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ABSTRACT

The mechanical, structuré], thermal, electrical, and vacuum design of
a magnetic toroidal divertor system for the Elmo Bumpy Torus (EBT-S)
is presented. The EBT-S is a toroidal magnetic fusion device located
at the ORNL that operates under steady state conditions. The
engineering of the divertor was performed during the second of three
phases of a program'aimed at the selection, design, fabrication, and
installation of a magnetic divertor for EBT-S. The magnetic analysis
of the torcidal divertor was performed during Phase I of the program
and has been reported in a separate document. In addition to the
details of the divertor design, the modest modifications that are
required to the EBT-S device and facility to accommodate the divertor
system are presented.




Section

1.0

2.0

3.0

4.0
5.0

TABLE OF CONTENTS

INTRODUCTION . & o v v v s e e e e e et h e e e e et s o o s o

1.1

Features of the Toroidal Divertor System . . . . . . . . . ..

DESCRIPTION OF THE EBT-S TOROIDAL DIVERTOR DESIGN. . . . . . . . . .

2.1
2.2
2.3

N N
s
O

N NN
» . .
0~ S

Divertor Integration into EBT-S . . . . . ¢ . .+ v ¢« ¢ v o o
Divertor General Arrangement . . . . . . & v v ¢ ¢ ¢ v e 0 . .
Design of Divertor Coils . . . . ¢ v o v v v v v o v v v v o
2.3.17 Coil No. b1 u v u s s e e e e e e e e e e e e e e e e e
2.3.2 COilT NO. 2 v v v v e e v e e e ot o o s o s e e e e
2.3.3 Coil No. 3 0 v i i e e e e e e e e e e e e e e e e e e
2.3.4 Coil NO. 4 o v i i i e et e s o e o o s o s o e e e e
2.3.% Electrical Circuit for the Divertor Coils . . . . . ..
2.3.6 Water Cooling of the Divertor Coils . . . . . . . . ..
2.3.7 X-Ray Dose to Coil Insulation . . . . . . . . . .. ..
2.3.8 Summary of Forces and Torques . « & ¢ ¢ ¢ o o o o o & .
Divertor Coil Enclosure . . & & v v v v v v 6 v 4 v v o o o o «
Removable Targets o v v ¢ v v 6 o o o 4 o o o o o s o o o o o &
2.5.1 FErosion of the Targets . . . . . . . .. e e e e e e e
Divertor Cavity . &« ¢ v ¢ v v o 4 v 6 o o 4 4 e i e e e e e e
Mirror Coils & v v v ¢ v v v v v 6 v v o v o e e e e e e
Vacuum Pumping of the Divertor Chambers . . . . . . . « . . ..
2.8.1 Microwave Shielding . . « ¢« v ¢ v ¢ ¢« ¢ v o o o o o o &
Diagnostic Instrumentation . . . . . . ¢ ¢« v ¢ o v o o v o .,

MODIFICATIONS TO THE EBT-S DEVICE AND FACILITY . . . . . . .+ . . .

[ON RIS
s ®
N —

3.3
3.4

Device Modifications Which Are Part of the Divertor Assembly
Device Modifications Which Are Not Part of the Divertor
Bssembly v L . e e e e e e e e e e e e e e e e e e e e e e
Facility Additions . . v v v 4 v 6 v o v o 4 o v o o o o o o &
Additional Divertor Assembly Components . . . . + « + ¢ « o + .

CONCLUSION . v v v v v e e e e e e e e e e e e e e s e e a e s s

D S N

APPENDIX I: SYSTEMATIC METHOD OF ADJUSTING THE DIVERTOR

MAGNETIC FIELD CONFIGURATION . . . . . .+ ¢ ¢ o o o o .

ii



LIST OF FIGURES

Figure No. Title Page
1-1  Schematic Layout of EBT=I/S . & v ¢ v v v v o v v o o o o o o o & 1-4
- 1-2  Three-Dimensional Pictorial Display of Toroidal Divertor and
Two Adjacent Mirror Coils; Oblique View . . . « « ¢« o ¢« ¢ v ¢ o . 1-5
1-3  Horizontal Cross Section Through the Toroidal Divertor
Assembly with Diverted Flux Lines Superimposed . . . . . . . . .. 1-6
| 2-1 Plan View which Shows how the Divertor Cavity, with its Two
Adjacent Mirror Coils, can be moved into the Opening in
the TOrUS & v & vt & 4 e s s 4 o o o o o s s o s o o o s o o o s 2-2
2-2 Plan View of Divertor with Pumping Panels Showing Interfaces
with the Existing EBT-S . . . . . . . « . . e e s e e e e e e e 2-4
2-3  Elevation View of Divertor on Section A-A of Figure 2-2
Showing the Interfaces with the Existing EBT-S . . . . . . . . .. 2-5
2-4  Horizontal Cross Section Through the Toroidal Divertor Assembly 2-7
2-5 Options for Conductor Turn~to-Turn Transitions in Coils . . . . . 2-13
2-6  Coil and Lead Configuration of Coil #], the Main Divertor Coil . . 2-14
2-7 Coil and Lead Configuration of Coil #2, one of the Main
Divertor Pancake Coils & . . ¢ v & & o 4 4o 4 6 4 4 b 4 6o o s o o & 2-16
2-8  Conductor and Lead Configuration for Coil #3, the Outermost
Divertor Coil . . . . ¢ 4 @ v 0 it h e e e e e e e e e e e e e 2-17
2-9  Coil and Lead Configuration of Coil #4, a Divertor Compensating
Coil + v v v o v e e e e e e s e e e e e e e e e e e e e e e e 2-19
2-10 Schematic Representation of the Proposed Divertor Coil
Excitation Approach . . . & & ¢ ¢ ¢ 4 @ ¢« 4 o e ¢ 4 2 . e e . . 2=22
2-11 Divertor Coil Enclosure Tube Patterns Showing that the Removable
Target Overlaps the Coil Enclosure and Showing Water Headers
which Provide for Water Flow in Opposite Directions in Adjacent
Tubes . . . . . .. . e 2-31
2-12 Elevation View of the Tube Pattern for the Removable Targets
Showing the Wider Tube Spacing at the Corners . . . . . ... . . 2-34
2-13 Elevation View of the Side of the Divertor Cavity Showing the |

Notch in the Cover Plate which Provides Clearance for the
Mirror Coil Bus Bars . & v v v v v o o o o o a s s o s s 2 o s o « 2-38




LIST OF FIGURES (Continued)

Figure No. Title Page

2-14 Horizontal Plane Cross Section Through the Divertor Cavity
Showing the Components of the Weldment Assembly and the
Machining-Centers and AXES . v ¢ v v ¢« v o 4 o« o o o o o o o o o & 2-40

2-15 Plan View of the Divertor with Pumping Panels Showing Interfaces
with the Existing EBT-S . . ¢ & & v v v o v o 0 v v v v v o o v 2-42

2-16 FElevation View of the Divertor on Section A-A of Figure 2-2
Showing the Interfaces with the Existing EBT-S . . . . . . . . .. 2-43

2-17 Cross Section and tlevation View of the Cryopanels in the 90°
and 270° Sectors of the Divertor Cavity . . . . « . . ¢ .« . .. 2-45

2-18 Sketch of Expected Power Density Profile (Inner Target Collector . 2-49

2-19 Tentative Thermocouple Location Map for Removable Inner Target
CoTlector & v v v it e et e e st t e e e e e e e e e e e e e 2-50

2-20 Thermocouple Mounting Detail Drawing . . . . . ¢ ¢« &« o & ¢« o o & & 2-51
2-21 Field-of-View for the Infrared Camera Diagnostic; Plan View . . . 2-54

2-22 Field-of-View for the Infrarad Camera Diagnostic; Elevation View . 2-55

LIST OF TABLES

Table No. Title Page
1-1  Conclusions and Recommendations Based on Phase I Results . . . . . 1-2
1-2  Summary of Parameters for the EBT-S Toroidal Divertor . . . . . . 1-8
2-1 Divertor Coil Current, lLoss, and Water (Cooling Data . . . . . . . 2-23

2-2  Summary of Parameters for the EBT-S Divertor Water Cooling System 2-32

3-1 Divertor Components Which Are Not Device Modifications . . . . . . 3-4

iv



1.0 INTRODUCTION

Westinghouse Fusion Power Syétems Department, under contract to the 0ak Ridge
National Laboratory (ORNL), has completed Phase Il of a two-phase program to
design a divertor system for the EBT-$!"% device which is located at the
- ORNL Y-12 site. The engineering design of a divertor that resulted from the
Phase [l program is presented in this report. Phase I of this study was
completed in January of 1981, and the results of that study were published in
reference 3. A summary of the conclusions and recommendations from the Phase
I study are shown in Table 1-1. These recommendations were approved by the
ORNL and formed the basis for the Phase II study.

Although it was shown during Phase I that it would be feasible to add either a
 toroidal or a bundle divertor to EBT-S, a torcidal divertor which is centered
about a vertica] plane located midway between adjacent mirror coils was chosen
as the divertor to be engineered. The remainder of the recommendations in
Table 1-1 have also been incorporated into the divertor design. During
Phase I, sdfficient engineering of the divertor systems was performed to
demonstrate feasibility. Although the magnetic designs, i.e., the number,
location, and ampere-turns of the coils, have not been altered during Phase
11, many mechanical and thermal design changes have resulted. In fact, for
some of the components, such as the divertor coils, several different designs
were engineered and analyzed. However, in this report the emphasis is on the
final design that evolved as the work progressed. In general, the inter-
“mediate designs will not be discussed to avoid any confusion with the design
as it existed at the end of Phase II. The modifications that are required to
the EBT-S device and facility to accommodate the divertor system have been
kept to a minimum. These modifications are also described in this report.

- Based on the design developed during Phase II, a program plan and budgetary
cost estimate have been obtained for Phase III. Phase III includes the final
~ design, fabrication and procdrement of components, assembly, and installation
of the divertor into EBT-S. ﬁhe program plan and cost estimate for Phase III
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TABLE 1-1
CONCL.USIONS AND RECOMMENDATIONS BASED ON PHASE I RESULTS

CONCLUSTON

It Is Feasible To Add Either A Toroidal Or A Bundle Divertor To EBT-S
In Order To Experimentally Study The Impact On The Plasma Performance
And Stability.

RECOMMENDATIONS

1) Toroidal Divertor Centered Midway Between Adjacent Mirror Coils
2) Neutralizing Target
3) Initial Pumping System

¢ Two Turbomolecular Pumps; 2400 &/s for Hy [Based On Low
Pumping Speed/High Recycle (82%)]

¢ Poloidal Compartments In Divertor Chamber; Walls Located At +
30° About Eguatorial Plane On Inside Portion Of Torus

& Test OFf ZrAl Getter Panel Section
4) Design Divertor Chamber So That = 1.4 m? Of Pumping Panel Can
g

] m
Be Added as an Upgrade In Order That High Pumping Speed/Low Recycle
Mode Of Operation Can Be Tested

o e %> P £ K Y I G Cr A T T A T P AW Wy S+ An GRS KT R R ST e e e 4 KT KR KR G G D G e e 8 ET R o fwn G A Wk e A A8 T W R WM T e e A3 AR KD AR Tm CO wn e M AA AT o

are presented in a separate report issued to the ORNL. Phase III remains to
be authorized, pending a review of the Phase Il design and cost estimates.

1.1 FEATURES OF THE TOROIDAL DIVERTOR SYSTEM

The toroidal divertor concept has been analyzed and described in depth in
Reference 3. However, for completeness, some of the features of the divertor
system are presented here in the introduction prior to launching into the

engineering sections.

383F/J56 1-2



Figure 1-1 is a trimetric layout of the EBT-S device. The toroidal divertor
would be installed in one of the twenty-four cells of the torus. Figure 1-2
is a three-dimensional pictorial display of the toroidal divertor coils

relative to the two adjacent mirror coils. The currents in the main divertor
coils flow in the opposite direction to the currents in the mirror coils.
This is essential in order to create a separatrix and field null. The sum of
the ampere-turns required in the main divertor coils is 62% of the ampere-
turns in a mirror coil for the reference operation. The currents in the
compensatingycoi]s flow in the same direction as the currents in the mirror
coils and the ampere-turns per compensating coil is one-half of the total
ampere-turns in the main divertor coils. Thus, the divertor coil system adds
no net ampere-turns to the torus. The coils and power supply system are
designed so that the current in the divertor coils can be changed by + 20%.
This will result in changing the location of the separatrix, and therefore the
scrape-off Tlayer thickness, by + 1 cm. Figure 1-3 shows a cross section in
the horizontal symmetry plane of the divertor cell. The scrape-off layer for
the reference operating conditions is superimposed on the drawing.

It can be seen in Figure 1-3 that the divertor coils are located external to
the torus vacuum system and that the water-cooled enclosure for the main
divertor coils creates two divertor chambers. There is a plasma neutralizing
target in each chamber capable of dissipating 200 kW of power. The targets
are water-cooled copper, clad with tungsten to inhibit sputtering. However,
TiC ctlad targets may also be tested during the experimental program. These
targets extend + 45° about the equatorial plane on the inner side of the
torus. Because of the nature of the charged-particle drift surfaces most of
the charged particles escaping from the torus should impinge on these
targets. The targets have been designed for easy replacement.

Coils have been designed that fit in the available space, have adequate
cooling, and their leads introduce Tittle field error. Furthermore, the coils
have been designed so that they can be powered by one of the existing motor-
generator sets at the Y-12 site.

383F/d56 1-3
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Initially the divertor wi]l} operate in the high recycle/low pumping speed
mode. Pumping will be provjded by two turbomolecular pumps, one on each of
the two divertor chambers. ? As described 1in reference 3, each chamber is
divided into two compartmenté in the poloidal direction to enhance the vacuum
pumping. However, the divertor chamber has beenkdesigned so that 1.4 m? of
pumping panel can be introduced as a later upgrade to the system. With these
pumping panels installed, the system will operate in the 1bw recycle/high
pumping speed mode. To aid in the selection of the pumping panels, i.e., ZrAl
- getter panels vs cryopanels, a section of a ZrAl panel will be installed and
tested during the initial expérimental phase.

A summary of the divertor characteristics and parameters are presented in
Table 1-2. The development ¢of these parameters is discussed in Sections 2.0

through 2.8.

The divertor cell including the two adjacent mirror coils, as shown in Figure
1-3, will be assembled and installed as a unit into the EBT-S device. Rather
modest modifications are required to the EBT-S device and facility. These
modifications are discussed in Section 3.0.

383F/J56 | 1-7



TABLE 1-2

SUMMARY OF PARAMETERS FOR THE EBT-S TOROIDAL DIVERTOR

General Parameters

Divertor Occupies One Cell of the EBT-S
Number of Divertor Coils

Number of Main Divertor Coils

Number of Compensating Divertor Coils

Shape of Coils

Dimensions of Copper Conductor for A1l Coils

Nw o

Circular

1.177 cm x 1.17 cm

Diameter of Conductor Water Coolant Channel 0.65 cm
Weight of Divertor Assembly (with Mirror Coils) 2500 1b
Coil Dimensions
Coil Number Major Minor Axial Axial Radial
ID of Coils Radius Radius Displacement Dimension Dimension
(#) (cm) (cm) (cm) (cm) (cm)
Mirror 24 150 16.39 - 10.2 6.94
1 1 152 38 0 12.0 2.4
2 1 152 31.3 0 2.0 17.0
3 1 150 52 0 4.0 4.0
4 2 152 36 +16.5 4.0 6.0
Electrical Characteristics
Coil Identification Number 1 2 3 4
Total Turns 16 16 4 15/Coi 1
Current*/Conductor (A) 7893 3750 3000 6600
Connection Type Series Parallelt Parallelt Series
Terminal Current (A) 7893 7500 6000 6600
Ampere-Turns 126,300 60,000 12,000 99,000/Coi 1
Coil Voltage (V) 64.5 12.4 4.3 91.8
Power Loss/Coil (kW) 509 93.3 25.8 605

A11 Coils Are Connected in Series (with shunts) and Powered by a 3 MW
Generator Rated at 350 V that Exists at the ORNL Y-12 Site.

*For fine tuning and experimental flexibility the currents can be varied + 20%.
TTwo conductors in parallel acting as one electrically, but providing two

water circuits.
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Coil Water-Cooling Parameters

i

TA@LE 1-2 {CONTINUED)
|
|

Coiil Identification Number | 1 ’ 2 3 4

Number of Water Circuits 16 4 2 30
- Loss Per Water Circuit* (kW)  36.6 23.3 12.9 21.3

Circuit Flow Rate (kg/s) o 0.190 0.096 0.053 0.112

Coil Flow Rate (kg/s) - 3.05 0.384 0.106 3.36

Maximum Flow Velocity (m/s}) = 5.78 2.91 1.61 3.40

Circuit Pressure Drop (kPa) = 446 289 27.7 126
Target Water-Cooling Parameters

Particles Deposit on Water-Cooled Copper Surfaces

Capper is Clad with W or TiC to Prevent Sputtering

- Maximum Power Deposited on Each Divertor Target - 200 kW
Divertor Water-Cooling Paramete%s

; Removable Coil Enclosure:
j Target Inner Ring Quter Ring

No. of Tubes 20 13 17
Avg. Length of Tube, cm : 156 295 378
Longest Length of Tube, cm i 181 315 410
Heated Length of Tube, cm ? 165 307 308
Design Power Density, kW/cm : 0.22 0.15 0.15
Water Velocity, m/s ‘ 5.95 7.39 10. 36
Water Flow Rate, kg/s (gpm) i 2.36(39) 1.94(32) 3.55(58)
P, MPa (psi) ‘ 0.17(24.5) 0.39(56.7) 0.89(129.6)
Divertor Vacuum System
H-Atom Flow to Divertor Chambers (s") 1 x 10*°
Hydrogen Flow to Divertor Chambers (torr-g s~ 1) 1.5
Microwave Shielding Provided for Pumping Systems
Low Pumping Speed/High Recycle, 82%:

Pumping Speed for Each of Two Turbo Molecular Pumps (2s7!, H2) 1150
Max imum Pressure in Divertor Chamber (torr) 1.4x10°%
High Pumping Speed/Low Recycle, 10% (Requires Upgrade):

Pumping Panels; Either Cryopanels or ZrAl Getter Panels

Pumping Panel Area (m?) 1.4

Pumping Speed (£ cm™? s™', Hy) 10
Maximum Pressure in Divertor Chamber (torr) 2.3x10°%

T |

*Including leads

383F/J56 ‘ 1-9
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2.0 DESCRIPTION O# THE EBT-S TOROIDAL DIVERTOR DESIGN

The objective of this section is to present a complete picture of the design
of the divertor as it existed%at the end of Phase II. The magnetic analysis
work which led to the coil design is adequately presented in the Phase I
report {Reference 3), Analyses which support the design are also presented in
this section.

2.1 DIVERTOR INTEGRATION INTO;EBTwS

The size of the toroidal divertor relative to the EBT-S device can be readily
appreciated from Figure 2-1 which shows the EBT-S with the divertor inside the
walls which provide radiation shielding. The diameter of the divertor was
Timited by the constraint that no notch be cut into the concrete curb support-
ing the EBT-S torus. | |

The divertor is designed to be assembled with its two adjacent mirror coils
and moved as a unit on a spediai transport dolly into the radiation shield
room. It is then positioned id a gap in the torus as shown in Figure 2-1. A
special transport dolly is requﬁred because the final movement of the divertor
into the gap must be horizontal. Since the curb will prevent the dolly from
being wheeled into the torus, riggers will slide the divertor assembly into
position along the surface of the dolly. There is insufficient space above
the cavity for an overhead crahe. Furthermore, access is limited above the
device by the cable tray and diégnostic components.

In Figure 2-1 the divertor is shown in cavity location W-2, but the design of
the divertor would be the same%for any of the four locations designated with
the number 2. The final 1ocatﬁon selection has not been made but Tlocations
W-2 and N-2 are favored because they are close to the entrance and will cause
less disturbance to the installed diagnostics during installation and any
repair activities. Furthermore; background noise from the divertor chambers
will be less likely to perturb @ny detector signals. The number 2 locations

383F /J56 | 2-1
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are favored because the diverﬂor in any of these locations is between two of
the four electrical grouping$ of the mirror coils, Therefore, routing a
mirror coil electrical bus ardund the divertor is not required. This can be
seen in Figure 2-2 which showé that the divertor is located between the ends
of mirror coil electrical buseﬁ. Also, with the divertor in one of. the number
2 locations it is not necéssaﬁy to cut off one of the vertical torus support

posts that carry cooling water to the mirror coils. Figure 2-2 shows the
location of the wet and dry support posts.

The divertor cavity is a right?circu]ar cylinder. The side toward the center
of the torus is wedge shaped, bounded by two side planes. The line of inter-
section between the end of the%right cylinder and the wedge plane is shown in
Figure 2-3. This wedge shape éonvenient]y provides clearance between the side
of the cavity and the bellows tube between the adjacent standard cavity and
the pumping ring. A reasonab]é design for the turbopump adapter tube is also
possible with this shape. |

The most serious restraint om the design of the divertor cavity is the
requirement that the vacuum puﬁping ring which also brings microwave power to
the cavities cannot be notched or diverted. Therefore, the divertor cavity
has tc be notched to clear th? pumping ring as shown in Figure 2-3. This
figure also shows that the di%ertor cavity rests directly on the unmodified
concrete curb. It will be secured to the curb by means of a mounting plate.
The two dry torus support posts are cut off flush with the upper surface of
the curb. | ' '
The width of the divertor on thé outside of the torus is based on a compromise
between the desire to have spacé for the installation of vacuum pumping panels
for high speed pumping as an upérade and the need to provide space between the
divertor and the adjacent standard cavity so that the plastic coolant tubes
from the mirror coils can be bﬁought out. The mirror coil coolant tubes are
shown in Figure 2-2.

383F/J56 ‘ 2-3
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2.2 DIVERTOR GENERAL ARRANGEMENT

The arrangement of the internal components of the divertor is illustrated in
the horizontal cross section drawing of Figure 2-4. (This figure 1is shown
here for convenience; it is the same as Figure 1-3.) The divertor assembly is
made up of five major subassemblies; the divertor coil assembly, the divertor
cavity assembly, the removeable target assembly, the turbopump assembly, and
the mirror coil assembly. The mirror coils are the present EBT-S coils
slightly modified, and are considered to be part of the divertor assembly
because they must be in place on the sides of the divertor when it is
installed into the torus. '

The divertor coil assembly consists of the divertor coil enclosure and
everything inside. Whenr separatec from the rest of the assembly, it will look
Tike a large washer. The two coil support rings form the basic mechanical
structure. Coils #2 and #3 are clamped between the two rings and the two
halves of Coil #1 are clamped into slots on the outer surface of the ring by
the coil enclosure halves.

The divertor coil enclosure, which completely encloses the divertor coil
assembiy, has four functions: it provides the desired contour for the inside
walls of the particle channels; it serves as the cooled target surface for the
particle flux for all areas outside the baffle sector; it provides a vacuum
containment surface; and it protects the coils from damage should the particle
fluxes in a fault situation impinge on the coil enclosure in some area other
than the intended target.

The coil enclosure is made ub of two copper washers that fit snugly over the
coil support rings. These washers have a smooth surface on the outside along
the particle channels but are cooled by water tubes attached to the inside.
They are capable of absorbing the power density of any normal or fault
particle fluxes anywhere on the surface. The two coil enclosure washers are
seal welded together at their intersection in the coil throat. The entire
divertor coil assembly 1is then potted with an epoxy resin so that all
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interstices around the coils and between the coil support rings and the coil
enclosure are completely filled to form a solid unit. The potting is
necessary to prevent the atmospheric air pressure from getting between the
coil enclosure and the support rings where it would deflect the thin coil
enclosure wall out into the cavity vacuum.

The divertor cavity assembly consists of two identical dish-shaped halves that
are bolted together at their outer periphery over the divertor coil assembly
to form a vacuum container. The cavity assembly is made up of the cavity
hubs, the cavity side plates, the cavity rim, and the compensating coils.
These components, excluding the coils, are welded together to form a single
unit. The cavity rim rests on the concrete curb and supports the entire
divertor assembly. The mirror coil bobbins are sealed to the cavity hubs with
"0" rings in exactly the same way that they were originally sealed to the
standard cavity which has now been replaced by the divertor cavity. The right
hand mirror coil of Figure 2-4, previously supported by a support post, is now
held by the cavity hub. The left hand mirror coil is supported on its non-
flexible bobbin side by a bracket that is attached to the cavity side plate.
In this way the mirror coils are supported so that the mirror coil diaphragms
are free to flex as needed to accommodate the mechanical tolerances.

The removeable target assembly is a water cooled 90° sector which overlaps the
divertor coil enclosure surface in the area toward the center of the torus.
It is inserted into position through an elongated slot in the cavity rim. The
target is supported by the slot cover plate which is sealed to the cavity rim
with an "0" ring. Approximatey 80% of the total particle power is expected to
be deposited in this area so that the target will be subject to serious
erosion, By making this target surface replaceable without disassembling the
divertor cavity, a great deal of maintenance time can be saved.

The turbopump assembly is made up of the turbopump adaptor tube and the Model

TMP-1500 Turbomolecular pump manufactured by Leybold-Heraeus Vacuum Products,
Inc. (or equivalent). Since this pump is operated with its axis vertical, the
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adaptor tube 1is essentially an elbow. This elbow is supported by a cover
plate which fits over the opening in the side of the cavity assembly and which
is sealed with an O-ring.

- The mirror coil assembly is the present EBT-S mirror coil with coil electrical
leads that have been shortenéd and bent to fit around the compensating coil.

2.3 DESIGN OF DIVERTOR COILS

In Phase 1 of this study, pﬁe]iminary magnetic design concepts for a toroidal
divertor were developed. 'The present coil configuration 1is basically
unchanged. |

Figure 1-2 is a computer vi#ualization of the toroidal divertor coil arrahge~
ment showing the relative 1dcation of the various coil assemblies (note that
no leads are shown for these coils). Ideally, the coils would have very many
turns of small wire, with éach lead carrying a very small current and thus
producing a negligible flux%perturbation. Cooling such a coil with the high
current dehsities 1nvo1ved§ would be impractical; for that reason large
conductors with practical doolant ducts are required. A horizontal cross
section through the divertok assembly is shown in Figure 1-3. A complete
description of the present désign philosophy follows.

The coils producing the magnetic field to divert plasma particles to “an
appropriate target must be désigned to meet a number of performance criteria,
which include the following:

® The origin of the sebaratrix or null field point must have a
specified location at the edge of the plasma and be external
to the coils producidg it.

¢ The flux Tines governing the;trajectory of the diverted plasma
must be directed to a target or sink at a preferred location.
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8 The flux density at the target must be controlled in order to
control the density of energy deposited on the surface of the
target.

The location of ijdealized divertor coil conductors, their cross section, and
their current density are parameters requiring close control; deviations in
any of the parameters may be cause for serious concern if the diverted plasma
misses the target and falls on regions removed from the appropriate target

area.

Once the locations of the several divertor coils have been established,
adjustment of the null point, target location, and flux density at the target
can be accomplished by making simultaneous changes in the currents in the
several divertor coils. See Appendix I for a systematic method of adjusting
the magnetic field configuration.

Multi-turn coils may consist of a number of pancake layers, a number of
cylindrical layers, or some combination of parallel and concentric conductor
groupings. For the purpose of discussing magnetic perturbations occuring in
coils with optional construction features, a single pancake and a single
cylinder with radially extending leads will be considered.

If a single pancake were to be wound with a spiral configuration, the spiral
would everywhere provide a local radial current vector component. Nearby
field points would sense a field derived from an ideal winding, the weak
radial currents, and a perturbation dependent to a large degree on the
distance between the field point and the lead that runs from the inner radius
of the coil to the outer radius of the coil. The lead-to-field point distance
varies continuously with the angular Tlocation of the field point. The
innermost lead which must be brought out radially past the spiral gives rise
to unwanted fluxes. The spiral pancake is thus found to have objectionable
features. To circumvent the objections, it is proposed that pancake windings
be made of concentric turns to the extent possible. The connection between
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turns would be an “offset ramp" that allows the conductor at the end of a
circular turn to rise up over the start of that turn (for the simple reason
- that two turns cannot occupy the same space). Each succeeding turn is

terminated in a ramp, and if each ramp can be short, the group of ramps will
~ be concentrated in a re]ative?y short span of the circumference. - If the inner
lead is made to pass the région occupied by the several ramps, the radial
current component of thek1ead will tend to cancel the radial component of the
current in the ramps. The circumferential current component will be a
 substitute for the missing circumferential arcs of current between the
starting location of the fiﬁst turn and the terminus of the final turn; the
circumferential distance is that occupied by the group of ramps.

A single layer cylindrical éoi] could be made with a helical conductor but
this too has a continuous axial current component and a cohcentrated axial
lead current if the leads are brought out in close proximity to each other to
make them noninductive. In a helix with N turns, the helical lead causes the
overall length of the coil to be (N + 1) conductor widths long or one
conductor width greater than the nominal coil length. For the cylindrical
coil the application of an “axial offset" will provide circular turns without
an axial drift component except locally at each offset or the counterpart of
the ramp of the pancake cof]. One or both leads should foT]ow the “offset
line" to obtain as nearly as;possible a perturbation-free field.

On the assumption that the perturbations are second order effects, the coils,
as described, should be satisfactory. If, however, the perturbations
resulting from the design approach described above are excessive, several
refinements are possible, such as:

e 5plit in half the leads that pass over the ramp or offsets,
passing half of the current on each of the two coil sides.

e Reduce the ramp or offset length by cutting the conductor at
the ends of each 360f arc, plug the ends, and braze successive
turns with as short lan overlap as possible, with water passed
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through holes in the sides of the conductors where they are
brazed together.

@ Add coils near the offsets and leads in order to compensate
for the perturbations.

With each additional order of refinement, the residual perturbation should be
diminished, but the field can never be perfect. It is necessary only that the
residual values be acceptable.

The offset or ramp referred to above can be provided by several means as
illustrated in Figure 2-5. The EBT-S Divertor Coils have been layed out on
the assumption that the gradual offset will prove satisfactory. HWith this
of fset the manufacture will be greatly facilitated since only one offset tool
will be required. Details of the various coils are discussed short of

explicit instructions for drafting and manufacture.
2.3.1 COIL No. 1 (Figure 2-6)

This coil, normaily a 16 turn coil, is to be made in halves. Each half has
two layers with four turns each. The inner layer has three axial offsets at
the end of turas 1, 2, and 3. The fourth turn terminates in a ramp leading to
the second layer. Three additional offsets occur in the second layer. The
final lead is brought out radially after it is ramped up out of the second
layer where it can be routed along the coil surface following the visible
offset path of the top layer and the hidden offset path of the bottom layer.
At the end of the route along the coil surface, both leads will be in close
proximity and they can be brought out noninductively with very little tendency
to produce flux perturbations. Water connections will be required for each
electrical turn. The water tube may have double the area of the conductor
hole, and since the water tube carries no current it can have a thin wall. An
optional arrangement would be to have a pair of these water tubes, each with
an area eqgual to the area of the hole in the conductor. The water connection
may be made with a transition piece to connect the exit hole in the side of
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(b) Sudden Offset with Square Ends. Brazing or Other Joining Processes
are Required Including Plugging of the Conductor Ends. Holes Through

Joint Required for Coolant

c) Mitered Offset for Least Possible Circumferential Current Disturbances

Figure 2-5. Options for Conductor Turn-to-Turn Transitions in Coils
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the conductor with the thin-walled water-carrying tube or tubes. The water
tubes for all of the coils must be insulated from each other, from ground

potential, and all other leads.
2.3.2 COIL NO. 2 (Figure 2-7)

This c¢oil, as shown, consists of two pancakes placed back-to-back at the
midplane of the divertor. The No. 2 Coil leads and water tubes will pass
radially between the halves of Coil No. 1. Each pancake has eight circular
turns with ramps between turns. The inner lead will follow the group ramp
line to the second or outer lead, from there both leads will be brought out
“together. Each water circuit will have four series turns; water connections
must be located halfway between the leads. The single thin walled water tube
to each pancake may either supply or carry away all of the water for that
pancake. If space limitations crowd the leads where they are connected to the
innermost turns, a modification may be in order. Rather than put two eight
turn pancakes back-to-back, 'it may be advantageous to make one eight-turn
circuit of a single continuous conductor that is wound to have two turns in
one layer and six in the other. The second circuit would consist of eight
turns having a reverse windiﬁg with six turns outside of and completing the
Tayer with two turns, and with two turns outside of and comp]éting the layer
with six turns. The second set of eight turns will not be easily wound from a
single conductor and the continuous eight turns must be achieved by connecting
the last turn of each 1ayer1both electrically and hydraulicaly. Leads and
water connections would now be located at least two turns removed from the
innermost turn and as a consequence would not be as crowded. No electrical
function would be sacrificed.f

2.3.3 COIL NO. 3 (Figure 2-8)

~ This coil has four turns, with two conductors paralleled electrically. The
coil has been formed by: stacking two conductors radially, forming a full
circle with the conductor pai&, offsetting both conductors axially, completing
the second turn, and bringing out the leads. No special routing of leads is
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required other than making certain that the leads be brought out close to each
other. Water will enter one lead pair and leave by the other.

2.3.4 COIL NO. 4 (Figure 2-9)

The compensating coils are located externally with respect to the vacuum
enclosure. Each of the compensating coils has 15 turns arranged as five,
three~-turn Jayers, and for that reason some special considerations are
necessary.

The first and second turns in each layer terminate with an axial offset to the
next turn, while the third turn terminates in a ramp to the next layer. The
offset paths are buried within the five layers and it 1is proposed to
compensate for 14 offsets (radial and axial combined) by carrying the internal
leads around the coil surface until the leads meet. In this case a sudden
offset, or a mitered offset, should prove to be very useful in minimizing the
production of unwanted fluxes, but only as a last resort as far as manufacture
is concerned.

The winding reguires one water circuit per turn, but the principal location
for water connections is conceived as being on the faces of the outer five-
turn coil groups. It is a matter of interest that the five hidden turns in
the middle of the coil may be reached by way of water connections at the outer
five-turn faces. There are five starting ends and five finish ends visible on
each face. There are two ramps visible on each five-turn face, five ends that
are connected to the inside group of coils by means of the axial offsets, and
one free end or electrical lead. With eight water connections on each face
there are sixteen connections to carry water to or from the fifteen-turn
coil. Each turn will be cooled with its own water circuit. The inner turns
are each accessed directly by way of the axial offset within a portion of the
circumferential offset length which can be seen next to the ramps. It can be
seen in Figure 2-9 tnhat all coil faces have been utilized to achieve the

cooling reguirements mentioned above.
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2.3.5 ELECTRICAL CIRCUIT FOR THE DIVERTOR COILS

The conductor for each of the divertor coils is a common commercial square
conductor, 1.168 cm (0.46") on a side with an 0.6477 cm (0.255") round hole
for water cooling. The common size conductor was chosen to very nearly occupy
the available design space when each coil is pictured as an ideal single turn
coil having a uniform but unique current density which is required to generate
the desired divertor flux. Since it is proposed to operate all coils in
series, it might appear desirable to tailor the number of turns in each coil
to more nearly equalize the currents in the several coils, but such a modifi-
cation would require too many conductor sizes rendering a single conductor
section impractical. Even then it would be unlikely that the currents would
match exactly. The ampere ratings of appropriate coils having an identical
conductor cross section vary from 3000 to 7893 amperes. If certain coils have
two parallel conductors acting as one, the current ratings will be 7893
amperes, 7500 amperes, 6600 amperes, and 6000 amperes, respectively, for Coils
#1 to #4.

It is proposed that all coils should be connected in series and that coils
with less than the greatest ampere rating have a resistance shunt across their
terminals. The shunt will be designed to bypass just enough current that the
coil curvrent plus shunt current will equal the current in the coil with the
greatest ampere rating. Each coil, whether shunted or not, will have an
auxiliary power supply shunted across its terminals. When the power supply
voltage matches the voltage across the shunted coil terminals, there will be
no flow of current to either boost or buck the current in the coil. If an
adjustment is desired the power shunt may boost the current a few percent (5%
assumed) by drawing energy from the power grid, rectifying it, and delivering
it to the shunted coil. To obtain a full range of fine current trimming it
may be mnecessary to employ a coarse shunt adjustment to bypass slightly more
current than desired. The auxiliary power shunt would always be used for fine
adjustments.
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Since all coils are connected in series, they may be excited by a common power
source. The sum of all coil vo]tages will be under 200 volts so that it will
be possible to use an existing 3 MW dc generator rated at 350 volts to exc1te
all divertor coils simultaneously. Coarse control of individual coils can be
accomplished with variable resistance shunts across the coils; fine control
can be obtained by the use of auxiliary power shunts. Figure 2-10 illustrates
a possible circuit arrangement.

2.3.6 WATER COOLING OF THE DIVERTOR COILS

The proposed divertor coils will be wound from a continuous length of square
copper, 1.168 x 1,168 cm, with an 0.6477 cm round hole for water cooling.
Because of the difficulty in circu]ating water from one end of a coil to the
other, the ccil length will be divided into a number of equal smaller lengths
and holes will be provided through the conductor sides so that any preferred
numbear of turns per water circuit may be realized. The turns per circuit may
even be fractional if it is found desirable for the sake of limiting velocity

or pressure to circulate the cooling water.

Table 2~1 summarizes the data rélative to the cooling requirements. Note that
all coils will be connected in $eries and for that reason the design currents
were selected to be nearly edua] to each other. Current differences are
recognized and shunts across coils will accommodate the differences.

The divertor coils together require 6.9 liters per second or 414 Tliters per
minute of water (this corresponds to 109 gallons per minute). The water
pressure required is no more than 446 kPa or 65 psi and it would be well to
use a flow meter in each coil water header to regulate flow. The overall
energy consumption is 1.37 MW. The power supply is a 3 MW dc generator rated
at 350 volts and 8571 amperes. The available current is 8.5% greater than the
calculated demand and the vo]tag@ margin is greater still.

The water cooling calculations were based on an assumed ambient water supply
temperature of 30°C and a maximum conductor temperature of 95°C. The estimate
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DIVERTOR COIL CUR

TABLE 2-1

RENT, LOSS, AND WATER COOLING DATA

OVERALL

*

DIVERTOR

COIL NUMBER 1 7 3 4 CHARACTERISTICS
TOTAL TURNS

(Conductor Loops) - 16* 16 4 30**
CURRENT /CONDUCTOR, A 17893 3750 3000 6600 78932
CONNECTION TYPE 'SERIES PAR.* PAR.Y  SERIES
TERMINAL CURRENT, A 17893 7500 6000 6600
LOSS PER WATER CIRCUIT**, kW  36.6 23.3 12.9 21.3
'NUMBER WATER CIRCUITS 16 4 2 30
LOSS/COIL, kW 509 93.3 25.8 605 1365D
COIL VOLTAGE, V 64.5 12.4 4.3 91.8 173¢
CIRCUIT FLOW RATE, kg/s 0.190 0.096 0.053 0.112
COIL FLOW RATE, kg/s 3,05 0.384 0.106 3.36 6.9d
FLOW VELOCITY, m/s 5,788 2.9] 1.61 3.40
CIRCUIT PRESSURE DROP, kPa 289 27.7 126

446

Two half coils of eight tufns, each connected in series
Two distinct compensating foils with fifteen turns each

in parallel acting as one electrically but providing two

Loss per water circuit including lead or leads for most adverse circuit.
Note that some water circuits have no external electrical leads, hence
loss per circuit multiplied by circuits does not always give loss per coil
A11 coils connected in series with maximum current (7893 A) in circuit.

Although individual losses total 1273 kW, the sum of 1365 kW is delivered
from the power supply, with the extra 132 kW going to the shunts across

in shunts which could be air

If a fractional turn per circuit were

* %k
+ Two conductors
water circuits
+4
a
b
the coils.
¢ This is the calculated sum‘of the coil voltages in series.
'd This is water to coils, heg]ecting losses
cooled.
e This is the maximum flow velocity.
used the velocity could be reduced.
f This is the greatest needed pressure.

A1l coils should have flow control

to reguiate the water flow in each coil.
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of maximum temperature at the end of the cooling circuit included the
following considerations:

Ambient Water Temperature

Water Temperature Rise

Surface Film Temperature Drop

Internal Temperature Difference Within the Conductor.

It is believed that the available water supply for cooling the coils is more
than adequate and that if water flow is controlled to give more than the
indicated fiow in Table 2-1, the coils can operate with a reasonable margin
with respect to the maximum allowable copper and insulation temperature, which
can be set at something less than the 95°C used in establishing Table 2-1.

2.3.7 X-RAY DOSE TO COIL INSULATION

The divertor coil insulation is assumed to be glass tape treated with a
B-stage epoxy vesin or untreated tape which is subsequently impregnated with

resin,

In the design that has beern described, the main divertor coils will be potted
inside the coil housing to avoid having air at atmospheric pressure acting on
one side of a wall that faces a vacuuim on the other side. The potting resin
may also serve as the coil insulation impregnant.

The radiation resistance of impregnated glass tape is largely dependent on the
choice of resin and the curing agent. One candidate resin is DER332LC with
either epoxy curing agent 7 or agent MPDA and MDA. This resin is available
from Dow Chemical in Freeport, Texas. The radiation resistance of glass and
DER332LC is*:

2.5 x 10° rads for threshold degradation
2.65 x 10'° rads for 25% degradation
7.4 x 10'° rads for 50% degradation
2.0 x 10'! rads for 20% degradation
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The x-ray production in an|EBT arises primarily from the scattering of
energetic electrons which have been created in the stabilizing annuli and
their subsequent escape and impingement on solid surfaces. At this time,

there 1is much uncertainty regarding the fate of these electrons should a

divertor be energized. To a large extent, their history will depend on the
operating conditions, i.e., the location of the electron rings relative to the
scrape-off layer. A large fraction of the electrons, particularly those
located on flux Tlines that do not intercept the target area at the time of
scattering into a loss cone, should share their energy with the bulk plasma
prior to entering @ divertor chamber. It 1is assumed that one half of the
energetic electrons are promptly diverted to the divertor chambers without
loss of energy where they impﬁnge uniformly in the poloidal direction on the
two targets.

For 28 GHz operation, it is assumed that the temperature of the electrons in
the rings 1is 500 keV and that the field at the rings is 0.5 T. As upper
“Vimits it is further assumed that the electron ring density is 3 x 10!7
m™?, the density of the background ions at the rings is 4 x 10*® m %,
and the total volume of the electron rings is 0.08 m®. These assumptions
result in a total power loss: from all the rings of =10 kW. This result is
‘based on kana]ytic expres;ions5 and includes synchrotron radiation,
bremsstrahlung radiation, scaftering on background ions into the loss cones,
and drag on the background electrons. (Based on more likely conditions, viz,
an electron ring density of 2.5 x 10*7” m™?, a background ion density of
1 x 10'® m™® and a total ring volume of 0.04 m % the total power loss
from the rings would be an order of magnitude smaller.)

The energetic electrons which escape from the rings via scattering represent
=10% of the total power loss. Therefore, <1 kW of energetic electrons
escape, and <0.5 kW create energetic x-rays in the divertor chambers. For
‘an electron temperature of 500 keV and a tungsten target, =10% of the energy
associated with the electrons is converted to x-rays. Therefore, <50 W of
x-rays would be produced.
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The photon flux corresponding to a dose rate of 1 mrem/hr is given byS
1 mrem hr™' = 560 E°! photons cm™? s”', where E is the photon energy
in MeV. By definition, one rem corresponds to the absorption in tissue of 87
ergs of radiation per gram, whereas one rad corresponds to the absorption in a
material of 100 ergs per gram. Assuming that absorption 1in the coil
insulation is equivalent to absorption in tissue, 1 rad (insulation) = 1.15
rem, and 1 rad (insulation) hr~! = 6.44 x 10° E"! photons cm™? st

From this relationship, and under the following assumptions,

® <50 W of x-rays produced by a Maxwellian distribution of
electrons with a temperature of 500 keV

g no x-ray shielding

§ electrons escape from the vings and impinge on a total of
250 cm? of target arca before losing any energy

¢ one half of the photons produced pass into the coils,

it is estimated that locally, where the electrons dump, the dose rate to the
coil insulation is < 1 x 105 rads hr-'. If the dose to the insulation
is to be limited to 1 x 10'° rads, the insulation could be exposed for
>1200 eight-hour days. Because of the low voltages involved (~200 V),
damage to the insulating properties of the material should not be a problem
provided the insulation maintains the spacing between conductors. If the dose
to the insulation were Tlimited to 1 x 10° rads, the insulation could be

exposed for >120 eight-hour days.

No shielding has been provided in the design of this experimental divertor.
While some detailed specifications for insulating and potting the coils must
be worked out, sufficient data is at hand to assure that coils that can

tolerate the existing radiation levels can be produced.
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2.3.8 SUMMARY OF FORCES AND TORQUES

The JXB forces on the divertor coils and adjacent mirror coils were calculated
for normal bperating conditibns and for the accident condition where three
successive mirror coils on oné side of the divertor are not operating. These
results and the associated analyses are reported in Reference 3. The coil
turning moments have now been analyzed and the results are summarized in this

section.

‘Because of symmetry there will never be any overturning moments tending to
rotate any coil about an axis passed horizontally through the plane of the
coil nor will there be any moment tending to rotate it about an axis normal to
‘the plane of the coil. The onﬁy moments that tend to rotate a coil out of its
plane are moments about a vertﬁca] axis.

In normal operation the on!y‘coils to be subjected to a torque or turning
moment would be the mirror coils and the compensating coils. Taken in pairs
(one on each side of the divertor), the net moment for the mirror coils
attached to the divertor and the compensating coils is zero, and for this case
the principal divertor coils afe not subject to torques about any axis.

‘Assuming that three adjacent coils to the divertor are not carrying current,
torgues will be observed for each of the principal divertor coils, the
compensating coils, and the mirror coil that does carry current. To resist
the total normal force and thisting moment for any coil, a force equal in
magnitude to the normal force could be applied at an offset from the coil
center. The offset distance js the distance of the force centroid from the
coil center. In all cases,j both normal and faulted, the force centroid
displacement never exceeds 5 ch and therefore the moments are not sufficiently
large to warrant special design consideration. (The maximum torque would be
experienced by a mirror coil during normal operation, viz, 650 newton-meters
or 480 foot-pounds.) More imbortant than the effect of the moments is the
problem of supporting the entiﬁe divertor on its foundation.
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In normal operation the mirror coils each pull away from the divertor with a
force of 13 kN, but these cancel each other. The compensating coils pull away
from the divertor with a force of 38 kN and these also cancel each other.
lLocally then, the "yoke" of the divertor structure must resist a force of
57 kN (11.5 x 10% pounds) on each side.

During a fault condition with three adjacent mirror coils on one side of the
divertor not energized, the following forces will act normal to the divertor
coil plane. For the active mirror coil 24 kN directed away from the diver-
tor. For the adjacent compensating coil 46 kN directed away from the diver-
tor. For the three main divertor coils acting as a whole, the force is 30 kN
directed away from the active mirror coil. For the remaining compensating
coil adjacent to the inactive faulted mirror coils, the force 1is 27 kN
directed away from the active mirror and the main divertor coils. The active
mirror coil and the adjacent compensating coil are acted on by a total force
of 70 kN directed away from the divertor and the divertor with the remaining
compensating coil have opposing forces of 57 kN. The net force on the
assembly consisting of two mirror coils and the divertor will be 13 kN tending
to overturn the assembly.

It is of interest to note that the greatest radial force on the divertor
tending to pull it toward the major axis occurs during normal operation when
the out-of-plane forces are zero. The pull toward the center of the torus is
approximately 8000 newtons or 1800 pounds.

In summary, the divertor assembly must be restrained from moving toward the
major axis during normal service. Furthermore, if a fault occurs that
eliminates excitation in adjacent coils at one side of the divertor there
wouldc be a tendency to topple the divertor on its side.

To resist the centering and overturning moments, the base of the divertor will
be outfitted with a mounting plate or mounting pads suitablie for attachment to
the foundation (referred to as the "curb") which must be modified to provide a

rigid footing for the divertor mount. This will be in the form of a plate
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anchored to the curb, which may need in part to be chipped away to make room
for the mounting details. '

Since the supports for the two mirror coils {now attached to the divertor

assembly) will have been removed, the divertor mount must function in their
‘stead. It Will be necessary in the final design phase to determine the
flexibility of the original hollow post support system and, if necessary,
‘build in an equivalent degree of flexibility so that the divertor mounted
mirror coils will respond to;the centering forces in concert with the other

mirror coils.
2.4 DIVERTOR COIL ENCLOSURE

The details of the design of the coil enclosure, which were described briefly
in Section 2.2, are most readily understood by referring to Figure 2-4. The
coil enclosure is made up of two water-cooled copper washers machined from
copper weldments. The inside diameter of the washer is in the throat of the
divertor coil and the outside diameter is the maximum 0D of the divertor
assembly. The surface contodr of the washers could be machined on a lathe
face plate to keep down the cost. This can be understood by envisioning the
washers to be two identical dinner plates with their upper sides placed
face-to-face. If the plates are then separated at one edge by a small amount,
the bottoms of the plates will have surfaces related to each other in much the

same way as the outer surfaces of the two washers. After the basic machining,
each washer is fastened to thé face plate with a new axis, set at an angle to
the original axis. A facing cut is made at the throat of the washer where the
seal weld will be made. The outer surface of each washer shows in the
horizontal cross section of Figure 2-4 as a series of straight lines because
it is very easy to turn tapers on a lathe compared to turning a surface with a
rounded contour. A washer contour that followed the smooth particle path more
closely would look better, but it is believed that it would add very little to
the performance. The outer surface of the coil enclosure is smooth and
polished. If desired, it cduld be spray coated with a sputter-resistant
surface, similar to the targets. |
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The way that the coil enclosure is water-cooled is illustrated in Figure
2-11. The inner surface is lined with copper tubes 0.65 cm square with a
0.457 cm square hole soldered into grooves machined into the washer inner
surface. The machined grooves accurately locate the tubes without the use of
any assembly fixtures. Because there is 1little clearance between the tubes
and the groove wall, the solder, by capillary action, will completely fill the
gap and provide good thermal contact between the tube and the washer. Since

geach tube is a single circular loop, these grooves can also be machined on a
lathe. This could not be done if the tubes were wound as spirals.

The tube pattern for the coil enclosure is shown in Figure 2-11. Water flows
in opposite directions in the adjacent tubes, resulting in a wuniform
temperature distribution over the surface of the enclosure. Figure 2-11 also
shows that the outside diameter of the tube pattern toward the center of the
EBT-S torus is fixed by the necessity to clear the notch in the cavity that
was cut out for the pumping ring. The outside diameter of the tube pattern
must be larger toward the outside of the EBT-S torus in order that the target
area will be cooled. The particle flux impingement area can be seen in Figure
2-4. The tubes appear to be spread out at the outside in this figure because
each groove is machined with a different center. The reduced heat absorbtion
capability of the spread out tubes is acceptable because of the reduced
surface power density in this area.

Table 2-2 is a summary of the design shown in Figure 2-11. The water velocity
for the outer ring of tubes is higher than for the inner ring even though the
design power density is the same because the tubes are more widely spaced in
the outer ring. Figure 2-11 shows both the inner ring and the outer ring
receiving water from the same header. Because of the difference in pressure
required to obtain the flow velocity specified for each of the rings, each of
the tubes will be orficed. The AP shown is the pressure required to obtain
the water velocity in the longest length of tube. The maximum pressure drop
which is available at the device is the inlet pressure less the drain back
pressure or 160 psi. Since the pressure drop required by the outer ring is
only 130 psi, the design is acceptable.
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TABLE 2~2
SUMMARY OF PARAMETERS FOR THE EBT-S DIVERTOR WATER-COOLING SYSTEM

REMOVABLE COIL ENCLOSURE:

TARGET INNER RING OUTER RING
No. of Tubes 20 13 17
Avg. Length of Tube, cm 156 295 378
l.ongest Length of Tube, cm 181 315 419
Heated Length of Tube, cm 165 307 308
Design Power Density, kW/cm? 0.22 0.15 0.15
Water Velocity, m/s 5.95 7.39 10.36
Water Flow Rate, kg/s (gpm) . 2.36(39) 1.94(32) 3.55(58)
AP, MPa (psi) 0.17(24.5) 0.39(56.7) 0.89(129.6)

1

Water System Inlet Pressure 1.78 MPa (200 psig)
0.36 MPa (40 psig)
32.2°C (90°F hot day in summer)

98.9°C (210°F maximum)

i

Water Drain Back Pressure
Water Inlet Temperature

i

Water Qutlet Temperature
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Figure 2-4 shows that the coil enclosure washers fit closely over the coil
support rings that also extend to the maximum OD of the cavity. An "0" ring
in the divertor cavity rim at the outer diameter of the enclosure seals

against the polished surface of the coil enclosure to make a vacuum tight
cavity.

2.5 REMOVABLE TARGET i
The removable target was deicribed briefly in Section 2.2 which referred to
Figure 2-4. The general shapé of the removable target and the location of the
water headers is shown best ih the elevation view of Figure 2-11. Figure 2-12
shows the pattern of the tubes in the target in greater detail. It should be
noted that the tubes are closely spaced near the horizontal plane where the
power density is the greatest. The wider spacing between the tubes where the
tubes are bent sharply near the baffles will not cause an excessive surface
temperature because the poWer density is much less in this area. The
parameters for the coolant waier system have been summarized in Table 2-2.

2.5.1 EROSION OF THE TARGETS

The copper surface of the itarget will be plasma sprayed with an ~0.1 mm
thick Tayer of tungsten in accordance with the following analysis. One of the
major functions of the diverior system is to minimize the direct interaction
of the plasma with the torug walls ‘and to transfer that interaction to the
target in the divertor cha&ber. Arcing and sputtering, both physical and
chemical, can erode the tardet surface limiting its useful life. Also, the
atoms erocded from the targét surface will tend. to deposit in the divertor
chamber covering windows andjperhaps having a deleterious effect on any getter
pumping surfaces, e.g., ZrAl panels. An estimate has been made of the
physical sputtering expected from the EBT-S divertor target.

A peak particle flux of 5 x 10'7 ecm™? s”! and an average particle flux
of 1 x 107 em™2 ¢! has  been  predicted under  the  following
assumptions®:
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¢ 1 x10%° dons s™' dimpinge or the targets; there are two

targets

¢ Essentially all the pafticTes escape from the inner portion of
the torus and within a poloidal angle interval of +30° about
the equatorial p]aneg the particle flux distribution 1is
gaussian shaped about the equatorial plane

@ The particle flux profile is gaussian-shaped in the radial
direction with the total spread being about 9 ¢m. Actually,
two gaussians are assumed in the radial direction with the
half-width at half-maximum twice as Jlarge outside the
separatrix as inside the separatrix

By positioning the targets at an angle of 30° to the incidentkparticles, the
‘particle flux incident on the targets can be reduced by one half.

If the particiles were to impact on a bare water-cooled copper target,
8.4 x 10%! atoms/cm?® would have to be sputtered to remove a 1 mm thickness
of surface. The time to'erodé 1 mm at the location of the peak particle flux
would be

8.4 x 1()2-i atomé cm”2 1

2.5 x 10]7 ions cm”2 s~1 «

Tmm

or

4 -1

a s

T1mm 3.4 x 10

where o = sputtering yield (atoms/ion). Assuming H+ ions at an energy of
<300 eV, and angle of incidence ~60° from normal,

o 0.057°8

and
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T]mm ~ 6,8 x 10° s or 190 hours

If an 0.1 mm coating of tungsten were to be plasma-sprayed onto the surface of
the copper, the sputtering rate would be greatly reduced (however, there would
be enhancement of any x-ray production). The time to erode 0.1 mm of tungsten
at the location of the peak particle flux would be

T = 2.4 x 103 a"] S.

0.1 mm

+ "58

For H ions at energies of 300 eV o < 10 7,° and T > 2.4 X

0.1 mm
10% s or > 6 x 10" hours.

A coating that would be less detrimental (lower Z) to the plasma if any of the
sputtered particles should enter the plasma as impurities would be TiC. At
the Sandia Laboratories 0.2 mm thick coatings have been plasma sprayed onto
copper and under testing exhibited favorable ion erosion characteristics?®.
TiC coating on a graphite subtrate has also been tested as a limiter material
in the pulsed tokamak ISX-B!?, In comparison with other coated limiters and
stainless steel limiters it performed well, exhibiting little damage.

For TiC, the time required to erode 0.2 mm at the 1location of the peak
particle flux would be

1

3 -
Q S.

TO.Z — 5.1 x 10

This takes into account a porosity of 25% for plasma-sprayed TiC. For ions at
an energy of 300 eV and an angle of incidence of 60° to the normal

3° 38

a=1x10" -4x10

. 6 6
Therefore, TO.Z — 5.1 x 10 s - 1.3 x 10 s

or, T 1400 hr - 360 hr

0.2 mm
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Under the assumptions that h%ve been used, the lifetime of a water-cooled
copper target is marginal due to sputtering. A coating of TiC provides a
better surface for direct interaction with the plasma; however, if it were to
be dispersed throughout the forus its high electrical resistivity may result
in some undesirable effects relative to the absorption of microwave power. A
coating of tungsten on the copper target would greatly reduce the sputtering,
but would constitute a high»Zfimpurity if any of the sputtered surface would
enter the plasma. Tungsten impurities are known to have been the source of
‘severe radiation losses in the PLT device. A tungsten coating has been
assumed for the initial targets. However, TiC clad targets could also be
tested during the experimenta@jprogram*

2.5 DIVERTOR CAVITY

This section provides additional information about the divertor cavity which
was described briefly in Section 2.2 in conjunction with Figure 2-4. This
figure shows the opening in the side walls of the cavity toward the center of
the torus where the turbomoie;u]ar pumps are attached. The elevation view of
the side of the divertor cavity in Figure 2-13 shows that this opening covers
approximately 90°. It is made much larger than is required for the pump in
order to accommodate the attachment of a large cavity extension box containing
IrAl getier panels or cryopané]s which are planned for a divertor upgrade at a
Tater date. The opening, whidh is covered by a cover plate sealed with an "0
ring, is made as large as posQéb!e in order to give the maximum: conductance to
the pumping panels., The sm@?] rectangular notch just below the horizontal
ccenter line toward the center of the divertor 1is provided to clear the
electrical bus bar and connector which brings current to the mirror coils.
The location of the target chamber baffles at +45° about the horizontal also
are shown in Figure 2-13. The lower baffle is very short since it meets the
notch in the chamber which prdvides passage for the pumping ring. The side of
the pumping ring notch is in reality part of the lower baffle. The Section
A-A inset in Figure 2-13 shows the diagnostic ports which are located at 225°,
270°, and 315° in the in-cayity rim toward the outside of the torus. The
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slots for the insertion of} the removeable target through the cavity ring
toward the inside of the torqs are shown in Figure 2-4.

The drawing in Figure 2-14 shows the vacuum cavity dimensioned and independent
of the attached components shown in Figure 2-4. This view is useful in
understanding the method of manufacture around which the cavity has been
designed. The cavity is :néde of two aluminum weldments which are mirror
images of each other, Eachiweidment is made from a rolled outer flange, a

rolled outer cylinder, a machined fla. side plate which is bent to form the

wedge shaped nose, and a macﬁined hub. The hub is designed so that it can be
machined on a lathe face plate by recentering it and tilting the axis as
indicated by the Tletters A, B, C, B, and £ in Figure 2-14. The particle
channel sidewalls which are obtained by lathe machining are a compromise with
the ideal, but as can be seen in Figure 2-4, the contouring to the particle
paths is good, especially towérd the center of the torus.

2.7 MIRROR COILS

The mirror coils shown 1in Figure 2-4 are the present mirror coils with new
electrical connection tabs anﬁ shortened and rebent water leads. There is no
machining required on the coil bobbin. Figure 2-4 shows that the original
coil tab on the coil side toward the center of the divertor is cut off, but it
is not unsoldered from the coil jumper. Resoldering a new lead directly to
the coil jumper would probably damage the coil insulation. Extension tabs are
brazed to the remaining parts of the original tabs. These extension tabs are
bent to go around the compenséting coil to the electrical bus connector. This
connector has a smaller contact surface than the original connector and it may
be necessary to wuse Multilam® (manufactured by the Multilam Corp., Los
Altos, California) washers ih its construction in order to keep down the
electrical losses. The bus bar from this connector to the neighboring mirror
coil must be redesigned. |

In their standard configuration, the mirror coil water leads on the side of
the wmirror coil tfoward theé center of the torus will clearly have an
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interference with the divertorﬂcavity hub and the compensating coil as can be
seen in Figure 2-4, Also, it dan be seen that there will be no way to get to
Swagelok fittings at this location to attach nylon hose. The new design will
have insulated copper tube extension to bring the water leads around to the
putside of the torus where Swagelok connections can be made to the water
hoses. The copper tube extensions which will have a very long Tlife should
never need to be replaced as would nylon hose. Replacement of a nylon hose,
if they were to be used, would reguire the removal of the divertor assembly
from the torus. The entire divertor is designed so that this should not be
necessary for routine maintenance.

The support of the mirror coiis is adequately covered in Section 2.2 in the
paragraph describing the divertor cavity.

2.8 VACUUM PUMPING OF THE DIVERTOR CHAMBERS

The pumping for the initial in%ta]lation is to be by the equivalent of two
Model TMP 1500 Turbomolecular pumps (manufactured by Leybold-Heraeus, Inc.).
These pumps are supported on adaptor tubes which are an integral part of the
cover plates over the openings on the cavity side walls, as can be seen in
Figure 2-4. They are located on the horizontal center plane and therefore
pump on the 90° sectors between the baffles. The adaptors position the pumps
5¢ that they do not interfere with either the pumping ring or the diffusion
pump valve flange. Figure 2-4 shows that the adaptors contain large viewports
which permits a direct view of the particle impingement area on the removable
targets.

The divertor cavity is designeq to accept, as an upgrade, cavity extensions
which may contain either ZrAl getter or cryogenic panel pumps for high pumping
speed/low recycle operation of the divertor. These cavity extensions, shown
in Figures 2-15 and 2-16, are direct repliacements for the cover plates which
support the turbopump adaptors in Figures 2-2, 2-3, and 2-4. The pumping of
the 90° space between the baff]és and the remaining 270° inside the divertor
chambers will be independent of each other. In the case of cryopanels, a
total of 1.4 m? of helium cooled panel would be divided equally between the
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90° and 270° sectors as shown in Figure 2-17. The helium dewar for supplying
1iguid helium to the cryopanels would be located directly above the divertor
on the roof of the EBT-S shielded room. This dewar would be refilled from a
transport dewar that is moved into position with the overhead crane.

However, during the initial divertor experiments where the vacuum pumping is
provided by the turbo pumps a 30 ¢cm x 30 cm ZrAl getter panel will be tested

in a divertor chamber to determine:
¢ if a microwave shield is required,

® if any baffling is requived to prevent atoms sputtered from
the target from coating the surface of the bulk getter
material,

g 1if the non-hydrogen pressure levels are sufficiently low that
the pumping speed of the ZrAl getter material remains high for

a sufficiently long lifetime.

The results of these tests will aid in the selection of a pumping method for
the eventual upgrade of the divertor system to allow the high pumping speed/
low recycle mode of operation to be tested. Based on the present geometry for
the EBT-S divertor, values for the various pumping speeds, conductances, and
pressures associated with operation of the divertor during bolh high recycling
and Tow recycling of the diverted particles have been calculated. The results
were reported in Reference 3. The low pumping speed option will be employed
for the initial experimental phase of the divertor experiment. The high
pumping speed option will reguire an upgrade of the system, involving the
addition of pumping panels in the divertor cavity and the divertor cavity

extension.

383F/J56 2-44



REULR
AL 1O
ERENCE L

" e

L He STORAGE
DLAA R
{2804}

TAN SUFFOKT LEGS T2
STRUCTURE DIk DnE£TEC,
STRUCTUEE BY OTHERS .

L7 HILEY
NERR SITE

if

Y-l L e SER e
LS CIPRLIED
W/TANK TIF

FLEX
HAISHTW)

A A

FAR BICE Wik
“\r;
¥ ; . i ) ":‘ P
/u. CRYOPEREL (SHADED) &0 45 // J\' 1 ]:'

L8 LEYOPANCL
SHIELD

| SEEEEVATION G thFT N /
o 7y N -~ 5
‘ FOR GETIIL CF CRYOPRWLS
e \ £ PPN AT DIVERTEE .—//\\\_ ]
Ly CREIANEL

LRYDIANEL R3SY "

S : s : ‘ : PIPING ELEVATION
> y 7 vf‘: | SCREF 0"
AN / !
%ﬁm / .
N WP e

DIVERIER CRYO PUIP ELEVETION
SCALE: 15240

Figure 2-17. Cross Sectién and Elevation View of the Cryopanels
in the 90° and 270° Sectors of the Divertor Cavity

383F/J56 ; 2-45



2.8.1 MICROWAVE SHIELDING

No microwave power is introduced directly into the EBT-S cell containing the
divertor. However, microwave power can be transmitted into that cell from the
adjacent cells. The amount that would be transmitted into the divertor
chamber is unknown. In passing through the channels connecting the torus and
divertor chamber the microwaves pass through a resonance (2nd harmonic) region
that would further attenuate the wmicrowaves., In any event, it may prove
necessary to provide microwave shields to prevent arcing in any getter pumps
or turbopumps that might be employed, or to prevent heating in cryopanels,
etc. However, providing microwave shielding reduces the pumping speed of the
vacuum pumping system.

Three sets of square duct dimensions have been calculated that will allow
transmission of the 28 GHz microwaves at levels of 10%, 1% or 0.1%. For
example, a duct having a cross secion of 0.5 c¢cm x 0.5 cm and a length of
2.4 cm will attenuate the microwaves at 99%. A duct having an area of 0.24 cm
x 0.24 cm and a length of 0.39 cm will give the same attentuation. If an
array of these ducts, that are spaced by 1 mm to allow for structure, are
placed in front of a pumping panel having a pumping speed of 10 & cm 2
s !, the pumping speed would be reduced by 50-60%.

In the pumping analyses referred to in the last section, microwave shields
that provide 90% attenuation were considered to be adeqguate. One such
microwave shield was assumed to be placed in each duct connecting the divertor
cavity extensions with the main divertor chambers to protect the pumping
panels in the cavity extension (or to protect the turbopumps when the
extensions are not in place prior to the upgrade). The remaining pumping
panels would reguire a shield located in front of each panel. For 90%
attenuation, if as an example, the cross section of the duct is given by
0.5 cm x 0.5 cm, the duct need only be 1 cm in Tength. This duct will have a
higher gas conductance than the ducts which provide a 99% microwave
attenuation and there will be a correspondingly smaller effect on the pumping
spead of any protected panels. The pumping speed would be reduced by 40%.
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2.9 DIAGNOSTIC INSTRUMENTATION

i
A cursory study of the diagnpstics that might be employed in the divertor
chamber has been conducted. T%e results of this study are presented in this

section.

The diagnostic instrumentation for the toroidal divertor has three primary
functions, namely:

1) The implementation of automatic go/no-go interlock instrumenta-
tion which protects the device and associated power systems from
potential damage resuiting from abnormal conditions (e.g., Toss
of coolant etc.); '

ro
—

The acquisition of the necessary data which allows the operator
and/or automatic feedback systems* to safely control the device
and fine tune its operational parameters for optimum performance;

3) The acquisition of daté which permits a detailed examination of
the diverted ion and e}ectron fluxes and neutral gas densities.
This examination will fnc]ude temporal and spatial measurements
of energy spectra and power profiles near the collector surface.

In many instances the same detection instrumentation will serve more than one
of the above functions. The third function above is devoted primarily to the
evaluaton of divertor performanée; however, it has an obvious, though somewhat
indirect, influence upon the safe operation and fine tuning process.

*It may be desirable to provide automatic tracking of the divertor magnetic
field relative to neighboring mirror coil magnetic fields. This tracking
could utilize Hall probe sensors and would be designed to maintain the scrape-
off flux centered on the target collectors for mirror fields greater than a
specified mirror field threshold value., Below this threshold divertor action .
would be inhibited.

383F/.J56 1 2-47



The basic diagnostic instrumentation system that are considered necessary for
safe device operation include:

1) Calorimetry - There are four water header paths (see Figure
2-11). Two of these paths are associated with the removable
target and two with the remainder of the coil enclosure. It is
expected that each of these flow paths will utilize commercially
available AT and turbine flow transducers to achieve incident
power measurements to an accuracy of <10% (e.g., in a manner
similar to that currently used on the PLT neutral beam line
calorimeter systems).

2) Thermocouple Arrays - Thermocouples will be distributed to
provide the near surface temperature profile associated with the
expected power density profile (refer to Figure 2-18 1in this
report and Figure 6.3 of the Phase I Final Report?). A
tentative thermocouple 1location map for the removable target
module is shown in Figure 2-19. It 1is to be noted that an
incremental spacing of 1.1 cm is used so that the thermocouples
may be located midway between cooling channels as shown in Figure
2-20. It is planned to drill holes from the back side of the
copper collector plate to within 0.051 cm of the front surface.
The thermocouple junction (diameter = 0.051 cm including sheath)
will then be inserted and the copper swaged tightly around the
sheath. It is important that each thermocouple be mounted in as
nearly the same manner as possible at an equal distance from the
surface in good thermal contact with the copper. This manner of
mounting should yield good temporal response. This system will
require high quality operational amplifiers which will provide a

high common mode rejection capability.
It is expected that identical thermocouple arrays would be

utilized on both sides of the inner removable target area and
that two identical wider spaced thermocouple arrays would be
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utilized on both sides of the outer target area. This will
require 128 thermocouple channels in all if 32 channels are
required in each case. An additional 32 channels are suggested
to be located on the equatcrial plane on either side of the
divertor entry channels. These locations will be chosen at
critical locations for interlock control monitoring of abnormal
conditions (e.g., excessive power deposition on the coil end
seal, cavity hub areas, etc.).

3) Residual Gas Analyzer and Vacuum Gauges - A residual gas analyzer
and vacuum fionization gauges are to be implemented as active
monitors of the divertor collector region. The residual gas
analyzer will be wuseful during normal operation (e.g., wall
conditioning etc.) and as an early detector for coolant system
failure (i.e., water vapor entry). Poor vacuum and/or detection
of water vapor may be used to automatically inhibit divertor

action, thus protecting the divertor from serious damage.

The above basic diagnostic instrumentation can be expected to satisfy (if
interfaced to the appropriate interlock and feedback systems) primary function
one and much of what is required for primary function two.

The remaining diagnostic instrumentation can be considered to be dedicated
primarily to the quality of divertor performance, rather than operational
safety aspects. The following systems would not, for example, be expected to
be interfaced with any interlock or automatic control systems. Candidate
diagnostic instrumentation which are suggested include the following:

1) Infrared Camera System - This system will provide improved
spatial and temporal resolution of surface temperature profiles
over that of the thermocouple array. In order for this system to
be most effective the camera/s must have a clear view of the
divertor collector surface area. Further engineering design is
indicated to fully achieve this objective. For example, no
provisions have been included for viewing the outer target area.
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The inner target IR camera field-of-view is shown on Figures 2-21
and 2-22. As can be seen from Figure 2-22, the field-of-view is

most restricted in the vertical (off midplane) direction. This
situation can be improved by simply increasing the vertical
dimensions of the rectangular section of the turbopump mounting
eibow. The use of two color pyrometry techniques 1is suggested
here as a means of obtaining absolute temperature measurements
under conditions of decreasing intensity {(e.g., sputtered
material coating the viewing window). In this technique the
ratio of two adjacent wavelengths are used rather than the line
intensity. This results in a system which can make temperature
measurements which areieffective1y independent of variations in
transmission efficiencyﬂ

2} Fluorescence Scrape-Off Layer Diagnostics - Atomic fluorescence
spectroscopy offers a sensitive method of measuring very low
densities (<10® atoms cm™®) of metal atoms. Through the
use of tunable dye-lasers of suitable intensity, specific fluor-
escence states can be excited to saturation. Under these condi-
tions the measurement ﬁs independent of local density and temper-
ature which are difficuﬁt to measure near the divertor collector.

3) X-Ray Diagnostic System/s - Scrape-off layer electrons which
would enter the divertor chamber would impinge upon the tungsten
or titanium-carbide coated copper targets and generate x-rays.
These electrons would come from the bulk toroidal plasma (T ~ 1
keV) and the stabilizing electron rings (T ~ 500 keV). The
resulting x-ray spectra includes two components: (1) a broad
continuous spectrum (i.e., due to bremsstrahlung generation) with
energy extending to alhigh energy cutoff equal to the maximum
electron energy; and (2) characteristic x-ray line radiation.
The characteristic lines for tungsten (viz, Ka = 0.21 & or 58
keV and Lo = 1.47 & or 8.4 keV) are unique and can be used to

identify radiation spe@ific to tungsten. As another example,
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copper has a Ko emission line at 1.54 & or 8.03 keV). A
viable x-ray diagnostic based on the tungsten emission spectra
must be adequately shielded and collimated to reduce the back-
ground x-ray flux to a tolerable level. This background includes
electron ring synchrotron radiation as well as x-ray emission
spectra due to electron bombardment of adjacent mirror cavities,
throats and other system components. It would appear on the
basis of the above considerations, that a useful x-ray diagnostic
may be developed utilizing the characteristic 1line spectra
provided the background effects can be suitably reduced. If this
is true, either a single movable detector (e.g., a silicon
surface barrier) or an array of detectors (well shielded and
collimated) would be used to map the tungsten x-ray line spectra
(oprincipally the characteristic 58 keV line) to provide the
intensity and spatial profiles over the divertor collector
surface. The appearance of significant characteristic copper
emission Tlines may be used to monitor the integrity of the
tungsten coating. The intensity and spatial information obtained
on the tungsten x-radiation may be used to monitor divertor
performance.

4) Electric Current Diagnostics - The divertor targets can be
electrically insulated so that the resistance to ground can be
specified and any net current delivered to them can be measured
with standard circuitry. The target may be biased so as to
control the escape of secondary emission. This measurement, when
correlated with the other diagnostic observations, may represent
a simple method of evaluating the performance of the divertor.
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3.0 MODIFICATIONS TO THE EBT-S DEVICE AND FACILITY

This section develops the;distinction between the divertor assembly, device
modifications, and facility modifications. It alsc describes the status of
the engineering on the device and facility modifications at the end of Phase
I1. The term “device" is used to mean the EBT-S as it presently exists,
before the addition of the divertor. The term "facility" is used to mean the
building -and utilities which are outside the shielded room which houses the
EBT-S device. The "divertor assembly" which 1is described in Section 2.0
includes all ef the divertor components which must be added to the EBT-S
device. This includes all of the new water headers and electrical buses which
one might at first thought‘consider to be a part of the device modification.

The modifications to the device fall into two groups. The first group
includes those modifications which convert an existing device component into a
component of the divertor éssembiy, The second group includes those modifica-
tions to the device which are necessary to provide space for the insertion of
the divertor assembly.

3.1 DEVICE MODIFICATIONS WHICH ARE PART OF THE DIVERTOR ASSEMBLY

The components which fall into this group are the mirror coils and the mirvor
coil connecting buses which are adequately described in Section 2.7.

3.2 DEVICE MODIFICATIONS WHICH ARE NOT PART OF THE DIVERTOR ASSEMBLY

The device components in ?this group are either removed completely or are
modified to provide clearance for the insertion of the divertor assembly.
There are seven items in this group,

The pumping ring must be mddified by the removal of the duct which is located

at the divertor. The details of this modification have not been worked out
but it 1is expected that tHe duct will be sawed off as close to the pumping
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ring tube outside diameter as possible. The remaining material will be ground
off to the outside diameter of the tube and a curved cover plate will be
welded over the opening. Figure 2-3 shows that this plate can be on the outer
surface of the tube because the size of the notch in the divertor case is
fixed by the need to clear the diameter of the pumping ring flange.

The circumferential mirror coil water headers, which are shown with dotted
lines behind the divertor cavity in Figure 2-3, must be cut off and an
L-shaped extension welded on to bring the water under the divertor cavity.
Figure 2-2 shows that these mirror coil inlet and outlet water headers end at
the far side of the divertor cavity for cavity locations W2 or N2. The inside
header will be brought over the top of the concrete curb because both vertical
water risers to the mirror coil hoses will probably be located on the outside
of the torus because of an interference with the compensating coils on the
inside.

The mirror coil support posts shown in Figures 2-2 and 2-3 will be sawed off
flush with the concrete curb. Since these posts are dry in the W2 and N2
locations, no cap is required.

The existing error compensating coils can probably be wmodified to detour
around the outside of the divertor cavity without being rewound. FEach of the
four coils will be cut at the divertor cavity and a loop added either by

splicing turn-by-turn or by using two multipin connectors.

The cable tray will be notched to surround the divertor cavity. The cables in
the cable tray will be lifted up so that they will pass over the top of the
divertor cavity.

The microwave waveguides above the torus will be rerouted to go over the top
of the divertor.

The diagnostics or ion cyclotron heating components, which may be installed on
the present EBT-S cavity at the divertor, will be eliminated or moved to other
cavity locations.
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3.3 FACILITY ADDITIONS

No facility modifications are required but two additions must be made. The
divertor coils will be water-cooled. FEach coil should have some means of
controlling the water flow as the required pressure head varies from coil to
coil. The overall water flow will be 6.9 kg/s and the maximum pressure head
for any one coil is 446 kPa. The eight inch deionized water line which now
brings water to the mirror coils is not large encugh to supply the divertor
water needs. A new water line to the cooling towers will be required. This
facility water line would end just above the floor level where it connects to

the divertor water headers.

As described in Section 2.3.5, every effort was made to coordinate the
divertor coil current and voltage iratings to make control simple and to
minimize the need for additional power supplies. The current ratings were
made as nearly equal as possible SO that all coils could be connected in
series, One overall current regqulator will control the coil with the greatest
current and electrical shunts across the remaining three coils will bypass
tocally the current not required by the shunted coil. In the event that the
shunt resistances cannot provide fine enough bypass steps a small dc power
supply will provide the final adjustment.

It is proposed that one dc generator will supply all the power requirements
for the divertor coils. The overall divertor load will be 7893 A with a total
series potential of 173 V. fOne of the available generators at ORNL has a
rating of 3 MW at 350 V and consequently has an 8571 A rating.

The second facility addition required is approximately three meters of water
cooled electrical bus to bring the divertor current up from an existing bus
which ends just under the flpor of the EBT-S.

The divertor water !ines‘and the electrical bus can both be brought up through
a common hole in the floor Just outside the concrete curb at the divertor

location as shown in Figure 2-3.
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3.4 ADDITIONAL DIVERTOR ASSEMBLY COMPONENTS

The six components in Table 3-1 are considered to be part of the divertor
assembly and not device modifications because they do not require any change
in the present EBT-S device. They are described in more detail in Sections

2.3.5 and 2.6.

In each case they interface only with the facility additions which are
installed just to service the divertor. A1l of these components, except the
divertor coil current modulator, are supported on the divertor vessel with
brackets and they could be installed on the divertor assembly prior to its

insertion into the torus.

TABLE 3-1
DIVERTOR COMPONENTS WHICH ARE NOT DEVICE MODIFICATIONS

SHOWN IN DESCRIBED IN

COMPONENT FIGURE PARAGRAPH
COIL ENCLOSURE WATER HEADERS 2-3 2.6
REMOVABLE TARGET WATER HEADERS 2-3 2.6
DIVERTOR COIL WATER HEADERS 2.6
DIVERTOR COIL INTERCONNECTING BUSES 2.3.5
DIVERTOR COIL SUPPLY BUSES 2.3.5
DIVERTOR COIL CURRENT MODULATOR 2.3.5
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4.0 CONCLUSION

A toroidal divertor has been ehgineered in sufficient depth to confirm that a
well integrated system can be fabricated and successfully installed into the
EBT-S device with a modest and tolerable amount of modification to the EBT-S
device and facility. All aspects of the design including mechanical,
electrical, structural, thermal, and vacuum aspects have been addressed and a
divertor system designed that will meet all the objectives that have been
identified. Further engineering of some of the finer details of the design
are required before build-to-print drawings are developed, but there are no
major design problems still unresolved that would prohibit completion of the
design or a successful completion of Phase III of the EBT-S Divertor Program.
(Phase III consists of the final design, fabrication and procurement of
components, assembly, and installation of the divertor into EBT-S. The Phase
IIT Program Plan and budgetary cost estimate have been provided to ORNL in a
separate document.)
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| APPENDIX I
SYSTEMATIC METHOD OF ADJUSTING THE DIVERTOR MAGNETIC FIELD CONFIGURATION

In order for a divertor to be‘effective, the magnetic field must have a number
of properties: '

® The null should occur at a prescribed location.

e The separatrix and scrape-off layer guiding the plasma to the
target should take a path through a channel which subsequently
will hinder back-streaming of neutralized plasma and 'target
debris which would poison the plasma. The magnetic flux
should be compressedj‘so that narrow channels can be used;
however, there must be adequate clearance on both sides of the
separatrix to prevent the diverted plasma from impinging on
the channel walls.

¢ There should be no direct line-of-sight from the divertor
target to the plasma.

® The magnetic flux shoq1d spread at the location of the target
so as to reduce the heat flux being deposited on the target
surface via the particles.

It has been found in our studies that in order to satisfy the above
constraints the main divertor?coi] must be divided into three segments, each
characterized by a separate number of ampere-turns. Furthermore, to eliminate
any tendency of the divertor to alter the net magnetomotive force around the
complete torus, compensating céils must be added. For each ampere-turn of the
principal coil, a half an ampeke-turn (with reverse'directional sense) is made
to flow in each of two compensqting coils.
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Because of the number of degrees of freedom, viz, the divertor coil locations
and ampere-turns, much time can be consumed in finding a suitable set of
parameters. However, a computer code has been developed that is based on a
procedure that is described below which allows a systematic design of the
divertor coil assembly.

Fine tuning of the divertor is possible to independently adjust the scrape-off
layer {(via the separatrix origin), adjust or maintain the deposition of plasma
on the target, and to control the energy density of particles hitting the
target.

Procedure for Magnetic Design of the Divertor

First, establish where the separatrix is to originate, i.e., the location or
radius for the magnetic null point. Then perform calculations for the case
where the torus is energized normally without divertor currents and determine
the following:

BNR  the reference flux density at the field null point (located at
a preferred radius RN}, and

BTR  the reference flux density at the preferred target location.

Next, perform calculations assuming only the divertor coils are excited, one
subset at a time for coils I, II, and III with compensating currents included,
and determine:

BNI the flux density at the null point for one ampere-turn in
coil 1 and minus one-half ampere-turn 1in each of the
compensating coils,

BNII similar information for coil II

BNIII similar information for coil I1I

[
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BTI the flux density at the target location for one ampere-turn

in coil 1 as outlined above for BNI

BTII similar information for coil II
BTIII similar informatibn for coil III

Equations can now be written in terms of these quantities recognizing that BN’
= 0 at the null point, and BT = BTREQ, i.e., the desired flux density at the
target.

The equations are:

BN = BNI I, + BNII [ + BNR

n
O

+ BNIII I

I II IT1

~and

+ BTII I,, + BTIII I,,. + BTR

BT 11

i

BTI I

]

BTREQ.

I ITI

Assume current [

1 = A, and solve the equations:

BNI I, + BNIT I ~-BNIII A - BAR

I

H]

II

BTI II + BTII III

BTREQ - BTIII A - BTR

“Enter the same magnetic fie]djprogram as was used to determine BTI, BTII, ---
BNI --- BTR --- BNR, etc. Include all normal exciting currents and the
divertor currents II’ III’ and A.

The output of these ca1cu1ations should confirm a zero field at the chosen
null position and the desired flux density at the chosen target location.
Additional output can prOvideia field map showing the path of the separatrix
for the assumed current 13 = AL
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fach time a value of A is chosen, a new separatrix cross-over radius RCO

will be determined.

Plot as a function of A values of Rco and the currents II and III'
a curve through the point R, = f(A)

Draw

Where RCO = RT the value of A will be IIII for the required solution, and
~the ordinate through A = IIII will give the required value of II and III

as well as RCo = RT,

R
CcO
I

Ry, = F(A)

I = f(A)
DESIRED TARGET RADIUS R . I = £(A)

I1 Il
A
A=l

Curve for determining IIII for RT and for determining II and III
for the desired IIII’ Curve applies to a particular RN.
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For each distinct scrape-offé]ayer origin (the null location RN) the procedure
is repeated. |

Each time a scrape-off origid is set, plot the value of II’ I and I

I 111

as a new curve

I
T iI = f(Ry)
‘\7‘1u-‘

: III N f(RN)
”/‘(;;11 = Ry
RN Rnu11

With several values of RN, a satisfactory set of consistent currents can be
established for any preferred{origin of the separatrix location RN.
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