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Abstract: 

TASKA (Tandem ~piegelmaschine Karlsruhe) is a near term engineering 

test facility based on a tandemmirrar concept with thermal barriers. 

The main objectives of this study were to develop a preconceptual 

design of a faciltty that could provide engineering design information 

for a Demonstration Fusion Power Reactor. Thus TASKA has to serve as 

testbed for technologies of plasma engineering, superconducting mag­

nets, materials, plasma heating, breedtng and test blankets, tritium 

technology, and remote handling. 

·Zusammenfassung: 

TASKA - Eine Tandem.:.Spi'ege l .:.Fusions.:. Testanlage 

TASKA (Tandem ~piegelmaschine Karlsruhe) ist eine Testanlage für 

Technologien, die sich auf das plasmaphysikalische Konzept eines 

Tandem Spiegels mtt thermi.scher Barriere stützt. Hauptziel der Studie 

war, etne Anlage zu entwerfen, die Auslegungsinformationen für einen 

Demonstrationsfusionsreaktor li.'efern soll. Daher muß TASKA a 1 s Testbett 

für Technologten dienen, wie etwa Plasmaengineering, supraleitende 

Magnete, Materialien,Plasmaheizung, Brut- und Testblankets, Tritium­

technologie und Fernbedienung. 



PREFACE 

TASKA (Tandem ~piegelmaschine Karlsruhe) is a near term engineering test 
facility based on the tandemmirrar concept with thermal barriers. The 
study was essentially completed in December 1981 after approximately one 
year of study. 

The main objectives of this study were to develop a pre-conceptual design 
of a facility that could provide engineering design information for a 
Demonstration Power Reactor. Another objective of this study was to design 
a facility that would be within financial reach of a single country•s fu­
sion budget. Trying to achieve both of these objectives was indeed a chal­
lenge but we feel that TASKA does come close to meeting both objectives. 
It must also be noted that this report was completed in only one year and 
normally, a second or even third year would be required to pass from the 
pre-conceptual to conceptual design phase. Therefore, the level of detail 
in this report is not consistent with that in the INTOR or US-ETF/FED ac­
tivities which have been in progress for several years. However, we do 
think that the basic features of TASKA are so attracti've as to warrant 
early exposure and early publication. 

The project was carried out and financed by KfK tagether with the Univer­
sity of Wisconsin in Madison, USA. Further financial support came from 
the Wisconsion Electric Utilities Research Foundati'on and Fusion Power 
Associates. A subcontract was awarded to the INTERATOM company. 

We wish to acknowledge the technical assistance that we received from 
Dr. Grant Logan of the Lawrence Livermore National Laboratory, and the 
donation of scientific staff from the Grumman Corporation, the Hanferd 
Engineering Development Laboratory, General Atomic Corporati"on, Lawrence 
Livermore Nationa 1 Labaratory, and Babcock and ~~il cox Corporati'on, a ll 
in USA, and the Institut fUr Plasmaphysik Garching, the KFA JUlich and 
the Siemens AG in the Federal Republtc of Germany. These efforts were 
vital to the final success of this program. 

Fi na lly, we wi sh to acknowl edge the superb job that was done by the 
secretarial staffs at both KfK and the Universtty of Wisconstn in pre­
paring this report. 
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- 1 -

I Introduction and Objectives of TASKA 

There has been considerable progress in the plasma physics field during 

the last decade. It is expected that at least one of the major experiments to 

come into operation in the 1980's (e.g., TFTR, JET, JT-60, MFTF-B) will ap­

proach or even surpass the Lawson criterion. Some of these experiments may 

even reach ignition. If such positive expectations are realized, we will then · 

be at a major turning point in fusion research where the main interest will 

switch from plasma physics to plasma engineering and fusion technology for a 

DT demonstration reactor. 

There are a large number of scientists in the fusion community who feel 

that only one large device needs to be built before a DT demonstration reactor 

(DEMO) operates. This single device should be the maximum reasonable step 

beyond the experiments of this decade and considerable effort has been 

invested in defining the nature of that step. 

The most advanced confinement concept at the present time is that of the 

tokamak and it is expected that tokamaks will demonstrate ignition first. 

Nevertheless, doubts continue to be expressed as to whether the tokamak line 

will lead to the most attractive commercial power reactor. Due to the complex 

and toroidally interlinked structure of the magnet system and its pulsed 

operation, intrinsic engineering difficulites are anticipated; e.g., re­

stricted accessibility, material fatigue problems, pulsed power cycle. In 

principle, a linear device and steady state operation can avoid such problems. 

It will lead to a reactor with improved accessibility, thus easing exchange or 

repair of key components. Without the dynamic loads from pulsing, the me-• 
chanical behavior of the materials will be improved. 

I-1 



- 2 -

The present optimism for the successful design and operation of a major 

DT fusion experiment has initiated a considerable effort on studies of an 

engineering test facility with all the features mentioned above. A worldwide 

endeavor for such a conceptual design is the study of the International Toka­

mak Reactor, INTOR. Recent advances in the physics of tandem mirrors have 

caused us to examine the potential of a tandem mirrar device with thermal 

barriers serving as such an engineering test facility. Therefore we limited 

our study, TASKA (Tandem ~iegelmaschine ~rlsruhe), tobe. the maximum reason• 

able step beyond the next generation of large mirrar machines (AMBAL, TMX­

Upgrade, GAMMA-10, TARA, and MFTF-B). The objective of the study is to demon­

strate that all key technologies required for this step (and later on for 

DEMO) can be integrated into one machine and adequately tested. Thus TASKA 

has to serve astest bed (e.g., it should have a reactor-relevant neutron 

flux, at least 1 MW/m2) for technologies of plasma engineering, superconduct­

ing magnets, existing materials, plasma heating (neutral beam and RF-heating), 

breeding and test blankets, tritium technology and remote handling. It has to 

prove that such a facility can operate safely and reliably as a DT burner. We 

have also limited the direct capital cost to 800 million dollars or less, and 

an operating cost of less than 80 million do11ars per year. 

The physics basis for TASKA has partly been verified on GAMMA-6 and TMX, 

and is partly expected to be proven by TMX-Upgrade during 1982. In addition 

MFTF-B, currently under construction, should demonstrate by 1986 long pulse 

operation (~ 30 seconds) in the TMR-thermal barrier mode. 

The main objectives of the overall TASKA study are twofold: (1) the 

study of a feasible tandem mirror engineering test facility, and (2) the 

comparison of the technologies required for a tokamak based solution with a 

I-2 
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solution based on the tandem mirror with thermal barriers. This report mainly 

addresses the first point and subsequent reports will concentrate more on the 

mirror/tokamak compar1sons. It is felt that by such a "friendly" competition 

between the two major magnetic fusion concepts, we may arrive at the optimum 

faci 1 i ty to be buil t by the worl d fusi on communi ty. 

·_ /' 
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II. Overview of TASKA 

11.1 Introduction 

The rapid progress in plasma physics during the past 10 years and the ex­

pectations of positive results from the major experiments to come into oper­

ation this decade {e.g., TFTR, JET, T-15, JT-60, MFTF-B) suggest that the next 

large device to be built before the Demonstration Reactor {DEMO) operates will 

be a DT Technology Test Facility. This point of view has initiated many 

studies directed towards the next step in the world fusion program which is 

envisaged to be an engineering test facility where all of the key technologies 

required for a Demonstration Reactor. can be successfully integrateq into, and 

tested in, one machine. One such worldwide endeavor for the conceptual design 

of a tokamak is the study of the International Tokamak Reactor, INTOR.{l) 

Indeed, tokamaks presently represent the most advanced fusion concept and are 
\ 

expected to demo~strate ignition and the behavior of·an ignited DT-plasma tn 

the late 1980's. Nevertheless there are some doubts that tokamaks may in fact 

lead to a commercial power reactor mai..nly because of their complex and . . 

toroidally interlinked mag~et structure.(2) 
·' 

In principle, a linear device could avoid such complexity. It can lead 

to a device which gives better access and the linear geometry allows for 

modular construction of the major components. This configuration is also a 

definite advantage for the exchange or repair of key components within the 

reactor vessel. The physics concept with the best chanceforalinear geome­

try is the mirrar and recent advances in the physics of mirrors give rise to 

the expectation that the difficulties in the plasma physics performance of 

minimum B mirrar machines can be overcome by the tandemmirrar concept with 

thermal barriers.{3) Conceptual designs of power plants have already shown 

II.l-1 
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such configurations to be economically competitive with tokamaks.(4) In ad­

dition to the favorable possibilities of the tandem mirror, it was also evi­

dent that such a device might be a very attractive engineering test facility. 

Thus, the TASKA study was initiated in late 1980 to see if our optimistic 

expectations were ju,stified from an engineering point of view. 
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11.2 TASKA Objectives 

The main objective of TASKA is to provide an engineering test bed to 

qualify and test materials and blanket concepts for a Demonstration Fusion 

Power Reactor. TASKA mu~t also demonstrate that superconducting magnets, 

heating technologies, tritium hindling equipm~nt, remote handling equipment, 

etc., can all operate in an intense neutron environment with reliabilities 

that will allow ~ 50% availabilities to be achieved. It must da all of this 

in a timely, but yet cost effective manner which is consistent with the safe 

operation of a nutlear facility. Tobemore specific, TASKA must be the maxi­

mum reasonable physics and technology step beyond the next generation of large 

mirrar machines (AMBAL,(S) TMX-Upgrade,(6), GAMMA-10,(7) TARA,(8} and MFTF­

s(9)). It should be able to operate in the early 1990's (similar to INTOR(10)) 

and provide at least 5 MW-Y/m2 of large scale test volume in no more than 10 

years of full power operation (exclusive of check-out and initial low power 

tests). Finally, the overall direct cost of TASKA should be ~ 800 million 

dollars and the yearly operating cost (including personnel, power, r2, etc.) 

should be less than 50 million dollars. 

11.2-1 
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II.3 Physics Basis for TASKA 

The tandemmirrar physics concept has been previously verified on GAMMA-

6(11) and TMx.(12) Some aspects of electron heating with ECRH in the end 

plugs of TMR's have been recently demonstrated on Phaedrus{13) and ICRH heat­

ing of plasmas has been demonstrated in PLr.(14) The key experiment to demon­

strate operation with thermal barriers ön a tandemmirrar will. be performed in 

1982 on TMX-u.{6) This device will also advance the understanding of electron 

heating and the central cell region will be operated in the collisionless dif-

fusion regime. 

The MFTF-8{9) and its axicell. upgrade{15), currently under construction, 

should demonstrate lang pulse operation {30 seconds) in the TMR-thermal 

barrier mode in the 1985-1986 time period. The limits on central cell beta 

will also be investigated in that device. High power, continuous {30 sec) 80 

keV neutral beams will be used to achieve a D-T equivalent Q ~ 1 in the same 

time period. MFTF-B will be the first tandemmirrar machine to use all super­

conducting magnets, including high field barrier and yin~yang coils. 

The physics relationship of TASKA to past, present, and future devices is 

shown in Fig. 11.3-1~ The anticipated performance of WITAMIR-1( 4) is also in­

cluded and the collection of parameters shows that TASKA lies on a reasonable 

projection of the aforementioned devices. More discussion on the physics 

basis of TASKA is given below and in Ref. 16. It is important to note that 

while the optimism about achieving the TASKA physics goals is high, the 

success of any device after MFTF-B depends on the degree to which current 

physics models can be verified. Progress through the TARA/AMBAL/TMX-U/GAMMA-

10/MFTF-B series must therefore be closely monitored. 

11.3-1 
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I I. 4 Genera 1 Survey and Bas i c Reactor Parameters of TASKA 

11.4.1 Design Philosophy 

TASKA i s based on the concept of a tandem mi rror wi th an ins i de therma 1 

barrier. The design uses existing technologies or.those which may be expected 

to be available in the near future. A net power gain is not required, there­

fore Q is not an important parameter and will be slightly less than unity. 

However, a main consideration is that the neutron wall loading should be high 

enough to achieve a significant neutron flux and fluence for materials and 

blanket tests. The central cell length is minimized because of the modest 

requirements of the test blankets, thus reducing costs without losing scala­

bility. A tritium breeding ratio of 1.0 or more is foreseen so that there 

will be no net tritium consumption over the lifetime of the machine. Electric 

power production, direct energy conversion, or fission fuel breeding are 

options that can be examined during the life of TASKA. 

11.4.2 General Survey and Parameters 

Schematic views of TASKA are shown in Figs. II.4-l and II.4-2. The po-

. sitions of the magnets, the test blankets, the neutral beam injectors and the 

generators for ECRH and ICRH are indicated along with the power and energy 

levels for NBI power and frequency for the RF heating systems. A selective 

list of TASKA general operating parameters is given in Table ·n.4-1. In Fig. 

11.4-3 the confining magnetic fields and electric potantials are shown. The 

end plugs consist of an inside thermal barrier, and a minimum-B yin-yang coil 

set. There are 3 central cell solenoids. 

Some key features of-TASKA are listed below: 

- The DT power level is 86 MW, far below the 620 MW of INTOR(1) or the 180 MW 

of FEo.(10} This lower power level greatly eases the tritium requirements 

II .4-1 
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Table 11.4-1. General Operating Parameters - TASKA 

DT Power Level 

First Wall Neutron Wall Loading 

Total Heating Power 

Central Cell Magnetic Field (On-Axis) 

Central Cell Length 

Structure/Breeder 

Number/Total Valurne of Test Modules 

Operating Lifetime 

Operating Scenario 

H2 Check Out 

DT Check Out 

Short Term Test , Phase 

Long Term Test Phase 

II. 4-4 

Year 

1 

2 

4 

8 

86 MW 

1.5 MW/m2 

110 MW 

2.7 T 

21 m 

HT -9/Pb83L i 17 

1-Material/493 

2-Blanket/5700 

15 years 

% Avail abil ity 

10 

15 

25 

50 

1 iters 

liters 
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and reduces the overall costs compared to previous test devices. 

- The neutron wall loading is 1.5 MW/m2. This relatively high wall loading 

will allow reactor relevant testing to be performed in both blanket and ma­

terials modules. Coupled with reactor availabilities of 25 to 50%, this 

flux will also allow reactor relevant fluences to be obtained. 

- The barrier r·egion is pumped with neutral deuterium and. tritium beams and 

the electron~ in the end plu~ region are heated with ECRH at 56 GHz. The 

plug ions are sustained by H0 beams of 250 keV. The use of the very high 

barrier magnetic fields ahd ECRH requires selective ion pumping and the 

proposed design uses two stage charge exchange pumping(17} to reduce these 

requi rements. _ 

- One of the key features of the machine that allows such a favorable perfor­

mance is the use of a high field, room temperature copper insert which 

raises the field in the barrier coil from 14 T produced by the superconduct­

ing coil to 20 T. The life limiting feature of this coil is radiation 

darnage to the ceramic insulation conservatively assumed to be 1012 rad. The 

projected life is then 10 years at 25% availability or 5 years at 50% 

· availability. 

- The tritium for this device is provided by circulating a Pb83t'; 17 alloy in 

HT-9 ferritic steel tubes (see Fig. 11.8-1}. The localized breeding ratio 

is 1.65 and the overall breeding ratio of the machine (including test 

sections as· well as leakage) is 1.0 so that no net tritium consumption is 

incurred over the life of the machine. The low solubility of T2 in 

Pb83Li 17 (l8} results in önly a 20 g inventory in the blanket. 

- There are two modules devoted to blanket testing and one module devoted to 

materials testing. These test modules are placed between the central ~ell 

11.4-6 
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coils for ease of access and maintenance. 

The secondary 'heat transfer loop contains an organic material, HB-40. 

Normally, the approximately 60 MW from the central cell breeding blanket are 

dumped to cooling towers but provisions have been made to generate electrici­

ty with 350QC steam. Roughly 15 MWe can be generated in this manner. 

- Normally, the energy of the plasma ions and electrons leaking from the 

plasma is deposited in heat dumps at either end of the machine but pro­

visions have been made to test various direct convertor modules on one end. 

The operation of TASKA does ~ depend on the successful operation of the 

direct convertor. 

11.4-7 



- 16 -

II.5 Plasma Physics 

The end plug configuration used in TASKA consists of an inboard thermal 

barrier, generated by a high field hybrid solenoid, and the electrostatic plug 

located in a min-B yin-yang magnetic mirrar (see Fig. 11.4-3). The potential 

peak in the plug provides axial confinement of the central cell ions; the good 

magnetic curvature of the min-B mirrar provides MHD stability of the entire 

system. The thermal barrier provides thermal isolation of the plug and 

central cell electrons and allows the plug electrons to be heated substantial­

ly without heating the central cell electrons. This also allows the positive 

confining potential of the plug to be achieved at lower density, which thereby 

reduces the required neutral beam power to sustain the plug. The central cell 

ion temperature is maintained by ICRF heati'ng and the power input from the 

barrier pump beams. This reduces the power requirements for "pumping" of the 

thermal barriers. 

The physics parameters of TASKA are given in Table II.S-1 and the heating 

parameters are given in Table 11.5-2. The central cell beta of 50% is an as­

sumed value, but is considered to be conservative in light of recent theoreti­

cal developments concerning finite Larmor radius stabilization of ballooning 

modes; this is discussed further in Section III.l. Microstability of the 

mirror-confined plug plasma is an unresolved issue with the TASKA configu­

ration. The TASKA design utilizes "sloshing" ions in the plug to create a 

local electrostatic well and trap warm plasma. This can, in principle, pro­

vide microstability against the drift cyclotron lass cone {DCLC) mode and the 

Alfv~n ion cyclotron mode, but stability against the axial lass cone mode 

(which has not yet been observed experimentally) is harder to obtain. 

II. 5-1 
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Table II.S-1. TASKA Plasma Physics Parameters 

Central Cell 
Magnetic field 
Oensity 
Alpha particle density 
Ion temperature 
E1ectron temperature 
Beta 

(nT)ic 
(nT)ec 
Potent i a 1 , q, c 

Ba rri er 
Barrier peak magnetic field 
Barrier minimum magnetic field 
Potent i a 1 , q,b 
Pumping parameter, gb 

Pl ug 
Midplane magnetic field 
Vacuum mirror ratio 
Midplane density 
Mean i on energy 
Electron temperature 
Beta 

(nT);p 
(nT)ep 
Potential, <~>c+<~>e 

Cohen parameter, vc 

II. 5-2 

2.7 T 
1. 94 x 1014 cm-3 
1.6 x wl2 cm-3 · 

30. keV 
11.5 keV 
o.s 
5.4 x 1013 cm-3 s 
5.3 x 1013 cm-3 s 

42.8 keV 

20 T 

.8 T 

37.5 keV 
2. 

4 T 

1.56 
6.3 x w1 3 cm-3 

388. keV 
59.3 keV 
0.64 
2.9 X 1013 cm-3s 
7. 5 x 1011 cm-3s 

109. keV 
o.s 
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Table II.S-2. TASKA Heating Parameters 

Neutral Beams 

Pl ug: power 5.4 MW 
energy 250. keV 
angle 60° 
species p 
trapping fraction 0.21 

Barrier: power 6.6 MW 
energy 76 keV 
angle 20° 
species d 
trapping fraction 0.42 

Barrier: power 49.7 MW 
energy 50 keV 
angle 25° 
species 0.44 d/0.56 t 
trapping fraction 0.95 

Ba~rier: power 0.2 MW 
energy 2. keV 
angle 45° 
species d 
trapping fraction 0.99 

ECRF 

Pl ug: power 14.9 MW 
frequency 56. GHz 
absorption efficiency 1. 

ICRF 

Central cell: power 40. MW 
frequency 30 MHZ 
absorption efficiency 0.8 

Total Injected Power 117. MW 

NB: Plug and barrier power~ are total powers for both sides. 

1!.5-3 
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Maintaining the thermal barr·ier requires removal ("pumping") of the ions 

which become trapped in the barrier. TASKA utilizes neutral beam pumping for 

this purpose; this process occurs by charge exchange between the barrier 

trapped ions and the neutral atoms which have been injected with the appropri­

ate energy and angle relative to the magnetic field. The required energies 

and power for neutral beam pumping of the barrier and for sustaining the plug 

are given in Table 1!.5-2. 

Alpha particle accumulation in the central cell is a general problern with 

tandemmirrar reactors. Accumulation in the central cell of TASKA is not a 

problern because the ion confining potential is relatively low compared with 

the ion t~mperature (~c/T;c ~ 1.4); the steady state alpha concentration in 

the central cell is about 1%. Alpha accumulation in the thermal barriers is a 

potential problern that requires further study. Fueling of the central cell is 

done entirely by ionization of the neutral beams which pump the thermal 

barriers; a separate fueling mechanism is not required, except perhaps during 

startup. 

II. 5-4 
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II.6 Magnet System of TASKA 

The total magnet system of TASKA consists of: 

- 3 solenoids in the central cell to give the required central cell field; 

- 2 barrier mirror hybrid coils to provide the magnetic mirror field; 

- 2 transition coils for plasma cross section shaping; 

- 2 yin-yang systems to provide plasma stability; 

- 2 recirculating coils for plasma cross section shaping; and 

- 8 coils for field shaping in the thermal barrier region. 

The (arrangement) position of the coils is given in Figs. 11.4-1, 11.4-2, 

and II.6-1, and the magnetic field generated by those magnets is show~ in Fig. 

II.4-3. Table 11.6-1 gives the general operating parameters of the magnet 

system. 

The three centr.al cell magnets have an inner radius of 2.8 m and a wind­

ing cross section of 1.2 x 0.58 meters and 1.2 x 0.50 meters .. The technology 

for these coils is available and is based on the experience with large corl1ls 

already existing. The current density in the two outside coi.ls is 1350 A/cm2 

and it is 1160 A/cm2 in the center coil which is necessary to reduce the field 

ripple to 5 % or less. The maximum field at the conductor is less than 6.0 T 

and the conductor consists of NbTi with copper and/or aluminum stabilizer and 

stainless steel reinforcement. 

The most complicated coil is the barrier mirror hybrid coil. It consists 

of a superconducting outer part and a normal conducting inner part; each of 

these is built up by six solenoids with different current densities, and 

different winding cross sections. The design goes to the limits of the tech­

nology which can be expected in the near future; the majority of the field is 

provided by.the Nb 3Sn superconductor with a maximum field of- 15 Tat the 

11.6-1 
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Table 11.6-1 •. Main Parameters of the TASKA-Magnet System 

Transition and Field 
Cent ra 1 Ce 11 Barri er Coi 1 Barrier Coil Reci rcu 1 at i ng Shaping 
Solenoids S.C. Part N.C. Part Coils Yi n- Yangs Coi-1 s 

Conductor NbTi, Al- Nb Ti /NbÄSn Hard Cu NbTi, Cu- NbTi, Cu- Hard Cu 
stabil i zed Cu and 1- stabilized stabilized 

stabilized 

Overall current 1350/1160 1600/2400 480-2800 1900 1630 450-795 
density in th2 
winding (A/cm ) 

Maximum field at the 6 15 20.7 7 7.9 0.5 
conductor (T) 

- Stored en~rgy (MJ) 368/202 2600 12 487 411 0.013-2.25 -. 
0'1 Weight of the winding 68/72.5 177 20.5 84 117 1-12.9 t 
w (tonnes} N 

N 

Operating temperature 4.2 4.2/1.8 300 4.2 4.2 300 
(K) 
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coil winding and a stored energy of,.., 2 GJ. The design of th.e normal conduc­

ting part is made to be most power effective and is based on the experience of 

high field coils of the Bitter or polyhelix type already in operation at vari­

ous High Magnetic Field Laboratories. 

The ·general design of the normal Cu insert coils includes six nested 

cylinders, each 10 cm thick, but with a length which incre~ses with increasing 

radius. Figure 11.6-2 shows a cross section of the coil with the lines of 

constant magnetic field superimposed on it. The inner radius of the coil is 

0.3 m to. provide space for radiation shielding. The current density drops 

from 2800 A/cm2 in the inner cylinder to 480 A/cm2 in the outermost cylinder. 

The field contribution of the normal copper coil is about 6 T. The outer 

superconducting coil is limited by stress requirements and by the maximum 

allowable magnetic field at conductor of 15 T. The coil is graded in the NbTi 

region for conductor fields of about 8 T and in the Nb 3sn region for higher 

fields. The current densities vary from 1600 A/cm2 to 2400 A/cm2 due to the 

stress limitation. 

The end plug magnets (transition coil, yin-yang, recircularizer) are C­

shaped with current densities less than 1900 A/cm2. The design of these mag­

nets was straighttorward because they are similar in geometry and electrical 

data to those of the MFTF~B machine which has already operated under similar 

conditions. Characteristic dimensions for the yin-yang system are an overall 

height of 7.0 m and for a transition coil about 5 m. These are comparable 

with the MFTF-B dimensions of ~ 6 m overall height for the yin-yang and ,.., 12m 

for the outside A-cell coil. This coil was successfully tested in February 

1982. 

11.6-4 
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In addition, access for neutral beam injectors which provide the barrier 

pumping has to be included. The neutral beam injection a·ngles, dictated by 

plasma physics requirements, are small which means that the present magnet 

design is the result of a trade-off between the magnetic fields from the 

plasma physics requirements and the access requirements for neutral beam 

injection. To fulfill these requirements, the barrier coil is built up by 

several parts with different thicknesses and diff~rent current densities. In 

addition, the end plug has been moved away from the barrier coil to enhance 

NB1 access. However, the minimum field in the thermal barrier region is then 

lower than the required 0.8 ·r. This requires that field shaping coils (in 

this case normal conducting) be placed on each end of the device to increase 

the field to the required level. These coils are integrated in the shield as 

shown in Fig. 11.4-2. 

11.6-6 



11.7 Plasma Heating Technology 

11.7.1 Neutral Beam Injection 
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Neutral beam injection (NBI) is used as the primary means for plasma 

heating, plasma fueling, and selective ion charge exchange pumping in the 

TASKA materials test tandemmirrar reactor design. Computational studies(19) 

of the equilibrium plasma parameters needed to attain the desired neutron wall 

loading of 1.5 MW/m2 in the central cell yield the preliminary NBI design and 

heating requirements {see Table IIe7-l). For simplicity in present parameter 

studies, each neutral beam is assumed to consist only of the full energy com­

ponent. 

The NBI performance parameters (listed in Table 11.7-1) are based upon a 

present capability or scaling of existing ion source technology. However, the 

application to steady state 0-T operation for TASKA will require a further 

level of special technological development particularly in the following 

areas: 

- ~ •. ~esign of high power level steady state NBI/ion sources with high relia­

. bility and compatibility with remote NBI component changeout. Operation of 

NBI hardware in a high neutron fluence with a tritium loaded systemwill 

also require some form of remote hanqling for maintenance (the aim is for a 

minimum of 1 year normal lifetime before required maintenance). 

- Special cooling technology will be required because of locally high beam 

power loading on the charged ion dump, on the remnant neutral beam dump, on 

associated diagnostics, on the ion source grids, and on the machine end 

walls. Salutions such as thin channel-cooled surfaces(20) or direct energy 

recovery for ion dump and end walls(21) are feasible. 

11.7-1 



Tab1e II.7-1. TASKA Neutral Beam Injector ~nd Heating Requirements 

I0 (Equiv.) 
I± {EST) 

Injecti on NBI Power Per # Ion Sources Total # Per 
locat1on Angl,e V0 (kV) Injector (MW) Per lnjector Injectors Per Injector Injector 

P-NBI 60° 250 2..1 1/H- est. 2 10.8 AH0 29 AH-
{plugs) 

HE-NBI 20° 76 3.3 1 2 43 AD0 108.8 AD+ 
(barriers) 

ME-NB I . 25° 50 8.3 3 6 3 X 65 A 3 f 36~ A 
(barriers) oo + ro D + T 

LE-NBI 45° 2 .1 1 2 50 AD0 97.5 AD+ 
(barriers) 

...... 
N ...... ECRH ,.., 56 GHz 4 units each 3.7 MW to plasma -.I . 

.......a (plugs and I 
N barriers) 

ICRH ~ 21 MHz 1 unit yielding ~ 40 MW to_plasma 
(central 
cell) 
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The development of. steady state vacuum pumping schemes for the H2, o2 or 

o2;r2 gas flow in the ion source and neutralizer is required. Sufficient 

local pumping speed is required to reduce the line density of gas beyond the 

ion dump to low enough values to limit re-ionization loss to less than 10% 

and e1iminate duct choking. The low injection angles for the high energy 

and medium energy pump beams tend to require long ducts and careful baffling 

to av.oi d di rect beam impi ngement on the wa 11 s. The coo 1 i ng of duct wa 11 s 

(to avoid any thermal desorption) is also essential. Initial studies( 22 ) 

with a long duct NBI system possessing a small thermal desorption term of 

.005 T-~/s-kJ, revea1ed that we may have a duct choking problem. To over­

come this, present p1ans ca11 for H2, o2 and r2 gas pumping using panels of 

solid gettermaterial arranged in a full surface folded panel configuration 

which allows cyclic regeneration. A short cold wall/hot exit neutralizer is 

being considered to reduce the neutralizer gas flow.(23). 

- The relatively high plugdNBI energy requirements and the need to avoid 

neutron production in the plugs call for the use of H0 injection at 250 keV. 

This will require H- ion source technology for a reasonable neutralization 

efficiency. Such a source is also desirable for other fusion devices •. 

- Magnetic shielding for the NBI's in the high fringe magnetk field from 

TASKA (particularly for beam lines at low injection angles) is required. 

While such shielding is difficult to include in the small space allowed, it 

is feasible. 

It is obvious that TASKA represents a chal1enge to NBI technology, but no 

insurmountable problems have been identified. Testing of advanced neutral 

beam injectors and heating systems in an integrated system can be one of the 

key applications for TASKA. 

II. 7-3 
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1!.7.2 ECRH and ICRF Heating ~ 

The plug electrons. are maintained at a temperature of 59 keV with 7.5 MW 

of ECRH power per plug. The frequency chosen is 56 GHz, which corresponds to 

resonance at a magnetic field of 2 T. The resonance surface is located be~ 

tween the minimum field point in the barrier and the mirrar throat of the 

plug. Electrons reaching the resonance surface are primarily plug eleetrons; 

heating the plug electrons there heats the entire plug electron population 

because of their bounce motion along B, drift motion in the flux surface, and 

collisional transfer to electrons which don't reach the resonanee surface. 

The 56 GHz frequency corresponds to the upper limit of high power ew gyrotron 

sourees considered to be available on the TASKA time scale. 

The ECRH powe~ is delivered to the· plasma using a quasi~optieal offset 

Gassegrain beam waveguide transport system, as shown in Fig. 11.7-1. Using a 

set of hyperbolic-parabolic mirrors, the microwave power is refleeted and 

foeussed onto the plasma at the desired angle. An array of gyrotrons feeds a 

single launeher system. Up to 4 MW can be focussed onto a reasonable spot 

size at the plasma with reasonable eleetrie field intensity. Conseq~ently, 

two launeher systems are required per plug. 

Forty megawatts of ICRF heating of central cell ions is used to maintain 

the ion temperature at 30 keV; this allows a considerable reduction of the 

neutral beam energy and power required for pumping of the thermal barrier. 

The fundamental deuterium frequency at the beta-correeted magnetic field in 

the central cell is 15 MHz. In this frequeney range, and beeause of the 32 em 

hot plasma radius, we are eonstrained to using antennas to eouple the ICRF 

power to the plasma. In order to improve antenna coupling, second harmonic 

heating (at 30 MHz) is used. To proteet the antennas from alpha particle 

* ECRH = Eleetron Cyclotron Resonance Heating · 
ICRF = Ion 11 range of Frequencies (sometimes ICRH) 

· I I. 7-4 
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bambardment and ta imprave the caupling ta the hat plasma, a warm plasma hala 

between the hat plasma and the antennas is prapased. The antennas are lacated 

at each end af the central cell in arder ta leave the central regian free far 

test madules. The faur 2-cail sets (see Fig. 11.7-2) take up 1.4 m af axial 

length at each end •. The antennas are austenitic stainless steel with a high 

canductivity capper surface layer and caaled by water. The Faraday shields 

are made af malybdenum and radiatian caaled. 

11.7-6 
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II.B Blanket Design 

The TASKA central cell region has two main types of blankets: (1) the 

permanent tritium breeding and heat removal blanket, and (2) test blanket 

modules. The first blanket system is designed to last the lifetime of TASKA 

(15 years), while the second blanket system is designed to be changed rather 

frequently to test a variety of breeding materials. There are completely 

separate coolant systems for each system, but they are based on the same 

design principles as shown in Fig. 11.8-1. 

11.8.1 Permanent Breeding Blanket 

The coolant-breeder is Pb83Li 17 which enters the U-shaped tubes at 300°C 

and leaves at 400°C. The tubes are made from a martensitic alloy, HT-9, which 

has displayed a great resistance to radiation darnage in fission reactor tests. 

The design of the blanket is such that all welded joints are protected by , 

roughly 1 meter of Pb83Li 17;HT-9 material which reduces the radiation darnage 

in the weld region. 

The localized tritium breeding ratio is calculated to be ~ 1.65 which 

more than compensates for the lack of breeding in the materials test modules 

and the lass of neutrons out the e'nds of the machine. When the overall triti ... 

um breeding ratio is calculated, it is ..... 1.0 (including a nominal breeding 

ratio of 1 from the test blanket region). The low solubility of tritium in 

the Pb83Li 17 alloy gives an inventory of only ..... 20 grams. This low inventory, 

coupled with the reduced chemical activity of this liquid metal, makes it very 

attractive from a safety standpoint. 

II.8.2 Test Blanket Module 

A breeder test module with liquid lithium as coolant and breeding materi­

al has been designed (Fig. II.S-2). On the basis of neutranie calculations, 

II.S-1 
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Fig. 11.8-1 Vertical section of TASKA blanket 

11.8-.2 . 
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the testmodulewill be provided with a liquid lithium blanket using natural 

lithium as breeding material. This will result in a blanket power of about 3 

MW (design value) at a maximum neutron wall loading of 1.5 MW/m2. The operatton 

target of one test module is expected to be 2 full power years (2.5 years at a 

load factor of 80 %). 

The test module consists of three main components: 

casing, blanket with headers and main coolant pipes, and reflector and shield. 

The casing of the test module is constructed such as to shield the vaccuum 

vessel wall completely against the direct 14 MeV neutron flux~ 

In the blanket liquid lithium is circulating in tubes bentaround the first 

wall cylinder. The blanket tubes are connected to one inlet and one outlet 

header by nozzles of the required size and length. Spacers keep the tubes in a 

fixed distance from each other. 

The main coolant pipes are stacked one above the other to achieve a closer 

access to the coolant supply lines. Headers and main coolant pipes can be 

heat isolated by ceramic materials. 

Reflector and shield are designed as a water-cooled p1ug unit, which is in­

serted into the module casing behind the blanket. 

11.8-4 
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11.9 Materials Testing 

One of the main functions of TASKA is to test structural materials for 

the fusion Demonstration Power Reactor which should operate shortly after the 

turn of the century. To satisfy this function, we require three main features 

of TASKA. The first is a high neutron wall loading to reduce the time needed 

to accumulate significant darnage levels; TASKA is designed to give 1.5 MW/m2. 

The second i s a high reactor avai 1 abi 1 ity to make the most effect i ve' use of 

the irradiation time. In this respect we used the proposed operating sequence· 

for INTOR (1) (see Table II.4-l), but because (1) the duty cycle of TASKA is 1 

versus 0.7 to 0.8 for INTOR, (2) the wall loading is higher (1.5 versus 1.3 

MW/m2), and {3) the samples can be placed closer to the vacuum surface in 

TASKA than in INTOR, we obtain even higher cumulative darnage levels in TASKA 

than in INTOR. It should also be noted that maintenance of TASKA is much 

simpler than for a tokamak so that if INTOR can attain an availability of 

~ 50%, TASKA should be able to attain an even larger value (however, we did 

not take credit for that in this study). The third requirement for the ma­

terials test program is for a large testing volume and in that respect we have 

designed for more than 3 x 105 cm3 of high flux test volume in TASKA. 

Analyses of the special test module REGAT (Reduced Darnage Gradient Test) 

design as well as types and numbers of samples to be irradiated are given 

elsewhere(24,25) and we will only present the results of that discussion here. 

Figure II .. 9-1 shows the general ·design of the test module and one of the 354 

test capsules that can be used to irradiate over 27,000 specimens in 10 years 

.(see Table II.9-1) The REGAT modules are either He or H2o cooled and provide 

test environments ranging from 300 to 600°C at darnage levels up to ~ 100 dpa. 

II. 9-1 
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TABLE ll., 9-1 

Proposed Materials Test Matrix -TASKA 

Total Spedmens Total Capsu]e9 
Hat. 
Var.a J!!!!.b ~.c Huenced Cond1t1ons M1rrore Tokamakf Hirrore Tokamakf 

Materials Surveillance 

Tensne 3 2 2 2 2 rate/temp. 48 48 3 3 
FaUgue 0(3~ 0{2) 0(2} 0(2) 0(4) stress 0 96 0 4 
Crack grmrth 1(2 2 2 3 l stress levels 36 72 l 2 
fracture 2 2 2 2 2 temp. 32 32 4 4 

Subtotal m m 8 TI 
Structura1 Materials 

TensHe 5 3 6 5 6 rate/temp. 2700 2700 10 lO 
Fat1gue (High Cycle) ~~:J 0(3) 0(2) 0(4) 0(4) stress 0 768 0 29 
Crack growth 2 4 4 3 stress levels 288 576 3 6 
Fracture 4 3 4 2 2 temp. 192 192 5 5 

...... SweH ing 10 5 10 5 4 post 1rr. tests 10.000 w.ooo 5 5 ...... Stress rehx. 6 4 6 5 stresses 720 720 3 3 w 0 -
\.0 Creep- rupture 6 2 6 - 5 stresses 360 360 2 2 \0 
I In situ-cyclic 0(4) 0(2) 0(2) 0(4) stress 1eve1s 0 64 0 64 w -

Other Hater1a1sh 
Subtotal 14.260 15,380 "2B" -rn-

Fatigue .5 3 4 4 2 stra1n range 480 960 11 22 
TensHe 15 3 6 4 4 rate/temp. 4~320 4,320 15 15 
Dimensional stab. 15 5 6 4 4 post tests 7.200 7,200 4 4 
Creep 10 2 6 - 4 stresses 480 480 2 2 
In s1tu-cyc11c 0(6) 0(2) 0(2) - 0(4} stresses 0 96 0 96 
Fracture 3 2 2 2 6 temp. 144 144 7 7 
flect. prop. 6 3 2 4 3 tests 4.32 432 18 18 
Therm. Cond. 6 3 4 4 --- 288 288 12 12 

Subtotal I3e~,~~ ll.920 09 m 
Total 27,720 29.548 105 313 

~Materials x var1at1ons 
Oupllcation -

~Number of trrad1at1on temperatures 
Fluence 1eve1s 

especifically for the H1rror Program 
fRequired for both Mi~or and Tokamak Programs 
!ICapsule volume-390 c 
heeramics, electrical. and heat dump materhls 
( ) Addtt"lon for tolcamak program 
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In order to compare the performance of TASKA to other test·facilities we 

show in Fig. II.9-2 the cumulative darnage in four devices of interest to 

fusion materials scientists: the RTNS-II at LLNL, the proposed FMIT device at 

HEDL, TA~KA, and the INTOR test reactors. The main points from this figure 

are: 

le The accumulated darnage rate and test volume is too small in RTNS to be of 

irnportance for the Demo. 

2e The FMIT will produce high darnage levels by the early 1990's, but the test 

volumes are rather small, 10-lOO's of cm3. 

3. If TASKA and INTOR have exactly the same starting dates and operating 

schedules, reactor relevant darnage levels (~ 50 dpa) can be achieved in 

TASKA by the year 2000, whereas it ~ill take 5-10 years langer to achieve 

such levels in INTOR. The test volume in both devices is reasonably large 

{- lO's of liters). 

There is an even better way to represent the testing capabilities of 

fusion rnaterials test devices and this is by rnultiplying the darnage level 

times by the test volume at that darnage level. Mathematically, this can be 

stated by: 

dpa-~ = f dpa(v) dv 

where the volume, v, of test space that can give a dpa level in a given time 

is represented by dpa(v). 

A graphical representation of the dpa-t values for the test devices is 

given in Fig. 11.9-3. It clearly shows, along with the previous figure, that 

if one wants to achieve the largest darnage times volurne product, then clearly 

II. 9 ... 4 
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· the TASKA device is superior to INTOR or FMIT ·(RTNS data is not discernible on 

this scale). 

I! e 9-7 



- 44 -

11.10 Maintenance 

Successful operation of TASKA can be achieved if the downtime can be 

maintained at a level consistent with the assumed availability. The TASKA 

reactor equipment is divided into four classes, depending on the anticipated 

replacement or repair frequency. 

Class 1 - Designed for full lifetime such as buildings, support structure and 

parts of the vacuum vessel. 

Class 2 - lifetime > 5 years, such as shield, magnets, etc. 

Class 3 - Average lifetime, such as blanket and material test modules, neutral 

beam components. 

Class 4 - Short lifetime, such as handling and experimental equipment. 

It is felt that at the minimum the following general purpose remote 

handling systems will be required: 

1. Component handling machine and manipulator carrier attached to the over-

head bridge crane. 

2. Shielded cabin with manipulator. 

3. Elevated work platform. 

4. Stereo television viewing system. 

5. Various tools adapted for remote handling use. 

6. Moveable shields. 

The maintenance concepts also address the changeout and repair of blanket 

modules (as shown in Fig. II.l0-1), neutral beam injector components such as 

ion sources and getter panels, central cell coils and the barrier coils. Dis­

placement of the barrier coil perpendicular to the axis of the reactor (as shown 

in Fig. II.l0-2) is needed to provide access for maintaining the normal insert 

11.10-1 
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and the thermal barrier dumps (an exploded view of the barrier coil and vacuum 

vessel is shown in Fig. II.l0-3). This operation requires the following 

special purpose remote systems: 

1. Special transportable carriage support structure with hydraulic adjust­

ments and a lifting traverse. 

2. Turnover device for use in maintaining getter panels. 

3. A cutting and welding machine adapted for separating or joining vacuum 

chamber sections. 

4. Auxiliary support structure used in removing the barrier coil. 

Although only several critical maintenance operations have been ad­

dressed, it is felt that the remaining numerous maintenance tasks can be 

performed with the general purpose equipment provided and some additional 

special purpose fixtures. 

II.l0-4 



- 48 -

Fig. II.l0-3 
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II.11 Cast Analysis 

The costs developed for TASKA follow the format adopted for INTOR. The 

accounts are divided into blanket/shield, magnets, plasma heating, reactor 

support systems, and buildings. Indirect costs (ID) are engineering (45% of 

direct costs (DC)), installation/assembly (15% of DC), and contingency (30% of 

DC and IC). Unit costs and cost algorithms were taken from INTOR (FEDC-M-81-

SE-062), PNL-2987, and ORNL (WFPS-TN-057) in that order of information availa­

bility. A summary of the costs for TASKA are given below in Table 11.11-1: 

Table 11.11-1. Summary of Direct Costs for TASKA 

$ X 106 (1981$) 

1.1 Blanket/Shield 46.3 

1.2 Magnets 227.9 

1.3 Plasma Heating 269.6 

2.0 Reactor Support Systems 163.8 

3.0 Buildings 80.4 

Total Direct Costs 788.0 

It can be seen from Table 11.11-1 that we were able to meet our objective 

of < 800 million dollars in direct costs. The main cost drivers are the high 

costs of ECRH and neutral beams. If some improvement in the ECRH costs can be 

made, the total cost of TASKA would be proportionately reduced. The other 

major cost driver is the magnets with the end plug and barrier coils account­

ing for roughly 1/3 each of the total cost. The intercoil support structure 

accounts for ~ 28% of the total coil costs. It is obvious that more intense 

effort to reduce the magnet costs would also be important to reducing the 

overall cost of TASKA. 

11.11-1 
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In addition to the direct costs, certain percentages for indirect costs 

such as engineering, assembly and contingency have to be accounted for.- As an 

example, in INTOR these consisted of 45% and 15% of the direct costs for engi­

neering and assembly respectively, and 30% of the direct and indirect costs 

for contingency. 

The operating costs for TASKA are composed of three main items: 

1. Annual 0 & ~ (including salartes, administrative expenses, etc.). 

2. Costs for continuously required power. 

3. Additional electrical power costs needed during reactor operation. 

The first item is 'usually taken as 3%'of the direct costs, or 24 million 

dollars per year. It is important to note that this does not include the 

experimentalists or special equipment used in the blanket or test modules. 

The secend item amounts to 8.7 MWe continously or ~3.4 million dollars per 

calendar year. The third item includes 189 MWe of power during the burning 

plasma phase and that is ~37 million dollars per year (at 50% availability). 

The total 0 & M cost for 15 years is 360 million dollars and the total 

electrical power costs are 455 million dollars. The levelized annual costs 

are 54 million dollars per year and will be below our target of 80 million 

dollars per year. 

II.ll-2 
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II.l2 Conclusions 

The purpese of the TASKA study was to identify the potential of a tandem 

mirrar device as a technology test bed in a next generation of fusion experi­

ments. This preliminary conceptual design has shown that TASKA~ provide 

meaningful tests of heating technologies, superconducting magnets, remote 

maintenance equipment, etc., as well as blanket and material tests and that 

all these reactor relevant technologies could be integrated into one machine 

of moderate size and with relatively low costs. In particular, the materials_ 

testing capabilities are very attractive. A large volume (> 300 liter) of 

high darnage level (up to ~ 100 dpa) testing space is available in TASKA and it 

can accommodate all the specimens needed to qualify alloys and non-metallic 

materials for a demonstration.plant operating shortly after the turn of the 

century. 

II.l2-l 
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III Plasma Physics 

111.1 Physics Background for TASKA 

111.1.1 Overview of Tandem Mirror Concepts 

The tandem mirror as a confinement scheme was invented in 1976 by Fowler 

and ·Logan,(1) and independently in the u.s.s.R. by Dimov.(2) The basic tandem 

mirror configuration is shown in Fig. 111.1-1. A magnetic mirror cell, 

commonly called a "plug", is located at each end of a central cell in which 

the magnetic field is uniform. The fundamental concept is to use the positive 

ambipolar potential of the mirror-confined plasma to provide axial confinement 

of plasma in the central cell. The central cell ions are confined by the po­

tential ~c and the electrons by the potential ~e· The idea of using mirrors 

at the ends of a central cell, but without the potential peak in the end 

mirrors to improve the axial confinement of the central cell plasma, was first 

suggested by Kelley{3) in 1967. The positive potential peak, however, is 

important for achieving high Q operation in a power reactor. 

Maintaining the axial potential profile shown in Fig. 111.1-1 implies, 

through the Boltzmann relation for electrons, i.e. 

that there is also an axial (z) density variation. ln Eq. {III.1-1) it is 

assumed that, in the central cell, n = nc, ~ = ~e· Te is the electron 

temperature; it is assumed here to be constant along the magnetic field 

line. The plug density, np, is then related to the confining potential, ~C' 

by 

111.1-1 
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{111.1-2) 

The axial confinement time of the central cell ions is related to ~c by 

an expression originally derived by Pastukhov{4) for electron confinement in 

mirrors; fu~ther corrections have·been obtained by Cohen.( 5) The confinement 

time is 

where 

•; = •;; 

I{x) = 1 + ~ exp (}) erfc (_l) 
rx 

g{R) = rrr (2R + 1) ~n ( 4R4R 2) 

{III.1-3) 

Tii is the ion-ion collision time, Tic is the central cell ion temperature, 

and R is the central cell mirrar ratio. Equation {III.1-3) is valid in the 

collisionless regime, which is the TASKA regime. For current experiments, 

which are in a more collisional regime, there is an additional term which is 

not shown. Typically ~c ~ 2.5 Tic for good axial ion confinement, so that 

np/nc ~ 10. The high density in the end plug is sustained by neutrai beam 

injection into the end plug. 

The potential, ~e' of the central cell relative to the end wall is 

determined by equating the total ion lass rate to the total electron lass 

rate. lf the radial transport is non-ambipolar, then the radial lass rate + 

axial lass rate is needed to determine ~e· Normally, ~e C! 5 Te. 

III.1-3 
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The plug magnetic field has good curvature for MHD stability. The 

central cell has zero curvature, but the connection of the central cell to the 

minimum-B plug introduces bad curvatur~ so th&t the total system is no longer 

a minimum-B system but minimum-average B, if the plugs provide enough good 

curvature. The contribution of the plugs to the overall stability is in­

creased by operating the plugs at high ß; consequently stability against 

interchange modes is easy to obtain. Ballooning modes, which localize in 

regions of bad magnetic curvature, are a potential problem, but present indi~ 

cations are that finite gyroradius corrections to ideal MHD theory are suf­

ficient to stabilize them. The MHD aspects of tandem mirrors are discussed in 

more detail in Section 111.1.4. 

The high density in the end plugs makes them rather collisional and thus 

increases the ion scattering rate into the loss-cone unless the mean ion ener­

gy is rather high. The high density coupled with the high mean energy implies 

high plasma pressure and high magnetic field strength in the plug to contain 

the end plug plasma. The high mean ion energy requires a high energy neutral 

beam to sustain the end plug plasma. Consequently the technological problems 

of the end plugs in a reactor based on the standard configuration can be 

severe. The reactor implications of the standard tandem mirror configuration 

have been studied at Livermore,(6) Wisconsin, and elsewhere. These studies 

found that very high magnetic field strengths in the plugs (- 15-17 T) and 

very high energy neutral beams (~ 1 MeV) were required for the reasons dis­

cussed above. Even with these requirements, the Q (ratio of fusion power to 

injected power) was marginal (~ 5-10) and the neutron wall loading in the 

central cell was low (~ .5-1 MW/m2). (A low neutron wall loading generally 

implies a high capital cost per unit power.) Using RF in the plugs to heat 
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the plug ions allowed the .neutral beam energy to be reduced to ~ 500 keV, but 

the other characteristics remained. 

The difficulty with the standard tandem mirror configuration is easily 

seen from Eq. (111.1-1). Since Te is assumed to be constant along a field 

line, the potential, which provides the confinement, varies only logarithmi­

cally with the density. Furthermore, the central cell has the lowest density, 

where one wants high density in order to get high fusion power density. 

Raising the electron temperature everywhere gives more potential for a given 

density Variation, but increases the electron pressure in the central cell. 

For a ~iven central cell ß and field, the central cell ion density has ·to be 

reduced if the electrons are heated. This reduces the fusion power. 

A solution to the difficulties with the tandem mirror is to heat the plug 

electrons to high temperature in order to get a high confining potential, but 

avoid heating the central cell electrons so that their contribution to the 

central cell ß is not increased. The thermal barrier, introduced by Baldwin 

and Logan(7) in 1979, allows one to do this by introducing a potential dip 

between the central cell and the plug. This potential dip reflects most 

central cell electrons and does not allow them to enter the plug. This allows 

the plug electron temperature to be decoupled from the central cell electron 

temperature. The hotter plug electron temperature, achieved by ECRH or other 

forms of heating, allows one to reduce the plug density relative to the 

central cell density. This also reduces the col1isionality of the plug ions 

and allows one to use lower energy neutral beam injection. The reduced plug 

pressure reduces the required magnetic field in the plug for a given ß. The 

reactor implications are striking;(8,9) the net effect of the thermal barrier 

is substantially higher Q (~ 20·30) and neutron wall loading (~ 2-3 MW/m2), 

111.1-5 
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with a peak plug magnetic field of the order of 9 Tat the coil and neutral 

beam injection energy ~ 400-500 keV. 

The original thermal barrier configuration, now called an "inboard" 

barrier, introduces an additional mirror between the plug and central cell, as 

shown in Fig. III.l-2. The density of ions streaming from the central cell 

through the barrier, where the magnetic field is low, is reduced by the ex­

pansion of the flux tube, and by the increase of the parallel velocity due to 

expanding magnetic field and falling potential. An approximate expression for 

the passing ion density at the minimum field of the barrier 

npassing = ~ 
b "b 

(III.l-4) 

if ~b > T;c· Here, Rb is the barrier mirror ratio, 

In this expression the distribution function of ions in the central cell is 

assumed to be Maxwellian and these ions pass through the barrier without 

collisions. Particle sources localized in velocity space, e.g., due to 

ionization and charge exchange of the pump beams (discussed in Section 

111.4.1.4.2), will produce a distortion of the distribution function and 

therefor~ modify the passing ion density and the trapping rate in the barrier; 

these effects are ignored in this discussion. A factor gb is introduced to 

phenomenolog.icaliy account for ions trapped in the barrier; gb is the total 

ion densityjpassing ion density and is usually assumed ~ 2. The electron 

density is assumed to be a Boltzmann relation with the central temperature, 
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<j>b 
nb = nc exp (- r) 

ec 
(III.l-5) 

Equating the electron and ion densities determines the barrier potential <l>b' 

(III.l-6) 

In Ref. 7 it was assumed that a Boltzmann relation at the plug electron 

temperature, Tep' also applied between the barrier magnetic field minimum and 

the plug. Cohen(lO) has found from both analytical and Fokker-Planck calcu-

lations that a modified Boltzmann relationship applies, 

n T 
= T [_E_ ( ec )v] <l>b + <l>c ep ~n nb ~ (III.l-7) 

where the parameter v is approximately .5 when the plug electrons are confined 

inside a magnetic mirror but can be larger when the magnetic field is attempt­

ing to eject the electrostatically confined plug electrons. The latter case 

corresponds to the potential peaking at a magnetic hill or in a region of 

rising magnetic field. The effect of the temperature ratio, Tec/Tep' in the 

modified Boltzmann relation is to reduce the benefit of the thermal barrier by 

reducing <l>c for a given density ratio, np/nb. The modified relationship, Eq. 

(III.l-5), was used in the WITAMIR-I reactor design;(8) the benefits of the 

thermal barrier are still substantial relative to the standard tandem mirror 

configuration so that current reactor designs continue to incorporate thermal 

barriers. 
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The effectiveness of the thermal barrier can be increased by using micro­

wave power at the minimum field point in the barrier to create a population of 

hot, magnetically trapped electrons(ll) in the barrier. For a given total 

electron density, this reduces the density of Maxwellian electrons. Conse-

quently in Eqs. (III.l-5) and (III.l-7) 

n ~ n nHot b,.. b"" b, 

where n~ot is the density of the magnetically c·onfined electrons. Equations 

(III.l-6) and (III.l-7) are then modified to become 

nHot 
9 -<l>b b b 

exp {~) + --n;- = "Rb (III.l-8) 

and 

(III.l-9) 

This increases <l>b (deepens the barrier) and increases the effective density 

ratio in Eq. {lii.l-9) for a given plug density, which compensates for the 

temperature ratio in the argument of the logarithm. Producing a hot, mag­

netically trapped electron population requires more careful tailoring of the 

electron distribution function by the use of microwave power than simply heat­

ing a Maxwellian distribution. This is an as yet untested concept; there are 

also questions concerning the penetration and absorption of the microwave 

power. 

Maintaining the thermal barrier requires that ions trapped in the barrier 

by collisional scattering be 11 pumped out" in some manner. The LLNL( 9) and 
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WITAMIR-1( 8) designs used neutral beam pumping to remove these ions. The 

neutral beams injected into the passing ion part of the velocity space "pump" 

trapped ions by charge exchange between the trapped ions and the neutral 

atoms. Ionization of these beams also provides refuelling of the central cell 

plasma. The neutral beams for barrier pumping also contribute to the heating 

of the central cell. Although the principles of neutral beam pumping of the 

barrier are based on atomic physics and appear straightforward, there are 

technological problems with this method of pumping. The neutral beams require 

considerable amounts of power, and providing space for beam lines at small 

angles relative to the magnetic field can be difficult. The ion sources need 

to be shielded from the magnetic field, but they cannot be too far away or 

choking of the beam duct becomes a problem. 

Alternative schemes for pumping thermal barriers have been proposed. 

Kesner(l2} suggested using nonaxisymmetric barriers and used the drift orbits 

of trapped ions to pump them from the barrier. Calculations by Braun and 

Emmert(l3} indicate that the electric drift due to the ambipolar potential 

make the excursion of a trapped ion from a flux surface too small for this 

effect to be significant. Baldwin{l4} proposed using AC magnetic fields in 

the barrier to enhance the radial diffusion of the trapped ions and thereby 

cause them to be pumped. Hamilton{l5} proposed DC perturbation fields in the 

elliptical fan of the plug to cause radial drifts of the barely trapped ions; 

this could provide some pumping and reduce the requirement for neutral beam 

pumping. These latter schemes have not yet been sufficiently analyzed to 

assess their utility. 

A variety of alternative plug and thermal barrier configurations have 

been proposed. The MFTF-s(ll} configuration' uses an outboard "A-cell", as 
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shown in Fig. 111.1-3. The yin-yang minimum-B mirrar provides good curvature 

for MHD stability, while the outboard mirrar cell contains the thermal barrier 

and potential peak for central cell confinement. The barrier and plug can be 

placed in one mirrar cell by injecting a neutral beam at an angle to the mag­

netic field. The trapping of this beam produces a "sloshihg" ion distribution 

with density peaks near the turning po.i'nts of the ions. Microwave power is 

applied at the outer density peak to heat the electrons there and produce the 

potential peak which confines the central cell ions. Microwave power is also 

used at the density minimum to produce a population of hot, magnetically con­

fined electrons and thereby deepen the potential dip. This forms the thermal 

barrier. Ions which trap in the thermal barrier are removed by neutral beam 

pumping. The minimum-B mirrar between the central cell and the A-cell pro­

vides the good. curvature needed for MHO stabi 1 ity. 

The barrier and potential peak can also be located in the minimum-B 

mirrar cell, as shown in Fig. !11.1-4, so that an additional mirrar cell is 

not required; this is the TMX-Upgrade configuration.(16) In order to obtain 

good confinement of the sloshing ions, a deeper mirrar ratio is required. 

Providing access for beam injection also complicates the coil configuration. 

Both the outboard A-cell and TMX-Upgrade configuration, and the inboard 

barrier to a lesser extent, suffer from nonaxisymmetric magnetic fields in the 

transition region and end plug. Nonaxisymmetry causes radial drifts of 

central cell ions as they approach the plug; this enhances radial trans­

port(17) in the central cell. One way of eliminating the radial drift and 

associated enhanced radial diffusion is to move the thermal barrier and po­

tential peak to an axisymmetric mirrar cell between the central cell and 

mi nimum-B cell ( see Fi g. II 1.1-·5). Central cell i ons are then refl ected by 
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the potential peak before they can experience the nanaxisymmetric fields. This 

is the configuration tobe used in the proposed TARA device.(18) 

Another solution to the enhanced radial transport problern is to make the 

end plug purely axisymmetric. Goad magnetic curvature can then be obtained by 

using a hot electron ring(19) in the end-cell as in EßT, using internal 

rings,(20) or a magnetic cusp configuration.(21) 

All of these configurations are further removed from standardmirrar and 

tandemmirrar experience and their reactor implications are not yet well 

assessed. There is, however, considerable experience with hot electron rings 

in the EßT device and predecessor mirror experiments at Oak Ridge and Nagoya. 

III.1.2 Experimental Results with Tandem Mirrors 

Results from three different tandem_mirrar experiments have been reported 

ta date. These are the GAMMA 6(22) device at the University of Tsukuba, 

Japan, TMx(23) at Lawrence Livermore National Labaratory, and Phaedrus(24) at 

the University of Wi~consin. These devices are all of the standard configu­

ration without thermal barriers. Their majar design parameters are listed in 

Table III.1-1. 

The first test of the tandemmirrar concept was in the GAMMA 6 de­

vice,(22,25) although the achieved parameters of the experiment aremodest 

(Te = 10-15 eV, np = 1.7 x 1013 cm-3, nc = 3 x 1012 cm-3), the fundamental 

concept of a potential peak in the plugs relative to the central cell was 

established. This potential peakwas sustained by neutral beam injectian into 

the plugs and found ta be in agreement with the Baltzmann relation. The 

Pastukhov farmula for the end-loss has also been tested and found to be in 

agreement. 
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Table 111.1-1. Summary of Operating Design Parameters of Tandem Mirrar 

Experiments in Operation or Construction (Taken from Ref. 30) 

Gamma 6 TMX Phaedrus AMBAL-1 

Pl ug: 

B0 (T) 0.4 1.0 .3 1.2 

8mi rror ( T) 1.0 2.0 .57 

Rp (cm) 4 10 7 12 

Lm mirror-mirror (cm) 75 105 

Heating method Beam, RF, REB Beam ICRF, Beam Beam 

Heating Power (MW) 0.5 7 0.1 1.0 

Ouration (ms) 2.5 25 1 --"!"' 

n (cm-3) 5 X 1013 4 X 1013 5 X 1012 3 X 1013 

W; (keV) 0.4-10 13 2 20 

Te ( eV) 20-2000 260 max 40 1000 

Solenoid: 

B (T) 0.15 0.05-0.2 0.05 0.2 

Lplug-to-plug(cm) 315 640 390 

Rp ( cm) 2 X 20 30 30 30 

n ( cm-3) 1.0 X 1013 1 X 1013 2 X 1012 1 X 1013 

W; (eV) 250 max 15 500-1000 
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The TMX device, shown schematically in Fig. 111.1-6, began operation in 

July 1979. It is based upon favorable results found earlier with the 

2XIIB(26) single mirrar cell experiment. In 2XIIB, a plasma stream flowing 

through the mirror cell was found to be effective in stabilizing the drift 

cyclotron-loss-cone {DCLC) mode. This instability is driven by the loss-cone 

nature of the ion distribution function in the mirror and can seriously de­

grade mirrar confinement if allowed to be present. TMX was designed so that 

the plasma stream leaving the central cell and flowing through the end plugs 

was sufficient to stabilize the OCLC mode. 

TMX has also demonstrated the basic principles of tandem mirror con­

finement.- The density in the plug has been maintained higher than in the 

central cell by neutral beam injection. The potential in the plug is also 

higher than in the central cell so that the central cell plasma is confined 

electrostatically by the potential generated by the end plug plasma. A con­

fining potential, ~C' of up to 300 V and plug potantials exceeding 1 kV rela-. 

tive to the end wall have been measured.(27) Axial profiles of density and 

potential are shown in Fig. 111.1-6. Axial confinement has also been demon­

strated directly by turn-off of one end plug and observing the end-loss and 

decay. When both end plugs are present, the axial confinement is enhanced of 

up to a factor of 9 over what it would have been without the plug plasmas. The 

measured parameters are within a factor of 2 of theoretical calculations if 

the density ratio, np/nc, does not exceed 3. In this case the end-loss from 

the central cell is sufficient to stabilize the ion cyclotron fluctuations in 

the plugs at a low ievel. At larger values of np/nc, RF fluctuations in the 

plug increase due presumably to microinstabilities and central cell confine­

ment is degraded. Oepending on the mode of operation, RF fluctuations in the 
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plug have the characteristics of the DCLC or Alfv;n-ion-cyclotron {AIC) 

instabilities. The latter instability is an electromagnetic modedriven by 

the pressure anisotropy in the plug. 

A study of radial transport{28) in TMX indicated that the axial lass rate 

exceeds the radial lass rate in the core (r ~ 15-20 cm) of the central cell, 

but at larger radii, radial lasses exceed axial lasses. The radial transport 

appears to be non-ambipolar with the ion radial flux exceeding the electron 

radial flux. This results in a net negative electrical current to the end 

walls; this was observed directly. Within the uncertainty of the data, the 

radial transport was equal to or greater than the transport predicted by reso­

nant neoclassical theory. 

Low frequency oscillations have been observed in the central cell of TMX. 

Both an m = 0, 13 kHz and an m = 1, 7 kHz oscillation have been found and 

studied. The m = 0 mode appears to be an acoustic wave and is locked to RF 

"bursting" in the plugs. The m = 1 mode is localized near the edge of the 

plasma and its amplitude is a function of the method and rate of gas fueling 

of the central cell. Gas box fueling in the elliptical fans of the plugs 

produces a larger mode amplitude than puffing into the central cell. For gas 

box fueling the mode is absent at low gas input rates, coherent at intermedi­

ate rates, and perhaps turbulent at high rates. There is some indirect evi­

dence for radial transport caused by the m = 1 mode. Its characteristics have 

been compared to rotational instabilities, drift waves, and Kelvin~Helmholtz 

instabilities. None of these adequately describe the observed oscillation. 

Consequently, it remains unidentified at this time. 

The axial energy transport between central cell and plug electrons has 

been studied in TMX by attempting to assess all the power flows into and out 
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of the eleetrons.(29) Within the uneertainties of the measurements and the 

analysis, it was eoneluded that the energy transfer between the plug and 

eentral cell eleetrons is equal to or less than the classieal rate,(10) de­

pending on operating eonditions. Measurement of the eleetron temperature,. 

Tew' near the end wall also indieates reduced energy transport to the end 

walls. The measured temperature was Tew = 7-10 eV when Tee= 50 eV. From 

Monte Carlo ealeulations and the Pastukhov analysis, one expeets Tew = Tee· 

Good isolation of the eonfined plasma from the end wall is aehieved when the 

startup guns are turned off. The external plasma density near the end wall is 

3 to 4 orders of magnitude less than in the plug. 

The maximum plasma parameters aehieved in TMX are listed in T~ble 111.1-2. 

Of partieular interest to TASKA is the eentral eell ß of 40%, aehieved by 

neutral beam injection into the eentral eell. This result is diseussed 

further in Seetion 111.1.3. A summary of TMX results has been published.(30) 

The executive summaryofthat report is reprinted in Appendix 111.1-A. 

The Phaedrus experiment has eoneentrated on ICRF heating in the plug and 

in tbe central cell to produee ho.t ion plasmas. (31) Experiments with neutral 

beam injection into the plugs are in their initial phases. At the fundamental 

resonance, 50 kW of RF power was coupled to the plug with 30% efficieney. In­

crease of the mean ion energy to 700 eV at high density {1013 cm-3) or 1 keV 

at low density (1o12 em-3) was observed.(32) Heating at the first harmonic (2 

wc;) with 30 kW of power produeed a bulk ion energy of 200 eV and a 700 eV hot 

ion tail. This tail could be loealized in pitch angle so as to produce a 
11 Sloshing ion 11 tail distribution. 

Experiments with ICRF heating of the central eell plasma have also demon- _ 

strated good heating. Central eell plasmas with n = 1012_1013 em-3, 
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Table 111.1-2 Maximum Plasma Parameters in TMX 

(Achieved with deuterium and 0.1 T, central-cell magnetic field strength. 
These parameters were not all achieved simultaneously.) (Taken from Ref. 30.) 

Plug density 

Pl ug i on energy 

Plug electron temperature 

Pl ug radi us 

Cent ra 1-ce 11 dens i ty 

Central-cell ion energy 

Centra 1-cell radi us 

Plug plasma potential 

Central~cell confining potential 

Central-cell axial confinement parameter 

Electrostatic enhancement in confinement 

Central-cell beta 
(0.07 without central-cell 
neutral beam injection) 

II I.l-21 

4 X 1013 cm-3 

13 keV 

0.26 keV 

10 cm 

3 X 1013 cm-3 

0.25 keV 

30 cm 

1 keV 

0.3 keV 

1011 cm-3·s 

9 

0.40 
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Ti ~ 300-100 eV and ßc ~ 10~20% have been produced. These ICRF heated pl~smas 

have been useful for the investigation of the MHD stability characteristics of 

Phaedrus. Flute-like oscillations propagating in the ion diamagnetic di­

rection with a dominant m = 1 azimuthal mode number are observed at high beta. 

The threshold central cell beta, ßc, is 3-10 times the plug beta, ßp, and 

decreases with reduced plug quadrupole field. The observed threshold value of 

ßc/ßp is 2-5 times the theoretical value from ideal MHD theory. Line tying 

plays a role at the higher values of ßc/ßp, but is not believed to be signifi­

cant at the lower values. 

The rate of energy transfer between plug electrons and central cell 

electrons in a thermal barrier tandemmirrar is an important element in deter­

mining the effectiveness of thermal barriers. This problern has been analyzed 

by Cohen.(10) The theoretical result was tested in Phaedrus by operating the 

central cell at low density relative to the plugs. The electron temperature 

in one plug was changed rapidly with a short high power microwave pulse. The 

rise of the electron temperature in the central cell and in the other plug was 

then monitored. The results are in reasonable agreement with point model 

theoretical calculations using the theoretical energy transfer ratio.{lO) As 

indicated above, TMX showed less than the theoretical energy transfer under 

some conditions. 

111.1.3 Future Major Tandem Mirrar Experiments 

Three major tandemmirrar experiments are under construction and should 

produce results relevant to TASKA. These are TMX~Upgrade,( 16 ) which is ex­

pected to be operational at LLNL in early 1982, GAMMA 1o,{33) which is to be 

operational in 1983 at the Uniyersity of Tsukuba, Japan, and MFTF-B, (ll) which 
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is to begin operation in 1985. The design parameters for these devices are 

shown in Table 111.1-3. 

The plug configuration of TMX-Upgrade was discussed in Section 111.1.1 

and is shown in Fig. 111.1-4. This device is expected to provide a test of 

several physics concepts important to tandem mirrors. Among these are the 

thermal barriers and the use of ECRH to increase the barrier potential, ECRH 

heating of plug electrons, the creation of a sloshing ion distribution in the 

plug, and a test of.the microstability of sloshing ion distributions. This 

concept is discussed further in Section 111.1.4. In additioh, lMX-Upgrade is 

expected to improve the performance of TMX by about an order of magnitude and 

to operate in the collisionless central cell regime appropriate to MFTF-B and 

reactors. Because of its lower central cell temperatures, TMX operated on the 

borderline between the collisional and collisionless regimes. 

GAMMA 10 is a successor to the GAMMA 6 device in Japan. Current planning 

calls for it to operate in three different phases. Phase I utilizes a 

standard tandem mirror configuration with a minimum-B mirror as the end plug. 

Phase II is similar to MFTF-B in that it uses a mirrar cell outboard of the 

minimum-B mirror. In GAMMA 10, this mirrar is axisymmetric, höwever. The 

outboard simple mirror can be used to study sloshing ion distributions and 

thermal barriers with ECRH heating. Phase III will utilize an end plug which 

has only an axisymmetric simple mirror with hot electron rings to provide MHD 

stability. The parameters shown in Table 111.1-3 are for Phase II operation. 

MFTF-B started as a large single yin-yang mirror experiment, MFTF, which 

was approved and construction of the yin-yang magnet was begun. Following the 

successful results with TMX and the invention of the thermal barrier, it was 

modified to become a tandem mirror with an Outboard A·cell thermal barrier. 
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Table 111.1-3. Summary of Design Parameters of Major Future 

Tandem Mirror Experiments 

TMX-Upgrade 

Begi n Operation 1982 

Central Cell 

Density (cm-3) 2.3 x 1013 

Ion Temperature (keV) .9 

Electron Temperature (keV) .6 

Beta .25(4) 

Axial Confinement, n~ (sec/cm3) 1012 

Radial Confinement, n~ (sec/cm3) 5 x 10ll 

Magnetic Field (T) .3 

Radius (cm) 20 

Length (m) 8 

Pl ug (or A-cell) 

Density(l) (cm-3) 7 x 1012 

Mean Ion Energy( 2) (keV) 10 

Electron Temperature(3) (keV) 1.4 

Magnetic Field (T) 2 - 4 

1. In A-ce 11 if used. 
2. Hottest component present in yin-yang or A-cell. 

GAMMA 10 

1983 

1013 

1 

1 

.05 

1012 

.4 

26 

30 

15 

3 

.5 - 3 

MFTF-B 

1985 

2.1 X 1013 

15 

9 

.2 

1 

54 

32 

7 X 1012 

84 

30 

1 - 6.5 

3. Warm component if magnetically trapped barrier electrons are used. 
4. Includes hot ion component. 
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It utilizes, however, the original MFTF y.in-yang magnet; this placed sub-. ' 

stantial constraints on the design of the end plugs. As with other devices, 

this machine can be tested in various modes of operation. The parameters 

given in Table III.l-3 are the reference case with thermal barriers. For this 

case the primary research objectives are: 

1. Generate central cell ion confining potentials, ~c' via electron heat­

ing and ion pumping in A-cells at densities lower than the central 

cell density. 

2. Increase centra1 cell electrostatic confinement (n•) and ion tempera­

ture sufficient to test radial transport in the appropriate collision-

less reactor regimes. 

3. Gonfine sufficient plasma pressure in the central cell to test MHD 

beta limits at relatively high central cell magnetic fields (Be ~ 

Bp/2). 

4. Maintain steady-stat~ density depression with sloshing ions in the A­
cell midplane to test cold-ion stabilization of loss-cone modes at 

high potential. 

Theoretical analysis of the expected sloshing-ion distribution function 

in the A-cell of MFTF-B indicates that all known mirror-related microinsta-

bilities should be stabilized. This is discussed further in Section 

111.1.4. The relevant parameters for MFTF-B are expected to be about an order 

of magnitude more advanced than in TMX-Upgrade. 

In addition to these devices, an 11 axisymmetric 11 tandem mirror, called 

TARA,(18) is under consideration for construction at MIT. As discussed in 

Section 111.1.1, its end plug configuration places the potential peak and 

thermal barrier in an axisymmetric mirrar cell between the central cell and 
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the MHD anchor, which is a minimuro-B cell. This eliminates the enhanced ion 

radial diffusion associated with the quadrupole fields in the anchor. TARA 

will provide a test of this concept and of the microstability of sloshing ion 

distributions in the plug, along with a test of the thermal barrier concept 

and the use of ECRH to heat the electrons and increase. the barrier potential. 

The projected central cell ion temperature and ion confinement parameter, 

n•, are shown in Fig. 111.1-7 for these three devices along with experimental 

results from GAMMA 6, Phaedrus, and TMX, and the projected values for TASKA. 

This graph is often used as a simplified way of presenting progress and 

distance to go to reach the objective of a thermonuclear fusion reactor; it 

should be remembered, however, that this type of graph ignores a lot of im­

portant.physics questions and, if taken out of context, can given an erroneous 

impression of progress, or lack thereof~ in fusion physics. 

III.1.4 Physics Issues Related to TASKA 

111.1.4.1 Plug Gonfiguration 

The TASKA plug configuration, shown in Fig. 111.1-2, consists of an 

inside thermal barrier between the central cell and the minimuro-B mirror, 

which provides good curvature for MHD stability and contains the ambipolar 

potential peak for confinement of central cell ions. In order to provide 

microstability in the hot, mirror-confined ion plug, a sloshing ion distri­

bution with trapped warm plasma is used. A detailed schematic of the end plug 

is shown in Fig. 11.4-2 and the plasma parameters are given in Table 111.4-3. 

This configuration has a nurober of advantages and disadvantages relative 

to possible alternatives. Of all the configurations proposed, it is closest 

to current tandem mirror experiments in the plug configuration. Consequently, 

there is a somewhat better experimental foundation for the physics analysis. 
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In addition, less subtle plasma physics is required in this configuration than 

in the more advanced configurations, TMX-Upgrade and MFTF-B. As a result, the 

probability of the plug operating as planned should be increased. An example 

of simpler plasma phy"sics is the decision to not incorporate hot, magnetically 

trapped electrons in the barrier to further depress the potential there. This 

would improve the performance of TASKA but is an as yet untested concept. 

Since the performance objectives of TASKA can be achieved without it, it was 

dec i ded to des i gn TASKA wi thout thi s improvement. An experimental test of the 

use of hot, magnetically trapped electrons in the barrier will be made in TMX­

Upgrade and MFTF-B. If successful, this concep~ could be incorporated into an 

upgraded version of TASKA. 

The high magnetic field at the barrier throat in TASKA produces a number 

of desirable effects. The large central cell mirror ratio, Bmb/Bc, reflects a 

larger fraction of ions and electrons approaching the barrier. Consequently 

fewer central cell ions experience the nonaxisymmetric fields in the tran­

sition region and plug; this reduces the central cell radial diffusion caused 

by radial drifts in these nonaxisymmetric fields. The larger central cell 

mirror ratio also improves the confinement of unthermalized alpha particles in 

the central cell by decreasing their loss-cone for axial escape. The larger 

local barrier mirror ratio, ~b/B, reduces the plasma pressure in the bad 

curvature regions in the barrier and transition region between the barrier and 

minimum-B plug. This reduced pressure decreases the driving term for MHD 

instabil ities. 

The axisymmetric plug~barrier configuration used in TARA(18) would have 

even better properties relative to radial transport but its MHD characteris­

tics are not as good, since the high pressure associated with the potential 
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peak is in a region of bad curvature. It also requires the use of hot, 

magnetically trapped electrons to generate the thermal barrier. Completely 

axisymmetric configurations util1zing electron rings(l9) seem too untested to 

be incorporated in TASKA at this time. Axisymmetric configurations with 

internal rings(20) present techno1ogical questions which have not yet been 

fully analyzed.· 

The inside barrier configuration with a high field barrier coil also has 

a neutranies advantage. The plug plasma can be nonfusion-reacting (e.g., 

protons). This, couplad with the low density of deuterium and tritium in the 

barrier and transition region, has the effect of reducing substantially the 

neutron production rate in the end plug and thereby reduces the shielding 

requirements for the yin-yang and transition coils and reduces neutron stream­

ing into the direct convertor and down beam lines and other penetrations of 

the end plug and barrier shields. 

111.1.4.2 Thermal Barrier Pumping 

Pumping of the trapped ions in the thermal barrier is done in TASKA by 

charge exchange pumping using neutral beam injection, as discussed in Section 

III.l.l. This method is chosen because it is based on relatively Straight­

forward atomic physics considerations. Although it appears to be manageable 

from a technological viewpoint, there are distinct disadvantages with charge 

exchange pumping. The associated hardware is expensive and is still in a 

stage of development. Present limits on beam current density and divergence 

dictate a minimum size for the plasma in the barrier, which then determines 

the plasma radius in the central cell. A larger neutron wall loading can be 

obtained, however, by operating with a smaller central cell radius for a given 

input power. Furthermore the space requirements for the beam sources, 
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magnetic shielding, neutralizers, beam lines, and vacuum pumping equipment 

conflict with other requirements. 

It would be highly advantageaus to utilize alternative barrier pumping 

schemes. Some alternatives have been proposed; these are discussed in Section 

111.1.1. They generally oparate by removing trapped ions from the system, 

i nstead of 11 pumpi ng 11 them back i nto the central cell. Rather than bei ng an 

energy input, these schemes drain energy from the plasma so that they affect 

the stationary operating point in a thermal power balance sense. The hardware 

associated with them, however, ought to be minimal in comparison with neutral 

beam pumping. Since these alternative schemes are not yet thoroughly analyzed 

and are t~tally untested in experiments, we decided to design TASKA with 

neutral beam pumping. If these schemes prove successful, they could be imple­

mented in TASKA with only a minor redesign. The converse, however, is not 

true. Oesigning for an alternative pumping scheme and having to shift to 

neutral beam pumping would require a major redesign of. the machine. 

111.1.4.3 MHO Stability 

It has been recognized since about 1979 that ideal MHD stability theory 

places a severe constraint on the allowable beta in the central cell. The 

limiting instability is thought tobe the ballooning mode driven by bad curva­

ture. In the inboard thermal barrier configuration this occurs in the transi­

tion region between the thermal barrier and the minimum-B plug, in the thermal 

barrier itself, and in the connection between the thermal barrier and the 

central cell. Predicted ideal MHD beta limits are in the range of 10-25%.( 11 ) 

The most unstable modes have high azimuthal mode number, n. The central cell, 

however, is a region with large volume, zero curvature, and relatively large 

gyroradius p in relation to the radial scale length, rc. In TASKA, for 
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example, rc = 32 cm, p = 2 cm. One might expect a substantial finite gyro­

radius correction to ideal MHD stability theory in these circumstances. 

Recent analysis(34,35} confirms this result. A mödel analytical calculation 

gave an increase in the limiting central cell beta from 27%, at the zero gyro­

radius limit at high n, to ß ) 1 for all n > 5.(35} In this calculation, the 

finite gyroradius parameter r, 

was equal to .5. Since L (the parallel scale length) >> rc, this corresponds 

to rather modest values of p/rc. 

Finite gyroradius stabilization is most effective at high mode number, n, 

and vanishes for the n = 1 mode if one uses a sharp boundary model for the 

plasma. Allowing for diffuse radial profiles will give some finite gyroradius 

stabilization at n = 1, but this may not be sufficient. Wall stabilization is 

most effective, however, for low n,(36,37) so this may provide the needed sta­

bility for small values of n, including n = 1. In TASKA, the wall to plasma 

radius is only 1.4, so significant wall effects can be expected. 

The calculations in Refs. 33 and 34 use model magnetic fields; the neces­

sary revisions to MHD codes which calculate stability with real magnetic 

fields are under development at LLNL but not yet operational. Consequently, 

one has to assume a beta value for the design of TASKA. The choice of 50% for 

the central cell beta seems entirely reasonable in light of these calcu­

lations.(35,36} 

Experience with tokamaks(38) and multipoles(39) ·also supports this con­

clusion. Both have operated at beta values in excess of theoretical ideal MHD 
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beta limits for ballooning modes. Experimental encouragement is also found in 

the Phaedrus tandem mirror experiment, which has exceeded the theoretical 

interchange stability limits. 

The interchange instability and instabilities driven by plasma rotation 

give much higher beta limits(ll) even without finite gyroradius corrections, 

so they are not a design consideration. 

111.1.4.4 Plug Microstability 

The minimum-B plug has to contain a hot ion, mirror-confined plasma. The 

distribution function of these hot ions will be definitely non-Maxwellian and 

hence will be a source of free energy to drive plasma instabilities. These 

instabilities will have the effect of seriously degrading the confinement time 

(by orders of magnitude) of the hot ions ·and hence must be avoided. The most 

dangerous of these modes are currently believed to be:(ll) 

1. The drift cyclotron lo~s-cone mode (DCLC). 

2. The Alfven ion cyclotron mode (AIC). 

3. The axial loss-cone mode (ALC), which is the absolute version of the 

convective loss-cone mode. 

4. The negative energy wave (NEW). 

To date, the DCLC mode was identified as the dominant mode in the 

2XIIB( 26 ) experiment and believed to be one of the modes seen in TMx.(28) The 

AIC mode should have been unstable in 2XIIB but was not observed. It has been 

tentatively identified in TMX, however.(30) The ALC model should have been 

the dominant mode(ll) in the PR-6 experiment(40) in the u.s.S.R., but the 

instability seen there was identified as the DCLC mode. The NEW mode has not 

been seen experimentally. 

III.l-32 



- 86 -

The linear theory of these modes, and the experimental evidence for them, 

is reviewed in Ref. 41. 

The DCLC mode, which was the major consideration in the 2XIIB experiment 

and in t_he design of TMX can be stabilized by a sufficient amount of warm 

(unconfined) plasma in th·e mirror. In 2XIIB, this was produced by a plasma 

streaming throu~h the mirror; this plasma stream was produced by external 

plasma guns or by ionization in a gas box. This method is undesirable in 

tandem mirrors because it keeps the electron temperature, and therefore the 

confining potential, low. TMX was designed so that the classical loss rate of 

central cell plasma was sufficient to provide enough plasma stream to stabil­

ize the DGLC mode. This was only partially successful in actual practice.( 30 ) 

For hotter plasmas, however, this method is inadequate since the loss rate 

goes down as the temperature goes up. Hence reactor relevant plasmas need to 

obtain stability in other ways. 

The end plug in the WITAMIR-1 reactor design( 8) was calculated to be 

stable against the DCLC mode because of the combination of low end plug densi­

ty, high beta, and large plasma radius. This, however, does not give stabili­

ty against the other modes, which can exist in an infinite plasma or depend on 

the axial variation of the density and magnetic field. 

TMX-Upgrade and MFTF-B are designed to avoi.d these instabilities by the 

use of a sloshing ion distribution in the end plug (or A-cell). This sloshing 

ion distribution, which is produced by injection of a neutral beam at an angle 

to the magnetic field (see Fig. III.l-8), causes the hot ion density to peak 

off the midplane, as shown in Fig. III.l-9. Corresponding to this density 

peak, the potential will also peak Off the midplane. The local potential 
11 Valley 11 created in the plug can then trap low-energy ions which can partially 
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Fig. III.l-8. Neutral beam configuration for a sloshing ionmirrar cell. 
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Fig. III.l-9. Axial profiles of density, potentia1, and magnetic field 
in a sloshing ionmirrar cell. 
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fill in the hole in the ion distribution function at low energy. This is 

shown schematically in Fig. 111.1-10. The central cell plasma streaming 

through the sloshing ion plasma also helps to fill in the ion distribution. 

In this manner, one obtains stability against the DCLC mode. The AIC mode is 

also stabilized by the increase in T
11
/T

1 
associated with the sloshing ion 

distribution and by reduced ion beta. The warm plasma coupled with the finite 

length along the magnetic field and the low density can also provide stability 

against the ALC and NEW modes, as well. As a result, both MFTF-B and TMX­

Upgrade are expected tobe stable against all of these modes.(42) 

The design philosophy in TASKA is to utilize the sloshing ion beam con­

cept in the end plug to provide stability againstat least the DCLC an·d AIC 

modes, since these have been seen experimentally. · lgnoring the other modes 

may be dangeraus if they occur at a sufficient level to degrade plug ion con­

finement. On the other hand, desig,ning TASKA to satisfy all existing theo­

retical stability criteria is difficult and may be overly restrictive if the 

modes turn out to be figments of the theorists• imagination. Given the weak­

ness of the theory (both linear and non-linear) and the lack of experimental 

corroboration, we have chosen to put more priority on the DCLC and AIC modes. 

There is some precedence for this philosophy in the tokamak community. The 

trapped particle instabilities, and the dissipative trapped ion mode in parti­

cular, were used as design criteria for tokamak reactors until PLT(43) with 

beam heating produced plasmas which should have been unstable to the trapped 

ion mode, but only low level fluctuations were seen and plasma confinement was 

not significantly degraded. Currently, trapped particle instabilities are 

ignored in the design of tokamak reactors, although there is no theoretical 

justification for this, other than the realization that all theoretical models 
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are only an approximation to reality. On the other hand, it should be noted 

that near-classical plug ion confinement is required in tandem mirrors, while 

the radial transport in toroidal devices can be much larger in relation to the 

neo-classical rate and still be acceptable. 

III.1.4.5 Radial Transport 

In a tandemmirrar central cell the problern of radial transport is of 

speci al importance because 1 ongitudi nal 1 osses are greatly reduced by the 

ambipolar potential of the end plugs. It wa~ recognized by Ryutov and 

Stupakov( 44) that the nonaxisymmetric fields of the end plugs can cause radial 

drifts of the central cell ions so that their drift surfaces are na longer 

circular. In most tandemmirrar designs, the quadrupole fields at oppasite 

ends are rotated by 90° relative ta each ather. This praduces a lawest arder 

cancellation{45) but higher order deviations of the drift surfaces from circu-

1 ar remai n. 

An important parameter determining ~he character af the radial diffusion 

is the azimuthal drift, ßw, af an ian in one axial transit af the central 

cell. This azimuthal drift arises from the grad-B drift in the central cell, 
+ + 

the Ex B drift in the central cell, and azimuthal drifts in the end plugs. 

Three mades of diffusian have been identified, depending on the magnitude af 

äw. lf 6w << 1, ane gets enhanced diffusion due ta the step size per cal­

lision being determined by the ion stepping fram ane drift surface to anather. 

This is called neoclassical diffusian and is analogaus ta neaclassical dif­

fusion in toroidal devices. If äw ~ 1 then certain classes af particles in 

phase space experience a resonance with the radial drifts. Those particles 

for which ßw is an odd multiple af n/2 experience the same sign af the radial 

drift at each end af the central cell and can have large radial excursions. 
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This is known as resonant diffusion. The third mode occurs when ß~ >> 1 and 

a ~r ~~ ~ 1. The parameter a is the maximum radial displacement of an ion due 

to a single reflection in the end plug. In this case the diffusion is called 
11 Stochastic 11

, in analogy to nonlinear oscillation theory. Of course, the ions 

have different ß~ corresponding to their velocity, so that a sumover these 
11 modes 11 is needed to get the net particle transport rate. 

Elaborate theoretical calculations of the transport coefficients result­

ing from these effects have been made.(44,46} They are highly non-linear, 

however, with a complicated dependence on the plasma properties, including the 

radial electric field. Furthermore, the radial transport is non-ambipolar and 

therefore plays a role in determining the electric field. Consequently, one 

needs self-consistent profiles of n, r1, -Te, and ~ to getan accurate calcu­

lation of the radial transport. 

A qualitative picture of the diffusion coefficient for thesedifferent 

modes is shown in Fig. 111.1-11. Here rc is the central cell radius and tdr 

is the time required for an ion to drift azimuthally by 2n in the central 

cell , 

where Pc is the ion gyroradius and Ge is the ion cyclotron frequency in the 

central cell. The small parameter a is a measure of the noncircularity of the 

drift surfaces. An order of magnitude estimate(ll) for a is 
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Fig. III.l-11. (a) Neoc1assical diffusion and (b) Resonant diffusion. 
(Taken from Ref. 11) 
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where Lc is the central cell length and Lt is the transition length for the 

quadrupole magnetic field.. The longitudinal transit time is t
11

, 

t
11 

= Lc/v
11

, and vc is the ion-ion collision frequency. An order of magnitude 

estimate of a is(11) 

The significance of radial transport in TASKA can be determined using 

these order of magnitude estimates. For the TASKA design parameters, the 

appropri ate diffusi on re,gime i s at the border between banana and pl ateau 

diffusion for resonant neoclassical diffusion. The estimated radial confine-

ment time is ~ 1.4 sec, which is to be compared with the axial confinement 

time of .3 sec. Furthermora, this is most likely a low estimate of the radial 

confinement time. The circular barrier magnet in TASKA produces an axisym­

metric mirror field which reflects most central cell ions before they experi­

ence the nonaxisymmetric fields in the plug. This should reduce the radial 

transport (this effect has been seen in detailed MFTF-B calculations{11)) but 

no credit was given for this in the above estimate. We conclude from this, 

that radial transport in TASKA may play a role, but should not seriously 

affect the design operating point. 

111.1.4.6 Alpha and Impurity Accumulation 

The potential peak in the plugs confines higher-Z ions, such as fusion­

born alpha particles and impurities, even better than the 0-T fuel. Conse­

quently one can get accumulation of alphas and impurities in the central cell. 

One of the advantages of Single mirrors, namely that the positive potential 

expels impurities from the plasma, has been lost. The steady-state level of 
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these Z > 1 ions is determined by a balance between sources and losses. In 

this section we consider onl~ alpha particles, which are an irreducible mini­

mum impurity source. The same considerations apply to other impurities as 

well. 

The fusion produced alpha particles are born at 3.5 MeV energy. A small 

fraction of these are born inside the loss-cone of the high barrier field, 

Bmb' at the entrance to the barrier (see Fig. 111.1-2) and escape immediately. 

· The remaining alphas are trapped by the central cell mirror ratio and slow 

down in the plasma, first by electron drag, and later by ion-alpha collisions. 

Some of these alphas will scatter into the loss-cone during the slowing-down 

process and be lost. The remaining alphas scatter down in energy and become 

trapped by the electrostatic potential of the plugs. They can be lost by 

radial transport or by upscattering in energy to above the confining potential 

as they attempt to establish a Maxwell-Boltzmann distribution. 

A rough estimate of the alpha accumulation level in the central cell can 

be obtained by using the Pastukhov formula to estimate the axial loss rate of 

alpha particles by upscattering in energy. The source rate is determined by 

the fusion power density. One gets 

(111.1-10) 

In this result, the alphas have been assumed to thermalize to the central cell 

ion temperature, T;c· The parameter fb is the fractional burnup (ion ''burned" 

per ion injected), the factor 5 arises from the higher collisionality of the 

alphas (Z = 2, mass = 4 amu). For TASKA, the fractional burnup, fb, is low, 

and •c/T;c ~ 1.5 so that na/nc is on the order of 1%. This steady-state alpha 
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accumulation level will have only a minor effect on the performance. For a 

reactor, however, fb ~ 20% and ~c/T;c ~ 3 so that alpha accumulation to the 

level given by Eq. (III.l-10) is unacceptable. Alpha accumulation in the 

thermal barrier has a serious effect at lower levels. If the alpha particles 

are not pumped out of the barrier, then the alpha density can be expected to 

satisfy a Boltzmann relation between the central cell and the barrier minimum; 

where T* is some effective parallel temperature for alpha particles in the 

barrier and nb, ncc are the alpha densities in the barrier and central cell, 
a a 

respectively. One might take T* = Tic' which is equivalent to assuming the 

alphas have established a Maxwellian distribution at the iön temperature, T;c• 

This would occur primarily by alpha-ion collisions. The ions in the barrier, 

however, are essentially two interpenetrating streams with temperature T;c and 

streaming energy ~b· The streaming motion should cause an increase in the 

mean alpha parallel energy in the barrier. Consequently, another possible 

choice is T* = 2~b· For both of these choices na (barrier) ~ na (cc). The 

ion density in the barrier, nb, is much less than nc, and the total ion densi­

ty, after summing over species, needs to be kept small in order to maintain 

the potential dip of the barrier. In thermal barrier tandem mirrors, 'the 

first effect of alpha particles is to cause "quenching" of the thermal 

barrier. Tö avoid quenching of the barrier, one wants n~ << nb' which is a 

more stringent requi rement than ncc « n_. 
a 1.. 

In TASKA the re~ulting alpha density in the barrier would be 

n~/nb ~ 100 or n~/nb ~ 1 depending on the choice for T*. Either case is 
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unacceptable so some form of alpha particle removal from the barrier is 

needed. Since alpha particles get trapped in the barrier by pitch angle 

scatteri ng, it would seem that classical cross-field diffusion in the barri er 

is too slow to keep nb sma 11 • An active means of removing alpha particles 
a. 

from the barrier is requi red. An early proposal(47} for removing.alpha parti-

cles from standard tandem mirrors was to drop the potential in one end plug 

and allow some fraction of the central c~ll plasma to flow out; the potential 

peak is then re-established and the central cell plasma is brought back to its 

original operating point by fueling and heating. This technique will work in 

principle but the investment in energy in each cycle to re-establish the 

plasma is substantial and the degradation of Q is severe.(47} Using this pro­

cedure in a thermal barrier tandem mirror would be even more undesirable since 

it is only the barrier that needs to be purged, but this purging technique 

drains the entire central cell as well. 

An alternative scheme for pumping alpha particles has been proposed by 

Hamilton and Logan.(48) This method uses the neutral beams which pump the 

barrier to convert He+2 to He+l by charge exchange. If this occurs at the 

right point in the potential profile the kinetic energy acquired by the alpha 

particle is sufficient to allow it to escape through the end plug. In order 

that the alpha particle escape before re-ionization to He+2, the neutral beam 

has to be directed towards the end plug. Estimates indicate that this can be 

a viable scheme for removing alpha particles in a reactor. 

The same process can also be used to pump barrier trapped alpha particles 

back into the central cell. Figure III.l-12 shows the velocity space for 

alphas at the bottom of the barrier. Trapped He+2 ions in the cross-hatched 

region become untrapped and return to the central cell if they undergo charge 
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TRAPPED 

PASSING 

Fig. III.l-12. Velocityspace for alpha particles at the barrier 
minimum. Curve I is the trapped-passing boundary 
for He+2; curve II is for He+l. Chargeexchange 
(He+2 + He+l) causes alpha particles in the cross­
hatched regiontobe pumped into the central cell. 
The diagram is symrnetric in Vu. 
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exchange to the +1 state. Alpha particles more deeply trapped than the cross­

hatched area cannot be pumped by a single charge exchange event. All alpha 

particles, in scattering from passing to trapped in the barrier, pass through 

the cross-hatched region in Fig. III.l-12 and hence have a finite probability 

for being pumped. Estimates of the magnitude of this effect for alpha parti­

cle removal from the thermal barrier have not yet been made. 

The alternative barrier pumping schemes described in Section 111.1.4.2 

remove barrier trapped ions by enhanced radial loss; they would appear to be 

equa1ly effective for removing alpha particles as we11 from the barrier. 

Consequent1y, if these methods prove suitable for barrier pumping in TASKA, 

then they may also solve the problern of alpha particle accumulation in the 

barrier. 
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Summary of TMX Results 
Executive Summary 

INTRODUCTION 

This report summarizes results from the suc­
cessful experimental operation of the Tandem 

· Mirrar Experiment (TMX) over the period October 
1978 through September 1980. The experimental 
program, summarized by the DOE milestones given 
in Table l, had three basic phases: (l) an 8-month 
checkout period, October 1978 through May 1979, 
(2) a 6-month initial period of operation, June 
through November 1979, during which the basic 
principles of the tandem configuration, were 
demonstrated (i.e., plasma confinement was im­
proved over that of a single-cell mirror), and (3) a 
I 0-month period, December 1979 through Septem­
ber 1980, during which the initial TMX results were 
corroborated by additional diagnostic measure­
ments and many detailed physics investigations 

were carried out. This report summarizes the early 
results, presents results of recent data analysis, and 
outlines areas of ongoing research and data analysis 
which will be reported in future journal publica­
tions. 

The TMX experiments demonstrated the fun­
damental tandem mirror principles, as summarized 
in Table 2. Table 3 lists the maximum plasma 
parameters achieved in TMX. The main result was 
that TMX generated electrostatic confining polen­
tials that significantly improved central-cell plasma 
confinement. These data established a new scaling 
of ion confinement by ambipolar potential in 
magnetic mirror systems and provided the impetus 
for the initiation of both TMX Upgrade, a tandem 
mirror in which P.otential confinement is increased 
through the use ofthermal barriers, and MFTF-B, a 
!arger tandem mirror that will extend the TMX Up­
grade results to thermonuclear temperatures. 

TABLE 1. Summary of TMX milestones. 

Date 
Milestones achieved Reference 

I. Begin TMX checkoot. Oct 1978 Direct communication to DOE 

2. Begin plasmM-buildup experiments. Jul 1979 Direct communication to DOE 

3. Determine density and beta of plug and solenoid. Sep 1979 Direct communication to DOE 

4. Demoostrate elec:trostatlc plugging of solenoid Ions in a measured weil. Sep 1979 Direct communication to DOE 

5. Submit draft report evaluating inltial TMX perfonnance. Oct 1979 Phys. Rev. Letters 44, 1132 ( 1980) 

6. Begln neutral-beam heating experimmts in solmoid with two beams. Nov 1979 Sectlon III.E8 

7. Submit final report evaluatlng Initial TMX perfonnance. Jan 1980 UCID-18496 

8. Submit 11 plan for modification of TMX, based on TMX data, that 
will address i!i!iues mO!lt appropriate to MITF-B. Jan 1980 Mirror Senior Review Panel 

9. Begin plug-optimization experiments. May 1980 Section lll.G 11 

10. Submit report on measurements of Initial electron-beam experiments 
in TMX. May 1980 Section III.G,8 UCID-18725 

II. Submit report evalustlog impurities in TMX including types and 
origins of impurlties. Oct 1980 Section lll.l,a UCID-18883 

12. Obtain Thomson-scattering measurements of TMX solenoid electron 
temperature. Sep 1980 Section IH.A 11 

13. Initiale procurement of hardware to improve TMX performance. Aug 1980 Initiation of TMX Upgrade construction 

14. Submit report summarizing TMX results. Feb 1981 UCRL-53120 

15. Submit report on radial Iransport of plasma in the solenoid of TMX. Feb 1981 Section lll.F8 

16. Submit report on Initial TMX central-cell ICRH experiments. Dec 1980 UCID-18866 

11Section of this report (UCRL-53120). 
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T ABLE 2. Summary of TMX results. 

1111 GeM!'ated taAdem mirror cooflguratilll'l: 

-C011flgurati01'1 S115tlllli!M for full 25-ms sl!ot duretlon. 

-Piug microttability maintaii!M with soleooid ootflow. 

-Centl'lllkell MHD stability ( 40% maximum beta with 
~~e~~tr&J.beam injectiOI'I ). 

e Demoomated centrel-cell electrottatlc plugging: 

-MeU~~red electrostmtic potential weil. 

-Direct evidem:e by meaSIIrements inade when ooe end plug 
was turi!M oiT. · 

-Me11S11red factor-of-9 electrostatic enhancement. 

-Radial ronflnemeflt exceeds axial cooflnement. 

• lnlproved electroo clll'lfinement: 

-EiectrOI'I tempereture hipr tlwl in 2XIIB. 

-Low denaity at e!'ld wali. 

- Demmut power 10!1!1 to end walls. 

- Low leveh of impurltiii!S. 

INITIAL .TMX RESUL TS 

Tandem Mirror Conflguration 

• One of the expected tandem mirror charac­
teristics verified by TMX was that the density of the 
plasma in the end plug could be sustained at a 
higher Ievel than that of the central-cell plasma, and 
that this produced higher electric potentials in the 
end plugs than in the central cell. These densities 
were controlled by varying the end-plug neutral­
beam current and the central-cell gas-feed current. 
The density peaks generate potential peaks, as 
shown in Fig. I, which also shows that relatively 
small end-plug plasmas can electrostatically confine 
a much !arger central-cell plasma. 

• The density and temperature of the TMX 
plasma are within a factor of 2 of those predicted by 
theoretical codes. Calorimeter measurements 
showed that most of the neutral-beam power 
deposited on the axis is carried to the end walls by 
1ons. 

o Gross MHD stability and microstability 
were achieved. Finite-beta plasma was confined in 
the central cell with minimum-B end-p!ugs. The 
outflow of central-cell plasma provided end-plug 
microstability. 

lmproved 'Plasma Confinement 

• The TMX end plugs improve confinement 
of the central-cell plasma by up to a factor of 9 over 

2 

T ABLE 3. Maximum plasma parameters achieved 
in TMX with deuterium and a central~ell magnetic 
field strength of 0.1 T. These parameters were not 
achieved simultaneously on the same shot. 

Plug density 

Plug Ion energy 

Plug electron temperarure 

Plug rmdius 

Central-cell den.sity 

Central-cell ion energy 

Central-cell radlus 

Plug plasma potentiml 

Central-cell ronflnin11 potential 

Central-cell aximl-conflnement parameter 

Electrost11tlc enhmncement in conflnement 

Centrel-cell beta ( 0.07 withoot 
centrill-eeil neut1'1111-beam injection) 

4 X 1013 cm-3 

13 keV 

0.26 keV 

10 cm 

3 X 1013 cm-3 

0.25 keV 

30 cm 

I kV 

0.3 kV 

1011 cm-3 ·s 

9 

0.40 

that which would have been attained if the end-plug 
plasmas had not been present. Typical enhance­
ments were in the range of 3 to 7 times. Central-cell 
axial confinement of ions is near that predicted by 

our theoretical models. 
o TMX plasma confinement can be ex­

plained by classical Coulomb theoretical models, 
over a certain range of parameters. However, there 
must be sufficient warm plasma to stabilize the 
plugs. If insufficient low-energy plasma !1ows 
through the end plug, then f1uctuating electric fields 
develop at the end-plug ion-cyclotron frequency 
and confinement of central-cell ions is reduced. 
Theoretical models describing TMX performance 
over a wide range of operation have been developed 
on the basis of these ex.periments; 

• A second measure of improvement in the 
tandem mirror over the single mirror is the electron 
temperature that can be achieved with a given 
amount of input neutral-beam power. TMX end 
plugs.achieved electron temperatures up to 260 eV, 
three to four times higher than the electron tem­
peratures of the similar single-cell mirrar machine 
2XIIB when operated with comparable neutra!­
beam input power. Since TMX has such a !arge 
central-cell plasma. this electron temperature in­

crease indicates a hundred-fold improvement in 
electron energy confinement. This improvement 
arises from the fact that the low-energy plasma re­
quired for end-plug microstability is supplied from 
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the TMX centrat cell rather than from the ends, as 
in 2XIIB, thus reducing the electron energy loss to 
the end walls. 

NEW RESUL TS PRESENTED 
IN THIS REPORT 

During much of the last period ofTMX Opera­
tion (December 1979 through September 1980), 
poor vacuum conditions caused lower electron tem­
peratures than had been achieved earlier (although 
sometimes temperatures above 200 eV were still ob­
served). Therefore, our progress during the later 
phases of TMX operation was in physics un­
derstanding rather than in increasing plasma 
parameters. This increase in understanding resulted 
from more extensive diagnostic instrumentation, 
new data analysis, and improved theoretical un­
derstanding. Highlights of these recent results are 
summarized below .' 

Tandern Configuration 

• Plasma potential measurements carried out 
as a function of radius have shown that the elec­
trostatic potential weil is not just localized near the 
axis but extends across the centrat cell. The well­
diagnosed plasmas had 150-V weil depths, as ex­
pected for the measured electron temperature and 
densities. Other cases had weil depths about twice as 
high. 

• End-plug potentials exceeding I kV have 
been generated and maintained in TMX. 

• Methods for controlling the radial proflies 
have been demonstrated. Operation ofTMX over a 
wide range of centrat-eeil gas feeds has shown that 
the radial density proflies can be changed from 
peaked on-axis to inverted proflies peaked off-axis. 
Additional diagnostic channels allowed us to 
measure these radial density profiles in more detail 

. than was previously possible. 

Plasma Confinement 

• Under proper Operating conditions, the 
confinement of the central=cel! plasma is in agree­
ment with the theoretical Coulomb values. The 
highest confinement parameter achieved was nr = 
10 11 cm-3 • s. When end-plug fluctuation Ievels are 
significant, confinement is degraded in agreement 
with Monte-Cario calculations. These fluctuations 
limited the range over which TMX could be 

4 

op~rated but dfd not prevent us from demonstrating 
the basic features of taodem mirrors. 

Power Balance 

• We have been able to account for the 
neutral-beam power input by using multiple 
diagnostic arrays. 

• Near the axis, most of the trapped neutral­
beam power .is lost axially, indicating good radial 
confinement. Near the edge, more power is lost 
radially. Radial arrays of calorimeters on the TMX 
end wall show that the power is more concentrated 
on the axis than was previously assumed. Radial 
end-loss analyzer measurements indicate that this 
concentration is due to the radial proflies of both 
the end-loss current and the plasma potential. 

Plasma Beta Measurements 

• After TMX was shut down, an extensive 
calibration of the diamagnetic loops was carried 
out. With this new calibration, we determined that a 
maximum central-cell beta of 0.4 was achieved with 
neutral~beam injection. 

• This calibration has also enabled us to con­
clude that the central-cell ion distribution has a 
non-Maxwellian component, as we had expected, 
because of ion-cyclotron heating by plug fluctua­
tions. 

Radial Transport 

• In TMX, radial particle confinement ex­
ceeds axial confinement near the axis. Near the 
edge, radial transport processes are more impor­
tant. 

• Resonant-neoclassical-ion-transport theo­
ry is consistent with the experimental measure­
ments, but the measurements cannot resolve factor­
of-3 uncertainties in the theory nor. can we resolve 
comparable amounts of ambipolar radial transport. 

· Radio-Frequency Measurements 

• Wavelength and polarization measure­
ments of the end-plug ion-cyclotron fluctuations in­
dicate wave properties more simi!ar to the A!fven 
ion-cyclotron (AIC) mode than to the drift­
cyclotron loss-cone (DCLC) mode. In comparison 
to 2XIIB, the AIC mode is theoretically more un­
stable in TMX, while the DCLC mode is less un­
stable. Theoretically, the AIC mode is expected to 
be much more stable in the low-ion-beta end plugs 
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of TMX Upgrade and MFTF-B, as is the DCLC 
mode. 

• Turbulent noncoherent central-cell fluctua­
tions extending up to 0.5 MHz, possibly associated 
with drift waves, have been detected in the central 
cell. No correlation with plasma confinement has 
been identified. 

• Coherent low-frequency 7 kHz (m = I) and 
12 kHz (m = 0) oscillations have been observed in 
the central cell. The m = 0 mode is correlated with 
bursting of end-plug ion-cyclotron fluctuations and 
thus would not be expected in TMX Upgrade with · 
microstable sloshing-ion end plugs. The m = I 
mode exists at !arge amplitude near the edge when · 
sufficient central-cell gas input causes large density 
gradients near the edge. The m = I mode can be 
controlled by modifying central-cell radial proflies 
by controlled central-cell fueling and heating. 

I mpurity Studies 

• Further analysis continues to indicate 
remarkably low central-cell impurity Ievels (0.5%), 
resulting in less than I 0% power loss by impurity 
radiation. Recent data analysis shows that the lower 
ionization states of the prevalent oxygen impurity 
are localized near the edge and the higher ionization 
states near the axis, as expected. 

• High-resolution spectroscopy has provided 
Doppler-broadening measurements of impurity 
radiation that corroborate the 100-to-200-eV 
diamagnetic-loop measurements of central-cell ion 
temperature. · 

Sandia Surface-Probe Studies 

• Surface probes have been employed to 
characterize plasma-wall interactions and to deter­
mine TMX plasma properties. Passive solid-state 

5 

probe measurements of particle fluxes and energies 
at the central-cell walls corroborate other central­
cell diagnostic measurements. 

• The probes collected the expected number 
of particles on the end walls. The major component 
of end Iosses comes from the central cell. The end­
plug contribution is also in agreement with 
theoretical calculations. 

End-Wall Plasma Characteristics 

• .We have succeeded in decoupling the TMX 
plasma from the end walls. This was a necessary ac­
complishment for future higher-temperature 
machines. A very low density (2 X 109 cm-~ and 
cool (5 eV) plasma exists near the end wall. This 
density is four orders of magnitude less and this 
electron temperature 40 times cooler than the den­
sity and electron temperature of the end plug 
plasmas. 

• Secondary electrons emitted from the end 
wall are detected but the power Iosses are small, 
consistent with a model develop~d for MFTF-B 
end-wall processes. 

ONGOING RESEARCH 

The full report, UCRL-53120, describes many 
major new findings that will subsequently be repor­
ted in individual journal publications. Several ques­
tions have been raised and are the subject of ongo­
ing research. Many of these questions will be 
answered by further data analysis and analytic 
modeling, while others can only be resolved ex­
perimentally in the TMX Upgrade, Phaedrus, or 
other taodem mirrar machines. We expect to obtain 
more quantitative information about power 
balance, fluctuation studies, and radial transport. 
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III.2 Power Balance Model 

111.2.1 Introduction 

The basic performance of TASKA has been calculated using a zero­

dimensional model for the power and particle balance of the plasma. It treats 

three distinct regions of the machi~e (central cell, barrier, and plug) and 

includes power and particle flows between these regions as well as lasses to 

the walls and absorption of injected power. 

A zero-dimensional model was chosen for this study since, while tract­

able, it allows quick solution of the system of equations. It is, therefore, 

well-suited to parametric studies. This approach necessitates some approxi­

mations which will be discussed where appropriate. All formulas are written 

in the cgs system, except that energies and temperatures will be in keV. 

The present work expands on the plasma physics analysis of Ref. 1, which 

was a major conceptual tandemmirrar reactor study including engineering 

details. A rudimentary version of the analysis was given in Ref. 2. Most of 

the foundation of the physics of tandem mirrors with thermal barriers was laid 

at Lawrence Livermore National Laboratory(3,4,5}. Reference 3 is especially 

helpful, although it treats A-cell tandem mirrors, since much of the physics 

is the same or similar. Many of the equations and much of the notation in 

this paper is based on Ref. 3. For completeness, a full set of consistent 

equations will be given here. 

There are two electron populations; their densities and temperatures or 

average energies are: 1) central cell (nc,Tec) and 2) potential-trapped in the 

plug (new,Tep)· Electrons passing through both central cell and plug are 

counted in group 1. The three ion populations are: 1) central cell (nc,T;c); 

2) barrier, which includes both passing (n~ass'Tic) and trapped (nbt,Tic); and 

111.2-1 
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3) plug, which are mirror-trapped (np,Ep)• The central cell density nc in­

cludes the density, na, of thermalized alpha particles. These will be dis­

cussed in detail in the appropriate places. It ~~s been assumed that alpha 

particles are removed from the barrier and do not contribute to the barrier 

density. 

The exposition of the physics included here will begin with discussions 

of the details of the three main plasma regions. These details will then be 

combined into a set of power balance equations. First, some general con­

siderations and essential formulas are given, perhaps most useful for 

reference. 

111.2.2 General Formulas 

The plasma radius at a given B{z) follows from flux conservation: 

r(z) 
Be 1-ßc 1/2 1/2 

= rc {~ [l-ß(z)] } {111.2-1) 

where ß(z) = perpendicular plasma pressure/magnetic field pressure, values are 

referenced to the central cell, and the long-thin approximation has been used 

for beta correction of the magnetic fields. 

Betas are given by 

{111.2-2) 

for the central cell, 

{111.2-3) . 

li I. 2-2 
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for the barrier, and 

(III.2-4) 

for the pl ug, where Bb/Bmaxb corrects for the constancy of u = V~/28 of 

barrier ions, the coefficient 0.9 in ß approximately corrects for the average 
. p 

· plug ion energy being ma1nly perpendicular, and alpha particles are assumed to 

contribute to ßc with an equivalent temperature of(S) 

y· = 8.3 X 1010 < > E f yl/2 
ct ov DT a e a ec ( III.2-5) 

where <ov>01 is the fusion reaction rate, and ·the alpha particle energy, Ea, 

is assumed to be distributed to the central cell ions and electrons as 

follows: the fraction fea goes to electrons, fia goes to ions, and the re­

mainder is lost out the ends. The values fea and fia depend on a variety of 

parameters, and the values used for TASKA·are generated numerically by an 

analysis given in Ref. 6. 

The collisional energy transfer rate vy/ß from species ß to species y is 

approximated by assuming both species are Maxwellian and using standard 

formul as: ( 7) 

1/2 2 2 
I -24 (mvmß) zvzßnßA"'ß 

\)y ß = 5.7 X 10 I I 1 ·5 
(m Tß + mßT ) • . y y 

( II 1.2-6) 

where mj is the mass, Zj is the atomic number, nj is the density, and Tj is 

the temperature of species j; Ayß is a Coulomb logarithm, also given in Ref. 

7. The assumption of Maxwellian distribution functions is inaccurate for 

III.2-3 
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streaming components, but collisional terms tend to be small, and no serious 

consequences of this approximation are anticipated. 

The Logan-Rensink model is used for (n•);p of ions in the plug(8), giving 

(111.2-7) 

where mo is the mass of deuterium, mH is the mass of hydrogen, m;p is the plug 

ion mass, A;;p and Aeip are Coulomb logarithms given by A;; p = 28 + 1/2 (ln Tep 

+ 1 n Ep - ln np) and Aeip = 24 + ln Tep - 1/2 ln np, E; nj i s the neutral beam 

injection energy. The mean ion escape energy, E0 ut' i s gi ven by 

Eout 
Einj 

+ 
(<Pc + <~>e) •;l'dr 

= 
Rpsin2e •• •• (I I I. 2-8) 

1 + _,_ (1 + _,_) 
1' [(1 ß ) 172 - 1] 'dr .dr p 

where Rp is the plug vacuum mirror ratio, e is the beam injection angle, ßp is 

the plug beta, and •;l•dr' the· ratio of ion collision time to electron drag 

time, is given by 

.11 (III.2-9) 

where Tep is the plug electron temperature. The effective mirror ratio, Reff' 

is 

(III.2-10} 

111.2-4 
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For ions in the central cell, (n·d;c is given by Pastukhov's analysis as 

corrected and expanded by Cohen, et a1.(9,10) 

1/2 
(m;/2) G(Z;cRc) T~/2 ~c/Tic 

= _.....;__4...--- --r.;.._.;._ 1 c ~ c e 
Z;c 1Te Aiic I(~) 

~c 

(III.2-ll) 

where m; is the ion mass, Aiic is the ion Coulomb logarithm given by A;;c = 24 

+ ln T;c - 1/2 ln "c' Z;c = 0.5 for ions because they scatter only slightly 

off of electrons, Re = Bmaxb/Bc is the central cell mirrar ratio, 

and 

1/2 
G(x) = ~ (1 + !> 112 ln 

1 + X 
- 2 

(1 + .!_)1/2 + 1 
[ X ] 

(1 + 1)172 - 1 
X 

I( x) = 2 . 
1 + f-

For electrons in the central cell, similar analysis gives 

1/2 (me/2) G(ZecRc) 1/2 ,~,e/Tec 
= --------- T ,~, '!' T ec '~'e e 

4 ec 
zec 1Te Aeec I(-~-) 

e 

(III.2-12) 

(III.2-13) 

(III.2-14) 

where me is the electron mass, Aeec is the electron Coulomb logarithm, given 

by Aeec = 24 + 1 n Tee - 1/2 1 n "c, and Zec = 1 for el ectrons because they 

scatter off both ions and electrons. 

Synchrotron power for a given density n, electron temperature Te, plasma 

radius r, magnetic field B, volume V, and ref1ection coefficient R5 is given 

by(11) 

III.2-5 
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Ps = 4.2 x 10-23 (~) 1 / 2 (BT )5/ 2 (1 - R )1/ 2 V r e s watts (111.2-15) 

and Bremsstrahlung power is given by(7) 

watts • (111.2-16) 

111.2.3 Barrier Physics 

The barrier potential, $b' arises from a dip in ion density (and there­

fore electron density) through the equation 

assuming Maxwellian electrons. 

n 
= Tee ln ~ 

nb 
(111.2-17) 

This density decrease is caused by the expansion of the magnetic field 

flux tube as the B field drops and by acceleration of the ions as they fall 

down the potential hill. To maintain the density dip, passing central cell 

ions which collisionally scatter into trapped orbits must be pumped out of the 

barrier region. The pumping mechanism considered here is charge exchange 

pumping. Neutral beam particles injected into the barrier lass cone become 

centra.l cell ions when they charge exchange. The resulting neutrals tend to 

have fairly large perpendicular velocities and should quickly leave the ma­

chine; thus, reionization of these particles is neglected. For a trapped 

barrier ion with zero parallel energy at a point where the potential is $in' 

relative to the central cell, the injection energy necessary to create a pass­

ing ion by overcoming that potential and the ~B forces is 

111.2-6 
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4>in 
Ein = ----...sr------

1 - maxb sin2a·. 
Bin 1n 

(111.2-18} 

where B;n is the magnetic field at the injection point and ein is the in­

jection angle. When the potential ~in is positive relative to the central 

cell, the effec~ive injection angle is actually smaller than ein because +in 

increases v0 at the 4> = 0 point. The result is 

sin ein 
= arctan [ ] 

cosa + (~. /E. )172 
in "'1n 1n 

(111.1-19} 

Charge exchange with passing ions is neglected since the resulting neutral can 

still pump the barrier. Since each charge exchange event, which does the 

pumping, is accompanied by <av>ion/<ov>cx ionization events, the total energy 

change per pumped ion is 

(111.2-20} 

where <ov>ion includes ionization on both trapp~d and passing ions. If the 

electron from an ionization event enters the central cell, it will add energy 

4>in to the central cell electrons. If the electron enters the plug, it will 

add energy 4>;n + 4>c' but a plug electron must then become a passing electron 

in order to maintain quasi-neutrality, carrying an energy 4>b + 4>c + Tep from 

the plug and adding 4>b + Tep to the central cell. 

Achieving a high barrier potential while keeping the total barrier densi­

ty to a minimum is important. The lower limit on barrier density is the 

density of central cell ions passing through the barrier, 

111.2-7 
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1. B(z) T. 1/2 
( ) _ n r--;- [ 1c ] 

"pass z - c maxb w$b(z) + T;c (III.2-21} 

The total barrier density is normalized to n~ass through the relation 

(III.2-22) 

The calculation of gb is difficult; a reasonable value of gb = 2 is generally 

used in this report. 

The current per unit volume of passing ions which trap in the barrier at 

z is given by a formula fitted to Fokker-Planck studies(5): 

8maxb] 
+ 0~185 B(z) (111.2-23) 

Average Band $ values for the barrier are found assuming parabolic profiles, 

(111.2-24) 

and (111.2-25) 

then these are inserted into Jtr~p and also used to find the effective barrier 

volume Vb = 1T<r>~Lb • <r>b is calculated using <B>b in Eq. (III.2-1}. The 

total current of ions scattering into the barrier is then 

(I II. 2-26) 

III.2-8 



- 120 ... 

This approach agrees well with the values from Ref. 12, Table 1, after compen­

sating for the use in Ref. 12 of 0.55 instead of the more accurate 0.185 in 

Jtrap• Total currents tend to be a factor of one to two higher than the Ref. 

12 currents, in harmony with the philosophy used here of being slightly pessi­

. mistic when estimating uncertain effects. 

111.2.4 Central Gell Physics 

The calculation of the potential $c' which confines central cell ions, 

has been examined in Ref. 13. Passing electrons scattering into the plug and 

electrons from neutral beam ionization balance the loss of electrons by col­

lisional scattering to parallel energies above the potential $b + $c to give 

(I li. 2- 27) 
3 <ov>ionk 

+ I k f f 
trap k~ 1 nk pk <ov>cxk 

where new(P) is the density of warm (plug) electrons at point p, nec(b) is the 

density of passing central cell electrons at point b, tne subscript k = 1,2,3 

labels the barrier pumping neutral beams in order of descending energy, fck 

and fpk are the fractions of beam k lying to central cell or plug side of the 

barrier, <ov>. k and <ov> k are ionization and charge exchange rates, and 1on cx 
fnk is the fraction of trapping current which beam k must pump. When the ions 

resulting from one beam are pumped into a region where another beam can pump _ 

them into the central cell (two stage pumping), fnk for the second region in­

creases and fn 1 + fn 2 + fn 3 > 1. The amount of increase is (for beam 1 pump­

ing to the beam 3 region) 

111.2-9 
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{111.2-28) 

Plug electron confinement time is given by 

{II1.2-29) 

where Aep is the plug electron Coulomb logarithm. The first term on the RHS 

of Eq. {111.2-27) gives the source of plug electrons due to ionization of the 

plug neutral beam. The second RHS term gives the plug electron source due to 

pump beam ionization events occurring on the plug side of the barrier po­

tential. The parameter vc is 0.5. Unfortunately, vc = 0.5 requires, as can 

be seen in Eq. {111.2-27), a higher value of new(P) for a given nec{b) 

than vc = 0 does, and plug power varie~ approximately as n!w(p). 

The main contributors to central cell power are the collisional slowing 

of fusion alpha particles on ions and electrons, and power from pump beam 

particles which ionize and enter the central cell. Theseare chiefly balanced 

by end lass. The central cell electron power balance is given by 

111.2-10 
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n2 E 
4c <ov>or fea Ea (1 + Ef:s) Vc + ~ ncvecjic (T;c- Tee) Vc 

n2 
+ ncvec/ip (E 3 T ) V p (~ T ) 2V p - ~ ec c + (n•);p b + ep p 

(111.2-30} 
n ec ( b) n ew { P) T ep v c ~ b +~ c 

+ 3 (n•)ep (~) (Tep- Tee) exp ( Tep) VP 

3 <ov>ionk 
+ 2 1trap I: fnk [fck ~ink + fpk (~b + Tep}]-:-<o-v"""'">--

k=1 cxk 

where ~ink is the potential at which the beam k is aimed, and (n•)xfe is the 

(n•) product for electron cross-field diffusion. The equilibrium central cell 

alpha particle density, n , is found by equating alpha particle production to 
a 

end loss. That is, 

(111.2-31} 

where, similar to Eq. (111.2-11), 

(n•) ac (1II.2-32} 

with m the alpha particle mass, A = 20 the alpha particle Coulomb logarithm, 
a a 

Za ~ .33, and za = 2. Efus is the energy output per fusion, and Er is the 

average reacting ion energy, taken to be (5} 

3 E = 45 + ;or T. r c. 1 c (1II.2-33} 

111.2-11 
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The first term in Eq. (111.2-30) is power from fusion; the second and third 

terms come from collisional energy transfer; the fourth and fifth terms from 

conduction and convection of energy between the plug and central cell (3); the 

sixth term from ionization of barrier pumping neutral beams; the seventh term 

from end loss and cross-field transport; the eighth term from synchrotron 

radiation; and the last term from Bremsstrahlung. 

Central cell ion power balance is given by 

(111.2-34) 

where (n"- )xfi i s the ion cross-fiel d (n"-). 

The first term gives power distributed to the ions from alpha particles; 

the second term gives heating due to ion cyclotron range of frequencies (ICRF) 

power; the third term comes from neutral beam barrier pumping; the fourth term 

gives end loss and cross-field transport; and the fifth term gives collisional 

energy transfer. 

Fueling of the central cell must compensate for end loss, cross-field 

transport, and loss of ions to fusion events. Since TASKA is a relatively low 

pow~r device, operating points were chosen where ionization events of the 

barrier pumping neutral beams supply the entire fueling needs of the central 

cell. This alleviates the requirement of fueling by gas puffing or pellet 

fnjection, which are difficult and not well understood. The ion particle 

111.2-12 
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3 <av>ionk 
2 Itrap E fnk <av>cxk k=1 

Plug electron power balance is given by 

(III.2-35) 

Peaux I. 3 <av>. k 
2 + n (p) vep lp(E - 3 T ) V = Itrap E f f lOn ew p 2 ep p k= 1 nk pk <av>cxk (~b - ~ink 

(I I I. 2-36) 

n2 

+ (nT)ip (<Pb + ~c + Tep) vp + psp + pbp • 

Peaux is the total auxiliary heating of plug electrons for both plugs; the 

second term gives collisional energy transfer; the third term comes from 

ionization events of the barrier pumping neutral beams; the fourth and fifth 

terms arise from conduction and convection of energy between the plug and the 

central cell; Psp is Synchrotron power, given by Eq. (111.2-15); and Pbp is 

Bremsstrahlung power, give by Eq. (111.2-16). 

Pl ug ion power balance is given by 

n2 n2 <av> cxp p 
(Einj- Eout) vP 

p E. . ) vP (n•);p 
= 

(n•);p 
(E 

<ov>ionp P lnJ 
(111.2-37) 
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where <ov>cxp and <ov>ionp are the plug charge exchange and ionization rates. 

The first term is the power deposited by neutral beams; the second term repre­

sents energy lost to charge exchange; and the third and fourth terms give 

collisional energy transfer. 

111.2.6 Input Power 

The power required to sustain a single plug is 

( li I. 2-38} 

while barrier pumping powers are given by 

P
b <ov> i onk 

= f I (1 + } E 
nk nk· trap · <ov>cxnk ink 

(111.2-39} 

where k = 1,2,3 is the beam index. These give the absorbed beam power. Beam 

trapping frac~ions are then found using 

4 52 10-8 n" ( <,.v>. + < > ) - • · x ~~. v 1 on ov cx 
f t r = 1 - exp [---------.-1/77'2..-------] 

(E; n/m;) 
(111.2-40} 

The expression in square brackets is the ratio of beam path length in the 

plasma to the mean free path. n is density, R. is path length, <ov>ion is 

ionization rate, <ov>cx is charge exchange rate, E;n is injection energy, and 

m; is the ratio of ion mass to proton mass. Injected powers are then given by 

(111.2-41) 

where k is again the beam index. 

11!.2-14 
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111.2.7 Numerical Solution of the System of Equations 

The equations are solved by conventional iterative methods.( 14 ) The 

power balance equations, Eqs. (111.2-30), (!11.2-36), and (111.2-37) are 

written as time rate of change equations for temperature or energy. For a 

given set of input guesses, standard methods are used to simultaneously 

iterate equations until dTecldt = 0 = dEp/dt. Then, the other quantities 

allowed to vary are updated and the process is repeated until a relative 

accuracy of about 10-4 is reached. Time is thus used as a dummy variable; 

more care must be exercised if the truly time-rlependent behavior is desired. 

A time-rlependent code for solution of this system is presented in Sec. IX.1. 
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III.3 Special Cases and Parametrie Analysis 

This section will discuss some of the modes of operation which were con­

sidered as alternatives to the TASKA reference design presented in Section 

111.4. Also, the dependence of selected important parameters on a variety of 

variables will be examined. 

For the reference case, in this section only, the parameters of Tables 

111.3-1 and III.3-2 are used. This case is very close to the TASKA design 

point given in Section 111.4, but reflects some minor mistakes corrected in 

the computer program since the plasma physics parameters were frozen on July 

31, 1981. The changes were: 1) the central cell ion power balance coef­

ficients for two stage pumping were corrected so as not to subtract the two 

stage pumped ion twice from the central cell power; and 2) the neutral beam 

trapping fraction was corrected by dividing the injection energy by particle 

mass jn order to get the correct particle velocity. Parameters not given here 

are equal to those given in Section 111.4 for the TASKA reference case. 

The methodology of the parametric variation was that as few parameters as 

possible were varied when investigating a given variable. When necessary, the 

ICRF power and occasionally the medium energy neutral beam energy were altered 

to give beam fueling equal to particle loss. In a few instances, central cell 

magnetic field had to be lowered slightly in order to reach an equilibrium 

state. 

One of the most difficult problems faced in the TASKA study was finding ~ 

suitable means of pumping out ions which become trapped in the barrier region. 

The most straighttorward means is to inject neutral beams into the barrier 

loss cone so that charge exchange events will give ions which travel into the 

central cell, and this was chosen for TASKA. Some alternatives are discussed 

111.3-1 
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Table 111.3-1. Section 111.3 Reference Gase Power and Machine Parameters 

CC neutral wall load 
Fusion power 
CC plasma radius 
Average barrier radius 
Midplane plug radius 
CC magnetic field 

Neutral Beams 
Plug: power 

energy 
angle 

Barrier: power 
energy 
angle 

Barrier: power 
energy 
angle 

Barrier: power 
energy 
angle 

ECRF power 

1CRF power 

Total injected power 

II 1.3-2 

1.50 MW/m2 

86. MW 
0.32 m 
0.20 m 

0.29 m 

2.7 T 

5.2 MW 
75 keV 
20° 

48.6 MW 
50 keV 
25° 

48.6 MW 
50 keV 
25° 

0.2 MW 
2 keV 
45° 

15.3 MW 

38.5 MW 

113 MW 
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Table 111.3-2. Section 111.3 Reference Case Plasma Parameters 

Central Cell 
Density 

Alpha particle density 
Ion temperature 
Electron temperature 

(n•);c 

(n•)ec 
Potential, 4>c 

Barri er 

Minimum density 

Potential, 4>b 
High energy pumping fraction 
Medium'energy pumping fraction 

Low energy pumping fraction (two. stage) 

Pl ug 

Midplane density 
Mean i on energy 
Electron temperature 

(n-r)ip 
(n•)ep 
Potential, 4>c + 4>e 

II I. 3-3 

1.95 x 1014 cm-3 

2.78 x 1012 cm- 3 

30. keV 
11.4 keV 
5.3 x 1013 cm- 3 sec 
5.3 x 1ol3 cm-3 sec 

43 keV 

6.8 x 1012 cm- 3 

37.3 keV 
0.025 

0.975 

0.109 

6. 3 x 1013 cm-3 

388 keV 
59.4 keV 
2.9 x 1013 cm· 3 sec 

7.4 x 1011 cm- 3 sec 

109 keV 



- 131 -

in Section 111.1. However, a number of different neutral beam configurations 

in the barrier still had to be evaluated. The reference case uses three 

barrier beams, given in Table 111.3-1. The distincti~e feature of this method 

is the use of two stage pumping whereby trapped ions are pumped from the 

bottarn of the barrier to a region where a low energy beam can pump them into 

the central cell.. Parameters for three ather possible configurations are 

given in Tables 111.3-3 and 111.3-4. 

Case A describes a situation where the high energy neutral beam pumping 

the bottarn of the barrier is at a sufficiently small angle with respect to the 

magnetic field so that charge exchange ions are in the barrier lass cone and 

reach the .central cell in a single step (cf. Eq. 111.2-18}. Although the 

parameters for case A are attractive in some respects, engineering consider­

ations effectively prohibit reaching the small angle required for pumping the 

bottarn of the barrier, especially at the required high power. This one stage 

scheme was used in the WITAMIR-1 tandemmirrar reactor study(1), but beam 

lines were very lang and central cell blanket access was hampered for over ten 

meters on each end; this is unacceptable for a test device such as TASKA. 

In case B, the low energy beam is eliminated and its function in two 

stage pumping is assumed by the medium energy beam. Required input power 

rises dramatically and, since the low energy beam needs only relatively easy 

technology, the trade-off greatly favors the reference case. Also, the high 

energy beam now needs a 16° injection angle. 

Case C investigates the possibility of aiming the high energy beam into 

the lass cone from barrier bottom to plug. The mirrar ratio involved is then 

7.8 instead of 25, although the potential to be overcome is approximately 

doubled. The charge exchange ions then leave the machine entirely for 

111.3-4 
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Table 111.3-3. Power and Machine Parameters 

A. HEPB Pumps Directly Into the Central Cell 

B. HEPB Pumps to MEPB Region 

C. HEPB Pumps Out Over Plug Potential 

CC neutron wall load, MW/m2 
Fusion power, MW 
CC plasma radius, m 
Average barrier radius, m 
Midplane plug radius, m 
CC magnetic field, T 

Neutral Beams 
Plug: power, MW 

energy, keV 
angle 

Barrier: power, MW 

energy, keV 
angle 

Barrier: power, MW 

energy, keV 
angle 

ECRF power, MW 

ICRF power, MW 

Total injected power, MW 

Case A 

1.50 

87. 
0.34 

0.21 

0.31 

2.8 

7.3 

250. 

60° 

51.6 

200. 
lQO 

14.4 

20. 

25° 

11.7 

35. 

120. 

II I. 3-5 

Case B 

1.53 

86. 

0.31 

0.19 

0.27 

2.6 

4.8 
250. 

60° 

92.2 

207. 

16° 

80.3 
50. 

25° 

14.2 

45. 

237. 

Case C 

1.50 

92. 

0.36 

0.22 
0.32 
2.7 

7.8 

250. 
60° 

58.4 

190. 

15° 

48.4 
50. 
25° 

13.6 

32.5 

161. 
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Table 111.3-4. Plasma Parameters 

A. HEPB Pumps Directly Into the Central Cell 

B. HEPB Pumps to MEPB Region 

C. HEPB Pumps Out Over Plug Potential 

Central Cell 
Dens i ty, cm-3 
Alpha density, cm-3 
Ion temperature, cm-3 
Electron temperature, cm-3 
(n•). , cm-3 sec 

lC 
( n•) ec, cm, sec 
Potential, <f>c' keV 

Barrier 
Minimum density, cm-3 

Potential, <f>b' keV 
HEPB fraction 
MEPB fract i on 

Plug 

Midplane density, cm-3 
Mean ion energy, keV 
Electron temperature, keV 

(n•);p 
(n•) ep 
Potential, <f>c + <~>e• keV 

Case A 

1.93x1o14 

4.8x1o12 

30. 

13.8 

7.7x1o13 

7.5x1o13 

49.1 

6.2x1o12 

46.2 
0.025 

0.975 

6.2x1o13 

388. 
63.5 

2.5x1o13 

9.6x1oll 

130 

II I. 3-6 

Case B 

2.00x1o1~ 
1.1x1o12 

30. 

8.7 
3.0x1o13 

2.9x1o13 

32.8 

8.0x1o1 2 

27.2 
0.025 

1.37 
(two stage) 

7.0x1o13 

357. 
45.1 

3.2x1o13 

4.9x1011 

81.3 

Case C 

1.85x1o14 

3.9x1o12 

30. 

12.9 
6.9x1o13 

6.4x1o13 

47.1 

6.2x1o12 

42.7 
.025 

.975 

6.4x1o13 

383. 
58.1 

2.6xlo13 

8. 9x1o11 

121.7 
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sufficiently energetic ions. Unfortunately, as seen in Table III.3-3, the 

required total power is very large, primarily because the high energy beam 

pumps energy from the barrier and thus from the central cell while giving no 

energy to the central cell. The injection angle of 15° is even more of a 

problem, as it is very difficult to reach. 

A disadvantage shared by cases A, B, and C is that the high energy pump 

beam is both high energy and high power, in cantrast to the moderate energy, 

low power beam of the reference case two stage pumping scheme. Construction 

of the reference case is thus far easier. 

The low energy pump beam is very efficient, and some tandem mirror de­

signs do a large fraction of the barrier pumping by this beam.(2) There is a 

disadvantage associated with the low energy beam, however: electrons result­

ing from ionization events are born on the plug side of the barrier bottom. 

These electrons eventually must be heated to the ambient plug electron temper­

ature, resulting in an incr€ase in required plug electron cyclotron range of 

frequencies (ECRF) heating. This is shown in Fig. 111.3-1, where total input 

power and plug ECRF power are plotted vs. fraction of pumping done by the low 

energy pump beam. Two stage ions are not counted in this graph. For the same 

reason, although the powers involved are relatively small for the reference 

case, it is advantageaus to aim the footprint of the beam pumping the barrier 

bottom to over'lap the central cell side of the potential to as great a degree 

as possible. 

The medium energy pump beam, which does the majority of the barrier 

pumping, plays a large role in c_entral cell ion energy and particle balance. 

lf, as in the case where there is no auxiliary heating of central cell ions, 

it functions as the primary source controlling each of those processes, there 
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exists little flexibility in choosing an operating point and it is difficult 

to find an attractive reference case. Figure 111.3-2 shows the trade-off 

between total input power, medium energy pump beam energy, and central cell 

ion cyclotron range of frequencies (ICRF) heating power. In addition, there 

is a tradeoff between the complexity of adding an ICRF launehing system and 

the difficulties of building a very high power neutral beam system in a region 

where space is limited. 

The high energy beam which pumps the bottom of the barrier is very diffi­

cult to fit physically into the machine, as discussed in Section IV.3. This 

is chiefly due to the small angle with respect to the magnetic field which the 

beam must achieve. In order to reach the low energy pumping point at a mag-

netic field of 3 T, the beam must fit within a loss cone of 31°. Since the 

energy required for the beam is governed by Eq. (111.2-18), values approaching 

the loss cone are difficult to achieve. Figure 111.3-3 shows the dependence 

of input power on high energy beam angle. 

Injection of neutral beams into the plug is somewhat easier in terms of 

access, but achieving the required energy is very difficult without invoking 

negative ion technology. High energy is required in order to overcome the 

effective potential (<P +<P )/(R sin 2s. -1) = 114 keV. Rp is the beta-corrected 
c e p 1n 

plug mirror ratio. For reasonable plug beam input power, neutral beam ener-

gies greater than 200 keV are required. The dependence of total input power 

and plug power on injection energy for injection at a 90° angle is shown in 

Fig. 111.3-4. lnjection angle is also critical since a sloshing ion distri­

bution is necessary for plug microstability as discussed in Section 111.1. 

Powers do not vary greatly until the loss cone is approached; they then rise 

sharply. Total input power and plug neutral beam power are given as a 
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function of plug beam injection angle in Fig. 111.3-5. A possible means of 

achieving high plug beam energy without invoking negative ion technology is 

the use of non-hydrogen beams. Since approximately 100 keV/amu is attainable 

with positive ion technology, even helium could reach the desired energies. 

Suitably modifying the plug physics,(3) helium beams lead to a total machine 

input power of about 135 MW. As discussed in Section III.l and Ref. 3, there 

is little chance for the He atoms to contaminate the central cell since the 

plug ions are well-separated from the rest of the machine in phase space. 

Flexibility exists in choosing an operating point in terms of total input 

power and wall loading. The maximum wall loading attainable depends, to a 

great extent, on how high an input power level is allowed by economic or engi­

neering constraints. The trade-off is shown in Fig. 111.3-6 for barrier 

mirror ratios of 32.5, 25, and 17.5. The minimum ba~rier field is kept 

constant at 0.8 T here. To achieve the reference case mirror ratio of 25, a 

copper insert has been added to the superconducting barrier coil as discussed 

in Chapter V. Thus, the penalties for using a high barrier mirror ratio are 

that the technology becomes more complicated and difficult, and that power 

must now be expended to run the normal-conducting copper insert. Figure 

111.3-6 shows that there is a net gain in going from the Rb = 17.5 case where 

no copper insert is needed to the Rb = 25 case where approximately 60 MW of 

extra line power is needed, since the power needed to run the copper inserts 

is much lower grade and less expensive than that needed for neutral beams or 

RF sources. 

Two other variations of barrier fields have been investigated. First, 

Bmax~ was held constant while Bb was lowered. The resulting higher mirror 

ratios give a smaller trapping rate into the potential well since barrier 

111.3-13 
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density is redueed but, unfortunately, the beam trapping fraetion is likewise 

redueed and no total power savings is aehieved. Seeond, the barrier mirrar 

ratio was held eonstant while varying the magnitudes of Bmaxb and Bb. 

Changing these from 20 T and 0.8 T to 17.5 T and 0.7 T led to an inerease_ in 

total input power af 11 MW. Lower field eases required even more power. This 

result is due to slightly poorer mirror eonfinement of eentral eell partieles 

and to the larger mirror ratio whieh the two-stage pumping proee~s must then 

overeome. 

Central eell beta is important beeause high beta allows effieient uti­

lization of the magnetie field. As eentral eell beta rises, total input power 

drops, as .shown in Fig. 111.3-7. Similar behavior oeeurs as Be varies, a low 

Be implying low density by Eq. (111.2-2). Input power and eentral eell densi­

ty vs. Be are plotted in Fig. III.3-8. 

Central eell alpha partiele density is allowed to reaeh an equilibrium 

level as deseribed in Seetion 111.2. Figure 111.3-9, where the alpha partiele 

fraetion is legislated to various values, shows that only a few pereent of 

alpha partieles aretolerable before maehine performanee is seriously 

degraded. 

The referenee point design assumes that essentially all eentral eell 

partiele lass will be end lass. A very small amount of elassieal, eollisional 

radial transportwill also oeeur. Some ~esonant transport(4) may take plaee 

but, sinee this is driven by magnetie flux tube azimuthal asymmetry in parti­

ele bounee regions and most eentral eell ions turn near the barrier solenoids, 

little effeet is expeeted. Another possible cause of transport isthat the 

use of ferritie steel in eentral eell blanket regions of finite length gives 

no~-eireular flux tubes, as diseussed in Seetion V.9. When mapped into the 
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bounce regions, this asymmetry is a small perturbation of' the magnetic field 

and thus should have a small effect on resonant transport.(5). However, the 

large radial excursions due to flux tube asymmetry can lead to enhanced dif­

fusion since the random walk step size is proportional to the excursion. 

Estimates of the diffusion and allowed asymmetry are discussed in Appendix 

111.3-A. The effect of cross field transport on total input power is shown in 

Fig. 111.3-10. Surprisingly, a cross field loss time equal to only four times 

the end loss time does not lead to a large increase in input power. 

The central cell ion temperature has a broad optimum at about 30 keV. 

Two major effects are involved: 1) For low temperatures, the trapping rate 

into the barrier is high and barrier pumping power becomes excessive; and 2) 

for high temperatures, required neutral beam injection energies become large 

since potentials vary approximately as temperatures. The dependence of total 

input power and plug injection energy on central cell ion temperature is shown 

in Fig. 111.3-11. 
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Appendix 111.3-A 

Radial Transport Due to Central Gell Flux Tube Asymmetry 

Same central cell asymmetry is expected due to ferritic steel in the 

blanket module, as discussed in Section V.9. This can enhance collisional 

diffusion since, while following a flux surface, a particre may experience an 

appreciable radial excursion between collisions. A rough estimate for dif­

fusion due to a general asymmetry, plus a calculation for a TASKA blanket will 

be presented·here. 

For the reference case, 

( 1) 

where •e is the azimuthal drift time, •; is the central cell ion collision 

time, 'b is the ion bounce time. A gradient of the magnetic field, B, then 

gives a radial drift velocity of 

(2) 

where v is the ion magnetic moment, q is the ion charge, c is the speed of 

light, and B is the magnetic field perturbation over an angle of e ~ 1. For 

TASKA parameters, 

Vdr ~ 4.8 X 106 ~ cmjsec • (3) 

Since •e ~ 'b' the random walk radial diffusion process can be looked at as 

occurring with step size 
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where the factor of 4 is a crude attempt at averaging. Then, assuming the 

randomization occurs on the collisional time scale, the diffusion coefficient 

due to B may roughly be taken to be 

{5) 

and the radial loss time is 

r2 
c 0 24 (:-:B) 2 • r "' "21J "' • ~ sec • 

B 
{6) 

The axial loss time is 

•• lC 
= = 0.28 sec . (7) 

For good confinement, a rough estimate is 'r - 10 'ic which leads to an 

allowed value of 

~ ,$ o. 29 • 

This should be easy to satisfy, although a more detailed analysis is needed 

before definite conclusions are drawn. 

In any case, the TASKA blanket designs lead to much lower values of Vdr' 

as shown by ~ x VB/B3 values presented in Section V.9. The reference case, 
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almost-symmetric blanket module leads to a maximum D ~ 10·-s cm2;sec. This is 

less than the estimate given in Eq. (5) unless ~/Bis negligibly small. 

Thus, radial diffusion due to central cell magnetic flux tube asymmetry 

induced by ferritic steel blanket modules seems to be of little concern for 

TASKA or similar devices. 
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111.4 TASKA Design Point 

The plasma physics reference point parameters were set on July 31, 1981 

so that work on related engineering systems could proceed. TASKA design point 

parameters are given in Tables 111.4-1, 111.4-2, and 111.4-3. Note that the 

physics model is based on present theoretical knowledge of mirrar plasmas, 

some of which has not yet been completely experimentally verified. Experi-

ments currently under construction will address these questions. Major 

changes in theoretical understanding would, of course, alter the design point 

significantly. 

The basic philosophy behind the choice of these parameters was to find 

the simplest, least expensive system which would achieve the technological 

goals. Since one of the primary functions of TASKA is materials testing, a 

central cell neutron wall loading of at least 1 MW/m2 was sought while an 

attempt was made to minimize input power, magnet technology, physical size, 

beam technology, and ECRF technology. Because TASKA reaches the reactor 

regime for temperature and density, achieving a high plasma Q value is not a 

concern; large o•s are obtained primarily by using a long central cell. 

Thus, the search for a TASKA operating pointwas constrained within fair­

ly well-defined parametric boundaries by a number of variables. The chief 

boundaries were defined by the following considerations: 

1) For economic reasons, the neutron wall loading of ) 1 MW/m 2 had to be 

achieved by using on the order of or less than 100 MW of input power. Mini­

mizing ECRF power is particularly important, since its cost seems likely to be 

higher than that for other sources. 

2) For magnetic field coils on the 1990 1 S time scale (see Chap. V) a 
: ' 

maximum of 6.25 T on the yin-yang axis was deemed poss~ble. The minimum of 
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Table III.4-1. TASKA Power and Machine Parameters 

CC neutron wall load 1.52 MW/m2 
Fusion power 
CC plasma power density 
Q (fusion power/injected power) 

Cent ra 1 Ce 11 

Length (peak to peak B) 
Plasma radius 
Minimumwall radius 

Barrier 

Physical length 
Effective length 
Minimum plasma radius 
Average plasma radius 
Maximum plasma radius 

.Length 
Midplane radius 

Magnetic Fields 

Cent ra 1 ce 11 

Barrier maximum 
Barri er mi nimum 
Plug maximum 
Pl ug mi nimum 

III.4-2 

86. MW 
17. MW/m3 

0.74 

19.2 m 
0.32 m 
0.46 m 

15.6 m 
9~0 m 
0.099 m 
0.20 m 

0.50 m 

5.0 m 
0.28 m 

2.7 T 

20. T 
0.8 T 

6.25 T 
4. T 
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Table II 1.4-2. TASKA Heating Parameters 

Neutral Beams 

Plug: power 5.4 MW 
energy 250. keV 
angle 60° 
species p 
trapping fraction 0.21 

Barri er: power 6.6 MW 
energy 76 keV 
angle 20° 
species d 
trapping fraction 0.42 

Barrier: power 49.7 MW 
energy 50 keV 
angle 25° 
species 0.44 d/0.56 t 
trapping fraction 0.95 

Barri er: power 0.2 MW 
energy 2. keV 
angle 45° 
species d 
trapping fraction 0.99 

ECRF 

Plug: power 14.9 MW 
frequency ~ 56. GHz 
absorption effi.ciency 1. 

ICRF 

Central cell: power 40. MW 
frequency 30 MHZ 
absorption efficiency 0.8 

Total Injected Power 117. MW 

NB: Pl ug and barr~er powers are total powers for both sides. 
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Table III.4-3. TASKA Plasma Physics Parameters 

Central Cell 
Density 
Alpha particle density 
Ion temperature 
Electron temperature 
Beta 

(n-r)ic 
(n-r)ec 
Potential, q,c 

Barrier 

Minimum density 
Beta 
Potential, q,b 
Pumping parameter, gb 
High energy pumping fraction 
Medium energy pumping fraction 
Low energy pumping fraction (two stage ions) 

Midplane density 
Mean i on energy 
Electron temperature 
Beta 

(n-r);p 
(n-r)ep 
Potential, q,c+q,e 
Cohen parameter, v 

c 

I I 1.4-4 

1.94 x 1014 cm- 3 

1.6 x 1012 cm- 3 

30. keV 
11.5 keV 
0.5 
5.4 x 1013 cm- 3 

5. 3 x 1013 cm-3 

42.8 keV 

6.8 x 1012 cm- 3 

0.054 
37.5 keV 
2. 
0.025 
0.975 
0.109 

6.3 x 1013 cm- 3 

388. keV 
59.3 keV 
0.64 

sec 
sec 

2.9 x 1013 cm-3sec 
7.5 x 1011 cm-3sec · 

109. keV 
0.5 
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4 T was chosen to give a reasonably high mirrar ratio at which to aim the 

sloshing ion neutral beam, while allowing a fairly high plug density which 

allows a high central cell density. On the solenoidal barrier coil, 14 Ton 

axis is created by the superconductor; the total possible barrier maximum 

field then depends on trade-offs between the field desired, power costs in the 

normal conducting insert coil, and neutron shielding needed. An operating 

point of 20 T was chosen as a suitable compromise, for reasons discussed in 

Chapter V and Section 111.3. 

3) Constraints are also associated with the neutral beam systems. As 

mentioned in Sections 111.3 and IV.3, injection angles are extremely critical. 

The medium energy pump beam requires a 10 cm plasma radius for all of the beam 

to intersect the plasma; when magnetic flux tube conservation is taken into 

account, this translates into a central cell plasma radius of at least 32 cm 

for Be= 2.7 T. Injection energy is also a problem, particularly for the plug 

beam where energies greater than 200 keV are required {cf. Fig. 111.3-4). The 

use of helium plug beams was considered because positive ion neutral beam 

technology could be used, as mentioned in Section 111.3, but was rejected, 

primarily because of vacuum pumping difficulties. 

4) Fueling the plasma also creates Samething of a dilemma, since the 

high plasma densities and temperatures make source penetration very difficult. 

For TASKA, since neutral beam ionization does a large amount of fueling, 

plasma and power parameters are adjusted to give particle lass equal to 

neutral beam fueling. This somewhat limits flexibility in choosing operating 

points, but more than balances difficulties with gas puff or pellet fueling. 

Since the low energy and high energy pump beams do only a small amount of the 

fueling, only the medium energy beam contains significant amounts of tritium, 
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with the percentage of tritium to deuterium set to give 50% total fueling of 

each species. This obviates the necessity of handling large amounts of triti­

um in the low and high energy pump beam systems. 

A central cell neutron wall loading of ~.5 MW/m2 was chosen since the 

total input power requirement of 117 MW is not prohibitive. The central cell 

length was set by consideration of space requirements for materials testing 

and tritium breeding. 

Because of magnetic flux tube conservation, the plasma radius decreases 

in the central cell end regions, thus decreasing fusion power output and 

neutron wall loading there. This is modelled here by using an effective 

cent ra 1 ce 11 1 ength of 15.7 m to compute cent ra 1 ce 11 vo 1 ume. 

Centra 1 cell wall radi us was defi ned by the requi rement that there be a 

distance of two 3.5 MeV alpha particle Larmor radii between the plasma and the 

wall; this insures that alpha particle orbits do not intersect the wall. 

Unfortunately, after .the plasma physics parameters were set, it was discovered 

that the Larmor radius used was too small by a factor of ~. For a flat 

density profile, the resultant flux of alpha particles' can seriously darnage 

the first wall. However, increasing the first wall radius by 4 cm removes the 

problern without greatly modifying •the design. 

Central cell ion cyclotron range of frequencies heating (ICRF) is used 

.because, as shown in Fig. 111.3-2, it reduces total power and beam injection 

energy. Also, ICRF technology needed for TASKA is state-of-the-art and would 

require very little development (see Section IV.2). Reducing power require­

ments for the medium energy pump beam is a significant advantage, too, since 

even the reference case beams for TASKA are non-trivial. 
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The central cell ion temperature was chosen as a compromise between low 

temperature, where the barrier ion trapping rate becomes formidable, and high 

temperature, where required pumping energies become very high. 

Plug beta was chosen as a typical value for this type of magnetic field 

configuration. Central cell beta was chosen somewhat conservatively, since 

finite Larmor radius MHD theory is still in a state of flux. 

The barrier pumping parameter, gb, was chosen equal to two as a reason­

able value, but detailed calculations of gb are very difficult and have not 

been attempted here. 

In summary, the TASKA design point is a major step beyond present 

devices, but is an achievable and reasonable one. The inside-barrier tandem 

mirror configuration thus appears to possess good potential as an engineering 

and materials test facility. 
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111.5 The DT Fuel Ion Density in the Thermal Barrier and Plug 

The TASKA tandemmirrar configuration utilizes an inboard thermal barrier 

with a yin-yang plug. The plug ions were chosen to be protons in order to 

avoid fusion reactions in the plug and thereby reduce the neutron shielding 

requirements for the yin-yang magnets and the degree of neutron streaming 

through penetrations, such as neutral beam lines, and into the direct con­

vertor. The fuel ions, deuterium and tritium, from the central cell pass 

through the thermal barrier and are refl'eCted by the rising potential in the 

plug. This will produce some rate of DT fusion in the barrier and plug; the 

14 MeVneutron source in the plug cannot be entirely eliminated by choosing a 

non-reacting plug plasma. In this section we ~stimate the density of deuteri­

um and tritium in the barrier and plug in order to provide a neutron source 

for neutranies calculations. 

In a previous report,(1) we caleulated the potential profile in the 

thermal barrier. Implieit in this was the ealeulation of the ion density pro­

file, although explieit results were not obtained. Herewe utilize the same 

formalism to ealeulate explieitly the fuel density (deuterium plus tritium) in 

the barrier and plug. 

The barrier and plug region is divided axially into three regions, as 

shown in Fig. 111.5-1. Region I spans from the barrier throat (peak magnetic 

field) to the point of minimum field. In this region the eleetrons are as­

sumed to be Maxwellian with temperature Tee' whieh is the same as in the 

central cell. The passing ions are assumed to be Maxwellian in the appropri­

ate region of velocity space. The trapped ions in the barrier will not be 

calculated explicitly, although their effeet is diseussed later. 

I II. 5-1 
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Fig. III.S-1. Axial·profile of the magnetic field in theinboardthermal 
barrfer and plug. 
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Region II spans from the barrier minimum to the throat of the plug. The 

ion distribution funetion in this region is determined by the ehoiee in Region 

I; it eannot be ehosen independently. The eleetrons in this region eonsist of 

three 11 elasses 11
: eleetrons eoming from the eentral eell, from the plug, and 

eleetrons trapped by the barrier potential at one end and by the magnetie 

field, Bmp• at the other end. The latter elass is analogaus to Yushmanov(2) 

trapped ions in mirrors, and are referred to here as Yushmanov eleetrons. The 

phase spaee for eleetrons in Region II is shown in Fig. 111.5-2. The eleetron 

distribution funetion is taken to be pieee-wise Maxwellian at different 

temperatures. Eleetrons in zones M and N of Fig. III.S-2 eome from Region I 

and are therefore assigned the temperature, Tee· Eleetrons in zone K eome 

from the plug and are therefore assigned the plug temperature, Tep· Eleetrons 

in zone L are the Yushmanov eleetrons; they are assigned the temperature .Tee 

under the assumption that their energy exehange is more rapid with eentral 

eell eleetrons than with plug eleetrons. 

Region III is between the plug mirror throat and the plug~midplane. As 

long as the potential profile in Region III is not ealeulated, we need not 

speeify the hot ion distribution funetion in the plug. The midplane eleetron 

density and potential are needed, however, to ealeulate the eontribution of 

plug eleetrons to Region 11. These are taken as input data. 

The ealeulational proeedure is to integrate over the ion and eleetron 

distribution funetions to obtain the loeal eleetron and ion density as 

funetions of the loeal magnetie field and potential. These are shown in Figs. 

III.S-3 and 111.5-4. The assumption of quasi-neutrality (ni(~,B) = ne(~,B)) 

then determines explieit1y the potential and ion density as funetions of B. 

li I. 5-3 
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Ffg. III.S-2. Phase space for electrons fn Region II. 
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Fig. III.S-3. Ion and electron density versus potential and magnetic field 
strength (normalized to Bb; increment in B = 2.4) in Region I. 
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Note that the spatial coordinate does not enter explicitly, but only 

implicitly through B(z). 

The total ion density (deuterium plus tritium) and electrostatic po­

tential profile are shown in Fig. 111.5-5 for TASKA for the two choices for 

the ion distribution function. The ion density drops in Region I because of 

the expanding m~gnetic field and the falling potential, as expected. In 

Region 11 the ion density first rises, because of the increasing magnetic 

field and potential, but then peaks and starts to fall while the potential 

continues to rise. When the potential becomes positive ($ = 0 in the central 

cell is the reference value) passing ions from the central cell are reflected; 

this caus~s the density to fall. Since n; = ne, it is clear that the po­

tential and electron density in Region II do not satisfy the Boltzmann re­

lation. This is because the electron distribution function is non-Maxwellian; 

it is only piece-wise Maxwellian with the 11 colder11 (i.e. temperature equal to 

Tee> electrons at the higher kinetic energy than the 11 hotter 11 electrons at 

temperature Tep· 

Ions trapped in the thermal barrier will add to the ion density shown in 

Fig. 1II.5-5. They will contribute most near the bottom of the barrier but 

should not contribute much where $ > 0, since the trapped ions are mostly 

trapped by the potential. Consequently the trapped ions should not affect the 

magnitude or location of the density peak near the throat of the yin-yang 

magnet. Since the neutron source rate is proportional to the square of the 

density, the peak value and location are more important for neutronics calcu­

lations. The peak density in the barrier is about one-fifth the central cell 

density. The density at the barrier minimum is a factor of 70 lower than the 

central cell density. The significance of this density peak as a neutron 

II 1.5-7 
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sour.ce depends on its location relative to beam lines and other penetrations 

and is determined by detailed three-dimensional neutranie calculations. 

A similar calculation{3) has been done for the WITAMIR-1{4) tandem mirror 

power reactor, which utilizes the same basic end-plug configuration. The 

density profile in TASKA is similar to that in WITAMIR-1 exc~pt that th~ 

density peak in TASKA is shifted towards the throat of the yin-yang mirror. 

This is because the ion confining potential, <Pc' in TASKA is smaller relative 

to the central cell ion temperature, and consequently the central cell ions 

can penetrate further into the plug. 

In addition to the neutron production in the barrierjplug due to fusion 

reactions between passing central cell deuterium and tritium ions, there is 

also neutron production due to fusion between the non-thermalized deuterium 

and tritium ions produced by the barrier pump beams and the plasma ions in the 

barrier. One can also get neutron production in the beam dump because of 

buildup of 0 and Tin the surface of the beam dump. This is evaluated in 

Sect i on VII I • 3. 

References for Section 111.5 
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III.6 Plasma Wall Interactions and the "Halo" Plasma 

In open-ended devices, such as mirrors and tandem mirrors, the primary 

plasma loss is parallel to the magnetic field (i.e., out the ends). Conse­

quently the primary location for plasma-wall interaction problems is at the 

ends where the plasma .is neutralized at thermal dumps or in a direct con­

vertor. With sufficient expansion öf the magnetic field between the plugs and 

the thermal dumps and with adequate pumping near the thermal dumps, the 

thermal contact between the main plasma and the wall can be kept small, so 

that cooling of the hot plug electrons by parallel heat flow to the thermal 

dumps is not a problem. This has been achieved in TMX;(l) theoretical calcu­

lations(2) also support this conclusion. 

Impurities generated by plasma bombardment at the end walls are unable to 

enter the main plasma because of their relatively low energy and the positive 

potential of the plasma. This assumes they are ionized in the plasma stream 

before reaching the peak potential in the plug plasma. Impurities generated 

at the walls of the central cell (by chargeexchangeneutral atom bombardment 

or a residual ion flux hitting the central cell walls) have only to cross a 

short distance before entering the electrostatic we11 of the central cell 

plasma. If ionized there, the impurities are well~confined by the electro­

static potential; accumulation of such 1mpurities in the central ce11 is a 

potential problern that needs tö be addressed. 

Fortunately, the tandemmirrar has a natural divertor action which can, 

in principle, alleviate the problern of impurity accumulation in the central 

cell. The radius of the plug plasma is determined by the footprint of the 

plug neutral beam and the gyroradius of the höt plug ions. This radius 

determines the radius over which there is a sufficiently positive confining 

III.6-l 
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potential for the central cell. Following the .field lines from the edge of 

the plug plasma back to the central cell determines the central cell radius 

for which there is adequate axial confinement. In TASKA, this is 32 cm, which 

is what we define tobe the plasma radius in the central cell. Plasma on mag­

netic field lines outsid~ this radius is not axially confined and can flow to 

the end walls. _This region is analogaus to the scrape-off layer due to di­

vertors or limiters in tokamaks. The plasma between the central cell wall and 

the axially confined plasma radius is sometimes called a 11 halo 11 plasma. We 

will use that terminology here. 

The halo plasma can play an important role ·in preventing impurity accumu­

lation in the main confined plasma in the central cell. Impurity atoms re­

leased from the wall have to traverse the halo plasma before reaching the main 

plasma. If the line density of the halo plasma is sufficiently dense 

(Jndr ~ 1013 cm- 2) then the impurity atoms are ionized in the halo plasma and 

swept out the ends before they can diffuse into the main plasma and become 

confined. The halo plasma is maintained by cross-field transport from the 

main plasma and by ionization of gas in the halo. An upper limit for the lass 

rate of the halo plasma can be estimated(3) by the transit time of the ions 

(at temperature T;) modified by the mirrar ratio, Re, between the central cell 

and the peak field of the barrier; 

/

21("T"; 

VII "' 'ifmi 1 

Using a 11 Slab 11 model for the halo region, the particle conservation equation 

111.6-2 
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is 

ar n 
ä"F- 1'11 

where r is the cross-field flux and the parallel loss is treated as an ab-

sorption process. Assuming t
11 

~ constant, one gets an expression for the line 

density of the halo plasma, 

Here rr is the radial flux at the boundary between the halo and the main con­

fined plasma • 

. The value of rr is unknown since it depends sensitively on details con­

cerning radial transport in the central cell. For estimation purposes, we can 
• 

normalize rr to the total loss NT of the main plasma with a factor f; . 

• • 

where Na is the total axial end loss (particlejsec) from the main central cell 

plasma. Putting these results together, one gets an estimate for the line 

density in the halo plasma 

For TASKA, Na = 3.5 x 1021 ions/sec, Re = 7.4, and rc = .32m. If we assume 

f = .2 and Ti = 100 ev, then 

111.6-3 
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J ndr ~ 1.3 x 1013 cm- 2 

which is a marginally adequate line density for the halo plasma. This line 

density is comparable to that sought in the scrape-off layer of divertor 

tokamaks. This value, however, depends on the assumption for f and Ti in the 

halo; both of these are unknown at this time. The factor f depends on the 

details of radial transport, and Ti is determined by a power balance for the 

halo plasma, which remains an unsolved problern (in the tokamak scrape-off 

layer, f = 1, but the value of T; is very poorly known). 

One contribution to the power balance for the halo plasma is line radi­

ation from partially stripped atoms. These could be helium or impurity atoms 

entering the plasma from the outside. This problern has been well studied for 

impurity radiation in tokamaks(4-6} and for the case of high density z-pinch 

plasmas.(7} In this section, the populations of the ionization states and the 

line radiation are calculated for helium and a possible impurity, oxygen, in a 

halo plasma with an electron density of 1013 cm-3 and an electron temperature 

of 100 eV. In both cases, the losse~ from line radiation are found tobe 

insignificant in the power balance of the halo plasma if the impurity density 

is ~ 1% of the hydrogen ion density in the halo. 

In order to estimate the power from line radiation, the populations of 

atoms with each of the ionization states must be calculated. Since the densi­

ty of electrons is 1013 cm-3 and the temperature is 100 eV, the equilibrium 

ionization populations may b~ calculated in the Coronal moqel.(8) In this 

model, if the recombination rate for Z-times ionized atoms, az, and the 

ionization rate, Sz, obey the relation 

II 1.6-4 
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where Nz is the density of ions in ionization state z, then 

In this expression, Il is the ionization potential in eV for ions moving from 

state Z to Z+l; nz is the degeneracy of electrons doing this ionization and T 

is the electron temperature in eV. Using the ionization potentials calculated 

by Carlson,( 9) the densities of atoms in each possible ionization state for 

helium and oxygen are determined for total impurity densities of 1011 cm-3 and 

are .shown in Table III.6-1. It may be noted that the helium is almost fully 

str·ipped and should notemit much line radiation while most oxygen ions still 

have electrons bound to them and may emit significant amounts of line radi­

ati on. 

The power of line radiation may be estimated with the analysis of 

Mosher,(7) where the power is given as 

where 

m c2 
= ( Z )2 e [1 1 ] 

T37 -z- 7 - (N + 1) 2 

is a typical energy of a line if N is the principal quantum number of the 

electrons involved in the transition. The electron and ion densities are in 

II,I.6-5 
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Table 111.6-1. 1onization State Densities (cm-3) 

z He 

0 2.82 

1 .53 X 106 

2 • 99997 X 1011 

3 

3 

5 

6 

7 

8 

The plasma temperaturein the "halo" is 100 eV. 

The plasma density in the "ha1o" is 1013 cm- 3• 

The total density of He is 10ll cm-3. 

The total density of 0 is 1oll cm-3 

III.6-6 

0 

1.71 X 10-17 

1.07 X 10-lO 

3.91 X 10-5 

2.14 

1.99 X 104 

8.64 X 107 · 

8.98 X 10lO 

9.97 X 109 

8.63 X 107 
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units of cm-3 while the temperature and energies are in eV. Using the densi­

ties in Table III.6-1, the line radiation powers are found to be 

-7 3 PL ~ 5.89 x 10 W/cm 

for helium and 

-2 3 PL ~ 1.64 x 10 W/cm 

for oxygen. For the halo plasma, the power loss due to parallel flow is .2 

W/cm3 at n = 1013 cm-3 and 100 eV. Both values for the line radiation are 

small compared to the total power of the system and should not be important to 

the power balance. 

Postet a1.(4) have done more detailed calculations which lead to an even 

lower power for oxygen (3 x to-4 W/cm3) and approximately the same value for 

helium (2 x 10-6 W/cm3). Though the resulting powers are somewhat different 

than those calculated herein, the general statement that line radiation is not 

an important effect for oxygen and helium impurities is supported. 

11!.6-7 
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References for Section III.6 

1. R.P. Drake, "Control of Plasma-Wall Interactions in Tandem Mirrors," 
Lawrence Livermore National Labaratory Report UCRL-86273 (1981). 

2. G.D. Porter, "Effect of Gas Recycling and Secondary Electron Emission," in 
Physics Basis for MFTF-B, edited by D.E. Baldwin, B.G. Logan, and T.C. 
Simonen, Lawrence Livermore National Labaratory Report UCID-18496, Part 2 
(1980). 

3. G.A. Emmert, "Modeling of Bundle Divertors," University of Wisconsin 
Fusion Engineering Program Report UWFDM-343 (1981). 

4. D.E. Post, R.V. Jensen, C.B. Tarter, W.H. Grasberger, and W.A. Lokke, 
"Steady-State Radiative Cooling Rates for Low Dehsity, High Temperature 
Plasmas," Atomic Data and Nuclear Data Tables 20, (1977) 397. 

5. D.E.T.F. Ashby and M.H. Hughes, "A Study of Impurity Radiation From the 
Peripheral Plasma of a Tokamak Reactor," Culham Laboratory Memo (CLM­
P625), November 1980. 

6. L.L. Lengyel, "Analysis of Radiating Plasma Boundary Layers," IPP Report 
IPP 1/191, Sept. 1981. · 

7. D. Mosher, "The Coronal Equilibrium of High Atomfc Number Plasmas," NRL 
Memorandum Report 2563, March 1973. 

8. R.W.P. McWhirter and T.F. Stratton in "Plasma Diagnostic Techniques," 
(R.H. Huddlestone and S.L. Leonard, Eds.), Academic Press, New York, 1965. 

9. T.A. Carlson, C.W. Nestor, Jr., N. Wasserman, and J.D. McDowell, "Calcu­
lated Ionization Potentials for Multiply Charged Ions," Atomic Data 2, 63 
(1970). -

III.6-8 



- 178 -

IV Heating, Fueling and Exhaust 

IV.l E"leetron Cyelotron Resonanee Heating 

IV.l.l Introduetion 

Continuous direet heating of the potentially trapped eleetron population 

in the TASKA end plugs is neeessary to maintain the exeess potential <Pe 

required to eonfine the eentral cell ions.(l) This exeess plug potential is a 

nearly 1inear funetion of the plug eleetron temperature Tep: 

(IV.l-1) 

Here Tee is the eentral eell eleetron temperature, <Pb is the barrier potential 

dip, and ne and nb are the plug and barrier eleetron densities, respeetively. 
1,'1 • .; 

The desired exeess potential of 43 keV requires a plug eleetron temperature 'o-f. 

59 keV. 

A detailed study of the barrier/plug plasma physies reveals that good 

eonfinement ean be aehieved if the heating zone is eentered areund the 2 

tesla-point, i.e., at an axial distanee of 2200 em outward.s from the midplane 

of the eentral eell. This is beeause the plug eleetron population is eleetro­

statieally eonfined by the total potential ~b + ~e' and heating anywhere with­

in the electrostatie well should heat the bulk eleetron population. 

Following eriteria were used to define a feasible solution of the heating 

probl em: 

a. No variation of the signal frequency should be required during the startup 

phase of the reaetor. 

b. The launehing direction· should be eonstant, too, and should not be close 

to t4ngential to the plasma surface. 

IV.1 ... 1 
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c. Penetration of the plasma should be good, i.e., most of the wave energy 

'should be absorbed by the bulk of the plasma (as opposed to surface 

absorption, which approaches 100% when the plasma appears as a blackbody 

at the local electron cyclotron resonance frequency). 

d. Absorption should b~ near 100% for a single pass through the plasma. To a 

certain extent this criterion is in contradiction to c), and one has to 

expect a fairly narrow window in parameter space where both requirements 

are satisfied- if such a window exists at all. 

e. The transport system between wave source and plasma should have low losses 

and show a low susceptibility to neutron damage. 

f. The wave source should require only a slight extrapol4tion of existing 

technology. We will discuss in detail the solutions we propose, starting 

from the plasma requirements. 

IV.1.2 The Plasma 

Propagation and absorption of electromagnetic waves close to the electron 

cyclotron frequency of the plasma was studied numerically using the general 

purpose code ECNAG.(2) This code is characterized by: 

a. Numerical solution of the geometric optics equations 

dr ao;al< 
df = - aojaw 

al< ao;ar 
ät - ao;aw 

using a cold-plasma dispersion relation 

D(l<,w) = 0. 

IV.l-2 

(IV.l-2) 

(IV.l-3) 
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Here r and k represent the position of the wave front along the ray and 

the wave vector, respectively, while t and w are time and frequency. 

Because we are interested in spatial absorption in a stable plasma w is 

held constant while 1< is allowed to vary according to the requfrements of 

the dispersion relation. 

It has been shown that using a hot plasma dispersion relation does 

not affect the calculated wave trajectories(3) as lang as the characteris-

tic distance of the absorption is significantly larger than the wave­

lengths involved. 

b. An analytic absorption model. We would have preferred to use a more 

generally valid numerical model, but at present such a model is not avail­

ab 1 e for absorpt i on araund the fundamental frequency. The choi ce of the 

resonance at 2 T excludes the use of harmonics (the cyclotron frequency 

wc at B = 2 T is 56 GHz, i.e., at the limit of available power sources). 

The model consists of the following expressions for the absorption 

coefficient a, correct to lowest significant order in Vthfc: 

*oblique propagation, low density,(4) 

2 
ax ,o = r; wp ~ ( 1 + 

2 2 c w 

c w-wc 2 
-(y- ckcose) 

2 c e th· 
cos e ) v th -__,.,-c-o s--=e,...,.l--

*oblique propagation, high density,(5) 

vth w 1 
ax '

0 
= 212 Rx '

0 
-c- -/- Im[- mJ] 

IV.1-3 
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where Rx,o represents a complicated function of w , w , ~ and e (which p c w 
. 2 1 {2 c w-wc 

sca 1 es as ~ "' - 1), z; = - -- ckcose and Z( z;) represents the fami 1 i a r 
w2 ne . 2 vth 

p1asma disp~rsion. function. 

*quasi-perpendicu1ar propagation, 1ow density(5,6) 

*quasi-perpendicu1ar propagation, high density( 5) 

The function Fq(z) is the relativistic counterpart of the plasma 

dispersion function and is defined by(7) 

eizt 
J dt 
0. (1-it)q 

00 
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Gq(z) is a shorthand for 1 

2 
1 (j)p 

+--F (z). 2 2 q 
wc 

Remarkable is the inverse dependence on the squared plasma frequency w~ 

(i.e. on the electron density np) of the absorption coefficient for the 

extraordinary mode in a high density plasma. The ordinary mode does not 

show this anomalaus behavior, and Eq. (IV.1-6) is simply the low density 

limit of Eq. (IV.1-8). The code selects between oblique (where Doppler 

broadening prevails) and quasi-perpendicular (where a relativistic mecha­

nism is dominant) regimes by comparing the qua~tites ~k lcosel and. vth/c. 

Both high and low-density absorptivities are calculated, and the lowest 

value is used. Finally, the choice between X and 0-mode depends on the 

user and is dictated by the polarization of the incoming signal. The code 

is completed by user supplied models for the confining magnetic field and 

the plasma equilibrium. 

IV.1.2.·1 Magnetic Field and Plasma Model 

We use a field model based on quadratic regression of data from an exact 

field calculation with EFFI: 

Bx = [.0085 z2 - 4.35 z + 512] x 

BY = [-.0028 z2 + 1.22 z - 198] y (IV.1-11) 

IV.1-5 
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This model does not satisfy 'V • B = 0 at every point (x,y,z) where the model 

holds, but 'V • B « IVBI. The point z = 300 cm where Bz = Bp = 2 Ton axis is 

an arbitrary chosen coordinate, corrsponding to z = 2200 cm in the regular 

system. Distances and fields are in cm and gauss, respectively, and the model 

holds for l~,yl i 30 cm and 250 cm < z < 350 cm. The plasma electron density 

and temperature are represented by 

Te = T e eo 

(IV.l-12) 

(IV.l-13) 

where Teo and neo are the central electron temperature and density, respec­

tively, r2 = x2 + y2 and a is the plasma radius. The ß-factor, i.e., the 

ratio between kinetic and magnetic pressure, is calculated for every point 

along the ray trajectories and the vacuum magnetic field calculated by means 

of Eq. IV.l-11 is corrected accordingly. 

·IV.1.2.2 Results 

Preliminary calculations showed that the extraordinary mode (wave 

electric vector in a plane perpendicular to the confining magnetic field at 

perpendicular prop.) cannot be used for the following reasons. 

A complication typical of linear confinement systems is that the resonant 

layer roughly has the shape of a disc perpendicular to the machine axis. As a 

consequence the ray trajectory needs to have a substantial axial component if 

one is to achieve absorption in the central plasma area. For an X-polarized 

wave the plasma acts as a dielectric with a refractive index larger than 

unity, i.e., with a high permitivity. This implies that a ray is bent towards 

IV.1-6 
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the normal and will have to enter the plasma at a grazing arigle to allow for 

any penetration in the axial direction. There simply is not enough room to 

mount the launehing structure parallel to the axis of the reactor. Further-

more, such a mounting would make the structure very vulnerable to neutron 

damage. 

The extraordinary mode as a rule has a very high absorption coefficient. 

While this is an attractive feature during the early startup phase and, in 

general, for devices with a low operating temperature, it turns the plasma 

into a black body which totally absorbs the wave at the plasma surface. 

Therefore, X-mode heating of a mirror plug can only be useful during the 

earliest startup phase. This would, however, require separate sources for 

startup and steady-state operation. For this reason the use of waves with X­

polarization has been rejected a1together. Figure IV.1-1 shows typical ray 

trajectories and absorption patterns for the X-mode. 

The ordinary mode has its wave electric vector oriented parallel to the 

direction of the confining magnetic field (for propagation perpendicular to 

the field) and, therefore, displays little or no refraction. One expects no 

penetration problems with the ordinary mode until high electron densities or 

very high temperatures are reached. If the density is sufficiently high, then 

the condition 

is satisfied on a closed surface in the plasma. Because the plasma frequency 

wp is a cut-off for the ordinary mode the wave cannot penetrate inside this 

closed surface. A total electron density of 1.1 x 1013 cm-3 in the center 

IV.1-7 
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implies a lower limit for the wave frequency of 29.8 GHz, which is well below 

the electron cyclotron frequency of 56 GHz. The flat density profile (Eq. 

IV.1-12) causes the w = wp surface to be ill defined in the bulk of the plasma 

and prevents the use of reflection at this surface to enhance the effective 

optical depth of the plasma. 

Figures IV.1-2a through 2g show ray trajectories and absorption levels 

for various temperatures representative for both startup and steady-state. 

The launehing point is chosen .5 m outwards from the B0 = 2 T point and the 

frequency is kept at 56 GHz. Although it is certain that a different fre­

quency may lead to improved results, it was felt that the commercial availa­

bility of.a 56 GHztube was too important an asset to be sacrificed for 

slightly better plasma physical performance. The dots representing the ray 

trajectories are plotted at fixed time intervals (of 1o-10 s) and, therefore, 

their separation can be used as a measure for the phase velocity. The numbers 

1-7 represent the percentage of incident energy absorbed up to the point where 

they are printed; they stand for 25, 50, 75, 90, 95, 99 and 100% absorption, 

respectively. 

Other features of the plot are the quasi-axial field lines and, from 

right to left, the electron cyclotron resonance, the right-hand cyclotron cut­

off and the cold plasma resonance'surfaces; the .latter two only affect the 

extraordinary mode. The angles of incidence are measured from the upwards 

vertical, in clockwise direction. Linear scales are the same in both 

directions. 

At 5 keV absorption of the ordinary mode is already considerable: the 

rays with a 60°, 55°, and 50° incidence reach 46, 66 and 68 percent absorp­

tion, respectively. At 10 keV the corresponding percentages are 68, 88 and 
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95. Within the accuracy of the model this probably means that total absorp­

tion of the ordinary mode can be expected for electron temperatures from ca. 

10 keV on. For higher temperatures all rays in the 50°-60° range yield good 

absorption and penetration, with the 55~-60° launehing direction giving the 

best centering around th~ plasma axis. 

Careful examination reveals that the absorption is not symmetric about 

the cyclotron resonance surface. This is explained by cold plasma dispersion 

effects which vary quite strongly in that frequency range, especially when the 

angle e between the wave propagation vector k and the confining magnetic field 

B0 becomes small. This effect is clearly illustrated in Fig. IV.1-3 which 

represents the absorption coefficient a as a function of wc/w with e varying 

from 10° to 60° with 10° intervals. At 30 keV the domi~ant absorption mecha­

nism is Doppler broadening for these directions, and the absorption profile is 

obviously asymmetric for the lower values of e. 

Very recently, the ray tracing and absorption code has been coupled to a 

one-dimensional time dependent transport code. Only preliminary results were 

obtained, but they contribute very positively to our understanding of the 

heating during the initial startup phase.(8) 

At a temperature of 2.8 keV a 56 GHz wave was launched at 60° with 

respect to the normal. The cumulative absorption was 86% when the ray left 

the plasma which means that an unexpectedly low fraction of the energy will be 

reflected at the wall and, in all likelihood, be absorbed somewhere in or 

close to the central cell. The transport code results show that (Fig. IV.1-4) 

energy deposition is strongly peaked in the plasma core. Figure IV.1-4 shows 

the absorbed energy as it is distributed over annuli of constant width and 
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hence the distribution per unit volume is even more peaked than suggested by 

the fi gure. 

Concluding, it can be stated that a wave 

- launched with ordinary polarization 

- at 56 GHz 

- at 55° with respect to the normal 

will be totally absorbed in the electron temperature range beween 5 and 60 

keV, while contributing strongly to the plasma electron heating during the 

early startup phase. 

IV.1.3 The Gyrotron Microwave Power Source 

For the RF power source we chose a 56 GHz gyrotron because a suitable 

tube in that frequency rangewill be commercially available from at least two 

companies (Hughes Aircraft Co. and Varian Associates, Inc.) at power levels 

from 200 to 250 kW. It is expected that power levels between 350 kW and 

1 Mw( 9,l 0) for continuous wave (CW) operation will become available by 1988. 

We opted for a conservative extrapolation of present-day technology to the 350 

kW level. 

The wave produced by these tubes has a circular (azimuthal) electric 

field. This can be converted to a linear polarization by using a stepped re­

flector of which one-half of the surface is displaced half a wavelength with 

respect to the other half. The desired polarization direction can be obtained 

by rotating the reflector. 

Both Varian and Hughes have 28 GHz, 200 kW CW tubes available and expect 

to produce CW, 200 kW tubes at 56/60 GHz within the next two years. Experts 

at both compani~s rate the cost of the tubes at $1. to $2. per watt of micro­

wave output with another $.50 to be added for the superconducting magnets. 
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The power supplies that are currently delivered for use with experimental 

gyrotrons are 80 kV, 8 A (i.e., 640 kW) devices costing $1.2 x 106 for 200 kW 

of RF output, or $6. per watt. ( 11) This makes, however, a very inefficient 

use of some of the power supply equipment. The whole installation is typical­

ly to be fed from a 12 kV, 3 phase-grid and consists of a phase disconnector, 

a step-start· contacter, and a vo ltage regul ator feedi ng a t rans former­

rectifier. The latter•s cost scales as 1.3 times its KVA rating. The next 

and most costly device in the power supply is a series tetrode which is 

capable of feeding five gyrotrons in parallel. This, of course, would require 

upgrading the power rating of the transformer accordingly. It has been esti­

mated that feeding five gyrotrons in parallel would reduce the cost of the 

power supply to about $2.5 per watt RF power delivered. Therefore, it seems 

realistic to adopt a global figure of $5/watt for a combined unit of gyro­

trons, magnets and power supplies for TASKA. 

IV.l.4 Beam Waveguide Launeher 

Transport and energy balance studies have shown that about 7.5 MW of RF 

power for each plug at the electron cyclotron frequency are necessary to 

maintain the required elecron temperature (59 keV) in the plug regions. As 

shown in section IV.1.2.2, a launehing direction of 55° with respect to the 

normal ensures good absorption over a wide temperature range. 

Since gyrotron sources at present are limited to power levels of about 

350 kW, and it is not anticipated that the output of individual tubes is 

likely to rise above 500 kW to 1 MW in the future, power combining of several 

individual sourceswill be necessary. If delivering the total required power 

to the plasma is accomplished by multiple antennas, each feeding a separate 

regi on, then many ports and cons i derabl e space wi 11 be needed. Thi s may very 
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' 
well conflict with magnet requirements. Passive combining results in an 

intolerable 3 dß loss and nonreciprocal combiners are also impractical at high 

power levels as well as in the presence of high magnetic fields. 

To overcome these difficulties it is proposed to utilize a quasi-optical 

beam waveguide system. Such a system not only affords low loss spatial com­

bining of gyrotron sources to multimegawatt levels but also directs the 

radiation onto the plasma region from specific angles. 

The beam waveguide shown in Fig. IV.l-5 is an open (non-metallic) wave­

guide composed of periodically spaced phase transformers (lenses or conducting 

reflectors in the optical sense) which redirect the beam and thus maintain 

high energy concentration along its axis. Such phase correction can be ob-

tained on reflection from pa~abolic mirrors as will be seen shortly. The 

lowest loss beam waveguide mode designated TEM00 is characterized by a 

Gaussian radial amplitude distribution and linear polarization. Beam modes in 

general are characterized by the product of a Gaussian and the generalized 

Laguerre polynomials.(12) The lowest order Lague.rre polynomial, L~, is simply 

equal to one, however, and hence the TEM00 mode transverse fields are given by 

(IV.l-14) 

where R = guide radius and a = /k /2z plays the role of the Fresnel number of 
0 0 

geometrical optics with 2z0 designating the phase transformer spacing. Dif-

fraction loss on such a waveguide is shown in Fig. IV.l-6 vs. the dimension­

less parameter 11 a 11
• Suppose, for example, a diffraction loss of 0.01 

dB/iteration (or 0.2%) is chosen, leading to an 11 a11 value at 56 GHz of 2.3 

from Fig. IV.l-6. This 11 a 11 yields a 11 lens 11 spacing of 2 meters and a radius 
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Fig. IV.l-5 Beam waveguide. 
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of 9.5 cm. It is evident that at a given frequency it is possible to design 

the lens spacing and radius for any given diffraction loss. 

It can be seen from Fi g. IV .1-5 that the beam mode fiel ds are reproduced 

at the centers of succeeding phase transformers, i.e. the fields of bb' equal 

the fields at aa', etc. In addition, these fields must have uniform phase as 

must the fields midway between each transformer. In fact if a short circuit­

ing metal plate were placed at the center of a phase transformer and another 

midway between two transformers a resonator would result. Such a resonator is 

also shown in Fig. IV.l-7 where the required phase correction is obtained by 

reflection from a parabolic mirrar instead .of from a half lens backed by a 

flat plate. That is, a Gaussian amplitude uniform phase beam mode at point 

"a" in Fig. IV.l-7 is exactly reproduced upon itself after reflection from the 

mirror. 

Gonsider now the familiar Gassegrain system of geometrical optics shown 

in Fig. IV.l-8. In the absence of the hyperboloidal mirror, excitation at the 

focal point, a', would result in parallel rays, i.e., a uniform phase front, 

at b. In the offset Gassegrain system shown, adding the hyperboloidal section 

merely switches the excitation point to "a" and aperture blocking is prevented 

by the offset. lf now this system were excited at 11 a" by a beam mode 

{Gaussian amplitude, uniform phase) instead of a point source then that exci­

tation would be exactly reproduced at "b" just as it was in Fig. IV.l-7 be­

cause the Gassegrainian tandem hyperboloid-paraboloid acts identically to a 

single paraboloid of focal length f. 

Such an arrangement has considerable practical utility for plasma heat-

; ng. If one imagi nes the pl asma at poi nt "b" and a proper beam mode exci­

tation device at "a" then uniform phase radiation can be concentrated onto the 
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plasma from any desired angle and the source is shielded from the neutron 

radiation flux by the intervening hyperboloid which can be backed by neutron 

absorber. A suitable launeher for the fundamental beam waveguide mode is the 

familiar horn-reflector antenna. 

Horn-reflector antennas have been employed for many years in com-muni­

cation systems.(l3) Such an antenna shown in Fig. IV.l-9 is also an offset 

paraboloid. Here, however, the apex of a cylindrical horn is placed at the 

focal point of the paraboloid. The horn has a mode converter in its throat 

which when fed with the TE 11 mode of cylindrical waveguide produces both the 

TEll and TM 11 modes in the horn. These modes propagating tagether in the horn 

produce by interference a near Gaussian radial amplitude distribution at the 

horn mouth.(l4) Upon reflection from the paraboloid a uniformphasefront is 

created and hence the resultant aperture field is just that required to launch 

a beam mode. 

Since the dual mode horn must be fed with the TE 11 cylindrical waveguide 

mode and because the gyrotron output is typically TE 0n an intervening mode 

transducer is required. Suppose, for example, a TE 01 gyrotron is used. In 

that case a stepped twist-reflector will provide the necessary conversion to 

the TE 11 mode. A quarter wave step over one half of the reflector converts 

the circular symmetric mode electric field tnto an anti-symmetric field. Now 

the quarter wave grating of the twist-reflector reverses the polarization of 

only one of the reetangular components of the electric field with the result 

that the fields now conform to those of the TE 11 mode. 

A complete delivery system incorporating each of the principles discussed 

above is shown in Fig. IV.l-10. This system designed for TA.SKA could consist 

of up to 13 gyrotrons distributed around an axis which in turn makes an angle 
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of 35° with the machine axis. For the design given, all beams incident on the 

plasma lie within an angle of 30° to 40° as required from our ray tracing · 

calculations. Hence power levels per port of up to 4 megawatts are possible 

with this system if each individual gyrotron is limited to 350 kW. Each gyro­

tron feeds a stepped twist reflector mode converter which in turn excites the 

dual mode horn. Since individual sources are limited ·to 350 kW, breakdown 

fields in the metallic waveguides governed by 

are limited to about 4xlo6 V/rn which pose no breakdown problems in the absence 

of plasma at p0 < 10-6 Torr. When the powers are combined, the Gaussian 

beam's maximum amplitude is dictated by 

where "a" is the parameter of Fig. IV.l-6. This results in a field intensity 

of 113 kV/m for Pavg = 4 MW. This is a worst case calculation since it as­

sumes all fields combining in phase, a highly unlikely event. Even in this 

warst case the field intensity is low because of the relatively large area 

over which the energy is distributed, and since no metal boundaries are in 

proximity to the fields there should be no breakdown problems. 

It has been shown that a quasi-optical feed system for plasma heating in 

fusion reactors is totally compatible with th~·reactor constraints. Such a 
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system allows multiple medium power gyrotron sources to be combined into 

intense beams which can be focused onto the plasma in a well defined cone. 

The antenna system is derived from an offset Gassegrain and employs Gaussian 

beams which give good energy concentrations without breakdown and are charac-

terized by an absence of side lobes. The antenna system also isolates the 

sources from neutron flux and allows the gyrotrons to be located well away 

from streng magnetic fields as well as providing for good vacuum pumping the 

intervening region. 
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IV.2.1 Introduction 
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The overall power balance, heating system layout and heating efficiency 

of TASKA can be greatly improved by considering direct ion cyclotron frequency 

range (ICRF) heating of the central cell ions.· · As discussed in detail in 

Sections III.l-!1!.4, the potential use of direct central cell heating by an 

ICRF heating system provides an easier layout for access of high energy 

neutral beams in the plug and barrier regions with lower total power and ener­

gy requirements on them. In addition, the anticipated high heating efficiency 

of the ICRF system and relatively low cost per watt of RF power coupled to the 

ions makethis an important design consideration. The central cell ICRF 

system wi 11 greatly improve the startup scenario and can add to the control of 

the plasma burn. The main concern of a central cell ICRF heating system is 

not in the heating efficiencies or cost factors which have been demonstrated 

at above the megawatt level in tokamakssuch as PLT(l) and TFR,(2) but in the 

vi abil ity of the antenna structure in the hot central cell region of the test 

reactor. Since very little work has been done on this subject, we will 

propose a design based on physics and machine requirements and give a prelimi­

nary evaluation of the antenna viability in a reactor environment. 

IV.2.2 ICRF Physics and Design Considerations 

The power balance calculations discussed in section III show that a 

central cell ion cyclotron heating requirement of 40 MW of power coupled to 

the central cell ions is required for the design Operating point. The central 

cell operates at low magnetic field (8
0 

~ 2.7 T) and the relatively high 

ß = 50% at full operating regime provides a fundamental deuterium ion cyclo­

tron resonance frequency of fcd = 15 MHz. In this frequency range and given 
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the radial constraint of the central cell reacting hot plasma edge at r = 32 

cm, we are constrained to coil antenna coupling. The high density core plasma 

with n = 2 x 1o14;cm3 will provide good coupling in the ICRF range. 

In order to improve the antenna coupling to the plasma the second harmon­

ic near f = 2fcd = 3fct = 30 MHz is proposed as the frequency for the heating 

system.( 3-5) This will allow the wave evanescence in the plasma edge tobe 

decreased and allow the wave mode, including the 14 cm thick plasma halo 

annulus, to be better coupled to the plasma core. Recent f = 2fch = 42 MHz 

heating experiments at above the megawatt level on the PLT tokamak have proven 

quite successful .( 6) It is expected that a detailed analysis of the scaling 

of this heating scheme to reactor parameters will also prove attractive. It 

also allows the possibility of minority fundamental hydrogen heating 

f = 2fcd = fch at lower ion temperatures as part of the startup scenario. 

Another consideration for the ICRF system is its location to ensure heat­

ing of the central cell ions. The ideal location would be in the central 

region of the central cell with the magnetic field decreasing slightly towards 

the ends of the central cell. where wave particle resonance and heating occurs. 

This would ensure that the wave would be fully absorbed in the central cell 

region and not allowed to propagate into the barrier regions where it could be 

absorbed and have a deleterious effect on the barrier performance. However, 

since the REGAT and blanket test modules are located in the central region of 

t~e central cell, we consider ICRF coupl ing regions towards the ends of the 

central cell. 

To provide a directivity .of radiated power, we first considered a phased 

array of four coil sets of two each on each end of the central cell. They 

would be excited in an m = ± 1 configuration by 20.3 cm inner diameter coaxial 
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feeds which will accommodate the 5 MW/two coil set power coupled with a suf­

ficient safety factor to eliminate RF arcing. To provide directivity towards 

the central part of the central· cell a >.
11
/4 array with a 4> = goo electrical 

phase advancement for each successive coil away from the central region could 

be employed to provide a maximum radiation towards the central region and a 

null towards the barrier region. However, the parallel wavelength values for 

the fast magnetasonie wave mode in the plasma region corresponding to 

k
11 

= 5-15 m- 1 require that >.
11 

= 1.26-0.42 m. At these lower frequencies, the 

substant i a l mutual i nductance between the close l y spaced adj acent coi l sets in , 

the vacuum region makes the RF circ~it drive problern more difficult. It would 

be hard to achieve the 90° electrical phase difference required for direc­

tivity of the radiation pattern •. The adjacent antennas are also very closely 

spaced (20 cm center to center) for this level of coupled RF power. 

We then considered a >.
11
/2 spacing with a 180° electrical phase shift 

between adjacent coils. This provides a symmetric pattern of radiation in the 

axial direction but is easier to excite since the mutual inductance term is 

minimized due to the 180° electrical phase shift between adjacent coils. We 

must then invoke the property of reflection of the portion of coupled RF power 

propagating towards the barrier zone before it reaches the ion cyclotron reso­

nant zone. This is feasible since the plasma density decreases drastically as 

one moves from the central cell to the barrier zone to n8 = 6.8 x 1o12;cm 3• 

The plasma radius is also much smaller than in the central cell so that the· 

na 2 criteria for fast mode propagation is not met and the mode can be local­

ized in the central cell region. 

Finally, to protect the Jntennas from the 3.5 MeV a particles resulting 

from the D-T fusions in the low field central cell region we have introduced a 
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14 cm thick plasma halo araund the reacting plasma to allow the antenna to be 

located some distance from the fusion plasma. This allows the antenna to be 

located more than an a-particle gyroradius away to protect it from a-particle 

bombardment. The intervening region 32 cm < r < 46 cm cannot be made a vacuum 

region since the reduced plasma loading on the antennas would decrease the . 

coupling efficiency and the wave fields would be evanescent from the antenna 

to the fusion plasma surface. Thus, the halo plasma with high density and 

lower temperature allows the fast wave to propagate while locating the 

antennas at a safer distance from the reacting fusion plasma. 

Another consideration involves the launehing and absorption of the RF 

power with the deuterium ions. An axial magnetic beach is proposed. This is 

desired since we wish to launch the RF power in a region where the wave fre-

quency is well below (~ 10 - 15%) the second harmonic deuterium resonance and 

avoid local harmonic resonance of ions which could strike the antennas and 

interfere with an efficient coupling process. The wave then propagates from 

the ends of the central cell towards the central region where the magnetic 

field decreases by 10% and deuterium absorption occurs. For the 30 keV 

central cell ion temperatures and a dominant k
0 

spectrum component of 

k0 = 7.85 m- 1, the k0v1 Doppler width corresponds to 5% of the second harmonic 

resonance at f = 30 MHz. At these higher densities, n = 2 x 1o14;cm3, the 

deuterium-tritium equilibrium and ion isotropization times will be sufficient­

ly rapid so that both ion species will be heated to the same temperature and 

instabilities arising from a high degree of ionthermal anisotropy will not 

affect confinement. If additional flexibility is desired in determining the 

axial heating profile, the antennas can be driven at slightly different 
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frequencies or a more broad band source excitation can be considered to tailor 

the axial power deposition. 

IV.2.3 Antenna Layout 

A more detailed drawing of the ICRF coil antenna launehing region is 

shown in Fig. IV.2-1. The fusion reacting plasma producing a particles is 

given by r < 32 cm. A 14 cm halo plasma of sufficiently high density to allow 

fast wave coupling and propagation (n > 8 x 1012;cm3) and sufficiently low 

temperature to minimize antenna Faraday shield erosion is produced between the 

core plasma and antenna. The antennas and Faraday shield are of 8 cm radial 

by 20 cm axial extent and are of an all conductor, no dielectric design scaled 

from recent designs used on TFR and PLT. Finally, a 5 cm gap between the back 

plate of the antenna Faraday shield and the first wall is required to minimize 

wall image currents affecting coupling efficiency. 

Each antenna is of 20 cm axial extent with a 20 cm space between each 

Faraday shield. The electrical phase alternates by 180° between each antenna 

to minimize the mutual inductance term for the driving circuit and provide the 

dominant k" = 7.85 m-1 spectrum component. The total RF coil system (8-2 coil 

sets) then take up 2.8 m of axial extent of the central_ cell. The antennas 

can be end fed by a 20 cm diameter coax with 5 MW/two coil setpower handling 

capacity. The 20 cm diameter coaxial feed through was sca1ed to provide an 

adequate breakdown protection based on current PLT experiments at 42 MHz. The 

two antenna set on PLT is fed by 10 cm diameter coax and has a coupled power 

capability to the plasma of 1.5 MW. The proposed 20 cm diameter coax should 

provide an adequate safety margin for the 5 MW/two coil set on TASKA. The 

Faraday shields surrounding the antenna coils will suppress axial electronic 

fields between the antennas. However, an RF test faclity would be useful to 
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testbreakdown and material limitations for the high ICRF power density pro­

posed for TASKA. At a frequency of 30 MHz and the wall diameter of 92 cm, a 

center fed resonant A/2 antenna of 50 cm circumferential extent can also be 

considered to optimize the plasma load impedance to the RF drive and matehing 

circuit to minimize high valtage breakdown. The feed system must be optimized 

for impedance matehing and modular design for rapid replacement of antenna 

modules. By recessing the first wall to accommodate the antennas, the po­

tential axial heat flux on the antenna array is eliminated. 

IV.2. 4 Materials Considerations 

The antenna coils and Faraday shields must be made of good conductors 

which will withstand the neutron bombardment, radiation damage, plasma heat 

flux and surface erosion. If metallic material or copper clad stainless steel 

were used, cooling would be required. Water cooling is readily introduced to 

the central coaxial conductor by means of quarter-wave coaxial stubs outside 

the reactor vessel. The higher operating temperatures can anneal the neutron 

induced lass of high conductivity in these materials, keeping conductor RF 

power lasses to an acceptable level. Another material which was considered is 

pyrolytic graphite. It has a high conductivity, high temperature capability, 

and could be considered to radiatively cool without the need for water cool­

ing. It is also a low Z material and would help to lessen the impurity radi­

ation problem.· Its structural integrity and resistance to cracking and 

fracture will have tobe further evaluated for use in fusion plasmas. 

Furthermore, graphite is known to be very susceptible to neutron radi­

ation damage. It is subject to large dimensional changes( 7) which are ac­

companied by the formation of microcracks throughout the material. As a 
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result, it is expected that the electrical conductivity of pyrolytic graphite 

will rapidly degrade with neutron irradiation damage. 

It is, therefore, 'proposed to employ metallic materials for the antenna 

coils and the Faraday shields. In order to obtain good electrical conduc­

tivity, the antenna coils are made of austenitic stainless steels plated with 

high-conductivity copper. As demonstrated by Haubenberger(B) the plating of 

copper on austenitic· steels can be accomplished by electrolytic or explosive 

methods. The advantage of this composite metal is that the high-conductivity 

copper is needed only where the RF current is carried, namely in the skin 

depth layer. The surface temperature for the copper layer is chosen to be in 

the range from 270°C to 330°C where most of the neutron darnage does not signi­

ficantly contribute to a degradation of·electrical conductivity. On the other 

hand, the temperature is sufficiently low for austenitic stainless steel so 

that swelling poses no severe problem. 

The Faraday shields are made of molybdenum sections, which are loosely 

attached by appropriately machined tongues and grooves to the rear antennas. 

In cantrast to the antennas which are cooled by water, the Faraday shields are 

cooled by radiation. Therefore, they reach temperatures estimated to be above 

7oooc. These temperatures are sufficiently high for molybdenum to avoid the 

radiation-induced embrittlement and a large shift of the DBTT. 

The Faraday shield acts to ensure the coupling of the fast magnetasonie 

mode, minimizes electrostatic mode coupling and protects the coil conductors 

from particle bombardment and plasma flux which could cause internal arcing. 

As such, some erosion of the outer Faraday shield surface will not cause RF 

power loss in the antenna and will protect it. Furthermaterials testing and 
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an RF test facility are required to develop materials for antenna coils for 

fusion reactor plasmas. 
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Neutral beam injection is the primary means for initial hot ion buildup 

in the plug, plasma heating, plasma fueling, and selective charge exchange 

barrier pumping in the TASKA tandemmirrar device. The overall.neutral beam 

injection requirement is generally divided into convenient modular (practical 

sized) neutral beam injector (NBI) units each producing an output atom current 

at a designated energy suitable for injection into the appropriate region of 

the plasma. The steady state NBI system for TASKA includes a pair of very 

high energy plug neutral beams (plug NB!) to help buildup and to maintain the 

plasma in·the high potential end plugs, a pair of high energy pump beams (HE­

NBI) to pump trapped ions out of the barrier minima, a set of six medium ener­

gy pump beams (ME-NBI) arranged for both barrier cell pumping and central cell 

fueling, and finally a pair of low energy neutral beams (LE-NBI) located to 

inject into a region of the thermal barriers where the plasma potential is 

such as to allow a low energy Nßr•s to pump out the higher energy trapped 

ions. The general layout of these NBI on the TASKA confinement vessel is 

shown in Fig. IV.3-l. The specific NBI equivalent current and energy require­

ments for each region and each function in TASKA are the result of a set of 

parametric code studies of plasma equilibrium needed for the neutron wall 

loading goal of 1.5 MW/m2 (described in Section III.3). The specific NBI 

parameters needed to produce the specified incident (on plasma) neutral beam 

current and power for TASKA are given in Table IV.3-l, including the estimated 

ion source high valtage power supply current requirements (with a 20% margin). 

For simplicity in initial wide ranging parameter studies, the equilibrium 

code calculations and the resultant NBI parameter listing in Table IV.3-l are 
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Tabl~ IV.3-1. TASKA Neutral Beam Injector Requirements 

Units 

Location 

Pl u g Nb 

Pl ugs 

HE-NB I 

Ba rri ers 

Injection angle Degrees 60 20 

kV 250 76 

A 10.8 (H0 ) 43.4 (0°) 

MW 2.7 3.3 

# Ion sources per 
NBI 

Tot.a 1 lf NB I 

r± estimate (for A 
I 0 wj 20% margin) 

j ( s • c • 1 • ) A/ cm 2 

Extraction area cm2 
(ft = .45) 

Beam foca 1 1 ength m 

Beam divergence Degrees 

Collimation (at cm2 
TASKA wall; 
single source) 

Min. footprint cm 
(radius) 

1 est. 

2 

23 (W) 

.05 

~ 20 X 50 

7.5 

* " • 3 

~ 16 X 21 

8** 

Gas fl ow (total) Torr-1 js ~ 20 

1 

• 27 

20 X 45 

12 

38 X 47 

12 

15 

ME~NBI LE-NBI 

Barriers Barriers 

25 45 

50 2 to 5 

3 X 55 50 (0°) 
(Do + To) 

8.3 .1 to .25 

3 1 

6 2 

3 X 121 97.5 (D+) 
(o+ + r+) 

0 3 • 25 

20 X 45 20 X 45 

7.5 6.3 

.7* 3.5* to 2.2* 

34 X 39 81 X 110 
(5 kV un­
focused) 

9.3 ~ 38 (5 kV) 

50 13 

* Divergences quoted are conservative 1/e values with reduction of up to a 
factor of two likely within the planning time for construction. 

**Minimum footprint quoted for slightly defocused beam to reduce beam loading 
on the remnant neutral beam dump. 
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both based upon only a single full energy species output (e.g., 0° at an energy 

eV 0 ) from each NBI. Therefore, some revision~ are to be expected in the NBI 

requirements of Table IV.3-1 when more refined equilibrium and self-consistent 

NBI calculations are made using the actual detailed output species composition 

from the ion sources. The best present o2 fed ion sources yield an ion beam of 

80% o+, ~ 15% o;, and ~ 5% o; (instead of 100% o+), with the resultant neutral 

beam output including a mixture of full energy (eV 0 ), one-half energy, and one­

third energy 0° components after dissociation and charg'e exchange in the 

neutralizer cell. The result for this typical species mix is effectively 1.25 

A atomic (D+) current per A of electrical current, but with an average o+ 

energy = ~8 eV
0

• 

The NBI's listed in Table IV.3-1 and their associat.ed electrical power 

supplies and gas pumping vacuum system represent a significant portion of both 

the capital facil ity and Operating costs of the machine. The machine perform­

ance (neutron wall loading) is predicted by code studies to be strongly depend­

ent on the maximum performance of the NBI system (and also of the required ECRH 

and ICRH systems). Therefore part of the NBI task is to get the maximum reli­

able performance from the NBI system. 

This chapter will therefore augment the simple NBI parameter listing of 

Table IV.3-1 by including a brief discussion of a typical positive-ion source 

neutral beam lines in Section IV.3.2 (to illustrate the factors limiting NBI 

performance), then describing a specific TASKA NBI prototype design selection 

in Section IV.3.3, and adding a few ion source details for ion source design 

selection in Section IV.3.4 for reference purposes. A negative ion source 

based NBI appears essential for efficient high energy NB production (e.g., for 

the 250 kV H0 plug NBI), but is described only briefly in Section IV.3.5 due to 
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uncertainty as to which type of negative ion source will be found most practi­

cal and most efficient for high energy neutral beam formation.(l) Note, how­

ever, that the hot ion heating function of the 250 kV H0 plug NB! can also be 

attained through use of a heavier mass 375 kV He 0 NBI using existing positive 

ion technology, if H- source technology does not develop as rapidly as ex­

pected. Helium gas, however, is difficult to vacuum pump, and therefore this 

less desirable approachwas not used for the TASKA reference design. 

IV.3.2 Typical Positive Ion Sourcejßeam Line System 

Each NBI unit includes one or more close coupled ion source, neutralizer 

cell and remnant ion sweep set(s) (as listed in Table IV.3-1), plus associated 

gas pumping panels, beam collimation apertures, and provision for beam diag­

nostics. The ion source tank section containing this equipment is in turn con­

nected via a bellows (with provision for adjusting the ion source tank ori­

entation for beam steering), a vacuum isolation valve, and ducting to the ap­

propriate position on the TASKA confinement vessel. Extensive magnetic shield­

ing and appropriate neutron shielding are required for the ion source, neutral­

izer cell and remnant ion sweep set(s). Finally, each NBI line requires a 

·remnant neutral beam power (and gas) dump on the far wall of the confinement 

chamber. A sketch of a typical NBI system is shown in Fig. IV.3-2. 

The ion sources, neutralizer cells, and associated gas pumping system are 

expected to largely determine the limits on the NBI performance. In particu­

lar, each ion source requires a relativel~ high amount of support technology 

for Operation and represents a very high power instrument. As such, the ion 

source designs and power supply specifications are required to be within con­

servative specifications to allow long-lived and relatively trouble free 

service. The beam heat loads incident upon the ion sweep dump, collimation 
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apertures, diagnostic calorimeter (when inserted into the beam), and the 

remnant neutral beam dump are often;.. 2 kW/cm2, so special design is required 

for adequate cooling and long lifetime. The LBL/IPP conceptual design study 

for the Zephyr NBI system is a good reference base for NBI details.( 2) 

IV.3.2.1 Primary Limitation to Ion Source Output 

The primary limitations to the ion source output result from (1) the space 

charge limit on the extracted ion density, (2) the limited transparency of the 

electrode set needed to form the ion extraction and acceleration field, (3) the 

need for a reasonably ·small sized electrode area to allow for cooling and to 

maintain accurate inter-electrode gap and extraction aperture set alignment 

(between electrodes), and (4) the intrinsic divergence of the ion beam. A 

typical ion. source(3) is shown in Fig. 1V.3-3. 

IV.3.2.1.1 Space Charge Limited Current Density j(s.c.l.) 

The fundamental limit to the maximum extracted ion current density arises 

through the Childs-Langmuir equation for the space charge limited current 

density. The generalized(4) form for a mixed ion species beam is: 

where: j i -

M· 1 -

V -

d -

current density of 

mass of ;th species 

I j .M. = 
i 1 1 

·th 1 species 

(a.m.u.), 

(mA/cm2), 

total voltage applied across the ext ract i on 

effective extraction gap ( cm). 

gap (kV), 

For a three electrode system V "' V0 + jV5 I, where eV 0 is the beam ion energy _of 

interest and V5 is the (negative) electron suppressor electrode voltage. Fcr 

good optics V5 is generally kept to the minimum needed (a few kV) to suppress 
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electron backstreaming (from the neutralizer cell regionback into the ion 

source), so generally V~ V0 • The extraction gap is limited by the need for a 

sufficient inter-electrode gap to avoid voltage breakdown. In general, the 

effective gap d is equal to the physical electrode gap plus a fraction of the 

characteristic apertur~ dimension. Fora typical polished set of plane 

electrodes, the limiting breakdown voltage(5) over a physical gap d is 

Vso(kV) ~ 60 ld (cm). The above space charge considerations form an uppe'r 

limit on the total j(s.c.l.) < 0.5 A/cm2 (typical). 

IV.3.2.1.2 Extraction Electrode Transparency ft 

Formation of a multi -ampere total i on beam then requi res extract i on from a 

substantial plasma area. Maintaining the required electrostatic field gradient 

(for a short gap over a large area) and shaping the plasma meniscus boundary 

for ion trajectories that balance the defocusing space charge forces against 

the focusing field from the aperture for minimum angular divergence output re­

quires use of a set of multi-aperture electrodes for extraction. The first 

electrode of such a grid set reduces the effective plasma area available by a 

transparency factor ft; typically ft ~ 0.45 for circular apertures and ft ~ ·o.6 

for slot aperatures. The average space charge limited current density for 

apertures then is ~ ft x j(s.c.l.). 

IV.3.2.1.3 Extraction Electrode Area 

The extraction electrodes for steady state multi-aperture ion sources are 

generally water cooled by flow through many .capillary tubes. The required 

cooling flow through the small capillary tubes tends to limit the extractor 

grid dimension in the corresponding flow ("height") direction to ~ 20 cm. The 

need for highly accurate dimensional stability in both the ex•traction gap and 

aperture alignment similarly limits the orthogonal C1width") dimension. Dirnen-
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sions of up to approximately 20 cm x 50 cm appear feasible, though from an ion 

source failure standpoint even smaller modular units would be desirable if they 

can be packed closely together. Electrode cooling limitations, the need for a 

long electrode lifetime (minimum erosion loss from sputtering), and wall cool­

ing requirements in the plasma source section of the ion sources combine to 

further limit extraction power densities. Therefore, average extraction 

current densities for high voltage steady state ion sources are expected to 

range from 0.1 to 0.3 A/cm2, with total extraction areas < 103 cm2. 

IV.3.2.1.4 Intrinsic Ion Beam Divergence e(div.) 
I 

Another basic factor limiting ion source performance is the intrinsic 

angular divergence e(div.) of t~e ion beam resulting from a combination of 

initial transverse ion motion in the plasma chamber, plus any unbalanced 

transverse ion beam motion from distortions in the plasma meniscus formed for 

each aperture at the beam forming extraction electrode, or from any aperture 

grid to grid misalignment. The value of e(div.) ~ tan-1(v
1

;vz) where v
1 

is 

the total transverse ion velocity and Yz is the final z component of the 

velocity after acceleration along the z axis. In practice e(div.) is experi­

mentally measured for the total ion beam resulting from the- merging of an array 

of beamlets, while code studies involve minimizing the divergence of a single 

typical beamlet for the selected operating parameters. 

For scaling and planning purposes in this study a conservative empirical 

fit for much of the multiple circular aperture 1/e divergence data(4) is 

adopted: 

e(div.) ~ 5 degrees 
v'V

0
(kv) 
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A similar approximate scaling can be used for slot apertures, with e(div.) 

parallel to the slots having a slightly lower coefficient and the divergence 

perpendicular to the slots higher by at least ~. Recent data for ion sourtes 

now under test show this empirical divergence reduced by ~ 0.7. The initial 

ion transverse motion implied.for these improved sources is still relatively 

large (Til ~ 3.7 eV if thermal) so it likely represents an intermediate limit 

with a lower Til < 1 eV possible with expected further plasma source develop­

ment. However the o+ ions from o2 or 0~ dissociation in the plasma sources 

have ~ Frank-Condon energies of a few eV, so additional ion-wall accommodation 

is needed for cooling Til (without again leading to molecular recombination). 

IV.3.2.2 Ion Source Output Garnposition 

Positive ion sources operating on a molecular gas such as o2 (etc.) 

generally yield a mixture of primary atomic ions (o+), diatornie ions (D~), and 

triatomic ions (o;). The exact mixture depends largely upon details of the arc 

operation, and upon the plasma chamber walls. Formost applications, a 100% o+ 

beam would be most desirable but present large sources appear to be limited to 

+ + + ~ 80% 0 , ~ 15% o2, and ~ 5% 03• 

IV.3.2.3 Impurity Limitation 

Tandem mirrar machines with substantial electrostatic potential end plugs 

or barriers, and closed magnetic field (e.g., tokamak type) confinement con­

figurations are sensitive to accumulation of high Z impurities because of the 

expected relatively long radial diffusion loss times. Initial estimates fo~ 

impurity plasma buildup in a tandem barrier indicate an ion source limitation 

of < 0.1% high Z (Z > 2) impurities is required.(6) Several means of selec­

tively ejecting impurities appear possible if necessary. 
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IV.3.2.4 Ion Current Loss During Extraction 

In operation, the extraction electrode set (three or four electrode 

systems) contributes to an accelerated ion current loss and excess power supply 

drain. The major portion of this loss appears due to the ion beam ionizing 

some of the background g~s flowing through the e1ectrode apertures. The 

resultant ion and electron trajectories then impinge upon an electrode or wall 

and cöntribute to the electrical power supply current drain. The primary ion 

can also be lost through Chargeexchange on this gas, impact one of the 

electrodes, and possibly eject secondary electrons and thereby increase further 

the electrical current drain. The total acceleration power supply current lass 

for an early LBL 20 kV ion source design has been measured by Berkner( 7) to be 

~· 20%; this yields an effective acceleration efficiehcy nacc ~ 80%. A higher 

nacc is expected for the higher gas efficiency ion source design adopted for 

the TASKA NBI due to lower gas flow and density. 

IV.3.2.5 Neutralization Efficiency 

The beam line charge exchange neutralizer efficiency for conversion of a 

positive ion beam to a neutral beam is limited because the rate of electron 

pickup by the ion (cross section a10 ) can come into equilibrium with the rate 

for electron lass (cross section a01 ). The equilibrium fraction 

F~ = a10/(d 10 + a01 ) is a rapidly decreasing function of energy, limiting 

reasonable positive ion beam conversion to ion beams with energies < 100 

keVjnucleon. In practice, gas scattering and excess gas flow and pumping 
' 16 2 problems limit the gas cell to a thickness f n dl ~ 3/(a 10 + a01 ) ~ 10 /cm 

for a conversion value N 0.95 of the infinitely thick value. The neutralizer 

efficiency for molecula~ ions is similar (for a sufficient cell thickness for 

nearly complete dissociation), except the cross sections are evaluated at the 
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reduced fragment energy (1/2 or 1/3 energy). However, the molecular ion dis­

sociation process also adds approximately the Frank-Condon energy to the re­

sultant fractional energy neutral components increasing their angular diverg­

ence (over that of the incident ion beam). In principle the neutralizer gas 

need not be the same as that of the ion source, but in practice it generally 

is, because the cell must be closely coupled to the ion source (ion beam trans­

port without good space charge neutralization is impractical) and the need to 

avoid high Z impurities (that would be expected from any higher Z neutralizer 

gas back flow into the ion source though carefully designed metallic vapor 

curtain designs might be considered). The onJy useful exceptions are that H2 

or o2 cou]d be used as the charge exchange mediums for a r+ NBI. The best low 

gas flow destgns for the required J n dl ~ 1016;cm 2 thickness neutralizer cell 

appear to use cooled (77°K) neutralizer walls for the main length and warm 

walls near the beam exit. Any additional neutralizer gas beyond that required 

with the minimum gas flow from the ion source should be added in the neutral­

izer cold wall section to reduce the neutralizer gas temperature (and flow 

velocity). 

IV.3.2.6 Ion Sweep and Dump 

The removal of the remaining ion equilibrium fraction of the beam at the 

exit of the neutralizer cell requires an ion sweep system, a high power density 

beam dump (or a direct energy collector), and appropriate gas pumping. The 

reason for this requirement is that the ions in the beam path beyond the end of 

the magnetic shielding would be bent by any transverse magnetic fringe field to 

strike the wall and possibly cause undesirable intense local heating and gas 

desorption. The ion sweep section is intended to remove these ions at a 

selected location with appropriate cooling destgn capability. The ion sweep 
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can be either magnetic or electrostatic in action with a ~ 90° deflection mag­

netic geometry being the most straightforward. The presence of fractional 

energy ions after molecular ion dissociation in the charge exchange neutralizer 

cell must also be considered in the magnetic ion beam dump (or direct energy 

recovery unit)· design. 

IV.3.2.7' Neutral ßeam Line Transport Efficiency 

The neutral beam line transport efficiency nt involves two general types 

of losses. The first fundamental one being from the finite "Gaussian" beam 

density distribution j = j exp[-(e;ed. )2] for a beam with an angular diverg-o . 1 V 

ence ediv (from the ion source or added in the neutralizer from scattering and 

molecular ion dissociation) contributing to beam losses on the beam line 

defining collimation. The second loss process is due to neutral beam ioni-
-forndl 

zation on any background gas with a beam attenuation oc e • An energetic 

ion formed from neutral beam ionization beyond the magnetic shielding would be 

deflected in any magnetic fringe field and likely impinge upon a wall and be 

lost. A total trans~ort efficiency ntransp. - 0.9 is typical ,( 8) but improve­

ment is possible with a lower beam divergence and better gas pumping for a 

lower gas density (f n dl) from the ion sweep to the TASKA plasma. Use of a 

focused ion beam input to the neutralizer can allow smaller collimation aper­

ture dimensions (and hence reduce gas flow beyond the ion sweep section), and 

reduce the NBI footprint size on the plasma. 

IV.3.2.8 Neutral Beam Support System 

IV.3.2.8.1 Electrical Power Supplies 

For operation, each ion source requires several types of programmed 

power. Each ion source involves a plasma source requiring substantial cathode 

and arc power (at high voltage if in the Standard positive ion source configu-
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ration, or near ground if the neutr.alizer sweep sections are arranged at nega-

tive high valtage - see Section IV.3.4.3). The main ion source power required 

is the high valtage acceleration supply, with associated current limiting 

controls in case of ion source sparking or breakdown. An intermediate valtage 

tap is also required for the gradient electrode if used with a four electrode 

system (desirable for V0 ~ 50 kV). Finally, a smaller few kV negative power 

supply is required to maintain the electron suppressor grid negative to prevent 

electron acceleration from the neutralizer back into the ion source. 

IV.3.2.8.2 Gas Pumping System 

Each ion source unit requires a minimum gas flow into the arc chamber for 

plasma formation and to support the extracted ion beam flow. In addition, 

sufficient gas must be added in the neutralizer foratotal 

J 1 16 2 n d ~ 3/(o 10 + o01 ) ~ 10 jcm • A high gas efficiency nominally 50 A 

(atomic ion equivalent current yield) 50 kV NBI is expected to require a total 

02 (or T2) gas flow of ~ 15 torr-1/s. Preliminary calculations indicate that 

at least three pumping stages are desirable for a duct pressure < 2 x 1o-5 torr 

and that the final duct must be short (< few m), well cooled, and shielded from 

any direct energetic beam impingement to avoid thermal 11 Stewart 11 desorption and 

possible duct choking.(9,10) 

The computer code studies require a 44% o2 and 56% r2 fueling mixture of 

the ME-NBI beam, which can be obtained either through the use of separate T0 _ 

and 0° beam lines or by using a mixed o2, r2 and OT input in each of the ME~ 

NBI. The mixed gas approach appears the most desirable, as it would allow most 

of the ME-NBI gas effluent to simply be purified and recompressed for recycl­

ing, with just enough makeup 2as added from the cryo-distillation facility to 

maintain the needed flow and gas composition. A relatively smaller cryo-
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. 
distillation plant could then be used to separate the H2, o2 and T2 fractions 

from the vessel end wall pumps for use with the appropriate NBI as well as 

remove the accumulated fusion product He. 

IV.3.2.R.3 Magnetic Shielding 

Operation of the NBt with short ducts and small injection angles in the 

relatively intense fringe magnetic field of a few tesla from TASKA will require 

extensive magnetic shielding. lhe ion source is the most sensitive portio~ of 

a NBI with a perpendicular field requirement of < .0001 T. The beam path 

through the neutralizer section to the low particle density sweep region must 

also have f 8
1 

dl fields « 1.50 x 10-2 T-cm to avoid excessive ion beam de­

flection prior to charge exchange conversion from an ion to a neutral. The 

task appears to require either superconducting shielding, or an extensive set 

of bucking coils to reduce the fie1ds to a range handled by Fe and ~-metal. 

Details of the magnetic shielding for the TASKA NBI are described in Section 

V.6. 

IV.3.2.8.4 Remnant Neutral Beam Dump 

A remnant neutral beam power dump and associated gas pumping system is 

requi red at the far vessel wall for each of the high power NBI 's (all except 

the LE-NBI). The specific arrangement for TASKA is given in Section VIII.3. 

During TASKA startup these dumps must be capable of handling a major fraction 

of the NBI power (typically just beyond the design beam focus waist and there­

fore over a relatively small footprint area) with power levels often > 2 kW/cm 2 

for short periods (~ 20 msec) and a small fraction of the NBI power during 

steady state equilibrium operation, with minimal evolved gas return to the hot 

plasma region. 
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IV.3.3 · Specific NBI Design Parameters for TASKA 

The specific NB! d~sign choices indicated in Table IV.3-l for TASKA repre-

sent a compromise between high output performance and a reduced current density 

conservative design for reliable long lived operation. The prototype ion 

source design adopted f~r this study was based upon the JUlich (KFA) version of 

the Culham/JET ion source.(ll) The Culham type ion source uses a multipale 

cusp wall arc chamber to achieve up to ~ 50% gas efficiency, a plasma source 

power requirement of ~ 2 kW/A extracted beam, an atomic ion fraction (e.g., 

o+) ~ 80%, and a plasma ion temperature ~ 0.4 eV for a minimum contribution to 

the ion beam divergence.(l2) The prototype ion source design is also based 

upon use of a set of four water cooled electrodes, with shaped circular aper-

tures for ext ract i on. A focused i on beam can be achi·eved either by us i ng 

spherically shaped electrodes, programmed aperture offset,(l3) or subdividing 

the extraction area into a set of tilted subsections (as will be used with 

JET( 14 )). The resultant NBI design parameters for the TASKA beam lines are 

listed in Table IV.3-L Note that the gas flow requirements are the total flow 

for the ion source and neutralizer cell to attain 0.95 F0 conversion of the 
00 

primary (full energy) ions to neutrals. The beam collimation dimensions listed 

at 8 m as an example are scaled to allow 2e(div.) clearance araund both the 

height and width of the focused beam from the reetangular source extraction 

area indicated. The scaling for 2e(div.) beam clearance 11 Width 11 for colli­

mation has the form W = IW0 - 2Zefl + 4Ze0 for small angles where W0 = the 

initial ion beam width, ef = W0 /2L where L is the beam focal length, and eo is 

the divergence angle in radians. A similar expression applies for the beam 

height, with appropriate substitution of the initial beam height H0 • The beam 

footprint including the beam edge out only to e0 has a minimum 11 radiUS 11 at the 
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beam focus Z = L of Le 0 ·(or ~ elliptical axis Leox and L6oy if from a bi­

gaussian distribution with different e0x and e0y divergences along the beam x 

and y axis). 

A prototype ion source tank section for the HE-NB! is shown in Fig. IV.3-4. 

Steady state high speed gas pumping is attained using an articulated 11 two 

position 11 folded wall system of getter pumping panels as described in Section 

IV.4. The ion sweep beam dump and the insertable beam calorimeter shown are 

of the water cooled (high speed) rotating design developed by Hemmerich and 

Kupschuss(ll) at KFA JUlich. Detailed optical Doppler shift measurements of 

the line spectra from the neutral beam at the neutralizer exit are expected to 

be the main on-line beam diagnostic for measuring the beam current density 

distribution, divergence, and species composition.(15) 

The power supplies for a typical 50 kV 50 A equivalen~ NBI (e.g., one of 

the ion source-neutralizer-ion sweep sets of the ME-NBI) are listed in Table 

IV.3-2. NBI operation will also require fast automated power supply control 

and an extensive interlock system. Oiagnostic sensors will be required to 

assure proper cooling, proper beam aiming, presence of a suitable target 

plasma, and a suitable ion sweep field before the NBI can be turned on to 

prevent possible darnage to some wall section (without adequate power handling 

capability). Further considerations on this are given in Section VIII.3.3. 

The use of r2 gas, the high neutron fluences during operation, induced 

radioactivity in co.mponents, and the high fringe-field magnetic shielding 

problern with the TASKA coils energized combine to prohibit short term NBI 

maintenance. This study therefore envisions continued research and develop-. 

ment on NBI components and a conservative design to result in NBI with mean 

time before failure > 1 year. The ion source tank design shown in Fig. IV.3-4 
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Table IV.3-2. Typical Ion Source Power Supply Requirements 

(e.g., for Ion Source for 50 kV 50 A Equivalent 0° NBI) 

Filaments 

Are power supply 

Accel. power supply 

Gradient gri d 

Suppressor gri d 

15 V 

50 to 150 V 

50 kV 

"' 40 kV 

-1 to -5 kV 

IV.3-20 

2,000 A 

to 4,000 A 

to 110 A (with 20% margin) 

~ 5 A 

~ 10 A 
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includes planned access during major maintenance shutdown periods for remote 

maintenance to the ion source components from the rear of the tank and access 

to the pumping panels from the top of the tank. An excess current output 

capacity of 20% is included with the parameter listing of Table IV.3-1, to 

cover expected degradati~n of performance and losses from component failures 

over the operating period before required major maintenance. If possible this 

excess NBI capacity should be in the form of 11 spare 11 installed ion source, 

neutralizer, and ion sweep units, since equipment failures in an ion source 

beam line tend to disable the entire unit and not just fractionally degrade 

performance. 

IV.3.4 Design Considerations for a Positive Ion Source (Options) 

An ion source is generally considered to cönsist of two distinct units, 

(1) a plasma source of appropriate plasma density and area, and (2) a multi-

apertured extraction system. 

IV.3.4.1 The Plasma Source (Are Chamber) 

The plasma source for the present large area ion source designs is 

generally either of the B ~ 0 type (developed at LBL)(1 6) or of the magnetic 

multipole wall (B(central) ~ O) type in use at Culham,(17) ORNL,(18) and under 

test at LBL,(19) or of the periplasmatron design by Fontenay-aux-Roses.( 20 ) 

In any case, the primary need is for a source of uniform density (on/n < 0.05) 

plasma with adjustable density (n ~ 5 x 1012;cm3) to match the extraction cur­

rent density j(s.c.l .) over the needed area (up to 20 cm x 50 cm). The multi­

pale cusp magnetic wall type of plasma source is quoted as having the highest 

gas efficiency, highest power efficiency, and highest primary ion fraction 

(o+, D~, o; fractions of at least,.., 80%, 15%, 5%).( 12 ) 
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IV.3.4.1.1 Plasma Source Cathode 

Cathode electrode construction is now generally based upon use of a large 

number of pure tungsten hairpin filaments arranged as a window frame or fence 

around the outside edge of the extraction area of interest, with a typical 

filament lifetime of about 100 hr.(2) Future designs should consider larger 

area, lower temperature tungsten operation (to reduce tungsten evaporation and 

give longer lifetime) or use of a hollow thoriated tungsten or sintered LaO/Mo 

cathode for long lived good emission.(21) The usual cathode design requires a 

total emission eleciron current larger than the expected arc current. Cathode 

lifetime is a limiting maintenance problem, but one year lifetime appears a 

reasonable goal. Filament circuits are generally designed in parallel with 

one leg common (to avoid large electric· field differences in the plasma) and 

with a stabilizing arc voltage dropping resistor connection to each hairpin 

circuit to help distribute the arc current. The orientation of the hairpin 

filament and input leads are generally arranged for a minimum resultant B 

field. Cathode temperatures are found to be arc current dependent and must be 

readjustable for maximum filament lifetime. 

IV.3.4.1.2 Plasma Source Anode 

The outer walls of the plasma chamber are generally arranged to function 

as a large area anode surface for electron collection. However, in the multi­

pale field ion source the wall is built to include narrow strips of high field 

permanent magnets so the walls appear as a set of line cusps with strong local 

(short range) magnetic fields tending to reduce the electron mobility and in­

crease their ionizing efficiency. This feature appears to improve gas ef­

ficiency, power efficiency and the atomic ion. fraction.(l 2) Wall-anode heat­

ing by the arc discharge electrons is concentrated along these strips; this 
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requires careful. cooling design for steady state operation. Normally the · 

chamber walls are of copper for good conductivity and quite thin walled at the 

line cusp magnets for maximum magnetic field utilization. This suggests use 

of special thin capillary cooled wall construction designed suchthat the 

walls do not experience the vacuum load and a thin protective covering layer 

of chrome or molybdenum to reduce metallic sputtering or evaporation. 

IV.3.4.1.3 Ion Source Gas Feed 

The back wall of the arc chamber is generally used as a gas manifold or 

gas distribution system. If thermionic dissociation of o2 appears useful in 

increasing the source output o+ fraction the ion source feed gas can be ar­

ranged t~ enter through a heated tungsten diffuser. 1he gas flow directly 

into the ion source should be the minimum required for arc operation (with 

extraction). The remainder of the gas required to produce a neutralizer 

thickness f n dl ~ lo16;cm2 should be fed directly into the neutralizer 

(colder gas to reduce the gas flow). 

IV.3.4.1.4 Are Associa.ted Electrode Feedthrough Insulator 

Ceramic to metar bonded vacuum tight feed-throughs are required for each 

cathode lead into the arc chamber (relatively high temperature environment 

service). Ceramic standoff of the first extraction electrode from the anode 

wall is also desirable, though pulsed ion sources in a low neutron fluence 

environment have used simple Kapton plastic sheets for needed insulation. The 

cathode back wall plate should be designed to be readily removable for cathode 

replacement (the item with the shortest expected lifetime). All ceramic seals 

and cooling circuits should include flexible (e.g., bellows) connections to . 

avoid mechanical stress on ceramic insulators under varying temperature 

condit i ons. 
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IV.3.4.2 Extraction Electrode System 

The multi-aperture ion extraction electrode system must serve the 

functions of defining the shape and location of the plasma meniscus for each 

aperture, forming the extraction field to achieve. optimum ion beamlet extrac­

tion op.tics and acceleration., and orienting the total ar.ray of beamlets for 

the desired total beam focal length. The first 11 accel 11 or beam forming 

electrode serves as an interface between the plasma chamber and the first 

acceleration gap, and defines the location and area of each extraction 

meniscus surface. The auxiliary gradient or second electrode (in a four 

electrode system - not present in a three electrode system) allows optimum 

field gradient control near each plasma meniscus surface, somewhat independent 

of the main extraction valtage V
0

• The next electrode is the negative valtage 

11 decel" electron Suppression grid; this is made relatively thick to reduce 

field penetration through each of its aperture openings. Finally, the last 

electrode of the extraction set is used to establish the ground plane for each 

beamlet of the neutralizer ion beam system. The extraction electrode system 

is best designed· for a specific valtage and current density. Design optimi­

zation involves a parameter study of the ion optics of an individual beamlet 

to minimize its beam divergence. Several ion extraction system codes are 

available including 11 WOLF 11 at LBL,(22) a version of the 11 BATE 11 code at 

Culham,(12) and the 11 SNOW" at LASL.(23) The choices in extraction system 

include: 

Number of electrodes: three is simpler, four allows wider range of current 

adjustment and likely is best for good beam optics for V0 ~50 kV. 

Multi-aperture type: circular apertures appear to have slightly lower 

average divergence, lower acceleration lasses and heat load, but also lower 
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transparency; slot electrodes have the best 1-D divergence, are easier to· 

fabricate and align, but appear more susceptible to plasma variations 

causing electrical (accel) breakdown. 

Shaped aperture rims: a semi-Pierce shaped(24) edge is required for the 

apertures in the firs~ beam forming electrode to obtain the best optics. 

Simpler aperture forms are often used for higher transparency or for easier 

machining, cooling and alignment. The design (appropriate to either circu­

lar apertures or the cylindrical symmetry of slots) should be chosen from 

code "opt i mi zat i on studi es. 

Electrode materials: choose for needed cooling and structural stability. 

Water cooled copper or molybdenum is the most common, but one could con­

sider composites such as st~inless steel covered with electrodeposited 

copper with milled channels and a copper covering (with a thin chrome or 

molybdenum surface film to reduce sputtering). 

IV.3.4.3 Electrical Gonfiguration 

The standard power supply arrangement for powering a positive ion source 

is to run the plasma source at the positive high voltage V0 , the gradient grid 

at a slightly reduced positive high voltage, the electron suppressor grid a 

few kV negative and the final grid and neutr..alizer at ground potential. This 

configuration involves the minimum volume at high valtage potential, though 

power supplies for the ion source arc chamber are then at high voltage, and 

are quite susceptible to problems from high voltage sparking. Direct energy 

recovery of the remnant ion sweep portion would require use of another 

neutralizer exit electron suppression·grid or transverse magnetic field at the 

entrance to the ion collector region to prevent unwanted electron acceleration 

to the positive ion collector plate. 
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An attractive alternate configuration would place the ion source at or 

near ground potential, the gradient grid at a slight negative voltage, the 

electron suppressor at the maximumnegative high valtage and the neutralizer 

cell at negative high voltage, -V
0

• This configuration also requires a second 

electron suppressor grid or transverse magnetic field at the exit of the 

neutralizer. to prevent unwanted electron accelerati~n from the plasma produced 

by ionization occuring within the neutralizer gas. However, the use of a 

sweep magnetic field and direct energy recovery of the swept ion flux fulfill 

this requirement. 

IV.3.5 Negative Ion Source Based NB! 

Negative ion beams appear essential for efficient production of neutral 

beams with an energy > 100 keV/nucleon, because of the decrease of F~ with 

energy. In the case of the plug NB!, the equilibrium fraction of H+ conver­

sion to H0 at 250 keV has fallen so F0 ~ 0.01, while conversion of H- to H0 
00 

remains a high 0.8 (for the plasma stripping cell) and is almost independent 

of energy. The factor limiting wide use of negative ions for all high energy 

NBI systems is the present lack of good, high current, ~teady state negative 

ion sources. However, recent progress appears promising at least for the 

following two types of negative ion sources: (1) using double charge exchange 

of a low energy ion beam in a suitable alkali metal vapor, or (2) using direct 

negative ion extraction from a volume or surface negative ion production 

source. 

(1) The characteristics of double charge exchange sources are largely deter-

mined by requirements for maximum positive ion to negative ion (two 

stage) conversion; cesium or Strontium have conversion efficiencies of 

0.25 to 0.5 for H- energies ~ 1 kV. Typical system requirements include: 
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A low energy, high current source of positive ions; limited by 

j(s.c.l .) ~ v3/2;d2, with the minimum gap d limited by mechanical 

tolerances, and the e(div.) ~ 1/IV is poor. Use of a source of 

molecular ions at higher energies may be desirable. A suitable 

source of charged pellets, with acceleration to the required veloci­

ty range, is also a possible alternative.( 25) 

A double charge exchange cell filled with a suitable alkali metal 

vapor such as cesium or strontium. This must be designed for the 

specific application in order to minimize high Z impurity flow into 

the ion source or down the beam line; this will likely require a 

special vapor jet curtain design. 

A large area (or large array of small areas) accelerator section is 

required to accelerate the negative ions to the final desired ener­

gy. The use of grids is a problern for high beam current den~ities, 

and optics of large area short gap accelerators tend to be diffi­

cult without grids. Pumping must be good enough to achieve a low 

enough vacuum pressure to prevent excessive beam drain and negative 

ion loss, but not so low as to prevent production of positive ions 

for needed space charge neutralization during beam transit from the 

double charge exchange cell to the accelerator section. Use of time 

averaged current from an electrostatically focused RF acceleration 

system (array)( 26 ) has some attractive features. 

A stripping cell is required to remove the loosely bound electron. 

Gas cells have H- to H0 conversion efficiencies of ~ 0.65, plasma 

filled cells an efficiency of ~ 0.83, and photostripping with an 

intense laser beam can have an even higher efficiency. 
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The beam line also requires a remnant ion sweep, appropriate gas 

pumping (gas efficiency is relatively poor as only part' of the low 

energy positive beam can be used), and other hardware standard to an 

NB I. 

(2) The characteristics of a direct extraction negative ion source depend 

upon details of the volume or surface source. Typical system require­

ments incl ude: 

The Ehlers(27) surface source uses H+ arc plasma bombardment of a 

shaped cesium covered tungsten negatively biased surface to yield a 

suitable flux of 11 backscattered 11 W ions available for direct 

extraction. A major problern of this approach is separation of the 

plasma electrons from the H- before extraction and acceleration to a 

significant energy. 

Aversion of the Bacal (28) type of volume source is under study by 

Holmes.(12) A standardmultipale arc chamber is operated in a lower 

arc current density range favoring molecular ion and negative ion 

production. The major problern is again the means for separating out 

the electron portion of the current before extraction or acceler­

ation to a significant energy. This source requires no cesium, but 

the current density is expected to be limited to ~ 0.05 A/cm 2• 

The two above approaches wi 11 1 i kely be arranged for two stage ac­

celeration - first extraction of a suitable H- rich beam and then 

the major accelerator stage (only negative ions) to a full energy 

eV0 • Acceleration requirements are similar to (1) above. 

A stripping cell is required as in (1) above. 
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• The beam line also requir~s a remnant ion sweep, appropriate 

p~mping, and other hardware appropriate for a standard NBI. 

Recent results with both of these negative ion approaches appear suf­

ficiently promising to incorporate this approach in the plug - NBI. Pulsed 

yields of over one ampere have been achieved from both the surface source and 

double charge exchange sources. The general characteristics of the volume 

sources without cesium appear very desirable if the output current can be 

increased. 
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The vacuum pumping system for TASKA has been designed to meet the follow-

ing requirements: 

Pumping hydrogen, hydrogen deuteride (HD), deuterium, trittum, hydrogen 

tritride (HT), deuterium tritride (DT), and helium from the vacuum vessel 

to a total pressure of 10-5 torr between experimental shots. 

Pumping hydrogen, hydrogen deuteride, deuterium, tritium, hydrogen tritride, 

deuterium tritride, and helium from the vacuum vessel and regeneration of 

cryopanels. 

Largely oil-free and contamination-free pumping system. 

Backfilling the vacuum vessel with He to 20 torr. 

• The pumping system should be attached to the vacuum vessel to form a com­

pact modular unit. It must not occupy too much space for pumping leads and 

pipe connectio~s. 

Regeneration of the volume getter panels in the neutral beam injectors. 

The consideration of these requirements led to the design of two pumping 

units, one of which is shown schematically in Fig. IV.4-1. Cryopumps, com­

bined with turbomolecular pumps and backed by roughing pumps (at some distance 

from the vacuum vessel ), offer an optimum solution to evacuate the vacuum 

vessel and the neutral injection beam dumps. 

IV.4.2 Vacuum Pumping of the Discharge Chamber 

The vacuum system for the discharge chamber must provide for evacuation 

from atmospheric pressure and maintaining the chamber at 10-5 mbar at the 

operating temperature of the wall. In order to achieve this low pressure, we 

anticipate performing a series of Operations to clean and degas the chamber 

IV.4-1 



0, 

__.. 
<: 
p. TT 
I 

He SUPPLY 

'l (T\ 

'* 

o,.r, 
DT 

t 

I 

o, 

t 

L 
T f -
(T\ 

D 
DT 

I 

TRANSFER 

SYSTEH 

r I 

Fig. IV.4-1 Vacuum system. 

® CRYOPUHP 

@ ROOTSPUMP 

I I 

@) ROTATING-PLUNGER PUHP 

0 VACUUMHETER 

I N 
U1 
~ 



..... 252 ~ 

wall. During the construction of the chamber, the components must be electro­

polished and cleaned ultrasonically. Lowering the specific outgassing rate 

from the chamber wall to 10-11 torr-~/cm2-s at room temperature and to 10-9 

torr-~/cm 2 -s at the operating temperature(l) will be accompl ished by con­

ditioning the chamber wall by means of a discharge through inert gases. To 

obtain the design pressure in the degassed chamber, an effective pumping speed 

of 2 x 103 ~/s will be required. 

For evacuation in the range between 10-3 and 10-6 torr under conditions 

which exclude a large inventory of tritium, cryopumps are used. The cryopumps 

are backed by turbomolecular pumps needed for the pumping of helium and for 

cleaning the cryopumps. As a primary evacuating system, a scheme consisting 

of two pumping stations, ·both at the ends of the vacuum chamber, is used. 

These stat i ons will have cryopumps each with a pumpi ng speed of 12 x 106 ~/s 

for H2• This will provide an oil free vacuum which is needed in this pressure 

range. 

The pumpi ng l i nes will have gate val ves whi eh cl ose on the order of one 

second and seal hermetically in 10 seconds. 

An inert gas (He) is admitted into the discharge chamber at the end of a 

burn cycle to reduce the possibility of localized overheating of the chamber 

wa ll • 

IV.4.2.1 Calculations 

Gas load with consideration of: 

leaks 

permeation 

outgassing 

vapor pressure of the materials 
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particle flow from the central cell. 

The total gas 1 oad pumped from the end cell i s about 100 torr-Z/sec, of whi eh 

55 torr-Zjsec is the gas load from the direct convertor. 

Pressure in the vacuum vessel p < 10-5 torr. 

S = 100 torr z ~ 1•0 x 107 ~ 
s x 10- 5 torr s 

Pumpi ng speed 

Pumping speed of the cryopanels S ~ 1.2 x 105 Z/s•m2. 

Cryo-area ~ 125 m2. 

Maximum cycle time: 

R : 8314 J/K kmol 

3 p : ~ 80 kg/m 

T n : 293 K 

d : 0.025 mm thickness. of the condensate 

Regeneration system for the cryopumps. 
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Maximum gas load from the cryopumps 2 h regeneration time - 400 torr-1/s. · 

In order to keep the tritium inventory low the cycle time should also be 2 h. 

Maximum pressure in the expansion tank by using a turbopump with a pumping 

speed of 50000 1/s. 

p ~ 400 torr-1/s = 8 x 10 -3 torr • 
s 50000 1 

IV.4.3 Evacuation System for the Dumps 

The purpese of the evacuation system for the dumps is to avoid the dif­

fus i on of the scattered and sputtered part i cl es from the dumps •. The pumpi ng 

load is determined by the particle flux from the neutral beam injectors. In 

the outline design, it is proposed to use 4 cryopumps with a pumping speed of 

1.0 x 106 1/s (for H2). Each cryopump needs a cryopanel area of- 95m 2• 

IV.4.3.1 Calculations 

Gas load Q- 6 torr-1/s (all dumps in the right or left part), pressure in 

the dumps p - 10-5 torr. 

s- 6 torr-1 _ 6 x 105 ~ 
-5 s s x 10 torr 

Pumping speed 

Pumping speed of cryopanels(1) 

1 s - 120000 --2 • 
s •m 

Cryo-area - 9 m2. 

The cycle time should be 2 hrs. 
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IV.4.4 Evacuation System for the Neutral Beam Injectors 

One of the ma in cha racteri st i es for the des i gn of the neut ra 1 beam 

injectors is the need of DC-operation (see Section IV.3). This condition can 

be realized by large volume getter panels inside the boxes of the neutral beam 

injectors. Using this pumping sy~tem, one has a weak dependence of the pump­

ing speed on the gas loadJ2) 

Since H2 isotopes form a solid solution with the gettermaterial the 

amount of gas which can be adsorbed depends on the temperature of the getter 

material and on the acceptable equil ibrium pressure in the gas phase 

established by H2 isotopes at a given concentration of the gettermaterial. 

Regeneration of the volume getter panels, saturated with hydrogen iso­

topes, may b~ obtained by raising its temperature and by removing the evolved 

hydrogen isotopes by means of turbomolecular pumps. 

IV.4.4.1 Calculations 

IV.4.4.1.1 He Neutral Beam Injection System 

Within the practical geometry (see Section IV.3) of the beamline we have 

a gas flow of 7.1 torr-~/s into the first stage of the box,~ 2 torr-~/s in 

the second stage of the box. 

Each of the rotating flat getter panels is about 875 x 1200 mm and has a 

D2 pumping speed of 18000 ~/s (at 400-200°C). The reversible sorbtion capaci­

ty at constant pumping speed (at 200°C and 10-5 torr) is 21000 torr-~ for each 

panel. 

The power required for activation or regeneration of each getter panel at 

700°C is about 7500 watt (760 A). The duration of the treatment is 45 

minutes. Operation at 400°C and 200°C would require about 24% and 4.5% of the 

activation power.(3) 
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Gasload Q ~ 7.1 torr-~/s 

Attainable pressure 
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7.1 torr-~/s -5 
P ~ s 120 x 18000 ~ ~ 3.2 x 10 torr 

Maximum cycle time 

tc = 21000 torr-~ 12 s h ~ 9 9 h 
7.1 torr-~ 3600 s · 

Sweep: 6 panels 

Gas load Q ~ 2 torr-~/s 

Attainable pressure p ~ 1.9 x 10-5 torr 

Maximum cycle time tc ~ 18 h 

Second stage: 10 panel s 

Gas load Q ~ 2 torr-~/s 

Attainable pressure p ~ 1.2 x 10-5 torr 

Maximum cycle time tc ~ 28 h. 

IV.4.4.1.2 ME Neutral Beam Injection Systems 

The gas flow in the beam line is (see Section IV.3) 27 torr-~/s into the 

first stage of the box, 5 torr-~/s into the sweep, and 3 torr-~/s into the 

second stage. 

The panel geometry is 875 x 2300 mm. The pumping speed for the D2, T2 

mixture is about 24000 ~/s and the reversible sorbtion capacity is 28000 torr-~. 
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First stage: . 14 panel s 

Gas 1 oad Q "" 27 torr-.Q./s 

Attainable pressure 

27 torr-.Q. s 5 
p "" s 14 x 24000 Q, 8 x 10 - torr 

Maximum cycle time 

28000 torr-.Q. 14 s h 
tc "" 27 torr-.Q. 3600 s "" 4 h 

Sweep: 10 panels 

Gas 1 oad Q "" 5 torr-.Q./s 

Attainable pressure p"" 2.1 x 10-5 torr 

Maximum cycle time tc "" 15.6 h 

Second stage: 14 panels 

Gas load Q "" 3 torr-.Q./s 

Attainable pressure p"" 8 x 10-6 torr 

Maximum cycle time tc"" 37 h. 

Since the ME Neutral Beam injects deuterium and tritium, the cycle ti,me should 

be minimized in order to keep the tritium inventory low. The minimum cycle 

time is equal to the regeneration time which is 45 minutes. 

IV.4.4.1.3 Regeneration System for the Volume Getter Panels 

When the pumping speed for the hydrogen isotopes has decreased to an 

unacceptable limit due to the increased isotope concentration in the getter 
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material, a regeneration process is carried out. More frequent regenerations 

are performed when pumping tritium. An indefinite number of pumping cycles 

are possible. 

For regeneration of the volume getter panels within the neutral beam 

boxes we assumed an average gas load of Q- 200 torr-1/s. The total pumping 

speed for the expansion tank must be in the order of 2 x 105 1/s and we will 

maintain a pressure of 10-3 torr: 

p _ 200 torr 1 s _ 10 -3 torr . 
S 2 X 105 

1 

The pumping system consists of five turbomolecular pumps; four in action, one 

for reserve. 

IV.4.5 Roughing Pump System 

For evacuation in the range 760-10-1 torr a combination between roots 

pumps and rotating-plunger pumps are used. 

IV.4.4.5.1 Calculations 

Roots pumps 

Maximum gas load Q - 400 torr-1/s 

Pressure after the turbomolecular pumps < 0.1 torr 

Pumping speed of the roots pumps 

S _ 400 torr 1 _ 4000 1/s 
s 0.1 torr 

" 3/ seff - 2000 m h 
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We need two roots pumps in the evacuatin~ system; one in action, one for 

reserve. 

Rotating plunger pumps 

Pressure after th~ roöts pump < 1 torr 

Pumping speed of the rotating plunger pumps 

S ~ 400 torr ~ ~ 400 ~/s s 1 torr 

We need five rotating plunger pumps; four in action, one for reserve. 

IV.4.6 Control of Vacuum Parameters 

For measuring the neutral gas pressure in the chamber during a burn 

cycle, a pulsed noise free ionization gaugewill be used, which will make 

pressure measurements of the neutral gas in the vicinity of the plasma in the 

range 5 x 1o-3 torr - 1 x 10-9 torr. 

Controlling the background gases during a burn cycle will be done by a 

mass spectrometer capable of operating in a radiation environment. 

The pressure and partial pressure of the background gases in the range 

1-1o-8 torr in the discharge chamber, in the neutral beam boxes, in the pumps, 

vacuum lines and other elements of the vacuum systemwill be measured with 

commercial vacuum gauges and mass spectrometers with analog outputs. 
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IV.S Tritium Fuel Cycle 

IV.5.1 Overview 
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This section describes the hydrogen isotope pathways in the fueling of 

TASKA and discusses the tritium handling, containment and inventory associated 

with the fuel cycle. (The tritium inventory and extraction from the breeding 

blanket and the fuel purification systems are described in Section VI.S.) 

Three specific areas associated with the tritium fuel cycle are discussed: 

(1) In TASKA the tritium fueling is accomplished by injection of a mixed 

deuterium-tritium neutral beam. The inefficiency of the neutral beam in­

jection (NBI) system requires large amounts of fuel to be pumped, purified and 

recycled. (2) The use of Zr-Al getter panels to pump uninjected 'tritium from 

the neutral beam lines. (3) The requirement of tritium barriers in the beam, 

ion and thermal dumps to prevent tritium diffusion into the water coolant 

cycle. The tritium fueling and exhaust flow is summarized in Fig. IV.S-1 and 

the tritium inventories associated with the fuel cycle are given in Table 

IV.5-1. 

IV.5.1.1 Neutral Beam Fueling 

In TASKA the primary fueling beam injects 49.7 MW of a DT mixture (44% D 

and 56% T) at an energy of 50 keV. There are 6 total DT NBI guns; three are 

located in the barrier region at each end of the central cell. Additional 

deuterium fueling (and heating) is provided by two low energy (2 keV) and two 

high energy (76 keV) deuteriumneutral beams that deliver 0.2 MW and 6.6 MW 

respectively into the barrier region. In the plug at both ends of the ma­

chine, a 250 keV beam injects 5.4 MW of hydrogen. The NBI parameters are 

given in Tables IV.5-2 and IV.5-3. 
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Table IV.5-1. Tritium Inventory in TASKA Fuel and Exhaust Cycle 

Subtotals (g) 

NB1 Getter Panels ( g): 259 

LE-NBI 2.6 

ME-NB I 256 

HE-NB! 0.5 

PLUG-NBI 0.09 

Cryopanels ( g) : 125 

Beam Dump 6 

End Cell 119 

Dump Areas ( g): 0.52 

DT-Beam Dump 0.50 

DT- Ion Dump ? 

Thermal Dumps 0.02 

Fueling and Exhaust Subtotal ( g): 385 

Storage ( g) : 5,000 
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Table IV.5-2. Injection Parameters for TASKA Neutral Beams 

Beam Energy Power Number 
Designation (keV) (MW) Species of NBI Location 

LE-NB 2 0.2 D 2 Barri er 

ME-NB 50 49.7 .44 D 6 Barri er 
.56 T 

HE-NB 76 6.6 D 2 Barri er 

PLUG-NB 250 5.4 H 2 Plug 

Table IV.5-3. I nj ecti on Rates for TASKA Neutral Beams 

Beam Particles/sec g/d 
Designation Species per NB! Total 

LE-NB D 3.1 X 1020 180 

ME-NB D 4.5 X 1020. 780 

T 5.8 X 1020 1,500 

HE-NB D 2.7 X 1020 160 

PLUG H 6.7 X 1019 20 
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A disadvantage of using neutral beams to fuel fusion devices is the fact 

that NBI is an inefficient method; the amount of fuel circulated in the beam 

lines is usually much greater than the amount injected into the reactor 

chamber.( 1) The gas injection efficiency (E) for a neutral beam injector can 

be defined as: 

E : 
* gas injected into the reactor chamber /NB 

total gas input/NB 

[The total gas flow into a beam line is approximated as 

1" = 15 

0 
1(A) .8 

X "5öTÄ) X - 0-

fOO 

where -r is the gas flow (t~~~" 1 ) for a 150 cm neutralizer of efficiency f~0 
injecting 1° amps( 2l.] The gas injection efficiencies are approximately 30% 

(Table IV.5-4) for the D and DT beams. The plug-NB is of much higher energy 

(requiring negative ion technology) and has a gas efficiency of about 5%. The 

overall mass balance for the NBI system is given in Table IV.5-5. 

For tritium NBI, low gas efficiencies result in large quantities of 

tritium that must be handled by the NB vacuum system, which typically uses 

cryopanels or getter panels for pumping. The inventory in the pumping panels 

as a function of the gas injection efficiency (based on 1500 g T/d injected) 

is shown in Fig. IV.5-2 for a 0.75 hr and a 2 hr pump on-line time. Low in­

jection efficiencies can result in intolerably high inventories. In TASKA 

tritium is injected at a rate of 1500 g/d. The gas efficiency is about 30% 

* includes gas not trapped bY plasma. 
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Table IV.5-4. Approximate Gas Efficiencies for TASKA Neutral Beams 

Beam 
Designation 

LE-NB 

ME-NB 

HE-NB 

PLUG-NB 

Species 

T 

D 

H 

Gas Injected/NBI* Gas Total Gas Input/NB! 
( torr ·M sec) Efficiency (%) (torr•t/sec) 

4.4 (50 A) 33 13 

15. (165 A) 30 50 

3.9 (44 A) 26 15 

0.98 ( 11 A) 5 20 

Table IV.5-5. Mass Balance for Neutral Beams 

Source 

ME-NB 

LE-NB 

ME-NB 

HE-NB 

TOTAL D 

PLUG 

Total 
(g/d) 

5,000 

540 

2,600 

600 

3,740 

380 

Recycled 
. ( g/ d) 

3,500 

360 

1,820 

440 

2,620 

360 

Injected 
( g/d) 

1,500 

180 

780 

160 

1,120 

20 

*Based on 11.28 amps atomic = 1 torr•t/sec molecular gas flow. 

IV.S-6 



900 

800 

~ 700 

)­
a:: 
0 600 t--z 
w 
> 
z 500 
~ 
::::> -t:: 400 
0:::: 
t-

300 

200 

100 

Fig. IV.S-2 

TRITIUM INVENTO.RY IN NEUTRAL BEAM - 267 -

PUMPING SYSTEM 

INJECTION RATE = 1500 gT / d 

· PUMP ON-LINE TIME 

/2hr. 

0 10. 20 30 40 50 60 70 80 90 100 

GAS EFFICIENCY 0/o 
IV.5-7 



- 268 -

resulting in 5000 g T/d being supplied to the injection system and 3500 g T/d 

must be pumped by the NB vacuum system and recycled. The tritium inventory in 

the NB vacuum system (45 min on-line time) is 259 g, a large component of the 

total active tritium inventory. 

IV.5.1.2 Tritium Inventory in Zr-Al Getter Panels 

·rhe NB gases are pumped by Zr-Al getter panels( 3) with turbomolecular 

backing pumps. The getter material( 4) is capable of pumping hydrogen and its 

isotopes as well as other active gases, such as o2, CO and N2. The hydrogen 

isotopes are absorbed reversibly while the active gases react chemically to 

form stable products and are permanently fixed into the getter.( 5) The recom­

mended operation temperature is 200-400°C when impurities are present, whereas 

pure hydrogen(~ 10 ppm impurities) can be pumped even at room temperature.( 6) 

Inert gases are not pumped by the getters. This may be important where triti­

um is concerned, because of the unavoidable presence of the 3He decay product. 

Compared to hydrogen, water and methane are pumped slowly at the higher 

temperature (~ 400°C) by a mechanism which involves dissociations or cracking 

at the surface followed by absorption of the subsequent components.( 7) The 

use of Zr-Al alloys as getters has been proposed to control plasma density and 

impurities in tokamak chambers such as TFTR(B) and divertor channe1s.( 9) 

For NB pumping, both cryopanels and getter panels can provide the neces­

sary vacuum requirements. Getterpanels are thought to be more suitable for 

tritium pumping in NB lines than cryopanels for the following reasons: 

(1) The thermal loading from condensation and gas conduction is a more severe 

problern for cryopanels (4°K) than getter panels (~ 673°K).( 10) (2) Similarly, 

the tritium beta decay heat i$ more critical in the case of cryopanels.( 11 ) 

(3) Operating costs are higher (~ 40X) for cryopanels due mainly to liquid 
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helium consumption~( 12 ) (4) The getter surface holds gases chemically at room 

temperature and thus, an accident causing large releases of gas is less 

likely.( 11 ) Also, the manufacturer of Zr-Al getters states that the danger of · 

fire in the pumping system caused by an air leak is only possible at or above 

s.oooc.( 13 ) The advantages of Zr-Al alloys over Ti as a gettermaterial has 

been reviewed elsewhere.( 8) 

There is some actual experience in the pumping of tritium with Zr-Al 

getters. Research at Lawrence Livermore National Laboratories (LLNL) was 

conducted to evaluate the pumping speed and holdup capabilities of commercial­

ly available getter pumps for tritium handling in TFTR.( 13, 14 ) Results of the 

study indicated that the ratio of pumping speeds of deuterium to tritium 

follows the square root mass ratio. The pumps were shown to be satisfactory 

getters for tritium at temperatures between 250-400°C and on a short term 

basis tritium decay did not appear to adversely affect the pumps.( 13 ) Ad­

ditional research was performed to measure the amount and chemical form of 

tritium released when a commercial getter cartridge was loaded with tritium 

and then exposed to moist air at ambient temperatures. Pumps loaded with 750 

Ci of tritium released 0.04 Ci after 66 min and a total of 0.1 Ci (~ 0.01%) 

was released after 1200 hrs. The majority of gas is released upon initial 

exposure (> 72% in 4 min) and the rate decreases rapidly with time. Of the 

total released gas 80% was in the form of tritiated water.( 14 ) Recommended 

areas for further research include investigation of the effects of radiolysis 

and 3He production on the holdup and pumping capabilities of the getters over 

a time scale representative of what would be experienced in future fusion 

reactors and evaluation of tritium holdup under normal and off-normal 

conditions after a number of recycles have been performed.( 15 ) 
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An important parameter in determining the tritium inventory in the getter 

material is the amount of time the panels are on-line pumping (Fig. IV.5-3). 

In TASKA, the getter panels are arranged so that one surface is absorbing gas, 

while the back surface is being degassed. With this arrangement the panels 

can be periodically rotated to control the tritium inventory. The minimum 

pump o~-line time is equal to the time required to regenerate the pump 

surface. The pumpregenerationtime can be estimated from Eq. (IV.S-1):( 16 ) 

(IV.5-1) 

where: t. = regeneration time (sec) 

M = mass of Zr-Al getter (g) 

F = back-pumping speed (~/s) 

qF,qo = final and initial concentration (torr·~/g(Zr-Al)) 

T = regeneration temperature (K) 

and the exponential term is the solubility constant for hydrogen in Zr-Al in 

terms of torr-~2 /g(Zr-Al )2• The following assumptions were made in evaluating 

~q. (IV.5-1): 

• The entire gas load is absorbed onto the getter panels. 

• The panels pump uniformly at a constant rate. 

• The temperature is constant during regeneration. 

• The hydrogen pumping rate is 1-10 ~s- 1 cm-2 depending on activation and 

Operating conditions.( 6) Correcting for isotope effects, the getter 

pumping speed for DT is approximated as 3 ~s- 1 cm- 2 • 

• Average required pressure ~ 5 x 10-5 torr. 

• Total Zr-Al mass ~ 5 x 104 g: 
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For a DT gas loading of 35 torr•t/sec, the regeneration prof~les at 600, 

650, and 700°C are.shown in Fig. IV.5-4. The regeneration temperature is kept 

below 750°C to avoid any adverse effects.of copper evaporation from amagnetic 

constantan (Cu-45% Ni) backing plates.(l6) It is desirable to choose a mini­

mum regeneration time at the maximum allowable temperature. The thermal ef­

fects of continuous frequent recyling may be critical;(l7) however, the getter 

panel lifetime is usually limited by impurity absorption.( 9) For 700°C re­

generation, values as short as 30-45 min(l8,lO) have been reported. The maxi­

mum value is determined by ·the H2 embrittlement limit of 20 torr•1/g(l6) which 

corresponds to ~ 8 hrs for the given gas loading. For TASKA a 45 min regene­

ration time was chosen at 700°C. This results in regenerating about 60% of 

the absorbed gases. The pump inventory after 45 min on-line is 110 g T (18.3 

g T/NBI) and the initial tritium hold-up after degassing is 44 g T (7.3 g 

T/NBI). 

At steady state the hold up will be 73 g (44 g T/0.6). This gives a 

tritium inventory of 183 g on the pumping face and 73 g on the degassing face 

resulting in a 256 g T total inventory in the Zr/Al getter panels in the DT 

beam lines. 

It is noted that the above analysis is preliminary and contains many 

approximations and assumptions that can be evaluated only when the complete 

details of the vacuum system are available. The general principles illus­

trated, however, are important and lay the ground work for a more in-depth 

future study. 

For the neutral beams which inject pure deuterium, the regeneration time 

is much less critical. The major source of tritium contamination into the 

deuterium NB is particle backstreaming from the reactor vessel. The 
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backstreaming rate depends on the gas pressure near the reactor wall, the 

local particle lass rate from the reactor plasma, and the area of the duct 

opentng connecting the beam line to the reactor vessel .1 11 1 The tritium 

backstreaming is approximated in a simple fashion from Eq. (IV.5-2) by 

assu~ing random molecular flow onto a unit area (Eq. IV.5-2): 

where: · F = molecules cm-2sec-1 

N = 6.02 x 1023 mole-1 

F _ NP 
- (2nMRT)l/2 

R = 8.314 X 107 erg °K-1mole-1 

M = molecular weight (g mole-1) 

P = gas pressure at the wall (dyne cm-2) 

T = wall temperature (°K). 

(IV.5-2) 

Assuming a pressure of ~ 10-6 torr of gas (50% o2 and 50% T2) and a wall 

temperature of 400°C results in a flow rate of 3 x 1014 T2 cm- 2sec-1 This is 

probably a maximum value as the neutral gas pressure at the wall is estimated 

to be in the range of 10-7 to 10-8 torr. However, gases from the beam dumps 

may contribute_ to the equilibrium gas pressure. Therefore, 10-6 torr is taken 

as an upper limit. For one LE-NB with duct size 81 cm x 110 cm the back­

streaming rate is 3 x. 1018 r2 sec-1, which is ~ 2% of the injection rate. A 

similar calculation for the HE-NB and PLUG-NB results in tritium backstreaming 

of 5 x 1017 T2 sec-1 (0.4% injection rate) and 1 x 1017 T2 sec-1 (0.3% in­

jection rate) respectively. The actual backstreaming rate is unknown and will 

have to be investigated by experiment and in-depth· calculations. 
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The tritium pump inventory in the pure deuterium and proton NB lines is 

determined by the tritium impurity level that is allowed to build up from 

backstreaming. The estimated backstreaming is small and thus the getter panels 

can be regenerated more slowly than the minimum 45 min time used for the DT 

beam line. For a 12 hr regeneration time, the following total inventories are 

obtained: LE-NB ~ 2.6 g T, HE-NB~ 0.5 g T, and PLUG-NB ~ 0.09 g T. 

The recycled gases from the pure deuterium and proton beams are continu­

ously sent to the isotopic separation unit (Section VI.5) so that tritium 

impurities are not allowed to build up in the beams. This minimizes the pump 

tritium inventory and also reduces tritium losses in the beam and ion dumps of 

the mono-isotopic neutral beams. 

IV.5.1.3 Reactor Exhaust 

The DT fusionpower in TASKA is 86 MW. At a particle energy of 17.6 MeV, 

this corresponds to a burn rate of 3.05 x 1019 particles/sec. The tritium 

fractional burnup in TASKA can be defined in two ways: 

1. Overall burn fraction (f
0

): 

Tburned 13 /d % f = ......----...:.__ _____ = g X 100 = 
o T 5000 g/d total input to beam lines 

.26% 

2. Injected burn fraction (f1): 

T burned 13 /d 
% fl = ------------- - g X 100 = -- - 1500 g/d injected into the reactor chamber 

.87% 

The low burn fraction has a negative impact on the tritium inventory and re-

cycling (Fig. IV.5-5). 

IV.S-15 



.......... 
0 

........... 

~ ..... 
0 ..... 
c 
Q) 

> 
c ....... ..... 

900 

Fig. IV.5-5 

TRITIUM INVENTORY IN 
EX.HAUST PUMPS 

Tb d = 13 g/d urne 

- 276 -

800 PUMP REGENERATION TIME =2 hrs. 

700 

600 

500 

400 

300 

200 

100 

0----~----~----~----~--~--~ 
0 I 2 3 4 5 

INJECTED BURN FRACTION (0/o) 

IV.5-l6 



- 277 -

Table IV.5-6. Reactor Exhaust Characteristics 

T D H He 

Fuel Injected ( g/d) 1,500 1,120 20 

Fuel Burned (g/d) 13 9 

Fusion Ash (g/d) 17.5 

Breeding (g/d) 13 17.5 

Exhaust Pumped (g/d) 1,500 1 '111 20 17.5 

The components in the exhaust are given in Table IV.5-6. Note that the 

tritiu~ from the breeding blanket is included as it will be allowed to perme­

ate through the blanket coolant tubes into the central cell (Section VI.5) and 

will be pumped with the exhaust gases. The helium ash must also be evacuated 

with the exhaust. 

Of the 1500 g T/d that is injected into the central cell, 5% of this gas 

load (75 g T/d) is not absorbed by the plasma and is incident on a beam dump. 

The majority of this gas' is pumped by cyropanels located in the beam dump 

area. For an on-line time of 2 hrs the inventory in the beam dump cryopanels 

i s 6 g. 

The remaining 95% of the injected tritiumwill flow axially through the 

end cells and be deposited in a thermal dump. It is assumed that all of the 

ions and half of the alphas flow to one end of the central cell and the 

electrons and remaining alphas flow to the opposite end. Periodically, an 

area of the thermal dump will be used to test a direct convertor module. For 

the tritium analysis we will ~ssume only a thermal dump at both ends of the 

reactor. Particles will impact on the thermal dump and then be pumped by the 
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end cell cryopanels. For a 2 hr on-line time the inventory in the end cell 

cryopanels is 119 g T. 

IV.5.1.4 Tritium Considerations in Beam, Ion, and Thermal Dump Areas 

In TASKA there are three main areas where high energy tritium particles 

imp~ct metal surfaces; the beam and ion dumps associated with the DT-NBI and 

the thermal dump in the end cells. In these areas tritium particles implant 

at a certain depth and then diffuse in both directions. Since the implan­

tation depth is small with respect to the thickness of the dump and the front 

face temperature is much higher than the back face, the majority of particles 

will diffuse out the front face into the vacuum and only a small fraction 

diffuses out the back into the dump coolant. 

A simplified method of estimating the flow of tritium into the coolant 

assumes that the front and back diffusion rates are equal; then, the ratio of 

the tri ti um fl ux to' the water i s rel ated to the fl ux to the vacuum by the 

ratio o/t where o is the implantation depth and t is the plate thickness.( 19 ) 

For the DT beam dump a flux of 37.5 g T/d hits a 6 mm thick molybdenum surface 

and implants at a depth of 5.4 x 10-5 cm. This results in a lass of about 34 

Ci/d per dump using the simple model. 

A more sophisticated model which takes the temperature dependence of the 

diffusion process into account is outlined in Section VIII.5. This model 

gives much lower values for the diffusion of tritium into the coolant as the 

temperature on the back face is much lower. The estimated lasses to the dump 

coolant using the temperature dependent model are summarized in Table IV.5-7. 

These estimates appear more realistic than those obtained from the simplified 

method. For example, a value of 16 Ci/d is calculated for the diffusion into 

the DT beam dump coolant (Section VIII.3). Tritium barriers can also be used 
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Table IV.5-7. Tritium Implantation Parameters 

Material 

Area {cm2) 

Thickness {cm) 

Temperature {°C) 

Front Face 

Back Face 

Tritium Flux {g/cm2/sec) 

T Implantation Depth {cm) 

cmax {g T/cm3) 

T;nventory {g) 

Tloss-to-coolant {Ci/d) {no barrier) 

*Tota 1 s for a 11 DT beam dumps 

DT Beam Dump* 

Mo 

1.2 X 104 

0.6 

277 

190 

7 X 10-8 

5.4 X 10-5 

6.6 X 10-5 

0.50 

16 

End Cell 

Thermal Dump 

Stainless Steel 

5.4 X 105 

0.4 

546 

200 

1.6 X 10-8 

4 X 10-5 

1 X 10-7 

0.02 

7 

to minimize the permeation even further {< 1 Ci/day). The maximum tritium 

inventory {Table IV.5-7) in the dumps is calculated by multiplying the maximum 

concentration at the implantation depth by the total dump volume. {There is 

insufficient data to do a similar calculation for the DT ion dump at this 

time.) 

IV.5.1.5 Storage 

A certain quantity of tritium must be maintained in storage in the event 

of a temporary malfunction of any of the tritium handling equipment. Typical-
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ly the storage supply is equivalent to a one day's fuel supply. For TASKA 

this corresponds to 5000 g T stored on uranium beds. 

IV.5.1.6 Comments on the Tritium Fuel Cycle 

The tritium fuel cycle has been described with particular emphasis on the 

use of tritium neutral beams, Zr-Al pumping and lasses through dump areas. 

The tritium inventory has also been estimated. 

• 

The following areas need further work in the TASKA tritium fuel cycle: 

Integration of the ,analysis of tritium in the Zr-Al getter panels with the 

overall vacuum system designed by FRG. 

• Reassessment of the regeneration profiles with the vacuum system data ob-

tained from FRG. 

Indepth calculations or experiments are needed to assess the problern of 

backstreaming. 

Effects of tritium decay and the formation of 3He in the neutral beam pump­

ing system. 

• Assessment of total impurities in NB recycle gases. 

Incorporation of tritium barriers into beam, ion, and thermal dump areas. 

• Furtherdetails about the ion dump are needed to calculate the tritium 

lasses. 

• More detailed examination of lass mechanisms from the fuel cycle. 

It is difficult to compare the tritium aspects of neutral beam fueling 

with other proposed methods of fueling magnetic confinement devices such as 

pellet injection or gas puffing. Improvements in neutral beam technology may 

increase the efficiency reducing the tritium inventory and recycling. The 

efficiencies and inventories associated with the formation of simple, solid DT 

fuel pellets are difficult to assess. However, based on the TASKA analysis, 
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pellet fueling wduld decrease the large amount of fuel recycling, eliminate 

the problems associated with tritium lasses in the DT ion and peam dumps and 

reduce the tritium storage inventory. Finally, the tritium aspects cannot be 

compared without also comparing the plasma physics fueling considerations. 
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V.1.1 Magnet Design Philosophy 

The objective of the TASKA study is the conceptual design of a mirror-based 
fusion engineering test facility using technologies that should be available 
in a few years. In the field of magnet technology, axisymmetric coils of 
15 T peak field (Nb3Sn-conductors) and 8 T peak field in C-shaoed coils 
(NbTi-conductors) at 4.2 K can probably be ~rovided in the near future. These 
data must be taken as constraints for the plasma physics model of TASKA. On 
the other hand, the basic geometry of the magnet system is determined by both 
the plasma physics requirements and space requirements for heating and hand­
ling. 

Firstly, the field magnitude on the machine axis is important, as well as 
the ripple in the central cell region. Special field shapes have to be taken 
into account, e.g. the minimum 8 field configuration in the end plug or multi­
pale components. The shape of the magnetic field lines must not incoroorate 
any large excursions or runaways. 

The secend requirement is to provide space for the plasma, the blanket and 
the radiation shield. The neutral beam injectors must be oriented with the 
correct injection angles. Space for microwave heating waveguides and vacuum 
pumps has to be provided. The coil supports and the reinforcement also need 
space as well as the supply lines for current and coolant. Dia~nostic devices 
for plasma measurement and control need space in low field regions. 

The reaction of the electromagnetic forces in the structure must be compa­
tible with other space requirements as mentioned above. In particular, the 
reaction of a pulsed load, e.g. in case of failure, has to be taken into ac­
count. However, in TASKA fatigue problems are of minor importance compared 
with Tokamaks. Additional structural requirements are the maximum allowable 
strain and stress in the windings and the arrangement and size of cooling 
channels. 

Conductor-related requirements taken into account are the design current den­
sity in the superconducting material at the designed maqnetic field strength 
and the operating temperature. These parameters, tagether with the filling 
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factor and the amount of stabilization and structural material, give the 
overall current density in the winding bloc. For the stabilization material, 
the magnetoresistance has tobe known, especially for high magnetic fields. 
The cooling mode and the arrangement (radial or axial or both) have to be 
chosen. An absolute limitation is the maximum field at superconductor, which 
is of the order of 8 T for NbTi and 15 T for Nb3Sn, at 4.2 K. Conductor 
movement must be largely restrained. For pulsed operation the AC losses must 
be accommodated. 

Other requirements for the magnet system are low costs and a reliable safe 
discharge. Magnetic pollution has tobe as small as possible and, in certain 
critical areas, magnetic shielding is necessary, e.g. for neutral beam sources. 

V.1.2 General Description of the Magnet System 

The magnet system of TASKA consist of: 

- 3 solenoids in the central cell to give the required central cell field 
and riople (CC1, CC2, CC3), 

2 sets of hybrid solenoids to provide the magnetic mirror field between 
central cell and barrier (BC1, BC2), 

- 2 transition coils for plasma cross section shaoing (RCN1, RCN2), 

2 Yin-Yang systems to provide gross MHD-stability with a minimum 8 region 
(CEEN1 and CEEP1, CEEN2 and CEEP2), 

- 2 recircularizing coils for plasma cross section shaping (RCP1, RCP2) and 

- 8 coils for field shaping in the thermal barrier reqion (FSC1, ... , FSCB). 

The arrangement and the winding cross sections of the magnets are shown in 
Fig. V.1-1; the names arealso indicated. Only the right half of the machine 
is shown, the left half being a mirror image but rotated by 90° around the 
z-axis. Fig. V.1-2 shows a computer drawing of the TASKA magnet system and 
Fig. V.1-3 shows the types and specifications of the coils. 

Table V.1-1 gives the z-positions of the magnet centers, where the center of 
the barrier coil is defined as the center of the normalconducting .insert coil. 
The main magnetic characteristics are given in Table V.1-2. Fig. V.1-3 shows 
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the magnetic field on axis, while Fig. V.1-1 shows also the field lines 

in the x-plane (upper half) and y-plane (lower half) . 
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Fig. V.1-1 Winding cross section of the TASKA magnets in x- and y-plane. 

The right half of the machine is shown. 
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parameter set to specify each coil in the computer code 
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Table V.1-1 Z-positions of the magnet centers 

m 

RCN1 - 32.16 
CEEN1 - 27.86 
CEEP1 - 27.5o 
RCP1 - 23.20 

FSC1 - 20.80 
FSC2 - 19.80 
FSC3 - 18.60 
FSC4 - 17.35 

BC1 - 9.5 

SOLl (CC1) - 4.2 
SOL2 (CC2) 0.0 
SOL3 (CC3) + 4.2 

BC2 + 9.5 

FSC8 17.35 
FSC7 18.60 
FSC6 19.80 
FSC5 20.80 

RCN2 23.20 
CEEN2 27.50 
CEEP2 27.86 
RCP2 32.16 

Table V.1-2 Main magnetic eharacteristics of TASKA 

Magnetic field in central cell 
Maximum field in barrier coil 
Minimum barrier field 
First maximum in plug 

'minimum in plug 
Second maximum in plug 

2.7 T 
20 T at z = + 9.6 m 
0.8 T at z = + 19.8 m 
6.25 T at z = + 24.70 m 
4 Tat z = + 27.20 m 
6.25 T at z = + 29.70 m 

All quoted fields are vacuum fields. 
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The magnet system parameters are the result of a trade-off between plasma 
I 

physics requirements, magnet engineering limitation and access require-
ments for neutral beam injection and blanket handling. 

For the central cell, a four solenoiddesignwas compared with a three 
solenoid design. With thethree solenoid design, the field ripple require­
ment along the axis 6B/B (B=average magnetic field in the central cell) 
of <5% could be fulfilled with a coil length of 1.2 m. Additionally, 
access for shield and blanket handlingwas sufficient and better than in 
the four-solenoid-design. 

The barrier coil shape takes into account the low injection angle of 
20° of the high energy neutral beam injector. This coil is butlt up by a 
set of superconducting solenoids consisting of four winding packages 
with different current densities and different thicknesses of the winding 
cross sections to provide space for the neutral beam injector. In order 
to obtain a B-field as high as possible and to provide space for the 

\ 

neutral beam dumps, a normalconducting insert coil is placed concentri-
cally within the superconducting coil set and located axially with 
respect to the center of largest radial thickness of the superconducting 
packages. The injection field region is defined by the plasma physics 
requirements and in particular by the footprint of the medium energy 
neutral beam. The field shape in the injection region was adjusted by 
using different current densities in the smaller parts of the barrier coil. 

The positioning of the high energy neutral beam injector required an 
increase of the barrier length over the value defined by physics and 
magnet technology considerations. It was achieved by an axial trans­
lation of the end plug magnets outside. However, as a result, the mini­
mum field in the thermal barrier region is lower than the 0.8 T required 
in the plasma model. Therefore field shaping coils (in this case normal 
conducting) on each side are used to enhance the field to the required 
level; these coils will be integrated into the shield. The boundary 
position of these coils is dictated again by the beam ducts of the 
high energy, medium energy and low energy neutral beam injectors. 

The C-shaped end plug magnets are more compact than the end plug magnets 
in WITAMIR-I ( 2 ~ 3 ) and are comparable to the MFTF-B end plug magnets. (4) 
This is because of a smaller plasma radius and less shield thickness. 
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Note that the maximum field in the plug is 6.25 T and the.minimum field 
is 4 T, while the maximum conductor field is less than 8 T. Unique to 
this design in the end plug is that the Yin and the Yang magnets have no 
common center; in fact the centers of the magnets are separated by 
0.36 m. The reason is that for a given minimum plug field (4 T), the 
maximum plug field can be increased without raising the conductor field. 
Thus, a plug mirror ratio as high as possible can be provided. 
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References for section V.1 
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UCRL-52402 (1978) 

2. B. Badger et al.: WITAMIR-I, A University of Wisconsin 
Tandem Mirror Reactor Design, University Wisconsin 
Report, UWFDM-400 (1980) and 

3. W. Maurer, D.C. Larbalestier, I.N. Sviatoslavsky: 
Magnets for the Tandem Mirror Fusion Power Reactor 
WITAMIR-I, MT-7, IEEE Transactions on Magnetics, 
p. 1927, 1981 

4. K.I. Thomassen, Program Leader, and V.N. Karpenko, Project Manager, 
Tandem Mirror Fusion Test Facility-MFTF-B Conceptual Design Report and 
Project Proposal, Lawrence Livermore Laboratory, Rept. LLL-Prop-163, 
Rev. 1. (January 23, 1980); this document updates LLL-Prop-163, dated 
August 1, 1979. 
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V.2 Central Cell Magnets 

The three central cell magnets have an innerdiameterof 5.6 m and winding 
cross sections of 1.2 m x 0.5 m (central solenoid CC2)and 1.2 m x 0.58 m 
(outer solenoids CC1 and CC3), respectively. These magnets are comparable 
to big bubble chamber magnets already existing, e.g., at ANL( 1) and 
CERN( 2) · Therefore the technology for the central cell magnets is currently 
available and is based on the experience with these large coils. 

The axial spacing of the three magnets allows sufficient access t6 the 
interior of the central cell for exchange of blanket modules or portians 
of the shield. In table V.2-1 the main parameters of the central cell 
magnets are given. The current density of the center coil is 1160 A/cm2, 
while the outside coils have 1350 A/cm2 to fulfil the ICRH requirements. 
The maximum field at the conductor is less than 6 T. 

Fig. V.2-1 shows a cross section of the center coil and one of the out­
side coils with the B-field contours of 5 T, 4 T, 3 T and 2 T. It turns 
out that the current density could be graded for a most cost-effective 
design. 

The conductor for these coils consists of NbTi with copper and/or alumi­
nium stabilizer and stainless steel reinforcement. The conductor is 
described in section V.7. 

References for section V.2 

1. R.E. Jeneset al.: Advances in Cryogenic Engineering, 15 
141 (1970) 

2. F. Wittgenstein: Rev. Industries Atomique 5/6, 23 (1970) 
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Table V.2-1: Main Central Cell Magnet Parameters 

Name 

geometric features 

center of magnet: z-position 

minor radius 

major radius 

average radius 

bundle cross section 

mean turn length 

volume of winding 

mean density 

weight of winding 

electromagnetic features 

bloc current density 

Ampere-turns 

self-inductance per N2 

stored self-energy 

max. conductor field 

operating features 

operating temperature 
max. working strain 
max. II stress 

conductor properties 

superconductor 

stabilizing material 
structure material 

unit 

m 

m 

m 

m 

mxm 

m 

m3 

tlm3 

t 

Alcm2 

106A-turns 

10-6 HIN2 

MJ 

T 

K 

% 

MPa 

v:2-2 

CC1 

-4.2 

2.8 

3.38 

3.09 

1. 2x0. 58 

19.42 

13.5 

~ 6.3 

~86 

1350 

9.4 

8.325 

368 

<6.0 

4.2 
< 0,25 
< 500 

I CC2 I 

0. 

2.8 

3.3 

3.05 

1. 2x0. 50 

19.17 

11.5 

~ 6. 3 

~72.5 

1160 

6.96 

8.343 

202 

<6.0 

4.2 
<0 ,25 
<500 

Nb Ti 

Al 
ss 

CC3 

4.2 

2.8 

3.38 

3.09 

1. 2x0. 58 

19.42 

13.5 

~ 6.3 

~86 

1350 

9.4 

8.325 

368 

<6.0 

4.2 
<0.25 
< 500 



E 

- 295 -

3.5 ......---------....------___",., 

E 

3.1 

----- 2T 
........._ ____ 3T --------

2. 7 ..,._....._-------.-------1111-...1 
.... 0.7 + 0.7 

Z[m] 

3.5 .,.--------....---------. 

3.1 
2T -------
3T 

~--------4T--------~ 

2. 7 -t---------.------~--1 
3.5 4.2 4.9. 

Z[ml 
Fig. ·V. 2-1: Cross section of central cell coils wi th 2T, 3T,. 4T and 

5 T B-contours (Top:center coil in central cell~ 
bottom: neighbour coil) . 

V.2-3 



- 296. -

V.3 The Barrier Mirror Coil 

The barrier mirror magnet is a hybrid consisting of a superconducting outer 
solenoid set and a normalconducting insert coil. The aim of this magnet is 
to produce a field in the mirror throat as high as possible. A maximum 
field of 20 T on axis is achieved with this design. The superconducting 
coil gives 13.7 Ton axis, - the rest is delivered by the normal conducting 
insert coil. The thickness of the superconducting coil varies axially; the 
reason is to provide access for one of the barrier pump beams as discussed 
previously in chapter V.1. 

V.3.1 The Superconducting Solenoid Set 

The superconducting part consists of four winding packages; a cross section 
is seen in Fig. V.3-1. Some field lines are given to show the region where 
NbTi (up to 8 Ton conductor) and Nb3Sn (up to 15 T) can be used. Fig. V.3-2 
and Fig. V.3-3 give additional informatibn about the radial and axial field 
variation in the barrier coil. The radial variation shows that the maximum 
field at the superconductor is 15 T. The radial variation is calculated at 
the z-position, where the maximum on axis field accurs. Fig. V.3-3 shows 
that the field at the superconductor (R=1.3 m) varies from about 10 T to 14 T. 

In Table V.3-1 the main parameters of the superconducting coils are given 
with Fig~ V.3-4 showing the locations and names of the various coils. The 
design of this coil set approaches the limits of the technology which can 
be expected in the near future: Nb3Sn superconductor with about 15 T at the 
conductor and a stored energy of about 2.6 GJ in the coil set. 
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Table V.3-1: Main mQ.gnet parameters of the superconducting solenoid set of the barrier coil 

LI LO ML MR total 

center of the magnet: 
z-position (m) relative 
to center cell plane of + 9.5 + 9.5 + 10.7 + 11.2 
symmetry 

geometric features unit --
minor radius m 1.3 1.86 1.3 1.3 
major radius m 1.8 . 2.28 1.9 1.9 
javerage radiusj m 1.55 2.07 1.6 1.6 
bundle cross section mxm 0.5x2.0 0.42x2.0 0.6x0.4 0.6x0.6 
mean turn length m3 9.74 13.0 10.05 10.05 

< volume of winding 9.74 10.93 2.413 3.62 . m w 
w mean density t;m3 - 6.3 - 7 - 6.3 - 6.3 0 
I 0 

U1 weight of winding t 62 77- 15.2 22.8 177 

electroma~netic features 
bloc current density A/cm2 1600 2400 2000 2200 
Ampere-turns 2 106 A-turns 16 20.16 4.8 7.92 49 
self-inductance per N 10-6 H/N2 2.354 3.876 4.145 3.792 
stored self-energy MJ 301 788 48 119 
max. conductor field T < 15 < 8.6 < 15 < 14.5 

operating features 

operating temperatures K 4.2 4.2 4.2 4.2 
max. working strain % 0.24 0.24 0.24 0.24 max. II stress MPa 500 500 500 500 

conductor propertfes 
superconductor Nb3Sn Nb Ti Nb3Sn Nb3Sn 
stabilizing material Al - Cu Al Al 
structure material ss ss ss ss 
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V.3.2 The Normalconducting Insert Coil 

The primary objective of the high field barrier coil in TASKA is to 
establish a magnetic mirror for particles in the central cell. Increa­
sing the barrier field reduces the particle current passing into the 
barrier region and consequently the requirements for pumping in the 
barrier. As pumping is done by power-consuming neutral beams into 
the barrier, a power-trade-off was studied (see Chapter III.3) between 
pumping requirements and enhancement of the barrier field with normal­
conducting coils inserted into the radiation shield of the supercon­
ducting coils. The sample case chosen for the study showed a decrease 
in neutral beam power from 200 MW to 150 MW when the peak field on 
axi s in the barri er coi 1 was i ncreased from 1 3. 7 T to 20 T 111 . The 
power needed for operation of the insert coils is less than the 50 MW 
of bea~ power saved, and it can be provided more economically via 
rectifiers. Without further refined optimization studies it was decided 
to design the barrier coil set for a peak fie1d of 20 T in which 6.7 T 
are provided by the insert, 13.3 T by the superconducting coil. 

The design of the insert coil is governed by the following aspects 
which are discussed in the following paragraphs: 

- Geometrie constraints, 
- Minimization of dissipated power, 
- Stress and heat transfer limits, 
- Gonductor design and insulation. 

Geometrie constraints limit the radial region in which a normalcon­
ducting insert can be positioned. The radius of the vacuum chamber at 
the 20 T point is 0.15 m, increasing along the axis towards lower 
field values. At the central cell side of the peak field point, the 
fusion power density in the plasma is about the same as in the central 
cell, subjecting the normalconducting insert to neutron and gamma 
radiation. As long as little operational experience with magnet coils 
in high radiation fields is available, conservative assumptions with 
respect to the lifetime of conductor and insulation, and to the opera­
ting features at high fluxes must be taken. It was therefore decided 
to allow radial space for a radiation shield of 0.15 m which is 
sufficient to reduce the radiation flux by one order of magnitude. 
The inner radius of the insert is thus fixed at 0,3 m. 
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The outside radius of 0.9 m is governed by the position and radiation 
shielding requirements of the superconducting coil. With an inner coil 
radius of 1.3 m and 0.1 m of radial space needed for coil case, superin­
sulation and vacuum tank, 0.3 m are available forafinal effective 
radiation shield in addition to the shielding established by the normal­
conducting insert. 30 cm of additional shielding is certainly on the 
safe side and may appear overconservative but a detailed neutranies 
analysis must consider voids in the shielding for hydraulic and power 
leads to operate the insert. Should the detailed analysis show that 
the amount of shielding can be reduced, decrease of the inner radius 
of the superconducting coil will be far more economical than increase 
of the insert outer radius. Finally, the axial length of the insert can 
be made as long as the superconducting coil if desired. 

In a solenoidal magnet, the least power is dissipated for generation. 
of a given central field B if the current density in the cross section 

0 
varies as the 11 Kelvin 11 -distribution [2[: 

jk - r (r2+z 2)-312. In a real magnet, it is of course impractical to 
realize this distribution but it should be approached if possible. 
With the radial Variation being most important, it was decided to 
subdivide the insert coil set into 6 nested cylinders of 0.1 m thick­
ness each. The length of each cylinder is determined by power optimi­

zation for axially constant current density. Let ak = rout,k/r;n·,k 
and ßk = lk/2r;n,k denote the geometry parameters of the k-th cylinder, 
then according to [2[ we have 

Bo,k - jk . F(ak, ßk) and pk- jk2 . ßk . (ak2-1) 

for field contribution and power dissipation, with F(a,ß) = ß(sinh-l a 
-1 1 ß 

sinh ß). The parameter ak is fixed for each coil by its thickness 
of 0.1 m, giving ß From dPk/dßk = 0 we have 

k 
pk -

F2(ak,ßk) 

F{a,ß) = 2ß · dF~~,ß) as a condition for ß of a solenoid of constant 

current density, fixed a, and minimum power dissipation. Evaluation of 
this condition shows that optimum ß is very accurately approximated if 
the length of the solenoid equals its average diameter (see Table V. 3.2-1). 
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Table V.3.2-1: Main Parameters of the normalconducting insert coils of the barrier coil 

·>", 

INS1 INS2 INS3 INS4 INS5 INS6 Total 

Geometrie Features Unit 

Center)of the magnet: z-posi-
tion + m + 9.5 + 9.5 + 9.5 + 9.5 + 9.5 + 9.5 
Minor radius m 0.3 0.4 0.5 0.6 0.7 0.8 
Major radius m 0.4 0.5 0.6 0.7 0.8 0.9 
Average radius m 0.35 0.45 0.55 0.65 0.75 0.85 
Bundle cross section mxm 0.1x0.7 0.1x0.9 0 .1xl.1 0.1xl.3 0 .1xl. 5 0.1x1.7 
Mean turn length m3 2.2 2.83 3.46 4.084 4.712 5.341 
Valurne of winding m 0.15 0.26 0.38 0.53 0.71 0.91 2.9 
Weight of winding 

(Mean density 7t!m3) 
t 1.1 1.8 2.7 3.7 4.9 6.3 20.5 

I 

Electromagnetic Features w 
d 

< 
A/cm2 """ . Blqc current density 2800 1683 1137 814 613 480 w 

I Ampere turns 10~6A-tu2ns 1.96 1.51 1.25 1.06 0.92 0.82 7.52 1.0 

Self-inductance per N2 10 H/N 0.4169 0.5508 0.6877 0.8249 0.9597 1.096 
Stored self-energy MJ 0.97 0.64 0.48 0.4 0.32 0.28 12.0 
Lass Power MW 4. 3 2.6 1.8 1.3 0.9 0.7 11.6 

Conductor Properties 

Conductor Hardened copper with p = 2.5x1o-8nm at average operating temperature and 300 MPa tensile strength, 
Height ~ 3.3 cm, Width: 10.7 cm, Current .:::; 100 kA, Pressuredrop in Water $ 15 bar, LlT=60°C 

+) ± 9.5 means, one is at 9.5 m on the positive side of the z-axis and 
one is at -9.5 m on the negative " " II 
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A similar power minimization is possible for adjustment of current density 
in the radially nested coils (for a general procedure, see Chapter 4 of 
Ref. 121 ). For two concentric solenoids which have to generate a central 8

0
, 

one has B
0 

= ck · jk + c1 • jl and P = dk · jk2 + d1 • j 1
2 with 

c = ~0 · rin F(a,ß) and d = p • 2rrß · (a2 -1) · rin ~ p material resisti­

vity. Loss power P is minimized if current densities j are graded such that 

The procedure just described offers a Straightforward method for the design 
' 

of a set of nested solenoids with constant current density each. However, 
experience with small insert coils in high field hybrid magnets 131 shows 
that two additional technical constraints must be considered: The upper 
limit of stress o = j · r · B in the coil of the order of 200 to 500 MPa 
depending on the conductor alloy chosen, and the upper limit on heat 
removal from the conductor which limits the current density in copper to 
about 25 kA/cm2

• While thi·s latter limit is of no concern for large radius 
magnets, the stress limitwill become essential for mirrar fusion appli­
cations. The TASKA-insert is not yet governed by the stress limit i.f a copper 
alloy is chosen that can operate up to. 300 MPa (e.g. SE-Cu with temper 
F 30 as affered by Kabelmetal, Osnabrück/W. Germany). 

Heavily radiation loaded magnets were operated in the past mainly in 
accelerator centers, e.g. LAMPF and SIN 141. The difference to conven­
tional magnets is that a ceramic insulation must be used i f doses of 
more than 109 rad are expected. MgO and Al 0 as compacted powders will 

12 2 3 ' 
withstand doses in excess of 10 rad, making resistivity-increasing 
transmutations in the conductor material the prime life-time limiting 
effect. Recently, a detailed analysis !51 was published in which an MgO­
insulated copper conductor, jacketed by a steel sheet for chemical 
and mechanical protection of the insulation, was optimized for use in 
an unshielded bundle divertor magnet for a Tokamak-based FED. The analysis 
concluded that even with conservative assumptions, the required magnet 
can be built and operated. 

In TASKA, coil INS 1 is simultaneously subjected to the highest Ohrnie 
power dissipation and radiation load. Several key parameters are there­
fore given and justified for this coil; they may be applied to the 
other insert coils as well. An average resistivity in the copper at 

the average operating temperature, p = 2.5 x 10-8 nm, is taken, even 
considering transmutations after 1012 rad. 
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The conductor must be bentat a radius of 0.3 m. Combining LANL-experi­
ence of ratios~ radius of bending to height of 6 and US-manufacturer 
recommedations of a factor of 12 for ceramically insulated conductors 
i nto a factor of 9, a conductor hei ght of h = 3. 33 cm results, gi vi ng 
three layers for the coil thickness of 10 cm. Contrary to bundle diver­
tor coils or Yin-Yang-coils, the solenoidal conductor is bent only 
in one plane, allowing an almost arbitrary width of the conductor. 
Operational safety and desire for thin insulators call for low val­
tage, the water cooling system calls for large hydraulic diameters 
of cooling channels and short channel lengths. Both requirements favor 
a wide conductor which should be limited only by practical conside­
rations on the operating current. If a reasonably manageable peak 
current of 1

0 
= 100 kA is assumed (bus bar dimensions, los~es and 

cooling), the conductor width as given by w = I
0
/(h · }), j being 

the average current density in the conductor bloc of 2800 A/cm2 for 
INS 1, becomes w = 10.7 cm. 

According to table V.3.2-1, a power of 4.3 MW is Ohmically dissipated 
in INS 1 for a copper filling factor of A = 0.7. Additional 0.2 MW 
of nuclear heating must be considered if a peak power deposition of 
2 MW/m 3 is used, as indicated by the neutranies calculations. Power 
dissipation in the t~gO-insulation 151, the resistivity of which de­
creases significantly in an radiation environment, is negligible in 
INS 1 due to the low terminal voltages and to the 0.15 m shield bet­
ween plasma and coil. The water cooling system must finally handle a 
heat load of 4.5 MW, mainly cau$ed by Ohrnie heating. 30 % of the con­
ductor cross section are available for steel jacket, insulator, and 
cooling channels. Using a steel jacket ßf Q.6 mm and an MgO thickness 
of 1.4 mm, about 3.6 cm2 of cross section area (~10 %) remain for cooling 
channels. In order to have a hydraulic diameteras large as possible 
and at the same time a large surface area of the channels for good heat­
transfer, three parallel channels of 1.2 cm diameter each are proposed, 

spaced along the width of the conductor. Hollow copper conductors with 
2 or moreparallel channels are produced by Kabelmetal, OsnabrUck. 
With this design and hydraulic operation of the three layers of INS 1 
in parallel, the cooling systemwill require 1.5 MPa of (ideal) pressure 
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drop and 15 m/s of water veloeity. If these values are too high for 
reliable operation or in view of pumping power needed, a reduetion of 
eurrent density in INS 1 and an inerease in INS 2 may be eonsidered 
(Minimization of the sum of pump power and Ohrnie power). 

In summary,the normaleondueting insert eoils of TASKA appear feasible 
even with eonservative assumptions. With the remote handling seheme 
designed for their exehange, an operating failure ean be tolerated. 
Some development-needs for eonstruetion of the insert are: 

- Ceramie insulation and jaeketing of large reetangular 
eonduetors, 

- eeonomi~ provision of a eladding of eooling ehannels 
whieh is eorrosion-resistent against radiolysis produets 
of water, 

- Design of eleetrieal (100 kA) and hydraulie (15 bar) manifolds. 

Referenees for Chapter V.3 

111 R.P. Drake : private eommunieation, Aug. 1981 

121 D.B. Montgomery: Solenoid Magnet Design. New York: Wiley 
Interseienee 1969 

[31 G. Landwehr: Problems eonneeted with the generation of eontinous 
magnetie fields above 15 T, IEEE Trans. Magn. 1981/17/5, 

p. 1768 

[ 4[ A. Harvey: High Current-Density Coils for High-Radiation Enviro-
ments, IEEE Trans. Magn. 1981/17/5, p. 1717 

I~ J.H. Sehultz: A Costing and Sizing Code for Highly Irradiated 
Normal Magnets. M.I.T. Res. Rep. PFC/RR-81-13, 

Cambridge, Mass. 
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V.4 The End Plug Coils 

Each end plug is formed by a Yin-Yang pair and two transition coils. The 
main features of these coils are given in Table V.4-1 with Fig. V.4-1 
showing the locations and names of the end plug magnets. The current 
densities of these C-shaped coils are less than 2000 A/cm2. Their 
design is straightforward, because they are similar in geometry and elec­
trical parameters to those of the MFTF-B machine. Characteristic dimensions 
are an overall height of about 7 m for the Yin-Yang system and about 5 m 
for a transition coil. Theseare comparable to the MFTF-B dimensions of 
about 6 m overall height for the Yin-Yang and about 12m for the outside 
A-cell coil. The successful test of a MFTF-B Yin-Yang in February of 1982 
encourages us to state that the C-shaped end plug magnets of TASKA can 
be built with current technology (1). 

Fig. V.4-2 shows B-contours for the region of closest approach between a 
transition coil and a Yin coil. Fig. V.4-3 demonstrates the magnetic well 
of the Yin-Yang. 

References for section V.4 

1. T.K. Fowler, private communication 
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Table V.4-1: Main Parameters of the end plug Magnets. 

TC/RC Yin/Vang 
geometric features unit 
center of the magnets m ±22. 7 /±31. 66 ±27.0/±27.36 
11 Minor 11 radius A 1 m 1.6 0.9 
11 major 11 radius A 2 m 1.4 1.4 
average 11 major 11 radius R2 m 1.9 2.4 
average 11 minor 11 radius R2 m 1.9 1.09 

sweep angle degree 60 90 
bundle cross section mxm 1. OxO. 6 2.0x0.38 
mean turn length m 19.90 21.93 
volume of winding m3 11.94 16.67 
mean density t/m3 -7 ~7 

weight of winding t ~84 ~117 

electromagnetic features 

bloc current density A/cm2 1900 1630 
Ampere-turns 106A-turns 11.4 12.4 
self-inductance per N2 10-6 H/N 2 7.497 5.349 
stored self-energy MJ 487 411 
max. conductor field T < 7 < 7. 9 

operating features 

operating temperature K 4.2 4.2 
max. working strain % 0.25 0.25 
max. II strees MPa 500 500 

conductor properties 

superconductor Nb Ti Nb Ti 

stabilizing material 
Cu(3/4 hard) 

structure material 
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Fig. V.4-2: Field at conductor for the region 
of closest approach between a 
transition and Yin coil. 
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Fig. V.4-3: Demonstration. of the magnetic well in the 
Yin-Yang coil set (z=27.18 m corresponds 

to the center of the coil set). 
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V.5 Pield Shaping Coils 

As explained in section V.l, field shaping coils had to be introduced 
in the barrier region to shape the field such that the high energy 
pump beam can be injected at the point of minimum barrier field. These 
coils are partly integrated with the shield. They are normalconducting 
and will'be built with the same hardened coppermaterial as the barrier 
insert coil. Table V.5-1 gives the main parameters of these coils with 
Fig. V.5-1 showing their locations and names. The ohrnie lasses of the 
eight field shaping coils are9MW. 

V.5-1 
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Table V.5-1: Main Parameters of the Field Shaping Coils 

Magnet: 
FSC8 I FSC7 I FSC6 I FSC5 

geometric features unit 

center of magnet: z - po s i t i o n + ) m ±17.35 ±18.6 

minor radius 

major radius 

average radius 

bundle cross section 

mean turn length 

volume of winding 

mean density 

weight of winding 

electromagnetic features 

bloc current density 

Ampere-turns 

self-inductance per N2 

stored self-energy 

consumed power 

opera ti ng fea tures 

operating tempera ture 
max. working strain 
max. II stress 

conductor properties 

conductor 

structure material 

m 1.5 1.5 

m 1.7 1.7 

m 1.6 1.6 

mxm 0.8x0.2 0.4x0.2 

m 10.06 10.06 

m3 1.61 0.81 

tlm3 
~8 ~8 

t ~12.87 ~6.44 

Alcm 2 650 480 

106A-turns 1.04 0.384 

10-6 HIN 2 4.161 5.154 

MJ 

MW 

K 

% 

MPa 

2.25 0.38 

2.43 0.666 

room room 

<210 < 210 

hardened copper 
with 

p~2. 5x1o-8 r2m 

±19.8 ±20.8 

1.0 1.0 

1.05 1.2 

1.025 1.1 

0.4x0.05 0.4x0.2 

6.44 6.92 

0.13 0.553 

~8 ~8 

~1.03 ~4.43 

450 -795 *) 

0.09 0.636 

3.111 3.037 

0.013 0.614 

0.094 1.25 

room room 

<210 <210 

*) inverse current direction 
+) 

± means; one on the positive z-axis and one on the negative side V.5-2 
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Fig. V.5-l: Position of field shaping coils 
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V.6 Magnetic Shielding 

Shielding of the intense magnetic fields in TASKA must be considered 
in view of a reduction of magnetic pollution of the environment and 
in view of provision of regions of reduced magnetic field for the 
operation of machine components, in particular of ion sources and 
ion beam paths in the neutral beam generators (see Section IV.3.2.8). 
Reduction of magnetic pollution, a problern common to all devices of 
magnetic fusion 111, is not considered here because no conclusive 
information on exposure levels is available and means for exposure 
reduction (distance, bucking coils, ferromagnetic shields) are known 
and developed. 

Magnetic shielding of vital TASKA-components in intense stray fields 
is examplified by the source for the high energy pump beams, situated 
just outside the 20 T-barrier coils. As shown in Fig. V.3-1, fields 
inexcess of 2 T must be shielded from a volume of about 10m3. The 
beam sources are designed to allow a thickness of 0,2 m around for 
shielding. Ferromagnetic materials of saturation flux densities of 
the order of 2 T are not sufficient for this task, although they may 
be used around the mostsensitive parts, i.e. ion source and beam 
line to the neutralizer, if the field intensity is reduced of these 
points by bulk shielding. The only conceivable method at present 
appears bulk shielding by superconductors, using their perfect dia­
magnetic properties. Some experimental evidence (121 ,131) with shiel-
ding tubes of about 2 m length and several cm bore is available, 
indicating that fields of about 2 T can be shielded by stacks of supercon­
ductors and stabilizing normalconductors of about 1 cm thickness. In 
order to permit a free flow of the shielding currents, wide supercon­
ductor foils are generally used. This technique is also proposed for 
superconducting magnetic shields studied in the field of magnetic levi­
tation 141. In experiments on the inverse problem, i .e. trapping of 
magnetic fields by superconductors I 5I, good results were also achieved 
with helically wound Nb3Sn ribbons. However, homogeneaus fields were 
trapped in this case, and the results may not be transferable to the 
inhomogeneaus shielding problern in TASKA. Several computer programs, 
based on iteration and the definition of current elements in a super­
conducting shield, were developed to predict the shielding capability 

V.6-1 



- 317 -

and current distribution in conjunction with the critical current pro­

perties of the superconductor 161,171. 

In summary, available results on shielding properties of superconduc­
tors suggest their applicability for shielding the neutral beam sources 
in TASKA. However, experiments are needed to demonstrate efficient 
large volume shielding in dependence on superconductor thickness. Field 
leakage into the source regionwill depend on the width of foils of 
superconductors that can be manufactured. However, the leakage fields 
will be shieldable conventionally at the mostsensitive places. 

Local shielding of neutral beam generators will distort the overall 
magnetic flux pattern. Again, the region of the barrier coils with the 
high energy pump beam generators is most sensitive because the shiel­
ding level is high and the axisymmetry of the vacuum magnetic field on 
axis is distorted in a plasma region in which the central cell par­
ticles are reflected. A plasma physics analysis is needed to find out the 
level of non-axisymmetry tolerable in this region. One eure to this pro­
blern might be provision of axisymmetric, ferromagnetic material around 
the barrier coil. It would reduce the flux density at the neutral beam 
generator and, conversely, shield the plasma from flux distortions due 
to the neutral beam shield. Magnetic pollution from TASKA would be re­
duced. Aceurate magnetostatic calculations are complicated by the high 
level of saturation at which the iron would operate. 

At present, no final solution to the shielding problern for the high 
energy pump beam can be given with the spatial limitations assumed. 
If experimental results can be scaled-up from small dimensions, stacked 
superconducting foils will be used. lf no solution appears at hand, 
the spatial limitations must be relaxed, e.g. by extending the barrier 
length to remove the neutral beam generator further from the barrier 
coil, thus decreasing the stray fields. Even now, the design barrier 
length of TASKA with the need for bucking coils and the two-stage 
pumping scheme proposed for the barrier are consequences of a credible 
design for the high energy pump beam with short duct length. 
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V.7 Superconductors for TASKA 

V.7.1 Introduction 

To guarantee reliable and safe operation of the TASKA-magnets, a number 
of design criteria for the conductors have to be met: 

- The conductor must sustain the mechanical stresses due to magnetic 
forces. Each turn should sustain its hoop stresses by suitable addition 
of reinforcing material. 

- The conductor must recover from small disturbances like conductor move­
ment, plastic deformation of material etc., i.e. cryogenic stabili­
sation is essential for magnets of this size. 

- In the case of a nondisappearing normal zone, the magnet has to be discharged 
safely without irreversible darnage by excess valtage or temperatures. 

These requirements have been combined to a design procedure which is out­
lined in Fig. V.7-1. The components of this procedure are now described. 

V.7.2 Stresses 

The hoop stresses in a self supporting winding of a solenoid are given by 

where 

Ar cross sectional area of reinforcement 
crr stress in reinforcing material 
B Magnetic field in axial direction 
10 Operating current 
r Radius 

(V.7-1) 

(B·r)max : The maximum value in the coil. In the TASKA-solenoids the 
maximum is attained with the field B at the inner turn with max 
radius rmin' 

With stainless steel chosen as reinforcing material and a maximum allowable 
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strain of.24% in accordance with the strain capability of Nb3Sn, a stress 

crmax = 500 MPa 

is used as a design parameter. 

V.7.3 Fast Discharge 

The maximum hot spot definition temperature is fixed to 

Tmax = 200 K 

It is given by the hot spot integral 

Tmax 

As f Ys cps 
Ps 

4.2K 

Q
0 

Stored energy 
U

0 
Maximum discharge valtage 

I
0 

Operating current 
y Density of material 
Cp Specific heat 
p Specific resistivity 

dT + Ar 

As Cross sectional area of stabilizer 

Tmax 

5 Yr CprdT 
PS 

4.2K 

Ar Cross sectional area of reinforcing material 

Qo . Io 
= 

uo A s 
(V.7-2) 

In this treatment the amount of stabilizing material is primarily de­
termined by the hot spot temperature. The enthalpy of the reinforcing· 
steel is utilized. This requires good thermal contact between these two 
components, but gives a higher mean current density. Aluminum is well 
suited because of its high electric conductivity in high magnetic fields. 

The hot spot integrals Jy (C /p)dT for the combinations stainless steel­s p 
aluminum, aluminum - aluminum and copper - copper have been calculated: 

J (2oo K) = 6.5 . 1ol6 ~ 
m4 

for Al-Al 
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J (200 K) = 13.3 for Al-SS 

J (200 K) = 9.7 · for Cu-Cu. 

The maximum discharge valtage U is set to 2.5 kV in the barrier 
- . 0 

coil and to 1 kV in the other coils. After a quench is detected in one coil, 
a fast discharge is initiated in this coil alone while the others are dis­
charged slowly or remain at the nominal current. 

V.7.4 Cryogenic Stability 

With the amount of stabilizer fixed by coil protection requirements, the 
condition of cryogenic. stability must be fulfilled by a proper choice 
of cooled surface and cooling mode. 

Pool boiling at 4.2 K is chosen as it combines simple cryogenics (no 
pumps and pumping losses) with relatively high heat transfer. 

For the cold end recovery heat flux from the conductor to helium, the 
measured value for samples of the MFTF-Yin-Yang conductor was chosen 

2 
qrec = 2000 W/m . 

The resistivity of high purity aluminum is 

-10 
p = 10 om, 

which takes account of magneto-resistivity, strain and radiation 
induced resistivity up to 1017 n/cm2. 

For copper at 8 T, p = 5,3·1o-10 om was used. 

The cooled perimeter p is then determined by 

(V 7 -3) 
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V.7.5 Design Procedure 

Equations (V.B-1,2,3) constitute a system to determine in an unique manner 
the parameters As' Ar and p as a function of the nominal current I

0
: This 

dependence is shown in Fig. V.7-2 for the conductor employed for the central 
cell solenoids. 

The overall current density in the conductor is only weakly dependent 
on the current level as the main fraction of the cross section in coils of 
this size is occupied by steel. 

The proper choice of I
0 

is finally determined ·by an iterative procedure 
with the constraint that the required values of Ar, As and p are compatible 
with requirements of fabrication, winding and insulation of the conductor. 

A number of features have served as guidelines in the choice of a conductor 
concept for the solenoids in TASKA. These are listed below: 

· Cooling on the sides of conductor 
heat transfer rate independent of position in the cotl 

- radial interturn forces easily transmitted 

No interturn forces transmitted to superconductor or stabilizer 
- source of degradation eliminated 
- no plastic deformation in stabilizer 

Metallurgical bond (solder) between superconductor, stabilizer 
and steel 
- source of frictional heating eliminated 
- enthalpy of steel utilized in hot spot protection (essential for 

large coils) 

·Standard NbTi- or Nb 3 Sn multifilamentary conductors as the basic unit. 

· Margin for critical current jsc =~je (Bmax) 
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V.7.6 Gonductor Parameters 

This design procedure had led to the conductor principle shown in 
Fig. V.7-3. This is of the 10 kA conductor for the central cell solenoid. 
The design parameters for the solenoids are listed in table V.7-1 and 
table V.7-2. 

The same conductor scheme is applied for all solenoids. Aluminum 
stabilizer turns out to be essential in the barrier coil (copper would 
require a cooled perimeter ten times larger, a requirement not compatible 
with a simple compact conductor). The technology of Al-stabilization is 
also used with profit in the NbTi-coils. 

For the recircularizing coils and Yin-Yang-coils, the principle of the 
MFTF-B conductor was adopted due to lower stress levels and the necessity 
to bend the conductor on two axes. Stabilization and reinforcement is 
here combined in the conductor jacket of 3/4 hard copper. 

To increase the overall current density and to lower costs, a twofold 
graded conductor is used in the Nb 3Sn- as well as NbTi-part of the 
barrier coil. Grading of the CC-coils has only a minor impact on the 
overall current density according to table, V.7-1. Using the grade 1 
conductor throughout will save splices in the coil so this simpler 
version is recommended. 

The overall current densities in table V.7-1 and -2 are obtained with a 
filling factor of 0.8 to allow for insulation and helium passages. 

In order to manufacture the TASKA magnets development is still required 
in two areas: 
- Aluminum stabilization; soldering to SS and superconducting strands 
- Nb3Sn-technology for large coils and high fields. 
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Table V.7-1: Gonductor parameters of central cell solenoids 

Coil. 

Maximum field 

Minimum radius 

Stored energy 

Discharge valtage 

Reinforcer/stabilizer 

Superconductor 

Critical current 
density in sc 

Filament diameter 

Operational current 

Overall je in coil 
Helium+ Insulation 

Cross sectional areas 

- Steel 

- Aluminum 

- Superconductor 
Tota,l 
Cooled perimeter 

(T) 

(m) 

(GJ) 

(kV) 

(J..lm) 

(A) 

(A/cm2) 

( % ) 

(cm2) 

(cm2) 

(cm~) 
(cm ) 
(cm) 

V.7-6 

CC/Grade 1 

6.0 

2.8 

0.37(0.2) 

1.0 

SS/Al 

Nb Ti 

1.2 X 105 

30 - 60 

CC/Grade 2 

4.0 

3.1 

1 8 1·05 . X 

10 000 (8600 for center coil 
CC2) 

1350 (1160) 1600 

32 32 

3.4 

1.5 

0.125 
5.025 
4.0 

2.50 

1.6 

0.08 
4.18 
4.0 
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Tab 1 e V. 7- 2: Gonductor pa rameters of barri er coi 1 

Coil/Grade Lil Mll LI2 ML2 L01 L02 

Maximum field (T) 15 12.5 8.5 5.0 

Minimum radius ( m) 1.3 1.50 1.86 2.0 

Stored energy ( GJ) 2.0 

Discharge voltage (kV) 2.5 

Reinforcer/stabilizer SS/Al SS/Al 

Superconductor Nb3Sn Nb Ti 

Critical current (A/cm2) 1.5x 104 5 X 104 0.6 X 105 1.5 X 105 
density in sc (sc + bronze) 
Filament diameter (~m) 1 - 3 30 - 60 

Operational current (A) 10 000 

Overall j in coil (A/cm2) 1200 1400 1600 2000 c 
Helium+ Insulation (%) 20 20 20 20 

Cross sectional areas 

- Steel 2 (cm ) 3.9 3;9 3.2 2.0 

- Aluminum (cm2) 1. 70 1.7 1.8 2.0 

(cm2) 
·~· 

- Superconductor 1.0 0.3 ,' 0.25 0.1 
(sc + bronze) 

Total (cm2) 6.6 5.9 5.25 4.1 

Cooled perimeter (cm) 4.0 4.0 3.0 3.0 
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Table V.7-~: . Yin-Yang and recircularizing coils 

CEEN/CEEP RCN/RCP 
Coil · (Yi n/Yang) (TC/RC) 

Maximum field (T) 7.9 7.0 

Minimum radius (m) 0.9 1.6 

Stored energy (GJ) 0.411 0.487 

Discharge valtage (kV) 1.0 

Rei nfor.cer/stabil i zer Cu (3/4 hard) 

Superconductor Nb Ti 

Critical current (A/cm2) 5 X 104 
density 

Filament diameter (~m) ~ 200 

Operational current (A) 4000 

Overall je in coi1 (A/cm2) 1630 1900 

Cross sectional areas: 

- Steel 2 (cm ) 

- Copper (cm2) 2.0 2.0 

- Superconductor (cm2) 0.12 0.12 
Total (cm2) 2.12 2.12 

Max. hoop stress (MPa) 142 220 

Cooled perimeter · (cm) 2.3 2.3 
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CONDUCTORS FOR TASKA 

DESIGN PROCEDURE 

FüRCES PROTECTION STABILITY CURRENT 
DENSITY 

drn OR frv'l TMAX (:)RECOVERY Jc(BMAX) 

• 

, ~, , , t 

REINFüRCER STAB I LI SER COOLED SUPERCONDUCTOR 
PERIMETER 

AR (I) As(l) p(l) ASL (I) 

I 
t 

( (HO ICE OF CuRRENT l) 
CONDUCTOR AND INSULATION SCHEME 
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V.8 Coil Support 

With regard to magnetic forces, the TASKA coil-system can be divided 
into three independent regions: the central cell (including the barrier 
coils) and the two plug regions. The forces between these regions are 
negligible compared to those which appear within each one. Therefore 
each region can be considered as an isolated system. The forces which 
act on the field-shaping coils located between the plug region and the 
central cell are relatively small. These coils can be supported by the 
shielding structure and don't need a special support system. 

V.8.1 Central Cell 

As a 11 coi l's of the centra 1 ce 11 and ba rri er are so 1 enoi ds wi th a common 
axis - the Z-axis - the body forces acting on each coil are axisymmetric 
to the Z-axis and the resulting intercoil forces lie on the Z-axis. 
Under normal operation, this means that, if all coils are completely 
energized, the resulting forces arealso symmetrical to the center of 
the central cell. Fig. V.8-l shows the resulting forces in MN acting 
on the coils under normal working conditions. Because of the symmetry, 
the resulting force on the central coil is zero. The maximum forces which 
have to be supported are between the barriers and the outer central cell 
coils; these forces are 51 MN each. As the support structure must be 
laid out for the maximum forces likely tobe encountered, abnormal 
operation must be investigated, i.e. one or more coil(s) arenot ener­
gized. The maximum force between the coil in the center and one of the 
outer central cell coils appears when the other outer central cell coil 
is not energized. Then the resulting force is 45 MN. This is shown in 
Fig. V.8-2. All these forces have been calculated with the 11 HED0 11 

code (1). 

Fig. V.8-3 shows the main parts of the coil support structure. They 
consist of: 

the annular elements A which bear the load from the whole barrier region, 

- twelve inclined supporting struts B between each barrier and the outer 
central cell coils, 
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- twelve horizontal supporting struts D between each outer central cell 
coil and the coil in the center, 

the casing C for the three central cell coils. The reverse of each 
casing consists of thick cylindrical rings which protects the conductor 
of the coil against the load exerted by the struts from both sides. 

The supporting struts are exposed only to compressive load. The maximum 
compressive stress is only 36 MPa. This is a very low value which guaran­
tees a good stiffness of the whole supporting structure. 

V.8.2 Plug Region 

Fig. V.8-4 shows the plug region which consists of the two outer transition 
coils and the two yin-yang coils. The whole plug region has mirror-symmetry 
to the x-z-plane and to the y-z-plane. It has also axisymmetry to the axis w 
which is normal to the z-axis and has an angle of 45 degrees with respect 
to the x- or y-axis. 

The forces which appear are all mirror-symmetrical to the x-z-plane and 
to the y-z-plane. Jhat means that the arcs which are notated in Fig. V.8-4 
with index 11 211 are mirror-symmetrically loaded to those which are signed 
with index 11 111

• Thus there are no resulting moments on the coils and the 
resulting forces lie on the z-axis. If all coils are completely ener­
gized then the forces are also symmetric about the w-axis. That means that 
the arcs which are notated in Fig. V.8-4 with capital letters have the 
same mechanical load as the arcs notated with small letters. 

Fig. V.8-4 shows also the resulting forces (calculated) with the 11 EFFI 11
-

code(2) for each coil under normal operation. The maximum force which 
must be supported is between the two yin-yang coils with an amount of 
99 MN; this is about a factor of two higher than in the central cell. 
The forces are nearly symmetrical to the w-axis. Only a small resulting 
force of 3 MN, due to the influence of the central cell coils and the 
field shaping coils on the plug region, makes a small distortion öf 
symmetry with a maximum of 5 %. Therefore for further investigations the 
plug region can be treated as symmetrically mechanically loaded. 
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Figs. V.8-5 to V.8-8 show the body forces calculated by the 11 EFFI 11 -code 
for each arc under normal working conditions. Each arc had been divided 
every 10 degrees into 12 to 18 sections and for any section the resul­
ting force has been calculated. These forces are drawn as histograns 
over the angle of the arcs in Figs. V.8-5 to V.8-8. The highest force 
on one element is 22 MN, which results in a load of 52 MN per m along 
the mean length of the arc. 

The support structure of the end plug coils is shown in Fig. V.8-9. 
In order to obtain a high stiffness the coil casings are supplied with 
a large number of ribs. All the coils are supported by each other. 
The two yin-yang coils are fixed together by their outer ribs (A). 
Each transition coil is fixed to both yin-yang coils by many cover 
plates (B). The large arcs of the yin-yang coils are held together by 
6 large tie rods (C) at each coil. Two of them (D) are also fixed to 
the transition coils. These tie rods bear the mean part of the forces 
which try to bend apart the coil arcs. 

References for section V.8 

1. H. Preis, Calculation of the Magnetic Field, Magnetic Forces and 
Behaviour of Large Coil Systems for Fusion Experiments IPP III/24 

2. S.J. Sackett, EFFI, A Code for Calculating the Electromagnetic 
Field, Force and Inductance in Coil Systems of Arbitrary Geometry, 
Lawrence Livermore Laboratory, Livermore, CA, UCRL-52402 (1978) 
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2 2 
51 51 

Fig. V.8-l: Forces on central cell. coils and barrier coil 
under normal working conditions (Units: MN) 

no current 

4 
49 7 

Fig. V.8-2: Forces on central cell coils and barrier coil 
with one coil not energized (Units: MN) 
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Fig. V.8-4: Subdivision of Plug coils into single arcs 
and resulting forces on the coils under 
normal Operation 
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Fig. V.S-9: Support structure of the end plug coils 
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V.9 The Impact of the Magnetic Properties of Ferritic Steels. 

The use of the martensitic HT-9 stainless steel in the central cell 

blanket modules has considerable advantages because;of its high resistance to 
' 

radiation darnage (see materials section). However, because of the fact that 

HT-9 is a ferromagnetic material, its magnetic aspects should be condidered 

carefully in the magnet design and in the blanket design of TASKA. In the 

appendix the comple,te analysis ;is given. 

Herewe give the conclusions of the detailed analysis of the magnetic field 

perturbations by various blanket configurations: 

- the perturbation and reduction for a magnetically saturated structure is 

significant only near the ends, and over an axial region of the order of 

the outer blanket diameter or width. 

- if the length is of the order of the outer diameter or width, then the two 

end zones overlap and the perturbation extends over the entire length of the 

blanket. 

- the use of a homogenized magnetization is indeed justified. 

- the temperature dependence of the saturation magnetization can be accounted 

for by using an average magnetization. 

- the field perturbation near the ends of the blanket depends however strongly 

on the configuration, the symmetry, and the material distribution of the 

blanket cross section. 
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V.lO Conclusions 

The magnet configuration of TASKA allows the following conclusions: 

- The DC nature of tandem mirrar magnets is a big advantage compared 
with pulsed magnets or DC magnets with pulse load as in Tokamaks. 
So fatigue is no limitation. 

The technology of the central cell magnets and the endplug magnets is 
available today. This is proven by big bubble chamber magnets and 

the successful Yin Yang test in tivermore. 

- The technology·of·the;barri'er·coils needs further development with 
respect to Nb3Sn co~ductor technology in conjunction with hybrid coil 
inserts. 

- Further investigations are required for radiation-resistent insulation 
materials as needed in the normal-conducting insert of the barrier 
coi 1. 
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Appendix: 

V.9 The Impact of the Magnetic Properties of Ferritic Steels 

V.9.1 lntroduction 

The use of the martensitic HT-9 stainless steel in the central cell 

blanket modules has considerable advantages because of its high resistance to 

radiation darnage (see materials section). However, because of the fact that 

HT-9 is a ferromagnetic material, its magnetic aspects should be considered 

carefully in the magnet design and in the blanket design of TASKA. In the 

following we will discuss the magnetostatic forces in the blanket and the 

magnetic field asymmetry which exists in the central cell as a result of the 

presence of the ferromagnetic blanket, and which may have an effect on the 

plasma confinement. 

The 3-D computer program GFUN3D(l) has been used in the following study. 

First we will consider a necessary model used in GFUN to carry out this study. 

V.9.2 Homogenization Model 

The computer code GFUN solves for the magnetization in the iron which 

must be divided into small elements. These elements can be prisms and/or 

tetrahedra. To achieve accuracy the aspect ratio of any element should not 

exceed 5:1. A maximum of 400 elementswas allowed in the original version of 

the program. lf n is the number of elements, then (3n) linear equations are 

solved by the program. The computer storage needed for such a problern is 

slightly larger than (3n) 2 computer words. 

If one tries to simulate the very fine details of the blanket, tube by 

tube, one would exceed, very quickly, the allowable computer storage. Con­

sider, for example, a hypothetical case of a tube of t cm length, d cm inner 

diameter, and t cm thickness. This tube can be simulated by hexahedra fitting 

its wall. Each hexahedron will be divided into a minimum of five tetrahedra. 

V.9-l 
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Abiding by the maximum aspect ratio allowed, the minimum number of hexahedra 
nd . ~ n d~ is estimated as ~ T5tT x T5tT = 25 ~ , and the minimum number of tetrahedra 

(elements) as f ~. If d = 10, ~ = 100, and t = .7 cm, then the minimum 
t 

number of elements is 1283. 

Although GFUN has been modified to make use of the large computer storage 

of some modern computers, to accept a greater number of elements, the computer 

time needed to solve such a problern would neither be reasonable nor 

acceptable. 

To avoid this problern a homogenization model has been used in·which the 

iron is homogenized throughout_the blanket. This means that the magneti­

zation, the magnetic dipole density, M, of the iron within a region of the 

blanket is distributed uniformly within that region, and this region is con­

sidered as a section of a ferromagnetic material with magnetization Mb equal 

to M multiplied by the volume.c~ncentration of the iron in it. For example, 

if the B-H curve of the iron is as in Fig. V.9-1, then the B-H curve of a 

homogenized region containing 44% iron (volume ratio) will be as in Fig. 

V.9-2. 

One would expect that the magnetic field calculated using this scheme to 

be precise everywhere except within the blanket itself, and especially when 

the iron is saturated, which will be the case in the central cell. 

To check the validity of this model we present the magnetic field mapping 

for two cases. In both cases a 10 meter long solenoid with inner radius of. 

2.5 m, outer radius of 3 m, and current density of 400 A/cm2 is used to gene­

rate the magnetic field. In the first case, the iron region consists of three 

rows of circular rings. The width of each ring is 6 cm, and the axial 

distance between the rings (edge to edge) is also 6 cm. 
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<: . 
1.0 
I 

w 

- 1) 

- 2) 
- 3) 

- 11 

- 5) 
- 6) 

- 7) 
- 81 
- 9) 

-10l 

f"RAi1E 3, GfUN LDSNl DfiTf. .11/30/61 !!ME 00:21:07 
B H 

0.0 0.0 
10000.0 10.0 
12000.0 20.0 
1'1000. 0 60.0 
16000.0 160.0 
17000.0 350.0 
18000.0 600.0 
19000.0 1200.0 
20000.0 2300.0 
40000.0 22300.0 

NATERIAL CODE- 3 

(I) 
lf) 

JJDDOO 

35000 

:lODDO 

23000 

ij! ~DCO 
C,!) 

!:1] 

15000 

10000 

5000 

B/H CURVE OP IRON 

M/H CURVE OP IRON 
20000 

l5000 

::::: 

~ LOOOO 

5000 

o~~~~~~~~~~ 
0 10000 ;;r.JOliO ~OUDtl 

H ( OERSTE:DS) 

o~~~~~-r~~~~-r~~~~~~~~~~~~~~~~~~~~~ 
0 2000 'IDOO 0000 0000 LOOOO 12000 11000 16000 10000 2000J 22000 

H (OERSTEOSl 

Fig. V.9-1 A typical B-H curve for iron. 

w 
~ 
U'1 



< . 
\.0 
I 
~ 

fRANE i, BfUN LDSNl DATE 11/30/81 !!NE 00:21:06 
B H MATERIAL CODE- 3 VOL. CI.J- 44.18 

- 1) 0. 0 
- 2) 4453.2 
- 3) 5348.3 

- 4:1 6260.0 
- 5) 7205.1 

0.0 
10.0 
20.0 
60.0 

160.0 
- 61 7755.3 350.0 
- 7l 6338.9 600.0 
- 8) 9116.8 1200.0 
- 91 10172.3 2300.0 
-10) 30172.3 22300.0 

8/H CURVE Of IRON 

30000 

25000 

:;nor:o 

~ 15000-1 / N/H.CURVE OP JRON 
0000] 

CO 

1 ./ 

10000~ ß 

GOOO 

z: 

~ -\000 

~ ..... 

2000 

0+-T-~~~~~-r~~~ 

0 10000 :;nuao 
H WERSTC0:3) 

~ao:m 

0f.'3 ' I ' ' ' I 
0 20oJO i.ODO 6000 !!000 LCOOO 12000 1-IDD 16000 10000 ~QCCO 22000 

H COERSTE:D3l 

Fig. V.9-2 The B-H curve modified for homogenized material 
containing 4·4.5% iron. 

w 
,j:>, 

0"1 



- 347 -

The starting point of each row, the.inner and outer diameters of its 

rings in cm are as follows: -123, 40, 45; -117, 46, 51; and -123, 52, 57, for 

the first, the second and the third row, respectively. In the second case, 

the homogenized case, the iron of the first case is assumed to uniformly fill 

a cylinder of 40 cm inner diameter and 57 cm outer diameter, and to extend 

axially from -123 to 123 cm. The volumetric ratio of the iron in this cylin­

der is .44, which was multiplied by the magnetization of the iron of the first 

case to produce new M-H and B-H curves for this homogenized case (Figs. V.9-l 

and V. 9-2). 

The magnetic fields calculated in both cases are mapped and shown in 

Figs. V~9-3 and V.9-4 for the first and the second case, respectively. Note 

the fields are in kilogauss and are due only to the iron in both cases, i.e., 

the field of the solenoid is not included. One can see that the homogenized 

case has produced an almost identical field everywhere except ~ear the iron 

region. 

V.9.3 The Magnetostatic Forces 

V.9.3.1 One-Dimensional Estimate of the Magnetostatic Forces 

The total magnetostatic force exerted on a magnetized body by sources of 

external origin has been expressed in various forms( 2) which are all equiva­

lent, although confused in some references. lf'a body has a volume V and 

magnetic moment M, and is. subjected to external magnetic field H'
0

, the total 

force is given by(2) 

"F" "' f M • VH d• • 
V o 

(V.9-l) 

There exists also a couple 

V.9-5 
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c = J M X Tf d't" ' 
V 0 

(V.9-2) 

such that the torque about an arbitrary origin 0, with respect to which the 

position vector of the centroid of the volume element d• is r, is given by 

(V.9-3) 

A simple one-dimensional estimate of the magnitude of F can be made as 

follows. Assurne the iron is saturated, and 4nM is on the order of 18000 gauss 

(see Fig. V.9-1). Also assume the gradient of the field vH
0 

= )03 gauss/cm, 

then th~ maximum magnetostatic force F the body is subjected to, is 

~ = 18000 
X 103 

X V dyne 21T 

F/V = 1433 x·1o3 dyne/cm3 

= 14.33 newton/cm3 • (V.9-4) 

The weight per unit volume, assuming the density of the iron is 7.81 g/cm3 is, 

w -5 3 V= 7.81 x 981 x 10 newtonlern 

(V.9-5) 

= .077 newton/cm3 

The magnetostatic force is about 187 times the weight of the ferromagnetic 

body. 
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V.9.3.2 GFUN3D Force Calculations 

We have modeled the force calculations in GFUN3D, using only the field of 

the coils, i.e., neglecting any contribution of other existing ferromagnetic 

bodies which may contribute to the field on the body whose force is calcu­

lated. · If included, this would have a small effect when the iron is saturated 

which is the case in the central cell. The gradient of the field VH
0 

is 

evaluated at the centroid of each iron element and assumed constant within it. 

A section of a blanket module has been modeledas shown in Fig. V.9-5 in 

a cross section view of the blanket in the x-y plane, andin Fig. V.9-6 a 

cross section view in the z-y plane; note that the blanket starts at the 

center Qf the reactor and extends for only 20 cm. 

The magnitude of the total magnetostatic force on this short section of 

the blanketwas found to be 17076 newtons. The magnitude of each component of 

the total force and the total torque araund the origin' are shown in Figs. 

V.9-5 and V.9-6. The resulting force is about .2 the weight of the blanket. 

The field gradient in this part of the reactor is very small, and one would 

expect a larger force if the gradient is changed due to, for example, a lass 

of power in one of the central cell solenoids. Consequently, the design of 

the supports for the blanket should take that into account. 

The obtained force distribution was used to calculate the stresses in the 

central pipe in the blanket usin.g SAP4 code. (4) The maximum effective stress 

due to the magnetic force alone is about 0.1 MPa. This is negligible compared 

to the thermal stresses, which if included, would result in a maximum effec­

tive stress of 125.0 MPa. 
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V.9.4 Field Shielding and Field Asymmetry 

The presence of the ferromagneti c HT -9 stai nl ess steel in the ·bl anket 

will partially shield the magnetic field in the central cell seen by the 

plasma. In addition, it will also reshape the central cell field configu­

ration and possibly destroy its symmetry. However, both effects will vanish 

if the blanket is made long enough. In this case, the effects will appear 

only at the ends of the blanket. 

Consider an infinite blanket which has any arbitrary shape. The mag­

netization M can be replaced by two currents flowing on the inner and the 

outer surface of the blanket, and each is equal to n X M, where n is the out-

ward normal of the surface. ·rhe currents are opposite in direction, and each 

will cancel the effect of the other inside the plasma region. This is a 

direct result of applying Ampere's law: f H • d~ = EI = 0 • The field inside 
c 

the plasma region will be exactly the same as if there i~ no iron. 

For short blankets the end effects start to appear, and both field 

shielding and field shaping will occur. The shielding of the magnetic field 

depends on the permeability of the iron. For saturated iron, the shielding 

will be a minimum. For the blanket considered before, the field on the axis 

of the reactor with and without the blanket is shown in Figs. V.9-7 and V.9-8, 

respectively, and from z = -100 cm to z = +100 cm. The average reduction of 

the field over the 200 cm is about .01 tesla, as can be estimated from the 

field integrals shown in the figures, and the maximum reduction of the field 

is about .02 tesla and occurs at about the center of the blanket. 

Figure V.9-9 shows the contours of ~~ + B~ atz= 0. Figure V.9-10 

shows the contours of the magnitude of the field atz= 10, i.e. at the center 

of the blanket section. Apparently the presence of the blanket has destroyed 
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the syrnrnetry of the field, and the field contours take alrnost the sarne shape 

as that of the blanket. The perturbation was initially thought to create 

radial diffusion of the plasrna and hence destroys the confinernent of the 

plasrna. 

To exarnine this problern further we have calculated the gradient of the 

field in cylindrical coordinates to evaluate the term 'ß"xv1BI which can be 
B 

readily used to estirnate the drift in any direction.( 3) The field, the 

gradient of the field, and the txv~BI cornponents are shown in Figs. V.9-lla, 
B 

V.9-llb, and V.9-llc, respectively, atz= 0 and a radius of 30 crn, i.e., near 

the edge of the plasrna. For further discussion and for the conclusions with 

respect.to this problern refer to the plasrna section. 

V.9.5 Field Shielding and Perturbation in Gase of Long Ferrornagnetic Blankets 

The rnagnetic field perturbation, and in particular the reduction in the 

rnagnetic field in the plasrna, will also depend on the length of the blanket. 

In the previ ous secti on, the cornputati ons .were done for a short secti on of the 

blanket because it was desired to rnodel as accurately as possible the azi­

muthal distribution and configuration of the ferrornagnetic blanket. The num­

ber of elernents required is large so that the entire blanket could not be 

modeled in detail. 

In order to study the effect of the length of the blanket on the rnagnetic 

field distribution, two different blanket configurations were exarnined in rnore 

detail. 

One blanket rnodel had the shape of a cylindrical annulus, .and one the 

shape of a .rectangular prisrn with a reetangular hole. The forrner rnodel was 

treated analytically, whereas the latter was evaluated nurnerically with GFUN. 

V.9-17 
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For the circular blanket, the inner and outer radii are designated a and 

b, respectively, whereas the total length is L = 2!. If it is assumed that 

the ferromagnetic blanket structure is magnetized to saturation, and if this 

Saturation magnetiziation ~0M is constant everywhere and parallel to the axial 

direction, then the field perturbation ßB can be computed analytically. The 

total field is then the sum of the vacuum field B
0 

and the field perturbation 

AB, i.e. B = B
0 

+AB. The field perturbation can be computed from 

(V.9-6) 

For a constant magnetization the second term vanishes and the field AB is 

given by the surface integral. Since M was assumed tobe axial, Mx~ 

vanishes on the end faces of the annulus, and contributions arise only from 

the cylindrical surfaces. In fact, the field ABis identical to the one 

produced by two ·concentric solenoids of equal length with equal but opposite 

currents. The axial field on axis is found to be given by 

= __ (_!_+_z_) __ + __ (_!_-_z_) __ 

~2 + (! + z)2 ~2 + (! _ z)2 

(!+z) (!-z) 

;b2 + (! + z)2 ~2 + (! _ z)2 

(V .9-7) 

where z is the distance from the midplane. The Variation of the axial field 

on axis is shown in Fig. V.9-12 for differential lengths as a function of the 

reduced axial position z/!. It is seen that the field reduction on axis is 

due to end effects. For sufficiently lang blankets, i.e. when L/2b >> 1, then 

the field reduction on axis at the midplane becomes very small. The end 
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effects for large aspect ratios L/2b consists of an axial region inside the 

blanket where the field is reduced (-AB is positive) and an outside region 

where the field is enhanced (-ABis negative). Both regions have an axial 

extension of the order of the outer diameter of the blanket. As the blanket 

gets shorter, the two end effects overlap, reinforcing each other inside the 

blanket region. 

To elucidate this point further, the field on axis at the midplane, 

1 (V.9-8) 

and the average field on axis 

1 +.R. Alrz R a R b ii":J1C f AB ( z) dz = -u-r;; = 1 + -:-2" - r - 1 + -:-2" + r 
llo -.R. z llo L L 

(V.9-10) 

were computed for various configurations. Figure V.9-13 shows that both the 

field reduction at the midplane and the average field reduction show a maximum 

when the aspect ratio L/2b is between 0.1 and 1. As this aspect ratio in­

creases, the field reduction drops again at a rate proportional to 2b/L. 

So far, we modeled the blanket as a homogenized medium. Therefore; if M0 

is the value of the magnetization in the ferromagnetic steel and f is the 

metal fraction in the blanket, then M = M0f. 

In order to test the validity of this homogenization procedure, the field 

reduction was computed for a blanket model consisting of a number of concen­

tric annuli of various thicknesses and various separation distances. For each 

individual annulus, the field reduction was computed according to the above 

equation, the contributions from all'annuli added, and the result divided by 
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the average magnetization ~0M0 f. Some results are shown in Fig. V.9-14. It 

i s found that the homogeni zati on approach i S· i ndeed justifi ed and gi ves very 

accurate results when the aspect ratio L/2b > 0.1. Furthermore, as the number 

of annuli is increased, the agreement with the homogenized result improves. 

We also examined the effect of a radial variation of the magnetization. 

Since the saturation magnetization M0 is a function of the temperature of the 

ferromagnette steel, temperature variations through the blanket are of 

concern. 

For a constant magnetization gradient 

dM _ [M(b) - M(a)] 
rr- (b-a) 

the field reduction on axis and at the midplane is given by 

M(b) + R.[M(b) - M(a)] ln (b + A)2 
+ t

2] 
A + b2 I .1!.2 b - a . a + /i + .1!.2 

(V.9-ll) 

Although a closed-form solution was found for ABz(z), an analytical expression 

for A~z could not be obtained. Therefore, we only show the results for 

ABz(0)/~0~ in Fig. V.9-15. ~ is the volume-average of the magnetization. It 

is seen again that for large aspect rattos L/2b, the field reduction de­

creases, and that the detailed distribution of the magnetization has little 

effect. The effect of temperature on the magnetization can therefore be 
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accounted for in an approximate manner if one employs the magnetization 

averaged over the entire blanket region. 

As mentioned in the beginning of this section we have studied the effect 

of long blankets with GFUN. Two blankets are considered which are shown in 

Figs. V.9-16 and V.9-17. The two blankets have the same length (12m), but 

have different cross sections as shown in the figures. The magnetic field on 

the axis was calculated and is shown in Fig. V.9-18. The two blankets pro­

duced exactly the same field. The field with no blanket present in the 

central cell is also shown in the same figure with the dashed line. The maxi­

mum reduct~on in the field on the axis was about 500 gauss, and occurs at 

z = 550.cm, near the end of the blanket. This is in agreement with the previ-

ous analytical results. 

The shape of the blanket as discussed in the previous section should have 
' 

an effect on the field especially near the blanket (i.e. at the plasma edge). 

Figures V.9-19-V.9-21 show the field components in cylindrical coordinates at 

radius = 20 cm and at the location z = 600 cm with no blanket, with the square 

blanket, and with the reetangular blanket (note the fine scale on these 

figures), respectively. It is seen that the two different blanket cross 

sections affect the field in different ways which depends on the shape and 

symmetry properties of the blanket cross sections. 

In summary, the detailed analysis of the·magnetic field perturbation by 

various blanket configurations has shown that: 

a. the perturbation and reduction for a magnetically saturated structure is 

significant only near the ends, and over an axial r~gion of the.order of 

the outer blanket diameter or width; 
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b. if the length is of the order of the outer diameter or width, then the two 

end zones overlap and the perturbation extends over the entire length of 

the bl anket; 

c. the use of a homogenized magnetization is indeed justified; 

d. the temperature dependence of the saturation magnetization can be ac­

counted for by using an average magnetization; 

e. the field perturbation near the ends of the blanket depends however 

strongly on the configuration, the symmetry, and the material distribution 

of the blanket cross section. 
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The central cell in a tandemmirrar can be regarded as the heart of the 

system~ that is, where the useful energy is produced. Most of the fusion 

reactions take place in the central cell and thus it is here that fuel can be 

bred, thermal energy extracted and materials radiation darnage tests performed. 
~ 

Although the end plug~ are indispensable to the operation of the tandem 

mirror, they really play a supporting role by insuring the proper conditions 

within/the central cell for fusion reactions to take place. 

VI.l.2 Description of Central Cell 

The central cell in TASKA consists of a lang cylindrical structure which 

surrounds the plasma and is made up of ~ blanket, vacuum chamber, reflector 

and shield. This cylindrical structure fits inside three superconducting 

solenoids which provide the confining field within the 'central cell. On 

either end of the central cell there is an ICRF heating section, each consis­

ting of four launehing antennae. These antennae are recessed within the first 

wall and, therefore, do not intersect the path of charged particles streaming 

out toward the end plugs. The central cell coils are supported independently 

of the blanket/shield and are capable of being translated axially on tracks, 

to provide access for blanket modules located within the bare of the coils. 

Coolant inlet and outlet tubes, and cables are routed down into the reactor 

basement to free the space above for remote handling machines and the overhead 

crane. 

An important mission of TASKA is to provide a test bed for materials and 

blanket system components. In order for it to be self sufficient with respect 

VI.l-1 
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to trit1um» the blanket must have a breeding ratio greater than unity. Thus, 

the primary function of the central cell is to generate neutrons for the test 

bed... The blanket is provided for the purpose of breeding enough tritium as to 

make the reactor self sufficient. In a power reactor, the blanket energy is 

used to generate electricity .. However, in TASKA,. a small fraction of the 

blanket energy will be used to generate electricity for demonstration purposes 

only. The remaining energy will be disposed of. 

Figure VI.l-la shows a layout of the TASKA central cell with the blanket 

modules numbered 1-11 and Fig. VI.l-lb 1s another view of the central cell 

showing ,the intercoil structure. It can be seen that there are modules of 

several different shapes and lengths. The modules adjacent to the .ICRF zones 

(1 and 11) are oversized whereas those adjacent to the REGAT module. (7 and 9) 

are undersized. Blanket modules 2, 5, 6, and 10 have the same axial length, 

whereasmodules 3 and 4, designated as blanket test modules, are somewhat 

shorter. Fig. VI.1-1b showsalso that it is possible to integrate the launehing 

antennae of the lCRF in modul es of the same 1 ength as the modul es 1 and 11. 

The inner surfaces of blanket modules 6, 7, 9 and 10 are tapered. This 

was done in order to enhance and more uniformly distribute the neutron flux to 

the REGAT module (see Chap. VII for details). Table VI;l-la gives the room 

temperature dimensions and the locations of each module. Axial distance is 

measured from the center of the central cell and negative numbers indicate 

locations to the left of the centerline. The spaces between blanket mod~les 

are also indicated on the table It will be noted that the spaces between 

blanket modules 1 and 2, and 10 and 11 are 1.5 cm. The spacer between the modules 

2, 3, 4 and 5 are 3 cm wheras all the other spaces are 1.0 cm. This allowance is 

made to account for the grea ter expans i on of the oversized rnodul es . and wi th rega rd 

to the different materials of test blanket modules. Additional parameters and 

facts about the blanket modules are giv~n in table VI. 1-1b. 

VI.1-2 
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' Tabl e VL 1-1a 

Blanket Module Dimensions and Locations 

in the Central Cell 

Blanket Location of Axial Inner Radius Out er 
Module Module Center Length Min. Max. Radius 
Number Line ( cm} {cm} {cm} {cm} {cm} 

1 -499.25 156.5 46 146 
Space 1.5 
2 -367.50 104 .. 0 46 146 
Space 3.0 
3 -262.00 101.0 46 146 
Space 3.0 
4 -158.00 101.0 46 146 
Space 3.0 
5 -52.50 104 .. 0 46 146 
Space 1 .. 0 
6 52.50 104.0 46 64 146 
Space 1.0 
7 142.25 73.5 64 73.5 146 
Space 1.0 
8 210.00 60.0 66 146 
Space 1 .. 0 
9 277.75 73.5 64 73.5 146 
Space 1.0 
10 367.50 104.0 46 64 146 
Space 1.5 
11 499 .. 25 156'.5 ' 46 146 

VI.1-5a 
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Blanket No~ 8 is the one which backs up the REGAT module. This is a non­

breeding blanket and will contain the same material composition as the shield .. 

The blanket modules are surrounded by a vacuum chamber made of 4 cm thick 

316 stainless steel. There is a. 5 cm gap between the blanket and the vacuum 

chamber. · Reetangular flanges attached to the vacuum chamber provide the 

closures for the blanket modules~ Adjacent blanket modules have flanges on 

opposite sides of the vacuum chamber such that the flanges do not overlap each 

other. Thus, adjacent blanket modules are inserted and removed from the 

vacuum chamber from opposite sides. Since blanket module removal from the 

vacuum chamber is in the horizontal direction, the flange surface is always 

oriented vertically. The only exception is in the REGAT module (No. 8) which 

is designed for vertical removal. The flange surface for this module is 

oriented horizontally at the top of the vacuum chamber. 

The vacuum chamber is followed by a 28 cm thick reflector zone consisting 

of water cooled 316 stainless steel. The function of the reflector is to re­

flect neutrons back into the blanket. Each blanket module has the vacuum 

chamber wall combined with the reflector as the module closure which seals 

against the flange. This portion of the reflector is attached to and is a 

permanent part of the blanket module as can be seen in Fiq. VI.l-2~ 

The last element in the central cell is the biological shield which is 

needed to protect the central cell solenoids and personnel during hands on 

operations at the fusion device, which might be possible at shut down periods. 

The shield is 25 cm thick and is composed of ferritic steel ;structure, s4c, 

Pb and water cooling. The shield part adjacent to the blanket module closure 

is also attached to the module as shown in Fig. VI.l-2. Table VI.l-2 gives 

the central cell engineering parameters. 

VI.l-6 
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Table Vl.l-2. Central Cell Engineering Parameters 

* Central ce11 length (Physics definitfon) (m) 

** Central ce11 length (Engineering definition) (m) 

Blanket inner diameter {m) 

Pe~anent breeding zone length (m) 

ICRH zone length (m) 

·Blanket test module length (m) 

Material test module length (m) 

Breeding blanket fi~st wall area (m2) 

ICRH launehing area ·(~) 

Blanket test module first wall area (m2) 

Material test module first wall area (m2) 

Blanket thickness (m) 

Vacuum chamber inner- diameter (m) 

Vacuum chamber wall thickness (m) 

Reflector thickness (m) 

Shield thickness (m) -c 
* Distance between magnetic peaks. 

** Distance between inner edges of superconducting barrier coils. 

VI.l-8 

19.l 

16.7 

0.92 

8.76 

3.07 

2.02 

0.60 

25.32 

8.49 

5.84 

1.44 

1.0 

3.02 

0.04 

0.28 

0.25 
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VI.l.3 Evolution of TASKA Blanket Design 

The TASKA blanket design has undergone several iterations. Although 

there have been minor modifications along the way, there have been four major 

design changes since the first proposed blanket. These changes are shown 

graphically in Fig. VI.l-3 and are designated A-E.. Heavy arrows indicate the 

direction of blanket module removal from the central cell. The reasons for 

the design changes are given in capsule form on Fig. VI.l-3 and will be 

further discussed in the following sections. 

The blanket initially proposed for TASKA (designated 11 A11 in Fig .. VI.l-3) 

was similar to that used in WITAMIR, (1) a tandem mirrar power reactor con­

ceptual design completed at the Universfty of Wisconsin in 1980. In this 

blanket, the breeding material came into a manifold at the top, then flowed 

down through tubes on both sides of the plasma, finally collecting in the 

bottom manifold where upon it was pumped to a steam generator. The removal 

scheme for these blanket modules was from the top. This was practical in 

WITAMIR because both shield enclosure and the reactor building were evacu­

ated. There was no separate· vacuum chamber. Blanket modules were removed in 

designated locations along the central cell and were translated axially to 

these locations within the shield. 

Such a scheme did not seem practical for a materials test reactor, where 

frequent access to the plasma chamber will be needed. For this reason it was 

decided to provide TASKA with a separate vacuum chamber, and because it would 

be difficult to design overlapp{ng closures for top remov~l of all the 

modules, it was proposed that alternating sideways removal be adopted instead. 

This led to the design designated 11 811 in Fig. VI.l-3. 

VI.l-9 
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t 
A-B 

(A) 
• Vertical module removal not consistent 

with a continuous vacuum chamber 

8-C 

•- Canti 1 evered tube support was 
undes i rabl e 

( 8) 

"..". 

C-D 
(C) • r·1anifolding was difficult .. Desired to 

eliminate central tube assembly 

D-E 

• Non-uniform ferritic steel 
distribution produced excessive 
field distortion. This design 
adopted for blanket test module. 

(E) 

(D) 

Fig. VI.l-3. Evolution of TASKA breeding blanket design 
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The new design retained the tubular structure but in a U-shaped configu­

raton oriented sideways. The coolant thus flowed araund the plasma on three 

sides and a separate segment of tubes was needed to fill the void' in the U and 

cover the fourth side. The undesirable feature of this design was the unsup­

ported tubes which were essentially cantilevered. It was also recognized that 

the MHD pressure drop would be somewhat higher in this design, although the 

effect was not that great. A solution to the unsupported tubes problern was 

proposed in which essentially all the features of the "B" design were retained 

but the blanketwas rotated 90°, suchthat the U shape was oriented vertically 

with the open space on the bottom. This design is designated "C" in Fig. 

VI.l-3. 

The "C" design was carried along in the course of the study for a long 

time and it will be noticed that many of the analyses in the TASKA re~ort are 

predicated on it. The transition to "D" came in the final detailed blanket 

design version. In the detailed design it was concluded that it was difficult 

to manifold the additional segment of tubes needed to close the U. The new 

design "D" has tubes circumventing the plasma completely such that the ad­

ditional segment of tubes was no langer needed. Furthermore, the new design 

had a casing which completely enclosed the blanket tubes on all sides. The 

casing was stepped on all sides in such a way as to prevent primary neutron 

streaming·and was designed to match the steps in the adjacent blanket modules 

inserted from the opposite direction. 

Design "D" appeared to be destined for final adoption except for one flaw. 

Since the material proposed for the blanketwas the ferritic steel HT-9, the 

magnetic field code for ferritic steels, GFUN, (which became operational late 

in the study) predicted major field distortions in the plasma envelope due to 

VI.l-11 
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the grossly uneven distribution of steel in the "D" destgn. One other problern 

with the "D" design was the potential for neutron streamtng through the space 

between manifolds, however, appropriat~ly placed shield material can circum­

vent this problem. This design was adopted for the blanket test module (see 

Section VII.3). 

Another destgn of the blanket subject to a near uniform distribution of 

ferritic steel and the constraints of a fixed blanket material composition 

resulted in the nE" design. This design comes as close as possible to a near 

uniform distribution of ferritic steel while still retaining the good features 

of the 11 C11 and non designs. Although the casing has been eliminated, the tube 

and manifqlds are stepped in such a way as to prevent streaming. A detailed 

design has been performed and will be discussed in the next section. 

VI.1.4 Mechanical Description of Central Cell Components 

VI.1.4.1. Blanket Design 

The breeding blanket design for TASKA is shown in Fig. VI.l-2 and Fig. 

VI.l-4. 

Figure VI.l-2 is a vertical cross secti~n through the center of a module 

showing eleven rows of tubes on either side of the plasma. The end of each 

tube is attached to a smaller diameter tube by means of a conical transition 

section. The small diameter tube is then attached to the manifold. 

The innermost tubes face the plasma on one side and are, thus, an effec­

tive first wall. The sharp bend radius toward the manifold is equal to four 

times the tube radius which is consistent with the minimum bend radius that 

can be producecd without buckling the tube wall. All the other tubes have 

bend radii which are larger. 

VI.l-12 
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The outer diameter of the tubes is 10.14 cm and the wall thickness is 

0.227 cm. The transition tubes are 5 cm 00 and have a wall thickness of .175 

cm. · The axial centerline distance between tubes is 10.45 cm and the radial 

centerline distance is 9.05 cm. 

Figure VI.1-4 is a horizontal cross section through two adjacent modules 

showing the stepping in the tubes where the modules interface. It also shows 

the staggering of tubes needed to allow the two modules to slide relative to 

each other at this interface. The missing tubes add to the void fraction 

within the blanket. The actual volumetric fractions in the blanket were based 

on a segment extending from one module centerline to the other, thus covering 

the interface between them. These fractions are 73% breeding material, 7% 

HT-9 structure and 20% void. The same proportians were also maintained in the 

blanket quadrant covering the manifold. 

The modules shown in Fig. VI.1-4 have 104 cm axial length and have a 

blanket thickness of 1 m. The radius to the front surface of the first tube 

is 46 cm. There are ten tubes in the front row and a total of 208 tubes in 

each module. ASeparation of 1 cm per meter was allowed between modules at 

room temperature. At operating temperature the gaps close to ~ 0.4 cm. 

Modules will be keyed in the center such that they will expand equally in both 

directions axially. From Fig. VI.l-1 it can be seen that there are three 

different axial lengths of blanket modules. For example, modules 1 and 11 are 

156.5 cm long and have 15 tubes in the front row, whereas modules 7 and 9 are 

73.5 cm l ong, and, if they were not coni ca l , woul d have had seven front tubes. 

This brings up the question of how a tapered effect can be produced with 

the proposed tubular construction. It will be recal1ed that the tapered 

blanket shape is needed to enhance and more uniformly distribute the neutron 
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flux to the REGAT module. Figure VI.l-5 shows how tubes can be eliminated in 

progressive rows in order to achieve this effect. A smooth tapered wall is 

not necessary to achieve the enhancement effect, rather a more extensive view 

of the plasma is needed, with reflection from the bulk of the blanket behind 

the tapered surfaces. 

The manifolds in each module consist of two arcs joined at the points of 

intersection. The manifold walls are 1.7 cm thick. It is necessary to step 

the top half of the manifolds in order to prevent neutron streaming in the 

vertical direction. This is illustrated in Fig. VI.l-6. Table VI.l-3 gives 

all the pertinent mechanical parameters of the TASKA blanket. 

A few words must be said about the question of whether or not casi ngs are 

needed for the blanket modules. The on1y argument in favor of a casing for 

the blanket modules is the vacuum.argument. This is a very important issue 

which cannot be ignored or deemphasized. Arguments against providing a casing 

are many, not the least of which is the design complication created by the 

need for cooling the casing. Thus, it appears that the need for a casing can 

only be justified on the basis of the vacuum requirement. 

As far as vacuum requirements go, the casing performs two functions: 

1. It reduces the exposed surface area which may be a source of impurities. 

2. It isolates the lang narrow channel between the tubes from the plasma 

chamber. 

3. It simplifies leak detection and reduces consequences of leaks at tubes and 

manifolds which might occur after a certain time of operation. 

lt.is clear that in fabricating the blanket good high \laccum system 

practices have to be followed. This implies that weldments must be full pene­

tration, leaving.no reentrant cracks which can be sources of impurittes. 

Futhermore, the blanket module must undergo a· series of cleaning operations 

such as degreasing and pickling. After this, the blanket module must be baked 

VI.l-15 



Fig. VI.l-5 Blanket shaping near REGAT modules. 

VI.l-16 



FRONT 
TUB ES 

STEP IN ADJACENT BLANKET 
MODULE MANIFOLDS 

- 395 -

HEADER CONNECTION 

Fig. VI.l-6 Vertical section in the axial direction showing manifold stepping. 
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Table VI.1-3. Pertinen't Mechanical Blanket Parameters 

Blanket material HT-9 

Tube outer diameter {cm) 10.14 

Tube wall thickness {cm) 0.227 

Axial tube centerline distance {cm) 

Radial tube centerline distance {cm) 

Transition tube outer diameter {cm) 

Transition tube wall thickness {cm) 

Number of tubes per module 

Manifold wall thickness {cm) 

Tube surface area/m of cc {m2/m) 

Valurne of Li 17 Pb83;m of cc {m3/m} 

Mass of structure/m of cc {kg/m} 

VI.1-18 

10.45 

9.05 1 

5.0 

0.175 

208 

1.7 

140 

4.45 

3293 
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in a special oven at a temperature of ~ 6oooc for 10-20 hours. Transfer of 

the module to the reactor must be under conditions which will insure cleanli-

ness. In situ backing of the blanket modules while the chamber is evacuated 

will also be necessary. With such preparation, the outgassing rate of mild 

steel can be reduced to ~ lo-9 Pa m3/sec m2.(2} 

The total tube surface area in TASKA is ~ 1600 m2. Using this outgassing 

rate the total gas throughput from the exposed surface is 1.3 x lo-S torr t/s. 

The total vacuum throughput of TASKA will be on the order of 10-100 torr t/s. 

It is evident that the level of impurities from the wall will be no more than 

1 x 10-3% of the throughput. Furthermore, the bulk of the contaminants will 

be CO or co2 which will dissociate at 100 eV and will travel within the plasma 

halo out of the reactor. 

The second area of concern is the evacuation of the spaces beween the 

' tubes. In the case of the TASKA design, the space is equivalent to a 2 cm di­

ameter tube, with the langest path being 1 m long. This ~ ratio of 100 gives 

a transmission probability of ~ .03 if the sticking coefficient is assumed to 

be zero.(3} This effectively means that if the bulk of the chamber is evacu­

ated to lo-7 torr, the innermost recesses of the spaces between the tubes will 

only reach a pressure of 3 x 10-6 torr as long as there is a source of mole­

cules present. Since at these pressures there will be several monolayers of 

molecules on the surface, a sticking coefficient of zero is reasonable to 

assume. 

The initial baking and evacuation of the chamber after it had been 

exposed to atmospheric pressure will, therefore, require a long time, perhaps 

as long as 24-48 hours. However, once the reactor is in operation, the sur­

faces will be covered with hydrogenaus species and helium. It would not be 
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detrimental to the operation of the reactor if the hydrogenaus species 

pressure within the spaces between the blanket tubes was somewhat higher than 

in the plasma scrapeoff zone. 

It is significant to note that experience on TMX has shown that only 

surfaces in close proximity to the plasma are sources of impurities whereas 

surfaces further removed do not seem to contribute. If this is true, then a 

casing will only be marginally helpful or not at all. · 

Although a casing can be incorporated into the present design, for the 

present we feel that it will not be needed. This brings up the question of 

how a leak can be determined in a blanket system without casings. Obviously, 

each module inlet and outlet coolant headers will require shut-off valves to 

provide the capability of isolating any one module from the rest of the 

system. Further, a capability must be provided for pressurizing each indi­

vidual blanket with a suitable gas which can be detected with a mass spectro­

meter. After the breeding material is drained out of the modules, they can be 

individua11y pressurized and the leak isolated. 

As in the previous designs, the blanket modules will be supported on the 

bottom, with the load path being through the vacuum chamber wall to the 

reflector and shield. Finally, the load is transferred to the structure 

attached to the floor of the reactor hall. Because of the substantial load 

which must be transferred through the bottom manifold, it will require some 

internal reinforcing. This reinforcing will be in the form of plates oriented 

perpendicular to the axis of the reactor. Care must be exercized to tnsure 

that the plates will not impede the flow of breeding material or add substan­

tially to the overall system pressure drop. 
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Just looking at a normal blanket module of 104 cm axial length, it is 

interesting to note that the mass of the breeding material will be ~ 43.6 

tonnes and the structure ~ 3.4 tonnes. These values do not include the masses 

of reflector and shield which will be part of the module. Nevertheless, once 

.the breeding material is drained out of the module~ there will be a substanti-

al reduction in mass. 

A few words mUst be said about the fabrication of such a blanket. We 

feel that the fabrication is relatively simple and well within present day 

technology. 

The design calls for only 13 shapes of tubes. FaQrication of the tubes 

themselves will be fairly simple and can be made on a production line basis. 

The conical connectors are identical for all the tubes; however, the lengths 

and bends in each of the 13 shapes are different. A common method for bending 
. 

tubes of this nature is to fill them with a soft material such as indium or 

woods metal, and then put them through dies which progressively bend them 

until the desired shape is achieved. The woods metal is then melted out and 

the tube cleaned in preparation for welding. 

Joining sections of tubes tagether is performed with external we1ding. 

However, joining the tubes to the manifold plate will be done from the back 

side. Fig. VI.l-7 is a full scale drawing of how this can be accomplished. 

Notice that there are no reentrant gaps on the side where the tube is attached 

to the manifold. It is absolutely essential that there be no reentrant gaps 

at the points of attachment which can become sources of trapped, gas. 

It will also be noticed that the penetration into the manifold is always 

perpendicular to the tangent at that point. This will facilitate the assembly 

of the modules. The holes into the manifold plate are relieved as shown 

in Fig. VI.l-7, with 
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the tube penetrating only part of the way. This will make it possible to 

insert the tubes individually rather than trying to assemble the whole module 

all at once. 

When the tubes are all welded, the back side of the manifold is assembled 

and welded. The final step in the blanket assembly is the attachment of the 

header to the manifold. This is accomplished by welding from the outside .• 

Finally, the assembly will be heat treated. 

V1.1.4.2 Vacuum Chamber Disign 

The vacuum chamber in TASKA is a water cooled 4 cm thick walled cylinder 

of 151 cm internal radius. It is made of 316 stainless steel and surrounds the 

blanket. In this way the vacuum chamber wall is effetively protected from ra­

diation damage. The chamber has reetangular flanged openings which alternate 

from one side to the other along the length of the central cell (see Fig. VI. 

1~8a). These openings allow the blanket modules tobe inserted and removed from 

the vacuum chamber. The part of the reflector which is attached to the blanket 

module makes a seal with the vacuum chamber flange as sho~n in Fig. VI.1-2. 

In the vicinity of the ICRH antennae, the chamber necks down to a radius 

of 59 cm at a distance of 582.5 cm from the center of the reactor. This 

radius is maintained for 165 cm after which another necking down to a radius 

of 37 cm occurs. At this point the chamber is attached to the transition 

section leading to the barrier coil. 

VI.1.4.3 Reflector Design 

The reflector in TASKA is a 28 cm thick water cooled slab of 316 

stainless steel. Actually there are three segments to the reflector as shown 

in Fig. VI.1-81}: 

1. The segment which constitutes the closure in each module. 

2. The bottarn segment which is part of the support path for the blanket. 
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3. The top and side segment. This segment is designed to be removable to 

make it consistent with the central cell maintenance scheme. 

Figure VI.l-9 shows how the reflector can be fabricated. It essentially 

consists of 20 cm thick sections of stainless steel that have cooling passages 

machined in the sides. Holes drilled through tube sections at either extremi­

ties will allow the cooling water to traverse the assembly from one end to the 

other. The assembly is then bolted tagether and the junctions between the 

slabs welded shut. The bolt head and nut penetrations are also welded shut. 

The number of cooling water traverses depends on the size of the segment. 

Large pieces may have several supply and return connections. 

One complication arises in the area where the blanket header has to 

penetrate the reflector. Here the coolant must traverse the slab above (or 

below) the penetration and a sleeve is used to seal off the penetration as 

shown in Fig. VI.l-10. A bellows is then used to seal the header to. the 

sleeve in the reflector. 

The shape of the reflector which is part of the blanket module is shown 

in Fig. VI.l-3. It will be noticed that it is thicker than the specified 25 

cm thi ckness. The reason for that i s the fact that the 4 cm thi ck v.acuum wa 11 

is included in the reflector. This segment of the reflector also constitutes 

the closure for the blanket module, for it is the seal in the flanges between 

the reflector and the vacuum chamber which is the vacuum barrier. It is 

envisaged that this will be a double metal seal with an evacuated space in 

between. 
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VI.1.4.4 Shield 

The shield in the central cell is 25 cm thick and is composed of 56% 1422 

ferritic steel, 26% s4c, 14% Pb and 4% cooling water. One possible shield 

geometry is shown in Fig. VI.1-11. The heavily ribbed structure can be ori­

ented parallel to the chamber axis. The pockets will be filled with canned 

slabs of B4c and Pb in the appropriate proportion with spaces in between for 

cooling water. The pockets are then capped off and welded shut. 

Nuclear heating in the shield will be low enough to allow low velocity 

and low pressure water cooling. Thus, water traversing one shield packet from 

one end to the other will be routed onto the next, snaking its way araund the 

shield. In this way a minimum amount of coolant connections will be neces­

sary. 

The shiel~ will also be divided into three segments, the same as the re­

flector (see Fig. VI.1-8). One segment will be permanently attached to the 

blanket module closure. The bottarn segment constitutes some of the support 

structure for the central cell. The upper and the side opposite the blanket 

closure will be made into a continuous shield segment. An important aspect of 

the shield is to prevent neutron streaming, and to that end, the shield must 

have overlapping steps between adjacent shield segments. 

The shield has to be self supporting, since the vacuum chamber is not 

strong enough to support it. Thus, the segments must be bolted tagether and 

must form a continuous self supporting structure. 

Elsewhwere in the reactor, the shield will vary in thickness from one 

place to an·other. With some variation, the same type of shield construction 

can be used in these areas as well. 
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VI.2 Neutranies 

VI.2.1 Design Goals 

The neutranies design goals include adequate volumes and neutron fluenees 

for the requirements of the materials and engineering test zones, tritium 

breeding, magnet and penetration shielding, and acceptable access to the 

building following shutdown. Energy production is given a low priority as 

achieving the other goalswill ensure adequate heating for testing power 

conversfon modules. The test zones are discussed in other sections of this 

report. The permanent blanket and shield are assessed in Section VI.2.2 with 

both one- and three-dimensional calculations. The special problems connected 

with shielding in the barrier and plug regions are taken up in Section VI.2.3. 

Radioactivity produced during operation is described in Section VI.2.4. A 

natural lithium test blanket design is discussed in Section VI.2.5. 

VI.2.2 Central Cell Permanent Blanket 

It was felt that even though the power level of TASKA is modest and pur­

chase of tritium from outside sources would be possible without an unmanage­

able economie impact, it would nevertheless be much more impressive if breed­

ing was also aehieved. This could easily be aceomplished by a larger power 

rating where the test zones were a smaller perturbation on the central cell. 

As the reactor is made smaller while meeting the demands of the test zones, 

adequate breeding beeomes diffieult. The good breeding performance achieved 

with Li17Pb83 in earlier studies made in connection with the WITAMIR(l) design 

led us to ehoose this material as the breeding material in TASKA. HT-9 was 

chosen as the structural material. As little HT-9 was used as possible while 

meeting structural demands in order to enhance breeding. A schematic of the 

eentral cell is shown in Fig. VI.l-1. The permanent blanket and its associ-

VI.2-1 
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ated shield can be represented approximately by the one-dimensional schematic, 

Fig. VI.2-1. The general composition of the various regions are given in 

Table VI.2-1, including some that refer to a three-dimensional model of the 

entire central cell. The relatively large void fractions in the blanket are 

due to the tube configurations for the coolant-breeding material as shown in 

Fig. VI.l-4. The neutron and gamma fluxes for the one-dimensional model were 

calculated using the ONEDANT(2) discrete ordinates code on the MFE computer at 

LLNL. The data base is XSLIBA(J) (a 30 neutron - 12 gamma energy group cross 

section library( 4)) and the problems were run in the s4-P3 approximation. 

Key results from these calculations include the heating and radiation 

darnage re~ults for thermal hydraulic and materials design. The power density 

as a function of radius is shown on Fig •. VI.2-2. The peak power density is 11 

W/cm3 and falls rapidly into the blanket. The radiation darnage as measured by 

the displacements per atom per full power year (dpa/FPY) as a function of the 

radius is shown in Fig. VI.2-3. It should be noted that the result is normal­

ized to correspond to a wall loading of one megawatt per square meter. Thus 

if the time to reach a particular dpa is required, the result at a given 

radius using the dpa/FPY from the figure must then be divided by the actual 

wall loading in MW/m2 (1.52 in the present case) and multiplied by the capaci­

ty factor. The peak dpa rate in the first wall is 14.8 dpa per full power . 
year. On the basis of this model, the tritium production as a function of 

position is given on Fig. VI.2-4. 

Priortothis final calculation with the above model, several calcula­

tions were carried out to determine the shield thickness based on protection 

of the superconducting magnets. The magnet limits are set by several 

criteria: deterioration of insulation such as mylar and epoxy with dose, the 
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Fi g. VI.2-1 

Cent ra 1 Ce 11 

Radius 
(cm) 
0 --

Plasma 

32 

Vacuum 
46 

F.W. 46.3 

Blanket 

146 

Vacuum 151 

Vacuum.Tank 155 

Reflector 
183 

Shield-A 
196.95 

Shiel d-B 204.5 

Shield-C 208 

Void 
270 

M lar 280 

Magnet 
338_ 

Void 

1550 

Concrete Shield 
1700 
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Region 

First Wall 

Breeding Blanket 

Blanket Test Modules 

REGAT Module 

Vacuum Tank 

Reflector 

Shield-A 

Shiel d-B 

Shiel d-C 

Concrete Shield 
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Table VI.2-1 

Thickness (cm) 

0.3 

100 

100 

20 

4 

28 

13.95 

7.55 

3.5 

200 

VI.2-4 

Composition 

100 v/o HT-9 

73 v/o Li 17Pb83 
7 V/o HT-9 

20 v/o void 

73 v/o Li (nat.) 
7 v/o AS 1.4970 

20 v/o void 

20 v/o NaK 
40 v/o 316 ss 
15 v/o H2o 
25 V/0 V01d 

100 v/o 316 SS 

90 V/O 316 SS 
10 V/o H20 

95 v/o Fe 1422 
5 v/o H2o 

86 V/o B4C 
10 v/o Fe 1422 
4 V/o H20 

100 v/o Pb 

87 v/o Ordinary Concrete 
8 v/o Steel Reinforcement 
5 V/o H20 
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cryogenic heat load, and resistivity increases in the stabilizer for the 

superconductor. Dose limits for mylar and epoxy are taken as 1010 and 5 x 109 

Rad, respectively. The coil design is based on the resistivity of the alumi­

num stabilizer not exceeding 10-7 n cm. Since the resistivity of high purity 

aluminum is 1o~8 n cm, the induced resistivity (pr) due to irradiation should 

not exceed 9 x 10-8 n cm. For aluminum(S) the induced resistivity is given by 

Pr = 8 x 10-7 [1 - exp (-366 d)] n cm 

where d is the displacements per atom. With this set equal to 9 x 10-8 n cm, 

the value of d is 3.26 x 1o-4 dpa. Once this value of d is reached, the mag­

net must be annealed to ensure proper performance. Calculation for several 
' 

shield thicknesses yields the dpa results shownon Fig. VI.2-5. On the basis 

of this, the shield thickness was set at 0.25 m which yields 9.4 x 10-5 dpa in 

6 FPY for the permanent blanket. Since TASKA is only expected to operate for 

5.3 FPY this is more than adequate. The second curve representing the shield 

behind a test blanket corresponds to 4.5 x 10_4. dpa on the same basis. This 

would imply annealing before starting the last year of operation. However, 

the latest designs do not call for magnets behind ~he test modules. The dose 

values in the mylar and epoxy are 1.85 x 107 Rad/FPY and 1.61 x 107 Rad/FPY, 

well below the design limits. Other data of interest are the peak ·helium and 

hydrogen production rates in the iron of the first wall. Theseare 107.1 and 

347.6 appm/FPY, respectively. Finally bas~d on this model, the peak biologi­

cal dose outside the concrete shield is 1.12 mR/hr. 

The tritium production and total heating in the central cell are based on 

three-dimensional continuous energy calculations. These were performed using 

VI.2-8 
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the Monte Carlo code MCNP(6), and the Recommended Monte Carlo Cross Section 

(RMCCS) library(7) on the MFE computer at LLNL. The coupled neutron and gamma 

ray model was used and results are based on 4,000 histories giving relative 

errors of less than 5%. As the plasma density varies in the central cell, 

barrier, and plug regions, so does the neutron source density. The radius of 

the plasma also varies. Assuming a flat profile, the source is uniform to the 

plasma boundary. Weighting the source density by the area of the cross 

section leads to the linear source density shownon Fig. VI.2-6. This can be 

approximated as constant in the central cell, but is fortunately much weaker 

in the barrier and plug zones. The Monte Carlo modeling of the central cell 

and nearby barrier regions has been carried out. A view emphasizing the 

central cell is shown on Fig. VI.2-7. This model and the related calculations 

give a tritium breeding ratio of 1.04. The region-wise details of the tritium 

production are shown in Table VI.2-2. With the same region-wise description 

the energy deposition in MeV/fusion neutron is given on Table VI.2-3. This 

results in the rather low blanket energy multiplication of 1.06. However, as 

pointed out earlier, this was not a design issue. 

In summary, the central cell blanket and shield meet all the goals stated 

at the beginning of this section. The breeding margin is not great, but is 

probably adequate and relatively modest design changes could increase the 

breeding if necessary. Other performance goals have substantial margins for 

error. 

VI.2.3 Barrier Region 

The barrier region contains the narrow throat area at the end of the 

central cell as shown in Fig. VI.2-8. The constriction is caused by the very 

high (20 T) magnetic field. This field is produced by a system of coils 
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Table VI.2-2. Tritium Production 

T per Fusion 
Region 

6li 7u Total 

. ~!~th 

Breeding Blanket 1 1.565 0.15463 0.00027 0.15490 

2 1.80 0.16316 0.00027 0.16343 

3 1.80 0.16240 0.00027 0.16267 

4 1.05 0.10933 0.00021 0.10954 

7 1.05 0.09919 0.00018 0.09937 

8 1.565 0.13854 0.00023 0.13877 

Total 8.83 0.82725 0.00143 0.82868 

Blanket Test Modules 5 1.05 0.07144 0.03144 0.10288 

6 1.05 0.07754 0.03186 0.10940 

Total 2.10 0.14898 0.06330 0.21228 

System Total 10.93 0.97623 0.06473 1.04096 
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Table VI.2-3. Nuclear Heating in Central Cell (MeV/fusion) 

Total 
Region Neutron Heating Gamma Heating Nuclear Testing 

First Wall 0.0955 0.1197 0.2152 

Breeding Blanket 4.9139 3.7665 8.6804 

Blanket Test Modules 1.6579 0.5287 2.1866 

REGAT Modules 0.1854 0.3489 0.5343 

Reflector 0.1344 0.9054 1.0398 

Shield 1.2649 1.0985 2.3634 

Total 8.2520 6.7677 15.0197 

Energy multiplication = 1.06 

VI .2-14 
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Fig .. VI.2-8 Barrier and adjacent regions. 
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including Cu insert coils with only a thin shield in front. For this reason, 

a primarily tungsten shield is used to obtain maximum attenuation. A one­

dimensional model described by the schematic shown on Fig. VI.2-9 is used as a 

basis for determining shield performance. The calculations are based on a 

linear source density of 2.677 x 1015 neutrons/cm•sec which with a wall radius 

of 17 cm gives a neutron wall loading of 0.566 MW/m2• The resulting dose rate 

to the MgO insulation used in the normal coil is 4.35 x 1011 Rad/FPY. With a 

design li~it of 1012 Rad this implies a replacement of this coil every 2.3 FPY 

of operation. For TASKA 1 s expected life and capacity factor only two replace­

ments are required during its total operation. 

There are other coils in the barrier region referred to as field shaping 

coils. These are also normal coils. Further one-dimensional calculations 

were used in choosing the required shielding. At 16.5 m·from the midplane, 

the wall radius is 80 cm and the linear neutron source density is 1.62 x 

1013/cm sec leading to a 7.28 x lo-4 MW/m2 maximum wall loading. With 20 and 

30 cm shields, the peak dose rate in MgO is 3.87 x 108 Rad/FPY which with a 

1012 Rad limit is more than adequate. During the operation the peak biologi­

cal dose rate outside a surrounding concrete shield is determined to be 1.23 

mR/hr easily meeting the upper bound of 10 mR/hr deemed acceptable. 

A series of one-dimensional calculations were carried out to assess the 

shield needed to protect the yin-yang and the recircularizing coils which are 

both superconducting systems. The results are based on the linear source 

.density of 2.8 x 1014/cm sec corresponding to the peak at 25m and using a 

wall radius of 18 cm leading to a 0.056 MW/m2 maximum neutron wall loading in 

this zone. Calculations for several shield thicknesses enable us to plot the 

peak dpa in the copper stabilizer versus shield thickness (Fig. VI.2-10), and 
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the peak dose in mYlar and epoxy based on 6 FPY, Figs. VI.2-11 and VI.2-12. 

The copper resistivity should not exceed 10-7 n cm to meet stabilization 

requirements, but in a magnetic field of 8 T its resistivity is 5.3 x m-8 n 

cm without induced resistivity (pr)· Thus, the induced resistivity should not 

exceed 4.7 x 1o-8 n cm. For copper(5) the induced resistivity is 

Pr = 3 x 10- 7 [1 - exp(-563 d)] n cm 

where d is the dpa, limiting d without anneal to 3 x 10-4 dpa. 

The choice of a 60 cm shield then gives 8.47 x 10-5 dpa/FPY and a single 

annea 1 duri ng TASKA • s 1 i fet ime. The 'peak doses in myl ar and epoxy und er these 

conditions is 2 x 108 and 1.9 x 108 Rad/FPY respectively. With limits of 1010 

and 5 x 109 Rad in the mylar and epoxy, this shield is adequate for our needs. 

The peak biological dose rate outside the surrounding concrete shield is found 

to be 0.62 mR/hr, again well below the 10 mR/hr limit. 

VI.2.4 Radioactivity 

The radioactivity for the TASKA study was calculated using the compo­

sitions and zones shown in Fig. VI.2-13. Cylindrical geometry was chosen and 

the flux was taken from the midplane of the reactor. The flux was calculated 

using the ANISN(8) code with a p3s8 approximation. The transport cross 

sections were taken from a coupled 25 neutron- 21 gamma group data library.(9) 

Since these calculations were performed the thickness of the first wall of the 
blanket has been reduced to an equivalent of 0.3 cm. This will have the ef­
fect of reducing the activity in the first wall by about a factor of three an~ 
increasing the activity of the blanket near the first wall slightly. However, 
since the principal contribution to the dose after shutdown outside the shield 
comes from the regions near the edge of the shield, the change in the first 
wall thickness is expected to result in a negligible change in this quantity. 
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The flux was then used as the input to the DKR code.{10) The results of this 

calculation are shown in Figs. VI.2-14- VI.2-19. The calculations were done 

for an operating time of 2 years and the diagrams indicate the respective mag­

nitudes of the quantities of interest for the combined reflector and shield 

and the combined blanket and first wall. The levels of the specific activity, 

biological hazard potential, and percent afterheat are all of the same order 

of magnitude as those of previous studies {see WITAMIR-I)(l) , i.e., the 

activity at shutdown is about 1 curie per watt, the biological hazard po­

tential for air is about 100 km3 per kilowatt and the afterheat is about .7% 

of the total operating power. The highest volumetric activity is found in the 

first wall but the inner part of the blanket is highly activated as well. In 

the reflector and shield, the induced activities are respectively 3.41 x 10- 2 

curies/cm3 and 6.69 x 1o-6 curies/cm3 one day after shutdown. 

The time dependence of the activity is basically the same as in. most 

other steel reactors. After shutdown, Fe-55, Mn-56, Cr-51, and Pb-203 are the 

isotopes which contribute the most to the radioactivity. The relative contri­

bution of Fe-55 is higher than in previous studies because of the relative 

thickness of the first wall {1 cm vs. 0.3 cm in earlier studies) and the 

choice of material {HT-9). The Mn-56 and Pb-203 both decay rapidly, diminish­

ing the activity by a factor of two after one day. After this, the decay is 

influenced by the Fe-55 until about 50 years when the Ni-63 found in the 316 

SS takes over. At this time the graphs show that the reflector and shield are 

the dominant sources of radioactivity. This is due to the compositions of the 

zones {see Fig. VI.2-13), i.e., the reflector has a very high concentration of 

nickel from the 316 SS. The lang term decay is governed by Mo-93 and Nb-93m. 
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Fig. VI.2-17 

FRACTION OF TOTAL BHP FOR THE MAJOR 

CONTRIBUTING .ISOTOPES VS. TIME AFTER 

SHUTDOWN 
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Fig. VI.2-18 
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Fi g. VI.2-19 

FRACTION OF TOTAL AFTERHEAT FOR THE 

MAJOR ·ISOTOPES VS. TIME AFTER SHUTDOWN 
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The time dependence of the afterheat differs from that of the activity 

because of the small decay heat of Fe-55. The isotopes Mn-56, Mn-54, and Pb-

203 dominate the afterheat at shutdown. Because of the rapid decay. of both of 

these isotopes, the afterheat drops by a factor of two in about two hours, and 

by a factor of ten in under a week. After these isotopes decay, Fe-55 domi­

nates (from 1 y to 20 y) because of its abundance. The long term afterheat is 

governed by Ni-63 (20 y- > 300 y) and Mo-93 (300 y). The BHP follows es­

sentially the same curve as the radioactivity. The dominant isotope here, 

however, is Mn-54 (t112 = .82 years). Also giving significant contributions 

are Mn-56 and Fe-55. The Fe-55 eventually dominates until it decays and Ni-63 

and Nb-93m take over. The BHP takes about one year to drop by a factor of two 

and 20 years to drop by a factor of 100. 

As shown in the WITAMIR calculation, the activity, BHP, and afterheat in 

the magnets are very low and decay rapidly after shutdown (3-5 orders of 

magnitude in one day). 

The dose rate after shutdown was calculated using two methods which 

yielded similar results. First, a forward calculation was done using the 

gamma source from the DKR code (this produces a spatially dependent case). 

Second, an adjoint calculation was performed using tissue kerma factors as a 

source in the last zone of the shield. The results of the dose calculation 

are shown in Fig. VI.2-20. At shutdown the doserate outside the shiel~ is 

about 1 mR/hr and is low enough to allow hands-on maintenance. It drops by 

one order of magnitude in about one day and by two orders of magnitude in 

under ten years. Since the blanket of TASKA has no major penetration and the 

flux falls off rapidly toward the ends of the machine, the dose calculated 
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here (that of the midplane of the machine) should be an upper limit for the 

entire system and· should allow immediate after shutdown hands-on maintenance. 

VI.2.5 Test Blanket 

For the TASKA central cell, a natural lithium blanket has been studied. 

This will allow testing of a blanket concept that is a prominent candidate for 

a power reactor and one which differs appreciably from the proposed permanent 

blanket of TASKA. Neutranie calculatfons were performed to determine: 

• the tritium breeding. 

• the conversion of the fusion neutron related energy into heat. 

• the attenuation of the neutron and gamma fluxes in connection with magnet 

and equipment protection. 

• the resistance to radiation damage. 

VI.2.5.1 Codes and Data Libraries 

The neutranie and photonie calculations were made with the one-dimensional 

code ONETRA.(ll) A P3-s8 approximation in cylindrical geometry was used in 

the transport calculations. The fusion cross section library has been taken 

from the University of Wisconsin (UW) which is a combined P3, VITAMIN-c,(l2) 

MACKLIB-Iv,(13) coupled 25 neutron-21 gamma group library. It contains data 

blocks for 48 isotopes with 4 data. blocks for each isotope corresponding to a 

P3 Legendre expansion of the scattering cross section. 

From these libraries one can generate the so-called response functions. 

Some important response functions for this study are: 

• neutron and gamma kerma factors, 

• displacement cross sections, 

• (n,2n), (n,3n) cross sections, 

• hydrogen and helium production cross sections, 
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• 6Li(n,a)t, 7Li inelastic continuous cross sections (for tritium breeding), 

• absorption and total cross sections. 

At KfK a special KfK-UW-library can be used immediately in ONETRA calcu­

lations as cross section blocks have the standard Los Alamos structure accept­

ab 1 e to the code. 

The KfK cross section data set KFK INR(13) (26 neutron groups) was also 

used for some calculations. 

VI.2.5.2 Calculations and Results 

The calculational model of the blanket, reflector and shield tagether 

with the compositions in these zones is shown in Fig. VI.2-21. Note that 

TASKA, be~ause it ·is basically a long cylinder, lends itself well to one­

dimensional cylindrical modeling. 

For simplifying the calculations the blanket region had to be considered 

as a homogeneaus zone, consisting of breeding and structural materials. 

Due to the P3-s8 approximation, the 46 energy groups, and the high number 

of fine mesh steps (about 160) in the calculations, the IBM-3033 computer at 

KfK needed about 6000 K-bytes of main storage. 

Therefore, it was necessary to reduce the configuration to the outer 

radius of the reflector (r = 177 cm). However, this fact does not have much 

influence on tritium breeding, heating rate distribution and some other para­

meters. 

The results of the neutranie calculations are given in Table VI.2-4. 

These values are normalized, to a wall load of 1 MW/m2. 

For a homogeneaus blanket composition, consisting of 73 vol .% Linat' 7 

vol .% SS 1.4970, 20 vol.% void, a total tritium breeding ratio of 1.32 T­

atoms/source neutron was obtained. 
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Table VI.2-4. TASKA Neutronics Parameters 
(Based on 1 MW/mf Wall Load) 

General 
1. Breeding Ratio 

6Li 

7L1 

Total 
2. Energy Deposition per 14.1 MeV Neutron 

Neutron 
Gamma 
Total 

'3. Energy Multiplication (total) 

First Wall 
1. Radius* 
2. Volume/Unit Length 
3. Thickness 
4. Power Density 

Neutron 
Gamma 
Total 

5. OPA per yr/MW/m2 

6. H Production ppm/yr 
7. He Production ppm/yr 
8. Energy Deposition per 14.1 MeV Neutron 

Neutron 
Gamma 
Total 

Breeding Blanket 
1. Radius 
2. Volume/Unit Length 
3. Thickness 

0.921 
0.401 
1.322 

12.429 MeV 
5.572 MeV 
18.001 MeV 
1.28 

40.0 cm 
515.2 cm3/cm 

1.0 cm 

2.98 W/cm3 
5.04 W/cm3 

8.02 W/cm3 

8.61 
364.0 
88.0 

0.860 MeV 
1.457 MeV 
2.317 MeV 

42.0 cm -
54287 cm3/cm 
96.0 cm 

* The main design has changed to a new radius; however, the results are so 
insensitive that the calculations wer~ not repeated. 
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Neutron 
Gamma 
Total 
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Table Vl.2-4. (continued) 

5. Energy Deposition per 14.1 MeV Neutron 
Neutron 
Gamma 
Total 

Reflector 
1. Radius 
2. Volume/Unit Length 
3. Thickness 
4. Power Density 

Neutron 
Gamma 
Total 

5. Energy Deposition per 14.1 MeV Neutron 
Neutron 
Gamma 
Total 

i .. 

VI.2-36 

0.377 W/cm3 

0.093 W/cm3 

0.470 W/cm3 

11.472 MeV 
2.840 MeV 
14.312 MeV 

138.0 cm 
38594 cm3/cm 
39.0 cm 

0.0045 W/cm3 

0.059 W/cm3 

0.063 W/cm3 

0.097 MeV 
1.275 MeV 
1.372 MeV 
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Although natural Li (92.5 at.% 7L;, 7.5 at.% 6Li) was used as breeding· 

material, the main contribution.to the tritium breeding comes from 6Li (0.92 

T-atoms/source neutron). 

In F1g. VI.2-22 the radial breeding rate distribution is plotted for a 

100 cm thick blanket. 

The radial power density distribution is given in Fig. VI.2-23. 

In the first wall and the reflector the gamma heating rate predominates 

whereas the contribution from neutrons to the heating rate is much higher in 

the blanket. 

Hydroden and helium production and the average dpa per year were con­

sidered for the first wall only (see Table VI.2-4). 

Further neutranies parameter information is given in Section VII.3.2 

(blanket modules) of this TASKA study. 
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VI.3 Thermal .Hydraulfcs 

vr.3.1 MHD Effects 

""' 450 _ .... 

Th• dominant foree on a conducting fluid across the magnetfc field lines 

fs the MHD force. The,effect of th&MHD force fs to increase the pressure . 
drop and retard heat transfer by suppressing turbulence. In a D-T fusion 

reactor- blanket, with the breeding material servfng also as.the coolant, the 
' 

only severe heat transfer problem occurs _at the first Y#all. For a TMR, the 

first wall surface heat load fs only l W/cml. Th' effects of MHD on heat 

transfer are, therefore. not crltfcal and the heat transfer calculatfons can 
. . 

be carried out by asst~r~fng no turbulence. The· MHD pressure drop wfll fncrease 

the stres$ in the blanket and also fncrease pumping power.. The 10\T#er magnetfc 

ff el d 1 n TASKA compared· to a tokamak wf11 reduce the- MHD. pressure drop •. Its 

magnitude and effects, however, still have to be assessed. 

It fs .wen known that whenever an e1ectrica11y conductfng fluid flows 

across ff e 1 d lf nes ~ eddy · currents w'fl 1 appear wherever curl [!_. x B] fs non­

zero. Thfs produces a retardfng force whfch causes extra pressure drops fn 

the fluid. These pressure drops will be classfffed here into two 

categories(l), the Hartmann and end-of-loop effects. 

The Hartmann pressure gradfent arfses in fully-developed laminar flow 

with a uniform transverse magnetfc field. For such a floY# between parallel 

plates, in a uniform magnetic ffeld normal to the plates, the pressure 

gradfent fs given by the followfng equa~fon:(2) 

(Vr .3-1) 
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wher& ~ ~ viscosity 

v = coolant velocity 

C =- wa l1 conductance ra ti o, aw t:,/ aa 

~ = channel half-width 

H. = Hartmann nllltber 

aw = electricaT conductivity of the wall material 

a= electrical conductivity of the coolant 

tw. = wall thickness. 

When the fluid.is in a channel with a conducting wall and under large magnetic 

fields {H.>> 1 + 1/C), the last term of Equation VI.3-l dominates, giving 

(VI.3-2) 

If the wall is strong enough to withstand the pressure and the corrosion of 

the 11th1um, the value of C is usually on the order of lo-2 or larger; hence, 

Equat1on VI.3-2 fs an excellent approximation in the present range of Hartmann 

numbers (H ... 105). 

The end:Of:..loop effects are caused by gradients of [!. x B] in the flow 

direction. The resulting pressure drops are given approximately by the 

fo 11 owi ng equa ti on( 2) · 

(VI.3-3) 
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Here b = mean half-width of the local cross section in the direction normal 

to B
1 

av = arithmetic mean of values for initial and final cross sections. 

The coefficient KprE has been presented by Hoffman and Carlson(l) for flows in 

tubes and ducts with varying B ; the results are sumarized in Figures VI.3-l 
l ' 

and VI.3-2. We will use the same plots here to estimate KprE for changes of 

velocity and channel width; in this estimation LF is taken as the downstream 

length of the region of varying vB
1

• 

Th~ MHD pressure drop calculations for Lil7Pb83 coolant are calculated 

from Eq. VI .3-2 and VI.3-3. The resul ts are summari zed ,; n Tabl e VI.3-1. The 

calculations are based on local magnetic field = 2.7 tesla. The resulting 

pressures are shown in Fig. VI.3-3. The largest pressure drop occurs in the 

feed and discharge tubes due to the high local velocity. This pressure drop 

has been reduced by us1ng a laminated tube structure, with a sleeve 1 mm 

thick, which is insulated from the main structural tube. The thin inner wall 

reduces the Hartmann pressure drop as can be seen from Eq. VI.3-2. The total 

MHD pressure drop in the reactor is 1.08 MPa, which corresponds to a pumping 

power requirement of 500 kW. The maximum blanket pressure fs 1.02 MPa. The 

important blanket parameters are summarized in Table VI.3-2. 

VI.3.2 Heat Transfer Calculations 

The temperature profile in the coolant tube can be calculated by assuming 

only conduction. This can be justified due to the MHD effects on suppressing 

of turbulence. The most severe heat transfer problems occur in the first row 

of tubes. The energy deposited in the first row of tubes consists of a 

Volumetrie component due to nuclear heating and a surface heating load from 

the plasma. The effects of these two components can be decoupled. The 
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Tabl e VI .3-1 Summary of MHD Pressure Drop Calculations 

v,m/sec r,cm LF/b KpJE tw,mm l,m ~PE 

Feed pipe 
(discharge pipe) 1.75 10 10 .1 l.O* 3 .08 

Connecting tube .42 2.325 2 .15 1.75 .2 .02 

Blanket tube .097 4.843 2.27 1.45 

Total 

*Thickness of the inner sleeve of the pipe. 
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Fig. VI.3-3 Blanket Pressure Distribution 
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Table VI.3-2 TASKA Blanket Parameters 

Total blanket power 
Coolant inlet temperature 
Coolant outlet temperature 
Maximum blanket structural temperature 
Minimum blanket structural temperature 
Blanket coolant flow rate 
Maximum power per module 
Maximum coolant flow rate per module 
I.D. of feed (discharge) tube 
Coolant velocity in feed (dfscharge) tube 
Maximum coolant velocity in connecting tube 
Maximum coolant velocity in blanket tube 
Maximum blanket pressure 
Total MHD pressure drop 
Pumping power required 

45 MW 
300°C 
400°C 
440°C 
300°C 
2.9x103 kg/sec 
SMW 
5.2xl02 kg/sec 
20 em 
175 ern/sec 
42 ern/sec 
9.7 em/sec · 
1.02 MPa 
1.08 MPa 
500 k.W 
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Volumetrie heating load increases the bulk temperature in the coolant, wh.ile 

the surface heating load generates a temperature gradient. The results of 

these two effects can then be superimposed to obtain a complete temperature 

profile. 

The coolant temperature range is chosen between 300 and 400°C. The 

maximum volumetric heating ·;s ll.24 W/cm3• The total coolant passage length 

is 145 cm. Therefore, the required coolant velocity is 9.7 ern/sec. The 

minimum coolant residence time in the blanket is 15 seconds. 

The neutranie calculations are carried out for a homogenized cylindrical 

blanket. However, the curvature of the first wall is not a major factor in 

the model _developed here and the first bank of tubes is assumed tobe an 

infinite plate with a thickness of 10 cm. The mathematical problern then is 

conduction heat transfer to an infinite plate moving at a constant velocity 

with a uniform surface heating load, as shown in Fig. VI.3-4. If the heat . 

conduction in the y direction is small in comparison to the x direction, the 

solution for the temperature can be obtained from the solution of T(t,x) from 

stationary systems with a .constant heat input. The solution for an infinite 

plate with a constant heat input is:(J) 

· [T(t,x) - T
0

] = ~ (at) 1/2 ~ [ierfc (2n-1)R-x + ierfc (2n-1)R+x] 
~ n-1 2(at)1/2 2(at)1/2 

in which T(t,x) temperature in a stationary system at time t and 

distance x from surface 

T0 initial temperature 

q surface heat flux 

k thermal conductivity 
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. 
a thermal diffusivity 

R thickness of the plate. 

The required solution can then be obtained by 

(V1.3-5) 

in which a(y,x) temperature rise 

v coolant velocity. 

The bulk temperature rise due to nuclear heating is 

(VI.3-6) 

in which L is the length of coolant passage. The superimposed temperature in 

the entire coolant passage is then 

(VI.3-7) 

The temperature distribution of the blanket is calculated by this 

technique. A finite difference calculation was also performed to confirm the 

results of this calculation and the difference is less than 5°C. Fig. VI.3~5 

shows the maximum temperature of the first wall as a function of distance from 

the entrance. The temperature difference across the first wall is 4°C. 

Figure VI.3-6 shows the temperature across the coolant tube at the coolant 

exit. The maximum blanket temperature is 440°C. This is considerably higher 
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· from the pl asma and nucl ear heating from the. first wall structure. 

The large temperature difference from the coolant due to the bulk of the 

coolant is caused by MHD effects. The calulation assumes the absence of 

turbulence and heat transfer by conduction only. The total surface ·heating 

load on the coolant is 4 watt/cnf which, wf.th ßT = 360C, corresponds to a very 

small heat transfer coefficient of .11 watt cm2-~c. This heat transfer 

coefficient is consistent with a pure conduction system with hD/k = 7. 

Therefore, a first wall design of this type is only applicable to a power 

system with a very small surface heat flux. 

VI.3.3 Cooling of the Reflector and the Shield 

The coolant tube arrangement in the reflector is shown in Fig. VI.3-7. . . . 

The distance between 'two coolant channels 1s 20 cm. The maximum volumetric 

energy deposition is .1 W/cnP~ Therefore, the maximum temp~rature difference 

between two coolant channels is less than 30°C. The maximum heat flux to the 

coolant wall i~ ,~1 W/cm2 which can easily be removed by either helium or 

water. For this ~esign, water will be used as the coola~t. The inlet or 

outlet water temperatures are 80 and 140°C, respectively. The total power in 

. the refl ector 1 s 5. 08 MW, whi eh corresponds to a coo 1 ant fl ow rate of 20 

kg/sec. Since there is no need for good heat tran.sfer, the maximum velo(:ity 

needed can be less than·1 rn/sec. The pressure drop is .01 MPa. The pumping 

power required is less than 1 kW. 

The shield is also cooled by forced convection water. For simplicity of 

the design,· the water condition is chosen to be the same as the reflector. 

The shield design includes the two end modules of the central cell. The total 

energy deposited of 11.3 MW in the shield is, therefore, large compared to a 

conventi onal shi el d. The maximum energy f1 ux to the cool ant i s ..... 10 W/cm2 
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conventional shield. The maximum energy flux to the coolant is - 10 W/cm2 

which can also be handled easily by forced convection water. With a water 

velocity of 1 rn/sec in a 1 cm ID coolant tube, a heat transfer coefficient of 

1 W/crol-oc can be obtained, which corresponds to a film temperature drop of 

only 10°C. This is readily acceptable. The total coolant flow rate is 45 

kg/sec. With a pressure drop of .01 MPa, the pumping power required is 2 kW. 

The parameters of the reflector and the shield are summarized in Table 

VI.3-3. 
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Table VI.3-3 Parameters of the Shield and the Reflector 

Coolant inlet temperature 
Coolant outlet temperature 
Total reflector power 
Maximum reflector energy deposition 
Maximum heat flux to reflector coolant 
Maximum reflector structural temperature 
Minimum reflector structural temperature 

Total shield power 
Maximum shield energy deposition 
Maximum heat f1 ux to refl'ector cool ant 
Maximum shield structural temperature 
Minimum shield structural temperatuPe 

Coolant velocity 
Total coolant flow 
Total pumping power 

80°C 
140°C 
5.08 MW 

.1 W/cm3 

.5 W/crrf. 
170°C 
80°C 

11.3 MW 

7.5 W/cm3 
10 W/crrf 
165°C 
80°C 

1 rn/sec 
65 kg/sec 
3 kW 
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VI.4 Structural Materials for TASKA 

VI.4.1 General Considerations 

Since TASKA is to be considered as one of the first fusion materials test 

facilities, structural materialstobe used for its design must_be those for 

which there exist a sufficiently broad data base in high radiation fields and 

in high temperature environments. Accordingly, the two alloy classes con­

sidered as potential candidates were the austenitlc stainless steels and the 

ferritic (or martensitic) steels. Both materials classes were judged to be 

suitable structural materials for the blanket and the vacuum boundary. The 

major disadvantage of the austenitic stainless steels is their large propen­

sit~ for swelling. This is clearly demonstrated by considering the swelling 

behavior of both austenitic type 316 stainless steel and ferritic steels as 

based on breeder reactor irradiation at about 500°C. As seen in Fig. VI.4-1, 

austenitic steels exhibit a rapid rate of swelling after an incubation dose 

varying between 30 and 60. dpa, depending on the particular heat treatment. In 

contrast, ferritic steels have not exhibited more than 0.5% swelling in simi­

lar irradiation experiments.(1) Basedon the breeder reactor experience and 

the review given below, it appears that the blanket components exposed to the 

highest neutron fluence in TASKA would swell about 15% to 20% if made of 20% 

CW type 316 stainless steel. Although a linear expansion of 5% to 7% due to 

swelling can be accommodated with the blanket designs contemplated for TASKA, 

it is doubtful that a significantly larger expansion could be accommodated in 

a power producing tandem mirrar fusion reactor. Therefore, although the 

austenitic stainless steels were judged suitable for TASKA they do not seem to 

be the answer for future fusion reactors. 

VI.4-1 
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Fig. VI.4-1. Swelling behavior of austenitic and ferritic steels irradiated 
in EBR-I I. 

500 °C 
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ss 316 
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In order to gain fusion reactor relevant experience with a structural ma­

terial, it was decided to select ferritic steels as the prime candidates for 

TASKA. However, in the course of this design study, it ~as discovered that 

ferritic steels used as structural materials for the blankets may signifi-
' 

cantly perturb and lower the magnetic field and its distribution in the 

central cell region, particularly at either end of the central cell. The 

amount of field perturbation and reduction that can be tolerated in a mirrar 

reactor is, at the present time, not known. It appears, however, that these 

issues can be resolved by appropriate designs of the blanket modules and by a 

modest increas~ of the magnetic field in the central cell region. 

It will be evident from the discussions below that ferritic steels are to 

be preferred over austenitic steels for the following reasons: 

A) Much greater resistance to neutron induced void formation and. metal 

swell ing. 

B) A greater resistance to in-reactor creep below 600°C. 

C) Better ductility retained afterhigh temperature fission neutron irradi­

ation. 

D) Better thermal stress resistance, at least by a factor of two. 

E) Better compatibility with the Pb83Li 17 breeder/coolant material. 

F) Considerably more experience in heat exchanger design and aqueous environ­

ments. 

G) Lower material cost per unit weight. 

H) Less demand on er (12 vs. 18%) and Ni (0.5 vs. ~ 8%) resources which 

generally have to be imported. 
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The specific choice of HT-9 over other ferritic steels should not be 

taken too seriously. This alloy system has. been identified as one particu­

larly attractive to the fast breeder ~nd, as such, gives us a convenient data 

base from which to extrapolate its performance in a fusion environment. It is 

quite possible that other ferritic steels might be developed to give even 

better properties in a fusion environment and future studies ought to be open 

to new ideas in this area. 

VI.4.2 Physical and 'Thermal Properties of HT-9 

The general cla~s of alloys that we considered are the ferromagnetic 

steels which contain roughly 9 to 13% Cr with some small addition of various 

strengthening and stabil izi ng el ements such as Mo. These steel s are conven­

tionally used in the normalized and tempered condition for high temperature 

applications. Although the heat treatment can result in either a tempered 

martensite or bainite structure, depending on the alloy and thermal treatment 

parameters, this class of materials is usually referred to as "martensitic" 

stainless steels for simplicity. 

Because of the encouraging and rapidly expanding data base from the U.S. 

Fast Breeder Reactor Program and the significant operational history in 

Europe, the alloy Sandvik HT-9 (DIMX20CrMoWV121) was selected for TASKA. The 

normal composition of this alloy is given in Table VI.4-1 and Fig. VI.4-2(2) 

gives the binary section of the Fe-cr~c phase diagram at 12%. For high 

temperatures and extended time service, the alloy is usually heat treated at 

1050°C for 0.5 hours in the austenite zone (Fig. VI.4-3), air cooled and then 

tempered at 780°C. 

The thermal properties of the 9 Cr-1 Mo system, which should be close to 

HT-9 are given in Table VI.4-2.(3) 
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Table VI.4-1. Nominal Composition of HT-9 Alloy 

Element Wt% 

Fe Balance 

Cr 1L5 

Mo 1.0 

Ni o.5 

w 0.5 

Mn 0.5 

V 0.3 

Si 0.25. 

c 0.20 
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Table VI.4-2. Sel ected Thermal Properties of the 9 Cr-1 Mo Steel(20) 

Instantaneous 
Specific Coefficient of Mean Coefficient 

Thermal Thermal Heat Thermal Linear of Thermal 
Temperature Conductivity Di ffusi vi ty cal g-1 c-1 Expansion Linear Expansion 
CIF oc w cm-1 c-1 · cm2 s-1 X 103 1o-6 c-1 1o-6 c-1 

70 21 .222 .066 .105 3.23 
100 38 .227 .067 .106 3.28 3.25 
150 66 .235 .067 .109 3.35 3.29 
200 93 .242 .067 .112 3.42 3.34 
250 121 .249 .068 .114 3.49 3.39 

300 149 .254 .068 .117 3.56 3.42 
350 177 .260 .067 .120 3.63 3.46 
400 204 .263 .067 .123 3.69 3.49 
450 232 .267 .066 .126 3.75 3.52 
500 260 .270 .065 .129 3.82 3.56 

550 288 .273 .064 .133 3.87 3.59 
600 316 .275 .063 .136 3.93 3.62 
650 343 .277 .062 .140 3.98 3.65 
700 371 .277 .061 .144 4.04 3.68 
750 399 .279 .059 .147 4.09 3.70 

800 427 .279 .057 .152 4.13 3.73 
850 I 454 .280 .055 .157 4.18 3.76 
900 482 .279 .053 .163 4.23 3.79 
950 510 .279 .051 .169 4.27 3.81 

1000 538 .279 .050 .175 4.31 3.83 

1050 566 .277 .047 .183 4.35 3.86 
1100 593 .277 .045 .191 4.39 3.89 
1150 621 .275 .043 .201 4.43 3.92 
1200 649 .273 .040 .213 4.46 3.93 
1250 677 .272 .037 .229 4.49 3.96 

1300 704 .270 .034 .250 4.52 3.98 
1350 732 .268 .030 .276* 4.55 4.00 
1375 746 .028 .295 
1400 760 .263 .038 .216 4.57 4.02 
1450 788 .260 .043 .190 4.60 4.04 
1500 816 .260 .046 .178 4.62 4.06 

Extrapolated value 
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The electrical conductivity of the ferritic steels is in the range of 

0.002 to 0.005 ~f' 1 depending on the composition and heat treatments. No. 

specific value was found for HT-9. 

VI.4.3 Use of Martensitic Steels 

It is fortunate that there are so many applications for martensitic 

steels throughout the U.S. and the world. A recent summary by scientists at 

General Atomic revealed that there are major applications for high temperature 

martensitic stainless steels in the following areas:( 4) 

• Fossil Power Plants 

Superheaters 

Reheaters 

Evaporators 

Steam piping 

• Nuclear Power Plants 

Superheaters, reheaters, U.K. Hinkley Point "B" AGR 

Steam generator: U.K. PFR 

He compressors, circulators: U.S. Fort St. Vrains HTGR 

• Other Applications 

Gas and steam turbine components 

Aircraft and missile thin wall pressure vessels 

Petroleum industry pressure vessel linings 

lt was found that the 9-12 Cr steels were used in foreign fossil power plants 

under the following conditions: 

VI.4-9 



- 477 -

Location Usage Allo~ Temp °C Service Status 

U. K. 13 plants 9 CrMo(V) 450-660 < 110,000 hrs. 

12 plants 12 CrMo 430-850 < 45,000 hrs. 

Austria 

Belgium 

Czechoslovakia 96 Tons 9 CrMo < 610 .; 110,000 hrs. 

Germany 

Switzerland 

Turkey ] > 250 Tons 12 CrMo(V,W} < 610 < 130,000 hrs. 

Yugoslavia 

In addition to past and current usage, severaT future areas of use are 

being consi~ered. 

System 

US-LMFBR 

US-GCFR 

French Super 

· Phenix 

Japanese FBR 

US-HTGR 

US-LWR 

Application 

Ducts (cladding) 

Steam generator 

Ducts, cladding, steam 

generator, shielding 

Ducts 

Steam generator 

Steam generator 

Steam generator & pumping, 

He-He heat exchangers 

He circulators 

Steam generator 

VI .4-10 

Alloys 

HT-9 

MOD 9 Cr-1 Mo 

HT-9/MOD 9 Cr-1 Mo 

9-17 Cr 

9 Cr-1 Mo 

9 Cr-2 Mo 

HT-9/MOD 9 Cr-1 Mo 

HT-9/MOD 9 Cr-1 Mo 
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It is from this extensive experience that one can often obtain a great 

deal of mechanical property data which is summarized in the next section. 

VI.4.4 Mechanical Properties of HT-9 

The tensile strength of HT-9 is compared to that for several other candi­

date CTR materials in Fig. VI.4-4. This figure shows that HT-9 is superior to 

annealed 316 SS up to ~ 600°C and it compares favorably to Ti-6Al-4V in the 

400-600°C range. However, above 500°C the yield strength begins to drop, and 

it is best to limit its Operating range to below 500-550°C. 

The effect of long term exposure at 600°C on the tensile properties of 

HT-9 is shown in Fig. VI.4-s.(3) It can be seen that exposure to 600°C 

temperatures for 80,000 hours (~ 10 years) reveals that there is very little 

degradation of ultimate or 0.2% yield strength. The percentage elongation 

also stays between a comfortable 10 and 30% even after long term exposure. A 

recent study( 6) also reports that HT-9 specimens subjected to 1 atm of hydro­

gen gas during testing at 200-400°C had no effect on ductility. 

The ductility of HT-9 is co~pared to other CTR alloys in Fig. VI.4-6(S) 

and reveals that HT-9 retains a factor of 2 better ductility in the 400°C-

6000C range compared to 316 SS. 

Long term stress rupture data for HT-9 and other alloys at 500°C is shown 

in Fig. VI.4-7. This information reveals that for up to 10 years of exposure, 

HT-9 can withstand stresses up to ~ 200 MPa. 

The effect of 80,000 hour-600°C service exposure on HT-9 stress-rupture 

properties is shown in Fig. Vl.4-8. There is a slight,degradation of the 

properties but it appears that stresses of 20 ksi (- 130 MPa) or more are 

quite reasonable for 100,000 hour exposures. 

VI.4-11 
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Fi g. VI .4-4a 
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Fig. VI.4-5 
(Reference 3) 
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Fi g. VI.4-6 
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Fi g. VI .4-8 
(Reference 4) 

EFFECT OF 80,000 HOUR, 600°C SERVICE EXPOSURE 
ON HT-9 STRESS-HUPTURE PROPERliES 

LOG 
STRESS, 
a (MPa) 

400 

200 

100 
80 

60 

40 

20 

BEFORE SERVICE 

15 16 17 18 19 20 21 22 

LARSON-MILLER PARAMETER, P ~ T (20 +LOGt) /103 

VI .4--16 



- 483 -

Even though TASKA is a steady state device, there will be numerous 

startups and shutdowns that will impose large stresses on the structure. · 

Therefore, information on crack growth rates is important. Such information 

is given in Fig. VI.4-~ for helium environments and reveals that even under 

the most severe conditions the crack growth rates of unirradiated HT-9 are · 

less than 1o-4 mm per cycle at 530°C operating tempera.tures. If the HT-9 is 

tested in air, a much more aggressive environment, the crack growth rates are 

increased, even at 425°C (Fig. VI.4-10). However, the growth rates are still 

roughly 4 times lower than found in 20% CW 316 SS or 9 Cr-1 Mo alloys. 

VI.4.5 Thermal Stress Factor 

When.rigidly held plates are subjected to high heat fluxes, the resulting 

differential thermal expansion generates large stresses and in extreme circum­

stances can even cause failure. This can be a particularly difficult problern 

for tok.amaks. 

A typical figure of merit which has been used to indicate the resistance 

of metals to fai 1 ure i s the rati o of the yi el d stress to the .thermally i nduced 

stress. If we assume equal thickness and nuclear heat generation rates, then 

the figure of merit, M (a hig~ value is desired), is: 

2ayK( 1 - v) 
M = ---'"--äE.,...---

where: ay is the yield strength; 

K is the thermal conductivity; 

v is Poisson•s ratio; 

a is the thermal expansion coefficient; 

E is Young•s modulus. 
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Fig. VI.4-9 
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Fig. VI.4-10 
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Typical values of M have been calculated for 316 SS, HT-9, Ti alloys, Inconel 

718, and V-20 Ti, at 500°C. These values are given in Table VI.4-3. 

It can be seen that the HT-9 alloy has a figure of merit of at least 

twice that of cold worked 316 SS and slightly less than Ti and Mo alloys at 

.soooc. HT-9 is clearly inferior to refractory metals but, for lack of exten­

sive irradfative experience we will not ~onsider those systems in TASKA. 

VI.4.6 Compatibtlity of HT-9 with Pb-Li Alloys 

As might be expected, there is litte data concerning the Pb83Li17 

eutectic alloy on HT-9 at temperatures of 350-550°C. There is a small amount 

of information on low alloy, high strength steels in pure 1ead,(7-9,11,14) and 

some dataon 2-1/4 Cr-1 Mo alloys with a u 99Pb1 system at· 500°C.(10) The 

only information on liquid metals and HT-9 is a recent study at ANL in pure 

lithium and lithium contaminated with nitrogen at 482°C(12) and a recent ORNL 

investigatton wi~h Pb83Lt 17 .(13) 

Despite claims in earlier studies that low alloy steels were not em­

brittled by pure lead, recent results showed embrittlement could occur near 

the melting point of the lead (327°C).(11,14) The embrtttlement of the high 

strength 4100 series steels (see composition in Table VI.4-4) started at 

~ 200°C and reached a maximum (lowest ductility) at ~ 320°C. Above ~ 370°C 

there was degradation in the ductility (see Fig. VI.4-11). The addition of Sn 

increased the width of the embrittling zone. 

At higher temperatures, 700°C, 2-1/4 Cr-1 Mo alloy suffered a severe 

attack after 300 hours of exposure to lead.(9) However, the addition of Ti to 

- the Pb completely eliminated the corrosion under the same conditions. It has 
I 

been known for a long time that the addition of Ti or Zr to Pb would inhibit 

corrosion by forming tightly adhering TiC and ZrC films on the steel surface. 
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Table VI.4-3. Thermal Stress Resistance of 

Potential Fusion Materials at 500°C 

All oy 

Annealed 316 SS 

20% cw 316 ss 
HT-9 

Ti-6Al-4V 

Ti-6Al-2Sn-4Zr-2Mo 

. Inconel-718 

V-20 Ti 

Thermal Stress Resistance 

(W/m) X 10-3 

1.3 

4.9 

8.5 

10.2 

10.4 

10.7 

12.2 

Table VI.4-4. Comparison of Some Alloy Steels Which Have Been Tested 

in Pb, Li or Pb-Li Alloys · 

Element- wt% (Bal. Fe) 

Alloy Cr Mn Mo c Si 

4140 0.96 0.87 0.18 0.41 0.23 

4145 1.00 0.88 0.47 0.33 

Crol oy 2.25 0.5 1.0 0.12 

HT-9 11.5 0.5 1.0 0.2 0.25 
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Fi g. VI.4 -11 
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On the other end of the spectrum, a LiggPb1 alloy was shown to attac~ 

Fe3C and Mo2c in the welded zones of a 2-1/4 Cr-1 Mo alloy at soooc after 

exposure up to 1600 hours. Figure VI.4-12, from the paper by Anderson et 

al. {.lO), shows that the cementite and Mo2c are unstable with respect to Li 

below 500°C while the chromium carbides are stable over a wide range. 

Work at Harwell(lS) has shown that low alloy steels can be significantly 

decarburized by exposure to Li even at ~ 200°C. However, higher Cr containing 

steels such as 2-1/2 Cr-1 Mo, or the 9 Cr-1 Mo alloys showed much greater 

resistance.( 16) Presumably, the higher Cr content of HT-9 would help to pro­

tect that alloy from decarburization and hence embrittlement. 

A recent study by Chopra and Smith(12) has shown that nitrogen can have a 

large effect on the fatigue life of HT-9 in flowing Li at 482°C. They found 

that in short term fatigue tests, where the nitrogen level was between 80 and 

130 ppm, the fatigue 1 ife in Li was· the same as that obtained in Na. However, 

when the nitrogen level reached > 1000 ppm of nitrogen, there was a dramatic 

drop in the fatigue life (Fig. VI.4-13) by as much as a factor of 5. This 

strongly suggests that close control of the nitrogen 1eve1 in the TASKA 

cool ant will be necessary. 

Tortorelli and DeVan have most recently studied the compatibility of type 

316 stainless steel and HT-9 with static Pb-17 at.% Li in the temperature 

range from 300 to 500°C. The effects of corrosion were characterized by 

changes in specimen weight and tensile properties after exposure. Figure 

VI.4-14 shows the weight change as a function of exposure at a temperature of 

soooc. Less weight change was obtained at lower temperatures, as seen from 

the results in Table VI.4-5. 
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Fig. VI.4-12 
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Fig. VI.4-13 
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Fig. VI.4-14 
Weight lass in liquid Li and Li 17Pb83 . 
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Table VI.4-5. Weight Changes of Type. 316 Stainless Steel and Sandvik HT-9(a) 

Exposed to Static Argon and Pb-17 at.% Li 

Exposure Exposure Wei ght Change·( b) ( g/m2) 

Temperature Time 
Type 316 Type 316 HT-9 in HT-9 in 

(oc) (h) in Pb-Li in Ar Pb-Li Ar 

300 1000 -0.4 -0.1 -2.3 
3000 -0.4 o.o -6.6 
5000 -1.0 o.o -6.6 

400 1000 -0.9 -0.1 -3.2 
3000 -1.2 0.0 -5.6 
5000 -3.2 0.0 -5 .. 6 

500 1000 -7.6 +0.1 -6.5 +0.2 
3000 -14.7 0.0 -7.6 o.o 
5000 -12.2 +0.1 

900 20 -11.9(c) +0.1 

(ab) Normalized and tempered. 
( ) Average of measurements fram two specimens unless autherwise noted. 
(c) Average af measurements fram six specimens. 

Althaugh bath type 316 stainless steel and HT-9 shaw significant weight 

lasses when exposed to static Pb-17 at.% Li at 500°C, no significant changes 

in raam temperature tensile properties could be detected, as demonstrated by 

the results in Table VI.4-6. 

In summary, it appears that Pb83Li 17 can have a corrasi.ve effect an HT-9 

at temperatures af 500°C and presumably higher temperatures. The applicatian 

of malten Pba3Li17 as a breeding and coolant material tagether with ferrous 

alloys may therefare be limited to temperatures below 500°C. 

VI.4-27 



-. 494. -

Table VI.4-6. Tensile Results(a) for Type 316 Stainless Steel 

Exposed to Static Argon and Pb-17. at.l Li 

Strength (MPa) Elongation(c) 
Exposure Exposure 

Temperature Time Yield(b) Ultimate Tensile (I) 

(oC) (h) 
Pb-Li Ar Pb-Li Ar Pb-Li Ar 

300 1000 242 229 577 574 84 86 
3000 248 583 85 88 
5000 238 246 582 584 88 86 

400 1000 235 237 574 568 88 88 
3000 242 243 584 582 85 88 
5000 245 245 589 580 85 84 

500 1000 240 24o(d) 570 576(d) 88 87 
3000 250 251 575 592 84 89 
5000 246 253 570 594 89 87 

900 20 248(e) 215 593 518(e) 86 89 

(a) Average of measurements from two specimens unless otherwise noted (scatter 
within ±101). 

(b) 0.21 offset. 
(c) In 12.7 mm. 
(d) One specimen measurement. 
(e) Average of measurements from six specimens. 

VI.4.7 Magnette Properties of HT-9 

Figure VI.4-15 shows the hysteresis loops for 9 and 121 Cr steels. HT-9 

exhibits a similar hysteresis loop as shown in Ftg. VI.4-16.( 4) It is found 

that the area of the hysteresis loop is reduced at the operating temperature 

goes up and the value of Bsat is reduced from ~ 1.4 T at 25° to 1.1 T at 
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Fig. VI.4-15 
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Fig. VI.4-16 
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soooc. Since the magnetic field at the blanket from the central cell coils is 

roughly 3 tesla, it is clear that the blanket material will be saturated 

during the operation of TASKA. Another way of stating the above is that the 

permeability as defined, 

B = J.IH 

is very close to one under TASKA conditions. 

Since the saturation magnetization is a substantial fraction of the mag­

netic field produced by the central coil, in contrast to tokamaks where it is 

a small fraction, it is expected that the ferromagnetic blanket structure will 

perturb and reduce the central cell magnetic field. This is discussed further 

in Section V.9. 

VI.4.8 Effects of Irradiation on HT-9 Type Alloys 

VI.4.8.1 Introduction 

It was previously ·pointed out there is a considerable data base for low 

temperature, relatively low fluence, irradiation of ferritic steels. More 

recently, because of interest in the applications of ferritic steels in the 

core structures of LMFBR's, some information about the high temperature be­

havior of ferritic steels irradiated to moderately high fission neutron 

fluences has begun to appear.(17) Unfortunately, the data is notasextensive 

as that for the austenitic system but a great deal of information should be· 

available in the next year or two. It must also be pointed out that there is 

no data on HT-9 (or any other ferritic steel) irradiated with D-T neutrons. 

Therefore, all of the results quoted here from fission neutron, heavy ion, and 

electron irradiation will have to be extrapolated to typical TASKA conditions. 
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VI.4.8.2. Survey of Irradiated Ferritic Steel Information Pertinent to TASKA 

There are four sources of data which may be used for our study. 

1) Fast neutron data from EBR-II. 

2) Thermal neutron data from test reactors and commercial power plants. 

3) Heavy ion data. 

4) High valtage electron microscopy data. 

It is not the purpose of this section to present a complete literature survey, 

but only to highlight those papers which might have a direct bearing on the 

performance of HT-9 in TASKA. A summary of the work of interest to this study 

is given in Table VI.4-7. 

There are four areas in which measurements have been made on irradiated 

ferritic steel: 

A) swelling due to voids; 

B) tensile properties; 

C) in-reactor creep; 

D) shift in ductile to brittle transition temperature (DBTT). 

VI.4.8.3 Void Swelling in Ferritic Steel 

The void swelling problem, which has plagued the austenitic steels in the 

LMFBR program and has presented some serious problems for the design of first 

walls in fusion reactors, seems to be greatly reduced in the ferritic steel 

system. Smidt et al.(26) showed in 1976 that the ferritic steels (including 

HT-9) were very resistant to the production of voids during heavy ion bombard­

ment. In fact, he found that the maximum swelling rate was - 0.01-0.02% per 

dpa compared to values at least 10 times higher for the 316 ·stainless steel 

systems. One MeV electron irradiation experiments also revealed that ferritic 
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Table VI.4-7. Summar~ of Pertinent Irradiation Data for HT-9 in WITAMIR-1 

Type of · T;rr Fluence 
Irradiation 
(Reference) Material oc x 1022 n/cJ Type of Test Colllllents 

fast n(17} HT-9 419 1.1 DBTT, ay 100°C shift 
fast n(18) 405 ss 400-405 2.3 t:.V, ay• duct. 
fast n(19) HT-9 540-565 4.0 e:;rr 
fast n< 20 ) FV-448 380, 420, (30 dpa) t:.V 

460, 615 
fast n(21) HT-9 605 2 e:;rr 

625-635 4 
fast n(22) 2-1/4 Cr 371-427 0.29 FCP, DBTT No effect of 

1 Mo irradiation 
fast n(23) 15% Cr-Fe 380-615 ·30 t:.V No AV change 

FV-448 
fast n(24) HT-9 440-600 1.'1 
fast n(25) HT-9 550 7.5 duct., AV 
Heavy Ion(26) HT-9, EM-12 450-650 (250 dpa) AV No He 
1 MeV El ec. (27) S4 395-550 (20 dpa) AV 10 ppm He 
LWR n(25) HT-9, 9 Cr 1 Mo, 50 1.3 (9.3 dpa) ay, duct. 10-80 ppm He 

2-1/4 Cr 
fast n(29) 430 F, 416, 400-650 17.6 AV AV <: 0.57% 

EM-12, Hll 
2-1/4 Cr-1 Mo 

fast n(30) 430 F, 416, 425 5.05 TEM 
EM-12, H11, 
2-1/4 Cr-1 Mo 
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steels were qu~te resistant to the formation of voids, even after predoping 

the specimens with 10 appm of He.(32) 

Neutron irradiation of Fe-10 Cr and FV-448 (11% Cr, 1 Mn, 0.6 Mo, 0.65 

Ni) alloys showed very little swelling up to 30 dpa in the temperature range 

of 375°C-460°c.(23) Figures VI.4-17 and VI.4-18 show that the addition of up 

to 5% Cr r.educes the swelling compared to pure iron. Further additions of Cr 

have less effect but still reduce the swelling to ~ 0.02% per dpa level. 

Other fission neutron irradiations of FV-448 to ~ 30 dpa in the 380°C-615°C 

temperature range s_how that < 0.1% swelling was observed. Similarly irradi­

ation of 405 ss (15 er, 0.3 Ni, 0.6 c, 0.15 Al) to 400°C with 2.3 x 1022 n/crnl 

{E > 0.1 ·MeV) revealed no swelling at anJ18) Recent results from EBR-II 

irradiations(30) on various ferritic steels whose composition and structure is 

given in Table VI.4-8 has further confirmed the expectation that the swelling 

resistance of the ferritic class of steels is generic rather than dependent on 

one particular composition or heat treatment. As shown in Fig. VI.4-19, 

swelling is less than 1% for displacement doses between 70 and 90 dpa. 

Table VI.4-8. Comparison of the Nominal Major Element Compositions 

and Microstructures of the Ferritic Alloxs Examined 

Allox Cr Mo c Structure 

AIS! 430F 18 0.04 0.05 Duplex - Ferrite/Martensite 

AISI 416 13 0.2 0.1 Ferritic 

EM-12 10 2.0 0.06 Duplex - Ferrite/Martensite 

H-11 5 1.4 0.4 Martensitic 

2-1/4 Cr-1 Mo 2.2 1.0 0.1 Martensiti c 
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Fig. VI.4-17 
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Fi g. VI .4-18 
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Fig. VI.4-19 
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Irradiation of HT-9 to 1.1 x 1023 n/cm2 (48 dpa) over the range of 

temperature from 400°C-600°C reveals that the swelling rate is less than 0.01% 

per dpa compared to a value of 0.35% per dpa for 316 SS (Fig. VI.4-20).( 25 ~ 

Such studies do not simulate the helium production in HT-9 correctly, but HT-9 

doped with 1% Ni is now. being inserted into thermal fission.reactors to obtain 

the necessary higher helium concentrations. However, only tensile properties 

on doped HT-9 have so far been measured. 

VI.4.8.4 Effects of Neutron Irradiation on the Tensile, Creep, and Stress­

Rupture Properties of Ferritic Steel 

There are three results reported in_ the literature that are pertinent to 

the use of HT-9 in TASKA. An early study by Garr et a1.(18) showed that 405 

SS, which was given a 1 hour anneal at 980°C before irradiation, suffered 

relatively little loss in ductility after being irradiated to 2.3 x 1022 n/cm2 

(10 dpa) at 400°C-425°C (see Table VI.4-9). The total elongation remained at 

11.2% at 500°C while the uniform elongation dropped from 9.4% to 4.0%. 

In another study(25) where HT-9 was irradiated to 1.1 x 1023 n/cm2 (48 

dpa) at 550°C the total elongation remained above 10% when tested at 550°C and 

670°C. 

Smidt et al.(1?) found that irradiation to ~ 5 dpa at 419°C resulted in 

very little reduction of ductility during post-irradiation room temperature 

tests. They found that after such an irradiation, there was still 6.3% uni­

form ~longation and 13.9% total elongation remaining. 

More recently, Klueh and Vitek( 30) irradiated tensile specimens of vari­

ous ferritic steels with the compositions as given in Table VI.4-10. The HFIR 

irradiations were carried out at 50°C to doses between 6.5 and 9.5 dpa and to 

helium concentrations ranging between 10 to 80 appm He. The low helium 
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Table VI.4-9. Pertinent Data of Irradiation Effects on 

Tensile Properties of Ferritic Steel 

Appm Yield 

Material Tirr/Test dpa(a) He(b) Stress-MPa 

405 ss 

(18) 

HT-9 

(25) 

HT-9 

(17) 

---/500 

425/500 

550/550 

550/670 

---/253 

419/25 

N.R. = Not Reported 

Control 

10 

48 

48 

Control 

5 

3.9 

. 19 

19 

2 

(a) use 4.4 dpa .per 1022 n/crrf (E > 0.1 Mev) 
(b) use 0.39 appm He/dpa 

346 

461 

N.R. 

N.R. 

653 

971 

V I .4-40 

Tensile 

Stress-MPa 

712 

516 

N.R. 

N.R. 

823 

1037 

Uniform Total 

Stra·; n-% Strai n-% 

9.4 

4.0 

N.R. 

N.R. 

7.5 

6.3 

11.2. 

11.2 

14. 

. > 10 

16.4 

13.9 

I . i 
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Table VI.4-10. Garnposition of Ferritic Steels Irradiated in HFIR at sooc. 

Alloy Content, a wt % 

HT9 HT9 liT9 + 1% Ni liT9 + 2% Ni HT9 + 2% Ni 
Breeder (XAA-3587) (XAA-3588) (XAA-3589) 

Alijusted 
(91354) (XAA-3592) 

c 
Mn 
p 
s 
Si 
Ni 
Cr 
Mo 
V 
Nb 
Ti 
Co 
Cu 
Al 
B 
w 

.As 
Sn 
Zr 
N 
0 

0.20 
0.47 
0.004 

0.31 
0.54 

11.2 
0.96 
0.31 

0.02 
0.04 
0.03 
0.0007 
0.5 
0.01 
0.01 

4 Balance iron. 

Element 9 Cr-1 Mo 
(XA-3590) 

c 0.09 
Mn 0.36 
p 0.008 
s 0.004 
Si 0.08 
Ni 0.11 
Cr 8.62 
Mo 0.98 
V 0.209 
Nb 0.063 
Ti 0.002 
Co 0.013 
Cu 0.03 
Al 0.013 
B <0.001 
w 0.01 
As (0.001 
Sn 0.003 
Zr (0.001 
N 0.050 
0 0.007 

4ßalance iron. 

0.21 0.20 0.20 0.15 
0.50 0.47 0.49 0.32 
0.011 0.010 0.011 0.008 
0.004 0.004 0.004 0.004 
0.18 0.13 0.14 0.07 
0.43 1.14 2.27 2.30 

11.99 11.97 11.71 13.60 
0.93 1.04 1.02 1.59 
0.27 0.31 0.31 0.30 
0.018 0.015 0.015 0.016 
0.003 0.003 0.003 0.002 
0.017 0.015 0.021 0.018 
0.05 0.05 0.05 0.05 
0.030 0.017 0.028 0.018 

(0.001 (0.001 (0.001 <0.001 
0.54 0.53 0.54 0.64 

(0.001 0.002 <0.002 (0.002 
0.002 0.001 0.002 0.002 

(0.001 (0.001 (0.001 <0.001 
0.020 0.016 0.017 0.014 
0.005 0.007 0.007 0.007 

Concentration,a wt % 

9 Cr-1 Mo + 2% Ni 9 Cr-1 Mo + 2% Ni Adjusted 
(XA-3591) (XA-3593) 

0.064 0.067 
0.36 0.36 
0.008 0.008 
0.004 0.004 
0.08 0.10 
2.17 2.24 
8.57 12.30 
0.98 1.70 
0.222 0.29 
0.066 0.074 
0.002 0.002 
0.015 0.017 
0.04 0.03 
0.015 0.016 

(0.001 <0.001 
0.01 0.01 

(0.001 <0.001 
0.003 0.003 

(0.001 (0.001 
0.053 0.059 
0.006 0.007 
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concentration range corresponds to alloy compositions with the lowest nickel 

concentration, whereas the high helium concentrations were achieved with the 

al~oys containing about 2% nickel. Post-irradiation tensile tests were per­

formed at room temperature (25°C) and at elevated temperature (300°C), and the 

results are listed in Tables VI.4-11 and VI.4-12. 

As can be seen from Figs. VI.4-21 and VI.4-22, both the yield and the 

ultimate strength increased after irradiation. However, the uniform and total 

elongation were reduced by irradiation as shown in Figs. VI.4-23(a) and 

VI.4-23(b). 

In particular, the uniform elongation dropped to values less than 0.5% 

for the room temperature post-irradiation tests, whereas the total elongation 

remained above about 2%. This behavior is indicative of localized plastic 

flow, a phenomenon also observed in highly irradiated austenitic steels. 

By comparing the ratios of irradiated to unirradiated tensile properties 

among the alloys with different nickel concentration, Klueh and Vitek con-
' 

cluded that helium (at least in the range from 10 to 85 appm He) has no effect 

on either the increase in yield and ultimate strength, or on the reduction in 

uniform and total elongation. Hence, the observed changes in tensile proper­

ties are entirely due to the displacement damage. It should be noted, how­

ever, that this conclusion may not be applicable for irradiations at elevated 

temperature and to higher doses. Nevertheless, all the results so far on the 

tensile properties of irradiated ferritic steels look very promising. Recent 

investigations by Wassilev( 2S) on·post-irradiation rupture life of the marten­

sitic steel 1.4914 (whose composition is similar to HT-9 but contains ad­

ditionally 0.25% Nb as a carbon-stabilizing element) showed modest reduction 

in the rupture 11fe after an irradiation dose of about 5 dpa and a helium 
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Table VI.4-11 
Tensi1e properties of unirradiated and irradiated normalized-and-tempereda 
12 Cr-1 MoVW Steels 

Fluenc:e, Displac:e- Helium Test Strength (MPa) Strength Elongation (%) Ratios 0 
>O.l MeV, ment Level Conc:~n trat ion b Temperature 

(neutrons/m2) (dpa) (at. ppm) (oC) Yield Ultimate 
Ry Ru 

Uniform Total 

X 1025 12 Cr-1 MoVW (91354) 

0 25 549 716 6.64 9. 91 
l. 3 9.3 26 25 983 987 1. 79 1.38 0.31 2.12 
0 300 490 647 5.53 8.63 
1. 2 9.1 20 300 784 800 1.60 1,24 1.36 4.49 

12 Cr-1 MoVW (XXA-3587) 

0 25 553 759 8.06 11.15 
l. 3 9.3 22 25 980 992 1. 77 1. 31 0.39 2.89 
0 300 483 652 5.10 7.98 
1.2 9.1 18 300 783 815 1.62 1.25 1.80 5.08 

12 Cr-1 MoVW-1 Ni (XXA-3588) 

0 25 576 800 7.09 10.64 
1.3 9.3 45 25 1115 1134 1.94 1.42 0.56 2.96 
0 300 519 761 5.94 9.04 
1.2 9.1 41 300 899 931 1. 73 1.22 1. 11 3.78 

12 Cr-1 MoVW-2 Ni (XXA 3589) 

0 25 719 899 4.63 7.81 
1.2 9.1 74 25 1227 1249 1.71 1. 39 0.51 2.19 
0 300 646 827 3.49 6.18 
0.89 8.5 50 300 1019 1128 1.58 1,36 0.83 3.02 

12 Cr-1 MoVW-2 Ni (adJusted) (XAA-3592) 
0 25 769 938 4.76 7.65 
1.3 9.3 83 25 1310 1338 1.70 1.43 0.57 2.78 
0 300 696 894 3.21 6.29 
1.2 9.1 63 300 1056 1094 1.52 1.22 0.65 3.07 

aAll heats wcre normalized by heating 0.5 h at 1050°C, then rapidly cooled in flowing helium. 
Heats 91354, XXA-3587, and XXA-3588 were tempered 2,5 hat 780°C; heats XXA-3589 and XXA-3592 
at 700°C for 5 and 8 h, respectively. 

were tempered 

bealculated level of helium from 58N1 and 1 Os. {Each alloy was assumed to contain 0,007 wt % B 
(total)], 

0Ry • rat:io of irradiated-to-unirradiated yield st:rengths; Ru • ratio of irradiated to unirradiated 
ultimate tensile strengths. 

V I .4-43 



< -. 
~ 
I 
~ 
~ 

Table VI.4-12 

Tensile properties of unirradiated and irradiatecfnormalized-and-temperedb 

9 Cr-1 MoVNb Steels 

FluenC'e, . 
)0.1 MeV 

(neutrons/m2) 

Displac-e­
ment Level 

(dpa) 

Helium 
ConC'entrationC 

(at. ppm) 

Test 
Temperature 

Strength (MPa) Strength 
Ratiod Elongation (%) 

(oC) •üeld Ultimate 
Ry Ru Uniform Total 

0 
1.3 X 1Q26 
0 
1.1 

0 
1.3 
0 
1.2 

0 
1.3 
0 
1.1 

9.3 

7.6 

9.3 

8.6 

9.3 

7.7 

9 Cr-1 HoVNb (XA-3590) 

25 541 
11 25 878 

300 483 
10 300 716 

80 

72 

9 Cr-1 HoVNb-2 Ni (XA-3591) 

25 
25 
300 
300 

734 
1289 
650 

1088 

656 
878 
581 
716 

851 
1297 

757 
1107 

9 Cr-1 HoVNb-2 Ni (adjusted) (XA-3593) 

82 

63 

25 
25 

300 
300 

817 
1286 

766 
1093 

927 
1298 

878 
1114 

arrradiation was in HFIR at 50°C. 

1.62 1.34 

1.48 1.23 

1. 76 1.52 

1.67 1.46 

1.57 1.40 

1.43 1.27 

5.11 
0.23 
3.59 
0.22 

3.74 
0.36 
2.29 
0.41 

3.44 
0.48 
3.57 
0.51 

bAll heats were normalized by heating 0.5 h at 1040°C, then rapidly cooled in flowing helium. 
Heat XA-3590 was tempered 1 h at 760°C; heats XA-3591 and XA-3593 were tempered at 700°C for 5 and 8 h, 
respectively. 

ccalc:ulated level of helium from 58Ni and lOB. [Eac-h alloy was assumed to contain 0.0007 wt % B 
(total)]. 

9.61 
3.23 
7.13 
3.70 

7.50 
1.60 
5.29 
2. 72 

7.46 
2.63 
6.59 
2.31 

dRy = ratio of irradiated-to-unirradiated yield strengths; Ru= ratio of irradiated-to-unirradiated 
ultimate tensile strengths. 
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Fig. VI.4-21 
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Fig. VI.4-22 
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Fig. VI.4-23 a 
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Fig. VI.4--?3b 
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accumulation of 90 appm. The results are shown in Fig. VI.4-24(a). The re­

duction in rupture life can be explained by two simultaneaus effects of radi­

ation damage. First, there is an increase.in post-irradiationthermal creep 

as shown in Fig. VI.4-24(b). Second, the ductility for the post-irradiation 

test is reduced as illustrated by the results of Fig. VI.4-24(c). It should 

be noted that the post-irradiation ductility loss of this martensitic steel is 

much less severe than for austenitic alloys. Figure VI.4-24(d) shows the 

strain to rupture versus rupture life for both the irradiated martensitic 

steel 1.4914.and the irradiated, and Ti-stabilized austenitic steel 1.4970. 

It is seen that the rupture strain decreases rapidly with increasing rupture 

life for the austenitic steel, but it remains nearly independent of the 

rupture life and at a more than adequate level of ~ 5% for the martensitic 

steel • 

Microstructural evaluation showed that the dramatic loss in ductility is 

due to the well-known helium embrittlement of grain boundaries in the austen­

itic steel, leading to intergranular failure. In contrast, the fracture mode 

in the martensitic steel is characterized by ductile transgranular failure in 

spite of the fact that helium is found to promote also the grain boundary 

bubble formation. It appears that the martensitic steels have a much reduced 

susceptibility for helium embrittlement as compared to austenitic steels. 

VI.4.8.5 In-Reactor Creep of HT-9 

There are basically two sources of information in this area, both from 

Paxton et al. (19 ,24 ). They found that the in-reactor creep of HT-9 is superi­

or to CW 316 SS, especi ally in the 550°C to 650°C range (much higher than we 

propese to use HT-9). Figure VI.4-25 shows that at stress levels of 70 MPa 

(~ 10 ksi) the total creep at 560°C after 1.5 x 1023 n/cm2 (~ 75 dpa) is 
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Fig. VI.4-24(b) 
l~inimum creep rate of the .unirradiated and irradiated martensitic steell.4914. 
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Fig. VI.4-25 
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"'1.3'1,. This ;s reduced to .... 0.7'1, at 450°C. Paxton et a1.(19,24 > show that 

at hoop stresses of 70 MPa and 2 x 1022 n/cm2, diametral strains of only 0.4% 

are observed at 605°C •. However, recent irradiation creep measurements by 

Herschback et a1.(29) on 2-1/2 Cr-1 Mo steel did not show any radiation­

enhanced creep at a temperature of 450°C and a tensile stress of 100 MPa. At 

higher temperatures there appears to be an enhancement of thermal creep. 

Similar trends have also been observed in a 12 Cr martensitic steel according 

to private communications with Herschback and Ehrlich. 

VI.4 .. 8..6 DBTI Shift During Neutron Irradiation 

Practically all the information available on D~TT shifts for ferritic 

steels has been obtained through low temperature (< 300°C) and low fluence 

(< 1021 ncm-2 or- 0.5 dpa) data. Past experience has shown that if ferritic 

steels are irradiated under these conditions, significant DBTT shifts can 

occur. Figure VI.4-26 gives data from seven different fluence levels on A 

3028 ferritic steel. (33 > · It can be seen that ~he DBTI is - 100°C at irradi­

ation temperatures of 288°C up to 2.2 x 1019 n/cm2 (0.01 dpa). This DBTT 

shift can be partially recovered and the 50'1, recovery time is 17 hr at 400°C 

or ~ 2 hr at 440°C.( 28 ) Anderko(21) has rec~ntly reviewed the known DBTT 

shift and given the tentative correlation with irradiation temperature as 

shown in Fig. VI~4-27. 

There is only one set of data on the HT-9 alloy at high temperatures and 

fluences. .Smidt et al. (17) found that the transition temperature shifted from 

- ooc (as received) to - 100°C after a 5 dpa (1 x 1022 n/cm2) irradiation at 

427°C (Fig. VI.4-28). Presumably this shift will drop rapidly at higher 

temperatures so Operation up to 530°C may not be a problem. Indeed, British 

scientists have found there is no DBTT shift following neutron irradiation at 
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Fig. VI.4-26 
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Fig. VI.4-28 
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450°C.(JJ) However, it is not known how much the DBTT shift will be after 

irradiation in the low temperature region (~ 350°C), but it is expected to be 

a maximum of ~ 40°C per dpa. Darnage accumulated in that temperature region 

may have to be removed by periodic ~nnealing. 

VI.4.9 Fabrication of TASKA Blanket Module 

Several considerations should be discussed pertaining to the fabrication 

of an HT-9 TASKA blanket module. They consist of the fabrication and .procure­

ment of the proper product.forms, manufacture' of pieces into the component's 

configuration through welding, the post weld heat treatment {PWHT) of the 

weldments, and non-destructive examination to ensure a high reliability of the 

completed structure. These issues are discussed below. 

VI.4.9.1 Manufacture of HT-9 TASKA Blanket Module Tubes 

Table VI.4-13 lists the tube and pipe material specifications for use of 

12 Cr-1 Mo steels including the a11oy grade and designation and known producers. 

This is an indication of the common use of HT-9 in pipe and tubular products 

and their acceptance by industry and standards. Table V1.4-14 lists some spe­

cific applications in CEGB boilers for HT-9 (or the 12 Cr-1 Mo equivalent al­

loy) which use welded tubes on the same order of size as those of the TASKA 

plant blanket design. Also included are notations of failures and the reasons. 

As is seen in Table VI.4-14, tubes of nearly the same dimens1ons as those 

for TASKA are used frequently and successfully. These tubes are placed into 

service in the fully tempered condition. The manufacturers' recommend an 

austenitization at 1050°C for 0.5-1.0 hrs with air-cool, followed by a temper­

ing treatment at 760-780°C for 1.5-2.5 hrs, also followed by an air-cool. 

This is done to "normalize" the microstructure, which relieves stresses and 
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Table VI.4-13. Tube and Pipe Material Standards that Include 12 Cr-1 Mo Ferritic/Martensitic Steel A11oys(a) 

Country of 
Material 
Standard 

U.K. 

FRG 

Russia 

Standard Number Standard Titles 

BS 3604-78 Steel pipes and tubes for 
pr~ssure purposes; ferritic 
alloy steel with specified 
elevated temperature properties 

None This alloy has not been used 
in tube form; applications 
have been in bar and forgings 

DIN17175-79 Seamless steel tubes for 
elevated temperatures 

Votuev 
Werkstoffblatt 
110 

None Product forms not known 

5-2006-73 Steel heat exhanger and com­
munication tubes {closest 
applicable standard which only 
includes the lower Cr-Mo alloy) 

Alloy 
Alloy Grade Composition 

and/or (wt%) 
Designation Cr Mo· c 

CFS 762 
HFS 762 12 1 0.2 

--- 12 1'.7 0.1 

Werkstoff No. 12 1 0.2 

Werkstoff No. 12 1 0.2 
1.4935; alloy 
X20CrMoVW121 

20KH12WNMF 12 0.6 0.2 

15KH12VNMF 12 0.6 0.15 

18KH12VMBFP 12 0.5 0.18 

(a)Manufacturing process: seamless tube and pipe, normalized and highly treated. 

Trade Names 
Additions or Alloys 

0.3V-0.5W-0.5Ni (Equivalent 
to HT -9) 

2.5Ni-0.35V Jethete 
M152 

0.5Ni-0.3V HT-91 

0.5Ni-0.3V 
0.5W-0.1Nb 

0.7Ni-0.3V-0.1Ti Unknown 
0.9W-0.1Nb-0.2Cu 

0.6Ni-0.2V 
0.9\ol 

0.6Ni-0.2V 
0.5W-0.3Nb-0.002B 

Ul 
N 
0'1 



Table VI.4-14. Superheater and Reheater Applications of Martensitic/Ferritic Steels in CEGB Boilers 

Wall Dimensions 
Operating Dia. Thiclmess Total 

· Temperature (OD) Length Life Fallures 
Material Station Position (oC) (mm) {mm) (m) m_ (h) Notes 

12Cr-Mo-V Aberthaw (2) Radiant 430-460 16,900 6/17,000 Fail ures due to 
overheating 

"A" 1 superheater 8 tubes 
4 superheater 430-460 18,600 

Aberthaw (2) Division 600-650 but· 3,700 
"B" 1 wa11 pendant can reach 

superheater 800 2,000 Overl'leating 
8 Superheater 16,500 2 tubes Most of creep 

1 i fe. used up 
U1 <: 9 Superheater 11,000 1\.) ..... . -....! 

-'=" High Marnham Final stage 540-650 54 4.5 18 35,000 None I 
cn {1) 5 reheater 
--' 

Staythorpe . Horizontal 550 58.5 4.5 4,000 None 
reported 

Northfl eet ( 6} Radiant 540-850 121 24,000 20,000 Numerous overheating 
superheater 

Banl<side {6) Secondary 590 9 22,000 None Loss of tube wa11 
superheater thicl<ness 

12Cr-1Mo Kingsnorth (6) Downcorner Up to 622 49 6 10 8,400 None 
tubes 



Table VI.4-15. Typical Service Data for X20CrMoV(W}l21 (Allo.Y HT.:.9 Type} Steam Pipirig 

Plant Data Main Steam Reheat Steam 

Pipe Pipe Pipe Pipe 
Size Press. Temp o.d. Wall Press. Temp o.d. Wall Start-up 

Name Location ~ (atm} ~ ~ ~ ~ ..tfl ~ ~ Year 

Arzberg FRG 300 220 540 11 1.4 55 540 17 0.5 1974 
Neurath A. B. C FRG 300 200 535 14 1.3 -- -- -- -- 1972 
Neurath D. E FRG 600 195 535 20 1.8 -- -- -- -- 1975 
Weisweil er G, H FRG 600 195 535 20 1.8 -- -- -- -- 1974 
Frimmersdorf Q FRG 300 200 535 14 1.3 -- -- -- -- 1970 
Robert Frank IV FRG 450 286 540 8.5 1.4 -- -- -- -- 1973 
lausward FRG 300 215 540 12 1.5 55 540 29 1.4 1976 
Asnaesvaerket Denmark 255 210 545 9 1.0 -- -- -- -- 1968 
Stigsnaevaerket Denmark 250 210 560 9 1.3 -- -- -- -- 1969 
Skaerbackvaerket Denmark 250 190 545 11 1.3 -- -- -- -- 1969 
IS Vestkraft Denmark 250 193 545 12 1.2 -- -- -- -- 1969 
Studstrupvaerket Denmark 250 174 545 13 1.4 -- -- -- -- 1972 
Fynsvaerket Denmark 256 185 535 8 0.9 -- -- -- -- 1974 
NEFO Denmark 300 199 535 13 1.6 -- -- -- -- 1976 

< Kraftwerk 
U1 .... Hanasaari Finland 150 160 535 9 1.1 -- -- -- -- 1973 N 

i::. KW Amer-Centrale Holland 175 195 575 6 1.3 -- -- -- -- 1960 CO 
I 

Centrale-Velsen Holland 460 181 535 18 2.0 1974 :Tl -- -- -- --;..J KW Maasvlalete Ho 11 and 550 199 540 17 1.9 -- -- -- 1974 --
KW Rovinari Rumania 330 196 540 10 1.2 -- -- -- -- 1974 
KW Wol fersheim FRG 65 210 550 7.5 0.9 -- -- -- -- 1962 
KW Standinger FRG 250 260 545 9 1.3 -- -- -- -- 1964 
Robert Frank III FRG 300 260 545 10 1.4 -- -- -- -- 1967 
KW Westfalen FRG 320 226 550 12 2.0 -- -- -- -- 1968 
CKW Weser Veltheim FRG 300 198 535 13 1.4 -- -- -- -- 1969 
KW Offleben C FRG 325 181 525 10 1.0 -- -- -- -- 1972 
KW Certsheinwerk FRG ? 181 530 13 1.4 -- -- -- -- 1972 
KW Franken I FRG 300 225 540 14 1.8 -- -- -- -- 1972 
KW Neideraubein FRG 600 175 530 18 1.5 -- -- -- -- 1973 
KW Lunen FRG ? 136 525 10 0.7 -- -- -- -- 1971 
KW Moorberg FRG 515 215 540 16 2.0 -- -- -- -- 1973 
KW Scholven FRG 714 210 535 19 2.2 -- -- -- ·-- 1974 
KW Emlsland FRG 365 181 530 13 1.4 -- -- -- -- 1974 
KW Frauken FRG 300 225 540 14 1.8 -- -- -- -- 1975 
KW Veltheim FRG 450 235 . 540 12 1.8 -- -- -- -- 1975 
KW Huckingen FRG 300 176 530 13 1.3 -- -- -- -- 1975 
HKW Niehler Hafen FRG 300 178 540 13 1.6 -- -- -- -- 1975 
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Atomic has noted that only two failures related to welding are known to have 

occurred. 

Commercial experience, therefore, has demonstrated that this alloy is 

readily weldable if proper precautions are taken regarding preheat and'post 

weld heat treatment (PWHT). However, the as-welded joint is untempered 

martensite, which is prone to fracture if the weld is handled improperly and 

to hydrogen cracking if the weld is allowed to sit idle prior to the PWHT. 

The function of the preheat is to input sufficient heat to slow the cooling 

rate after welding, to drive off any maisture or hydrocarbons absorbed in the 

plate surface prior to welding, and to reduce the thermal shock to the weld 

region. In the case of multipass welds, interpass temperatures are sometimes 

specified to prevent the transformation·to martensite, which occurs around 

250°C. The PWHT is generally recommended immediately after welding to temper 

the joint, which lowers the strength considerably, but increases its tough­

ness. 

The conical section of each tube of the TASKA blanket will be welded to 

the manifold as shown in Fig. VI.l-7. As stated, the welds must be full pene­

tration to insure that outgassing will not be a significant problern for the 

vacuum system. In order to insure this, non-destructive examinations by radi-. 

ography would be needed on each row of tube-to-manifold weldment as they are 

completed. This could be done by applying film to the manifold side of the 

welds with a radiation source on the other. With that, and visual exami- · 

nation, it is felt the full penetration requirement could be met without re­

welding on the underside which would .be difficult and costly. In order to 

insure that each tube is completely sealed and no through-cracks are missed 
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during NDE, each tube could be lightly pressurized and leaks detected prior to 

welding the next row of tubes. 

After the last row of tubes is welded to the manifold and the manifold 

top is welded to the bottom section, the structure may be subject to hydrogen 

attack. This is not uncommon in high strength, stressed materials exposed to 

moisture. A welded structure such as the TASKA blanket will also be subject 

to triaxial stresses in the as-welded joints. The first row of tubes might be 

in the non-stress relieved condition during welding and inspection of all 

others. A pretreatment to reduce the strength and increase the toughness 

could sufficiently slow the crack growth due to hydrogen. This pretreatment 

may be a low-temperature heat treatment (< 400°C) for enough time to increase 

the ductility of the material significantly. The coolant tubes are placed 

fairly close to each other in the manifold ( .... 4 cm) and therefore, the weld-ing 

of the next row of tubes may provide sufficient heat input to lightly temper 

the previous row of weldments. This will also reduce the potential cracking 

before the final heat treatment. 

After welding, care must be exercized in handling or transporting the 

blanket modules. A heat treatment is required to temper the welded joints 

which is traditionally a post-weld heat treatment (PWHT) of 760°C for 2.5 

hrs. This can be performed by using insulated heating tapes wrapped around 

the weldments. However, this may be only one option. lt will 11 fully" .temper 

the weldment giving it super1or thermal propert1es to the parent metal (as 

indicated by so few weldment failures in bo11er servite). Another choice is 

to post-weld heat treat the entire structure. This could be done using fur­

naces available in many steel processing plants, although heating and cooling 

rates would need to be carefully controlled. 
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There is some concern about the effect of neutron darnage on weldments and 

heat affected zone (HAZ) microstructures which might still exist after the 

PWHT. The concern is primarily due to the lack of irradiated mechanical pro­

perty data on weldments. Irradiated HAZ properties may not be different from 

the parent metal, but until that is shown by data, it is prudent to consider 

eliminating the weld zone by re-austenitizing the entire structure. This will 

have two primary benefits. The first is to elirninate the metallurgically 

different zones of a weld joint, while the second is to eliminate any po­

tential problerns caused by exacerbated irradiation darnage in heat affected 

zones. 

A weld joint is one which can be characterized as "as-cast", that is, the 

·material in the fusion zone was cooled from a liquidaus state such that chemi­

cal segregation will occur at dendrite structures. The "as-cast" material is 

not re-austenitized at 760°C, and so is retained even after the PWHT. 

Furthermore, delta ferrite tends to form at the dendritic boundaries (and also 

in the material not melted during welding immediately'adjacent to the fusion 

line in the parent metal). Jhe ferritein a dual-phased structure such as 

this, will swell disproportionately from the martensite. This difference in 

swelling rnay promote cracking near the fusion line interface. 

Oth~r options which might be considered to avoid de·leterious micro­

structures include re-austenitization followed by a full tempering treatment. 

This could be done using higher temperature heating tapes to attain the re­

quired 1050°C, but such a solutton would require some development. Another 

approach would be to heat treat the entire structure in a large furnace typi­

cal of those in steel mills for high-ternperature soaking of ingots. Large 

forgings have been heated to temperatures on the order of 1000°C with care-
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fully controlled heating and cooling rates to minimize thermal stresses. I~ 

air, high temperatures would cause scale formation (which is tightly adherent 

on 12 Cr-1 Mo steel) so a protective atmosphere of argon or helium could be 

provided. After austenitization at 1050°C, the structure would be cooled 

sufficiently fast to prevent the formation of baintic or perlitic decompo­

sition products, yet slowly enough tö minimize stresses due to the transfor­

mation to martensite. 

Finally, the temperatures needed to austenitize the structure may lead to 

some distortion. The exact degree of this problern is not known, but manu­

facturers of heat treating furnaces suggest that development work on a proto­

type could answer the feasibility question fairly rapidly. The design of a 

true engineering structure will require strict tolerances to be built into the 

components. When these are known and when the thermal distortion is quanti­

fied, the engineering feasibility of this process will be established. 

VI.4.10 Expected Irradiation Performance of HT-9 in TASKA 

In this section we will attempt to extrapolate the data discussed in 

previous sections to TASKA conditions. The reader is certainly aware by now 

that the uncertainties in this extrapolation process are very large and 

certainly more experimental and theoretical data is required before one could 

confidently predict component lifetimes. Nevertheless, we will proceed with 

our projections based on what'we now know. 

It appears that the swelling rate in the HT-9 alloy will be in the range 

of 0.01% dpa-1 or smaller over the 350°C-530°C operating range. At the maxi­

mum darnage rate of 14.8 dpa per operating year, this amounts to a .maximum 

swelling rate of ~ 0.15% per year. The effect of much high~r helium 
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concentrations on ·this swelling is unknown and close attention should be paid 

to experiments currently in u.s. mixed-spectrum neutron fission reactors. 

As the high temperature (~ 550°C) irradiations indicated; adequate total 

'elongation (> 10%) is retained for low He levels (~ 19 appm) and modest doses 

(~50 dpa). Higher levels of He are likely to reduce ductility at tempera­

tures above 500°C, but not at lower temperatures. On the other hand, the low 

temperature irradiations (~ 50°C) in HFIR resulted in a more severe radiation­

induced embrittlement with total elongations of the order of 5% or less, and 

uniform elongations around 0.5%. Fortunately, helium was not found to influ­

ence this reduction in ductility. 

There is still no information on the radiation-induced embrittlement in 

the temperature range from 350 to 450°C. 

The creep rates appear to be in the range of 0.2% per year and are not 

greatly affected by irradiation in the TASKA operating range. Since the creep 

rate depends on the darnage rate, which is about the same in TASKA (0.8 x 10-6 

s-1) as in EBR-II (~ 1 x 10-6 s-1) where the data was taken, we feel somewhat 

more confident in predicting the 0.2% per year value. 

The DBTT shift of ferritic steels is of concern for irradiation tempera­

tures between 300 to 400°C, the temperature range for TASKA in the blanket re­

gion. The shift at the lowest irradiation temperature occurs rapidly over a 

few days, but then saturates at a temperature around 200°C. Saturation ap­

pears to be reached after about 0.05 to 0.1 dpa. The shift in DBTT decreases 

with increasing irradiation temperature. From post-irradiation annealing 

experiments on nuclear pressure vessel steels, irradiated at about 300°C and 

subsequently annealed at 400°C for 168 hours, it is found that the shift can 
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be reversed and the DBTT be restored to 55 to 75% of its initial value. 

Figure VI.4-29 SUirmarizes the annealingdata.( 34 ) 

The implications of the DBTT shift for TASKA are the following. While 

the reactor is on power or the blanket coolant Pb83Li 17 above its melting 

point (--- 280°C), theblank~t ~tructure remains everywhere above the DBTT. 

Above this temperature, the material is ductile and the fracture toughness is 

more than adequate. 

When a blanket module is scheduled for removal, the coolant flow should 

be reversed for several days while the reactor remains on power. As a result 

of this Operation, the parts of the blanket structure previously exposed to a 

low irradiation temperature will recover, while the parts previously exposed 

to the high temperature wi 11 experi ence. now some shi ft in the DBTT. How.ever, 

the overall effect on the entire blanket structure should be beneficial. 

Although the DBTT in thick section specimens will most likely remain above 

room temperature in sp1te of the annealing procedure, it is expected that the 

DBTT for the thin walled tubes used in the TASKA blankets will indeed be below 

room temperature. 

Figure VI.4~30 shows the effect of the section thickness of fracture 

specimens on the DBTT for types 409, 437, and other proprietary ferritic 

steels.(JS) lt is seen that the DBTT is lower by about 100°C for a thickness 

of 2.5 mm as compared to the conventionally thicker specimens of 1 cm or 

larger. 

Since the wall thickness of the blanket coolant tubes is 2.77 mm, the 

DBTT for the blanket structure is expected to be at least 50°C lower, if not 

more, than the present data indicates. Therefore, DBTT shift may not present 
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Fi g. VI.4-30 
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any restriction on the use of ferritic steels in fusion reactors, and TASKA in 

particular. 
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VI.5 Tritium Extraction and Purification 

This chapter is divided intq two parts .• Section VI.5.1. outlines the 

tritium parameters in the Li 17Pb83 eutectic, the blanket, the heat exchange 

cycle which includes an organic intermediate loop and discusses the tritium 

extraction scheme. Section VI.5.2 describes the TASKA fuel purification 

systems. 

VI.5.1 Blanket and Heat Exchange Systems 

In TASKA the main reactor breeding blanket consists of HT-9 tubes through 

which the liquid lithium-lead breeding material is circulated. The lithium­

lead is a eutectic of composition 17 atom ~ Li and 83 atom ~ Pb which melts at 

235oc. The L1 17Pb83 is operated at temperatures between 300 and 400°C and 

serves as the heat transfer agent to an organic intermediate loop. The 

blanket and coolant characteristics in the primar.y and intermediate loop are 

summarized in Tables VI.S-1 and VI.S-2. 

The low solubility of tritium in Li 17Pb83 results in low inventories and 

presents the possibility of extracting the tritium by allowing it to permeate 

through the breeding blanket tubes. This in-situ extraction method is feasi­

ble if an appropriate tritium barrier is present on the organic coolant side 

of the heat exchange loop. 

VI.S.l.l Blanket lnventory 

In order to determine the tritium inventory in the breeding material the 

solubility of tritium in Li 17Pb83 at the reactor temperatures (300-400°C) must 

be known. The solub11ity of hydrogen in dilute solutions is expressed by the 

Sievert's constant (K 5 ) where: 
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Table VI.S-1. Characteristics of the Primary Heat Exchange Cycle 

Blanket Parameters: 

Structure 

Tube Thickness 

Temperature 

High 

Low 

Average 

Surface Area 

Primary Coolant: 

Composition 

Temperature 

High 

Low 

Average 

Li Vapor Pressure (350°C) 

Pb Vapor Pressure (350°C) 

Density (350°C) 

Valurne in blanket 

Mass (Blanket and Ext. Piping) 

Fl ow Rate 

VI .5-2 

HT-9 

.227 cm 

440°C 

300°C 

370°C 

1234 m2 

400°C 

300°C 

350°C 

1.2 x 1o-10 torr 

1.3 x 10-8 torr 

9.46 g/cm3 

39.3 m3 

5.7 X 105 kg 

2.9 x 106 g/sec 
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Table VI.S-2. Characteristics of the Intermediate Loop 

IM Loop: 

Composition HT-9 

Tube Thickness .227 cm 

Temperature 

High 385°C 

Low 285°C 

Average 335°C 

Surface Area 895 m2 

Intermediate Coolant: 

Compositfon HB-40 

Temperature 

High 371°C 

Low 271°C 

Average 321°C 

Mass 1.4 X 104 kg 

Flow Rate 169.1 kg/s 

·' 
' 

VI .5-3 



- 542 -

where N = the concentration of hydrogen in the alloy (appm), and 

P = the ~drogen pressure above the alloy (torr). 

The Sievert's constant for deuterium in Li-Pb alloys has been determined by 

Ihle et al.(l) at 677 and 767°C, much higher temperatures than the reactor 

conditions. The accuracy of this data is questionable and direct extrapo­

lation to lower temperatures results in unreasonable solubility values. The 

solubility has also been predicted from models.( 11 ) E. Veleckis( 2) at Argonne 

National Labaratory is conducting Sievert's constant experiments on lithium­

lead alloys in the temperature range of 400 to 600°C. The value obtained for 
. -· 

hydrogen in Li 17Pb83 is (7.1 ~ 1.5) x 103 atm112 (at.fr.H)-1 which corresponds 

to 5.1 appm H/torrl/2• Preliminar,y results also indicate that in this temper­

ature range the Sievert's constant is independent of temperature within 

experimental error. 

The low value and temperature independence of the solubility seem to be 

consistent with the therm~dynamic and physical properties of the lithium-lead 

system. A comparison of the ~drogen solubility of pure lithium(J) and 

lead(4) to that of other metals(5,6,7) (Fig. VI.S-1) shows that lithium has 

one of the highest hydrogen solubilities of any known metal while lead has one 

of the lowest hydrogen solubilities. Therefore, when hydrogen dissolves in 

the alloy it interacts exclusively with the lithium, because lead~hydrogen 

interactions are weak. The degree to which the lithium is available for bond­

ing is related to the activity coefficient for lithium in lithium-lead. 

Activity measurements on the alloy(l,8,9,10) indicate ver,y low activities of 
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lithium in the li17Pba3 eutectic (1.3 X 10-4 at 500°C) which predicts low 

sol ubil i ti es. 

The temperature independence also appears reasonable on examination of 

Fig. VI.S-1. Lithium dissolves hydrogen exothermically while metals with low 

solubilities, (such as lead) generally dissolve hydrogen endothermically. This 

probably leaves Li-Pb alloys in an intermediate category showing little 
I 

temperature dependence.(11) 

For TASKA, the Sievert's constant for hydrogen (5.1, appmH/torrl/2) is 

converted to tritium units by assuming the Ir dependence as observed in the 

purelithiumhydrogen isotope solubility stud-ies. The resulting value is 

wppm T in Li 17 Pb83 0.051 1/2 • 
torr 

To determine the blanket inventory the trititJn pressure above the coolant 

must be specified. The pressure required for the tritium to be extracted at 

the breeding rate can be calculated from the permeability of tritium through 

HT-9(12) given in Eq. (VI.S-1): 

For the TASKA parameters: 

P = 1.3 x 105 Ci/d (breeding rate) 

T = 350°C 

Area = 1234 m2 
Thickness = 0.227 cm, 

•' ··' 
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the resulting pressure is o.-39 torr. At a pressure of 0.39 torr the solubili­

ty is 0.032 wppmT in Li 17Pb83 • Fora total Li-Pb ma~s of 5.7 x 105 kg, the 

tritium inventory in the blanket is 18.2 g T. 

At this high tritium pres~ure, we also need to determine the tritium 

inventory in the structural material. The hydrogen solubility in HT-9( 12 ) is 

given by Eq •. (VI.S-2): 

(VI.S-2) 

At 370°C and 0.39 torr for 3.84 m3 of metal the inventory is 0.12 g T. The 

tritium blanket parameters are summarized in Table VI.S-3. 

VI.5.1.2 Tritium Extraction 

From the previ ous secti on i t 1 s- apparent that wi th the 1 ow Sievert • s 

constant the tritium pressure can be allowed to build up to a fairly high 

pressure (0.39 torr) and still maintain a relatively modest blanket inventory 

(18.32 g T). A w~ to take advantage of this phenomenon is to allow the 

tritium to permeate through the blanket tubing into the reactor vesse1( 13 ) 

where it will be pumped and recovered along with the exhaust gases. This 

scheme necess 1 tates an effective' contai nment scheme to prevent 1 osses to the 

heat exchanger. For TASKA, the containment is provided by the use of an 

organic coolant in the intermediate loop (IM loop) of the heat exchange cycle. 

Tritium permeating into the organic will exchange slowly with hydrogen and ·be 

effectively contained. The flux of tritium into the organic must be minimized 

to prevent gross decomposition of the coolant. 

The tritium permeation into the organic IM loop can be calculated from 

Eq. (VI.S-1) assuming the same wall thickness, temperature, and tritium 
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Table VI.S-3. Blanket Tritium Parameters 

Breedin9 Ratio 1.0 

Breedin9 Rate 1.3 x 105 Ci/d 

Tritium Flow Rate 9.28 x 10-2 9 T/sec 

Tritium Partial Pressure (@ 350°C) 

Tritium Concentration in Li 17Pb83 

Blanket Tritium Inventory: 

u 17Pb83 Cool ant 

HT -9 Structure 

Total: 

VI.S-8 

0.39 torr 

0.032 wppm 

18.2 9 

0.12 9 

18.32 9 
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pressure assuming no tritium barrier is present. A barrier that will provide 

a factor of .... 150 or more reducti on in tri ti um permeati on 1 s necessary to 

reduce the permeation to less than 500. Ci/d. The tritium permeation should be 
I . 

minimized to prevent high decomposition rates in the organic. 

VI.5.1.3 Tritium Barriers 

Tri-tium barriers are co11111only invoked to reduce permeation to the steam 

cycle. For example in STARFIRE(14) a barrier factor of 150 is used for both 

the 316 SS blanket (500°C) and the Inconel (300°C) in the steam generator. 

The most common barrier is the oxide coating that is present on the steam-side 

of the heat exchange tubing. Table VI.5~4 illustrates the magnitude of perme­

ation barriers for steels at 660°C. A factor of 150 for a barrier seems 

reasonable. 

There are many factors that affect the magnitude of the oxide barrier. 

The oxidation temperature is important. Stainless steel membranes oxidized at 

750°C for 200 hrs had 20 times lower permeation rates than those oxidized at 

550°C for an equivalent time period.(17) Surface analyses revealed that Mn 

a~d Cr oxides formed on the surface of the high temperature membranes and Fe 

oxides have been formed at lower temperatures. After prolonged operation, 

6000 to _24000 hrs at 500 to 600°C, Mn/Cr oxide coatings were observed at HEDL. 

These data imply that for steam generators running at low temperatures 

(<500°C), oxide coatings may have tobe p~eformed at higher temperatures to 

obtain the more resistant barrier. Studies also show that the permeability 

does not necessarily decrease linearly with oxide thickness.(18) Thick oxides 

(>1 J.lffi) often showed permeabilities wi.th activation energies close to that of 

the substrate. This indicates that cracks or defects form in the oxide which 

permit hydrogen access to metal surfaces.(1B,19) 

VI. 5-9 



- 548 -

Table VI.5-4. Permeation B.arrier Factars of Ferritic and Austentitic 

Steels Produced by Steam Oxidation of the Downstream Sfde 

Reference 

Temperature (°C) 

Steam Pressure (atm) 

Factars 

Time 

0.33 d 

1 d 

6 d 

24 d 

40 d 

Ferritic Ferritic 
Fe-2-1/4 Cr-1 Mo SS 406 

by Which 

16 

472 

2 

Permeabilities 

10 

25 

100 

170 

VI.5-10 

15 

660 

0.94 

are Reduced 

13 

72 

144 

291 

434 

Austenitic 
ss 316 

15 

660 

0.94 

1.6 

I 2.8 

3.8 

4.3 



- 549 -.· 

Experiments with palladium over oxide~ indicate that a Pd coating on the 

oxide has an effect on the permeability on the upstream face, but that very 

little difference is observed if the downstream face is coated. (18) This 

suggests that surface effects on the upstream side are rate controlling. The 

difference between the two measurements, however, was less than a factor of 

two. 

The liquid-metal side of the steam generator tubing is not capable of 

maintaining an oxide coating •. A nickel-aluminide layer has been developed 

which shows a reduction in diffusion rate of two orders of magnitude· for 304 

SS at 550°C and 10 torr H2.(17) The pressure dependence of the diffusion rate 

appears to be linear. This indicates that for the low tritium pressure ex­

pected ih fusion heat exchangers, the Ni-Al barrier will lower the permeation 

by several orders of magnitude. This barrier can be formed in-situ by ad­

dition of Al to the coolant and it is resistant to attack by hot sodium and 

lithium. In TASKA, the blanket and heat exchange material is HT-9, which is 

very low in nickel and not expected to form the Ni-Al layer. To form this 

barrier a different structural material with a higher nickel concentration 

would have to be chosen for the heat exchanger. The resistant coating would 

then form on the heat exchange tubing while a low Ni alloy would be used in 

the blanket to allow permeation. Experimentation is needed to verif,y the 

barrier effectiveness at low pressures. 

Multilayered metal laminates containing at least one layer with a re1a­

ti ve 1y 1 ow hydrogen permeabi 11 ty have been, studi ed( 20) and the use of doub 1 ed 

wa11ed tubes with an oxidizing purge gas in the gap(21) have been proposed. 

The cost and feasibility of constructing these types of special tubing may be 

prohibitive. The use of double walled tubes is an especially effective 
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tritium barrier, as tritium in the gap is converted to the oxide, reducing the 

HT partial pressure to -lo-16 torr. 

The use of Li 17Pb83 as a coolant in any designwill result in a high 

tritium partial pressure and thus a containment problem. For TASKA, the 

organic IM loop acts as a tritium getter and, therefore, tritium permeating to 

the organic will not be released to the environment. However, the permeation 

into the organic must· be minimized to prevent decomposition. Oxide coatings 

have been shown to be effective barriers, reducing permeation by 2 to 3 orders 

of magnitude. A conservative barrier assumption of 150 will result in 370 

Ci/d lost to the IM loop. 

VI.5.1.4 .Organic Intermediate Loop 
I 

The intermediate loop contains a mixture of partially hydrogenated 

ter~henyls with the proprietary name of the Monsanto Company HB-40. The 

coolant is a pale ye11ow liquid at room temperature and has the character­

istics of a light lubricating oil. After exposure to heat and radiation the 

coolant is opaque black and contains -30~ high boiling (HB) decomposition 

products as well as ~1~ hydrogen and gaseous hydrocarbons and ~~ volatile 

(C6-C12) hydrocarbons. The AECL (Atomic Energy of Canada Limited) has done 

considerable work in the development and use of organic terphenyls as he~t 

transfer media for nuclear reactors. In particular, the AECL has over 8 years 

af Operating experience with a heavy water moderated, organic cooled reactor, 

WR-1, at the Whiteshell Nuclear Research Establishment. There is a vast 

amount of literature available on the Canadian experience (see Summary Report, 

Ref. 22). In this section a few of the characteristics of the organic that 

impact the tritium processes are outlined. 

VI.S-12 



- 551 -

It is difficult to ascertain the effects of tritium leakage into the 

organic. The organic decomposes in both radiation and thermal ~nvironments 

and the coolant ~s periodically vented and partially replaced. The organic 

that is removed from the IM loop and the vented gases can be ~xidized to co2 

and HzO and the isolated tritiated water is then sent to a water recovery 

unit. The thermal decomposition rate of the organic is 1.4 kg/hr. If the 

tritium intake for the primary coolant is 370 Ci/d and the coolant inventory 

is 1.4 x 104 kg HB-40, then the tritium concentration in the coolant is 11 

Ci/kg and the total inventory in the IM loop is 15g T. 

The- terphenyls are also known to form fouling films on heat transfer 

surfaces •. The effect of these films ~n the tritium permeation and the oxide 

barrier is unknown. However, experience with organic coolants and zirconium 

alloys has shown that if 50 mg water/g is added to the coolant the fouling is 

reduced and the integrity of the oxide layer is maintained. The organic must 

also be sent through purification cycles to remove any chlorine species ori­

ginally present in the organic. Chlorine can be absorbed into the oxide film 

and can destroy its protective charactertics. Therefore, by careful chemical 

control of chlorine species and addition of water, it is felt that the oxide 

barrier can be maintained in the presence of fouling films. 

An initial analysis indicates that the organic in the intermediate loop 

may serve as a possible tritium getter in the. steam cycle. The radiolytic 

darnage due to tritium decay must be quantified and the safety aspects involved 

in using a flammable organic should be addressed. 

VI.5.2 Purification Systems 

The design of the purification systems for TASKA is patterned after the 

Tritium Systems Test Assembly (TSTA).(23-25) The philosophy of the TASKA 
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purification system is to provide gases for the neutral beam lines free of 

impurities (O,N,C) in order to maintain the ~redicted efficiencies and compo­

nent lifetimes of the injection system and getter panels, to provide D-T fuel 

of the appropriate mixture, to limittritiumlasses and to attempt to produce 

a simplified yet efficient design. 

VI.5.2.1 Purification of NB Recycle Gases Deuterium and Proton NBI 

The gases that are regenerated from the Zr-Al getter panels in the 

deuterium and proton NB lines are expected to contain small amounts of tritium 

impurities. It is possible to recycle only a fraction of these beam lines and 

to let the tritium level build up to a certain maximum (-5%). Although this 

would have a very small impact on the tritium inventory, it would increase 

lasses to the dump coolants. In order to minimize these lasses, the entire 

gas load is continuously sent to the reactor isotopic separation unit (ISU)~ 

The Zr-Al panels are effective getters for oxygen, nitrogen and CO, and some­

what less effective getters for water and hydrocarbons. These impurites are 

chemically trapped in the getter. No re-emission of N2, CO, co2, or 02 occurs 

at regenerations below 1100°c.C26) Therefore, the recycled isotope gases can 

be sent directly to the cryogenic systems where helium is-removed and then to 

the reactor ISU. Alternatively, the gases can pass through liquid nitrogen 

cooled charcoal beds before being sent to the cryogenic system if further 

purification proves necessary. ·The deuterium recycle from the LE-NB (low 

energy-neutral beam) and the HE-NB (high energy-neutraf beam) are combined and 

the proton stream is kept separate.~ These two streams are injected into the 

isotopic separation columns as shown in Fig. VI.S-2. Purified gases (~9.9%) 

are returned to the NBI systems. 

/ 
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The mixed DT beam will contain helium as its main impurity after being 

released from the getter panels. Hydrogen impurities from backstreaming are 

expected tobe very small. A small side stream of the DT gas can be sent to 

the ISU periodically if there is any hydrogen buildup. It is unnecessar.y, in 

general, tosend the recycle gases from this beam to the ISU. 

The DT recycle gases can be purified simply by sending them over uranium 

beds to absorb the deuterium and tritium and separate helium. The purified DT 

recycle stream receives purified gases from the ISU to achieve the appropriate 

fuel mixture. The inventory in the DT fuel cleanup unit is approximated as 33 

g T. 

VI.5.2.2 .Purification of Reactor Exhaust 

The reactor exhaust is composed of unburned and bred tritium (1500 g/d), 

unburned deuterium (1111 g/d), hydrogen from the plug neutral beam (20 g/d), 

helium (35 g/d), and impurities produced in the harsh reactor environment. 

The hydrogen isotopes and helium are pumped from the surface of the 

thermal dump with compound cryopumps. It has been demonstrated that a com­

pound pump can simultaneously pump hydrogen isotopes and helium. The sepa­

ration of the hydrogen on the condensation panel from helium on the cryo~ 

sorption panel is extremely sharp. Thus, separation of the hydrogen isotopes 

from the helium ash is accomplished at this step. The helium panel is first 

regenerated, after which the cryocondensation panel is warmed to remove the 

hydrogen isotopes from the pump.(24) The hydrogen isotopes are then sent to 

the fuel cleanup unit. 

The fuel cleanup unit serves to purify the hydrogen isotopes from any 

tritiated water, methane, ammonia, argon or any other species which would 

freeze out at the liquid hydrogen temperatures employed in the isotope 
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separation system.(23-25) Impurity levels must be maintained below 1 ppm to 

ensure safe, long-term operation of the isotope separation system.(25 > 

The tritiated water and ammonia are condensed out of the hydrogen isotope 

stream, after which the low melting impurities are separated from ~he hydrogen 

molecules by adsorption on molecular sieve beds at 75 K. The recovered im­

purities are then catalytically oxidized to form tritiated water and tritium­

free compounds. The water is finally condensed out and electrolyzed to re­

cover the tritium.(25} Fora 500 mole T/day flow rate TSTA has estimated an 

inventory of 14 g.(23) In TASKA the exhaust cycles 1500 g T/d (500 moles T/d) 

and should, therefore, have the same inventor,y. 

From.the fuel cleanup unit the gases are sent to cryogenic distillation 

(Fig. VI.5-2). Cryogenic distillation columns are used to separate the hydro­

gen isotopes into 4 streams: HD waste w.hich is vented to the atmosphere, high 

purity o2 for the deuterium neutral beam injector, D-T stream for the use in 

the DT-NBI and high purity H2 for use in the end plug neutral beam injectors. 

The cryogenic distillation.columns are modeled on the separatfon sGheme used 

in WITAMIR(12) wfth minor modifications. Since the breeding ratio in TASKA is 

1.0, minor redistribution of tritium into the pure deuterium gas flow from the 

col umns has two consequences: (1) a sma11 amo-u·n.t of tri tium must be suppl ied 

to the DT beams or (2) assume that the tritium in the deuterium beams will 

fulfill the fueling requirements. A sixth column is used to reduce the amount 

of trftium sent to the deuterium beam lines. A breeding ratio of ~ 1.1 would 

compensate for this small redistribution effect. The tritium inventory in· the 

columns is estimated as 28 g. 
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VI.5.3 Summary of the Total Tritium Inventory and Comments 

The overall hydrogen isotope pathways and the total tritium inventory in 

the fuel cycle (IV.5.2) and the blanket and purification systems are give~ in 

Fig. VI.5-3'and Table VI.5-5. ihe total inventory is 5347 g T (5.3 x 107 Ci). 

Further investigation for TASKA should include details of the water re-

covery unit and the secondary and tertiary containment systems. 
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Table VI.5-5. Total TÄSKA Tritium Inventory 

Fuel and Exhaust Cycle (g} 

NBI Getter Panels 

Cryopanel s 

Dumps 

Blankets' (g} 

Li17Pb83 

HT-9 

Organic IM loop (g} 

Purification (g} 

Fuel Cleanup 

DT-NBI Recycle 

Exhaust Recycle 

Cryogenic Distillation 

Subtotal 

· Storage ( g} 

Total 

259 

125 

0.52 

18.2 

0.12 

15.0 

33.0 

14.0 

28.0 

5000 

VI. 5-20 

385 

18.32 

15.0 

75.0 

493 

5000 

5493 
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The heat removal cycle for TASKA has,the primary objective of 

demonstrating practical power production while operating with the highest 

possible reliability tagether with the desired.flexibility required for an 

experimental facility. 

While meeting the above requirements has top priority, it appears 

(whenever possible and practical) that the system should have features which 

will provide valuable experience needed to produce better, more efficient 

power cycle designs for later generations of TASKA (emphasizing power 

production to a greater degree). It is also desirable to identify power cycle 

refinements applicable to these later generation plants so that component· 

design and configuration options available in the TASKA cycle can be used 

intelligently. 

The purpose of this subsection is to describe the proposed 45 MWt power 

module cycle and its major components with the above objectives in mind and 

then to identify unique power cycle refinements suitable for later generations 

of this concept. 

VI.6.2 TASKA Power Cycle 

The power cycle temperatures are set ·to comply with the steam generating 

system temperature diagram shown in Fig. VI.7-2. Though not fully optimized, 

these temperatures appear to provide the following: 

A'29°C (52°F) log mean temperature difference in the intermediate heat 

exchanger. This appears to be a practical value from the standpoint 

of limiting IHX heating surface (a tritium diffusion path) and 
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retaining sufficient aT for a power cycle similar to those used for 

pressurized water reactors. 

A 138°C (280°F) final feedwater·temperature. This lower than normal 

temperature will allow steam generation at 6~55 MPa (950 psia) using a 

pinch point aT of 13.9°C (25°F). This steam pressure is typical of 

pressurized water reactor power cycles. 

This is desirable since it makes much PWR steam plant technology 

available to the project in fields such as water chemistry, steam 

turbine designs, steam generator designs, etc. In la~er designs, the 

lower feed temperature used to reach the desired steam pressure can be 

avoided by methods described later in this subsection. 

A steam temperature of 343°C (650°F) making full use of the HB-40 

temperature (max.) of 371°C (700°F) and capable of providing improved 

PWR power cycle performance. A simplified turbine schematic is shown 

in Fig. VI.6-l. 

A maisture separator reheater shown here is optional. Its use will 

bring the cycle closer to preferred PWR cycle operating conditions and 

experience. 

The steam generating equipment (see Section VI.7) will consist of 

separate heat exchanger units for the pre-boiler (economizer), evaporator and 

superheater. This allows use of more reliable heat exchanger configurations 

which, in addition, are required for the more advanced cycle features to be 

described below in this subsection. 
' 

VI.6.3 Future Steam Cycle Improvements 

It is believed desirable to identify methods of improving steam cycle 

efficiency applicable to later versions of TASKA to help confirm the organic 
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cooled intermediate loop as an attractive approach to fusion power reactor 

design. 

Heat made available from a fusion or fission source at relatively low 

temperatures poses various problems in effectively using a suitable power 

cycle (Rankine) to achieve adequate thermal efficiency. 

In the study to increase efficiency, it·was assumed that Pbli and HB-40 

maximum loop fluid temperatures could each be increased about 50°C above the 

values assumed for TASKA. Thesehot and cold Pbli temperatures would be 450° 

(842°F) and 350°C (662°F), respectively. Simil~rly, HB-40 hot and cold 

temperatures become 421°C (790°F} and 321°C (610°F). These improved system 

temperatures will permit use of the power cycles listed in Table V}.6-l. 

The cycl~ shown in the first column would use heat exchange components 

arranged in a manner typical of present day PWR plants. There is no HB-40 

heated pre-boiler or superheater. Thus, the HB-40 would be cooled from 421° C 

to 321°C in the evaporator. All heat would then be transferred at saturated 

steam temperature. This would put the evaporator pinch point 6T at the cold. 

end of the temperature diagram so that the permissible steam pressure would be 

about 8.28 MPa (1,200 psia). Such a power cycle would yield a thermal 

efficiency of about 35 per cent at the gener~tor terminals in a large plant 

(1 ,000 MWe). 

In PWR practice, a "once-through" steam generator capable of providing 

pre-boiler and superheat surface (as well as evaporator surface) will produce 

a temperature diagram in which the pinch point (at the low temperature end of 

the evaporator surface) will move to the right. This effect can be realized 

more fully with separate heat exchangers for the pre-boiler, evaporator, and 
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Applicable STM. Cycles for Advanced ·rASKA 

SINGLE STM HTD .RH SINGLE STM HTD RH DOUBLE HB -40 HTP RH 

t-ll EC01'01IZER HB-40 HTil ECON. HB-·40 HTD SH 
CYCLE. PARAMETERS Nl SUPE~EA TER HB-·40 HTD SH HB-40 HID ECON 

I STEAM PRESS@ T.T. ,.., t'f'a (pSia) 8. 27 • ( 1200) 12.41~(1800) 16.55(2400) 

I FINAL FEED TEW. ·- °C ( °F). 2271 (440) 227. (440) 246, (475) 

I STEAM TEtvP. @ T.T. °C( 0 f) 297. (567) . . 399. (750) 385, (725) 

I .RH NO. 1 STM. TEtJP. °C( °F) 282, (540) 313(595) 343, (650) Ul 
0'1 

< I RH NO. 2 STM. TEMP. -°C(°F) 
0'1 

..... - - 343(650) 
• 
0\ 

• U'l I EST. CYCLE EFF (NET @ GEN) -35 -37 -39 
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superheater functions. Consequently, a scheme such as this was selected for 

the TASKA facility and is shown in Fig. VI.6-1. 

When applied to the HB-40 temperature levels used in Table VI.6-1, it is 

possible to increase steam pressure to 12.41 MPa (1,800 psia) as shown in the 

secend column of this table. These improved steam conditions produce a rise 

in plant thermal efficiency of two percentage points to 37 per cent as shown. 

Past work on steam cycles at B&W has shown that steam pressure can be 

raised further if the pre-boiler temperature curve slope can be decreased so 

that the pinch point is moved further to the right of the temperature 

diagram. It was found that rehe~t steam conditions could be slightly adjusted 

so that reheat begins at a temperature within the pre-boiler water temperature 

range (final feed to saturation). If some HB-40 is used to perform this 

reheat function, there will be less HB-40 availab1e for the pre-boiler. Thts 

reduced HB-40 flow in the pre-boiler will reduce the slope of the 

corresponding water temperature curve and push the pinch point to the right on 

the temperature diagram, thereby allowing an increase in steam pressure. 

To maximize this effect in a steam cycle suitable for future power 

producing versions of TASKA, it was decided to use a double reheat power cycle 

as shown in Fig. VI.6-2 with characteristics as listed in Column 3 on Table 

VI.6-1. This should permit an unprecedented thermal efficiency rise to about 

39 per cent and a stream pressure of 16.55 MPa (2,400 psia). 

Figure VI.6-3 shows the reauired arrangement of pre-boiler an~ reheater 

stages and sta~e sections. This more complicated arrangement should be 

justified by the resulting increase in plant MWe output, especially in view of 

the high balance of plant capital costs that are apparently characteristic of 

fusion power syste~s. 

VI.6-6 
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Fig. V!.6-3 

Steam Generator FJow Diagram 

for Advanced 

TASKA Tandem Mirrar Power Cyc.le 

. 16.55 Mpa STM@ 385°C(2400 PSIA@ 725°F) 

1. 72MPa @ 343C(250 PSIA @ 650°F) 

6.9 MPa@ 343C(1000 PSIA@ 650°F) 

6. 70 MPa (1000 PSIA) 
SAT STM 

1. 72 MPa SAT STM (250 PSIA) 
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This potential future advantage helps justify the use of separate heat 

exchangers in the TASKA system for the pre-boiler, evaporator and superheater. 

VI.6-9 
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VI.7 Electricity Production 

VI.7.1 Introduction 

The objective of this study is to design a heat transport system to 

remove heat from the reactor blanket and provide steam to a conventional 

turbo-generator system. · Many of the major features of heat transport systems 

and components, conceived for fusion reactors, are dictated by the need to 

provide a barrier to tritium diffusion. For the WITAMIR-I project, the 

reactor coolant was transported directly to the steam generator which utilized 

double wall tubes in its design as a tritium barrier. For the purposes of the 

present study, an optional positionwas taken to utilize more conventional 

steam generator design requiring some other means for preventing tritium 

diffusion. The method chosen was the use of an. organic coolant loop to absorb 

tritium which diffuses from the Pbli loop. A basic requirement of the system 

is, therefore, to provide an intermediate loop of organic fluid between the 

Pbli reactor coolant and the steam generating system. 

VI.7.2 General System Requirements 

Schematics of the heat transport system and its temperature diagram are 

shownon Figs. VI.7-l and VI.7-2, respective1y. The requirements dictated by 

the primary system are that the heat removal rate from the reactor blanket be 

45 MWt with inlet and outlet.operating temperatures of 300°C (572°F) and 400°C 

(752°F), respectively. Heat is transferred to the organic coolant via an 

intermediate heat exchanger (IHX) utilizing a horizontal U-tube, U-shell 

arrangement. The organic fluid, HB-40, has been su~cessfully used as an 

experimental reactor coolant in Canada. The organic fluid flows in series 

VI.7-l 
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through the superheater, evaporator and pre-boiler components.of the" steam 

generator system before being pumped back to the IHX. Steam conditions of 

6.55 MPa (950 psia), 343°C (650°F) were chosen which would meet the 

requirements of small turbines designed for conditions close to those of PWR 

systems and still permit practical LMTD's in the respective heat exchange 

components. 

Before sizing the components, the organic fluid flow rate and operating 

temperatures were selected. The temperature limits were determined after a 

study was made to trade-off the IHX surface against the steam generator 

surface. 

VI.7.3 Steam Generation System 

The major components of the steam generation system are the superheater, 

evaporator, pre-boiler, steam drum, and recirculating pump. A pumped 

circulating system for the evaporatorwas chosen over natural circulation 

primarily because of its flexibility of operation which makes it especially 

attractfve for use in small pilot plants. Pumped circulation systems are 

often used in the power industry where frequent startups or major load swings 

need to be accommodated. A cfrculation ratfo of 3.3 was chosen to avofd the 

transftion from nucleate boilfng to.film boilfng within the evaporator. By 
I 

avoiding the transition, the probability of tube wall corrosion (tubeside) due 

to deposits is greatly diminished. 

Most of the compone~ts can be mounted horfzontally at one elevatfon. The 

only exception is the steam drum which would require some additional elevation 

above the evaporator to insure positive head on the pump. The horizontal 

orientation, as opposed to vertical orientation, provides an opportunity to 

save costs, both in the support of the components and in building height. 

VI.7-4 
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A separate pre-boiler has heen designed to minimize the total heat 

transfer surface of the pre-boiler and evaporator. While the pre-boiler and 

evaporator may be combined in one unit, the total surface will increase. For 

the purpose of this study, a separate pre-boiler was assumed to provide the 

overall lowest cost system. 

VI.7.4 Components 

Heat e~changer components need to be designed to accommodate the 

temperature differences between the heating and cooling fluid and to withstand 

thermal transients imposed during operation. U-tubes are employed in all 

components to provide the necessary flexibility and accommodate the differ­

ential expansion between the tubes and the shell. For the evaporator and 

superheater, a straight shell arrangement is used to house the tube bundle. 

For the pre-boiler a~d IHX, the higher temperature differences across the unit 

would impose excessive thermal stresses on a single tubesheet arrangement and, 

therefore, a U-shell is used to house the U-tube bundle (see Table VI.7-l, 

Figs. VI.7-3 to VI.7-6). 

Both the U-tube, U-shell and the U-tube, straight shell arrangements are 

conventional designs which have been used extensively for nuclear appli­

cations. 

In the design of the IHX, Pbli was chosen as the shell side fluid and the 

HB-40 as the tubeside flu{d. Putting HB-40 on the tube side was considered 

appropriate in this component where the HB-40 is in contact with the heating­

surface at temperatures approaching the limit permitted by thermal decom­

position considerations. Removal of surface fouling is more easily accom­

plished an the tube side. 

VI.7-5 



Table VI.7-1 IHX/Steam _Generator Sizing (45 MWe) 
I 

Units IHX Pre-Boiler Evaporator Superheater -
Heat Exchanger Type U-Tube U-Tube, U-Shell U-Tube, Straight Shell U-Tube, Straight 

U-Shell, Pure Pure Counterflow Segmented Baffle She11 Segmented 
Counterflow Baffle 

Material 9 Cr-1 Mo SA-210 Carbon SA-210 Carbon 2 1/4 Cr-1 Mo 
Steel Steel 

Number of Tubes 1,235 219 772 221 
(All 0.5 inch 0.0.) 

Shell Side 
fluid Type Pblf Organic Organic Organic 
.Temperatures U1 

Inlet oc/of 400/752 299/571 361/683 371/700 -..J 

Outlet ocrF 300/572 271/520 299/571 361/683 U1 

~I Norm. Pressure MPa/psia .55/80(inlet .21/30( i nl et) 
6 

.28/40(1 nl et) 
6 

.. 34/50{inlet}
6

· 
• I Flow Rate kg/s/lb/hr 2881/22.9xl06 169 .l/1.34x10 169.1/1.34x10 169.1/1.34x10 'oll 
I 
eh 

Tube Side 
Fluid Type Organic Water Water/Steam Steam . 
Temperatu~e 

Inlet ocrF 271/520 138/280 273/535 285/545 
Outlet ocrF 371/700 273/535 285/546 343/650 

Norm. Pressure MPa/psi a .41/60{ i nl et) 
6 

3.24/1,050{oMtlet) 6.90/l,OOO(oHtlet) 6.6/950(out1gtl 
flow Rate kg/s/lb/Hr 169 .1/1.34x10 7.24/.147x10 1 .24/.147x10 7.24/.147x10 

Heat Transfer Surface nfft2 639/9,633 94.5/1,016 388/4,169 54.4/585 

Overall Coefficient (W/m2°C/ 
BTU/hrft2oF) 1,741/307 2,133/376 . 1,947/343 (boilinf 1,704/300 

range 

Estimated Weight kg/lbm 17,689/39,000 4,644/10,232 4,900/22,810 5,521/12,179 

VI.7-13 



< ...... . 
....... 
I 

....... 

Q0809i,l 

WATER OUTLET 

WATER IN...ET 

HANGER SUPPORT 
ORGANIC fLUID 
JN...ET 

fLOW DiSTRJBUTiON 
BAf'f"LE 

TUBE SUPPORT 
PLATE 

I 

u-'Tl.eE 6lNlLE 
I .270 CM o.D. c .500 0 D.' TII!ClC'~ 
218 AEQ'D • •• '~ 

55.200 CM Dl A I ~HANGER SUPPORT 
(21. 750 01.-\1 

-- - - - - - - - - 80.980 CM ~24.000)---

~~----- ·- --- - --- - --- - --- - --- - ---. - ---

ORGANIC fLUID 
OUTLET 

NOTEa 
APPROX. DRY WEIGHT - 4,844 I<G I 10,230 LBS) 
MATER I AL - SA -210 CARBON STEEL 

AEV. t • - REV I SEO VESSEL DiA-. , 11J6E QUANTITY ANO WE I GHT. PREBOILER 

F1 g. VI.7-3 

U1 
~ 
0"\ 



< -• ....... 
! 
00 

~-------------------------------------7.820 w--------------------------------------~ 

MANWAY--=,\i • 1 

~~~-

FLOW DISTRIBUTION 
PLATE . 

I 10.800 a.t DIA 
C-t3.800 DIAI 

~ 

~ A ~ 

NOTE& 

u - TUf5E l5l.Nll.E 
I .270 a.t 0.0. 1.500 o.o. J 11..1eES 
770 REO'O 

93.100 a.t DIA 
132.700 OJAi 

- ---- - ---- - -· --- - ---- -

APPROX. WEIGHT - 10,791 K6 123,770 L8Sl 
MATER I AL - SA -2 I 0 CAABON STEEL 

BI filiiOll t llllmUJil ~ 
REV. I - REV I SED VESSa. 0 I AYE;TERS • TUf5E QUANT I TY & WE 16HT. EVAPORATOR 

Fi g. VI. 7-4 

B- 8 

U1 
-...] 
-...] 



< .... 
• 
~ 

• 1.0 

P------------------------4.287 w--------------------------------~ 

STEAW OUTLET 

MANWAY~ 

FLOATING 
DIVIOER PLATE 

STEAW INLET 

( 14 fT) 

ORGAN I C f"LU J 0 
JtLET 

f"LOW 0 ISTA 18UT i ON PLATE . 

130.400 a.t DIA 
147.500 DIAI 

~ 

NOTEs 

~ 

u - TUeE BlNlLE 
I .270 a.t 0.0. C .500 0.0. » TUeES · 
221 REo•o 

83.000 a.t DIA 
132.700 DIAJ 

-•-------------1 I 

APPROX. DRY v,EIGHT - 5.528 KG I 12, 180 e..BSJ 
WATEFUAL - 2 1/4 CR-IWO 

U1 
~ 
(X) 

m - t IIDmLiil ~ 
REV. I - REV I SEC VESSEL 0 I AWETERS • TUeE QUANT.TY & WEI GHT. SUPERHEATER 

y ___ ,,. 

fi~. VI.7-5 



-• 
Q 
• 

0: 

- 579 -

-§ 
.;. 
N -

I 

lil l . ! 
: 'I' I I 
I 1.1 I I 

I I 
I I 

VI .7-10 

I 

·I 
I 

I 
I 

I 
I . ,... -

I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
.. 
• < -c 

• 

~ 

Y) 
I . 

...... ' . .... 
> 



- 580 -

Tube side fouling tends to be at a minimum over a velocity range-of 1.8 

to 3.1 meters/sec (6 to 10.0 ft/sec). A velocity of 3.1 meters/sec was chosen 

to improv.e heat transfer and thereby minimize IHX heating surface. Reduced 

heating surface is of course desirable to reduce tritium diffusion as much as 

possible. 

In all of the components, shell side velocities are typical of values 

normally used to avoid damaging flow induced Vibration. In addition, tube 

support plates are spaced to provide a tube natural frequency above the flow 

ed~ force frequencies produced by turbulence at velocities. The support 

plates are broached to allow longitudinal passage of the shell side fluid. 

Materials have been chosen to lower unit costs consistent with allowable 

stresses at design temperatures and with environmental compatibility. The 9 

Cr-1 Mo steel was mandated for the IHX to ensure compatibility with the 

Pbli. For the pre-boiler and evaporator, carbon steel was chosen. For the 

superheater, 2 1/4 Cr-1 Mo was chosen to provide higher strength than is 

available with carbon steel at the required design temperatures. 

VI.7.5 Component Costs 

Estimated component costs are listed below: 

Component 

·Pre-Boiler 

Evaporator 

Superheater 

Intermediate Heat Exchanger 

Boiler Steam Drum 

Total 

· VI.7-11 

Cost 

(fob Barberton, Ohio) 

$ 672,000 

1,200,000 

620,000 

3,264,000 

124,000 

$5,880,000 
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Cost estimates for the circulating pump, valves, piping, instrumentation, 

controls, foundations, etc., can be made at a later phase of the project when 

reactor parameters are more nearly finalized. 

Low pressure in the Pbli and HB-40 loops plus the respective 

compatibility of these fluids with 9 Cr-1 Mo and carbon or low allow stee1 

(Table VI.7-1) will assure a relatively low component and system cost when 

compared with concepts using other heat transport fluids involving less 

favorable materials compatibility, higher operating temperatures or higher 

pressures. 
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