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AN AXICELL DESIGN FOR THE END PLUGS OF MFTF-B 

1. INTRODUCTION 

In this document we describe certain changes in the end-plug design in 
the Mirror Fusion Test Facility (MFTF-B). The Laboratory (LLNL) proposes 
to implement these changes as soon as possible in order to construct the 
machine in an axicell configuration. The present physics and technology 
goals as well as the project cost and schedule will not be affected by 
these changes. 

?.}. MOTIVATION FOR THE AXICELL CffMSE 

when the present A-cell design was approved by DOE two years ago, both 
1 A 

the Mirror Senior Review Panel and the ERA6 Fusion Review Panel urged 
continuation of the search for a more nearly axisymmetric reactor design. 
Such a design would build upon TMX-Upgrade and MFTF-B thermal-barrier 
physics but would reduce radial transport of the plasma and, equally 
important, would reduce end-plug-magnet complexity and capital cost and 
might increase the power-gain factor Q. Pursuant to the panel 
recommendations, the experimental program was broadened to include at MIT a 
new tandem-mirror facility called TARA, which is based on an axicell 
design. Also, an intensive study has been carried out to compare four 
types of reactor designs: the A-cell, the modified cusp, the axicell, and 
the Elmo Bumpy Torus (EBTj-stabilized fully axisymmetric tandem. 

Recently this comparative study culminated in the selection of the 
axicell as the end-plug design for the Mirror Advanced Reactor Study 
(MARS), to be carried out over the next two years, and also for study of 
the tandem-mirror Technology Demonstration Facility (TDF) that would be 
an alternative approach to fusion engineering development. The MARS study 
will also provide input for an axicell design of the Tandem Mirror Next 
Step (TMNs) 8 that would be a deuterium-tritium (D-T) burning experimental 
reactor to follow MFTF-B. 

Thus, our modification of the MFTF-B to an axicell magnet configuration 
presents an opportunity to focus the experimental program on an attractive 
reactor concept that will remain the focus of our reactor studies and 
program planning for the next several years. At the same time, there would 
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be continued room for innovative improvement, as has been characteristic of 
a the tandem mirror program in the past. Examples of such improvements could 

include better barrier pumping schemes, negative plug coeration, 
EBT-stabilization, and cost-saving improvements in neutral beams and 
electron-cyclotron-resonant heating (ECRH). All could be adapted to HFTF-B in 
its axicell configuration at least as well as in the present A-cell design. 
And, as in the present design, ' the HFTF-B design would be flexible 
enough to incorporate new knowledge about thermal barriers that we learn from 
TMX-Upgrade over the next couple of years. 

1.2. NEW HFTF-B CONFIGURATIONS AND PARAMETERS 

Converting to an axicell in MFTF-B involves the elimination of the 
A-cell coils on each end and the addition of axisymmetric mirror cells at each 
end of the solenoid. In addition, the yin-yang length mc<st be stretched to 
increase the mirror ratio to 3:1 so that thermal barriers can be constructed 
there while preserving microstability of the plasma. Finally, to keep the 
distance between the midplanes of the yin-yang coil sets fixed, which 
minimizes changes to the vessel, the 14 ctntral-cell coils are more closely 
spaced, thereby increasing the maximum central-cell field capability from 1.0 T 
to 1.6 T without change to the individual solenoid coils. 

This magnet configuration, shown in Fig. 1.2-1, allows considerable 
flexibility of operating modes, as described in the next section. Here we 
first describe the new Reference Case high-performance mode with thermal 
barriers that is the basis for our MARS axicell-reactor study. Profiles of 
magnetic field, potential, and density for the Reference Case thermal barrier 
operating mode are shown in Fig. 1.2-2. Operating parameters are compared 
with the old A-cell Reference Case in Table 1.2-1. 

As seen from the table, the axicell MFTF-B performs better than the 
A-cell in that it produces equivalent values of n-rc, T|, and Tfi at a 
much higher density in the central cell and hence a much higher fusion-power 
output per unit volume. It is this latter property, traceabl-. to the high 
magnetic fields possible with the circular axicell coils, that is so 
attractive for a reactor. In the original TARA axicell iesign, thermal 
barriers and plugging potentials created in the axicells themselves do all of 
the axial confining of the hot ions, the yin yangs serving only as "anchors" 
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FIG. 1.2-1. Comparison of A-cell and Axicell designs for HFTF-B. 
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FIG. 1.2-2. Field, density, and potential profiles for the MARS-mode 
Reference Case of the MFTF-B axicell design. 



Table 1.2-1. Summary of MFTF-B operating 
parameters. 

Axlcefl 
reference A-ceM 

Parameters 
case 

(like MARS) 
thermal 
barrier 

Q* ".4 0.5 
(nx)** (cm"3-s) 5 x l 0 1 3 5 x 101 

n c (cm - 3) 4.8 x 10 1 3 2.1 x 11 
6 c 0.5 0.2 

*c ( k V > 30 28 
T 1 c (keV) 15 15 
T 
ec 

B C (T) 
9 
1.0 

9 
1.0 

r r (cm) 30 56 
Lc (m)*** 16.rj 32 
p f u s m* 830 915 

•Calculated as if tritium were used in 
the machine. Fusion power includes axicell 
and yin-yang contributions in these two 
configurations. 

**Pastukhov loss only. 
***A11 lengths are "effective" lengths, using 

ydl/B weighting. 
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to provide overall magnetohydrodynamic (MHD) stability. However, motivated by 
the new concerns about trapped-particle modes, we transferred the thermcl 
barrier and most of the electrostatic end-plugging function in the present 
MFTF-B Reference Case to the yin yangs to permit a sufficient flow of passing 
particles to maintain connection between the central cell and the yin yangs. 
Even so, most of the burden of confining the high density in the central cell 
rests on the high mirror ratio provided by the axicells- There is also some 
electrostatic plugging by the axicells provided by the 80-keV beams injected 
in the axicells to create peaks in the density (see Fig. 1.2-2). This 
plugging 1s necessary to reduce the power required for the pump beams that 
prevent the buildup of density in the transition regions between the axicells 
and the yin yangs. 

Besides the axicells themselves, another feature of the new 
configuration that contributes to the improved performance of MFTF-B (and 
reactors) concerns formation of thermal barriers in the yin yangs. Whereas in 
the A-cell design the main plugging potential and thermal barrier are created 
in a separate A-cell mirrcr region appended to the yin yang, in the new 
axicell design this is accomplished in the yin yang itself, as shown in 
Fig. 1.2-3. The THX-Upgrade end plugs have a similar design but with a 
multi-element coil set that adds useful flexibility for experiments but is not 
thought to be practical for a reactor. The accomplishment of a similar 
objective with a single yin-yang coil in the new axicell design is a 
significant advance made possible by two years of experience in ceil design. 
As noted above, it does require stretching the present yin-yang length to 
increase the mirror ratio to 3:1 in order to maintain microstability. 

In arriving at the new axicell design we proceeded as follows-, 
1. The magnet set is designed with balanced geodesic curvature to 

minimize parallel currents in equilibrium and to allow an acceptable 
beta against interchange. 

2. Operating scenarios are calculated (based on our earlier models) to 
achieve the desired values of n-r, T., and Q with the neutral 
beams and ECftH available within the scope of the project. We also 
use the following additional criteria to test these scenarios: 

3. The microstability of sloshing ions and thermal barriers in the 
plugs, using the theoretical models developed for the present A-cell 
design and TMX-Upgrade. (This influences the injection angle of 
sloshing ions and the acceptable yin-yang mirror ratio.) 
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FIG. 1.2-3. Regions in which a thermal barrier is constructed in the 
former A-cell design (upper) and new axicell design (lower). 
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4. The resonant-particle radial transport resulting from 
non-axisymmetric magnetic fields (greatly reduced in the axicell). 

5. Determine whether hot electrons, which supply significant pressure 
in the yin-yang anchors, have a magnetohydrodynamic (MHO) response 
as is assumed in the interchange calculations above. 

6. The ballooning modes with finite Larmor radius (FLR) corrections for 
m > 1, with the conclusion that interchange is the governing 
criterion. 

7. The new trapped-particle modes. 
Our findings on all these points are discussed in an accompanying 

document,'' which includes a Physics Summary; Operating Scenarios (Item 2 
above) in whirt calculations leading to the parameters given in Tables 1.2-1 
and 1.3-1 are described; and Appendices in which details on the physics issues 
listed above are given. 

In brief, we find no greater risk in the axicell design than in the old 
design. Regarding equilibrium and interchange stability (Item 1), the beta 
values listed for the various operating modes are consistent with present 
theory (Ref. 12, Appendix B), and the transition coil shown in Fig. 1.2-1 
gives an equilibrium free of parallel currents in the central cell for the 
Reference-Case pressure profile. However, we are not satisfied with the 
transition design (also a problem in the A-cell) and a more optimum design, 
perhaps with additional coils, will be a design objective for the project (see 
Sec. 2.1). Allowance for this has been made in our new cost projections. 

The otr.ar issues that have most affected our design are microstability 
(Item 3) and the trapped-particle modes (Item 7). As noted above, with a 
mirror ratio of 3:1 the yin-yang anchors have a stable sloshing-ion 
distribution within theoretical uncertainties (see Ref. 12, Appendix F). As 
to the new trapped-particle modes, if we have guessed the worst mode our 
analysis indicates that these modes are converted to stable drift waves, at 
least marginally so, even at the top performance projected for the experiment 
(see Ref. 12, Physics Summary, Operating Scenarios, and Appendix 0). 
Moreover, we find little if any difference between the old and new designs in 
this regard. Also, because the axicell, in its various modes of operation, 
permits a wide experimental variation in the ratio of trapped and passing 
particles in the central cell, the new design would provide a greater 
flexibility for exploring the effects of trapped-particle modes as that 
subject matures. 
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1.3. FLEXIBILITY OF MFTF-B 

A variety of modes of operation are possible in MFTF-B, most of which 
can be created by simple changes in machine parameter settings. Two 
alternative modes are listed in Table 1.3-1. The Reference Case parameters 
are included for comparison. 

The first mode, labelled "Like TMX-Upgrade", is obtained simply by 
turning off the pump beams in *he transitions and the axicell beams, in which 
case the plasma density is lower than in the Reference Case and is constant 
along field lines between the yin yangs (as it will be in the TMX-Upgrade 
experiment? now getting under way). Profiles of density and potential for 
this mode are shown in Fig. 1.3-1. The end-plug operation and parameters are 
the same as in the Reference Case, so that the center-cell confinement nr. 
against Pastukhov end loss is as good in this mode as in the Reference Case. 
On the other hand, the center-cell density, and hence Q, are not nearly as 
high. Even for the TMX-Upgrade mode, the 12-T coils are energi2ed in ordc to 
pass the flux throuyh the narrow throat of these coils; this also serves to 
reduce resonant-particle radial transport. To reach the beta value listed in 
the table requires turning down the field in the 6-T coils to eliminate some 
bad curvature due to the local mirror fields in the axicells, and requires use 
of some 1CRH power. With the full axicell configuration activated, the 
THX-Upgrade mode can be thought of as a step toward the high-density MARS-lifce 
Reference Case; and, as such, it is part of the start-up scenario discussed in 

1? a companion document . Though not. listed in the table, it is also possible 
to operate MFTF-B with stream stabilization as in TMX (no thermal barriers), 
and this too may ultimately play a role in start-up. 

The second mode listed in Table 1.3-1, labeled "like TDF", corresponds 
to the high-performance mode of the Technology Demonstration Facility (TOF) 
with thermal barriers. Profiles for this mode are shown in Fig. 1.3-2. It 
differs from the Reference-Case MARS mode mainly in the way the center-cell 
ions are heaced. In the Reference Case, the ions are heated to 15 keV by 
ion-cyclotron-resonant heating (ICRH) to simulate alpha heating in an ignited 
reactor; in this mode the ions have a nearly Maxwellian velocity distribution. 
In the TDF mode (also called the Kelley mode), 0.5-s, 80-kV beams injected 
directly in the center cell produce a mirror-confined plasma at a higher 
average energy that yields a high Q and high equivalent-fusion power, even 
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Table 1.3-1. Key parameters of WFTF-B operating modes with 
thermal barriers. 

THX-Upgrade- TDF- MARS-
Parameter3 like mode like mode like mode 

Q 0.06 0.6 0.4 

(nt)c{cm 's) 5 x 10 1 3 1.4 x 10 1 3 5 x 10 1 3 

n c (cm - 3) 1.3 x 10 1 3 9.1 x 10 1 3 4.8 x 10 

*c 0.12 0.54 0.5 

*c 30 11 30 

Tihc < k e V > 35 35 35 

Tiwc < k e V > 15 10 15 

T e c (keV) 9 6 9 

Bc (T) 1.0 1.6 1.0 

r c (cm) 30 24 30 

Lc (m)b 28.1 20.6 16.5 

pfus < k « 80 4200 830 

aThe hot- and warm-ion t&nperatures for the central cell are T. 
and T i w c , respectively. 

°A11 lengths are "effective" lengths, using /dl/B weighting. 
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though nT c is lower than in the Reference Case. For the TOF mode, the 
confining potential 4>c can be less as it serves mainly to eliminate the 
loss cone ir> the mirror-confined center-cell ion distribution. Figure 1.3-3 
shows the beam and rf injection in the axisymmetric portion of the machine for 
each mode in equilibrium. 

A third alternate mode (not listed in the table) is similar to the MARS 
Reference Case except that the plugging potential and thermal barrier are 
created in the axicells, as in the original TARA design. Calculations for 
this TARA-like mode of operation are 1n progress, but earlier calculations for 
a similar design gave results comparable to the Reference Case (see Ref. 12, 
Section 2.3.3). According to our present theoretical understanding, the 
TARA-like operating mode would be unstable to trapped-particle modes but may 
yet be desirable for reactors if these modes prove innocuous. To create the 
TARA configuration in MFTF-B will require a 3-month shutdown to reverse the 
order of the 12-T and 6-T mirror colls and space them to achieve a higher 
mirror ratio and to relocate some 30-s beams and ECRH. In this configuration 
the central-cell effective length would be reduced (12.5 m) and the overall 
effective Q would be reduced accordingly. 

1.4. IMPACT ON MFTF-B PROJECT 

Changes in the magnet configuration as described earlie*" --111 have a 
moderate impact on the project, involving about J15M worth of activities. To 
implement the axlcell without an increase in total project cost we must act 
soon. At the present time, fabrication of the A-cell magnets is just 
beginning and the transitions are designed. To proceed, we would stop the 
A-cell fabrication immediately, and during this year we would redesign and 
fabricate the transition colls, design the circular coils for the axicell, and 
start fabrication next year. We would also separate the yin yangs next year, 
but that timing is not critical. 

Both the vessel and magnet-supporting structures will have to be 
modified, and port locations for beams and diagnostics will be moved. A 
design of the vessel for the A-cell configuration has been completed and 
fabrication is ready to start. This activity would be stopped, and a redesign 
of the impacted areas would begin immediately. 
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AXICELL MFTF-B OPERATING MODES 

TMX-U 
MODE 

17MHz ICRH 

30kV pump beam beam 

- ^ NJ 
MARS 
MODE 

(Ref.case) 

17MHz ICRH 

TDF 
MODE 

(Kelley mode)' 

0.5s 80kV beams 
30kV 

pump beam 

FIG. 1.3-3. Comparison of TMX-Upgrade, MARS, and TDF modes with respect to 
beam and r f injection in the axisyiimetric portion of MFTF-B in equilibrium. 
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Plasma fueling, heating, and pumping systems are largely unchanged from 
the A-cell configuration except for the replacement of the central cell 30-s 
beam with 400 kW of ICRH, and the increase from 2 kV to 30 kV for the 
low-energy pump beam, now called a passing-particle barrier beam (P2B2). With 
the smaller plasma radius, only half the stream gun and 20-kV start-up beam 
system is needed. Diagnostics are essentially unchanged except for their 
locations. 

These changes can be accommodated in the current HFTF-B schedule if a 
decision to convert to an axicell 1s made soon. To hold this schedule 
requires a continued commitment to the development of neutral beams with high 
atomic fractions, gyrotrons at various frequencies above 28 GHz that are 
capable of long-pulse operation, and to high-field 12-T colls. 
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2. SUMMARY OF NEW CONFIGURATION 

In this section we describe the axicell configuration in more detail, 
showing the machine layout, giving a physical description of the device, and 
explaining the physics performance and operating scenarios. The physics basis 
for operation in this configuration is discussed in greater detail in a 

12 companion document . 

2.1. PHYSICAL DESCRIPTION AND LAYOUT 

The proposed modification to MF T r 2 concern; pi imorily the maynetic 
configuration of the end regions where the thermal barrier and confining 
potential are created. More specifically (as shown in Fig. 2.1-1), the A-cell 
coils and support structures are removed from each end of the machine and an 
axisymmetric mirror cell is added at each end of the central call. These new 
axicell plugs consist of a pair of circular coils at each location, the 
innermost (closest to the center) coil having a 6-T field on axis and the 
outermost coil having a 12-T field. By bunching the 14 central-cell coils, 
the fieTd is raised to 1.6 T over a uniform field length of 13 m. 

In this design the two halves of the yin-yang anchor are separated an 
additional 1.7 m to give a total mirror separation of 5.1 m, and a midplane 
field of 1 T. It is also necessary to modify the design of the transition 
coil to allow substantial 6 values in the transition region while minimizing 
parallel currents in equilibrium. 

Parallel currents arise from quadrupolar components of the magnetic 
field in the yin yangs and transitions. An important constraint on a magnet 
design is that current loops must at least close in each end region. Our 
design, in Fig. 1.2-1, satisfies this condition and also has zero parallel 
current in the center cell for the special pressure profile of the 
Reference-Case equilibrium. However, currents do flow between neighboring 
transitions and yin yangs. 

A better solution would close current loops in each transition and 
yin-yang region separately. This is ..acessary to reduce excessive radial 
transport coming from the unbalanced transition and should permit a wider 
range of operating parameters for a given coil configuration. (This ideal was 
never fully realized in the old A-cell dpsign.) Kesner suggested that 
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this might be accomplished in the axicell MFTF-B by adding an extra "knob" in 
the form of the triangle-shaped coils shown in Fig- 2.1-2. Indeed, the coil 
set shown in the figure would isolate parallel currents in the different 
regions as desired for specified pressure profiles. In this sense, it 
represents a better solution to the problem. With two independant coil 
currents to vary, a wider variety of operating modes can be accommodated in 
equilibrium. However, this does not yet represent an acceptable engineering 
solution, because the yin-yang structural case would prevent locating the 
C-coils as near to the yin-yang conductor as required in this design. A more 
optimum solution than the coil shown in Fig. 1.2-1, perhaps involving the use 
of coils like those of Fig. 2.1-2, will be a design objective for the project. 

While the proposed physical changes center largely on the magnetic 
configuration, other differences mandated by these changes occur In the vessel 
and support structures. The primary-vessel modifications Include the 
elimination of the extension housing for the A-cells and modifications for 
beams and diagnostics in the region of the axicel'ls. Also, the new operating 
scenario calls for different beam and ECRH locations, the addition of ICRH, 
different placement of diagnostics, and differences in other details. In 
general, these changes will do the following: 

• Call for no new technologies, except ICRH central-cell heating. 
• Result in one less 30-s neutral beam but the same number of 

microwave tubes. 
A 30-s experimental pulse time is still needed, and start-up with stream 

guns is envisioned. Only half as many stream guns are required as in the 
A-cell design, because we propose to start up a 30-cm-radius plasma in the 
anchor, as opposed to the previously required 40-cm radius. This is 
consistent with the 3C-cm-rad1us central-cell plasma in this design. The 
20-kV, 10-ms start-up beams are again located in the yin-yang mirror cells 
{five in each). The placement of the sixteen 80-kV, 0.5-s beams is ten in the 
central-cell, two in each yln yang, and one in each axicell plug. 

It may be possible to start up from low density and high temperature 
using the ICRH and ECRH systems, in which case the available ECRH power will 
heat the electrons to high energy before the central-cell density is raised. 
Such a process must take place on a long-time scale (^100 ms) compared to 
neutral-beam start-up used in TMX. According to present calculations, this is 
the most promising start-up scenario to reach thermal-barrier operation. This 
method will be tested in TMX-Upgrade. 
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FIG. 2.1-2. Transition coil (suggested by J. Kesner) that generates 
parallel currents closed within the transition region. 
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In steady state, the 30-s beams, ECRH, and ICRH sources sustain the 
plasma. To minimize the power requirements while satisfying particle and 
energy balance in the central cell, we have added 400 kW of ICRH power there 
and eliminated the central-cell beam. Heating is at the second harmonic with 
waves launched near the 6-T axicell coils in a region where locally f < 
2f c^, so that absorption is on a "magnetic beach" as the waves enter the 
central cell. The 200-kW gyrotrons are still required in eight locations; 
namely, near the midplane of each yin-yang anchor and at the point in each 
anchor where the confining potential is created by these sources. Heating 
electrons at the 1-T barrier region with 56-GHz sources begins at the second 
harmonic, but as the electron energy becomes relativlstic and the field is 
B-depressed other harmonics become excited. To create the confining 
potential at the 1.2-T point, 35-GHz power initially heats electrons, but the 
28-GHz source becomes important when the electron relativistic-mass increases 
and B-depression lowers the resonant frequency. 

The 30-s beam locations are summarized as follows: An 80-kV pump beam 
is located on each end as previously required, an 80-kV sloshing beam is 
required in each yin yang, an 80-kV beam is needed on each axicell, and a 
30-kV pump beam is angled into each transition region near the 12-T coils. 
The 30-s-beam injection geometry is shown in Fig. 2.1-3. This figure »pd the 
above summary indicate that the axicell design differs from the A-cell design 
by the following: 

• Addition of central cell ICRH. 
• Increase in pump-beam voltage to 30 kV. 
• Elimination of the central-cell 30-s beam. 
• Dropping of half of the streaming gun and 20-kV start-up beam systems. 

2.2. AXICELL OPERATION 

In the primary axicell configuration, the thermal barriers and confining 
potentials are created in the yin-yang mirror cells at each end of trie machine. 
As discussed above, the axicell function is to throttle the flow of plasma to 
the quadrupole field region, so that for a given central-cell density 
(determined from B , B , and T^ c + T ), the density and magnetic field in the 
quadrupole region is lower. This configuration better scales to a reactor 
than the A-cell. 
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FIG. 2.1-3. Beamline geometry for the 30-s beams of the MFTF-B. 
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Without the axicell the configuration would simply be a scale-up of 
TMX-Upgrade, and the full central-cell density of ions would penetrate to the 
anchor. In transit, they would pass through quadrupole regions at each end 
and suffer radial transport loss through a resonant process. By introducing 
the axicell, most of the central-cell Ions are turned back in an axisymmetric 
region and transport improves markedly. Enough ions must pass to satisfy 
trapped-ion-mode constraints. 

In principle the throttling process could be done with the 12-T coil 
alone, without the axicell. However, with the axicell we can create a local 
potential bump by the injection of an 1on beam. The primary purpose of the 
axicell is to lower the trapping rate 1n the transition region by erecting 
these combined potential and mirror peaks. This combination is more effective 
than a high field throttling coll alone in that 1t leads to a lower trapping 
current for a given or allowed fraction of ions that must pass to the anchor. 

A high midplane field in the axicell permits a high density with modest 
3, lowers the MHD drive in that region by lowering the field curvature, and 
allows a relatively short (low volume) axicell. These are desirable features 
from many points of view. 

Plasma parameters in the axicell Reference-Case design are listed in 
Table 2.2-1. At & = 0.5, the 1-T central-cell field supports a density of 
4.8 x 1 0 1 3 cm" 3 at (T i c + T e c ) -v 24 keV. With 80-kV beams and a good species 
mix, we can build potentials 30 kV above the central-cell potential by heating 
electrons to 72 keV. With T,.„ = 15 kV, this design leads to a Pastufchov 

13 -3 axial-confinement time given by (nr ) p a t > equal to 5 x 10 cm s. 
Control of the particle density, energy, and the potential profiles 

necessary for axicell thermal-barrier operation relies on the proper injection 
of neutral beams and microwave sources acting to heat ions and electrons. 
In steady state, the plasma is maintained by the 30-s beams and the ECRH and 
1CRH systems. These are described here and are tabulated 1n Table 2.2-2 
according to Incident and trapped currents or power. With some modest 
differences, these axicell requirements are similar to those specified for the 
A-cell. 

In the yin-yang region in Fig. 2.1-1, the sloshing-ion beam is injected 
9CP to the axis at the 1.2-T vacuum field point on the outside slope (in 
reference to the end of the machine) of the mirror, where the confining 
potential peaks will be erected by ECRH heating. The 6-depressed field at 
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Table 2.2-1. Plasma parameters in the axicell 
Reference-Case design.3 

Kegion parameter Value 

Central cell T i 15 keV 
T e 
n i 

9 keV 
4.8 x 10 1 3 cm"3 

h 0.5 

*c 30 kV 

*e 
("T)pastukhov 

50 kV 
5 x 10 1 3 cm"3*s 
0.6 

<>tot 
L c 

0.4 
16.5 m 

Yin-Yang n 1 A(b) 3.4 x 10 1 2 cm"3 

•b 51 kV 
Eeh 470 keV 

BA 
0.55 

*P 80 kV 

ew 72 keV 

«*a 
" i h A ^ 

72 kV 
5,6 x 10 1 2 cm"3 

Transition • t r 
n t r 

26 kV 
1? -3 2 x W* cm 

6 0.04 

Axicell "ix 1.2 x 10 1 4 

9 kV 
10 kV 

6 X 
0.2 

Subscript b denotes the barrier, c denotes 
central cell, A denotes the yin-yang anchor, 
and p denotes the axicell plug. 
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Table 2.2-2. Incident and trapped current and rf power in 30-s heating sources. 

Neutral Beams3 Incident current— (A) Trapped current (A) 
Each axicell (80 kV) 25 3.4 
Each transition (30 kV) 25 7.5 
Each anchor (80 kV) 25 0.3 
Each pump beam (80 kV) 5 2.4 

Ecrof Output power (kW) Absorbed power (kW) 
Both barrier regions 
(56 GHz) 800 600 

Both confining potential 
regions (28, 35 GHz) 800 400 

ICRHD 

Central cell (15-17 MHz) 800 400 
aCurrent to power conversions: 80-kV beams have an average energy of 
70 keV; 30-kV beams have 26 keV of average energy. 

bTotal current in all species except for the 30-kV-beam requirement, 
which is for the full-energy component. 

cThe absorbed power figures are higher than required for equilibrium to 
provide margin during startup. 
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this point is 1 T, while the anchor minimum field drops to 0.67 T. There is 
consequently a 3:1 mirror between the injection point and the mirror peak in 
equilibrium. Here injection carries the penalty of bringing additional cold 
electrons (an ECRH power drain) into the region as the beam Ionizes but higher 
potentials than those achieved by injection on the opposite mirror slope can 
be obtained. A further penalty at the outside slope accrues because partial 
energy components of the beam will charge-exchange on the sloshing ions 
already trapped in the anchor, leaving them Insufficient energy at that 
location to avoid being electrostatically pulled out of the magnetic well. 
The resulting loss of sloshing ions raises the beam-current requirements 
substantially unless the beam species mix 1s good. This phenomenon sets the 
criterion for the beam-spedes mix of 90:5:5. The partial energy components 
of the beam are lost, but this results in a larger peak to minimum density, 
making ft easier to maintain the thermal barrier. 

A thermal barrier 1s created in the yln-yang and transition region by 
ECRH heating the magnetically trapped electrons at the y1n-yang midplane to 
470 keV and pumping both the yin-yang and transition regions of minimum 
potential. This barrier volume is quite large compared to the A-cell design, 
yet by efficient pumping of the transition and by lowering the trapping rate 
by the two-port throttling process described earlier this pumping loss can be 
minimized. 

Two beams are needed at each end of the machine Tor pumping. An 80-kV 
high-energy pump beam (HEPB) on the axis pumps the local potential minima in 
the yln-yang and transition regions at fairly low current. The majority of 
the pumping is done with a 30-kV passing-particle barrier beam (P2B2) in each 
transition. These P282s are injected at an angle to the machine axis and 
aimed at the edge of the transition potential well near the 12-T coil. 
Current from this beam plays the additional role of fueling the central cell 
against the Pastukov and pumping losses, but for energy balance we also 
require 400 kw of ICRH heating in the central cell. 

For HHD stability in the tandem we require 6 = 55% in the anchor. In the 
present low-density anchor design, this Is accomplished by carrying this 
pressure in the hot-electron population used for barrier formation. At 470 keV 

1 o 
and a density of 3.4 x 10 , these electrons have sufficient pressure for that 
purpose. For these electrons to be "MHD active", there must be a warm-ion 8 
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exceeding a value 6 c r i t that is determined by the plasma scale length and 
field curvature. This ion 6 is carried by the hot sloshing-ion component. 

To create microstable particle distributions in the 3:1 yin-yang anchor 
requires sloshing-ion and hot-electron profiles that are broad, so that the 
warm ions which provide stability will fill a reasonable fraction of the 
well. Detailed calculations showing that there are stable profiles consistent 

12 
with the desired potential profiles have been made. 
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3. ENGINEERING DESCRIPTION 

3.1. SUMMARY OF CHANGES FROM MFTF-B BASELINE ELEMENTS 

To provide the capabilities for operation in an axisymmetric barrier 
mode we have changed several systems from the A-cell barrier baseliw 
configuration of the MFTF-B . A brief introduction to the altered 
requirements is presented, along with more detailed engineering descriptions 
of the new MFTf-B Axicell concepts that are necessary to meet the revised 
e/perimental requirements. 

The revised design replaces the nonsymmetrical A-cell outside barriers 
with axisymmetric high-field mirror regions at each end of the MFTF-B central 
cell. Several systems are affected. The most significant change is in the 
magnet set. Refer to Fig. 2.1-1 for magnet system changes and to Fig. 3.1-2 
for changes in the beams and rf heating elements. 

Changes in the systems include: 
• Two A-cell magnets are eliminated. 
• Two yin-yang magnets are modified to achieve 3:1 mirror ratio. 
• The 3-m extensions of the east and west vessels are eliminated, 
t Two transition magnets are changed in size and field strength. 
• Foundations and vault requirements are reduced because of 

elimination of the A-cell magnets and vessel extensions. 
• The added axicell has two circular high-field magnets (6 T and 12 T 

on axis). 
• Cryogenic-system-capacity requirements are redistributed with magnet 

changes. 
• Neutral-beam requirements are revised with twenty-four injectors 

operating after initial start-up. The twenty-four, long-pulsed 
beams include: Sixteen 80-kV, 0.5-s beams; six 80-kV, 30-s beams; 
and two 30-kV, 30-s beams. 

• Heating with rf systems uses ECRH in two regions and ICRH in the 
center. The three regions include; 

Two anchor cells with 28, 35, and 56 GHz for ECRH. 
The central cell with second harmonic ICRH at about 17 MHz. 

• The plasma streaming guns are reduced from 30 to 15 on each end dome 
because of reduced plasma size-
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AXICELL 

Fig. 3.1-1. Magnet changes from HFTF-B A-cell to MFTF-B toicell. 
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FIG. 3.1-2. Neutral-beam and rf-heating requirements for MFTF-B Axicell. 
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• The start-up 20-kV, 10-ms neutral beans have been reduced from 20 to 
10 injector systems. 

• With the revised beams, reduced end-tank length, changed 
penetrations, diagnostics alterations and other interfacing 
requirements, the vessel arrangement is significantly altered. 

• Some changes in control- and diagnostics-system elements are needed 
to accommodate the system revisions. 

• The plasma diagnostics locations and functions are revised. 
Interfacing requirements to accomodate the plasma diagnostics 
affect the vessel, controls, data communications, data 
handling/storage, power distribution and other elements. 

• Power supplies will be changed to meet the revised system 
requirements and accommodate the axicell equipment configurations. 
Additions and changes are most significant for the revised neutral 
beams performance and locations and for the rf heating system. 

3.2. INTRODUCTION TO AXICELL DESCRIPTIONS 

The principal requirement of the axicell configuration is to provide an 
appropriate magnetic field in each of the various regions of the vacuum vessel 
to support plasma confinement. The MHD stability and adiabaticity 
requirements set limits on the magnet array and provide the basic criteria for 
our proposed MFTF-B Axicell arrangement. 

The overall requirements establish design criteria and the magnet, 
vessel, external vacuum, cryogenics, neutral beams, controls, and ECRH heating 
systems are facility elements required to establish experimental 
plasma-confinement capabilities. Auxiliary components are attached to the 
vessel to start up, fuel, heat, diagnose and support the experimental shots in 
varied arrangements and with varying criteria, depending on the specific mode 
or plasma conditions. 

The physics requirements for axicell operations, stated in earlier parts 
of this report, are translated into specific systems requirements for the 
MFTF-B Axicell. Our design approaches to meet these needs are presented in 
the following sections. The design as presently conceived has been 
incorporated into a reconfiguration of MFTF-B. Figure 3.2-1 shows a cutaway 
model with a view of the magnet coils inside the axicell vessel and with 
external beamlines, injectors, and getters shown attached to different vessel 
sections. Figure 3.2-2 shows a closer view (see following). 
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FIG. 3.2-1. Model of one axicell version of MFTF-B with the vessel 
cut away to snow inter ior components. 

FIG. 3.2-2. In t : r io r view of the anchor, t ransi t ion, and axicell regions 
of the inside barrier arrangement. The cylindrical object above the 
transition magnet inside the vessel is the P2B2 injector. 
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The High-Energy-Pump Beams (HEPBs) are seen on each end of the vessel 
and centered near the end-dome axes. The darker stick-like attachments are 
getter units and the 30-s beams are shown for each region or zone. The 
cutaway-vessel shell allows the cryopanels and magnets to be seen. The 
end-rone cryopanels are on the left, ar.d the neutral-beam cryopanels around 
the yin-yang magnet are visible as we move to the right. The transition 
magnet is next, to the right of the yin yang. 

A closer view shown 1n Fig. 3.2-2 shows relative location of the 
transition magnet (Tl), an open C-coil, and yin-yang magnet coil (HI). The 
field lines exiting Ml are circularized by the transition magnet into the 
solenoids of the axicel) and central solenoid magnets in the vessel central 
cell. The two smaller axicell coils, A2 on the outside then Al next, are 
placed on the machine axis outside the 5-m-diameter central solenoid envelope 
on each end. 

The central cell is heated by ten 80-kV, 0.5-s sustaining beams. Other 
beams are seen at the axicell, each one provided with an 80-kV, 30-s beam, and 
an 80-kV, 0.5-s injector. Both are visible on the right end of the center 
vessel in Fig. 3.2-1 and one on the left above the cutaway section. Each 
anchor region has one 80-kV, 30-s beam and two 80-kV, 0.5-s beams. The 30-s 
beam is in an external beamline, as shown over the top of the end vessel tank 
neutral beam dome. 

Each of the axicell systems and auxiliary component elements are 
presented next in Section 3.3. For each component needed to provide 
operations of HFTF-B Axicell experiments, we review the requirements and 
summarize the conceptual designs. 
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3.3. SYSTEM DESCRIPTIONS 

3.3.1 MAGNET SYSTEM 

General Magnet Requirements 
The axicell configuration for achieving the barrier and two-component 

modes can be separated into five regions or zones: The end zones outside the 
quadrupole anchors, or y1n-yang magnets; the anchors; the transitions; the 
axicells; and the center cell. The zones can be best visualized in relation 
to the magnetic fields and magnet array for the axicell configuration. Figure 
3.3.1-1 shows the on-axis magnetic-field profile (bottom) and a schematic 

FIG. 3.3.1-1. On-axis field profile for MFTF-B Axicell. 
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arrangement of the magnets (top). The requirements for each zone to meet the 
physics parameters previously indicated are discussed below. Each magnet will 
be independently adjustable in current. 

The magnet system wi"n generate an axicell tandem-mirror field with the 
performance requirements shown in Table 3.3.1-1. 

System Description 
The Axicell MFTF-B Magnet System, consisting of 24 superconducting 

magnets, is shown in Fig. 3.3.1-2, which also defines the coordinate system 
for the magnets. Each c-coil in the yin-yang is counted as a magnet and each 
high-field axicell magnet to provide 12 T is a magnet of two coils, the outer 
and the inner Nb3Sn insert. 

Based on the field requirements over the plasma region and other 
requirements such as the penetration access for neutral beams, ECRH and 
diagnostics requirements and space for cryopumping, the magnet coil 
configuration has been determined. Field computation has been performed with 
the EFFI computer program. The magnet positions and orientations as well as 
the on-axis field profile were shown in Fig. 3.3.1-1. The geometric design 
parameters of these coils are tabulated in Table 3.3.1-2, and the magnet 
characteristics and operating parameters are shown in Table 3.3.1-3. 

The magnet systen operates in a steady dc mode, and the coils will 
remain cold over a complete operating cycle, typically 8 to 13 weeks. 
Perturbations, such as an experimental plasma shot variation, conductor 
motion, or a sudden external heat load on a coil, possibly may drive portions 
of a superconducting coil into normal conduction. To minimize disruptions, 
all of the main field coils will be designed for cryostatically stable 
operation with stabilizing copper conductor surrounding the superconductor. 
The copper stabilizer will have sufficient cross section and surface area to 
dissipate Joule-heating at a safe heat-flux level to a bath of liquid helium. 
This is the design philosophy for all 26 coils with the possible exception of 
the Nb,Sn insert coils in Coil A2. This approach will ensure the most 
dependable operation of the magnet system as an element of an experimental 
plasma-physics facility. Even the NbjSn coil stability will be very close to 
full cryostability. 

Figure 3.3.1-3 shows the general relationship of one-half of the magnets 
to the vacuum vessel. 
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Table 3.3.1-1. Performance requirements of MFTF-B Axicell magnet. 

Magnet part Value 

Central cell 
Plasma radius3 45 cm (at 1 T) 
Solenoidal field 0.5 to 1.6 T 

Axicell plug 
Inside mirror field 6 T 
Hidplane field 4 T 
Outside mirror field 12 T 

Anchor 
Mirror fields 3 T 
Midplane field 1 T 

Transition 
Circularizing field 1 T 

a Includes 15-cm-thick plasma "halo". The plasma dimensions in the other 
regions are determined by flux conservation from the central cell. 
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FIG. 3.3.1-2. Array and coordinate system for HFTF-B magnet. 
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FIG. 3.3.1-3. 
modes. 

HFTF-B magnet and vessel arrangement for the axicell and Keiley 
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Table 3.3.1-2. Geometrical parameters for magnet design of MFTF-B Axicell. 

Coil 
identifi
cation 

Coil 
type 

Mean 
No. of radius 
coils (m) 

Sweep 
angle 
(deqree) 

Coil 
cross section 
(cm x cm) 

Mean 
turn 
length 
(m) 

Average 
current 
density 
(A/a/) 

H2 C 2 Major 2.5 
Minor 0.75 

75 82,4 x 32.8 17.8 2100 

Ml c 2 Major 2.5 
Minor 0.75 

75 82.4 x 32.8 17.8 2100 

Tl c 2 Major 2.0 
Minor 1.5 

90 36.0 x 36.0 21.98 2975 

A20 Solenoid 2 0.76 - 40.0 x 80.0 5.97 2316 
A2I H 2 0.41 - 35 x 48 2.58 1900 
Al " 2 0.95 - 40.0 x 80.0 5.97 2516 
S7 H 2 2.50 - 33.6 x 16.3 15.71 1933 
S6 H 2 2.50 - 33.6 x 16.3 15.71 1993 
S5 H 2 2.50 - 33.6 x 16.3 15.71 1993 
S4 H 2 2.50 - 33.6 x 16.3 15.71 1853 
f3 H 2 2.50 - 33.6 x 16.3 15.71 1853 
S2 H 2 2.50 - 33.6 x 16.3 15.71 1833 
SI H 2 2.50 - 33.6 x 16.3 15.71 1883 
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Table 3.3.1-3. Characteristics of MFTF-B Axicell magnets. 

Coil 
identification 

Conductor 
desiqn 

Average 
current 
density 
(A/cmz) 

Anpere-
turns 
(MAT) 

Operating 
current 
(A) 

Peak 
field 1 
(T) 

Layers 
(no.) 

Conductor 
length 
per coil 

Coil a 

weight 
(Ton) 

Inductance3 

(henry) 
Stored 
energy 
(MJ) 

M2 Y1n-Yang 2100 5.67 1077 4.8 58 24800 188 12 100 
Ml Yin-Yang 2100 5.67 4077 4.8 58 24800 188 12 100 
Tl A-Ce1l 

Grade II 
2900 2.24 5700 3.5 20 3489 10 0.36 5 

A20 A-Cell 
Grade I 

2316 7.50 5270 7.6 28 7888 13 2.5 26 

A2I N03SN 4516 2.96 300 12.8 — 23425 1.4 33 1.5 
1 Al A-cell 

Grade II 
2516 8.05 5092 8.1 28 9862 16 2.3 30 

S7 Solenoid 
Conductor 

1933 1.06 1764 2.78 25 9426 12 6 9.0 

S6 •I 1933 1.06 1764 2.48 25 9426 12 6 9.0 
S5 ti 1933 1.06 1764 2.56 25 9426 12 6 9.0 
S4 ii 1853 1.01 1691 2.64 25 9426 12 6 8.5 
S3 ii 1853 1.01 1691 2.03 25 9426 12 6 8.5 
S2 H 1833 1.00 1673 2.92 25 9426 12 6 8.5 
SI II 1833 1.00 1673 2.01 25 0426 12 6 8.5 

"Estimated value. 



The normal operating axial loads of MFTF-B Axicell magnets appear to be 
the worst case if Al, A2, and Tl are connected in series. The fourteen 5.0-m 
solenoids, which passed final design review recently, will require little 
additional design modifications. However, because of the additional axial 
loads and gravitational loads from coil Al, design of some intercoil box beams 
and the support struts must be modified. The spacing between solenoids was 
reduced to 1.25 m. 

The new high-field axicell solenoidal coils Al and A2, as well as the 
transition coils Tl, will utilize the existing A-cell conductor, turn-to-turn 
insulation (G-10 CR buttons), and the layer-to-layer G-10 CR lattice 
blankets. The conductors and the layer structure are proven technology, 
verified by the successful performance of the East yin-yang magnet. 

The Axicell MFTF-B magnet system has reduced total stored energy {from 
about 1600 MJ to about 800 MJ), structural requirements, weight, and 
refrigeration requirements. 

Superconducting-coil designs 

Five-meter solenoid (SI through S7). These fourteen solenoids provide the 
uniform field for the central cell. In the central cell, the coils are spaced 
1.25 m apart to allow a smooth field with sufficient space for neutral beam 
injection into the center-cell modules. A mean coil diameter of 5 m is 
sufficient to provide a 0.07X axial field uniformity for B c of 1.0 T. For 
Kelley-mode operation, these coils can produce a B c of 1.6 T. 

The peak fields and the normal operating currents for coils SI through 
S7 are shown in Table 3.3.1-2. It is seen that axicell coils reduce the 
requirement for peak fields and operating currents and thus increase the 
conductor margins for current, fields, and stability. 

Figure 3.3.1-4 shows the simple solenoid conductor rated at 3400 A at 
3.1 T. Also shown in Fig. 3.3.1-5 are the coil case, coil cross section, and 
the conductor insulation. There is a total of seven coil modules in the 
center vessel. Each coil module is supported from the vacuum vessel module by 
three vertical struts. 

12-T axial mirror coil A2. The outer axicell coil A2, together with the rest 
of Axicell MFTF-B magnet system will generate a 12-T on-axis peak field. As 
shown in Fig. 3.3.1-6, the coil consists of a HbTi outer coil A20, and e 
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• TURN INSULATION 

LAYER INSULATION 

STABILIZER 

SUPERCONDUCTOR 

NOTE: ALL DIMENSIONS 
ARE IN INCHES 

Fig. 3.3.1-4. Solenoid conductor. 
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2.50 m R 
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PLENUM 
CLOSE OUT MELD 

CONDUCTOR PACK 
25 LAYERS, 
600 TURNS TOTAL 
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(2.54 cm) 

CLOSE OUT WELD 

COIL FORM 
(2.54 cm THICK) 16.30 cm 

FIG. 3.3.1-5. Solenoid coils SI to S7. 
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CONDUCTOR PACK 
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FIG. 3.3*1-6. Coil A2 outer and A2 Insert. 
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Nb3Sn coil insert A2I. Each subcoil will have a separate liquid helium 
vessel. Second, the Nb 3$n subcoil may be removed or replaced if necessary, 
and the lead-in conductors for both subcoils can be easily handled 
individually. Should the NbgSn coil-insert quench, it will not trigger a 
quench of the outer NbTi coil. The closeout shell of subcoil A2I is nested 
within the bore tube of subcoil A20. A separate supply of liquid helium goes 
to insert coil A2I. 

Subcoil A20 will see a peak field of 8 T. We propose to use the A-cell 
grade-I conductor with ratings at 8.5 T, 6000 A, and 4.5 K. The operating 
current of the magnet will be 4538 A, the average current density will be 
2343 A/cm with sufficient margin in cryostability, field, and current. The 
magnet will be layer-wound, and the hoop load will be taken up by the 
conductor itself. The coil form will be made of 304 LN stainless steel. 

The subcoil insert A2I will see a peak field of about 14.0 T, and 
NbjSn conductor is proposed. A magnet of this bore size and similar 
peak-field level was successfully built and operated to its full design field 
in 1981 by Jntermagnetics General Corp. (IGC) for Oak Ridge National 
Laboratory. The current density was as high as 9000 A/cm . The Nb,Sn 
tape conductor of IGC is made by the diffusion process rather than by the RCA 
vapor-deposition process. The Nb,Sn ribbon is then soldered to OFHC copper 
of the same width. 

Figures 3.3.1-7 and 3.3.1-8 show the typical coil cross section and the 
NbjSn coil structure. Stainless steel ribbons are co-wound with the Nb^Sn 
tape conductor to contain the conductor hoop stress to within 0.2X strain, 
which 1s critical to the integrity of the NbgSn conductor performance. G-10 
sheet, 0.25 mm thick and punched 1n fish-bone pattern, is proposed for 
turn-to-turn insulation. IHis will provide ample face cooling and magnet 
stability. The coil must be pancake wound. Perforated G-10 CR blankets used 
for insulation between pancake-to-pancake provide 50X edge cooling. 

A conservative design current density of about 4516 A/cnr is used to 
provide sufficient margins in the copper and stainless steel cross sections 
and to provide adequate cooling channels. The magnet is expected to be very 
stable and the chance of magnet quenches will be nearly zero. 
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FIG. 3.3.1-7. Cross section of NbjSn coil (coil A2I). 

PERFORATED 
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CONSTRUCTION 

COOLING CHANNELS 

FIG. 3.3.1-8. Structure of NbgSn coil (coil A2I). 
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The First Mirror Coil Al. The inside mirror coil Al, together with other 
magnets, will generate a 6-T on-axis peak field at a distance of 2.5 m inboard 
of the 12-T mirror. The peak field on Al coil conductor will be 7 T. Me 
propose to u s e the A-cell grade I conductor with a rating of 8.0 T and 8900 A 
at 4.5 K, and the operating current for Al will be 5092 A. The required coil 
dimensions 0 f pj\ ( See Fig. 3.3.1-9) require a larger diameter than coil A20. 

Transition Coils Tl. A transition coil is required to map the cylindrically 
symmerical fi Ux line into the flux, of quadrupole nature, of the yin-yang 
coil. In the Axicell MFTF-B magnet system, the required ampere turns are 
chanped, resulting in SOT'S design adjustments. The j>ro.posed design still 
requires a superstructure to limit the coil deflection. 

The p e a k field on the transition coil is 5 T. To take advantage of the 
available conductor of A-cell MFTF-B magnet system, the Tl coil conductor will 
be the A - c e n grade II conductor at a operating current of 5703 A. The 
conductor ratings are 7200 A at 5.1 T and 4.5 K. A design current density ot 
2975 A/cm i S sufficiently conservative to assure good margin for 
cryostabiljty. As shown in Fig. 3.3.1-10, the coil structure and coil 
insulation; will be similar to that of the yin-yang coil. 

Yin-Yang M a q n e t HI and H2 
The East Yin-Yang Magnet was successfully tested to its design field and 

current on February 4, 1982. 
The basic magnet configuration will be the yin-yang pair of coils, 

illustrated in Fig. 3.3.1-11, which will be displaced an additional 1.7 m to 
produce th e required 3:1 mirror ratio. Except for this change, the yin-yang 
coils are almost identical with their original design for MFTF-B (see 
following). 

The two magnets will be positioned so that their z-axis (intersection of 
symmetry Planes) is horizontal and the symmetry plane of each coil is 45° fro m 

vertical, other magnet parameters are summarized in Table 3.3.1-4. 
The superconductor core will be a monolithic composite of Nb-Ti alloy 
superconducting filaments coextruded with copper. Its critical current will 
be at least 10,000 A in a 7.5-T test field at 4.5 K. The core will be wrapped 
and soldered with a copper stabilizer having internal cooling channels. 
External dimensions of the stabilized superconductor will be 1.24 centimeters, 
square. 
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FIG. 3.3.1-9. Cross section of coil Al. 
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FIQ. 3.3.1-10. Cross section of transition coil Tl. 
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FIG. 3.3.1-11. Cross section of yin-yang magnet (Ml and M2)< 
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Table 3.3.1-4. Yin-yang magnet parameters. 

Property Value 

Geometry 
Magnet geometry yin-yang pair 
Average major radius 2.5 m 
Average minor radius 0.75 m 
Half displacement +0.15 m 
Lobe sweep half-angJe 75° 
Mean conductor length per turn 17.8 m 
Coil section 0.328 m by 0.824 m 

Field characteristics 
Mirror-to-mirror length 5.3 m 
Vacuum central field 1 T 
Mirror field 3 T 
Mirror ratio 3.0 
Total stored energy 200 MJ 
Peak field 7.58 T 

Operating current 4077 A for Ml & M2 
Axicel1-point design 
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Each coll of the magnet will have 58 layers of superconductor with 24 
turns per layer. Each layer will be a continuous length of conductor and 
joined to adjacent layers by means of conductor core cold-welding and soldered 
copper-joint bars. The superconducting colls will be enclosed in a stainless 
steel jacket assembly. 

The jacketed coll assembly will be supported by a heavier encompassing 
case structure. Magnetic loads will be transferred from the coil bundle to 
the support structure through a shim and filler placed between the jacket and 
case. The shim will have embossments that permit load transfer and also 
provide space for the guard vacuum. An intercoil structure that joins the two 
C-coils together provides additional mutual support. 

3.3.2. VACUUM VESSEL AND INTERNAL VACUUM SYSTEM 

VACUUM VESSEL 

Functional Requirements 
Functional requirements for the vacuum vessels are largely passive 

inasmuch as they <2o the following: 
• Provide a vacuum envelope. 
• Support the weight of the magnets and structures housed therein. 
• Support additional loads associated with magnet cooldown, magnet 

energization, and seismic disturbances. In particular, the vessels 
must transmit longitudinal magnetic forces as well as 
atmospheric-pressure forces. 

• Provide mounting of cryopanels, external cryopumps, streaming guns, 
ECRH waveguides and ICRH antennas, diagnostics equipment, neutral 
beam injectors, neutral beamlines, and beam dumps associated with 
those beamlines. 

• Provide access, by means of entry doors ami walkways, for 
maintenance of all interior systems. 

System Description 
The design of the end vessels will be based on the existing MFTF vessel 

which will, in fact, form the east-end vessel. The vessel is a cylinder, 
approximately 10.6 m (418 in.) in diameter and 14.5 m (572 in.) long, capped 
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by a removable dome which adds 1.7 m (68 in.), bringing the overall length to 
16.3 m (640 in.). The west-end dome of the existing vessel will be used on 
the new west-end vessel. The vessel is reinforced with four ring-stiffeners 
as well as longitudinal stiffeners (not shown). The cylindrical-wall 
thickness is 20.6 mm (0.812 in.) overall, increasing to 50.8 mm (2 *».) in the 
areas between the beam domes. The end dome has a shell thickness of 12.7 mm 
(0.5 in.) with external stiffeners. The entire vessel Is constructed of 304 
stainless steel. 

Four neutral-beam domes are located 90° apart around the center section 
of each end vessel. On the east-end vessel there are 16 neutral-beam ports 
per dome. On the new west-end vessel eight ports per dome will suffice for 
the reduced number of injectors. 

The overall system is shown in Figs. 3.3,2-1 through -7. The locations 
of cryopanels are shown in Figs. 3.3.2-4 and -S. The central vessel (see 
Figs. 3.3.4-7) is a cylinder approximately 25.5 m (1004 in.) long by 8 m 
(315 in.) in diameter with conically flared transition sections for mating to 
the end vessels. A thin-walled, ribbed structure is envisioned with 
ring-stiffened modules 2.5 m (98 in.) apart and a shell thickness of 19 mm 
(0.75 in.). Modular construction allows for more convenient assembly and 
disassembly. 

Energy Removal. Because no net work is produced by the device, the vessel 
systems must provide for the removal of all energy introduced into and 
generated within the experiment. Some of this energy will leave the plasma by 
means of thermal radiation and high-energy particles striking vessel walls and 
magnet liners, where the energy is removed by natural and forced convection. 
A large portion of the introduced energy will appear as directed flows of 
particles, localized in each vessel, for which specific means of removal must 
be provided. These flows consist of plasma streaming along field lines to the 
vessel end domes and of particles from the neutral-beam injectors. The first 
of these will be handled by plasma end dumps. The Intensity of the 
neutral-beam-injector particle fluxes at various locations will depend on the 
particular experimental mode. These fluxes will be absorbed by the 
neutral-beam and ion dumps (thermal absorbers). 
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SOUTH CLEVATIW 

FIG. 3.3.2-1. Axlcell magnet and vessel configuration for* MFTF-B. 



I) («l*-«T5) 

(i3B-)—a'°a — 

FIG. 3.3.2-2. Cross section of the end vessel showing the position of the 
yin-yang anchor magnet and neutral beams with the axicell configuration. 
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FIG. 3.3.2-3. Cross section of the axicell region showing high-field 
co i l s , axicell beamlines, and transition-CDil structure. 
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FIG. 3.3.2-4. East-end magnet and beam array with axicell and half of the solenoid magnets in 
central vessel. The side view of the end cryopanels and the neutral-beam cryopanels is shown. 
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FIG. 3.3.2-5. Section through the inside coi l of the yin-yang anchor showing the PZBZ injector that 
pumps the high-f ield axicell magnet A2. The edge view of the end-zone cryopanels can be seen in this 
f igure. 



FIG. 3.3.2-6. The side vifeW 0 f the magnet and beam arrangement f o r the central-cell region 
showing both axicells and the fourteen B-m solenoid magnets spaced 1.25 m apart. Five of 
the beamllne assemblies f o r the 0.5-s, 80-kV beams are shown on top 
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FIG. 3.3.2-7. Central-cell cross section showing the beamline injector 
tanks and neutral-beam dump arrangement in the center and just inside 
the axicell region. 
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In this section we consider only the dumps for the 80-keV, 0.5-s beams. 
Thirty-secon<j dumps, as well as other equipment associated with the 
longer-duration sources, are discussed in Section 3.3.9, Beamlines. 

Thermal Absot-bers. The neutral-beam dumps will be located on the sides of the 
vessel opposite the locations of the injectors. The dumps will be subjected 
to the most severe energy flux during conditioning of the injectors, if there 
is no plasma attenuation of the neutral beam. The peak flux in this case is 
estimated to be 7.8 kH/cm If the beam direction were at normal incidence to 
the dump surface. Conditioning pulses last up to 0.5 s. 

The ion dumps will be located at the end and to one side of the 
neutral-beam--iRjecior neutralizers, with the positive ions in the beams being 
deflected into the dumps by the fringe magnetic field from the various 
confinement magnets. The peak ion flux from the 80-keV injectors is estimated 
at 4.1 kW/cm- normal to the dump surfaces. The placement of the dumps is 
severely constrained by neighboring sources. 

For the various experimental arrangements, a total of four 0.5-s-beam 
dome sources are needed, two In each end vessel, for which ion and neutral 
dumps must be provided. 

Energy removal in the central vessel is accomplished mainly by the ion 
and neutral dumps associated with each injector and discussed under Beamlines 
(see 3.3.9). 

INTERNAL VACUUM SYSTEMS 

The MFTF-B Axicell internal-vacuum systems are required to maintain 
particle densities during operation as low as 2 x 10 9 cm in the anchor 
region. During start-up, the reflux and desorption of cold gas from surfaces 
struck by fast neutrals must be limited. During operation, some critical 
surfaces must act to bury energetic particles in order to limit the cold gas 
that reaches the plasma. 

The vacuum requirements will be met with cryopanels; the reflux and 
desorption requirements will be met with a getter system; the burial 
requirements will be met with hydride formers via ion implantation. Some of 
these elements must be actively cooled. Baffles and apertures are also 
required to Establish differential pumping regions. Microwave absorbers and 
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rf reflectors may be required to limit pulsed heat loads on the cryopaneis to 
acceptable values. 

System Performance at Equilibrium 
Following establishment of the axicell configuration, LLNL undertook an 

intensive study of the capability of the baseline internal-vacuum system to 
meet the requirements of the axicell design. A conceptual design was 
established and an overall-gas-balance model constructed. A 3D Monte Carlo 
model of the anchor and end-zone regions was used to establish gas densities 
in them, and other regions were studied analytically. 

Central Cell and Axicell. There are no gas sources in the central cell at 
equilibrium. Because the central-cell plasma can accept up to 50 Afl 

(Amperes-atomic) of gas, it is used to provide primary pumping for the 
axicell. Sources of gas include residual gas from the bearoline and dump, as 
well as charge exchange from the axicell beam and reflux from P2B2. The gas 
balance shows a net gas current to the axicell of approximately 5A a, which 10 -3 corresponds to an apparent particle density of 1.5 x 10 cm , as compared 
to the requirement of 2 x 10 cm" . The gas current to the center-cell 
plasma is 6 A,. 

Transition Region. This region is isolated from both the axicell and anchor 
by baffles; a portion of the neutral-bean cryopaneis are within the region. 
The major gas source is P2B2 in addition to the charge exchange and reflux off 
magnet A2. The transition plasma is considered to be capable of pumping these 
sources. Consequently no requirement (beyond that of Isolation from other 
regions) has been established. Partial shrouding of the transition plasma 
will allow neutral-beam cryopaneis (approximately 10 m black hole 
equivalent) to significantly aid in pumping residual isotropic gas sources. 

Anchor Region. This region is isolated both from the transition and end zone 
by baffles and is pumped by an extensive array of cryopaneis. The anchor 
magnet is a significant impedance to gas flow to the cryopaneis, some regions 
of which have capture fractions approaching 70S. Therefore, we used a 30 
Monte Carlo simulation to establish which fractions of the gas-load inputs 
(including return from the external-beam dump tank and charge exchange from 
the plasma) would return to the plasma as cold gas. 
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The dominant source of gas is the anchor beamline itself, because its 
exit aperture is nearly adjacent to the plasma. Combining this load with the 
beam dump and charge-exchange return, we find a gas current of 1.3 A,. 

Because the baseline cryopanels, both main system and beamline, are 
operated at an average condensation temperature of 4.7 K, we considered two 
additional significant sources of gas: residual D, base pressure and HD 
(present as a contaminant, 0.3%, in Dg). The plasma is the only effective 
pump for these species. In the anchor region, plasma pumping of D 2 adds 
approximately 1 A a of gas; the input HD in the anchor 1s also 1 A a. 

We thus have a total gas load on the anchor plasma of 3.3 A., which 9 - 3 corresponds to an equivalent isotropic atomic gas density of 1.2 x 10 cm , 
q _q as compared to the requirement of 2 x 10 cm . 

End Zone. In the end zone, all of the gas pumped by the plasma throughout the 
machine, as well as energetic particles not lost after charge exchange 
elsewhere, appear at the plasma dump, either to be buried or pumped by the 
end-zone cryopanels. The high-energy pump beam also contributes cold gas to 
this region. Including the total input HD pumped by the plasma throughout 
MFTF-B and the base pressure 0- pumped by the anchor plasma, the total load 
appearing at each plasma dump is approximately 42 Afl. It is important to 
note that even though HD input to HFTF-B is only 0.3X of the total, in the end 
zone it is approximately 10X of the total. 

The Monte Carlo model gives a D g density of 5.4 x 10 9 cm" 3. If 
the cryopanels retained 100* of their pumping efficiency for HD, the total 
density would be 6 x 10/* cm"3; but since the cryopanels are operated at an 
average surface temperature of 4.7 K, the HD vapor pressure (corrected for 
thermal transpiration to 300 K) is equivalent to a particle density of 3 x 
1 0 1 0 cm" 3. Thus the total density is 3.5 x 1 0 1 0 c m , compared to the 
requirement of 5 x 10 cm" . 

Subsystem Elements 

Cryopanels. Each cryopanel is made of aluminum extrusions arranged in the 
pattern shown in Fig. 3.3.2-8. The Z-shaped pieces are cooled to 80 K by LN 
flowing in the circular passages shown. These sections guard the inner, flat, 
LHe-cooled condensing sections from 300-K thermal radiation and also precool 
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FIG. 3.3.2-8. Typical cryopanel cross section. 
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the pumped gas, thus reducing the sensible heat that must be taken out by the 
LHe. The Z-sections are coated with a high-emissivity, low-outgassing film to 
minimize absorption of 80 K radiation. The helium panels are treated for low 
emissivity. 

In the end zone, design simplifications that became evident recently 
have been invoked. Specifically, eight end-zone panels were originally 
Intended for MFTF. These were arrayed in two "W" patterns on either side of 
the fan. By eliminating two of the panels, we have achieved the following: 

1. Maintained pumping efficiency. This was a surprising result of the 
Monte Carlo analyses; the apparent reason is improved gas access to 
the regions of the high-capture fractions. 

2. Allowed space for the insertion of relatively efficient baffles 
between the cryopanels and the plasma dump, so that energetics 
refluxing from the dump cannot cause desorption on striking 
cryogenic surfaces. 

3. Reduced the cryopanel system complexity and total heat load. 
End-zone cryopanels of approximately 350 m total projected area are 

provided for each plug vessel by using components of the two end arrays now 
constructed for MFTF (see Figs. 3.3.2-9 and 3.3.2-10). Thus, the only new 
cryopanel requirements are for 220 m of cryopanels for the yin yang and for 
neutral-beam dome regions of the west plug vessel. The general orientation of 
panels will be as shown earlier in Figs. 3.3.2-4. and 3.3.2-5. 

During the recent Technology Demonstration Tests, six of the 
neutral-beam cryopanels were operated, and their pumping efficiency was 
demonstrated to be as much as 25% better than predicted. 

Getters. Initially the getter system to be installed will be the 
sublimated-titanium type now in use on the TMX. Electrically heated Ti wires 
are mounted on a telescoping insertion mechanism and, between shots, are 
extended into the chamber in the vicinity of Inward-facing water-cooled magnet 
liners. Heating current 1s applied; and a Ti coating, a minimum of 3 
monolayers thick, is sublimated onto the liners, thus providing a clean 
surface that will trap energetic deuterons with very little reflux. Because 
the superconducting magnets will always be energized, the electric current 
must be at a frequency higher than any undamped mode for the wire geometry. A 
frequency of 10 kHz is planned for the current design. During the shots, the 
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FIG. 3.3.2-9. Elevation view of MFTF cryopanels. 



Fig. 3.3.2-10. End views of HFTF cryopanels. 



sublimators must be withdrawn because they would Intrude into plasma and 
diagnostics space. 

Eight getter assemblies are planned for HFTF-B. Each getter has an 
isolation valve so that individual assemblies may be removed for servicing 
without affecting the vessel pressure. Fixed getters will also be used to 
provide supplemental reflux and desorption control in the region of the 
axicell if required. 

Burial Surfaces. Specific areas of the design require the burial of energetic 
particles (at approximately 8QK efficiency) to aid in cold-gas control. These 
areas include the plasma dumps, located at each end of the machine, and other 
areas that may be identified during detailed design. Such areas will need to 
be modestly heated ( 200°C) to promote diffusion into the bulk of the burial 
surface. 

Baffles and Apertures. These are located as previously described. Surfaces 
subject to bombardment by energetic particles from beams or from the plasma 
must be maintained near ambient temperature to prevent reflux of water 
molecules. 

Microwave Absorbers and rf Reflectors. Because cryopanei tip temperatures can 
only be allowed to rise a few tenths of a degree during operation and because 
significant amounts of stray microwave energy are within the vessel, it may be 
necessary to develop and install sufficient microwave absorbers to prevent 
excessive cryopanei heating during operation. The cryopanels may act as 
reradiating antennas and also absorb significant amounts of stray ICRH power; 
reflecting screens with high rf attenuation and small conductance limitation 
to the cryopanels may need to be installed on the exterior of the cryopanels. 
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3-3.3. EXTERNAL VACUUM SYSTEM 

EXTERNAL VACUUM REQUIREMENTS 

Four functional requirements are associated with the external vacuum 
system: 

• Evacuating 4.8 x 10 litres of vacuum-vessel volume from 
atmospheric pressure to TO" 6 torr. 

• Pumping hydrogen, hydrogen deuteride (HD), and helium from the 
-8 vacuum vessels to a total pressure of 2 x 10 torr between 

Q 
experimental shots. (Partial pressure of 1 x 10 of HO is 
present after between-shot pumping.) 

• Pumping hydrogen, hydrogen deuteride, helium, and deuterium from the 
vacuum vessels for cryopanel regeneration. 

• Backfilling the vacuum vessels with nitrogen gas (GN) to 10 torr. 

Atmospheric Pumpdown 
The external vacuum system initially rough-pumps the vacuum vessels from 

atmospheric pressure to 10 torr. Vessel cryopanels are then filled with 
liquid nitrogen (LN), and the high-vacuum pumps in the external vacuum s> >tem 
further reduce the vessel pressure to 10 torr. At 10 torr, the ves -1 
cryopanels are filled with liquid helium (LHe), and the magnets can be 

Q 
cooled. The vacuum-vessel-design base pressure 1s 10 torr. The design 
time for atmospheric pumpdown is 32 h when pumping of the added MFTF-B system 
operates in conjunction with the present East External Vacuum System. 
Between-Shot Pumping 

Design time between shots is 5 minutes. To achieve the required preshot 
pressure of 2 x 10 torr, between-shot pumping is provided for nydrogen and 
helium partial pressures of 3 x 10 torr each, and for a hydrogen deuteride -8 partial pressure of 1 x 10 torr. Hydrogen and heliu.i are desorption and 
shot-reaction products. Helium will also be present as a deuterium Impurity 
as well as from cryopanel and magnet leakage within the design limits. 
Hydrogen deuteride is introduced as a deuterium impurity. 
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Cryopanel Regeneration 
Vacuum-vessel cryopanels require regeneration on a periodic basis to 

remove potentially explosive gases. The design criterion is a SO-torr maximum 
pressure for these gases when they are released into the evacuated external 
system volume. This corresponds to 9 x 10 torr-litres of deuterium for 
each of the two external vacuum subsystems on the MFTF-B plugs. Cryopanel 
regeneration is initiated by shutting off the LHe return from the cryopanels. 
Warming the return lines vaporizes LHe and forces cryopanel LHe back into the 
supply Dewar. When only GHe remains, the cryopanel temperature increases from 
4.5 to about 15 K; and the gases are released to the vessel volume, resulting 
in a vessel pressure of about 0.2 torr. Next, the vessels aro evacuated to 
10"° torr by the external vacuum-system high-vacuum pumps which remove the 
gases. The cryopanels are refilled with LHe, and the vessel pressure returns 

• ft 

to the 10 torr range, completing the regeneration-cycle. The cryopanel 
regeneration cycle design time is 12 h. The high-vacuum pumps are 
subsequently regenerated by warming with GN to create an inert mixture with 
the potentially explosive gases. The rough vacuum system then evacuates this 
gaseous mixture to the atmosphere. 
Vacuum Vessel Backfill 

Vessel backfill to 10 torr is required for calibration of the 
diagnostics instrumentation and for final warming of the magnets prior to 
bringing the vessels up to atmospheric pressui ?. Final warming a/oids cold 
spots on the magnet that would result in undesirable condensation of water 
vapor. Nitrogen gas from a liquid gasifier is supplied to the vessel at 10 
torr through an automatic valve system. 

EXTERNAL VACUUM DESCRIPTION 

Figure 3.3.3-1 illustrates the essential features of the MFTF-B external 
vacuum system, with the west/center system ?hown at the left. The 
left system is the same as the MFTF system at the right, which performed to 
specification in the MFTF Technology Demonstration. At the lower left are two 
parallel roughing-pump trains, each consisting of a mechanical pump and two 
blowers. This three-stage pump system and the water-cooled baffle were 

72 



East-
vessel 

Cryocondensing 
pumps 

Expansion 
tank 

-Oil-mist 
separator 

Fig. 3.3-3-1. Schematic of.the external vacuum system. 
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selected to minimize the possibility of hydrocarbon hackstreamino. Two pump 
trains and associated valving are provided for redundancy to permit 
independent operation. The expansion tank adds volume so that the maximum 
possible partial pressure of potentially explosive qas is 50 torr. The LN 
baffle is an additional anti-backstreaming feature to condense oil vapor. The 
roughing system is on an outside pad adjacent to the south wrll of Building 
431. 

The high-vacuum pumps mount directly on the east and west vessel for 
optimum conductance. On each end, three cryocondensing pumps are provided for 
atmospheric and deuterium putnpinq. Two cryocondensing/cryosorption pumps are 
provided for pumping helium and for pumping hydrogen and hydrogen deuteride at 
the lowest design pressures. Between each cryopump and the vessel is an 
isolation valve (not shown on Fig. 3.3.3-1). Each pump is independently 
operable. The cryopumps are backed by the roughing system to permit Dumpdown 
prior to cooling and also for cryopump regeneration. 

Nitrogen gas piping and valving provides for vessel backfill and for 
letting the external vacuum system up to GN during shutdown. 

OVERALL SYSTEM SCHEMATIC 

Figure 3.3.3-2 is a detailed top-level schematic that includes the 
essential features of the vacuum system illustrated at the left side of 
Fig. 3.3.3-1. Note, for example, the two parallel rough-pumping trains 
(bottom center of drawing), the five cryopumps attached to the vessel, and the 
GN system (illustrated at the lower left). Detailed additions to make real 
operating subsystems include features and components such as bypass lines; LP, 
cooling-water and compressed-air supplies; auxiliary oil pumps; manual, 
pressure-requlatinq, solenoid, and air-operated valves; switches; and 
instrumentation items, including temperature, flow, and pressure sensors and 
indicators. 

The two subsystems shown at the top of Fig. 3.3.3-2 are required for the 
cryosorption pumps illustrated at the vessel end. The argon supply system at 
the top left meters gas to be condensed in the pumps on LHe-cooled surfaces 
for helium gas sorption pumping. The top center system connects to the LHe 
reservoirs in the pumps and includes He boiloff return piping and vacuum pumps 
to reduce reservoir pressure to 0.17 atm, thus lowering the LHe temperature to 

n 
the 2.8 K required for pumping hydrogen deuteride and hydrogen to 3 x 10 torr 
or less. 
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Fig. 3.3.3-2. Detail of the external vacuum system. 

75/76 



SUBSYSTEM ELEMENTS 

Rough Vacuum System 
Figure 3.3.3-3 shows the two three-stage pumping trains with piping and 

auxiliary components manifolded together into the expansion tank. Each pump 
train is skid mounted, assembled, *nd pretested at the factory. In each pump 
train, the displacement of the first-stage blower is 816 ftvmin, the 
second-stage blower is 600 ft /min; and the mechanical pump is 300 
3 3 

ft /min. Pumping speed varies from 265 to 620 ft /min for each pump train 
and 1s dependent on both the combination of pumps operating at a given time 
and the vessel pressure. The pumps and other system components are all 
conmercia) products with a history of successful applications. 
High-Vacuum System 

Five cryopumps of three different designs, with associated piping, 
valving, and cryogen supply systems, make up the high-vacuum system. These 
pumps have been industrially designed and manufactured and have had extensive 
commercial use. Customized versions used on MFTF will be essentially 
duplicated for the MFTF-B Axicell pumping reauirements. One pump (type A) has 
a very large LHe-cooled surface area for high-volume pumping of deuterium for 
0.5 to 10" 3 torr and for atmospheric pumping from 10" 2 to 10" 4 torr. 
Two pumps (type B) are designed for atmospheric and deuterium pumping from 
10"'' to 10"" torr. The remaining two (type C) are designed for 
low-pressure between-shot pumping. Whereas the first three pumps described 
use 4.5 K LHe, these low-pressure pumps Dave vacuum-pumped reservoirs, and the 
LHe is at 2.8 K. Additionally, argon gas is precondensed on certain surfaces. 
These pumps thus have the capability of pumping hydrogen and hydrogen 
deuteride to a lower pressure than the vessel cryopanels and can also 
sorption-pump helium on the cold argon surfaces. 
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FIG. 3.3.3-3. Rough vacuum system. 
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Pulping speeds for the high-vacuum pumps depend on the gas being pumped 
and the pump inlet pressure. In the area of interest, the high-vacuum-regime 

punp speeds are listed in Table 3.3.3-1. 

Table 3.3-3-1. High-vacuum pump speeds. 

Pump Speed ( l i tre/s) 
type A i r 02 H 2 HD He "~ 

A 3.5 x 1 0 3 

B 9 .0 x TO3 

C 9.0 x 1<? 

9.5 x 103 

2.5 x 104 

2.5 x 1Ĉ  3.4 x 10*1 2 .8 x 10* 5.0 x lo"5 

Local Controls a n a Instrumentation 
The local control panel of the rough vacuum system will be located in 

Room 1015. Building 431. The high-vacuum 'ocal control panel will be located 
in a s o u t n w e s t a r e a o n the fourth-floor of Building 431 with the cryogenic 
system controls. Circuitry contains sensiig and control elements for 
equipment self-protection and to permit rnaiual operation from the local 
control panels. Interfaces are provided t< the supervisory control and 
diagnostics system. Through these interfates, computer equipment can monitor 
the system adjust the operating parameters, and operate the equipment in 
selected combinations and sequences. 

•Yne VtrtraV-ro-Temtfte Vtwnptfrer^ unr-rtfi -wfiL'rfnig ̂ tinene pruv'iatT* *rtre 
following features: 

» Unambiguous transfer of control vhen switching from local to remote 
or vice versa. 

t Complete disabling of the control functions in the area not in 
control of the system. 

t Status indication on both local ind remote control panels to show 
which area has control. 

The local control panels contain a display identifying major components, 
switches for motors and remotely operable waives, and visual indicators for 
valve position and motor off-on status. All indicators and switch positions 
are readable by the computer. The local c«ntrol panel also displays readout5 
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for all flow indicators, temperature and pressure sensors, cryogen-level 
indicators, and residual gas analyzers. At a panel interface, electrical 
signals representing these ouantities are available to the computer. 

Vacuum gages, residual gas analyzers, and pressure, temperature and flow 
sensors in the piping system permit monitoring, functional interlocking, and 
automatic operation. These are shown on Fig. 3.3.3-2. 

West-vessel vacuum instrumentation consists of residual oas analyzers, 
capacitance manometers for the 760 torr to 10" torr ranae, and dual 

-3 -10 hot-filament nude ionization gages for the 10 to 10 torr range. All 
gages are magnetically shielded. The residual gas analyzers and capacitance 
manometers are neutron-shielded. 

Central-vessel vacuum instrumentation includes residual-gas analyzers, 
capacitance manometers, and nude ionization gages with suitable magnetic and 
neutron shielding. 
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3.3.4. CRYOGENIC SYSTEM 

GENERAL REQUIREMENTS 

The magnet and cryopanel heat loads and the beat loads on the other 
system components dictate the performance requirements of the cryogenic 
system. The superconducting magnets and cryopanels operate from the 
4,35-K LHe supply. They require continuous refrigeration because of radiation 
of heat from warm surfaces, conduction of heat through the support structure 
and, when the magnets are operating, Joule heating 1n the current leads and in 
nonsuperconductlng joints in the magnets. In the case of the cryopanels, the 
radiant heat loads are dominant, with some loss by conduction and a negligible 
loss because of gas loads. To limit the refrigeration required at LHe 
temperature, which is expensive in both capital and operating cost, heat is 
intercepted at LN temperature {85 K) on heat shields, cryopanel chevrons, and 
heat sinks on the support structure. This requires a source of refrigeration 
that would be supplied by a subcooled LN loop coupled to a large storage tank 
and a nitrogen recordenser. 

The heat loads required for operation of MFTF-B are calculated values 
based on the detailed analysis made on the MFTF magnet and cryopanel system. 
Tables 3.3.4-1 and -2 list the respective design heat loads for MFTF-B LHe at 
4.35 K and LN at 80 to 85 K. 

CRYOGENIC SYSTEM DESCRIPTION 

The LHe cryogenic system for MFTF-B is shown schematically in 
Fig. 3.3.4-1. It consists of two helium refrigeration plants, with 
LHe-distributlon and helium recovery and storage facilities. Interconnecting 
transfer lines will allow transfer of refrigeration from one system to another 
in the form of LHe. A single helium-recovery system and high- and 
low-pressure He-storage facilities will serve all helium refrigeration 
plants. In a siiilar manner, a single LN system will provide a subcooled 
circulation system. 
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Table 3.3.4-1. Summary of estimated liquid helium (4.35 K) heat loads.a 

Item 
Heat load 

(W) 
Bleed stream helium 
to gas bag 

Normal conduction and radiation 
Neutron heating 
X-ray heating 
Current leads 
Magnet LHe lines Inside vessel 

2250 
310 
70 
200 

8.7 g/S 

Subtotal 
Cryopanels 

2830 

Normal conduction and radiation 
Microwave heating (0.1x2700) 
Neutrons 
X rays 
High, low, and sloshing beams 
Plasma-dump thermal radiation 
Cryopanel LHe lines inside vessel 

2900 
270 

7 
29 
50 
170 

3.Q g/s 

ECRH, Gyrotrons, Beam Lines 
and Diagnostics no 0.4 g/s 

External piping 
(Non-shielded feeds) 
LHe debars 
Valves and valve boxes 
Cryopumps 

1184 
426 
600 
50 3.0 p/s 

Subtotal 8626 15.1 g/s 
Reserve Capacity 2449 

Total required 11,075 15.1 g/s 
Less existing capacity 3,075 
Total new capacity 8,000 W 15.1 g/s 

aRequired 1iguefaction rate ii 1700 I1trs/hr. 
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Table 3.3.4-2. Summary of liquid nitrogen (85 K) heat loads. 

Item toad (kVt) 

Magnet shields 
Normal conduction and radiation (E 
Microwaves 
Plasma-dump thermal radiation 
Neutrons and x rays 

Cryopanel shields 
Normal conduction and radiation 
Microwaves 
PIasma-dump thermal radiation 
Neutron and x rays 

Storage tank 
Cryopumps 
Purifier 
He Refrigerator 
Subcooler pumps 
Dewar and LHe piping shields 
LN piping and valves 

0.3) 140.0 
2.0 
3.0 

Negligible 

90.0 
2.0 
50.0 

Negligible 
2.0 
4.0 11.0 

20.0 
40.0 
s.o 8.0 

377.0 kW 
Reserve 123.0 kW 

Total 500.0 kW 
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SUBSYSTEM ELEMENTS 

Helium Refrigerator/Liquefier 
The design of the refrigeration system for MFTF-B is similar to the 

current MFtF unit. It would operate on the Claude or reversed Brayton cycle 
using helium 9as as the refrigerant. A typical refrigerator includes a number 
of rotary, oil-floated screw compressors, a cold box to house the heat 
exchangers, gas-bearing or oil-bearing turbine expanders that extract energy 
at low temperature, and a Joule-Thompson expansion valve at the load. 

In operation of the present refrigerator, helium gas is compressed from 
I ta \Z ac cnare atmospjiereji ta SRxejra.1 sJUnp«u The, all ceajitced. ta vial the. 
screw compressors and to remove the heat of compression is stripped from the 
high-pressure helium gas stream in an ambient temperature purifier; then the 
gas is pipe0" to t n e cold box. Counterflow h«at exchangers in the 
vacuum-insulated cold box provide the transition from ambient temperature to 
LHe temperature in several steps. At 85 K, IN precooling is used to improve 
the effectiveness of the heat exchangers and also to cool the purifiers that 
remove all contaminants except neon from the stream. The warm turbine-inlet 
temperature is near the 40-K level, where a portion of the stream is expanded 
by the full 1? or more atmospheres to remove energy and provide 
refrigeration. Cooling of the high-pressure stream continues to about 20 K, 
where a second stage of purification removes the only remaining contaminant, 
neon. At 1S> *» a portion of the stream is again diverted and expanded through 
the cold turbine to provide more refrigeration. The balance of the 
high-pressure stream is further cooled in the bottom, or Joule-Thompson, heat 
exchangers and leaves the cold box by means tf a vacuum-jacketed transfer 
line. When functioning as a refrigerator, tJe LHe produced in the 
Joule-Thompson expansion process is flashed 1o gas to provide refrigeration 
prior to return to the cold box. In the liquefaction process, the LHe is 
collected in a Oewar, and the gas fraction otly is returned to the bottom 
exchanger, the difference being supplied as high-purity makeup gas at the 
compressor suction inlet. 

LHe Facilities. The LHe facilities include the storage and supply Dewars and 
the vacuum-jacketed transfer lines and valves that allow the MFTF-B cryogenic 
system to function in the various modes of oferation. Storage Oewars provide 
a source of L H e f o r standby refrigeration when maintenance is required on e 
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refrigerator and when regeneration of the cryopanels is scheduled. The Dewars 
serve as a storage facility for LHe that must be removed from the cryopanels 
and magnet. The supply Dewars provide the thermal ballast and serve as a 
phase separator for each of the natural convection loops. In this case, there 
is ore storage Dewar with a total capacity in excess of 25,000 litres and two 
supply Dewars, one for the magnet system and another for the cryopanels, with 
a capacity of 4400 litres each. All the cryogenic eauipmant, including the 
refrigerator cold box, Dewars, heat exchangers, valve boxes, and transfer 
lines, is elevated above the heat load. 

During steady-state operation, helium is liquefied in the storage Dewar 
and then transferred on demand to each supply Dewar. Cold gas is returned 
from all three Dewars to maintain closed-loop operation with the 
refrigerator. LHe flows from the respective supply Dewar to the lowest point 
on the load (magnets or cryopanels). When heat is added, a phase change 
occurs that results in a decrease in density in the riser and return line. 
This difference in density is the mechanism for driving the natural convection 
loop that will continue as long as heat is added and the LHe level in the 
supply Dewar is maintained. Each natural convection loop will function 
independently of the other. However, as shown on the piping diagram, the two 
magnets have separate circuits to the magnet Dewar, and the cryopanel load has 
a single inlet and three return lines. 

A number of the transfer lines and valves are not used during the 
steady-state operation; however, they are needed for the other modes of 
operation required of the cryogenic system. 

Storage Dewars. The MFTF-B modified cryogenic system will reauire two storage 
Dewars. In addition to the 25,000-litre Dewar available from MFTF, a second 
unit with a minimum capacity of 60,000 litres is reauired. It will be located 
near the west refrigerator in the northwest addition to Building 431. This 
unit will supply helium to the west-end magnets, cryopanels, transition coils, 
and solenoid coils. 

These storage Dewars are cylindrical, the axis being horizontal to 
minimize head room and simplify the cryogenic piping. Insulation is provided 
by a vacuum jacket that surrounds the tank. Inside the vacuum space, many 
layers of superinsulation and a cooled heat-shield limit heat transfer by 
radiation. 

86 



Supply Dewar. In addition to the two existing supply Dewars for tne east-end 
magnet and cryopanels, MFTF-B requires a similar installation for the west 
end. The LHe-transfer lines and the gas-return lines allow the transfer of 
the refrigeration load from one plant to the other. 

The supply Dewars are similar in construction to the storage Dewars, 
although much smaller. The cylindrical axis is vertical. Connections are on 
the bottom of the Dewars to allow natural convection circulation. 

Transfer lines and Valves. The transfer lines in the LHe system that 
interconnect the refrigerator, Dewars, and load are vacuum-jacketed and employ 
a LN heat shield with superinsulation to reduce heat loads from radiation. 
The valves are designed specifically for cryogenic service. Valves may be 
installed either directly in a transfer line or, when an array of valves is 
required, in a vacuum-insulated valve box. 

Controls. The LHe facilities will be automated for emergency conditions, such 
as a magnet quench or loss of vacuum on the vessel or other eoulpment. In the 
case of magnet quench, the supply Oewar would be isolated and vent valves on 
the magnet return lines would open to route the cold helium gas to the gas baq 
by way of the recuperator. The primary signal that would initiate the 
automatic procedure would come from the quench circuitry installed on the 
magnet. Pressure sensors set for a predetermined level can also be used to 
sense a quench condition. 

Other Helium Subsystems. The helium system has a number of other subsystem 
elements. The helium-recovery system collects, purifies, and stores helium 
gas at high pressure for reuse by the helium refrigerator/1iquefier. The 
recovery system includes a recuperator, a gas box, two recovery compressors, a 
gas dryer-purifier assembly, purity monitors, and a high-pressure storage 
facility. The recovery system has automatic controls for pumping out the gas 
box and storing pressurized gas in the high-pressure cylinders. 

Liquid Nitrogen System. The LHe cooled magnets and cryopanels are thermally 
shielded by LN cooled-surfaces at temperatures near 80 K. The LN system 
includes a nitrogen reliquefier (refrigerator), bulk-storage tank, 
subcooler/heat exchanger, and a closed-loop distribution system. 
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The LN system (block diagram shown in Fig. 3.3.4-2) has two loops. The 
first is a closed loop containing all subcooler LN. The LN is delivered to 
various load points such as cryopanel shields and magnet shields and is then 
returned to the subcooler. The second loop is from the other side of the 
subcooler/heat exchanger to the refrigerator/reliquefier. 

The total design reliquefaction capacity of the LN system is 11,000 litre/h 
of saturated nitrogen vapor at a pressure of 4.3 psig (-317°F). This is 
equivalent to a refrigeration load of 500 kW. The total LN refrigeration 
requirement for the vacuum chamber, transfer losses, and reliquefaction of 
warm nitrogen gas returned from the helium refrigerator is estimated to be 
approximately 377 kW, leaving 123 kW as a reserve capacity. 

The LN distribution system contains vacuum insulated piping, 
instrumentation, and valves to carry LN from the subcooler to the load 
points. Figure 3.3.4-3 shows a block diagram for the LN distribution system. 
Thermal shielding to reduce heat transfer to LHe cooled units is provided for 
the magnets, vessel cryopanels, duct shielding for LHe piping Dewar, valve 
boxes, cryopanel supply Dewars, magnet supply Oewars, LHe storage Dewar, LHe 
refrigerator cold box, external vacuum cryopumps, and beamlines. 
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3.3.4-2. Helium refrigerator/1iquefier. 
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3.3.5. HALF-SECOND AND 30-SECONO NEUTRAL-BEAM POWER SUPPLIES 

GENERAL REQUIREMENTS 
The MFTF-B Axicell configuration will utilize the Sustaining 

Neutral-Beam Power-Supply System (SNBPSS) previously required for the MFTF-B, 
A-Cell configuration. The 24 sets will be used: 22 for neutral beams, one for 
ECRU and one for source testing. In -Jdition to the 22 SNBPSS Sets, two power 
supply sets will be required to power two 30-s, 30-kV neutral-beam source 
modules added to the vessel for passing-particle barrier pumping of the 
transition and axicell regions. The new power-supply configuration will be 
adequate for the thermal-barrier mode and the Kelley mode. 

The performance requirements for the twenty-four 0.5-s and 30-s 
neutral-beam power-supply sets are derived from a combination of the basic 
plasma-physics requirements for the MFTF-B Axicell configuration, and the 
electrical requirements of the 0.5 and 30-s neutral-beam source modules. 

The power-supply system will have two modes of operation; a 
source-conditioning mode and a normal operation mode (10% duty cycle, 30-s 
operation every 5 minutes). Conditioning the source modules wil' be 
accomplished in a reasonable period of time at a rate up to one shot per 
minute. Each source module will be powered by a separate and independent set 
of specific power subsystems. For each source, the supplies are referred to 
as a power-supply set. Each set will be capable of a maximum pulse width of 
30 seconds. Six power supply sets will power 30-s, 80-kV neutral-beam source 
modules; sixteen will power 1/2-s, 80-kV source modules; and two will power 
30-s, 30-kV source modules. 

Each power supply set will be capable of a normal operating-mode 
pulse-repetition period of 5 minutes at full power and a source-conditioning-
mode pulse-repetition period of 1 minute. The accel voltages of each 
power-supply set will have an operating range that is compatible with the 
variable operational requirements of both the 0.5-s and 30-s source modules. 
The arc power-supply maximum voltages for the 0.5-s and 30-s power supplies 
are 70 V and 140 V, respectively. 

Each power supply set will provide the following function sequence 
automatically: 
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• Accel Voltage Sparkdown Response 
1. Detect source-module sparkdown. 
2. Remove source accel power. 
3. Reapply power after source-module recovery. 

• Arc Spot Response 
1. Detect signal from arc spot sensor. 
2. Crowbar arc power supply. 
3. Terminate pulse. 

The power-supply sets will be capable of simultaneous operation. The 
system will not generate electrical transients that will adversely affect the 
local utilities and communications. 

AXICELL SN3PSS DESCRIPTION 

The pulsed power-supply system for neutral-beam heating and fueling of 
the axicell makes use of 22 power-supply systems provided for the MFTF-B. Two 
30-kV power-supply sets are added. The overall design concept is retained 
with power flow from the 230-kV high-power line (250 MW) to each source 
module, providing ions into the beam neutralizers. The configuration of 
SNBPSS includes the following elements. 

Substation 
A dedicated 230-kV, 250-Mw, pulsed-power substation provides 13.8 kV ac 

power for the system. Because of the large size of the power equipment the 
230-kV substation and the dc rectifier systems are located outside Building 
431 in an area the size of two football fields (see Fig. 3.3.5-?). The 
substation takes power from the 230-kV utility line anti in two pulsed 
transformers converts it to the 13.8-kV ac power for the rectifiers and for a 
smaller pulsed-power substation. The major subsystems of a SN3PSS set are 
shown in Fig. 3.3.5-2. 

Accel dc Power Supply (ADCPS) 
Each dc rectifier converts 13.8-kV ac power into 85-kV dc and delivers 

88 A to the Pulse Power Module (PPM) through high-voltage cabtes connecting 
the outside rectifiers to the inside PPMs, Each power-supply set consists of 
a switch-gear assembly, a step-voltage regulator, a rectifier transformer, 
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Fig. 3.3.5-1. Exterior oyerview of the 80-kV power-supply system. 
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series power-factor-correction assemblies, and a rectifier. The series 
power-factor-correction assemblies correct the power factor to within 0.96 to 
l.C at full load to meet the requirements of the local utility power company. 
Each rectifier transformer has two secondaries, one delta and one wye, to 
provide for 12-pulse rectification. The primary is wound as an extended delta 
with 12 of the power supplies phase-shifted +7.5 degrees and 12 power supplies 
phase-shifted -7.5 degrees. When all power supplies are operating, the 
apparent load to the utility power line is that of a 24-pulse power supply 
system, and all harmonic interference below the twenty-third harmonic is 
reduced to nearly zero. 

Accel Pulse-Power Modulator 
The accel PPM conditions and switches the high voltage from the ADCPS to 

operate its associated neutral-beam source module. The PPM consists of a 
resistor-capacitor compensation network, a crowbar (power shutdown circuit) 
for protection, a series CQK 200-4 tetrode vacuum tube with controls, and a 
shunt CQK 200-4 with controls. The shunt tube requires about 50 ms to 
establish the initial current from the AOCPS and then transfers it to the 
series switch in about 100 us to 4 ms. 

When the series tube turns on to start the accelerating pulse, the shunt 
tube turns off at a coordinated rate to smoothly transfer the ADCPS current to 
the output neutral-beam source load. A resistive-capacitive network acts as 
an energy reservoir to reduce transients caused by small discrepancies during 
the transfer. The load current is transferred back to the shunt tube during 
spark downs of the neutral-beam source module and at the end of pulse. 

Filament Power Supply 
The filament power supply is an unregulated, 12-pulse rectifier that 

delivers up to 5500 A with an adjustable voltage range of 12 to 20 V. It 
heats the tungsten-filament assembly in the source module. 

Arc Power Supply 
The arc power supply is also an unregulated 12-pulse rectifier. It is 

designed to deliver from 600 to 4000 A with an adjustable voltage range of 25 
to 71 V. For the axicell application with various 30-s sources the voltage 
will be 70 or 140 V for currents of 4000 A or 2000 A, respectively. 
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The power supply consists cf an impedance network, a 12-pulse rectifier, 
an arc notcher, and a crowbar. At currents above 1000 A, the power supply 
must be able to stabilize the arc in the source module; therefore, its 
internal impedance is designed to be equal to or greater than that of the 
source-module arc load. This is accomplished by adding inductors in the ac 
power-input section. 

When the source module sparks down, the arc current must be limited for 
approximately 100 us. This is done by switching a partially charged 
capacitor across the output of the arc power supply through a 
silicon-controlled rectifier (SCR) switch. Occasionally, the arc chamber will 
develop a metal-ion discharge, or "arc spot", that requires switching off the 
arc power supply for several milliseconds. The arc spot is detected both by a 
Langmuir probe and by monitoring the arc voltage and current. The two signals 
are logically weighted and used to trigger SCR crowbar on the output of the 
arc power supply. 

Suppressor-Grid Power Supply 
The suppressor-grid power supply provides -2 or -3 kV to the suppressor 

grid, nominally at 20 A but with the capability for providing up to 50 A for a 
few microseconds. The purpose of the suppressor grid is to prevent electrons 
from the neutralizer being accelerated into the high-voltage region of the arc 
chamber. The power supply consists of an SCR-regulated, 12-pulse rectifier 
with capacitive storage, and a transistor-switched output. Because the 
neutral-beam source module is subject to frequent spark downs, the output 
circuit of the suppressor-grid power supply is protected from damage from 
80-kV transients by a series inductor and a reverse-biased diode assembly. 

Controls 
A three-tier hierarchical control system ties the SNBPSS control into 

the MFTF central control room. The highest level is a minicomputer equipped 
with a color-display operating console. At the next level is the local 
control and instrumentation system (LCIS), which consists of a microcomputer, 
fiber-optic communication to a computer-automated measurement and control 
(CAHAC) crate, and a master timing communication link. The third tier, which 
is part of the SNBPSS equipment, consists of control hardware with fiber-optic 
communication links to the various power supply subsystems. A local control 
console is included for each set of six power supplies. 
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Auxiliary Components 
The output of each power supply set is connected to its neutral-bean 

source module by a low-capacitance (15 pF/ft), multiconductor coaxi-.l cable. 
To minimize the stored energy that will be discharged into a source-module arc 
fault, the cable capacitance is kept low. The stored energy is kept below 
25 J, since energy greater than 25 J tends to decondition or degrade the 
performance of the source module. 

The circuits that operate at or near accel potential (30 to 80 kV) are 
carried within the accel potential cable. These high-potential circuits are 
the accel, arc, filament, gradient grid, and accel potential control and 
monitor circuits. This cable bundle (which consists of thirteen 500-MCM, 
twelve 250-HCH, two custom-made RG213, and two tnultipair instrumentation 
cables) is enclosed in a 15-cm-sauare extruded-aluminum raceway with a snap-in 
lid. The raceway is supported by 25-cm-high epoxy-glass post insulators 
inside a 76-by-76-cm grounded coaxial shield made of aluminum. 

A source cable has been built to connect the first power supply set to 
the High-Voltage Test Stand (HVTS). Tests have confirmed that the cable will 
hold off 140 kV for 10 min and also that there was no degradation to the cable 
when a series of 80-kV pulses was discharged through the cable. 

The cable running from the 80-kV supply to the accel grid of the 
neutral-beam source passes through a set of 35 tape-wound cores (a core 
snubber) located near the source module. Approximately 25 J are stored in the 
PPM and source cable capacitance. In the event of an arc, the core snubber 
limits the short-circuit current to about 200 A because it acts as a 
transformer with a 400-ohm secondary resistive load. 

The core has an inner diameter of 16 cm, an outer diameter of 42.5 cm 
and is wound with 1.3-cm-wide, 1-mil-thick, 50X Ni-50% Fe material. Each core 
has a magnetic induction swing of at least ±2.8 T with a change in bias 
magnetomotive force of 22.5 ampere-turns negative to 22.5 ampere-turns 
positive. 

The gradient-grid network is a resistive divider driven by the 80-kV 
accel voltage source. The purpose of the gradient-grid voltage is to improve 
beam optics by establishing a voltage gradient in the neutral-beam source 
module. Monitors on the gradient-grid current and on its voltage ratio to the 
accel voltage provide early warning of incorrect source-module performance: 
high gradient-grid current indicates improper beam focusing; sudden changes in 
the voltage ratio indicate internal arcing. 
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With twenty-two 80-kV SNBPSS sets, the two 30-kV power supples, 
controls and auxiliary components, power for the axicell neutral bean's will be 
provided. The 24 sets will operate to power the specified sixteen 80-kV, 
0.5-s injectors, six 80-kV, 30-s injectors, and two 30-kV, 30-s injectors. 
The resulting neutralized beams will provide heating, fueling and pumping 
inputs to meet the MFTF-B Axicell configuration requirements. 

3.3.6 CONTROL AND DIAGNOSTICS SYSTEM 

GENERAL REQUIREMENTS 

The control system will provide automatic and manual control, data 
acquisition, reduction, and anal/sis by means of a computer-based hierarcbial 
control and communications structure. The system will allow a complete plasma 
physics experiment to be conducted every 5 minutes and will support 
source-conditioning runs once per minute. 

The Control and Diagnostics System (CDS) allows independent action of 
the various MFTF-B subsystems anl also executes coordinated action of these 
systems when appropriate. The CIS hierarchy includes a Supervisory CDS 
working through the Local Control and Instrumentation System (LCIS) interfaces 
to each distributed element of tte operating, monitoring, and 
personnel-interlocking points of each system. 

Operations parameters are established, shots initiated, and data 
gathered from the Systems Supervisory Console at the top of the hierarchy. 
Master timing is the trigger for each function after parameters ar£ set and 
•verYrreo 'rrum'&te opera"cur'^ portion. & serono system console operates "tine 
injectors and provides a backup capability to continue operations should the 
system console or computer have »n operational failure. 

CONTROL SYSTEM DESCRIPTION 

Supervisory Control and Diagnostics System (SCDS) 
Figure 3.3.6-1 shows the miin control system elements. The pCDS is the 

primary interface between MFTF-B experiments (and system operators) and the 
device. Seven minicomputers wil" control the experiment and two minicomputers 
will provide for data acquisitioi and post-shot analysis. All nin£ processors 
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will share a 1-megabyte {MB) common memory (in addition to their local 
memory), which will provide for interprocessor communication and data flow 
within the SCDS. 

Each of the seven supervisory control computers will have a control 
console and will comunicate with a set of local control computers* Should 
any processor fail, these local control computers can be controlled from a 
backup machine and console, thus increasing SCDS availability. 

The operator will interact with SCDS through specially designed control 
consoles. Images of buttons will appear on two CRT monitors equipped with 
transparent touch sensors. The operator, by touching the appropriate graphic 
area of the sensor, issues commands, requests status displays, or changes the 
currently viewed set of controls. 

The consoles have 19-in. color TV monitors as the exclusive medium for 
display of MFTF status and touch-sensitive panels overlaying 13-in. color TV 
monitors as the exclusive medium for exercising operator control over MFTF. 

The software for the system is message oriented and has a common 
distributed data base. The message orientation makes the whole system event 
driven, allowing a great reduction in essentially superfluous code execution 
that occurs in systems scanning sensors. (This scanning does occur but is 
done in the Local Control and Instrumentation System (LCIS) to which SCDS is 
connected.) The data base then allows a user access to all machine data in 
such a way that its location in the system and the structure in which it is 
embedded is essentially transparent to the user. 

The data base will be distributed across all nine minicomputers. In 
addition to providing storage and rapid retrieval of the various parameters 
needed to control each subsystem, the data base must collect, compact, and 
store the 8 x 10" bytes of machine status and plasma diagnostics data that 
are acquired per shot. 

A postal system will carry commands through shared memory to the 
appropriate "execute module" ta"* on the appropriate machine. Each execute 
module will control one particular aspect of the MFTF-B, such as the magnet or 
the neutral beams. Control of a subsystem will be a function of operator 
commands, "iocs! control computer interactions, and the state of the data base. 

Together with the concept of a dual logical machine/physical machine in 
the software modules, system flexibility allowed reallocation of tasks during 
initial operation in the course of the recent Technology Demonstration. As 
one machine became overloaded, some of its work could be shifted to another 
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machine without a major effort on the part of the programming staff. This 
allowed tuning of the system to improve response time. 

The use of TV displays for status and control functions, together with 
the touch-sensitive panels, a graphics editor, the concept of control panels 
being a computer language, and the flexibility of a message-oriented system, 
allowed modifications to status displays almost "on the fly". As operators 
had need for modification of displays or slightly different controls, these 
could be produced on a short notice to improve operations without any changes 
in hardware. 

One of the original aims of SCDS (confirmed in Technology Demonstration) 
was to be able to continue functioning if one of the processors of the system 
failed. The logical machine/physical machine duality is the key to 
accomplishing this function. This ability was demonstrated when one processor 
failed during the initial operations, and the system was brought back on line 
shortly therafter. 

If a channel suddenly became too noisy, the excess traffic occasionally 
blocked status upda.tes on the displays and also blocked the ability to control 
the machine. Modifications were made in the operating systems. The 
restructured system was a collaborative effort between the LCIS and SCOS 
elements. With the demonstration of hardware and software functional 
performance verified, modification of the elements for the axicel 1 
configurations is a matter of restructuring with the increased SCD5 speed and 
data capacity, incorporating the LCIS interfaces. 

Local Control and Instrumentation System (LCIS) 
The LCIS provides the necessary translation of data and control signals 

between SCDS and each major hardware subsystem. A separate foundation system 
is provided for each major system component requiring control and data 
acquisition. Thus acquisition and control are effected through a two-level 
hierarchical network of computers. 

Common requirements of each data link in LCIS were gathered together and 
implemented with a single design called the founds ion system. Each 
foundation system (see Fig. 3.3.6-2) consists of an LSI-11 microcomputer with 
a serial communications link to SCDS and either a 5-megabit/second fiberoptic 
CAMAC Serial Highway or a 9600 eaud fiberoptic RS-232 telemetry link. In 
addition to the communication function, the fiberoptic links provide the 
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necessary isolation of the control room from the high-noise environment of the 
experiment. 

Each LCIS foundation system runs an identical, software 
executive-operating system. This executive takes conmands and requests from 
SCDS and translates thorn into the appropriate CAMAC operations. Foundation 
systems for different subsystems have specific software to address their 
hardware mix in the remote CAMAC crates. The LCIS will filter and abstract 
instrumentation readings for the supervisor and perform those closed-loop 
control functions dedicated to software. This system architecture hides the 
details of the hardware and relieves SCDS of most of the routine processing. 

A centralized master-timing system provides shot synchronization. This 
timing system consists of a centralized master-timing unit located in the 
MFTF-B control room and the local timing receivers located in the CAMAC crates 
at the experiment. These units are connected through a separate fiberoptic 
link, which transmits the 3-MHz clock and timing fiducials. Synchronizing 
pulses and timing delays can be programmed into these units through their LCIS 
foundation system. 

Presently, 30 such LCIS systems are in operation. An additional 44 
systems are planned for expansion of MFTF-B, and eight for the axicell 
configuration with the modified distributed elements. Plasma diagnostics will 
require an additional 11 systems; bringing the number of LSI-11 systems in 
Building 439 to 85. Sufficient space and power currently exists to 
accommodate these additional systems. 

The recent Technical Demonstration integrated-systems tests, completed 
in February 19S2, verified the hardware flexibility, software modularity, and 
rapid replacement and servicing of CAMAC and computer-component elements 
whenever components failed to perform as desired. The executive operating 
software proved both effective and robust. 

The fiberoptics effectively isolated the electrical noise in Bldg. 431 
from both the supervisory and the local control computers In the control 
building. The fiberoptics proved reliable, convenient to use, and extremely 
effective for isolation of hardware in diverse and distant locations. 
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3.3.7. RADIOFREQUEHCY (rf) HEATING SYSTEMS (ECRH AND ICRH) 

ELECTRON-CYCLOTRON-RESONANCE HEATING (ECRH) SYSTEM 

System Requirements 
The MFTF-B Axicell-configuration rf heating will employ frequencies in 

ECRH at three nominal values. Gyrotron tubes at 28 GHz, 35 GHz, and S6 GHz 
will supply energy to heat electrons in the anchor-cell regions. In the 
axicell barrier mode with the 12-T and 6-T magnets, the absorbed power 
requirements are given in Table 3.3.7-1. For Kellay mode operation, ECRH 
requirements in the anchors are the same as shown in the table. Heating 
locations remain unchanged. 

Table 3.3.7-1. Distribution of ECRH power for MFTF-B Axicell configuration. 

ECRH Axial position Magnetic Absorbed 
location of heating zone field Frequency ECRH power 

(m) (T) (GHz) (kw) 

Anchor ±21.2 1.2 28 100 
(East & West) 
Anchor ±21.2 1.2 35 100 
(East & West) 
Anchor ± 19.2 1,1 56 300 
(East & West) 

The pulses will vary in duration from 100 us to 30 s and pulse 
repetition intervals will be variable from 10 ms to 5 min. During each 
experimental shot the relative timing, duration, and magnitude of rf output 
pulses from each gyrotron will be independently adjustable. Power outputs 
will be adjustable by a minimum of 10 db with rise time of 100 us or less. 

General Description. The ECRH System is configured in eight channels with 
four 56-GHz, two 35-GHz, and two 28-GHz gyrotrons forming the individual 
transmitting units. Figure 3.3.7-1 shows the major elements of the ECRH 
System for the MFTF-B Axicell. The system includes the following components: 
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0 dc Power supply 
t Compensation network 
• Crowbar 
• High-voltage disconnects (8 each) 
• Pulse-power regulators (8 each) 
• rf transmission and launching systems 
• Gyrotron systems {8 each) 
• Utilities 
• Controls and monitors 
The Direct Current Power Supply (DCPS), shown in schematic in Fig. 

3.3.7-2, will provide negative unregulated dc power with no-load output 
voltage adjustable from -58 kV to -114 kV. Rated output will be 90 A at 
-90 kV at 10X duty cycle. Modifications to local controls will be required to 
ensure ECRH system compatibility. A passive compensation network {capacitor 
bank) will maintain transient current withir. limits under normal fault 
conditions. 

The crowbar is a series ignitron-tube stack to divert output of the dc 
power supply, if arcing should occur in one or more of the regulator 
networks. High-speed vacuum interrupters will then be actuated within 25 ms 
typically. 

An array of eight high-voltage disconnect switches will allow each 
chc. ne1 to operate normally while all other channels are accessible for 
maintenance. Locking a switch in the open position will allow servicing 
without exposure to high-voltage risks. 

The pulse-power regulation/isolation networks provide gyrotron 
high-voltage inputs. Cathode voltage is adjustable from 0 to -85 kV, 
regulated to+.0.5J! over the range -70 kV to -85 kV with cathode currents 
ranging from 0 to 10 A per channel. This is easily achieved with the series 
tetrode design shown schematically in Fig. 3.3.7-3. At cathode potential 
the gun-anode voltage power supply provides -3 to +35 kV to the gyrotron. 
Regulation is *0.5< from 15 to 35 kV for currents ranging from 0 to 50 mA. 
Rapid adjustment of gyrotron output is provided by the 100 ps maximum rise 
and fall time for both the cathode and gun-anode voltages. 

Heater power supplies will also float at cathode potential. Heater 
outputs will range from 0 to 15 V ac (rms) with 500-ms settling time and will 
provide continuous operation. During each experimental shot, heater current 
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will be varied to compensate for gyrotron cathode-emission cooling current, 
which causes output-power reduction. 

The cathode, gun-anode, and heater power supplies are located outside 
the vault at either end of the MFTF-B and near their corresponding gyrotron 
cabinets in order to minimize energy storage in the high voltage dc cables. 

The gyrotron systems convert the dc power to rf power. Each unit 
contains the following elements: 

• Gyrotron tube 
• Gyrctron magnet assemblies 
• Magnetically shielded gyrotron cabinets 
• Gyrotron magnet power supplies 
• Gyrotron gun oil-cooling system 
• LCW manifold 
• Cryogenic piping (56 and 35 GHz gyrotrons) 
• Flourocarbon _oo1ing for gyrotron output window 
• Ion-pump power supplies 
Eight electron-cyclotron masers, commonly referred to as gyrotrons, 

generate rf power for the ECRH system. Each tube has 200 kW output for 30 s 
at 10% duty cycle. Development of the 28-GHz tube is completed. The 56-GHz 
requirement for MFTF-B is met by adaptation of existing 60-GHz designs and 
frequency scaling to 56 GHz appears to be very achievable. Minor 
modifications to the output window and oscillation cavity with adjustments in 
gyrotron-tube magnetic field and operating voltage will be done to accomplish 
the 56-GHz objectives. 

The 35-GHz requirements could be met for short pulses by gyrotrons 
already tested by the Naval Research Laboratory, Nippon Electric Company, and 
Thompson - CSF. A long-pulse development is needed for MFTF-B requirements. 

The 28-GHz tubes will use conventional magnets. The 56-GHz and 35-GHz 
gyrotrons have superconducting magnets with liquid-nitrogen and liquid-iielium 
cooling. Each gyrotron uses four magnets in the gun-cavity region and :hree 
magnets in the collector region. Conventional copper solenoids will be used 
in the collector regions, even for the 56-GHz and 35-GHz units. 

The gyrotrons and magnets will be housed in shielded cabinets (limiting 
magnetic field to 5 gauss at the tube body) located beneath the vessel and 
inside the vault. Close proximity of gyrotrons and magnets is required to 
shorten waveguide runs and reduce rf losses. Each cabinet has a gun 
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oil-cooling system and resistive network to limit fault-energy transfer to the 
gun by a spark-down. The microwave-window coolant system provides 
flourocarbon coolant to the tube rf window and to the barrier window in the 
vessel rf system. Each gyrotron will have one or two ion-pump power supplies, 
depending on frequency* 

The rf transmission and launching system transports power from the 
gyrotron output window to an antenna system within the vessel. Figure 3.3.7-4 
shows the relationship of cavities, waveguides, and cabinets with the vessel 
and plasma volume. The waveguide, made of OHFC copper, is circular with i.d. 
of 2.5 inches. A mode filter suppresses lossy waveguide modes and a 
directional coupler monitors forward and reflected power. There is a 
retractable water-cooled rf load, a dc block, one rf window, and two arc 
detectors in each unit. 

The microwave energy will be launched by microwave antennas aligned with 
the plasma at the heating locations. The energy will be launched into 
reentrant cavities, which will reflect the microwaves through the plasma 
several times for increased absorption. Some synchrotron radiation will also 
be reflected back into the plasma by the cavities. 

The ECRH dc power supply is presently located east of Building 431 with 
twenty-three other 80-kV Sustaining Neutral-Beam dc Power Supplies. The 
compensation network, crowbar, secure high-voltage disconnects, and local 
control system will be on the third floor, southeast corner, of Building "31. 
The pulse-power regulators, gyrotron gun-mode power supplies, arc detection 
circuits, LCV) systems, CAHAC controls, and monitors will be on the first floor 
near their respective gyrotron cabinets. 

ION-CYCLOTftON-RESONANC£-HEATlNG (ICRU) SYSTEM 

System Requirements. 
The thermal barrier mode of the MfTF-8 Axicell Configuration requires 

ICRH in the central-cell region for thermal barrier operation. An adjustable 
frequency, 12-to-20 MHz {shortwave HF radio), power-supply system will provide 
400 kW to the central-cell ions at a 1-T magnetic field. This requires 800 to 
1000 kW of rf power to the antenna terminals. To satisfy requirements of 
plasma buildup during each shot, output power will be remotely programmable 

109 



SOUTH ELEVATION 
35 G N Z 

Fig. 3.3.7-4. The vacuum vessel, showing ECRH antennas, waveguides, ann 
channels relative to the magnets and to the plasma-flux surface. 

110 



with a rise time of 100 microseconds. The ICRH output frequency will be 
tuneable by + 25% to maximize rf power absorption by the ions. To minimize 
the harmonic output, the ICRH system will incorporate a high-Q tuned output 
stage and low-pass filters, as necessary. 

ICRH Description 
The ICRH system will include the following: 
• dc Power supply 
• High-power rf amplifier 
• Coaxial transmission lines 
• Impedance matching network 
• High-voltage vacuum vessel feedthroughs 
• Antenna and Faraday shield 
• Utilities 
• Controls and monitors 
Figure 3.3-7-5 shows a block diagram of the major elements of the ICRH 

System. The power supply provides dc power at 22.5 kV, 65 A from a location 
near the ECRH dc power supply east of Building 43T. The capacitor 
bank/crowbar provides compensation for transients and ripple filtering. The 
crowbar provides protection against arcing for the high-power tetrode 
amplifier. The capacitor bank and crowbar will be in an rf shielded metal 
cabinet on the third floor, southeast corner, in Building 431. 

The 1.1-MW rf amplifier will provide output centered at 17 MHz 
frequency. Frequency tuning of ̂ 25% will be provided. The filament power 
supply provides 700 A at 16.5 V to the thoriated tungsten filament of the 
tetrode. 

Transmission of the tuned rf output through the low-loss coaxial line 
provides output to the antenna. A high-power rf coaxial vacuum feedthrough 
will transmit power from the transmission line through the vacuum-vessel wall. 

In Fig. 3.3.7-6 we see the components of the antenna system relative to 
the vacuum vessel as well as ICRH equipment locations on the third floor of 
the building. Impedance matching networks are capacitors mounted in rf-tight 
boxes at the antenna loops in Figs. -6 and -7. The antenna is located between 
central-cell solenoid magnets S6 and S7 whe*-e the local field at the east end 
of the solenoid has risen to 1.2 T. Alternative locations are under 
consideration. 
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FIG. 3.3.7-5. Major elements of ion-cyclotron-resonance heating (ICRH) system. 
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Fig. 3.3.7-6. Cutaway view cf the MFTF-B vacuum vessel, showing ICRH 
antennas and associated equipment in relation to the magnets and plasma-
flux surface. 
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The ICRH Antenna is made up of two 1/2-turn loops ercund the plasma in 
the central cell. Each one is a wide, flat copper strip encircling half the 
plasma. The transmitter will be able to drive each antenna loop singly or in 
parallel. 

A multisection Faraday shield protects the antenna from the plasma as 
shown in Fig. 3.3.7-7. The sections, separated by a small gap, reduce image 
currents in the shield. 

The ICRH dc power supply uses 1.5 MV-A of ac at 13.8 kV. The 
equipment in Building 431 uses 100 kV-A of 480-V ac power from the ECRH/ICRH 
1.6-MV'A indoor substation. Low-conductivity water is provided to cool the 
amplifier tetrode, antennas, and Faraday shields. 

Controls and monitors will employ an LSI-11/23 Local Control Computer 
(LCCJ to interface with the CAHAC crate by means of fiberoptics. A disk-based 
local control system permits test and maintenance operation of the ICRH system 
in Building 431. 

The ICRH frequency is near the middle of the high-frequency (hf) radio 
broadcast band (3 to 30 MHz). For this reason rf shielding and good grounding 
practices are essential. 
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FIG. 3.3.7-7. Details of one-half of the ICRH antenna design, showing the 
impedance-matching networks and water-cooled antenna. 
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3.3.8 NEUTRAL-BEAM SOURCES 

SOURCE REQUIREMENTS 

The MFTF-B Axicell configuration will require a neutral-beam system 
comprised of six 80-kV, 30-s and two 30-kV, 30-s sources. In addition, 
sixteen of the 80-kV, 0.5-s and ten of the 20-kV, 0.01-s sources from the 
original MFTF configuration will be used as start-up sources. These sources 
will be directed at the plasma in the yin-yang anchor, the axicell plug, the 
axicell 12-T and the central-cell regions. The distribution and 
characteristics of the long-pulse sources are summarized in Table 3.3.8-1. 

Five of the 20-kV, 0.01-s sources will be mounted at each anchor 
position with two on the north and three on the south side domes. Ten of the 
80-kV, 0.5-s sources will be mounted in the central cell region, one in each 
axicell region, and two in each anchor region to aid in establishing the 
plasma characterization during start-up. 

Table 3.3.8-1. Thirty-second neutral-beam source distribution for MFTF-B 
Axicell configuration. 

Axial 
position Target Current 

Source of target magnetic on Extractor Average Species3 Sources 
location plasma field plasma voltage energy mix (No.) 

In) (T) (A) (kV) (keV) 
Anchors 
(Sloshing 
ions) 

+ 20.9 1.2 25 

Axicells + 10.5 4.5 25 
Axicells (P2B2) + 12.0 4.5-12 25D 

End domes 
(HEPB) 

+ 14.5 0.78 1-5 

80 

80 
30 

80 

67 

67 

90:5:5 

61 80:15:5 
25 90:5:5 

90:5:5 

aFull energy:one-half energy:one-third energy ions extracted from the grids. 
bFu 11-energy-component requirement is 25 A. 
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There will be two mo^es of operation for the sources. The first is the 
conditioning mode where the sources are brought up slowly in voltage, current, 
and pulse width to condition the grid and arc chamber surfaces for full-power 
operation. The rate of conditioning is up to one shot per minute to minimize 
the time to condition. Conditioning will be required at initial st .-up, 
when new or rebuilt sources are installed and after long periods between 
experiments. The second mode is the full operating mode where the sources are 
brought on and tuned between shots for opt^num performance. This will occur 
at a rate of one shot per five minutes. 

ESSENTIAL FEATURES 

The most restrictive requirements on the sources for the axicell 
configuration are the species mix of 90:5:5 and the small divergences needed 
to provide the required beam at the target plasma locations. 

The development of long-pulse sources, which is now proceeding, will be 
extended to the development of an arc chamber with a high species mix. An 
accelerator with tightened divergence requirements may be needed for P2B2 
optimization. In addition a 30-s, 30-kV source must be developed. 

For the axicell configuration, three beam locations require a species 
mix of 90:5:5 for the primary, one-ha7f and one-third energy components. In 
addition, the 30 kV sources have an independent requirement on current density 
at the target which may favor higher current density beams. The plasma must 
intercept 25 A of full-energy component on a 20 cm x 30 cm oval footprint 
stretching between the 4.5-T to 12-T region of the transition plasma. 
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3.3.9. BEAHLINES FOR NEUTRAL BEAMS 

GENERAL REQUIREMENTS 

In addition to the 10-ms start up beams and 0.5-s sustaining-beam 
injectors, there are eight neutral-beam sources for 30-s operation. Beamlines 
for the 30-s and some specific 0.5-s injectors are required to accommodate ion 
and neutral-particle flow and ensure efficient control of neutral species and 
cold-gas inputs to the critical plasma regions. 

The source sizes and outputs are varied. Each beamline is tailored to 
accommodate a particular source and may include some or all of the basic 
beamline elements: vacuum enclosures (tanks, baffles), cryopumps, 
ion-sweeping magnets, ion dumps, neutral dumps, apertures (active and 
passive), isolation valves, neutralizer ducts, magnetic shields for 
sources/neutralizers, and power supplies for associated magnets. Beamline 
components will operate with local controls and interlocks for both remote and 
local operations. Some beamlines will accommodate current adjustment at fixed 
voltage over a 3:1 range. 

For axicell-barrier and Kelley-mode operations, beamlines are required 
to support injection of neutral beams in three major regions and along the 
axis from each end dome. The beamlines include: 

Thirty-second beamlines: 
High-energy pump beam (HEPB) Two 80-kV on each end dome 
Axicell beam Two 80-kV radially 
Anchor sloshing-ion beam Two 80-kV 
Passing-particle barrier beam (P2B2) Two 30-kV to pump the 

transition, anchor, and 
high-fi'ld regions outside 12-T 
axicell. 

Half-second beamlines 
Axicell Two 80-kV 
Central cell Ten 80-kV 
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The 80-keV, 0.5 s anchor beams are on a neutral beam dome, two at each 
end, and do not require a full beamline installation. 

Beamlines will provitV shielding of the source and part of the interior 
from external magnetic fields. The ions will be deflected to the ion dumps 
for each beamline. Pumping to reduce residual gas pressure along the beam 
path will be provided in each region of the beamline as required. The 
beamline cryopumps will reduce the background gas pressure to minimize 
re-ionization of the neutral beams and cold-gas influx to the plasma, using 
differential pumping in the critical regions. 

BEAMLINE DESCRIPTION 

Some beamlines for the MFTf-B Axicell will differ, but the basic 
beamline is shown in Fig. 3.3.9-1. The source module with magnetic shielding 
is shown to the left. The beamline accommodates the source interface on the 
beamline vacuum vessel, with possible provision made for some additional 
magnetic shielding up to the deflection magnet. The ions are deflected onto 
the ion dump where their power is absorbed. 

The tank part of the beamline vessel provides support for the cryopanel 
pumps and baffles. The source, shielding, and deflection magnet are connected 
to one of the dished heads and the ion dump to the other. There is about 
8 IT of cryopump area in the main beamline tank. The baffles separate the 
vessel intc two or three chambers with the final beamline aperture closely 
fitted to the exiting neutral beam to minimize gas flow into the plasma 
region. The beamline vessel is separated from the main MFTF-B vessel by an 
isolation valve, which allows checkout and maintenance operations. 

Most of these beamlines require a separate differentially pumped region 
surrounding the neutral-beam dumps on the other side of the plasma to reduce 
reflux particles. The beam dump is shown on the right of the beamline 
illustration. For the 30-s, 80-kV beams, active cooling is provided on the 
thermal dumps and dual baffles provide differential pumping of the reflux 
particles and other residual gas. For some beamlines a tank for the active 
dumps is placed outside the MFTF-B vessel. The separate tank contains about 
7 nr of cryopumping area in the regions around the neutral-beam entry and 
the dump reflux volumes. 
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Fig. 3.3.9-1. Basic beamline for the HFTF-B Axicell configuration. 



The HEPB is aimed down the magnetic axis of the plasma region, so a 
conventional thermal dump is not required. The anchor sources will be mounted 
on the machine 90-degree plane and will inject between the lobes of the 
yin-yang coil. 

The P2B2 beamline provides neutral particles to the throat of the 
high-field axicell magnet (A2). A reentrant structure in the main-vacuum 
region accommodates the 30-kV P2B2 source with a source-isolation valve to 
permit removal and replacement of the source while the main-vessel vacuum is 
protected. 

Figure 3.3.9-2 shows the P2B2 beamline injecting at 30° into A2 for the 
axicell version. The beamline includes the injector elements, ion dump, 
cryopumps, and an exterior baffle/pumping volume to reduce gas impingement on 
the axicell magnet and into the critical axicell plasma region. No deflection 
magnet is required due to the very high cross field from the yin yang. There 
will be at least two pumping chambers with about 18 irr of cryopumping area. 
The last aperture will be located as close to the plasma as practicable. 

The P2B2 will require a dump around the A2 magnet to protect both the 
12-T high-field insert coil and the outer coil of the high-field magnet. It 
may be necessary to provide a special burial surface to reduce the reflux gas, 
particularly during start-up when the need to control gas input to the plasma 
is critical. About 80% particle burial with only 205, reflux appears to meet 
the identified requirements. 

Development of 30-s, 80-kV sources may include a 3:1 current variation 
capability at fixed voltage. On P2B2 we will vary current and voltage for the 
30-kV Sources. An alternate variation technique could include aperture 
adjustments to reduce total delivered beam current. We propose a long panel 
used at a small angle to reduce power density to a range of 2 to 3 kW/cm . 
The panel will be moved to stop a varying part of the beam to meet the 
particular current requirements. 

The ten 0.5-s beams in the central cell are required to be aimed frcm 
the plasma center to a point where the 1/e point of the beam aims at the 30-cm 
radial edge of the plasma. The nominal gimbal plus actuator motion will 
accommodate this with jp.3° motion about the +4-cm radial point. The last 
aperture will be able to absorb the increased power density at the extremes of 
the motion. 
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FIG. 3.3.9-2. Sectim taken along the 90°-to-270° plane showing the 
P282 beamline. 
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All the 30-s apertures and pumps will be actively cooled to absorb the 
thermal loads. The 0.5-s beamlines can use thick copper plates for apertures 
and dumps and cool between shots. 

Thermal shields will need to be placed around the LN-cooled magnet 
shields for some selected beamTines. The A2 and Al magnets will need some 
shielding from the 80-kV axicell beam, the HEPB, and the P2B2. The lobe of 
the Ml downstream yin-yang coil will require some thermal liner around the 
HEPB exit from the anchor. Both active cooling and an efficient burial 
surface are required for each surface to be protected. 

Bending magnets are utilized as ion sweeps for beamlines that cannot use 
the existing magnetic field. Each magnet will require a separate and 
independent power supply. Eighteen bending-magnet power supplies will be 
required. For cost purposes, we assume the bending magnet supplies are rated 
at 20 V and 750 A. Each power supply will be remotely controllable from the 
supervisory control and diagnostics system. The instrumentation system will 
monitor the following aspects of magnet operation: over/under voltage, 
current setpoints, voltage setpoints, magnetic field, and power-supply status. 

The power-supply-system design for the bending magnets is based on 
conventional solid-state power supplies that are continuously rated and are 
current regulated to 0.5%. A new 13.8/480-V, 2500-kV-A unit substation will 
be required. The controls and instrumentation for the magnet power supplies 
will use the Local Controls and Instrumentation Systems CAMAC foundation 
system. This system is comprised of local control computers interfaced to 
Supervisory Control and Diagnostics System, fiberoptic links between Buildings 
439 and 431, CAMAC crates, and necessary hardware to complete the 
CAMAC/machine interface. Additional software will be developed to accommodate 
these magnet systems into the MFTF control system. 

The beamlines are varied in each location using the design approaches 
outlined above. The more critical control of cold-gas input to the plasma for 
the axicell version will be achieved by tailoring the beamline elements, along 
with additional pumping, in critical pressure regions. In this manner, the 
beamlines will achieve the neutral currents and residual gas pressures 
required to reach cold gas impingement levels for start-up and sustained 
equilibrium operations. 
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There are twenty-four 30-s and 0.5-s neutral-beam systems that will 
require instrumentation and control on HFTF-B. Twenty-two of these have 
beamline enclosures that contain cryopumps for vacuum consideration. Every 
beamline will require instrumentation and control for the following: 

• Inertial apertures, ion dumps, and neutral-beam dumps. 
• Burnout protection for actively cooled su»faces. 
• Temperature monitoring of cryopumps wholly contained within the 

beamline enclosure. 
• Calorimetry of ion and neutral-beam dumps. 
• Control and monitoring of the cooling systems required to support 

the neutral-beam •injectors, ion dumps, apertures and neutral-beam 
dumps. 

• Thermocouple monitoring of the neutral-beam injector neutralizer and 
isolation-valve assemblies. 

t Vacuum monitoring of the beamline enclosures. 
• Control and monitoring of mechanical assemblies required for 

neutral-beam current tuning. 
The beamline instrumentation system will be impleme ed in the 

CAMAC-based foundation system developed for the Local Control and 
Instrumentation Systems group on HFTF-B. This system is comprised of the 
following elements: local control computers interfaced to the SCDS computer 
system, fiberoptic links between Buildings 439 and 431, and CAMAC crates and 
appropriate hardware to complete the CAMAC/machine interface. There will be 
three such systems for beamline instrumentation, one system each for the end 
cells and one system for the solenoid. 

Thermocouple data will be acquired by a high-quality data acquisition 
system. This system will be heavily protected to function during the 
30-s-shot interval to provide reliable data for thermal absorber protection. 
Burnout protection for actively cooled surfaces will require either acoustical 
sensors or spot-infrared monitors to detect imperiling failure. Calorimetry 
will be implemented using turbine flowmeters and platinum RTDs. The cooling 
control and monitoring will be implemented in a standard mix of flow switches, 
solenoid valves, and temperature and pressure transmitters. All wiring will 
be low voltage (30 V) for personnel protection. 
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Beam aiming will be accomplished by means of segmented apertures and/or 
segmented beam dumps. The differences in temperature among the various 
segmented surfaces will be used to compute beam position. In some cases 
current tuning of the neutral-beam sources may be accomplished by mechanically 
changing the geometry of the neutralizer. 

Vacuum monitoring of the beamline enclosure will be done with standard 
ion gauges. Temperature monitoring of the cryopanels will be identical to 
that used for the other cryogenic syf• -ms on HFTF-B. 
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3-3.10. PLASMA DIAGNOSTICS SYSTEM 

GENERAL REQUIREMENTS 

The plasma diagnostics system (PDS) measures the essential parameters 
and behavior of the confined plasma. The provision of diagnostics instruments 
have been divided into two steps: first, the sta«*t-up set (SUS) for checkout 
of the machine and beginning of experimental operations and, second, a larger 
basic diagnostics set (80S), which is required to meet the overall 
physics-measurement objectives. This full range of measurements includes: 

Determining power gain Q. 
Measuring plasma-confinement parameters nt- and nt-. 
Characterizing the microstability of the plasma. 
Measuring plasma pressure S and characterizing MHO stability. 
Monitoring plasma-wall interactions and plasma gas load. 
Measuring plasma potential profiles. 
Monitoring particle and power flows for physics modeling-
Characterizing the plasma build-up in various regions. 

To achieve these objectives, the diagnostics system must measure a 
variety of plasma parameters and time variations in a properly synchronized 
fashion and t'j specific accuracies. Included in the BOS data are plasma 
parameters with the approximate measurement ranges shown in the following: 

Plasma density 1 0 1 1 to 1 0 1 3 cm' 3 

Average ion energy 10 to 110 keV 
Electron temperature 1 to 500 keV 
End-loss ion energy 20 to 200 keV 
End-loss currents 10 to 4 A/cm' 
Plasma potential 10 to 80 keV 
Plasma diamagnetism B = 0.01 to 1.0 
Range of rf fluctuations 0 to 150 MHz 
Fusion rate 1 0 1 3 to 1 0 1 6 s _ 1 

Impurity characteristics 0.1 to IS of 0, N, Fe, etc-
Background gas pressure 10 to 10 Torr 

Many of the diagnostics measurements are combined with measurements of machine 
parameters in order to obtain more global results such as nt or Q. 
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Synchronization or measurement of time variation b3tween the machine and 
diagnostics data taking is achieved through the local PDS timing system. 

The overall measurement requirements Siove not changed in reconfiguring 
MFTF-B to Axicell. Changes are required in the sr-ecific set of SUS 
instruments to reflect the changed densities and relocation of the various 
machine regions. The barrier and plug now lie'within the anchor region, so 
that some common measurements are possible. The anchor density has been 
significantly reduced so that the interferometer wavelength has changed. The 
relatively minor changes in plasma parameters in other machine regions should 
not require significant changes in the instrument designs already planned for 
the original A-Cell configuration. There will be some changes in the BOS 
instruments as more information on machine start-up and plasma physics is 
developed. In the construction phase of the project, interface definition for 
plasma access in future diagnostics will need to be assured. 

DIAGNOSTICS DESCRIPTIONS 

The major sub-elements of the plasma diagnostics system consist of (1) 
the diagnostics instruments, (2) the physical support facilities, (3) the 
local control and data acquisition system (LCDAS), (4) the Supervisory Control 
and Processing System (SCPS), and (5) System Design and Integration (SD1). 
The LCDAS and SCPS provide local and supervisory control functions, 
respectively. 

The diagnostics instruments provide the transducer interface with the 
plasma to produce an electrica1 signal, and include detectors, collimators, 
filters, shielding, etc. The summary of plasma diagnostics instruments 
(Table 3.3.10-1) lists the measurements provided by the SUS and the 
diagnostics used to make each measurement. Typically the BDS provides more 
spatially resolved measurements (more channels or instruments) or involves 
instruments that are either not required for initial machine start-up or are 
more developmental in nature. Wherever possible, a SUS diagnostics will be 
designed to permit expansion into the BDS by simply adding more instruments. 
Since the SUS is intended to support initial machine operations, the focus is 
on the thermal-barrier operating mode. However, the SUS will also support 
most measurements for other operating modes that have been proposed, since 
expected plasma parameters will be within most instrument ranges. Relocation 
of some instruments would be required. 
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Table 3.3.10-1. Summary of plasma diagnostics measurements. 
Measurement requirement instrument summary 

Measurement Location Diagnostics Detector type No. in SOS 
Plasma line W.EF MIN Heterodyne receiver 
density W.PG HIM « W.BR MIN It 

W.TR MIN (1 

C.C. FLI II 3 E.TR 
E.BR 

HIK 
WIN 

II 

E.PG MIN II 

E.EF MIN rt 

Electron temperature C.C. XRS HPGe 4 
Ion temperature C.C. Inferred from 15, n e, T e 

Plasma diagmagnetistn W.AN PCS Multiturn coils 3 
E.AN PCS 11 3 C.C. PCS Encircling loops 1 

Sloshing ion angular W.BR SIS Secondary-electron 4 
distribution E.BR SIS detectors 4 
Visual monitor W.AN a PIM Imaging camera 

M.AC PIK (5 locations, 
3 cameras) 1 

C.C. PM 1 E.AC PIM 1 
E.AN3 PIM -

Cold gas pressure W.BR BGP Cold cathode gauge 1 
W.TR BGP H 1 W.AC BGP 11 1 C.C. BSP II 1 
E.TR BGP 1> I 
E.BR BGP " 1 

Plasma potential W.EF ISP Faraday Cups 20 
E.EF ISP ii 20 C.C. NFS Si-surface barrier 1 

End-loss ion W.EF CPF Faraday cups 3 
current E.EF CPF II 3 
End-loss total W.EF CPF Current disks 3 
current E.EF CPF ii 3 
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Table 3.3.10-1. (continued) 
Measurement requirement Instrument summary 

Measurement Location Diagnostics Detector type No. in SUS 
Potential HF 
fluctuations 

Magnetic HF 
fluctuations 

W.AN 
W.AC 
C.C. 
E.AN 
W.AN 
C.C. 
E.AN 

EMF 
EMF 
EMF 
EMF 
EMF 
CMF 
EMF 

Electrostatic probe n 

Pick-up loop 
n 

1 
1 
1 
1 
3 
3 
3 

Alternate location where only utilities are provided 
Notation CC Central cell region 

AC Axicell region 
TR Transition region 
AN Anchor region 

BR Barrier region W. 
PG Plug point E. 
EF End fan region 

West of center 
East of center 
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The support facilities provide hardware common to all or several 
instruments for their operation. They include mechanical and electrical 
utilities, structural support, main-vessel modifications, and a cabling 
network. Sufficient capability is required only to satisfy the needs 0f the 
SUS instruments but should be expandable to satisfy BOS requirements as soon 
as practicable. 

The LCDAS collects data during a physics shot and stores it locally. 
Local control of each instrument is provided independent of the SCPS. The POS 
local timing system will insure proper synchronization of data from the PDS 
diagnostics with other MFTF systems to satisfy overall measurement 
requirements. 

The SCPS system handles most intershot activites, including archiving 
data in an easily accessible format, reducing the data to physical units, 
displaying the essential results to an operator or physicist, and controlling 
the instruments to prepare for the next shot. In accomplishing this, SCPS 
will provide real-time control of each instrument from remote terminals 
located in the diagnostics-control area. It will be capable of archiving 
approximately eight megabytes (8-bit bytes) of data and reducing some of it 
during the 5-minute shot cycle. After each shot a limited portion of this 
reduced data (as a function of time) will be displayed in tabular or graphical 
format. A limited pre-selected set of plasma parameters, along with similar 
data from at least 100 previous shots for comparison, will be available for 
display to the experiment leader. Off-line processing and software 
development facilities are also under consideration. 

The SDI integrates the above elements into a system that is properly 
interfaced with the rest of the facility and ensures the required access for 
the individual instruments. 

The requirements and design approaches for the major elements of the 
system (shown schematically in Fig. 3.3.10-1) have been described. Essential 
features of the major elements are presented below. 

DIAGNOSTICS INSTRUMENTS 

A limited subset of the measurements described in the last section are 
required for initial operation of the machine. The Start-Up Set (SUS) 
provides measurements of plasma parameters to facilitate machine start-up and 
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FIG- 3.3.10-1. Overview of plasma diagnostics system. 



to assess general confinement performance (using single-point or average 

measurements). A list of the diagnostics and the measurements provided by the 
SUS are summarized in Table 3.3.10-2. A description of each instrument 
follows. 

BacK ci r o u n d G f ls Pressure (BGP) 
The BGP system has a fast vacuum gauge that measures neutral-particle 

pressure near the plasma. It must measure pressures over the range of 
approximately 10 to 10 Torr with a rise time of about 10 ms. Since it 
must operate in magnetic fields up to about 50 kilogauss, the detector *iH 
likely be a cold cathode gauge of the Penning type. A similar instrument has 
been briefly operated on TMX. Performance capability has not been fully 
established. 

^hay-qed-Particle Flux (CPF) 
The CPF diagnostics consists of two kinds of relatively simple detectors 

to measure particle fluxes to the end walls of HFTF. One detector is a 
Faraday cup collector to measure ion current. It consists of a front s

u r f a c e 

at ground potential with a small entrance aperture, behind which is a s e c o n d 

aperture. The second aperture, negatively biased to suppress electrons that 
either accompany the streaming ions ot are created as secondaries at the 
collector, is followed by a disc-shaped probe to collect the end-loss ions. 
The other type of detector is simply i flat, disc-shaped probe (MO cnr) 
to c 0Hect net electronic current. Ttis probe is connected to ground 
potential through a low-impedance teminator, and the voltage that is produced 
bv. the end losses, reoresen-ts. the. net difference hj»twp.ftn too. awl electron 
current. 

Electromagnetic Fluctuations (EHF) 
The EMF diagnostics consists of two types of sensors to measure "low" 

frequency (ion cyclotron) instabilities. One detector is a bigh-impedaPce 

electrostatic probe (dimensions of about 1 mm in diameter and 1 cm in length) 
to measure potential fluctuations; the other is a group of nested (3 ex£s) 
single-turn loops ( 1.5 cm diameter) to measure magnetic fluctuations. 
Seve r a1 data channels are produced by each sensor being monitored and af e 

c a t e 9 ° r l 2 e d as envelope detection measurements or spectral measurements- The 
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Table 3.3.10-2. Start-up set (SUS) instruments and measurements for axicell 
configuration. 

Diagnostics Measurement Location3 

BGP Background gas pressure 
CPF Charged particle flux 
EMF Electromagnetic fluctuations 
FLI FIR interferometer 
ISP Ion spectrometer 
MIN Microwave interferometer 
NFS Neutral flux spectrometer 
PCS Plasma current sensors 
P1M Photon imaging 
SIS Sloshing ion distribution 

XRS X-ray spectrometer 

Plasma gas load 
End-loss currents 
HF fluctuations 
Plasma density 
Peak potential 
Plasma density 
Plasma potential 
Plasma diamagnetism 
Visual information 
Sloshing ion angular 
distribution 

CC, AC, TR, BR 
EF 
CC, AC, AN 
CC 
EF 
TR, BR, PG, EF 
AN 
CC, AN 
magnet locations 
BR 

Electron temperature CC 

Notation: CC = Central cell BR = Barrier 
AC = Axicell PG = Plug 
TR = Transition EF = End fan 
AN = Anchor 
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first type yields amplitude information by measuring the envelope of selected 
frequency bands while the second type yields frequency information by 
recording time-series data with high-speed transient recorders. 

Far-Infrared Laser Interferometry (FLI) 
The FLI diagnostics measures the integrated line density along a plasma 

chord by detecting the phase shift of a far-infrared beam at about 0.1 mm 
wavelength. A measurement of peak densities of approximately 10 1 cm" 
and minimum line-densities of about 3 x 10 cm * are desired in the 
high-density machine regions {central cell). Measurements at several radial 
locations indicate the volume of the plasma. A heterodyne system, using two 
C0_-pumped molecular laser sources detuned to an IF of about 1 MHz, is 
planned along with room-temperature Schottky diode (possibly microbolometer) 
detectors. The lasers are located outside of the vault; vibrational noise is 
monitored by a visible wavelength interferometer. The analog bandwidth is 
about 15 kHz and uses an amplitude-insensitive, digital phase comparator. 

Ion Spectroscopy (ISP) 
The ISP diagnostics consists of relatively sophisticated instruments 

that measure the energy distribution of the ions streaming to the end-dome 
walls of the vessel. The expected ion-current densities range from about 60 
uA/cnf to 20 mA/cm depending on the experimental plasma performance, 
with some positive particles having energies up to 200 keV. The measurement 
is made by deflecting the entering charged particles with a magnetic field so 
their trajectories are determined by their momentum. Then collecting the 
separated energetic ions with a spatial array of small (-0.5 cm ) individual 
Faraday cups. These instruments are also capable of discriminating between 
different species of ions by utilizing an electric field (parallel to the B 
field) to separate particles according to their charge-to-mass ratio. 

Microwave Interferometr.v (MIN) 

The MIN diagnostics functions like the FLI diagnostics but operates at a 
wavelength of approximately 2 mm. Peak densities of approximately 
1 0 " cm"^ and minimum line densities of about 2 x 10 * cm" are expected in 
the axicell and anchor regions. Most SUS measurements are only on-axis. 
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High-power extended-interaction oscillator (EIO) sources are located outside 
the vault, and rf is propagated to the vessel using low-loss oversized 
waveguide. Conventional microwave mixers and components can be used except 
for the oversized waveguide components, which must be carefully designed to 
minimize losses. The intermediate frequency bandwidth is about 700 MHz, and 
the analog bandwidth is similar to that of FLI. The effects of relativistic 
electrons in ECRH-heated regions on the measurement remains to be evaluated. 

Neutral Flux Spectroscopy (NFS) 
The NFS diagnostics will measure the energy distribution of neutral 

particles (D°) emanating from various regions of the plasma. This diagnostics 
can be interpreted to measure bulk ion temperatures, sloshing-ion energies, 
and to make relative plasma-potential measurements. For start-up operation, 
the energy range of interest is from 20 to 200 keV. For this case, the sensor 
planned for use is a p-type silicon surface barrier detector with a light 
attenuating aluminum window. The charge signal produced in the detector is 
proportional to the energy of the striking particle and is preamplified before 
being sent to the multichannel analyzer (MCA) for pulse-height analysis 
(PHA). The time resolution needed for the energy spectrum is 10 ms, which 
demands a very high counting rate by the MCA. 

Photon Imaging (P1H) 
The PIM diagnostics is a video camera/recorder monitor of the plasma 

visible light, used during initial start-up or after machine modifications. 
It is primarily for alignment verification and visual monitoring. 

Plasma Current Sensors (PCS) 
The PCS diagnostics consists of a large (1-m-diameter) 4-turn coil 

encircling the plasma, as well as several small multiturn coils and 
single-turn loops arranged outside of the plasma. These sensors respond to 
changing magnetic-flux linkages caused by clasma currents and have 
sensitivities ranging from 5 x 10 to 6 x 10*" V«s/gauss. For the 
expected B-field changes, the signal levels will be about 1 V. To derive the 
value of the B-field due to the plasma, it is necessary to integrate the 
sensor signal. Because of the length of the HFTF shot, it will be necessary 
to use very low drift (probably chopper-stabilized) integrators. The time 
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constant of the integration will range typically from 1 to 100 ms. Thermal 
and mechanical stability requirements are very tight. 

Sloshing-Ion Sensors (SIS) 
The SIS diagnostics measures the angular distribution of the 

neutral-particle flux emanating from the thermal-barrier region. Individual 
secondary-electron detectors (SEDs) look at this region from various angles 
from the machine axis and measure the intensity of neutral particles. 
Comparison of the output from the various detectors will indicate if a 
sloshing-ion distribution is present but no energy information is provided. 

The SED consists of a cone-shaped detector plate (emitter), surrounded 
completely (except for the entrance hole) by a cylindrically shaped 
collector. The collector is biased positive with respect to the plate to 
collect the secondary electrons emitted by the plate when struck by the 
incoming neutral atoms. The current signal produced by the flows of secondary 
electrons is converted to a voltage signal, amplified, and then digitally 
sampled and recorded. Background UV and x-ray photons from the plasma can 
contribute to a background noise, along with stray neutral particles. A 
rather long collimator assembly precedes and encloses the SED to reduce these 
noise sources as well as to improve the spatial resolution of the chord 
measurement. 

X-Ray Spectroscopy (XRS) 
The XRS diagnostics measures the x-ray energy spectrum, which is 

interpreted to determine the plasma electron temperature. The x-ray spectrum 
is obtained by pulse-height analysis of the signals from various detectors. 
For the low-temperature regions of MFTF, high-purity germanium (HPGe) 
detectors will be used; in the potential plug or other regions of high 
electron temperature, scintillators such as Nal or CsF, which have greater 
sensitivities to the high-energy x rays, will be added. To cover the expected 
range of intensities during a shot, an array of several detectors will view 
each chord. Each detector will have a different aperture size and attenuating 
window thickness to optimize its sensitivity in that particular energy region. 
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SUPPORT FACILITIES AND SYSTEM INTEGRATION 

The Plasma Diagnostics System (PDS) is physically distributed throughout 
Buildings 437 and 439; requires the design, procurement, and installation of 
general equipment to support the integration of diagnostics; and includes the 
following: 

• Integrated arrangement of diagnostics instruments and interfaces 
with the vessel, cryopanels, and other MFTF-B systems. 

• Distribution of utilities to operate the diagnostics, such as 
electrical power, compressed air, LCW and IN,. 

• Physical support structures and platforms for the diagnostics 
hardware exterior to the vessel, as well as manned access for 
installation and maintenance within the vault. 

• Internal access ways within the vessel for the installation and 
maintenance of coil-mounted diagnostics. 

• Building modifications for the Local Control Areas (LCAs). 
• A cabling network among the various diagnostics and the LCAs. 
Within Building 431, the PDS has two LCAs. Each of these areas contains 

shielded enclosures with signal conditioning and digitizing equipment, racks 
with monitor and control equipment, power supplies, lasers, and optical 
benches, as well as patch panels for the cabling network, and a wide 
assortment of auxiliary equipment. 

Diagnostics will be operated remotely from Building 439. However, 
access to equipment during operation is necessary for set-up, debug, and 
maintenance. The primary power for plasma diagnostics equipment will be 
isolated and regulated, and distributed throughout this area. This area will 
also be air conditioned and have utilities as required by the equipment. We 
have allowed expansion capability to include a large screen-room enclosure for 
low-level signals, should experience or further design developments prove it 
necessary. 

The cabling network includes the signal, control, and power cables 
between the instruments in the vault, along with signal conditioning and 
support equipment in the LCAs. Cables include solid conduit runs, junction 
boxes, and patch panels for routing and proper isolation of cables. A single 
point grounding standard will be employed to limit ground loop currents. 
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LOCAL CONTROL AND DATA ACQUISITION SYSTEM (LCDAS) 

The Loca Control and Data Acquisition System (LCDAS) collects data from 
the diagnostics and transfers it to the Supervisory Control and Diagnostics 
System (SCDS) after the plasma shot. At the same time, the LCDAS continuously 
monitors and controls the instrumentation and auxiliary equipment. The system 
also provides the timing signals for synchronizing all data recorders, as well 
as local control capabilities for diagnostics checkout, calibration, and 
maintenance. 

The LCDAS is centered around the foundation architecture of the Local 
Control and Instrumentation System (LCIS), which consists of an LS1-11 
microcomputer with a fiberoptic CAMAC serial highway. The LCDAS differs from 
LCIS in the use of high-speed data links, data bandwidths, and general range 
of data-acquisition flexibility required. The architecture of the LCDAS is 
functionally identical to the foundation system used in LCIS and is shown in 
Fig. 3.3.10-2. 

The current conceptual design provides one Local Control Computer (LCC) 
and the appropriate number of CAMAC crates to service one complete diagnostic, 
which consists of many instruments. The LCC will be an LSI-11/23 and will be 
located in the Control Room of Building 439. Each LCC has two links to the 
SCDS computer. The first link is a high-speed link that is used to handle the 
large quantity of data collected from the diagnostics instruments during a 
physics shot. The second link is a modem link of RS232, which takes care of 
all the control commands and the down-loading of programs. The LCC also 
communicates ••ith remote CAMAC crates in Building 431 through f iberoptics 
cables. These crates consist of modules that directly interface to 
diagnostics instruments and control and monitoring equipments. 

All clocks and triggers for data recorders are provided by the MFTF 
Master Timing System to insure synchronization with the MFTF shot and with 
individual diagnostics. 

SUPERVISORY CONTROL AND PROCESSING SYSTEM (SCPS) 

The SCPS will serve as the interface between the physicists and the 
diagnostics instruments. The SCPS must interact with the LCDAS, perform some 
physics data reduction, and respond to the operator man-machine interfaces. 
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Raw data will be collected aft«r each MFTF shot from the LCDAS. T n e 

interface into the LCDAS will be through Local Control Computers (LCCs) 
consisting of at least one LSI-ll/23per diagnostic. The LCCs and Diagnostic 
Data Processors will be configured in a manner to equalize the data c o 1 l e c t l ' o n 

tasks between the two diagnostic dat* processors (DDPs), although operations 
cou l d proceed with only one DDP available.. 

The current operating scenario has one physicist acting as shot leader 
for several diagnostics physicists and/or diagnostics operators. The MFTF 
physics shots will be coordinated by the shot leader. The shot leader is 
assumed to have full use of the existing system-supervisor console in order to: 

• "Coordinate the pliysic sliol. 
• Monitor MFTF machine parameters. 
• Monitor MFTF plasma pr.-ameters. 
• Monitor operation of diagnostics systems. 
• Prioritize and control datj-processing tasks on the ODPs. 
The SCPS can provide the essential data processing capabilities required 

for SUS operations, including ar:hiving diagnostics data, relevant mact11'06 

data, and instrument-state data in a structured manner. Reduction of 2 subset 
of these data to physical units nth processing to display essential results 
between shots is also planned, lore complex calculations will be done 
initially on SCPS in a background mode or during maintenance shifts. 
Ada'tional analyses can be performed at the National Magnetic Fusion Energy 
Computer Center (MFECC) or by expansion of SCPS. 

To meet the s.ss.tai reojrLcemejiti., sjiuexal dlaopAStlQ.^ mwV. %tA£.ififisL w ^ 
be needed by the diagnostics physicists, although a station for each 
diagnostics is not required. The work stations must provide the following: 

• A means of selecting tae diagnostics instrument(s) to be controlled. 
• All necessary controls for the selected instrument(s). 
• A means of monitoring -he status of the selected instrument. 
• Control of the data collection and transmission function so f-hat 

diagnostics data can b; moved into the SCDS database or destroyed. 
• A means for processing the acquired data and displaying the results. 
These work stations will b< in the southern half of Room 101 in Building 

439 and will be interfaced irto -he existing SCDS through the two diagnostics 
and data processing machines (DDP-1 aid ODP-2). Each DDP will have two 
300-niegabyte disks, which will be used to store reduced data for up to about 
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100 she**. Furthermore, the two ODPs will have two 6250-bpi tape drives, 
which v*111 be used to archive onto tape the raw data collected during MFTF 
shots. F o u r Versatec printers are available for hardcopy output. 

/I conceptual design for the diagnostics work station has a keyboard and 
a high^fesolution graphics screen to support a multiwindow environment. This 
allows several itjms to be controlled and monitored with minimal traffic 
between t n e work stations and the DDPs. A muTtiwindow environment also 
provides a more efficient use of the graphics-monitor hardware because fewer 
monitor" screens per diagnostics are required. Direct panel controls, such as 
a joystick, are provided for a user interface, much like touch panels are 
current^? T*SBti tm 'jft'Jft. W i ^ tresiTjn •panYre'i* tne current assign tor trie ^-^ 
consol#5» which is a proven working concept for a complex machine-control 
system. Ample table space is provided for working papers and blueprints. T n e 

diagnostics work station concept is easy to expand and modify to meet any new 
demands o n t n e system. 
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3-3.11 PLASMA STREAMING GUNS 

GENERAL REQUIREMENTS 

The Plasma Streaming Gun System (PSGS) provides ionized, target plasma 
along the magnetic-field lines on which the neutral beams build up the initia1 

confined plasma by charge-exchange collisions. An average plasma density of 
1 0 1 2 to 10 particles/cm will be provided by the streaming-gun array. 
Target plasma ejected by guns on each end dome will fill the yin-yang anchor, 
axicell, and central-cell plasma region: with sufficient density to support 
the initial buildup of the plasma. 

The streaming plasma will be effective into on-axis anchor-mirror fields 

of 3 T, t h r o u a n t n e Peak axicell field of 1! T, and into the central field up 
to 1.6 T. 

Coverage from the PSGS will fill the plasma zones corresponding to the 
30-cm radius in the central cell with sufficient line density along the 
neutral-b^aro-injector axes to achieve plasms buildup. Buildup in the barrier" 
mode and alternate Kelley mode will be supptrted by this system. 

EacM Sun assembly will be insertable through a vacuum isolation valve t° 
operate ir1 the end regions of the vacuum vessel system. The density of the 
streaming plasma will be variable, which wi 1 be achieved by adjusting 
gas-flow rates, power-supply charging voltases, and adjustment of gun positio" 
relative to its auxiliary magnet. The nomital gas flow per gun will not 
exceed 30 torr-litre/s for up to a 10-ms plasma-pulse duration. 

AXICELL PLASMA-GUN SYSTEM 

The system includes a total of 30 plasme-streaming guns, gas 
distribution, valves, gun magnets, controls, instrumentation, and power 
supplies. There are 15 guns mounted in the plasma fan area on each end dome. 
The area covered will provide the density aid field mapping to satisfy plasma 
buildup requirements in the anchor, axicell, and central-cell regions. The 
guns will be mounted in standard 6-in. flanjed tubes aligned with the field 
lines. Isolation valves will be provided oi each nozzle to allow independent 
extraction of each gun assembly without briiging the whole vessel to 
atmosphere-
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The operating valves for gas flow are fast-acting to permit rapid start 
and shutdown of supply gas to the gun. There are also individual gas shut-off 
vaVds for each gun. 

With the 15 guns an each end, nominal PSGS operation that is equivalent 
to 12 plasma-streaming guns on each end will be needed for an effective, 
experimental plasma buildup. 

Our current concept is based on the gun design provided by the prototype 
development completed in 1980. Figure 3.3.11-1 shows a gun-magnet assembly. 
Each gun is integrated with a dedicated magnet to compress the magnetic-field 
lines into the gun exit area. The magnet is pulsed to provide field-line 
collection for the full operating pulse of the gun. The gun has a loaded 
washer array using titanium or molybdenum rings; 0, gas flows down the 
inside of the washer stack into the compressed field-line region of the 
auxiliary magnet, then exits into the plasma-fan region near the end dome. 

The pulsed power supply for each gun assembly provides ionizing and 
acceleration voltages, current flow for the gun, and current for the auxiliary 
solenoid magnet. The power supply will be recharged between pulses for the 
next shot. 

The guri power supply has two elements: The arc power supply and the gun 
magnet supply, which are independent elements, one for each gun. The arc 
power supply is adjustable for pulse width of 2 to 10 ms, and is capable of a 
pulse every 5 minutes, with adjustable output voltage to provide average 
current of 2000 to 3000 A from the gun. Additional energy is provided at the 
start of gun operation to initially ionize and then hold the ionization for 
plasma output. 

The gun magnet has adjustable current to provide a 1.5-T to 3-T field 
along the gun axis for 10 ms with a ripple of less than 10X. 

Instrumentation and control hardware will monitor guns and power 
supplies on a programmed basis end interface with the LCIS of the MFTF-B 
interfaces. Gun magnet temperature, gun pressure, local vacuum pressure, and 
valve-position instrumentation will be provided. 

All control and instrumenta ion functions will be provided to LCIS so 
that the plasma streaming guns can be operated from SCDS in Building 439. 
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FIG. 3.3.11-1. Plasma-gun magnet array in the prototype test configuration. 
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3.3.12 START-UP NEUTRAL-BEAM POWER SYSTEM 

GENERAL REQUIREMENTS 

The start-up neutral beams are powered by a 20-kV power-supply system, 
with each of 10 sets providing the 20-kV, 100-A pulses. Each power supply 
operates 'or up to 10 ms with accel voltage variable from 5 to 20 kV. 

SYSTEM DESCRIPTION 

The start-up power supply system includes ten units, which are 
independently controlled in the local control hierarchy. Each 20-kV source is 
operated by a separate power supply having the elements indicated in Fig. 
3.3.12-1, a functional block diagram for a power-supply set. 

The 20-kV source module is powered by filament, arc, accel, and 
suppressor supplies. The accel modulator provides pulsed 20-kV, 100-A power 
to the source from the energy-storage capacitor bank, which is charged by the 
accel, dc power supply between shots. 

The internal control system provides timing of the filament, arc, accel, 
and suppressor pulses. This system establishes monitors and adjustments to 
keep parameters at set values during each pulse and provides the interface to 
the LCIS and SCOS. Control of this system, both locally and from the consoles 
in Building 439, will be similar to the control used for sustaining 
neutral-beam systems. 

The ten start-up supplies are operated together by the timing signals 
between shot.*; by LCIS data communication with the HFTF-B SCDS. 

The 20-kV sources are conditioned up to full power at a rate of up to 
one pulse per minute. The power supply operates at full power for 10 ms per 
pulse at a rate of up to one every 5 minutes. 

The HFTF-B Axicell version will use the same 20-kV start-up power 
supplies that are now planned for the earlier HFTF-B configuration. 
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3.3.13. CONVENTIONAL FACILITIES 

Conventional facilities refers to space and utilities that are part of 
the permanent plant. The MFTF-B Axicell equipment will be housed in three 
buildings. Building 439 is constructed and operational for the Supervisory 
Control System and Local Control and Instrumentation System (LCIS) interface. 
A new building for cryogenics-system compressors and reliquifier will be 
built. Building 431 is being modified to accommodate the power supplies, 
vessel, cryogenics equipment, local control racks, diagnostics equipment, and 
building-support systems necessary for the Mirror Fusion Test Facilities, 
including Axicell changes. 

Building 431 is about 160 by 240 feet and 100 feet high. The higb bay 
contains a 7-foot thick, concrete-shielded vault, 67 by 105 feet and 74 feet 
high. (Its floor is 21 feet below the ground level of the building). In 
addition to the space inside (existing and that to be added), new space will 
be developed for the expanded cryogenics equipment and roughing-vacuum system. 

This section describes each section of Building 431 and the exterior 
area as they will be used by the special facility systems. Figure 3.3.13-1 
shows the extended crane support structure and extended vault to the west of 
Building 431. The vault will house the machine and support equipment of the 
MFTF-B Axicell . 

First Floor of Building 431 
The existing vault in the high bay will be extended 117 ft to the west 

to accommodate the new vessel configuration. The crane structure will also be 
extended to service the vault. New areas that are required for the special 
facilities equipment will be included in the crane-support structure. The 
northwest corner of the new structure will house the plasma diagnostics screen 
room and associated equipment. Directly to the east, the area will be 
modified for getter power supplies, beam power supplies, and bending-magnet 
power supplies. The new southwest structure will house part of the ECRH 
system. To the east of the vault in the high bay, an area will be used for 
more of the ECRH system. Cryogenic compressors and auxiliary equipment are 
installed in the east end of the building. Figure 3.3.13-2 shows these areas. 
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Fig. 3*3.13-1. Building 431 support structure, crane and vault extension, 
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Second Floor of Building 431 
Magnet power supplies will be installed in the new addition on the north 

side. In the existing building directly to the east of this area will be the 
sustaining neutral-beam (SNB) pulse-power modulators and start-up neutral-beam 
(SUNB) power supplies and their associated low-conductivity water (LCW) pumps 
and local control. Three double bays at the east end of the north side will 
be for plasma diagnostics equipment. On the south side of the building there 
will tie a mirror image of the SN8 and SUNB installation with plasma-streaming 
power supplies installed in the three double bays to the east of them. Figure 
3.3.13-3 indicate:, the layout of the systems. 

Third Floor of Building 431 
Machine equipment to support building functions and P2B2 power supplies 

will be housed in the new addition on the west end of the north side. The SNB 
and SUNB power supplies will be arranged similar to those on the second 
floor. At the east end of the north side will be magnet power supplies for 
the east-end vessel. On the east end of the south side ECRH equipment will be 
installed. Figure 3.3.13-4 shows these systems. 

Fourth Floor of Building 431 
Cryogenics and external vacuum system equipment will occupy this level. 

Two similar areas at each end of the north side will have local controls, 
instrumentation panels, coldboxes, auxiliary vacuum pump systems, liquid 
helium Dewars, and supply Oewars for the magnets and cryopanels, with a gas 
bag separating the two areas as shown in Fig. 3.3.13-5. 

Exterior Areas of Building 43T 
On the south side of Building 431 will be roughing pumps for the 

external vacuum system. Two areas are being considered for the additional 
compressors and nitrogen reliquefier, one is by the high-pressure storage area 
about 490 ft east of Building 431, and the other is by the northwest corner of 
Building 431. Both of these areas are being evaluated to determine the most 
economical location. The SNB accel power supplies and our dedicated 230-xV 
substation are being constructed 700 ft east of Building 431; the conventional 
facilities portion of this construction is complete. The 30-kV, P2B2-beam 
power supplies will also be located on this pad. 
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FIG. 3.3.13-3. Building 431, second floor. 
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FIG. 3.3.13-4. Building 431, third floor. 
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