave heating (cw) in September 1978.
However, despite the significant progress, the experience indicates that the development of a reliable
200-kW cw tube is a difficult task.

In FY 1979 parallel programs were initiated to develop 110-GHz, 200-kW cw gyrotrons for EBT-P.

Two industrial firms, Varian Associates and Hughes Aircraft Company (Torrance, California), are working
under ORNL subcontracts with identical work statements. It is projected that with a continuing vigorous
effort, the development can be completed by September 1982, making the gyrotron sources a near-pacing
item for EBT-P. However, the development of the 110-GHz tube is expected to be technically difficult;
therefore, scheduled predictions cannot be made with confidence.

A specific program to develop a lower frequency gyrotron for profile heating of EBT-P has not yet
begun. The concept now being followed is to develop the more difficult 110-GHz tube and then to scale
the freguency, and consequently various components of the tube, down to the lower frequency. More
recently, however, proposals have been offered that would initiate a concurrent effort to develop a
60-GHz tube that could fil1l a need both for a microwave source for tokamak and mirror machine applica-
tions and for EBT-P profile heating. Such a program would allow EBT-P operation at a reduced perfor-
mance level using 60-GHz microwaves for bulk heating and the soon-to-be-available 28-GHz gyrotrons for
profile heating but would reduce the dependence of EBT-P on the timely success of the 110-GHz development
effort.

7.2.2 Microwave Distribution

The microwave distribution system will require general component development as well as microwave
circuit development specifically for EBT-P. Much of the experience gained in developing and operating
the 28-GHz system on EBT-S will be applicable to EBT-P; however, an additional development effort will
probably be required that takes into account specific characteristics of EBT-P and of the microwave
sources being developed for it. A dedicated test facility appears desirable for this task and for the
task described in Sect. 7.2.3 below. The results of this effort will provide guidance and verification
for the EBT-P design.

7.2.3 Microwave Supporting Subsystems

These subsystems include the dc power supplies, automatic control networks for component protection,

operational and performance monitoring, controls for operating multiple microwave sources, and personnel
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safety systems. Experience on EBT-S will be applicable; however, a supplementary development effort
will be required to address the compliex control aspects of EBT~P operation using multiple microwave

sources.






8. PROJECT SCHEDULE

The preliminary project schedule for EBT-P is shown schematically in Drawing D-XRP-14270-001, which
follows in this section. Major elements of the work breakdown structure are included, and timing
relationships are based on several key assumptions:

(1) The project scope will not deviate significantly from that contained in this report.

(2) The industrial participant will be selected and put under subcontract on the date shown.
(3) The superconducting coil prototype work at ORNL will meet schedute milestones.

(4) The gyrotron development program schedule will be met.

(5) Advance engineering for the 1iquid helium system will be initiated in early FY 1980.

21
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9. PROPOSED METHOD OF ACCOMPLISHMENT
9.1 INTRODUCTION

It is proposed that this experiment be conducted by the U.S. Department of Energy (DOE) with the
Union Carbide Corporation Nuclear Division (UCC-ND) as the program manager and technical advisor on
the project. In turn, UCC-ND will subcontract the detailed design and fabrication of the device to a
major industrial participant and other subcontractors as required.

To accomplish the design and construction of this device in an orderly manner consistent with the
policies of each major participant, a Memorandum of Agreement (MOA) was negotiated between DOE's Office
of Fusion Energy (ETM), their Oak Ridge Operations Office (ORQ), and UCC-ND, or the Dak Ridge National
Laboratory (ORML), which details the roles and responsibilities of each participant. The MOA is quoted
here and forms the basis for the design and construction responsibilities for ORNL and the industrial
participant (IP). The approved schedule showing critical DOL and ORNL milestones for the project
initiation phase is shown in Fig. 9.1 (referred to in the MOA as attachment B).

9.2 ETM/ORO/ORNL MEMORANDUM OF AGREEMENT: EBT — PROOF-OF-PRINCIPLE PROJECT

I. Statement of Purpose

It is the intention of the 0ffice of Fusion Energy (ETM) of the Department of Energy (DOE) to
implement the design and fabrication of an Elmo Bumpy Torus — Proof-of-Principle experiment (EBT-POP)
with significant industrial participation in all phases of the project and with minimum procedural
delays. It is the purpose of this Memorandum of Agreewent (MOA) to document the internal agreements,
plans, and responsibilities of the primary participants in initiating the EBT-POP project. Those
participants are three in number: ETM, DOE's Oak Ridge Operations Office (0RO}, and Union Carbide
Corporations's Nuclear Division, hereinafter referred to as the Qak Ridge National Laboratory (ORNL).
ETM and ORO will execute their project management respensibilities in accordance with DOE policy. This
MOA shall govern until the industrial participant (IP) is selected and it is superseded by a Project
Management Plan {PMP).

II. Agreements

The following agreements shall constitute the basis for proceeding with the EBT-POP project:

A. ORNL is assigned responsibility for management of the EBT-POP project, including the project
research and development and the EBT-S experiment. In addition, ORNL is assigned responsi-
bility for technical coordination of the national EBT program, including thecoretical research
and off-site experimental activities. DOE will rely on ORNL in this lead role for effective
execution of the EBT program.

B. It is intended in pursuing this project that industry shall have a major role, not only in
the fabrication of the EBT-PQOP, but also in the project definition, design, and subsequent
experimental operation. The goal is the selection of a primary industrial participant (IP),
whose role will lead to broad corporate responsibilities for, and identification with, the
ultimate success of the EBT program.

C. The IP will be selected from among several organizations who will be Tirst competitively
selected to conduct project definition studies and later will competitively propose to build
the EBT-POP experiment, which, as eventually approved by ETM, may be a combination of design
features from all of the studies.
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the MOA as attachment B).

The approved activity schedule for the EBT-P project initiation phase (referred to in
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D. ETM and ORO will be provided the opportunity to participate with ORNL in all activities
related to EBT-POP project definition and execution, including, but not limited to:

+ Establishment of qualification and evaluation criteria
- Subcontractor selection as nonvoting ex offizio members of the Evaluation Board
« Overview of subcontractor activities through ORNL

Evaiuation of subcontractor deliverables

ETM and ORO staff authorized to receive selection-type information in their capacity as
nonvoting ex officio members will be set forth in separate correspondernce.

E. Authorized ETM and QRO staff will be provided copies by ORNL of all proposals and studies
received by ORNL at the same time as these documents are available for ORNL internal
evaluation and review.

F. Long-Tead research and development activities critical to the success of the EBT-POP, and
generic to all anticipated designs, will be sterted at the earliest practical time by ORNL
for later transferral to the cognizance of the industrial participant if determined by DOE,
in consultation with ORNL, to be appropriate.

G. EBT-S activities, including participation by industry, will procead without restrictions from
the EBT-POP. A1l necessary precautions shall be taken to assure that all EBT-POP industrial
competitors have fair and equal access to information pertinent to EBT-POP studies and related
efforts.

H. Only Phase I (project definition) subcontractors will be eligible for selection as the IP in
the Phase Il (design, fabrication, and installation) competition. (Thus selection for Phase I
shall technically constitute prequalification for Phase I1.)

I. The site for the EBT-POP will be determined by ETM.

I11. Project Initiation Plan

The intended plan for initiating the EBT-POP project through Phase I project definition studies
and proposals for Phase II implementation of the project is outlined in attachments A and B. For
convenience in discussion and reference, the plan is broken down into a number of "steps." The important
features of the plan are given in the descriptions of the steps.

Step Activity
Phase [
1 RFP Preparation — ORNL will prepare the RFP for the selection of several subcontractors

to conduct Phase I project definition studies. Proposed subcontract terms and conditions
will be included in the RFP. These subcontractors will be deemed qualified for Phase II

by their participation -in Phase I. A Commerce Business Daily (CBD) announcement for Phase [
will be issued as early as possible to allow the industrial community time to determine its
interest.

2 Proposal Preparation — Proposers (including consortia, partnerships, joint ventures, etc.)

will submit proposals to ORNL. The proposais will emphasize capabilities and experience
that relate to the POP experiment task. Specific experience in the physics of EBT will not
be required, but capabilities to contribute in a significant way to the physics design
definition for EBT-POP, to the device design, fabrication and installation, and to the
subsequent experimental operation will be important factors.
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Activity

Proposal Evaluation — ORNL will evaluate the proposals and award, subject to ORQO approval,
several project definition study fixed price subcontracts. Methods will be employed to
allow work to begin as soon as practicable after the selections are made. Authorized ETM

and ORO staff will participate as nonvoting ex officio members in the selection process.

Project Definition Studies — The subcontractors will conduct approximate four-month tech-

nical studies to develop their jdeas of the objectives, design features, performance
parameters, schedule, cost and manpower requirements, R&D requirements, and generic site
requirements and submit a full written report upon completion. The results of this work
will not constitute that subcontractor's proposal for Phase II.

ORNL Support and Management — In parallel with steps 1-4, ORNL will maintain its program

activities and technical support work for EBT-PQP, including design efforts. ORNL will
provide subcontractors with sufficient latitude in this Phase to develop their own
independent ideas and approaches.

Recommended Reference Design — ORNL will evaluate the Phase I studies and synthesize and

consolidate the best subcontractor ideas along with its own ideas into a proposed reference
design, with recommended objectives, parameters, costs, schedule, etc., for the project.
ETM and ORO will participate in this process as advisors. ORD will review the ORNL recom-
mendations and transmit them to ETM with its own evaluation and comments.

ETM Review — Based on the recommended reference design, ETM will conduct a review of the
project, including technical community input, to conclude the project definition phase. ETM
will reassess the EBT program during this step. Continuation of the EBT-PQP project will be
contingent upon cost, schedule, and technical merit considerations. Assuming the project

is continued, the final reference design will be that established and approved by ETM after
consultation with ORO and ORNL.

Phase 11

RFP Preparation — In parallel with the above activities, ORNL will prepare the RFP for

Phase II (design, fabrication, and installation) subject to ORO approval, on a schedule
that allows the RFP to be released when the fipal reference design is approved by ETM.

The RFP will be issued only to Phase I subcontractors.

Proposal Submission — Proposals will be based on the project final reference design as

approved by ETM. Proposals will be requested for the government-owned ORNL site from each
proposer. In addition, proposers may subinit proposals for an alternate site of their
choice, other than ORNL. Submission of alternate site proposals will not be required.

Long-Lead Engineering -- For those areas of the project where components or systems have
pacing or long delivery schedules and which are not specific to a particular site or
design approach, ORNL will begin engineering work to avoid unnecessary delay. Each of
these areas will be reviewed on a case-by-case basis by ORQO and approved by ETM before
work on it can begin. Following the IP selection, the responsibility for those areas
may be transferred to the IP for completion.
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Step Activity
11 ORNL Evaluation and Selections — ORNL will evaluate all Phase II proposals and select the

best proposal for an ORNL site and the best proposal for an alternate site. Authorized
ETM and ORQ staff will also participate as nonvoting ex officio members in this process.
ORNL will submit all Phase II proposals and “ts evaluation and selections to ORO, who will
forward these, with comments, to ETM for its consideration and site determination.

12 ETM Site Selection — Authorized ETM staff, with ORG support, will review all Phase Il
proposals and the ORNL selections. Limiting itself to the two ORNL site/IP selections,
ETM will determine the site which it considers to be in the best overall interest of the
EBT program and the fusion program generally.

13 Negotiation with IP — Following the ETM site selection, ORNL will negotiate with its
selected IP, to establish a basis for beginning project design work as soon as practicable.
The initial CPFF subcontract will be for design, fabrication, and installation only. The
IP will have the opportunity to participate meaningfully in the operation of the experiment,
the precise nature and extent of that involvament to be determined by ETM and to be
negotiated later. ETM will consider the site selected and other factors in reaching its
determination. ‘

IV. Cost and Schedule ,

The project initiation schedule indicated in attachments A and B is intended as a target schedule
that each of the signatory organizations will exert its best efforts to meet. The schedule is con-
sidered optimistic but achievable.

DOE has initially budgeted $44M as the Major Device Fabrication (MDF) cost target for the design
and fabrication of EBT-POP. The current schedule calls for the effective contract between ORNL and its
IP to begin by mid FY 1980 and plasma experiments to begin by the end of FY 1983. A1l parties accept
these as targets and will use their best technical and management efforts to develop and implement a
proof-of-principle project within these goals.

V. Responsibilities and Commitments (Summary)

The primary intended responsibilities of ORNL, ORO, and ETM in the project initiation phase have
been identified in the discussion of the plan above and will not be repeated in detail here. In summary
they are as follows:

ORNL

ORNL will coordinate the overall EBT program and will be responsible for the management of EBT-POP
and EBT~S such that fusion program objectives and constraints are met. ORNL will conduct the procure-
ment process to enable the expeditious selection of, and award of an ORNL subcontract to, the IP,

0RO

0RO will provide the formal administrative reviews and approvals for the procurement decisions and
will participate in the technical and management decisions in anticipation of field office project
management responsibilities in accordance with DOE policy. Following project approval, ORD will take
the lead in developing a comprehensive PMP.



30

ETH

ETM will provide overall programmatic guidance, project overview and definition, and funding for
EBT-POP and othar components of the EBT program. Authorized ETM staff will have the opportunity to
participate in related ORNL EBT-POP activities. The establishment of the final reference design and the
site selection decision will be made by ETM.

Flidoe B e

E. E. Kintner H. Postma (J J. A. Lenhard
ETM ORNL ORO

7ﬁﬁj?j; Y2 fa 3-27-77

Date Date Date
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ATTACHMENT A

EBT-POP Memorandum of Agreement

- ORNL begins reference design

. Commerce Business Daily announcement released
+ Release Phase I RFP

- ORNL initiates Phase II RFP preparation

+ Phase I proposals due

« Award Phase I subcontracts

« Phase I Project definition studies completed
« ORNL completes reference designa

- ETM establishes final reference design and approves
project continuation

+ ORNL releases Phase II RFPb
Phase 11 proposals due

- ORNL completes Phase II selections

- ETM ratifies one ORNL selection basec upon ETM site
selection

« UCC-ND authorizes IP to start work

aDesign may continue at ORNL for long-lead items.

bThis date assumes no substantial change from ORNL reference submittal.

3-1-79
3-19-79
4-23-79
4-23-79
6-4-79
7-2-79
10~29-79
12-3-79

12-17-79
12-31-79
2-11-80
3-24-80

4-21-80
5-19-80






10. COST ESTIMATE

A cost estimate for the EBT-P project has been prepared and is being included under separate cover.
The estimate reflects the construction of a device, as described in this document, at the ORNL Y-12
facility subject to the conditions specified in the ETM/ORO/ORNL MOA.
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11. OUTLINE SPECIFICATIONS

Qutline specifications are grouped by section according to the general character of the work
involved in various sections and subsections. These sections include

(1) building additions and medifications,
(z) toroidal vessel,

(3) magnetics system,

(4) microwave heating system,

(5) vacuum pumping system,

(6) utilities, and

(7) dinstrumentation.

11.1 GENERAL CODES, STAMDARDS, AND SPECIFICATIONS

The design of EBT-P will be in accordance with the latest editions of all applicable codes,
standards, regulations, and other pertinent documents of all local, state, and national government
agencies having jurisdiction and of commonly accepted trade organizations.

The codes and standards used in the preparation cf this report are listed below.

11.1.1 Structural

American Concrete Institute

Building Code Requirements for Reinforced Concrete
Ultimate Strength Design Handbook, Vol. I
Yltimate Strength Design of Reinforced Concrete Columns

American Institute of Steel Construction

Steel Construction Manual

American Iron and Steel Institute

Specification for the Design of Cold Formed Steel Structural Members

American National Standards Institute

American National Standard Building Code Requirements for Minimum Design Loads in Buildings
and Other Structures

American Society for Testing and Materials
ASTM A615, Specification for Deformed and Plain Billet-Steel Bars for Concrete Reinforcement
ASTM A36, Structural Steel

American Society of Civil Engineers
ASCE Paper No. 3269, Wind Forces on Structures

International Conference of Building Officials

Uniform Building Code

Masonry Institute

Masonry Design Manual

National Concrete Masonry Association

TR758, Specifications for Design and Construction of Loadbearing Concrete Masonry

Portland Cement Association

Analysis and Design of Small Reinforced Corcrete Buildings for Earthquake Forces
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Design Handbook for Precast and Prestressed Concrete Structures

Steel Joist Institute
Standard Specifications

Steel Structures Painting Council

Steel Structures Painting Manual, Vol. I: Good Painting Practice; Vol. II: Systems and
Specifications

.2 Architectural

Factory Mutual
Handbook of Industrial Loss Prevention

National Fire Protection Association (NFPA)

Ne. 101, Code for Life Safety from Fire in Buildings and Structures

AASHTO M 36, Zinc Coated (Galvanized) Corrugated Iron or Steel Culverts and Underpass
AASHTO M 190, Bituminous Coated Corrugated Metal Pipe and Pipe Arches

STD 650-73, Welded Steel Tanks for 0il1 Storage

American Water Works Association (AWWA)
AWWA C 151-76, Standard for Ductile Iron Pipe Centrifugally Cast in Metal Molds or Sand-lined
Molds for Water and Other Liquids
AWWA C 800-71, Standard for Gate Valves 3 inches through 48 inches for Water and Other Liquids
AWWA C 800-64, Standard for Installation of Cast Iron Water Mains

National Fire Protection Association (NFPA)
NFPA 13-76, Standard for the Installation of Water Sprinklers
NFPA 20-76, Standard for the Installation of Centrifugal Fire Pumps
NFPA 24-73, Standard for Outside Protection

-4 Piping

American National Standards Institute (ANSI)
B16.5, Steel Pipe Flanges and Flanged Fittings
B36.10, Wrought-Steel and Wrought-Iron Pipe
B36.19, Stainless Steel Pipe

American Petroleum Institute (API)
Standard 620
Standard 650
Standard 527, Seat Tightness of Safety Relief Valves with Metal to Metal Seats

American Society for Testing and Materials (ASTM)

A53, Specification for Welded and Seamless Steel Pipe

A105, Specification for Forged or Rolled Steel Pipe Flanges, Forged Fittings, and Valves and
Parts for High-Temperature Service

A312, Specification for Seamless and Welded Austenitic Stainless Steel Pipe
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American Society of Mechanical Engineers (ASME)

Boiler and Pressure Vessel Code, Section VIII, Division 1, "Pressure Vessels"
Boiler and Pressure Vessel Code, Section IX, "Welding Qualifications"

American Water Works Association (AWWA)
C 203, Coal-Tar Enamel Protective Coatings for Steel Water Pipe
C 500, Gate Valves for Ordinary Water Works Service
C 106, Cast-Iron Pipe Centrifugally Cast in Metal Molds, for Water or Other Liquids

American Welding Society (AWS)
D7.0, Standard Specifications for Field Welding of Steel Water Pipe Joints
D10.4, Welding of Austenitic Chromium-Nickel Steel Piping and Tubing

A5.4, Specification for Corrosion-Resisting Chromium and Chromium-Nickel Steel Covered Welding
Electrodes

Compressed Gas Association (CGA)
P-1, Safe Handling of Compressed Gases in Cortainers
Compressed Gas Handbook

Hydraulic Institute (HI)
Standards, Centrifugal Pump Sectiocn

Manufacturers Standardization Society of the Valve and Fittings Industry (MSS)
SP-42, 150 1b Corrosion :Resistant Cast Flanged Valves
SP-61, Hydrostatic Testing of Steel Valves
$p-25, Standard Marking System for Valves, Fittings, Flanges, and Unions

Portland Cement Association (PCA)
Design and Control of Concrete Mixtures

The Pipe Fabrication Institute (PFI)
ES4, Standard Practice, Shop Hydrostatic Testing of Fabricated Piping
£S5, Standard Practice, Cleaning Fabricated Piping

ES11, Recommended Practice for Permanently Affixing ldentification Symbols to Fabricated
Piping

Tubular Exchanger Manufacturers Association (TEMA)
Standards

.5 Instrumentation

Instrumentation Society of America (ISA)

ISA - S5.1 1973, Standard Instrumentation Symbols and Identification (ANSI Y32.20)

.6 Electrical

American National Standards Institute (ANSI)

ANST €34.2 - 1968 (B1973), Practices and Requirements for Semiconductor Rectifiers
ANSI 83.9 - 1972, Racks, Panels, and Associated Equipment
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Insulated Power Cable Engineers Association (IPCEA)
IPCEA 5-19-81, Rubber Insulated Wire and Cable
IPCEA S-61-402, Therinoplastic Wires Cable
IPCEA S-54-401, American Standard Requirements for Metallic and Associated Coverings for
Insulated Cables

Joint Industrial Council (JIC)
EPB-1-1967, Electrical Standards

National Electrical Manufacturers Association (NEMA)

NEMA TR-T11, Power Transformers
NEMA SG3, Power Operated Circuit Breakers
NEMA AB1, Molded Case Circuit Breakers

National Fire Protection Association (NFPA)
NFPA No. 70-1978, National Electrical Code
NFPA No. 720D, Proprietary Protective Signaling Systems

ARI STD 210, Unitary Air-Conditioning Equipment
ARTI STD 410, Forced Circulation Air-Cooling and Air-Heating Coils
ARI STD 430, Central Station Air-Handling Units

Air Diffusion Council (ADC)

ADC Test Code 1062R2, Diffusers

Air Moving and Conditioning Association, Inc. (AMCA)
AMCA STD No. 210, Test Code for Air Moving Devices

American Society of Heating, Refrigerating and Air Conditioning Engineers, Inc. (ASHRAE)
Standard 36B-63, Fundamentals, Systems, Applications, Equipment Air Distribution

American Society of Machanical Engineers (ASME)

ASME PTC11-1946, Test Code for Fans
ASME PTC23-1958, Atmospheric Water Cooling Equipment Test Code

American Society of Plumbing Engineers (ASPE)

Standard National Plumbing Codes

Anerican Mater Works Association (AWWA)
AWWA C203-66, Pipe Coverings Underground

Associated Air Balance Council (AABC)
Air and Water System Balance — National Standards For Field Measurements and Instrumentation,

Total System Balance

Cast Iron Soil Pipe Institute (CISPI)
CISPI STD HS-67, 301 - 697 and HSN - 687, Pipe, Fittings, Coupling and Rubber Gaskets to Seal
Joints in Hub and Spigot Cast Iron Soil Pipe and Fittings

Cooling Tower Institute (CTI)
CTI Bulletin ATP - 105, Acceptance Test Procedure for Industrial Water-Cooling Towers
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National Environmental Balancing Bureau (NEBR)
System Testing and Balancing Procedures for Testing - Balancing Adjusting of Environmental

Systems

National Fire Protection Association (NFPA)
NFPA No. 90A, Standard for the Installation of Air Conditioning and Ventilating Systems
NFPA No. 91, Standard for the Installation of 3lower and Exhaust Systems

Plumbing and Drainage Institute (PDI)
Standard PDI-WH 201, Water Hammer Arrester

Sheet Metal and Air Conditioning Contractors National Associatipn (SMACNA)
SMACNA Standard Air Duct, Fire Dampers

11.1.8 General

Code of Federal Regulations (CFR)
10 CFR 20, Standard for Protection Against Raciation

U.S. Department of Energy (DOE)
ERDA Manual, Chapter 0550, Occupational Safety Standards
ERDA Manual, Chapter 0552, Fire Protection
ERDA Manual, Appendix 6301, General Design Criteria
ERDA Manual, Appendix 6101, Management of Construction Projects

11.2 BUILDING ADDITIONS AND MODIFICIATIONS

This section presents facility requirements for demolition, structural and architectural systems,
piping systems, electrical systems, fire protection, and heating, ventilating, and air conditioning
systems.

11.2.1 Building Demolition and Site Preparation

Demolition for the EBT-P device enclosure will include complete removal of the first and second
floors of Building 9201-2 within the rough area bounded by column lines 3, 7, f, and k. This will
necessitate relocating the T-M power supply vault for EBT-S and resupporting the west end of the EBT-S
equipment platform.

The required second floor demolition will be as outlined on Drawing S2E-B945A-SK4, Only the
principal high-bay building columns will remain within the outlined area. The masonry wall along column
Tine k between calumn lines 4 and 6 will be site cleared to the underside of the low-bay roof in order
to make room for the new enclosure shield wall. A second penetration through that wall will be provided
between columns 6 and 7 above the low-bay roof Tevel fer the environmental contral supply duct to the
device enclosure.

The extent of the first floor demolition will be as outlined on Drawing S2E-8945A-SK6. The "track”
structure will be removed down to the footings. Immediately below the existing first floor there is a
plenum chamber off the northwest building air tunnel; this will also be removed.

A dust screen will be provided around the entire eérea for the duration of the demolition work.

On the low-bay roof in the area bounded by column lines 5, 6, k, and d, an existing 4~ by 4-ft
roof hatch will be expanded to a 10- by 10-ft opening for the MVAC supply and return ducts for the
control room and the return duct from the device enclosure (see Drawing S2E-8945A-SK10).
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11.2.2 Power Supply Enclosures

The total volume of power supplies and related equipment required to run EBT-P is considerable,
necessitating a building addition to Building 9201-2. Two additions will be necessary. The components
having the promise of least reliability will be placed in a buiiding on the west wall of 9201-2 complete
with unirail cranes, a service area, and utilities. The balance of the equipment will be on a fenced
concrete pad behind the railroad tracks south of 9201-2.

Demolition and site preparation

Demolition for the new power supply building addition on the west end of Building 92071-2 will
include site clearance of the remains of Building 9732-2. The existing fan for the cyclotron area will
be relocated and its concrete support pad removed. The existing windows on the west end of Building
9201-2 will be removed and filled in with brick. The existing storm sewer running between Buildings
9105 and 9201-2 will be encased in concrete in the area to be occupied by the new compressor building
addition. The line and an intermediate catch basin will be relocated to accommodate the new power
supply building addition. The existing area sidewalks will be removed and rerouted as necessary for the
new addition (sse Drawing S2E-8945B-SK1).

Structural and architectural

The new power supply building addition (see Drawing S2E-8945A-SK2) will be 137 ft long by 42 ft
wide by 39 ft high. The structure will be an insulated, preengineered steel frame enclosure with a
20-ton capacity bridge crane that will be operational over the entire width and length of the enclosed
area. The floor system will be a reinforced concrete slab on grade.

Access will be provided via 3- by 7-ft personnel doors in the north and south end walls in addition
to a 10-ft-wide by 12-ft-high overhead roll1-up door for equipment access in the south wall,

Equipment maintenance will be done in the service bay area provided at the south end of the
enclosure.

A new power supply equipment pad will be provided on existing grade at the southwest corner of
Building 9201-2 (see Drawings S2E-8945A-SK1 and -SK3). The pad will be 21 ft wide by 175 ft long in the
east-west direction. The entire pad perimeter will be vrimmed with a 7-ft-high security fence. The
central portion of the pad, which will hold the inductrols, will be diked to contain o0il spills and
water in the event of a fire. The area will drain through a manually operated gate valve to the creek
immediately to the south of Building 9201-2.

Access to the equipment will be through 6-ft-wide double swinging gates in the east and west end
perimeter fences and a 4-ft pedestrian gate in the north side fence. For maintenance, equipment will be
installed and removed with a mohile crane.

Piping

Section 11.4.5 includes a complete discussion of piped services.

Heating, ventilating, and air conditioning

Ventilation will be provided to prevent the temperature in the enclosure from exceeding 110°F
during the summer. The new ventilation system will consist of supply ductwork, return/exhaust ductwork,
a supply fan, a return/exhaust fan, dampers, and a pneumatic control system. During the winter, dampers
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will be modulated to vary the amount of return and outside air to provide a supply air temperature that
will maintain space conditions at 40°F (minimum). Steam unit heaters will be installed to provide heat
during the periods when the power supplies are inoperative. The HVAC system layout is as shown on
Drawings H2E-34111-SK01, -SK02, and -SKO3.

Electrical

The contents of the building addition and concrete pad are illustrated in Drawing E2E-14270-0002.
Basically the pad contains the primary input, fused disconnect switches, vacuum circuit breakers, and
induction voltage regulators for the high voltage microwave power supplies Tocated in the new building
addition. The pad also contains three small substations for 2.4-kV and 480-V power. The 480-V circuit
breaker distribution panel is located in the north end of the building addition.

Automatic sprinkler systems will be installed to protect the new transformers, power supplies,
regulators, and other equipment provided for EBT-P.

Two new deluge sprinkler systems will be installed, one to protect the equipment on the equipment
pad and the new 30-MVA transformer on the south side of Building 9201-2 and one to protect the equipment
in the power supply building addition. The systems will be hydraulically designed to provide a minimum
water flow density of 0.25 gpm/ft? to the oil-filled ecuipment. A new valve house erected near the
equipment pad will house both deluge valves. Water supply to the valve house will be extended from a
nearby 10-in. main.

The sprinkler system will be provided with water flow and supervisory alarms that will upon acti-
vation transmit a coded signal to the Y-12 Fire Department and other emergency organizations.

The fire protection system will be designed and installed in accordance with NFPA standards for
automatic sprinkler, alarm, and detection systems.

11.2.3 Cryogenic Equipment Mounts and Enclosures

The enclosures necessary to house the device cryogenic system components include the helium com-
pressor enclosure and the refrigeration equipment enclosure. These enclosures provide protection frem
the weather for the cryogenic system components.

Structural and architectural

The cold box building addition for the helium refrigeration system will be located on the Tow-bay
roof 1A between column lines 3, 5, k, and m (see Drawing S2E-8945A-5K10). The structure will be an
insulated 22-ft-high steel-framed enclosure with corrugated metal roofing and siding.

The two cold boxes inside the enclosure will be supported on a special steel structural framing
system. A maintenance platform will be provided arourd both vessels approximately 12 ft above the
existing roof elevation. Access will be provided through one 6-ft-wide by 8-ft-high set of double
swinging doors.

Structural steel framing will also be provided for the new helium dewar on the low-bay roof imme-
diately to the east of, and adjacent to, the cold box building addition.

The helium compressor building addition (see Drawing S2E-8945A-SK8) will be 26 ft 6 in. high by
40 ft wide by 44 Tt long. The steel-framed structure will be located just west of the existing northwest
fan room on Building 9201-2 between column lines k and n. Two new compressors will be mounted inside on
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independent, structurally iscolated foundation pads in the reinforced concrete slab on-grade floor system.
Maintenance and removal of the compressor components will be facilitated by a 3-ton-capacity, underhung
bridge crane suspended from the roof framing system. A sheet metal wall will be provided along the west
face only, leaving the north and south faces open to provide continued unimpeded air flow to the fan room.

Piping

Section 11.4.5 includes a complete discussion of piped services.

The principal cryogenic equipment requiring electrical input will be the helium compressors, located
cutside Building 9201-2 adjacent to the northwest corner. These units will require 2500 kVA at 2.4 kV.
This power will be supplied from a 13.8/2.4-kV power transformer dedicated solely for this purpase and
located on the new power supply pad south of Building 9201-2 (see Drawing E2E-14270-0003). The power
cables will be run in conduit outside along the west wall of the new power supply building addition (see
Drawing E2E-14270-0004).

The other cryogenic-related components requiring electrical input will be a cold box and associated
cooling fans, to be located on the roof of Building 9201-2 above the experiment. The total power
required will be 50 kVA at 480 V, 3 §. This power will be routed in conduit from a 480-V circuit
breaker panel located at the north end of the new power supply building addition (see Drawing E2E-14270-
0004).

The compressor building housing the two helium compressors will be protected by a wet pipe sprinkier
system. An antifreeze loop will be extended from an existing wet pipe system in 9201-2 to the com-
pressor building. The system will be designed for ordinary hazard occupancy according to the NFPA
No. 13 pipe schedule.

The sprinkler system will be provided with water flow and supervisory alarms that will upon acti-
vation transmit a coded signal over the plant fire alarm system to the Y-12 Fire Departwent and other
emergency organizations.

The fire protection system will be designed and installed in accordance with NFPA standards for
automatic sprinkler, alarm, and detection systems.

11.2.4 Control Room

This section describes the construction of the control room immediately north of the device en-
closure. Included in this section s a description of the basic structural and architectural require-
ments, the heating, ventilating, and air conditioning systems, the electrical requirements, and the fire
protection systems.

Structural and architectural

The control room for EBT-P will be located on the second floor of Building 9201-2 in the low-bay
area bounded by column lines 2-1/2, 5-1/2, k, and m {see Drawing S2E-8945A-SK9). The room will be
enclosed with 1-hr-fire-rated metal stud and sheetrock walls. Access will be provided by 3-ft-wide by
7-ft-high personnel doors in the northeast, northwest, and southwest corners. An interior mezzanine
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will be provided with a 100-psf-capacity sheet metal floor 9 ft above the main control room floor. Two
sets of stairs will be provided for personnel access to the mezzanine. A 1/2-ton-capacity hoist and
monorail will be provided for equipment access. The underside of the mezzanine structural framing will
be finished with metal furring strips and sheetrock, as will the existing walls and colunns below the
mezzanine.

Cable tray and conduit access to the experiment will be provided through a radiation-shielded maze
on the mezzanine between column Tines 5 and 5-1/2. This maze will also accomnodate the HVAC return duct
from the experiment enclosure. The underside of the second floor slab will be reinforced with structural
steel in order to support the lead-shielded maze.

Heating, ventilating, and air conditioning

The control voom will be conditioned to maintain an inside design temperature of 78°F + 2°F and a
relative humidity level of 50% + 10% by a new factory built-up modular unit Tocated on the northwest
tow-bay roof. The built-up modular unit will consist of a return and air intake section with fan,
filter section (95% ASHRAE STD 57-76), chilled water section, steam heating section, and supply fan
section. Controls will be pneumatic. Insulated supply énd return ductwork will be extended from the
HVAC unit to serve the mezzanine and first floor of the computer room. The HVAC unit will have the
capability of using outside air for cooling when conditions permit. A new chiller to be located on the
first floor in the northwest fan room will be utilized to provide chilled water for the control rocm
supply unit and the device enclosure supply unit. The HVAC system layout is as shown on Drawing
H2E-34117-5K3.

Electrical

The EBT-P control room will require ~100 kVA for control cabinets and 30 kVA for lighting. This
power will be supplied as 480-V, 3-@ power in conduit from the 480-V circuit breaker panel located at
the north end of the new power supply building addition {see Drawing E2E-T4270-00D04). These conduits
will terminate in cabinets containing 480/120-V transformers and distribution circuit breakers located in
the control room. Power to individual control cabinets will be carried by overhead cable trays.

Fire protection

The control room will be provided with a preaction sprinkler system. A new preaction valve will be
installed on an existing sprinkler water supply manifold located near the enclosure. Prieumatic/heat-
activated devices will be installed to activate the preaction vaive. The system will be designed for
ordinary hazard occupancy, and piping will be sized according to the NFPA Ho. 13 pipe schedule. A snioke
detection system will also be installed. The sprinkler system will be provided with water flow and
supervisory alarms that will upon activation transmit a coded signal to the Y-12 Fire Department and
other emergency organizations.

The fire protection system will be designed and installed in accordance with NFPA standards for
automatic sprinkler, alarm, and detection systems.
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11.2.5 Building Electrical Service

Primary electrical power for the EBT-P project will be provided through a new substation installed
south of Building 9201-2. The new substation will consist of

(1) a 30-MVA, 161/13.8-kV power transformer;

(2) a 161-k¥ transformer disconnect switch with mounting pedestals, remotely controlled
motorized operator, and magnetizing current interrupting devices;

(3) transformer primary and secondary lightning arresters;

(4) a metal-clad indoor 13.8-kV switchgear;

(5) a 15-kV metal-clad bus duct to connect the power transformer secondary to the new
switchgear;

(6) metering, protective relaying, control, monitoring, and auxiliary power facilities
for the substation.

The new switchgear will be located on the second floor of Building 9201-2 directly above the
existing switchgear room. The 13.8-kV feeders from the new switchgear to the EBT-P power supplies and
utilities will consist of 15-kV shielded cable enclosed in rigid steel conduit. A bus tie circuit
providing a backup power source to EBT-P will be installed from the new switchgear to the existing
13.8-kV bus.

The new power transformer will be protected with a pneumatic rate-of-rise water deluge sprinkler
system. Alarm devices will be connected to the existing Y-12 Plant Gamewell system and also into the
Y-12 Plant emergency monitoring system.

To protect adjacent structures from oil fires, a concrete wall will be provided around the trans-
former.

Concrete foundations will be provided for the transformer, firewall, and 161-kV lightning arrester
and disconnect switch support structures. A dry well filled with crushed rock will be provided under
the new power transformer to contain and cool spilled oil.

A metal fabric security fence with a pedestrian gate will be provided around the substation.

This 13.8-kV power will supply all of the high voltage microwave power supplies for the experiment.
Also required are 2500 kVA of 2.4-kV power (for the helium compressors) and 3000 kVA of 480-V power for
various magnet supplies, cooling fans, vacuum pumps, and air conditioning (see Drawing E2E-14270-0001).
Contral room 120-V power will be derived from a 480/120-V transformer located in the control room. A
separate 2500 kVA, 13.8/2.4-kV transformer and switchgear and two 1500-kVA, 13.8/480-V transformers and
switchgear will be installed on the east end of the new power supply pad to meet power needs at these
voltages. A1l 480-V circuit breakers will be located on the north end of the power supply building
addition in order to minimize the total length of 480-V conduit, which is considerable (see Drawing
E2E-14270-0002) .

The estimated electrical power demand loads for EBT-P, including future aptions, are summarized in
Table 11.0 (see p. 68).

11.2.6 Device Enclosure and Support Structure

The device enclosure must provide adequate x-ray vradiation shielding as required to reduce the
exposure to acceptable levels both outside the enclosure and in the basement area (where auxiliary
equipment is located) and working space for the various device-related operations. The enclosure must
also serve as a structural support for the device.
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Structural and architectural

The device enclosure and support structure will be located in the high-bay area of Building 9201-2
between column lines 3, 7, f, and k. (See Drawings S2E-8945A-SK4, -SK5, -SK6, and -SK7.) The three-
story, 58-ft-ID reinforced concrete dodecagon will be supported by two concrete ring foundations carried
to rock at the existing basement level. The first floor inside the 27-in.-thick concrete/lead enclosure
walls will be a 9-in.-thick reinforced concrete slab on ¢rade at elevation 925 ft, 4 ft below the main
building ground floor. Fork 1ift and pedestrian access will be provided by a concrete ramp at the
northwest corner of the facility. Equipment access will also be available by way of the main high-bay
bridge crane and a service pit located on the west side of the enclosure. Class-A-rated overhead roll-
up-type fire doors will be provided at both the ramp and pit entrances to the enclosure. Access to the
upper levels of the structure will be by way of a 10~ton-capacity electric elevator. The elevator shaft
and a utility chase at the back of it will be shielded with 15 in. of concrete and 12 in. of lead to
prevent radiation leakage from the device at the upper shielded Tevels,

The mezzanine, at elevation 939 ft, will be the main operating level. Access will be provided by
stairs from bath the first and second floors of the main building through a shielded maze at the south-
west corner of the facility. The main enclosure walls at this Tevel will be shielded with 15 in. of
reinforced concrete and 12 in. of prefabricated lead panels. The floor will be shielded with a 15-in.-
thick reinforced concrete flgor slab supporting 12 in. of lead bricks and a 3-in.-thick unreinforced
concrete floor topping. The elevator shaft and utility chase will be shielded up to the underside of
the second floor at elevation 949 ft.

At the second floor level, the concrete and lead shield walls will continue up to elevation 968 ft.
At that elevation a removable structural steel roof framing system will be installed and shielded with
14~in.-thick modular lead panels. Major equipment access/egress at this level will be through the roof
via the existing second floor bridge crane. The second floor framing system will consist of structural
steel and grating to a radius of 13 ft 4 in. around the centerline of the elevator shaft, which is
11 ft 4 in. square. The remainder of the floor will be an 8-in.-thick structural slab.

On the outside of the device enclosure at both building floor elevations, the gap between the
limits of the building demolition and the ring walls will be covered with removable structural steel
framing and floor plate.

Piping
Section 11.4.5 includes a complete discussion of piped services.

Heating, ventilating, and air conditioning

The device enclosure will be conditioned to maintain an inside design temperature of 75°F £ 2°F by
utilizing a new built-up modular unit located on the northwest low-bay roof. A positive pressure of
0.05~in. w.g. with respect to surrounding areas will be maintained in the enclosure by the supply system.
The built-up modular unit will consist of a return and cutside air section with fan, filter section (95%
ASHRAE STD 57-76), cooling coil section, and supply fan section. Controls will be pneumatic. Insulated
supply and return ductwork will be extended to the device enclosure from the HVAC unit, which will have
the capability of using outside air for cooling when conditions permit. The HVAC system layout is as
shown on Drawings H2E-34111-5K01, ~SK02, and ~-SKO3.
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The principal equipment related to device enclosure and support requiring significant electrical
input will be a chiller for the air conditioning system. This will be Tocated in the basement of
Building 9201-2 and will require ~110 kVA at 480 V, 3 @. This will be supplied in conduit from the
480-V circuit breaker panel located at the north end of the new power supply building addition (see
Drawing E2E-14270-0004).

A preaction sprinkler system will be provided for the various levels inside the device enclosure.
The new preactinn valve serving the control room and installed on an existing sprinkler water supply
manifold will also service the system for the equipment and experiment areas inside the enclosure.
Pneumatic/heat-activated devices will be installed in the enclosures to activate the preaction valve.
The system will be designed for ordinary hazard occupancy, and piping will be sized according ta the
NFPA No. 13 pipe schedule. The sprinkler system will be provided with water flow and supervisory alarms
that will upon activation transmit a coded signal to the Y-12 Fire Department and other emergency
organizations.

The fire protection system will be designed and installed in accordance with NFPA standards for
automatic sprinkier, alarm, and detection systems.

11.3 OTHER STRUCTURES

Other structures associated with the EBT-P facility include the cooling tower and concrete pads for
the helium storage tanks.

11.3.1 Cooling Tower

Primary cooling of the EBT-P facility will be accomplished by a new 19-MW cooling tower, a three-
cell tower to be built on an existing seven-cell basin. The use of the existing basin will be economical
and will provide room for the expansion of the cooling system if the facility expands.

The cooling tower will be of redwood and will be a counterflow type. Required electrical service
and fire protection are already available at the existing basin.

11.3.2 Helium Tanks and Pad

A 24-in.-thick by 15-ft-wide by 85-ft-long reinforced concrete support slab will be provided for
the high pressure helium storage tanks located approximately 100 ft southwest of Building 9201-2 (see
Drawing X2E-14270-0008). In addition, five 24-ft-high steel tube pipe supports will be provided for the
helium supply line from the tanks to Building 9201-2.

11.4 BASIC DEVICE

The basic EBT-P device is composed of the following subsystems:

(1) toroidal vessel,
(2) magnetics system,
(3) microwave heating system,
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(4) vacuum pumping system,
(5) device utilities, and
(6) instrumentation system.

These systems are discussed in the following sections.

11.4.1 Toroidal Vessel

The EBT-P toroidal vacuum vessel, designed as a separate component independent of the mirror coil
dewar structure, will contain the high energy plasma. It will allow an ultrahigh vacuum to be main-
tained using viton elastomer seals with interference fits at all flanges. The torus is composed of 36
each of the mirror and vacuum liner cavities. Both vessel components are fabricated from high strength
aluminum alloys. The vessel major radius is 5.6 m. Drawings X2E-14270-0011, Sheets 1 and 2, describe
in detail the vacuum vessel.

It is anticipated that separating the vacuum Tiner cavity from the mirror coil dewar structure will
reduce fabrication costs. The proposed design of the torus incorporates a 0.050-0.100-in. clearance
between the coil cavity Tiner and the mirror coil dewar. This clearance allows for added adjustment
capabilities between the mirror coil and the vessel as well as for assembly purposes. Also, this gap
should allow machining tolerance requirements to be reduced.

The 36-sector vessel is assembled by bolting the joining fianges between each vacuum liner cavity
and mirror cavity. Prior to assembling the torus, the coil cavity liner halves must be installed inside
the coil bore and welded.

Because of the number of sectors and the Targe major radius, the location of each joining toroidal
flange is critical in preventing excessive stresses during operation. Vessel flanges should be located
within £0.002 in. of design position. Although these tolerances are not unreasonable for the size of
the torus components, final flange machining of the coil cavities will be done after the liner halves
have been welded to ensure proper alignment. To allow for thermal expansion resulting from the high
temperatures the Tiner will see during operation, the 0.125-in.-thick cavity side wall sections will be
designed to flex. In order to further define deflections and stress levels, a finite element model of
the vacuum vessel that considers pressure loads and thermal expansion should be completed.

The vessel support apparatus is located at the flanges between the vacuum liner cavity and the
mirror cavity and is mounted to the mirror coil I-beam members. This approach will allow adjustments to
be made at the torus support points in both circumferantial and vertical directions.

A support system and diagnostic access ports are provided in each mirror cavity. No instrumentation
ports are provided in the coil cavity liner because of space limitations resulting from gamma ray
shielding and the mirror coil structure.

Table 11.1 1ists a breakdown of the general vessel characteristics.

Table 11.1. Toroidal vacuum vessel specifications

Torus volume 368.4 ft3 (10.44 m3)
Internal surface area 756.64 ft2 (88.87 m?)
Deionized cooling water requirements
Mirror cavity 240 gpm (15.14 liter/sec)
Coil cavity 1116 gpm (70.41 Viter/sec)

Major radius 18.37 ft (5.6 m)
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11.4.2 Magnetics System

The magnetics system function consists of generating a toroidal magnetic field to contain the
steady-state plasma and includes the mirror coil dewar system and associated powey supply system.

Mirror coils

The first stage of EBT-P will have a major radius of 5.6 m and 36 mirror magnets. Each mirror
magnet will consist of two concentric solenoids, one wound inside the other. This arrangement will
allow the mirror ratio to vary in the range 1.96-2.30. The size, shape, mirror ratio, maximum field,
and maximum current density were set in a series of tradeoffs between plasma physics requirements and
reasonable goals for a moderate-risk magnet system. 7The magnet parameters are listed in Table 11.2, and
Drawings X2E-14270-0005, X2E-14270-0006, X2E-14270-0007, and E2E-14270-0003 refer to the magnet system.

The rationale for the choice of a NbTi pool-boiling system is discussed in Sect. A.4.3. The
conductor and conductor insulation scheme, the rationale for the winding scheme, bobbin design, steps in
winding the coil, and the protection system are discussed below.

As pointed out in Sect. A.4.3, the copper-to-superconductor ratio should be kept Tow and the
operating current should be kept lTow with respect to the critical current. The conductor size and the
operating and critical currents are given in Table 11.2. The conductor will be monolithic or built up
of a superconducting efement and a copper element.

The turn-to-turn insulation is a 50% covering of the conductor surface with a barber pole wrap of
0.5-mm-thick Nomex lacing tape. The voltage per turn in the inner coil during a system dump is ~0.3 V;
the maximum voltage between adjacent turns is then ~30 V. Hence, the minimum distance between turns can
easily insulate this voltage.

The insulation from the windings to the bobbin is discussed later in this section.

The winding scheme for the mirror coils must be chosen carefully to keep the field errors low.
These errors are introduced by crossovers, by layer-to-layer transitions in the magnet, and by leads.
The largest potential errvor is the result of the large separation of the leads as they leave the winding.
The choice of the winding scheme strongly influences the lead placement. Two common winding types are
layer winding and pancake winding. An inappropriate layer winding scheme would feed the conductor on to
the bobbin through a hole in a side plate and then wind each layer and bring the other lead off the
outside diameter. The bad feature of this scheme is that there is an uncompensated current lead the
length of the coil build. It is possible to design a layer winding that eliminates this problem, but it
requires conductor joints at one end of the magnet. One can also make a design of a pancake winding
with uncompensated leads on each end of the coil. Pancake-wound coils for this application have another
disadvantage. If the conductor is graded, there must be two joints in sach pancake to make the change
of grade and two more joints to connect the pancakes electrically. A1l joints take considerable time to
make, thus increasing the overall winding cost. But as in the layer-wound case, proper designs of
pancake-wound coils are also possible, e.g., the mirror magnets for EBT-S.

A hybrid winding scheme has been chosen for the EBT-P coils. Basically, this design consists of a
Tayer-wound coil with a pie {one-half of a pancake) wound on one end to bring the conductor next to the
bobbin to the outside diameter as a lead. There will be an even number of layers and the same number of
turns in the pie so that the two leads end up on the outside diameter on the same end of the coil. The
leads can then be brought out close together for good field error compensation. The lead spacing will
be set by helium breakdown voltages during a possible dump.

In the inner coil there will be two grades of conductor. A conductor with a 3:1 Cu:SC ratio will
be used in the high field areas. A conductor with the same dimensions and less superconductor will be
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Table 11.2. Magnet parameters

Inner Outer
coil coil
Winding dimensions
Inner radius (cm) 27.0 49.5
Outer radius (cm) 42.5 54.5
Axial length {(cm) 30.0 30.0
Number of turns per coil 2000 700
Current density in winding (A/m?)
Mirror ratio (MR) = 2.3 6600 0
MR = 1.96 5000 6700
Operating current (A)
MR = 2.3 1535 0
MR = 1.96 1163 1568
Peak operating field (T) 8 2
Winding type® Hybrid Hybrid

Cooling type
Conductor sizeb (mm)
Number of grades

Insulation turn to turn

Pool boiling
2.9 x 5.0
2

50% covered
Barber pole wrap
0.5-mm thick

Peol boiling
2.9 x 5.0
1

50% cavered
Barber pole wrap
0.5-mm thick

Minimum copper:superconductorc 3 To be determined
Critical current (all grades) (A) 2800 2800
Stored energy (MJ) (total all magnets)

MR = 2.3 109

MR = 1.96 152

an hybrid winding is a particular combination of pancake and layer winding; see text for explanation.
Because of dimensional tolerance and strength requirements, a cable or a braid will not be used.

“The copper:superconductor ratio will change from one grade of conductor to another., The final ratio
will be determined by the conductor manufacturer after the other conductor parameters are met.

used in the low field regions to help reduce costs. The hybrid scheme requires only one joint between
the two conductor grades. The actual number of joints in the magnet depends on a number of things, such
as the maximum length of conductor that can be manufactured, but in any case there should be many fewer
Jjoints than in a pancake-wound coil.

The outer coil is not wound directly onto the inner c¢oil's turns because structural banding is
needed on the inner magnet to keep the turns nearest the bobbin pressed against the bobbin insulation
when the coil is fully energized. It is not practical to wind the outer coil on the banding of the
inner coil. Therefore, the outer coil will have its own bobbin with space left between the outer
bobbin and the outside diameter of the inner coil to serve as a small helium plenum and lead space.
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The alignment of the inner and outer coils is important because the field error has to be small
when one or both coils are used. The proper aligniient of the coil axis is the best way to ensure this.
At first thought it seems reasonable to put each coil on its own bobbin and then attach the two bobbins,
but this is difficult when one also designs for the out-of-plane fault loads. The bobbin can be made
self-aligning by welding onto a cylinder circular end plates large enough to accommodate both coils.

The cylindar will then be used as the bobbin for the inner coil after it is machined to the proper
dimensions. The bobbin for the outer coil is made in two C-shaped parts. Afterward the holes for the
bolts and alignment pins are drilled and countersunk before the inner coil is wound. Then the sections
are disassembled, and the inner coil is wound. Once the insulation for the inner coil is put in place,
the inner coil is wound, and the leads are brought to the outside diameter of the bobbin, the outer coil
bobbin will then be put into place and held by the aligning pins while it is bolted to the side plates.
Covers will be put over the pins and bolts, and the plate seal will be welded to the bobbin side plates.
The bobbin insulation for the outer coil will be put in place, and the outer coil will be wound. The
leads will be put in position and the outer cover plates bolted on and seal welded.

The insulation between the bobbin and the windings will be slotted G-10 sheets covered with a solid
sheet to electrically insulate the winding cavity from the bobbin. The helium circulation next to the
bobbin is designed to keep the x-ray heat deposited in the bobbin and to keep heat conducted from the
structure through the support struts away from the magnet turns. During steady-state operation, the
helium in the windings will then cool only the superconductor heated by the x-rays. Helium circulation
between the two bobbins is provided by slots machined on the ends of the outer coil's bobbin. There
will be enough slots to vent the helium in the inner coil during a quench without an excessive pressure
buildup.

The motivation for the winding scheme and a general description of it were given earlier; below is
a description of the winding sequence. After the bobbin insulation is installed for the inner coil,
enough high field conductor for the entire high field, layer-wound portion of the coil will be wound
(uninsulated) on one end of the bobbin. Then the pie (one-half of a pancake) section of the coil will
be wound on the other end. The lead will be bent into an insulated slot in the bobbin, and the banding
needed for the pie will be wound on. As the conductor is wound, with the proper winding tensior being
maintained, a 50% barber pole wrap of Nomex tape is applied. The high field conductor will then be
unwound from the bobbin and transferred to another spool. The 1 mm of insulation between the pie and
the layer-wound section will be put in place. This insulation is a sandwich of two slotted sections on
each side of a s01id piece of G-10. While it is being layer wound, the high field conductor will be
held in tension and insulated in the same way as the conductor for the pie. The number of turns per
layer will be monitored, and when the proper number has been wound on (in this design 49 turns), a
polycarbonate wedge will be placed between the last turn and its neighbor to hold the last turn tightly
against the insulation on the end plate. The winding cavity width is determined by adding 1.5 mn to the
maximum width of a Tayer, given the acceptable tolerances of the conductor and the insulation dimension.
After the wedge is inserted, the transition to the next layer is made and that layer is wound. After
the proper number of layers has been wound, the joint to the Tow field conductor is made on the end of
the coil away from the pie. The low field conductor will then be wound the same way as the high field
conductor. The problem cf getting the lead out of the layer-wound section has not been resolved yet;
however, one solution is to wind one or two fewer turns in the pie than layers in the layer-wound
section so that the bottom of the conductor in the loose layer is higher than the banding on the pie.
The lead from the layer-wound part can then be bent into a special insulation block that fits over the
pie and through the 1 mm of insulation between the iwo sections. The leads are insulated and brought
out as close together as possible in a radial slot in the bobbin. After the two outer baobbin sections



are installed, the outer coil is wound the same way as the inner coil with the exception of the conductor
grade change. The pie will be wound on the other end of the bobbin from the pie for the inner coil.

The purpose of protection is to ensure the integrity of the magnet in case of quench and other
fault events. For the operating current and conductor cross section/composition, the energy stored in
the magnet needs to be removed in a fairly short time (~10 sec). During this amount of time, it is not
possible to absorb the stored energy (4.3 MJ/magnet) internally because the normal zone propagates
sTowly (v2 m/sec). To dump the energy externally, switching is required.

The number of switches required depends on the ecceptable level of transient voltage to ground.

For the pool-boiling magnet proposed, & 600-V Timitation is needed. This implies that each inner coil
has its own dump resistor and that each pair of outer coils has a dump resistor.

Details of the protection circuit are shown in Drawing EZE-14270-0003. Characteristics of the
protection circuit are shown in Table 11.3. There will be two of these circuits, one for the inner
coils (36 sections) and one for the outer coils (18 sections). During normal operation all inner
(outer) coils are connected in series to minimize the field error. The power supplies may produce a few
amperes of curvent in the dump resistor during normal operation. The error field preduced is smaii
because dump resistors are placed several meters away from the magnet.

Table 11.3. Protection characteristics

Inner Quter
coils coils
Inductances
Self (H) 92.1 26.8
Mutual (H) 31.1
Dump resistor/section {Q) 0.375 0.36
Number of coils per section 1 2
Peak voltage (V)
MR = 2.3 576 200
MR = 1.96 436 564
Percent of stored energy dumped
in the resistors
MR = 2.3 85.6% 14.4%
MR = 1.96 63.2% 36.8%

The same scheme may be used for 48-coil systems because the protection characteristic is determined
by energy stored in the coil.

The number of switches used would be significantly reduced if a higher operating current (+5 kA)
were used. The main problem with that seems to be field error associated with leads.

A scheme similar to the present one has been proposed for ISABELLE ring magnets.l»?

Voltage differences across each magnet (Drawing I12E-14270-A009) are monitored by voltage taps and
differential amplifiers. Because coils are identical and carry the same current during normal operation,
the voltage drop across each coil should be the same. The voltage between neighboring coils is compared
by a second stage of differential amplifiers. Deviation from zero indicates quench or shorts.

If Vi has quenched, it will show up in both channel V-V, and channel V3¢-¥,. Hence, the particular
magnet that has problems can be located.

A similar scheme has been proposed for short detaction in TFTR toroidal field magnets.3
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Mirror coil power supply

A1l of the superconducting mirror coils and mirror trim coils will be powered by special-purpose,
solid-state, high current dc power supplies. Each supply will have provisions for remote programming,
remote sensing, automatic crossover, over-current cutoff, and reverse voltage protection. A1l of the
mirror coils will be connected in series and powered by one 200-V, 2-kA dc supply; all of the mirror
trim coils will be connected in series and powered by one 150-V, 2-kA dc supply. A schematic repre-
sentation of this is shown in Drawing E2E-14270-0003. The relatively high voltages of these supplies
are required in order to charge up the high inductance coils in a reasonable amount of time (30 min).
These power supplies will be located on the first floor of Building 9201-2 directly under the experiment
(sce Drawing E2FE-14270-0005)}. They will be connected to the mirror coils with rigid copper bus. AC
power will be supplied in conduit, routed from the 480-V circuit breaker panel in the power supply
building addition (see Drawing E2E-14270-0004).

Magnet vacuum dewar

The magnet vacuum dewar assembly provides an insulating vacuum for the superconducting mirror coil
and satellite dewar. The cylindrical outer portion of the coil dewar also serves as a magnetic-load-
transferring member. Drawings X2E-14270-0005, -0006, and -0007 show details of the dewar structure.

The external case of the coil dewar is fabricated from a 1-in.-thick stainless steel plate. Super-
insulating material will be installed with a liquid-nitrogen-cooled liner prior to the installation of
the coil case. The inner bore of the coil dewar is fabricated from 3/8-in.-thick stainless steel.

Welded around the mirror coil case is the major portion of the dewar case. Access inside the dewar
for final assembly and maintenance is available through a flanged section. Vapor-cooled conductor Teads
are brought through the dewar case at a top center location. The liquid helium is fed from the satellite
dewar to the mirror coil case at the top center location also. The satellite dewar is supported by the
coil dewar case.

The dewar case is designed to carry maximum out-of-plane loads of 260,000 1b (1.1565 x 105 N) to
two stainless steel I[-beam supports at the base of the coil dewar. The centering force load members and
the coil case gravity load member are connected to the coil dewar structure. These members that transmit
magnetic loads from the coil case to the major load-bearing structures have threaded adjustment devices
attached to the coil dewar case.

The mirvor coil structural support members are designed to transfer magnet-centering loads and
possible out-of-plane loads. The structural members connecting the coil case to the dewar case also
provide for a means of coil position adjustment (relative to the dewar) in any combination of axial or
radial directions.

There are a total of 11 support struts connecting the coil case to the dewar case. 1In case of a
coil quench, four pairs of struts are needed to carry the out-of-plane loads, a maximum of 260,000 1bs
(1.156 x 108 N). One strut is designed to carry a maximum centering load of 110,000 1b (4.893 x 10° N).
A possible negative centering load of 4000 1b {1.779 x 10* N) and the gravity loads of the coil are
carried by two other struts. A1l major load-carrying struts are tension Toaded. Only the gravity load
member is loaded in compression. The struts are designed to use a high strength titanium alloy for
fabrication. A1l struts are attached to both the coil case and the dewar case by ball joint connec-
tions. The coil adjustments are made by turning threaded members mounted in the dewar case.

The superconducting mivrror coils are maintained at 4.2K in a bath of liquid helium; the magnet is
suspended in a vacuum of 1076 torr for thermal insulation. The supports transmit all loads on the
magnet from the coil case at 4.2K to the vacuum dewar, which is at 300K. Between the temperature extremes



of 300K and 4.2K, there is a cold wall that is cooled to 80K by liquid nitrogen. This intermediate
temperature surface is thermally attached to each support member. Thus, the cold wall reduces the
conductive heat leak through the supports as well as reducing the radiation heat transfer to the coil.
Layers of aluminized mylar superinsulation further reduce radiation heat leak by creating isothermal
layers with low emissivity. The satellite dewar will be similarly constructed.

The structural supports can be thermally optimizad to reduce heat leak by taking advantage of the
thermally dependent mechanical properties of titanium alloys. One alloy considered, Ti-5 A1-2.5 Sn, is
16% stronger at 4.2K than it is at 80K and is 60% stronger at 80K than it is at 300K. The cross-section
area of the support can decrease by the same percentage as the strength increases, thus reducing the
area available for conductive heat transfer.

The vacuum in the dewar will be initially providad by a commercial cryopump while the coil is warm.
After the coil has cooled down, the case can be valved off and the cold surfaces will act as a huge
cryopump with many times the effective pumping speed of the commercial pump. A molecular sieve will be
attached to either the coil case or the cold wall to further increase pumping speed and capacity.

Magnet shielding

Each superconducting mirror coil dewar requires a gamma-ray-shielding device for winding insulator
protection as well as for 1imiting thermal loads on thve helium cryogenic system. Primary radiation
emission is expected to result from electron collisions with the vacuum liner at the torus throat.
Bremsstrahlung emissions resulting from these electrons impacting the throat are attenuated by the
shielding material installed around the mirror coil dewar (on the inner bore).

Both depleted uranium and tungsten were considerad as a possible shielding material. These mate-
rials were most attractive because of the effective shielding thickness required for each. (By minimizing
shielding thickness, a more desirable mirror field is attained.) Because of possible difficulties with
a depleted uranium shield {see Sect. A.1.1. of the Appendix), a high tungsten alloy powder is incorpo-
rated in this design.

The tungsten shielding components are water cooled to reduce vacuum liner operating temperatures
and to minimize heat loads on the mirror coil dewar. As seen in the thermal model of the vacuum vessel,
approximately 4100-kW power input to the dewar nitrogen system from the shielding results from gamma ray
conversion,

The shielding components are designed to be formed with cooling tube passages and bolted
together. Each complete unit is attached to the coil dewar. Orawing XZE-14270-0006 shows the tungsten
shield units.

Based on the radiation analysis, we predict that approximately 252 W of power will be absorbed by
the mirror coils (7 W/coil).

Mirror coil protection system

In the event that energy must be rapidly removed from the mirror and/or mirror trim coils, special~
ized circuitry will be required. The basic idea involves electrically isolating each coil with switches
and then allowing each coil to discharge into a resistive element. By first isolating the coils, we
avoid the problem of ground fault voltages adding to prohibitive levels. The electrical details for
implementing this plan are shown schematically in Drawing E2E~14270-0003. During steady~state operation,
current flows through the SCR's and the mirror coils. The dc contactor is open, and the dump resistor
is effectively shorted out by the superconducting coil. When the decision to dump is made, all dc
contactors will be closed; then all SCR's will be commutated open, leaving all mirror coils free to
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discharge into their respective dump resistors. The use of the contactors will preclude any potential
problems with commutating all SCR's simultaneously.

The SCR-forced commutation circuitry includes a capacitor bank to force the SCR current to zevo, a
power supply to maintain the capacitor bank, and a saturable reactor to prolong the current zero cross-
ing. In the detailed design use will be made of circuits similar to those designed for experiments at
Los Alamos Scientific Laboratory (except in that case vacuum circuit breakers were used). In this
instance, solid-state switches are preferable to vacuum circuit breakers because the interrupting voltage
is only 600 V and space is a factor.

The switches and dump resistor will be packaged as a unit for each coil and suspended from the
ceiling of the experiment enclosure (see Drawing X2E-14270-0004). Connections to the coils will be nade
with rigid copper bus. Internal connections and some of the interconnections between switch/dump
resistor units will be braided copper cable.

Magnet structural supports

The magnetic loads are transferred from the dewar case to the floor structure by three beam members.
Two stainless steel I-beams welded to the dewar case transfer out-of-plane loads and gravity loads. A
box beam located on the outside of the torus carries both ARE coil and mirror coil centering loads.
Drawings X2E-14270-0005, 0006, and 0007 show the details of the magnet structural supports.

11.4.3 Microwave Heating System

The microwave heating system provides energy to heat and stabilize the plasma and is composed of
the following subsystems:

1) the gyrotrons,

2) the gyrotron mounting tanks and support equipment,
3) bulk and profile power distribution systems, and
4) power supplies.

A detailed description of each of these subsystems is given below.

Cyclotron resonance devices are considered the most promising type of microwave tube for development
to the power and frequency levels required by FBT-P; a complete description of the current development
effort is given in Sect. A.5 in the Appendix.

An exact physical description of the EBT-P gyrotrons is not possible at this time primarily because
of the uncertainty in the output coupler design. However, work performed under a Varian Associates
subcontract indicates that the tubes required for EBT-P should have about the same microwave power
conversion efficiency as the tubes now being used on EBT-S and will therefore require the same amount of
water cooling. The EBT-P gyotron's cathode design should also be very similar to that used on the
28-GHz EBT-S tube and will, therefore, require the same type of oil bath for high voltage insulation and
cooling. An output window design is currently being developed for the 28-GHz gyrotron that uses a
fluorinated hydrocarbon as a forced-convection coolant, and the higher frequency gyrotrons will probably
use an output window that is almost identical. The size of the EBT-P gyrotrons 1is, however, not known;

therefore, a liberal amount of head space has been left in the containment structure to accommodate very
long tube designs.



Gyrotron mount and support

The EBT-P gyrotrons will be mounted on the 1id of an oil tank containing transformer 0il so that
the high voltage cathode can be both cooled and isolated electrically. A small centrifugal pump will be
used to circulate cooling oil through the gyrotron gun, and the system will be completely contained in
the tank to prevent any possibility of 0il leakage. Each of the nine tanks will be movable so that the
gyrotrons can be installed and replaced through the accass hatch on the west side of the containment
building. Estimates of the heat Toad in the oil tank have been made and indicate that free convection
cooling of the tank's surface will be sufficient to maittain the 011 temperature at an acceptable level.

One possible configuration of the gyrotron and its mounting tank is shown in Drawing X2E-14270-0009.

Nine fully instrumented water manifolds will be installed in the torus enclosure basement and will
provide cooling water for each gyrotron and one section of the microwave distribution system. Read-outs
of both water flow rate and temperature difference will be available in the control room so that each
tube's status can be continuously monitored.

This system will allow the operation of all nine tubes simultaneously for plasma physics experi-
ments or one tube at a time for the tube and distribution system development work.

The fluorocarbon coolant circulation system curren:ly in use on EBT-S is considered prototypical of
those required for EBT-P. Again, nine separate systems will be used to facilitate the operation of
individual tubes.

Microwave power distribution system

Conventional microwave systems use a dominant-mode waveguide in which power propagation is possible
in only one mode. The EBT-P gyrotrons, however, will be coupled to the torus with a power distribution
system that utilizes a waveguide many wavelengths in dizmeter. This is because the required diameters
of dominant-mode systems at 60 and 110 GHz would be much too small to handle the proposed power levels
and because the transmission losses of dominant-mode systems are, in general, much too high for practical
power transmission networks.

Power is coupled from the EBT-S gyrotron to the torus through a system that consists of several
straight sections of waveguide and a toroidal distribution manifold that couples power to the plasma
through a series of straight waveguide 1inks. A similar system will be used on EBT-P because the
feasibility of this approach has now been experimentally verified. In addition, the EBT-5 device will
be readily available to aid in component development.

The microwave power distribution network for EBT-P, shown schematically in Drawing X2D-14270-0002,
will be constructed from the following five subsystems:

(1) horizontal and vertical waveguide sections fabricated from copper tubing that will connect the
tubes to the distribution manifolds,

(2} a coupling and power-sensing device that will connect the horizontal waveguide run from the
gyrotrons to the vertical section of waveguide that couples power to each of the distribution
manifolds,

(3) mode filters that will be used at strategic points in the system to dissipate microwave power
that has undergone conversion from the low loss circular electric modes to some other mode type
that could become trapped in the system,

(4) two toroidal distribution manifolds (one for bulk and the other for profile heating power) to
be used to distribute the power from each gyrotron to an integral number of torus cavities, and

(5) individual waveguide links to connect every torus cavity to each of the two distribution
manifolds.
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The detailed design of each of the subsystems listed above will be based on criteria generated by
both the gyrotron development subcontracts and the component research conducted on the EBT-S facility.

Precision-drawn copper tubing is commercially available and will be used to fabricate the hori-
zontal and vertical waveguide sections. Mode conversion at waveguide joints will be minimized by using
alignment rings between mating flanges so that the total axial misalignment is Tess than a few thou-
sandths of an inch.

The waveguide-coupling device used to connect the horizontal and vertical waveguide runs, as well
as to provide a mechanism for sampling both forward and reflected power, will be based either on the
design currently being used on EBT-S or on a more efficient version that is developed using the existing
machine as an experimental test vehicle.

Mode filters are devices that provide much higher Toss to noncircular electric modes. Steel pipes
have been used successfully on EBT-S and will also be used on EBT-P.

Both the toroidal distribution manifolds and the 72 waveguide links that connect them to each of
the 36 torus cavities are sized so that the average power density in each manifold and link is the same
as in the gyrotron output waveguides. The bulk heating power manifold is divided into six segments with
flat copper plates so that each of the high frequency gyrotrons is electrically isolated from the others;
the profile heating manifold is divided into three segments for the same reason. Each manifold will
also be equipped with a scattering wedge at the input waveguide feed point and power-balancing irises at
each of the wavequide cavity link connections.

The waveguides will be initially purged with dry nitrogen gas to remove all traces of water vapor,
and a very small overpressure will be maintained in the guides at all times. Each of the nine waveguide
runs will be isolated from the high vacuum distribution manifold by Varian-supplied FC-75 cooled windows
identical to those used on the gyrotrons.

Either free convection or water cooling will be used to cool the entire distribution system, but a
decision on which type to use cannot be made until the mode distribution at the gyrotron output flange
is known. A probable mode distribution assumption has been made, however, and the resulting power
Tosses were determined to be easily compatible with water cooling; the conceptual design of the distri-
bution system includes the components necessary to accomplish this.

Gyrotron power supplies

High voltage dc power supplies will be used to power the nine gyrotron microwave tubes to be used
for bulk and profile heating on EBT-P. Each supply will be variable and regulated and will consist of a
beam supply having a nominal rating of 100 kV at 10 A and a gun anode supply nominaily rated at 40 kV
at 0.2 A.

The design and confiqguration of these power supplies will be based on the prototype power supply
developed for EBT-S. A one-Tine schematic of the gyrotron power supplies is included in Drawing
E2E-14270-0001.

Nearly all major components of these high voltage power supplies will be accommodated by a new
building addition adjacent to the west wall of Building 9201-2 and by a new power supply pad south of
Building 9201-2. These building additions and the powar supply component layout are shown on Drawing
E2E-14270-0002. Details of the building itself are elaborated upon in Sect. 11.2.2.

Also required for gyrotron operation will be low voltage, high current gyrotron magnet power
suppiies. These magnets will be superconducting and will require approximately 10 V at 2400 A. These
supplies and the regulations for the 40-kV gun anode power supplies should be in close proximity to the
microwave tubes. They will be Tocated on the first floor in Building 9201-2 directly under the exper-
iment. The physical layout for these supplies and the tubes is depicted in Drawing E2£-14270-0005.
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Power for these supplies will be run in conduit from the power supply building addition as shown in
Drawing E2E-14270-0004.

11.4.4 Vacuum Pumping System

The torus vacuum system initially evacuates the torus, removes impurities released by surface
outgassing during operation, and provides sufficient hydrogen pumping speed for pressure contral. A
separate system is provided for coil magnet dewar evacuation prior to cooldown.

The torus is constructed of unbaked aluminum and assembled using Viton O-rings. The following are
the assumed system parameters used for calculating pumping requirements:

Surface area 100 m?

Volume 10.6 m3

Outgassing rate™ 1.5 x 1078 torr-liter/sec/cm?
0-ring gas throughput 4 x 107" torr-liter/sec

Base pressure 5 x 1077 torr

assumed outgassing rate after 24 hr.

Roughing system

The roughing system is designed with a cryogenic primary system to perform the following functions:
(1) initially evacuate torus from 1 atm to 107* torr and (2) regenerate cryosorption pumps while device
is operating.

The proposed system is shown schematically in Drawing X20-14270-0001. The principal components are

(1} one 50-cfm mechanical pump,
(2) two Varian Megasorb Modules, and
(3) one 1500-Titer/sec turbomolecular pump.

On one mirror cavity a microwave isolation plate and a 10-in. gate valve are installed on a lower
port. A 10-in. pipe connects this to a 6-in. gate valve below floor level and the turbomolecular pump.
Alsa mounted below floor level are the two Megasorb Modules {which are connected to the 10-in. pipe) and
the 50-cfm mechanical pump.

Approximately 1 hr is required to pump from 1 atm to 107"* torr.

Below 107" torr the pressure is determined by the outgassing rate, which is a function of time and
the pumping speed.

Crossover to the cryosorption pumps can occur as high as 0 5 torr. Going down to 107"-1075 torr,
however, avoids preloading the pumping surfaces. In addition, the turbopump allows pressure on the
order of 107> torr to be maintained with the primary vacuum system down for maintenance.

Torus cryopumps

Commercially available cryosorption pumps were selected for the primary vacuum system in a machine
without steady-state or high power neutral beams. Eighteen CTI CRYO-TORR 10 pumps appear capable of
achieving the desired base pressure of 5 x 1077 torr with the assumed outgassing 1oad and the microwave
isolation system described below.
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Cryopump microwave isolation. Microwave power needs to be kept out of the vacuum system for the

following reasons:

(1) to prevent arcing and damage to components,

(2) to increase the power absorbed by the plasma, and -

(3) to keep cryogenic systems from exceeding the refrigeration capacity or evolving previously

pumped gases.

A perforated copper plate followed by a pipe coated with a microwave-absorbent material is proposed.
As detailed in Drawing X2E-14270-0011, the proposed plate is 1/16 in. thick with 45-mil~diam holes set
in a triangular pitch with a spacing of 55 mil center to center. Using Chen's theory" the attenuation
at 110 GHz for normal incidence is 34 dB. The absorbent coated section prevents the region behind the
plate from being a high-Q cavity for leakage radiation. It is estimated that <1 W of microwave radiation
would enter the cryopump. Testing should be performed, however, to determine the isolation system and
vacuum pump performance under anticipated conditions.

Cooling the plate for heat loads on the order of 2 W/cm? appears feasible with tubes brazed or
soldered to the rear surface.

The net molecular gas flow transmission probability for particles incident on the 11.5-in.-diam
port to the cryopump was estimated to be 0.195. This results in a net pumping spead of 1000 liter/sec
per pump for air, 1600 liter/sec for water vapor, and 1975 liter/sec for H,.

Magnetic effects. The cryosorption pumps use a closed-cycle refrigerator with a small motor and

permanent magnet. The refrigeration unit is 53 in. from the centerline, where the stray field is 100 G
or less. Magnetic shielding, if required, appears feasible. The resulting error fields (4B/B) on the
plasma centerline in the radial direction are estimated to be on the order of 1077,

Cryopump H, capacity. The hydrogen capacity of the CRYO-TORR 10 pump is 6 standard liters. The
net Hé pumping speed is 1975 liter/sec. Under an up-to-air accident with all 18 pumps holding 6 standard
liter, the net volume fraction of H, in the torus would be 1%, which is well below the 4 6% explosive
mixture. Sixteen hours of pumping at 5 x 107 torr would produce a 2 5% mixture of Hp in the pump unit
itself with the gate valve closed at 1 atm.

Continuous torus pumping is possible by dividing the pumps into three groups of six and using two
groups at any given time with the other group down for eight hours for regeneration. Any given pump
would operate for 16 hours followed by an 8-hour regeneration period.

Vacuum distribution system

There is no separate high vacuum distribution system. The torus itself provides a very high con-
ductance from a cavity that is not pumped to a neighboring cavity that is pumped.

Hydrogen injection system

Assuming all pumps have a net H, pumping speed of 1975 liter/sec, the H, throughput would range
from 0.35 torr-liter/sec at 1075 torr to 0.035 torr-liter/sec at 107% torr. Pressure can be controlled
by one VEECO PV-10 piezoelectric valve and APC-110 automatic pressure controller. Maximum throughput
for this system is 1 torr-liter/sec at 1-atm pressure differential. The valve response time is <2 msec
full open to full close.

Mirror coil dewar vacuum system

As shown in Drawing X2D-14270-0001, a separate vacuum system is provided for the magnet dewars. A
O0-cfm pump is used to rough down to 0.2 torr through a 4-in.-ID manifold. Individual CTI CRYQ-TORR 7
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pumps on each dewar are then used to evacuate the dewars to 1075 torr prior to cooldown. The same
system is also used in evacuating and flushing the helium lines.

11.4.5 Utilities

Utilities described in this section include those systems with the function of furnishing water,
cryogens, air, gases, and electrical service to the device.

Demineralized water system

The primary cooling of the device and auxiliary eguipment will be by a demineralized water system.
The demineralized water loop will consist of the components identified on Drawing P2D-57700-0001.

The primary loop of the water system will consist of (1) a three-cell, 19-MW cooling tower; (2)
seven low pressure, 2250-gpm pumps (six plus a spare); and (3) a 19-MW demineralized water/tower water
heat exchanger. The cooling tower will be erected on an existing cooling tower basin located south of
the southwest corner of Building 9201-2. The seven pumps for circulation of the tower water will be
Tocated in the existing pump house, Building 9404-3.

The secondary loop of the water system consists of all of the demineralized water components.
These components are the recirculation pumps; the sidestrean demineralizer; the 19-MW, 4500-gpm heat
exchanger; and the heat loads of the EBT-P device and the auxiliary equipment.

The nine gyrotrons will require approximately 625 gpm each of water for a total of 5625 gom. A
total of 1300 gpm of water will be needed to cool the helium compressors in the helium Tiquefaction/
refrigeration system. The microwave distribution manifolding will require 125 gpm of cooling water.
The torus vacuum liners will need 1400 gpm of demineraiized cooling water. The photon shields, mirror
cavities, and microwave screens on the torus collectively will require 320 gpm of water. The electrical
power supplies and other equipment will need 250 gpm of cooling water. The control room and device
enclosure air conditioner chiller will reguire 400 gpm of cooling water. The addition of ARE coils
would require 2250 gpm of cooling water. The addition of neutral beam injectars would vrequire 250 gpm
of demineralized cooling water. These cooling loads total approximately 12,000 gpm of demineralized
cooling water.

The required flow of cooling water requires a 24~in.-diam main supply and return pipe from the
pumps to the facility. The various branches are sized in Drawing P2D-57700-0001 based on each com-
ponent's cooling requirements.

Cryogenic supply systems

A helium Tiquefaction/refrigeration system and a 1iquid nitrogen system will be purchased and
installed to supply the cryogens required by the superconducting magnet coils, the torus cryopumps, and
other devices.

The helium Tiquefaction/refrigeration system will have a nominal capacity of 600 liter/nr of Tiguid
helium production and 3700 W of refrigeration, both at 4.2K. The major components are cne or more cold
boxes, a helium compressor for each cold box, a 5000-gal liquid helium storage dewar, and five 25,000~gal
ambient temperature, high pressure, gaseous helium storage tanks. The cold bhox(es) and storage dewar
will be Tocated on the low-bay roof to minimize the length of cryocgenic helium transfer piping {see
Drawing P2E-95306-0001). The compressors will be Tocatad west of Building 9201-2 in the helium com-

pressor building addition (see Drawing X2E-14270-0008, sheet 2). The high pressure (15 atm) storage
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tanks will be located as shown on Drawing X2E-14270-0008, sheet 1) and will be connected to the com-
pressors via a 4-in.-diam pipe. The helium Tiquefaction/refrigeration system will be connected to the
Y-12 Plant gaseous helium system, which will provide the initial helium fill and all makeup gas required.

The 1iquid nitrogen system will have a nominal capacity of 4000 liter/hr. The major components are
two 1iquid nitrogen tank trucks that will be filled as necessary at the Y-12 Plant air separation
facility. The nitrogen off-loading station will be at the novrthwest corner of Building 9201-2 as shown
on Drawing X2E-14270-0008.

Cryogenic distribution system

The cryogenic distribution system provides the EBT-P facility with 1iquid helium (LHe)} and liquid
nitrogen (LN,) for superconducting magnets. Cryogens are required by the mirror coils around the
toroidal cavity and by the gyrotron coils located below the mirror coil ring. The system has been
designed for expansion without major equipment modification. The refrigeration system has enough
capacity to supply the 1.2 x 10% liter/sec of cryocondensation pumping that would be required for pulsed
neutral beam injection.

A schematic is included on Drawing P2D-57681-0001, which illustrates the components and basic oper-
ation of the distribution system. A1l of the LHe and cold gaseous helium {GHe) transfer lines, valves,
and bayonet connections are vacuum-jacketed, superinsulated LN,-shielded components. Al1 of the LN,
transfer 1ines and components are vacuum jacketed and superinsulated. The cold nitrogen vent Tines will
be vacuum insulated within the facility area to prevent icing or condensation and will meet critical
dimensional constraints. Qutside the facility area these lines can use larger foam insulation.

The warm GHe lines that vent the mirror coil and gyrotron coil vapor-cooled leads will be uninsu-
lated and have a temperature-controlled heater to heat the vent gas above the dew point during cooldown
and operation.

LHe Tines connect the storage dewar to the gyrotron supply header and to the satellite dewar supply
header; the satellite dewars supply 1-atm liquid to the mirror coils. Cold GHe lines carry gas from the
gyrotron return header and from the satellite dewar veturn header back to the cold box. These lines can
also be vented to the compressor suction through a heater during cooldown. LN, is also supplied to each
satellite dewar, providing cold wall cooling for the satellite and magnet dewars. N, vent gas will be
vented outside the building.

The Tiquid in the satellite dewars provides coolant for the vapor-cooled leads; the liquid level
will be controlled by a level control valve. To ensure proper cooling for the vapor-cooled leads, a
blower will be used to maintain O 5-atm suction on the warm gas lead return line. FEach lead will have a
remotely actuated flow control valve so that proper cooling can be ensured on each of the 216 (108 pairs)
vapor-cooled leads.

Valves and bayonets have been provided to allow for maintenance work on a valve or a coil without
requiring warmup and subsequent cooldown of the entire facility. Valves for maintenance and repaiv will
be manually operated. A1l control valves that are necessary to equalize He or N, flows throughout the
system will be remotely actuated. Cooldown of the facility using the refrigerator described in the
preceding section should take approximately six days, assuming that the cooldown is not limited by
thermal stress conditions created by thick cross sections.
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Miscéllaneous utilities

The miscellaneous utilities for EBT-P will include instrument air, steam, and helium gas.

The steam piping will be installed from the reducing station at the northwest corner of Building
9201-2 to the air-handling units on the low-bay roof at columns 4-1/2 and k. Steam piping will also be
installed from the reducing station to the west building addition. The pipes will supply 350 1b/hr of
steam at 25 psig for heating the west building addition and 100 1b/hr of steam at 25 psig for heating
the control room and device enclosure.

Instrument air piped from the Y-12 Plant system will be used as necessary for instrumentation and
valve operation,

Helium gas piped from the Y-12 Plant system will be used for the initial fill of the helium
liquefaction/refrigeration system, helium system makeup gas, and device component purges after repairs.

11.4.6 Instrumentation and Control

General

The control and monitoring of EBT-P will be accomplished by a combination of analog and digital
systems with the startup and operation of each subsystem supervised from a master control console (MCC).
This section of the report describes the instrumentation and control systems required for machine
startup and operation. The only diagnostics considered are those required for machine operation.

Instrumentation for basic machine operation will be divided and described as follows: vacuum
system, cryogenic system, magnet system, auxiliary systems, microwave system, interlock system, data
acquisition, the MCC, grounding and shielding, personnal safety, and machine diagnostics.

The instrumentation vrequirements are summarized in Table 11.4, and the control room layout is shown
in Drawing I2E-14270-A006.

Vacuum system

The EBT-P vacuum shall be established and maintained by a system of mechanical, turbomolecular, and
cryosorption pumps. The vacuum system instrumentation and controls shall include all the transducers
and circuits to monitor and control the torus and magnet system vacuum levels. The instrumentation
shall include Pirani gauges, ion gauges, residual gas &nalyzers, and vendor-furnished instrumentation
required for the monitoring, control, and regeneration of the cryosorption pumps. The operation of the
vacuum system shall be controlled by a programmable logic controller, and all operations shall be per-
formed at the vacuum system location on the MCC.

The Pirani gauges shall monitor and control the system pumpdown. This gauge has been utilized on
the Large Coil Program (LCP) and was chosen for wide-rangeability and compatibility with magnetic fields.
The only area guestionable with this gauge is microwave effects. If this develops into a problem,
thermocouple gauges shall be used. The Pirani gauges shall provide the control points for the required
pump operations. The gauge controllers shall have set points that can be set over the range of the
instrument and shall provide contact closure inputs to a programmable logic controller {PLC). The PLC
shall provide an operator-assisted-type operation to ensure safe and logical operation from the MCC.

The Pirani gauge set points shall be input to the PLC tarough isolated input cards and the remote
vacuum valves controlled through isolated output cards. The display and controls for the vacuum system
on the MCC will give the operator control and system status information at all times. In addition to
digital meters furnished with the Pirani gauge controllers, an analog output shall be input to a
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Parameter

System Sensor Quantity Location
Vacuum Low vacuum Pirani gauge 82 Torus
Piping
Dewars
High vacuum Ton gauge 76 Torus
Piping
Dewars
Cryogenic LN, flow Orifice 1 LN, piping
LN, temperature Type E thermocouple 50 LNy piping
LHe temperature Type £ thermocouple 50 LHe piping
Carbon glass thermometer 36 LHe magnet piping
Silicon thermometer
LHe level Superconducting probe 37 Dewars
Magnet Differential voltage Voltage taps 180 Coils
Vapor-cooled leads
Temperature Type E thermocouple 216 Structure
Carbon glass thermometer 144 Coils
PRT 72 Coils
Strain Strain gauge 144 Structure
Pressure Strain gauge
Pressure transducer 36 Dewars
Cooling water Flow Flow switches 8D Piping
Flow meters TBD Piping
Temperature Differential temperature
Transducers TBD Piping
Thermocouples TBD Piping

digital computer and be available for patching onto a strip chart recorder. There are a total of 82
Pirani gauges, as shown on Drawing I2E-14270-A008.

The system cperating vacuum shall be monitored and controlled by a series of jon gauges and ion
gauge controllers. lon gauges shall be provided on each torus cavity for diagnostics, on each magnet
dewar to monitor and indicate insulating vacuum, and in the piping system for indication and control.
The dewar ion gauges shall also act as an input to the superconducting coil control and protection
circuitry. The jon gauge controller outputs shall be input to a computer and be available for patching
to a strip chart recorder.
the PLC.

providing magnetic shielding and because of experience on the present EBT device.

In addition, any ion gauges required for control shall act as an input to
The present design calls for the use of a CVC Bendix ion gauge, chosen because of ease in

In addition to the magnetic shielding, a microwave shield will be provided on each of the torus
ion gauges. The effects of this shield on response time will be evaluated during detailed design. A
piezoelectric valve shall be provided on one torus cavity for hydrogen injection.
valve throttling is controlled by a dc power supply setting, and the time the valve is open shall be

controlled by preset pulses.

The piezoelectric



63

There shall be two residual gas analyzers (RGA) provided for evaluating the operation of the EBT-P
vacuum system. The RGA shall be of the quadrapole type with a cathode ray tube (CRT) display; in
addition, the output of the units shall be input to a digital computer to provide an ongoing record.

Cryogenic system

The cryogenic system for EBT-P shall furnish the Tiguid helium and 1iquid nitrogen required for the
operation of the device. The cryogenic instrumentaticn is shown in Drawing I2E-14270-A007. The liquid
nitrogen, to be supplied from an exterior trailer system, shall be monitored by a series of Type E
thermocouples, a flow meter, or a Toad cell at the supply. The thermocouples shall be mounted in
separate sections of the transfer lines and switched to common read-outs. The supply of liquid nitrogen
shall be monitored at all times with an alarm for low liquid nitrogen supply.

The Tiquid helium system shall be composed of all components supplying or requiring liguid helium.
The temperatures shall be monitored by silicon thermometers, carbon glass thermometers, and platinum
resistance thermometers. The Tiquid helium levels shall be monitored and controlled by superconducting
level probes, and pressures are to be monitored by cryagenically rated strain gauge transducers. As
presently envisaged, all liquid helium transfer shall bSe controlled by remote-operated valves with the
valve operators mounted at room temperature. The liquid helium shall be supplied by a closed-loop
liquetier/refrigerator controlled by instrumentation supplied by the vendor. An existing large refrig-
erator is controlled by a vendor-supplied PLC and three mode controllers designed for direct digital
control. The size and complexity of the proposed system indicate that digital computer control will be
required. The cryogenic system shall be controlled by a PLC, and required operator functions shall be
from the MCC.

Magnet system

There shall be a total of 72 pool-bniling supercorducting coils on the EBT-P device. These coils
are supplied in 36 dewars with a mirror coil and a trim coil provided in each dewar. The instrumentation
for the magnet system shall be divided into two sectiors: coil monitoring and coil protection. The
coil monitoring instrumentation is shown in Drawing I2E-14270-A009. A satellite liquid helium dewar
shall be supplied at each coil location. The liquid level of this dewar shall be continuously monitored,
indicated, and alarmed by a superconducting level probe. In addition, the rate of liquid helium usage
shall be calculated and stored to indicate any potential problems with the coils. This level shall have
a dual set point and shall act as an input to the coil dump circuitry. The dewar pressure shall be
continuously monitored by strain gauge pressure transducers, burst disks, and pressure relief valves
that protect the dewar. The temperature sensors furnished with the coils shall be kept to a minimum
because of the difficulty of installing instruments on the coils. As a minimum, Type E thermocouples
shall be installed on the coil support structure to obssrve cooldown, and carbon glass thermometers
shall be installed to monitor operational temperatures. These sensors were chosen for wide-range ability
and magnetic field compatibility. The cooldown thermocouples shall be switched to a common indicator,
and the thermometers shall be conditioned and input to a digital computer. There shall be strain gauges
installed to observe the structure during cooldown and initial operation. These gauges will not be
required during operation. The vapor-cooled leads shal? be purchased with a thermocouple and carbon
glass thermometer. The thermocouple shall monitor the gaseous temperatures, and the carbon glass ther-
mometers shall be mounted at Tiquid helium temperatures. These transducers shall be continuously mon-
itored and alarmed. The thermocouple shall have a dual set point and act as an input to the dump
circuitry. The required heat sinking of leads, cabling of connector selections, and signal isolation
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shall follow procedures developed for the LCP. The 36 mirror coils shall be supplied from one power
supply and the 36 trim coils from another. The power supplies shall be procured with the required
control options to control the power supply from the MCC. The expected control modes shall be a rampup
and rampdown for the current with operator-selected rates. The magnet contro) computer shall continu-
ously monitor the voltage taps and temperature transducers on the coils and leads and, in the event of a
discrepancy between coils, initiate a current level hold. If the coils equalize, the current will
automatically start ramping again toward the final current set point; however, if the coils remain
unbalanced, the operator will have the option of continuing to charge or to deenergize the coils. This
shall be performed from the MCC, and the operator shall be able to display all coil signals on a CRT.
The coil protection circuitry is shown in Drawings I2E-14270-A005 and -A009. The coil quench detection
shall be based on signals from voltage taps installed across each coil and subtracted from the voltage
tap signals from two adjacent coils. These signals shall be conditioned with isolation and differential
amplifiers to a level of -10 to +10 V. These high level signals shall act as inputs to hard-wired
quench detectors, which shall have a high level and low level comparator. A quench signal is produced
when the input exceeds the high level set point or when the input exceeds the low level set point and
remains apbove it for a length of time presettable from 1-99 sec. The output from the quench detector
shall act as an input to the coil dump signal. Sensors providing input signals to the dump circuitry
measure dewar level, vapor-cooled lead temperature, dewar vacuum, and ground fault detector output. The
coil dump or protection circuit shall be a dedicated PLC or, if required during design, a hard-wired
system. A1l magnet signals shall be scanned and stored by the magnet system computer, but no portion of
the coil protection circuitry shall be scanned or sampled. When a coil dump signal is generated, all
coils shall dump at the same time. Each coil has a normally open switch across its terminals and a
normally closed switch in series with the positive coil lead. The dump signal first closes all the
normally open switches and then opens the normally closed switches, causing the coils to discharge
through the parallel dump resistors across each coil. The present design assumes that any dump Signal
aischarges all coils, both mirror and trim.

Auxiliary systems

The auxiliary systems' instrumentation shall be composed of all the transducers required to monitor
plant services supplied to the EBT-P. Al71 cooling water lines shall be monitored by flow switches and,
if applicable, flow meters. In critical areas of the system, thermocouples and differential temperature
transducers shall be installed. The instrument air system shall be controlled by air sets and filter
reqgulators, and all valving dependent on instrument air shall be designed for safe operation in the
event of loss of instrument air. The auxiliary systems shall be controlled by and provide input to the
system interlock PLC's.

Microwave systems

Each microwave power input subsystem consists basically of the following: gyrotron oscillator,
power supplies, mounts, microwave distribution (waveguide), utility services (fluids and electrical
power), personnel protection, instrumentation for monitoring and control, and installation hardware
(cables, conduit, cabinets, etc.).

The microwave power system requires several fluid inputs for cooling: demineralized water, 0i1,
nitrogen, and helium. Instrumentation (see Drawing I2E-14270-SK01) to monitor fiuid flow rates, temper-
atures, pressures, and power dissipation will be installed, operated, and monitored with PLC's. The
PLC's will interface with the control console a PDP-11/60 computer centrally located in the control room
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for each gyrotron and related support system. The manual controls with direct reading instruments will
be installed in instrument cabinets located at the north side of the control room. Each of the nine
gyrotrons will require approximately three instrument cabinets for a total of 27. The microwave power
system, in addition to fluid inputs, requires power inputs that require more sophisticated controls and
monitoring. The POP-11/60 computer will be used to monitor and control all inputs to each gyrotron from
its power supplies. It will accept status information from the PLC, from field instruments, from the
individual power supplies, and from the control console as directed by the console operator. An eight-
channel analog recorder will be provided for each gyrotron for long-term data collection.

The PDP-11/60 shall be programmed with special tailored algorithms to bring the gyrotrons from an
off condition to a full on condition. The program wil’? provide for single, sequential, or collective
gyrotron operation while monitoring all critical parameters for fault conditions. In addition, the
computer control system will provide operator interface for manual control, alarms, emergency shutdown,
status information on demand, printouts of out-of-tolerance conditions, and CRT display of each gyrotron
operating parameter (voltage, current, power, etc.) (see Drawing I2E-14270-SK01).

Personnel protection from microwave emissions will be provided by sensors located in the EBT-P
test area and in the control room. Alarms will be located in these areas to warn operating personnel
(see Drawing I2E-14270-SK02).

Interlocks

The EBT-P devices shall be interlocked to provide for safe, sequential, and orderly operation. The
inputs to the interlock system shall be contact closures, 1imit switches, instrument set points, push
buttons, flow switch outputs, and other process variables required. For a system as complex as EBT-P,
traditional relay logic is not practical. The size and complexity of the system necessitate the use of
PLC's to control the system. The PLC is a solid-state, programmable device designed to operate in an
industrial environment and to perform control functions formerly performed by relays. The most obvious
advantage of the PLC in a complex system i5 that it is programmable and is thus able to be incorporated
into large systems with relative ease. The PLC basical'y consists of four parts: processor, input/
output, power supply, and programmer. These are furnished as a package with all required interface and
interconnecting cables. The only user wiring required is field wiring to the input/output cards. The
PLC programming consists of a series of user oriented commands to dupTicate relay implementation of a
ladder diagram. The present design plan is based on utilizing optically isolated input/output cards
with a common mode voltage rating of 1500 V for 10 msec. These cards are optically isolated from the
controller for noise elimination. The PLC's shall be programmed for control from the MCC. The first
consideration in the system interlock scheme shall be personnel safety, and the expected interlock
scheme consists of personnel safety interlocks on the auxiliary systems, vacuum system, cryogenic system,
magnet system, and microwave system. The required programming shall be performed to allow supervised
overrides for testing and trouble-shooting. All systems and subsystems affecting the operation of the
interlocks shall be designed for fail-safe operation.

Data acquisition

The EBT-P shall be provided a computer-based digital data acquisition system. The system, shown in
Drawing 12E-14270-A010, consists of two 16-bit microcomputers controlling various EBT-P subsystems and
communicating with a 16-bit minicomputer that shall record and store data, control peripherals, provide
supervisory control to the liquifier/refrigerator, and communicate with the MCC. In addition,.a medium-~
sized 16-bit minicomputer shall be supplied for monitor and control of the microwave system. This
decision was made because of the complexity of the microwave system and the unknown factors in tube
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conditioning and control. The vacuum system, facility variables, and cryogenic system are instrumented
with relatively slow-speed transducers, but the congregate number of signalis to be monitored and dis-
played is large. From an operational standpoint it is practical to provide a method of displaying all
of these signals at one location. In EBT-P this Tocation shall be either the data acquisition cabinets
or the MCC. In addition, a means of storing data to provide time histories of selected variables shall
be required, especially during facility startup. The slow-speed signals shall be scanned by a slow-
speed scanner supplied with an automatic thermocouple reference junction. The output of the scanner
shall be input to a DEC-11/23 microcomputer. The memory requirements for the DEC-11/23 shall be deter-
mined during detailed design, but the present concept calls for providing 64 K of solid-state memory and
a VT-100 video terminal. A data link shall be provided to an 11/60 minicomputer for long-term storage
and data output.

The magnet system shall have a DEC-11/23 to monitor the coils and to provide control of the power
suppiies. The decision was made to dedicate a microcomputer to the superconducting coils because of the
number of variables and the sampling speed required during a coil quench. This system shall also utilize
a DEC-11/23 with 64 K of solid-state memory, but a high-speed scanner shall also be provided in addition
to a slow-speed scanner for variables such as temperature and level. The sampied signals shall not
affect the coil protection circuitry. This PDP-11/03 shall also communicate with the central PDP-
11/60.

The central PDP-11/60 shall have 128-K solid-state memory, a printer/plotter, a moving head disk,

a video terminal, and DMA interface to the 11/23's. This computer shall serve three primary functions:

to store data from the LSI-11/23's, to provide total system supervision, and to provide operator-requested
outputs to the MCC. The main operator access to all facility data shall be through the PDP-11/60. In
addition to these functions, the control algorithms for the liquefier/refrigerator controller shall be
generated in the 11/60.

The cost and complexity of the microwave tubes affected the decision to dedicate a PDP-11/60 to the
monitoring and control of these tubes. At the present there is no set method of conditioning and
starting up these tubes digitally, but it would be desirable in terms of time and technical considera-
tions to do so. The microwave 11/60 shall be configured like the main facility 11/60. The actual
coftware requirements for the data acquisition system have not been worked out, but an operating system
shall be furnished with multitask and multiterminal capabilities and an extended Fortran IV compiler.

In addition to the digital system, there shall be a patching system and analog recorders provided
to allow the operators to make real-time records. The variables to be connected to the patching system
shall be selected during the detailed design phase.

Master control console

A master control console (MCC) shall be furnished as a centralized facility control location. The
MCC shall be divided according to the various systems to be controlled. The panel shall be designed
with a semigraphic representation of each subsystem. There shall be a set of lighted flat pack push
buttons and LED lamps for control and status indicatian. The operation of all system PLC's shall be
from the MCC. 1In addition, CRT display shall be provided to allow the operator to call up and display
data from the PDP-11/60. Also, all critical variables displayed 100% of the time shall be read at the
MCC on digital panel meters. The present design calls for inclusion of a system annunciator at the MCC.
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Grounding and shielding

The EBT-P grounding and shielding design shall closely follow the technigues utilized on ISX-B.
The first consideration shall be personnel safety and the second the elimination or reduction of electro-
magnetic interference. The basic concept requires the design of a low-impedance ground bus to which all
control room cabinets and control room ends of the signal cables are connected. This ground bus is
extended into the cable trays, and all low level signa’ cables are run in these trays. The cables to be
utilized shall be shielded coaxial or twisted shielded pairs. The termination of cable shields shall be
evaluated for each sensor during the detailed design phase and installed, where possible, in the best
fashion to guarantee data quality.

A system of interlocks shall be provided to prevert personnel fram entering any hazardous area
during an experiment. A serijes of Kirk key-type interlocks will regulate the operation of all hazardous
subsystems. These shall be the first set of permissives to be satisfied for the PLC's, and unless they
are satisfied, the systems will not be operable. The microwave monitors provided for personnel safety
are discussed earlier.

Machine diagnostics

The diagnostics to be furnished shall consist of cnly those diagnostics required for machine opera-
tion. These shall include an ion gauge in each cavity (covered in the description of the vacuum system),
a single-channel interferometer, a pair of multichannel laser interferometers, a diamagnetic loop, a
toroidal current coil, and four field correction coils. The diagnostics shall be input to a PDP-11/34
computer through a CAMAC crate; in addition, each diagnostic shall be furnished with a strip chart
recorder.
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Table 11.0. Required electrical power for EBT-P
Ratings kVA
Microwave power supplies
Beam power 100 k¥, 10 A x 10 10,000
Gun anode 40 kV, 0.2 A x 10 80
Gyrotron magnet (SC) 10 vV, 2400 A x 10 240
Mirror coil power
supplies (SC) 200 V, 2000 A 400
Mirror trim coil power
supplies (SC) 150 V, 2000 A 300
Global field error
correction power supplies 65 V, 500 A x 4 130
Utilities
Helium refrigerator 2500
Vacuum pumps 50
Control room power 100
Lighting 70 3,000
Air conditioning 125
Power supply cooling fans 105
Miscellaneous power 50 -
Subtotal 14,150
Future options
Neutral beams
Accel paower 20 kV, 12.5 A x 4 1,000
Decel power 5kV, 1T Ax 4 20
Source table
Arc supply 150 V, 400 A x 4
Filament supply 12 V, 200 A x 4 250
Beam magnet 6V, 75 Ax4
ARE coil power (available
from existing motor-
generator sets) 23.4 V, 6408 A x 96 14,400
Three additional microwave
power supplies 3,100
Additional utilities _ 1,000
Subtotal 18,770
Total 33,920
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A.1 ENGINEERING ANALYSIS
A.T.1 SHIELDING ANALYSIS

AL1.1.1 Introduction

Because of the expected large loss of electrons on the magnetic coil assemblies and other components
of the proposed EBT-P plasma device, the induced ganma field from bremsstrahlung will be very intense.
These gammas will yield increased heating loads on the superconducting cryogenic coils as well as
producing a significant biological hazard. In this section the results from a series of one-dimensional
(1-D) calculations fn which the gamma heating loads were determined are presented for several coil
shield configurations. Alsoc given are 1-D results that indicate the level of biological dose for varying
thicknesses of either lead or concrete that have been proposed for the primary shielding. The calcula-
tional methods are described in Sect. A.1.1.2, and in Sect. A.1.1.3 the calculated results are presented
and discussed.

A.1.1.2 Method of Calculation

Calculational methods

The transport of electrons, positrons, and gammas through the magnet assembly was carried out using
the EGS-PEGS code system.! This Monte Carlo code package takes into account all physical processes that
are important in the energy range of interest, i.e., <10 MeV. These processes include Compton scattering,
pair production, photoelectric effect, Moller scattering, Bhabha scattering, electron-positron annihila-
tion, bremsstrahlung, and, through the use of the continuous slowing-down approximation, the energy loss
of the charged particles.

The EGS-PEGS code system could have been used for the entire set of calculations except for the
large statistical uncertainties associated with the calzulated results at large shielded distances from
the radiation source. To circumvent this problem, the IGS-PEGS code system was used to generate only
photon spectra. These spectra were then input to the 1-0 discrete ordinates transport code ANISN.? This
code has been used extensively for 1-D shielding calculations and is very applicable to deep penetration
problems.

With the photon spectra from EGS-PEGS, the ANISN calculations were carried out using an Sg angular
quadrature and a 21-photon energy group cross-section set containing a P3 Legendre approximation of the
transfer cross sections. These cross sections, which cover the energy range 0.01-14 MeV, were stripped
from the DLC-313 few-group 37-neutron/21-gamma group microscopic cross-section library using the AXMIX
code.* This code was also utilized to obtain the macroscopic cross sections by folding the microscopic
data with the theoretical atom densities of aluminum, tungsten, 238U, and copper, and lead and with the
elemental atom densities of the concrete used in the Tower Shielding Facility.®

The photon-heating kerma factors for aluminum, 238U, and copper were obtained from the Evaluate
Photon Interaction Library® and were processed into the DLC-31 photon energy group structure using the
SMUG medule in the AMPX code system.’? The photon flux-to-dose conversion factors were taken from the
DLC-31 Vibrary.

Geometry

The 1-D geometries employed in EGS-PEGS and ANISN and in both the coil-heating and biological dose
calculations consisted of a series of infinitely long concentric cylinders as shown in Fig. A.1.1. In
the heating calculations [Fig. A.1.1{(a)], electrons were assumed to be isotropically incident on the
front face of the l-cm-thick aluminum liner for the transport utilizing the EGS-PEGS code system.
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Fig. A.1.1. One-dimensional geometric models:

(a) geometric model for coil-heating calculations;
{b) geometric model for biological dose calculations.
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ATthough the bremsstrahlung gammas produced by the electrons were somewhat smeared radially throughout
the aluminum, the photon source was placed at a radius of 21.3 cm for the ANISN calculations. The
angular distribution associated with these gammas is isotropic because the electron source was assumed
to be isotropic. However, some calculations were performed for normally incident gammas to determine
angular sensitivity. Coil shield thicknesses of 0.5, 1.0, and 1.5 in. were considered for hoth the 2360
and tungsten shields.

The biological dose calculations were performed using the geometry illustrated in Fig. &.1.1(b).
In these calculations the biological dose rates for up to 1 ft of lead and 6 ft of concrete were obtained
with and without 1.25 in. of 238Y coil shielding. The bremsstrahlung spectra used in the heating calcu-
lations were again used for these calculations. These photon sources were assumed to be isotropically
incident on the inner face of the 238U (or voided) region.

Electron loss distribution

The rate at which electrons are lost from the plesma was assumed to be proportional to a Maxwellian
distribution weighted by E-3/2, j.e.,

Loss = A x exp (-E/kT)/E ,

where £ is the electron energy and T represents the plasma temperature. This distribution was normalized
to a maximum power loss of 1 MW, yielding a normalization constant of A = 6.242 x 1018/kT.

Because very Tow energy electrons do not contribute significantly to either the photon heating or
the biological dose, only electrons with energies >0.239 MeV were considered. For kT values of 1.0,
1.5, and 2.0 MeV, the number of electrons lost from the system per second with energies >0.239 MeV is
5.99 x 10'8, 5.37 x 1018, and 4.80 x 1018, respectively. These numbers were obtained by integrating the
loss distribution of electrons with energies of up to 10 MeV. For a kT of 2.0 MeV, the integration was
also carried out up 20 MeV, which produced a loss rate of 4.81 x 108 electrons/sec.

The cumulative bremsstrahlung spectra for the various kT values were obtained from the following
expression:

10 MeV
9(E SE,) exp (-Eo/KT)/EdE,

exp (—Ee/kT)/EedEe

where g(Ey,Ee) represents the bremsstrahlung spectrum produced from electrons of energy Ee' In a similar
fashion the heating and dose rates can be obtained. As stated above, for kT = 2.0 MeV (hereafter referred
to as 2.0* MeV), the integral was also extended to 20 MeV, assuming the bremsstrahlung spectra from
electrons with energies greater than 10 MeV were the same as those produced by 10-MeV electrons.

A.1.1.3 Results

Energy deposition in superconducting coils

The bremsstrahlung spectra obtained from the EGS-PEGS calculations are given in Table A.1.1 for a
large range of electron energies. The photon energy group structure used in this study is also given in
Table A.1.1. This group structure corresponds to the Z1-photon energy group structure in the DLC-31
cross-section library.
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Table A.1.1. Bremsstrahlung spectra for photons above 0.01 MeV (photons/electron)

Photon upper Electron enerqy (MeV)

energy

(MeV) 0.489(1.0)a 0.989(1.5) 1.489(2.0) 1.989(2.5) 2.489(3.0) 2.989(3.5) 3.489(4.0)
14 0 0 0 0 0 0 0
10 4 4 4

8

7

6

5 0

4 1.11-4
3 0 0 5.56-4
2.5 % + 0 1.11-4 8.89-4 2.33-3
2.0 0 5.56-4 1.67-3 3.22-3 4.22-3
1.5 0 8.89-4 2.56-3 5.67-3 9.78-3 1.31-2
1.0 ' 2.22-4 1.89-3 5.89-3 8.89-3 1.49-2 Y.67-2
0.7 0 2.44-3 5.89-3 1.06-2 1.58-2 2.23-2 2.67-2
0.45 ].20-3b 4.00-3 7.33-3 1.34-2 2.08-2 2.74-2 2.88-2
0.3 4.80-3 1.27-2 2.14-2 3.33-2 4.37-2 5.38-2 7.12-2
0.15 2.00-3 7.89-3 1.50-2 2.12-2 2.88-2 3.86-2 4,51-2
0.1 4,00-3 9.33-3 1.77-2 2.38-2 3.12-2 3.79-2 4.61-2
0.07 6.80-3 1.27-2 2.46-2 2.86-2 4.10-2 4,98-2 5.83-2
0.045 6.00-3 1.19-2 2,30-2 3.03-2 4.00-2 4.97-2 6.06-2
0.03 6.40-3 1.38-2 2.36-2 3.32-2 3.99-2 5.29-2 5.97-2
0.02 8.00-3 2.51-2 3.70-2 5.43-2 6.86-2 8.18-2 9.01-2

Total y's/e” 3.92-2 1.00-1 1.78-1 2.58-1 3.46-1 4.43-1 5.24-1

3.989(4.0) 4.489(5.0) 4.989(5.5) 5.489(6.0) 5.989{(6.5) 6.989(7.0) 6.989(7.5)

14 0 0 0 0 0 0 0
10 0 0

: Voo :
7 0 1.11-4 4.00-4
6 0 0 2.22-4 1.11-3 1.60-3
5 0 0 4.44-8 1.67-3 2.00-3 3.33-3 6.00-3
4 1.00-3 2.44-3 2.89-3 5.33-3 8.22-3 9.44-3 1.28-2
3 2.22-3 3.22-3 4.22-3 5.33-3 6.78-3 8.78-3 9.00-3
2.5 4.11-3 4.78-3 6.44-3 1.02-2 1.08-2 1.42-2 1.46-2
2.0 7.00-3 1.06-2 1.49-2 1.56-2 1.91-2 2.14-2 2.62-2
1.5 1.51-2 2.04-2 2.50-2 2.81-2 3.43-2 4.17-2 5.22-2
1.0 2.09-2 2.53-2 3.08-2 3.18-2 4.18-2 4.36-2 5.08-2
0.7 3.26-2 3.73-2 4.39-2 5.47-2 5.53-2 6.71-2 8.30-2
0.45 3.80-2 4.40-2 4.99-2 5.62-2 5.88-2 7.18-2 7.78-2
0.3 7.91-2 9.02-2 1.02-1 1.13-1 1.30-1 1.45-1 1.64-1
0.15 5.38-2 6.26-2 6.78-2 7.87-2 7.97-2 9.46-2 1.02-1
0.1 5.34-2 5.77-2 6.54~2 6.89-2 7.90-2 8.74-2 9.12-2
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Table A.1.1 (continued)

Photon upper Electron energy (MeV)
energy
(MeV) 3.989(4.0) 4.489(5,0) 4,989(5.5) 5.489(5.0) 5.989(6.5) 5.989(7.0) 6.98%{7.5)
.07 6.64-2 7.59-2 8.32-2 9.74-2 1.00-1 1.12-1 1.31-1
0.045 6.21-2 7.56-2 8.22-2 8.46-2 9.61-2 1.07-1 1.21-1
0.03 6.77-2 6.94-2 8.51-2 8.83-2 9.93-2 1.09-1 1.27-1
0.02 1.09-1 1.21-1 1.30-1 1.45-1 1.59-1 1.71-1 2.07-1
Total y’s/e” 6.12-1 7.00-1 7.94-1 8.85-1 9.80-1 1.109 1.329

7.489(8.0) 7.989(8.5) 8.489(9.0) 8.989(9.5) 9.489(10.0)

14 0 0 0 0 0

10 0 0 0 4,00-4 6.00-4
8 1.11-4 4.00-4 1.20-3 1.20-3 2.00-3
7 1.11-3 1.20-3 1.80-3 4,20-3 3.80-3
6 3.00-3 4.40-3 5.60-3 5.60-3 7.60-3
5 5.78-3 7.40-3 8.60-3 1.04-2 1.32-2
4 1.10-2 1.74-2 1.70-2 2.08-2 2.68-2
3 1.16-2 1.38-2 1.82-2 1.80~-2 2.12-2
2.5 1.59-2 2.14-2 2.68-2 2.54-2 3.22-2
2.0 2.92-2 3.52-2 4.02~2 4.06-2 5.10-2
1.5 5.24-2 5.46-2 6.86-2 §.42-2 8.74-2
1.0 5.53-2 5.98-2 7.74-2 9.00-2 9.90-2
0.7 8.44-2 1.02-1 1.10-1 1.25-1 1.43-1
0.45 9.40-2 1.01-1 1.17-1 1.24-1 1.45-1
0.3 1.84-1 2.06~1 2.50-1 2.55-1 2.88-1
0.15 1.21-1 1.331 1.51-1 1.74-1 1.96-1
0.1 1.16-1 1.26-1 1.39-~1 1.61-1 1.84-1
0.07 1.46-1 1.53-1 1.85-1 2.12-1 2.22-1
0.045 1.39-1 1.54-1 1.79-1 2.05-1 2.24-1
0.03 1.411 1.62-1 1.95-1 2.13-1 2.17-1
0.02 2.29-1 2.68-1 2,91-1 3.76-1 3.51-1

Total y's/e” 1.440 1.621 1.882 2.086 2.315

Wumbers in parentheses denote total electron energy.
ORead as 1.20 x 1073.

The importance of electron energy to the total photon energy deposition rate in the superconducting
coils is illustrated in Fig. A.1.2 for several 2381 shield thicknesses. These results are normalized
per incident electron per second and were obtained by performing separate ANISN calculations for each
of the spectra in Table A.1.1. The increased energy deposition rate with increasing electron energy is
the result of both the increased number of photons and the increased photon energiss associated with the
higher energy electrons.

To obtain the actual total energy deposition rate, the data in Fig. A.1.2 must be weighted with the
electron loss distribution. Energy deposition rates obtained with the Toss distribution given in
Sect. A.1.1.2 are presented in Fig. A.1.3 for electron temperatures of 1.0, 1.5, 2.0, and 2.0* MeV as a
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function of coil shield thickness. As explained in Sect. A.1.1.2, 2.0* MeV represents extending the
integration to 20 MeV. These results have been normalized to a 1-Md electron power loss. The energy
deposition rate for the tungsten shield was calculated only for the kT = 2.0*-wev electron temperature
because this temperature yields the greatest heating.

The total energy deposition rates in the aluminum liner, 2384 shield, and copper coil for these
same electron temperatures and three 2380 shield thicknesses are given in Table A.1.2. These results
have also been normalized to a 1 MW-electron power loss. The energy deposition rates represent only the
heating due to bremsstrahlung. The remainder of the heating associated with the incident electrons
amounts to ~98% of the total power loss. This portion of the power loss is deposited almost entirely in
the aluminum liner because only some of the higher energy electrons are able to penetrate into the 238y
shield.

Table A.1.2. Energy deposition rate in coil materials (W)

. Electron temperature {(MeV)
%381 thickness —— - . —

Material (in.) 1.0 1.5 2.0 2.0
a 0.5 2530 3,260 3,840 3,930
1.0 2620 3,250 3,840 3,930
1.5 2520 3,250 3,830 3,920
238y 0.5 6590 9,670 12,400 12,800
1.0 6830 10,200 13,200 13,700
1.5 6830 10,300 13,400 13,500
Cu 0.5 260 644 1,080 1,170
1.0 54 168 260 285
1.5 13 38 68 75

aEnergy deposition rate in aluminum is due to photons only. The total energy deposition rate in aluminum
can be obtained simply by subtracting the combined energy deposition rate in 238U and copper from the

total power loss of 1 MW.

The energy deposition rate density profiles across the copper coils for an electron temperature of

*
2.0 MeV are given in Fig. A.1.4. To obtain the absolute power density for a 1-MW electron power loss,

these results must be multiplied by 4.81 x 1018 electrons/sec and divided by 2 Rmajor’ where Rmajor is
the major radius of the torus. For a major radius of 5.67 m, the maximum power density with the 1-in.-
thick 238U shield is 0.135 mW/cm?.

Some of the above calculations were carried out for a maximum possible condition, i.e., normal

incident photons. The results increased only by ~2.

Biological dose rates

The calculated biological dose rates as a function of lead and concrete shield thickness are
presented in Figs. A.1.5 and A.1.6, respectively. These results were obtained with and without 1.25 in.
of 238y coil shielding for the electron temperatures of interest. The isotropic photon sources used in
these calculations were the same as those used in the heating calculations and again correspond to a
1-MW electron power loss. For a kT value of 2.0* MeV in the absence of any 238U coil shielding, 12.5 in.
of Tead or 6.3 ft of concrete is required to reduce the biological dose rate to 2.5 mrem/hr, the maximum
occupational radiation level currently accepted. Howaver, because no reduction of tne phaton spectra
was assumed to occur due to shielding by the components of the machine, these results should represent
the maximum required shielding to obtain a 2.5 mrem/hr radiation level.
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A.1.2 VACUUM VESSEL THERMAL ANALYSIS

The EBT-P torus cooling requirements were established with a conservative point of view. The
vessel power input was established at 2.0 MW. Because at this time no EBT power deposition data to the
vessel exist and because there is a possibility that input power will be increased in the future, a
3.0-MW plasma input power level was assumed for coolant flow calculations.

Deionized water flow rates were initially established using the following equation:

vessel meATHZO ’

0

where

Qvesse] = energy transter rate,

m = mass flow rate,

Cp = mean specific heat, and

AT

temperature differential of coolant assumed to be 15°F (8.3°C).

To establish the distribution of the coolant, the following assumptions were made.

(1) The electron annulus energy loss occurs in the throat.
(2) The plasma energy loss rates are inversely proportional to the cross-sectional area of the vessel.

Table A.1.3 shows the coclant flow distribution and the assumed energy deposition rates used for flow
rate calculations.

Table A.1.3. Toroidal vessel coolant requirements and assumed energy
deposition vates for EBT-P

Coolant flow Total coolant flow Assumed total
Toroidal vessel per component for toroidal vessel energy deposition
component name (gpm) {gpm) (M)
Mirror cavity liner 6.7 241 0.5
Coil cavity
Coil cavity throat 12.4 446 0.982
Coil cavity balance 18.6 670 1.5
Total (coil cavity) 31.0 1116 2.482

A thermal analysis of the coil cavity using a 2-D version of HEATING5 code was performed. Also
included in the model were the shielding material and the liquid-nitrogen-cooled mirror coil dewar
wall. The model provided an evaluation for the deionized cooling water distribution and temperature
profiles of the vessel walls to be used in the stress analysis of the vacuum liner cavity. Heating
effects resulting from gamma ray attenuation were also modeled. The coil cavity was given major consid-
eration because the majority of the plasma energy is anticipated to be distributed along the coil
cavity walls and because of the complexity of the coil cavity geometry. Figures A.1.7, A.1.8, and
A.1.9 show the results for the thermal analysis.
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A.1.3 MAGNETIC FORCE ANALYSIS

The magnetic loads imposed on an EBT-P mirror-trim coil pair by the other mirror and trim coils and
by the ARE coils have been calculated using the BARCI3 magnetic field computer program. Under normal
operating conditions without ARE coils, the centering force on a mirror-trim coil pair is 53,000 1b.

With the ARE coils operating, the additional centering force would be +57,000 1b; therefore, the range
of centering force on the coil pair is from 110,000 1b toward the center of the torus to 4000 1b away
from the center. The lateral or sideways Toad on the mirror-trim coil pair due to imbalances in currents
in the mirror and trim coils can be as great as 255,000 1b if half the mirror and trim coils is de-
energized. The lateral Toad due to deenergized ARE coils can be as great as 155,000 1b.

Figure A.1.10 shows the geometry assumed for the calculations. In some calculations the mirror-
trim coil pair has been treated as a single coil, but in other cases the mirror and trim coils have been
treated separately. Table A.1.4 shows the contribution to the centering and lateral forces in a coil
due to each of the other coils, and Table A.1.5 summarizes the net forces for several cases. Figures
A.1.11 and A.1.12 show how the radial and lateral loads are distributed around the perimeter of a mirror-
trim coil pair.

Table A.1.4. Forces in mirror-trim coil 1 due to other mirror-trim coils
and ARE coils®

Coil Centering force
(see Fig. A.1.10 for {positive toward torus Lateral force
designations) center) (along coil axis)

1 M 0 0

2 or 36 89.3 1026

3 or 35 ' 17.6 £100

4 or 34 5.76 121.6
5 or 33 2.53 +6.97
6 or 32 1.32 +2.84
7 or A 0.77 +1.34
8 or 30 0.49 0.7
9 or 29 Mirror coils 0.33 10,40
10 or 28 0.24 :0.24
11 or 27 0.18 £0.15
12 or 26 0.14 +0.10
13 or 25 0.11 £0.06
14 or 24 0.09 -0.04
15 or 23 0.08 +0.03
16 or 22 0.07 10.02
17 or 21 0.06 +0.01
18 or 20 0.06 =0.01
19 _ 0.06 a
Tor72 ) 1064.5 342.6
2 or 71 4,37 76.16
3 or 70 10.88 211.4
4 or 69 2.04 14.37
5 or 68 0.63 30.22
6 aor 67 ARE coils 1.13 3.98
7 or 66 D.52 6.95
8 or 65 0.60 1.45
9 or 64 0.39 2.26
10 or 63 0.34 0.63
Remaining ARE coils

combined 6.80 5.20

YForces in kilonewtons; IMIRROR =2.325 x 108 A, TR © 1.005 x 108; and IARE = 0.216 x 105. See

Table A.1.5 for total forces.
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Table A.1.5. Total forces an mirror and trim coils

Maximum centering force Maximum lateral force
(kilonewtons) (kilonewtons)
= 6
Case 1 (IMIRROR = 2.256 x 105 A,
ITRIM = 1.005 x 108, IARE = 0)
Mirror coil 144.4 642 with half of mirror-
Trim coil 88.3 432 trim coils
Combined 232.7 (53,000 1b) 1134 (255,000 1p) | deenergized
. = 6
Case 2 (IMIRROR 2.256 x 10% A,
ITRIM = 1.005 x 106,
IARE = 0.216 x 10°)
Mirror and trim coils

combined 486 (110,000 1b) 1826 (410,000 1b) with half of mirror-
trim and ARE coils deenergized
Case 3 (IMIRROR = 2.356 x 10% A,
ITRIM = 1.005 x 108,
IARE = 0.216 x 10%)
Mirror and trim coils

combined =21 (-4,000 1b) 1826 (410,000 1b) with half of mirror-
trim and ARE coils deenergized

ORNL-DWEG 79-342¢ FED
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Fig. A.1.10. EBT-¥ geometry.
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A.1.4 STRAY MAGNETIC FIELDS

Figure A.1.13 summarizes the torus geometry. Figures A.1.14, A.1.15, and A.1.16 summarize the
magnitudes of the stray magnetic fields in various regions around EBT-P. The values shown in the
figures are total field magnitudes. The fields have been calculated for the case where each mirror coil
carries a total of 4.06 x 10° A. The computer program BARC13 was used to calculate the magnetic fields.
For the purposes of these calculations, each mirror-trim coil pair was considered as a single coil,

A.1.5 CRYOGENIC SYSTEM HEAT LOAD ESTIMATE

The following estimates are based on expansion to a 48-sector torus.

Refrigeration Toads
Mirror coil heat Toad

Internal dissipation plus gamma heating 7.0 W/coil
Thermal radiation 0.05 W/coil
Gravity support 0.34 W/coil
Out-of-plane support 10.0 W/coil
Centering supports 5.5 W/coil
Total 22.9 W/coil
Total for 48 coils 1100 W
Gyrotron focusing solenoid heat leak 3.0 W/coil
Total for 12 coils 36 W
Satellite and storage dewars (1% per day) 6 W
Transfer line losses
Valves 800 W
Bayonets 440 W
Line 48 W
Total line loss 1300 W
Subtotal refrigeration load 2440 W
Add 50% contingencya 1220 W
TOTAL refrigeration load @4.2K 3660 W
Liquefaction loads
Mirror coil leads (2.8 liter/hr/kA x 2 kA x 48 coils) 540 liter/hr
Gyrotron focusing solenoid Teads (2.8 liter/hr/kA x
0.2 kA x 12 coils) 7 liter/hr
Subtotal Tiquefaction load 547 liter/hr
Add 0% contingencyb 0
TOTAL liquefaction load 547 liter/hr

%Based on past experience with cryogenic systems plus contingency for cooldown
line and valving, burst disks and relief valves, and the eventual addition of
cryopumping for neutral beam heating.

Conservative numbers used for current in leads.
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A.1.6 MICROWAVE/CRYQPUMP ISOLATION SYSTEM CALCULATIONS

A.1.6.1 Perforated Copper Plate Design

Microwave attenuation

The perforated copper plate design shown in Drawing X2E-~14270-0001 is proposed for use at 110 GHz.
Its parameters are given below:

Material Copper
Thickness (1) 0.062% in.
Hole diameter (2a) 0.045 in.
Hole spacing on triangular

pitch (d) 0.055 in.

Using Chen's theory the attenuation for normal incidence is given by® leakage (dB) =20 log |T].

Here
T = 1 ) 1
1 - j[A + B tanh {ge)] ~ 1 - j[A + B coth (3e}] °’
where
- 2 pa
R V) Jl’(f_fii) ' Jl(f/;a>
L. la 3 d 3 d
O M [
1 - (;hﬂ“a >2 4.(5)2 -1 12 4w a
1.841V3d 3 \d V3id
o ao {dN? [£0.2932)2 1/2
B = 0.33 (5) {(7—5—v~) - 1] , and

g = %E[CQ;ZEQA)Z ) ]Jl/z

for a » 0.28d and d < 0.57x. For the given dimensions the attenuation is 34 dB at 1710 GHz and 50 dB at
60 GHz.

The porosity P for a triangular array of holes is given by

p o 2na?
V3 d2

where

22.5 mi1 (hole radius),
55 mi1 (triangular pitch hole spacing), and
0.6071.

5}

T o
i}
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For ¢/2a = 1.39, the Clausing factor K' is equal to 0.4359. The net conductance of the plate
normalized to a circular aperture of the plate sizes is then C* = K'P = (0.2646.

A.1.6.2 Absorbent Section

In the proposed design a 10-in. section of straight pipe coated with a microwave-absorbent material
is added behind the plate. This prevents the region behind the plate including the pump from being a
high-Q resonator. The exact type of coating will have to be determined from testing at 110 GHz.

Effect on conductance

For the above section with a 6.5-in.-thick, 11.5-in.-1D gate valve in series, overall normalized
conductance is given by

= IR

Tl
F RTFR :

where

Fy 0.2646 for the plate,

Fo

"

0.4252 (Clausing's factor for L/D = 1.43).

The net normalized conductance to the pump is thus F = 0.195.

Microwave absorption

Because of the complex geometry, the actual absorption should be found experimentally. A rough
conservative estimate was made by treating the microwave radiation leaving the plate as isotropic
thermal radiation, finding the view factor for transmission, and assuming that everything striking the
walls is absorbed. This gives an additional 6.8 dB of attenuation for a total of 40.8 dB.

A.1.6.3 Microwave Power into Cryopump

Testing is required to determine the effect of low microwave power input on a cryopump's pumping
ability. The most conservative assumption is probably that all power incident is absorbed on the
coldest section. It was assumed that the incident power should be less than 1 W, which is below the
1.5-2 W refrigeration capacity of the CRYO-TORR 10 pump at the coldest stage.

The next question is the manner in which power input to the torus divides between the plasma and
the apertures. A formal theory for this is not available. For the purpose of this report, a crude
model was taken. It was assumed that power leakage out of an aperture was given by



where
Aa = aperture area,
Ta = aperture average microwave power transmission coefficient,
AC = area of plasma cutoff surface,
TC = cutoff surface average microwave power transmission coefficient,
POut = power out of aperture, and
P1.n = power into mirror cavity.

It was further assumed that Tc = 0.5 {crudely assuming 0.5 extraordinary wave power transmitted and
0.5 ordinary reflected from the surface).
For comparison in EBT-I a 3-in. hole had a measured Pou
R - o
1 gives Pout/Pin 3.8%.
For EBT-P we assume that the cutoff surface is a 16-in.-long right cylinder with a 10-in. radius.

/P.n = 4.8%, and the above model with Ta =

t'

The power incident on the cryopump with six 200-kW tubes is then

_ 6 x 200 x 103 10°"-98 »(11.5 in.)?/4

Pout 36 72 Zn(10)(16)

= 0.57 W.

At 60 GHz, POut is an order of wagnitude down.
It would be highly desirable to test the proposed pump and microwave isolation system to determine

the overall system response to microwave power.
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A.2. EBT-P THEORY AND QPERATION
A.2.1 EBT-P THEORY AND SCALING

For several years EBT scaling has been a fundamental ingredient in design studies of future CBT
devices.1:2 This scaling of the toroidal core plasma s based upon basic theoretical scaling laws with
the coefficients determined from experimental measurements from EBT-I/S. A major component of this
scaling is nt ~ A?Tg/z, which follows from neoclassica®! transport considerations. Recent 1-D transport
calculations, which agree reasonably well with experiments, confirm this scaling and strengthen the
evidence that the T-mode of operation in EBT is governed by neoclassical behavior.

The most recent calculations® differ from earlier ones" in that they use purely neoclassical
transport. In earlier calculations® it was necessary to introduce an artificial stabilization factor
to prevent thermal runaway for Tow electron collisionality. However, changing the boundary conditions
for the neutral hydrogen made it possible to eliminate the artificial stabilization factor.3 The newer
boundary conditions correspond more nearly to the experimental ohservation of the behavicr of neutral
hydrogen in EBT than did the earlier treatment (which is more appropriate for a pulsed device such as a
tokamak) .

Because of the role played by the ambipolar electric field in EBT, the calculation of collisionless
electron behavior with a self-consistent electric field is nontrivial. The key element has been to use
a resonant form for the neoclassical ion transport coefficients and nonresonant electron transport
coefficients. 1In the calculations of Ref. 3 analytical approximations for the ion transport coeffi-
cients in the plateau regime and the standard nonresonant approximation for electrons were used.
Calculations using alternate forms for the resonant ion transport coefficients indicate that the results
are nearly invariant because of adjustments of the ambipolar electric field. The gross behavior of the
toroidal core plasma density and temperatures is dominated by the electron transport coefficients,
leading to nc ~ AZTS/Z.

The purely neoclassical transgort calculations should be compared only to experimental results
obtained during T-mode operation in EBT. In the C-mode of operation (characterized by high electron
collisionality and/or neutral hydrogen density), the plasma is noisy (unstable) and nonclassical Tosses
dominate the transport processes.

Entry from the C-mode into thé macrostable T~mode of operation in EBT requires that the hot
electron rings have sufficient beta to produce a distinzt local minimum in B.% A crude estimate of the
minimum ring beta required to stabilize the toroidal core plasma is

2
8 -l“L(M-nwap,

crit 4 R2
where
N = number of sectors,
R = major radius,
M = mirror ratio,
W = ring width, and

a_ = plasma radius in the midplane.
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Notice that by reducing the mirror ratio, the critical beta required is reduced (because the
radial gradient in the vacuum B to be overcome by the hot electron ring is reduced). Thus by reducing
the mirror ratio, the critical beta required for entry into the T-mode and hence the microwave power
required for the rings can be reduced. On the other hand, the neoclassical transport rates for the
toroidal core plasma decrease with increasing mirror ratio and ring beta. Thus, the power required to
achieve a given set of plasma parameters decreases with increasing mirror ratio and ring beta while the
power to sustain the rings is increased. The optimum core plasma performance for fixed microwave power
is thus a function of mirror ratio. Because the detailed interaction of the core and ring plasma is a
subject of ongoing research, it is not presently possible to predict an exact optimum for the mirror
ratio. Accordingly, the inclusion of trim coils that permit variable mirror ratio is advisable because

they allow empirical determination of the optimum.

A.2.2 EBT-P OPERATION

The purpose of operating EBT-P is to measure those properties that will allow a definitive eval-
uation of the bumpy torus concept. These properties include those of the plasma and of the machine and
of their mutual interactions.

In principle, the primary interest is in measuring those plasma properties having the greatest
impact on EBT scaling — density, temperature, and confinement time. In practice, however, many more
plasma parameters are measured because of the great impact they have on scaling. These measurements
are made with instruments that are, in general, remote from the experimentalist's Tocation.

One of the unique features of EBT devices is the steady-state nature. The significance of the
steady-state operation is that a given set of operating conditions can be maintained for an extended
period. In practice this means that the operating conditions are held constant long enough to acquire
the data required to characterize that set of conditions and then the set of conditions is changed.

The time needed to acquire this data depends on the particular diagnostic devices. Some diagnostics,
such as the microwave interferometer measurement of density, give results very quickly. Among the
sTowest are those requiring pulse-counting techniques, such as neutral charge exchange or x-ray measure-
ments. In EBT-I these measurements have requirad as long as 30 min for a single data point. However,
because of the higher temperatures and densities expected, this time will be much shorter in EBT-P,
allowing a more rapid change of operating conditions. There is, however, one operating parameter that
cannot be rapidly varied. The magnetic field, which is produced by superconducting coils, has a char-
acteristically long time constant. It is estimated that about one-half hour will be required to charge
the coils. Thus, changing the current through those coils will require a significant fraction of the
charging time.

In addition to the equilibrium properties, which will be measured in the manner described above,
it will be necessary to make time-dependent measurements in order to determine the time needed to reach
a new equilibrium as conditions are changed. The time scales involved range from very short to very
long, depending on the processes. Among the shortest time scales are those corresponding to a step
change in the heating power whereas the longest times are those for establishing the wall conditions.
The former, fixed by the flight times of the particles, may be as short as microseconds; the latter may
range up to hours or even days.

The challenge involved in running EBT will be to establish operating procedures that will provide
an optimized environment for making the measurements previously discussed while also maintaining the
flexibility to change the machine configuration. Such flexibility is essential if the single device,
EBT-P, is to be used to investigate a range of confinement and heating concepts.



A.2.3 Summary

The above section indicates briefly EBT theory and operating experience as applied to the design of
EBT-P. The detailed work supporting this is covered in a large number of publications and is too lengthy
to include in this document. A summary of theory as it stood in 1978 was included in the EBT-II proposal,
ORNL/TM-5955.1 During 1978 and 1979 further work has been undertaken that has been published in various
publications.52%27:8:% Qne paper that is soon to be published as ORNL/TM-6806.% but is not yet generally
available, is on radial transport calcylations and a comparison with the experiment. This TM is re-
printed here in its entirety, following the references for this section, to ensure timely availtability.
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RADIAL TRANSPORT IN THE ELMO BUMPY TORUS IN COLLISIONLESS ELECTRON REGIMES*

E. F. Jaeger, C. L. Hedrick, and D. A. Spong
Oak Ridge National Laboratory

ABSTRACT

One important area of disagreement between radial transport theory and the ELMO Bumpy Torus (EBT)
experiment has been the degree of collisionality of the toroidal plasma electrons. Experiment shows
relatively warm electrons (kTe ~ 300-600 eV) and collisionless scaling, that is, energy confinement
increasing with temperature. But results of early one-dimensional (1-D), neoclassical transport models
with radially inward pointing electric fields are limited to relatively cool electrons (kTe ~ 100-200 eV)
and collisional scaling. In this paper these early results are extended to include Towest order effects
of ion diffusion in regions where poloidal drift frequencies are small. The effects of direct, or
nondiffusive, Tosses in such regions are negiected along with the effects of finite radial electric
fields on electron transport coefficients and of self-consistent poloidal electric fields on ion trans-
port coefficients. Results show that solutions in the collisionless electron regime do exist. Further-
more, when the effects of finite electron ring beta on magnetic fields near the plasma edge are included,
these solutions occur at power levels consistent with experiment.

[Reprint of ORNL/TM-6806 (to be published);
also submitted to Nuclear Fusion]

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy under contract
W-7405-eng-26 with the Union Carbide Corporation.
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1. INTROJUCTION

When neoclassical transport rates are calculated in the large electric field 1imit of Kovrizhnykh
[1] and applied in a one-dimensional (1-D), radial transport calculation [2,3] for the ELMO Bumpy Torus
(EBT) [47, thermally stable, steady-state solutions with radially inward pointing ambipolar electric
fields are found, as observed in experiments [4]. However, electron temperatures, as well as the mag-
nitude of radial electric fields in these solutions [?], are consistently Tower than those observed
experimentally [4]. Increasing the microwave power Teads to warmer electrons; but in these cases,
negative electric field solutions vanish, giving way o positive electric fields that do not agree with
experimental observations.

In this paper we extend the calculations of Ref. [2] to include lowest order effects of ion dif-
fusion for finite radial electric fields in regions of phase space where poloidal drift frequencies are
small [3,5,6,7]. Direct, or nondiffusive, losses [8] in these regions are neglected on the grounds that
they occur far out on the tail of the distribution function and are thus of Tittle consequence {8].
Although the effects of modest (as opposed to large) radial electric fields on electron transport coef-
ficients and of self-consistent poloidal electric fie'ds on fon transport coefficients appear to be
important, for the sake of simplicity they are not included in this initial investigation. Rather, we
consider increases in the radially inward pointing electric field resulting from conservation of charge
and enhanced ion diffusion in regions of small poloidal drift frequency. Thus, our results show negative
electric field solutions over a much broader range of electron temperatures than those of Ref. [2],
particularly in the collisionless electron regime of experiments [4]. However, because the effects of
modest radial electric fields on electron transport coefficients and of self-consistent poloidal electric
fields on ion transport coefficients have not yet been considered, the results given here will not
accurately model real EBT plasmas. Instead, this work should be regarded as an additional step toward a
complete neoclassical treatment of EBT plasmas.

In Section 2 we discuss the differing diffusion models for ions and electrons. For electrons the
assumption is that there are very few slowly orbiting particles for negative electric fields and that
the flux is given approximately by the strong electric field result of Kovrizhnykh [1]. The ion flux,
on the other hand, is assumed to be dominated by slowly orbiting particles for negative electric fields.
As first shown numerically in Ref. [3], this leads to transport rates that are approximately independent
of collisionality in the moderate collisionality regime. The first analytic treatment of this "plateau"
regime for EBT has been given by Hazeltine [6]; the treatment of ions in Section 2 is essentially the
same as that in Ref. [6] with modifications regarding the bounce-averaged particle orbits and the choice
of the ad hoc poloidal electric field. In Section 3 we discuss solutions of the radial transport problem
with a self-consistent radial electric field and transport coefficients as given in Section 2.

2. DIFFUSION MODEL

Consider the steady-state, bounce-averaged drift kinetic equation [2]

af

Lo ‘ VDo af
Dy ar

r 20

= C(f) m

€,

€

where the spatial gradients are taken with the energy = and the magnetic moment . held fixed. For large
aspect ratios (RT/RC > 1), the components of the bouncs-averaged drift velocity VD and vp in the

5]
radial and poloidal directions, respectively, can be expanded as
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Vp, = o+ 6 + .
pg - %V, cos

where vy denotes the vertical drift velocity due to toroidal curvature and @ denotes the poloidal drift
frequency due to magnetic gradients and curvature and to the ambipolar electric field. Typical thermal
values for these drifts are

_ kT
% T @R v
c
_ kT
Yvo T e R

where kT is the thermal energy, e is the electron charge, B is the magnetic field, Rgl = ~vrB/B is the
inverse magnetic radius of curvature, and RT is the major radius of the torus.

Following Hazeltine [6], Eq. (1) can be linearized by expanding in the inverse aspect ratio
§ = v/Rp = vyo/(QORC). Noting that vp. ~ 0(s) and that Vog v 0(1) and writing f = fo(r) + fi(r,8),
where T, ~ 0(s), we find that fo = fM’ where fM is a Maxwellian distribution

fy = .. exp [_(E EQL} (3)
73/ 2(2kT/m)3/ 2 KT
and that the perturbed distribution function f, satisfies the linear equation

3f, an

Q Y C(fl) = -Vy I sin @ (4)

In Eq. {3) m is the mass, n is the density, and ¢ is the electric potential. Particle and energy fluxes
are now expressed as integrals of the solution to Eq. (4):

- [ds 3% = an _ 3T
Ty = ?}_.[d v fivp, = Dy 5 - Dy g *ougnky
=[98 [43y 1 2= 3 3T e
Q jﬂZ% .[d v fivpe o Coar - K7 aF T oupnE, (5)

where E is the radial electric field. The volume element in velocity space is d3v = -x{2kT/m)3/2
VidWdz, where W = (1/2mv2)}/kT is the normalized energy and ¢ = v“/v is the cosine of the pitch angle.

For a particle- and energy-conserving BGK collision operator [7], Egs (4) and (5) yield Kovrizhnykh's
result [1] in the large electric field, large o Timit:

Y;O v 7
D =Y K =—kTD
g 2+ g2 oo n
2n 101
Dy = =D, Ky = e kn D (6)
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where u = (e/kT)Dn and up = (e/kT)Kn. In the radial transport calculations of Ref. [2], Eq. (6) is
applied to both ions and electrons.
In the collisionless limit, Eq. (4) yields

1im f1 = = j’davy ~HMsine (7)

which is singular when ¢ = 0. This means that particles which experience a small average net poloidal
drift motion (small @) contribute greatly to the perturbed distribution function f, and, hence, to
transport losses. We call these particles "resonant.”

The resonance in Eq. (7) is, depending on the degree of collisionality, limited or broadened by one
of two mechanisms [6]. With a model collision operator C{fy) ~ v32f;/5u?, where » = Q/Qo, the collision
term in Eq. (4) becomes important for o < Veff o where eff,c (v/ﬂ0)1/3. In this case the resonance
is broadened by collisions. If collisions do not scattar particles out of the small o region first,
these particles can experience large drift orbits and, nence, large step sizes for diffusion under the
influence of the vertical toroidal curvature drift vy. Because of the radial variation in o, the drift
surfaces are not purely vertical but rather are crescen? shaped in cross section. These crescent-shaped
orbits become important for w < Weff b where [5]

Q v
= W§gf§9.% §1/2 _S_VELNW (8)

is the normalized drift frequency a%ound such an orbit. Here w0 = QE/QO ~ 0(ed/kT), o = Er/(Br), and
rp ~ 1/29E/(aﬂ/3r), where " is the scale length for radial variation in the poloidal drift frequency.
In this case the resonance is broadened by the enhanced radial excursion occurring during a crescent
orbit. Comparing Seff,b in Eq. (8) with Geff,c v (v/go)1/3, we find that resonance broadening by
crescents daminates resonance broadening by collisions when Beff e < “off b or when v/no < §3/2 [for
wo " Vy/vyo " Rc/rD ~ 0(1)].

In the region 832 < v/QO < 1, collisions effectively scatter particles out of the small o region
before crescent-shaped orbits are completed. The step size is then reduced by the ratio of the effective
collision time to the period of a crescent orbit. Assuming a simple Krook collision gperator C(f;) =
-vfy, Eq. (4) gives

afy & v afy 1 1
f1 = -v, —— }-cos 8 <—-nm*-> +sin 6 (~ )] = -v, -~ |-c0s 8 Re (» + sin & Im (-~—» ~~~~~ >
Y ar vZ + 9?2 vi + 02 Y ar Q - iv 2 - v

Substituting into Eq. (4) verifies that Eq. (9) is indeed a solution. However, as already noted, this
solution is singular in the collisionless limit when @ = 0. We can still integrate £q. {9) over velocity
space to obtain transport rates when @ = @(v) by using the Plemelj relation [5,6]

Tim e (;—) + nis(n) (10)

v > 0

Substituting Eq. (10) into Eq. (9) gives
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where P represents the Cauchy principal value integral. As noted by Hazeltine [6], Eq. (11) is indepen-
dent of collisionality; thus, one might expect the BGK collision model to be more adequate for this
regime than for the lTow collisionality crescent regime. Substituting Eq. (11) into Eg. (5) now gives,
in the small o, collisionless limit,

_ 3% £ g2 _3
Kr = kn 5o [ a3 .nyo(r)@l 2)""
23 2T
Kn =3 KT (Dn * 3 DT) (12)

Evaluating the integrals in Eq. (12) requires a model for the bounce-averaged particle orbits in
EBT. For 2 < 1/2, we use the approximate result of Hedrick [5]:

2

" - - 2
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v Vol 1
VJWVL-W 1+ 5 c2 (13)
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where a = 2.1 and vyE = Ee/(B sin 8). The radial component of electric field Er is determined self-

consistently in the transport solution from quasi-charge neutrality T__ ~ Cips Likewise, the poloidal

er
component Eg should be computed self-consistently from the additional condition ne(r,a) " ni(r,e). For
= | 1 jeo
yE/Vyo No [5]. This makes the dis
placement of the equipotential surfaces in the midplane the same as that of the contours of constant B
[5], as approximately observed experimentally, and causes the E x B and vB drifts in Eg. (13) to be

coincident at ¢ = 0. Hazeltine (6] chooses E8 = 0, hence finding larger transport rates than those

simplicity, however, we choose an ad hoc value for Ee such that v

given here. Only a self-consistent calculation of Ee can clarify which, if either, of these approxi-
mations is valid. At present, Ee must be regarded as a free parameter.

Using Eq. (13) with vy[_:/vy0 = wo for the bounce-averaged drift orbits, Eq. (12) yields, for the
plateau regime 63/2 < v/a, < 1,

2 “!J
D, = 3 (1 + L) o RZs%e O
8va 2a
_n
Dy = 7 Dy(1 + )
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- 5
K - kTDn(2 + wO)
K. = knD (5 + Ly +w?-) (14)
T n 2o 0

where ¥ and up are given by the relations following Lq. (6). The result in Eq. (14) is independent of
v and scales as 6. Kovrizhnykh [7] obtained a similer resylt in 1970 for weakly ionized plasmas with
small Er and arbitrary Ee.

In the crescent regime (v/no < §3/2), the dominart transport Tosses come from a small region of
velocity space near where @ = 0. Because of the structure which may develop in the distribution function
near such regions, it is important to include the differential nature of the collision operator [6,9].
Also, the ordering which leads to Eq. (4) [i.e., vy/n ~ 0(s)] does not apply [6] because vy/Qeﬁc,b "
0(61/2). Derivations of neoclassical transport coefficients in the crescent regime are currently in
progress [9].

At this point we differentiate between electron and ion transport in EBT. It has been noted expevri-
mentally [10] that the ambipolar electric field points radially inward in the bulk of the toroidal
plasma. Thus, ions with thermal energies on the order of the electric potential energy can experience a
cancellation of electric and magnetic drifts in the poloidal direction while electrons of comparable
energy cannot. The resulting resonant (or small 22) region for electrons occupies a much smaller fraction
of velocity space and occurs at higher energies than it does for ions. We take advantage of this dif-
ference to simplify the transport model and assume that electron transport is dominated by particles
with large @ and nearly circular orbits. For convenieace, we use the large electric field assumption of
Kovrizhnykh [1] where o ~ 2 >»QO and hence retain for electrons the transport rates given by Eq. (6)
and used in Ref. [2]. Although this assumption is clearly not accurate for electrons, it has been
widely used [2,11] in the absence of more accurate nonresonant transport coefficients. In the case of
ions, on the other hand, we make the opposite assumption, that transport is dominated by resonant
particles with small o, and thus we use the resonant transport rates given in Eq. (14). In the present
radial transport calculations for the toroidal core plasma in EBT, ion temperatures vary between 40 and
80 eV and thus lead to collision frequencies 0.3 < v/no < 1. These correspond to the plateau regime of
Eq. {14) rather than the crescent regime. Nevertheless, transport rates in the crescent regime may
still be useful for ions in the region of the hot electron rings where magnetic field gradients are
enhanced by the diamagnetic plasma current in the ring.

To compare resonant and nonresonant transport rates, we plot, in Fig. 1, the radial particle fiux
T from £q. (5) vs ambipolar potential well depth by Ad hoc parabolic profiles are assumed for n, Te,
T., and ¢ where £ = -v¢ = 2r¢0/a2. Solid and dashed lines represent ion and electron fluxes Tip and

i
T ., respectively, calculated at r/a = 1/2. Assumed densities and temperatures in Fig. 1(a) are n ~

2e; 1012 cm™3, kT1 ~ 55 eV, and kTe A~ 150 eV at r = 0 with (v/QO)e n 2.76. These values correspond
approximately to the collisional electron regime in Ref. [2], where transport solutions with negative
electric fields are found.

Quasi-charge neutrality is achieved at potentials for which Lap ™ Tipe In Fig. 1(a), this occurs
far negative electric fields (¢0 < 0) when either Kovrizhnykh's coefficients in Eq. (6) or the resonant
transport coefficients in Eg. (14) are used for the ions. However, the fluxes and potential well depth
are enhanced when Eq. (14) is used.

In Fig. 1{b), the electron temperature on axis is increased to kT, ~ 300 eV, corresponding to
(v/szo)e ~ 0.52. This corresponds approximately to the collisionless electron regime in Ref. [2], where
no negative field solutions are found. In this case, Fig. 1(b) shows that no negative field solutions
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are possible when Kovrizhnykh's transport rates are used for the ions. However, solutions with Top ™ T
still persist with 9o < 0 for ion fluxes calculated from Eq. {14). Figure 1 illustrates the basic

ir

premise on which the transport calculations in this paper are based. That is, enhanced fon transport
due to cancellation of poloidal drifts can enhance the radially inward pointing electric field in the
toroidal core plasma in EBT. This, in turn, extends the region in which negative electric field solu-
tions exist to include the collisionless regime for electron transport, as observed in the experiment [4].

3. SOLUTION OF THE RADIAL TRANSPORT PROBLEM

In this section, we extend the radial transport calculations of Ref. [2] to include effects of
enhanced jon diffusion as discussed in Section 2. The transport equations can be derived [2] as a
series of moments of Eq. (1). Including the radial component of Ampere's law averaged over poloidal
angle, we have [2]

an _ 13
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where r is the radial coordinate measured in a mirror midplane, t is time, n = N v MNys Ty = Tap ™ Tipo
k is Boltzmann's constant, EI is the ionization energy of atomic hydrogen, £ is the perpendicular
plasma dielectric, and Qei is the energy exchange rate between electrons and ions. lonization and
charge exchange rates are ny<ov>y and No<oVZiy s respectively. Resonant electrons absorb microwave power
at the rate [12] Zmen<Du>. We assume that neutral density U and temperature T0 adjust instantly to
changes in plasma parameters, allowing a conventional solution of a stationary kinetic equation for the
neutral velocity distribution [13].

For two different neutral boundary conditions, Fig. 2 shows time-dependent solutions to Eq. (15)
with the plateau transport rates of Eq. (14) applied to ions and Kovrizhnykh's transport rates [Eq. (6)]
applied to electrons. The case shown is for 24 mirror sectors with plasma radius a = 10 cm, major
radius RT = 150 cm, bounce-averaged magnetic field on axis B0 = 6.4 kG, and total microwave power
absorbed in the toroidal plasma Pu = 6.0 kW, with a time-independent, spatially uniform power deposition
profile. The energy of cold neutrals is E0 = 0.5 eV. At the edge, r = a, plasma density and tempera-
ture are fixed at n = 3 x 1019 cm3, Te = Ti = 13.5 eV, and the magnetic field gradient corresponds to
an electron ring beta By = 37% {see Eq. (21), Ref. [2]}. Plotted in Fig. 2 are radial profiles of
plasma density n, ambipolar potential ¢, and ion and electron temperature kTi and kTe, respectively, at
time intervals of 4 msec as the time-dependent calculation proceeds from the initial parabolic profiles
at t = 0 sec. Here, the negative electric field (potential well) is maintained as the electrons pene-
trate deeply into the collisionless regime. This confirms our hypothesis from Fig. 1 that enhanced ion
losses do, in fact, allow negative electric fields in the presence of collisionless electrons.
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In Fig. 2(a) the flux of cold neutrals at the plasma edge is assumed to be determined by the
toroidal plasma through instantaneous reflux of plasma particles at the wall. In this approximation the
total number of plasma particles remains constant in time. In the collisionless electron regime, energy
containment time increases with electron temperature, ard for a constant total number of particles,
there is a net positive feedback, causing electron temperature to become arbitrarily large. Steady-
state solutions do not exist.

In Fig. 2(b) the flux of cold neutrals at the plasra edge is assumed constant independent of
toroidal plasma parameters. Such a boundary condition is appropriate if reflux from the wall occurs on
a time scale that is slow compared to the energy containment time. As the temperature and lifetime
increase, so does the total number of particles, thus reducing the power deposited per particle. This
provides a negative feedback mechanism that Timits the thermal excursion and yields thermally stable
results in the regime of the experiment, i.e., collisionless electrons with negative electric fields
[14].

Experiments [4] indicate that a time on the order of tens of minutes is required for the plasma to
reach equilibrium with the wall. This, along with the fact that neutral pressure is held fixed during
experiments, suggests that the boundary condition used in Fig. 2(b) is the one appropriate for comparison
with experiment.

The stability result in Fig. 2(b) is not dependent on the assumption of a time-independent, spa-
tially uniform microwave heating profile. Similar results have been obtained with heating profiles
proportional to density in both space and time. Also, similar stable, steady-state solutions have been
obtained for high density, high power plasmas as required in proof-of-principlie experiments.

Next we consider scaling of the numerical results with microwave power and edge neutral pressure.
In Fig. 3 the steady-state product of electron temperature Te and energy confinement time TE is plotted
vs electron collisionality (v/szo)e at v = 0. Open circles represent stable, steady-state solutions to
Eq. (15) with constant edge neutral flux as in Fig. 2(b). Ion transport rates from the plateau result
of Eg. (14) and electron transport rates from the large electric field result of Eq. (6) are assumed.
Results shown are obtained by varying the absorbed microwave power between 6 and 10 kW and the edge
neutral pressure between 3 x 1077 and 1.8 x 107 Torr. 1In all cases in Fig. 3 the shape of the potential
is such as to produce a negative or radially inward poinzing electric field. In the figure, thermally
stable, steady-state solutions occur with TETE x (\)/QO);1 or tp = Tg/z, which is characteristic of the
collisionless electron regime in EBT. A similar result is shown in Fig. 34 of Ref. [4] for the EBT
experiment. Comparison between theory and experiment shows very nearly the same range of electron
collisionality (\)/QO)E and nearly the same absolute magnitude of the product TETE. Also, in the col-
Tisionless electron regime of Fig. 3, density, temperature, potential, and lifetime all increase with
decreasing neutral pressure [14], as observed experimentally [4].

4. CONCLUSION

Radial transport calculations reported here extend vesults of earlier models [2] to include resonant
diffusion of ions in regions where poloidal deift freqguencies are small [3,5,6,7]. The effect of
resonant ion transport is to broaden the region in which negative electric field solutions are possible
and to make the collisionless electron regime Tp Té/'2 ¢f the experiment accessible, for the first
time, to 1-D radial transport calculations. Transport sclutions in this collisionless electron regime
are thermally stable when the edge neutral pressure is fixed as in experiments. These calculations
represent an additional step in a complete neoclassical description of radial transport in EBT. A more
accurate description wust include the effects of finite radial electric fields (QE " QO) on electron
transport coefficients and the effects of self-consistent poloidal electric fields (Ee) on ion transport
coefficients.
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FIGURE CAPTIONS

FIG. 1. Electron (dashed) and ion (solid) particle flux T vs potential well depth ¢, for resonant and
nonresonant diffusion coefficients. Electron temperatures are in the (a) collisional and (b) collision-
less regimes.

FIG. 2. Plasma profiles at time intervals at = 4 msec for two neutral boundary conditions: (a) constant
total number of plasma particles; (b) constant flux of cold neutrals at the plasma edge.

FIG. 3. Confinement scaling with collisionality. The points represent thermally stable, steady-state
solutions to Eq. (15) for resonant ion diffusion broadened by collisions [(Eq. (14)].
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A.3 RELATIVISTIC ELECTRON RINGS

An essential feature of EBT is the presence of a relativistic electron annulus in each of the
toroidal mirror sectors. These high beta annuli are formed and sustained by microwave heating and are
of sufficient density and temperature for diamagnetic currents to produce the necessary minimum in the
magnetic field required for the MHD stability of the toroidal core plasma. The stability of the elec-

/n > 1.1
cold “hot
Because electron rings play an important role in the confinement characteristics and performance of

tron ring itself requires the presence of an appreciable cold electron density component, n

EBT, the tradeoff between the quality of the confinement afforded by the rings and the power required to
sustain them represents an important physics question for EBT-~P.

A.3.1 DRAG COOLING OF THE RELATIVISTIC ELECTRON ANNULUS

Recent studies of the ring power balance? in EBT-I have indicated that the energy transfer between
the relativistic annulus electrons and the core electrons via Coulomb collisions {drag cooling) is the
dominant loss mechanism. Experimental measurements of the annulus decay time3 are within a factor of ~2
of the theoretical drag time, indicating the importance of this loss mechanism in future EBT devices.

A lower 1imit of the microwave power required to sustain the annulus against drag cooling can be
obtained from the binary collision model of Kamnash and Galbraith,“»5 which describes the slowing down
of relativistic electrons in a Maxwellian plasma. The rate of energy loss for relativistic test elec-
trons of energy E in a plasma is given by the following equation in cgs units:

dE 4an_ e% 2 Fiw
— ep n pe R (A.3.1)
dt m,C 2 -1 kTep

where Mg, is the electron rest mass and v = 1/V1 - v2/c? is the relativistic mass ratio. The argument of
the logarithmic term differs from the usual Coulomb logarithm {zn A) and can be obtained by using the
quantum-mechanical minimum impact parameter for electrons incident on electrons.® The parameters n

ep
and TPp represent the density and temperature of the toroidal core electrons, and “he is the core elec-
tron plasma frequency. In mks units with T in keV, £q. (A.3.1) can be written as
dE( W )~ Y
- )= 4 x 1079 e . (A.3.2)
dt \electron Wi -1 ¢P

Here the value of the natural logarithmic term has been fixed at 32.5, which is characteristic of
anticipated EBT-P parameters. If there is a total of nAVAN relativistic electrons, the microwave power
level required to compensate for drag losses is given by

2
o ~32 -
Pdrag(w) a (? x 10 X nAne;)VAN . (A.3.3)

W2 -1

The dependence of the drag losses on both the core and annulus densities and the ring plasma volume and
the importance of the relativistic term y2/A42 - 1 are apparent. A comprehensive experimental exami-
nation of the annulus stability boundaries is planned for EBT-S and will help to establish the acceptable
range for the ratio of cold-to-hot plasma density required for ring stabilization. By defining a ring
stability ratio as

13
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¢ - lcold _ ep

R ™ n n
one can write the following compact expression for the drag power Tloss:

2
p (w) - <4 X 10—32 f P A n2> V.N . (A.3.4)
drag R qgg—j—i‘ A A

Projected values of fR for Phases 1 and II are in the range of 5-10.1

A.3.2 ANNULUS MICROWAVE POWER SCALING

Recause the core-stabilizing electron annulus imust be continuously driven by the microwave sources
during steady-state operation, the question of power drain from the annulus is extremely important in
scaling the microwave. power requirements. In its wost basic form the annulus power balance is given by

=p (A.3.5)

Poa = Psynen ™ Porems * Pscatt * Pdrag °

where Psynch and Pbrems

scattering loss due to annulus electron-electron Coulomb callisions,

represent power lost by synchrotron and bremsstrahlung radiation, PScatt is the

Pdrag represents the power lost
from the relativistic electrons due to drag on the toroidal core electrons, and PUA is the microwave
power required to sustain the annuius. In terms of plasma and machine parameters, Eq. (A.3.5) can be

expressed in mks units as follows:

T
- A
= 17p2 A -374271/2
PuA(W) 6.2 x 10 BAnATA (1 + 204> +5.35 x 10 nATA
~ AN e
P P
synch brems
i ni oA, i 2 )
+ 2.2 x 10732 -2 4 4.0 X 10772 ——zz nyn V.N , {A.3.6
TA/Z g}‘_ i Alepl A {
. ~ S/ v _/
Pscatt Pdrag

where T, is the keV, BA is the magnetic field strength in the vicinity of the annulus, gn Moo © 24 - gn
(v O‘GnA/1O3TA), y =1+ TA/511, and VN is the total annulus volume (where N is the total number of
mirror sectors).

Confidence in the predicted value of PuA depends, however, on an accurate measurement of the total
annulus volumne VAN, which at present is still a vague quantity. Based on experimental measurements?s®
and theoretical estimates. it appears that a range exists for the annulus thickness 8ps which varies
between a minimum of the relativistic electron gyrodiameter and a maximum value of ~3-4 cm as measured
on ELMO.? A general expression for the annulus volume per sector is given by

L =2.15x10-2.\./v._B,;lf ca L

s (AR.3.7)
A E p A

VA = Znap . 5A s la
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wnere fE is a thickness enhancement factor, which allows for annuli thicknssses larger than the diameter
of a relativistic electron orbit. For EBT-I, fE = 3,0, giving an annulus thickness ﬁq =2.5cm. A
three-gyrodiameter annulus thickness also appears to provide good agreement with ELMO annulus measure-

ments.

A.3.3 SCALING PROJECTIONS FOR EBT-P

Reasonably good agreement between the experimental and theoretical estimates of PHA for EBT-I
provides a lTevel of confidence in the predicted annulus power requirements for EBT-P. Such an assess-
ment is necessary for EBT-P and future machines. In the near term, it can provide valuable sizing
information pertaining to the fraction of the system power necessary to drive the microwave sources.
Such information will benefit the ongoing development program for millimeter wavelength, cw microwave
sources by ensuring tube procurement at sufficiently high power levels. On the longer time scales
envisioned for a reactor (EBTR), the continuous microwave power required to sustain the annulus during
steady-state operation may become the determining factor for overall reactor efficiency. This is to be
expected because following ignition, the bulk heating (either ECH or neutral beams) will be terminated
and the plasma tewperature maintained by alpha particle heating and collisional energy gains from the
annulus.

Anticipating enhanced drag ccoling in EBT-P, scaling curves have been devised for both the Phase I
and Phase II operating modes. These curves enable us to determine the microwave power required to
sustain the rings at a given annuylar beta for increasing levels of core plasma density. Figures A.3.1
and A.3.2 are based on the annulus power balance given by Eq. (A.3.6) and assume the following param-
eters: ny = 0.2n,. =2 X 1018 m=3, N = 36 (Phase I). Ny =0.Tn, =5x 1018 w3, N = 48 (Phase II),
and BA =1.97 T for f‘J = b5 GHz.

Figure A.3.1 illustrates the scaling projections for Phase I operation with the various loss mech-

p

anisms appropriately identified. For each figure two sets of total Tloss curves are shown for comparison,
one utilizing the binary collision model for drag cooling®:5 and the other using the classical expression
for collisional losses.® Bremsstrahlung radiation is smaller than the least of the above losses by
better than two orders of magnitude and is therefore neglected.

The total loss rate is found to have a minimum that is bounded by collisional drag and synchrotron
radiation losses. ODrag dominates over a sigaificant portion of the energy range and is large for small
velocities, decreasing as ~1/v until v is comparable to c¢. At these high energies the binary collision
model shows a strong dependence on the relativistic term Yz/vcghjﬁT, which scales 1ike vy for very rela-
tivistic electrons. 1In comparison, classical drag Toss reaches a minimum when the kinetic energy of the
electron is of the order of its rest mass. It then increases logarithmically.

Accelerated ring cooling occurs at high energies due to synchrotron radiation.'%® This mechanism
can produce losses comparable to dray, provided the magnetic fields are large and annulus temperatures
are 21 MeV. For a fixed input power level, this additional deterioration in the annulus energy confine-
ment time can further 1imit the maximum core density, which can be maintained without causing excessive
cooling and possible disruptions of the annulus.

Also shown in Fig. A.3.1 is the correlation betwean values of annular beta and the various modes of
operation observed in the EBT device. The region to the left of the cross-hatched portion of the curve

corresponds to the cold, noisy C-mode of operation observed when insufficient microwave power is supplied
A

crit
C-mode to the quiet, macrostable T-mode, which possesses an appraciable core plasma. By delineating the

to produce substantial annular beta. At By 2 B (=5-10% in EBT-I), there is a transition from this

unfavorable modes of operation from the desired T-mode. Fig. A.3.1 can be used to predict the microwave

power level required for credible regions of annulus perameter space and a desired set of core param-
eters.
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In the transition from Phase I to Phase II operation, improved core performance and machine charac-
teristics are expected to lead to further growth in the annulus power requirements. This increase is
the result of the linear dependence of the drag losses on the core density and the larger number of
sectors. A comparison of Figs. A.3.1 and A.3.2 also indicates that the variation between the total loss
and drag cooling curves becomes less pronounced in geing to Phase 1I. This is expected, however, because
at high core densities, drag losses completely dominate the annulus power balance over the energy range
of interest and the two curves begin to coalesce.

The results shown in Figs. A.3.1 and A.3.2 indicate that a range of annular beta values between
15-30% is achievable for projected EBT-P core plasma parameters. Using Eq. (A.3.7) for the annulus
volume per sector, the required microwave power levels are in the range of ~300-650 kW for the specified
Phase I parameters and ~1.6~2.2 MW for the Phase Il parameter range. The sensitivity of these results
to the uncertainties and Timitations of the models used here is presently under investigation.

REFERENCES

1. R. R. Dominguez and H. L. Berk, Phys. ¥Fluids 21, 827 (1978); D. B. Nelson and C. L. Hedrick, Nucl.
Fusion 19, 283 (1979).

2. S. K. Borowski, N. A. Uckan, E. F. Jaeger, and T. Kammash, Oak Ridge National Laboratory Report
ORNL/TM~6910, Oak Ridge, Tennessee (1979).
R. A. Dandl et al., Oak Ridge National Laboratory Report ORNL/TM-6457, Oak Ridge, Tennessee (1978).
T. Kammash and D. L. Galbraith, Nucl. Fusion 13, 464 (1973).

5. T. Kammash, Fusion Reacton Physics — Principles and Technology, p. 131, Ann Arbor Science
Publishers, Ann Arbor, 1975.

6. J. D. Jackson, Classical Electrodynamics, 2nd ed., p. 618, John Wiley and Sons, Inc., New York,

1975.
7. R. A. Dandl et al., Oak Ridge National Laboratory Report ORNL/TM-6457, Dak Ridge, Tennessee (1973);
R. A. Dandl et al., Oak Ridge National Laboratory Report ORNL/TM-4941, Oak Ridge, Tennessee (1975).
8. R. A. Dandl et al., Oak Ridge National Laboratory Report ORNL/TM~3694, Oak Ridge, Tennessee (1971).
9. W. B. Ard et al., Oak Ridge National Laboratory Report ORNL/TM-4510, Oak Ridge, Tennessee (1967).
10. D. J. Rose and M. Clark, Jr., Plasmas and Controlled Fusion, p. 251, The M.I.T. Press, Massa-

chusetts Institute of Technalogy, Cambridge, 1961.






A.4, MAGNETICS DESIGN

This section includes a detailed discussion of the2 theory supporting the design of the mirror coils,
the global field error correction coils, and design considerations for superconducting coils.

A.4.1 MIRROR COILS

A major goal of the EBT-P experiment is to study confinement and scaling in reactor-like plasmas.
Proof-of-principle (POP) requires that EBT-P attain an order of magnitude or more increase in density,
temperature, and confinement time over EBT-S. This goal can be realized only if the magnetics system is
designed for the required plasma size and magnetic field strength B. Specifically, in the microwave-
heated EBT plasma, density scales as B?; therefore, an order of magnitude increase in density requires a
factor of 3-4 increase in B. In order that direct particle losses not exceed those in EBT-S, the vacuum
field single~particle confinement properties of EBT-P should compare favorably with EBT-S. Charge
exchange losses scale as a”! (a is the plasma minor radius), so the plasma radius in the coil throat
should be greater than or equal to the radius in EBT-S. In addition, because neoclassical diffusive
Tosses scale as A2 (A is the aspect ratio), a significant aspect ratio scaling test requives that A for
EBT-P be larger than that for EBT-S. Clearly, POP requires an EBT-P magnetics design that is a signif-
icant scale-up from EBT-S.

The first question to be addressed concerns the use of copper or superconducting mirvor coils. An
order of magnitude increase in B can be obtained with s "photographic enlargement" of EBT-S by a factor
of iU, giving a 24-sector device with a major radius cf 4.74 m and a resonant magnetic field of 3.16 T.
Single-particle confinement and aspect ratio are the same as for EBT-S. However, the power dissipated
in the magnets P_ is proportional to the volume (or B3) for fixed current density, giving P. = 103/2 x
10 MW = 316 MW. This steady-state power requirement cculd be reduced somewhat by making the coils
larger and decreasing the current density, but only at the expense of degrading single-particle confine-
ment. On the other hand, the coil radius and therefore the volume could be made smaller by increasing
the number of coils (or aspect ratio) to maintain particle confinement. Either alternative requires
200-300 MW of steady-state power, leading to the conclusion that POP.is difficult without superconducting
coils.

The design of the next step in the EBT device sequence began with the EBT-II conceptual design
study,! which was intended as a preproposal design guida. A device having 48 superconducting coils, a
imajor radius of 5.2 m, a resonant magnetic field of 4.2 T, and A = 20 resulted from that study. Without
ARE coils, the confinement of high energy passing particles was poorer than that in EBT-S. In addition,
any significant increase in the thickness of the dewar or x-ray shield necessitated by engineering
design considerations would have seriously degraded even further the confinement of transitional and
passing particles. These issues have led us to focus in the present design on devices with somewhat
larger mirror coils and fewer sectors. The increased coil radius makes the design less sensitive to
changes in the dewar and shield thickness and reduces charge exchange losses by permitting a larger
plasma radius. To keep the cost down, the number of sectors in the basic machine is reduced to 36. The
engineering design permits the flexibility of upgrading to 48 sectors and adding ARE coils to give
better performance. The confinement of transitional and passing particles in the basic 36-sector EBT-P
is distinctly superior to that in the EBT-II design.

Particle drift orbit calculations show that single-particle confinement in EBT is sensitive to the
mirror ratio M of the device. As M is increased, single~-particle confinement improves, but the midplane
(and resonant) magnetic field decreases for fixed currert density in the mirror coils. Figure A.4.1
shows the maximum attainable magnetic field on axis in the midplane as a Tunction of mirror ratio for
NbTi superconducting magnets. An upper 1imit of 8 T at the windings permits a maximum field on axis in
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the coil throat of ~6 T; this is held fixed as the mirror ratio is changed. This curve, showing the
M™1 variation of the field in the midplane, is almost independent of the methad by which the mirror
ratio is varied.

The flexibility of studying confinement for diffarent mirror ratios in EBT-P is permitted by adding
a trim coil just outside of and concentric with each main mirror coil (see Fig. A.7.1 of Sect. A.7.1).
The mirror ratio of EBT-P with no current in the trim coils is M = 2.28. The trim coil current can aid
or oppose that in the main mirror coils, making it possible to span a broad range of mirror ratio
(limited only by available microwave frequencies). With EBT-P it will be possible to study annulus
formation in high mivror ratio fields. In addition, the effects on particle and energy confinement of
varying the magnetic aspect ratio RT/RB’ where RT is the major radius and RB = {d log B/dr)"!, can be
studied by changing the mirrar ratio and hence RB'

The toroidal curvature of the magnetic field in EBT results in an inward shift of particle drift
orbits from the minor axis toward the major axis of the torus. This shift is largest for the transi-
tional and passing particles, i.e., those having a large component of velocity parallel to the magnetic
field. This dispersion of particle drift orbits plays a major role in diffusive and direct particle
Tosses in EBT. The EBT-P magnetics design presented here is based on optimizing single~particle con-
finement in the vacuum magnetic field subject to the constraints on cost, NbTi superconducting magnet
technology, and engineering design considerations. Finite beta and ambipolar electric fields play a
major role in particle and energy confinement in EBT, but it is not practical or necessary to include
these effects at the machine design level. The role played by these plasma-induced fields in single-
particle confinement is well known,? and there is no reason to believe that this will change appreciably
in EBT-P.

To carry out a detailed evaluation of particle drift orbits, it is convenient to introduce the
longitudinal invariant J

J=§VW£,

where 1/2 mvﬁ = £ - pB in the absence of electric fields. £ is the total enerqgy, u is the magnetic
moment, and d¢ is the arc length along the field Tine. The integration is over a complete period of the
particle motion. Because E, u, and J are conserved quantities (adiabatically), the particle must lie on
a surface of constant J for fixed E and p. Particle d-ift surfaces may be determined by calculating J
on a grid in the midplane for fixed E and u and plotting contours of constant J. On the other hand, one
can determine just the radial extent of the drift orbi: along the line of intersection of the midplane
and equatorial plane by plotting J as a function of radius along this line. A typical J(r) curve is
illustrated in Fig. A.4.2. The radial extent of particle drift orbits in the equatorial plane as a
function of r can be ascertained by superimposing leve? lines on the J{(r) curve. The particular drift
MIN) of the
minimum in J. In Fig. A.4.2 this maximum shift is plotted as a function of mirror ratio for passing
particles (V”/V = 1.0). The mirror ratio is varied by changing the currents in the inner and outer
mirror coil windings. Improved centering of the passirg particle drift orbits is evident as the mirror
ratio is increased; similar improvements obtain for otker pitch angles.

orbit having the maximum inward shift for a given £ and u is determined by the position R(J

A sensitive measure of direct particle losses is afforded by the volumetric efficiency, defined in
Fig. A.4.3. The last closed drift orbit is the largest surface of constant J that is contained within
the "limiter," taken to be a circle in the midplane centered on the minor axis. The radius of the
circle is the minor radius in the midplane of that equatorial plane flux line that just grazes the dewar
throat on the inside of the torus. The volumetric efficiency is a sensitive function not only of the
inward shift of the last closed drift orbit in the chamber but also of the limiter radius. The J(r)
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curve in Fig. A.4.2 illustrates this point. The toroidal curvature of the magnetic field causes the
slope of the J(r) curve to be steeper on the inside of the torus than on the cutside; hence, a small
change in the clear bore or Timiter radius can result in a large change in volumetric efficiency.

In Fig. A.4.4 the volumetric efficiency for the 36-sector EBT-P is plotted as a function of the
cosine of the pitch angle for three values of wirror ratio. Two effects lead to the observed improve~
ment in volumetric efficiency as M is increased: better centering of drift orbits and the larger limiter
radius that results from increased field Tine curvature. Hote that as the mirror ratio increases, there
is a marked improvement in passing particle confinement, a significant decrease in the width of the
velocity space Toss cone near V“/V = 0.8, and a better centering of the mod B surfaces near the midplane
(V“/V = 0), where the annuli form. The mirror ratio variation in this case is obtained by an aiding
current in the outer trim coils. As this current is increased, the current in the inner windings is
decreased so as not to exceed the 8-T Timit on the field strength at the inner conductor windings.

Volumetric efficiency curves for the 48-sector upgrade of EBT-P are shown in Fig. A.4.5. In this
device with no current in the trim coils, the mirror ratio is 2.714. The M = 1.98 curve is abtained with
the current in the trim coils in the same direction as that in the inner coils, and the M = 2.42 curve
is obtained with the trim coil current opposing, or in the opposite direction to, that in the main
mirror coils.

The EBT-P magnetics design presented here has good single-particle confinement, will satisfy proof-
of-principle requivements, has a high degree of flexibility for plasma physics experiments and for later
upgrading to a larger device with ARE coils, and will be a significant test of the technology that will
be required in the magnetics system of an EBT reactor.

A.4.2 GLOBAL FIELD ERROR CORRECTION COILS

As a result of closed field lines and the lack of rc¢tational transform in EBT, a toroidal curvent-
free plasma equilibrium is possible. However, inevitable magnetic field asymmetries in the system
(aB/B = 107%) cause the field lines to spiral out and also give rise to a toroidal current along the
field lines, which may be given by?

_ wa? AB
T=om ok (B) :

where El is the ambipolar electric field, ¢ is the Spitzer conductivity, and A is the aspect ratio, R/a.
The presence of a toroidal currvent has a detrimental effect on the plasma, especially on the formation
of a negative ambipolar potential well, which is necessary for stable operation.

Externally introduced transverse global corvection fields may be used to cancel the toroidal
current. It was observed in EBT-I that the plasma was essentially free from torpidal currvent and
instabilities up to some critical value of field error,* given by

AB -
(-~ =5, fR=6 x 107%,
B Z:r i

where P is the ion Larmor radius and R is the major radius of the device. Assuming that this critical
field estimate also holds for EBT-P, then we find that ABcr = 5 G. Here we have used Ti = 300 eV and

R = 5.6 m. The correction coils must be able to provide at least this amount of field. As shown in

Fig. A.4.6 there are four correction coils equally spaced around the minor cross section. Opposite coils
are operated in pairs to provide a correction field at any angle in the plane. Therefore, the required
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number of ampere-turns for one correction coil is

. LU
N1 = E;'-' ABCY‘(T) s

where re is the coil distance from the plasma center {see Table A.4.1) and My T 47 x 1077 H/m. Taking

r. = 1 m, one gets NI > 1250 ampere-turns.

Table A.4.1. Radius and location of the EBT-P global field correction coils
(also see Fiy. A.4.5)

Coil Coil position Coil position
radius Rc radius re angle a
Coil {cm)® {cm) {degrees)
1 602.7 78.4 57
2 479.5 83.8 155
3 522.0 78.4 241
4 631.0 78.4 335

= + Y.
RC R v COS a

External fields are also utilized, as in EBT-I, to study plasma parameters such as density, density
fluctuations, toroidal current, and potential. Therefore, the correction coils must be able to provide
more than the 1250 ampere-turns estimated above.

Because of the existence of specialized cavity designs for various diagnostics (e.g., the heavy
ion beam probe in EBT-I), the position of the correction coils may have to be adjusted locally in order
to accommodate these special cavities. This slight perturbation on the shape of the coil will be of no
consequence to the plasma. In Fig, A.4.6 the coil positions are shown.

In developing the design parameters for the correction coils and the dc power supply, the following
procedure was used. First, the conductor, shown in Fig. A.4.7, was selected. The effective conduction
area is Seff = 1.142 em?. If g = Zch is the length of the outermast carvection coil, p = 1.9 x 107% cm
at 50° C, and R. = 631 cm, then R, = z/Seff = 1.9 x 107¢ (3964.6/1.142) or R, = 0.67 x 1072 g/turn.
coil = 2 X Ry =9 x 0.67 x 1072 or R.oi1 =
0.0603 a/coil. Because two opposite coils will be conrected in series in order to produce a perpen-
= 0.1206 @. Without any

Initially assuming nine turns per coil (see Fig. A.4.8), then R

dicular correction field on the toroidal axis of the tcrus, R = 2R

total coil
cooling, the allowable maximum current for this conductor is 1 = 500 A. Thus, Vdc = Rtotal X Ic s
max max
Vdc = 60.3V, Pmax = VdC X Ic , and Pmax = 30 kW. Therefore, two programmable bipolar 30-kW power

max
supplies will be required to power the coils. In Fig. A.4.9 the connections for one set of global field

correction coils are shown.

With the use of water cooling, the maximum current in the coil can be increased considerably. The
cooling water passages for the nine turns in each coil can be connected in parallel so that the maximum
cooling path is the circumference of the coil. The flow rate Q for a circular pipe with smooth walls
is given by

Q= 6.4 x 103 (%P—)l/z asle |
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where Q = flow rate (cm3/sec), AP = pressure drop (atm), & = passage length (cm), and d = diameter of
the pipe (cm). For this case d = 0.551 em, 4P = 10.2 atm, and ¢ = ZvRC = 3966.68 cm. Thus, Q = 73.2
cm3/sec = 1.16 gal/min. The Reynolds number Np = 1.18 x 10%, which is greater than the value required
for turbulent fiow, ensures good heat transfer to the cooling water in the coil. With this flow rate
the maximum heat that can be removed is wmax = 4.186 x AT x Q, where AT is the temperature difference
due to Joule heating. If one takes Adex = 50° C, then wmax = 4,186 x 50 x 73.2 = 15.32 kW, which can
be removed with water cooling. Thus,

Imax = 1.512 x 10° A. Therefore, for the nine-turn coils, 13,500 ampere-turns are available, if needed,
to overcome the field errors that may arise during later phases of EBT-P (for example, with ARE coils

and divertors, which may introduce some additional field errors into the system).

A.4.3 MIRROR COIL DESIGN CONSIDERATIONS

A.4.3.1 Introduction

At the outset of any magnet design project, the most important things to establish are the real
constraints and the significance of small deviations from the desired objectives. Only in this manner
can one establish the design parameters with the confidence that unnecessary advances in the state of
the art and development have been avoided. Of course, constant communication between the plasma
physicists who establish the EBT-P machine goals and parameters and the magnet technologists who must
assess what can be accomplished within a realistic time schedule is necessary to establish the con-
straints. Our understanding of the constraints is a direct result of werking on various EBT designs and
carrying out this constant dialogue over a number of years.

In other sections the justification and value of the desired magnet field, the minimuim working bore
(warm bore in the case of superconducting magnets), and the mirror ratio are given. Taken together,
these three constraints in effect specify the average current density of the magnet. For a supercon-
ducting magnet it can be shown that the maximum field {(which is related to the central field by geometry
factors and is an important parameter in the selection of conductor and magnet type) is given by the
product of winding current density <j>; inner radius to the windings r; and F, a factor containing a
numerical constant and all the related normalized geometry variables:

Bpax = <J>rf . (A.4.1)

Because the magnitude of field, the radius, the mirror ratio, and the quality of field distribution
establish the coil geometry within a small range of variables, the current density is not a free choice
as it is in most magnet design projects. The final design values chosen in order to meet all of the
desired goals for the inner magnet are (1) Bmax = 80 kG, (2) 2r = 40 cm, (3) mirror ratio = 2, and
(4) <3> = 6600 A/cm?.

With these parameters we established the magnet design without any preconceived preferences for
magnet type, conductor, or cooling mode. OQur desire is to select the choice that provides the most
assurance of success within a reasonable time schedule. Table A.4.2 shows the matrix of possibilities.
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Table A.4.2. Type of stabilization and cooling mode

3 4
! 2 Forced~flow, Pool-boiling,
Pool~boiling, 1-atm, Forced-flow, pressurized, pressurized,
Material 4.2-K heliym 4.2-K helium subcooled helium superfluid helium
A NbTi Metastable {cryostability Cryostability not Cryostability may be Cryostability may be
not possible) possible possible possible
B NbsSn  Metastable (cryostability Cryostable Not needed Cryostable

not possible)

Before discussing the possibilities listed in Table A.4.2, we should point out that in the past,
ORNL has had extensive experience in testing both superconducting material and magnets. We have made
magnets using both NbTi and NbySn. We have made cryostable, metastable, and adiabatically stabilized
magnets. We have not made any forced-flow magnets using the cable-in-conduit conductor, nor have we
designed magnets specifically for superfluid operation, although we have some testing experience. Our
experience with Nb3Sn tape conductor is extensive; in fact, the largest and most complicated Nb3Sn
magnet ever built was done by the Magnetics Section at ORNL.

In Table A.4.2 all of the feasible superconducting materials (ViGa is too expensive and presents no
advantage over NbaSn until fields of 13 T are exceeded) and cooling schemes (subcooled pool-boiling He I
is no advantage over 4.2-K helium because cryostabilizy cannot be accomplished unless one uses the
superfluid state) for constructing EBT-P superconducting magnets are tabulated. Column 4 may be quickly
discounted because cryostability can be achieved by other means and because there is no experience with
the use of large amounts of superfluid helium cooling in the U.S. Indeed, one system, the Pion magnet
project at Stanford University, had to abandon the superfluid cooling mode after persistently failing to
reach the low temperature necessary to establish the He II phase transition. Superfluid temperatures do
have great advantages for either extending the operating field range of NbTi and NbsSn or raising the
current density of a completely cryostabilized design. With more knowledge of the behavior of superfiuid
systems, these advantages may be realized sometime in the future. We are watching the French TORE II
Project with great interest. Columns 2 and 3 taken tcgether provide one good choice, namely, row B in
column 2, a Nb3Sn forced-flow conductor operated at 4.2 K. We feel this choice of a forced-flow con-
ductor utilizes the high critical temperature of fibzSn while avoiding the extra refrigeration complexity
of a pressurized, subcooled, forced-flow system for which no experience exists. Furthermore, the choice
attempts to capitalize on the Westinghouse Large Coil Program experience and conductor development.
Finally, in column 1 the clear choice is row A because the advantage of working with a ductile alloy,
NbTi, outweighs the higher critical temperature TC and hence higher current-sharing temperature TS of a
brittle material, NbgSn, particularly in the case whera cryostability cannot be achieved by the material
substitution. Perhaps a further word on the cryostabilization of a conductor in pool-boiling helium is
in order here. To a first approximation the type of superconducting material doés not influence the
overall current density that can be cryostabilized at a particular field. Full cryostability is deter-
mined by assuming that a length of conductor in the high field zone has gone normal and that the Joule
heating in the copper stabilizer (sometimes aluminum is used) is smaller than the helium heat transfer
to the helium at the transition from film boiling back to nucleate boiling. Therefore, to stabilize at
a high current density, the controllable variables are a high conductivity matrix and a conductor of
small dimension, which result in a Targe cooling surface. However, a small conductor is not compatible
with a high value of current, which is needed for the proper protection of magnets with high stored
energy (in the present case ES ~ 3 MJ/coil). In addition, the conductivity of copper decreases as the
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field increases (magnetoresistance), making it harder to stabilize a conductor at high fields. There-
fore, pool-boiling stabilization at high winding current densities can be achieved only in relatively
small magnets at low field. As seen in another section of this report, existing cryostabilized magnets
have overall winding current densities much less than the needed 6600 A/cm?, with most having values
below 2500 A/cm?. In summary, we conclude that the best choices for an EBT-P magnet 1ie in either a
metastable, pool-boiling NbTi design or a cryostabilized, farced-flow NbsSn design. Both systems use
nominal 4.2-K helium. Considering cost, schedule, minimum development, and simplicity of fabrication
and operation, we prefer the pool-boiling NbTi design. There is still too 1ittle experience with multi-
filamentary NbsSn to select it for the main approach for a major facility, especially because the

max imum required field is 80 kG, which is in the acceptable vange for NbTi (see Table A.4.3 for practical
field Timitations on commercial superconducting material). We should also point out that no large
magnet has yet been fabricated with a cabled conductor that is the configuration for the forced-cooled
Nb3Sn conductor. Although cables are easier to stabilize than monolithic or built-up conductors because
of the large surface areas available for cooling, even cables of NbTi have not been used in any large
magnets principally because of their inherent structural deficiencies. Qutside of the cable-in-conduit
configuration, it is difficult to envision a scheme for containing the movement of cables while simul-
tanecusly providing sufficient space for helium cooling.

Table A.4.3. Commercial superconducting material

Practical maximum

T (K) Heo (KG) field (kG) at 4.2K
Alloy (ductile) NbTi 8-10 100-120 85
Compound (brittle) Nb;Sn 18 220-250 150

A.4.3.2 Examples of Metastable Magnets

Although high energy physicists have had great difficulty with low copper-to-superconductor volume
ratio (Cu:SC of 1:1-2:1) adiabatic conductor (also incorrectly known as intrinsic), there has been
considerable success with metastable magnets wound with an intermediate range of Cu:SC ratio (3-8)
conductor. In fact, one could survey the literature and conclude that few cryostabilized magnets have
operated as reliably as most metastable magnets. A metastable design is therefore proposed for the
EBT-P project, but we reiterate that it is only because the constraints do not permit us to achieve a
pool-boiling cryostable design.

It is important to consider the experience to date of all large metastable magnets or magnets wound
from conductors with intermediate values of Cu:SC ratio. By intermediate values deliberate avoidance is
implied of the low values (Cu:SC < 3) associated with the adiabatically stabilized conductors used in
high energy physics experiments and known for their unpredictable behavior {training) and failure to
make design values (degradation). Most of the magnets being developed in the high energy labs are pulse
coils, which are more difficult to develop. By definition, a large magnet or magnet system is one with
stored energy of at Teast 1 MJ. At this level some means of protection is generally necessary to avoid
damage on a gquench. O0ften the intrinsic strength of the composite conductor is not sufficient at stored
energies of many megajoules to contain the magnetic forces, and some means of structural reinforcement
is required for safe, reliable operation. Generally, magnets in this range are not completely cryo-
stabilized (i.e., a normal zone collapses and the current returns completely to the superconductor).
Some magnets in this range can tolerate normal zones if they are sufficiently localized.
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A1l of the magnets in Table A.4.4 operated without training or degradation. Also, in each case the
design value was met.® In some of the cases shown, the conductor was cooled by conduction and was not
even in intimate contact with helium. Therefore, if such a conductor were also well cooled, one would
expect it to perform in a cryostable or partially cryostable mode. Large pool-boiling cryostabilized
magnets have average current densities over the windings (excluding structure and bobbin) of between 1.3
and 2.5 kA/cm®.  One magnet not Tisted in Table A.4.4 but presently under design is the MHD magnet for
Stanford. The project is being managed by MIT and the coil is being designed and fabricated by General
Dynamics, Convair Division. It will also be a metastable design and not a cryostable design.

-

Table A.4.4. Parameters of large metastable magnets
{Cu:st > 3 and Eg > 1 MJ)

Size (m) <j>
Magnet Eg (M2) (bore x length) Bax (kG) (kA/cm?) Cu:5C ratio
Muon channel 2 0.13 x 8 50 17.6 3.5
HYBUC 1.7 0.18 x 0.6 123 10
BIM 10.5 1 x1 55 5.3
Rutherford >1 0.5 x 0.5 75 >5
W7 1.6 0.85 x 0.2 60 12 2.5
CGE 2 0.4 x 0.3 78 8.4 )
U25 MHD 34 0.68 x 2.6 60 2.8 15

Although we cannot achieve cryostability in a pool-boiling design, we should point out that cryo-
stabilization itself does nhot ensure success for a magnet project. The performance record of magnets
made from "conventional" fully cryostabilized conductor is not all that good. Three ltarge ones (two at
CERN and one at DESY) suffered internal arcing (with two of these the conductor burned out in a small
section), and four others {at BNL, MIT, LLL, and Julich) suffered premature quenches and did not achieve
their design point. These latter cases are particularly disturbing. Cryostabilized wmaghets are not
supposed to quench, and their performance is supposed %o be predictable. The real difficuity with any
magnet design is two-fold. On the one hand, 1ittle is known about the disturbance spectrum. What are
all the heat inputs, and what are their magnitudes? Even if we postulate various heat inputs to the
conductor, we do not know enough about the heat transfer mechanism in restricted spaces. What happens
to helium bubbles that are formed, and what part does the hydrodynamics of the helium fluid play? These
answers will come only from a well-directed research effort on the performance of various types of
superconducting magnets. More discussions on magnet difficulties can be found in Refs. 6 and 7.

The concept of a magnet designed in such a way that it can recover from a normalcy induced over a
fairly Targe region without undergoing a quench is advantageous and important. Our second choice for an
EBT-P magnet is a NbsSn cable-in-conduit forced-cooled conductor that can be cryostabilized at 8 T at
high current densities (~7 kA/an? overall is easily obtainable). The conductor is made by putting a
cable into a tube that is swaged down andvcompacted but has a deliberate void fraction of up to 40%. The
helium is forced under pressure to flow through the tubs where the conductor is placed. Therefore,
while the helium circulation is similar to the known and used hollow conductor concept, the conductor
itself is not in the walls or on the outside of the tube as in previous examples investigated mainly in
Europe; the conductor is in all other respects, however, standard superconducting cable that comes in
many varieties. Because of the large cooled surface area and the reasonable heat transfer coefficient
of pressurized helium, the conductor is stable and will recover from a normalcy by depositing the Joule
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heating into a large-heat-capacity reservoir supplied by the helium. Because tha heljum is pressurized
and is in the single-phase regime, the increase in bath temperature does not result in the formation of
bubbles, which in the past has often caused vapor lock leading to thermal runaway. The tube Eonfigu—
ration is advantageous in providing a good structural contaimment for a flexible conductor such as a
cable or braid. This is an important factor for scalability to higher currents and to higher fields.
With cables or braids a Targer conductor can in principle be fabricated from just a larger number of
identical strands already used in a smaller device.

The main difficuity in utilizing Nb3Sn and all the other potential high field compounds is their
inherent brittieness. However, the tube configuration may remove this disadvantage because the conductor
is not jntimately bound to the structure and does not undergo a large strain in order to operate the
structure at the maximum permissible stress level.

Forced-cooled conductors offer many advantages such as those listed helow:

(1) Tow liquid helium inventory,

(2) mechanical integrity,

(3) electrical integrity at high discharge voltages,

(4) easier control of cooldown thermal stress, and

(5) ease of extrapolation to large size and high fields.

For larger systems the possibility of high discharge voltages will 1ikely prove to be the most important
advantage to forced-cooled systems. On the other hand, it is only fair to point out that there are aiso
some disadvantages to forced-cooled systems:

(1) greater complexity of cryogenic system,

{2} additional losses due to pumping introduced,

(3) parallel cooling circuits and complicated plumbing, and
(4) more difficult protection.

The last two items are of most concern. The complicated hydraulics may prove to be extremely difficult
to arrange in small systems where space is not available. A few magnet systems that employ forced-flow
cooling of NbTi conductor but without the cable-in-conduit configuration have been built; a complete
list of all the large magnets follows:

(1) Omega, CERN - compressed heljum, hollow conductor;

{2) Muon channel, SIN — compressed helium, external tubes;

(3) Pion Toroids, Stanford -- two-phase helium, external tubes;

{4) Long Solenoid, Kapitza -~ two-phase helium, close-coupled tubes; and
(5) T-7 Toroid, Kurchatov -- two-phase helium, close-coupled tubes.

With the above considerations, why is the forced-flow Nb3Sn not our first choice? In addition to the
general listing of the disadvantages to forced-cooled schemes, there are specific concerns that we have
related to the cable-in-conduit conductor. Basically, they all stem from a lack of experimental expe-
rience. What are the hydraulic path lengths that can be tolerated? What is the effect of the external
heating? We know that even small temperature differences can produce sudden discontinuous large thermal
inputs that can raise the local internal pressure quite high in a very nonuniform manner. These impli-
cations must be better understood.

A.4.3.3 Design Considerations for the EBT-P Magnet

In the previous sections we established the conductor material, NbTi, and the stabilization tech-
nique, metastable, which are our first choices to satisfy the design parameters because a pool-boiling
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cryostable design is precluded. The actual dimensions for the winding are established after consider-
ation of structural reguirements. Although no structure is required in the windings to keep within
reasonable stress limits, one has to make a careful assessment on whether some structure is required in
the form of banding on the outer turns. The bobbin thickness and end flanges must be calculated to take
care of not only the winding stresses but also the loads arising under full field and possible fault
conditions. At this point in the design we are ready to decide on the conductor and winding details.

Is the coil to be potted or ventilated? What is the cenductor configuration - monolithic, built up, or
cable? What is the appropriate Cu:SC ratic for maximum stability against perturbations, and what dimen-
sional shape is preferred? This latter point must go along with considerations on the winding mode —
pancake, layer, or hybrid, One must decide the insulation scheme in conjunction with the winding mode.
In general, there is no one choice among these alternatives. Each specific application must be analyzed,
and as mentioned in the introduction to this summary of magnet design considerations for EBT-P, the
constraints must be carefully considered and fully understood. The important aspect in selecting the
specifics of the winding is to make the choices compatible and arrive at a self-consistent design.

Cooling design

Our clear preference in magnet designs that are subjected to external heat, in this case radiation,
is a ventilated design rather than potted windings in an epoxy. Helium heat capacity is enormous even
if only 20% of the winding volume is accessible for helium compared to the metals NbTi and cepper, which
comprise the supevconductor. It is preferable to have heat transfer directly from the surface of the
conductor to 1iquid helium rather than via conduction tkrough a poor thermal conductor as is the case
for all potting compounds.

Conductor and filament configuration

In the specification for the purchase of the conductor, the choice of either monolithic or built-up
conductor remained open, Only the cable configuration was specifically eliminated from consideration.
This is because there are no ac Tosses anticipated and the need to have accurate field quality translates
into the need for close dimensional tolerance, which is difficult to achieve reliably in a Rutherford
cable. Whether a straight monolithic conductor is cheapar than a built-up conductor remains for the
commercial vendors to decide.

The size of the filaments is not particularly critical in this application. It is necessary to
have the filaments much less than about <200 um to ensure that each filament itself is adiabatically
stabilized. It is not necessary to reduce the filaments down to the state-of-the-art limit as is often
done for applications in pulse field magnets. A size of ~5Q0 um in diameter is easily obtainable and
avoids the problems associated with the defects inherent in much smalier sizes.

Optimum copper to superconductor ratio

When we build a superconducting magnet, we want it to work; that 1s, we want it to reach design
field without quenching. We try to build strong, rigid magnets that do not experience perturbations
substantial enough to guench them when they are energized. This task is rendered difficult by our lack
of knowledge of the perturbations that quench magnets. The magnets of EBT cannot be cryostable and are
in the metastable regime, meaning a Targe enough perturbation will quench them. In the absence of any
clear knowledge about the perturbations they will suffer during operation, we must prefer conductors
that require large perturbations to quench them to conductors that can be quenched by small pertur-
bations. Comparison by the size of the perturbation reguired to quench the conductor gives us the
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opportunity to select the best conductor of a class of conductors. For example, we may ask if, all
other things being held constant, there is a best Cu:SC ratio that maximizes the perturbation from which
the conductor can just recover. Using this best conductor should afford us the greatest chance that the
magnet will work.

A straightforward approach to determine the best Cu:SC ratio would be to assume some canonical form
of perturbation and calculate the Cu:SC ratio that makes the size of the perturbation greatest. Alter-
natively, we can say, following Wilson and Iwasa,® that the more stable of two conductors differing only
in Cu:SC ratio is the one with the larger minimum propagating zone. Another possibility is to define as
the more stable of the two conductors the one with the smaller normal-zone propagation velocity.
Implicit in the use of these alternatives is the assumption that the more stable conductor they define
will truly have the larger maximum permissible perturbation.

These alternatives can be studies with a minimum of labor if we make the assumption of constant
thermophysical properties. First we consider canonical perturbations consisting of an instantaneous
deposition of energy E at a point in the conductor. The larger E is, the more stable the conductor is.
How does £ vary with the Cu:SC ratio? ’

Shown in Fig. A.4.10 are curves of constant dimensionless energy € in the plane of the Stekly
parameter o and the dimensionless current i. Consider a candidate EBT conductor intended for service at
8T, 4.2 K, and 9000 A cm~2. We assme that the conductor is a composite of NbTi, whose critical current
density is 5.6 x 10* A cm~2 at 8 T and 4.2 K, and copper, whose residual resistivity ratio is 160. With
these data fixed, we find that

8 - 2
@ = LB 100 L D0 (b i w0t k01)

, (A.4.2)

where f {s the volume fraction of copper in the composite.

The quantity Ph/A is not very well known in the early stages of design, but the values occurring
in practice range from 2 x 105-+5 x 10°. As we shall see, the uncertainty in Ph/A will not affect our
conclusions about the Cu:SC ratio.

Figure A.4.11 shows curves abtained from Eq. (A.4.2) by fixing Ph/A and letting f vary (f-loci).
If we superimpose one of these f-Toci on the curves of Fig. A.4.10, the intersections will give gg A5 2
function of f. Let us consider the f-locus for which Ph/A = 1 x 105 W m~3 K- (shown dotted in
Fig. A.4.10). When f = 0.84, the operating current equals the critical current and g = 0. Near the
right-hand side of the graph, the f-locus cuts the curves of constant €s at a steep angle so that we
start out woving rapidly from curve to curve as f decreases. However, as f continues to decrease, the
f-locus becomes nearly parallel to the curves of constant ey SO that a point is quickly reached at which
further reduction of f brings 1ittle increase in stability. In the exampie under discussion, the point
of diminishing returns occurs at i ~ 0.6, for which f = 0.73 and Cu:SC = 2.75. When Cu:SC = 5, i = 0.96,
and €gs which measures stability, is about six times smaller than for Cu:SC = 2.75. Thus, the lower
Cu:SC ratio is clearly preferable.

We get the same conclusion no matter which of the f-loci we consider up to values of Ph/A = 5 x 105
Wm 2 K-1. For this value of Ph/A, we see that it is possible to achieve cryostability (both cold-end
stability and full stability, depending on the choice of f). Paradoxically, to achieve cryostability
when Ph/A is large, we need large Cu:SC ratios. But for EBT, Ph/A will probably be in the range 2-5 x 10°
W m3 K1 so that cryostability is unattainable for any choice of f. This being the case, we must
prefer low Cu:SC ratios.
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Figures A.4.12 and A.4.13 show curves of constant dimensionless minimum-propagation-zone energy
€Mpz and dimensionless normal-zone propagation velocity m, respectively, in the o-i plane. These
families of curves strongly resemble the curves of constant Eg in Fig. A.4.10. If we superimpose the
f-loci on them rather than on the curves of Fig. A.4.10, we get the same conclusion as before, namely,
that for candidate EBT conductors, a Cu:SC ratio of 43 is preferable to one of ~5.

Winding method

There are advantages and disadvantages to both layer and pancake winding. Below is a tabulation of
the principal advantages offered by either scheme:

(1} Pancake
{a) good surface for transmitting large radial compressive forces (easier to prevent conductor
motion),
} solid insulation between pancakes,
) better packing factor,
) grading of conductor that can be optimized, and
) good bubble clearance and helium replenishment between pancakes.

(2) joints that are kept to a minimum,

(b) grading joints that can be kept out of the winding pack,

(c¢) easier layer winding for edge winding of large aspect conductor {no saucer or trapezoid
effects), and

(d) better winding tightness in axial direction for U-shaped bobbin.

For the EBT-P application the need for minimizing errors introduced by joints and the shorter
winding time offered by layer winding both lead to the choice of a layer-wound coil. Actually we should
call it a hybrid (or "layercake") because one pancake will be wound on the end and the remainder of the
coil will be layer wound. In this manner there is no need to make an entrance through the end flange;
furthermore, the input and output leads can be placed ir close proximity, making the cancellation of
field errors due to the curvent leads a relatively easy task.

A.4.3.4 Sumnary

Because the constraints on the magnet design (8.0 T and 6600 A/cm?) preclude the possibility of a
cryostabilized pool-boiling magnet, we have selected a NbTi pool-boiling metastable design as our pre-
ference over a forced-cooled NbySn cryostabilized design. A critical review of the existing literature
shows that magnets of the type we are proposing have all worked to full operating design value without
training. No degradation has been observed in this class of magnet. A stability analysis has shown
that the conductor will be more stable against energy perturbations if the Cu:SC ratio is closer to 3:1
rather than 5:1. The conductor will be rectangular and flat wound in a hybrid-type winding that consists
of one pancake wound next to the end flange with the remainder of the coil wound in layers.
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A.5 MICROWAVE HEATING
A.5.1 INTRODUCTION

The Microwave Development and Technology Program is an outgrowth of support activities conducted
for many years as an integral part of the ORNL High Beta Plasma Program. Its broad purpose is the
development of microwave and millimeter wave methods, techniques, components, and systems for plasma
heating relevant to the controlled fusion effort. Emphasis upon the development of high power, high
frequency (short wavelength) systems is thus implicit. The continuation of this program in close
collaboration with the EBT effort is considered esseniial because of the inherent "appliied" nature of
technology programs and the resulting aspects of mutual dependence.

Significant past accomplishments of the Microwave Development and Technology Program are exem-
plified by the microwave power systems presently used on EBT. These systems demonstrate (1) the
practicality of the assembly, management, and control of large microwave power sources employing mul-
tiple plasma device inputs using both conventional and oversized waveguide transmission lines; (2) the
efficient coupling and matching of these transmission lines to plasma devices; (3) compatible design
criteria for the utilization of large power microwave inputs in plasma devices; (4) the advance in the
state of the art of conventional microwave tubes; and (5) control and monitoring systems integrated
into the experimental facility to provide for operatinonal simplicity and flexibility, equipment safety,
and personnel safety. These systems therefore model the areas of effort required in the comprehensive
future program.

By 1984 the millimeter wave power requirements for EBT-P are expected to be of the order of
several megawatts in the general frequency range of 60-110 GHz. This frequency corresponds to electron
cyclotron resonances of approximately 20-40 kG and is consistent with existing superconducting magnet
development.

High power microwave systems for EBT-P are composed of three basic elements:

(1) a multiple array of active devices for conversion of dc power to microwave power;

(2) microwave transmission networks for efficient transfer and coupling of energy to the fusion device;

(3) supporting electrical and electronic subsystems for overall system control and monitoring, oper-
ation of active devices, and safety.

For realization of multimegawatt capability at 110 GHz, an intensive complementary development
effort is required in each of these categories. The key element is the development of active devices,
whereas the microwave transmission networks and supporting subsystems involve the characteristics of
both the active devices and the plasma confinement experiment.

A.5.2 DEVELOPMENT OF MICROWAVE ACTIVE DEVICES

Multimegawatt, continuous wave (cw) electron cyclotron heating (ECH) systems operating at 60-110 GHz
are required by the EBT-P program and by subsequent programs. Clearly, this power generation capability
is beyond the present state of the art for microwave linear beam .tubes. Hence, an intensive develop-
ment program has been undertaken through subcontract with private industry. This development effort
began in 1974 when Varian Associates was commissioned by means of an ORNL subcontract to perform a
study for the purpose of determining the best approach for realization of a microwave power device
capable of producing 200 kW of cw power at 120 GHz. This study identified the gyrotron, a form of
cyclotron resonance maser, as the most promising device for development toward this objective. Then in
April 1976 ORNL initiated a development subcontract with Varian with the objective of developing a
200-kW, cw 28~GHz device for use on EBT—S. A further stipulation in the subcontract was that the
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device be scalable to 120 GHz. Progress to date on this program has been significant. In May 1978 a
gyrotron was operated at 105 kW of cw power, and in September 1978 a 28-GHz gyrotron was operated into
the EBT-S device at the 50-kW Tevel with encouraging plasma physics results. At this time it is
expected that the 28-GHz, 200-kW, cw development program will be successfully completed by September
1980. Although several challenging design problems remain in this development program, the progress
made to date in the 28-GHz program indicates that the gyrotron is the correct choice for this applica-
tion at higher frequencies.

In view of the encouraging results from the 28-GHz development program and the anticipated need
for higher frequency devices at the earliest possible date for EBT-P operation, ORNL awarded two
industry subcontracts in mid-1979. Successful compietion of these development contracts is expected by
1983. Both subcontractors will pursue the gyrotron as the active device most likely to achieve the
goals of 200 kW of cw power at 110 GHz.

The characteristics of these gyrotrons result from the unique plasma heating application for
EBT-P, namely, that each gyrotron produce about 200 kW of cw power at millimeter wavelengths. This
high power level requires good tube efficiency to keep power supply costs reasonable. The gyrotron
realizes high efficiency and high power by (1) having an interaction region many wavelengths Tong,

(2) utilizing the entire electron beam cross section in the interaction region, and (3) keeping the
microwave power dissipated in the interaction region low by use of circular electric cavity modes.

The theoretical basis for operation of the gyrotron, or electron cyclotron maser, is well known.
This device employs a cloud of monoenergetic electrons in a fast-wave structure. Electron velocity is
primarily transverse to the applied axial magnetic field. Phase bunching of the electrons occurs
because of the relativistic mass change of the electrons. As these phase-bunched electrons radiate
coherently, energy is transferred to the electromagnetic wave. To date, applications of these prin-
ciples have been limited by the technologies and design detail necessary to incorporate the theory into
useful devices. Key elements of the gyrotron include the electron gun, interaction cavity, collector
and output system, window, and magnet system. All of these design issues are being addressed by the
subcontract developers.

A.5.3 AUXILTARY SYSTEMS

The gyrotron power supply, control systems, and instrumentation currently in operation on EBT-S
are considered prototypical for the EBT-P gyrotron system. The operation of multiple gyrotrons on
EBT-P will require an extension of this effort in terms of control, suitable operation for the appli-
cation, overall performance, reliability, and economics. Specifically, it is expected that the oper-
ating parameters of these gyrotrons will be nonidentical and will thus require a sophisticated super-
visory control system for uniform output control as well as careful monitoring for abnormal conditions.
In addition, there is the possibility of locking and/or beating problems associated with oscillator
operation. These problems are being addressed in the EBT-P design, and it is expected that multiple
gyrotron operation will be demonstrated on EBT-S.

A.5.4 COMPONENTS AND TRANSMISSION

As a direct consequence of using a circular electric cavity mode in the interaction region, the
axisymmetric gyrotron produces most of its output power in a few Tﬁgn circular electric waveguide
modes. Although these modes have the advantages of very low transmission losses and superior power-
handling capability compared to most other waveguide modes, they suffer from the fact that they are not
the modes with the lowest cutoff frequency; therefore, they must always be used in a waveguide capable



of propagating a number of modes. To achieve the very low transmission lasses and high power-handling
capability, the operating frequency must be well above cutoff so that many more modes are in the
propagating range.

The practical problems raised by the multimode character are several. First, one must prevent
spurious modes from being excited in the waveguide systam by irregularities. Spurious mode conversion
is caused by either mechanical or electrical imperfections in the waveguide, such as cross-section dis-
tortion, departure from axial straightness, surface roughness, and changes in surface conductivity.
Once excited, these modes may become cut off somewhere 2lse in the system at other irreqularities.
These spurious modes can then become trapped between irregularities, and at a particular frequency, one
of the spurious modes can absorb a large fraction of power from the main mode, causing localized wave-
guide heating or even breakdown. This situation can be prevented in two ways. The first is to avoid
exciting the spurious modes in the first place by carefully controlling the waveguide shape. Second, if
spurious mode excitation cannot be avoided, as in the case of a waveguide bend, then Toss must be pro-
vided for the trapped (spurious) modes by the use of mode filters in order to reduce the stored energy
(Q) of these modes.

In the past, mode filters consisting of waveguide sections of lossy material such as stainless
steel have proved to be reliable high power mode filters. They work on the principle that the Tower
order circular electric modes (TE%l, TESQ, TE83) have lower Tosses than most other modes in the system
so that if a certain amount of loss for the circular electric modes can be tolerated, then the other
spurious modes will have even higher fractional power losses in the stainless steel waveguide.

To achieve higher spurious mode losses relative tc the circular electric modes, a mode filter
consisting of alternating rings of conducting and lossy material sandwiched together in a waveguide
section can be utilized. This filter has very low loss for the circular electric modes because the
modes produce only circumferential wall currents that travel around the conducting rings. A1l other
modes, however, have axial components to their wall currents that suffer attenuation through the Tossy
rings. To handle the high average power, these lossy rings must be cooled and made of high temperature
material, such as ceramic loaded with carbon. The rings must be less than one-half wavelength thick to
prevent mode conversions of their own.

An abrupt quasi-optical bend for the waveguide system consists of two circular waveguides inter-
secting at 90° with a reflecting, elliptical miter surface at 45° to both wavequides. Such a bend is
referred to as a miter bend and to a first approximation behaves as an optical mirror if the waveguide
diameter is much greater than a wavelength. Some mode conversion will invariably be present; there-
fore, mode filters will be required on either side of the bend to absorb spurious modes.

One of the most important measurements in the microwave heating system is the forward and reflected
power measured by directional couplers. Two general tyvpes of couplers can be used in the oversized
waveguide system. The first is a "cross-guide" directional coupler consisting of two 90° miter bends
placed back to back on the mitered plane, forming a wavequide cross with a 45° junction. The 45°
Junction consists of a metal plate perforated with a large number of very small holes in cutoff at.the
design frequency. The holes transmit an attenuated sample of the incident mode pattern on the high
power side of the plate to the forward power arm on the low power side of the plate. The reflected
mode pattern on the high power side is similarly coupled to the low power reflected arm of the coupler.
Both low power sampling arms are terminated in matched calorimetric loads for total mode power measure-
ments.

Another approach for forward and reflected power monitoring is a coupled mode transducer consisting
of a low power dominant mode waveguide that is phase matched to the desired circular electric mode in
the high power oversized waveguide. The coupling betwasen waveguides is achieved by an array of small
apertures in cutoff spaced by a one-quarter guide wavelength and tapered in size so as to preferentially
couple to the desired mode pattern in the oversized waveguide.
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A.5.5 MICROWAVE-PLASMA COUPLING

ECH power fed into the plasma chamber undergoes multiple low loss reflections with accompanying
changes in polarization and direction. Therefore, the Q of the plasma chamber without the plasma
present is very large. However, with magnetic field surfaces at electron cyclotron resonance pre-
sent in the chamber, the extraordinary wave is heavily damped by absorption during its transit through
a resonance region. Because polarization and directional changes accompany successive reflections
(resulting in reflected waves comprising both ordinary and extraordinary waves), the total input wave
is soon converted to extraordinary waves and is rapidly damped by coupling to the plasma. The resuiting
loaded Q of the chamber is then very low.

Because the effective loaded Q of the ECH multimode cavity is very low under normal conditions
where w > Whe the impedance presented to the input wave is nearly equal to the impedance of free
space. Impedance-matching considerations for the design of the coupling aperture are then similar to
those for a radiating antenna. The simplest such aperture suitable for high power use is an oversized
waveguide terminating flush with the interior wall of the cavity. The complex electromagnetic field
patterns associated with higher mode propagation in such multimode transmission Tines obviously do not
permit the launching of a linearly polarized wave with high purity.

Because of efficient absorption and plasma shielding effects, microwave power fed into one mirror
confinement region of EBT-P does not readily propagate into adjacent regions. Accordingly, it has been
necessary to provide a discrete ECH input to each of the 36 wirror confinement regions in order to form
and maintain the high beta, hot electron annuli upon which stability depends, as well as to provide
uniform heating of the entire volume. The approach is to combine several wmirror confinement regions of
the bumpy torus into a single multimode cavity by connecting the desired number of confinement regions
to a large, external reflecting manifold via identical oversized waveguides entering along the minor
radius. No spurious cyclotron resgnant regions are involved with this arrangement of entry, and no
such regions are likely to interfere with the external reflecting manifold because the magnetic fields
everywhere outside the torus are quite small. In this way ECH power fed from the source into the
external reflecting manifold via oversized waveguides is coupled into several regions simultaneously.
Some degree of balance among power inputs to individual regions is provided by the large Q of the
reflecting manifold and by symmetry in the connections. An additional degree of balance and an increase
in overall efficiency result because power reflected from one region is available for absorption in
another. Additional control of power distribution may be obtained by the use of irises, or "stops," to
limit the power fed to a selected region or to remove it entirely.



A.6 DIAGNOSTICS/DATA ACQUISITION

Convenient and reliable measurement of plasma properties as well as of machine parameters is
imperative. In addition to standard diagnostic tools, state-of-the art equipment will be necessary to
document EBT-P performance. Wherever possible, corroboration of the experimental evidence is highly
desirable. Because of the amount of data coming from the experiment, sophisticated computer handling
of the data is required both for storage and for preliminary analysis.

Essential measurements include spatial electron and ion densities and temperatures, space poten-
tial, fields, plasma lifetimes, and impurity behavior. Table A.6.1 1ists aveilable diagnostics and the
plasma parameters that can thus be measured. Besides the steady-state plasma, it is important to
investigate plasma startup, the effects of plasma fueling and of auxiliary heating, and stability
considerations.

The requirements of the data acquisition system can be categorized as data capture and data
processing. The system must be capable of the capture of beth Targe and small quantities of data at
both high and low rates. Various CAMAC modules that meet these needs are available. Data processing
functions include varying amounts of data reduction, calculation, plotting, CTR display, and archiving.
A hierarchy of computers logically connected by communications links will meet all requirements. The
computational power and mass storage devices will be distributed in such a way as to increase the
accessibility of processed data, to minimize data flew over communications lines, and to ensure backup
systems for basic data capture. Figure A.6.1 shows & general computer facility of the type required for
EBT-P.

Table A.6.1. Planned diagnostics and the related plasma parameters
that can be measured

Diagnostic Parameters

Laser interferometer ﬁ;z, ne(r), ¢ {also fluctuations of)

Laser Faraday rotation B(ring)

Thomson scattering n,(r), Te(r)’ 2

Charge exchange analysis Ti(r), nino(r), sputtering, 2

Hard x-ray Tp(ring), ne(ring)

Soft x-ray Tp(r), ne(r), 9, impurities

+

Heavy ion beams (cs', TV) o(r)s n(r), T(r), 2

Barium beam Bir), in;I/z(F)a 6(r), 2

ﬂ(Y‘),T,T,

Spectroscopy

Toroidal current loops

d¢/dt coils

Skimmer probe with d¢/dt coils
Tonization probes

Surface analysis

0 o’ p nimpurity’ Timpurity

I field error

toroidal”
wl.

Ring position

Ring position, energetic toroidal electron

Sputtering
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Fig. A.6.1. Generic hierarchy of computers for EBT-P data handTling.



A.7 FUTURE OPTIONS

The EBT-P device is designed to allow for future upgrades that will handle experimental verifi-
cation of theoretical concepts not to be investigated on the first EBT-P. Several of the proposals
being considered for future study on an upgraded EBT-P are included here.

A.7.1 ASPECT RATIO ENHANCEMENT COILS

Vacuum field particle confinement in EBT-P can be significantly improved through the addition of
Tow current supplementary toroidal field coils called aspect ratio enhancement (ARE) coils. By varying
the current in these coils, the plasma geometry and effective aspect ratio can be changed with the
result of ejther spoiling or enhancing plasma confinement. The ARE coils can be used either indepen-
dently or with the outer trim coils to investigate corfinement in a broad range of field geometry.

Figure A.7.1 shows the position in the equatorial plane of the ARE coils (two per sector). This
position is optimum for confinement enhancement and at the same time has the least impact on vacuum
chamber access. The coils are D-shaped to minimize their circumference in the canted configuration
shown in Fig. A.7.1. The effects of ARE coils on vacuum field geometry are iilustrated in Fig. A.7.2,
where mod B contours and field lines in the equatorial plane are plotted for IARE (current in the ARE
coils/current in the mirror coils) = 0 and 5%. The current in the outer trim coils is 0, giving a
mirror ratio change from 2.28 to 2.55 with an accomparying decrease of about 10% in the geometric mean
field. Note that the ARE coils very nearly symmetrize the mod B contours about the minor axis in the
midplane, particularly in the region of the hot electron rings. This symmetrization permits an increase
of 15% in the radius of the rings and a corresponding increase of about 30% in the volume of plasma
confined within the rings. In addition, more efficient utilization of the plasma volume should result
in a significant decrease in the amount of microwave power deposited in the cool plasma outside the
electron rings. An equally important effect of ARE coils is to lengthen the magnetic field lines on
the inside of the torus relative ‘to those on the outside, resulting in significant improvement in the
confinement of transitional and passing particles.

One method of defining an ARE factor for ARE coils is afforded by the volumetric efficiency,
discussed in Sect. A.4 of this appendix. If, for example, energizing the ARE coils with a given current
yields a volumetric efficiency curve that compares favorably with the curve for a torus having twice
the major radius and number of sectors, i.e., twice the mechanical aspect ratio, then this definition
would give an ARE factor of 2 for that particular ARE coil current.

Volumetric efficiency curves for IARE = (0 (no aspect ratio enhancement) and IARE = b% are presented
in Fig. A.7.3 and Fig. A.7.4 for 36 and 48 sectors, respectively. Improved centering of the drift
orbits of mirror-trapped particles and a rather dramatic decrease in the width of the velocity space
loss cone near V"/V = (0.8 are seen in both cases. Based on the passing particle (V“/V = 1.0) volumetric
efficiency, the ARE factor is at least 2 for IARE = §%. It should be noted, however, that much of the
observed effect is the result of the larger plasma minor radius in the midplane. The slope of the -
longitudinal invariant J as a function of radius in the midplane (see Fig. A.4.2 of Sect. A.4.1 of this
appendix) is such that a small increase in the radius of the limiting flux Tine on the inside of the
torus can yield a large increase in volumetric efficiency. This effect is more pronounced the closer
the 1imiting flux line is to the ARE coils. This suggests an alternate definition of the ARE factor
based on confinement in the interior of the plasma rather than near the edge.

In Fig. A.4.2 of Sect. A.4.1 of this appendix, the maximum inward shift of passing particle drift
orbits from the minor axis of the torus (the radial position of the minimum of J) is plotted as a
function of mirror ratio. A similar curve for R(Jmin] can be plotted as a function of aspect ratio or
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ORNL./DWG/FED 78-454

Fig. A.7.1. Sector of EBT-P in the
equatorial plane displaying position of the
superconducting mirrer coils and ARE coils.
Dots and crosses indicate polarity of currents
when in the enhancement mode.

ORNL /DWG/FED 78-455

Fig. A.7.2. Effect of ARE coils on field
geometyy. Mod B contours (solid lines) and
field lines (dashed lines) in the equatorial
plane are plotted for ARE coil currents Iapp
of 0 (top) and 5% (bottom). The current in
the outer trim coils is O.
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number of sectors. Using this curve and R(Jmin) for V“/V = 1.0 with different ARE c¢oil currents permits
a much more precise definition of aspect ratio enhancement. Figure A.7.5 shows the ARE factor as a
function of ARE coil current based on this definitior. For ARE coils placed at or near the relative
position indicated in Fig. A.7.1, this curve is almost independent of machine size, mechanical aspect
ratio, etc. For the ARE coil current of 5% used in Figs. A.7.3 and A.7.4, the enhancement factor is
seen to be approximately 1.3. These two definitions of ARE factor probably bracket the effect of ARE
coils on the overall confinement properties of the system.

In summary, ARE coils hold the promise of improved particle and energy confinement, increased
flexibility for plasma experiments with a broad range of field geometry, and potential impact on
reactor size. The addition of ARE coils to EBT-P represents a relatively inexpensive method of testing
scaling laws and the effects of changes in the vacuum field confinement characteristics without changing
the mechanical aspect ratio. .

A.7.2 ION CYCLOTRON HEATING EXPERIMENTS IN EBT-P
A.7.2.1 Introduction

Auxiliary ion heating in an EBT device is essential in order to achieve fusion-relevant ion temper-
atures, Without auxiliary heating, the only source of energy for plasma ions is coliisional transfer
from electron cyclotron-heated electrons., The rate of collisional ion heating decreases with plasma
temperature, and although it increases with density, the plasma density in EBT devices is limited by
the ordinary mode microwave cutoff (for EBT-P with f = 110 GHz, ne(max) =2 x 101%/em3).  FExperimental
results with ion cyclotron heating in other devices, although perhaps not as definitive as with neutral
beam injection, are certainly promising. In addition, for the next generations of EBT devices (EBT-S
and EBT-P), ion cyclotron resonance heating (ICRH) appears to have a number of advantages over neutral
beam injection,

(1) The technology of rf power sources in the ion cyclotron range of frequencies is well estab-
Tished so that no additional development program is required and long lead times are not required for
procurement,

(2) The cost of rf power in this frequency range is low. Realistic estimates of the cost of the
entire vf system are 50-75¢/W for a total power in the range of hundreds of kilowatts.

(3) A rf system can be operated in steady state without difficulty and is not in any way limited
by the particle removal speed of the vacuum system.

(4) Much of the antenna development and optimization work can be done on EBT-S. In addition,
experience with heating strategies, diagnostics, and CCRH/ICRH system compatibility can be obtained on
EBT-S using the slow wave.

In view of these considerations we recommend that ICRH be adopted as an auxiliary heating technigue in
EBT-P and that a vigorous program be carried out on antenna development, preliminary experiments on
EBT-S, and theoretical work.

Two types of cold plasma waves propagate in the ion cyclotron range of frequencies: (1) the fast
wave (compressional Alfvén wave or magnetosonic wave), which is only weakly cyclotron damped at w = Wy
(2) the slow wave (shear Alfvén wave or ion cyclotron wave), which is resonant and heavily damped at
e’ In Sects. A.7.2 and A.7.3 of this appendix, we give a brief overview of the physics involved
in the propagation and absorption of these waves, the results of heating experiments on other devices,
and the applicability to EBT. 1In Sect. A.7.4 we discuss some considerations of antenna design and
placement, and in Sect. A.7.5 we outline the requirements for an ICRH system for EBT-P.

W= w
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A.7.2.2 Fast ¥Wave

Most recent experimental and theoretical work has concentrated on the fast, or wagnetosonic, wave,!
including successful heating experiments on ST,2 TFR,3 ATC,* and PLT,5 all tokamaks.

In a vacuum cavity the slow wave corresponds to the TE mode, with transverse electric fields and
a wave magnetic field along the axis. The dispersion relation is!

N = c/VA(l + cos? 8)1/2 . (A.7.1)

where N = kc/w is the index of refraction, VA is the A1°vén velocity with c/vA = fpi/fci’ and 8 is the
angle between the wave vector and the static magnetic field. This dispersion relation is valid over
the entire frequency range of interest. Because the wavelength Increases as the density decreases

(n = Cfci/ffpi)’ in a cavity of fixed size there exists a minimum density below which the fast wave
cannot be excited. The following table shows the index of refraction and wavelength for the range of
densities expected in EBT-P. The frequency is taken to be f = 60 MHz (the proton cyclotron frequency
for B = 40 kG), and the angle of propagation is 8 = 90°.

Bensity (cm™3) N, A{cm) anp/x
1,0(10)13 10.7 46.7 3.1
2.5(10)13 16.9 25.0 5.0
7.0(10)13 28.3 17.4 8.3

Here the minor radius of the cavity for EBT-P is taken to be a = 40 cm with a plasma radius rp =
23 cm. The expected densities are iarge enough for exgita?ion of the lower cavity modes. 1In a cylin-
drical cavity the modes have the form BZ v Jm(kLr)]me+1q¢'1wt, where we have approximated a torus of
major radius R by introducing a toroidal mode number n = sz (kZ is the wave vector in the axial
direction). In this case the criterion for the existence of cavity modes! is

J’(klr

" ) = (e /a) =0 . (A.7.2)

p

The first few roots of Jé are 3.83, 7.02, and 10.2, and the roots of J{ are 1.84, 5.33, 8.54, . .
One sees that the m = 21 mode is the only one which will propagate at the lowest density, but at higher
densities several modes are possible. This, of course, neglects such features as the toroidal curva-
ture, the segmentation of the cavity, and the magnetic field variation. By including a vacuum layer
near the wall, one finds that this rough criterion is modified somewhat,l:® but the conclusion is the
same: the excitation of the fast wave depends critically upon the density. However, the use of He% as
the majority species with hydrogen as a minority species would increase N by a factor of 1.4 for the
same electron density.

Because the electric field of the fast wave is polarized such that it does not effectively acceler-
ate ions, its damping at cyclotron resonance is weak. With the Tocal magnetic field in the z direction,
the electric Tield combination that accelerates ions is £ - EX + iEy (left-circular polarization).

However, because the perpendicular dielectric constant is singlular at w = this component vanishes

W s
ci
at resonance.! The fast mode does exhibit weak absorption in a single fon species plasma at the funda-
mental of the ion cyclotron frequency because of the Doppler shift of ions streaming along field lines,
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w = k”v” = k”vf7ﬁ. The theoretical heating rate is similar in form to the rate calculated for elec-
trons and is proportional to RT/aMc?, where R = B/|B| and » is the free space wavelength. The long
wavelength and large ion mass make the heating rate small. The spatial width of the resonance is
& = nawT/MC?, where n is the toroidal mode number. For f = 60 MHz, T = 100 eV, and n = 1, one finds
that Ao = 1.63 mm. There is, however, 1ittle experimental evidence for fast-wave heating at the ion
cyclotron frequency with a single species plasia.

Heating at the second ion gyroharmonic is also small, although the electric field rotating with
the ions is larger. The heating is a finite cyclotron radius effect and is proportional to ka/Mmé =
NfT/McZ.

Ion mixtures and the jon-ion hybrid resonance

If two ion species are present, the absorption of the fast mode is considerably modified. When
the plasma has two ion species, a plasma hybrid resonance occurs between the two cyclotron frequencies.
For fixed N" the perpendicular index of refraction is singular for a cold plasma, just as it is for the
lower hybrid and upper hybrid resonances. Although heating at this resonance was first reported for
the TFR3 experiment, it probably occurred in earlier experiments in which small amounts of other gases
were always present.

At the hybrid resonance the component of the electric field perpendicular to the resonant surface
becomes very large, but the parallel components do not. The electric field has equal amounts of the
components E+ and £~ and is far more effective for accelerating ions. In addition, the large field
amplitude opens the possibility of various nonlinear heating mechanisms."

The presence of two plasina components also tends to modify the linear absorption at the funda-
mental cyclotron resonance. If the plasma consists of a heavy majority species (such as ot or He3) as
well as a light impurity species (such as H+), the wave polarization is largely determined by the
majority so that the left-circular-polarized electric field component remains finite at the fundamental
cyclotron frequency of the minority species. In this case heating of the minority species is consid-
erably enhanced.

Recent experiments on PLT® with hydrogen as a minority species in a background of deuterium have
shown strong minority heating with some electron heating. The coincidence of the second cyclotron
harmonic of deuterium with the fundamental of hydrogen is apparently not important. A minority hydrogen
plasma in a background of He3 is also strongly heated. This heating seems to be the result of cyclotron
damping, the simplest of the heating mechanisms. The quasi-linear theory of Stix” has been applied to
explain the experiment and seems to fit fairly well.

Toroidal eigenmodes

As a consequence of the weak damping of the fast mode in a single species plasma, it is possible
to excite and identify high-Q toroidal eigenmodes. By properly selecting the modes, it may be possible
to peak the wave fields in the center of the device, thereby tailoring the heating profile. Toroida?
modes have been seen in the ST? and PLT® tokamaks but were not nearly so prominent in ATC* and TFR.3
The probable reason is that the ion-ion hybrid resonance in these tokamaks was present with damping
sufficient to wash out the toroidal eigenmodes.

Conclusions

The plasma density in EBT-S is not anticipated to be high enough to permit fast-mode heating
whereas in EBT-P the fast mode should propagate. The technique of heating a minority hydrogen species
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in a deuterium plasma that has been employed successfully in tokamaks may not be possible in EBT-P
because of neutron activation problems in the uranium shielding. However, the cyclotron heating of a
moderate fraction of hydrogen in a helium plasma in EBT-P is an attractive possibility.

In addition to the technological and experimental questions to be solved, there are several areas
where theoretical work is necessary to assess the potential of fast-wave heating in EBT-P. Calculations
should be done to predict the structure of toroidal modes in a segmented cavity with a strong variation
in the magnetic field. The quasi-linear calculation of Stix” should be extended to include the mirror
field geometry. Also, for finite ion temperature (and a large minority species fraction), a linear
turning point occurs on the low magnetic field side of the ion-ion resonance. Linear conversion to hot
plasma modes occurs with both fon and electron damping.® At this time the importance of these processes
is not understood.

A.7.2.3 The Slow Wave

The slow wave is essentially a shear Alfven wave at low frequencies that changes into an ion
cycliotron wave near the cyclotron frequency. The dispersion relation for a single species cold plasma
isl

C2 w2,
Nﬁ = N2 cos?2 8 = — (1 + cos? g) <l (A.7.3)
Vi oy - o?

In contrast to the fast wave, the slow wave has not received much attention recently. It was used more
than ten years ago for early experiments on the B-65° stellarator and the 8-661° mirror. This is the
mode for which the concept of ion heating by waves breaking on a magnetic beach was developed.

The slow wave propagates at frequencies below the ion cyclotron frequency and is cut off at
higher frequencies. In geometry such as that of EBT, where the magnetic field strength varies along
the field 1ines, the wave propagates on the high field side of resonance {(i.e., near the mirror coils)
and is cut off on the low field side (i.e., near the midplane). As a slow-mode wave approaches the
cyclotron resonant surface from the high field side, N" becomes very large, the group velocity turns
parallel to the resonant surface, and the wave is strongly damped. The polarization is given by!

o i e 2/k2
EX/Ey = 1q AE~’(1 + kl/kH . (A.7.4)

Therefore, the wave is predominantly left-circular polarized.

Because the refractive index of the slow mode is quite large (Nﬁ " c2/v§ = mi/meﬂé/mse), a high
density is not required to "fit" the waves into the EBT cavity. Indeed, the slow mode should be usable
on EBT-S as well as on EBT-P.

The boundary conditions for the wave fields can easily be satisfied for short parallel wavelengths
(large N”). Several techniques exist for exciting waves with large NH’ for example the use of Stix
coils as antennas. Although the slow wave is evanescent in the low field region, in one relevant
experiment the slow wave has been launched near the edge of a plasma column in a region of low magnetic
field. Coupling to the high field region probably occurred in the boundary layer between the plasma
and the wall.!'} For EBT-P it is difficult to put an antenna in the mirror throat. It may be possible
to Taunch the slow wave with two coils in the midplane of adjacent cavities, adjusting N” by varying
the phase of the two coils. This possibility can be tested on EBT-S.
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Because of the strong damping, slow-wave toroidal eigenmnodes do not exist, and one can expect
appreciable ion heating even with weak coupling between the antenna and the region where the slow wave
can propagate. Because of strong field gradients and relatively low density, the siow wave can be more
efficient than the fast wave for EBT-P.

Multiple ion species

With two jon species the cold plasma dispersion relation is

2 2 2,
NP S ) I (A.7.5)
wuce w(w - wc_i) (u: - wcg)

where the subscripts 1 and 2 refer to the two ion species.

This dispersion relation is plotted in Fig. A.7.6 for varying magnetic field and constant freguency
f = 60 GHz. The electron density is 1.0 x 1013 c¢m™3, and the two species are H and He" in equal
concentration. Cyclotron resonance occurs at B = 40 kG for hydrogen and at 80 kG for doubly ionized
helium. The cutoff region extends over the entire center portion of the plasma. Two antennas in phase
with a spacing of 30 cm would excite waves with N” = 17 by coupling to the plasma on the surface where
B = 43 kG.

The second cutoff at B = 48 kG is caused by the admixture of helium. The region where the slow
mode can propagate becomes narrower with increasing helium concentration. As a consequence, the
contribution of the slow wave to ion heating is expected to be negligible when attempting the funda-
mental resonant heating of a small fraction of a minority species.

Conclusion

The slow wave should be more important for early ICRH experiments than it is for EBT-P. The
propagation of this wave and its efficiency for ion heating should be carefully studied as an alterna-
tive to fast-wave heating because the density of the plasma is relatively low and the large variation
in magnetic field is well suited for damping on a magnetic beach.

Oscillators in this frequency range are readily available and relatively inexpensive. They may be
located some tens of meters away from the machine, with the rf power carried in coaxial cables. A
matching network is required for each antenna for a radiation resistance of the order R~ 0.1-0.5 @ and
an inductive reactance XL ~ 100-200 Q.

The fast-wave antennas currently used in tokamaks should be readily adaptable for use in EBT.
Because the fast-wave antennas need not be located in the high field region, a simpie water-cooled
half-turn loop, Tocated close to the wall at a cavity midplane, may suffice. There are a number of
design problems associated with the antenna feedthrough insulators. First, the insulators must be
shielded from direct exposure to plasma ultraviolet radiation. Second, careful placement will be
required so that a cyclotron resonant surface of the 110-GHz microwave power does not come in contact
with the insulator material. Finally, leakage of the microwave power through the insulator wust be
prevented either by a microwave choke structure or by a jacket of deionized water. Although Faraday
shields may be necessary, bare antennas should be carefully considered because they are easier to
fabricate and much less vulnerable to the plasma environment.
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In tokamaks these antennas are sometimes used in pairs, with a pair located in the same plane or
spaced along the toroidal axis. For EBT-P a pair of antennas in adjacent cavities will provide some
control on the spectrum in N". The half-turn Toop will launch a wide spectrum of azimuthal modes.

The broad-band antennas for the fast wave may radiate useful amounts of the slow wave in EBT-P,
with a strong magnetic field variation and relatively low density. To preferably excite the slow wave,
a pair of single-loop antennas may be located in either end of a single cavity, where the magnetic
field is large. It is probably not desirable to locate the antennas in the mirror throat but in a
location where the metallic wall would shield the antenna from direct exposure to the hot plasma. It
seems desirable to use a phased pair of single conductors rather than a Stix coil because extremely
high Nn is not required. These coils can encircle the plasma because the azimuthal mode number is not
critical.

It is very important that antennas be fabricated and tested on EBT-1/S before the final design for
EBT-P. More experimental information is critically needed, particularly data on the mode structure and
heating mechanisms witn relatively low density plasma. This testing can be done at low power levels,
with relatively simple antenna structures and arrays of rf probes.

A.7.2.5 [ICRH System Specifications

The ICRH system for EBT-P will evolve from the results of preliminary fast-wave experiments
performed on EBT-P and from experiments on slow-wave heating on EBT-S. Initial experiments will be
aimed at determining the optimum ICRH scheme and antenna design for plasma ion heating. One constraint
regarding fast-wave minority species heating is that deuterium may not be usable in EBT-P.

In order to maintain a plasma equilibrium with an nt ~ 101% sec/cm™3 and a confinement time of
~1 sec, 300 kW of heating power is needed. Assuming a heating efficiency of only 20% (fast-wave
heating under these conditions would approach 75%, according to ATC results!2) an ICRH system delivering
1.5 MW and driving six antennas would be required. Because the technology of rf generation is well
developed, lead times for procurement of the high power supplies are relatively short; therefore, the
actual specification of power can await the initial results of heating efficiency measurements.

Initial experiments on slow-wave heating in a hydrogen plasma will be modeled after similar
experiments on EBT-S. Access to the high field region is very limited, but antennas could be placed
next to the mirror coil dewar. If experiments on EBT-S show that the slow wave can be launched
efficiently in the low field region, then antennas can be placed in the center of cavity sections,
where access is plentiful. Should the amount of power coupled to the plasma from one antenna be
Timited, up to 36 antennas (one per sector) could be used.

Fast-wave minority species heating experiments in a helium plasma with a minority concentration of
hydrogen will be considered. Because of the higher density of EBT-P, several toroidal eigenmodes will
fit in the machine whereas on EBT-S definitive fast-wave experiments are not possible.

The ICRH control system must be capable of dynamic feedback control because ICRH, ECH, and neutral
beam systems may be operated simultaneously in a steady state. In particular, the interplay between
ECH and ICRH systems is important. The ECH system will be used for plasma startup, and as the plasma
density builds up, the ICRH system can be turned up. As the ion density and confinement time become
longer, the ECH system may be turned down or adjusted so as to maintain only the hot electron ring.

The relative amounts of the two types of heating will allow control of the plasma potential and, thus,
of plasma confinement. Neutral beams and pellets may be used for fueling of the plasma in later phases
of the EBT-P program; therefore, the ICRH system should be capable of fairly fast time reponse in order
to maintain a steady-state equilibrium. MNeutral beams may also be used for heating ions, so some
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combination of ICRH minority species heating and neutral beam majority species heating may be used on
gas mixtures.

A.7.3 NEUTRAL BEAMS FOR EBT

A.7.3.1 Introduction

This section of the appendix is a brief progress report of a recently begun, Tong-term study to
determine the compatibility and possible configuration of particle beam heating in a steady-state,
microwave-heated (ECH) EBT plasma. This section will include a rationale for the choice of neutral
beam heating, a brief review of the accomplishments of a previous study, and the goals and status of
the ongoing work. Because this effort is in its infancy, only preliminary results are available.

A.7.3.2 Rationale

The rationale for attempting to use particle beam heating, in particular neutral beam heating, is
simple: Neutral beam heating is an effective, modestly efficient method for massive ion heating in
tokamaks. The success in PLT is the obvious example.}3 A cursory comparison of tokamaks and EBT from &
geometrical point of view indicates that the EBT beam line enerqy can be significantly lower than that
for a tokamak, and, consequently, technology already exists for pulsed injectors. However, it is not
at all clear that such injectors are compatible with the EBT plasma. It must be demonstrated that a
neutral beam injection system can effectively deliver the massive heat flux to the plasma in the
microwave ECH environment of EBT. Furthermore, a lower beam energy implies a larger particle fluence
for the same power. Again, it is not clear that this is compatible with the EBT plasma, particularly
when long pulse or steady-state injection is called for.

A.7.3.3 Previous Work

An earlier study, completed for the EBT-II Conceptuzl Design Study,!“ was an attempt to identify
the problem areas. A target plasma conceivably attainable (5 x 10!? cm™?) and a moderate beam energy
(20 keV) were chosen to see what beam power was necessary to bring the plasma to a reactor-relevant
regime. It was determined that 1 MW extracted and approximately 300 kW trapped would satisfy the goal.
Problems of microwave isolation, particle control, realistic energy deposition and losses, and the
steady-state nature oft EBT were ignored, however.

A.7.3.4 Goal of the Present Study

The ultimate goal is an operational particle beam injection system on an EBT device compatible
with all the nuances of an EBT plasma. The beam sources must either work in a microwave environment or
be isolated from the microwave energy. Low energy, high fluence beams can easily swamp the vacuum
system; therefore, particle control, possibly through a divertor, must be considered. In the short
term, these systems are to be installed on EBT-I/S using ELMO as a test stand. Information learned in
the short term should be applicable to later stages of EBT, e.g., EBT-P, although there is a danger in
simply extrapolating because the microwave frequency increases dramatically from EBT-S (28 GHz) to
EBT~P (110 GHz). A solution at 28 GHz may not work at 110 GHz. In any event, any solution will be
reached only with a well-coordinated mix of theory, experiment, and development.
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Theory

Present theoretical effort is directed toward determining the injection geometry, the beam energy
and power, and the beam deposition profile for an EBT-P device. For tokamaks, neutral beam heating has
proven to be an effective method for auxiliary heating. It is described well by classical physics

processes, and almost all of the deposited neutral beam power is actually absorbed by the plasma.
Accordingly, we must consider neutral beam injection as a prime candidate for heating EBT-P.

The physics of an EBT 1is, of course, different from that of a tokamak, causing the regime of
injection parameters to be different. Confinement in an EBT improves with aspect ratio instead of with
ininor radius as it does in a tokamak. Thus, for a given class of device, the minor radius in an EBT
tends to be much smaller than in a tokamak. Furthermore, there is 1little tangential injection access
in a large aspect ratio EBT because of the mirror coils. These two facts make the path length for beam
absorption much less in an EBT than in a tokamak.

To alleviate this problem, there are several things that may be done in the design of an optimal
injection system.

(1) Lower the beam energy: To increase the beam-trapping cross section, the injection energy can
be Towered from the 40 keV typical of PLT and ISX to 20 keV. This is only of limited effectiveness,
however, because in this energy range the total cross section for beam trapping goes roughly as £-2/5,

Lowering the energy also gives a modest gain in the neutralization efficiency of the beam Tine.
(2) Increase the plasma density: An increased density leads to improved trapping because the beam

deposition goes as exp(-necTQ). For Stage I of EBT-P the density will probably be restricted to <3 x
1012 cm™3, which leads to a relatively thin target, ne < 1015 cm~2,

(3) Decrease the beam radius: Although the access port on EBT-P can be up to 15 cm in radius, a
15-cm beam gives a very flat beam deposition profile. Reducing the radius to 10 cm increases the

normalized central fast jon density by 50%. However, this also reduces the power per source. If we
assume that (1) ~0.3 A/am? is extracted from the source, {2) the grid transparency is 50%, (3) the beam
Tine transmission efficiency is 70%, and (4) the neutralization efficiency is 80%, then we may also
assume that a 20-keV beam will deliver about 530 kW to the plasma, assuming 100% beam absorption. A
15-cm source will deliver about 2.25 times the power of a 10-cm source, thus delivering more power on
axis, but it also will deliver much more power to the edge.

To try to resolve these tradeoffs, we developed a new beam depssition code for vertical injection
into EBT along the Tines of Ref. 15. Because the injection direction is perpendicular to the B field,
the fast ion orbits are almost circles characterized by their radius z. The circles are slightly
nested inward so that the major radius of the center is a function of o, Rc(p). Any function Rc(p)
can be used, but in this case we assumed that the mod B contours were subject to a 1/R shift so that
Rc(o) = vﬁg - a? + p2, where R0 and a are the major and minor radii of the plasma in the midplane.
Also, it was assumed that, in good agreement with the EBT-S experimental data, the density and tempera-
ture profiles were flat.

For the 36-coil EBT-P configuration, we used R0 = 560 ¢cm and a = 23.2 cm and injected the beam
vertically down. The fast jon density is represented by a function H{p), which is normalized so that
the fraction absarbed = VS%EEE'I H(p) d{volume). Each deposition curve plots both H(p) (squares)
together with the above integral (circles) taken from the center to p(o0).

Figures A.7.7.-A.7.10 show H{p) for a 10-cm, 20-keV beam for plasma densities of 1.7, 2.4, 3.0, and
5.0 x 1013 em~3. The e = 3 x 1013 cm~3 density is the highest expected in the first stage of EBT-P
and yields only 70% beam absorption. The problem with this case is that 30% of the beam power is
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wasted and that it must be handled by a beam dump, a severe and possibly costly engineering problem. A
density of 101% cm™2 is needed to completely absorb the beam.

Figure A.7.11 shows the effect of a larger beam vadius (15 cm) on H{p) for the 3 x 1013 cn~3 case.
As a general rule, the deposition profiie is flat from the center out to the beam radius, as can be
seen clearly in this plot. The deposition profile is quite broad, and slightly less of the beam is
absorbed than for the 10-cm case.

Finally, we examined the effect of lowering the beam energy to 15 keV and 10 keV, as seen in Figs.
A.7.12 and A.7.13. Halving the beam energy gives only a 10% increase in beam absaorption, as expected,
so that this is not a good course to take.

If the low beam absorption problem can be solved, a proper Fokker-Planck calculation for EBT that
includes the fast particle loss regions must also be done. Although this can lead to further heating
inefficiency, it will probably not be intolerable.

Experiment

Experimental work with microwave compatibility and particle control can presently be done on two
machines, ELMO and EBT-1/S. A gas puffing and a gas-f ow matching experimentl® has been done on EBT-I
to test the EBT plasma tolerance to massive, pulsed coid gas fluences and the disruptive influence such
pulses have on microwave power flow. Flow-matching experiments with and without plasma have given
preliminary indications of the particle-handling capabilities of the EBT-I machine (~100 mA under
typical T-mode conditions). The gas puffing experiment indicated that cold gas pulses up to 7 A equiva-
lent for 0.5 sec are tolerated by the EBT plasma. To be sure, plasma parameters do degrade because the
7-A pulse pushed the plasma into C-mode. However, when the pulse ended, the plasma recovered and there
were no massive disruptions during the experiment. The next step will be the installation of a low
fluence, 20-keV diagnostic neutral beam with the intention of obtaining spatially resolved ion tempera-
tures. Microwave compatibility will apply only to EBT-1/S, however. Finally, a lower energy (»5 keV),
modest fluence {v1 A) beam will be installed on ELMO and then on EBT-I/S to test both microwave compat-
ibility and utility of particle control. Again, microwave compatibility can be demonstrated for the
highest frequency available, which in this case is 28 GHz. Particle control will be achieved initially
through pulse length; however, as the pulse length becomes Tonger, a divertor will be requived.

Development

Massive, pulsed heating beams exist; however, providing steady-state neutral beam heating power in
a microwave ECH environment {is another question. Initially such beams will have to be developed for
EBT-1/S (~5 k¥, 1 A) and scaled up to EBT-P (~20 kV, 10 A) and beyond. At these power levels and
steady-state operation, the question of pumping and particle control arises. It must be remembered that
the stable operation of EBT is very sensitive to the particle inventory. Aside from adding massive
cryopumps (where compatibility with high power microwave fluence is presently unknown), a conceivable
method of particle control is through a divertor. DITE and the Polaidal Divertor Experiment (PDX) are
only beginning to examine divertors on tokamaks, and their utility on an EBT device must also be examined.
Plans call for this to be done initially on EBT-I/S and later on an upgraded version of EBT-P.

A.7.4 FORCED-FLOW CRYOGENIC SYSTEM

An alternate concept for the mirror coils is to use a forced-flow rather than a pool-boiling-type
conductor. This has an impact on the refrigerator design and on the cryogenic distribution system. A
schematic that illustrates this system is shown in Fig. A.7.14.
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The fundamental difference between a pool-boiling magnet system and a forced-flow magnet system is
the addition of high pressure flow lines. The coils are set up to run in 12 parallel paths of 4 coils
per path (see schematic) with a flow rate of 5 g/sec in each of the 12 paths. This means that in
addition to the high pressure supply (15 atm) and return (9 atm) headers, extra plumbing is required to
connect the 4 series coils. Also, a simple heat exchanger is required in each lead dewar to ensure that
cold helium is provided to each coil.

A11 of the components discussed in Sect. 11.4.5.3 are still required in a forced-flow system.
One-atm liquid is required to provide cooling for the leads and heat exchanger; structural supports and
plasma radiation heating loads are also removed by the 1-atm fluid. The gyrotron magnets still have
the same set of requirements as in the pool-boiling design.

The extra plumbing adds an additional 675 W to the required refrigerator capacity. It also com-
plicates the thermodynamic cycle of the refrigerator because the refrigerator must still provide liquid
helium at 1 atm as well as providing 15-atm supercritical helium. These additions result in increased
capital costs and operating costs as well as increased complexity of operation that reduces the reli-
ability of the cryogenic system.
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A.8 TEN-YEAR EBT PROGRAM — FY 1980-89
A.8.1 EBT HIERARCHY

Studies have continued on the long-term EBT progrem to define more clearly a logical sequence of
devices that would provide the information base for a cdemonstration EBT reactor. At the moment, the
program is based upon a sequence of devices operating cne at a time with upgrades to enable them to
test the critical issues in a systematic fashion. The devices and their basic parameters are given in
Table A.8.1. There are, in essence, three devices, each of which is upgraded.

(1) EBT-1 ~ EBT-S ~ EBT-SA1 - EBT-SA2
(2) EBT-P1 » EBT-PU
(3) EBT-Q(H) » EBT-Q(DT)

The contributions expected of EBT-S and EBT-P and the time frame are indicated, for the present
logic, in Table A.8.2. The vertical arrows indicate whan information should be available for a future
device. The main features of each upgrade are discussed below.

(1) EBT-1 » EBT-S (R = 1.5 m)

Raise frequency from 18 GHz -» 28 GHz

Raise power from 60 kW -+ <200 kW

Add ion cyclotron heating {ICH)
(2) EBT-S -~ EBT-SAT (R = 1.5 m)

Add aspect ratio enhancement (ARE) coils
(3) EBT-5A1 -+ EBT-SA2 (R = 1.5 m)

Add a divertor

Add long pulse neutral injection

Add more ECH power, >200 kW
{4) EBT-SA2 -~ EBT-P1 (R = 5.6 m)

Construct a larger device

Raise frequency to 110 GHz

Raise power to 1.8 MW

Raise ICH power
(5) EBT-P1 - EBT-PU (various upgrades are possible)

Add ARE coils

Add a divertor

Add long pulse neutral beam

Increase number of cavities, 36 »~ 48 (R = 7.4 m)
(6) EBT-PU - EBT~Q(H) (R = 16.8 m)

Construct a Jarger device operating in hydrogen
(7) EBT-Q(H) » EBT-Q(D-T) (R = 16.8 m)

Operate in D-T with Q ~ 4

EBT-Q(D-T) is a device similar to the Tokamak Fusion Test Reactor (TFTR) operating in D-T with

qQ = fusion power

power to plasma
state operation, with an impurity control system, at an zverage neutron flux ~20 W cm=2.

~ 4. This device is, however, closer to an ETF by virtue of its anticipated steady-

It is intended that each device use in upgrades the advances made in the previous device. This
strategy appears possible because of the modular nature cf the EBT.
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Table A.8.1 Hierarchy of EBT's

EBT-1 EBT-S EBT-SA EBT-P1 EBT-PU EBT-Q
Bres (kG) 6.4 10.0 10.0 <39.3 <39.3 39.3
R (m) 1.5 1.5 1.5 5.6 7.4 17.0
fARE 1.0 1.0 1.3 1.2 2.0 3.0
ASP 8 8 8 16 21 14
A () 10 10 10 16 16 45
Amid (cm) 14 14 14 22 22 66
N - 24 24 24 36 48 36
coils
n {cm=3) 2 x 1012 6 x 1012 6 x 1012 1.6 x 1013 6.6 x 1013 7.8 x 1013
T, (keV) 0.3 0.6 0.8 1.9 3.3 15.3
nt {cm~3/sec) 1 x 1010 3 x 10%0 8 x 1010 9 x 1011 1 x 1013 1 x 1o+
ORNL-DWG 79-3155 FED
Table A.8.2. EBT schedule — FY 1980/89.
STUDY FY80 81 82 83 84 85 86 87 88 89
EBT-S, EBT-SA1 EBT-SA2 EBT-P1 EBT-PU
FIELD
OPTIMIZATION
ARE - -
VARIABLE
MIRROR
NUMBER OF 24 36 48
CAVITIES -
CONFINEMENT 4: I—-w
P1 PU
HT Q r
RINGS <200 kW <1.8 MW

ECH POWER - >200 kW - e >1.8 MW

P J— . a PR
PU:
ICH e e e e e s e o o e e
P PR, - N

NEUTRAL BEAMS _
DIAGNDSTICS T T T T T

SHORT PULSE

(HEATING) p ; (0):
LONG PULSE -~ — o
PU a
DIVERTOR - — e
Ty B S

EBT-Q FIRST DEFINITION STUDIES PRECONCEPTUAL | OESIGN 1 consTRUCT
DESIGN 1 i
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A.8.2 SCHEDULE

The devices discussed above are intended to tackle in a systematic way the critical issues of the
EBT program. The schedule indicated in Table A.3.2 is determined to some extent by the time required in
each area to complefe the research and in part by budget restrictions that will delay the application
of possible upgrades.

(1) The confinement studies in EBT-1/S/SA are intended to verify the theoretical models used in
establishing the EBT program for EBT-P. This work will be continued in EBT-P, which will demonstrate
under proof-of-principle conditions {n > 1013 em~3, Ti > 1 keV) the validity of the theory. In addi-
tion, EBT-P will study optimization guestions relating to the magretic configuration, mirror ratio, ARE
coils, and number of cavities. By the end of FY 1985, this work should provide the basis for sizing
EBT-Q and for making a decision to proceed on detailed design. The upgrades through FY 1987 should
provide confirmation of design judgments.

(2) Studies of the production and physics of the hot electron ring using increased power and
frequency in EBT-1/5 should establish the basis for assessing ring power needs in future devices. By
the end of FY 1985, EBT-P will provide confirmation of these assessments for the design of ERT-Q.

(3) Studies of ECH, ICH, and neutral beam heating in EBT-S should lay the groundwork for their
application in EBT-P. It should be understood that in the case of neutral beams, Tong pulse, high
power injection is not possible without a divertor because of excessive density buildup. Further,
neutral injection has limited application in EBT-5 because of its Tow line density. Information for
EBT-Q design in the areas of ECH and ICH can be expected by the end of FY 1985, but definitive infor-
mation on neutral beam heating should not be expected until at least FY 1986/87.

(4) Divertor studies on EBY-S are expected in FY 1982.. The design of the divertor for EBT-P
could be started eariier; however, confirmation of the affectiveness of the'design cannot ba expected
until FY 1983. Thus, operation of a divertor, given that it could not be installed in EBT-P1, is
unlikely before FY 19386.

Thus, the program represents a prudently staged approach to tackling the central issues; only in
terms of upgrading EBT-P is theve a budgefing problem that could lead to delays of valuable studies.

A.8.3 THE 48 CAVITIES — EBT-PU

The full upgraded version of EBT-PU is proposed to have 48 cavities, ARE coils, and substantial
additional heating. On the basis of the present theoretical models and scaling from EBT-1, it should
be capable of achieving T > 3 keV and nt 3 1 x 1012 em-?.

The layout of the EBT-P area is planned to accommocate this upgrade, as illustrated in Fig. A.8.7.
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ORNL-DWG 79-3142 FED

CONTROL ROOM

BLDG. 9201-2

Fig. A.8.1. EBT-P accommodations for expansion.



Engineering drawings prepared for EBT-P are included in this section.

Drawing number
Civil
S2E-8945B-5K1
S2E-8945A-5K4
SZ2E-8945A-SK5
S2E-8245A~SK6
S2E-8945A-SK7
S2E-8945A~5K9
S2E-8945A-5K2
S2E-8945A-5K3
SZE~B945A-5K8
S2E-8945A-5K10

Mechanical

X2E-14270-0003
X2D-14270-0001
X2E-14270~-0004
X2E-14270~0005
XeE-14270-0006
X2E-14270-0007
X2E-14270-0010

X2E-14270-0011
(1 of 2)

X2E-14270-0011
(2 of 2)

X2D-14270-0002
X2E-14270-0009

Piping
X2E-14270~0008

(1 of 2)

X2E-14270-0003
(2 of 2)

p20-57700-0001
P2D-57681-0001
P2E~-95306-0001

HVAC

H2E-34110-SK01
H2E-34111-5K02
H2E-34112-5K03

A.9 DRAWINGS

Drawing title

EBT-P Study General Layout

EBT-P Study Experiment Enclosure 2nd F1.
EBT-P Study Experiment Enclosure Mezz. F1.
EBT-P Study Experiment Enclosure Ist F1.
EBT-P Study Experiment Enclosure Section
EBT-P Study Control Room

EBT-P Study Power Supply Bldg. Addition
EBT-P Study Power Supply Zquipment Pad
EBT-P Study Compresser Bldg. Addition
EBT-P Study Roof Equipment Plan

EBT-P Device Plan View

Vacuum System Schematic

Section Elevation through Mirror Cavity
Mirror Coil Vacuum System Dewar Assembly
Mirror Coil Vacuum Dewar Sections

Mirror Coil Vacuum Dewar Sections

ARE Coil Option-Location Layout

EBT-P Toroidal Vacuum Vessel Details

EBT-P Toroidal Yacuum Vessel Details

Microwave Distribution Manifold
Gyrotron Mount

EBT~P Equipment Location Layout
EBT-P Equipment Location Layout

EBT-P Demineralized Water Flow Sheet
EBT-P Cryogenic and Helium Flow Sheet
EBT-P Helium Refrigerator Lquipment Location

EBT-P Study-HVAC Plan
EBT-P Study-HVAC Plan
EBT-P Study-HVAC Plan
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A drawing Tist follows:

Series number

O W W N YD W N —

—_

11
12
13
14
15
16
17
18

19

20
21

22

23

24
25
26

27
28
29
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Drawing number Drawing title Series number
Electrical
E2E-34108~SK001 EBT-P Primary Power System 13.8-kV One-Line Diagram 30
F2E-34109~SK002 EBT-P Primary Power System Plan 161-13.8-kV System 31
E2E-14270~0001 EBT-P Electrical One-Line Diagram 32
E2E-14270-0002 Preliminary Proposal for Locating EBT-P Power
Supplies 33
E2E-14270-0003 EBT-P Mirror and Trim Coil Power Supply and Energy
Dump Schematic Diagram 34
E2E-14270-0004 EBT-P Power Supplies Layout Sheet 1 35
E2E-14270-0005 EBT-P Power Supplies Layout Sheet 2 36
Instrumentation
12E-14270-A006 EBT-P Control Room Layout 37
12E-14270-A010 EBT-P System Instrumentation Block Diagram 33
12E-14270-A007 EBT-P Cryogenic System Instrumentation Process
and Instrumentation Diagram 39
12E-14270-A008 EBT-P Vacuum Process and Instrumentation Diagram 40
I2E-14270-A005 EBT-P Typical Instrumentation Flow Diagram 4
12E-14270-R009 EBT-P System Magnet Protection Instrumentation,
Voltage Taps 42
12E-14270-SK01 EBT-P Microwave Monitor and Control System 43

12E-14270-SK02 Microwave Alavm and Sensor Plan 44
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LIST OF ABBREVIATIONS

ARE aspect ratio enhancement
ATC Adiabatic Toroidal Compressor
CRT cathode ray tube
oW continuous wave
de direct current
DITE Diverted Injected Tokamak Experiment
DOE Department of Energy
0-T deuterium-tritium
EBT ELMO Bumpy Torus
EBT-P ELMO Bumpy Torus Proof-of-Principle
EBTR ELMO Bumpy Torus Reactor
EBT-S ELMO Bumpy Torus Scale Experiment
ECH electron cyclotron heating
ECRH electron cyclotron resonance heating
ETF Engineering Test Facility
FED Fusion Energy Division
ICRH ion cyclotron resonance heating
1P industrial participant
15X Impurity Study Experiment
LED light-emitting diode
MCC master control console
MHD magne tohydrodynamic
MOA Memorandum of Agreement
ORNL 0ak Ridge National Laboratory
0RO Dak Ridge Operations
PDX Poloidal Divertor Experiment
PLC programmable logic controller
PLT Princeton Large Torus
pMp Project Management Plan
PQAA Project Quality Assurance Assessment
POAP Project Quality Assurance Plan
rf radio frequency
RGA residual gas analyzer
SCR silicon-controlled rectifier
ST Symmetric Tokamak
TFIR Tokamak Fusion Test Reactor
TR Tokamak Fontenay-aux-Roses
UCC-ND Union Carbide Corporation Nuclear Division
WBS work breakdown structure
1-D one~dimensional
2-D two-dimensional

3-D three-dimensional
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