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Abstract:

TASKA-M (Modifizierte Tandem Spiegelmaschine Karlsruhe) is a study
of a dedicated fusion technology device based on the mirror
principle, in continuation of the 1981/82 TASKA study. The main
objective is to minimize cost while retaining key requirements of
neutron flux and fluence for blanket and material development and
for component testing in a nuclear environment. Direct costs are
reduced to about 400 M$ by dropping reactor-relevant aspects not
essential to technology testing: No thermal barrier and electro-
static plugging of the plasma; fusion power of 7 MW at an injected
power of 44 MW; tritium supply from external sources. All
technologies for operating the machine are expected to be available
by 1990; the plasma physics relies on microstabilization in a

sloshing ion population.

Zusammenfassung:

TASKA-M. Eine kostengilinstige Tandem-Spiegelanlage fir Entwicklungen

in der Fusions-Technologie.

In TASKA-M (Modifizierte Tandem Spiegelmaschine Karlsruhe) wird
eine auf dem Spiegelprinzip beruhende Kernfusionsanlage fiir
Entwicklungen und Untersuchungen im Bereich der Fusionstechnologie
untersucht. Hauptziel ist eine Verringerung der Kosten im Vergleich
zur TASKA-Studie (1981/82), wobei NeutronenfluB und -fluenz als
Basis fir Material- und Blanketentwicklung und fiir Komponententests
in nuklearer Umgebung beibehalten werden. Die direkten Kosten
lassen sich auf etwa 400 Mio US-$ verringern, indem reaktorrele-
vante Aspekte aufgegeben werden, die fir eine Technologieanlage
keine entscheidende Bedeutung haben: Keine thermische Barriere und
kein elektrostatischer PlasmaeinschluB; Fusionsleistung von 7 MW
bei 44 MW injizierter Leistung; Tritium braucht nicht erbritet zu
werden. Alle Technologien zum Aufbau und Betrieb existieren oder
konnen bis 1990 entwickelt werden, Das Plasmaphysikmodell beruht
auf Mikrostabilisierung durch warmes Plasma.
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1. INTRODUCTION
The first complete design study of an integrated engineering test facili-

ty based on the tandem mirror concept was successfully completed in 1980/81
and resulted in the TASKA report.(l) Since that time, considerable progress
has been made both in physics and in engineering. The theoretical understand-
ing of tandem mirror physics has been progressing steadily while experimental
results have been rapidly accumulating from the Phaedrus, Gamma-10, and TMX-U
tandem mirrors. The preconceptual design of commercial power plants based on
these concepts, such as MARS,(Z) has further advanced the engineering under-
standing of the tandem mirror configuration.

The current experimental and design studies support the previous TASKA
conceptl A later study, the TDF tandem mirror test faci]ity,(3) upheld the
conclusion that the tandem mirror concept offers significant technical and
economical advantages over toroidal devices in the area of engineering tests.

Therefore, the present study, TASKA-M, was initiated in 1982 in an
attempt to achieve the most important TASKA objectives at a minimum cost.
Such an objective includes engineering testing relevant to both mirror and
toroidal concepts.

A large amount of solid engineering design features was geherated by the
INTOR(4) study. This study also identified problem areas, risks, and costs
leading to the feeling, in at least part of the fusion community, that INTOR
might be too costly a next step. The TFCX study,(s) which has recently begun,
is an example of a lower cost and less ambitious option in the tokamak line.

If the next step is limited to this class of devices, then related ma-
terials and engineering tests are required in a separate facility which pro-
duces a significant neutron flux and fluence. For economic reasons, such a
machine will probably not be a tokamak.

Therefore, one of the objectives of TASKA-M is to provide a high flux
neutron source, with high reliability and availability, to serve as a test bed
for a variety of technologies required for fusion reactors. TASKA-M aims at
achieving this in a minimum cost machine which still maintains significant
engineering relevance for power reactors. The trade-off between neutron flux
and reactor physics relevance was a major consideration of the TASKA-M study.
In general, test and cost objectives have taken precedence over reactor

1-1



physics relevance, but a great amount of reactor relevant physics still
remains. :
Since TASKA-M is intended to be a near-term test device, we have relied
on existing technologies with only moderate extrapolations. In particular, we
have tried to keep close to the present experimental data base in physics and
technology. Since the thermal barrier utilized in the earlier studies was a
major cost-driver, but is not crucial to engineering testing goals, it is not
present in TASKA-M. Locating the high flux test modules over ion density
peaks allows a much lower fusion power than in previous devices. Consequent-
1y, tritium breeding concepts can be tested but interna11y bred tritium is not
necessary for continued plasma operation. This greatly simplifies the ma-
chine. ' |

In summary, TASKA-M meets the above objectives for a moderate direct
capital cost investment (~ 400 million dollars). This study provides impor-
tant ideas and information for the next steps on the path to fusion power.

References for Section 1

1. "TASKA - Tandem Spiegelmaschine Karlsruhe," KfK-3311/FPA-82-1/UWFDM-500,
March 1982.

2. "MARS - A Mirror Advanced Reactor Study," to be published 1984,

3. "TDF - A Technology Demonstration Facility," to be published 1983/84 by
Lawrence Livermore National Laboratory.

4, "INTOR, the International Tokamak Reactor, Phase One," International
Atomic Energy Agency, Vienna, 1982,

5. "TFCX - A Toroidal Fusion Core Experiment," to be published by Princeton
Plasma Physics Laboratory, 1984.
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2. SUMMARY OF TASKA-M DESIGN
2.1 Introduction

The need for a high neutron fluence, large volume 14 MeV neutron tech-
nology test facility has been highlighted in every national and international
program plan for the past decade. The first attempt to provide such a facili-
ty was the LLNL minimum-B mirror configuration called FERF.(l) This was fol-
Towed by a 360 MW, University of Wisconsin tokamak test facility called
TETR(Z) §n 1977, and by the IAEA INTOR(3) 620 Mi, reactor in 1981. In 1982,
the 86 th Wisconsin-Karlsruhe tandem mirror test facility study, TASKA,(4)
was published. This was followed in 1983 by the LLNL 20 MW{ tandem mirror fa-
cility, TDF.(S) While each of these designs did provide valuable test space,
the cost of most facilities was rather expensive (e.g., up to $1.5 billion).
The purpose of the TASKA-M study is to investigate the smailest and least
costly tandem mirror fusion test facility possible, while retaining a con-
siderable degree of reactor technology relevance.

2.2 General Features of TASKA-M
TASKA-M is a tandem mirror with an axisymmetric central cell and two yin-

yang cells, as shown in Fig. 2.2-1. The central cell contains hot, magnetic-
ally trapped deuterium and tritium ions which react via fusion to produce 14.1
MeV neutrons and 3.5 MeV alpha particles. The central cell contains the
blanket and materials test modules, while the plasma in the anchors and con-
necting transition regions is only deuterium and has a low neutron yield. The
hot D and T ion population in the central cell is sustained by injection of
energetic neutral beams at an angle of 45° to the magnetic field; this pro-
duces a so-called "sloshing-ion" plasma in which the ion density peaks away
from the central cell midplane. Such a plasma configuration produces an
electrostatic potential well which traps warm ions provided by a low energy
neutral beam. The warm ions fill the hole in the loss-cone of the hot ions
and thereby provide microstability of the central cell plasma. The non-
uniform axial density profile of the hot ions also produces a non-uniform
neutron source. Test modules are therefore located near the density peaks to
take advantage of the higher neutron wall loading.

In order to provide a sufficiently deep electrostatic well and to mini-
mize the effect of electron drag on the hot ions, the electrons are heated by
Landau damping on ion cyclotron waves. These waves are generated by antennae

2.2-1



Fig. 2.2-1. Magnetic field and electrostatic potential configuration of
TASKA-M.
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in the central cell. This system utilizes RF power in the ion cyclotron range
and avoids the very high frequency (> 84 GHz) associated with ECRH in the
central cell. An alternative approach would be the use of fundamental
electron cyclotron heating in the lower density magnetic field transition
region.

The yin-yang end cells have the sole purpose of providing MHD stability
for the entire plasma, and consequently they are called "anchors." Unlike a
usual tandem mirror, they do not provide any plugging of the axial loss from
the central cell. The anchor plasma is also sustained by energetic neutral
beams injected at an angle to produce a sloshing-ion plasma. Trapping of warm
plasma from the transition region in the resulting electrostatic well provides
microstability for the anchor plasma.

It should be noted that the TASKA-M configuration does not utilize elec-
trostatic end-plugging or a thermal barrier. The reason for this is three-
fold. First, a thermal barrier had not been produced in an experiment at the
start of the study (January 1982) and it was our desire to keep the physics as
simple as possible and to minimize the extrapolation from the present physics
data base. (However, at the time of this writing (November 1983), there has
been qualitative indication of a thermal barrier on TMX-U.) Second, neutral
beam pumping of the thermal barrier in TASKA(4) presented considerable com-
plications and expense. Recently, ideas concerning drift pumping(ﬁ) of thermal
barriers have emerged. These ideas, however, are also unprovén and would,
therefore, be inconsistent with our physics philosophy. Third, electrostatic
end-plugging is not required for achieving the TASKA-M testing goals within
cost constraints.

An overall schematic of the TASKA-M device is shown in Fig. 2.2-2. The
basic parameters of TASKA-M are given in Table 2.2-1 and the heating para-
meters in Table 2.2-2. It should be noted that the fusion power is very low
-- only 6.8 MW. The total injected power is 44 MW, of which 35 MW are ab-
sorbed. The Q (fusion power/absorbed power) is low (~ 0.2), but this was not
a design goal.

The magnetic coil set consists of 3 superconducting (S/C) solenoid coils,
2 normal high field copper choke coil inserts, 2 superconducting yin-yang coil
sets (4 coils in all) and 2 superconducting transition coils, as shown in Fig.
2.2-1. A1l of the superconducting coils in TASKA-M are either state-of-the-
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Table 2.2-1. TASKA-M General Parameters

Neutron Wall Loading

Central cell midplane 0.7 Mw/m2
Central cell maximum 1.3 Mw/m2
Fusion Power 6.8 MW

Magnetic Fields (on axis)

Central cell - midplane 4.2 T
Central cell - maximum 17.5 T
Transition region = minimum 2.2 T
Anchor - midplane 1.0T
Anchor = maximum | | 2.7 T

Central Cell Dimensions

Length (between magnetic field peaks) : 5.5 m
Plasma length (between density peaks) 3.4 m
Wall radius in the test zone 0.22-0.25 m

Anchor Dimensions

Length (between magnetic field peaks) 5.4 m

Wall radius - midplane ' 0.37 m
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Table 2.2-2. TASKA-M Neutral Beam and RF Heating Parameters

Central Cell

High Energy Neutral Beams

Injection voltage 90 kV

Total injected power 21 MW
Injection angle 45°

Species 0.5 D/0.5 T
Number of beam lines 4

Low Energy Neutral Beam

Injection voltage - 12 kv
Total injected power _ 0.6 MW
Injection angle 70°
Species D

Number of beam lines
Anchor

Medium Energy Neutral Beams

Injection voltage 73 kV
Total injected power/anchor 3.5 MW
Injection angle 50°
Species D
Number of beam lines/anchor 1

RF Heating
Injected/Absorbed power 15/12 MW
Frequency 15 MHz

art today (e.g., the yin-yang coils are of the same size and field strength as
the MFTF-B coils already constructed and tested successfully) or should be
state-of-the-art by the 1985-1990 period. The S/C solenoid coils are roughly

2.2-6



the same size as the LCP coils and the MFTF-B central cell coils. Only the
- choke coil represents a development challenge, which is already covered by
U.S.-Euratom high field development programs. In addition, Nb3Sn technology
will also be proven by the Westinghouse coil in the LCP.(7)

2.3 Plasma Physics
2.3.1 Sensitivity of TASKA-M to Plasma Physics Parameters

The basic plasma performance of TASKA-M was calculated using a global
power and particle balance code, which considers the various species -- hot
ions, warm ions, and electrons in each cell. The physics parameters are given
in Table 2.3-1. The code was used to perform parametric studies in an attempt
to consider various trade-offs between performance and cost. Shown in Fig.
2.3-1 is the increase in the required neutral beam power and electron heating
power as the neutron wall loading is increased. In this variation, the plasma
beta and magnetic fields are kept constant; higher wall loading is obtained by
increasing the plasma radius. Raising the wall loading substantially above
the design value requires a considerable increase in power. The present
TASKA-M configuration does not have space for an increase in the high energy
neutral beam power; this is one of the limiting factors in TASKA-M. Figure
2.3-2 shows the effect of the central cell beta on the required’neutra] beam
and electron heating power. Improvements in beta sharply reduce the neutral
beam power; correspondingly, one could obtain a higher wall loading at the
same neutral beam power if beta were increased. However, in order to maintain
sufficient MHD stability margin, the volume-averaged beta was limited to 30%.
2.3.2 MHD Stability |

MHD stability was analyzed using the interchange stability criterion.

The curvature of the magnetic field was calculated using the vacuum fields;
finite beta effects and ballooning mode stability were not calculated, but
were compensated for by not encroaching too close to the interchange stability
criterion boundary. The stability boundary is shown in Fig. 2.3-3 in terms of
the on-axis central cell, anchor, and transition region beta. The TASKA-M
design point is considered to be reasonably prudent with respect to inter-

change stability.
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TASKA-M Plasma Parameters”

Table 2.3-1.

Central Ce11'

On-axis B
Radially-averaged B
Electron temperature

Hot ion density

Sloshing ion density ratio
Mean hot ion energy

(nt) - hot ions

Warm ion density

Mean warm ion energy

(nt) - warm ions

Potential (to ground)

Warm ion confining potential
Plasma radius '

Anchor

On-axis B
Radially-averaged B

Hot ion density

Sloshing ion density ratio
Mean hot ion energy

(nt) - hot ions

Warm ion density

Mean warm ion energy

(nt) - warm ions

Potential (to ground)

Warm ion confining potential

0.50
0.30

14 keV

3.3 x 10l4
1.59

84 keV

1.0 x 1013
3.0 x 1013
5.8 keV
1.3 x 1012
59 kV

5.3 kV

12 cm

0.50
0.30

2.6 x 1013
1.4

60 keV

3.0 x 1012
2.6 x 1012
6.6 keV
6.6 x 101
24 keV

3.4 keV

*spatia11y dependent parameters are given on-axis at the midplane.

2.3-2

cm

s/cm3
cm

s/cm3

cm

s/cm”

cm

s/cm3



60

SO HIGH ENERGY
NEUTRAL BEAM

30 TASKA-M

POWER (MW)

20
ELECTRON

HEATING
10
O 1 L 1 ] l 1 L 1 ‘l l
0.5 1.0 1.S

T, (Z=0) (MW/m?)

Fig. 2.3-1. Variation of the neutral beam and electron heating power with
neutron power density at the midplane of the central cell for a

25 cm radius.

2.3-3




— 12 —

39

HIGH ENERGY
NEUTRAL BEAM

20+

1S |~

POWER (MW)

p———Y

ELECTRON HEATING

10 |-

0 I l | | |
02 03 04 05 06 O0O7.

g A

Fig. 2.3-2. Variation of the neutral beam and electron heating power with on-
axis beta (8, = B¢).

2.3-4



G-¢

Bcentrol ceII/Bonchor

1.3

) I rrrrei I 1 BL LI B I N B I L ! 1T ry
MHD UNSTABLE
.2 —
\
\
\
MHD STABLE

1.1 —
1.0 « TASKA-M —
1 1 L1 4111 l ] 1 [ Lt 111 I 1 H 1 L1 111

I0-3 10~2 io0-!

.Btransiiion /Bcentral cell

Fig. 2.3-3.

MHD interchange stability limit.




2.3.3 Sloshing lon Distribution

The sloshing ion plasma in the central cell and in the anchors is main-
tained by injecting the main neutral beams at an angle to the magnetic field.
The resulting density profile peaks off the midplane and produces an electro-
static well which traps warm plasma. The density dip is maintained by charge
exchange between ions with pitch angle = 90° and neutral atoms in the beam.
The neutral beam, since it is injected at the midplane, "charge exchange
pumps" the midplane density as well as sustaining the sloshing density.
Figure 2.3-4 shows the sloshing ion distribution function at the central cell
midplane.

2.3.4 Microstability
Historically, microstability has been the Achilles' heel of mirror-v

confined plasmas. The approach used in TASKA-M to obtain microstability is
the use of a sloshing ion distribution and electrostatic potential well which
contains warm plasma created by injection of a Tow energy neutral beam. The |
warm plasma density is about 10%Z of the hot-ion density. According to theo-
retical calculations, this should be adequate fo suppress the drift-cyclotron
loss-cone mode, at least between the two peaks of the sloshing-ion density
profife. The Al1fvén ion-cyclotron mode is also suppressed because of the
increased p"/pl associated with the sloshing distribution. TMX-Upgrade(S) has
operated with sloshing-ion plugs and achieved a very low level of fluctuations
due to microinstabilities. The uncertainty in microstability occurs in the
region between the density peaks and the mirror throats. In this region, the
loss-cone is essentially empty. Stability depends on the shortness of this
region compared with the localization length of possible modes. This question
requires further investigation. '
2.3.5 Trapped Particle Stability

A recent theoretical development in tandem mirror physics is the trapped

particle instability, which is associated with particles trapped in regions of
bad magnetic curvature. This instability is stabilized by maintaining a
sufficient fraction of particles which pass between regions of good and bad
magnetic curvature. In TASKA-M the anchor plasma density is maintained at a
level to satisfy this criterion for low azimuthal mode numbers. There is a
possibility of the plasma being unstable at an azimuthal mode number of 4 or
5, but this can be cured by appropriate control of the electrostatic potential
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at the end plasma dumps. This instability has not yet been investigated ex-
perimentally; the TARA(9) and TMX—U(S) experiments should provide a good test.
2.3.6 Conclusions for Plasma Physics

The preliminary design of TASKA-M shows that an attractive tandem mirror
test facility can be designed with a Tow fusion power and total cost. The
plasma physics of this device represents a minimal extrapolation from the
present experimental data base. There are unresolved questions concerning
microstability and trapped particle stability, but the TMX-Upgrade experiment,
which is in operation, and MFTF-B and TARA, which are under construction,
should resolve these questions and thereby provide a basis on which to proceed
with a TASKA-M type test facility in the late 1980's.

2.4 Neutronics

The neutron wall loading in the 5.6 m long central cell (CC) varies from
0.25 Mw/m2 at the midplane to a peak of 1.34 Mw/m2 at the test modules (see
Fig. 2.4-1). The neutron wall loading in the transition and anchor is about
four orders of magnitude less than that in the CC. The neutron source is
dominated by D-T and D-D neutrons in the transition and anchor regions,

respectively. ‘

TASKA-M utilizes a number of superconducting (S/C) coils. This includes
a central solenoid, two choke coil solenoids, two transition coils and two
anchor yin-yang coil sets. To mirror confine the plasma, a 17.5 T field is
produced by hybrid choke coils where a normal insert coil is used. Figure
2.4-2 gives a schematic of the central cell showing the magnets and the
neutral beam injector (NBI) ducts.

The limits on the neutron fluence for NbTi and Nb3Sn are taken to be 3 X
102 and 4 x 1022 n/m? (E,
7.8 full power years (FPY), a minimum time between anneals of 0.5 FPY, and 70%

> 0.1 MeV), respectively. For a reactor life of

recovery of the critical current density degradation in NbTi, the fast neutron
flux should not exceed 1.1 x 1022 n/m2 per FPY. No recovery with annealing is
obtained for Nb3Sn implying a flux limit of 5.1 x 1021 n/m2 per FPY. Cryosta-
bility requires the resistivity of aluminum used in the central and choke
coils to not exceed 20 n? cm after irradiation. Allowing for annealing every
‘0.5 FPY implies a dpa rate limit of 1074 dpa/FPY. Using charts developed for
specifying the dpa rate limit for the copper stabilizer (Chapter 5), a 3.1 x
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1074 dpa/FPY 1imit is obtained for the C-shaped coils. Glass fiber filled
(gff) epoxy and gff polyimide are used for electrical insulation in the cen-
tral and end cell coils, respectively. Aluminized Kapton is used for super-
insulation. End of life dose limits of 6 x 108, 5 X 109, and 1010 rads are
used for gff epoxy, gff polyimide, and aluminized Kapton, respectively. A
peak winding pack power density Timit of 0.1 mW/cm3 is considered. Finally,
in the normal coil, we allow for 10% swelling in the compacted Mg0 powder

insulation of the normal copper insert and this yields a fast neutron fluence
limit of 3.5 x 102% n/m?.

A series of ONEDANT calculations was performed with data based on ENDF/B-
V to determine the optimal shield configuration. The optimum shield in the CC
and transition region consists of water-cooled Fe 1422 followed by a B,4C
layer. The optimal shield for the anchor coils, where D-D neutrons dominate
the source, consists mainly of water with small volume fractions of Fe 1422
and B4C.

Radiation analysis was performed at the midplane of the central cell and
the radiation effects are given in Table 2.4-1. For the choke coil with 0.1
Mw/m2 neutron wall loading, an end of life peak fluence of 3.15 x 102° n/m2 is
obtained. Hence, there is no need for replacing the unshielded normal insert
coil due to radiation damage in the insulator. The radiation effects at the
inner bore of the S/C choke coil are given in Table 2.4-1.

Hot spots in the magnets will occur due to radiation streaming into the
NBI ducts and their associated beam dump ducts illustrated in Fig. 2.4-2. We
developed a fairly accurate calculational method to estimate the magnet radi-
ation effects from streaming radiation. The method results in only a few cen-
timeter overestimate of the required shield thickness compared to the detailed
expensive three-dimensional calculation. The first step involves calculating
the neutron wall loading at the points on the duct wall closest to the S/C
magnets. A one-dimensional calculation is then performed using the calculated
wall loading. Adding the bulk shield contribution, the peak radiation effects
are given in Table 2.4-1. Although as far as damage in NbTi is concerned, no
magnet annealing is required, annealing every 0.5 FPY is required to avoid an
excessive increase in stabilizer resistivity that could jeopardize magnet
cryostability. The hottest spot in the S/C coils is on the outer edge of the
choke coil close to the NBI duct.
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Table 2.4-1.

Radiation Effects

in Superconducting Magnets of TASKA-M

Inner Bore of Central._

Outer Edge of Choke NbTi

Inner Bore of Coil Inner Bore Coil
Central Coil of Choke Transition Design
At Beam At Beam
at Midplane |At NBI Duct Dump Duct Nb3Sn Coil [At NBI Duct Dump Duct Coil Anchor Coil Limits
Stabilizer/dpa rate A1/5.2x10°8  |A1/8.1x107% A1/2.5x1075 | A1/5.6x1077 [A1/9.8x1075 A1/4.4x1075 | Cu/4.8x1075 | cu/6.4x1075 |A1/107%
(dpa/FPY) Cu/3.1x1074
Electrical Insulator/ epoxy/6.6x107 epoxy/8 epoxy/7 epoxy/ 6 epoxy/8 epoxy/ po]yimgde/ po]yimade/ gff egoxy/
Dose after 7.8 FPY 1.8x10 9.4x10 9.4 x 10 1.5x10 6x10 9.6x10 1.3x10 6x10
(rad) gff polyi-
mide/5x10%
bose in aluminized 1.1x10° 3.2x107 1.6x109 3.2x107 2.9x10°% 1.1x109 2.2x109 3.1x109 101V
Kapton after 7.8
FPY (rad)
Power density in 0. 005 0.038 0.0012 0.001 0.047 0.018 0.096 0.088 0.1
winding pack
(mN/cm3)
Superconductor/Fast NbTi/5x101% [ NbTi/ NbTi/ . Nb3Sn/ NbTi/ NbTi/ NbTi/ NbTi/ NbTi/
neutron flux (n/m 6.7x1020 2.1x1020 3.5x101° 8.1x1020 3.6x1020 6.2x1020 7.8x1020 1.1x1022
per FPY) Nb3Sn/

5 1x10%1




The radiation effects in the end cell magnets at locations corresponding
to the D-T and D-D peaks are included in Table 2.4-1, Shield thicknesses of
0.17 and 0.12 m are used in the transition and anchor regions, respectively.
The results of this analysis imply that the shield design for TASKA-M provides
adequate protection for the magnets against both radiation streaming into the
penetrations and radiation penetrating the bulk shield.

2.5 Heating and Fueling

Neutral beam injection has been chosen as the method for plasma buildup,
plasma fueling and ion heating in the central cell and in the two anchors of
TASKA-M. Alternatives to this scheme, for instance building up a hot plasma
to full density by filling the vacuum vessel with neutral gas, which is sub-
sequently ionized and heated by radiofrequency waves, cannot be applied in
TASKA-M. Since the plasma confinement time t decreases with temperature, the
initial power for startup would be extremely high. Even though a low density
startup is possible in principle (since n-t does not depend on plasma density
n and the low density would lower the power by nz), fueling would cause a
problem as the density increases. Scaling up experimental information on
ablation to the TASKA-M regime, the penetration depth of pellets at full
density is very small in comparison to the plasma radius of TASKA-M even at
the h1ghest pellet velocities which seem to be credible.

To provide a mechanism for subpress1ng microinstabilities, the beams are
injected at 45° and 50° in the central cell and the anchors, -respectively.
Thus sloshing ion distributions are achieved with density dips in the center
of the two regions for the confinement of warm plasma filling the loss cones.
The injected power and the energy of the neutrals are 20.8 MW D° + T° at 90
keV in the central cell and 3.5 MW D° at 73 keV in each of the two anchors. A
0.6 Md D°-beam at 12 keV is injected at 70° into the central cell to build up
and fuel the warm plasma. In the anchors, warm plasma is expected to be pro-
vided by the end losses from the transition zone plasma. The main neutral
beam parameters are given in Table 2.2-2. The neutral beams are all positive
ion technology and are consistent with the present beam development program

for MFTF-B, JET, JT-60, and TFTR.
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To decrease the electron drag on the ions which in turn spoils the ion
confinement, the plasma electrons are heated separately. Since TASKA-M has no
thermal barrier, the electrons will communicate throughout the whole machine.
From this point of view the power for heating the electrons could be coupled
to the plasma anywhere, preferably outside the central cell to keep the inter-
ference with the blanket as small as possible. Choosing ECRH, another advan-
tage of electron heating in the transition region would be the relatively low
magnetic field strength. Nevertheless, ECRH was ruled out because of cost
considerations and difficulties with wave accessibility and heating of rela-
tively high density plasmas with-wpe/wce = 1, The excitation of plasma waves
near the ion cyclotron frequency was chosen instead, using the Landau damping
mechanism to heat the électrons. Ion heating is avoided by choosing the wave
frequency such that ion resonances are avoided. There is a drawback, however,
since for absorption of the ICRH to be high enough, a relatively high density
must be maintained and the antennae have to be installed in the central cell.
The radiofrequency power which has to be coupled to the plasma is 12.5 MW at
15 MHz. The four antennae are located adjacent to the test moduies. A de-
tailed schematic of the antennae is shown in Fig. 2.5-1. The design power
flux is about 1 kW/cmZ, which is in the range of design values for newer
antennae designed for PLT, TFR, JET, Doublet III-D and TFTR.

2.6 Vacuum and Exhaust Systems
The vacuum and exhaust system for TASKA-M is used in two distinct modes:
+ for evacuation of the interior of the machine before startup and

+ to keep the neutral gas pressure and the content of high-Z material in the
plasma chamber at the required Tow level.

The technical design objectives are mainly determined by the operational,
i.e. the exhaust conditions. The particle streams to be exhausted occur as
directed neutral particle beams and plasma streams. They are converted to
thermal gas on specially designed beam dump (BD) plates which constitute one
of the most critical components of the whole machine because of their extra-
ordinary loading conditions. The CC-beam dumps and the anchor beam dumps are
exposed by the neutral particle shine through fraction of the NBI's, in con-
trast to the end dumps, which see plasma particles, i.e. ions and electrons.
The design concepts for the CC-BD, the anchor-BD and the end dumps, are all
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(10) The dumps consist of

based on the water cooled Hypervapotron technique.
finger like individual inserts, which are easily replaceable. Figure 2.6-1
shows the CC, Fig. 2.6-2 the end cell arrangement.

Three operational modes are considered as design bases:

* normal operation

and for the CC and anchor beam dumps in addition,

*+ calibration and

+ startup. \

As a goal, the dumps should withstand normal operation for at least 0.25 full
power years.

Without plasma, i.e. during calibration and startup, full power operation
of the NBI's for longer durations is not acceptable with respect to the heat
loads. In the calibration mode the idea is to turn on the individual sources
within each NBI sequentially, so that only one source is burning at a time,
leading to a much lower time average power at the dumps. During startup, as
the third operational mode, the full injected power is needed, and the plasma
is expected to ramp up from zero to nominal within about 80 ms. It is assumed
that the beam dumps are exposed to the rated injected beam power during the
startup mode, which is terminated by either a normal operation mode or a shut-
down, if the plasma is not developing as specified. Calibration and startup
in this sense do not affect the end dumps.

One of the most important parameters is the maximum allowable heat flux
at the dump surface. Primarily with reference to the experience gained in the
NBI development for JET,(lo) a maximum heat flux of 5 Mw/m2 for the normal
operation mode and 10 Mw/m2 for the calibration mode has been chosen. The
first figure is equal to half the design value adopted for JET (10 MW/m?) and
reflects additional margin for the continuous operation of TASKA-M. For the
startup mode, no maximum heat flux is established because of the thermal
inertia effects. The maximum surface temperature will be the limiting factor.

The end dumps have to dissipate the high power of 14.8 M per end, more
than 99% being in the plasma region and the rest in the halo region. To
accommodate this power at acceptable heat fluxes, the strong spread of the
plasma fan in the end cells is used at the expense of a large collector area
which, in essence, will face an elliptical footprint with a high aspect ratio.
A modular end dump collector similar to the BD design is proposed, consisting
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of parallel overlapping inserts (Fig. 2.6-2). The central inserts can be
removed for plasma direct convertor tests. In the halo region a simpler
design is sufficient, since the heat flux is very low.

The maximum heat flux at the CC-BD during normal operation (2.5 MW/m2) is
only half as high as the design limit established, however, during cali-
bration, 8.7 MW/m? is obtained, which is close to the design limit. The
anchor-BD's are loaded close to the design limit in normal operation, whereas
during calibration there is a margin of more than a factor 2. Even the
transient heat flux of 8.6 MN/m2 could be dissipated continuously. The end
dumps are located in such positions that the heat loads are close to the
design limit of 5 MW/m? in normal operation.

The erosion rate due to physical sputtering for copper as the reference
material and for molybdenum as a candidate plating material and the corres-
ponding lifetime amounts to

CC-BD Anchor-BD End Dump

Cu Mo Cu Mo Cu Mo

Maximum Wall Erosion Rate (1077 cm/s) 3.8 3.5 4.0 3.8 43 4
Sputtering Life Time (FPY) 0.8 0.9 0.8 0.8 7.4 8.0
Total Volume Sputter Rate (cm3/FPY) 190 180 580 560 400 380

A maximum material loss of 1 mm is considered in the lifetime calcu-
lation. It should be noted the the uncertainty of this assessment may be half
an'order of magnitude to both sides, which would have to be compensated for by
adjusting the accumulated operating time and the allowable material loss,
respectively, in the final analysis.

The gas pumping requirements during operation are met with appropriate
pump chains, consisting of cryopumps, turbomolecular pumps, booster pumps and
metal bellows pumps. The gas pumping requirements during evacuation before
startup require some additional pump sets.

Three different kinds of pump trains satisfy the exhaust requirements
during operation:

« the D, T end cell trains which pump the majority of the gases
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+ the He end cell trains using the Ar cryotrapping process
* the D, T central cell trains.

For preoperation evacuation of the plant down to a pressure of approx-
imately 1073 mbar (~ 1073 torr) an additional startup vacuum system is
provided, which feeds its effluent to the radiocactive off-gas systems.

The end cell cryopumps are installed within the vacuum boundary of the
machine. In this way large gas ducts on the suction side of these pumps are
avoided. In contrast the central cell cryopumps are located outside because
of space and neutron shielding requirements. Ducts of relatively large cross
section are necessary here.

Regeneration of the cryopumps must take place during plant operation. To
aliow for this, the total cryosurface of each subsystem is subdivided into a
number of independent modules. In each end cell 8 pumps with 10 mé cryo-
surface each are installed. The CC evacuation system consists of 6 pumps with
14 n? cryosurface each. The cycle time of cryopumps must be defined with
regard to (1) the maximum amount of tritium stored on the cryosurfaces, (2)
the risk potential in case of a major leakage with air intake and (3) the
reduction of the pumping speed by an increasing layer of solid matter on the
cryosurfaces. For the actual conditions the last two arguments are relatively
unimportant because they are applicable only with extremely long cycle times
or abnormal operating conditions. Otherwise, short cycle times tend to
increase cryogenic consumption. A duty time of 6 hours and a time interval of
2 hours-to carry out the regeneration process was chosen and seems to be an
~acceptable relation for all cryopumps.

The operational sequence during the evacuation process and the total time
required to reach the startup conditions is strongly determined by the design
concept of the main vacuum boundary. Unlike most of the previous experimental
fusion facilities the "outer wall" concept is selected here, similar to that
used in the US Tandem Mirror Fusion Test Facility (MFTF). The advantage of
the "outer wall" concept 'is avoidance of vacuum tight welds with highly ir-
radiated materials close to the plasma and allowance of volumetric and geo-
metric changes of the materials and structural parts by irradiation induced

swelling and creep.
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2.7 Fuel Cycle
The fueling system supplies D/T fuel of the proper composition and purity

at the rate required of 1.03 g T and 0.7 g D per day to sustain the fusion
power. Because burnup of fuel per transit through this experimental test fa-
cility is very low, 0.3%, considerable recycle of fuel is necessary. In
addition, about 80% of the fuel supplied to the NBI's must be recycled because
of the low  gas efficiencies of the NBI's. Because of the need to recycle a
large amount of fuel, fuel purification and isotopic adjustment systems must
be constructed as part of the fuel cycle system. In addition, TASKA-M does
not breed tritium for use as fuel; therefore, sufficient tritium must be
stored in a safe manner in order to keep the facility operational.

Figure 2.7-1 indicates the flow rates of D/T to each of the components of
the fuel cycle system. Each of these components has a residual tritium inven-
tory during operation. These tritium inventories, Tab]e'2.7—1, are kept as
Tow as possible in order to reduce the initial cost and the radioactive hazard
potential of tritium. The total active inventory in these components is
~ 207 g T. 1If all these components functioned satisfactorily, the machine
could be started using the active inventory to saturate these components in
~ 4 FPd. During this time the reactor would consume 4.12 g T. With a 30 day
supply of fuel as a minimum, the facility could be started with ~ 242 g T. At
the present cost of $104/g T this represents an initial cost of 2.4 million
dollars. After startup, the test facility would require 380 g T/yr for an
operational tritium fuel cost of 3.8 million dollars/FPY.

The sole method of fuel delivery to the plasma is by means of the 4 high
energy NBI's in the central cell. The total beam flux of 258 A delivers a
50:50 composition of D + T particles. Most of the fuel must be recovered by
the vacuum systems in the two end plasma dumps as specified in Table 2.7-1.
Because the gas efficiencies of the NBI's are only 20%, fuel accumulates on
the NBI cryopumps at the rate of 5.35 mmoles/s (D, + Tp). In addition, these
cryopumps capture impurity gases, particularly protium, which drift into the
beam duct from the halo gas surrounding the plasma. In order to maintain the
H atomic fraction of the fuel < 10'3, a 1% sidestream of the cryopump recycle
is diverted to the fuel cleanup and isotopic separation system. The cryopumps
for the other NBI's containing only deuterium, also collect protium and triti-
um gases which drift up the beam ducts from the halo gas. In this case it is
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Table 2.7-1. Tritium Inventory

Location T (g)
Active inventory 206.7
HE-NBI cryopanels (2 hr) 115.5
Central cell cryopanels 4.2

End plasma exhaust

D/T cryopanels 43.0

He cryopanels " 5.5
Fuel cleanup unit 2.5
Isotope separation system 30.0

InactiQe inventory 66.

Fuel storage (30 day supply) - 31.0
Structure (end-of-life) < 1.0
Coolant water (end-of-life) 34.0

Blanket test modules

Liquid Tithium 5.8
Liquid LiPb 0.01
Ceramic pellets/yr 25.0
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desirable to keep the T/D ratio < 1073 in order to minimize the tritium con-
tamination of the NBI; therefore, 100% of the recycle gases from these NBI's
is sent to fuel cleanup (Table 2.7-1).

- The method of fuel purification is based upon adsorption of impurity
gases during passage through molecular sieve columns at 77°K. A cryogenic
distillation system composed of three columns is utilized for isotopic sepa-
ration of the hydrogen isotopes. Tritium is stored principally on UT3 beds.

Tritium contamination of the coolant water occurs at the end plasma
dumps, the HE-NBI beam dumps, and the central cell insert, due to energetic
tritium jons impinging upon the structural material. These ions are implanted
into the structure and permeate to the coolant water. Based upon preliminary
models, ~ 117 Ci/d permeates initially into the water from these three
sources; however, the neutron flux to the HE-NBI beam dumps and the central
cell insert causes radiation- damage which produce tritium traps. These triti-
um traps would capture large quantities of tritium if they remained in place
over the lifetime of the reactor. Because of the unknown structural effects
caused by the large D and T concentrations, these components are changed fre-

quently so that little tritium trapping occurs.

2.8 Magnet System
The design of the TASKA-M magnets follows the same guidelines as in the

original TASKA study and uses the same constraints in the magnetic data. The
aim of TASKA-M was to decrease cost while retaining a reasonable test volume
compared with TASKA. Since another plasma configuration is used in TASKA-M,
the magnets are smaller, less numerous and therefore less expensive.

The field requirement in the central cell is 4.2 T at the midplane and
the high field hybrid mirror coil gives 17.5 T at the mirror throat. The
minimum field in the transition region is required to be about 2.2 T and the
anchors have a mirror ratio of 2.5 to 3 with a minimum field of about 1 T.
This high mirror ratio was required to provide good confinement on the
sloshing ions in the anchors.

The magnet set of TASKA-M consists of
« 1 central cell coil (CCC)

« 2 high field hybrid mirror coils (choke coils). Each consists of a normal
conducting insert, a Nb3Sn part and a NbTi outer part (BC1, BC2).
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« 2 transition coils (RCP1, RCN2).
« 2 Yin-Yang sets (CESN1, CESP1 and CESN2, CESP2).

Figure 2.8-1 shows a computer drawing of the magnet set with the names of
the magnets and the magnetic field magnitude B along the z-axis (machine
axis). The central cell coil and the choke coil are solenoidal type magnets.
A11 the anchor magnets are C-shaped coils. The magnet system in TASKA-M is
much simpler than that used for the TASKA design. In particular the choke
coil is smaller and cheaper, because the plasma radius is lower and the field
requiremént is 17.5 T in TASKA-M instead of 20 T in TASKA. The god] to have
only 12 T at the Nb3Sn conductor is attained (as shown in Fig. 2.8-2) and the
electrical data are comparable with Nb3Sn coils already tested. However, the
diameter of tested coils is characterized by a half meter bore.

AT1 the NbTi superconducting coils have electrical data comparable with
existing tested magnets. The size of the magnets is also on the same order of
magnitude as for tested magnets.

One area of concern is the lack of a data base for the normal conducting
insert coil, especially for the behavior of the ceramic insulation in a high
magnetic field and high 14 MeV neutron flux environment. In this respect,
more experimental work is needed. However, extrapolation from existing data
indicates that the inserts will operate the whole life of the machine. In
case of earlier failures, a replacement is possible in a time period com-
parable to that needed for the change of blanket modules.

2.9 Testing Modules
2.9.1 Introduction
A primary function of the TASKA-M facility is to provide a nuclear test

bed for the magnetic fusion program. This role is meant to complement other
ex-reactor facilities and provide an integrated test of components in a com-
plex nuclear environment. TASKA-M will provide a test bed for large specimens
in a thermal, stress and chemical environment similar to that of a fusion
power reactor, where a large volume, high fluence and high energy neutron
environment is required. It also provides a test bed for fusion blanket
designs in which the synergistic effects of corrosion, stress, neutron induced
mechanical property changes, and tritium breeding, confinement and extraction
can be tested and evaluated. Finally, TASKA-M will also be a test bed for
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high heat flux components such as beam dumps, as well as neutral beams, ICRF
antennas, vacuum pumps, superconducting and normal magnets and a variety of
other systems.

Figure 2.9-1 is a cross section of the TASKA-M central cell showing the
four testing facilities provided. These are a liquid metal blanket module
designated as blanket 1, a solid breeder module designated blanket 2 and two
material test modules designated blankets 3 and 4. A brief summary of each
module will be given in the following sections.

2.9.2 Liquid Metal Test Module
Two liquid metal blanket modules, one utilizing Li;;Pbgy and the other Li

are designed to fit in the same slot within the central cell and will be
tested consecutively. Both are made of the ferritic steel, HT-9, and are
self-cooled once-through tubular designs with a single inlet and outlet
header.

The liquid metal blanket test module consists of rows of tubes distri-
buted axially, running from an upper manifold to a lower manifold as shown in
the module assembly in Fig. 2.9-2. Breeding material comes in through a hori-
zontal header at the top, distributes axially within the upper manifold with
the aid of the magnetic field, then flows through the tubes around the plasma
collecting in the lower manifold and exiting through the outlet header. The
inner radius is 22 cm, the axial length is 83 cm and the thickness is 45 cm
for the Lij7Pbgz module and 64 cm for the Li module. A1l the tubes have an
outer diameter of 7.04 cm and a wall thickness of 1.6 mm. The axial spacing
from tube center to center is 7.3 cm and the radial spacing is 6.32 cm. At
the point where they connect to the manifold, the tubes neck down to a diame-
ter of 5.2 cm. This provides more space for welding on the inside of the
manifold.

Figure 2.9-2 shows the liquid metal blanket module as part of the as-
sembly used to support it and insert it into the test reactor. The assembly
consists of the module, integral reflector/shield and the seal flange. Hori-
zontal insertion is used to fit the assembly into the test reactor. The Li
blanket module will have ten rows of tubes per 'side instead of seven. A
completely new assembly will be needed to accommodate it. However, the space
within the reactor and the components in it will not need to be modified.
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Plasma heating by ICRF requires that antennae be situated within the
central cell in close proximity to the plasma. One of the antennae falls
within the axial span occupied by the liquid metal module. To accommodate the
ICRF antenna, four of the front tubes have to be eliminated, to provide space
on the sides and in the back of the antenna.

The blanket modules are supported on the bottom manifold with the load
path going through the reflector, vacuum chamber and then to external struc-
ture supporting the central ce]}. An analysis has been made to determine the
stresses on the front tubes for the Lij;Pbg3 case. The maximum stress occurs
at the upper connection and is equal to ~ 44 MPa. Table 2.9-1 gives the para-
meters of the two liquid metal modules.

Neutronics analysis has been performed for the liquid metal test blankets
using an average blanket volumetric composition of 73% 1iquid metal, 7% HT-9,
and 20% void. The neutron wall loading has strong axial variation with peak
and average values of 1,22 and 0.85 Mw/mz, respectively. The primary goal of
the neutronics analysis is to design blanket test modules which have reactor
relevant neutronics parameters. Local tritium breeding ratios » 1.15 and
energy multiplications > 1.3 are required. A reflector made of Fe-1422 and
cooled by 5 vol.% water is used in this design.

A series of one-dimensional neutronics calculations has been performed to
determine the proper enrichment and thickness for the Li and Lij;Pbgy blanket
test modules. The total blanket and reflector thickness was fixed at 90 cm.
In the calculations, a 50 cm thick shield was used. The one-dimensional dis-
crete ordinates code ONEDANT was used to model the problem in cylindrical
geometry. The P3Sg approximation with a coupled 46 neutron-21 gamma group
cross section library based on the VITAMIN-C data library and the MACKLIB-IV-
82 response library was used for this study. Our results indicate that the
best neutronics performance in which large values of tritium breeding ratio
and blanket energy multiplication can be obtained simultaneously can be
achieved when highly enriched lithium is used in Lij;Pbg3. On the other hand,
there is no incentive for increasing the enrichment in the liquid 1ithium
blanket beyond the natural occurrence of 7.42% 6Li. A blanket thickness of
63.9 cm which corresponds to ten rows of tubes was chosen for the liquid
lithium module. This yields a tritium breeding ratio of 1.19. For the LiPb
module a thickness of 45 cm is used with seven rows of tubes resulting in a
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Table 2.9-1. Parameters of Liquid Metal Blanket Modules

LiPb Li
First wall radius, cm 22 22
Axial extent, cm 83 83
Blanket thickness, cm 45 63.9
Number of tube rows/side 7 10
Total number of tubes 148 210
Tube outer diameter, cm 7.04 7.04
Tube inner diameter, cm 6.72 6.72
Axial tube spacing, cm 7.30 7.30
Radial tube spacing, cm 6.32 6.32
Transition section 0D, cm 5.20 5.20
Transition section ID, cm 4,92 4,92
Mass of full module, tonnes 7.50 '1.60
Mass of empty module, tonnes 0.54 0.94

tritium breeding ratio of 1.15. Table 2.9-2 gives a summary of the design
parameters, tritium production and nuclear heating results for both modules.

Due to the large axial variation of the neutron wall loading along the
first wall of the blanket module, the power density in the module will vary .
axially as well as radially. The radial variation obtained from the one-
dimensional calculations was coupled with the axial variation of wall loading
to get an estimate for the r and z dependence of the power density for the
LiPb blanket module and the Li blanket module.

Magnetohydrodynamic effects have been evaluated for the test modules.
The dominant force on a conducting fluid across magnetic field lines is the
MHD force. The effect of the MHD force is to increase the pressure drop and
retard heat transfer by suppressing turbulence. In TASKA-M, the first wall
surface heat load is < 10 W/cm?. Consequently, the effects of MHD on heat
transfer are not critical and calculations can be carried out by assuming no
turbulence. The MHD pressure drop will slightly increase the stresses in the
blanket and also increase pumping power. The total MHD pressure drop in the
reactor is 0.57 MPa, which corresponds to a pumping power requirement of 2.3
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Table 2.9-2. Comparison Between Design Parameters and Tritium
Production Results for Li and Li-Pb Blanket Modules

LiPb Li
Lithium enrichment (% °Li) 90 . 7.42
Blanket thickness (cm) 45 63.9
Number of tube rows 7 10
Reflector thickness (cm) 45 26.1
Tritium breeding (tritons/fusion)
5Li(n,a)t | | 1.15 0.67
TLi(n,n'a)t 0.002 0.52
Total 1.15 1.19
Tritium Broduction rate (tritons(s) per 17 17
1 MH/m® wall loading per 1 m width 7.04 x 10 7.28 x 10
Nuclear heating (MeV/fusion)
Blanket
Neutron | 7.31 11.85
Gamma 6.41 2.95
Total 13.72 14,80
Reflector
Neutron 0.70 0.61
Gamma 4,53 3.93
Total ‘ 5.23 4.54.
Total recoverable 18.95 19.34
Energy multiplication 1.344 1,371
Power per unit width (MW/m) for 1 MW /m?
wall loading
Blanket 1.35 - 1.45
Reflector 0.51 0.45
Total 1.86 1.90
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kil. The maximum blanket pressure is 0.42 MPa.
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This value is smaller than the

total MHD pressure drop because much of the drop occurs in the inlet header.

The temperature profile in the coolant tube can be calculated by assuming

only conduction. 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

volumetric component due to nuclear heating and a surface heating load from

the plasma. A siab geometry with a constant velocity, constant surface heat

flux and exponential volumetric heat flux was used to calculate the tempera-

ture profile. Table 2.9-3 gives the thermal hydraulic parameters for the two

1iquid metal blanket modules.

Table 2.9-3. Liquid Metal Testing Module Thermal - Hydraulic Parameters

Average wall loading, MW /m?
Peak wall loading, MW/m@

Energy production rate, MW/m / MW /m?

Module width, m

Magnetic field, tesla

Module neutron power, MW
Blanket power, MW

Coolant temperature, °C
Coolant flow rate, kg/hr
Maximum structural temp., °C
Maximum coolant velocity, cm/s
MHD pressure drdp (MPa)
Maximum blanket pressure (MPa)
Pumping power, kW

Reflector power, MW

Reflector coolant
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2.9.3 Solid Breeder Test Module
Blanket module no. 2 in Fig. 2.9-1 was designated for testing all kinds

of solid breeder materials. Because of limited space, it is therefore not
intended to represent a typical fusion reactor blanket and does not attain a
local breeding ratio greater than one.

The design consists of four layers of 316 SS coiled tubes, each having
nine windings as shown in Figs. 2.9-3 and 2.9-4. The inner radius of the
blanket is 25 cm and the outer, 40 cm. Tube outer diameter is 4 cm and the
wall thickness is 3 mm. The breeding material is contained in spherical
shells also made of 316 SS. The spheres are 3 cm in diameter and are confined
in the coiled tubes around the plasma. Adding and replacing the balls is
accomplished simply by pushing them through the coiled tubes, such that as new
balls are added, some are extracted on the exit end. The content of each
layer of coils can be exchanged separately to avoid mixing the breeding balls
which have been exposed to different neutron fluences. There are 4 inlet and
outlet tubes penetrating the vacuum flange. Welding is done only on the out-
side of the vacuum chamber. Each layer of tubes contain up to 850 spheres.
Water flowing through the tubes in the spaces around the spheres provides the
cooling. Table 2.9-4 gives the physical parameters of the solid breeder
module.

The reflector and the shield zone are composed of flat steel plates which
are bolted together. Cooling tubes are located between the plates ahd are
embedded in grooves of non-circular cross section.

There is a large heat flux to the front surface of the reflector facing
the neutral beam ducts, caused by charge exchange particles. This surface is
covered by separate cooling tubes.

The average neutron wall loading in the solid breeder test blanket is
0.73 Mw/mz. Assuming a surface heat flux density of 5% of the neutron wall
load the surface heat load to the first row of tubes is 22 kW. The average
volumetric heat generation in the first 3.75 cm (equivalent to the homogenized
first row of tubes) is 4.67 W/cm3. This leads to a volumetric heat generation
of 112 kW. The total heat input to the first row therefore amounts to 134 kW.
Between inlet and outlet a coolant temperature rise of 50 K has been chosen,
resulting in a mass flow rate of 0.6 kg/s. The total heat generation in the
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Table 2.9-4, Physical Parameters of Solid Breeder Module

Breeding zone

Outer diameter, cm 40
Inner diameter, cm 25
Axial length, cm 40
Tube outer diameter, cm 4

Tube wall thickness, mm 3

Tube material 316 SS
Breeding ball outer diameter, cm ' 3
Breeding ball wall thickness, mm 2

Ball shell material 316 SS
Breeding material Li)0
Breeding material fraction, % 20
Steel fraction, % 32
Water fraction, % - - 28
Void fraction, % ' 20

He mass flow, kg/s 1.8

breeding region is 380 kW, leading to a total coolant mass flow (at AT = 50 K)
of 1.8 kg/s.

The breeder balls have a diameter of 30 mm and fit into the preésure tube
with a radial gap of 2 mm. This is a rather complicated coolant channel geo-

. metry where the calculated velocity varies between wg,, = 3.6 m/s and w

0.8 m/s. The pressure drop is caused mainly by f1owmseparation in the glge
where the velocity decreases, leading to a small pressure recovery. It is
rather difficult to theoretically estimate a recovery factor and the friction
pressure drop for the given case. For this reason, a benchmark experiment has
been performed in a 1:1 geometry to determine the drag coefficient. A drag
coefficient of £ = 0.5 has been calculated from the measured data for one ball
and the given Re-number of 10°. Using this coefficient, the pressure drop in

the inner blanket tube containing about n = 750 balls is 20 bar.
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In the neutron and gamma transport calculations, the one-dimensional
discrete ordinates code, ONEDANT, is used with the University of Wisconsin 46-
neutron, 2l-gamma group cross section set condensed from the ENDF/B-IV based
Vitamin C and MACKLIB libraries. The actual shape of the solid breeder test
modules is modeled in the code by cylindrical geometry with homogenized
regions. The breeding zone contains 32% 5SS 316, 28% H,0, 20% breeding medium
(Li,0) and 20% void. The reflector/shield consists of 95% SS and 5% water.
The objective of the calculations is to provide necessary data for the design
of the blanket cooling system and to give an indication of the breeding ratio
expected.

The energy multiplication factor was determined to be 1.31 for the
blanket region and 1.33 for the antenna region. The total breeding ratio
using 30% enriched 6Li at 90% theoretical density is 0.71 and is made up of
0.66 for °Li and 0.05 for 'Li. Table 2.9-5 gives the thermal hydraulic para-

meters of the solid breeder module.

Table 2.9-5. Thermal Hydraulic Parameters of Solid Breeder Module

Average neutron wall loading, MW /m? 0.73
Total heat generation in breeding zone, kW 380
Heat in reflector/shield, kW 130
Heat in reflector/shield and behind antenna, kW 270
Water flow rate in breeding zone, kg/s 1.8
Inlet pressure, bar 50
Inlet temperature, °C 150
Pressure drop, bar 20
Water temperature rise, °C 50
Water flow in reflector/shield, kg/s 2
Inlet pressure, bar 30
Inlet water temperature, °C 40
Water temperature rise, °C 50
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Each of the 8 access tubes in the blanket is closed by a separate valve
block, containing two double valves for closing the cooling water line and the
ball exchange line. The refilling machines are flanged to those valve blocks
after removing blank flanges. A1l flanges are designed for remote handling.

A main advantage of a breeding ball concept is that the bred tritium re-
mains inside the steel shell of the breeding ball, and thus the tritium ex-
traction can be separated from the cooling process. A high retention -- mean-
ing a minimum of tritium loss through the steel shell -- is achieved in the
following way:

« At the operating conditions of up to 300°C a thin oxide layer will be
estab]ished at the outer surface of the steel shell. This will reduce the
permeability of T by a factor of 10 to 100 compared to pure steel.

* By adding to the solid breeder material a small amount of Nb as a getter
material, the partial pressure of T inside the ball can be drastically
reduced.

The tritium extraction can be easily done by heating the balls up to
800°C in a special recovery system outside the reactor.

2.9.4 Material Test Modules

The material test modules are designated nos. 3 and 4 in Fig. 2.9-1.

Although neutronic analysis has been performed for both modules, only no. 4
was designed in detail and will be described here.

The main goal in the materials test modules is to provide a large volume
test zone for testing specimens in a high fusion neutron flux. To that end we
tried to maximize the exposure of the specimens to the neutron environment
while maintaining reasonable access to the test cells. The TASKA-M materials
test matrix specifies the type of materials tests with detail on specimen num-
bers, irradiation temperatures, fluences, stress, changeout frequencies and
post-irradiation testing conditions. The test matrix provides a means to
compare the volume needed to carry out a specific materials testing scenario
with the volume available for testing in TASKA-M. Also the frequency of
specimen changeout can be quantified and its effect on the overall reactor
availability estimated. The test matrix is shown in Table 2.9-6.

The major compohents of the TASKA-M materials test module, shown in Fig.
2.9-5, are the helium cooled heat sink (annular test module), the biological
shield and the specimen capsules. The temperature within each of the 180
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Table 2.9-6.

Materials Test Matrix for TASKA-M

Module 4
Total Specimens (Assume
Mat.®? Postirradiation 50-50 Mix of Ferritic & Total Sub-
Test Types Var. qu.b Temp. © Fluenced Conditions ~Austenitic Alloys) Capsules® Total
Material Qualification :
Tensile/Ductility 3 2 4 3 4 Rate/Temp. 288 14
Fatigue Life 2 2 4 3 2 Strain Levels 96 3
Fatigue Crack Growth 2 2 4 3 2 Stress Levels 96 1
Fracture Toughness ,
== Charpy 2 2 6 2 6 Temperatures 288 2
-- Compact Tension 2 2 3 2 2 Temperatures 48 4 24
Engineering Scoping
. Tensile/Ductility 5 3 6 4 4 Rate/Temp. 1440 6
Fatigue Life 5 2 4 2 2 Strain Levels 160 4
Fatigue Crack Growth 5 2 4 4 2 Stress Levels 320
Fracture Toughness
-- Charpy 3 2 6 4 6 Temperatures 864 4
-- Compact Tension 3 2 2 4 2 Temperatures 96 1
Swelling/Microstructure 10 5 10 5 2 5000 1
Creep/Stress Rupture 6 2 4 (6] 6 Stress Levels 288 2 18
Other Materia]sf
Fatigue Life 5 2 4 4 2 Strain Range 320 8
Tensile/Ductility 15 3 6 4 4 Rate/Temp. 4320 16
Dimensional Stability 15 4 6 3 3 Post-Tests 7200 36
Creep/Creep Rupture 10 2 6 [4] 4 Stress Levels 480 2
Fracture Toughness 3 2 2 2 6 Temperatures 144 2
Electrical Properties 6 3 3 4 3 Tests 648 4
Thermal Conductivity 6 3 4 4 2 Tests 576 _6 74
22,576 116
Total No. of Specimens Total No.
of Capsules
to Hold
Specimens

Module 4 only; Module 3 used for surface effects and dynamic
[ 11 specimen used to obtain 6 fluence measurements.

dMaterials x variations

bDuph’cation

dFluence Levels

CNumber of irradiation temperatures

in-situ testing.

€Capsule volume-390 cm

3

fCeramics, electrical, and heat sink materials




Table 2.9-7. Design Values for Test Module #4

REACTOR OPENING

TEST

Maximum axial opening of 90 cm

MODULE

Material of Construction: HT-9
Size: Inside radius - 18 to 22 cm (conical)
Outside radius - 38 to 42 cm (conical)
Length - 55 cm (end to end) 42.4 cm straight section
No. of Capsule Tubes: 180
Total Heat Generation: 572 kW
Coolant: Helium at 3448 kPa and 125°C
Flow Rate: 33.7 x 103 #/min
Coolant Pipe Size: 12.5 cm diameter

Instrumentation Per Capsule Tube: 2 pair thermocouple leads - chromel
alumel

2 gas leads - 0.158 cm diameter for
gas gap control

SPECIMEN CAPSULE

Material of Construction: 316 SS
Size: 5 cm diameter by 20 cm long

Specimens: Various shapes packed to 50% of capsule volume in NaK
(22/78)

Instrumentation: (2) 0.168 cm diameter stainless steel sheathed Mg0
insulated thermocouples

Sealing: A1l welded construction with bellows for NaK expansion

Gas Gap: Variable annulus 0.018 - 0.100 cm filled with helium or neon
or mixtures of the two gases
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TASKA-M ARRANGEMENT OF TEST
MODULES IN CENTRAL CELL

TEST MODULES

ANNULAR CONICAL CYLINDER
TEST MODULE WITH 180 CAPSULE

TUBES \ o F——=MATERIALS
VACUUM \ TEST BLANKET
SHROUD NO. 4

MATERIALS
TEST BLANKET
NO. 3

INSTRUMENT AND C00O
LINE SHIELD PLUG HANT

MODULE SHIELD PLUG

AL
TEST SPECIMEN
CAPSULE

N
MATERIALS TEST \ '
BLANKET NO. 4 ‘ @qv_
l &

Fig. 2.9-5. Major components of materials test module #4.
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- Fig. 2.9-6. Dpa profiles in the two material test modules.
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specimen capsules is predetermined by engineering the thermal barrier between
the specimen capsule and the heat sink. Individual capsules can be indepen-
dently accessed and are designed to operate at a predetermined temperature
within the range of 350 to 650°C. The total irradiation volume within the
module is 70.6 liters. Table 2.9-7 lists the detailed test module design
values determined during the initial conceptual design.

Neutronics calculations have been performed to determine the specimen
damage profiles and testing capability of the materials testing modules in
blankets #3 and #4. Profiles of the power density resulting from neutron and
gamma heating in the modules have also been determined as they are required
for proper design of the cooling system. The capsules are assumed to consist
of 50 vol.%Z NaK, which is used as a thermal contact material, and 50 vol.% 316
SS, which represents the specimens and capsule structural material. The
module structure is assumed to represent 20% of the module volume and is made
of HT-9. The helium gas coolant occupies the remaining volume of the test
module.

The dpa and helium production profiles in modules #3 and #4 have been ob-
tained from three-dimensional Monte Carlo calculations. These profiles reveal
that the peak dpa and He production rates in the test modules are 10 dpa/FPY
and 120 He appm/FPY, respectively. The dpa rates drop to a value of ~ 1.5
dpa/FPY at the back of the module and the helium production rate drops to ~ 10
He appm/FPY. Figure 2.9-6 shows the dpa profile in one of the capsules.

Finally, the accumulated damage and capsule discharge schedule is given
in Fig. 2.9-7. At the present time only 116 capsules are required and the
potential of module 4 is for 180 capsules. This leaves room for even more
testing capability than that outlined in Table 2.9-6. The materials community
should welcome the additional space and we have no doubt that it will be used.
Finally, the cumulative damage and dpa-+% figure of merit is shown in Fig. 2.9-
8. As stated previously the over 4000 dpa<% product is an indication of the
ultimate usefulness of TASKA-M compared to Tower volume test sources.
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2.10 Maintenance

In order to guarantee sufficient availability of TASKA-M, a maintenance
scheme on the basis of remote handling systems was evaluated. It is
expectedthat all its elements can be designed and provided for operation of
the device in the 1990's.

The major subsystems and components of TASKA-M are categorized into four
general maintenance classes according to their lifetime.

Class 1: Components which have a full lifetime, such as buildings, support
structures, shielding, superconducting magnets.

Class 2: Components with a lifetime of more than 3 full power years, such as
central cell insert, ICRF antennas.

Class 3: Components with a Tifetime of less than 3 full power years such as
ion sources, test blanket inserts, diagnostic equipment, neutral
beam dumps.

Class 4: Parts with a very short lifetime or scheduled operating time such as
samples in materials test blankets. The parts in this class can be
exchanged quickly.

The requirements on the maintenance equipment are essentially posed by
the sizes and weights to be handled and by the radiatioq environment in which
an operation takes place.

The problem of radiation doses can be solved without the use of a
shielded protection containment. It will be sufficient to increase the wall
thickness of the reactor hall as a biological shield and carry out all the
operations inside remotely, if the radiation dose level is unacceptably high
for manned access.

Sizes and weights of parts are given in Table 2.10-1. They are signi-
ficantly reduced in comparison to TASKA, in agreement with the overall ob-
Jjectives of TASKA-M.

In order to minimize machine downtime, maintenance schemes were developed
for Class 2 and 3 components which do not break the vacuum boundary outside of
magnets and shield. An example is given in the following description of the
test blanket maintenance. In order to change Class 1 equipment (such as the
central cell magnet or Yin-Yang magnets), the vacuum boundary must be opened.
This is possible because the vacuum vessel is segmented and joined by bolts

and renewable lip welds.
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Table 2.10-1. Main Components - Estimated Sizes and Removable weights*

Removable

Size (m) Weight (t)
Vacuum chamber (section) 5.5 x 4.5 x 4 17
Breeding test blanket 4.45 x 2.50 x 0.88 35
Central cell coil 5.16 P x1.06 110
High field coil , 3.70 P x2.06 73
Yin-Yang coil 6.5 x 3.2 x 2.95 52
Transition coil 4.05 x 3.85 x 3.45 35
Beam dump 0.65 P x3.5 6
Central cell insert 2.45 ¢ x1.36 38
NC-coil insert 1.95 P x2.1 40

* may include shields, supports, etc.
p = diameter

Maintenance of Blankets. The blankets inside the vacuum chamber face the

plasma directly, thus forming the first wall with their innermost parts.
Besides their replacement according to the maintenance schedule, the exposure
to extreme thermal and radiation loads may necessitate frequent exchange, in
addition to scheduled maintenance. The main operations are:
* breaking the blanket seal,
* removing the blanket,

transporting the blanket to a storage cell or hot cell,
* transporting and installing a new blanket,
* restoring vacuum tightness.

To fulfill the requirements of vacuum tightness, a combination of a
welded joint and a metal gasket is proposed. After first inserting the
blanket, the gasket flange with the gasket is forced against the vacuum
chamber flange by means of flange bolts. This operation can be performed by
tools inside the protection containment. Then the containment can be removed
and the joint can be welded. The metal gasket protects the vacuum chamber
from such impurities as welding vapor and allows tightness checks to be made.
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To break the blanket seal, first the gasket flange is tightened by the
flange bolts, and then the welded joint.is cut. Next the protective contain-
ment is attached to the machine; after unbolting, the blanket can be with-
drawn. ‘

Various methods of blanket handling were investigated in previous
studies. The use of roller rails permanently installed on the blanket or in
the vacuum chamber is critical because of lubricant in the vacuum. One method
could be the use of roller chains. To remove the blanket, a pair of chains is
introduced through blanket openings normally closed. Then the guide track for
the chain mounted at the bottom of the vacuum chamber is mechanically 1lifted
from the outside and the blanket can be withdrawn. ,

Flasks can be used to transport blankets. Because of the high radiation
level of blankets after an operating time of 2 or 3 full power years, the
shielding would have to be very thick to permit access of the personnel during
transport. Therefore, remotely controlled transport in less shielded trans-
port flasks is preferred. The transport flasks can simultaneously serve ds a
protective containment. For this purpose, the transport flask is attached
directly to the machine (Fig. 2.10-1). Double covers close the machine and
the flask; tools and devices for sealing the blanket opening as well as ex-
change equipment are integrated. Consequently, the transport flask is large,
heavy and also quite expensive. If more than one flask is used all transport
flasks must be fully equipped for the exchange of blankets. As an alter-
native, a transfer unit may be set up between the machine and the transport
flask. It contains all the exchange equipment and is equipped with double
covers at each end.  The unit remains attached to the machine during the

blanket exchange.

2.11 Costs
2.11.1 Direct Costs

The costing format for TASKA-M follows that established for INTOR. The
unit costs and cost algorithms were obtained from INTOR (FEDC-M-81-062), PNL-
2987, ORNL and Westinghouse document (WFPS-TN-057) and the recent detailed
costing of TDF. A summary of the total direct costs is given in Table 2.11-1.

In addition to the direct costs, certain percentages for indirect costs
such as engineering, assembly and contingency have to be included. As an
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Table 2.11-1. Summary of Accounts

$ x 100

1.1 Vacuum tank blanket/shield 21.27
1.2 Magnets 58.70
1.3 Plasma heating 91.12
Support Systems
2.1 Electrical 31.00
2.2 Auxiliary coofing 16.36
2.3 Instrumentation and control 25,00
2.4  Fuel handling ' 22.74
2.5 Maintenance equipment 19.66
2.6 Heat transport 12.45
2.7 Reactor vacuum 16.37
2.8 Radwaste treatment 3.00
2.9  Thermal dumps 0.54
2.10 Reactor support structure 7.50
2.11 Special Materials 2.40
2.12 Miscellaneous plant 10.00
3.0 Buildings 67.27

| Total Diréct Costs 405.38

example, in INTOR, these consisted of 45%Z and 15% of the direct costs for
engineering and assembly respectively, and 30% of the direct and indirect
costs for contingency.

2.11.2 Operatiﬁg Costs

The operating costs for TASKA-M consist of operation and maintenance,.
tritium costs and power costs. Tritium costs are based on the annual burnup
and the decay. Power requirements are estimated at 166 MWe during operation
and 12 MWe during downtime. The availability for TASKA-M is the same as in
INTOR- with the final (50% availability) period extended from 15 to 20 years.

The levelized annual operating cost for the 20 years is $42.8 x 109, The
total tritium costs over the 20 year life of the plant would be 30 million
dollars or a levelized cost of ~ 1.5 million dollars per year.
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In either case, on the basis of capital costs or operating costs, TASKA-M
is well within the capability of any major fusion research program or it could
be built and/or operated as part of an international collaborative effort.
2.11.3 Comparison to Other Test Facilities '

A final comparison of TASKA-M can be made to other recent test reactor
proposals. Figure 2.11-1 graphically displays the quoted direct costs of 3
tokamak test facilities (INTOR, FED, and TFCX-S) and 3 tandem mirror test
facilities (TASKA, TDF and TASKA-M). Also quoted on the figure is the year
the cost estimates were made (1981-1983) and the cumulative maximum neutron
fluence to the test modules in Mw-y/m2 (0.01-10). It can be seen that the
tandem mirrors and tokamaks separate into two categories. Progressing from
TFCX-S at 230 MW and 530 M$ one notes that only 0.01 Mw-y/m2 of neutron
fluence is expected over the lifetime of the device. The FED device increased
the neutron exposure by a factor of 10 to 0.1 Mw-y/mz but the direct cost in
1981 § exceeded 1 billion dollars. To get a respectable neutron fluence (3
Mw—y/mz) the INTOR device direct cost exceeded 1.4 billion dollars.

On the other hand, Fig. 2.11-1 demonstrates that tandem mirror facilities
could achieve rather high neutron fluence levels (7-10 Mw-y/mz) at direct
costs of 400-800 million dollars. The main differeﬁce between TASKA-M and
TASKA is the inclusion of the thermal barrier. While such a design is more
reactor relevant, one must examine whether or not it is worth the extra 400
million dollars in the test phase of the fusion program. The final point of
note in Fig. 2.11-1 is that the total DT power of the tandem mirror can be
made quite small, reducing the problems of handling tritium, thermal power and
large reactor components. It also relieves the necessity of breeding tritium
for continued plant operation.
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3. PLASMA PHYSICS
3.1 Introduction
The basic configuration of TASKA-M consists of an axisymmetric central

cell and two yin-yang end cells, as shown in Fig. 3.1-1. The central cell
contains hot, magnetically trapped deuterium and tritium ions which react via
fusion to produce 14.1 MeV neutrons and 3.5 MeV alpha particles. The hot D
and T ion population in the central cell is sustained by injection of ener-
getic neutral beams which are trapped by impact ionization and charge ex-
change. These neutral beams are injected at an angle to the magnetic field in
order to produce a so-called "sloshing ion plasma"; the hot ion density peaks
away from the central cell midplane. This produces an electrostatic potential
well at the central cell midplane; this potential well traps warm ions which
are provided by a low energy neutral beam. The warm ions fill the loss-cone
of the hot ions and thereby provide microstability of the central cell plasma.

In order to provide a sufficiently déep electrostatic well and to mini-
mize the effect of electron drag on the hot ions, the electrons are heated by
RF power. Rather than use electron cyclotron resonance heating (ECRH) which
would require very high frequency gyrotrons because of the high magnetic field
strength, we propose to heat the electrons using Landau damping of ion cyclo-
tron waves. These waves are generatedvby antennas which are driven with RF
power at frequencies in the jon cyclotron range. Electron heating is dis-
cussed in Chapter 6.

The yin-yang end cells have the sole purpose of providing plasma in a
magnetic field with good curvature and thereby provide MHD stability for the
entire plasma. Consequently they are called "anchors." Unlike a usual tandem
mirror, they do not provide any plugging of the axial loss from the central
cell. Since the plasma in the anchor cells is also mirror-confined, the
neutral beams sustaining this plasma are also injected at an angle to produce
a sloshing-ion plasma and electrostatic well. Trapping of warm plasma in this
electrostatic well fills in the loss-cone distribution of the hot ions and
provides for microstability of the anchor plasma. Good connection between the
central cell and anchor plasma is required in order to assure both MHD sta-
bility and trapped particle stability of TASKA-M. This requires feeding gas
into the transition region between the central cell and anchor in order to
maintain a sufficient plasma density there. This plasma is electrostatically
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Fig. 3.1-1. The TASKA-M configuration and the magnetic and potential
profiles.
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contained by the anchor; some of it can scatter into the electrostatic well in
the anchor. This is the source of the warm plasma required to maintain micro-
stability of the anchor plasma.

The basic configuration of TASKA-M therefore consists of three separate
mirror-confined plasmas; a central cell and two anchors. Unlike usual tandem
mirrors, electrostatic confinement of the dominant plasma components is not
utilized. An electrostatic potential is used only to trap a warm plasma which
is roughly 10% of the total density. The plasma in each cell is separately
microstable, but the connection of the three plasmas is required for overall
MHD stability. Electron heating in the central cell is assumed to heat all
electrons because of good electron thermal transport along the magnetic field.
The central cell plasma is 50:50 deuterium-tritium and therefore provides the
neutrons for the test modules; the anchor cell plasmas are essentially 100%
deuterium and therefore generate few neutrons. This reduces the shielding
required for the yin-yang magnets and transition magnet.

The TASKA-M configuration makes considerable use of sloshing-ions to
generate electrostatic wells and trap warm plasma for microstability. A
sloshing-ion plasma has been produced in TMX-Upgrade(l) and the assoéiated
improved microstability has been observed. Direct electron heating by Landau
damping of ion cyclotron waves has not been attempted, although the effect is
well-founded in theory. Experimental observations of electron heating by RF
in the TFR(2) tokamak have been interpreted as due to Landau damping. Backup
options for electron heating are ECRH in the transition region or electron
Landau damping of lower hybrid waves.

Finally, it should be noted that the TASKA-M configuration does not
contain a thermal barrier. The reason for this is two-fold. First, a thermal
barrier has not yet been produced (as of the writing of this report) and it
was our desire to keep the physics as simple as possible and to minimize the
extrapolation from the present data base. Second, neutral beam pumping of the
thermal barrier in TASKA(3) presented considerable complications and expense.
It was our objective in TASKA-M to minimize the cost. Recently, ideas con-
cerning drift pumping(4) of thermal barriers have emerged. These, however,
are untested experimentally and are not completely evaluated from the point of
view of theory. Consequently, to incorporate a thermal barrier based on drift
orbit pumping would be inconsistent with our physics philosophy.
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In the following sections of this chapter we present the detailed physics

analysis of TASKA-M. These include the power balance model (Section 3.2) and
the design point chosen using this model (Section 3.3), Fokker-Planck calcu-
lations of the sloshing-ion plasma (Section 3.4), MHD stability (Section 3.5),
central cell microstability (Section 3.6), trapped particle stability (Section
3.7), and the halo plasma (Section 3.8) surrounding the hot plasma. Finally,
in Section 3.9, we present some work on the startup of the TASKA-M plasma.
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3.2 Power Balance of TASKA-M
- The basic performance of TASKA-M has been calculated using a zero-
dimensional model for the power and particle balance of the plasma. It treats

two distinct regions of the machine (central cell and anchor) and includes
power and particle flows required to sustain the various hot ion, warm ion,
and electron species. A zero-dimensional model was chosen for this study
since, in addition to being tractable, it permits quick solution of the system
of equations and is therefore well-suited to design studies. This approach
requires some approximaticns; these will be discussed where appropriate. All
formulas are written in SI units except certain selected formulas which are
written in plasma engineering units (cm, keV, tesla, s, except that power is
measured in MW and neutron wall loading in Mw/mz). These are noted where they
occur, |

3.2.1 General Considerations

There is assumed to be one electron population with density n,. at the
midplane of the central cell and density ngp at the midplane of the anchor.
The electron temperature, T,, is assumed to be the same in both regions. The
four ion species are: (1) hot, magnetically trapped in the central cell (ny,
Ehe)s (2) warm, electrostatically trapped in the central cell (ny., Eyc)s
(3) hot, magnetically trapped in the anchor (nyp, Epp)s and (4) warm, electro-
statically trapped in the anchor (n s, E,a). Here E refers to the mean ion
energy and not the temperature, and n is the corresponding density.

The radial density profile of each species is assumed to be

n(r) = n(0)(1 - (r/a)™) (3.2-1)

where n(0) is the on-axis density and a is the plasma radius. The profile
exponent, m, is taken to be three in this work. The mean ion energy and
electron temperature is assumed to be independent of radius up to the plasma
edge. These profiles are assumptions which need to be checked by either
experiment or detailed radial beam deposition and plasma transport calcu-
lations., They are qualitatively in agreement with experiments so far. Conse-
quently the pressure profile, p(r), is the same as the density profile and the
fusion power density varies only as n2(r). Finite B corrections to the mag-
netic field strength are calculated using the "long-thin" approximation:
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2 .
Egéfl-+ p(r) = constant .

0
Because of the radial variation of B(r) and the axial variation of g =
p/(Bz/Zuo), the axial mirror ratio is a function of radius. In evaluating the
confinement time of mirror-trapped ions, the mirror ratio calculated using the
radial-averaged 8 is used. The radial-averaged B is given by

a
4ru T [ nlr) rdr

<> = 0 = BOIm

1TaZBZ m+ 2

(3.2-2)

where m is the profile exponent and g(0) is the on-axis B.

A quantity appearing in many of the equations is the volume average of
the square of the plasma density. We assume the density n(r,z) can be written
as a separable function of r and z:

n(r,z) = n(0,0)(1 - (r/a)M f(z) . (3.2-3)
a
Thus [ of a0 =n?0,0) [ 2t - (D) ar [ dz F(2)
0

We define the effective volume, Vp, such that

[ n® &V = n’(0,0) v . (3.2-4)

‘ _ 2 m

[ dz f(2) . (3.2-5)

The axial density profile is normalized such that f(0) = 1. We can also

define an effective plasma length, Lp, by

L, = f (2) . (3.2-6)
For a sloshing ion plasma, f(z) rises above unity at the density peaks. 1In
this case Lp can be longer than the physical length of the plasma. In the
following sections, we drop the argument (0,0) and let n represent the on-axis

density at the midplane.
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3.2.2 Central Cell Ions
Hot ions in the central cell are produced by ionization and trapping of

the high energy neutral beams injected into the central cell. A low energy
beam is also injected in order to produce a population of warm ions filling
the loss-cone of the hot ions and thereby providing microstability. Both
neutral beams interact with both the hot and warm components of the plasma by
charge exchange, as well as by ion and electron impact ionization. Conse-
quently, hot and warm charge exchange neutrals are generated; these have a
finite probability of escaping from the plasma. Pitch angle scattering and
energy diffusion also cause hot and warm ions to become untrapped and escape
axially.

Let Ny, and n,p be the density of hot and warm beam neutrals, respective-
ly, in the plasma. Also, let Vp be the volume in which the beams interact
with the plasma. Then, particle conservation on the hot ion component gives

2
n; vV
Hc "Hc _ H H H H
TFFTE; i neanbe(<°V>e ¥ <°V>i) ¥ nwc"Hbe<OV>cx
| (3.2-7)
H H H W H -H
Me Hbvb<°V> (1- fe) - annwab<°V>cxfe :

The left side is the axial loss of hot ijons; (nr)Hc is the confinement product
of the hot jons and is discussed later. The first term on the right side is
the source due to electron and ion impact ionization of the high energy
neutral beam. The second term is the source of hot ions due to charge ex-
change of the high energy beam with the warm plasma. The third term is the
hot ion source due to charge exchange of the high energy beam with the hot

H of the hot charge exchange neutrals escapes the plasma and

jons; a fraction f
a fraction (1 - f ) is re-ionized before escaping. The fourth term is the
loss of hot ions because of charge exchange of hot ions with the warm beam in-
jected into the plasma. In Eq. (3.2-7) and elsewhere, <ov>g, <ov>y, <oV,
are the rate coefficients for electron and ion impact ionization, and charge
exchange, respectively. The superscript H or w denotes the mean energy at

which <ov>; and <ov>., are evaluated.
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Particle conservation for the warm ion component gives

2
n_ VvV n,.n
WC WC Hc “we _ W W W W "
{nt) nt) we necnwbvb<ov>e + "wcnwbvb<°v>i + an"wab<°V>i

WC wHc

(3.2-8)
Wl (1 - ¢ W, . H H o How
+ nwcnwbvb<ov>cx(l - fe) g Vp<ov - D i <V o Vi e -

The first term on the left represents the loss of warm ions due to Coulomb
collisions among themselves. Since these ions are trapped in an electrostatic
well, the confinement product, (nr)wc, is calculated using the Pastukhov
formula; this is discussed in a later section. The second term on the left is
the loss of warm ions due to Coulomb collisions of warm ions with hot ions;
(nr)ch is the appropriate confinement product for this process. The first,
second, and third terms on the right are the sources due to electron, warm
ion, and hot ion impact ionization of the warm neutral beam, respectively.

The fourth term is the source due to charge exchange between the warm neutral
beam and the warm plasma; a fraction fg of the warm charge exchange neutrals
escapes before re-ionization. The fifth term is the warm ion source due to
charge exchange of the warm neutral beam with the hot ions. The last term is
the loss which occurs when warm plasma charge exchanges with the high energy
neutral beam.

The neutral atom densities, ny and ng, in the beams are obtained from
the trapping rates of the neutral beams. Let Iy and I, be the injected cur-
rents of the high and low energy neutral beams, respectively, and fﬂ and fz be
the corresponding fraction of the incident currents that are trapped (i.e.,
interact with the plasma). Then

H . H H H
Ihfe = eneanbe[<ov>e t <oy + <ov>cx] (3.2-9)

W o_ W w W
wat - enwbvb["ec<°V>e ¥ nwc<°V>1' * nwc<OV>cx
(3.2-10)

H H
*ony <owy ¥ an<ov>cx] .
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Using Eqs. 3.2-9 and 3.2-10, we can eliminate ny,Vy and nVy from Eqs. 3.2-7

and 3.2-8. This gives us two equations for the injection currents Iy and I,

required to sustain the plasma. These equations can be solved to yield

b, - a,,b

H 4221 ~ 21272
Iyfy = 0y (gt 3

aysb, - an4b

W 11°2 ~ 82101
wat B eDw det a

where the elements of the matrix a are
411

_ H H
412 © '"Hc<°V>cxfe

H oW
cxfe

- <agvd>
a1 Nwe av

Hc

* nHc<°V>2x

The elements of the vector b are

2
b. = MV he
1 lnTiH

c

2
n-_V n,. n V
b, = WC wWc | Hc 'wc wc

2 (nr)wc (nT)ch

The coefficients Dy and D, are

D, =n

H H
<ogy> + <gw + <gy>
H v e v cX v cx)

ec!
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nec e WC 1 n v 1 wC CX( . fe)
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D, = Ngc <oV +\"we(<ov>zx + <ov>¥) + nHC(<ov>‘|':|X + <cv>?) . (3.2-20)
Equations 3.2-11 to 3.2-20 are sufficient to determine the required currents
of the high and low energy neutral beams.

In addition to the various particle source and loss terms, we have to
consider energy sources and sinks as well. A power balance on the hot ion
component’ gives | '

1 2 H H
T " FilaVhe * Mec HbeEHb(<°V>e Yooyt <cv>cx)

2
v, E

MHe' HeFout H H H .H

Tt e bV exetHe * MHeMubY b <OV exf eFre (3.2-21)

c c
nHc"eHch(EHc - 1.5 Te) * Ir'Hc\’HwVwc(EHc - Ewc) ’

The first term is the alpha power deposited in the hot ions; Q, is the energy
of the fusion born d]pha particles and fi is the fraction of this energy going
to the ions, f; = 1-0.91 exp(-Te/102), where T, is in keV. The second term
on the left is the power deposited by the high energy beam in the hot ions due
to ionization and charge exchange of the beam. The energy Epy is not the full
energy component, but a mean energy which takes into account the current in
the one-half and one-third energy components of the beam. The first term on
the right is the power carried by ions escaping axially; they leave with mean
energy E, ¢- The second and third terms represent the loss due to charge ex-
change of the hot plasma with the hot and warm neutral beams. The charge ex-
change neutrals are assumed to have the mean hot plasma energy, TP and an
escape probability fH The fourth term is the cooling of the hot plasma by
electron drag and the fifth term is the cooling by the drag of the hot ion
component on the warm ion component.

A power balance on the warm plasma yields
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W W H H
Mo MubVbEwb <V e * nwcnwabEwb(<°V>i + <ov>cx) + annWbeEwb(<°V>1 + <ov>cx)

_ H W W W
- nwanbeEwc<°V>cxfe * nwcnwabEwc<°v>cxfe (3.2-22)
”5c nwanc 2 C
((nr)wc (nr)ch) Vwc(Aq’wc 3 Ewc) " M Vel 18 Te - Eye) Ve

C
wanchwvwc(EHc - Ewc)

-n .
The terms on the left side of Eq. 3.2-22 represent the power deposited in the
warm ions by the Tow energy neutral beam; deposition occurs by ionization and
charge exchange processes with both the warm and hot plasma components. The
first two terms on the right are the power losses due to the escape of warm
charge exchange neutrals; these are created by charge exchange of the warm
plasma with the high energy and low energy neutral beams, respectively. The
third term is the energy carried out by warm ions upscattering in energy and
escaping the confining potential well. 4¢,. is the potential confining the
warm ions. The fourth and fifth terms represent the heating of the warm
plasma by Coulomb collisions with electrons and hot ions, respectively.

The neutral beam intensities, ny,Vy and nypVp, in Eqs. 3.2-21 and 3.2-22
can be eliminated using Eq. 3.2-9 and 3.2-10. The resulting equations can
then be used to solve for either the mean ion energies, Eyc or E, e for given
neutral beam injection energies, or solved for the required injection energies
to sustain given mean ion energies.

The (nt)yc product of the hot sloshing ion plasma component is calculated
using the Logan-Rensink model{1) but with the coefficients modified by fitting
the (nt)yc and mean ion energy, Ey., to Fokker-Planck code calculations for
the sloshing ions for parameters in the range expected for TASKA-M. Thus, we

write
1/2
In Ai(mD/mi) In A (m,/ms) M 1
(nt),. = [ + (1 - )t (3.2-23)
He  “¢ E3/¢ 10g, . R 1053 5% 10 (6, LB L) 2By
1%inj %910 Reff e inj/ Fout

3.2-7



where Einj is the full energy component of the injected beam, Tn A; and In Ay
are the Coulomb logarithms for ion and electron scattering, respectively, my
and my are the proton and deuteron masses, respectively, m; is the ion mass,
and C; is a coefficient to be determined. Equation 3.2-23 is written in
plasma engineering units. Rgef in Eq. 3.2-23 is the effective mirror ratio
and is defined as

R sinZe,

- m inj . _oay
Rett = T+ (8, = #,)/Fin; (3.2-24)

where Ry is the beta-corrected mirror ratio

Roe_2

" B T- By
Binj is the injection angle, ¢, is the potential at the central cell midplane,
and ¢ is the potential at the mirror throat. We define a cutoff energy

¢, - ¢
fo = . | (3.2-25)
Rm sin einj -1
Then the mean ijon escape energy is given by
R
(Einj tEe ?g)
EOut = . (3.2-26)
i
(1+ ;g)

where t;/14, the ratio of the ion collision time to the electron drag time, is

given by

R (Einj)3/2 10915 (Rege) I Aei)gfg)1/2
Td 2 Te In (E1nJ/E0ut) In A1 mi
Co is a second adjustable constant. The coefficients C; and Co are obtained
by fitting the (nt)y. confinement product and mean energy Ej. to Fokker-Planck

(3.2-27)

results, as described in Section 3.4. The values chosen are

C, = 1.4 x 1012 s/cm3/(kev)3/2
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and C2 = 0.055 .

The warm jon confinement product (nt) c 1s simply the Pastukhov(z)

formula as corrected and expanded by Cohen 3)
3.51 x 101! g3/2 o 1p b6 ap. . GIR /2)
(M) = —Trr—— G e ) iy (3.2-28)
i H wC WC we' "¢
in plasma engineering units, where
111/2
1+2)7/c+1
il 1,1/2 ( X
G(x) = (1 +2)7%n | ], (3.2-29)
s X (1 n _)1?)1/2 -1
1 +.§
Hx) = — (3.2-30)
1+ %—

and R, is the mirror ratio between the midplane of the central cell and the
turning point of the sloshing ions,

_ 1
Ry = 72— - (3.2-31)
sin~e, .
inj
The confinement product (nt), . is the effect of Coulomb collisions be-
tween the warm ions and the hot ions on the l1oss rate of the warm ions. For

this nt we use

EHc)3/2

(nT)ch - (nT)wc (E;:

(3.2-32)

since the relative speed between the warm and hot ions is determined primarily
by the hot ion energy.

The rate of cooling of the hot ions by collisional exchange of energy
c

with the electrons is determined by the coefficient Vel

which in plasma engi-
neering units is given by

-13
1.03 x 10 n_In A, m
- B . (3.2-33)

T i
e

c
v =

eH
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The same expression is also used for Vew

electrons and warm ions. For the energy transfer between hot and warm ions,

, the collisional transfer between the

we use

-12
c 4.4 x 10 e In Ai

\) - .
Hw m, m, E (3.2-34)
i Hcy1.5

(2 mH)(EHc m, Yz )

The warm plasma is taken to be pure deuterium, whereas the hot plasma is a
50:50 mixture of deuterium and tritium. Thus we take m;/my = 2.5.
3.2.3 Hot and Warm Ions in the Anchor

The same considerations app]y"to the ions in the anchor as to the central
cell ions. The one exception to this is the ion population in the transition
region; these ions are electrostatically contained by the anchor potential
relative to the transition region. Upon being detrapped by Coulomb collisions
they pass through the anchor with low velocity on their way out of the
machine. Since they "dribble" through the anchor, they have a reasonable
probability of being trapped in the anchor; this trapping process provides a
source of warm plasma for the anchor. For this reason, we do not use a low

energy neutral beam in the anchor to provide warm plasma. The only beam in-
jected into the anchor is the high energy sloshing ion beam. With this
change, the analysis in Section 3.2.2 for the central cell ions also applies
to the anchor ions. The same basic formulae are used for the various nt's and
Eout in the particle and energy conservation equations.
3.2.4 Electrostatic Potential

Since the electrons are taken to be Maxwellian along magnetic field
lines, the potential differences between various points in the plasma is ob-
tained by the Boltzmann relation

where ¢ and Te are measured in the same units. This relationship is used to
determine the potential profile in the central cell and anchor assuming a
starting value, ¢,, for the potential at the midplane of the central cell
relative to the end wall; we take the end wall potential to be zero heré, al-
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though its value is arbitrary. The potential e is found by assuming ambi-
po1ar{ty of the particle fluxes to the end walls. Since only the net flux and
not the axial flux is required to be ambipolar, this assumption is based on
another assumption -- either the radial particle loss is separately ambipotlar
or that it is negligible compared with the axial loss. In TASKA-M, most of
the particles are contained in the central cell, which is axisymmetric.
Hence, we do not expect an enhanced ion radial loss due to non-axisymmetric
effects for these particles. Furthermore, the jon distribution is sloshing
and therefore poorly confined against pitch angle scattering leading to axial
loss. Consequently we expect the axial loss to dominate over the radial loss.
The MHD anchor is a yin-yang configuration and therefore is not axisymmetric,
but has a quadrupole component. The drift surfaces of trapped ions, however,
coincide with the flux surfaces, at least to lowest order. Consequently, a
large radial loss is not anticipated. The axial loss should dominate because
the ions are only mirror-confined in a modest mirror ratio and have a sloshing
distribution.

For the above reasons, we consider only axial losses in the ambipolarity
condition determining the potential ¢,. Equating the electron current to the
ion current at the end wall gives the equation

n2 ) n2 n,.n n2 ) n2 n..n
Hc " He WC Hc 'wc HA HA wA wA HA
+ + )V o+ 2 + 2 + )V
ThT)HC (nr)wC (nT)ch WC ‘nT;HA (nT)wA (nT)WHA wA
2 (3.2-35)
/ ng dv
- (nr}e
where the integral is over the entire plasma. We take
2 _ 2 2
I Ne v = nHcVHc * 2nHAVHA * nwc(nwc ¥ 2nHc)vwc
(3.2-36)

2 ang * 20 Wy

For the electron confinement product (nt), we use the Pastukhov formula,
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4.09 x 107 T ¢ ¢ . G(Ry)
_ e e e m
(nt)g = Th Ay (T;) exp Lf;) (1,74, (3.2-37)

where Ry is the beta-corrected mirror ratio in the central cell, and G and I
are defined in Eqs. 3.2-29 and 3.2-30. Equation 3.2-35 gives us a trans-
cendental equation for ¢,. Alpha particles are neglected since their current
is small compared with the other currents.

3.2.5 Electron Power Balance

The remaining consideration in the power balance model is the electron
power balance. This determines the amount of electron heating, Pg, required
to maintain a given electron temperature. This gives the result

2 2
_ / ne dv ‘ Mc c

Pe tnrje (¢e * Te) + Px S VHc<°V>anfe - anveH(EHc - L5 Te)VHc

A o -
- 20 o (B = 1.5 TV = n VoL (E - 1.5 TV, (3.2-38)
VA E S 1.5 TV
wA "eH ' "wA ° e’ "wA °

The first term on the right of Eq. 3.2-38 is the power carried by the axial
electron 1055; the electrons are assumed to carry energy (¢ + Te) as they
lTeave the plasma. P, is the bremsstrahlung radiation; the third term is the
alpha heating power transferred to the electrons. We take

fo = 0.88 exp(-T,/67.4) , (3.2-39)

where T, is in keV, as the fraction going to the electrons. The remaining
term in Eq. (3.2-38) is the collisional energy transfer between the electrons
and the various ion species.

3.2.6 Neutral Beam Trapping Fraction

The trapping fraction, f., is defined as that fraction of the incident
neutral atoms in the beam which upon hitting the plasma, are either ionized or
undergo charge exchange with the plasma ions. The shine-through fraction, f,
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is that fraction which traverses the plasma without interaction. Thus
fo + fg = 1 in our definitions. If the beam were a pencil beam (i.e., zero
transverse size) then we would get

n(s)<cv>T

f,=1-exp {-f ds}

Yb

where the integral is along the beam path, <ov>p is the total rate coeffi-
cient, and vy is the beam velocity. Realistic neutral beams for mirror de-
vices, however, have beam dimensions on the order of the plasma size and thus
the trapping fraction along different "beamlets" varies greatly. We have to
consider the finite beam and plasma size to get an accurate estimate of the
net trapping fraction.

We assume that the plasma is cylindrical with a radial density profile

n= no(l - (r/a)m) s r<a

and is uniform in z, the cylindrical axis, at least over the section inter-
cepted by the beam. The beam axis is assumed to be in the x-z plane and to
intercept the z-axis at an angle 6; 6 = /2 corresponds to normal incidence.
The incident beam is assumed to have negligible angular divergence at the
plasma, but a finite extent in the plane perpendicular to its axis. Consider
an infinitesimal beamlet at height y and axial coordinate z at the midplane

(x = 0). Al such beamlets see the same plasma over their path length and
hence have the same trapping fraction. Thus we can write the beamlet trapping
fraction as

1 VT ik
fey) =1 -exp {- [ nlxy) T?i‘n—é}
X1

where the integral along the beam path has been transformed to an integral
over x; the limits tx; are given by

X
1 a
Now {7 only) dx=2 [ alr) Ear = 1(y)
-X y
1
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| Y‘ - y

since ré = x2 + y2. We let u = r/a, U, = y/a and use the radial profile for

d dx=£=
an ar X

n(r) to get

1
I{y) = 2n am / y™1 /u2 - ui du ,

Yo

after integrating by parts. This can be evaluated analytically, but there is
no single form for all m. We let

2n_am

Hy) = ﬁ_g_f In{ug)

i
where I,=(m+1) f ™12 ug du .

Yo

In js tabulated in Table 3.2-1 for m = 2, 3, 4.
The trapping fraction of an individual beamlet at height y is thus

- m
foly) =1 - exp (-aIm Qif;—r)) (3.2-40)
here .- 2noa<ov>T
ere. vV, sin 6

We now integrate over the beam cross section to get the net trapping
fraction. Let (x',y') be Cartesian coordinates in the plane perpendicular to
the beam axis, with y' =y, and integrate the beam current density over x' to

get
Iy) = [ J(x",y") dx'

As a model, we take
2
Joe-(Y/X) , ly] < a

Iy) = {
0 ’ '.Y|>A'
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Table 3.2-1. The Function I.(u,)

m Im(uo)

2 (1 - w2

3 (1 - u2)3/2 +_;§ (1 - V2 ;; n e ﬁi:jjig)
s (1- 052 4502 (1 - uR)Y?

The beam is to be collimated at a height A. The net trapping fraction is then

Ymax 2
f 7 ay e r ()

£ =9 3.2-42
t IA dy e-(y/x)2 ( )
0

where yo.x is the lesser of A and a. The integral to evaluate f has to be
done numerically and depends on the choice for m and a/A. Figure 3.2-1 shows
fi versus o for m = 3 and various values of a/A. In the TASKA-M power balance
code we usem = 3 and X = 0.8a to get the trapping fraction of the various
neutral beams.
3.2.7 Neutron Wall Loading

The neutron wall loading is nonuniform axially because of the density
profile of the hot ions in the central cell. A simple estimate of the local
wall 1oéding, r(z), can be gotten using the long-thin approximation:

Il(z):nac(z)<crv>1,Qnr§(z)
8r,(z)

where rp(z) is the local plasma radius, r,(z) is the local wall radius, <ov>¢
is the D-T fusion reaction rate, and Q, = 14.1 MeV, TASKA-M is defined so
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Fig. 3.2-1. The trapping fraction as a function of the absorption coef-
ficient, a, for various neutral beam widths, A. Also shown is
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that r,(z) is greater than rp(z) by one gyrodiameter of a 3.5 MeV alpha parti-
cle; this avoids direct bombardment of the first wall by energetic alpha
particles.

The above estimate for the local wall loading overestimates the peak wall
loading by about 20%. This is because the long-thin approximation fails near
the peak; the wall radius is comparable to the axial extent of the peak. Con-
sequently, a more accurate expression for the local wall loading has been de-
veloped. The plasma is assumed to be a line source at r = 0 which emits Q(zo)
neutrons isotropically per unit length per second at the source point z = z,.
The number of neutrons emitted at z, and passing through an annular ring at z
is then

dN = Q(z,) dz, %%

where dQ is the solid angle subtended by the ring; see Fig. 3.2-2. Now, the
incremental wall loading at z due to the source at z, is

dN Qz,) dzda

Ir =35 % "~ ax —

2nr dz, R d6 = sin 8 dz, and R = ré + (z - 20)2.

where d@ = 27 sin 6 do, dA
Thus

dr(z) r az,) dz_ Q
Z = Y4
[r2 + (z - 20)2]3/2 A 0

n .

Integrating over the line source gives

g a(z,) @
r(z) = X2 17 g, ol n . (3.2-43)
The source strength is simply
2
n, (z.)
Q(zo) = _HEE_O_ <ov>fnr§(zo) . (3.2-44)

This allows us to compute a better approximation for the local wall loading.
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Fig. 3.2-2. Notation for computing the wall loading of a nonuniform line
source.
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The neutron source strength Q(z,) is also used in the neutronics calculations
in Chapter 5.
3.2.8 Structure of the Power Balance Code

The power balance code solves the relevant equations in Sections 3.2.1-
3.2.6 for a solution consistent with the objectives of TASKA-M. The input
data are of three types. First, there are the machine parameters: vacuum

magnetic field everywhere, energy and injection angle of the high energy
central cell beams, injection angle of the anchor beams, species of the vari-
ous injected particles. Second, there are plasma parameters: electron
temperature; beta in the central cell and in the anchor; the ratio of the po-
tential of the anchor, ¢, to the central cell potential, ¢, (this determines
the anchor density relative to the central cell density). Finally, we have
various parameters which are obtained or inferred from other codes. The
bounce-average Fokker-Planck code yields values for the density ratio,
nH(z)/nh(O), of the sloshing ions in the central cell and anchor. This, com-
bined with the magnetic field profile, yields the effective length of the hot
and warm ion species. A neutral atom transport code gives estimates for the
escape probability fg of the hot neutrals.

The neutron wall loading at the midplane of the central cell is also
input data. The code then solves in an iterative fashion for the plasma
density, plasma radius, and wall radius to yield this wall loading consistent
with the other input data. The warm plasma required for microstability is
evaluated self-consistently using the analysis described in Section 3.6.4. A
rough flow diagram of the power balance code is shown in Fig. 3.2-3. The
final convergence test is that all iteration loops between points 1 and 4 be
passed on the first try with an error criteria of 10-3 since the last time
point 1 was reached.
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Fig. 3.2-3. Flow diagram of the power balance code.
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3.3 The TASKA-M Design Point
The power balance model described in Section 3.2 was used to compute the

required plasma parameters, neutral beam powers, and electron heating power to
achieve a given neutron wall loading at the midplane of the central cell.

With this code, one can perform a series of parametric calculations to "opti-
mize" the TASKA-M parameters. In addition to minimizing the injected power
for a given magnetic field and neutron wall loading, one has to consider other
aspects of the design point. For example, there are limitations on how much
neutral beam power can be injected through a single beam line, or how much RF
power can be applied to a sinéTe antenna. The number of beam lines and
antennas is limited by the space available. One also needs to retain suffi-
cient space (with good access) for blanket and materials test modules. There
are also plasma physics considerations not incorporated into the power balance
model; these are usually checked after some possible design points are se-
lected for more detailed examination. These include MHD interchange stability
criteria, Fokker-Planck calculations of the sloshing-ion plasma, microstabili-
ty of the mirror-confined ions, and trapped particle stability. These con-
siderations may suggest changes in the plasma parameters; the process is then
iterated again.

The above process was used to "zero-in" on the TASKA-M design point se-
lected. First we give the details for this design point and then present re-
sults in which some of the design parameters are varied. Table 3.3-1 lists
the main machine and power parameters of TASKA-M. Table 3.3-2 presents the
main plasma physics parameters, and Table 3.3-3 lists the neutral beam and RF
heating parameters. The neutron wall loading is 0.7 Mw/m2 at the central cell
midplane and rises to a peak value of 1.3 Mw/m2 at the density maximum; the
wall loading profile is shown in Fig. 3.3-1. This is calculated using Eq.
3.2-43 and assuming the local wall radius follows the local plasma radius with
a separation of 2 alpha particle gyroradii. The actual first wall radius of
the machine is somewhat different for construction simplicity, and hence the
~wall loading used in the neutronics analysis is different in some regions.
Shown in Fig. 3.3-2 is the effect of varying the wall loading; other design
parameters (e.g., B, magnetic fields, neutral beam injection energy, etc., are
held constant). We see a sﬁarp rise in the injected power and the electron
heating power with increasing wall loading. In this parametric variation, the
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Table 3.3-1. TASKA-M General Parameters

Neutron Wall Loading

Central cell midplane (at 0.25 m radius)

Central cell maximum

Fusion Power

Magnetic Fields

Central cell - midplane
Central cell - maximum
Transition region - minimum
Anchor - midplane

Anchor - maximum

Central Cell Dimensions

Length between magnetic field peaks
Length between density peaks
Wall radius in the test zone

Anchor Dimensions

Length between magnetic field peaks
Length between density peaks

Wall radius - midplane

3.3-2

0.7 MW/m2
1.3 MW/m2

6.8 MW

4.2 T
17.5 T
2.2 T
10T
2.7 1

5.5 m
3.4m
0.22-0.25 m

5.4 m

3.4 m

0.37 m



Table 3.3-2. TASKA-M Plasma Parameters*

Central Cell

3.3-3

* spatially dependent parameters are given on-axis at the midplane.

On-axis B 0.50
Radially-averaged B 0.30
Electron temperature 14 keV
Hot ion density 3.3 x 1014 em™3
Hot ion sloshing density ratio 1.59
Mean hot ion energy 84 keV
Mean hot ion escape energy 67 keV
(nt)ye - hot ions 1.0 x 1013 s/cm3
Warm ion density 3.0 x 1013 ¢m-3
Mean warm ion energy 5.8 keV
(nT)yc - warm ions 1.3 x 1012 s/cm3
Potential (to ground) 59 kV
Warm ion confining potential 5.3 kv
Plasma radius 12 cm
Radial profile exponent 3

Anchor
On-axis B 0.50
Radially averaged B 0.30
Electron temperature 14 keV
Hot ion density 2.6 x 1013 cm~3
Hot ion sloshing density ratio 1.4
Mean hot ion energy 60 keV
Mean hot ion escape energy 56 keV 3
(nt)yp - hot jons 3.0 x 1012 s/cm
Warm density 2.6 x 1012 ¢p-3
Mean warm ion energy 6.6 keV
(nT)yp - warm ions 6.6 x 101! s/cm3
Potential (to ground) 24 keV
Warm ion confining potential 3.4 keV
Plasma radius 24 cm
Radial profile exponent 3
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Table 3.3-3. TASKA-M Neutral Beam and RF Heating Parameters

Central Cell
High Energy Neutral Beams

Injection voltage _ 90 kV

Total injected power 21 MW
Injection angle 45°

Species 0.5 D/0.5 T
Trapping fraction 0.92

Number of beam lines 4

Low Energy Neutral Beam

Injection voltage 12 kV

Total injected power 0.60 MW

Injection angle 70°

Species : D

Trapping fraction

Number of beam lines 1
Anchor

Medium Energy Neutral Beams

Injection voltage 73 kv
Total injected powef/anchor 3.5 MW
Injection angle 50°
Species ' D
Trapping fraction 0.37
Number of beam lines/anchor 1

RF Heating
Absorbed power 12 MW
Frequency 25 MHz
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Fig. 3.3-1. Axial profile of the 14.1 MeV neutron wall loading assuming the
wall follows the plasma radius with a separation of 2 alpha
particle gyroradii.
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primary change is in the plasma radius, which has to increase to produce the
higher wall loading. The neutral beam power and electron heating power in-
crease because of the increased plasma volume.

The hot ion sloshing density ratio of 1.59 in the central cell is typical
of values obtained from the Fokker-Planck calculations described in Section
3.4. This density ratio is very sensitive to the injection angle. With the
present configuration it is difficult to get an injection angle less than 45°
without lengthening the central cell. A smaller injection angle and a higher
density ratio would yield a greater wall loading near the peak and allow a
reduced electron temperature for a given warm ion confining potential.

The sloshing density ratio is maintained by the high energy neutral
beams. = Charge exchange between the incident neutral beam atoms and the plasma
removes ions with pitch angles near 90° and replaces them with ions at the
injection angle. Consequently, the density dip is pumped by charge exchange
while being filled by collisional scattering. Because charge exchange de-
creases with increasing energy in the energy range of interest, the effective-
ness of this process decreases with increasing beam energy. Raising the beam
energy also reduces the plasma density for a given B and thereby reduces the
fusion power density. On the other hand, too low a beam energy leads to high
collisional losses per unit volume. Shown in Fig. 3.3-3 is the effect of
changing the high energy neutral beam energy in the central cell. The slosh-
ing ion density ratio is held constant in this variation; this is not realis-
tic but not enough Fokker-Planck calculations have been done in order to para-
meterize this effect. There is little effect of the beam energy on the beam
power; the electron power decreases somewhat with increasing beam energy. A
compensating effect not included in this graph is the reduced neutralization
efficiency with increasing beam energy.

TASKA-M is designed with an electron temperature of 14 keV. Decreasing
the electron temperature reduces the required RF power to sustain the
electrons. This also reduces the electron contribution to the beta and there-
by allows a higher plasma density and smaller radius for a given wall loading.
On the other hand, one gets a smaller potential, A¢,, in which to confine the
warm plasma. Figure 3.3-4 shows the effect of electron temperature on the
neutral beam and electron heating power and on A¢w/Ewc. Because of concern

about A¢W/Ewc, we chose Te to be 14 keV.
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The warm ion density in the central cell and anchor is determined by
microstability requirements, as described in Section 3.6.4. The power balance
code gives a warm ion neutral beam energy of 7 keV and a current of 14 amps to
sustain the warm ion plasma. The warm ion beam energy has been raised to 12
keV in order to improve penetration and because low energy neutral beams are
difficult to make. The neutral beam current has also been raised to 50 amps
because of a concern that only a small fraction of the 12 keV ions will down-
scatter into the 5 keV warm plasma population. The power balance model
described in Section 3.2 uses the Pastukhov time for the warm plasma confine-
ment time. This assumes the warm plasma is essentially Maxwellian with
Abye/Eye 2 1. Because a higher energy was chosen for the warm plasma neutral
beam, this model is not directly applicable for determining the required beam
current. Figure 3.3-5 shows the velocity space in the vicinity of the warm
plasma energy at the central cell midplane. Assuming the beam ions are
initially spread isotropically by interaction with both the hot and warm
plasma, about half of the injected particles will enter the warm part of
velocity space. Some of these will be lost by scattering into the loss-cone
before getting very deep into warm plasma region. In addition, charge ex-
change losses further reduce the fraction getting to the warm plasma region.
Based on these considerations, the current of the warm plasma neutral beam has
been raised to 50 amp at an energy of 12 keV. This is still only 500 kW of
injected power, and thus this power level is not a major concern.

Finally. we consider the effect of varying the beta of the central cell
and anchor simultaneously. We keep Bc = Bp in this variation in order to pre-
serve the beta ratio of the plasma in good curvature in the anchor to the
plasma in bad curvature in the central cell. Shown in Fig. 3.3-6 is the ef-
fect on the neutral beam power and electron power of changing 8. As can be
expected, increasing g reduces the required power. We have chosen B. = g =
0.5 in order to have margin for stability against ballooning modes, as well as
interchange stability.

The TASKA-M design point was mainly chosen from these considerations. It
does not represent an optimum configuration (it is not even clear what
functional to optimize), but represents a reasonable choice in order to obtain
a design which is credible from both a physics and an engineering viewpoint.
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Fig. 3.3-6. Variation of the high energy beam power and electron heating
power with 8. In this variation, central cell and anchor beta
are kept equal.

3.3-12



— 103 —

Further analysis may suggest ways TASKA-M could be modified to be less expen-
sive or have higher performance for the same cost.
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3.4 Fokker-Planck Calculations for Ion Distribution Function

3.4.1 Introduction . _
The ion velocity space distribution function in TASKA-M is important for

two reasons:
1. Detailed design of the blanket and material test modules depends on the

neutron wall loading profile which, in turn, depends on the density pro-
file derived from the distribution function.

2. Microinstabilities which will possibly degrade plasma confinement can
occur if the ion distribution function does not fit certain criteria
discussed in Section 3.6.

Only the central cell neutral beams are investigated here, since they
posses§ the largest amount of power and the end cell beam physics should be
similar. Also, the reference case gives the ion distribution function for the
90 keV neutral beams, but neglects the effect of the 12 keV beams. Although
it would clearly be desirable to have that effect included, the presence of a
low energy component in the ion distribution alters the fundamental time scale
on which processes occur which, in turn, causes Fokker-Planck codes to require
inordinate amounts of computer time. Since the low energy component is only
about 10% of the total ion density, neglecting it should not alter the basic
hot ion distribution function. Thus, the neutron wall loading profile should
be reasonably accurate. For microstability calculations, however, warm ions
must be added in an ad hoc way.

The goals of these calculations were to:

Model the physical processes involved with reasonable accuracy.

2. Find a reference case which was close to the plasma physics power balance
and magnetic field reference case values.

3. To the extent possible, optimize the ion distribution function for micro-
stability and wall loading criteria.

The method used to find the distribution function is to run the LLNL
Bounce-Average Fokker-Planck computer code (BA code).(l) The essence of the
physics of bounce-average Fokker-Planck calculations is straightforward, al-
though the calculations are typically very time consuming. The basic assump-
tion is that the plasma collisionality is sufficiently small so that particle
bounce times are much less than collision times. The distribution function
along the axis of a mirror machine (z direction) thus depends only on the
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distribution function at the midplane. The evolution of the distribution
function in time may then be calculated by bounce averaging the collision
operator and applying the resulting operator to the midplane distribution
function. For details of how this procedure is implemented in the BA code,
the reader is referred to Ref. 1,

Section 3.4.2 describes the models used for magnetic field, electrostatic
potential, and neutral beams. Section 3.4.3 presents some of the cases which
were run in the process of choosing reference case parameters for TASKA-M.

The reference case ion diutribution function and plasma properties derived
from it are given in Section 3.4.4.
3.4.2 Models for Electrostatic Potential, Magnetic Field, and Neutral Beams

Although the BA code is able to self-consistently solve for the electro-
static potential, it is extremely time-consuming when it does so. Therefore,
the cases presented in the next sections were run with a constant axial po-
tential profile, and a check for self-consistency with density and temperature
was done at the end of the run. The model potential profile and the computed
density profile for the reference case are shown in Fig. 3.4-1, which shows
that they correspond qualitatively quite well to the electrostatic potential
calculated from the Boltzmann relation e¢ = Ta n n/no. Also, the electron
temperature is 14 keV, giving a potential dip of 5.2 keV, so quantitative

agreement is also very good.

It was originally assumed that a parabolic axial magnetic field profile
would be sufficiently accurate for investigating density profiles. As dis-
cussed in the next section, however, more accuracy was required. The model
magnetic field compared to the actual field generated by the detailed magnet
analysis of Chapter 9 is shown in Fig. 3.4-2.

Accurate modeling of the interaction of the neutral beams with the plasma
is a difficult task, and only a very simple model is used here. 1Ideally, a
realistic beam profile, plasma profile, and reionization of charge exchanged
neutrals would be included in the analysis. A radial transport equation would
then have to be solved in order to find a self-consistent plasma profile.
Since the BA code is a velocity space code with only axial space dependence,
another code would have had to be written in order to analyze radial depen-
dence. The compromise chosen for TASKA-M was to use a simple mean free path
attenuation of the beam to some nominal radius (chosen here to be 6 cm) as
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Fig. 3.4-1. (a) Reference case density profile. (b) Model potential profile
(solid) and potential profile calculated from ¢(z) = Te In
n(z)/n, (dashed).
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input to the‘BA code, and to use the resulting approximate ion distribution
function for subsequent analysis. Absolute plasma density values, therefore,
need to be calculated by other means, as described in Section 3.2, although
axial profiles and the general shape of the ion distribution function should
be reasonably accurate. A brief description of the calculational method used
here follows.

Initially, the neutral beam source is taken to be composed of 90% atomic
D and T, and 5% each of two- and three-atom molecules. When dissociatéd, this
leads to a beam with 78.3% full energy, 8.7% one-half energy, and 13% one-
third energy components. When divergence due to the thermal spread in energy
of the beam components is considered, the energy composition of the neutral
beams becomes 87.4%, 6.0% and 6.6%. These divergences were calculated for a
beam with a thermal energy, T, of 10 eV in the ion source, a 10 cm beam
radius, a beam energy of 100 keV, and a 10 m beam path length. The final
TASKA-M reference case (see Chapter 6) is close to these parameters, and re-
fining them is not warranted, since the uncertainty due to charge exchange
effects is much larger. The beam divergence angle is approximately given by
arcsin [(T/Einj)l/z]. The density of the neutral beam at radius r is assumed

to be given by n(r) = noe‘x(r) where

{ov> c
_ -7 1/2 tot dr r 3
A(r) = 7.15 x 10 N s —E;ETZ_— / T [1 - LF_) ]
inj r inj C
12 (3.4-1)
n_u;’ “<ov> 4
- 7.15 x 107 L ot Fr, - y)
E:"T sin 6, . 4r
inj inj c

where n, is the on-axis plasma density in cm™3, Einj is the neutral beam
injection energy in eV, einj is the neutral beam injection angle, p; is the
ion mass divided by the proton mass, <ov>;,i is the total charge exchange plus
ionization rate, and a cubic radial density profile has been assumed. The
overall attenuation of the neutral beams is about 92% (see Section 3.3) so,
when attenuating to the r = 6 cm point, only the near side of the plasma is
considered. The neutral beams are assumed to have Gaussian radial profiles,

giving the effective area of a 10 cm radius beam as
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10
A, = 2m [ rdre
0

-r2/102 2

~ 200 cm” . (3.4-2)

The beam current is taken to be given by I, = Py/<E>y, where <E>, is the aver-
age beam energy. The total beam density at the plasma edge is then given by

f I
jE2 (3.4-3)

n =
bs E VEAb

where the sum is over all energy components, fr is the fraction. of the beam,
and vp is the velocity of an ion with energy E. The BA code requires ioni-

zation and charge exchange rates as input. These are given by

[1°)

-Mr=6em) ¢ov. e (3.4-4)

~_-A(r=6cm)

= nyce <ov>_ f (3.4-5)

and S oxiTE

where S;p is the ionization rate for a beam with energy E, S.,p is the charge
exchange rate, and the <ov)>'s are defined similarly.

The detailed Monte Carlo calculations of Section 6.2.3 give a reioni-
zation rate of about 30% for charge exchanged neutrals. To model the effect
of this on the ion distribution function, an extra beam is included with 30%
of the charge exchange rate of the original beams. The energy spread of this
beam will be larger than the very monoenergetic original beams, consequently
reducing the sloshing ion density ratio. This is clearly rough, but is proba-
bly within the accuracy of the calculations for which the distribution
function will be used.

3.4.3 Special Cases

As the physits parameters of TASKA-M evolved, a variety of Fokker-Planck

cases were run. In particular, the electrostatic potential went through con-

siderable evolution. Since the BA code is very time-consuming, little para-
metric variation could be done but, within a limited range, the following
items were investigated: neutral beam species mix, electron temperature, beam
injection angle, beam energy, magnetic field axial profile, and reionization.
Reionization was modeled for a few cases (in a rather ad hoc way). When vary-
ing a parameter, other parameters remain approximately constant unless stated
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Table 3.4-1. Case Used for Varying Parameters -- NOT the Reference Case

Average ion energy 102 keV

Average ion nt 8.0 x 1012 ¢p-3 ¢
Electron temperature : 14,7 keV

Midplane magnetic field (beta-corrected) 3.6 T

Peak magnetic field 175 T

Mirror half-length 270 cm

Neutral beam source radius 10 cm

Midplane to mirror-peak pbtential 32.4 keV
Potential dip ' 11.3 keV

Neutral Beam Component

Computer Code Input 100 keV 50 keV 33 keV
Ionization source, s-1 944 52 46
Charge exchange source, s-1 891 49 44
Velocity spread, keV 1 0.5 0.33
8-spread parameter 200 200 200

(see Eq. 3.4-6)

otherwise. Most of the variation was done around the case presented in Table
3.4-1; the final reference case is presented in the next section.

Beam species mixes for ion source components at 90:5:5, 75:15:10, and
50:25:25 were tried, where the numbers represent the percentage of the ion
source in one-atom, two-atom, and three-atom molecules, respectively. The
results are plotted in Fig. 3.4-3. Both the average ion energy and the aver-
age nt values increased as the full energy fraction of the beam rose; the
maximum sloshing ion peak to midplane density ratio also rose slightly.
Therefore, the 90:5:5 mix was chosen for the reference case. This species mix
is on the borderline of present day technology for neutral beams.
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The electron temperature, Te, was varied from 10 to 20 keV in order to
test whether a small change in T, would give a significant change in the
sloshing ion density ratio. As expected, due to reduced electron drag on the
jons, the average ion energy and nt values rose as To rose, but there was less
than a one percent change in the density ratio. From plasma power balance
considerations, a value of T, = 14 keV was eventually chosen.

Details of the magnetic fie1d axial profile have a large effect on the
ion distribution. When cases were run for both a parabolic magnetic field and
for the actual design magnetic field, the sloshing ion density ratio changed
dramatically, although the average ion energy and nt valueé did not. The
parabolic magnetic field case had a sloshing ion density ratio of 1.81 while
the actual fiéld case had a density ratio of 1.57 and a 20% lower midpiane
density for the same ionization and charge exchange rates. Note that these
test cases are not the final reference case. The reasons for this behavior
are not fully understood, and the reference case used the actual magnetic
field, since it is more accurate in any case. The strong dependénce on
magnetic field implies, however, that it may be desirable to tailor the
magnetic field, if possible, in future designs.

The neutral beam injection angle, einj’ is a very important parameter, as
shown in Fig. 3.4-4, where a 10° change in einj is seen to give a 60% change
in the sloshing ion density ratio. Unfortunately, it is difficult to inject
the neutral beams at a lower angle than the 45° reference case because of
engineering considerations.

The neutral beam injection energy affects parameters primarily through
the fact that charge exchange and ionization rates depend strongly on Einje
Higher energy, as expected, also gives better nt values due to the consequent
lower collisionality. However, as energy rises, the charge exchange cross
section falls, making it more difficult for the beam to pump ions and maintain
the sloshing ion distribution. A difficulty with the BA code is that ioni-
zation and charge exchange rates are not calculated self-consistently for
given beam and plasma characteristics. In practice, a plasma ion energy is
chosen, from which rates are found by the procedure given in Section 3.4.2,
then the BA code is run and gives an average plasma ion energy. The ioni-
zation and charge exchange rates must then be iterated with the plasma ion
energy until a self-consistent case results; this is done by hand and can be
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extremely time consuming, The reference case given in the next section uses

[
inj
rates, while the output plasma ion energy is 98 keV. These appear to be close

= 90 keV with an average plasma ion energy of 90 keV for calculating

enough for practical purposes. The plasma physics power balance calculations
are based on a fit to Fokker-Planck code runs called the Logan-Rensink plug
model, but with modified coefficients (see Section 3.2).(2) That model gives
numbers qualitatively similar, but not equal, to the results of running the BA
code for the reference case.

To model the effects of reionization of charge exchange neutrals on the
ion distribution, results are used from a separate analysis (Section 6.2.3)
indicating that the total reionization fraction for the plasma power balance
reference case is 30%. A case with reionization is generated by using ioni-
zation and charge exchange rates calculated from the total beam current, beam
energy mix, and attenuation to r = 6 cm in the plasma. 30% of the charge ex-
change is then subtracted from each of the components at full, half, and third
energy and is put into a beam with the average ion energy of the plasma. The
angle and velocity spreads of the added beam are difficult to estimate, since
the cross section for charge exchange is peaked at low energy and, therefore,
the rate is higher for plasma ions traveling in the same direction as the
beam. The added beam must have spreads somewhere between those of the plasma
and the original beam. For the cases given here, a velocity spread of 5 keV
is used, and the angle distribution is modeled by

2

-Sg(cos 8, ;-cos6) (3.4-6)

F(8) ~e

with Sg = 80 for the added beam, as opposed to Sg = 200 for the original beam.
The effect of reionization is strong. With reionization, the reference case
sloshing ion density ratio is 1.45, without reionization, the ratio is 1.80.
3.4.4 Reference Case

The reference case for the TASKA-M ion distribution function is given in
Table 3.4-2. The case chosen models reionization in the way discussed in the
previous section., Attempts to use the BA code to model the physics of the lTow
energy neutral beam have been less successful. When a significant amount of
low energy plasma is present, the characteristic time scale drops by approxi-
mately the ratio (Tw/Ehc)1'5 ~ 0.03, and the BA code takes a very long time to
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Table 3.4-2. TASKA-M Fokker-Planck Ca]cu]atioh Reference Case

Average ion energy - 98 keV

Average ion nt 7.4 x 1012 em=3
‘Electron temperature 14 keV

Midpiane magnetic field (beta-corrected) 3.5 T

Peak magnetic field 17.5 T

Mirror half-length 270 cm

Neutral beam source radius 10 cm

Midplane to mirror-peak pbtentia] 35.4 keV

Potential dip 5.5 keV

Neutral Beam Component

Computer Code Input 90 keV 45 keV 30 keV 90 keV "Reionization"
Ionization source, s-1 727 40 35 288
Charge exchange source, s-1 609 33 29 0
Velocity spread, keV 0.9 0.45 0.3 5
6-spread parameter 200 200 200 80

(see Eq. 3.4-6)

reach  equilibrium. Therefore, only a few cases have been run, and a case that
reasonably approximates the plasma power balance reference case has not been
found., However, the BA code qualitatively supports the concept of trapping
warm plasma in a potential dip. Figure 3.4-5 shows a 3-D plot of the ion
distribution function versus velocity and pitch angle (6 = arccos v"/v) when
the low energy beam is included. Although this case failed to adequately
model TASKA-M, the presence of warm ions is clear.

Figure 3,4-1 shows that the density computed by the BA code for the
reference case input parameters compares quite well with the model potential.
Recall that the density should satisfy
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Fig. 3.4-5,

PITCH ANGLE

Ion distribution function versus velocity and pitch angle, o

arccos (v"/v), when 10 keV beam is present.
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o(z) = T, 1n [M2)] | (3.4-7)
0

where ¢ = 0 at the reference density n,. Figure 3.4-2 compares the model mag-
netic field to that calculated from the magnet design of Chapter 9. The jon
distribution function as a function of velocity and pitch angle, 6 = arccos
(v"/v), is shown in Fig. 3.4-6. Its "sloshing" ion nature is clearly brought
out there. A contour plot of f(v",vl) at the midpiane is shown in Fig. 3.4-7.
An important quantity for microstability analysis is the integral of the
distribution function over the parallel velocity, F(vl); it is shown in Fig.
3.4-8, which also gives the analogous quantity, F(v“).

Experimental evidence for the sloshing ion concept exists from the TMX-U
experiment.(3) Figure 3.4-9a shows the angular distribution of the charge
exchange flux in one TMX-U end plug; it is clearly peaked near the neutral
beam injection angle of 47°, The BA code was used to model this flux, with
the result shown as the solid line in Fig. 3.4-9a. The experimental data
points fit the curve quite well. Figure 3.4-9b shows the sloshing ion axial
density profile calculated from the charge exchange data. Other experimental
support of the concept, particularly with regard to microstability, would be
very useful.

The average ion energy of 98 keV is somewhat higher than the power
balance value of 84 keV, while the bounce averaged nt is lower, at 7.4 X 1012
cm-3 s compared to 1.0 x 1013 em-3 s. Given the approximate nature of both
calculations, however, the difference does not appear to be significant.

In summary, the model of TASKA-M physics used in the bounce average
Fokker-Planck code reproduces the essential details of the configuration. The
calculations also support the plasma power balance analysis used in Section
3.2 to choose the reference case operating point. Areas with the most po- |
tential for improvement in future designs are the neutral beam injection angle

and the magnetic field axial profile.
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Fig. 3.4-6. Reference case ion distribution function versus v and 6.
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3.5 MHD Stability
3.5.1 Introduction

The magnets and plasma of TASKA-M must be designed so that the plasma is
MHD stable. As in TASKA,(l) only the interchange instability has been ana-
lyzed. Because of finite gyroradius effects, ballooning modes are expected to

be stable unless one gets too close to the interchange stability boundary.
The magnets, shown in Fig. 3.5-1, have been optimized so that the curvature of
the magnetic field lines is good in the anchors where the plasma pressure is
high and the magnetic field is low. For the optimized magnet set, the plasma
pressure profile is varied to investigate the dependence of the MHD inter-
change mode stability on plasma parameters. The general result of this
investigation is that TASKA-M in its base case plasma configuration is stable
against MHD interchange modes.
3.5.2 Anchor Magnet Design

The anchor magnets have been designed to provide good curvature,

K = X o +y ch (3.5-1)
9% 7 ezt

in the center of the anchor and a mirror ratio in the anchor of about 2.7.

The minimun magnetic field in the center of the anchor has been set at 1 tesla
by design. The anchor magnets have also been designed in such a way that a
magnetic flux tube which is circular in the central cell is nearly circular in
the center of the anchor.

The end magnets are shown in Fig. 3.5-1. The magnetic field profile is
shown in Fig, 3.5-2. Each end cell magnet set consists of an inboard recircu-
larizing coil between the yin-yang magnets and the high field central cell
magnets. These recircularizers roughly cancel the quadrupole moments of the
inside magnets of the yin-yang sets so that the flux tube‘is close to circular
at the center of the anchor. There are no outboard recircu]ar{zers because,
with the adopted end dump design, a circular plasma is not needed at the end
dumps.

The magnetic field shown in Fig. 3.5-2 for the magnet set shown in Fig.
3.5-1 for half of the machine, has good curvature over most of the anchor
cell. The curvature is very good on the outside half of the anchor cells
which, as the following discussion shows, leads to global stability against
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the MHD interchange mode. Figure 3.5-3 shows the positions of a flux line in
. the x-z and y-z planes where z is parallel to the axis of the machine. The
reason for the worsening curvature on the inboard side of the anchor can be
seen from these plots: the recircularizing coils and the rather large
distance between the two yin-yangs on each side lead to a slight bowing out of
the flux lines on the inside half of the anchor cells.

3.5.3 Plasma Pressure

Since\the driving term for the MHD interchange instability is proportion-
al to the plasma pressure times the curvature of the flux lines, it is re-
quired that the plasma pressure profile be known. '
| A model has been developed for the plasma pressure that considers three
different regions: the central cell, the transition region and the anchor
cell. The model uses components of the plasma ion pressure parallel and
perpendicular to the local magnetic fields as calculated with the bounce-
averaged Fokker-Planck computer code described in Section 3.4, which are de-
noted P, and P, respectively. It has been assumed that the central cell has
neutral beams injected at 45° while the anchor cells have 50° injection and
P“ and Pl are calculated accordingly for the different regions. The Fokker-

Planck code provides P, Py and the plasma density n as functions of

[
VY = B(z)/Bm-n where By, is the minimum field in the magnetic mirror cell

P
n "1
found as functions of z. In all regions, the plasma pressure has both

under consideration. Since B(z) is known from Fig. 3.5-2, P and n can be

electron and ion components. In the central cell the ion pressure is

ol —

(P_L 450(2) + P" 450(2))

Pion = Max , (3.5-2)
n T

N —

where T, is the electron temperature and ny is the density in the transition
region, The electron pressure in the central cell is

= max . (3.5-3)
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In the transition regions, the pressure is assumed to be isotropic and the 1ion
temperature is assumed to be half the electron temperature. The plasma densi-
ty is assumed to be constant at n,. The ion and electron pressures in the
transition regions are thus

21
Pion = 2— ntTe (3.5-4)
and Pe1 = NtTe » (3.5-5)

respectively. In the anchor cells, the electron pressure is taken to be the
same as in the transition regions expressed in Eq. 3.5-5. In fact, the
e]ectrdn density in the anchor should vary like the ion density but this will
not make much difference to the TASKA-M base case. The ion pressure is

E,. N
1 HA Mt |
£ Prsool? * Py ggol2)) (3.5-6)

HC ¢

Pion =2
where Ey, is the average energy of the ions in the anchor and Ey is the
average energy of ions in the central cell, where it has been assumed both
here and in Eq. 3.5-1 that the Fokker-Planck calculations are done to yield an
average ion energy of Eyc. If the Fokker-Planck calculations yield an average
ion energy of something other than Eqc» the ion pressures must be appropri-
ately scaled in average ion energy.

The pressure profile for the TASKA-M base case is shown in Fig. 3.5-4.
The corresponding plasma density profile is shown in Fig. 3.5-5. Notice that
the sloshing ions in the central cell and the anchor cells cause peaks in the
pressure at the points where the ions are turning against increasing magnetic
fields. This effect is very important in the outside halves of the anchor
cells where the pressure peaks coincide with the peaks in good curvature. The
importance of this to the MHD interchange stability is made clear when one
examines the product of the pressure and the curvature divided by the magnetic
field plotted against axial position in Fig. 3.5-6. One should notice the
dominating peak at the outside edge of the anchor which stabilizes TASKA-M
against MHD interchange modes. The peak in the pressure in the central cell
is seen to be not a great problem because the bad curvature at the pressure
peak is not large compared to the good curvature in the anchor. Also the
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magnetic field is lower in the anchor, increasing the importance of the good
curvature in the anchor.
3.5.4 MHD Stability Analysis

The stability of TASKA-M to the MHD interchange instability is analyzed

by considering the integral

I = fL ds K(s) P(s)/B(s) , (3.5-7)
0
where s is the distance along the flux line of interest and L is the length of
that flux 1ine, starting at the center of the machine. The flux line which
passes through the point x =5 cm, y = 5 cm at the center of the machine
(z = 0) is considered to be most useful for MHD stability calculations. When
I > 0 the machine is stable, if I < 0 it is MHD unstable.

This is done with the code called STAB5, which has been created from one
of the STAB series codes developed at LLNL.(Z) STAB5 searches for the value
of the average ion energy in the anchor cells, Eyas which makes I = 0 for a
given value of "t/"CC° This is the condition for a so-called marginally
stable case. As one can see from this scheme and from the plasma pressure
model described in Section 3.5.3, the plasma density in the anchor remains in
the same proportion with the plasma density in the transition.

One particular marginally stable case has ny = 0.01 n. and Eyp = 1.14
keV. The plasma pressure in the anchor required for this case to be stable is
Tow because there is such large good curvature in the anchor. This leads to
the low value for the minimum Eyp required for stability. It has been found
that the most destabilizing part of the integral in Eq. 3.6-7 occurs at the
points in the central cell where the sloshing ions are turning while the sta-
bilizing part is due almost completely to the good curvature in the outer part
of the anchor cells.

A series of calculations have been carried out with STAB5 for a variety
of values for ny/n.. The values of Eyp giving marginal stability are plotted
against ny/n. in Fig. 3.5-7. This value for Eyp decreases with increasing
n¢/nc because the density of the anchor is tied to ny and when the anchor and
transition regions are taken as a single cell, this cell has net good curva-
ture. Thus, increasing ny increases the plasma density in a net good curva-
ture region and reduces the required temperature of the region. One should
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notice the point for TASKA-M which is very far into the stable region of the

curve,

A more conventional stability curve is given in Fig. 3.5-8, where
Becentral cell/Banchor 1s Plotted against Birapgition/Beentral cern: I the
TASKA-M base case point could be put on this plot, it would show that TASKA-M
is very stable against the MHD interchange mode. The base case has
Btransition/Bcentral cell = 0-1 and Beapntral cel1/Banchor = 1.0, which is well
below the marginal stability curve.

Thus, the results shown in Figs. 3.5-5, 3.5-7 and 3.5-8 strongly show
that TASKA-M is stable against MHD interchange modes. The temperature or
density of the central cell could be increased or the magnetic field lowered
in the central cell and the plasma would remain stable.

References fqr Section 3.5
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Report FPA-83-1 (February 1983).
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3.6 Central Cell Microstability
3.6.1 Overview

The term microinstabilities covers a wide variety of modes, the common
feature being that the plasma distribution as a function of velocity and space
is not in equilibrium. In physical terms, this generally implies ion tempera-
ture anisotropy, Tl > T", an inverted ion energy population, df/dvi >0, or
free energy for radial expansion, Vn, VI # 0. The concern with microinsta-
bilities in TASKA-M is that, if they appear, ion loss will be enhanced and
will lead to increased power requirements. This section will discuss a small
part of the vast literature on microinstabilites, but the reader is referred
to Ref. 1 for a more complete treatment and a guide to further references.
Much of the discussion which follows is based on Ref. 1.

Physically, microinstabilities arise from the coupling of a plasma wave
with a dissipative effect. Dissipation breaks phase relationships and allows
growth of a wave which would otherwise oscillate at a constant amplitude. A
variety of waves may be present in a plasma; the main ones which contribute to
microinstability are ion drift waves, electron plasma waves, Alfvén waves, ion
Bernstein waves, and lower hybrid waves. Note, however, that mode names are
merely guides, since distinctions blur as the plasma gets farther removed from
theoretical conditions and idealized limits. Dissipative effects of im-
portance are electron Landau damping, ion cyclotron and cyclotron harmonic
damping, collisional damping, and turbulence-induced damping. The instabili-
ties which are presently thought to be the most potentially dangerous are the
drift cyclotron loss cone mode (DCLC), the axial loss cone mode (ALC) or its
convective version (CLC), the Alfvén ion cyclotron mode (AIC), the negative
energy wave (NEW), the drift cyclotron instability (DCI), the two component
mode, and the lower hybrid mode (LH). The relationships between the insta-
bilities, the waves, and the dissipative effects are shown in Fig. 3.6-1.(1)

Most of the analysis presented in this section will concentrate on loss
cone modes, since their mode of relaxation is to try to fill the loss cone.
Anisotropy-driven modes, on the other hand, tend to remove the anisotropy,
which may or may not lead to particle loss. The evolution of the modes in
time is that unstable ion distributions modify themselves naturally to remove
the anisotropy, or partially fill the loss cone to achieve marginal stability.

3.6-1
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Fig. 3.6-1.

3.6-2

Relationships between microinstabilities, waves, and dissipative
effects.




— 138 —

The theoretical results presented here must be kept in perspective: In
general, experimental results are encouraging and the plasma tends to be more
stable than theory predicts. There are numerous explanations for this, but
most arguments are qualitative, and a single, comprehensive theory including
all effects neither exists nor is likely to exist for some time. Some con-
siderations include:
® (Geometry can be crucial. Almost all of the theory is highly idealized, yet

details of the modes and, in particular, stability boundaries often depend
strongly on geometry. '

e Stability boundaries are sensitive to the choice of model ion distribution
function. Analytical work utilizes a variety of models, none of which’
reproduces all of the details of distribution functions as given by the
Fokker-Planck codes. Figures 3.6-2, 3.6-3 and 3.6-4 compare the ion
distribution function given by the BA code (see Section 3.4) to the most
common models. Further discussion will follow.

® Most existing theory uses linearized equations. This is adequate for find-
ing unstable modes, but says nothing about the amplitude level at which the
mode saturates due to nonlinear effects. Some modes may remain at levels
with insignificant degradation of plasma confinement. A possible example
of this appears in the present TMX-U experiment at Lawrence Livermore
National Laboratory (LLNL), where low level fluctuations at about 1.8 times
the ion cyclotron frequency were observed but did not appear to cause
enhanced 1osses.(2)

® The next step beyond linear theory is quasilinear theory, in which fluctu-
ations maintain the plasma at marginal stabi1ity.(3) The theory has had
some success but, being a diffusive theory, predicts .a broad spectrum(4) in
contrast to the observed single frequency of the mode in TMX-U.(Z)

e (Other nonlinear processes are possible, such as nonlinear Landau damping,
nonlinear frequency shifts, particle trapping in waves, three wave reso-
nances, and orbit diffusion. (1) Microstability theory has only begun to
examine most of these effects.

TASKA-M achieves microstability through two features: an jon distri-
bution peaked off-midplane (sloshing ions) and a warm plasma component trapped
in the resulting potential dip. This differs from other designs such as the
MARS thermal barrier tandem mirror reactor design and the TMX-U experiment,
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where warm ions partially fi]]lthe loss cone at one of the density peaks. The
lack of warm plasma at the peaks prompts the guestion of whether modes local-
ized there can arise. No analytic criteria are available, such as exist for
the DCLC flute mode. Therefore, numerical solution of a complicated differ-
ential equation with the LLNL MICE code(5’6) or the MIT microstability code(7)
is required. Howevér, versions of the MICE code exist only without electo-
static potentials for the original 2XI1IB configuration or for thermal barrier
tandem mirrors such as MFTF-B. No code completely suitable for TASKA-M is
extant. Attempts were made to approximate TASKA-M physics with both the 2XIIB
and MFTF-B versions of MICE, but an acceptable resolution of the question was
not attained. For the purposes of this study, therefore, the question of
microstability was approached by utilizing existing analytic theory and by
extrapolating as needed. The area is clearly one worthy of major effort in
future studies, since the microstability of a single cell has implications for
many applications. Since the theoretical models are very complicated, experi-
mental results will, eventually, provide the only completely reliable answers.

An outline of relevant microstability theory will now be presented. The
reader is referred to Refs. 1, 8 and 9 for derivations and further details.

At its most basic level, the analysis starts with the linearized Vlasov
equation and Maxwell's equations. Combining these eventually leads to an
equati?n)for the perturbed electrostatic potential along the magnetic
field: 9

k2c2 2

d L “pe_d¢ _ 2 i
oci a5 77 ) -kl (e +Feo+Fief=0 (3.6-1)

2
+ .
klc mpe Ww g

where s measures distance along B. The imaginary part of the solution for w
gives growth or damping depending on sién. The first term is the fluid
electron response along the magnetic field, F, gives the electron response,
and Fj¢ gives the ion response. The notation is standard and is given in Ref.
9. An eikonal approximation,

ik, r
¢ ~ ¢(r,s)e L ;
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where ¢(r,s) varies slowly with r, has been used since the modes of interest

tend to have short perpendicular wavelengths, klpi > 1. The electron response
is given by(s)
B w
2 1 -3¢,-—(1+ ¢,)
w Wy 272 w_, 2
o Bt gz 10 - g e
wce klAD 1 - s (1+ ¢2)
ci
_ o2 2 V7 “e
where ¢y = -/ dvl fe(vl)(————————?—g) . (3.6-3)
0 U)+‘-U*evl'2—

The first term arises from electron polarization, while the second gives
electromagnetic contributions. For the ions, F;¢ may be written

F.o = 7 MY (3.6-4)
and two cases exist:

1. For w not near w.;, a fluid approximation suffices, in which parallel
kinetic effects are ignored and only perpendicular kinetic effects are

retained,

2 2
2 Ry (g AF 2 ‘1) O (kv /o) (3.625)
fluid ;2—' L ci 3 2 X, w_. w- nw_, : :
T vi L %ci ci

2. Forw = no. > parallel ion thermal effects must be considered, leading to

2

w_ . k
noo_ o Yi o 3, (3f _af f1y .2
Mres V72 [ o (——?'nwci X, w .) Iy (kivi/wci)
kl oV, L “ci
(3.6-6)
t t
x [ dt' exp{i [ dt" [w - nw_,(t")1} .
‘o t' ci

Various limits of these equations lead to the results to be discussed in the
following sections.
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In order to-solve the dispersion relation, Eq. 3.6-1, model ion distri-
bution functions are required. However, in order to make the problem amenable
to analytic solution, models are used which do not necessarily fit the Fokker-
Planck code distribution functions very well. In particular, the TASKA-M
central cell ion distribution is not closely approximated by any of the
standard models. Figure 3.6-2 shows the BA code distribution function (see
Section 3.4) and one of the simplest models,

- 2,.,2
-vl/v0

F(v,) = / dv, f(vv,) ~ vi e (3.6-7)

where vg = ZEL,'Fl is the average energy, and mass is normalized to one.
Obviously, neither the velocity spread nor dF/dv, is very close for the model.
The model used for most of the DCLC/ALC references given here and for the MICE
code is (in its essential form)

] S HATIATA
F(v,) = 5 e -e ] (3.6-8)
YH = Vh

where vﬁ = vﬁ/R and R is a parameter. The average perpendicular ion energy

resulting from this distribution is

2 2 2
T _VH+Vh=vH(R+1)
L2 727 YR

and the distribution peaks at

v = (R In R)1/2 (Z-E-l)l/Z .

LoRE

The best fit to the BA code distribution function is given by matchingT—fl and
the peak F(v,) value (Fig. 3.6-3) rather than having the distributions peak at
the same Vi (Fig. 3.6-4), but neither alternative is particularly attractive.
The values of dF/dv, appear close in Fig. 3.6-3, but they occur at different
velocities. The distribution functions in Fig. 3.6-4 are normalized to the
same peak value of F(vl), but this leads to very high average ion energies.
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If the model F(vl)'s in Fig. 3.6-4 were normalized in E, by dropping the peak,
the dF/dvl values would be even farther from the BA code case.,

The AIC mode has been analyzed using a number of distribution function
models.(lo) A contour plot of f(v",vl) for the model which most closely ap-
proximates the TASKA-M case is given in Fig. 3.6-5. The TASKA-M ion distri-
bution function, taken from Section 3.4, appears in Fig. 3.6-6, on a different

scale. The functional dependence of f is given by

2 1 \5/2 2 'QZ/ZEhc
f = —3—;)’7? (?E_Hc-) v e K H(E) - 'ﬂ')]
x {exp [- +exp [-
282 262

where & = arccos v"/v, g; is the pitch angle at the peak, and H(g) is the

Heavyside step function,

K = - ET}ZZ (Re{exp[-a&i] Iz, -
a = (2A2)'1

1 .-1/2 ..1)2
L, =7 a - ia &

4 =‘% a1/2 ial/z(n - Ei)

and Z is the plasma dispersion function.
Section 3.6.2 treats the DCLC and ALC modes, since they are related and

are the most worrisome. The AIC mode is treated in Section 3.6.3. The treat-
ment of microstability as a constraint on the power balance analysis of
Section 3.2 is discussed in Section 3.6.4. Section 3.6.5 summarizes the

results.

3.6.2 DCLC and ALC Modes
These modes are driven by the inverted ion population characteristic of a

mirror-confined plasma. The distinction between them rests primarily in
terminology -- the DCLC mode is sometimes defined as the lowest order eigen
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Fig. 3.6-6. Contour plot of f(v",vl) from the Fokker-Planck calculations.
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mode in the family of ALC modes. Historically, the "DCLC mode" is a flute
(k*B = 0) mode in a symmetric magnetic we]],(ll) but the lowest eigenmode in
wells with sloshing ions tends to localize around density peaks, where few
warm ions exist., There is some physical justification for the difference in
nomenclature: The ALC modes invoke reflection and transmission at resonances
along the magnetic field to produce standing waves; processes which detune the
system may significantly alter the details or even existence of the instabili-
ties. For the purposes of this section, the DCLC mode will be defined as the
lowest order unstable eigenmode for a system without warm plasma. This will
generally be a flute-like mode, but it may be localized to the density peaks.

Papers on the DCLC flute mode abound, but there has been relatively
little work on the more difficult question of the ALC modes. The reason for
this is that, for flute modes, derivatives along the magnetic field may be
neglected and the differential equation 3.6-1 becomes a relatively simple root
solving problem.

The minimum amount of warm ion density required for warm plasma stabili-
zation of the DCLC flute mode may be set by fairly well-defined cri-
teria.(3’12'14) Reference 12 found the most effective stabilization to occur
when the warm plasma had a Maxwellian distribution with density satisfying

n P
Wy 3.4 (L)32 (grl/2 _ g-lyl/2 (3.6-10)
nH PS

and temperature satisfying
15 (TW)3/2 nH/nW
YW wVZoeh

’ (3.6-11)

where ro = (dn/d 1n r)‘l. Reference 3 found that, at finite beta, in the
TASKA-M regime where

2'h  Pig , Vh
B~ — < < — (3.6-12)
ot TV
the required warm density was
n v P,
Ky 2 (Ve e (3.6-13)
Iy ~ i Ly

3.6-13




— 149 —

where p;y is the hot ion gyroradius. The TASKA-M reference case satisfies
these criteria. A subsequent paper(14) pointed out that the required warm
density should be corrected for the fact that the warm plasma fills a smaller
volume along the axis than the hot plasma does. In TASKA-M, the magnetic
field and electrostatic potential are fairly flat near the midplane and only
rise near the central cell ends, so the warm plasma will fill over half of the
hot plasma volume and stability should be satisfied.

Analytic work on the ALC mode concentrates primarily on the case of an
empty loss cone. It is even harder to stabilize the ALC mode than the DCLC
mode when no warm plasma is present; the maximum stable plasma length is

L = 10 pi/sl/2

which is not satisfied by any present tandem mirror design.

The only analytic model for warm plasma that has been used is that of a
stream of plasma, which gives a Maxwellian component to the distribution
function. Within that model, the 9.2% warm plasma in TASKA-M should be suffi-
cient.(15) Again, however, the question is whether modes arise which are
localized at the sloshing ion density peaks where there is no warm plasma. A
quantitative answer requires a suitable version of the MICE code.

We have chosen to use the DCLC mode rather than the ALC mode as a con-
straint on the TASKA-M design because of the following reasons:

e The ALC mode has not been identified experimentally, although the PR-6
experiment(16) should have been in the ALC unstable regime. Figure 3.6-7a
shows magnetic field, density, and potential profiles used in the theoreti-
cal calculation. Figure 3.6-7b shows the DCLC and ALC stability boundaries
for PR-6. The results are sensitive to the values chosen for R, Tpqots and
B, but, as a rough guide, the plot is encouraging,

e The analysis of the ALC mode is very complicated, and depends on details of
wave reflection at magnetic field resonances. It is, therefore, rather
sensitive to the assumptions required to make the analysis tractable.

® ALC theory is relatively young, and a number of effects may alter stability
boundaries. These include Landau damping, magnetic field ellipticity,
electron bounce resonances, nonlinear saturation, and density gradients.
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Some guidance regarding TASKA-M stability to the DCLC and ALC modes may
be drawn from published results of the MICE code for 2XIIB and MFTF, although
the differences in configuration create difficulties of interpretation. Also,
most of the MICE cases were run with the parameter R = Tphot/Thole = 10, while
R = 2 is perhaps more realistic for TASKA-M (see Fig. 3.6-3). The stability
boundary for 2XIIB, which was a single mirror cell with warm neutral beam
injection perpendicular to the magnetic field at the midplane, is shown in
Fig. 3.6-8. The stability boundary for MFTF is shown in Fig. 3.6-9. Note
that

T T
g warm _ warm _ o .4

Thot  Thotle

for TASKA-M, where T, rm = 5.8 keV and Ty 1. = 14 keV. Also, Nwarm/Mhot =
0.09. Thus, if the DCLC and ALC microstability analysis for 2XIIB or MFTF
applies to TASKA-M, TASKA-M will be stable. It is encouraging to note that
the two-component mode, which is the closest boundary to the TASKA-M operating
point, is highly localized to the midp]ane(g) and should, therefore, be
susceptible to stabilization by warm plasma localized there.

The analysis of the axicell version of MFTF-8(5) is not so encouraging.
The stability boundaries are shown in Fig., 3.6-10. The amplitude and phase as
a function of z are given in Fig. 3.6-11, where the flute nature of the n, = 0
("DCLC") mode and the strongly localized nature of the n, = 1 ("ALC") mode are
clear. However, from the MFTF-B axial profiles for potential and other
quantities shown in Fig. 3.6-12, it is obvious that TASKA-M is a very differ-
ent configuration. In particular, the extremely deep potential well from plug
midplane to sloshing ion peak in MFTF-B implies that it will be very difficult
for warm plasma to reach the péeak. In contrast, the shallow potential dip in
TASKA-M should mean that much less warm plasma is required.

A recent, qualitative result from particle simulations of ion cyclotron
loss cone instabilities is also encouraging.(17) Sloshing ion distributions
with a potential dip at the midplane and a warm ion density component show
significant improvement in fluctuation ]evéls over the empty loss cone case.
Figure 3.6-13a shows the parameterization of the potential dip, while Fig.
3.6-13b shows the reduction in $2, the amplitude of the fluctuations in po-
tential. Although the assumptions required to do the simulations make the
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results only qualitative, simulations are presently the only means of treating
some nonlinear effects, so the results support the general approach.
3.6,3 AIC Mode

In contrast to the theory of the DCLC and ALC modes, where a multitude of
references treat various aspects of the problem, a concise summary of the
state of the art in AIC mode theory is given in Refs. 10 and 18. For high
beta plasmas with anisotropic pressure distribution functions, this mode can
be unstable. Except for very anisotropic plasmas, the instability is produced

by waves resonating with ions and satisfying

(‘” - “’Ci)
Vy T

It is an electromagnetic mode which propagates mainly along magnetic field
lines. The results presented here are taken from Ref. 10, and the reader is
referred to that reference for details of the dispersion relation and its so-
lution.

In general, the stability criterion for the AIC mode is not that it be
completely stable, but that it be convective (growing in space) rather than
absolute (growing in time). The deleterious effect of the instability is
mitigated in the convective case when the plasma length is less than a few
times the spatial e-fold growth length of the wave, since the wave then propa-
gates to a region where it is evanescent.

Figure 3.6-5 shows the model ion distribution function. In order to ana-
lyze stability, a measure of the pitch angle spread, A, is required. Roughly
estimating from Fig. 3.6-14, where contours are separated by a factor of 0.5,
and using the full width at half maximum value of A, ApyHM = 2.35 A, gives
A = 13°, AIC mode stability boundaries are shown in Fig. 3.6-15 for a variety
of beta va]ues.(lo) Thus, TASKA-M is nominally in the absolutely unstable
regime. However, two strongly stabilizing effects discussed in Ref. 18 are
present in TASKA-M. First, the presence of both deuterium and tritium causes
the effective beta for the AIC mode analysis to be about one-half of the nomi-
nal value. Second, the finite magnetic field scale length lowers the required
A considerably. Thus, TASKA-M is expected to be stable to the AIC mode. (19)
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3.6.4 Microstability Constraints on Power Balance

The power balance code, described in Section 3.2, uses the analysis of
Baldwin, Berk, and Pear]stein(3) for the evaluation of the amount of warm
plasma required to stabilize the DCLC mode. This analysis uses the model
distribution function given in Eq. 3.6-8. 1In this expression, vy is not to be
interpreted as the r.m.s. ion speed; it is simply a parameter of the model.
The velocity vy, determines the size of the "hole" in F(v,) at Tow vl;

The important parameters determining stability are

and the ion beta, B, = My —7— -

Here @ is the ion cyclotron frequency, M is the ion mass, re is the radial
scale length for the density gradient, Nyc is the warm ion density, and ny. is
the hot ion density. The parameter e is effectively the ratio of the ion
gyroradius to the scale length re.

The marginal stability criteria for the density and temperature of the
warm plasma depend on ¢ and divide into three regions, as given in Table
3.6-1. The expressions in this table are only approximate and meant to apply
in the middle of the regions; they do not join well at the boundaries between
the regions. Since one expects that A should be a monotonically increasing
function of €, "humps" in A(e) are smoothed out in the power balance code. In
Table 3.6-1, v, is the mean perpendicular speed of the warm ions filling the
loss-cone of the hot ions. The temperature, T, of the warm ions is then
given by Tw = %—MVS.

For application to TASKA-M, the power balance code assumes that

Vh = 0.7 VH N
Re = rp/2

S
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Table 3.6-1. Marginal Stability Criteria

Region Range A Vo/Vh
v v
H rey3 H
1 €°<€<El Z-V—h(-e—) EW
v v
I1 €] < e < ey 2 Cvn 53)1/2 (e —EJI/Z
H h
1 Vh2
I11 €p < € (—) 1
2 7 vy
2
m 2 n,.e
_ e Q" \1/2 2 Hc
S0 T 2Byt By ) s ey e
w i 0
Pi
v
2 'h
€=B'—'
1 H
|
2 H
2E
2. _ ""He _.. 2
and <V1> = W sin einj .

This allows us to calculate the parameters vy, v, and e for a given Ey. and
injection angle for the sloshing ions. The expressions in Table 3.6-1 are
then used to determine the amount, A, of warm plasma, and the warm ion temper-
ature, T, = %-Mvﬁ. TASKA-M operates in Region Il in this table.

This value of the warm ion temperature is used as one estimate; a second
estimate is gotten by considering MICE calculations for MFTF-B(9) and TMX-U.(Z)
These suggest that T, should be greater than ~ 0.25 Ey. sinzeinj in order to
avoid the two-component mode. The latter criterion normally gives a higher
criterion for T, and is difficult to satisfy. In order to not deviate far
from either criterion, the power balance code uses the geometric mean of these
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two estimates for T,. Figure 3.6-16 shows the effect of different T, on the

net F(vL) of the ions when 9.2% warm plasma is included. (This example is for
TASKA-M parameters.) All three distributions have a region of positive slope
to some degree. The hole is largest for T, = 11.2 keV, which is from the two-

component mode criteria, The DCLC criteria can tolerate a hole in F(v,) to a

)
L
certain degree; the criterion for stability is(1)

® k
aF 2 L
/ dv, —5 J (g=) <o
0 v
L
where J,, is the Bessel function. The two Tower values for T, have a smaller
hole and therefore provide a larger safety margin. TASKA-M is designed using
T, = 5.8 keV since it is difficult to obtain a suitable warm plasma source . at
lower energies.

3.6.5 Summary

TASKA-M is microstable to the DCLC and ALC modes when related calcu-
lations are extrapolated. However, uncertainties exist which can only be re-
moved by extensive, numerical calculations and, ultimately, by experiment.
Experimental and numerical results support the basic TASKA-M approach to
microstability.

The AIC mode is expected to be stable. However, even if unstable, it
would probably evolve to a marginally stable distribution without significant
degradation of plasma confinement.

Thus, there is considerable reason for optimism that TASKA-M will be
microstable, but only experimental verification of the theoretical results can

adequately address the issue.
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3.7 Trapped Particle Stability
In 1982, Rosenb]uth(l’z) found, from theoretical calculations, a new
instability which can affect tandem mirror performance. This instability is

related to particles trapped in regions of bad magnetic curvature and hence is
known as a trapped particle instability. This instability is related to
trapped particle instabilities in toroidal devices, e.g. tokamaks. Trapped
particle instabilities in tokamaks have small growth rates compared with MHD
growth rates and hence their effects are not as serious. In fact, trapped
particle instabilities have not yet been experimentally identified in toka-
maks, although moderate level fluctuations in the appropriate frequency range
are observed. The trapped particle instability in a tandem mirror is po-.
tentially more dangerous because, at least in some configurations, a majority
of the particles can be trapped in regions of bad magnetic curvature and the
resulting growth rate can be of the order of the MHD growth rate. The design
implication is that one needs to maintain a sufficient fraction of particles
which pass from regions of bad curvature to the good curvature region in the
anchor. These passing particles pfovide connection between the plasma in the
good and bad curvature regions and thereby stabilize the plasma in the bad
curvature region. In this section we consider the implication of the trapped
particle instability for TASKA-M.

The trapped particle instability is an electrostatic mode in which the
fluctuating potential localizes in regions of bad magnetic curvature. Using a
slab model to describe the plasma, the dispersion relation can be written as

I *o3 e
0 = } my [de [ du gy == [(0 - 0)5(1 - %)
| (3.7-1)
2 2 Orjy =2 . %*j%j -2
+kpj(1- w‘])¢ + 12‘] ]

where ¢(2) is the amplitude of the fluctuating potential and is a function of
%, the coordinate along B. ¢ is the bounce-averaged value of ¢

Ty e
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where v“(z) is the parallel velocity of the particle and tg is the bounce
period. In Eq. 3.7-1, q and m are the charge and mass of a given species of
particies, € and u are the energy and magnetic moment per unit mass, ws iS the
diamagnetic frequency, wp is the curvature drift frequency, p is the gyro-
radius, and w and k are the mode frequency and wave-number perpendicular to
B. The sum in Eq. 3.7-1 is over the various types of particle trajectories
and the various species of particles.

| Assuming a Maxwellian distribution for f,,

of
1 de "o _
mlde fdw]yg=-1lg "

for each species j. Then the dispersion relation can be written as

2 2
—'—_—2' Wy, 1 n k P Wy s 9
Il - 950 -—u,i)T—J_ J e B2SS 4 TjJ 1-=-1% ] de 1

(3.7-2)

Wy 5 W 5 —
T B S TR R
7 T.¢ . %
W g

The term involving (¢ - E)z

cles trapped in the central cell or anchor, ¢ = ¢. Consequently, for these

is nonzero only for passing particles; for parti-

particles n » Npass> the density of particles passing into the anchor.

For the axial variation of the fluctuation potential ¢, we take ¢ = ¢,
equal to a constant in the central cell and transition region, and ¢ = 0 in
the anchor. We also use square-well approximations for each cell. In TASKA-M
only electrons pass from the anchor to the central cell; ions leaving the
central cell are on unconfined orbits and are lost out the ends. Then

pass — Ba¢ 2a "It
where Ap = g = b >

Nne and np are the electron density in the central cell and anchor, respective-
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ly, the effective lengths of the central cell, anchor, and transition region
are Lo, Ly, and Ly, respectively, and the other symbo]s are as defined in
Section 3.2. For passing electrons

¢C(TC + 21t)

¢ = To + ZTt + 2Ta ’

where 1., T, T4 are the transit time through the central cell, transition
region, and anchor, respectively. Then, for the passing electrons

2T,T
—2 A'B 2
(¢ - ¢) = 2 ¢C
T
where - g = Tt 21t

TT = TB + 2Ta .

For electrons or ions trapped in the central cell, we have

B By,
andE2 = ¢2. For ions trapped in the anchor, we have
c
s n_ ZnaLa
B B 4
and Ez = 0.

We put these expressions into the dispersion relation, Eq. 3.7-2, and
write it as a quadratic equation for w,

A A
(1 +—5) - wu[(m - 1) - 2]+ 4% =0 (3.7-3)
m

where Ye is the MHD growth rate,

2 _ “xileps - upe)
Ye 22
Pq
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To get Eq. 3.7-3 we have neglected the finite gyroradius correction of the
electron and invoked the transformation to cylindrical geometry, so that
m m-1

> = or
kK>5

as appropriate. Here m is the azimuthal mode number and r is the plasma
radius. The ion diamagnetic frequency in Eq. 3.7-3 is defined for m = 1, so
that Eq. 3.7-3 shows the m-dependence explicitly.

Writing the dispersion relation as

AwZ + Bu+ C =0,
we see that the plasma is stable if
BZ - 4AC > 0 .

The effect of finite ion gyroradius stabilizing the plasma is the first term
in B and vanishes for m = 1. The A, term in B comes from the electrons pass-
ing between the central cell and anchor. If the connection were by ions in-
stead of electrons, the sign in front of Ay in Eq. 3.7-3 would be positive
instead of negative. The passing electron contribution in A, can stabilize
the plasma for m = 1 if A, is large enough. For higher azimuthal mode
numbers, m, BZ decreases at first and then increases when

Ay = m(m - 1) .
This Teads to the possibility of an unstable window in m. This arises because

the passing electron contribution defeats the finite gyroradius stabilization

for some m.
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Applying this analysis to the TASKA-M design point, we get

wei = 9.2 x 10% 571

Ay = 64
A2=16
e = 3.3 x 10% 571,

With these parameters, we get stability form =1, 2, 3, and m > 6. ‘The dis-
persion relation predicts a trapped particle instability for the azimuthal
mode number, m, equal to 4 and 5. For these values of m, the growth rate is
about 1.4 x 10° s'l, which is about one-half the MHD'growth rate. This result
is a basis for concern about trapped particle instability in TASKA-M. The
analysis, however, is only approximate; a number of complicating effects have
not been considered. Furthermore, the nonlinear consequences of the trapped
particle instability are unknown. Presumably, the fluctuations caused by the
instability would lead to enhanced radial transport. Because of the large
azimuthal mode number (m = 4-5), the transport should be considerably smaller
than for lower mode number instabilities.

This model assumes the plasma is azimuthally symmetric and therefore
modes with different m values are independent in the linear regime. In TASKA-
M, however, the anchors have a quadrupole moment. If this were taken into ac-
count, one should get a coupling between various mode numbers. It is possible
that the unstable mode numbers could be stabilized by coupling to neighboring
stable mode numbers. An analysis of this effect is beyond the scope of this
study, however.

A recent theoretical development impinges on the trapped particle sta-
bility of TASKA-M. It has been found in an analysis of trapped particle sta-
bility of the TARA experiment that a small negative electric field in the
radial direction can stabilize the trapped particle stabi]ity.(3) The stabil-
izing effect comes from the Coriolis force associated with plasma rotation and
increases in strength with mode number. Although the analysis is not directly
applicable to TASKA-M, the TARA experiment (presently under construction) is
similar to TASKA-M with respect to trapped particle effects, and consequently
the same effect should be operative here as well. The negative radial
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electric field can be obtained by biasing the end plasma dump negative rela-
tive to the side walls and the halo. The present end dump design in TASKA-M
does not allow this, but it could be accommodated with a modified end dump
design.

We conclude from this analysis that trapped particle stability in TASKA-M
is an open question requiring further theoretical analysis and experimental
confirmation. The TARA experiment should provide a good experimental data
base on which one can make more definitive statements about TASKA-M.
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3.8 Plasma Halo
3.8.1 Introduction

The plasma halo is a Tow density, Tow temperature plasma filling the
volume between the core central cell plasma and the first wall. It serves to
shield the core plasma from cold, neutral hydrogen atoms and from impurities.
These arise from processes such as outgassing of the chamber walls, sputtering
from beam dumps, and cold gas streaming down neutral beam lines. A halo
plasma is generally required in magnetic fusion devices in order to protect
the core plasma from losses due to charge exchange and impurity radiation.

The halo model used for TASKA-M aims at predicting the shielding and
vacuum pumping properties of the halo. Both of these depend only weakly on
the halo plasma temperature (for halos above about 20 eV) through ionization
and charge exchange rates. Density dependence enters primarily through inte-
grals of density over radial profiles, so it may be adequately approximated by
an average value. Therefore, the halo is modeled very simply as a single zone
of constant plasma density and temperature. Halo ions and electrons are as-

sumed to have the same temperature. The results for quantities such as first
wall surface heat load, shielding from sputtered atoms, and vacuum pumping
speéd by the halo are rough due both to the simple model and to uncertanties
in cold gas sources and sputtering rates. Further refinement of the model is
not warranted because of those uncertainties. However, should modification of
the halo density be required, added cold gas sources or vacuum pumping could
be used.

The geometry used for the TASKA-M halo calculations is shown in Fig.
3.8-1. The halo extends from the core plasma radius at 12.1 cm to the largest
radius (18 cm) flux tube which passes through the choke coils at the central
cell ends. Beyond that radius, magnetic field lines intersect the wall at or
before the choke coils. Thus, electron thermal conduction keeps the region
too cold to ionize gas, and essentially no plasma forms. In the cold gas
zone, diffusion is assumed to distribute the gas fairly uniformly along the z
direction and to smooth out the effects of the varying wall radius. .

The shielding of the core plasma from cold gas and sputtered atoms will
be estimated first. Second, halo particle and power balance will be dis-
cussed. Third, TASKA-M halo reference parameters will be given. Finally,
calculations of vacuum pumping by the halo will be presented.
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Fig. 3.8-1. Geometry of the beam dump.
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Units used are cgs, except that energies will be in eV and powers will be
in watts unless stated otherwise.
3.8.2 Shielding from Sputtered Beam Dump Atoms

The analysis presented here consists of two parts: First, the amount of

sputtering due to shine-through neutral beam atoms impacting the beam dumps is
estimated using the analysis of Bohdansky.(l’z) Second, the number of sput-
tered atoms which reach the core plasma is approximated by geometric argu-
ments. Both calculations are rough, but they suffice since shielding require-
ments are defined by the pessimistic assumption that all sputtered atoms
reaching the core are absorbed by the core.

The central cell neutral beams total 20.9 MW of power and nominally have
three energy components: 87.4% at 90 keV, 6.0% at 45 keV, and 6.6% at 30 keV.
The values used here differ slightly from the reference case values given in
Chapter 6, but the differences do not alter the final results significantly.
This gives an average energy of 83.3 keV and total current of 251 amperes or
1.6 x 1021 atoms/s. Of this current, 92% is trapped in the core plasma. Con-
servatively, neglecting the trapping fraction in the halo, about &bd = 1.3 x
1020 atoms/s impact the beam dumps. The beam dumps are assumed to be molyb-
denum, but results for other choices such as copper will be very similar.
Figure 3.8-2 gives the sputtering yield of Mo per incident deuterium atom for
normal (0°) incidence. Examining Fig. 3.8-2 indicates that tritium should
give sputtering yields about a factor of two larger than those of deuterium.
Roughly extrapolating to the 10 to 100 keV energy range, the total sputtering
yield for normal incidence should be approximately Yo=VYp + Y7 = 3YD = 1.1 X
10-3 atoms/incident particle.

Sputtering yield depends on the incident beam angle as(1)

Y(¢) = Y(0) cos-f ¢ (3.8-1)

where f ranges from one to two. f is one when incident atoms penetrate so

deeply that the resulting, scattered atoms have randomized direction. f = 1.8

will be used here. In the reference case, the beam dump is inclined at

¢ = 71° to the neutral beams in order to minimize the surface heat load.
Sputtering yield is proportional to £-2 and peaks in energy at about

E = 2Ep/3, where E, is the surface binding energy.(l) For very high
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Fig. 3.8-2. Sputtering yield of molybdenum per incident atom for normal
incidence versus incident atom energy.
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energy 1néident particles (90 keV is borderline), the sputtered atoms have a
cos 8 cos ¢ distribution, where 6 and z are 0° normal to the surface.

Figure 3.8-1 shows the geometry of the beam dump. Assuming that the
neutral beam is highly localized in intensity at its axis (adequate for the
level of approximation used in this halo model), sputtered atoms can po-
tentially impact the core plasma if 62° ¢ 6 ( 80° and if ¢ = arctan(r./170
cm) < 4.1°. r. is the radius of the core central cell plasma.

The probability that a sputtered atom with energy E penetrates the halo
is assumed to be exp(-A), where A is the ratio of path length in the halo to
mean free path, given by

1/2
nilov>
7 Mo Mo (3.8-2)

A=17.15 x 10 E1/2

where uy, is the ratio of the mass of Mo to the proton mass. Although the
path length, &, depends on © and ¢, the ranges of 6 and ¢ are small and % is
taken to be a constant here. {oV>yo 1s the ionization rate for Mo and is

given by(3)

1070 (Te/IMo)l/2

(Voyp = 372

exp(-IMo/Te) (3.8-3)
Mo (6 + Te/IMo)

where T, is the halo electron temperature, Iy, = 7.3 eV is the ionization po-
tential for Mo, and the reaction rate has been averaged over Maxwellian

electrons.
The number of sputtered Mo atoms per second which reach the core plasma

is therefore given by

o E
N .Y E_ 4,10 800 inj
o 6 -A
N;o - cb: 0 Z"f dc f d8 f dE cos 2cos z e
0s ¢ 0 620 £y E
(3.8-4)
27 ‘ E=E, .
- 2.8 x 10 . (1 + 1) e-A inj
E=t
(n2<cv>Mo) b
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where ﬁbd is the particle source to the beam dump, a normalization factor of
9EL/16 has been included, and n is understood to be the halo density. Note,
however, that most of the Mo atoms which reach the core plasma edge will be
quickly ionized and lost out the ends since the axial potentials are small at
large radii. N;o thus probably gives an overestimate of the number of Mo
atoms which actually are trapped in the core plasma.

Since Mo is a high-Z material and sputtered Mo atoms hit the core plasma
inside the central cell potential dip, the end loss time is very long.
Classical radial transport, therefore, sets the Mo loss rate. The radial loss

time is approximately

2
s
TMO "'——Ma- ~ 2.8 S (3.8-5)
ZDL
Mo 2 ~11 "He 2
where D" ~ vy, ~2.3x10 172 ~ 26 cm“/s (3.8-6)
Hc

is the classical radial diffusion coeffjcient, r. is the central cell radius,

o
v, is the 90° scattering time, py, is the Mo gyroradius, ny. is the core hot
ion density, and Ej. is the core hot ion energy. The radial loss rate is thus
n
NWome My 298 x0tn st (3.8-7)
Mo rpl TMO c Mo
where frpl = 0.6 is the radial profile factor for cubic profiles, and V. is
the effective central cell volume.
The particle balance for Mo, given by
or .S
Mo - NMo s (3.8-8)
then sets the equilibrium density, ny,, of Mo in the core plasma. Recall that
this is probably an overestimate. Since the energy of the core plasma is high
enough to completely strip the Mo, the fusion power reduction factor due to a
given density of Mo is
ZMonMo)Z
n. *
3.8-6
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3.8.3 Shielding from Neutral Gas

The attenuation of neutral gas for a given [ n d2¢ is given in Fig.
3.8-3.(4)  From that figure, assuming a constant density halo, the proportion-
ality constant relating [ n d&, the density of neutral gas at the outer edge
of the halo, n,, and the density of neutral gas a distance % into the halo,

Ng» is

n
W -12
CA = nzng 5.5 X 10 .

At the edge of the core plasma, the neutral gas density is therefore

n

W
n.= . (3.8-9)
~we Cpanlry - re

where r, is the outer radius of the halo.

The quality of shielding of neutral gas done by the halo may be measured
by the amount of charge exchange which occurs between neutral gas and the core
plasma. The amount of charge exchange is estimated as follows. Effectively
no attenuation occurs in the core plasma until Cpn{r)e = 1, where n(r) here is
the core plasma density given by

n(r) = n [l - (%)3]

with ny the plasma density on axis. Define rj by the condition that
Can(rade =1 . (3.8-10)
Then, n,. will be assumed constant for rp < r < re; this is rough, but so is

the radial density profile.
Total ionization of neutral gas in the core plasma is then given by

r r
. A n C<OV>1 c
N, =2rL [ rdr _we 19, 2tk [ rdrn n(r)<ov,
1gc c c(r -r) ¢ We ig
o A c r
A
(3.8-11)
ZTTL r 2 5 P
= -TTJi < R
= . nwc<°V>ig[rc 1n(7—‘?—F—) - rA] + ZnLcnwcnc<ov>ig[Z_ _'_7T]r
¢ A 5rc A
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Fig. 3.8-3. Attenuation of neutral gas versus [ n d2.
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where <ov>jq is the fonization rate for neutral gas and Lc is the effective
central cell length. Total charge exchange, by a similar argument, is

. <ov>cxg .
cxge <°V>ig ige ° (3.8-12)

3.8.4 Halo Particle Balance

Since the central cell magnetic fields are axisymmetric, classical radial
transport may be assumed. Only hot central cell ions are considered because
they are both hotter and denser than the warm ion population. The central
cell ion radial transport coefficient is thus

0.105 n

~ 2 HC .. _ 2
Dr v PiH —ET7?—E?— sin einj = 33 cm“/s (3.8-13)
Hc c

where ny. is the central cell hot ion density, einj is the neutral beam in-
jection angle, Eje 1s the hot ion energy, B. is the central cell magnetic
field, v, is the 90° scattering time, and pjy is the hot ion gyroradius. The
radial loss time may be approximated by

2
¢

T ~-25F = 2,2 s

giving a radial loss from the central cell to the halo of

n
N o~f N V = 2.0 x 1019 ¢ . (3.8-14)
ro rpl T o

Radial transport to the cold gas zone from the halo is, similarly,

o -~ 0.053 1
rooql7Z g

C
By an argument analogous to that of Section 3.8.3 for ionization of neutral
gas in the core plasma, ionization of neutral gas in the halo is given by
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21rLC rw - rc
N = n -{r -r - 4r
9 7T Myl M) - (- )
(3.8-15)
+ L_n_n<ov>. [2r Ar - (Ar)z]
c'w igtw
S 1
where Ar = -
“A
. <ov>ng .
1 N oo = T — . e
Also cxg {av> NTg (3 | 16)

Note that the <ov)'s here are not the same as those for the central cell.
Attenuation of the neutral beams in the halo is modeled by

-A
fap ~ 1 - e M (3.8-17)

where f,,, is the neutral beam trapping fraction in the halo and the ratio of
path length to mean free path is given by

cxnb)

; (5)1/2 ne(<ov>, o+ Covd
My gl/2
inj

where 2 is the path length on one side of the halo, <ovd>;,p 1S the ionization

rate, <ov>.ynn is the charge exchange rate, Einj is the neutral beam energy,

A= 7.15 x 107

b (3.8-18)

m; is the ion mass, and my is the proton mass. The total trapping rate in the
halo on both sides of the core plasma is thus given by

N, =~ [f bt fnb(l - fnb)(l - ftrf)] Inb (3.8-19)

n
where I, is the incident current and fy. is the trapping fraction in the core
plasma. The fraction of this current which ionizes and fuels the halo is

<ovd
inb o

nbi  <ovd>. . + <ov> Nob (3.8-20)
inb cxnb

Similarly, the fraction which charge exchanges with the halo is

<0v>cxnb .
nbex | <ov>. . + <ov> Nnb : (3.8-21)
inb cxnb
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Some neutrals from charge exchange events in the halo will reionize in
the halo. The model used here is rough, but should suffice for the accuracy
of this calculation. The two chief assumptions are that the core plasma may
be neglected due to its smaller volume, and that slab geometry may be used.

The mean free path for reionization of a charge exchanged neutral is

E1/2

n<ov>i(m1/mH)

to * |

- (3.8-22)
mfp - 7.15 x 10

T ved

where <ov>; is the ionization rate and E is the neutral's energy. The very
simple assumption utilized here is that the neutral escapes if its path
length, %, to escape the halo is longer than Amfp' The following conceptual
picture is used in the analysis: & = r, - r., is greater than Amfp if the tip
of its velocity vector lies on a zone of height h on a sphere of radius Amfp'
The geometry is shown in Fig. 3.8-4a. The ionization probability, fion» 1S
then the area of the zone divided by the total surface area of the sphere.

The three possible cases are shown in Fig. 3.8-4b. For case 1, Apey < rp -

ion

(ry - rcx)/ZAmfp. For case 3, rp + rey < Amfp’ and fion = rh/kmfp'
The source of halo ions due to reionization of charge exchanged neutrals

Fexs and f; = 1. For case 2, ry - Fex < Amfp <rp + ey and fion = 0,5 +

is then

) . (3.8-23)

= +
icx ion( nbcx CXg
These particle sources are balanced primarily by end lToss. Two regimes

may be defined, rather arbitrarily, as collisionless and collisional. They
are delineated by the ratio of ion-ion scattering time, T to bounce time,

Ty. For 1) < 7, the halo is collisional and a simple flow time may be used:
nR_L_ /2
(NT) gy o % ——r (3.8-24)

where R. is an appropriate mirror ratio and the = comes from taking a directed
Maxwellian velocity distribution. For Ty < T the halo is collisionless and

= (nT)ii In R (3.8-25)

(nT)scat C
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where the ion-ion scattering time is

5 T3/2
T_i_i ~ 4.9 X 10 "n—‘ . (3.8-26)
End loss is then given by
2
\ ="y (3.8-27)
et (nT)ez h

Finally, total particle balance requires

ro | Nnb1' ¥ Nig ¥ Nicx - Nr ¥ Nez : (3.8-28)

3.8.5 Halo Power Balance

Somewhat surprisingly, halo power balance is not dominated by the ~ 90
keV brought into the halo when a neutral beam particle ionizes or charge ex-
changes. The reason is that often the hot ion charge exchanges with neutral
gas before it slows down appreciably. The pertinent times are

1
S P S (3.8-29)
CcX nn<ov>Cx
(m; /m, ) T3/2
Tap ~ -3 . (3.8-30)
3.2 x10 " n

Total halo power drain on the neutral beams is ﬁn E. ., but the effective

b-inj
power given to the halo may be approximated by:
P omN E - (N +N. )T (3.8-31)
nb nb~inj nb nbcx’ 2
for tqpe < Texs and
. Tex . . 3
Pab ™ Mabting T ° (oo * Napex) 2T (3.8-32)
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Another possibly important term stems from alpha particle orbits inter-
secting the halo. Whether significant halo heating occurs depends on the
relative thermal equilibration times for alpha particles in the halo and in
the core plasma. In the core plasma,(3)

(meE +m Tec)3/2
T~ Ty 17 2 ~0.08 s (3.8-33)
1.8 x 10 (mm) Z°n_In A
e a o e
while in the halo,
3/2
(mE +mT)
. — e -8 3 x10% 4 7300 Y25 (3.8-34)
1.8 x 10 (mema) ZJ11n A

where Tn A = 20 is the Coulomb Togarithm. TE ~ 0,15 s for the reference case.
For the purposes of this analysis, the region with the smaller T will be
assumed to absorb the alpha particle power. The amount of power absorbed in
the halo may be reduced to the geometric question of what fraction of the
alpha particle orbits intersects the halo. A slab model and analysis analo-
gous to the reionization model of Section 3.8.4 will be used. Then, for an
alpha particle born at radius r with angle o with respect to the magnetic
field, two cases exist:

0<r<2 - ré f(r) = E%f (3.8-35)

r.-r

z - S (3.8-36)

a

Zpa -rosr<r, f (r)

where f_(r) is the fraction of alpha particles at radius r which have orbits
intersecting the halo, and P is the maximum alpha particle Larmor radius.
For the cubic radial profile of the reference case, the fraction of total
alpha particle orbits which intersects the halo is

c
fom r dr 1 - (E_)3] £ (r) . (3.8-37)
ah 2 r a

PC-Zpa re C
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Total power to the halo is thus at most

Pa = 0.2 Pfusf (3.8-38)

ah °*
For the reference case, T < 12, so no halo heating due to alpha particles is
assumed.

The most important heating mechanism for the halo turns out to be radial
transport from the central cell. Core plasma radial transport gives a halo
particle gain rate of ﬂro as discussed earlier. The corresponding energy gain
is

P &N E  =0.27 Md . (3.8-39)
ro ro hc
Unless T, is very high, the hot; radially transported ions will deposit their
energy in the halo before being lost, since their thermal equilibration time
is less than their loss time. The loss time for the hot ions once they are in
the halo is
5 .3/2
4.4 x 10 Ehc

Tg' ~ n ]n Rc = 4.3 S 3 (3.8-40)

Their energy equilibrium time with the halo is

1/2
18 (m m.-)
TE - 5.6 x 10 [ 1 + e DT ]-1 . (3.8-41)

177 177 377
M1 (Epe * T (MEpe * myyT)

g ~ 0.17 s for the reference case.
Charge exchange with background gas will contribute an important term to

power balance. The charge exchange rate, chg’ was computed in the previous
section, and the power lost will thus be

P =N (T-T) (3.8-42)
CXg 2 cxg q

where Tq = 3 eV is taken as typical of Frank-Condon neutrals.
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Similarly, reionization of charge exchanged neutrals will take away

P =W T. (3.8-43)
icx 2 icx

Estimating roughly,(5) neglect of line radiation appears to be a good
assumption.

The largest power loss term is generally due to end loss. Using the
particle end loss term from the previous section, the end loss power is sihp]y
_ 3y
= E'N (3.8-44)

Pez ezT '

3.8.6 First Wall Surface Heat Load
An important consideration for the TASKA-M LiPb blanket test module is
that the first wall surface heat load be kept below about 10 watts/cmz, since

the first wall is cooled by circulating LiPb. This section discusses the

contribution to that heat load from processes related to the halo only. These

are: v

1. Neutral gas penetrating the halo and charge exchanging with the core
plasma.

2. lons resulting from neutral beam charge exchange with or ionization on the
halo and subsequent charge exchange with the neutral gas.

3. Halo ions charge exchanging with neutral gas and the initial charge
exchange events of the neutral beam with the halo.
The heat Toad due to the first process may be calculated using the charge

exchange rate found in Section 3.8.3:

ch thc
e LELLL (3.8-45)
E 2wr L
hc W C
The second term, using ﬂnbcx from Section 3.8.4 is approximately
N E. . -P
nb inj nb
r = . 3.8-
E. . 2nr L (3.8-46)
inj wC

The final term is given by that part of the charge exchanged halo ions which
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is not reionized:

. (1 - fion)(Nnbcx i chg)T (3.8-47)
T 2nr L ) e
Woe

N w

The distribution of the surface heat 1oad over the first wall is related
to the ratio of the bounce time for trapped neutral beam ions,

Lc Lc
S ~ 3.8-48)
b =V, 77 . (
I (ZEinj/mi) sin einj
to the charge exchange time
Ty T (3.8-49)
n cxnb

Since 7, £ T, the surface heat load is assumed to be distributed evenly over

x’
the whole' first wall.
3.8.7 Halo Reference Case

The TASKA-M halo reference case is given in Table 3.8-1 and 3.8-2. Al-

most the only available knob to turn in choosing a reference case is the base

pressure, which gives the neutral gas density at the first wall. Furthermore,
since it is convenient to have the halo do all of the vacuum pumping, essen-
tially no freedom in picking parameters exists. Therefore, it is fortuitous
that the final reference case satisfies all necessary criteria.

As stated in the introduction to this section, the main constraint on the
choice of a reference case is-that the halo must shield the core plasma from
neutral gas and sputtered beam dump atoms. The other major consideration is
that surface heat load should be as low as possible. A secondary effect of
that is to keep the neutral beam attenuation small, which is also desirable,

The dependence of halo density and temperature on the base pressure is
shown in Fig. 3.8-5. For cases with base pressures, Py, below about 5 x 10~
torr, the halo is in the collisionless regime. The input power is almost
totally due to radial transport from the central cell and is, therefore, con-
stant. Since the particle source to the halo is primarily due to ionization
and charge exchange (with subsequent reionization) of neutral gas, it is pro-
portional to the base pressure. Constant power and a lower particle source
combine to give a rising temperature as base pressure falls. The approximate-
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Table 3.8-1. General Halo Parameters

Density, n
Temperature, T
Inner radius, r¢
Quter radius, ™

Surface heat to first wall (r, = 25 cm) from halo

at ~ 90 keV
at ~ 84 keV
at 615 eV
Total

Particle flux to first wall
at ~ 90 keV
at ~ 84 keV
at 615 eV

Neutral density
at core plasma edge
at first wall
Base pressure at wall

Charge exchange of neutral beam ions
Charge exchange time, Tex
Drag time, Tdp
Bounce time,

Rejonization of charge-exchanged neutrals
Mean free path
Reionization fraction

Beam dump sputtering
Beam dump material
Surface binding energy, E,
Maximum fusion power degradation

3.8-18

3.5 x 1012 ¢m3
615 eV

12.1 cm

18 cm

W/cm2
W/cm2
W/cm@
W/ cm@

g —~ O W
- [ . .
o 00 o O

2.1 x 1014 cm'2 s'1
1013 cm‘2 s'1
1016 cm'2 s'1

= o
. L]

N N
x X

109 cm3
1011 cm'3
10'6 torr

x X X

4.7 x 1070 s
0.34 s
2.7 x 1070 s

238 cm
0.076

Mo
86 eV
0.1%
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Table 3.8-2. Halo Particle and Power Balance Parameters
Confinement parameters '
End loss, ("T)ez 7.5 x 109 cm3 s

Collisional flow, ("T)f1ow | 2.9 x 108 em™3 s

Mirror Toss, (nt)ccat 7.5 x 107 em™3 s
Particle gain

Radial transport, Nr¢ 2.0 x 1019 51

Neutral beam ionization, Nnbi 8.7 x 1018 -1

Neutral gas ionization, Nig 3.5 x 1020 -1

Reionization of CX neutrals, N, 7.7 x 1019 -1

1CX

Particle loss
Radial transport, Nr 2.1 x 1016 -1

20 -1

End loss, Nez 4.5 x 10
Power gain

Radial transport, Pr¢ ‘ 272 kW

Alpha particles, P, 0 kW

Reionization of CX neutrals, Picx 11 kW

Neutral beams, P, 0 kW
Power loss

Radial transport, P. 0 kW

Neutral gas CX, chg 149 kW

End loss, Pag 134 kW
Neutral beam attenuation in halo 1.0%
Halo pumping speed 21 ¢ s cm 2
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Fig. 3.8-5. Halo density and temperature versus base pressure.

3.8-20




— 192 —

1y constant density in this regime is due to the strong increase in confine-
ment time with temperature. when'Pb is greater than 5 x 10-° torr, the halo
is in the collisional regime, where the confinement time is almost independent
of density. Thus, since the particle source is rising with base pressure, the
density also rises. Also, attenuation of the neutral beams becomes a signifi-
cant contributor to power balance, with power to the halo rising linearly with
density. Because both power and particle sources are rising approximately
with density, the halo temperature remains essentially constant.

The most important conclusion to be drawn from Fig. 3.8-5, however, is
that considerable leeway exists in the TASKA-M halo operating regime, If, for
example, unexpected cold gas sources lead to a reference base pressure as much
as a factor of six higher than that used here and calculated in the next
section, the shielding properties of the halo remain essentially unchanged.
Thus, we may have good confidence that the TASKA-M halo will shield the core
plasma and vacuum pump central cell cold gas, despite the rough nature of the
model.,

3;8.8 Vacuum Pumping of the Central Cell by the Plasma Halo

3.8.8.1 Introduction. In view of the fact that the nominal density and
temperature of the halo ions are ~ 3,5 x 1012 cm-3 and 615 eV, respectively,
it might be expected that the plasma halo would provide a vacuum pumping
surface for cold background gas in the central cell. It is the purpose of
this section to quantify the pumping properties of the halo and, given the
expected gas loads into the central cell, determine typical steady-state gas

pressures under operation. It will be demonstrated that the plasma halo is a
very effective pumping medium and is capable of maintaining the central cell
pressure at < 10-° torr under operation.

3.8.8.2 The Halo Pumping Equation. We begin with the ideal gas law

PV = NKT (3.8-50)

where k is Boltzmann's constant and N is the total number of gas molecules in
system. At constant temperature, the total differential with respect to time

is

doov)y =0 (), v v BB), = kT AN (3.8-51)
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Since TASKA-M has, under steady-state, a well defined plasma radius, we are
pumping a central cell of constant volume V. Therefore, Eq. 3.8-51 becomes

dp _
Vg = KT (3.8-52)

010.
+ =
.

The rate of change of gas molecules in the system will be equal to the
gain due to all source terms of cold input gas (dNg/dt) minus the loss rate
due to the halo pumping (th/dt). Therefore,

U

E-xT (F ) -F2 (). (3.8-53)

[~ 8

v

Note that the input and pumping rates have been written as preséure dependent
terms. The source term expressing the throughput of cold gas to the central
cell may be written

qs(P) = Gcx * Qog * qnb(P) + qo(P)
(308'54)
dN dN dN dNn_ -
21 Tex 09 nb _0
"mlE rtw tw Pt P)

where q., = throughput due to reflux of cold charge-exchange gas from first
wall,
= throughput due to general outgassing from wall materials etc.,
qpp = throughput due to influx of gas from beam 1ines,
9y = throughput from any other subsidiary sources.
Note that q., and Jog are independent of system pressure. Customary units of
q are torr & s~1.
In terms of particle rates, Eq. 3.8-54 becomes

qs(P) = kT (dNg(P)/dt) . (3.8-55)

To solve Eq. 3.8-53 for pressure as a function of time in the system, we
need a functional relationship for the halo pumping rate as a function of
pressure. The analysis in Section 3.8 indicates a reasonably linear relation-
ship between the halo pumping rate and the cold gas pressure, thus
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T (P) ~cP (3.8-56)

where ¢ is a constant. Accordingly, from Fig. 3.8-6 in the low pressure
region of interest, we obtain ¢ ~ 7.2 x 1025 torr-1 s-1 (atomic). This
constant expresses the effective pumping speed of the halo. A plot of the
halo pumping rate versus cold gas pressure is given in Fig. 3.8-6.

Substituting Eq. 3.8-56 into Eq. 3.8-53 gives the first order differ-
ential equation \

o

N

dPLE) + ST p(t) = KT 22 (o)) (3.8-57)

To solve Eq. 3.8-55 we make the simplifying assumption that the cold gas
throughput in Eq. 3.8-54 above is dominated by the first two terms, i.e. qc,
and dogs this is an excellent assumption as will be seen later. Accordingly,
we can relax the pressure dependence of the RHS of Eq. 3.8-55 and solve the
resulting linear equation as follows

dN

N, dng
It

T} e-(CkT/V)t

P(t) = (P, - L + 1 (3.8-58)

0
where P, is the equilibrium system pressure at t = 0 (i.e., before the plasma
is turned on).

3.8.8.3 Application of the Halo Pumping Equation to TASKA-M. Application of

Eq. 3.8-58 leads to the following scenario. The system vacuum at t < O is
maintained at P, by some external method (e.g., cryopanels 1ﬁ the end cell,
etc.). At t = 0 the beams turn on, the plasma is initiated, the halo begins
to pump, and we disconnect all auxiliary vacuum pumps. The time behavior of
the system pressure then follows Eq. 3.8-58. At equilibrium, the system will
have attained a final pressure given by

=1_s -
=3 (3.8-59)

which is dependent on the effective halo pumping speed c and the cold gas

input rate dNg/dt. The rate at which the halo effects the pressure transition
from the original base pressure P, to the final equilibrium pressure Pginqq 1S
dependent on the exponential term in Eq. 3.8-58. This rate will evidently be
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rapid for a large halo speéd c, a high temperature T or a small system volume
V.

Computation of Pgipna7 for TASKA-M requires computation of qg (i.e.,
dNS/dt) via Eq. 3.8-54. From Section 6.2.3, the cx particle intensity to the
first wall is 3.40 x 1020 -1 (atomic). 1In equilibrium, this is equal* to
cold gas reflux rate, thus dN.,/dt = qcx/kT = 1.70 x 1020 -1 (molecular). A
typical outgassing constant for stainless steel after bakeout(s) is ~5 x 10~

1 per cm? of surface area. A worst-case upper bound for the convo-

2

Ne)

torr & s~
luted surface area in the central cell for outgassing purposes is ~ 396 m
which yields a total outgassing particle rate of 6.8 x 1017 ¢-1 (molecular)
into the vacuum chamber.

To estimate the cold gas contribution from the beam line, we note that
the system base pressure P, before operation of the beams and plasma is main-
tained at typical machine pressure (~ 10-5-10-6 torr). Since the beam line
exit ducts are maintained at a quiescent pressure of the same order of magni-
tude by the beam Tine pumping system, g, will certainly be small relative to
qcx and can be neglected here.

Our final source term for input gas is q, in Eq. 3.8-54 which accounts
for all other sources of gas input. Normally, excepting large Teaks into the
vacuum chamber, other sources of gas will be small compared with q., and dog-
However, for completeness, we could assume that the beam dumps are not
supplied with an auxiliary pumping system. From Section 6.2.3, we have a
total shine-through particle intensity of 1.825 x 1020 -1 (atomic). There-
fore, under equilibrium conditions, we obtain an equivalent cold gas reflux
from the dump surfaces of 9.125 x 1019 -1 (molecular).

Our source term for the total cold gas input to the central cell is,
therefore, dN./dt ~ 2.6 x 1020 -1 (molecular). Substituting this into Eq.
3.8-59 yields a final system pressure under halo pumping of ~ 7.2 x 10-% torr.
Note that if the beam dump gas reflux were to be accommodated by a separate
auxiliary pump, this equilibrium pressure would be maintained at 4.7 x 1076
torr by the halo.

*The fra&tion which diffuses to the back surface of the first wall is less
than 107" of the implantation rate so the vast majority is emitted as cold gas
reflux to the vacuum chamber.
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3.8.8.4 Discussion. It appears from above that the plasma halo provides a
very effective vacuum pump, and is capable of maintaining the central cell

pressure at less than 10" torr under operation without the need for other
pumping systems. Auxiliary pumps would, however, be required for initial
pumpdown before the plasma (and thus the halo) is initiated.

A quantitative figure of merit for the pumping capabilities of the halo
can be obtained if we transform the speed constant ¢ in Eq. 3.8-56 from units
of torr-l s71 to units of liters per second and, thereby, obtain a convention-
al pumping speed. Accordingly, we obtain ¢ = 1.0 x 106 L s'l. With a mean
halo radius of ~ 15 cm and an effective central cell plasma length of 495 cm,
this gives a specific pumping speed per unit area of halo "surface" of ~21 3
s”1 cm 2. This is a very large pumping speed and should be compared with
typical speeds for D and T exhibited by present day cryopanels of ~5 & s~
cm'z, and Zr-Al getter panels of ~ 0.9 ¢ s'1 cm'z.(7) This clearly demon-
strates the potential of the plasma halo as affording a very effective vacuum

1

pumping medium for the central cell.
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3.9 Plasma Startup
The plasma physics and engineering considerations so far have dealt with

only the steady-state, or burn, phase of operation. In this section we dis-
cuss startup of the plasma, i.e. the process of bringing the plasma to its
desired operating point. The startup phase involves creation of an initial
target plasma, turning on the various neutral beams and programming the
electron heating power. A related consideration is the "thermal" stability of
the desired operating point. We address these issues in this section with a
time—dependent rate code which calculates the evolution of the central cell
density and electron temperature.

An initial target plasma can be created either by injection of plasma
along the magnetic field from a stream gun in the end walls, or by injecting
gas into the discharge chamber and applying low power microwaves at the
electron cyclotron frequency to ionize the gas and make a target plasma. The
latter method is preferred because it gives a cleaner plasma which is not so
strongly connected to the end walls. Creation of a target plasma by ECRH has
been accomplished in the TMX-Upgrade and Phaedrus tandem mirror experiments.

A suitable target plasma for TASKA-M would have a density of ~ 5 x 1012 cm'3,
an electron temperature of ~ 30 eV, and an ion temperature of ~ 19 eV. These
parameters have been obtained in Phaedrus, for example. This could be
achieved with an initial ECRH pulse of a few kilowatts of power lasting for
~ 10 ms. The best point for application of the ECRH microwave power would be
either in the transition region, or in the anchor, where the magnetic fields
are lower and the required frequency is therefore smaller.

Given an initial target plasma, we model the evolution of the hot plasma
by rate equations for the hot ion density and electron temperature. In order
to reduce the number of rate equations to be solved simultaneously, we con-
sider only the startup of the central cell plasma; starting up the anchor is
conceptually the same problem. Our two rate equations are

n2 )
d - _ _Hc Hc .

3.9-1
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d (3 nﬁc ng v
Hf'(Z'"eTech) - Pe tg <ove Qufe - [ (nr)e - Px
(3.9-2)
c c
+ anveH(EHc - 1.5 Te)VHc + 1.5 nsves(TS - Te)VHc .

The notation is the same as in Section 3.Z. ng and T, are the density and ion
temperature of the target plasma, respectively. Iy is the injected high
energy neutral beam current and fp is a trapping fraction, which is calculated
differently than in Section 3.2.6. We use the pencil beam approximation for

fp,
f. =1 - e"'(l (3.9-3)
where

vpe = [ ds (nHC(<ov>1- t <ow ) + n (<o, + <o ¥ <cv>cx)) (3.9-4)

and the integral is along the beam path. In this expression for «, we con-
sider trapping by ion and electron impact ionization with the hot plasma and
cold target plasma, and by charge exchange with the cold ions. Charge ex-
change of a beam atom with a hot ion does not lead to an additional trapped
ijon, and is therefore not fnc]uded. This effectively assumes the escape
probability of the hot charge exchange neutrals is unity. This is true in the
early phase of startup but underestimates the trapping by charge exchange as
the design point is approached. On the other hand, the pencil beam overesti-
mates the trapping coefficient to some extent (see Fig. 3.2-1) so these ef-
fects compensate each other to some degree. The effect of the warm plasma
neutral beam is also neglected in Egs. 3.9-1 and 3.9-2. An additional
simplification is that ¢,/T,, which is contained in (nt)q, is not solved for
self-consistently, but is replaced by its value at the design point, as given
in Section 3.3. These simplifications are made in order to increase the
computational speed for solving the rate equations; a consequence of these
approximations is that the steady-state solution predicted by Eq. 3.9-1 and
3.9-2 will not precisely reproduce the solution of the more complicated power
balance equations given in Section 3.2. This is not a major disadvantage,

3.9-2
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since the purpose of this analysis is to establish the gross startup require-
ments and feasibility; minor differences will not negate the basic conclu-

sions.
Equations 3.9-1 and 3.9-2 are solved using a predictor-corrector tech-

nique with the initial conditions:

nHC(O) =0
Te(O) = 30 eV
ng(0) =5 x 1012 ¢m3 |

The target plasma density ns(t) is allowed to decay in such a way that ng(t),
nelt) = nyc(t) + nglt) (3.9-5)

is constant until nc(t), as calculated from Eq. 3.9-5, becomes zero. From
then on, ng(t) is set to zero and ng(t) = nyc(t).

Figure 3.9-1 shows the result of a startup simulation with no RF heating
of electrons. The beam is turned full on at t = 0; all other input parameters
are given in Tables 3.3-1 to 3.3-3. The rise in the electron temperature to
about 6 keV is due to heating by drag on the hot ions. This is an important
effect since electron heating by Landau damping is iheffective at low electron
temperature and low density. Hence, we need the high energy beams to both
raise the total density and the electron temperature before RF heating is
applied.

Next we consider startup with RF electron heating. A rough model for the
coupling efficiency, no, of the heating process is obtained by putting

na = nplng) na(Te)
The dependence of ny on ng, and np on T, is shown in Fig. 3.9-2. With this
model, we get little heating with n, < 1013 cm3 or Ta < 2.5 keV. The coupled
power is given by

Pe = nePRF »

3.9-3
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Fig. 3.9-1. Rise of the hot ion density and the electron temperature; the
high energy beam is turned on at t = 0. There is no RF heating
of electrons in this simulation.
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Fig. 3.9-2. The factors used in determining the coupling of the RF power to
the electrons.
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where Ppp is the applied RF power. In order to avoid overheating the
electrons when the density is low, the applied power has to be programmed in
time during the starting phase. Figure 3.9-3 shows the results of a startup
simulation when

0 t < 0.05 s
Pep = { 7.5 MH 0.05 <t <0.ls
15 MW t>0.1s.

We see that the density and electron temperature both rise to plateau
values which are reasonably close to the design values. The final density is
slightly above the design value; this can be attributed to the neglect of the
low energy neutral beam which causes a loss of hot ions by charge exchange.
The final electron temperature is slightly below the design value. This can
be attributed to the density being too high. The humps in the Te(t) curve
occur at the steps in the RF heating power. A smoother To curve could be ob-
tained by a more gradual rise of PRF(t). This calculation is sufficient, how-
ever, to demonstrate a successful startup of TASKA-M using only the beams and
RF systems required in the burn phase, except for the initial ECRH pulse. The
neutral beams are not programmed; they are turned full on at t = 0. Program-
ming of the RF power is required in order to avoid overheating the electrons
at low density, but this is not a technological difficulty.

We also have found that the plasma comes up to its steady-state values
and sits there. Hence, the design equilibrium is thermally stable; a compli-
cated feedback system is not required to maintain the plasma at the desired
burn point. A control system will be required, of course, to adjust for slow
variations in the input beams and RF power.

The variation of the trapping fraction, fp, with time is shown in Fig.
3.9-4. The trapping fraction is low for the first 40 ms, but is essentially
at its design value after 60 ms. Hence, the beam dumps only have to take the
full incident neutral beam power for about 50 ms; this is a consideration in
the design of the beam dumps.

3.9-6
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Fig. 3.9-3. The rise of the hot ion density and the electron temperature with
both beam injection and RF electron heating.
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Fig. 3.9-4. The increase of the high energy neutral beam trapping fraction as
the hot ion density builds up.
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4., Overall Design

4.1 Introduction and Overview

The TASKA-M test facility (Fig. 4.1-1) is a triple mirror with a
solenoidal central cell and MHD-stability anchors. No electrostatic
plugging is provided. The central cell is used only as a zone for testing
both materials and breeding blankets. In order to reduce the capital cost,
there is no tritium pfoduction. In contrast to a power reactor, energy
conversion ist not provided. However a space at the end dump is reserved

for experimental purposes.

The overall length of the facility is approximately 50 m subdivided into
an 8.7 m central cell length, two 9.1 m anchor regions, and two 11.5 m end
dumps. While the maximum plasma radius is 0.12 m in the central cell an

average wall diameter of approx. 0.4 m is needed in the test zones.

Fueling and heating of the plasma is accomplished with ICRF and neutral
beam injection (NBI). The ICRF antennae in the central cell are integrated

into the blankets.

The neutral beam injectors are located in the central cell and in the
anchor regions. In tHe central cell there are four high energy beam lines
(HE-NBI) aimed of the midplane of the central cell and a low energy beam
Tine (LB-NBI) with the injection point axially displaced by 0.60 m from
the midplane. The radial arrangement of the HE-NBI and the LE-NBI is shown
in Fig. 4.1-2. Each of the two anchor regions have a single medium energy
neutral beam injector (ME-NBI) with the injection point between the Yin
and Yang coils. ‘

The distance from the extraction grids of the ion sources to the plasma
axis is 12 m for the HE-NBI and ME-NBI, and about 5 m for the LE-NBI.
Opposite each NBI, except for the LE-NBI, there is a beam dump for the
particles which are not trapped by the plasma (Fig. 4.1-3).

4.1 -1
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The end cells are characterized by dumps for the plasma and the plasma-

halo,

Locating the vacuum boundary represented by the vacuum chamber outside the
blankets, reflector, shield and coils was an important decision, which

provids, the advantage of a cold support structure between the magnets and
easier assembly and maintenance of the vacuum chamber, especially for coil

replacement.

The vacuum chamber with an average radius of 2.5 m in the central cell
region and 4 m in the anchor regions consists of a lower and an upper
shell (see Fig. 4.1-2). The lower shell, designed as a box section, rests.
on pillars and carries the support structures for all the internals, i.e.
blankets, coils, shield etc. The upper shell, reinforced against
atmospheric external pressure, is divided into segments and will be fitted
to the lower shell after the installation of those internals which cannot
be inserted through blanket or insert openings. The lower and the upper
shells, as well as the segments, are connected by clamps and by Tip
welding to achieve good tightness.

For better handling and maintenance, the reactor hall level Was made about
1 m below the vacuum chamber separation line. Since the neutral beam injec-
tors had to be arranged around the machine, some of them are installed in
the basement, as are some of the beam dumps, which are inserted from the
bottom. This requires that maintenance of some of the injectors and beam
dumps be carried out from the basement. '

The basement also contains the vacuum systems for the beam dumps and the

end dumps. The cryopumps of the neutral beam injectors and beam ducts,
however, are located outside the injector boxes and ducts.

4.1 - 5
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4,2 Central Cell

4,2.1 General

The central cell consists of a cylindrical structure hounded on both ends
by the high field coils. It is composed of the vacuum chamber, in which
the central cell coil and its support structure, as well as parts of the
reflector and the shielding, are permanently installed. The super-
conducting central cell solenoid and the two superconducting high field
choke coils provide the confining field within the central cell. Retween
these magnets there are zones for breeding and materials test modules.

In addition the large exhaust duct for the central cell vacuun chamber and
for the thermalized gas from the beam dumps is located there. The duct
goes downward into the basement where the vacuum pumpes are also located.

4,2.2 Blanket

Figure 4.1-3 shows the layout of the central cell with the blankets

nunbered 1 to 4, with an additional insert which fits inside the central
cell magnet and protects the solenoid from radiation. As can be seen in
Fig. 4.2-1 blanket test modules 1 and 4 are inserted horizontally, with
their flanges providing closures for the blanket openings in the vacuum

chamber.

Test modules 2 and 3 in turn are inserted into the modules described
above. Figure 4.2-2 and 4.2-3 show the test modules in more detail.
Blanket module 2 is reduced in size to leave more space for the neutral
beam dumps and the exhaust duct. Table 4.2-1 shows the room temperature
dimensions and locations of each module. The axial distance is measured
from the center of the central cell, where negative numbers indicate
locations left of the centerline. The spacing between the modules is 2 cm
to accommodate thermal expansion and neutron induced swelling. Additional
blanket parameters are given in Table 4.,2-2, while the central cell

engineering parameters are given in Table 4,2-3,

4-2-1
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Table 4,2-1

Blanket Module and Insert Dimensions and Locations

BLANKET MODULE LOCATION OF AXIAL INNER
NUMBER MODULE CENTER LENGTH DIAMETER REMARKS
LINE (cM) (cM) (cM)
BL. 1 -176 88 44/58 BREEDING TEST BLANKET (LIQUID)
SPACE 2
BL, 2 -95 70 50 BREDDING TEST BLANKET (SOLID)
SPACE 2
INSERT +10 136 140 CENTRAL CELL SHIELD INSERT
SPACE 2
BL. 3 +105 55 50 MATERIAL TEST BLANKET
SPACE 2 }' ONE UNIT
BL. 4 +175 33 36/44 MATERIAL TEST BLANKET

—Gic —
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Table 4.2-2 First Wall Parameters at the Central Cell Insert

Plasma Side

Heat Flux 140 W/cm?
Peak Pressure 4 bar
Inlet Temperature 30 OC
Qutlet Temperature 60 OC
Velocity 3.26 m s-1

Tubular Design

First Wall Radius 70 cm
Coolant Tubes Material HT 9
Inner Radius 0,7 cm
Wall Thickness | 0,3 cm
ATy Wall 31,8 K
JAR P 57,3 K
Maximum Surface Temperature 117,3 OC

4.2-6
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Table 4.2-3 Central Cell Engineering Parameters

Unit Dimension
Central cell length m 4.4
Central cell insert diameter m 1.4
Blanket inner diameter (average) m 0.47
Length of blanket test module 1 m 0.88
Length of blanket test module 2 m 0.7
Length of CC-insert m 1.36
Length of materials test module 3 m 0.5
Length of materials test module 4 m 0.88
Total ICRF zone length _ m 1.0
Area of blanket test module 1 m? 0.66
Area of blanket test module 2 m? 0.67
Area of materials test module 3 m? 0.36
Area of materials test module 4 m’ 0.66
Total ICRF launching area m? 0.08
Blanket 1 thickness m 0.45/0.64
Blanket 2 thickness m 0.15
Number of high energy-neutral beam injectors (HE-NBI) 4
Number of low energy-neutral beam injectors (LE-NBI) 1
Angle between adjacent NBI's deg. 45
Injection angle (HE-NBI's) deg. 45
Injection angle (LE-NBI) deg. 70
Point of intersection (HE-NBI's) m 0
Point of intersection (LE-NBI's) m 0.6
Footprint diameter (HE-NBI's and LE-NBI) m’ 0.2

4.2-7
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4,2.3 1ICRF Antennae

The four ICRF antennae are integrated into the blanket modules. They are
arranged at distances of ¥ 1.2 m and £ 2.1 m from the midplane. In case of
failure they can be extracted together with the corresponding blankets.

4,2.4 Central Cell Coils and Coil Supports

Figure 4.2-4 shows the symmetrical arrangement of the centra] cell coils.

The high field magnets are composed of two superconducting coils enclosed

in a common casing, and normally conducting insert coils. The normal coils
are assembled as one unit together with their casings and shield. They fit
inside the bore of the superconducting coils and protect them from radia-

tion. The dimensions and locations of the coils are given in Chapter 9.

The schematic diagram shwon in Figure 4.2-4 gives the axial forces acting
on the coils, both under operating conditions and when the coils are de-
energized. The maximum axial force occurs at the central cell coi1, when
one of the high-field coils fails. Quench detection and parallel discharge
of the other central cell solenoids make this force somewhat academic.
Therefore, it is not taken into consideration in our stress calculation.
The critical components are the support struts and the coil casings.

Figure 4.2-5 is a schematic diagram of the central cell magnet. It is com-
posed of the superconductor and the electrical insulation surrounded by a
steel casing. Six cm of kapton between this casing and the dewar vessel
provides thermal insulation. The superconductor is cooled with liquid
helium, while the dewar vessel and the support struts are cooled with
Tiquid nitrogen. The dewar vessels are not insulated on the outside and,
therefore, act as cryopumps. Poisoning of these surfaces can be avoided by
insuring that central cell components are always replaced under vacuum

conditions, unless the magnets are warmed up initielly.

4-2 "8
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- Support struts

Four 40 cm diameter steel struts on both sides of the central cell
coils are arranged symmetrically between the central cell coil and
superconducting choke coils.

The calculated compressive stress of 300 MPa can be tolerated for steel

at liquid nitrogen temperature.

- Casing of superconducting choke coils

It can be assumed that the mechanical loads are reacted by the steel
coil casings and the hoop stresses, by the windings or the winding
reinforcement. In this case, the maximum reference stress will be 260
MPa;, an acceptable value for steel at the Tow temperature of the
casings. The maximum reference stress is produced by the bending
moments and sheah forces acting on the coil casing in the regions of

the support struts.

4,2.5 Central Cell Shield Insert

The central cell insert is arranged inside @ tube which is part of the
central cell coil casing. Although the plasma radius in this region is
only 12.1 cm, the wall radius is set at 70 cm because of the heat flux
originating from charge exchange from the neutral beams. As Table 4.2-4
indicates, the heat flux will be 140 W/cm® on the first wall, which is
water cooled and composed of tubes arranged cylindrically with manifolds
extending in the axial direction. Both are made from HT9. The inner radius
of the coolant tubes is 0.7 cm, the thickness 0.3 cm, and the peak coolant
pressure 4 bar. Water cooling for the insert is dictated by the nuclear

heating in the shiel and is summarized in Chapter 5.

Since the insert is designed to last the lifetime of the facility, it will
have to be exchanged only in case of failure. The insert can be replaced,
however, in the same manner as the blankets, after modules 3 and 4 have

been removed.

4.2 - 11




— 222 —

4.3 Anchor and Transition Region

The main components of the anchor and transition region are a pair of Yin
Yang coils and the transition coil which are all superconducting. Each of
them is enclosed in a dewar vessel, which is cooled by Tiquid nitrogen and
acts as a cryopump. Figure 4.,3-1 shwos that the inner steel casings of the
magnets are reinforced. The additional support struts are provided to
compensate for the bending forces.

Figure 4.3-2 shows that the center of the transition coil is placed at a
distance of 6.35 m from the midplane of the central cell. The remaining
Yin Yang coils which have no common coil centers, are placed at 9.85 m and

10.45 m respectively.

Unlike TASKA /1/, where the Yin Yang coils were surrounded by a common
dewar, the Yin Yang coils in TASKA-M are contained in separate dewars.

This concept was chosen for the following reasons:

- The coils can be exchanged independently;
consequently, the coils can be assembled and dismantled
outside the facility.

- The coils can be tested externally before installation in the machine.
The advantages of the TASKA design were

- A common dewar would permit a solid support
structure between the coils to react the magnetic

forces acting on the magnets,

- Cold support structure between the coils prevents thermal

heat transfer,

4.3 -1
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Thus, in order to avoid these drawbacks in the TASKA-M concept, additional
coil supports are provided by wedges located between the dewars, while
plates of synthetic carbon fibre resin transfer the Toads from the inner
casing to the dewar wall. Thermal conductance through such composits is
lTow enough to prevent excessive heat transfer between the dewar vessel and

the inner casing.

To protect the coils from radiation, shielding is provided between the
plasma and the coils. The shielding is divided in sections and can be
removed in case of coil failure. An additional biological shield is
lTocated outside the coils. The upper vessel shell and the shield are
mounted independently and can therefore be removed without difficulty in

order to provide access to the coils.

Two medium-energy neutral beam injectors are arranged in the anchor
regions. The neutral beams intersect the plasma axis at a distance of
10.55 m from the centerline of the facility. The neutral beam duct
penetrates through the vacuum vessel and the biological shielding. The
beams are arranged in this manner because of the shape of the Yin Yang
support structure and the shielding. The divergence of the neutral beam
lTeads to a footprint of 25 cm diameter at the focal plane. At the
injection point, the plasma has dimensions of 34.8 x 72 cm. It is
theoretically possible to shift the point of injection to the center of
the Yin-Yang coils but this would require openings in the magnet support

structure and reduce the magnet shielding.

The neutral beam dumps are similar to those locard in the central cell,
but they do not have a separate exhaust systems, because the anchor
regions are connected to the end dump zones and will be evacuated by the

exhaust systems in these regions.

4.3 - 4
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5. NEUTRONICS
5.1 Neutron Wall Loading
5.1.1 Central Cell
The central cell length in TASKA-M is 5.5 m (peak B to peak B). In this
relatively short central cell, the D-T neutron source has a strong axial vari-

ation, The source is symmetric about the reactor midplane (z = 0). The axial
variation of the linear neutron source strength is shown in Fig. 5.1-1. Also
included is the axial variation of the plasma radius.

Although a first wall radius of 25 cm can be used in the central part of
the central cell, the wall is recessed to 70 ¢cm to reduce the surface heat
flux due to charge exchange between the incoming beams and the central cell
plasma., TASKA-M utilizes four test modules, two of which are devoted to
blanket tests (blankets #1 and #2) and the other two to materials tests
(blankets #3 and #4). In order to accommodate the ICRF antennas, the first
wall is recessed at four locations.

Table 5.1-1 gives the axial locations for the different test modules as
well as the wall radius and width for the different segments of each module.
The average neutron wall loading in each segment is also given. The method
used to calculate the neutron wall loading is described in Section 3.,2.7. The
average wall loading in the liquid metal breeder test zone in blanket #1 is
0.85 MW/mZ. The corresponding value for the solid breeder test zone is 0.73
MW/mZ. The two materials test modules in blankets #3 and #4 have average wall
loadings of 0.69 and 1.23 MW/mz, respectively. Figure 5.1-2 shows the axial
variation of the neutron wall loading in the central cell. While a uniform
wall radius is used in the 1iquid and solid breeder test modules, the wall
radius is tapered in the material test module of blanket #4 to achieve a peak
neutron wall Toading of 1.34 MW/mz. The peak neutron wall loadings in the
liquid metal and solid breeder test modules are 1.22 and 0.78 Mw/mz, respec-
tively., The ICRF antennas are expected to reduce the neutron wall loading
behind them by less than 10%.

5.1.2 Anchor and Transition Regions
Two neutron sources exist in the anchor and transition regions of TASKA-M.

One source is due to D-T fusion reactions and the other is due to D-D fusion
reactions. The anchor plasma is 100% deuterium and, hence, D-D reactions pro-
ducing 2.45 MeV neutrons are important. The transition region is fueled by

501"1
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Table 5.1-1. Geometrical Configuration and Average Wall Loading
for the Test Modules

- ' Axial Wall
Axial Location , Width Radius Average Wall

Blanket (cm) Segment (cm) (cm) Loading (MW/m2)
Blanket #1  -220 < Z < =132 1liquid breeder test 30 29 0.39
: liquid breeder test 53 22 1.11
‘shield 5 32.5 0.72
Blanket #2. -130 < Z < -60  shield 27 32.5 0.64
- solid breeder test 43 25 0.73
Blanket #3 80 < Z <135 materials test 23 25 0.74
‘ ‘ materials test 32 32.5 0.65
Blanket #4 137 < 7 < 220 materials test 53 18-22 1.23
shield 30 29 . 0.39

deuterium,‘but it has been assumed for neutronics purposes that there is a 5%
tritium background as well. This can arise from tritium in the halo diffusing
into the core of the transition region. Since the transition region plasma is
cool (Ty ~ 7 keV), the reaction rate is small, A peak in the DT reaction rate
occurs in the overlap region between the transition zone and the anchor.
Interaction between the'cdolér tritium in the transition zone and the hotter
sloshing-ion deuterium plasma yields an increased production rate of DT
neutrons. The axial variation of the linear source strength due to D-T and
D-D neutrons in the transition and anchor regions of the end cell is shown in
Fig. 5.1-3. The axial variation of the horizontal (a) and vertical (b) half
widths for the plasma and first wall is illustrated in Fig. 5.1-4, The plasma
has an elliptical shape with varying ellipticity in these regions. The first
wall C1o§e1y follows the plasma boundary and allows for the required spacing
for the halo region. '

Due to the ellipticity of the first wall, an azimuthally nonuniform
neutron wall loading is obtained at a given axial location, Figure 5.1-5
shows the axial variation of the maximum neutron wall loading. The contri-
butions from D-T and D-D fusion neutrons are given. Notice that the neutron
wall loading is defined as the energy flux resulting from the uncollided

5.1-2
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source neutrons whether they are 14.1 MeV D-T neutrons or 2,45 MeV D-D

neutrons. The neutron wall loading in the anchor and transition regions is

about four orders of magnitude less than that in the central cell.
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5.2 Magnet Shielding
This section focuses on the shielding requirements to protect all magnets

in the central cell and transition and anchor regions which include the
central cell, choke, transition, and anchor Yin-Yang coils. The general
arrangement of these coils is described in Chapter 9 and Table 5.2-1 sum-
marizes their material compositions. The production of the high axial mag-
netic field (17.5 T) to mirror confine the plasma requires the use of hybrid
choke coils with an outer superconducting (S/C) part and an inner normal con-
ducting (N/C) insert coil. The N/C is located coaxially with respect to the
outer S/C magnet and is positioned with no intervening shield between its coil
case and the plasma. Shielding is placed between the two coils to ensuré the
operational integrity of the S/C magnet.

The radiation transport problem was modeled for a one-dimensional dis-
crete ordinates code to investigate the various responses of interest. In the
normal coil there is concern with the mechanical degradation of the ceramic
'1nsu1ation. Problems of concern in the S/C magnets are the atomic displace-
ment (dpa) rate in the stabilizer of the conductor, the nuclear heating in the
S/C magnet, the neutron fluence in the superconductor, and the dose to the
insulators.

5.2.1 Radiation Limits
Shielding is required to protect the magnets from neutron and gamma radi-

ation. The shielding requirement is determined by the radiation Timits for
the different magnet components. The components most sensitive to radiation
damage in a S/C magnet are the superconductor, the stabilizer, and the insu-
lators. All S/C magnets in TASKA-M use NbTi except for the inner part of the
high field choke S/C magnet where Nb3Sn is used because of the high field re-
quirement. Irradiation of the superconducting material results in degradation
of the critical current density. The.critical current density for NbTi de-
creases rather slowly with neutron fluence. In this work we consider the
1imit on the peak neutron fluence (E > 0.1 MeV) to be 3 x 1022 n/m2 which
corresponds to a 10% decrease in the critical current density on the average
for commercial alloy with optimized pinning behavior.(l) There are indi-
cations that 70% of this effect will anneal out at room temperatur‘e.(2>
TASKA-M is expected to have a total lifetime of 7.8 full power years (FPY)
(see Section 10.2). The operating schedule allows for room temperature magnet

5.2-1
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Table 5.2-1 Material Compositions of TASKA-M Magnets

Central cell and outer S/C choke coil 60 v/o 304 SS

15 v/o Al

5 v/o NbTi

10 v/o He

10 v/o GFF epoxy
Inner S/C choke coil 47 v/o 304 SS

21 v/o Al

12 v/o Nb3Sn

10 v/o He

10 v/o GFF epoxy
Normal insert coil 60 v/o Cu

25 v/o Mg0 (90% d.f.™)

15 v/o Ho0
C coils 76.6 v/o Cu

3.4 v/o NbTi

10 v/o He

10 v/o GFF polyimide
*

d.f. = density factor

annealing every 0.5 FPY. For the fluence not to exceed the 1imit at the end
of life, it is therefore required that the fast neutron fluence after 0.5 FPY
of operation does not exceed 5.5 X 1021 n/m2, Hence, the fast neutron flux

(E > 0.1 MeV) should not exceed 1.1 x 1022 n/m2 FPY. For Nb3Sn, following an
initial critical current density increase with fluence, J. starts to drop
rapidly at a neutron fluence (E > 0.1 MeV) of 4 x 1022 n/m2.(3)/ This effect
does not recover by room temperature annealing, implying that for the fluence
not to exceed the limit at the end of 7.8 FPY's of operation, the fast neutron
flux must not exceed 5.1 x 10%1 n/m2 FPY.

5.2-2
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The central cell and choke coils utilize aluminum as a stabilizer while
the transition and anchor magnets use copper. Upon irradiation of the sta-
bilizer at cryogenic temperatures, immobile point defects are produced re-
sulting in an increased resistivity. For the magnet to be cryostable, the
resistivity increase must be Timited such that the 12R heat generated in the
stabilizer can be removed by the normal helium (LHel) coolant. The unirradi-
ated resistivity of the Al stabilizer is taken to be 5 n@ cm. For cryosta-
bility conditions to be satisfied, the resistivity of Al after irradiation is
not allowed to exceed 10 n2 cm implying that the 1imit on the radiation
induced resistivity is 5 n@ cm. Abdou(4) used experimental data to derive the

formula
bp . = 800 [1 - exp(- 366 d)] n2 cm, (5.2-1)

that relates the radiation induced resistivity in Al to the atomic displace-
ments (d). Using Eq. 5.2-1 yields a dpa limit of 1.7 x 10-5 dpa. Complete
recovery of the radiation induced defects in Al can be achieved by room
temperature annealing. Considering an operating schedule that allows for
annealing every 0.5 FPY, a dpa rate limit of 3.4 x 105 dpa/FPY is obtained.
At several locations in the magnets, namely the outer bore of the choke coil
and the inner bore of the central cell coil, where the field is low and a
1argé contribution from neutron streaming exists, the 1imit on the total Al
resistivity is increased to 20 nQ cm yielding a dpa rate 1imit of 1.0 x 10-4
dpa/FPY. _

The situation is quite different for Cu stabilizer due to the strong de-
pendence of magnetoresistivity on magnetic field and Cu purity(5) and the fact
that only 80-90% of the radiation induced defects are removed by room tempera-
ture annea11ng.(6) Charts based on a Kohler plot for Cu were generated to
determine the maximum allowable dpa rate for the magnet to be cryostab]e.(7)
These charts account for the partial damage recovery with annealing. We
assume that half hard copper with a residual resistivity ratio RRR = 80 and a
residual resistivity of 19.3 nQ cm is used in the transition and anchor coils.
Considering a Timit of 120 n@ cm for the total resistivity and a maximum field
in these coils of 6 tesla, the charts yield a dpa 1imit of 5 x 10-4 dpa which
should not be exceeded any time during the reactor life. For an annealing

5.2-3
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recovery fraction of 0.85, 0.5 FPY between anneals, and a total reactor 1life-
time of 7.8 FPY, the charts give a dpa rate limit of 3.1 x 10-4 dpa/FPY.

Mechanical strength tests of irradiated magnet insulators have shown that
polyimides are 5 to 10 times more radiation resistant than comparably prepared
epoxies.(s) Glass fiber filled (GFF) polyimide is used for electrical insula-
tion in the transition and anchor coils. However, the factor of three cheaper
GFF epoxy is used in the central cell and choke coils where low doses are ob-
tained. Aluminized Kapton (a polyimide), which is about 100 times more radi-
ation resistant than aluminized Mylar(g) is used for thermal insulation.
Radiation effects on organic insulators are not reversible and it is essential
that they last for the whole reactor life. An end of 1ife dose of 1010 réd is
considered to be the limit for the thermal insulator. The dose limits for GFF
polyimide and GFF epoxy electrical insulators were taken to be 5 x 109 and
6 x 108 rads, respectively.

The 1imit on the cryogenic heat l1oad resulting from nuclear heating in
the magnet is design dependent. Although peak power densities in the winding
pack as large as ~ 200 mw/cm3 can be accommodated without exceeding the heat
flux Timit of 0.2 W/cm2 that can be handled by LHel, much lower power densi-
ties are required to assure stable operation and to avoid excessively high
cryogenic refrigeration and plant cost. A peak power density limit of 0.1
mW/cm> is used in this study.

As for the normal copper coils, five radiation mechanisms can degrade the
performance of the coi]s.(lo) These are: (1) the resistivity degradation of
the insulator under instantaneous dose rates, (2) mechanical and structural
degradation of the insulator under Tong-term neutron fluence, (3) radiolytic
dissociation of the coolant water leading to corrosion product formation,

(4) resistivity increase in the copper conductor due to radiation damage and
neutron-induced transmutations, and (5) mechanical and structural degradation
in the copper conductor under long-term neutron fluence. The analysis per-
formed for the MARS(11) normal insert coils indicated that of these five 7
mechanisms only two are seen as determining the minimum coil 1ifetime, namely
neutron damage to the copper conductor and neutron-induced swelling in the
ceramic insu]ator.(lo) Due to the lack of high fluence irradiation data for
copper alloys, the first mechanism is rather unknown and the swelling of the
ceramic insulator is considered to determine the 1ifetime for TASKA-M normal
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conducting insert coils. Compacted Mg0 powder insulation is used in TASKA-M.
A packing fraction of 0.9 is assumed implying that a local swelling of 10% is
tolerable. The reported irradiation swelling data for Mg0 indicates a swell-
ing of 2.6-3% for a fast fission irradiation of 2.1 x 1026 n/m? at 430 K.(IZ)
With the rather conservative assumption that the harder degraded fusion
spectrum will enhance the swelling by a factor of two, and assuming a tolera-
ble swelling of 10%, the 1imit on the fluence will be 3.5 x 1026 n/m (E > 0.1
MeV).
5.2.2 Shield Optimization

Optimizing the shield satisfies one of the design goals as the thinner
the shield the less expensive the magnets and consequently the reactor. The
purpose of this optimization study is to reduce the magnet radiation effects
by using an optimal combination of several layers of shielding materials, in-
cluding Fe, B4C, Hp0, and Pb.

The linear neutron source distributions in the central cell and tran-

sition and anchor regions are given in Fig. 5.1-1 and 5.1-3, respectively. In
the transition and anchor regions, the D-T neutron source is ~ 4 orders of
magnitude less than the central cell source and drops to a negligible value in
the anchor region, while the D-D neutron source is characterized by two rela-
tive peaks. The second branch of the D-D reaction leads to the production of
tritium which reacts with the deuterium and produces a 14.1 MeV neutron source
which is’~ 2 orders of magnitude less in strength than the D-D neutron source
in the anchor region.

Two sets of shield optimization studies were performed: the first set is
for the D-T neutron source (at 14.1 MeV), and the second set is for the D-D
neutron source (at 2.45 MeV). In the central cell and the choke coil region
the neutron source is mainly from the D-T reaction and the design driver for
the shield optimization study was the peak dpa rate in the Al stabilizer of
the S/C coils. The D-D neutrons in the anchor region dominate the source and
the primary motive for the second set of the optimization studies was to mini-
mize the peak power density in the Yin-Yang magnets. The shield design driver
for these coils is the peak power density rather than the stabilizer dpa rate
as a result of using copper with its lower radiation induced resistivity.
Higher resistivity values were also allowed for Cu (see Section 5.2.1).
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A series of one-dimensional (1-D) calculations was performed to determine
the optimal shield configuration using the discrete ordinates code
ONEDANT,(13) the cross section 1ibrary XSLIB (30 neutron and 12 gamma energy
groups) based on the ENDF/B-V evaluation, and the P3-Sg approximation in
cylindrical geometry. The shield was configured originally in three layers:
first, an Fe-shield (Fe 1422 and H20) to slow down the high energy neutrons;
next a B4C-shield (B4C [87% d.f.], Fe 1422 and Hy0) to moderate the neutrons
further and absorb the low energy neutrons; and finally a thin Pb-shield (Pb,
Fe 1422, and Hy0) to reduce the gamma heating in the S/C magnets. The Fe and
Pb-shields are 10 vol.% water cooled and the structural material (Fe 1422)-in
the B4C and Pb-shields was kept at 10 vol.%. The relative content of the B4C
to the water in the B4C-shield was varied in the optimization study.

The central cell S/C magnet has the most severe radiation effects as the
first wall is recessed to a 0.7 m radius to reduce the surface heat flux due
to charge exchange and, as a result, the shield is constrained to 0.78 m. The
central cell coil and its associated cryostat are represented schematically by
Fig. 5.2-1. The shield was optimized in several steps. First, the Pb-shield
was varied in thickness and the proportion of the Fe-shield to the B4C-shield
thickness was kept the same. Figure 5.2-2 indicates that the Pb-shield is not
helpful and a shield consisting of B4C and Fe is more effective in reducing
the dpa rate in the Al stabilizer. Second, the thickness of the B,C-shield
was varied under the constraint that the total shield thickness remains 0.78
m. Figure 5.2-3 shows that 0.68 m of Fe-shield backed by 0.1 m of BsC-shield
is the optimal combination of the shield. Finally, the B4C content in the
B4C-shield was found to barely affect the dpa rate and a reasonable value of
10 vol.% B4C was chosen to avoid excessive dose in the insulator and heating
in the magnet.

In the anchor region the same optimization scheme was followed for the
D-D neutron source. In agreement with the previous analysis, the Pb-shield
has proven to be useless in minimizing the peak power density in the Yin-Yang
magnets as illustrated by Fig. 5.2-4. Moreover, replacing the Fe-shield by
the B4C-shield is significantly helpful ‘as shown in Fig. 5.2-5. It is of
interest to notice in Fig. 5.2-6 the drop in the radiation damage resulting
from replacing the B4C by water in the ByC-shield. In conclusion, the shield
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Fig. 5.2-1. Schematic of the central cell magnet and shield at the reactor
midplane.
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required for the D-D neutron source is mainly water with 10 vol.% structure
and 15 vol.% B4C.
5.2.3 Central Cell Magnet

As mentioned before, the radiation analysis was carried out at the mid-
ptane of the reactor where the shield is constrained to 0.78 m. The optimal
shield configuration for the D-T neutrons was used in the 1-D calculations and
the radiation effects in the S/C magnet are summarized in Table 5.2-2 along
with the design 1imits for the different responses. The optimé] combination

of the Fe and B4C actually provides more shielding than the design goals and
to avoid redesigning the magnet the first wall could be recessed by ~ 0.07 m
to further lower the surface heat flux due to charge exchange. The dpa rate
implies that magnet annealing is required every 3.3 FPY of operation or two
anneals are necessary during the test facility 1life.

5.2.4 Choke Coils

0f the five radiation mechanisms likely to degrade the performance of the
normal magnet, only one is seen as lifetime limiting for the coil design,
namely the swelling in the compacted powder Mg0 (90% d.f.) ceramic insulator.
The fluence 1imit to the Mg0 for the swelling design 1imit of 10 vol.% was
found to be 3.5 x 1020 n/m for E, > 0.1 MeV. The peak neutron wall loading
at the normal magnet is 0.1 MW/m2. The 1-D calculation results in a peak
neutron fluence in the Mg0 of 3.15 «x 1025 n/m2 at the end of the reactor life.
Therefore, there should be no need to replace the normal insert coil during
the 7.8 FPY designed life of the reactor due to radiation damage in the
insulator.

The S/C choke coils seem to be overprotected and the radiation effects
are reported in Table 5.2-3 at the inner and outer bore of the coils. The
same design 1imits given in Table 5.2-2 are applied here except for the
neutron fluence 1imit in the Nb3Sn superconductor which is used in the inner
S/C choke coil. This Timit is 4 x 10?2 n/m? for E, > 0.1 MeV at the end of
the reactor life. The results show that no anneal is required for the S/C
choke coils. However, radiation damage due to neutron streaming through the
penetrations of the central cell will require magnet annealing every 0.5 FPY
as explained in Section 5.3.
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Table 5.2-2. Radiation Effects in the Central Cell Magnet
Design Limits

Peak dose in kapton (rad/7.8 FPY) 1.12 x 109 | 1010

Peak dose in epoxy (rad/7.8 FPY) 6.58 x 107 6 x 108

Peak power density in S/C magnet (mW/cm3) 4.47 x 10-3 0.1

Peak dpa rate in Al stabilizer (dpa/FPY) 5.15 x 1076 3.4 x 1073

Peak neutron flux (E, > 0.1 MeV) in NbTi 4.94 x 1019 1.1 x 1022
(n/m? FPY)

Table 5.2-3. Radiation Effects in S/C Choke Magnets

Inner Bore Outer Bore
Peak dose in kapton (rad/7.8 FPY) 3.23 x 10/ 1.21 x 10t
Peak dose in epoxy (rad/7.8 FPY) 9.39 x 108 2.62 x 104
Peak power density in S/C magnet (mW/cm3) 9.14 x 10~4 1.39 x 107°
Peak dpa rate in Al stabilizer (dpa/FPY) 5.56 x 10~/ 2.52 x 1072
Peak neutron fluence (E, > 0.1 MeV) in 3.52 x 1019 1.96 x 1017

superconductor (n/m 7.8 FPY)

5.2.5 Anchor and Transition Magnets

The D-T neutron source, shown in Fig. 5.2-1, extends axially up to 8.5 m
from the midplane, while the D-D neutrons are mainly generated in the axial
positions from 8.5 to 12.5 m. Accordingly, the same compositions and relative
thicknesses as those of the central cell shield are used up to an axial
distance of 8.5 m, and the D-D neutron source optimized shield is used to pro-
tect the rest of the C coils. In both cases, the shield configuration and the
coil bundle were modeled for the 1-D code to determine the shield performance
and the radiation effects in the magnets. In the modeling, a space of 0.13 m
was reserved for the cryostat of the C coils. It consists of 0.03 m as a
vacuum dewar followed by 0.02 m superinsulation, 0.06 m 304 SS coil case, and
then 0.02 m GFF polyimide insulation. A clearance of 0.03 m was left between
the shield and the S/C magnet. '

Our results indicate that a negligible contribution to the damage in the
Yin-Yang magnets comes from the 14.1 MeV neutron source generated from the
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other branch of the D-D reaction (see Section 5.2.2) in the anchor region,
even when the D-D neutron source optimized shield was used. Hence, the D-D
neutron source drives the shielding design for the Yin-Yang magnets in the
anchor region. Calculations for several shield thicknesses yield the radi-
ation damage results shown in Figs. 5.2-7 and 5.2-8 using the peaks of the

D-T and D-D neutron sources, respectively. To meet the heat load requirements
of the S/C magnets, the shield thicknesses were set at 0.17 and 0.12 m in the
two zones described above. This is not expected to cause any problem since in
the magnet design a space of 0.35 m was left to accommodate the shield and the
magnet cryostat. Other data of interest are reported in Table 5.2-4. The
resulting peak dpa rate implies that no anneal is required for the C coils
duringvthe reactor life.

Table 5.2-4. Radiation Effects in C Coils

Design
Region Transition  Anchor Limits
Neutron source D-T D-D
Required shield thickness (m): 0.17 0.12
Fe-shield 0.148 -
B4C-shield 0.022 0.12
Peak power density in S/C magnet 0.1 0.1 0.1
(mW/cm®) _
?eak dpa rate in Cu stabilizer 4.78 x 107° 6.4 x 10> 3.1 x 1074
(dpa/FPY)
Peak dose in GFF polyimide 9.65 x 108 1.31 x 109 5 x 109
(rad/7.8 FPY)
Peak dose in Kapton (rad/7.8 FPY) 2.20 x 109 3.14 x 109 10!0
Peak neutron fluence (E,> 0.1 Mev 4.82 x 1021 6.09 x 1021 3 x 10?2
in NbTi conductor (n/m® per
7.8 FPY)
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5.3 Radiation Streaming

5.3.1 Calculational Model
The central cell shield has penetrations for four high energy heating and

fueling neutral beams and one low energy beam together with their associated
beam dumps. Furthermore, there are two anchor neutral beam penetrations in
the anchors. These penetrations must fit between the magnets. Radiation
streaming into these penetrations can lead to adverse radiation effects in the
superconducting magnets. It is, therefore, essential to provide sufficient
shielding between the penetration wall and the magnets. Since the neutron
wall Toading in the anchor is about four orders of magnitude less than that in
the central cell, only radiation streaming into the central cell penetrations

is considered.

The most serious streaming problem in the central cell occurs due to the
large (32 cm diameter at the first wall) penetrations for the high energy
neutral beams. These beams have injection angles of 45° with the plasma axis.
For vacuum pumping considerations the beam ducts open to a width of 67 cm re-
sulting in a limited shielding space between the duct wall and the central and
high field superconducting coils. Also, significant radiation effects can re-
sult in the magnets due to streaming into the large beam dump exhaust ducts
which are about 1 meter wide. The radiation effects in the magnets due to
streaming into these penetrations will be assessed in the following two
sections. Streaming into the low energy beam duct has not been éna]yzed be-
cause of its relatively small size and the large injection angle of 70° which
results in larger shielding space between the duct and the magnets as compared
to the space available at the high energy beam ducts.

In general, detailed three-dimensional neutronics calculations are re-
quired to determine the radiation effects in the magnets due to radiation
streaming. This tends to be very expensive and time consuming particularly
when iterations are required between plasma physics, magnet design and
neutronics calculations to produce a workable design that satisifies both
plasma and magnet shielding requirements. An approximate calculational method
was developed to estimate the shield required for protecting the magnets
against streaming radiation in the penetrations of tandem mirror reactors.(l)
The approach involves using a one-dimensional model to represent the actual
three-dimensional problem. The problem is simplified further by developing
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simple analytical forms based on the buildup factors to represent the one-
dimensional results. The formulas can be integrated with the plasma physics
models to perform a complete parametric study. The method was applied to the
MARS axicell design and was found to give damage rates only a factor of ~ 1.3
higher than those obtained from the detailed three-dimensional calculation, (1)
This results in overestimating the required shield thickness by only a few
centimeters. This fairly accurate method was used to evaluate the magnet
radiation effects dde to streaming in TASKA-M. The calculational method is
explained below.

A schematic showing a duct with injection angle 6; that fits between two
superconducting magnets is given in Fig. 5.3-1. The points on the duct wall
closest to the left and right superconducting magnets are denoted I and II,
respectively. The peak radiation effects in these magnets will result from
the neutrons impinging on the duct wall around these points. The first step
in the present approach is to calculate the neutron wall loadings at these
points. This gives a measure of the energy current of the fusion neutrons
coming directly from the plasma.

Assuming a line source of fusion neutrons along the plasma centerline,
the neutron wall Toading at either point I or II on the duct wall is given by

I = (r%;!) Icos(ei -8 ) - cos(8, - %nax)l , (5.3-1)
where T, is the wall loading at a first wall radius r, in the plasma chamber,
R is the radius of the point under consideration and e; is the angle between
the duct wall and the plasma centerline. The angles 6pi, and 654 correspond
to the boundaries of the plasma zone that will contribute direct neutrons to
the point of interest on the duct wall. This formula can be used for any duct
shape which will impact only the values of 6pin and 6Gpay-

The calculated wall loading gives only the contribution from the primary
source neutrons produced in the plasma. It does not include the secondary
component resulting from neutrons having collisions in the plasma chamber and
succeeding in streaming into the duct. Although as many secondary neutrons as
primary neutrons can stream into the duct, these secondary neutrons have a
much softer spectrum and their contribution to the energy current is small.

In addition, the softer spectrum leads to smaller shield penetration.
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A schematic of a neutral beam injector duct fitting between two
superconducting magnets in a tandem mirror reactor.
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-The problem can then be modeled as a one-dimensional problem with a
neutron source at the duct center that gives the same wall loading (at the
point on the duct wall which has the largest contribution to the radiation ef-
fects in the magnet) as the one resulting from the actual neutron source.
Notice that modeling the duct in a one-dimensional calculation will also
account for the contribution of secondary neutrons and gamma photons resulting
from primary streaming neutrons impinging on all of the duct walls. Using
this approach will result in conservatively large shield thickness require-
ments because in the one-dimensional model most source neutrons are incident
perpendicularly to the duct wall while in the actual case they are incident at
an angle. This is expected to overestimate the required shield thickness by a
distance on the order of a transport mean free path which is the distance
beyond which the neutron "forgets" its original direction. However, the
amount of overestimate will be decreased due to neglecting the contribution
from secondary neutrons streaming from the plasma chamber in the wall loading
calculation. Notice that the radiation effects calculated using this model
represent only the contribution due to streaming. A conservative estimate for
the total radiation effects .can be obtained by adding the bulk shield contri-
bution evaluated in Section 5.2.3 and 5.2.4.

A homogenized shield composition of 79.7 vol.% Fe-1422, 1.3 vol.% B4C and
19 vol.% Hp0, which corresponds to the optimized central cell shield discussed
in Section 5.2.2, was used in the calculations. The magnet cryostat and the
beam dump were included in the model to account for their shielding contri-
bution. The one-dimensional discrete ordinates code ONEDANT (2) was used to
perform the one-dimensional calculations in cylindrical geometry. The P3Sg
approximation was used together with the LANL 30 neutron-12 gamma group Cross
section data based on the ENDF/B-V evaluation.

5.3.2 Streaming into the Neutral Beam Injector Duct

As discussed before, the duct has a diameter of 32 cm at the first wall
and opens to a width of 67 cm at the back. The injection angle between the
beam centerline and the plasma centerline is 45°. Figure 5.3-2 illustrates
the beam duct relative to the surrounding magnets. The largest radiation
effects from streaming neutrons will occur at the inner corner of the central
coil (r = 1.8 m and z = 0.35 m) and the outer corner of the high field coil
(r =17 mand z = 2.5 m). The points on the duct wall closest to these
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corners are designated I and II in Fig. 5.3-2, Point I has the radial and
axial coordinates of 1.47 and 0.8 m, respectively. The corresponding values
for point II are 1.97 and 2.24 m. The angles 6p;, and o,,, defined in Fig.
5.3-1 are 87° and 89.2°, respectively, for point I and 36.1° and 45° for point
IT. Using the neutron wall loading of 0.25 MW/m® for a wall radius of 70 cm
at the reactor midplane (z = 0), Eq. 5.3-1 yields values for the neutron wall
loading at points I and II of 1.56 x 10-3 and 5.35 x 10-% Mw/mz, respectively.

The distance between point I on the duct wall and the inner corner of the
central coil is 55 cm. 32 cm of this space is utilized by the shield. In the
remaining 23 cm space for the magnet case and cryostat, an effective 304 SS
thickness of 13.3 cm exists. The distance between point II and the outer
corner of the high field coil is 37.7 cm. The useful shield thickness at this
section is 24.25 cm while the effective stainless steel thickness in the case
and cryostat is 10 cm. Notice that the corner of the cryostat was cut to
allow for a thicker shield which is more effective in reducing the magnet
radiation effects. A summary of the parameters at points I and II used in the
neutronics calculations is given in Table 5.3-1.

One-dimensional calculations have been performed for the sections at
points I and II to calculate the peak radiation effects in the central and
high field coils, respectively, resulting from radiation streaming into the
NBI duct. The results are given in Table 5.3-2. The radiation limits dis-
cussed in Section 5.2.1 are also included. The value for the resistivity of
Al after 0.5 FPY of operation before the first magnet anneal is based on an
initial unirradiated resistivity bf 5 n@ cm and a radiation induced resis-
tivity calculated using Eq. 5.2-1. It is clear that the stabilizer dpa rate
is slightly Tower than the 1imit while all other radiation effects are well
below the corresponding design limits. Although as far as damage to the NbTi
superconductor is concerned no magnet annealing is needed during the whole
reactor 1ife of 7.8 FPY, annealing every 0.5 FPY is required to avoid exces-
sive increase in stabilizer resistivity that could jeopardize magnet cryo-
stability.

Since in this calculation only radiation effects resulting from streaming
into the NBI duct are considered, the extra contributions from the bulk shield
must be accounted for. The bulk shield contributions are given in Sections
5.2.3 and 5.2.4. Adding these contributions, the peak radiation effects in
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Parameters at Points I and II on Duct Wall

Radius (cm)
Axial location (cm)

Used in Neutronics Calculations

Neutron wall loading (MW/m?)
Distance to magnet corner (cm)

Shield thickness (cm)

cryostat (cm)

Dpa rate in Al stabilizer
(dpa/FPY)

Resistivity of Al after
0.5 FPY (n2 cm)

Dose in epoxy after
7.8 FPY (rad)

Dose in Kapton after
7.8 FPY (rad)

Power density_in winding
pack (mW/cm3)

Point I Point II
147 197
80 224
1.56 x 10-3 5.35 x 1074
55 37.7
32 24.25
Effective SS thickness in case and 13.3 ‘10
Table 5.3-2. Peak Radiation Effects in Central and
High Field Coils at the NBI Duct
High Design
Central Coil Field Coil Limit
Streaming & Streaming &
Streaming Bulk Shield Bulk Shield
Contribution Contribution Contributions
7.63 x 107 8.14 x 107> 9.8 x 10°° 1074
16.1 16.8 19,2 20
1.1 x 108 1.8 x 108 1.5 x 108 6 x 108
2.1 x 109 3.2 x 109 2.9 x 109 1010
0.034 0.038 0.047 0.1
6.2 x 1029 6.7 x 1020 8.1 x 1020 1.1 x 1022

Neutron f1u§ (E > 0.1
MeV) (n/m< per FPY)

* Negligible contribution from the bulk shield.
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the central and high field coils at the NBI duct have been calculated and are
given in Table 5.3-2. We notice that the bulk shield contribution to the peak
radiation effects at the outer corner of the high field coil is negligible and
is about four orders of magnitude lower than the contribution from streaming
radiation. This is attributed to the large shielding provided by the normal
copper insert coil and the superconducting magnet itself. On the other hand,
the bulk shield contributes about 10% of the total radiation effect at the
inner corner of the central coil. Comparing the results to the radiation
limits, it is clear that 411 limits are satisfied and adequate protection is
provided for the central and high field coils against radiation streaming into
the NBI duct and radiation penetrating the bulk shield.
5.3.3 'Streaming into the Beam Dump Duct

Streaming into the beam dump duct can result in large radiation effects
in the central and high field coils. The exhaust duct at the beam dump is 1 m
wide. The beam dump makes an angle of 60° with the plasma centerline. The
beam dump and its associated duct are shown in Fig. 5.3-3 relative to the sur-
rounding magnets. As in the case for the NBI duct, the largest radiation ef-
fects occur in the inner corner of the central coil and the outer corner of
the high field coil. Point I on the duct wall is the c]oéest point to the
central coil while point II on the beam dump is the closest point to the high
field coil. Point I has the radial and axial coordinates of 1.2 and -0.9 m,
respectively. The duct wall at this point makes an angle of 47° with the
plasma axis. The values of Omin and Bk at this point are 47° and 74°, re-
spectively. Using a neutron wall loading of 0.25 MW/me for a wall radius of
70 cm at the reactor midplane, Eq. 5.3-1 yields a neutron wall loading of 8 x
10-3 MW/me at point I. Point II has the radial and axial coordinates of 2.15
and -1.77 m, respectively. The values of op;, and 6., are 47° and 57°, re-
spectively. The calculated neutron wall loading at point II is 10-3 Mw/mz.

The distance between point I on the duct wall and the inner corner of the
central coil is 80 cm. 50 cm of this space is occupied by the shield while
the remaining magnet case and cryostat has an effective 304 SS thickness of
19.1 cm. The distance between point II on the beam dump and the outer corner
of the high field coil is 85 cm with only 20 cm of it devoted to the shield.
The effective thickness of 304 SS in the magnet case and cryostat at this
section is 18.5 cm. The beam dump at this section can be represented by a
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Fig. 5.3-3. Geometrical configuration of the beam dump and exhaust duct relative
to the surrounding magnets.
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1 cm thick Cu layer followed by a 2 cm thick H,0 Tayer, 1 cm thick Cu layer,
2 cm thick 304 SS layer and a 5 cm thick H,0 layer. A summary of the para-
meters at points I and II used in the neutronics calculations is given in
Table 5.3-3.

The results for the peak radiation effects at the magnet corners obtained
by performing one-dimensional calculations at the sections through points I
and II are given in Table 5.3-4. The peak radiation effects obtained by
adding the bulk shield contributions are also given. It is clear that all
radiation effects are well below the corresponding design limits. Comparing
the results of Tables 5.3-2 and 5.3-4, we notice that the hot spots in both
the central and high field coils occur in the zones close to the NBI duct.

Table 5.3-3. Parameters at Points I and II in the Beam Dump Penetration
Used in the Neutronics Calculations

Point I~ Point II
Radius (cm) 120 215
Axial location (cm) -90 -177
Neutron wall loading (MW/m?) 8 x 103 103
Distance to magnet corner (cm) i 80 85
Shield thickness (cm) : 50 20
Effective SS thickness in case and cryostat (cm) 19.1 18.5
Effective beam dump thickness (cm) --- 1 cm Cu
2 cm Ho0
1 cm Cu
2 cm 304 SS
5 cm H,0
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Peak Radiation Effects in Central and High Field Coils

Dpa rate in Al
(dpa/FPY)

Al resistivity after
0.5 FPY (n2 cm)

Dose in epoxy after
7.8 FY (rad)

Dose in Kapton after
7.8 FPY (rad)

Power density in
winding pack W/cmd3)

Neutron f1u§ (E > 0.1
MeV) (n/m¢ per FPY)

at the Beam Dump Duct

High Design
Central Coil Field Coil Limit
Steaming & Streaming &
Streaming Bulk Shield Bulk Shield
Contribution Contributions Contributions
2 x 10-5 2.5 x 10-5 4.4 x 10-5 10-4
8 8.7 11.4 20
2.8 x 107 9.4 x 107 6 x 107 6 x 108
5.3 x 108 1.6 x 109 1.1 x 109 1010
0.008 0.0012 0.018 0.1
1.6 x 1020 2.1 x 1020 3.6 x 1020 1.1 x 1022

*Neg1igib1e contribution from bulk shield.

References for Sectio

n 5.3

1. M. Sawan, C. Maynard, and L. E1-Guebaly, "Buildup Factors for Magnet Shield-
ing in Tandem Mirror Fusion Reactors," Proc. 6th International Conf. on

Radiation Shielding, Tokyo, Japan, 16-20 May 1983.
2. R. 0'Dell, E. Brinkley, Jr., and D. Marr, "User's Manual for ONEDANT:

A Code

Package for One-Dimensional Diffusion-Accelerated, Neutral-Particle Trans-
port," LA-9184-M, Los Alamos National Laboratory (1982).
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6.  HEATING AND FUELING

6.1 Introduction

As described in more detail in section 3.9, neutral beam injection is the
method chosen for plasma build-up, plasma fueling and ion heating in the
central cell and in the two anchors. Alternatives to this scheme, for in-
stance the method to build up a hot plasma at full density by fi]]fng the
vacuum vessel with neutral gas, ionizing and heating it by radiofrequency
cannot be applied in TASKA-M. Since the plasma confinement time T decreases
with temperature, the initial power for startup would be extremely high.
Even though a Tow density startup is possible in principle since n « t does
not depend on plasma density n and would Tower the power by nZ, fueling
would cause a problem as the density rises. According to the ablation law
found experimentally, the penetration depth of pellets at full density is
very small in comparison to the plasma radius of TASKA-M even at the high-
est pellet velocities which seem to be credible.

To provide a mechanism suppressing microinstabilities, the beams are in-
jected at 45° and 50° in the central cell and the anchors respectively. Thus
sloshing ion distributions are achieved with density dips in the center of
the two regions for the confinement of warm plasma filling the loss cones.
The injected power and the energy of the neutrals are 20.8 MW D° + 719 at

90 keV in the central cell and 3.5 M4 D° at 73 keV in each of the two an-
chors. A 0.6 MW D°-beam at 12 keV is injected at 70° into the central cell
to build up and fuel the warm plasma. In the anchors, warm plasma is expecF
ted to be provided by the end losses from the transition zone plasma.

To decrease the electron drag on the ions which spoils the ion confine-
ment the plasma electrons are heated separately. Since TASKA-M has no
thermal barrier the electrons should communicate in the whole machine.
From this point of view the power for heating the electrons could be
coupled to the plasma anywhere, preferably outside the central cell to
keep the interference with the blanket as small as possible. Choosing
ECRH, another advantage of electron heating in the transition region
would be relatively Tow magnetic field strength. Nevertheless, ECRH |
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was ruled out because of cost considerations and difficulties with

wave accessibility and heating of relatively high density plasmas with
mpe/mce:1. The excitation of plasma waves near the ion cyclotron fre-
quency was chosen instead, using the high efficiency Landau damping
mechanism to heat the electrons. There is a drawback however since

for absorption of the ICRH to be high enough, a relatively high density
must be maintained and the antennae have to be installed in the central
cell. The radio-frequency power which has to be coupled to the plasma

is 12,5 MW at 25 MHz,
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6.2 Neutral Beam Injection

6.2.1 General

The initial hot ion build up, plasma fueling and ion heating in both the
central cell and in the two anchors is achieved by neutral beam injection
(NBI). The overall neutral beam injection requirement is divided into
several beam lines because of spatial constraints for the beam ducts by
the blanket and by the magnetic field coils. The number of sources for
each beamline is given by cooling and by breakdown limitations of both
the extraction area and the power density. The steady state NBI system
for TASKA-M includes four high energy beam lines (HE-NBI) and one medium
energy beam line (ME-NBI) to buildup and to maintain the plasma in the
central cell and in each of the two anchors respectively. The beams are
injected at 45° and at 50% to the axis of symmetry respectively to build
up sloshing ion distributions in order to suppress microinstabilities.
leanwhile i1t has been proven qualitatively in the TMX-upgrade plasma
that the sloshing-ion scheme works as expected /1/.

In order to fill the potential dip of the sloshing ion distribution with
warm plasma, which is required for the stabilization of the DCLC- and
the ALC-modes, an additional Tow energy beam (LE-NBI) is injected into
the central cell at 70°. The warm plasma for the stabilization of the an-
chors 1is expected to be provided by the end losses from the transition
zone plasma. The general layout of the whole NBI-system on the TASKA-M
vessel is shown in Fig. 4.1-1. The specific NBI equivalent current and
energy requirements for each region and each function in TASKA-M are the
result of a set of parametric code studies of plasma equilibrium (except
the LE-NBI) needed for the neutron wall loading goal (described in chap-
ter 3). The proceddre used to determine the design data of the LE-beam
is outlined in chapter 3.

The specific NBI parameters needed to produce the specific incident (on

plasma) neutral beam current and power for TASKA-M are given in Table 6.2-1,
including the estimated ion source high voltage power supply current re-
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quirements., For simplicity in initial wide ranging parameter studies,

the equilibrium code calculations and the resultant NBI parameter listing
in Table 6.2-1 are both based upon a beam composition of 90 % D+, 5 % D;,
and 5 % Dg and similarly for the tritium. Taking into account the differ-
ences in neutralization efficiencies and divergence for these species,
the HE-NB incident on plasma is composed of 83.3 % full energy particles,
7.5 % of half and 9.2 % of one third eneray. Therefore, some revisions
are to be expected in the NBI requirements of Table 6.2-1 when more re-
fined equilibrium and self-consistent NBI calculations are made using the
actual detailed output species composition from the ion sources.

6.2.2'Design of the beam line components and determination of their

physical parameters

Since the basic considerations concerning the design of the beam-lines
are the same as in TASKA, they are not repeated here and the reader is
referred to /2/.

3

It should be mentioned that 80 kV,‘60 A H+-beams extracted from an N 10~ cm

surface multiaperture single source (JET) can be considered as the state
of the art. Therefore to be conservative, the values of the size and of
the power density of the TASKA-M-sources do not exceed the corresponding
data of the JET NBI-system. According to these considerations the number
of sources per beamline was chosen to be three for the He-NBI system and
two for the ME- and the LE-NBI system. Also the operation of longpulse
sources (30 s) with actively cooled grids has been demonstrated /3/

(JET sources: = 10 s), thus steady state beams as necessary for TASKA-M
seem to be credible. However, although the total power and the power den-

sities at the injection point of a JET- and a TASKA-M-beamline are compar-
able for 24 cm diameter beams (6.9 kW and 5.2 kW, 15 kW/cm2 and 11.5 kw/cm2

respectively) there is a considerable difference between the port areas

(~ 40 x 100 cm2 and 804 cm2 circular hole respectively) increasing the risk

of beam choking. The diameter of the TASKA-M ports cannot be increased
because of the relatively small diameters of the vacuum vessel and of the

6.2-2
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plasma. However basically the port and the beams may be elongated in

the direction parallel to the plasma axis to descrease the risk of choking
but not without other problems arising due to the increased perforation

of the blanket with enhanced neutron streaming‘and due to the rather
limited space available between the coils.

Because of this and, because the design is well within the state of
the art with respect to all other NBI-parameters the relatively narrow
ducts and ports are accepted for now.

The parameters of the LE-Beam are determined by considerations discussed

in Sec. 3.2 and 3.3. The required current is 50 Amp.and the required primary
energy is 12 keV. Applying the neutralization efficiency of a 12 keV-

beam and the transfer efficiency of the beam lines, the final electrical
power extracted from the LE-beam sources will be = 1 MW.

The pumping system of the beam lines was changed, as compared to that

in TASKA; cryopumps instead of getter pumps are used (s. 6.2.4.). Special
attention was given to a beam dump for the particles which are not
captured by the plasma (see chapter 7). Since the shine through of the
HE-beam in the central cell plasma is 8% at full plasma density, the
resu]ting‘wa11‘1oading would be prohibitive if a beam dump were not used.
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Table 6.2-1 TASKA-M Neutral Beam Injector Requirements

Location
Injection angle

Primary energy

Mean energy of neutral

atom

Transmission
efficiency

Neutralization
efficiency

Neutral atom
current /NBI

Power/NBI

No. of ion sources
per NBI

Total No. of NBI
It per source

Total electric
power p

Extraction area
per source

Current density at
source

Beam divergence

Units

Degrees

kV

keV

MW

MW

cm?

A/cm?

Degrees

HE - NBI

central cell
45
90

81
0,7
0,57

64
DO+TO

5,2

46,7

50,4
20x50

0,047
+0,5

6.2-4

ME - NBI

anchors
50
73

66

0,7

0,57

53
D°

3,5

N\

57,5

16,8
20x50

0,058
+0,6

LE - NBI

central cell
70
12

1"
0,6
0,9

50
D°

0,55

41,7

1,0
20x50

0,042

+1x+2




— 270 —

6.2.3 Charge-Exchange First Wall Heat Fluxes from the Central Cell Neutral
Beams

6.2.3.1 Introduction. For a given power of neutral particles injected into
the plasma, a fraction will penetrate the plasma with no interaction and will
“shine through" to be absorbed by the beam dumps. The remaining neutrals will

either undergo 1oﬁization and become trapped or experience charge-exchange
reactions with the plasma ions. In turn, the secondary neutral atoms formed
in the charge-exchange (CX) process will either escape and bombard the first
wall or undergo ionization or further CX interactions within the plasma.
Therefore, from considerations of particle and energy balance, a fraction of
the incident beam is absorbed in the plasma, a fraction escapes as shine-
through to the beam dumps and the remainder appears as CX neutral bombardment
of the surrounding first wall surface. These processes are illustrated sche-
matically in Fig. 6.2-1.

As we shall see, the CX neutral power to the first wall can be a signifi-
cant fraction of the incident beam power. Accordingly we are faced with the
following potential problem areas:

e High local power densities to the first wall of up to several
kW cm~2 with corresponding requirements for sophisticated high
heat flux surfaces.
e Sputtering of the first wall surface resulting in reduced life-
times.
e Tritium implantation and diffusion through first wall surfaces.
e Additional heat loads to the neutral beam dumps over and above
the non-interacting shine-through fraction.
e Resulting reflux of cold neutral CX gas to the plasma chamber.
e (Constraints on location of RF antennas, blanket modules ahd
plasma instrumentation.
With regard to the last point above we should note that blanket modules which
do not have an efficieht]y cooled first wall exhibit a fairly low tolerance
for surface heat fluxes. This is especially true for liquid-metal-cooled
blankets where, due to the poor heat transfer properties of a liquid metal in
a strong magnetic field, maximum permissible surface heat fluxes are in the
vicinity of ~ 10 W cm2, Similarly, RF antennas and sensitive plasma diag-
nostic instrumentation at the first wall are also limited in their surface
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heat flux accommodation and, therefore, cannot‘be positioned too near the
neutral beam interaction region.,

Therefore, in TASKA-M, which requires appreciable neutral beam injection
power, it is important to accurately model the production and transport of CX
neutrals and thereby predict the power density distribution of the CX flux
over the first wall surface. Accordingly, it is the purpose of this section
to illustrate the application of Monte Carlo methods to the modeling of
neutral-beam-driven charge-exchange phenomena. Further details of the method-
" ology can be found in Ref. 4. |
6.2.3.2 The Need for Monte Carlo Methods. Modeling the beam/plasma/wall
system in three spatial dimensions is, in general, a very comp]ek process. In

the past, various simple analytic and numerical investigations have been‘per-
formed which have incorporated various simplifying assumptions regarding
system parameters.(5'7) For example, in their analytical study of neutrd]
beam injection into the FERF minimum-B mirror machine, Carlson and Hamilton(5)
employed the simplifying assumptions of a uniform ion density, a single plasma
species, an isotropic angular distributfon of plasma ion velocities, an infin-
itesimal beam diameter, and a spherical plasma geometry. Unlike the simpler
model of Hovingh and Moir,(7) Carlson and Hamilton's analysis did allow for
re-ionization of CX neutrals within the plasma, but second and subsequent
generations of CX neutrals were not considered. '
However, if formal investigation of charge-exchange phenomena is required
in a three-dimensional system with the retention of all major phase space ani-
sotropies inherent in the interaction of multiple neutral beams with a multi-
species mirror-confined plasma, then recourse is necessary to Monte Carlo
methods. In particular, as we shall see, the CX surface heat fluxes at the
first wall exhibit sévere local hot spots due to the complex dependence of the
CX angular distribution on beam and plasma properties. Realistic modeling of
these heat fluxes can, therefore, only be obtained via Monte Carlo techniques.
In this respect, Mitler(8) has pointed out the similarity of neutral particle
transport in a complex plasma medium and neutron transport in a three-
dimensional neutron scattering medium and has underlined the need for analo-
gous Monte Carlo methodology. In his study, Miller employed Monte Carlo
tracking techniques to study energetic neutrali-beam heating of a minimum-B
mirror plasma. Hughes and Post(g) have ehp]oyed similar Monte Carlo methods
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in their analysis of charge-exchange and ionization of neutral gas in toka-
maks.

Accordingly, a Monte Carlo neutral beam interaction code MCNEUT is em-
ployed here to model CX production and transport. In addition to computing
general particle and power balances for neutral beam interaction, CX power
density distributions are mapped over the first wall surface in both the axial
and azimuthal directions,
6.2.3.3 Application of the MCNEUT Monte Carlo Code to TASKA-M. The Monte
Carlo code MCNEUT was originally generated by Kaiser at Lawrence Livermore
National Laboratory for the purpose of modeling the energy spectra of CX
fluxes to CX detectors in the 2XIIB minimum-B mirror device.(10) The code was

configured for a single-species beam incident on a single-species plasma and
has been modified here to accommodate multispecies beams (i.e., mixed
deuterium-tritium) incident on multispecies plasmas and to allow for multiple
beam directions.

In the code, a large number of neutral particle histories (~ 40,000 for
this study) are followed in three dimensions from their emission from the
neutral beam injector through a mirror-confined target plasma. The beam
geometry is configured to match that of the beam injector under consideration
and incorporates the Gaussian angular divergence of the source. The plasma
can be represented either by a specific bi-Maxwellian characteristic of the
beam interaction point or by a generalized mirror loss-cone distribution
function, and is taken to be in steady state with respect to the neutral beam
input. Electron/ion ionization and charge exchange of transported neutrals
are simutated via Monte Carlo techniques similar to those employed by Hughes
and Post.(g) Descendent generations of charge-exchange neutrals are followed
through phase space until each particle is either ionized and integrated into
the background plasma or escapes to bombard the first wall. Charge-exchange
events between neutral particles and plasma ions are simulated in MCNEUT via a
Monte Carlo sample collision scheme. Both ion and electron ionization events
are incorporated by decreasing the statistical weight of a neutral particle
each time it undergoes a charge exchange by the ratio of the ionization col-
lision frequency to total collision frequency. A series of charge-exchange
events are treated as equivalent changes in the phase-space coordinates of the
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primary neutral with appropriate flagging of the mass of the particle after
each collision (i.e., deuteron or triton).

Further details on the application of the code to tandem mirror plasmas
can be found in Ref. 4.

Application of MCNEUT to two neutral beam systems in TASKA-M was made,
namely the four high energy (90 keV) central cell beams and the single low
energy (12 keV) central cell beam. CX fluxes from the anchor beams were con-
sidered to present little problem and, as such, will not be considered further
in this section., The major plasma, beam and first wall parameters employed in
MCNEUT for these two beam systems are shown in Table 6.2-2. In each case, the
plasma was modeled as a long cylinder with axial extent large relative to‘the
characteristic beam attenuation length such that end effects could be ne-
glected.

In MCNEUT, the beams are configured to intersect at the midpoint of the
z-axis of the cylindrical plasma model. For convenience, this intersection
point will be designated z = 0 for defining the axial location of CX flux
distribution. This point should not be confused with the z = 0 datum coordi-
nate which is conventionally employed as the center midplane of the machine.

The plasma radial density profile was accommodated by radially portioning
the target plasma into 32 annular zones in each of which the plasma properties
were assumed constant. Escaping CX neutrals were scored on a cylindrical
first wall detector grid having 36 azimuthal bins in the 6 direction and, de-
pending on the resolution required, between 20 and 40 axial bins in the z di-
rection, '
6.2.3.4 Results. We now consider the CX heat fluxes obtained from MCNEUT at
the "detector" grids on the first wall surface. As discussed in Section
6.2.3.2 above, the detector grid was discretized into Ny = 36 azimuthal bins
in the 6 direction with a resu]ting bin width of 46 = 10°, In the z di-
rection, a value of N, in the range 20 to 40 was employed, depending on the
axial extent required, with bin widths of Az = 5 to 10 cm depending on the
resolution required. Therefore, at each of the N, discrete axial z positions
measured from the beam intersecton point (z = 0), a slice is obtained of the
first wall in the xy plane with 36 discrete values of the CX power density

spaced 10° apart around the surface.
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Table 6.2-2. Principal Input Parameters to the Monte Carlo Code MCNEUT

Number of Beam Lines
Total Injected Power (MW)
Injection Ang]e1

Azimuthal Angle Between Beam Lines
Beam Voltage (kV)

Mean Beam Energy

Beam Components? (%)

Beam Species

Beam Profile

Beam Divergence

Plasma Species

Plasma Geometry

Plasma Radius (cm)

Plasma Radius Profile

Midplane Ion Density® (x 1014 cm'3)

Tperp (kev)

Tparallel (keV)
Electron Temperature (keV)

B-Field at Midplane3 (T)

First Wall Radius (cm)

Grid Azimuthal Bin Width a6
Grid Axial Bin Width az (cm)
No. of Neutral Histories

For computation of ion gyroradii.

S wmrn =

High Energy Central

Low Energy Central

Angle between beam line and negative z axis.
Percentage of full, half and third beam energy components.

Cell Beam Cell Beam
4 1
20.8 0.6
45° 70°
45° N/A
90 12
82.49 11.0
83.3/7.5/9.2 83.3/7.5/9.2
D (50%), T (50%) D (100%)
Gaussian Gaussian
0.5° 1.0°
DT DT
Cylindrical Cylindrical
12 12
Gaussian Gaussian
3.6 3.8
26.07 26.07
25.76 25.76
14.0 14.0
4.2 4,2
25 4 25
10° 10°
10 5
40,000 40,000

. Original design value. This was subsequently increased in the vicinity of

the beam interaction region due to high CX heat fluxes (see later).

($)]
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Figure 6.2-2 is a polar plot of the first wall CX power density distri-
bution in the xy plane at a z coordinate of z = -5.2 cm from the beam in-
jection point for the high energy central cell beams. Two distributions are
shown in Fig. 6.2-2. The inner distribution is that for a single beam (beam
number 1 in the figure); note that the angular distribution is backward-peaked
relative to the incident beam direction. The outer distribution is the corre-
sponding polar plot obtained when all four beams are included; note the po-
sition of the four beams spaced 45° apart. The maximum power density is seen
to be ~ 440 W cm~2 and occurs at backward angles between beams 2 and 3 as ex-
pected.

Given the MCNEUT output, it is possible to construct polar plots similar
to Fig. 6.2-2 for each of the axial (z) grid positions along the first wall
surface. However, it is more instructive here to preprocess this data and,
for each separate polar plot, extract the maximum, minimum and average CX
power densities and plot these as a function of the corresponding z coordi-
nates. Accordingly, these data are shown in Fig., 6.2-3. Peak values of the
maximum, minimum and average power density distributions are seen to be
~ 470, 330 and 390 W cm-2,

For brevity here not reproduced are the individual CX polar distributions
for the low energy central cell beam. Suffice it to say that they exhibit
maximum values in the backward and sideways directions (i.e., at 180° and
90°/270° relative to the incident beam direction). The important engineering
parameter here is the variation of the maximum, minimum and average first wall
heat flux relative to the beam injection point (z = 0); this is shown in Fig.
6.2-4, The peak value of the maximum CX heat flux is seen to be ~ 190 W cm-2
at z ~ -2.5 cm. Note that at z = 20 cm from the beam injection point (i.e.,

z = 80 cm from the machine midplane, the position of the inside edge of the
materials test module) the maximum heat flux is still ~ 90 W cm~2,

Typical CPU times on a CRAY 1S computer required for the runs in this
study were ~ 3-4 minutes. With a detector grid of Ng x N, ~ 36 x 20 elements
and 40,000 neutral particles followed in one run, this is equivalent to ~ 5 ms
per neutral history.
6.2.3.5 Discussion of Results and Their Engineering Implications., One of the
major features of Fig. 6.2-2 is the backward peaking of the CX flux distri-
bution for the single beam. This should be contrasted to the CX flux distri-
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Fig. 6.2-2, Polar distribution of CX heat flux at the first wall (rw = 25 cm)
for the high energy central cell beams. The distribution for one
beam is shown together with the composite distribution for all
four beams.
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butions exhibited in the earlier phases of the machine design where strong
forward peaking was observed. Similar backward peaking was observed in the
Technology Demonstration Facility (TDF).(4) It is also interesting to note .
that the distribution in Fig. 6.2-2 for the single beam is quite symmetric
about the y-axis. This is to be expected in view of the incident beam di-
rection. The slight deviations from true symmetry which can be seen are, of
course, attributable to Monte Carlo statistics (~ 10% here).

For the composite distribution for four beams in Fig. 6.2-2, the backward
peaking has been somewhat ameliorated by the superposition of multiple beams.
However, the composite heat fluxes are still dominant in the general backward
direction. This backward peaking is interesting in that when TASKA-M proceeds
through startup, the neutral heat flux will progress from strongly forward
peaked at low plasma densities to backward peaked at full plasma conditions,

Generally, for a single isolated CX interaction, the product neutral has
a higher probability of forward emission because the CX cross section is large
for particle pairs with small relative velofities.(ll) In other words, an
incident neutral with a given direction of travel is more likely to charge-
exchange with a plasma ion having a velocity vector in the same direction.
However, those forward peaked CX neutrals directed into the bulk of a dense
plasma have a strong chance of undergoing a further interaction (either CX or
ionization) before escaping. In addition, the incident neutral beam will be
attenuated exponentially in the plasma, thus the primary CX production rate
decreases along the chord length of the incident beam through the plasma.
Therefore, in general, for a high energy beam and/or low plasma line density,
the polar CX flux tends to be forward peaked. Conversely, for lower energy
beams and/or higher plasma line densities, the CX heat flux at the first wall
tends to a maximum in the backward direction. As the beam trapping fraction
approaches 100%, strong backward peaking would be expected.

With these above physical arguments an account can be made for the back-
ward peaking from the high energy beams in TASKA-M. The plasma density is
relatively high and beam absorption is fairly good. In addition, compared
with the interim phases of the machine design, the mean hot ion energy is
Tower (84 keV compared with 112 keV). Therefore, forward directed CX products
have a good chance of absorption before penetrating to the opposite wall,
Teaving backward-directed CX neutrals to dominate the angular distribution.
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In the event of a higher plasma density, lower beam energy or lower plasma hot
ion energy, we would expect very strong peaking in the backward direction.

The low energy central cell beam, for example exhibits strong backward peaking
which is to be expected in view of the high beam trapping fraction (> 99%).
Note also that a high trapping fraction with a low beam energy implies an
intense CX source region localized in the first few cm of plasma on the inci-
dent beam side.

These high peak CX heat fluxes at the first wall present some significant
technology problems. Clearly, the first wall heat loads of nearly 500 W cm~2
are too large given the current and near term status of high heat flux tech-
nologies. Neutral beam dumps based on the "Hypervapotron" principle are cur-
rently being incorporated on JET for heat loads of ~ 1-1.5 kW cm=2 under
quasi-steady-state (~ 20 s) conditions.(lz) Similarly, MFTF-B will incorpo-
rate tubular beam dumps probably based on the swirl-flow principle and with
power density capabilities in the same range.(13) However, beam dump designs
such as these have a rather bulky configuration and could not conceivably be
integrated around the first walls of TASKA-M where space is at a premium.

In test facilities such as TASKA-M where true steady-state operation is
envisaged and where component reliability is a key requirement, heat loads
should be limited to water-cooled first wall surfaces to certainly no more
than a few hundred W cm~2. In the STARFIRE conceptual tokamak reactor design,
for example, maximum surface heat loads to the water-cooled limiter were re-
stricted to ~ 240 W cm'z.(14)
6.2.3.6 Variation of CX Heat Fluxes with First Wall Radius. As an alterna-
tive to reconfiguring beam parameters and/or geometries, for the high energy
central cell beams, the most effective method of reducing the peak heat loads
in Fig. 6.2-3 is to simply increase the radius of the first wall. This would
only be necessary in the vicinity of the beam interaction region and would
not, therefore, be detrimental to neutron wall loading levels elsewhere in the
machine. Accordingly, further MCNEUT runs were performed for TASKA-M employ-

ing various first wall radii.

In Fig. 6.2-5, we compare the axial (z) distribution of the maximum CX
heat flux in TASKA-M at a new wall radius of r, = 70 cm with that for the ori-
ginal radius of r, = 25 cm for the interim design. Note that the peak CX heat
flux has been reduced from ~ 470 W cm~2 for ry = 25 cm to a much more accep-
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table value of ~ 65 W cm~2 for ry = 70. Note also that this reduction in heat
flux with increasing radii is considerably greater than the 1/r, scaling which
would be expected from a line source emission. This is due to the distributed
nature of the CX emission across the volume of the plasma. Given the problems
of integrating high heat flux surfaces at the first wall, it was felt that
this latter peak heat load of less than 70 W cm~2 was a reasonable design
goal. Accordingly, a recessed first wall of 70 cm was specified in the
vicinity of the beam interaction region.

6.2.3.7 Conclusions on CX Heat Fluxes. In conclusion, we have seen that
first wall CX heat fluxes from neutral beam injection in TASKA-M can attain

peak values of several hundred W em=2.  The angular distributions can be
forward or backward peaked, relative to the incident beam direction, depending
on the characteristic parameters of the beam/plasma system. For the final
system design parameters, fluxes tend to be backward peaked. Accurate charac-
terization by Monte Carlo methods of the heat flux distributions, both azimu-
thally and axially, is important for the prediction of hot spots on the first
wall surface. One effective method of reducing the peak power densities at
the first wall is to recess the first wall in the vicinity of the beam inter-
action region and taper it back to the original dimensions at axial coordi-
nates where CX loads have fallen to acceptable levels. In view of the fact
that space is usually at a premium at the first wall of any fusion device,
further work is needed in developing sophisticated high heat flux surfaces

with compact dimensions for incorporation in regions such as these.
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6.2.4 Neutral Beam Vacuum System (Fig. 6.2-6)

6.2.4.1 OQOverview

In order to limit beam losses due (Fig. 6.2-7) to reionization and
scattering, the gas density in the neutral beam boxes and neutral beam
ducts must be kept at a very low pressure. The operating pressure will he
in the range of several 10-4 mbar in the neutralizer region and approx.

2x10-5 mbar in the duct.

The vacuum system of the neutral beam injectors and the neutral beam ducts
is composed of cryopumps, Roots pumps or rotating plunger pumps, and
turbomolecular pumps, plus control and isolation valves. Fig. 6.2-8 shows
a neutral beam injector with the ion sources, neutralizer, ion sweep
magnet, ion dump, calorimeter target diagnostics, and collimators. With
the exception of the ion sources and the ion dump, all parts are installed
in a rack located inside the neutral beam box. The ion sources and the ion
dump are mounted separately from the back of the box. In order to reduce
the dose rate outside the box, which originates from neutron activated
parts inside, the neutral beam injector is shielded. Magnetic shielding of
the box will be necessary due to stray fields. The amount of shielding is

estimated in chapter 9.4.

The neutral beam injector is subdivided into three vacuum regions (see

Fig. 6.2-9):

- Stage 1 contains the ion source, accelerator, neutralizer, sweep

magnet, and ion dump.
- - The calorimetric target is located in stage 2.
Stages 1 and 2 are separated by a sheet metal wall with openings for

the neutral beams.

- Stage 3 is formed by the beam duct connecting the box and the

plasma chamber.
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The injector box and the beam duct can be shut vacuumtight by means of a
gate valve. In this way, the injector box can be disconnected without
breaking the vacuum in the box and the plasma chamber / beam duct unit.

The ion sources can be exchanged individually after separation from the

injector box by means of gate valves.

The neutral beam injectors must be designed for steady state operation.
Excess gas can be removed from the injector box to achieve a low gas
pressure, as mentioned above, either by Zr-Al getter panels /15/ or by
liquid He cryopanels. Getter panels have the advantages of being
insensitive to thermal variations, releasing no gases, and of being less
sensitive to neutron bombardment. Their operating temperature is 670 K,
the regeneration temperature 970 K /2/. On the other hand, the gettering
surface is approximately 1.5 to 2 times larger than the cryopump surface,
which makes it necessary to set up the getter panels inside the box while
the cryopumps /16/ are located outside and can be separated from the box
by gate valves. These valves will be closed during the regeneration

of a cryopump. As opposed to the operation / regeneration separation
mechanism at the getter panels /2/ the gate valve closes very tightly.
Consequently, the regeneration pressure can be kept at a higher level of
approx. 10-3 mbar, thus simplifying the regeneration system for the |
cryopumps. Furthermore, getter panels are sensitive to poisoning by
oxygen, especially at higher temperatures. Oxidation is irreversible.
However, poisoning cannot be excluded, and since the capital costs of the
getter panels (8 3 million) and the cryopump system ($ 3.5 million) are in
the same range, an exchange of the panels would double their orijina]
capital costs. The operating costs are higher for cryopumps due to the
consumption of liquid He at 4 K. Nevertheless, after comparing the pros

and cons, we selected cryopumps as the reference case/17/. For the data, see

Table 6.2-3.
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Table 6.2-3 Vacuum System Parameters for Neutral Beam Injectors
at the Sources
HE-NBI ME-NBI LE-NBI Remarks
. Central Central
Location cell Anchor cell
Pe 7 NBI MW 12.6 8.4 1.0
E keV 90 73 12
Gas flow Torr-1/s
Stage 1 38,6 31,1 18,0
Stage 2 6,0 5,6 6,8
Duct 2,5 2,1
Vacuum pressure mbar
-4 -4 -4
Stage 1 10 10 10
Stage 2 2x107° 2x107° 2x107°
Duct 2x107° 2%10°5 2x107°
Cryopumps
number 3(+1) 3(+1) 2(+1) () for
regeneration
Stage 1
Pumping speed 1/s 1.5x10° 1.5x10° 1.2x10°
number 3(+1) 3(+1) 2(+1) () for '
Stage 2 regeneration
Pumping speed 1/s 1.5x105 1.5x105 1.5x105
number 1(+1)
Duct with
Pumping speed 1/s 1.5x105 stage 2
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6.2.4.2 High Energy Neutral Beam Injectors (HE-NBI)

Stage 1 of the HE-NBI's is equipped with four cryopumps, each with a
pumping capacity of 150,000 1/s. Three of them will be in opération while
one will be regenerated. Stage 2 is identical to stage 1. Both cryopumps
of the beam duct have pumping capacities of 80,000 1/s and operate

alternately.

6.2.4.3 Medium Energy Neutral Beam Injectors (ME-NBI)

Stages 1 and 2 of the ME-NBI's are equipped with four and three cryopumps
respectively, each of 150,000 1/s pumping capacity. Three and two pumps,
respectively, each will be in action while the third one will be
regenerated. The beam duct is very short and is pumped by the anchor

vacuum chamber,

6.2.4.4 Low Energy Neutral Beam Injector (LE-NBI)

The vacuum system of stage 1 consists of three cryopumps, each with a
pumping capacity of 120,000 1/s; two of the pumps operate while the third
one is regenerated. Due to the dimensions of the beam duct its flow
resistance is small. Thus, it was possible to combine its vacuum system
with that of stage 2. The two cryopumps, each with a pumping capacity of
150,000 1/s, are operated alternately.
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6.2.4.5 Regeneration System

The main fraction of the pumped gases will be hydrogen isotopes. This
allows the regeneration system to be simplified. To release the hydrogen
gas it is sufficient to warm up the liquid-helium cooled pumping surfaces
from 4 K to 30 K. Roots pumps and / or rotating plunger pumps can be used
to pump the gas released. These pumps allow an ultimate preésure of 10-3
mbar to be attained. The operating pressure of the cryopumps, approx.

10-6 mbar, will be achieved by cooling the pumps to their operating
temperatures. By this means the loading of the cryosurfaces is negligible.

In order to evacuate each NBI after breaking the vacuum, they are equiped
with an additional turbomolecular pump. The ultimate pressure of this pump
will be approximately 10-5 mbar in the NBI-box.

These pumps provide the following advantages:

- The cryopumps will not be contaminated by impurities
which cannot be removed at regeneration

temperatures of 30 K.

- Therefore, the surfaces of the cryopumps are almost
free from oxygen molecules which would react with
tritium and hydrogen to form HTO.

- Helium penetrating into the ducts by backstreaming,
which is not pumped by LHe-cryopumps can be removed
by means of the turbomolecular pumps.
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6.3 Electron Heating in TASKA-M
6.3.1 Introduction
Additional electron heating power is advantageous in the TASKA-M tandem

mirror to decrease the electron drag on the ions which substantially lowers
the required neutral beam power, and to increase the electron temperature
which enhances the midplane potential dip. This dip traps warm ions which
stabilizes the loss cone distribution caused by the injected ions in a mirror
configuration. In conclusion, electron heating provides substantial improve-
ment in overall machine power requirements and microstability properties as
discussed in Sections 3.1-3.4 and 3.6 of the report.

The methods for direct radiofrequency heating of electrons in mirror
plasmas include: (1) electron cyclotron heating (ECRH), w = Wogs (2) electron
Landau and transit-time damping via the ion cyclotron range of frequencies
(ICRF), w < 4 w55 and (3) electron Landau damping of lower hybrid waves
(LHRF), w > Wy 0f these three, electron cyclotron heating is usually the
most direct for tandem mirrors but the overdense (wpe/wCe > 1) high B = 50%
properties of TASKA-M which yield high fusion output make this wave's pene-
tration problem for heating in the central cell quite difficult. The ion
cyclotron frequency range waves require elevated electron temperatures (Te > 2
keV) and the absence of ion resonances at substantial concentrations
w # nwci(F) in the regions of substantial wave power flux where r denotes the
spatial position where a harmonic resonance could be present in the plasma
interior. In addition, below the fundamental resonances, low frequency coil
excitation is required and substantial plasma cross sections given by na
(where n is the average plasma density and a is the plasma radius) as required
for good coupling and is well satisfied in the central cell of the TASKA-M
device. Finally, lower hybrid waves can heat electrons or provide current
drive via electrons as observed in tokamaks. Although the electron heating
results were moderately successful, the problem of wave spectrum and pene-
tration with substantial Landau damping through the plasma edge at the ele-
vated electron temperatures (T, = 14 keV) of TASKA-M are presumed to eliminate
it from serious consideration for the purpose of this design study.

This section on electron heating of the plasma will concentrate primarily
on the jon cyclotron frequency range method for heating electrons with a brief
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mention of electron cyclotron frequency heating in the accessible lower densi-
ty, Tow B transition region.
6.3.2 Electron Heating Physics
6.3.2.1 Electron Cyclotron Resonance Heating (ECRH) .

The formulation of wave coupling, propagation, and absorption are pre-
sented in this section. We start with the rationales for choosing the various
héating zones in the machine. The relevant assumed plasma operating para-

meters are shown in Table 6.3-1.

A 6 cm central cell annular halo plasma is required between the hot
plasma edge and the walls (see Section 3.8). In addition, power balance
calculations show an electron heating power required to achieve the steady
state dperating characteristics of 12.4 MH. Figure 6.3-1 illustrates the
overall potential (¢) and magnetic field (B) structure on the axis which can
be used to visualize the electron heating regions.

The previous table indicates that the central cell beta corrected steady-
state electron cyclotron frequency is 83 GHz with a wpe/wce(Bo) value equal to
1.8. This means that steady-state gyrotron sources of 83 GHz with a single
tube power output of 250 kW for a 12.4 MW total would require at least 50
gyrotrons. These sources are not currently available but may become available
in a period of five to ten years. It should also be noted that this is a
central cell minimum frequency and that non-B corrected cyclotron resonance
such as for startup would require tubes at a frequency of 117 GHz, clearly
well above the near term state of the art. In addition, even if the gyrotron
sources were available, “pe/wce(so) values are near 1.8 for the high 8 TASKA-M
central cell parameters. As discussed by Audenaerde and Scharer(l) and
others, overdense plasmas such as this are very difficult to penetrate with
electron cyclotron wave power due to wave cutoff effects for oblique Taunching
angles. Even for nearly axial propagation relative to the magnetic field,
recent work by Lam, Scharer and Audenaerde(Z) has shown that for overdense
mirror plasmas, electron cyclotron wave energy can diverge radially before
reaching cyclotron resonance regions due to radial density gradients. Thus we
do not support the use of electron cyclotron central cell heating for the
overdense TASKA-M parameters based on near-term technological requirements and

wave penetration problems.

6.3-2




Table 6.3-1.

— 297 —

TASKA-M - Plasma Parameters for RF Heating

Parameter
Bmin (T)
Bmax (T)
Ne (cm™3)
Ie (keV)
E. (keV)

i
(cm)

Central Cell

4.2
17.5
3.5 x 1014
14.0
84.1
12.1
25
0.5
83
1.8
15 (z
15 (z
35 (z

0)
1m)
2.2 m)

Transition

2.18
(17.5, 2.7)
2.6 x 1013
14.0

7.3
(17-7)eff
(36)eff
0.05

56

0.83

10

Anchor

1.02
2.7

2.6 x 1013
14.0

60.3

37

0.5

20

2.33

no tritium

The use of electron cyclotron heating in the anchor region is also not

desirable since the plasma is even more overdense; wpe/wce(Bo) = 2.33 in this
region. The steady-state cyclotron frequency is 20 GHz in this region allow-

ing the use of high power steady-state klystrons which are currently available

at up to 500 kW levels.
region is improved near the ends of the machine.

The near axial wave launching access in the anchor
However, questions about

good electron heat flow from the anchor to the central cell region given the

complex magnetic and potential structure of TASKA-M and the diverging of

axially launched electron cyclotron wave energy before reaching the resonance

zone in overdense plasmas make this alternative much less than ideal.

Finally, the transition region for electron heating is the most desirable

if this scheme is used.
quencies of 56 GHz are required.
est field point of 2.2 T.
will allow good wave penetration and absorption.

As shown on the table, B-corrected cyclotron fre-
The plasma is not overdense even at the Tow-
Oblique propagation of the X mode in this region
However, the lack of steady-

state 1 MW or 250 kW gyrotrons operating at 56 GHz required to make this
scheme attractive for a near-term technology device makes this approach
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questionable. In addition, physics questions about electron trapping near the
transition minimum, electron heat transport to the central cell and velocity

. space considerations must be analyzed before it can seriously be proposed for
the longer term future.

6.3.3 Electron Heating in the Ion Cyclotron Range of Frequencies (ICRF)

The most successful radiofrequency heating experiments for plasmas to
date have been primarily in tokamaks in the ion cyclotron frequency range. On
the PLT tokamak Hwang et a1.(3) have coupled 3.4 MW for several hundred milli-
seconds at densities of 3 x 1013 em™3 with a 2 keV ion temperature rise and a
similar electron heating primarily due to electron drag on the fast ion tail.
Wave coupling efficiencies v, = Po/Pg = 80% have been achieved with heating
efficiencies Py/Pc of about 60% (Py = A(nkTj)/t.) at the second hydrogen ion
cyclotron harmonic f = 2 fpy = 42 MHz corresponding to resonance at the center
of the machine. On the TFR tokamak(4) substantial direct electron heating,
ATq
of n=1.5x 1014 cm™3 at RF power levels of 600 kW. The heating process is

= 1 keV, has been observed for a hydrogen/deuterium plasma with densities

attributed to mode conversion from the fast magnetosonic wave propagating on
the high field side to an ion Bernstein mode which is rapidly electron Landau
damped. It should also be mentioned that electron heat transport in tokamaks
is highly anomalous and sensitive to machine conditions. This condition re-
quires a careful experiment to test direct electron heating via ICRF. Other
experiments utilizing Landau damping on electrons from lower hybrid waves have
been observed on tokamaks to heat electrons such as JFT-2 (1981). Today's
current drive experiments have shown promising results involving an inter-
action with fast electrons. Also surface wave excitation by ICRF antennas has
been shown to directly heat electrons on the Phaedrus(5) tandem mirror and
other tokamak experiments.

In the theoretical area electron Landau and transit-time heating via ICRF
has been studied by Stix,(6’7) by Scharer, McVey and Mau(8) and by Scharer,
Beyer, Blackfield and Mau(g) for a tokamak reactor. The basic result for
power absorption per unit volume can be expressed as

2
- ~lw/k.v )
2 o "e

W
P = 0 pe ce e z watts (6.3-1)
€ 4k, _ cm
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where Ez is the wave magnetic field parallel to the static field and the other
plasma quantities take their usual definition. The spatial wave absorption
can be obtained approximately from the wave quality factor with the electron
absorption treated as a wave cavity loss.term, Q,.¢,

2 1
. _ mr _ wUS _ wu 4k i€ (6.3-2)
erf E; Pe n1]2 V2 2p € wz k2v |
A "o opele

where Ug is the time averaged fast wave energy density, V, is the Alfvén
velocity and w = k“ve is assumed. Thus, the axial damping decrement for
TASKA-M steady-state parameters becomes

= 10-20 cm (6.3-3)

. -1 _
L (damping decrement) = E;" KiQaps

with the wave strongly damped and an electron heat distribution over a large
volume and velocity class due to the launched k, spectrum.

The antennas used to couple the waves require a moderate density and
lower temperature to ensure wave propagation over most of the transverse cross
section and to isolate the antennas from the hot ion core. We, therefore,
propose a 10 cm annulus halo with <n> = 5 x 1012 ¢m=3 determined by the
n% = R cutoff condition for the fast wave and Tedge < 100 eV. The general

density for cutoff for the fast wave can be expressed as

(w + w_.)
1.3 x 1011 & —_¢i° (6.3-4)

Il w

"DT|cutoff -

where k, corresponds to the dominant part of the k, spectrum, w is the fre-
quency of the ICRF wave and w.; is the ion cyclotron frequency.
The density and total plasma radius (ncrg) of the central cell for TASKA-

M make the radial mode structure very good for efficient fast magnetosonic
wave coupling from antennas. There are many perpendicular wavelengths over

the hot plasma core plus halo plasma such that

Fr = (w - -
Kiry = (w/Npdry > 10-20 (6.3-5)
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even for frequencies below the minimum tritium resonance.

For the TASKA-M device, to ensure that the ICRF power flow is primarily
to the electrons, we have to ensure that the ion resonances for deuterium and
tritium as well as any substantial ion impurities are not present in the
vicinity of the antenna and RF power flow region. In addition, the electron
temperature should be well elevated (T, 2 2 keV) before the antenna excited
parallel phase velocity for the fast magnetosonic wave is comparable to the
parallel electron thermal velocity for substantial electron damping to occur.
We expect that electron-electron and electron-ion collisions over the length
of TASKA-M at higher density will rapidly isotropize the electron distri-
bution. At lower electron temperatures such as is the case for startup, ion
resonances further from the antenna regions can be used to initially heat the
plasma with electron absorption dominating at higher temperatures when the
plasma reaches steady-state conditions. To ensure dominant electron heating,
the wave frequency should be chosen below the beta-corrected tritium ion
cyclotron resonance in regions of strong wave excitation f.7(B,) = 15 MHz.

One could also consider setting the wave frequency between lower ion
cyclotron harmonic resonances (f = 25 MHz) for the deuterium-tritium plasma
but the close spacing due to axial gradients in the central cell magnetic
field makes this difficult to achieve without some ion heating. Some direct
jon absorption at lower temperatures during startup could be quite beneficial.
‘Even at the elevated temperatures of the full operating characteristic, the
volumetric electron Landau and transit-time damping between the antennas could
dominate over the axially localized heating near the ion resonance. If a 25
MHz design were used, a 0,7 phasing for adjacent antennas would yield a de-
sired spacing of dA(O,n) = A"/z = nve/w = 90 cm. Another alternative is to
operate at frequencies well above the lower beta-corrected, central cell
(z=0+2.2m ion cyclotron resonances where ion absorption is predicted to
be very weak; f > 3 f.;(B) = 200 MHz. This higher frequency allows more
versatility in wave. launcher design in that antennae or waveguide launchers
could be considered. However, no plasma experimental work in this range has
been carried out. ‘

It should also be mentioned that the transition region could also be con-
sidered for coupling and heating via these waves. However, the Tower wave
frequencies required for heating outside the central cell region and the non-
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circular cross section of the plasma makes this alternative less desirable for
wave coupling and heating than in the central cell.

Thus we propose to excite fast magnetosonic waves below the beta-cor-
rected tritium cyclotron resonance f < ch(B) as a base case or well above the
Tower ion cyclotron resonances f > 3 f.p(B) in the region where the antennas
are located as an option for electron heating in TASKA-M. The k" spectrum of
the antennae will also be used for fast wave mode selectivity in the lower
| frequency case.

6.3.4 ICRF Antenna Design for Electron Heating

We now consider the appropriate antenna design and layout for the TASKA-M
device for the low frequency f < f.7(B) case. As noted in Section 6.3.2 a
total electron heating input level of 12.4 MW is required. We consider a four
coil set of antennas with an assumed coupling efficiency of 90% and a.heating
efficiency of 80% based on previous high power experiments in this frequency
range on PLT(3) and TFR.(4) The total RF power output from the RF generators
would. then be 17.2 MW which can be produced with a source efficiency of about
80% requiring 21.5 MW from the D.C. high voltage power supplies. A single
antenna would then be required to couple 3.9 MW to the plasma. This is surely
somewhat above the current state of the art which is in the range of 0.75 MW
coupled for the half-turn narrow antennas on PLT and TFR. However, improve-
ments utilizing wider antennas with improved center feeds, feedthrough, and
Faraday shield designs can be expected in the near future. New antenna de-
signs for PLT, TFR, JET, Doublet III-D, and TFTR are being made at total
powers up to 50 MW which can reasonably be expected to increase the current
maximum antenna surface power flux by a factor of four. The PLT antennas
which were end fed and not 6ptimized have produced RF power fluxes of 0.5
kW/cm? whereas current lower hybrid launchers have reached 10 kW/cm?. An
antenna design flux of 2 kW/cm2 is used for this study. Thus, a single
ahtenna properly matched could theoretically couple

P/antenna = S x 1 x D x W = 2 kW/cm2 x T x40 cm x 25 cm = 6.3 MW (6.3-6)

where D is the antenna diameter and W is the antenna width. This is more than
the TASKA-M coupled design value of 3.9 MW but it is recognized that this is
clearly a maximum design. If near term experimental progress were not able to
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reach this value then additional antennas could be installed in the central
cell or transition zone to reach the 12.4 MW absorbed power Tlevel.

A water cooled 15 cm 0.D. coax of low impedance Z, = 20 ohms is used to
provide high power transfer from the generators to the antenna. If the vol-
tage standing wave ratio (VSWR) in the section of the coax between the antenna
and matching system were too high, then a larger 23 cm 0.D. coax would have to
be used to accommodate the higher voltages. To match the generator impedance
to the antenna, a stub matching system located outside the one meter radius
blanket and shield central cell section is proposed. Figures 6.3-2 and 6.3-3a
show the overall antenna unit, coaxial feeds and matching generator unit.
Water cooling of the copper and stainless steel coil is shown together with a
Tow Z graphite or base water cooled metal Faraday shield. A neutron shielded
vacuum window is shown in Fig. 6.3-2 with gas pressurization (perhaps SFg or a
lower neutron activated gas) behind the window to reduce RF breakdown
properties.

The cross section of the coil and shield would be 25 cm width by a maxi- ‘
mum of 10 cm depth to keep the antenna well away from the indented machine
walls. An axial cut in the blankets of about 35 cm by 10 cm depth is indi-
cated to allow good magnetic flux coupling to the plasma with minimal reduc-
tion due to image currents in the walls. Figure 6.3-3b shows an alternative
slot design which has been used for heating at 100 kW Tevels in the ICRF range
by Shvets et al. at Kharkov on a stellarator which might be more compatible
with the reactor situation than coils if it can be developed further. The
simplicity of a gap excitation and flat large surface area excitation would be
attractive if higher power operation without breakdown and more analysis of
the coup]iﬁg spectrum were carried out.

Finally, if a*high frequency scheme, f = 200 MHz, were used then possible
waveguide or compact adjacent cavity resonant systems could be envisioned to
couple the power. However, only lower hybrid tokamak experiments with no
experimental work and little detailed analysis of this scheme in the ICRF
range have been done so that it is not considered in detail for the purpose of
this design.

The wave frequency, antenna dimensions, axial location as well as their
relative placement in regard to the plasma will affect the coupling and heat-
ing through the wave spectrum (kl,k") generated. In the simplified analysis
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presented here, we determine the dominant part of the k, spectrum through the
antenna spacing and phasing so that the fast magnetosonic wave will be strong-
ly damped at the steady state operating characteristics of TASKA-M, namely

To = 14 keV. The convenient adjacent antenna coil spacing of 90 cm and opera-
tion at 15 MHz requires a (0°,90°) phasing on the adjacent antenna drive to
resonate with the bulk of the electron thermal distribution and Landau damp.
This requires that the antenna spacing, dj, be determined by the equation

dA(0,90°) = A /4 = v /2w . (6.3-7)

The frequency of the antenna is chosen as 15 MHz which is below the‘1oca1
tritium resonance near the z = 1 m location of the first antenna. This base
design has an exc{tation frequency of 15 MHz, an antenna center-to-center
spacing of 90 cm, a 0,90° adjacent phasing and a total power coupled of 15.5
MW.

It should be mentioned that the B-corrected magnetic field imposes a
fairly low frequency of the generator f = 15 MHz to be below the tritium
resonance. This has a detrimental effect on the antenna's radiation resis-
tance for the moderate diameter of the TASKA-M plasma. Operation at a higher
frequency would tend to improve the antenna coupling with attendant compli-
cations for power fraction coupled to the electrons and ions and would require
a different antenna excitation scheme. The detailed antenna design shown in
Fig. 6.3-3a would have to be modified to efficiently couple power to the
electrons for the 200 MHz wave case. At these higher frequencies they could
be well accomodated in the TASKA-M axial layout.

The placement of the ICRF antennas in the overall machine is shown in
Fig. 6.3-4. The antenna center 1ine placements are at z = 1.2 m and z = 2.1
m. This was done to keep the antennas away from the neutral beam charge
exchange flux, beam path and dump. Each antenna location was chosen to lie
within a single blanket module to allow for simp]ér removal and replacement.

6.3-12



— 307 —

Fig. 6.3-4: Placement of the ICRF antennas in the overall machine (cm)
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6.3.5 Power Generator for ICRF

After the experimental results obtained during the last 5 years on TFR /10/,

PLT /11/ and JFT-2 /12/, heating in the ion cyclotron range of frequencies
(ICRF) appears as one of the most powerful and reliable methods for plasma heat-
ing. The basic principles have been confirmed by experiment, good heating effi-
ciency has been observed of both the ions and the electrons and the different
damping mechanisms suggested by theory have been shown to apply in a wide range
of density, temperature and magnetic field. On TFR, the rf power sources deve-
loped by European companies were operated in the power range between 1 and 2 M{.
Each of the two output amplifiers includes a single Thomson CSF TH 518 power
tetrode. Those tubes were capable of transmitting up to 1.5 MW RF power in pul-
ses of .0.1 s duration in a broad range of frequencies (50 - 85 MHz).

High power, high energy ICRF experiments are presently in preparation for

TEXTOR /13/, ASDEX /14/ and JET /15/. For TEXTOR, an RF power source capable of
3 s operation at 1.5 MW was satisfactorily developed at 27 MHz. For ASDEX, RF
sources are under construction with 2 x 1.5 MW during 10 s between 30 - 115 MHz,
and for JET, several units at 2 x 1.5 MW with long pulse capability (= 20 s) in
the frequency range of 25 to 55 MHz. Consequently, the state of the art in high
power generator technology in the frequency range of 25 to 90 MHz allows an RF
power of about 1.5 MW per tube.

The cost of ICRF generators should be rated at about 0.3 § per Watt. The
total cost per Watt of complete and fully automated ICRF systems (1ines,
generator, power supplies, control) should still be considerably higher (1 to
2 3/Watt), but much lower than other RF heating schemes.

As far as area requirements are concerned, it can be noted that the two 1.5 Md-
3 s units for TEXTOR, eomprising the various amplifier stages, the control
units and the cooling aggregates, are housed in two cells measuring 3.6 m X
4.2 m x 8.5 m each. A floor area of about 3000 m2 for the d.c.'power supplies

appears to be adequate.

The main characteristics of the ICRF equipment, determined by the requirements
of TASKA-M power balance, are the following:

Total RF power coup]ed'to the plasma: 12.4 M4
Total RF output power of the generators: 17.2 MW
RF pulse duration: steady state
Frequency: 15 MHz
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RF power transmitted to each coupling system: 4.3 MW
Number of antennas: 4
Field on axis near antennas: 4.2 7

Extrapolation. from existing high power ICRF heating will require a certain
extent of developments:

1. Development of a 5 MW quasi-c.w. tube or use of a combination of presently
available < 1.5 MW units by means of 3 dB couplers.

2. Development of antenna structures and transmission lines to carry the signi-
ficant thermal load due to the quasi-c.w. operation.

Consequently, if a combination of 2 x 1.75 MW units is used, the RF power
source will consist of 4 ‘'units. The output power of each unit is obtained by

a low power solid state broad band amplifier, driver stages and two high power
output amplifiers. A possible block diagram of a power unit as discussed for
Tore Supra /16/ is given in Fig. 6.3-5. The operating frequency can be adjusted
continuously over a certain range by tuning the amplifier cavities. This scheme
allows amatching of the antenna impedance by frequency modulation.

Each tetrode of the output cavity for Tore Supra will be supplied by a 25 kV-
100 kA power supply with dynamic voltage regulation. This will allow the op-
timization of the RF output power level of the tetrode and Timitation of the
anode dissipation power under VSWR > 1 conditions caused by a change of the

antenna loading impedance.

6.3.6 Transmission Tlines

To transfer more than 1 MW of active RF power to the antenna, precautions
against breakdown in coaxial lines have to be taken since the peak voltage on
the Tine will be > 20 kV, depending on the coupling characteristics of the
antenna with the plasma. For that reason a 15 cm 0.D. coaxial line between

the generator and the antenna may not be sufficient and the choice of a 23 cm
0.D. line has to be made. Fig. 6.3-6 gives the possible lay-out of the coaxial
lines between the generator and the antennas. The line consists of elbows, de-
mountable elements, gas barriers and rigid straight sections. The total line
should be pressurized protected against overvoltages or voltage breakdown.
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6.3.7 Matching System

To match the antenna impedance to the output impedance of the RF generator,
tuning with two stubs, placed as near as possible to the antenna, was used

on TFR. It had the advantages of a short coaxial transmission line between
the tuning circuit and the antenna, loaded with high VSWR. A disadvantage

of this scheme was that tuning during RF pulses (30 s every 5 min) had to be
performed by changing the electrical length of the stub, i.e. by mechanically
moving the stub short circuits under high RF current conditions. Therefore,
tuning with one stub and modulating the frequency was also considered on TFR
and JET.

Tuning stubs, adapted to cover a 36 - 65 MHz range of frequencies, require a
Tength of 2.5 m. Those, as well as the various components of the transmission
lines are currently available from industry. For TASKA-M, the transmission

and matching system should be developed according to the results of current
high power experiments. It will be located outside the blanket and shield of
the central cell. A remote matching system could also be considered for TASKA-M
since it is not desirable to lTocate matching elements near the reactor core,
e.g. a broad band generator using frequency tuning. '

Fig. 6.3-6: Lay-out of the coaxial 1lines between the generator
and the antenna for Tore Supra
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7. Vacuum- and Exhaust System

7.1 Introduction

The vacuum- and exhaust system is used in two distinct modes:

a) Before operation it has to evacuate the whole interior of the machine
to generate the vacuum condition for start up (<10'6 mbar).

b) During operation it has to ensure that the neutral gas pressure and the
content of high Z-material in the plasma chamber is kept at the low
level required for the fusion process.

The technical design objectives are mainly determined by the opera-
tional, i.e. the exhaust conditions. To fulfil these requirements, a parti-
cle stream corresponding to the particle stream supplied by the neutral
beam-injectors (NBI) for plasma heating and fuel supply must be exhausted
in such a way that the gas composition and the gas content in the machine
remains constant with time. Fig. 7.1-1 is a schematic representation of the
particle streams observed during operation of the machine (see also Table
7.1-1). The injected neutral particle streams of the high energy and anchor
NBI's (2 and 4 in Fig. 7.1-1) split in three paths when they come in con-
tact with the plasma: in shine through fractions of neutral particles
which pass the plasma without interaction (6 and 7),in trapping fractions
which sustain the fusion plasma and become a part of it and in charge ex-
change fractions which strike the first wall and form the halo plasma. The
low energy NBI (3) creates no shine through fraction. A plasma stream equi-
valent to the sum of the trapping fractions and the charge exchange frac-
tions leaves the machine axially (5) and has to be extracted from the end
cells (9) together with the thermalized shine through fractions of the
anchor NBI's (8). The thermalized shine through fraction (10) of the high
energy NBI's is removed directly from the central cell.

Besides these process streams, additional gases must be exhausted
which might enter the machine via leaks from outside, or which might be
released from the numerous gas or liquid containing components inside the
machine, e.g. superconducting coils, coolant pipes, blanket modules etc.
Furthermore, it cannot be excluded at present, that even after start up
during a certain time some noticeable amounts of gases are still released
from the very large surfaces of the internal components.

The majority of particles to be exhausted during operation occur as
directed neutral particle beams and plasma streams which must be converted
first to thermal gas. Specially designed dump plates, bombarded by the
particle beams and plasma streams serve this purpose. Because of their
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Tab, 7.1-1: Process Particle and Gas Streams

(see also Fig. 7.1-1)

Encrgetic Particle Input_ by Neutral

(g/s)

Beam_Injectors {NBl)

r
({Species atomic)

| | i |
{ Deuterium { | Tritium | Helium | Remarks
] ) | |
. . | | | | | part. trapping
(1) Total particle input | 5.95E-3 | | 4. 0hE-3 | - | fractions:
(2) Input by four high energy NBI ] 2.69E-3 ] | L4.Q4E-3 | - | 0.924
(3) Input by one low energy NBI ] 1.04E-3 | | - | - | 1.000
(4) Input by two anchor NBI | 2.21€-3 | | - | - | 0.365
| | | | |
i | | | |
Energetic Particle Flow to Beam Dumps | | | | |
: | | | ! |
A. End dumps (Plasma/Halo) | | | | |
| | | | |
Contribution from four high energy NBI | 1.79E-3 / 7.03E-4 | | 2.69E-3 / 1.06E-3 | - |
Contribution from one low cnergy NBI | 6.69E-4 / 3.68E-4 | | - | - |
Contribution from two anchor NBI | 5.35E-4 / 2.68E-4 | | - | - |
Contribution from fusion process | - | | - | 1.60E-5 i
total flow for two end dumps | 2.99E-3 / 1.34E-3 | | 2.69E-3 / 1.06E-3 | 1.60E-5 |
(5) total flow for one end dump | 1.50E-3 / 6.70E-4 | | 1.34E-3 / 5.28E-4 | 8.00E-6 |
' | | | | |
B. Central cell dumps ] | | |
| | | | |
Contribution from four high energy NBI | 2.05E-4 | ] 3.07E-4 | - |
(6) Lotal Flow for four central cell dumps ] 2.05E-4 | I 3.07E-4 | - |
total flow for one centrai cell dump | 5.11E~5 | | 7.68E-5 | - |
| | | I !
C. Anchor dumps | | | | |
| | | | |
Contribution from two anchor NB| | 1.41E-3 i | - | |
total flow for Lwo anchor dumps | 1.41€-3 | | - | - |
(7) total flow for one anchor dump | 7.03E-4 ] | - | |
] | | | |
Total flow to beam dumps | 5.95E-3 | { 4.06E-3 | - ]
| ] | |
| | | | |-
| | | | i
Thermal_Gas _Output by Exhaust System | | | | |
(Species molecular) | Deuterium - |Deut.-Tritium | Tritium | He | ium |
| | | | |
| | | | |
A. fnd cell | | | | |
Contribution from one end dump (Plasma+Halo) | 1.38E-3 | 1.98E-3 | 6.88E-4 | 8.00E-6 |
(8) Contribution from one anchor dump | 7.03E-4 ; - } - | - |
) | | i
(9) total flow from one end cell | 2.08E-3 | 1.98E-3 | 6.88E-4L | 8.80E-6% |#¥includes 10%
| | | | | safety margin
B. Central cell | | | | i to provide for
Contribution Trom four central cell dumps | 1.03E-4 | 2.55E-4 | 1.54E-4 | | teakages from
(10)total flow from central cell | 1.03E-4 - | 2.55E~-4 | 1.54E-4 | | SC coils and
| | | | | cryosurfaces
(11)Total gas output { L4.26E-3 ! L4.20E-3 { 1.53E-3 ; 1.76E-5 =

(Output values are taken from Tab.

7.3-1 and 7.3-2)
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extraordinary loading conditions these beam dumps (BD) constitute one of
the most critical component of the whole machine and consequently one of
the most important component of the whole exhaust system. In Sec. 7.2 these
aspects are covered in more detail.

The gas pressure in the vicinity of these dump plates must be kept
close to the neutral gas pressure in the halo to limit the amount of reflux
of cold thermalized gas and sputtered plate material to the plasma (see
also Subsect. 7.1.3). For the axial plasma dumps this requirement would
also apply if the end dump region were used to test direct converter compo-
nents.The gas pumping requirements during operation are met with appropri-
ate pump chains. Their first stages consist of cryopumps which have to
be frequently regenerated.

The same pump chains are used for the evacuation process before start
up. HoWever, to remove the bulk of the contained gas efficiently when
starting with approximately atmospheric pressure some additional pump sets
for pre-evacuation are provided. In Sect. 7.3 the gas pumping facilities
are described.

The operational sequence during the evacuation process and the total
time required to reach the start up conditions is strongly determined by
the design concept of the main vacuum boundary. Unlike most of the
previous experimental fusion facilities the "outer wall" concept is selec-
ted here, similar as it will be realized in the US Tandem Mirror Fusion
Test Facility (MFTF). Fig. 7.1-2 presents a schematic draft of the two
different design concepts with inner and outer vacuum wall.

The advantage of the "outer wall" concept is that it avoids vacuum
tight welds with highly irradiated materials close to the plasma and that
it allows volumetric and geometric changes of the materials and structural
parts by irradiation induced swelling and creep. For this purpose adequate-
ly wide clearances and gaps between all adjacent components are provided in
the inner region. The support and the precise alignment of the components
is performed by the outer structure of the machine, which is essentially

not affected by irradiation. Also the main vacuum boundary is Tocated out-

side the main neutron shielding.
The disadvantage of this design concept with respect to the vacuum

conditions is easily shown: There are numerous individual components with
large surface areas within the vacuum boundary which have to be degassed
when the start up vacuum is generated. Baking out to accelerate degassing
of the materials and discharge cleaning of the surfaces as commonly used in

7.1-4
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the previous fusion facilities with a smooth inner vacuum wall is applica-
ble here only to a very limited extent. Therefore, in any case, the first
evacuation of the facility will require a comparatively long time and it
cannot be excluded, that even some time after start up a certain amount of
impurity gas is still liberated, as mentioned before. In this context, a
specific effect should be mentioned here for which quantitative information
is not available at present. The sharp increase of ionizing radiation with-
in the facility after start up will lead to a drastic increase of the gas
desorption rate /1,2/. The burst of gas generated in this way must be
removed also by the vacuum and exhaust system, respectively, without an
undue impact on the plasma condition. Finally, the possibility of inner
leaks, which are difficult to detect and to locate, is another burden of
this design concept.

In MFTF-B an additional getter process inside the machine is used to
support the vacuum facilities. Unfortunately, for long continuous opera-
tion, as in the present case, this method cannot be applied.

In a DT burning fusion facility the outer wall concept has also se-
rious impacts on the repair schemes, because all components within the
vacuum boundary become radioactively contaminated. Probably, also the
amount of tritium withheld in this way from the fuel cycle must be consid-
ered.

There is no question, that a final quantitative assessment of the
vacuum process for a plant designed according the "outer wall" concept
needs additional specific experimental investigations and much more in
depth studies as could be carried out within the scope of this work. How-
ever, it is expected, that the large cryopump capacity of a mirror fusion
device and the large cross sections of the gas flow paths will be advan-
tageous in generating and sustaining the required vacuum conditions under
these aggravated requirements given by the outer wall concept.

References for Section 7.1
1. 0. Grdbner, et.al.: "Studies of photon induced gas desorption using
synchrotron radiation", Vacuum 33 (1983) 7, p. 397-406

2. R.S. Vaughan Watkins et.al.: "An appraisal of glow discharge treatment
of copper surfaces by the techniques of electron stimulated desorption”,
Vacuum 28 (1978) 10/11, p. 459-465
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7.2 Beam and End Dumps
7.2.1 Overview

In the process of neutral beam heating of the plasma, the trapping of
the incident neutral particles is not complete. Depending mainly on particle
energy, plasma density,and path length, a substantial fraction of particles
penetrates the plasma without interaction and has to be collected at appro-
priate heat sinks, the so-called beam dumps (BD). In TASKA-M, BDs are
needed for each of the four HE-NBIs being focused at the mid point of the
central cell (CC) and for the two Anchor-NBIs. According to their location
the BDs will therefore be referred to as CC-BD and Anchor-BD respectively.
There is a third tye of NBI, the LE-NBI in the CC, which, due to its low
energy and power and thus neglegible‘shine through fraction, is assumed to
not require additional means besides the water cooled first wall. Finally
the end loss particles fanning out into both end cells have to be therma-
lized by adequate collectors, the so-called end dumps. The end dumps are
exposed to plasma particles, i.e. ions and electrons, in contrast to the
BDs, which only see neutral particles and neutrons.

Overall design requirements based on the envisaged operational modes
and the specific TASKA-M NBI parameters are established in the following
Subsect. 7.2.2. The design concepts for the CC-BD, the Anchor-BD and the
end dumps, all based on the water cooled Hypervapotron /1/ heat sink, are
described in Subsect. 7.2.3.

The phenomena to be considered in beam and end dump design are the
following: (1) Max. heat flux and heat flux distribution- Since there is
a large discrepancy between the heat flux per unit area within the shine
through beam and the allowable heat flux at the dump surface, the heat flux
has to be attenuated. The methods employed here are the geometric disper-
sion of the beam behind the focus and the inclination of the dump surface
relative to the beam axis. The resulting maximum and average heat fluxes
are evaluated in Subsect. 7.2.4. (2) Heat transfer and power absorption -
The allowable heat flux referred to in item (1) is set by the achievable
plate/coolant heat transfer in steady state condition. During transients,
as for instance at start up, the maximum structural temperatures as well as
stress and fatigue effects may be the life limiting factors. This will be
briefly addressed in Subsect. 7.2.5. (3) Sputtering of the dump surfaces -
The high energy particle impact leads to high erosion rates, which, accord-
ing to present knowledge, will dictate predominantly the achievable life
time of the dump surfaces. For the CC-BD and the Anchor-BD the sputtering

7.2-1
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yields available in the open literature reveal acceptable life times, as
shown in Subsect. 7.2.6. At the end dumps however, the erosion process is
much more complicated due to recycling and impurity sputtering phenomena.
These effects have been neglected in the present analysis. (4) Gas exhaust
and required duct sizes - The particle flow impinging onto the dump surface
is considered to be thermalized and completely released as neutral molecu-
lar gas. To prevent considerable back flow into the plasma, the gas has to
be pumped continuously at sufficiently low pressures. Thus the dump design
has to provide adequate exhaust space, which is evaluated in Subsect. 7.2.7.

The T permeation into the dump coolant flow is investigated in Sub-
sect. 8.4.1. No work was performed in this study on DT and DD neutron
generation in addition to what was done in the TASKA study /2/, Sect.
VIII.3.6.

7.2.2 Design Philosophy
As design basis for the BDs three operational modes have been defined,
i.e. normal operation, calibration and start up (Tab. 7.2-1).

Table 7.2-1: BEAM AND END DUMP OPERATIONAL MODES

Plasma Dump Power to be absorbed
Operational Mode Density
CC-BD Anchor-BD End Dump
Normal O ati mi 1-£ )p, ., - .
peration nominal ( T) inj (1 fT)Pinj Pel
Calibration zero 33 P, | S5 P, zero
inj inj '

Start u P

r p zero inj Pinj zero

fT = Trapping fraction
Pinj = Injected beam power per NBI
Pel = End loss power at one end

7.2-2
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In the normal operation mode TASKA-M is assumed to run steady state,
at rated power. The BDs are exposed to the shine through fraction of
the injected beam power, and the end dumps see the rated end loss power. .
The calibration mode is needed to calibrate, adjust and check out the NBI
and BD systems without plasma prior to start up. The idea is to turn on the
individual sources within each NBI sequentially, so that only one out of
three sources, as in the case of the HE-NBI, or one out of two sources, in
the case of the Anchor-NBI, is operating at a time, leading to a time
average power at the dumps of 1/3 or 1/2 of the nominal injected power
respectively. During start up, as the third operational mode, the full
injected power is needed, and the plasma is expected to ramp up from zero
to nominal. For simplicity it is assumed that the beam dumps are exposed to
the rated injected beam power during the start up mode, which is terminated
by either a normal operation mode or a shut down, if the plasma is not
developing as specified. It should be noted, that calibration and start up
in this sense do not enhance the heat load at the end dumps (except tran-
sients) and are hence not considered there.

The mission time in the three operational modes is, of course, very
different. As a goal, the dumps should withstand normal operation for at
least 0.25 full power years. Thus the design has to be developed with
respect to the long term effects (heat rejection, sputtering) and replace-
ment primarily for this mode. The calibration periods may accumulate up to
several hours during the dump life time and are relevant with regard to the
maximum allowable quasi steady state heat load. For start up it has been
estimated (Sect. 3.9), that the plasma density builds up within about 80 ms.
So for the maximum duration of the start up mode defined above, 200 ms
seem to be reasonable, provided the diagnostics and scram system is fast
enough, as required for plant protection.

Besides these general rules, the neutral beam parameters and the
plasma parameters (Tab. 7.2-2) provide the design basis for the dumps. Tab.
7.2-2 contains in the first block the parameters established by the physics
basis (Chap. 3). In the second block, the relevant NBI design data (Sect.
6.2) are compiled, based on our present knowledge. The third block lists,
besides the fundamental assumptions on beam focusing, some derived key
variables pertinent to the dump design.

One of the most important parameters is the maximum allowable heat
flux at the dump surface. Primarily with reference to the experience gained
in the NBI development for JET /1/, a maximum heat flux of 5 Mw/m2 for the
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Tab. 7.2-2: TASKA-M NEUTRAL BEAM AND PLASMA PARAMETERS

RELEVANT TO BEAM AND END DUMP DESIGN

Neutral Beam Parameters Plasma
End Loss

HE-NBI Anchor-NBI Parameters
Neutral Species D/T/He (Atom-7) 50/50/0 100/0/0 62.5/37.3/0.2
Grid Voltage (kV) - 90 73 -
Average Particle Energy D/T/He (keV) 81 66 105/126/185
Injected Power per NBI or per end W) 5.2 3.5 15
Beam Angle relative to CC Axis (deg) 45 50 0
Trapping Fraction .924 .365 -
Plasma Diameter and width, respectively (m) 242 = ,28 .87/7.371)
Number of Neutral Beam Injectors 4 2 -
Number of Sources per NBI 3 2 -
Beam Source Envelope Area (mz) 1.1x.5 .5 x .65 -
Source Distance from Focus (m) 12 12 -
Divergence Angle (deg) 0.48 0.6 Subsect. 7.2.4
Mode of Focus at Intersectionz) point point -
Foot Print Diameter at Intersectionz) (m) 0.20 0.251 -
Average Beam Power Density at Intersection (MM/mz) 166 71 -
Total Particle Flow Rate per BD or end (10%9/5) 4.0 3.3 7.1

1)
2)

Defined as the intersection of the main beam ¢ and the plasma @

Refers to minor and major ellipse axis, respectively, at a distance !9.5 m from

the

midpoint of TASKA-M
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normal operation mode and 10 Mw/m2 for the calibration mode has been cho-
sen. The first figure is equal to half the design value adopted for JET (10
Mw/mz) and reflects additional margin for the continuous operation of
TASKA-M. The figures are related to the selected design concept, the Hyper-
vapotron, as described in the next Subsect. 7.2.3. For the start up mode,

no maximum heat flux is established because of the thermal inertia effects.
The maximum surface temperature will be the limiting factor (Subsect. 7.2.5).

7.2.3 Design Concept

As design concept for the beam dumps the Hypervapotron cooling tech-
nique was chosen. This has been developed by Thomson CSF in France for anode
cooling of high power electrode tubes and is utilized in the JET project
for NBI ion dumps and for limiters /1/. Successful experience is available
with steady state dissipation up to 10 MW/mz, the burn-out limits being
near 18 Mi/m2 in the JET design /3/. The advantage of the Hypervapotron
technique, if compared to a tubular array with highly turbulent water flow
/2, 4/, is the low pressure drop and relatively thick front wall with
regard to sputtering losses.

The Hypervapotron principle is easily explained, though the detailed
heat transfer mechanism from the wall to the coolant is complex and subject
to optimization. The water flow is perpendicular to macroscopic grooves.
Vapour bubbles are formed near the bottom of the grooves, are ejected into
the subcooled bulk flow and recondense. The grooves are refilled with liquid
water, and the process starts over again.

A schematic diagram of the beam dump element is shown in Fig. 7.2-1.
Typical dimensions are proposed for this application with reference to /1/
as first approach and will not be further substantiated in this study. An
appropriate number of such elements is arranged to form the CC-BD, the
Anchor-BD, and the end dump inserts as described below. Reference material
is a chromium copper alloy (with approx. 1 % Cr) because of its excellent
thermal conductivity and its promising strength properties. An alternative
would be plating the surface with a material of higher strength, e.g.
Molybdenum. In the following subsections, both versions are evaluated.

The design data for the CC-BDs, Anchor-BDs and end dumps are listed in Tab.
7.2-3.

The CC-BD concept is shown in Fig. 7.2-2 through 7.2-4. The finger-
like BDs are designed as individual inserts (one insert for each of the
four HE-NBI lines) penetrating the vacuum boundary at an angle of 60
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degrees, relative to the plasma axis (Fig. 7.2-2). The normal to the heated
surface forms an angle relative to the beam axis of 75 degrees, resulting in a
nominal foot print contour as shown in Fig. 7.2-3. Adding some margin of

about 6 cm for beém and:beam dump misalignment in each direction (perpendi-
cular to the beam axis) leads to the required BD size of roughly 1.6 m x

0.52 m for the cooled structure.

The cooled structure is composed of parallel Hypervapotron elements
supportéd at a central manifold for coolant supply to the individual ele-
ments. The manifold in turn is guided in a support structure allowing for
differential thermal expansion. Coolant is fed to the elements into the
" upper chamber, is reversed at the element ends into the lower chamber and
- returned to the exit manifold (Fig. 7.2-3). The elements are shaped like a
compound curve in order to further enlarge the incident angle in the edge
region, where the power density in the shine through beam is the highest
(Subsect. 7.2.4), particularly in case of misalignment of the beam and
- plasma axes. Another design feature is the tilting of the Hypervapotron
“elements relative to the gross BD surface in order to allow a certain
staggefing to avoid heat and particle flux peaks at the leading edges by
shadowing. This reduces the effective angle from 75 degrees to approx. 71
degrees, and must be considered when surface effects such as sputtering
and transient heating are investigated (Subsect. 7.2.5 and 7.2.7).

The arrangement of the four CC-BDs according to the NBI positions is
shown in Fig. 7.2-4 in an end view. The inserts are penetrating into a
common exhaust chamber, from where the thermalized gas is extracted down-
-wards via a large exhaust duct (Subsect. 7.2.7). The downward direction was
chosen to ease the shielding of the strong 14 MeV neutron flux leaving the
CC. The BD inserts comprising the Hypervapotron assembly, manifolds, sup-
port structure, shielding plug, coolant piping and instrumentation are
installed via nozzles and can be replaced by means of special transfer
flasks, compatible with the overall maintenance scheme as described in
Sect. 11.2.

The anchor-BDs are essentially of the same design as the CC-BDs,
though the size and shape are different corresponding to the heat load to
be dissipated. Furthermore pumping of the neutralized gas is achieved by
the end cell evacuation system, so that no separate exhaust duct is neces-
sary (Fig. 7.2-5). The main design data resulting chiefly from the choice
of the inclination angle and other geometric restrictions are tabulated in
Tab. 7.2-3.
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Tab. 7.2-3: TASKA-M BEAM AND END DUMP DESIGN DATA

CC-BD Anchoxr-BD End Dump
Beam Dump Concept Hypervapotroﬁ Hypervapotron  Hypervapotron
Gross Inclination Angle rel. to Beam Axis (deg) 75 65 0]
Effective Inclination Angle of BD Segments (deg) 71 60 0
- Dump Distancéofrom Focus and Midpoint, resp. (m) 1.7 5.0 19.5
Foot Pfint Area at Dump (m?) 0.41 0.77 5.03
Foot Print Envelope Dimensions (m x m) 0.4 x1.16 0.58 x 1.48 =~0.87 x 7.36
Dump Dimensions (width x length) (m x m) 0.52x 1.60 0.7 x 1.8 Fig. 7.2-6
Total Dump Heat Load _ |
During normal operation, incl. CX (MW) 0.45 2.22 15 §
During calibration ) 1.72 1.75 - |
Flow Rate of Primary Cooling Water (1/s) 20 26.5 20.3
Coolant Inlet Temperature °c) 60 60 60
Bulk Coolant Temperature Rise (K) 20 20 20
Coolant Inlet Pressure (bar) <6 : <6 <6
~ Coolant Pressure Drop (bar) <2 <2 <2
rReference Material of Dump Elements Cu,1ZCr Cu,17Cr Cu,1ZCr
Maximum allowable Surface Temperature °c) 450 - 450 450
Depth Sputtering Yield Design Limit (mm) 1
Expected Sputtering Life Time (FPY) .8 .8 7.4

1))

at intersection of main beam axis with BD surface
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The end dumps have to dissipate the high power of 15 Md per end, more
than 99 % being in the plasma region and the rest in the halo region. To
accommodate this power at acceptable heat fluxes, the strong spread of the
plasma fan in the end cells is used at the expenses of a large collector
area which, in essence, will face an elliptical foot print with a high
aspect ratio. A modular end dump collector is proposed, consisting of
parallel overlapping inserts similar to the BD design. The inserts are
arranged in the following manner (Fig. 7.2-6).

- insert axes being parallel to the minor ellipse axis,
- collector surface beyond the design heat flux limit curve,
- collector width similar to BD width, i.e. approx. 0.5 m,
- overlapping of the inserts at least 5 cm (perpendicular to field
| lines), _
- minimal pitch between inserts sufficient for manipulatfon, i.e.
approximately 1 m.

The central inserts can be removed for plasma direct convertor tests.
The advantage of this concept is obvious: small units, easy replacement,
" individual replacement frequency, similarity to BDs, variable in the scope
of plasma direct convertor tests. A panorama view of the end dump inserts
and the produced plasma foot print is shown in Fig. 7.2-7. As can be seen,
the Hypervapotron section is intended only to cover the plasma region plus
an adequate margin. In the halo region of the individual inserts a simpler
design is sufficient, since the heat flux is very low.

7.2.4 Heat Flux Evaluation

The radial power distribution within the incident beam is usually
assumed to be Gaussian (or due to collimator effects chopped Gaussian), the
parameters of which depend on source geometry, divergence angle, focusing
mode, distance from the source etc. Due to the radius dependent trapping
efficiency in the plasma, the power profile in the shine through beam is
even more complex and it may further be complicated by the curved beam dump
surface. To estimate the maximum local heat flux at the dump surface, the
empirical formula (Eq. 7.2-1) has been used. This is based on an average
power density in a reference plane of the incident beam, which is being
corrected by a number of factors accounting for the radial profile, geome-
tric dispersion, trapping fraction, inclination angle and power condition.
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max X = (Pinj/Ag) - fpeak * Taeo " Frhru  Fincl * Frower (7.2-1)

max x = Max. local heat flux at dump surface

Pinj = Nominal injected power per NBI, Tab. 7.2-2 (for the end
dumps it is the axial power loss per end, Pel)

Ao = Beam cross section in a reference plane

fpeak = Peaking factor accounting for planar power distribution
incl. uncertainties

fgeo = Geometric dispersion factor

fthry = (1-f7) Shine through factor, where fy trapping fraction

finci = Attenuation factor due to inclination angle

fpower = Ratio of actual to nominal injected power

The results listed in Tab. 7.2-4 show, that the maximum heat flux at
the CC-BD during normal operation (2.5 Mw/mz) is only half as high as the
design limit established in Subsect. 7.2.2, however during calibration, 8.7
MW/m2 are obtained, which is close to the design limit in the calibration
mode. This is therefore the limiting steady state operational mode. The
high transient heat flux of 26.3 Mw/m2 during start up will be discussed in
Subsect. 7.2.5. For the anchor-BD we are close to the design limit in
normal operation, whereas during calibration there is a margin of more than
a factor 2. Even the transient heat flux of 8.6 MW/m2 could be dissipated
continuously. The end dumps are designed to be loaded at the design limit
of 5 Mw/m2 in normal operation. This applies to the four central inserts of
the inner row (Fig. 7.2-6). The central inserts of the outer row are
exposed to a maximum heat flux of about 3.5 MW/mZ. This shows, that the
maximum heat flux could be reduced by further optimization.

The assumptions employed in eValuating the factors of Eq. 7.2-1 for
the three dump types (CC-BDs, anchor-BDs and end dumps) and for the diffe-
rent operational modes as defined in Tab. 7.2-1 are summarized below.
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Table 7.2-4: MAXIMUM LOCAL HEAT FLUX AT THE BEAM DUMP AND END DUMP (max Z)
AND FACTORS AFFECTING IT

Factors Eq.(7.2-1) max X

Dump Operational Mode . 2
fPeak fGeo fThru fIncl fPower (/")

Normal Operation 2.0 0.3. .076 .33 1.0 2.5
CC-BD Calibration 1.6 0.3 1.0 .33 .33 8.7
Start up 1.6 0.3 1.0 .33 1.0 26.3
Normal Operation 1.4 .152 ,635 .5 1.0 4.8
Anchor-BD  Calibration 1.6 .152 1,0 .5 0.5 4.3
Start up 1.6 .152 1.0 .5 1.0 8.6
End Dump Normal Operation 1.7 1.0 1.0 1.0 1.0 5.0

Nominal Injected Power Pinj-and End Loss Power Pg

For the neutral beam injectors the nominal injected power is derived
by the physical requirements (Tab. 7.2-2). The end loss power, which has to
be dissipated at the end dumps, results from the following power balance
for TASKA-M. |

HE-NBI x trapping fraction = 20.88 MW x 0.92 = 19.2 MW
LE-NBI x trapping fraction = 0.6 MW x 1 = .6 MW
ME-NBI x trapping fraction = 2 x 3.5 MW x 0.37 = 2.6 MW
Electron Power 12.4 MW
Fusion Power in a- particles 6.8 MW x 0.2 = 1.36 MW
HE-NBI charge exchange loss = - 5.63 MW
LE-NBI " " " = - 0.18 MW
ME-NBI " " " = - 0.41 MW

Total power loss to both ends 29.94 MW

Total power loss per end, Pgj 15 MW

Beam Cross Section A, _in the Reference Plane
The reference plane for the neutral beams is taken as the focus plane

(see Paragraph "Geometric Dispersion Factor" below). The cross section is
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thus Ay = 2027 /4 = 314 cn? for the HE-NBI and A, = 25.12.7/4 = 495 cm?
for the anchor-NBI. For the end dumps, the reference plane is taken at 19.5
m away from the mid point of TASKA-M, where the plasma cross section is an
ellipse with a minor semi axis of 43.5 cm and a major semi axis of 368 cm,
resulting in a cross section A, = 50326 cm?.

Peaking Factor fpeak

This is the ratio of the maximum heat flux to the average heat flux
through the plane considered (perpendicular to the beam axis). In case of
the CC-BD and for normal operation it is assumed, that the effects of the
incident beam power profile (Gaussian) and of the plasma density profile
(1- (r/R)3, r = distance from plasma axis, R = plasma radius) compensate
each other, so that only the path length within the plasma determines the
shine through profile. Adopting present parameters (plasma radius = 12.1
cm, beam radius in focus plane = 10 cm) yields a peaking factor of approx.
1.6. Since, however, the power peak is at the lateral edges of the foot
print, and very sensitive to an offset between beam and plasma axes, a
factor fpgax = 2.0 was assumed for this case. In case there is no plasma
(calibration and start up mode), a peaking factor of 1.6 has been esti-
mated, assuming a Gaussian distribution with a standard deviation of 70% of
the beamlet divergence, (beamlet divergence is the divergence angle from
Tab. 7.2-2 multiplied by the distance of the plane considered from the
source) and all beamlets focused to a single point.

In the anchor beam the trapping fraction is very low (0.37), thus the
profile of the shine through beam is, to a first approximation, similar to
the profile in the undisturbed incident beam with the tendency to be flat-
tened. For the latter the peaking factor is 1.6, as explained above. Taking
into account some deduction for flattening, fPeak = 1.4 seems to be ad-
equate for the power profile at the anchor-BD during normal operation. In
the calibration and start up mode fpy,c = 1.6 applies.

For the end dumps it is assumed, that the power profile is identical
to the density profile within the plasma and that the density profile is
unchanged with the axial coordinate, also in the end cells, where the
plasma cross section is elliptic. Thus the profile is proportional to
(1-(r/R)3) as explained above, R being the major or the minor semi axis
depending on the direction. The integration of such a power profile yields

a peaking factor of 1.7.
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Geometric Dispersion Factor fGeo

The NBI sources are assumed to be point focused, i.e. to the point of
intersection of the plasma and NBI axes (Fig. 7.2-8). Due to the divergence
angle of each beamlet, the foot print is circular in the focus plane
(perpendicular to the beam axis) and enlarges to a rectangle with rounded
corners in each plane behind the focus. The foot print area A (¢ ) as a
function of the distance from the focus is derived by simple geometric
rules with reference to Fig. 7.2-8, and the geometric dispersion factor
fgeo 1S defined as the ratio of the foot print size in the reference plane
( ¢ =o0) to the foot print size at the point of interest. For the beam
dumps this is the intersection of the beam axis with the beam dump surface.

Using the parameters for the source envelope dimensions from Tab. 7.2-
2 and for the dump distance from focus, yields a geometric dispersion '
factor fga, = 0.3 for the CC-BD and fgo, = 0.152 for the anchor-BD.

For the end dumps the reference plane is chosen at 19.5 m from the mid
point of TASKA-M, where the maximum loaded inserts have been placed (Fig.
7.2-6). Therefore the dispersion factor is by definition equal to unity.

Shine Through Factor fyppy
The shine through factor is the supplement of the trapping fraction to
unity. Trapping fractions are given in Tab. 7.2-2.

Attenuation Factor due to Inclination fIncl
This factor is defined as

flnci. = ¢€oOs ¢ (7.2-2)

where ¢ is the particle incidence angle measured to the dump surface normal.
Due to beam dispersion and curvature of the dump surface, ¢ varies across
the foot print. However both effects are small or zero at the point of
maximum heat flux and are therefore neglected. Thus the nominal effective
inclination angle at the beam center line as listed in Tab. 7.2-3 has been
used in Eq. (7.2-2).

Power Factor fpoyer

The power factor fPower is the ratio of the actual to nominal injected
power, the numerator of which varies with the different modes of operation
as described in Subsect. 7.2.2 and as listed in Tab. 7.2-4.
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Source

Foot Print

e

FIG.7.2-8 NEUTRAL BEAM FOOT PRINT IN A PLANE
PERPENDICULAR TO NBI-AXIS (Schematic)
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7.2.5 Thermohydraulic and Thermomechanical Performance

Required Coolant Flow
The cooling water is supplied to the individual Hypervapotron ele-

ments via the central inlet and outlet manifold, where orifices in the
inlet nozzles provide for flow adjustment, corresponding to the integral
heat load applied to the different elements. The flow path within the
elements is described in Subsect. 7.2.3. In the following the required mass
flow rate and the associated flow velocity and pressure drop will be cha-
racterized for the heaviest loaded element (termed as the hot element) and
for the total beam dump.

In the CC-BD the hot element is located in the middle region of the
dump, where the beam axes meets the dump surface. The heated surface area
is 0.1 * 0.38 m® = 0.038m2 (Fig. 7.2-3) and the maximum steady state heat
flux is 8.7 MW/m2 in the calibration mode (Tab. 7.2-4). Assuming that the
average heat flux at the hot element is 80% of the maximum value, leads to
a total heat load of 0.264 MW. In order to dissipate this amount of heat a
water flow rate of 2.1 1/s is necessary at a 30 K temperature rise. The
bulk velocity in the Hypervapotron channel (Fig., 7.2-1) is 25 m/s and the
pressure drop is in the order of 0.1 bar.

The total heat load applied to the CC-BD is 1.74 MW, requiring a water
flow rate of 20 1/s at a 20 K temperature rise. The lower temperature rise
of 20 K for the whole BD as compared to the 30 K value chosen for the hot
element accounts for orificing uncertainties.

For the anchor-BD and the end dump the procedure is the same as for
the CC-BD, and since the heat loads are similar, the results are in the
same range. The required water flow rate for the hot element is 1.8 1/s and
2.2 1/s for the anchor-BD and for the end dumps, respectively. For the
total beam dump insert the required water flow rates are 26.5 1/s and 20.3
1/s correspondingly. It should be noted, that in the case of the end dump
the given values refer to the hot inserts, which are located in the inner
row next to the plasma axis (Fig. 7.2-6). All the other inserts, in parti-
cular the central insert in the outer row, obtain less power due to over-
lapping and radial profile effects.

Steady State Surface Temperature

The temperature drop in a 6 mm Cu wall at a heat flux of 8.7 MW/m2
(maximum steady state heat flux for the CC-BD, Tab. 7.2-4) is about 135 K.
Assuming at the water side in the Hypervapotron grooves a wall temperature
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of approximately 200 OC leads to a peak surface temperature of 3350C for
the CC-BD in the calibration mode. During normal operation, the surface
temperature will be in the range 230 to 250 0c. At the anchor-BDs and the
end dumps the surface temperature will be somewhat higher (about 275°¢)
during normal operation . These numbers will not change significantly in
case of a 1 mm thick Mo plating instead of the pure Cu version.

Transient Surface Temperature

Prior to the start up transient, the BDs are considered isothermal at
approximately 60°C, which is the assumed coolant inlet temperature for
steady state operation. During the transient, the surface temperature rise
is determined by the thermal inertia only. Fig. 7.2-9 shows the transient
surface temperature rise of a plate with infinite thickness at an arbitrary
heat flux of 10 MW/m2 for different wall materials. Applying the curve for
copper at a heat flux of 26.3 MW /m2 (Tab. 7.2-4) we find a temperature rise
of about 350 K after 200 ms, at which time the plasma should be established
( Subsect. 7.2.2). Thus we obtain a surface temperature peak of 410 OC,
which then decays to the steady state temperature profile discussed above.
As can be seen from Fig. 7.2-9 the transient temperature rise for other
materials is higher than for copper, e.g. for molybdenum it is twice as
high, leading to a peak surface temperature of 710°C. For the anchor-BD the
transient peak load (8.6 MW/mz) is much lower and is therefore covered by
the CC-BD case.

It should be noted, that if for some reason the initial temperature is
higher than 60°C, as for instance after a brief interruption, the peak
temperatur could exceed design limits. This case would have to be investi-
gated in more detail.

Thermal Stress
The thermal stress during the start up transient is to a first appro-

ximation equal to /5/:

s =°‘—('1—E-;£I—) (7.2-3)

where a thermal expansion, E Young's modulus, AT transient surface tempera-
ture rise discussed in the previous paragraph, v Poisson’s ratio. For Cu («
= 17-1076 K‘1, E = 120 GPa, v= 0.3, AT=350 K) we obtain S = 1000 MPa, which
is about twice as high as the double yield strength. In the case of Mo (& =
5.4-10°% -1, E=300 GPa, v = 0.32, AT = 650 K) we obtain S=1500 MPa being
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Fig. 7.2-10: Computed Sputtering Yield at normal Incidence

according to Eq. (7.2-6). Material Constants
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close to the double yield strength. Thus, we cannot exclude surface cracks
after a certain number of load cycles. At the anchor-BDs the transient
thermal stresses are reduced to one third of the above values due to the
lower heat flux.

In steady state operation the temperature and stress distributions
within the Hypervapotron structure are very complex and have not yet been
evaluated. However,applying a simple flat plate model with a linear tempe-
rature gradient, reveals thermal stresses below 200 MPa for the present BD
and end dump design, which should be acceptable. An additional fatigue
problem could arise with the concept of bonding a Mo layer onto a Cu
substrate because of the different thermal expansion coefficients.

7.2.6 Sputtering and Lifetime

The wall erosion rate Aw/At due to D,T ion bombardment (physical
sputtering) has been calculated by use of Eq. (7.2-4)

AW/At = ;ﬁé (iD SD + 1T ST) (7.2-4)

where M, target mass number, p target density, L Avogadro's number, i
incident ion flux per unit area and S sputtering yield. Subscripts D and T
refer to the D and T particle streams, respectively. The sputtering yield S
in turn is a function of ion enery E and incident angle ¢ and is approxi-

mated by the empirical formula

-n (7.2-5)

S(E,¢) = S(E,¢=0) cos = ¢
where S(E, ¢ = 0) sputtering yield at normal incidence and n 