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FOREWORD

The following papers from Argonne National
Laboratory were presented at the Second ANS Topical
. Meeting on the Téchnology of Controlied Nuclear
Fusion, September 21-23, 1976, in Richland,

Washington.
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TOKAMAK EXPERIMENTAL POWER REACTOR.

W. M. Stacey, Jr., M. A. Abdou, P. J. Bertoncini, C. C. Bolta, J. N. Brooks,
K. Evans, Jr., J. A, Fasolo, J. C. Jung, R. L. Kustom, V. A. Maroni,
R. F. Mattas, J. S. Moenich, A. Moretti, F. E. Mills, B. Misra,
J. H. Norem, J. S. Patten, W. F. Praeg, P. Smelser, D. L. Smith,
H. C. Stevens, L. Turner, S-T Wang and C. K. Youngdahl

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS 60439

A conceptual design has been developed for a tokamak Experimental Power
Reactor to operate at net electrical power conditions with a plant capacity
factor of 50% for 10 yr. The EPR operates in a pulsed mode at a frequency
of ~1/min, with a ~75% duty cycle, is capable of producing ~72 MWe and
requires 42 MWe. The EPR vacuum chamber is 6.25 m in major radius and
2.4 m in minor radius, is constructed of 2 cm thick stainless steel, and
has 2 cm thick detachable, beryllium-coated coolant panels mounted on the
interior. A 0.28 stainless steel blanket and a shield ranging from 0.6 to

1.0 m surround the vacuum vessel.

Sixteen niobium-titanium superconducting

toroidal field coils provide a field of 10 T at the coil and 4.47 T at the
plasma. Superconducting ohmic heating and equilibrium field coils provide

135 V-s to drive the plasma current.

Plasma heating is accomplished by 12

neutral beam injectors which provide 60 MW,

INTRODUCTION

An integrated conceptual design has been
developed for a tokamak Experimental Power
Reactor (EPR). 1) The design of the EPR was
based upon technology that is consistent
with a mid-to-late 1980s operation date.
This paper summarizes the conceptual design,
including the performance evaluation and
cost estimate,

The design-basis performance objectives
of the EPR are (1) to operéte for 10 yr with
a plant capacity factor of 50% [the plant
capacity factor is defined as the product of
the duty cycle (75%) and the plant availa-
bility (67%)]; and (2) to operate under con-
ditions such that net electrical power pro-

—
Work supported by the U. S. Energy Research
and Development Administration.

duction is feasible.

The principal geometric parameters of
the EPR are given in Table 1. A vertical
section view is shown in Fig. 1.
PLASMA PHYSICS AND PERFORMANCE ANALYSIS

Steady-state plasma performance parameters
were obtained from a consistent solution of
the MHD equiIibrium equations and the plasma
particle and power balance equations. MHD
equilibria were obtained for different pres-
sure profiles and degrees of diamaqnetism/
paramagnetism. These equilibria determine
allowable values of plasma current, the
safety factor, q, and the plasma-to-magnetic
pressure ratios, Bp and By Characteristics
of MHD equilibria corresponding to a peak
field at the TF coils of 10 T and that satis-
fy the constraint q > 1 are shown in Fig. 2
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TABLE 1. EPR Geometrical Parameters
Radius (m) .
Major, Ry . ) 6.25
Plasma, a 2.1
First wall, r, 2.4
Aspect Ratio, A = R/a 2,98
Plasma Volume (m3) 544
Toroidal Vacuum Chamber Volume (m3) 71
First-Wall Area (m2) 592
Blanket Thickness (m) 0.28
Shield Thickhess (m) " 0.58-0.97

Toroidal Field Coils ‘
No. 16
Horizonta) bore, Rbo 7.78
Vertical bore, Z fm 12.6

for different values of the pressure profile
exponent, a.' The solid curves are loci of
equilibria varying (from left to right) from.
highly diamagnetic to highly paramagnetic
plasmas. Current reversal ‘occurs for solu~
tions to the left of the dashed 1ine. The
‘maximum value of Bc' hence the maximum power
density, occurs for equilibria slightly less
. diamagnetic than those for which current
reversal occurs. Thus, the dashed line
represents a locus of "optimal" solutions
— the value of Bp along this locus is con-
fined to a rather narrow range of 1.8 > 8
> 1.6. The safety factor evaluated at ‘the
plasma surface, q(a), increases with the
degree of peaking in the pressure profile
" (i.e. with increasing a). The reference
design point was chosen by sclecting the
pressure profile whose optimum solution has
g(a) = 3.0, a value below which confinement
‘has experimentally been found to deteriorate.
Steady-state plasma parameters correspond-
ing to the reference design MHD solution of
Fig. 2, and & similar so]ution‘forfB:£g =
8 T, are given in Table .2, A wide range of
performance parameters {s possible, corres-
ponding to the range of MHD .equilibria
depicted in Fig. 2, and to the range of

*o(r) ~ poll = (r/a)2T°.

operating temberatures and values of energy

confinement that may be obtained, Extensive

analyses were performed to insure that the
parameters shown in Table 2 are representa-

tive of the range of plasma conditions that
may be obtained in EPR. With supplemental
beam heating, the power output is not jeop-

ardized by the possibility of subignition

energy confinement.

‘TRANSTENT PERFORMANCE

-ing systems, :as indicated in Fiq, 4.
basis of these results, Aton =

Requirements on the plasma driving and

‘heating systems and the power performance
characteristics are determined from burn
cycle dynamics 'simulations of the plasma,

the ohmic-heating (OH) and equilibrium-field .
(EF) coil systems, and the neutral-beam in-

Jection system. The basic burn cycle is

depicted schematically in Fig. 3, where the

times correspond to the reference burn cycle.

The plasma conditions of the reference case

at 87C =107 (see Table 2) are approxi-
max

mated during the burn (flat-top) phase,.and

the dynamics calculations are constrained
by ‘the 1imit B < ﬁ = 1.7,

A var1ety of startup procedures were Simu-
lated in order to determine a compromise
among several conflicting economical and
technological limitations. The critical
parameters which, to some extent, can be
traded off against each other are (1) energy
transfer from the homopolar OH supply (UOH);
(2) peak power required from the EF supply
(Pgr)s (3) total energy drawn from the
energy storage unit for beam heating (Ugzg);
and (4) maximum rate of change of the field
in the OH coi) (éoﬂ). Initiation .of beam
heating midway through the OH current rever-
sal, thereby reducind resistive losses dur-
ing startup, was found to be beneficial.

The time of the OH'current~reversa1,.AtOH.

is an important factor in determining the
requirements of the plasma driving and heat-

On the
2 s was cho-
sen for the reference case. As a result of



TABLE 2. Steady-State Plasma Parameters — Reference Design

.FIGURE 3. Burn Cycle Scenario

Poloidal beta, 8, 1.7
Total beta, By 0.048
Safety factor
Magnetic axis, q(0) 1.00"
Plasma surface, q(a) 3.05
Plasma radius, a(m) 2.1
Aspect ratio, A 2.98
Average temperature, T -(keV) 10
Effective ion charge, Zeff . 1.3
Confinement for ignition, ntg (s/m) 2.4 x 1040
Peak field at TF coils, BT C (1) 10.0 8.0
Field at centerline B, (1) 4.47 3.58
Plasma current, I (MA) 7.58 6.06
‘Average D-T ion densify.,ﬁDT (m=3) 9.4 x 101¢ 6.0 x 1019
Power output, PT (MW) 638 261 ’
Neutrun wall load, ¥ (MW/m?) 0.86 0.35
Ratio of nrp required for ignition to 1.0 4.0
TIM value of ntg, %oy
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TTme on Plasma Driv1ng and Heating System
Requirements

extensive studies of this type, which are
presented in a separate paper,‘ ' the maxi-
mum requirements shown in Table 3 were iden-
tified,

.The .net energy flow for a burn cycle is -
shown schematically in Fig. 5. A total of
16.34 GJ of energy is incident on the first
wall; of this, 15,96 GJ is produced by
fusion and 0,38 GJ results from beam and
ohmic heating of the plasma. An additional

- 0,45 GJ of thermal energy is recovered from
the beam injector system, so.that 16.79 GJ
of thermal energy is available for conver-
sion to electricity. With a conversion
efficlency n, = 30%, this would result in'
5.04 GJ of electrical energy. Deducting .the
2.95 GJ of electrical energy required to run
the plant — 1,51 GJ to run the auxiliary
systems and 1.44 GJ to make up deficits in
the eneryy storage system caused hy energy
losses in the injection (0.98 GJ) and OH/EF
(0.46 GJ) systems — results in 2.09 GJ net
electrical energy. Averaging this over a ~
70 s operating cycle (a 55 s burn plus a

15 s reﬁ]ehishment period) results in a net
electrical power of 29.9 MW. The EPR may
well operate without a thermal conversion
system, in which case 2.95 GJ per cycle, or
a continuous power of 42.1 MW, is required
from the electric power grid.

Burn cycles shorter than 55 s can.be
achieved either by injection of a high-Z gas
to radiatively cool the plasma or by termina-
tion of refueling, Longer burn cycles can be
achieved by using supplemental beam heating
to maintain thermonuclear temperatures, the
required beam power increasing with gime to
offset the accumulation of helium and wall-
sputtered beryllium. It is assumed that the
plasma density can be maintained by a éombi-
nation of recyling from the wall and refuel-
ing, but limited operation without refueling
appears feasible. The power performance with
only recyling and refueling (reference case)
and with supplemental beam heating, is shown
in Fig. 6 as a function of the burn cycle
length. Thg required supplemental beam
power increases with time to a maximum of
35 MW for a 95 s burn pulse., An increase of
as much as 30% in net electrical power, rela-
tive to the reference case, can be achieved
by using supplemental beam heat1ng to extend
the burn, :

PLASMA INITIATION

The time development of the plasma at the
initiation of the discharge has been studied.
A small plasma (a = 0.35 m) wil) be created
at the center of the chamber (R = 6.25 m) by
a toroidal electric field. Certain features
of the initiation are illustrated in Fig. 7.
The driving voltage, Vigpp, produced by the

‘changing flux in a special startup coil

rises in about 2 ms to 500 V, and holds for
~6 ms, In the first 1.2 ms, the electron
avalanche converts essentially all the neu-
tral gas in the chamber to plasma, As soon
as the electron density is sufficiently
large, the plasma current starts to rise
and Ohmic heating occurs. When the plasma



Superconducting Inergy Storage

_ TABLE 3. Plasma Driving and Heating System
Maximum Requirements

Ohmic Heating Coil System

Volt-seconds to plasma 85
Peak field, BOH (1) . 5.0
Maximum field rise, BOH (T/s) 6.7
Maximum voltage, Vou (kv) 51
_Maximum current, IOH {kA) 80
Maximum power required, P, (Mw) 1900
Max imum energy transferred, UOH (MJ) T 1200
Minimum current reversal time, Atoy (s) 2
Equilibrium Field Coil System .
Volt-seconds to plasma 80
Maximum voltage, V . (kV) -2
Maximum current, IEF (kA) 80
Maximym puwer required, Pe. (MW) 420
Maximum energy transferred, UEF M) . 1500
Neutral Beam Injection System
Deuteron energy (keV) 180
Power to plasma, PB (MW) 60
Energy to plasma, Py (MJ) 300
Energy from energy storage, UBE {MJ) 1000

QOH/EF Energy

fycvom

0.3716J,

Waste Heat

' r—':&.uku—

Storage &
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FIGURE 5. Net Energy Flow in Reference Burn Cycle
(with Thermal Energy Conversion)
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heats up, the resistance drops and it be-
comes possible to maintain the plasma cur-
rent with a reduced voltage. A discharge
with a plasma current of 115 kA and an elec-
tron temperature of 130 eV can be maintained
with a voltage of 28 V. ’

The voltage induced by the sinusoidal OH
current reversa] should reach 25 to 30V at
about 0,3 s; thus, the special startup coil
should be pulsed about 0.3 s after the ini-
tiation of the OH current reversal, forming
the plasma at this time. Creating the plas-
ma at 0.3 s will waste only about 4 V-s of
the OH inductive flux., After the plasma is
created and the OH and EF coils are provid-
ing the driving voltage, additional gas can
be added to the chamber and the plasma radius
and current can be increased simultaneously.
MAGNET SYSTEM

The EPR magnet system consists of the
toroidal-field (TF) coil system and the
poloidal-field coil system. These coils in-
teract with one another during operation and
also interact with the other systems of the
EPR. The magnet system design was developed
in sufficient detail to evaluate problems in
Lhe construction and operation of EPR mag-
nets. Details of the magnét system design
are presented in a separate paper.
Toroidal Field Coils

The TF coils use niobium-titanium as the
superconductor because of its good ductility
and proven performance in large magnets.
The toroidal field strength should be as
high as practical in order to cnhance the
plasma coﬁfinement and boost the power per-
formance, A peak field of 10 T can be
achieved with a large amount- of superconduc-
tor at 4.2°K or with much less superconduc-
tor at 3“K. It is more economical to operate
the 10 T TF coil at 3°K because the differ-
ence in refrigeration cost is much smaller
than the difference in the cost of the super-
conductor. The problem of refrigeration at
temperatures lower than 4.2°K for large

systems was evaluated. The TF coils will
achieve 10 T peak field at 3°K and 8'T peak
field at 4.2°K with about 0.5°K temperature
allowance for each case; 8 T is the minimum
goal and 10 T is the maximum goal in_the TF
coil design.

A TF coil system consisting of 16 pure-
tension "D"-shape coils with a horizontal
bore of 7.78 m provides adequate space for
the vacuum chamber, blanket and shield, pro-
vides adequate access for assembly and
repair, and has a satisfactorily small maxi-
mum field ripple of 1.3%. The TF coil sys-
tem is summarized in Table 4.

The superimposing field on the TF coils
from the poloidal coils was found to be the
most troublesome factor in the TF rafl
design. The out-of-plane load is large and
creates serious problems for the structUraI
design as well as a threat to the coil sta-
bility from bending moments and shear
stresses in the coil structure. Moreover,
unacceptably large ac losses will occur in
the TF coil unless either the conductor is
made of cable or the coil is shielded
against changing fields. Both of these pos-
sibilities were evaluated.

The sponginess of cable conductor threat-
ens coil structure integrity. In addition,
cabling the conductor does not overcome all
ac losses; changing the parallel field stil)
couples filaments in a single strand. These
ac losses, prqportiona] to the conductor
length, are still unacocptably large aind Lhe
conductor stability is very poor. One pos-
sible solution is ber1odic twist-pitch rever-
sal, but this is as yet only a hypothesis.

For the EPR, the option of a field shield
was chosen, It was found that an aluminum
shield operating at a mean tempefature of
18°K is a reliable meénsAof overcoming the
varying field superimposed by the poloidal
field coils, Detailed analyses of ac loss
in field shields, the odt-of-plane load, and
dc field soaking were completed., AC iosses



TABLE 4. Toroidal Field Coil System

Cooling
Operational current (kA/turn)
Stored energy (GJ)

Superconductor/stabilizer Nb-Ti/Cu
insulator/support fiberglass
epoxy/SS
No. of colls 16
Coil shape pure tension
. RIO = 2.45
Rop = 1.1 m
Field ripple (%) 1.3
Maximum access {(m) ~3
Peak field (T) 10 @ 3°K
) 8 04.2°
Bore (m)
Vertical 12.6
Horizontal 7.78
Field in plasma, B, (T) ‘
10 T peak field 4.32
8 T peak field -3.46
Stability cryostatic
Temperature allowance (°K) 0.5
Conductor design monolithic

pool boiling
60

Total 30

Coil 1.875
Inductance (H)

Total 16.7

Coil 1.04
Ampere-turns (MAT)

Total 134

- Coil 8.37

in the shield are preferable to ac.losses in
the conductor. Superconducting shields were
also considered, but were not adopted because
their use would require considerable develop-
ment work,
With the coils shielded, a more solid

cable conductor can be used. " A conductor

0.5 cm thick and 30 to 50 cm wide has been
-chosen as the reference conductor. It will
carry a current of 60 kA, Each TF coll will
consist of two jelly-rolled windings side by
side with'a central rib between them. The -
combination of the central rib and the flat
conductor with one .turn per layer makes a
strong structure with good transfer for hoop"

Turns/coi 70 x 2
Mean turn length (m) 36
Total conductor length/coil 151.2 x 108
(A-m)
Coil weight/coil (Ton) ' ~208
Coil and bobbin cross section 0.619
(m2)
Bobbin
. Material 316 SS
* Thickness (cm) 1.25
Winding cross section (m2) 0.572
Average current density (A/cm2)
Over bobbin and coil 1352
Over coil winding . 1463
Over copper : 3660
Smallest radius of curvature 1.98
at ~10 T field region (m)
Average hoop force-turn (1b) 133 x 103
Average turn cross section . 40.6
(cm?) .
Cross section ratio, SS/Cu - ~1.5
Overall average stress (psi)
Stainless steel 26,000
Copper 14,500
_ Length of straight segment (m)} 8.56
Compressive pressure {psi) 7660
Circumferential stress (psi) <74,000
Refrigeration power (MW) 14.3

stress and centering force, a good mechani-
cal stability, good rigidity against out-of-
plane loads, and assurance of cryostatic
stability for the TF coils.

Coil protection is also facilitated by
this conductor design with-a high current
and relatively few turns. During a rapid
(8-1/2 min) discharge, the voltage between
neighboring turns will be low; and even the
maximum voltage with respect to ground can
be 1imited to 2000 V.

The TF coils must be operated in series
at all times; otherwise unequal currents in
different coils could create large forces
and torques between coils and large ﬁbnding



moments in each TF coil, even if the TF coil
is in pure-tension shape. These would pro-
duce catastrophic damage to the TF coil
system.

The radiation shield is designed to pro-
tect the TF coils from nuclear heating and
radiation damage. The nuclear heat load is
1.5 kW, which is negligible in comparison
with other heat dissipation in the TF coils.
The copper: stabilizer is designed to toler-
ate a radiation-induced resistivity of
1.5 x 10-8 g-cm. The shield is designed so
that ‘this value occurs after 2.5 MW-yr/m?
integrated first-wall neutron load, which
" corresponds to 10 yr of operation at the
nominal wall load of 0.5 MW/m? and a 50%
capacity factor, The dose of 3.5 x 108 rads
to the epoxy insulator is well below the
range -109-1010 rads at which its properties
degrade.

Poloidal Field Coils

The poloidal field coils present problems
different from those of the TF coils, but
equally challenging. The poloidal field
coils consist of the initiation-trimming
(IT) coils, the ohmic heating (OH) coils,
and the equilibrium field (EF) coils. The
OH coils and the EF coils are superconduct=
ing and are located outside the TF coils,
as shown in Fig, 1. The smaller IT coil
system is made of water-cooled copper and
is 1ocafed near the first wall. The IT
coils initiate plasma discharge by deliver-
ing 4 V-3 in 10 ms, The field from the IT
coils can also be used to trim the plasma .
position.

Although the OH coils serve as the trans-
former pr1mary for producing the plasma cur-
rent and the EF cofls provide equilibrium
for the plasma, both coil systems have .
nearly identical problems, e.g. large stored
enerdy, high operational current, rapid
charging and discharging, and ring coil con-
figuration.
design of the eight pairs of EF coils and

For this reason, the conceptual -
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and six pa%rs of OH coils were carried out
together. .

The design requirements summarized in
Table 3 for the OH and EF coil systems were
specified as a result of a detailed trade-
off study. . Burn cycle dynamic simulations
of the plasma, the coupled OH and EF systems
and the plasma heating systems were per-
formed. Free-boundary plasma MHD equili-
brium calculations were utilized in the
design of an equilibrium field that would
produce the‘circular plasma,

Characteristics of the OH and EF coils
are given in Table 6. The OH cnils and EF
coils both have a maximum operational cur-
rent of 80 kA supplied by two parallel 40 kA
cables with fully transposed strands. The
OH coils have 837 turns in each parallel
path; the EF coils have 464. The charging
voltage for the OH coils is 48 kV and the
turn-to-turn voltage is about 60 V., The
charging voltage for the EF coils is 21 kv
and the turn-to-turn voltage is about 50 V.
In the helium gas environhent. the minimum
turn-to~-turn separation must be about 0.3 mm,

Mu]tilayer coils would require large gaps
between layers and present an awkward problem
for coil design, especially for thé léng UH
solenoids. Therefore, each coil will be
wound with a single-layer conductor 15 cm
wide,

The EF coils and OH coils will be cooled
by helium pool boiling at 4,2°K, 1 atm pres-
sure, Pool boiling is simple, inexpensive,
reliable, and easy to control. Above all, a
rather small heat transfer flux is adequate
to remove the conductor ac losses if the
helium buhhles can he proparly vented to
avoid bubble accumulation within the wind-
ing. Under this circumstance.’thé heat
transfer flux ceases to be an important fac-
tor in determining the coil stability; in-
stead the coil stability debends on the con-
ductor current density, the amount of liquid
helium surrounding the conductor; and the



" TABLE 5. OHC/EFC Magnet Characteristics

Superconductor/stabilizer
Coil design. ‘
Conductor design
Stability
Cooling
' Operating temperature (°K)
" Average current density (A/cm?)

Magnetic field (T)
in flux core
at plasma center

Ampere-turns (MAT)

Total conductor length (MA meters)
Maximum d8/dt in conductor. (T/s)
Stored energy in OH/EF/plasma field (MJ)
Maximum operational current (kA)
No. of turns -
Self-inductance (H)

Mutual coupling

Power supply voItége (kV)
Volt-seconds to plasma (V-s)
Coupling coefficient to plasma ring

extent of coil disturbances.
The equilibrium field must penetrate the

blanket and shielid to act on the plasma, but

the blanket and shield are about a meter
thick and consist mostly of metal such as
stainless steel. Eddy currents-in this
material would distort the equilibrium field
and delay its penetration if the blanket and
shield were not sufficiently segmented., For
‘a blanket and shield design of 16 segments,
each made of 43 blocks, field distortion or
time delay will be reduced to an insignifi-
cant level,
Structural Support

Two structural support concepts, a torque
shell and a torque frame, were developed.'

*

This work was performed by McDonnell-
Douglas Astronautics Company-East in colla-
boration with ANL an? ]s presented. in detail
in a separate paper. 4 .
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OHC EFC

Nb-Ti/Cu
Single layer
Fully transposed cable

Cryostatic ,
Pool boiling
4,2
2640 2946 .
A5
~0.46
67 118.6
847 996
6.7 i
2262 4
80 80
837 464
0.48 0.52
, Kopgp = 0-015
48 21
85 ‘ 50
K = -0,2422 Kgpp = -0.2566

OHP

The torque shell desiagn uses shear webs
located bhetween the TF coil cryostats to
provide continuous support for the coil and
to cancel the induced torques. This design
provides the lightest weight design but '
requires removal of the shear web panels to
permit access to the blanket and shield.

The torque frame concept uses a ?rame at the
fop and bottom of the reactor to transfer
the TF coil loads to the reactor building
wall and floor, respective]y, Both concepts
provide blanket and shield acbess through an
~3 x 8 m opening between TF coils, Very
little access, if any, will be available
from above and below the TF coil because of
required structure. Openings for vacuum
ducts and instrumentation, however, can be
provided through this structure. The floor
area around the reactor will not be -



restricfed b} structural members with either
.concept, thereby providing for ease of locat-
ing components such as neutral beam injectors
and for freedom of movement for maintenance
equipment. The outer and upper poloidal
coils can be removed using their supporting
structure as a lifting fixture, and the com-
bined weight is compatible with planned
crane capacity, The lower .poloidal coils
are captivated by the various support
columns and require an in-place repair/
replacement facility, which was conceptually
included in the design. Use of 7075-T6
aluminum alloy joined by bolting results in
a substant{ally lighter and lower cost -
structural support design than can be
achleved using welded stainless steel. The
torque shell -concept has been tentatively
chosen as the reference option,
PLASMA HEATINU

Supplemental heating, in addition to ohmic
heating, is required to heat the EPR plasma
to ignition temperatures. A power input to
the plasma of 60 MW is needed for about 5 s
during startup, and somewhat iess power may

be required for periods up to a minute fo
maintain the burn in the face of unfavorable
plasma conditions. :
tates that neutral beam heating be the
reference option for this supplement. Radio-
frequency .-heating is considered as the pri-
mary backup option, ’
Neutral Beam Injection

Three neutral beam injection systems have
been designed. These are summarized in
Table 6. The reference design is based on
modest extrapolations beyond presently
achieved results with D sources. The secand
design is based upon improved [J+ sources.
The third design, which would require con-
siderable advances in source technolugy. 18
based upon direct-extraction D~ sources, with
neutralization by a gas target (3a) or by a
Tithium plasma (3b). A1l desians empliny
energy recovery, and the first two designs
inject only the ot » Do component into the
plasma, ’

In the reference design, 12 injectors,
arranged to tangentially inject intovthe
plasma in a symmetrical clockwise and counter-

Current experience dic-

TABLE 6. Neutral Beam Injection System Characteristics
(Reference) E .
Design 1 Design 2 Design 3a Design 3b
Atomic fon ot o g 0
Target for D* = D° D, gas - D, gas D, gas Li plasma
"Beam composition (0*, 03, 03, D7) (0.75,0.18,0.07/-)  (0.95,0.03,0.02/-) (-/0.95 (-70.95)
Neutral beam power (MW) 60 60 €0 60
Neutral beam eiieryy (heV) 180 180 , 180 180
Neutral beam current (Equiv. A) 333 333 333 . 333
No. of injectors : 12 12 6 6
No. of ion sources/injector 2 2 2 2
Type of grid multiaperture multiaperture multiaperture mu]tiapertura
Ion beam current density (A/cm?) 0.135 0,175 0.138 0.135
Ion beam power (MW) a4 338 113 B‘.
Gas load/injector (Torr-¢) no 57 4 1M
Direct conversion efficiency 0.85 0.85 0.85 0.85
Thermal conversion efficiency 0.30 0.30. 0.30 0.30
. Electrical power efficiency 0.29 0.41 0.66 9.77
Ovarall powgr efficiency 0.34 0.45 0.66 0.77
Net power fnput (MW) 207 145 N 78
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pattern, provide 60 MW of 180 keV deuteron
beams to the plasma. Each injector has two
ion sources. The beam line for each ion
source includes an accelerator to increase
" the energy of the o* ions, a-magnet separa-
tor and energy grid to remove molecular ions
-and directly convert their energy into elec-
tricity, a neutralizer to form the neutrals,
and a thermal -energy recovery system. The
- pair of beams in each injector travel ™4 m
along a beam duct and pass through a 0.75 m
diameter port in the toroidal vacuum chamber
wall, An electrical power efficiency (neg-
lecting thermal enerqy recovery) of 0.29 and
an overall power efficiency (1nc1uding ther-
mal energy recovery) of 0.34 are achieved
with the reference design. These power
efficiencies decrease rapidly with beam
energy, because of a decrease in the neu-
tralization efficiency in D, gas.
Substantial improvements in powér effi-
ciency and”corresponding reductions in power
requirements and gas loads can be realized
if o* ion sources are developed with a very
high atomiciion‘component. as indicated by

Design 2 in Table 6. Even more dramatic
improvements could be realized if direct-
extraction D” sources are developed.
Radio-Frequency Heating ’

Radio-frequency (rf) wave heating is an
attractive alternative to neutral beam heat-
ing, from the technological point of view,
since efficient power sources exist for
several heating modes and the neutron pene-
tfation problems intrinsic to the neutral

beam injectors can be ameliorated. However, h
wave heating experiments have not encountered

" the same degree of success as neutral beam

experiments in heating plasmas.

Two rf heating designs were developed,
one based upon heating in the lower hybrid
resonance (LHRH) and the other ‘in the ion
cyclotron resonance (ICRH). The EPR refer-
ence design has four rf heating stations
supplying 20 MW to the plasma, for added
heating capability and experimentat1on.’ If
rf heating becomes the primary option, the
EPR design can accommodate 16 rf stations
by'feplacing the neutral beam injectors:
with rf systems. The characterisﬁics

 TABLE 7. RF Heating Parameters

) ICRH LHRH
Pump frequency (MHz) . '
8T 1120
107 1190
Output power (MW) :
4 ports 25
10 ports ' : 60
Transmission efficiency from 48
source to port (%)
Pulse duration, heating (s)
25 MW 12. 12.9
60 MW 5 5.4 }
Duty Cycle (%)
25 ML 17.2 17.2
60 MW ‘ 7.2
Launcher 1/4 turn loops "Gri1l" waveguide

Transmission scheme
High power source

Coaxial cables
Tetrode amplifier

8 across x 2 high
Wavequides
Klystron



of ICRH and LHRH systems which could provide
25 and 60 MW of heating power to the plasma
are shown in Table 7.

ENERGY STORAGE AND TRANSFER SYSTEM

The energy storage and transfer (EST) sys-
tém for the EPR consists of a central energy
storage inductor (ESI), rectifiers to trans-
fer energy between the ESI and the OH, EF,
and neutral beam systems and a rectifier to
transfer energy from the substation into the
ESI. A separate inertial energy storage
unit, consisting of radially stacked homo-
polar generators, is iﬁﬁorporated in the OH
system, so that the inductive anergy in the
OH system is essentially transferred between
the OH coils and inertial storage inductor,
with the central ESI providing makeup-for
losses. Inductive energy is transferred be-
. tween the OH/EF coils and the plasma current,
with some dissipative loss in the plasma,
The neutral beam energy is deposited in the
plasma or dissipated in the injection sys-
tem, Electrical energy is recovered
directly and recirculated in the neutral
beam injection system. If rf plasma heating
is used instead of neutral beam injection
heating, the required energy is transferred
from the ESI hy a rectifier. ‘The EST system
is depicted schehatica]]y in Fig. 8 and sum-
marized in Table 8.

The OH coil current is reversed at the
start and.end of the burn cycle, The OH
coil energy storage unit is designed to
transfer and store the bulk of the OH coil
stored énergy during the reversal periods by
using radially stacked drum-type homopolar
Additional energy required to

generators.
provide 5 V-s for resistive plasma losses

is transferred into and out of the OH coil
during the burn éyc]e using an SCR-type in-
ductor-converter bridge as the major trans-
fer mechanism between the OH coil and a cen-
tral superconducting energy storage induc-
tor. The centra]vESI makes up the 0.46 GJ
of energy which is dissipated in the OH-
plasma system each burn cycle.
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FIGURE 8, Circuit Diagram

The design of the homopélar generators is
based on radfally stacked epoxy fiberglass
insulating cylinders and Type 17-4 stainless
steel cylinders, The insulator cylinders
are rigidly supported and aligned with res-
pect Lu the central axis. The conducting
cylinders rotate independently.on a type of
air hearing designed into the Insulating
cylinders, The innermost and outermost
cylinders are made of insulating materials,
so that high voltages can be achieved by
electrically connecting many generators in
series. A radially directed, azimuthally
uniform magnetic field of about 5 T 15 pro-
duced by nidbium-titan1um superconducting
coils. Brushes are located along the edges
of the cylinders and connected so that cur-
rent flows back and forth in the axial direc-
tion. Adjacent cylinders counter rotate.
The arrangement is called the counter cyclo-
nic generator (CCCG).

The energy transfer system for the EF
coils must be actively controlled because
the power demand varies with plasma current
and temperature. The design of the power
supply is based on storing and transferring



TABLE 8. Energy Transfer and Storage Systems =— Maximum Ratings

Ohmic Heating Systems

Drum homopolar generators
No. of generators in series
No. of drums/generator
Total energy transfer (MJ)
Peak power {MW)
Peak voltage (kV)
Peak current (kA)
Equivalent capacitance (F)

Rectifier system
Type :
Energy transfer (MJ)
Peak power (MW)
Peak current (kA)
Peak voltage (kV)

Equilibrium Field System

Type :

Energy transfer (MJ)

Peak power (MW)

Peak current (kA)

Peak voltage (kV)

Peak switching frequency (Hz)

Neutral Beam System(a‘b) (60 MW)

Type

Energy transfer (GJ)
Voltage (kV) .
Power (MW)

RF . System (60 M) (®)

Type :
Voltage (kV)
ICR
LHR
Power (MW)
ICR
LHR

Central Energy Storage Inductor

Type

Energy stored (GJ)

Energy transfer (GJ)

Peak current (kA)

Peak power (MW)

Average power from 60 Hz line (MW)

16
6

1200
1900

51

68
0.897

Inductor-converter bridge
600
66
80
0.8

Inductor-converter bridge
1500

416

80 -

21

1330

SCR, DC/AC/DC at 10 kHz
1

180

207

5-phase inductor-converter bridge

18
64.5

94
125

Superconductive rihg_dipo]e inductor
2.4
80

620
21

(a) Assumes electrical energy .recovery in power supply.
(b) Neutral beam and rf are alternative options.
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the energy between the EF coils and the
superconducting energy storage inductor
using an inductor-converter (I-C) capacitor
bridge. The design of the EF coil power sup-
ply uses typical SCR . units currently availa-
ble on the market. A three-phase bridge is
used with 35 mF, 10 kV capacitors in each
phase. '

The design of the neutral beam injector
energy transfer system is composed of two
major components; a saturated time-delay
_ transformer (STDT), which uses the satura-
tion effects of magnetic cores to act as a
current surge limiter, and a high-frequency
‘polyphase-controlled rectifier using SCR
to-enable rapid de-energization of
in pertods of less than 100 us.

The beam heating pulse is designed to last
for 5 s. Energy is added to the central ESI
throughout the fusion reactor cycle.
jector power supply extracts energy directly
from the ESI during the beam heating phase,
so that the power grid never sees a power
bump. An I-C drives a high-frequency poly-
phase inverter. A 10 kHZ voltage fs
developed in a summing transformer, filtered
and subsequently rectified. The output lead
is connected to the injector through an STDT,
A coil on the STDT is connected to a con-

“trolled time delay circuit that will trigger
a crowbar and interrupting switches in the
event the primary neutral beam injector pro-
tection systems fail.

The power supplies for the ion cyclotron
region and the lower hybrid region rf heat-
ing systems are designed using the I-C con-
cept used for the EF coil, Five-phase I-C
bridge nétworks are designed to transfer
energy from the ESI to the rf conversion
units. Five-phase networks are used to avoid
objectionably large voltage fluctuations on
the frequency conversion tubes.

In order to opcrate the poluidal coil,
neutral beam, and rf systems, it will be
necessary to store energy on site so that

switches
the beam

The in~
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Jarge power pulses required to inftiate and
terminate the tokamak discharge do not per-
turb the electrical power network. A super-
conductive energy storage inductor was
designed to handle these energy pulses. The
energy storage ring uses 21.4 MW at a con-
stant input rate and provides a peak net with-
drawal of 2.4 GJ at the end of beam heating.
The maximum current is 80 kA at a max imum
short time-averaged voltage of 15 kV. The
ring has a major radius of 5.7 m and a minor
radius of 0.8 m. The coil will use 0.58 m3
of niobium=titanium and is constructed of
pancakes separated by micarta or fiberglass-
epoxy boards. Alternate pancakes.are wound
clockwise and counterelockwise tu facilitate
layer-to-layer connections. Conductor:trans-
position is achieved by winding top and bot-
tom halves with 40 kA cable and operating
cofl halves in parallel. There are a total
of 12 layers of coil.
VACUUM_SYSTEMS

The EPR toroidal vacuum system must:
(1) reduce the residual gas pressure in the
toroidal chamber from A2 x 103 to ~1 x 1075
Torr in ~15 s after the burn pulse; ahd
(2) achieve a base pressure of less-than
10-8 Torr.at the beginning of an operational
period. These criteria can be satisfied by
'th1rty-two 25,000 2/s cryosorption pumps,
each connected through a 1.1 m diameter
duct to a 0.95 m diameter port in the vacuum
chamber wall. To minimize the tritium in-
ventory, the cryosorption pumps will be re=-
generated, Using zirconium-aluminum getter
pumps, every four hours to remove the tri-
tium and deuterium that has accumulated on
the 1iquid helium=cooled panels. An addi-
tiona) 32 cryosorption pumps are provided
to allow for continued operation during the
regeneration period,

Pumping requirements for the neutral
beam injectors are very demanding. Twelve

'1njeqtors will each have gas loads of 110

Torr-2/s during operation. The required



pumping speed of 5 x 10°¢/s will be pro-
vided by 100 m2 of cryosorption panel in
each injector. To avoid shutdown during
regeneration, an additional 100-m2 of the
_panel area must be provided and the design
must allow for isolation of that portion of

the cryosorption panel to be regenerated.

The principal parameters of the toroidal
and héutra] beam vacuum systems are shown in
Table 9.

The high impedance characteristics of
the waveguide used for lower hybrid rf heat-
1ng'w111 necessitate a separate pdmping sys-
tem to insure adequate vacuum along the
length of the waveguide. Each waveguide
must have either a mercury diffusion or tur-
bomolecular pump with an effective pumping
speed of 10,000 ¢/s to maintain the required

1 x 106 Torr vacuum at the waveguide window,

FIRST WALL ,

The first-wall system consists of a
vacuum wall and detachable coolant panels,
The free-standing vacuum vessel is con-
structed from 16 cylindrical segments of 2
cm thick stainless steel plate and is rein-
forced with an externa1 ring and spar frame-
work. Two circumferential support rings and
ten longitudinal spars are on each segment.

TABLE 9. Vacuum System Parameters

The 16 segments are joined by formed rings
that are welded to the ends of each segment.

~ A chemically bonded Cr,05 coating is applied

to the joining surfaces in two of these rings
to form a current breaker in the vacuum wall,
Detachable 2 c¢m stainless steel coolant panels
are. rol1-bonded to the inside of the vacuum
wall. The surface of the coolant panel fac-
ing the plasma is coated with 100-200 microns
of beryllium to control impurity contamina-
tion of the plasma by stainless steel. The
substantial porosity (10-15%) and fine micro-
structure obtainable with the plasma-spray

- coating process facilitates gas re-emission,

particularly helium, and minimizes blister- -

) 1n§ erosion. Pressurized water is supplied

to the coolant panels by manifolds located
in the connecting rings that join the first-
wall segments. The toroidal vacuum wall is
supported by a three-point per segment,
roller/slide pad-type support from the blan-
ket to the lower rings and spars. The three-
point support minimizes the size of the rein-
foféing ring and the roller/slide support
minimizes thermal stresses by allowing for
expansion of the vessel. 4 ’
Extensive thermal-hydraulic, mechanical,
materials performance, and radiation damage

Toroidal Neutral Beam
Volume 754 m3 250 m3/injector
Surface area 771 m? 254 m2/injector
Gas 1o§d 2588 Torr-s 110 Torr-s/s per injector .

Cryosorption pumping

Effectiye pumping speed

Secondary pumbs

Al/Ir getter pumps

No. 1300 CFM blower stations 16

No. 1400 /s turbomolecular 16
pumps .

32 - 25000 &/s
pumps

4,25 x 10% 2/s

32 - 10000 2/s

100 m* panel/injector 1

5% 108 2/8 per inJécLur

12 - 25000 ¢/s
Use same pumps
. Use same pumps



TABLE 10. First-Wall Operating Parameters

Nominal Qperating Conditions

. Capacity.factor (%) 50
Operating cycle (s)
Startup 5
© Burn 35
Shutdown 5
Exhaust and replenishment 15
Average power loading during burn (MW/m?)
Neutron . 0.5
Radiation, conduction, convection 0.13
Operating Parameters
Stainless steel vacuum wall
Maximum temperature (°C) <500
Minimum vield stress at 500°C (ksi) 17
Maximum annual fluence (n/m2) 6 x 1025
Atomic displacement (dpa/yr) 2.8
Helium generation (appm/yr) 54
Hydroaen generation (appm/yr) 133
Stainless steel coolant panel
Maximum’ temperature (°C) 380
Minimum yield stress at 500°C (ksi) 17
Maximum annual fluence (n/m2) - 6 x 1025
Atomic displacement (dpa/yr) 2.8
Helium generation (appm/yr) 54
Hydrogen generation {appm/yr) 133
Maximum heat deposition (W/cm3) 5.8
Maximum AT across panel surface (°C) 20
Maximum AT through panel face (°C)
With Argon shutdown 100
Without Argon shutdown 75
Maximum thermal strain range (%)
“Nperating cycle 0.1¢
Burn cycle 0.09
Beryllium coating
Maximum surface temperature (°C) 407
Helium generation {appm/y) 780
Hydrogen generation (appm/y) 13
Maximum erosion -rate (um/y{ 30
Water coolant
Maximum pressure (psi) 2000
_Velocity (m/s) 1.6
Inlet temperature — first panel °C; an
Exit temperature — eighth panel (°C 30
Pumping power (MW) <]

analyses have been performed to evaluate the
first-wall performance and to determine the
design 1imits. Results are summarized in
Tables 10 and 11,

The stainless steel vacuum wall should
maintain its structural integrity for the
10-yr design 1ife under the nominal operat-
ing conditions, viz., integrated wall load-
ing of 2.5 MW-yr/m2, maximum annual neutron
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fluence of 6 x 107° n/m’ (2,8 dpa/yr, 54
appm/yr hélium, and 133 appm/yr hydrogen)
and maximum wall temperature of <500°C. For
these conditions the predicted radiation
swelling of <4% is tolerable, The limiting
criterion is loss of ductility caused by dis-
placement damage and helium generation. For
temperatures below 500°C, the residual uni-
form elongation, which is estimated to be



TABLE 11. First-Wall Design Limits(a) .

Vacuum Wall

Design tife (yr)

Integrated neutron wall loading
(MW-yr/m2)

Yield strength — 10 yr (ksi)

Uniform elongation — 10 yr E%

Radiation swelling — 10 yr (%

10
2.5

75
>] : - t

<4

Limiting criterion

Coolant Panel

Design 1ife (yr)

Total burn cycles — 5 yr
Fatigue lifetime (yr)
Radiation lifetime (yr)
Limiting criterion

Low-Z Coating .

Design life (yr)
Limiting criterion

Ductility

5

106

5

8

Thermal fatigue

3-5
D-T sputtering

{a) Based on a neutron wall load of 0.5 MW/m2 and a
plant capacity factor of 50%. :

>1% at the end of the 10-yr 1ife, -is con-
sidered to be acceptable. The lifetime of
the low-Z coating is limited by erosion
caused primarily by D-T physical sputtering.
- A design life to 5 yr for a 100-200 um thick
beryl1ium coating appears feasible. Only
limited data exists with which to estimate
the lifetime of the ceramic current breaker;
however, bulk radiation effects will likely
be the 1imiting criteria,

In addition to the extensive radiation
damage, the coolant panel will be subjected
to severe ‘thermal cycling produced by heat
deposition on the surface during the plasma
‘burn. The strain range for the burn cycle
depends on the difference between thevmaxi-
mum and minimum values of AT during the
cycle, and the strain range for the plant
warmup/cooldown operating cycle is a func-
tion of the average AT during the burn cycle,
Assuming that the duration of the operating
cycle is long enough that stress relief.
occurs, the strain range for the coolant
panels with sliding supports s 0,085% for

the burn cycle and 0.14% for the warmup/cool=
down operating cycle. These values corres-

pond to fatique design lifetimes for the
coolant panels of 5 x 106 burn cycles and
1 x 105 operating cycles. Thus, thermal
fatigue will 1imit the 1ife of the coolant
panei to 5 yr, which corresponds to ~10%
burn cycles, for the current design
parameters, .
Although the current first-wall system
de;ign is based to a large extent on availa-
ble materials and existing technology, it
appears that adequate mechanical integrity
of the system can be maintained for suitable
reactor lifetimes under the postulated EPR.
conditions. Details of the first-wall and
the blanket/shield design are presented in
a separate paper,

BLANKET/SHIELD

The blanket/shield system consists of the
blanket, the inner bulk shield, the outer
bulk shield, the neutral beam penetration
shield, the vacuum duct penetration shield,
and the biological shield. In order to in-
sure penetration of the equilibrium field
into the plasma region without intolerable
distortion or phase delay, the blanket and
bulk shield are constructed of 688 electri-
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cally insulated blocks.

The blanket is made up of 0.28 m thick
stainless steel blocks., Each of the 16 seg-
ments of the vacuum chamber is covered by 17
blanket blocks. The blocks are cooled with
pressurized water flowing in a network of
1 cm diameter drilled channels, with each
block having an independent cooling system,

The bulk shield surrounding each of the
sixteen segments of the vacuum wall and
blanket consists of 1 inner shield block and
25 outer shield blocks. The inner shield
block is 0.58 m thick and consists of alter-
nating layers of B,C and stainless steel dis-
posed o as to maximize the attenuation of
neutrons and gamma rays. At the top, bottom,
and outside of the torus, the bulk shield is
0.97 m thick and consists (going radially
outward) of 0.03 m of stainless steel, 0.15
m of graphite with 1% natural boron, 0.05 m
of stainless steel, 0.65 m of lead mortar,
and 0,09 m of aluminum. The bulk shield is
cooled with H,0 at athospheric pressure,

Neutral beam lines, vacuum ducts, and
other penetrations of the outer blanket and
bulk shield represent large (~0.6-1,0 m?
Cross section) streaming paths for neutrons
and require special shielding. A special,
0.75 m thick, annular shield surrounds the

"neutral beam tube after it exits from the
bulk shield and extends beyond the TF coils,
so that there is no unshielded line-of-sight
path from the wall of the beam tube to the
TF coils. The inner 0.65 m of this spenial
shield is 50% $S/50% B,C, followed by 0.05 m
of lead and 0,05 m of aluminum.

A pneumatically operated shield plug is
closed in the vacuum duct during plasma burn
(see Fig. 1). This shield plug consists of
two blocks. The inner block is 0.32 m thick,
and is fabricated of stainless steel and
cooled in the same manner as a blanket block.
The outer block is 0.58 m thick, with a mate-
rial disposition {(S5/B,C) similar to that of
the inner shield.
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The blanket, shield, and vacuum vessel
assembly weiahs over 2700 métric tons. This
weight is supported from beneath the reactor
on 16 individual frames. The frames can move
vertically approximately 2 m to facilitate
replacement of the blanket and shield blocks.
The load is transferred through 32 columns
from the reactor foundation to the 16 frames,
which in turn support the reactor shielding
blocks. The blanket hlock layer rests on the
inner portions of the shield hlocks on insu-
lated roller pads to accommodate the high
temperature of the blanket and the accompany-
ing thermal expansion. The 360 metric ton
vacuum vessel rests on the inner side of the
blanket. , '

Extensive analyses have been performed to
evaluate the performance of the blanket/shield
system, These analyses are based on a nominal
neutron wall 1nad of N 5 MW/m? and a plant
capacity factor of 50%. The neutronics
effects vary significantly around the wall in
the poloidal direction, and a conservative
analysis is used. Results are summarized in
Table 12. )

The 4 cm first wall and the 28 c¢m blanket. -
region receive 390% of the neutron and gamma
energy. . The nuclear heating varies from 3.5
W/cm? on the inside to 0.3 W/cm2 on the out=
side of the blanket. The radiation damage
level in the blanket adjacent to the first
wall is 1.7 dpa/yr and drops by a factor of
2 every ~7 cm goihg through the blanket.
ﬂperat1ng'tomporatures in the load Learliny
portions of the blanket are, like the first-
wall temperatures, restricted to <500°C, but
may be allowed to rise above this level in
nonstructural components. After 10 yr at a
wall loading of 0.5 MW/m2 and a 50% capacity
factor, the swelling in the blanket adjacent
to the first wall is expected to remain be-
low 2%, the uniform elongation will drop to
3%, and the yfeld strength will increase to
~75 ksi. As the neutron radiation is atten-
uated through the blanket, the swelling will



TABLE 12. Summary of Blanket Design Parameters

'Design basis operating life (yr)
"Nominal power during burn (MW)

Design basis neutron wall loading (MW/m?)

Plant capacity factor (%)

Blanket structure
Thickness (m) s
Type metal/volume fraction
Type coolant/volume fraction
Penetration volume fraction
Inner blanket
Outer blanket
Maximum temperatures (°C)
In support structures
In bulk materials

; Nuclear parameters
Maximum heat deposition

(W/cm3) )
Maximum fluence at 2.5 MW-yr/m2 (n/m?)

Maximum dpa at 2.5 MW-yr/m2 (dpa)

Maximum helium production at 2.5 MW-hr/m2
Maximum hydrogen production at 2.5 MW-yr/m

Mechanical parameters

10
400
0.5
50

0.28
316-55/0.9
H,0/<0.05

~0.02
~0.05 '

500
550

3.5
5 » 10%%
17
230

gappm) 600

(appm)

Design stress in support structure (ksi)
Minimum material yield stress (ksi)

Ductility at 2.5 MW-yr/m? (% uniform elongation)
Swelling at 2.5 MW-yr/m? (% of inftial volume)
Maximum torque from pulsed fields (ft-1b)

<10
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>3 . . ¢
<2
T?S,OOO

Coolant parameters
Type ,
Maximum pressure (psig)
Pressure drop (psig)
Maximum velocity (m/s)
Pumping power (MW)
Coolant inlet temperature {°C)

- Maximum coolant exit temperature (°C)

H,0
2000
<15
2.4
<1

40
309

Residual activity from first-wall/blanket/shield

after 2 yr operation in Ci/MWt
Immediately after shutdown
1 yr after removal
10 yr after removal
100 yr after removal

be reduced to zero after a few cm, and the
tensile properties will approach those -of

- unirradiated material {~22% uniform elonga-
tion and ~20 ksi yield strength). The A
effect of creep and fatigue will be less
than in the first wall since the blanket is
not exposed to the surface radiation from
the plasma and will not undergo the large
thermal cycling of the first wall, Helium
production rates will still be high in the
first few cm, but the temperature limit of
500°C should .insure against-helium embittle-
ment which is observed at témperatures above

3.5 x 108
8.0 x 10°
7.0 x 10%
60

550°C. .
Regions in the outer bulk shield, 20 ¢m

‘thick, surrounding the neutral beam penetra-
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tions will be constructed and cooled. similar
to the blanket. The remainder of the bulk
shield will receive 7% of the radiation
energy. The major effect of radiation on
boron carbide s the buildup of heltum from
(n,a) reactions which can induce swelling and
cracking if it is present in high concentra-
tions. Neutron jrradiation can also substan-
tially reduce the thermal and electrical con-
ductivity. The degree to which radiation



affects the bulk properties depends to a
large extent on the amount of porosity pres-
The first
layer of boron carbide in the inner shield
will be the most seriously affected by the
neutron irradiation. The first few cm of
boron carbide will produce ~3500 appm of
helium during a 10 yr lifetime, but helium
production will fall off rapidly pést this
point. This amount of helium is not expected
to induce significant swelling or cracking if
a sufficient porosity exists to accommodate
the gas.
carbide must be vented to prevent buildup
of gas pressure within the shield. For the
cunditions expected in the EPR, the graphite
in the outer bulk shield will densify rather
than swell, It is expected that the volume
change of graphite due to irradiation can be
minimized by a suitable choice of material
and should not present a problem. Helium- '
" production in the first few cm of the grap-
hite/1% boron will reach ~770 appm after a
10 yr lifetime. As with boron carbide,
porosity and venting considerations must be
factored into the shield design to accommo-
date the helium, The materials lying past
the first layer of boron carbide in the inner
shield and the graphite in the outer shield
receive a relatively small neutron fluence,
and the bulk properties should not be adver-
sely affected. The lead.mortar and aluminum
in the outer shield will operate at tempéra-
ture below 100°C, which is well below the
~150°C at which the lead mortar will begin
to break down,
ACCESS AND MAINTENANCE

During operation, the biological dose in
regions external to the TF coils 1s about
108 mrefi/hr, which is too high to permit
access to the inside of the reactor building
for any reasonable length of time, OQutside
the 1.5 m thick concrete building wall, the
dose 1s about ) mrem/hr. The biological dose
in the vacuum chamber inside the first wall is

ent in the unirradiated material.

Helium escaping from the boron

6 x 109 mrem/hr at shutdown and after 1 yr

of cooldown the dose is 1 x 10° mrem/hr,

After one day of cooling, the dose is 600
mrem/hr at a position above the reactor at

the location of the TF coils and 2 mrem/hr
outside the TF coils. The latter result

does not includ® the effect of penetration
streaming or activation of the neutral beam
injector. These calculations indicate that
the dose rate is too high to permit unshielded
personnel access to the reactor during opera-
tion. At best, limited access would be
allowed within a few days of shutdown,
sonnel exposure can be reduced by two orders
of magnitude by 10 cm of lead shielding,

The general approach to maintenance for
the EPR 1s hy use of remote handling appara-
tus. A)l large components will be repaired
in place, where.poséible. This includes the
varuym vassel and the lower LF and OH coils,
Smaller components 1ike the blanket and
shield blocks will be repaired in the hot
cells, Special in-vessel remotely operated"
equipment will be designed to repair, replace,
and inspect any portions of the vacuum ves-
sel or first-wall panels that have becn
damaged. Support facilities for remote
operations include a remotely-operated over-
head crane/manipulator with a shielded per-
sonnel cab, floor-mounted snorkel-type units
for servicing the vertical portions of the
reactor and basement-positioned apparatus
for maintaining the lower components of the

Per-

- reactor, A full-scale, quarter-section mock-
up of the reactor is vital to all remote
operations. '

TRITIUM

The EPR tritium handling system must
separate tritium and deuterium from the spent
fuel and must be capable of building atmos-
phere cleanup in the event of a large trit-
ium release., The key tritium facility
operating parameters are given in Table 13,
and a detailed discussion of the design basis

is presented in a separate paper.(s)
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TABLE 13. Summary of Tritium-Handling Faci]ity Parameters
A v ) pTFC
max
87T 107
General .
Power during burn (MW) 200 500
Burn cycle duty cycle (%) 75 75
Plant availability factor (%) 67 67
Tritium burnup (g/day) 26 64
Throughput/burnup ratio 50 50
Tritium delivery rate (g/hr) 60 150
Fuel cycle turnaround time (hr) 4 4
Plant inventory (kg) 0.6 1.5
Annual tritium consumption at 50% capacity factor (kq) 6.4 16
Tritium Inventory Disposition ]

Cryosorption pumps (g) 240(a; 600%23
Getter beds (g) 240 ) 600(a)
Distillation columns (§) 1o(a) 25(a)
Fuel cycle hardware (g) . 10(a) 25(a)
Storage (g) ~500 ~1300
Anticipated mean inventory. (g) 600 1500

Fuel Czc1e

Nature of fuel processing and recycle systems

Type of mainstream enrichment
No. of columns
No. of equilibrators .

(a) Maximum value at any single time.

- The principal assumptions applied in deter-
mining these parameters are: (1) that the
throUghput/burnup ratio will be approxi-
mately 50; (2) that the fuel cycle turn-
around time (fuel holdup) time will be 4 hr
or less; and (3) that the initial tritium
inventory of <1,5 kG will be supplemented as
needed (from an outside production facility)

to match the burnup encountered during opera-

tion. The fuel cycle turnaround time is
determined mainly by the regeneration cycle
on the cryosorption pumping éystem for the
toroidal plasma chamber. The present plan
1s to carry out this regeneration cycle on
a 4 hr basis.,

Calculations have been made to estimate

the rate of tritium permeation from the plasma

Nonmetallic element remova1
Debris removal

Isotopic enrichment

Fuel storage

Fuel delivery

Cryogenic d1st111at1on

6

1

chamber into the first-wall cooling water
circuit. These calculations show that the
tritium level in the first-wall cooling water
(~105 &) increases to a maximum of ~1 Ci/%.
The handling practices assocjated with this
pressurized cooling water would essentially
he the same as those currently applied in

the pressurized D,0 primary circuits of
heavy water reactors that commonly run up to
10 Ci/%.

Potential off-site tritium exposure calcu-
lations have been made, Two events leading
to off-site exposure due to the release of
tritium have been considered. The first
event considers 2% (~4 x 105 Ci) of a total
inventory of 2 kg of tritium released at
ground level as water vapor in an accident.



The dose commitment for an individual at the
site boundary is 23.5 rem (whole body) at
500 m and 7.4 rem (whole body) at 100 m as
compared to the 10 CFR 100 guideline for
total body dose in an accident of 25 rem.
The second event is the continuous daily
release of 100 Ci of tritium for which the
concentration at 500 m is 5 x 10™2% Ci/m3
and at 1000.m is ~2 x 10-% Ci/m3. ERDA
Manual 0524 gives the uncontrolled concen-
trations guide as 2 x 107 Ci/m3,
FACILITY DESCRIPTION

The reactor complex consists of 11 major
facilities covering an area of 65,000 m2,
The focal point is the reartor c¢ontainment
building (Fig. 9), a structure 73.2 m in
diameter x 50 m high made of reinforced con-
crete, 1.5 m thick, to meet both structural
and biological requirements. A thin steel
membrane, 1 cm thick, lines the fnside walls

[y K™

of the buildina, forming a barrier in the
event of a tritium release. The seal is
carried through an penetrations and access
ways. A reactor pedestal is provided
sliahtly offset from the center of the
building for convenience in positioning the
300 ton overhead polar crane used in assem-
bly and maintenance of the reactor. The
building is equipped for remote maintenance
of the reactor.

COSTS AND SCHEDULES

The estimated tota]‘direct capital cost
for the EPR is $579 M. Adding 25% for engi-
neering and 25% for contingency brings the
grand total to $868 M. A cost breakdown is
given in Table 14,

A detailed design and construction sche-
dule has been developed. Eight years are
required from the initiation of preliminary
design to initial operation, and six years
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TABLE 14. Plant Capital Investment
Direct Cost Estimate

sula)
Structures and site facilities 67.3
Reactor : 248.6
Reactor plant facilities 245.0
Auxiliaries ' - _18.0
_ TOTAL. '578.9
AEngineering (25%) ' 144.7 -
- Contingency (25%) 144.7

GRAND TOTAL  868.3

(a) FY 1976 dollars.

are required from the initiation of detailed
Title II engineering design to initial opera-
tion of EPR. This schedule is based on two-
shift/five-days-a-week operation.
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The Tnkamak Experimental Power Reactor is a device designed to
operate at or near ignition with the potential for procductinn of net
powor, It utilizes technoloqy which either existe or can be achieved
with a wodest extrapolation from the present. The b]as.a driving sys-
tems, and their impiications for energy storage and transfer techno]ogy

ars analyzed utilizing dynamic simelation of the plasma stavtup, burn

and shutdown.

INTRODYCTION

The plasme driving system for the
Tokamak Experirmental Power Reactoy (TEPR)
consists of zn ohmic heating (GHY cont,
an equitibrium field (EF) coil, and their
rosective power supplies.  The ohmic
heating coil induccs the bulk of the
plasma curvent during the resctor startup,
and maintains the current during the burn.
Jhe equilibrium ficld eeil s .newdued for
stable positioning of the plasma.within
the vacuum chamber.

-The driving system ié onc of the wmajor
subsystems for the TEPR and as such is
critical to the success of TEPR and to
evenlual full scale tokamak reactors. The
desion and anaiysis o, the coupled plasma-
plasma driving system has been part of

an ongoing effort at Argonne in connection
19‘253_!\

with the overall AML TEPR design.
detailed sensitivily anc lradeoff study has
now beon perforimed showing how the drﬁving
system pover, energy, voltage, and maynetic
tield requirements depend on the way the
TEPR is operatced and on certain plesma

physics parameters. This has led to the
choice of a specific reference mode of

" operation, to power supply and magnet

snecifications and to wnitial design
choices, '
TEPR DEVICE DESCRIPTION

The device considered for the TEPR is

one with a circular plasma of 6.25 m mejor
radius, 2.1 m ningr radins, a p]agma
current of 7.6 KA, a1 m blanket and-
shield, and a toroidal maynetic field of
8-10 i produced by superconductive constant
tension D magnets whose hore is ~ 8 x 12 m.
Consideratione of shiclding, assenlly and
maintenance in an expekimenta] device of
this size require the superconductive
pnindaal Tiald coils to be extevivr o

the toroidal-tield (TF} coils. "The chmic-
hgating’f]ux is produced by a 4 m di-
ameter solencid through the central core
plus outriqyer coils which keep the O
flux away from the plasma. The equilib-
riun-field coils, which prdduce an 0.4 T
field at the plasma, have some reverse

turns at small radius to decoupie from the

* Work supportied by the U.S. Energy Research and Development Administration.

26



OH coil, while producing the proper field
shape to maintain MHD equilibrium.

The first wall of the reactor is composed
of stainless steel coated with a thin layer
of beryllium (or other low-Z material).

The Be serves as an impurity control measure
in that it prevents erosion of iron into

the plasma which would cause high levels

of radiation. (However, even the erosion
of beryllium serves to Timit the maximum
burn cycle obtainable.) As envisioned now,
the EPR can support a range of plasma
parameters, some controllable and some,

if not most, dependent on the plasma physics
obtained. For the purpose of this study,

a specific plasma has been assumed, oné that
is relatively demanding from the standpoint
The

minimum safety factor is 2.5, and the re-

of the driving system requirements.

sistivity is given by the Spitzer formula

but with an assumed anomaly factor of 3.

The plasma is in MHD equiTibrium at all times
with specific density, temperature, current
density and flux density profiles described
in detail in Chapter 3 of Refercnce 1. The
ptasma is assumed to be at ignition at about
10 keV at least in the absence of substantial
Be and He impurities but with an 0.5% oxygen
The maximum toroidal and
poloidal betas are respectively, “¥ux
and g = 1.72,

COMPUTATIONAL MODEL

The driving system requirenents have

background,
= 0.048

been analyzed primarily with tinee computer
codes, a qlobal dynamics plasma code, a

MHD equilibrium code, and a driving system
code. The dynamics code is based on a
spatially averaged, time dependent model
which solves particle and energy balance
equations. The code includes an alpha
slowing-down model, a neutral beam model,

a radiation model, a plasma-wall interaction
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of Reference 1.

The
model is described in detail in Appendix C

mod21, and a confinement time model.

The plasma code is coupled
to a driving system code based on the three
mesh equivalent circuit shown in Fig. 1.
The codes are coupled in the following

ways; the temperature, impurity content,

etc. of the plasma determine Rp. "Secondly,
the EF current required at any time depends
on both the plasma current and the poiovidal
beta.
plasma current determines the ohmic heating

In turn, the magnitude of the

power in the plasma, as well as the con-

finement times.

The dependence of IEF on Ip and Bp is

'determined.by the MHD equilibrium code.

This MHD code is also used to compute the
basic MHD equilibrium solution during the
flattop portign of the burn cycle.

During the startup and the rest of the
burn gyc]e, it is assumed that the HMD ‘
equilibrium evolves with a fixed profile.
The equilibrium at any time is then uniquely
characterized by the valuss of I
at that time.
calculation at each time step involves:
(1) determination of Ip and Bt from the
coupled plasma power balance and plasma

D and Bt

The burn cycle dynamics

driving system circuit equations; (2)
determination of the MIHD equilibrium that
is characterized by Ip and B3 (3) deter-
mination of the equilibrium field, ﬁ[F"
that is required for the equilibrium, and
(4) determiration of the current, IEFP in
the GF coils that is requirved to produce
the equilibrium field. ‘thus, this pro-
cedure determines a2 self-consistent rela-
tionship IEF = lgp (Ip’ B, or Bp) that
defines the current required in the
equilibrium field coile. ™



ENERGY STORAGE AND TRANSFER
.The TEPR poloidal coil power supplies

must be able to store, transfer and re-
cover gigajoules of energy efficiently
at repetition rates of about once per min-
ute,
well suited to meeting the TEPR design goals

Conventional power supplies are not

because they tend to be too costly and in-
efficient in this mode of operation. There-
fore, the designs of ihe poloidal field
prwer suppl ios do nut incoeporate eaislenl
and proven technologies.

The power supply philosophy for the
1heé

EF coil must be programmed and therefore

plaoma driving syslem is a5 follows.

has been chosen to be a phase controlled
rectifier circuit operating out of mag-
netic energy storage. Since the magnetic
energy is fixced by the requived equilibrium
field, the principal variable cost is

Thus. the

plasma heating cycle should be as slow

associated with the nower,

as possible Lu mininlze this
The OH field need not be progamaed

Lk power
cost.
but must cycle as repidly as possible to
build up Lthe plasima current and heat the
plasma rapidly in order to avoid wasting
energy. Thus, high power is requived in
the OH circuit, and the power supply cost
shoutd depend primarily on stored energy.
as opposed to power. ligh voltage mulli-
drum homopolar gencraters are well suited
to this task. They can operate etticiently,
and have the propurty that their effcective
capacitance can be adjusted by changing

the magnetic field, allowing control

over the OH cycle time. They Further

can be connected in series or parallel

to vary the voltage or capacitance. In
this application the OH encrgy is in

the coil, and the drums are nearly at rest
except during OH field reversal, so that

losses are winimized. The start and stop

action is controlled by operation of a
An additional
small phase controlled rectifier provides

switch across the OH coil.

flux for maintaining the plasma current

during the burn and for resetting the OH
currgnt prior to-current reversal during
shutdown. This rectifier can operate out

of the sume eneray storage unit used with

the EF coil.

The £F coil power supply is designed to
liave @n activély-controlled rate of @nergy
change using a2 three-phase inductor-con-
verter (I-C) SCR bridqe between the FF
coil and a central superconducting energy
storage inducter.

The central energy storage inductor is
also used to smooth the power demand from
the electrical grid for the neutral beam
and rf heating systems. Energy is added
to the central storage inductor at almost - .
constant rate throuahcut the-whole fusion
reactor cycle. Enerqy is extracted from
the cénfra] sterage inductor at much higher
rates than the average input rate during
the heating pericds. The power-grid ran
only see the relatively low, average
power.

The power supplies for the neutral beam
and rf heating systems also employ tech-
nnlngy which ig boyond the current state-.
of-the-art, in order to avoid excessive
puvier bumps on the electrical grid and, in
the case of the neoutral beam injecctor supply,
to also take advantage of the superior :
qualities of a new tecHnn]ngy. The design
of the encrgy transfer network for the neu-
tral beam injector uses an I-C to drive a
The
injector is protected aqgainst spark damage

high frequency polyphase rectifier.

by using a saturated time-delay transformer
(STDT) to limit surge currents at the
outset by phasing back on the high fre-
quency polyphase rectifiers within the



first 100 ys for longer surge periods.
‘The design of the rf heating power supply
uses a five-phase 1-C so that voltage
ripple on the power amplifier can be mini-
mized,
SENSITIVITY ANALYSIS

The determination of the design fe-l

quirements for the plasma driving and
heating systems involves finding a compro-
mise among several, often conflicting,
These
design requirements are quite sensitive to
the time sequence of the startup (and shut-

technological and cost limitations.

down) procedure. A range of potential
startup procedures were simulated dynamically,
following the format described above. The
main.parameters of interest are: (1) energy
transfer from the homopolar supply (UOH) -
peak OH power (POH) requirements are less '
important; (2) peak power in the EF supply
(PEF) -~ EF energy transfer (UEF) does not
vary appreciably since the plasma is very
conductive during most of the EF ramp-up;
(3) total beam energy to heat the plasma,
(UB) and the total energy (UBE) drawn from
the energy storage unit for the beam heating;
(4) maximum rate of change of the field in
the OH coil (BOH) -~ the maximum coil
voltage (V) is proportional” to éOH; and
§5) maximum field (BOH) in the OH coil --
the OH coil current is proportional to BOH‘_
Parameters varied in the study are:

(1) OH current reversal time,’AtOH -
essentially determined by the_equiva]ent
capacitance of the homopolar system; (2) time
" of beam initiation, t3 (3) beam power to

the plasma, PB; (4) plasma resistivity. n;
and (5) oxygen concentration, as a measure

of the effect of background impurities. The
results of the study are summarized in

Table 1, for a variety of possible startup

procedures and conditions. Selected re-
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results are also plotted in Figures 3 to 7,
to illustrate importanf features.

In Figure 3, U and GOH

pe* Yo Per> Bow
are plotted as a function of the length,
AtOH’ of the OH current reversal. For

times shorter than 2 s, a penalty is paid

in the EF power requirement and in a very
high»éOH; with essentially no compensating
OH* .On the other

hand, the plasma current and temperature
builds up rapidly, and Uon and the resistive
volt-seconds are considerably reduced by
shorter AtOH'
there are large increases in UOH and UBE
because the OH voltage is quite ineffective

reduction in UBE or B

For times longer than 2 s,

at increasing the plasma current in the

presence of the higher resistive losses
associated with the cooler plasma. In fact
the current rises slowly until UOH reaches
its maximum, wasting about one-half the CH
flux, and more beam energy is required to
hgat the plasma. Ppp reaches its minimum
for AtOH-= 4 s, the maximum value occurring.
after ohmic heating, during beam heating.
BOH' on the other hand, is reduced by the
longer AtOH’ but not to the level of present
day technology. The two second reversal
(AtOH = 2 s) is chosen as the reference
case.

The ohmic heating requirements can be
reduced by using supplemental beam heating
during the OH current reversal period,
AtOH’ to reduce the resistive volt-seconds.
In Figure 4, the beam initiation time, tB‘
is varied during the ohmic heating current

reversal, for AtOH =2s. Att=0.5s,

the plasma current (v 150 kA) has not really

started, and injection heating too early
may enhance the formation of plasma skin
currents, leading to unfavorable confine-
ment. (This phenomenon s not included in

the global model simulation.) The compromise



position is' to adopt tB = 1 s for the
reference case, but to design the coils and
power supplies for the more demanding case
in which the beam heating is not initiated
until the end of the ohmic heating current
reversal (tB = AtOH =2 s).

Figure 5 shcws the dependence upon beam
power. At lower beain power, penalties are
paid in all parameters except the EF coil
power. The 20 M case is singular in that
ohmic heating (via the rectifier) is still
effective after the homopolar swing (AtOH)
hecause of the slow plasma hcatup with

PB = 20 M. The TEPR will start up satis-

factorily with only 40 M{ of power, and there

is no reason to goAbeyond 60 Md. Thus, se-
lection of Py = 60 M for the reference de-
sign provides some margin.

It is important to test the sensitivity
of the design to parameters less easily
controlled than those above.
pose the plasma resistivity and impurity
concentrations are. varied between n = 10

and n = Gnsp’ and from 0-1% oxygen im-

For this pur-

Nsp
purity.

and 7.
plasma resitivity on impurity concentration

The results arc shown in Figures 6
The principal effects of increased

are increased requirements on the ohmic
heating energy (UOH)'and field (By,).
The effect of high impurity concentration
(1% oxygen) is to keep the plasma cool
for a longer time (due to line and re-
combination radiation) and to increase the
resistivity.
for this case arc similar to the 6 sp
case. o

The considerations above led to a choice
of case 5 in Table 1 as the reference case
for performance calculations. Table 2 pre-
sents a more detailed list of the properties

of the reference case.

The poloidal coil requirements’ ™

A more demanding case (no. 3 in Table 1)
was chosen as the design basis for the
power supply, energy storage and coil sys-
tems. The EF coil system is designed to
provide 50 V-s to the plasma, and the OH
coil system is designed to provide 85 V-s,
for a total of 135 V-s. . About 4.5 V-s are
requiked for a 1 minute burn, so 135 V-s
provides an ample margin.

REFERENCE CASE BURM CYCLE - EMERGY TRANSFER

The general features of the burn cycle

for the reference case are shown sche-
matically in Figure 2. The basic burn
cycle, begins just after plasma break-

down and continues for % 55 s. The cycle

.begins when the homopolar generator is
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connected to the previowsly charged OH
primary coil., The OH primary current than
reverses in 2.0 s. inducing about 2/3 of
the final plasma current and ohmically -
heating the plasma. At t =2 s, the Ol
coil is connccted to the Ol power supply
and is disconnected from the homopolar
generator. Midway during the OH current
reversal, at 1.0 5, injection of GO M of
neutral beam power is iniliated. The beam
injection is initiated early (before the
plasma current is fully ramped up) .in order
to reduce the resistive volt-seconds that
At about 5.8

seconds the-plasma reaches ignition and the

wonld otherwise be expgnded.
beam heating is terminated. During this
period, from 0-5.8 s, the current in the
equilibrium field coil is continuously
adjusted to maintain the plasma in MHD
equilibrium. At the time the beam is
turned off, the EF current, the plasma
current and the plasma Bp have reached
their maximum values. The OH current con-
tinues to increase during the burn phase

to offset resistive losses in the plasma.



After about 5 s, the plasma is in the
burh phase, where substantial thermonuclear
power is produced. Because of the buildup
of impurities the plasma gradually cools
off and at ~ 48 s the plasma is no longer
producing significant power and the shutdown
period is initiated. (The cooling off of
the plasma can be delayed by supplemental
heating -- e.g. with beams.) For the next
5 seconds the OH; EF and plasma currents are
Aal] reduced somewhat in preparation for the
final rampdown. During this beriod the OH
current is reduced to the value it had at
t =2 s, so that the OH homopolar generator
will handle the same current swing on shut-
down and startup. The plasma cools rapidly
during this time. Finally, for the last
2 seconds of the burn cycle, the OH homo-
polar generator is reconnected, all currents
are rampéd dovwn, and the cycle terminates.
These currents are shown in Figure 8. In
the next ~ 15 seconds the vacuum ports are
opened, the'toroidai chamber is evacuated,
and preparations are made for the next
burn cycle. The total OH coil power and
energy transfer for this cycle can be seen
in Figure 9.

Figure 10 shows, the EF coil energy and
poWef requirements. Essentially, the coil
is vamped up in ~ 7 s during startup and
down in~ 7 s at the end of the burn, with
the current chosen to provide equilibrium
for the assumed profile. Some adjustment
is necessary during the burn to accommodate
‘Since the EF

coil current is ramped slowly, it does not

variations in the plasma B _.

provide much ohmic heating, but produces
the final flux necessary to induce the final
"plasma current. As a result, there is
Tittle ISR loss in the EF circuit. The
peak power is typically 400 M{ and can come
either three quarters of the way through '
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" power,

. the OH cycle or near the end of beam heating,

depending on the cycle.

The homopolar generators cohmunicate vith
the external power grid only through the OH
rectifier and the energy storage system, 5o
that the peak power produced by the homopolar
generators does not appear in the storage:

system or the external electrid grid. The

_ neutral beam system, the OH rectifier and

the EF rectifier are the elements which
operate out of the energy storage system.
An instantaneous electrical efficiency of
0.29 is assumed for the beams, that is,
pulsed electrical energy of 207 Md must

be supplied to produce 60 M of beam powér.
This is because the electrical energy re-
covery is simultaneous, while the thermal-
electric energy recovery is averaged over
the éyc1e. The net energy withdrawn at
the end of the cycle is 1.44 GJ, of which
986 MJ is due to beams, and 85 M) is lsR
heating. Another 370 MJ must be added for
power supply losses so that the average
power to operate these systems is 20.6 Md,

" based upon a 70 s cycle with a 55 s burn

and a 15 s replienishment. This power is

provided uniformly. The maximum energy
withdrawal occurs at the end of beam
heating, which is also the time of maximum
Then the energy storage unit must
provide 2.44 GJ and a power of 620 MW at
maximum depletion.
REFERENCE. CASE BURM CYCLE-PLASHA

The ini*ial D-T ion density in the plasma
is 0.89 x 1020 m~3, composed of equal parts
: During the cycle,

of deuterium and tritium.
the ions are -lost by fusion and by transport
to the first wall. The D-T ion loss can

be rép]enished by a combination of recycling
from the wall and an external refueling
source. By varying the refueling rate from
the external source, the ion density can

be controlled.



During the cycle, Be is sputtered into
the plasma by hot particles impinging on
the. first wall. This Be and the He pro-
duced by fusion contribute to the overall
plasma kinetic pressure and hence to the
B_. Since the EPR is assumed to be pressure=
limited, the D-T dens1ty is gradua]]y re-
duced over the course of the burn cycle so
that the Bp
Temperature variations during the burn
The jon and

limit will not be violated.

cycle are shown in Figure 11.
clectron temperatures are 15 eV at the
start of the cycle. Because of the short
equilihration times between electruny did
jons, Té and T} are almost equal at all
times. During the first second ohmic takes
the piasma to about 60 eY., When the heam
is turned on, the plasma heats rapidly,

at an average rate of 2.4 keV/s. Uhen

the beam is turned off, the plasma cools
slightly, settling into an equilibrium

by about. 9 s.
subsequent buildup of He and Be, the

Were it not for the

plasma ‘would remain indefinitely at this
ignited point.* Instead, the D-T density
must be reduced to compensale for the He and
Be buildup, less alpha heating nf the

plasma occurs, and the plasma gradually
cools off, .

The plasma poloidal beta, Bp’ shown in
Fig. 12 is the ratio of the plasma kinetic
pressure to the poloidal magnetic pressure.
During the first second of heam heating,
both the plasma current and the temperature
increase. They tend to offset each other
and arg responsible for the oscillalury
behavior of Bp At 2 s

= 5,32 MA, or about 70% of its final
The magnetic pressure, which ‘is
praportional to I;, doubles by the end uf
the beam heating period, but the kinetic

shown in Figure 12.

value.

pressure increases by almost a factor of

5. Bp rises accordingly. When Bp reaches

* Assuming that recycling and refueling
take place.
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the nominal maximum of 1.72 the beam
Subsequently, Bp
cillates slowly for a number of reasons.

is turned off. 0s~
having to do w1th the accumulation of He
and Be and the cooling of the plasma.
AfLer about 40 s, B decreases rapld]y
as the temperature drops However, during
the rampdown period, Ip drops very rapidly,
causing an abrupt spike in Bp‘ Because of
the uncertainties in the representation of
this phase of the burn pulse, it can be
1imit cold he Py-

As a

considered that Lhe 8,
ceeded at the time of the spike.
ranspquence MHD equilibrium might be Jost
at this time. The plasma could then be

assumed to deposit its remaining energy

on the wall in a very shur b Linw, The
shutdown period might present a problem
in this regard. The plasma current should
be ramped down at a time such that when
(and if) MHD equilibrium is lost, the re-
sidual plasma energy is as low as possible.
Af the same timc, the plasma must bLe hul
enough (and ionized enough) to actually
support a current; if the plasma is too

cold, the current will decay resistively.

In lhis amalysss, Lhis problem has been
resolved by the judicious chaice of

At the point where Bp

MJ of thermal energy remains
a trivial amount (< 1.5% of
The plasma

rampdown rate.
peaks, only 4.5
in the plasma,
the peak thermal eneray).
current at thc time of the Gp
0.9 MA. This also represents less than 1.5%
of the maximum inductive energy and is

A more

peak ic about

brobab]y inconsequential if lost.
serious concern is the potentially high
voltage transient that could he induced
across the OH and EF power supplies by

the sudden loss of plasma current.

The constituents of the plasma power
balance during.the burn are shown in Figure
13 where PB is the beam power, PR is
the radiation power, PTR is the



transﬁort power to the first wall and PN is
the neutron power. The neutral beam power,
is a square wave of 60 M flattop. The
neutron power increases rapidly at the

beam heats the plasma and fusion starts.
The peak in PN Jjust prior to the beam
termination is due to the substantial
suprathermal fusion between the fast beam
deutérons and the background plasma tritons.
During the burn,APN oscillates a bit but
basical]y decreases with time as both "ot
and TDT decrease.

Figure 14 shows an expanded view of
the various power terms during the startup
period. Also shown is the alpha-heating
(Pa ~ 0.2 PN) and the ohmic heating ‘
(PQ = IERP) power. The net power available
to heat the plasma is given by the sum of
the .ohmic, beam and alpha components minus
the radiation and transport components.

The transport power ( «/ TVTE) varies
directly with the plasma temperature and
inversely with the (ion and electron) energy
confinement times. As the plasma is heated
the confinement times are determined by
successively less collisional transport
regimes, each of which scales differently
with temperature. The energy transport
mechanism which domipates the power loss

is indirated on the Prr curve: PS denotes
Pfirsh-Schluter, PL = plateau, BAN = banana
and TIM = trapped-ion-mode.

Ohmic hecating increases at the start of
the cycle as the plasma current is induced.
When the beam is turned on, the electron
temperature increases rapidly, RD falls
rapidly, and P9 decreases, in spite of the
continued increase in I from 1-2 s. For
the rest of the cycle PQ is insignificant
(< 0.5 M{) except for the shutdown period
when the plasma temperature is again Tow.
The contribution of ohmic heating to the
total heating energy for the startup period
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is-small; however, ohmic heating is very im-

portant in helping to overcome the large
radiation peak at 1-1.3 s. .This peak is
due to line and recombination radiation
arising from the 0.5% oxygen béckground of
the plasma. ’ .
APPENDIX - ALTERNATIVE OH POWER SUPPL

ANALYSIS

A free running, homopolar generator,
appears to be the best candidate for the OH
power supply largely because the maximum
power (> 1 GM) requirements seem prohibitivé
for a conventional supply. On the other
hand, a controllable power supply allows
substantial control over the plasma-current
waveform; the right choice of waveform
could conceﬁvab]y reduce the power require-
ments. An IOH waveform that accomplishes
this -(together with an acceptable startup
from the plasma standpoint) is shown in
Figure 15. IOH is specified by:

|P0H| = constant = 850 MW M
subject to
NOHVOH < 50 volts (2)

where (1) and (2) define a differential
equation for IOH' The maximum voltage of
50 volts per turn is about the same as that
needed for the reference case. (If Vgﬁx

MaX could be somewhat

was higher |P0H|
lower.) As it happens the plasma current,
EF current, and the resistive volt seconds
for this meihod of startup are quite simi-
lar to the reference case. The power re-
quircment of 850 Md{ is substantially less
than the 1200 M4 for the reference case

but is probably still too high for a con-
trollable supply to.be cost effective com-
pared to a homopolar, however, research

on this topic is continuing.
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TA3LE 1. Plasma Driving and Heating System Requirements.

OH EF® BEAMS
At . N P BOH BOE{: UOH 1,Ol-l IOH . VOH PEF VEF U U p d
CE B B V-s V-s Max Max Max | Max Max Max Max Max B BE Net
Case (s} (s) ¥W)|  Other Total Res (1/s) T) MI) | m) - | (RA) V). o) [kv)  kup) | (M) | Qe
1 0.5 0.5 60 E] 44.0 12.8 | 16.6 2,81 428 2390 | 45.1 118 650 | 42.5 | 263| 907 { 43
2 1.0 1.0 60 |- :} 53.3 21.9 9.9 3.43 1 - 603 1790 | 54.9 71 365 | 17.6 | 265| 914 | 44
3 2.0 2.0 60 ,g:’ 72.3 40,6 6.7 4.40 | 1060. | 1620 | 70.4 48 389 | 10.4 [ 268 924 | 41
4 1.0 0.5 60 n‘o' 47.9 15.8 9.1 3302 502 1520 | 48.4 65 561 | 27.4 |283] 975 | 45
o .
5 20 | 10| e | 2% |s6n2 | 20.9| 5.8 | 3.78| 176 | 1220| 0.5 | 41 | 416 |20.8 |286] 986 | 43
6 4.0 2.0 60 %g 79.0 45.6 3.6 4.80 | 1240 989 | 76.8 26 373 | 30.7%324§1117 | 39
7 2.0 0.5 60 25’; 47.8 14.8 4.6 3.02 503 770 | 48.4 33 398 [ 18.9 3191100 | 43
8 2.0 1.0 20 §= 72.9 39.9 6.4 £.65 | 1140 1490 | 74.4 46 291 9.1 {364}1255 | 35
9 2.0 1.0 40 - 65.1 33.3 6.0 4.03 857 1330 | 64.5 43 338 | 12.6 3021041 | 40
10 2.0 1.0 80 60.9 27.8 5.8 3.76 776 1220-. 60.2 41 503 | 25.7 {289] 997 | 44
11 2.0 1.0 60 |1 x n’Lsp 45.9 13.6 4.5 2.90 416 | 722 | 46.3 32. 403 | 16.9 301 (1037 &5
12 2.0 1.0 60 {6 x r\Sp 78.4 45.8 7.2 4.79 | 1210 1910 | 76.7 51 471 | 23.3 2911003 | 43
13 2.0 1.0 60 (0% 160 52.6 20.4 5.0 3.29 595 927 | 52.7 36 413 | 27.4 12851983 | 56
14 2.0 1.0 60 {1% 169 78.7 46.0 7.3 4.76 | 1240 1900 | 76.2 52 432 | 17.4 |321 1107 | 28
a) Iep = 80 ka, UEF = 1500 MJ, EF Coil Provides 50 V-s to plasma
b) Resistive vol:i-sec
c¢) max c¢uring heating; further increase during burn
d) Puep -8 for max cycle length
e) Shortly after transient during eam turn on.




TABLE 2. Plasma Heating and Driving System Reference
' Case Parameters : .

Plasma

Maximum Current - 7.58 MA
Maximum Thermal Energy 270 MJ
Resistive Energy Dissipation (n = 3nsp) 90 . MJ
Ohmic Heating System
Current Keversal Time 2 &
Peak Current ' 60.53 kA
Peak Voltage ' 41 K
Maximum Energy Transfer 776 MJ
Pgak Power . ] ’ 1220 My,
Equivalent Capacitance of Homopolar Generator 0.896 F
Maximum Field in Coil . 3.8 T
Maximum Field Rise in Coil 5.8 T/s
Volt-~seconds to Plasma ) .
Inductive, startup 31.3 V-.s
Resistive, startup : 29.9 V.s
Resistive, burn . ’ ’ 4.0 V-s
Equilibrium Field System‘ ]
Peak Current 80 kA
Peak Voltage . - 20:8 kv
Maximum Energy ‘Transfer . 1480 MJ
Peak Pawer . i . 416 MW
Volt-seconds to Plasma . 50 Ves
Neutral Beam Injegfion System
Beam (in . ] . 1.0 s
Beam Duration ) 477 s .
Beam Energy : 180 keV
Beam Power to Plasma ' . 60 MW
Energy Deposited in Plasma ) . 286 MJ
Power ‘Required to Operate Injection System 485 - MW
Directly Recovered Electrical Power 1278 "MW
Net Eleclrical Power to Operatc System -7 MW
Net Electiical Energy to Uperate System 986 MJ
Magnetic Energies
L1 °2 S332 . MJ
P P 2 :
3 LEFIEF ‘2 ‘ 1660 MJ
L ’ . . .
5 LOH 1UH A 876 MJ
MPOH IP IOH - 259 MJ
Mye Ip In : . ~ 386 @ MJ
Mevon Ter Ton ' S MJ

Total ‘ 2262 MJ
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CONCEPTUAL DESIGN OF SUPERCONDUCTING MAGNET SYSTEMS
FOR THE ARGONNE TOKAMAK EXPERIMENTAL POWER REACTOR *

S. T. Wang, L. R. Turner, F. E. Mills,
D. W. DeMichele, P. Smelser and S. H. Kim

CTR Program
Argonne National Laboratory
Argonne, I11inois 60439

As an integral effort in the Argonne Tokamak Experimental Power Reactor
Conceptual Design,1 the conceptual design of a 10-tesla, pure-tension
superconducting toroidal-field (TF) coil system has been developed in
sufficient detail to define a realistic design for the TF coil system
that could be built based upon the current state of technology with
A conceptual design study on
the §uperconducting ohmic-heating (OH) coils and the superconducting

These conceptual

minimum technological extrapolations.

equilibrium-field (EF) coils were also completed.
designs are developed in sufficient detail with clear information on

high current ac conductor design, cooling, venting provision, coil

structural support and zero loss poloidal coil cryostat design.

Also

investigated is the EF penetration into the blanket and shield.

SUPERCONDUCTING TORCIDAL-FIELD COIL SYSTEM

Characteristics of Toroidal-Field Coil De-
sign
The TF coil uses niobium-titanium as the

superconductor because of its good ductility
and proven performance in large magnets.
The toroidal field strength should be as
high as practical in order to enhance the
plasma confinement and boost the power per-
formance. A peak field of 10 T can be
achieved with a large amount of supercon-
ductor at 4.2°K or with much less super-
conductor at 3°K. It is more economical to
operate the 10 T TF coil at 3°K because

the difference in refrigeration cost is
much smaller than the difference in the
cost of the superconductor. The problem

of refrigeration at temperatures lower

than 4.2°K for large systems was evaluated.
The TF coils will achieve 10 T peak field
at 3°K and 8 T peak field at 4.2°K with
about 0.5°K temperature allowance for each
case; 8 T is the minimum goal and 10 T is
the maximum goal in the TF coil design.

A TF coil system consisting of 16 pure-
tension "D"-shape coils with a horizontal
bore of 7.78 m provides adequate space for
the vacuum chamber, blanket and shield; pro-
vides adequate access for assembly and re-
pair; -nd has a satisfactorily small maximum
field ripple of 1.3%. The TF coil system
is summarized in Table 1 and depicted
schematically in Fizure 1.

The hoop tension acting on a circular
or oval toroidal coil system, either a
continuous toroid or a bumpy toroid, is

—
Work supported hy the U, S. Energy Research & Development Administration.
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TABLE 1. Toroidal Field Coil System

Number of coils 16
Coil shape pure tension
Maximum access (m) ~ 3
Peak field (T)

10 3°K

8 4,2°K
Bore (m) ’

Vertical 12.6

Horizontal 7.78
Field in plasma, Bt (T)

10 T peak field 4,32

8 T peak ffeld 3.46

Operational current (kA/turn) 60

Stored energy (GJ) 30 total
Inductance (H) 16.7 total
Ampere-turns (MAT) 134 total
Turns/coil 70 x 2
Mean turn length (m) 36 .
Coil weight/coil (Ton) ~ 208
Coil and bobbin cross section

(m2) 0.619
Winding cross section (m2) 0.572

Average current density (A/cm?2)

liver bobbin and coil 1352

Over coil winding 1463

Over copper 3660
Average turn cross section

(cm2) 40.6
Cross section ratio, SS/Cu v 1.5
Refrigeration power (MW) 14.3

B “H/(M . s‘/:rc
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FIGURE 1. EPR Magnet Schematics
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* nonuniform.

Large bending moments are
exerted on the conductor.
high peak stresses; consequently, a larger
amount of structural material will be
needed than in the absence of bending mo-
ments. Although it is possible to contain
the bending moment by an external mechani-

This produces

cal structure, to do so may not avoid con-
ductor slippage, and large shear stresses
may exist from turn-to-turn and/or layer-to-
layer. When the radius of curvature is such
that the product of transverse force and
radius of curvature is ronstant, the coil

is in pure tension with no bending moments;
thén, a2 minimum amount of structural material
will be needed and the in-plane hoop stress
will be uniform with inner skin stress '
s1lightly higher than outer skin stress.

The mean hoop stress will be the average
value of the inner skin stress and the outer
skin stress, as shown in Figure 2. There-
fore. the tarnidal coil system will behdve
exactly like a solenoid. The solenoid is
known to the superconducting magnet engincer
as Lhe ¢o1l which is most stable and has
the least mechanical disturbance. Con-
sequently, it is expected that the coil
stability of a pure-tension coil system
will be better than that of circular or
oval coil systems. For the 10-T TF coil
design, the average hoop stress is about
21,000 psi.

—e—=— INNER SKIN STRESS OF ARGONNL PURE TENSION COIL 8,‘!24 s®
-o—o— CER SKIN STRLSS OF ARGONNE PURE TENSION COIL 0,' 124.5°

AVERAGE SKIN STRESS OF ARGONNE PURE TENSION COIL a.llll.ﬁ‘
=% -=—e- IMNER SKIN STRLSI OF + Sem LWUIL SHAPE ODISTORTION

= —— OUTER SKIN STRESS OF + Scm COIL SHAPE DISTORTION

T T %

o —r—rT
° 0 0 % 120° 150°

ANGLE. B
FIGURE 2. Hoop Stresses Distribution of
Argonne Pure-Tension Coil.



Superimposing Fields and Qut-of-Plane Loads
With a TF peak field of 10 T, the plasma
curreit will be 7.6 MA, The ohmic-heating
(OH) coil of + 67 MA turns will swing a
central field of + 5 T. The equilibrium-
field (EF) coil of 37.15 MA" turns will
generate 0.46 T at the plasma center tor. .
plasma equilibrium, Without a field shield,
these poloidal coils and plasma currents
would superimpose ac field onto the TF coil

windings, exerting an out-of-plane load
onto the TF coil, as well as producing
large ac losses.. The performance and design
of the TF coil is severely affected by the
superimposing fields. The OH coils produce
little superimposing field, while the plasma
current_generates large amounts of parallel
fields. The EF coil contributeé large
amounts of both paraliel and perpendicular
fields. oo

To compute the out-of-plane load exerted
on the TF winding, the superimposing fields
from the OH coils, the EF coils and the
plasma were computed at various times in
the cycle. The TF coils were divided into
70 angular segments with approximately
equal angular spacings., On each angular
segment cross section, superimposing fields
were computed at nine locations., The out-
of-plane load was obtained by Gaussian in-
tegration of the TxB body force over the
superimposing fields at nine points. Com-
putations at various times were necessary
because the OH coils, the EF coils and the

plasma contributé different amounts at dif- -

. ferent times. The distribution of out-of--
“plane loads at'5 representative times is
shown in Figure 3(&). (b}, (c), (d) and (e),
respectively. It is important to note that
there are many local bending moments exer-
ted on the TF coil. (The out-of-plane load
" of the lower coil half is the mirror image
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FIGURE 3. Time Evolution of Out-of-Plane
Load.

of that for the upper coil half.) Sur-
prisingly, the sign of the out-of-plane
1oad reverses rapidly from segment to seg-
ment. For this EPR design, the most
severe out-of—plané 1oad acts on the coil
segments within the angular position be-

. tween 85° a~d 125°. The maximum out-of-

plane load occurs during the burn phase
with a maximum out-of-plane pressure of

- about 3000 psi at the 100° position. Since

many bending moments exist along the TF
coil, shear members will be effective for
the out-of-plane load support.

Normal Metal Field Shielding Design

The TF coil reference design provides

normal metal field shielding. With a field -

PP PR R



shield, a monolithic conductor can be used
without excessive ac losses. Without the
shield, cable conductor must be used pro-
“vided that all filaments in the cable are
fully transposed. There is little experi-
ence of using cable condhctor in a large
magnet. It is fair to say that the
sponginess of a cable conductor raises
questions about its use in a.large magnet
system with large electromagnetic forces.
As far as mechanical integrity is concerned,
monolithic conductors are far hetter than
cable conductors.

Hi Qipgrity Aluminium as Normal Meta)
e

High-purity aluminum or copper has a
large residual resistivity ratio (RRR =
°273°K/°4.2°K)’ on the order of 103 to 104,
However, the large magnetoresistivity of
copper severely reduces its conductivity
gain at low temperatures., Aluminum, on
the other hand, has a rather small magneto-
resistivity that saturates at a rather low
field (~ 0.5 T). The low magnetoresistivity
of aluminum recommends it for use as the
normal metal shield. To keep the strain-
induced resistivity small, the aluminum
must be reinforced. For example, if alu-
minum is explosively welded to stainless
steel, then the stainless steel will be
stressed to 60,000 psi while the aluminum
suffers a strain of only 0.17%. The 0.17%
strain cuases little increase in resistivity.
For 5000 purity aluminum reinforced by
stainless steel, recent data indicate that
there is Yittle fncrcase in resistivity for
up to 300 loading cyc1es.2

The 5000 purity aluminum with stainless
steel backing is chosen for the field
shield panels. These panels are formed into
rectangular ducts around the TF coil as

shown in Figure 1. For the present design,
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the shields arouﬁd the inner leg. of the TF
coil are seriously restricted by the avail-
able space and are, therefore, wrapped
directly on the TF coil form. The operating
temperature is 3°K or 4.2°K depending upon
the 10 T or 8 T operation, 4
shields will be operated between 12.5°K

The remaining

and 23.5°K with a mean temperature of 18°K.
Shield panels inside the TF coil will be

subjected to a peak field ranging from 3 T
to 10 T.
averaged magnetic field ranging from 1.5 T

The side panels will have an

to 5 T. The outside panels will be sub-
jected to only the ac superimpos%ng field
of 0.5 T. The overall averaged magnetic
field in the shield is about 4 T, The
fesistivity] of 5000 purity aluminum at
3°K or 4.2°K and 4 T field is about 2 x
10711 gem, .
verse magnetoresistivity measurements. The

These data are based on trans-

longitudinal magnetoresistivity, in general,
is slightly smaller than the transverse
values for the same purity of aluminum. At
18°K énd 4 T field, the penetration depth
for the 5000 purity aluminum 1s 3.1 em for
a period equal to 75 s. At 3 to 4.2°K and
4 T field, the penetration depth is about
1.95 cm. To provide nearly complete shiel-
ding, the 18°K shield should have a thick-
ness of 5 cm, The 3 to 4,2°K shield should
have a thickness of 4 cm,
“AC Losses in Aluminum Shield

The reference cycles for the EF coil,
the OH coil and the plasma current are shown
in Figure 11, The ac losses in the field
shield can be separated into those due to
perpendicular fields and those due to parallel
fields.

For-a change of magnetic flux parallel to
the TF coil, we can treat the shield as a

" long solenoid, with uniform induced flux

within. The induced voltage, $App’ from a



sinusofdal time variation of the applied
flux can be written as

&,App = JuB A exp (jut) = L& /e + Re 1/8.
Here the length, 2, of the shield has re-
sistance, R, and inductance, L, given ap-
proximately by :
R = pp/X,

- LL = Yqu, .
where p and A are, respectively, the cross
sectional  perimeter and enclosed area of
the shield, p is the electrical resistivity,
My = 4 ™ x 1077 H/m. The current depth, X,
"is determined by the smallest of three
lengths: the shield thickness t, the skin
depth &, and the so-called mean hydrau]ﬁc
depth A/p. Then, the average power dissi-
pated per unit length is

=

2p2A72
| X w BoA

=l

2 op [1 + (yuny AX/pp)2]
In the limit of low conductivity (R >> L),
the above equation. becomes
F"/z = X mZBgAZ/zpp R
and in the high conductivity limit (R <« wl),
it becomes
T /0 = 2 2,2 o
P“/2 opB2/2 X Y27 . (1)
If the time-varying field is perpendicu-
Jar to the axis of the shield, the general

eddy-current problem does not .have an

analytic solution. For a circular cross

section shield of radius a in the high con-
ductivity 1imit with y = 1, the power is
given by
. 25/
P /o= 4w aBZe/2 Xug .
PpB2/Xu2 . (2)
2 (B /1)

From Equations 1 and 2 we can obtain the
power loss in the shield of a TF coil in a

45

. sinusoidally-varying flux, if the high-con-

ductivity limit applies

P = (op/Xu2) ¢ (B2 +1/282 ) de . (3)

K

If the time variation is not sinusoidal,
but given by the Fourier series,

-]
B(t) = BOZ an cos 2w n'g/'r .
n=0 .
with T the period, and if X = 8, = (20/ .
uown)]/2 =vn §,, then Equation 3 becomes

P - (pp/slu;‘;)f (85, + /285 )

o
dg :E:: /n aﬁ .
n=1. .

Since the three poloidal field wave

(4)

forms are not alike, each individual wave
form is'expanded into a Fourier cosine
series with coefficients evaluated sepa-
rately. The Fburier series representing
the resultant superimposing field is equal
to the sum of the three individual Fourier
series.

The ac loss distributions,1 expressed -
as the power dissipation per meter, are
shown in Figure 4, The total ac losses
for the 3°K shield are 298.6 W per TF coil,
with 147 W as the perpendicular field dis-
sipation and 151.6 W from the parallel field
loss. The remaining shields will be re-
frigerated between 12.5°K and 23.5°K with

a mean temperature of 18°K. The shields

- will be bonded to a stainless steel backing

of 1 cr: in thickness. The total ac losses .
of the 18°K shield is 8.531 kW per coil
with 3.295 kW from paraliel field and
5.236 kW from perpendicular field losses.
DC Field Soaking
About 70% of the:superimposing field is
the dc field component. THe dc field will
soak through the aluminum shield in a time
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constant of 6 minutes. The 6 minutes
soaking time constant is considercd rather
long compared with the current ramping time
of 2 5. Once soak through is complete,‘the
dc field will remain as a static field
interacting with the TF coil current pro-
ducing 70% of the out-of-plane load pre-
viously calculated. :

Qut-of-Plane Load in Shield

The atuminum shield is now subject to
the cyclic out-of-plane loads. If the
superimposing fields had a time dependence
that was a pure sine wave with no dc com-
ponent, then the out-of-plane load on the
shield would be the same as it would be on
the TF coil in the absence of the shield.
The loads on the shield are now due to the
forces exerted by the toroidal field on
the eddy currents in the shield, The dis-
tribution of the ocut-of-plane load on the
shield s very similar to that in Figure 3(e)
(load on TF coil with no shield) but at
only 30% of the magnitude. There are, in
addition, in-plane forces and twisting mo-
ments, Their magnitudes are such that their
support appears manageable.
Conductor Design and Coil Structure

The full stability of the conductor will
be assured if the conductor has good

mechan%ca] stability in a proposed coil
structure. ~Careful investigation on all
‘the forces exerted on the TF coil conductor
reveals that there are at least four sig-
nificant mechanical instabilities in a TF
coil. (1) Out-of-
Plane Load - Both the local moments and the
over-turning moments are quite capable of

These are as follows:

generating shear stress between turns or
between layers; (2) The Centering Force ~

Conductors, insulators and structural
materials in the TF straight segment at the
inner leg will experience a larue radial
inward compression of about 8000 psi. This
will like]y generate layer-to-layer shear
unless pach layer is flat and firm enough ‘
to support its neighboring layer; (3) Gra =
vitational Load - The fact that the TF con-
ductor in each coil weighs about 208 tons
and is standing in a vertical plane could
cause a problem in mechanical instability;
(4) Other Bending Momepnts - Rending moments
of a pure-tension TF coil .may still exist

if the coil shape is distorted because of
imperfection in coil winding and the de-
flection of conductor and coil form due to
g-load.
veloped if there is an in-plane coil dis-

Bending moments may also be de-

placement due to the imperfection of coil
fabrication and assembly.

Based on the preceding design consider-
ations, it 15 proposed that a wide sheet
conductor, as shown in Figure 5, be used in
the TF coils if a field shield is provided.

With two subdivisions in each TF coil and
one turn per layer in each subdivision, the

' conductor stabilizer width will vary from

~ 0.5 m for the innermost layer to 0.3 m for
the outermost layer. Reasonable thickness

per layer is needed to increase the out-of-

" plane rigidity and to avoid troubles in
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hand1ing wide and thin metal sheet, A
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current of 60 kA per turn was tentatively
determined; typical dimensions for copper
sheet, stainless steel reinforced sheet and
the proper superconductor cross section in
each field region were chosen, The super-
conductor cross section was sized using a
J-H curve with a temperature 0.5°K above the
intended operating. temperature. The con-
ductor is graded into nine field grades be-
tween 3 T and 10 T, This is because the
outermost layer conductor in the outer TF
leg will see a field of 3 T rather than zero.
Substantial cost saving can be made if con-
ductor is graded in this manner.

fhe proposed sheet conductor is made of

a copper sheet an: many superconducting com-

posite wires stranded around it. This
stranding is necessary to eliminate the
self-field instability that will be sig-
nificant if the operational current is large.
To assure good bonding, the strands are soft-
soldered to the copper sheet.
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The fiberglass epoxy is spiré] wrapped
around the sheet conductor covering 50% of
the exposed surface. This will provide an
exposed surface area of about 50 cm? per cm
conductor length. The equivalent recovery

heat flux per cm? is about 0.3 ¥. The coil

. form is stainless steel and insulated with

a micarta or G-10 sheet of 1 c¢m thickness.
These sheets are grooved to provide vertical
1iquid helium channels for veﬁting.

A stainless steel sheet of ,variable
thickness 1is wkapped along thq conductor,
As far as hoop stress is concerned, the
multilayer stainless steel serves as a
multishell stainless steel pressure vessel.
For the out-of-plane load, thg stainless
steel sheet increases the rigidity of the
coil form tremendously. Since the radius
of curvature near a 10 T region is 1.98 m,
the overall average hoop stress in stainless
steel is 26,000 psi and that in copper
stabilizer is 14.500 psi. These stress
levels are fairly conservative at 4.2°K
temperature.

Summation of Dissipation Loss and the Re-
frigeration Requirements

Heat dissipation in the TF coil system
is summarized in Table 2. A neutron wall
load of 0.5 M¥/m? is used to compute the
nuclear heating for both the 87 and 10 T
operation. As to the cryostaf loss; the
radiation loss between the 18°K field shield
and the 3°K helium vessel is ﬁeg1igib1y'
small. The radiation heat load from the
300°K vacuum wall to the 18°K shield is
64.5 W per TF coil or 1032 W for all 16
coils provided that muitiple iayer super-
insulation is used. The heat conduction
loss through the support system is small
and there is no loss for the intercoil
structure. The 60 kA leads will dissipate.

a total of 120 W.



Therefore, the total loss in the 3°K
helium vessel is 6.40 kW for all 16 coils.
The total loss in the 18°K normal metal
shield is 137.5 kW for all 16 coils. If
the TF coil is operated at 8 T, then the
coils will be at 4.2°K. The ac loss in
the 4.2°K helium vessel will be reduced by
a factor of 0.64 relative to the 3°K use.
The ac loss in the 18°K aluminum shield will
also be reduced by a factor of 0.64. This
is because- the ac loss mainly is produced
by the Et coil and the plasma current.
Therefore, at 8 T operation, the total
losses in the 18°K normal metal shield are
88 kW for all 16 coils. These losses, as
well.as the ac-losses without field. are
tabulated in Table 2.

The Effects of Fabrication Tolerances

The effects of TF coil fabrication toler-
ances include the imperfection of coil
winding, the tolerances of coil forms, the
static g-load deflection, the error in the
assembly and the possible errors due to
thermal contraction. Fabrication tolerance
has been studied in five categories as
follows: {see Figure 6): (1) The TF coil
shape may be distorted uniformiy above or
below the pure-tension shape bv 5 em; (?)
The TF winding may be displaced radially or
vertically by about 2 cm during assembly or
cooldown; (3) The TF coil may be rotated
by about 0.5° in the toroidal direction
during the winding, cooldown ur assembly;’
(4). The TF coil may be tilted about the

TABLE 2. TF Coil Heat Dissipation Summary

.

Wich Aluminum Field Shield Without Field Shicld* .
(Sheet Conductor) . (Cable Gonductur wlth twisting Reversal)
10T (3°K) 8 T (4.2°K) 10 T (3°K) 8T (4.2°K)
Heat Dissipation Items Per Coil 16 Coils Per Coil 16 Coils Per Coil 16 Cojls Per Coil 16 Coils
™) (kW) ) (kW) [(0) (kW) w) it
L}!uclcnr Haatfng . 9l 1.5 9 1.5 91 1.5 91 1.5
3°K/4.2°K Al. Shield
ac Losses 299 4.8 191 3.06 - - -- -
18°K Al. Shield ar losses 8500 136 5500 88 ’ - - - --
[Thermal Radiation Load on . .
18°K Shteld 65 1.04 65 1.04 . -— - -
Thermal Radtation Load on
Helium Vessel From 77°K
shield -- - - -- ! 10 0.06 - 10 0.16
Cryostat Heat Conductor Loss .
on Helium Vessal 10 014 10 u.ie 10 0.16 10 0.16
Curreat Leoads Loss - 0.12 - 0.12 - - -- --
Parallel Field Conductor
Logg** -- - -- - 296 4. 74 27 3.5
Perpendicular Fietld Cane
ductor Loss** -- -- -- - 130 2.08 84 1.34
AC Loss In Coil Form - - -- - 631 10.1 04 6.46
{Summation of Less at 3°K/4°K 400 6.5 . 300 4.8. 1168 iR.7 816 13.3
Summation of Loss at 18°K 8565 137 5565 89 - - - -
Refrigeration Power (Com—
pressor lnput power) 16.3 MW 8.9 MW 9.3 W* 4.7 Mw*
.
AC Loss in Conductor reinforcing structural material is not {ncluded.

*% Because of complex nature of B in the plasma ramping and EF Coil ramping, 2 s rise’tipe is used in this calculation.

a hypothetical conductor vsed in the ac losses calculation.
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The conductor is
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Five Possible Fabrication Toler-

horizontal axis by 0.5°; (5) The TF coil

may be twisted about the vertical axis by
0.5°. 1t is clear that the effects of the
first two fabrication errors will alter the
transverse torce pattern and induce bending
moments in the otherwise pure-tension TF
coil. To simulate the error in category (1),
the pure-tension coil evolution was inten-
tionally interrupted so that the coil shape
is approximately 5 cm from the final pure-
tension shape., The hoop stress analysis is
The coil displacement is
The result of these
errors induce nonuniform hoop tension as

shown in Figure 2.
done for one coil only.

shown in Figure 7.
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FIGURE 7, Tension Distortion of Coil Dis-
. placement and Coil Shape Deflection,

R

If the fabrication error falls into the
third, fourth and fifth categories, the
dominant effect is the unbalanced intercoil
force in the toroidal direction as shown in
Figure 8. It is seen that tilting and
twisting by 0.5° will generate an additional
attractive force on the order of 1 x 105
kg/m while a rotation of 0.5° produces an
intercoil force of 4 x 103 kg?m.
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" Coil Protection and Magnet Safety Aha]ysis

Energy Release
The stored energy is 30 GJ-in i6 coils at

10 T. The operational current is 60 kA and
the total inductance is 16.7 H. This opera-
tional current is too large to allow one
pair of leads out from each Tf coil., In-
stead, only two leads, one from the number 1
TF coil and the other from the number 16

TF coil, are allowed to feed through the
cryostat. A1l other connections between
adjacent coils arc done through intercoil
tubing connecting the two adJacent cryostats.
Therefore, for this des1gn, the energy
dumping circuit is shown in Figure 9. The
dump resistor must always be connected to
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the coil, The eoil sysiem energy will be

dischafged through the dump resistor. The
terminal voltage of thc magnet will be no
greater than the voltaye 4Cross the -dump
resistor. The discharge voltage will be
2000 V. The resistance of the dump re-
sistor will be 0.033 @ and the coil current
will decay in a time constant of 506 s, or
8-1/2 minutes.

As shown in Figure 9, a fuse with a small
current capacity is connected in tne ground-
ing loop to the discharge resistor to ensure
that no large grounding current shall flow
it any point in the coil winding should
accidently be grounded. The discharge re-
sistor must be tested at incrementally in-
creasing current levels during initial
system checkout. Multiple parallel paths
should be providedlin case interruption may
occur in the discharge resistor.
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Arcing
- Arcing is always a serious threat to a

large- superconducting magnet, a large safety
margin must be used in designing the coil in-
sulation and the current leads insulation.
For example, the 4000 V coil insulation must
be provided in order to allow a 2000 V '
operaiing condition, In fact, the entire
system should be tested with a high voltage
and extreme low current output power supply
to test the insulation strength of the rail
with respect to ground under the liquid
helium environment,

Coil Forces and Structure Stress

The most critical hazards are those in’
which the design farces in the conduclor
and forces in supporting structures are eX-
ceeded.
to monitor these situations.

Therefore, strain gauges are used

Cryostat Protection

Each TF coil cryostat shall be cquipped
with pressure rupture disce to guard ayainst
pressure buildup in the helium vessel.. The
pressure rupture disc can also protect the
magnet coil in the event that large resistive
heating occurs with rapid pressure rise.
Then, at a preset pressure, the rupture disc
breaks and the bulk of the 1iquid helium
will be rapidly transferred from the dewar
to an emergency dump tank. This will remove
1iquid helium quickly and the whole coil will
become normal and coil energy will be uni-
formly dissipated throughout the winding.

Short

Shor+ing from turn-to~-turn, from layer-
to-layer or from'coil-to-gfound is a very
serious matter. The short will act as a
discharge resistor.
be discharged, large amounts of energy
deposition will occur at the short, and the

Should the coil energy

conductor around the short will be melted

into a copper block. Techniques for testing



the short must be developed. Potential taps
for checking shorts after the coil is wound
must be incorporated.

Current Leads Protection

If the discharge time constant is 8-1/2
minutes, then the current leads must be
designed to aliow adiabatic heating in that
time period without raising the lead tem-

The current leads
In-

perature dangerously high.
are cooled by counter-flow helium gas.
1line gas flowmeters must be installed to
- monitor the amount of counter-flow helium
gas. Alternatively, voltage taps across thé
leads are provided to monitor the current
lead temperature. Temperature sensors may
also be attached to the connector of the
current leads.

Current leads are a weak link in magnet
The magnetic field and forces .on
The

systems.
the lead must be carcfully evaluated,
Teads must be firmly supported and ﬁust
have sufficient insulation.

Connectors and Conductor Joints
Connectors and conductor joints are a-
nother weak 1ink in the magnet system. The
resistance of each joint and each connector

must be carefully tested and voltage taps
must be provided across the joints and con-
nectors t6 monitur possible failures. A1l
forces exerted on the connectors and joints

must be carefully computed. The mechanical

strength 6f joints and connectors must be

thorohgh]y tested.

redundant path should be provided.
Bending Moments

In some instances, a

When two neighboring coils tarry different

currents, the unbalanced intercoil force is
large. Furthermore, pure-tension TF coils
will remain in pure tension only if all coils
carry the same currents. If two coils carry
different currents, large bending moments

and peak stvesses will occur in the coil and

51

_ subsequent structure failure may occur.

Therefore, it is exceedingly important to
This
probably can be guaranteed only through

make sure the currents are the same.

series operation under all circumstances.
Eddy Current Interaction

If the magnet is discharged in 8-1/2
minutes, large eddy currents will be de-
veloped in each vacuum vessel and the field
shield.
currents and the decaying field may generate

The interaction between the eddy

a large and complex force and ruin the
field shield or radiation shields or struc-
tural members.
SUPERCONDUCTING POLOIDAL COIL SYSTEMS
Poloidal Field Coil Characteristics

The poloidal field coils consist of the
OH coils and the EF coils. The OH coils
and the EF coils are superéonducting and
are located outside the TF coils, as shown

in Figure 10.

Although the OH coils serve as the trans-
former primary for producing the plasma
current and the EF coils provide equilibrium
for the plasma, both coil systems have
nearly identical problems, e.g. large stored
energy, high operational current, rapid
charging and discharging, and ring coil con-
figuration. For this reason, the~concep-
tual design of the eight pairs of EF coils
(coil numbers 1 to 8) and six pairs of OH
coils (coil numbers 9 to 14) were carried
out together;

The desion requirements for the OH and
EF co{l systems were specified as a result
of a detailed trade-off study. Burn cycle
dynamic simulations of the plasma, the
coupled OH and EF systems, and the plasma
heating systems were performed. Free-
boundary plasma MHD equilibrium calcula-
tions® were utilized in the design of an
equilibrium field that would produce the



TABLE 3. OH Coil/EF Coil Magnet.Characteristics

OH Coil EF Coil
Superconductor/Stabilizer ' Nb-Ti/Cu
Coil design Single layer
Conductor design ) i Fully-transposed
: cable

Stability "Cryostatic
Cooling ‘ 4 Pool boiling
Operating temperature (°K) , 4.2
Average current density (A/cm?) 2640 - o : 2946
Magnetic field (T) -

in flux core . v 5 .

at plasma center _ ‘ ~ 0.46
Ampere-turns (MAT) ' ] 67 - _ + 18.6
Total conductor length (MA meters) . 847 996
Maximum dB/dt in conductor (T/s) 6.7 ' ~
Stored energy in OH/EF/plasma field (MJ) 2262 '
Maximum operational current (kA) 80 . 80
Number of turns . 837 464
Self inductance (H) 0.48 ' 0.52
Mutual couplings ' KOHEF = 0.015°
Power supply voltage (kV) " 48 21
Volt-seconds to plasma (V-s) 85 50
Coupling coefficient to plasma ring . KOHP = -0,2422. ,KEFP g ~0.2566
H :'D‘KGIM’ . circular plasma. Characteristics of the OH

i _??2“ ?3"" _{? 4 and EF coils are yiven in Table 3.
, //”’;.__:::::?\\\gms The Superconducting OH/EF Coil Design
~ haN \\\ The poloidal coil design calculations
\\\\\\\ aagq); - . were based on a design-hasis burn cyele as
36#’_ - shown in Fiqure 11.

Tho total vdlt-second requiremeﬁt for the
reference design is 135. The OH coils are
capable of reversing from =5 T to +5 T,
?onu$AL5 ndgws’:VEqu% Bz Y supply 85 V-s, with an OR flux core radius

o of 1.7 m. The EF coil will supply the re-
maining 50 V-s.

The OH coils are located outside the TF
coil system so that the winding can be ar-
ranged to minimize the ac superimposing

T

FIGURE 10. Vertical Force per Length During
Burn Phase. .
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field on the TF coil. Since the OH coil is
at full negative value before the onset of
plasma startup, the OH coil windings must
also be distributed so that the field pro-
duced by the OH coils at the plasma are’
less than 10 G or so. This requirement must
be fulfilled in order to guarantee a stable
startup. With these considerations in mind,
the OH coils are arranged as shown in Figure
10. The winding dimensions are shown in

Table 4, where R,, R, Z; and Z, represent

the inner radius, the outer radius, the
initial axial coordinates and-the final
aiia1 coordinates, respectively.

If the EF coils were p]aced inside the
TF coils, there would be tremendous diffi-
culties in coil assembly, diséssembly, Sup-
port, repair and maintenance,vas well as in
the assembly, disassembly and%maintenance
of the blanket and shield and the first wall.
To avoid these problems, the EF coils are
located outside the TF coils.

The OH coils would induce large voltages
in the EF coils, if the EF coils were not
“The decoupling
ampere-turns should be positioned so that

decoupled from the OH coils.

they produce small anti-vertical fields and
small superimposing fields on:the TF coils.
Axial Forces, Hopp Stress and Coil Inter-

action

In the EPR poloidal coil system, sihce
all of the fourteen poloidal coils and the
plasma ring contribute to the magnet field

-at any poloidal coil winding, the axial

force and pressure of each coil depends on

"TABLE 4. -Poloidal Coil Winding Configurations

Nﬁl?\l])lr _(_éL _(éj__, __(;}
1 -3.25 3.584  12.0
2 4.15 4,417 1.55
3 7.0 7.50 8.85
4 7.8 8.30 7.10
5 7.90" 8.40 5.60
6 7.16 7.44 2,25
7 6.48 7.5NM 2.10
8 6.35 7.081 1.95
9 0 6.5 1.62
10 6.50 5.9 1.70
N 6.90 7.3 1,75
12 7.30 7.6 1.80
13- 7.80 8.6 3.80
14 4,03 4. 11.55
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Coil Pair Coil Pair
R NI Cond. Lgth.
_(m§_ _(MAT) (40 . kA-r) _
12.15 2.95 5599
11.70 2.36 4309
9.0 4.42 6195
7.25 4.42 4980
5.75 4.42 3939
2.40 - 2.48 904
2.25 - 9.642 3294
2.10 - 6.46 - 2055
1.77 51.48 13707
.1.85 3.17 883
1.90 3.17 1908
1.95 2.38 - 700
3.95 6.34 . 3857
1.70 0.55 1012



excitation of all coils, Therefore, it is
difficult to predict either the magnitude
or the direction of the vertical forces.
It is entirely possible that during com-
plete cycle the direction of vertical force
at any coil reverses and that the magnitude
of the vertical force changes rapidly in
disproportion to self-excitation of that
coil. Figure 10 shows thé vertical force
per meter coil length during the burn cycle
© with 7,58 MA plasma current, 5 T central
field in OH coils and full excitation in EF
coile, Notc that some ¢0ils are subjected
to repulsive forces while other coils are
Note that

some adjacent ring coils are subjected to

subjected to attractive forces.

vertical forces with opposite direction.

To obtain full information on vertical
forces, the vertical forces on each coil
were computed at different times during the
entire reference cycle. The results are
shown in Figure 12. Alsn investigated are
the vertical forces on each coil when the
plasma current suddenly quenches, g highly
probable case for an FPR, Tt is interesting
to note that, for all cases investigated,
the vertical forces for coil numbers 2, 3,
4,5, 6,7, 11 and 13 will reverse their
directions and coil supports for these coils
must provide support in both directinns,

The vertical force on the long solenoid
is a budy force and little structural sup-
port is needed. The vertical forces on coil
numbers 6, 7, 8, 10, ii and 12 will be’
transferred to the TF coil support cy]indér,
with restraining rings for repulsive forces.
Fortunately the remaining poloidal coils
(namely, coil numbers 1, 2, 3, 4, 5, 13
and 14) have rather weak forces (no greater.
than 83 x 103 kg/m).

Although axial compressive stress for an
ordinary solenoid is generally small. in com-
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FIGURE 12. Axial Force per Unit Coil Length
(103 kg/m).

parison with hoop stress, the axial pressure
on the polnidal cnils may be quite high be-
cause these axial torces result from many
coil interactions. Computations of axial
compressive pressure distributions for four
typical poloidal coils are shown in Figure
13.
have small compressive pressures (less than
~ 100 kG/cm? or 1420 psi) with the exception
The maximum

It is seen that most poloidal coils

of coil numbers 7, 8 and 9.
compressive stress in coil numbers 7, 8 and

9 are 240 kg/cm?, 301 kg/cm? and 592 kg/cm?,
respectively. These do not present mechani-
cal problems.
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Computation of hoop stresses in a multi-
layer solenoid is a complicated problem be-
cause the hoop forces on any given turn will
depend not only on the jRBZ of that turn but
also on the interaction body forces re-
su1ting from the other turns pushing on it.
The exact solution is further complicated
by the inhomogenous coil structure. Since
the proposed poloidal coils in the EPR will
have one layer to avoid the high voltage
insulation problem, the hoop stress in any
given turn is independent of all other turns.
The average hoop stress is given by

¥r N Javgﬁ'-B_'Z’
where R is the mean radius of the turn and
Ei is the axial field component averaged
over the turn cross section.

The averaged hoop pressure or magnetic
pressure, assuming no body force interaction
from neighboring turns among successive

layers, can easi'y be shown to be

T= javgt'B_,

where t is the radial thickness of the turn.
The computed ;t and 7, for the poloidal

coils are tabulated in Table 5. It is in-

teresting to see that coil numbers 6, 7,

10, 11 and 12 have hoop compression .rather
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than hoop tension. Also note that coil
numbers 5, 6, 8, 13 and 14 have high-
averaged hoop stress and must have a sub-
stantial amount of reinforcement materials
in the winding.
sures for all coils are not high and they

The radial magnetic pres-

present no problems at all.
Conductor Design and Coil Structure

The operational current for both the OH
coils and EF coils is 80 kA, supplied by
two parallel 40 kA cables with fully trans-
The OH coils will have 837
The OH coils
will be cycled by a homopolar generator
with peak voltage of 48 kV across the OH coil
terminals if the OH coils are charged from
-5 Tto+5 T in 2 s. The EF coils will have
464 turns in each parallel path.
ing voltage will be around 21 kV across the

posed strands.
turns in each parallel path.

The charg-

EF coil terminals. Hence, turn-to-turn vol-
tage will be about 60 V for the OH coil and
about 50 V for the EF coil.
electric field in a helium gas environment
is about 200 V/mm,
ration between two adjacent turns in the

The breakdown

Therefore, minimum sepa-

same layer is about 0.3 mm for the OH coils
and 0.25 mm for the EF coils.

It is clear that multilayer coils will
require large gaps between layers. This
presents an awkward problem for coil de-
sign. It is especially true for the long
coils such as the long solenoid of the OH
Although good dielectric materials
such as G-10 fiberglass may be used to fill

coils.

the gaps between layers, the magnet de-
signer will still face problems because it
is very likely that pinholes or cracks may
exist in these materials when the magnet
is energized. Therefore, the proposed OH
coils and EF coils will be wound with a

single layer conductor. The width of the



TABLE 5.
Coil j t 3
Number (A/cm?) (m) (m)

1 2946 0.15 12.07

2 2946 0.15 11.63

3 2946 0.15 8.93

4 2946 0.15 7.18

5 2946 0.15 5.68

6 -2946 0.15 2.33

7 -2946 0.15 2.18

8 -2946 0.15 2.03

9 2640 0.15 1.70

0 2640 015 1.70

n 2640 0.15 1.83

12 2640 0.15 1.88

13 2640 0.15 3.88

14 2640 0.15 .63

Based on the infor-
mation of axial compressive stress, this

conductor is 15 cm.

width will be adequate.

lhe EF coils and OH coils will be cooled
by pool boiling at 4.2°K and 1 atm pressure,
Pool builing is simple, inexpensive, reliabl
and easy to control. Above all, c<ince a
rather small heat transfer flux is adequate
to remove the conductor ac losses, the heat
transfer flux ceases to be an important
factor in determining the coil stability.
The coil stability will depend on the con-
ductor and the extent of coil disturbances.
However, it is important to recognize that
pool boiling will work for an ac magnet
only if the helium hubbles, which are gen-
erated at a constant rate, can be properly
vented to avoid bubble accumulation within
the winding. This requirement further jus-
tifies the decision for a singlc-layer coil.

The 40 kA cable can be achieved by
cabling a basic strand of 0.3 mm diameter

as shown in Figure 14, In the basic strand

e
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FIGURE 14.

Hoop Stress and Radial Pressure of Poloidal Coils During Burn Phase

ab ek (kpE1)
0.012 0.62 0.007
0.29 14.3 0.19
0.13 4.9 0.08
0.39 12.0 0.25
0.83 19.8 0.53
2.32 -22.8 -1.48
0.12 = 1513 -0.08
-2.83 24.1 1.81
1.41 - s | 0.8
-2.11 -14.2 -1.2
-1.20 - 8.2 -0.68
-1.24 - 8.8 -0.71
1.38 20.3 0.79
0.37 16.7 0.21
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40 kA Cable for Poloidal Coils

component, the copper to NbTi superconductor
ratio is 2 to 1, with the NbTi cross-sec-
tional area of 2.3 x 10% cm2, or 1171 fila-
ments with 5 m filament diameter. For a
poloidal coil with a 5 T peak field, the
conservative value of NbTi critical current
density is about 117 kA/cm2. Therefore,

the basic strand shall carry 27 A. As

shown in Figure 14, to assure current
sharing with a higher Cu/NbTi ratio, 20



pure copper wires of 0.3 mm diameter were
transposed along the 10 composite strands.
High resistivity soft solder is used to
solder these wires together around a cen-
tral structural-reinforcing element. This
raises the overall Cu/NbTi ratio of the
basic cable to 11 to 1. This design offers
good coil stability with Tow ac losses in
mind. The composite with a single-component
stabilizer rather than a cupronickel and Cu
two-component stabilizer was chosen because
of the rather poor conductor stability if
cupronickel is incorporated. Therefore,

as long as the ac loss is not too great, a
conductor with a single-component stabilizer
will be preferred. The basic cable shall
carry 270 A at 5 T.

The 40 kA cable was finally achieved by
transposing 150 basic cables into a height
of 2 basic cables (v 4 mm) by a width of 75
basic cables (~ 150 mm). The basic cable
must be insulated with nomex paper before
transposition. Otherwise, very large
ccupling eddy currents and ac losses will
arise in the wide cable. Since the sta-
bility of the 40 kA cable is built into the
stability of the basic cable, the fact that
the basic cable is insulated probably will
have no great effect on the stability of the
40 kA cable.

Finally, the 150 basic cables are banded
together with spiral wrapping wetted fiber-
glass of 2 mm in thickness.

As shown in Figure 15, the poloidal coil
is wound with a <ingle layer wide cable of
40 KA.

The spiral wrapping fiberglass of 2 mm
inch thickness will provide a turn-to-turn
separation of at least 4 mm for adequate
insulator. The width of the fiberglass is
2 cm and the wrapping pitch is 3 cm so that
the liquid helium channel of 1 cm wide by
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FIGURE 15. Poloidal Coil Structure and its
Cryostat Configuration.

0.2 cm deep by 15 cm long will be provided
on both faces of the cable. The bottom sup-
porting plate is machined to have an in-
clined surface in the radial direction so
that gas venting will move radially outward.
An 0.1 mm nomex paper is used between turns
to prevent the bubbles from rising through
the turns. These measures should provide
good bubble venting, separate the gas-liquid
flow and allow each turn to see only the
bubbles generated by itself.

The wrapped fiberglass is expected to be
strong enough to transfer the hoop tension
to the external rings, which are made to
assist the hoop tension of the cable. The
inner rings are made to overcome the hoop
compression as well as to serve as the bob-
bin tor winding. Many 2 mm wide slits are
cut in these rings to allow gas venting and
liquid circulation.

The axial compressive or repulsive forces
of every 10 to 15 turns are supported by a
2-cm thick G-10 or micarta plate. This
arrangement. shall reduce the accumulation
of axial compressive or repulsive pressures
exerting onto the cable, which otherwise
might short out the basic cables and de-
teriorate the coil stability.



Poloidal Coil Cryostat Design
Figure 15 illustrates a cryostat con-

figuration for a poloidal coil. To reduce
eddy current losses to a minimum, an es-
sentially non-conductive inner shell is
The illustrated design uses

glass-reinforced epoxy, with an 0.013 cm

required.

layer of stainless steel for a helium per-
meation barrier. The construction technique
consists of labricating the shell hy fila-
ment winding or braiding around the coil.
The stainless steel barrier is installed
after eivuyh layers are built up to support
it. Then fabrication continues until the
required thickness is obtained.

The cryostat is insulated with high
vacuum, plus a liquid-nitrogen-cooled radi-
ation shield of laminated construction to
minimize eddy current heating in the nitro-
gen shield. Multilayer insulation is used
between the outer vacuum jacket and the
nilrogen shield. The multilayer insulation
is installed with the reflective coating in
segments to avoid formation of eddy currents
in the insulation layers.

The individual coils are supported in-
ternally as illustrated in Figure 15 with
low thermal conductivity members. These
supports are designed to take loads in bolh
divectiuns. The high loads per unit length
of coil are distributed between supports by
a stiff cryostat inner shell.

Equilibrium Field Flux Penetration on the
Blanket and Shield

The magnetic field from the EF coils must
penetrate the blanket and shield to act on
The blanket and shield contain

the plasma.
much electrically conductive material, par-
ticularly stainelss steel. Eddy currents
in this material would distort the EF and
delay its penetration if the blanket and
shield were not sufficiently segmented.
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" The blanket and shield design of 16 seg-

ments, each made of 43 blocks, imposes very
little field distortion and delay of pene-
tration.

Table 6 summarizes the results for cal-
culations of the field induced at the cen-
ter of the plasma due to the eddy currents
in the blanket and shield. Re
expressed as the ratio of the induced ficld

Results are

to the applied field and as a phase and time-
de]ay.1
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TABLE 6. Induced Field in the Plasma Region Due to Eddy Currents in the
Segmented or Subdivided Blanket and Shield

Maximum
Toroidal Blocks per Induced Field Phase Delay Time Delay
Segments Segment B. /B ¢ ¢
in’ "o
1 1 167%2) . .
8 1 423(2) - -
16 5 il 9.3% 10.5° 117 ms
32 1 2.3% 2.6° 29 ms
48 1 1.0% Y1 12 ms
64 1 0.6% 0.7° 8 ms
16() 36 1.5% 1.8° 20 ms

(a) Assumptions of model not valid for these cases.

(b) The 43 blocks per segment in the reference design are represented by 36
blocks per segment in the computational model.
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TOKAMAK EXPERIMENTAL POWER REACTOR
PRIMARY ENERGY CONVERSION SYSTEM *

H. C. Stevens, M. A. Abdou, R. F. Mattas, V. A. Maroni
J. S. Patten, D. L. Smith, and C. K. Youngdahl

CTR Program
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s Argonne, I1linois

60439

A primary energy conversion system designed for the ANL Tokamak Fxperi-
mental Power Reactor consisting of, the first wall assembly, the blanket
region, the magnet shield and the penetrations for plasma access are

héréin descrabed.

INTRODUCTION

A scoping stud_y1 and a conceptual
design2 of a tokamak experimental power
reactor (TEPR) have been completed. The
design objectives of the TEPR are to cper-
ate for 10 years at or near electrical
power breakeven condilions with a duty
factor > 50% and to demonstrate the teasi-
bility of tokamak fusion power reactor
technologies. A primary energy conversion
system (PECS), capable ot meeting these
objectives, is herein described. The PECS
consists of: (Figure 1 and 2), the first
wall assembly; the blanket region (a 28-cm
zone immediately backing the first wall);
the primary coolant; the magnet shield;
and the penetrations which provide access
for the vacuum system, neutral beam in-
jection, diagnostics, and experimental
facilities.

Major efforts .ave been undertaken at
ANL]’2 and e]sewhere3’4 to define the
objectives of a Tokamak Experimental Power
Reector (TEPR).
studies has been to establish the scien-

The ultimate —oal of these

tific and engineering basis for a detailed

reactor design. This paper will concentrate
on the TEPR primary energy conversion sys-
tem (PECS) as developed in the ANL study.
The PECS 1is considered to include all com-
ponents that 1ie between the plasma and

the toroidal field coils, e.g., the first
wall, blanket, magnet shield, coclant,
penetrations for vacuum interfacing, neu-
tral injection beam lines, diagnostics,

and maintenance a¢cess. Preyvious re-
por'ts]’5 have described the underlying
philosophy used in developing design cri-
teria for a PECS that would meet the needs
of a TEPR. Reference 2 contains a de-
tailed description for the PECS design

that has evolved 1n the ANL/IEPR studies.
This paper contains a summary of the de-
tails relating to both the PECS first wall
and blankét/shieid designs. Figures 1 and
? show, respectively, the vertical section
and plan view of the ANL/TEPR and give
some perspective as to the location and
configuration -of PECS components. Features
of many of the systems interfacing with the
PECS are described in other papers pre-

sented at this meeting.s']

*
Work supported by the U.S. Energy ‘Research and Development Administration.
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FIRST WALL

The first wall system (see Fig. 3) con-
sists of a vacuum wall and detachable
coolant panels. The free-standing vacuum
vessel is constructed from 16 cylindrica]
segments of 2-cm thick stainless steel
plate and is reinforced with an external
ring and spar framework. Locations of
the “two circumferential support rings and
ten longitudinal spars on each segment are
shown in Fig. 3. The 16 segments are
joined by lurmed rings that are welded to
the ends of each segment. A chemically
bonded Cr,03 coatling is applied to the
Jjoining surfaces in two of these rings to
form a current breaker in the vacuum wall.
The vacuum vessel wall is cooled by a
separated pressurized water loop utilizing
an integral nondetachable panel wall sys-

tem as illustrated in Figure 3.
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The surface of the detachable coolant
panels facing the plasma is coated with
100-200 microns of beryllium to control
impurity contamination of the plasma by
stainless steel. The substantial porosity
(10-15%) and fine microstructure obtainable
with the plasma spray-coating process
facilitates gas re-emission, particularly
helium, and minimizes blistering erosion.

Water is supplied to thesec coolant
panels by manifolds located in the connect-
ing rings that join Lhe first-wall segments,
The toroidal vacuum wall is supported by
a three-point per segment, roller/slide
pad-type support from the blanket to the

“lower rings and spars. The three-point
support minimizes the size of the rein-
forcing ring and the roller/slide support
minimizes thermal stresses by allowing for
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FIGURE 3. First Wall Vacuum Vessel Assembly
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eipansion of the vessel. The first wall
design parameters are summarized in
Table 1.

Extensive thermal-hydraulic, mechanical,
materials response and radiation damage
analyses have been performed to evaluate
the first wall performance and to determine
the design limits, Results are summarized
in Table 2. The stainless steel vacuum
wall should maintain its structural in-
tegrity for the 10 year design life under
the nominal operating’conditions, viz.,
integrated wall loading of 2.5 Md-yr/m?,
maximum annual neutron fluence of 6 x 1025
n/m? (2.8 dpa/year, 54 appm/year helium and
133 appm/year hydrogen) and maximum wall
" temperature of 5_500°C. For these conditions
the predicted radiation swelling of < 4% is
toierab]e. The 1imiting criterion is loss
of ductility caused by displacement damage
and helijum generation. For temperatures
below 500°C, the residual uniform eionga-
tion, which is estimated to be > 1% at the
end of the 10 year life, is considered to
be acceptable. The lifetime of the low-Z
coating is limited by erosion caused pri-
marily by D-T physical sputtering. A de-
sign_ life of 5 years for a 100 to 200-um
thick beryllium coating appears feasible.
Only limited data exist with which to esti-
mate the lifetime of the ceramic current
breaker; however, bulk radiation effects
will likely be the limiting criteria.

In addition to the extensive radiation
damage, the coolént panel will be sub-
Jjected to severe thermal cycling produced
by heat deposition on the surface during
the plasma burn. Temperature variations
in the hottest ccolant panel during oper-
ation are shown in Figure 4. The spike is
caused by the radiation emitted when argon
is ‘injected to terminate the burn.  The
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strain range for the burn cycle depends on
the difference between the maximum and mini-
mum values of AT during the cycle, and the

strain range for the plant warm-up/cool-down .

operating cycle is a function of the average
AT during the burn cycle. Assuming that

the duration of the operating cycle is long
enough that stress relief occurs, the

strain range for the coolant panels with
s1iding supports is 0.085% for the burn
cycle and 0.14% for the warm-bp/coo]-dbwn
operating cycle. These values correspond

to fatigue design lifetimes for the coolant’
pane]sAof 5 x 10® burn cyc]eéland 1 x 105
operating cycles. Thus, thermal fatigue
will limit the life of the coolant panel

“to 5 years, which corresponds to ~ 108 burn

cyc]és, for the current design parameters.
Although the current first-wall system
design is based to a large extent on
available materials and existing technology,
it appears that adequate mechanical in-
tegrity of the system can be maintained
for suitable reactor lifetimes under the
postulated EPR conditions.
BLANKET/SHIELD SYSTEM ]
The blanket/shield system consists of
the blanket, the inner bulk spield, the
outer bulk shield and the penetration

shields. . In order to insure penetration of
the equilibrium field into the plasma re-
gion without intolerable distortion or
phase delay, the blanket and bulk shield
are constructed of 688 e]ectr%ca]ly insu-
lated blocks, as illustrated in Fig. 5.

the bTanket is made up ul’ O.uu-m thiclk
stainless steel blocks, as shown in Fig. 6.
Each of the 16 segments of the vacuum
chamber is covered by 17 blanket blocks.
The blocks are cooled with pressurized
water flowing in a network of 1-cm diameter
drilled channels, with each block having
an independent Cooling system.

PR
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TABLE 1. Ff?st-wall Design Parameters

Design Description

. _Free-standing, stainless steel vacuum wall with rib and spar reinforcin§

. Detachable water-cooled stainless steel panels to shield vacuum wa]]
from p]asma

+ - Low-Z coating on plasma-exposed face of coolant panel for h1qh /A 1mpur1ty
~control. .

Design Paramelers

Vécuum chamber , .
Material 316 SS

Design stress (ksi) 10
Major -radius (m) " 6.25
Minor radius (m) 2.4
Volume (m?3) m
Wall area (m?) : 592
Wall thickness (cm) 2
Ring and spar {cm)
Width : 5
Depth n
Ports
Vacuum (0.95 m diameter) 32
Heating (0.75 m diameter) 16
Experimental (1.5 m diameter) )
Total port area (m?) 31
Current breaker
Material ) ©Crp05
Form , Coating
. Preparation Chemical bond
" Coolant panel
. Material . 316 SS
Number 352 . i
Area per panel (m?) 1-2
Length (m) - 1-2 .
Width (m) ~ Y
Total panel thickness {cm) vl
Thickness front wall (cm) 0.5

Low-Z coating )
Material ‘ Beryllium

Thickness (um) . 100-200
Prej-1ration : Plasma spray

Coolant ' Hz:0
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TABLE 2. First-Wall Operating Parameters and Design Limi'csi'r

Nominal Operating Conditions

Capacity factor (%)
Operating cycle (s)

Startup

Burn

Shutdown

Exhaust and replenishment

Average power loading during burn (M4/m?)

Neutron
Radiation, conduction, convection

Operating Parameters

Stainless steel vacuum wSII

Maximum temperature (°C

- Minimum yield stress at 500%c (ks1)
Maximum annual fluence (n/m2)
Neutron damage (dpa/yr)

Heliun generation (appm/yr)
Hydrogen generation (appm/yr)

Stainless steel coolant panel

Maximum temperature (°C) o
Minimum yield stress at 500°C (ksi)
Maximum annual fluence (n/m?)
Neutron damage (dpa/yr)
Helium generation (appm/yr)
Hydrogen generation (appm/yr)
Maximum heat deposition (W/cm3) o
Maxfmum AT across panel, surface ( C)
Maximum AT through panel face.(°C) -

With Argon shutdown

Without Argon shutdown o
Maximum AT during burn cyclie (°C)
Maximum thermal strain range (%)

Operatihg cycle

Burn cycle

Beryllium coating

Maximm surface temperature (°C)
Helium gqanaration (oppui/ys)
Hydruyen generation {appm/yr)
Maximum erosion rate (um/yr)

Water coolant

Maximum pressure (psi)

Velocity (m/s) ©
Inlet temperature -- first panel ( C)
Exit temperatyre -- eighth panel (°c)
Pumping power (Md)

Vacuum wall

Design life (yr)

Integrated neutron wall loading (M{-yr/m?)

Yield strength -- 10 yr (ksi)
Uniform elongation -- 10 yr (z)
Radiation swelling -- 10 yr (%)
Limiting criterion

Coolant panel

Dasfgn tifc {yr)

Total burn cycles -- 5 yr
Fatigue lifetime (yr)
Radiation lifetime (yr)
Limiting criterion

Low-2 coating

Destgn life {yr)
Limiting criterion

380
17
6 x 1025

. 2.8

54
133

5.5-

" 20

100
75
100

0.14
0.09

407
780
13
30

2000
1.6
40
310
<

10

2.5

75

> 1

<4
Ductility

5
108
5

8
Thermal fatigue

3-5
0-T sputtering
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*
Based on a neutron wall load of 0.5 Mi/m2 and a plant capacity factor of 50%.
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The bulk shield surrounding each of the
16 seyments of the vacuum wall and blanket
consists of 1 inner shield block and 25
outer shield blocks, as shown in Fig. 5.
The inner shield block is 0.58-m thick made
up of alternating layers of B,C and stain-
less steel disposed so as to maximize the
attenuation of neutrons and gamma rays.

At the top, bottom and outside of the
torus, the bulk shield is 0.97-m thick and
consists (going radially outward) of 0.03
m of stainless steel, 0.15 m of graphite
with 1% natural boron, 0.05 m of stainless
steel, 0.65 m of “—ad mortar and 0.09 m of
aluminum. The bulk shield is cooled with
H,0 at near atmospheric pressure.

Neutral beam lines, vacuum ducts and
other penetrations of the outer blanket
and bulk shield represent large (~ 0.6 to
1.0 m? cross section) streaming paths for
neutrons and require special shielding.
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A special, 0.75-m thick annular shield
surrounds the neutral beam tube after it
exits from the bulk shield and extends
beyond the TF coils, so that there is no
unshielded line-of-sight path from the
wall of the beam tube to the TF coils. The
inner 0.65 m of this special shield is 50%
55/50% B,C, followed hy 0.05 m of lead and
0.05 m of aluminum.

A pneumatically operated shield plug is
closed in the vacuum duct during plasma
burn (see Fig. 1). This shield plug con-
sists of two blocks. The inner block is
0.32-m thick and is fabricated of stainless
steel and cooled in the same manner as a
blanket block. The outer block is 0.58-m
thick with a material disposition (SS/B,C)
similar to that of the inner shield.

The blanket, shield and vacuum vessel
assembly weighs over 2700 metric tons.
This weight is supported from beneath the



reactor on 16 individual frameé. The
frames can move vertically approximately
two meters to facilitate replacement of
the blanket and shield blocks. The load
is transferred through 32 columns from the
reactor foundation to the 16 frames, which
in turn support the reactor shielding
blocks. The blanket block layer rests on
the <inner portions of the shield blocks on
insulation roller pads to accommodate the
high temperature of the blanket and the
accompanying thermal expansion. The 350
metric ton vacuum vessel rests on the inner
side nf the lower blanket blocks.

Extensive analyses have been performed
to evaluate the performance of the blanket/
shield system. These analyses are based
on a nominal neutral wall load of 0.5 Mi{/m2
and a plant capacity factor of 50%. Results
are summarized in Tables 3 and 4. Radial
distributions of the neutron heating rate
and of the atemic displacement are shown
in Figs. 7 and 8.

The 4-cm first wall and the 28-cm blanket
region receive g 90% of the gamma energy.
For thc most part, the properlies dand re-
quirements of the blanket material are the
same as those of the first wall. The
radiation damage level adjacent to the
first wall is ~ 1.7 dpa/year and drops by
a fartor of two every ~ 7 cm going through
the blanket. Operating temperatures in the
load bearing portions of the blanket are,
1like the first wall temperatures, re-
stricted to 5_500°C, but may be allowed
to rise above this level. in non-structural
components. In general, the less severe
radiation environment of the blanket will
mean that property changes will be less
than in the first wall. After 10 years at
a wall loading of 0.5 MY/m? and a 50%
capacity factor, the swelling in the blanket
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adjacentvto the first wall is expected to

* remain below 2%, the uniform elongation

will drop to ~ 3%, and the yield strength
will increase to ~ 75 ksi. As the neutron
radiation is attenuated through the blanket,
the swelling will be reduced to zero after
a few cm, and the tensile properties will
approach those of unirradiated material
(~ 22% uniform elongation and ~ 17 ksi
yield strength). The effect of creep and
fatigue will be less than in the first
wall since the blanket is not exposed to
the surface radiation from the plasma and
will not undergo the large thermal cycling
of the first wall. Helium production rates
will still be high in the first few cm,
but the temperature limit of 500°C should
reduce the possibility of helium embrittle-
ment, which is observed at temperatures
above 550°C.

The bulk shield will receive < 5% of
the total radiation energy produced in the
EPR. No degradation of the bulk proper-
ties of stainless steel is expected. The
boron carbide located in the inner shield
1s a brittle material with moderate ten-
sile strength and high compressive strength.
The major effect of radiation on boron
carbide is the buildup of helium from (n,a)
reactions that can induce swelling and
crdeking if it is present in high con-
centrations. Neutron irradiation can also
substantially reduce the thermal and
electrical conductivity. The degree to
which radiaiion affects the bulk proper
ties d~pends to a'large extent on the
amount of porosity present in the un-
irradiated material. The first layer of
boron carbide in the inner shield will be
the most seriously affected by the neutyon
irradiation. The first few cm of boron
carbide will produce ~ 3500 appm of helium



TABLE 3. Summary of Blanket Design Parameters

Design basis operating life (yr) ' 10
Nominal power during burn (I4) ' _ T ) 400
Design basis neutron wall loading (Md/m?) ‘ _ 0.5
Plant ‘capacity factor (%)’ ‘ 4 ' 50
Blanket structure ‘ '
Thickness (m) 0.28
Type metal/volume fraction "316-SS/0.9
Type coolant/volume fraction H,0/<0.05
Penetration volume fraction ' :
Inner blanket . ~ 0,02
Quter blanket ) . ~ 0.05
Maximum temperatures (°C) ’
In support structures, ’ 500
) In bulk materials o 550
Nuclear parameters
Maximum heat deposition (w/cm3) . 3.5
" Maximum fluence at 2.5 M- yr/m {(n/m?) , 5 x 102%¢
Maximum dpa at 2.5 MW-yr/m? (dpa) : 17
Maximum helium production at 2. S/MW—yr/m (appm)- 230
Maximum hydrogen production 2.5/Md-yr/m? (appm}- 600

Mechanical parameters

Design stress in support structure (ksi) <
Minimum material yield stress (ksi) - 20
Ductility at 2.5 Md-yr/m? (% uniform elongation) >
Swelling at 2.5 Md-yr/m? (% of initial volume) <
Maximum torque from pulsed fields (ft-1b) 125,000

Coolant parameters

Type : - Hu0
Maximum pressure (psig) - 2000
Pressure drop (psig) , <15
Maximum velocity (m/s) ' - 2.4
+ Pumping power (MJ) ' <
Coolant inlet temperature (°C) 40
Maximum coolant exit temperature ( C) - 309

Residual activity from blanket/shield radiation waste
after 2 yr operation (Ci/Mdit)

Immediately after shutdown 3.5 x 10°
1 yr after removal 6.0 x 10°
10 yr after removal : 7.0 x 10%
100 yr after removal 60
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TABLE 4.

Design basis operating life (yr)
Shield structure

Thickness (m)

Inner bulk shield

Outer bulk shield

Beam duct shield

Evacuation duct shield (movable plug)
Biological shield

Materials

Inner shield

Outer shield

Beam duct shield

Evacuation duct shield (movable plug)
Biolegical shield

Temperature (°C)

Coolant

Maximum torque from pulsed fields (ft-1b)
Maximum nuclear heating in bulk shield (W/cm3)
Fraction of fusion power ‘deposited in shield
Maximum energy current at outer surface

Summary of Shield Design Parameters
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during a 10 year lifetime, but helium pro-
duction will fall off rapidly past this
point. This amount of helium is not ex-
pected to induce significant swelling or
cracking if a sufficient porosity exists
to accommodate the gas. Helium escaping
from the boron carbide must be vented to
prevent buildup of gas pressure within the
shietd. For the conditions expected in the
EPR, the gfaphite in the outer bulk shield
will densify rather than swell. It is ex-
pected that the volume change of graphite
due to irradiation can be minimized by a
suitable choice of material and should not
preseﬁt a problem. Helium production in
the first few cm of the graphite with 1%
" boron will reach ~ 770 appm after a 10 year
lifetime. As with boron carbide, porosity
and venting considerations must be factored
into the shield design to accommodate the
helium. The materials Tying past the first
layer of boron carbide in the inner shield
and the graphite in the outer shield re-
ceive a relatively small neutron fluence,
and thé bulk properties should not be ad-
versely affected. The lead mortar and
alumiﬁum in the outer shield will operate
at temperatures below 100°C, which is well
below ;the ~ 150°C at which the lead mortar
will begin to break down.

Thé radioactive inventory as a function
of time for the EPR is shown in Figure 9.
The level of neutron induced activation
afteritwo years operation is 3.5 x 10%
Ci/Mdt and decreases by a factor of 4 one
year after shutdow- and more rapidly for
longer times. The curies per thermal mega-
watt are fairly independent of neutron wall
loading for the range of 0.1 to-5 Mi/m2.

At shutdown, the decay heat is 2.5% of
operating power and only drops ?bout 20%

during the first few minutes after shutdown,

A
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which is the period of time that is very
crucial to emergency cooling.

During operation, the biologicai dose in
regions external to the TF coils is about
106 mrem/hr, which is too high to permit
access to the inside of the reactor building
for any reasonable ]ength.of time. Out-
side the 1.5-m thick concrete building '
wall, the dosc is about 1 mrem/hr. The
biological dose in the vacuum chamber in-
side the first wall is 6 x 109‘mrem/hr at
shutdown and after one year of cooldown
the dose is 1 x 10% mrem/hr. After one
day of cooling, the dose is 600 mrem/hr at a
position above the reactor at the location
of the TF coils and 2 mrem/hr outside the
TF coils.  The laller result does not
include the effect of penetration streaming
or activation of the neutral beam injector.
These calculations indicate that for a long
period after shutdown the dose rate is too
high to permit unshielded personnel access
to the reactor building (in the region ex-
terior to the TF coils) unless all pene-



tfations and beam injectors are fully
shielded.

The general approach to maintenance for
the EPR is by use of remote handling
apparatus. All large components will be

repaired in place, where possible. This
includes the vacuum vessel and the lower

EF and OH coils. Smaller components like
the blanket and shield blocks will be re-
paired in the hot cells. Special in-
“vessel remotely operated equipment will be
designed to repair, replace and.inspect
any portions -of the vacuum vessel or first-
wall panels that have been damaged. Support

facilities for remote operations include a

remotely-operated overhead crane/manipulator

with a shielded personnel cab, floor-
mounted snorkel type units for servicing
the vertical portions of the reactor and
basement-positioned apparatus for main-
taining the lower components of the
reactor. A fu11~sca1e; quarter section
mockup of the reactor is vital to all
remote’ operations because it will be used
to program the repair apparatus and per-
form practice runs,
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IMPURITY CONTROL IN NEAR-TERM TOKAMAK REACTORS"

Weston M, Stacey, Jr., Dale L. Smith, and Jeffrey N. Brooks
ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS 60439

Several methods for reducing impurity contamination in near-term tokamak
reactors by modifying the first-wall surface with a low-Z or low-sputter.

material are examined.

A review of the sputtering data and an assessment

of the technological feasibility of various wall modification schemes are

presented.

The power performance of a near-term tokamak reactor is simuf

lated for various first-wall surface materials, with and without a diver-
tor, in order to evaluate the likely effect of plasma contamination asso-

ciated with these surface materials.

The problem of plasma contamination by
wall-sputtered impurities in near-term toka-
mak reactors is examined. A critical review
of the relevant surface data is incorporated
in a plasma-wall interaction model that is
employed, together with a plasma power and
particle balance model, to evaluate impurity
contamination effects. Impurity control by
charged-particle diversion and by modifica-
tion of the first-wall surface are con-
sidered, and the adequacy of these methods
is assessed.

A major purpose of this work is to deter-.
mine if modification of the first-wall sur-
face can provide adequate impurity control
for near-term tokamak reactors, in general,
and the experimental power reactor (EPR), in
particular. A qualitative assessment of the
technological feasibility and limitations of
a low-Z coating, a low-Z separated liner, a
carbon curtain, and a low-sputter coating is
presented.

" It is concluded from these studies that
adequate control of sputtered impurities to
sustain burn pulses on the order of a minute
and to achieve net power conditions can be

*
Work.supported by the U. S. Energy Research
and Development Administration.
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obtained in an EPR by suitable modification
of the first-wall surface, Of the wall
modifications considered, a low-Z material
(e.g. beryllium) coated on a structural sub-
strate appears the most technologically
feasible. ‘
COMPUTATIONAL MODEL

The basic computational model consists of
a set of time-dependent, space-independent
particle and power balance equations for the
plasma, and a plasma-wall interaction model.
Coupled balance equations for D-T ions, al-
pha particles, wall-sputtered impurities,
electron temperature, and ion temperature
Neutral beam and fusion-alpha

are solved.
heating and power loss by radiation and
transport are treated. Transport processes
within the plasma are modeled with particle
and enerqy confinement parameters which are
computed from a multiregime (pseudo-classical,
neoclassical, trapped-particle-mode) model
depending upon the value of the collision
frequency. )

The plasma-wall interaction model is
depicted schematically in Fig. 1. Charged
(0%, T, He**, -impurity) and neutral (DO,

TO, n) particle fluxes emerge from the plasma
and strike the wall, with the charged parti-
cle fluxes being reduced by a factor n due
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to particle removal (e.g. by a divertof). A
fraction of these particles are reflected,
predominantly as neutrals from the wall with
reflection coefficient R.' The impinging
particles produce wall erosion by sputtering
with coefficient S.
are either ionized in the plasma or may ini-
tiate a series of charge-exchange interac-
tions leading to the re-emergence of a D9 or
T% from the.pIasha with a probability Acx
which depends upon the relative charge-
exchange and ionization cross sections and

*
R includes backscattering and re-emission,

The returning particles
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upon neutral transport.

Enerqy-dependent physical sputtering coef-
ficients for the incident particles, viz.,
D*. T+, He++. and impurity fons, on candidate
first-wall materials are used for the calcu-
Tation. Since insufficient experimental
sputtering Uatd are available for the range
of parameters of interest (1-5 are general
references that give a good indication of
the state of technology), the sputtering
coefficients used for the calculatiun have
been developed from both theorética] and
empirical considerations. The shapes of the
gnergy-dependent sputtering curves are



'devéTOped brimari]y from Sigmund's'theony(6)
and the magnitude of the coefficients have
been adjusted in some cases to better con-
form with available experimental data.

Since the Sigmund theory does not ade-
quately predict 1ight ion sputtering at low
eneﬁg1es. energy-dependent sputtering yield
curves for light ions (deuterium, tritium,
and helium) have been obtained by combining
- the theoretical curve at higher énergies
with an empirical relation for the lower
ion energies. 7 The empirical curve assumes
a direct enerqy dependence of the sputtering
yield, which -is in general agreement with
reported helium sputtering data for a number
of target materials.(a) ‘The transition be--
tween the two segments forms a peak in the
sputter curve at the ionization cut-off
energy calculated from the Kinchin-Pease
theory, ? The threshold energies for sput-
tering have been determined by the method
of Hotston.(]o) Since the curves developed
in this manner(7) give yields that are sub-
stantially higher than experimentally
observed yields, these curves have been
adjusted in magnitude to better conform to
the available experimental data. Curves
for the deuterium and tritium sputtering
yields have been reduced by one order of mag-
nitude and those for helium have been reduced
by a factor of five, Figure 2 presents the
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FIGURE 2. Energy-Dependent Physical
Sputtering Yields of Potential First-
Wall Materials Irradiated with Mono-
Energetic D* ions,
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resultant monoenergetic sputtering curves for
deuterium on several wall materials of in-
terest. Similar curves have been developed
for tritium and helium. Experimental data in
the low-energy range are shown in Fig. 3.
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FIGURE 3. Plot of Selected Energy-
Dependent He** Sputtering Data

Figure 4 compares the selected energy-depen-
dent light-ion sputtering curves with availa-
ble experimental data on niobium. As indi- '
cated, the sputtering curves developed here
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FIGURE 4. Plot of Light lon Sputtering
Curves for Niobium Showing Comparison
with Available Experimental Data

for niobium are in fairly good agreement with
similar curves proposed by Behrisch ! for
the same target material. In general, the
present development gives sputter coeffi-
cients that are slightly higher than the cor-
responding experimental data for low-Z wall
materials, and coefficients that are slightly
lower than the corresponding experimental



data for the higher-7Z wall materials.
Sputtering by the neutral DO and TO parti-
cles are assumed to be identical to those
for 0% and T* ions, respectively.

In the present study three of the first-
wdll materials of interest are compounds,
viz., BeO, B,C, and SiC. Since sputtering
data for these compounds are very 1ihited,
yields equivalent to those for beryllium,
boron, and silicon, respectively, have been
assumed for these compounds. This assump-
tion appears plausible in view of the data
of Kelly and Lam.(lz) which indicate that
sputtér yields produced by 10-keV Krypton on
a number of stable oxides are within a factor
of 2-3 of the carresponding metals. The
yields for these compounds are assumed to
correspond to their stoichiometry, e.q.,
four boron atoms to one carbon atom for B,C.

The Sigmund theory is a better represen-
tation of the yields observed for heavy
(impurity) ion sputtering. Thefefore, the
self-sputter coefficients used for the cal-
culations are derived from the Sigmund
theory with slight modifications at low ener-
gies to compensate for electronic 1osses.(7)
At the lower energies the curves are adjusted
to approach a siope of unity on'the'log S .
versus log £ plot.
dependent self-ion sputter coefficients for
beryllium, niobfum, and tungsten. '
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FIGURE 5, Energy-Dependent Self-Ion
Sputter Coefficients for Beryllium,
Niobium, and Tungsten

Figure 5 shows the energy-

Large variations in the 14-MeV neutron
sputter yields have been reported in the
literature for various transition metals.
(1-5,13-18) These differences are due pri-
marily to chunk-type deposits that have been
observed by some investigators.(]3'14)
Recent analyses indicate that yields for the -
chunk-type sputtering,'which are dependent
on both surface roughness and degree of
cold-work, are typically less than 10~
atoms/neutron. 13) Sind]e-atom sputtering
yields in the range 10~% to § x 10-“ have
beon Feportcd‘(l3'18) A total yleld of 10"
atoms/neytron is considered rcasonable for
the present analysis. Since the contribu-
tion of neutvon sputtering to the total
sputtering yield turns out to be very smatl
for near-term reactors, the results are not
very sensitive to varfations or uncertain-
ties in the neutron sputtering coefficient.

Chemical interaction between the incident
particle and the target material can infiu-
ence sputtering rates because of the effect

- of compound formation on lattice displace-
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ment cnergics, on sputteriny mechanisms, and
on the nature of the sputtered products.(]g)
Although this so-called chemical sputtering

occurs in a number of systems, it is most

commonly aslociated with the formation of
hydrocarbons upon bombardment of carbon or
graphite by the hydrogen 1sotopes.(]9'27)

In 1ine with the chemical interaction ener-
gies, the chemical sputtering coefficients,
in contrast to the physical sputtefing coef-
ficlients, are sensitive to the target or
wall temperature. . For example, greatly
enhanced (approximately 10X) chemical sput-
tering leading to CH, formation has been
observed for H+ ion bombardment of graphite
at temperatures of 4100-700°C.(20-'25 Sput-
tering yields of nearly 0.1 atom/{fon are
reported by these investigators, For the
present investigation, chemical sputtering
coefficients for deuterium and tritium inci-
dent on carbon were assumed to be a factor



of 10 higher than the physical sputtering
yield at temperatures of 300-750°C, and neg-
ligible at higher and lower temperatures.
Similar enhancement of sputtering yields for
silicon-carbide has not been observed, 20.u
_2]'28) and hydrides of the structural metals
are not stable under anticipated wall condi-
tions., Therefore, chemical sputtering has
been considered in the present analysis only
for the case of carbon or graphite. -
The "reflection" coefficient, R, used in '
the plasma-wall interaction model includes
both backscattering and re-emission. The
backscattered particles are the,inéident
particles that return from the wall via
elastic and inelastic collisions (<<1 s)
whereas the re-emitted particles are those
which have penetrated the wall at an earlier
time and are subsequently released by diffu-
sion to the surface or by erosion of the
wall material, Several models have been
developed and ekperiments conducted to in-
terpret the backscattering and re-emission
of light ions (H* and He'™) from several
materia]s.(29'38) The backscattering coef-
ficients for the light ions typically in-
crease with a decrease in incident ion energy
below 1 keV, and the values may exceed 50%
at energies below 100 eV.(29’36'38) The use
of such coefficients is appropriate only for
the initial startup, since the concentrations
of light atoms (helium, deuterium, and tri-
tium) in the surface regfons build up in a
matter of hours during operation. Therefore,
re-emission of the hydrogen isotopes and
helium from the surface of the first wall
* will occur during normal operation. Data of
several investigators indicate that high
percentages of 11ght fons inJectéd into a
variety of target materials are re-emitted
after fluences of the order ot 10'7 ton/cm?,
(30-38) This re-emission {s further enhanced
by the elevated wall temperatures. For pur-
poses of the present calculation it is
assumed that a steady-state is reached and
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that the combination of backscattering and
re-emission results in the return of almost
all of the incident 1ight particles.

For the case of self-ions incident on the
first wall, a high sticking probability is
expected for a clean metal surface. In addi-
tion, the measured sputtering coefficients
probably-include any backgcgttered component.
Therefore, a near-zero reflection coefficient
can be assumed for self ions.

These surface data were incorporated into
the calculational mode) as follows. The
mono-energetic sputtering coefficients were
averaged over Maxwellian distributions of v
incident particle energies, with the
Maxwellian being éharacterized by. the plasma-
edge temperature. These results are given
in Table 1. A neutron sputtering coeffi-
cient Sn = 0.0005 was used for all materials,
and a chemical sputtering coefficient SDT =
0.07 was used for carbon. Particle reflec-
tion coefficients RDT = Ru = 0.98 were used
in the calculations to represent unity
reflection probabi]ify and an allowance for
a small loss during operation through ports
in the vacuum wall, and Rz = 0.05 was used
to represent the high retention probability
for an ion of the surface material.

The charge-exchange re-emission proba-

H

bility was computed from

- _ OVCx A -'= -
x| — ’ ex ex' ?
oV + ov .
[ 3 ion
where ov__ and ov are averages of the
cx ion

charge exchange (D*, T+« 00,70} and ioni-
zation cross sections of Refs. 39-43 over
Maxwellian distributions corresponding to the
plasma edge ion temperature. The results are
A = 0.50 at TeI8° = 100 eV, ch‘= 0.56 at
Tedge = 200 eV, and A = 0.73 at'ngBP -

1 keV. The factor v repraesents the proba-
bility that a primary charge-exchange event
for an incident neutral will result in the
re-emergence of a neutral (either dirvectly

or as the result of subsequent secondary



TABLE 1. Maxwellian-Averaged Physical Sputtering Coefficients

Plasma Sputtering Coefficient
Edge (atoms/part)
Temperature
. (a) - (b)
Material (ev) SDT . Su S,
Be 60 0.016 0.017 0.26
: 200 0.028 0.070 0.35
1000 0.018 0.115 0.36
Be0 60 0.016 - 0.017 0.26
- 200 0.028 0.070 0.35
1000 - 0.018 - 0.115 0.36
c 60 0.007 - 0.018 0.26
200 0.015 0.050 0.35
1000 0.012 0.079 0.36
B,C - 60 0.011 0.017 0.26
200 0.022 0.060 0.35
1000 0.016 0.098 0.36
SiC 60 0.0055 - 0.015 0.26
: 200 0.016 0,048 0.47
1000 " 0.033 0.160 0.64
Fe 60 0.0015 0.0046 0.27
200 0.005 0.015 0.59
1000 0.016 0.067 1.49
Nb 60 0.006 0.0016 0.29
200 0.002 0.005 0.83 .
1000 0.009 0.023 2.62
W 60 0.0001 0.0004 n.n
200 0.0003 0.0012 0.35
1000 0.0016 0.0061 1.61
I 1
(@) S, = 3wt3 Sp-

(b) Self-sputtering,

chargu-exchange events) from the plasma. coronal equilibrium calculations have been

v = 0.75 is used in this work. boen shown to be goud appruxlmatiohs<under
The wall-sputtered impurities entering the  reactor conditions by comparison with the

plasma affect the energy balance both through results of a more general radiative-

the transport loss, which goes as Zeff for collisional wmodel. 50,51)

pseudoclassical and neoclassical scaling and The model may be summarized as follows:

as_Z;}'f for trapped-ion-mode scaling, and When T_> T, : :

through the radiative power loss. The radi-

ation model is a modification of a model pro- P:ad = ncnz[Klzth + Kzz‘hr:i + KJZST;S/ZJ s

posed by Hopkins.(as) which is based on the

results of calculations using coronal equili- where P__ . 1is the radiated power per cubic

brium mode]s.(46'49) The results of the meter in W/m?, n, 1s the electron density
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and n, is the ijon density of the z-th ionic
species, Te is the electron temperature in
keV, and Tz is the ionization potential, in
keV, for the beryllium-like ion sequence.

Ky = 4.8 x 1037, K, = 1.82 x 10-38, and

Ky = 4,13 » 10740, when T is in keV and n in
m-3. When T < T, we insure P
Te + 0 by using,

u

a” 0 as

Pz -

) 2 bo=de 6,—3/2
Z nenz[K]Z TE+ KT 4 k25T, ]

: 2
(Te/Tz] ,
Tz is:given by(s)

[1.033 x 10-7(Z - 3)3 + 3.4266
x 1073(Z - 3)2 + 5.5574
x 10-3(Z - 3) + 0.529 x 10-3] .

Tz(keV) =

The total radiated power is thus given by
_ k4
Préd - ; Prad *

where the sum includes all ionic species.

The above model was developed from radia-
tion loss studies for nuclei with nuclear
charge.in the range 5 < Z < 18, For impuri-
ties with Z > 30, the model was modified to
account for radiation from high-Z materials
which ‘are not completely stripped at the 10-
keV oﬁerating temperatures. In the formula
for radiation loss, the nuclear charge, Z,
was replaced by the actual ionic charge
attained by the impurity at the plasma tem-
peratures, lIonization potentials for various
jons up to Z = 103 have been tabu1ated.(52)
The radiation loss is reduced by a substan-
tial factor for high-Z ions (e.g. 20 for
‘tungsten), relative to a calculation using
the atomic number. This reduced radiation
power is consistent with results reported in
Ref. 51.

ANALYSIS

The analysis was carried out for a speci-
fic tokamak reactor model with parameters
that are characteristic of the ANL EPR design
R=6.25m A=2,98,1=26,4M, g(a) = 2.5,
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Bt = 4,4 T. The confinement times were scaled
up from the theoretical prediction by a factor
apgy = 1.79 so that ignition would obtain at
T=10 keV, in the absence of wall-sputtered
impurities and without helium recycling, in
the trapped-ion-mode (TIM) transport regime.
The thermonuclear power output of a reactor’
operating under these conditions at Bp =

2,25 is Pr = 410 Mwt.

The analysis consisted of a dynamic simu-
lation of the entire burn pulse. . Ions
escaping from the plasma were assumed to be
recycled back as described in Fig. 1, so
that essentially total (98%) recycling of
deuterium, tritium, and helium occurred un- .
less the particle removal (e.g. divertor)
efficiency n > 0. Deuterium and tritium jon
densities were maintained at their maximum
allowable value by refueling, subject to the
constraint that Bp(t) < Bzax'= 2.25. Wall-
sputtered impurity ions were assumed to be
ahle to penetrate immediately to the central
region of the plasma, where they resided
with a confinement time equal to that of the
D-T ions. These impurity ions increase the
radiative power Joss as described in the pre-
vious section, modify the particle and energy
confinement times (t = Zeff for TIM scaling)
and reduce the allowable D-T ion density for
a fixed 8™*,
heating, up to a maximum power of 80 MW, was
used in some cases to offset excessive radi-
ative power losses. The burn pulse simula-
tion was carried out to the point at which
the accumulation of helium and wall-
sputtered impurities quenched the plasma.

A figure-of-merit for the burn cycle per-
formance is the net electrical power

Supplemental neutral beam

averaged over the burn pulse,

UB '
- :r-- “REF - UPUﬁP - U

T

net TT

- UPS[] - nPSJ Athurn:’



UT plasma thermal energy to wall
during burn pulse
UB ¥ beam heating energy during
burn pulse
UREF = refrigeration energy during
burn pulse
UPUMP 7 coolant and vacuum pumping
energy during burn pulse
U,2 - plasma ohmic heating energy
’ dissipated during burn pulse
Ués energy transferred by plasma
driving system during burn
pulse.
z fAt P dt
0
nf z  thermal-to-electrical conver-
sion efficiency = 30%
ng = neutral beam power efficiency
= 35%
npg ° energy transfer efficiency
. = 95%
Atburn = length of the burn pulse.

The compressive refrigeration power for the
superconducting toroidal field coifs was
UREF = 660 MJ, the coolant and vacuum pump-
ing energy was UPUMP = 0.02 UT, and the
energy transferred by the plasma driving .
system was U, ~ 26400 MY, ‘

- The guantity Pnet is plotted in Fig. 6 as
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FIGURE 6. Effect of First-Wall Surface
Material on Power Performance

a function of the length of the burn pulsc
for several first-wall surface materials.
The assumed edge temperature is 200 eV for -
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all cases. The burn cycle performance that
would result in the absence of sputtering is
also shown to provide a point of reference.
In the absence of-sputtering, the minimum
burn pu]se for which Pnet >0 is 20 s, in-
cluding ~4 s for startup. In this case, the
burn pulse is ultimately (w157‘s) quenched
by the accumulation of helium, and the maxi-
mum value of Pnet is 66.5 MW,

Wall-sputtered impurities from a stainless
steel (represented by iron) or refractory
metal (niobium) first-wall surface have a
devastating effect. A substantial supple-
mental beam heating is required to maintain
the plasma at thermonuriear temperatures,
resulting in a negative Pnet’ on the order
of -200 Mie. The maximum length of the burn
pulse could be extended beyond ~20 s by in-
creasing the beam heating power PB > 80 MW,

but this would result in an even more nega-

tive Pnet. Initially, the D-T sputtering
is the main contributor to plasma contami-
nation, but as the impurity concentration
builds up to on the order of 1%, self-ion
sputtering becomes a major contributor, as
may he inferred from Table 1, The situation
is somewhat improved if the plasma edge
température is less than the 200 eV used in
these caleilations; however, even for Ted
=60 eV P . % -100 MWe and the maximum
burn pulse is 20 s. Thus, it appears
extremely unlikely that a reactor of this
type will he ahle to operate with a stain-
less steel or refractory metal wall without

ge

some form of impurity control,

One -form of impurity conlrol 1s sugyested
by Fig. 6, namely to interpose between the
plasma:and the structural first wall a low-Z

~ material, eithér as a coating or as a stand=

-off liner. Burn pulses of ~45-55 s can be
achieved with very low-Z surfaces, viz.,
beryllium, carbon (without chemical sputter-
ing), R,C, which result in Pnet about one-
half of the value that obtains without wall

sputtering. With a small supplemental beam



heating (PB = 10 MW) to offset radiative
losses, burn pulses in excess of 60 s with
max imum Pnet of ~35 MWe can be achieved with
a beryliium surface. If a carbon surface
operates in the temperature range ~400-700°C,
then chemical sputtering precludes Pnet > 0,
which implies that carbon would be suitable
as a standoff liner operating at temperatures
in excess of 1000°C but would be unsuitable
as a coating operating at 400-600°C. Sur-
faces- with silicon or oxygen compounds are
less satisfactory for impurity control in
reactors of this type. In the case of beryl-
Tium oxide, Py < 28 M{ was adequate to off-
set radiative losses, but the accumulation

of oxygen in the Bb-1imited plasma forced a
reduction in the D-T density which eventually
quenched the plasma. For the beryliium sur-
face, the self-sputtering rate is about half
the D-T sputtering rate, the alpha-sputtering
rate is about 5% of the D-T sputtering rate,
and the neutron-sputtering rate is negligible,

Another. possibility for reducing plasma
contamination is to use a Tow-sputtering
first-wall material such as tungsten.
Although- the plasma performance is better
with tungsten than with stainless steel or
niobium as the first-wall surface material,
the performance with tungsten is considerably
inferior to that with a low-Z material -such
as beryllium. Moreover, the plasma perfor-
mance is much more sensitive to variations
in the sputtering coefficients for a high-Z
material than for a low-Z material. In the
case of tungsten, the self-sputtering rate
is ~30% of the D-T sputtering rate and the
neutron sputtering rate is ~10% of the D-T
sputtering rate.

The performance summarized in Fig, 6 is
based ypon a plasma-edge temperature of 200
eV, which corresponds to the maximum in the
Reduced
sputtering, hence improved performance,
occurs if the plasma-edge temperéture is
higher or lower for beryllium, as shown in

beryllium sputtering yield curves.
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Fig. 7. At an edge temperature of 60 eV, a
burn pulse of 102 s with a maximum Pnet =
57 MWe is obtained with a beryllium surface,
which is close to the performance in the '
absence of wall sputtering. The effect of
the plasma-edge temperature is even more
dramatic for silicon-carbide, with Pnet_>

0 becoming possible for an edge temperature
of 60 eV.

Another method of impurity control which
has been proposed is to remove ions that
escape from the plasma before they strike
the wall — e.g., by means of a magnetic
divertor. This process can -be represented
by the efficiency of charged particle removal,
n. Results of a series of calculations for a
stainless steel first-wall surface and vari-
values of the charged-particle removal
For.a very -

ous
efficiency are shown in Fig, 8.
low plasma-edge temperature (60 eV) and a
very efficient charged particle removal
mechanism (n = 0.9), tolerable equilibrium
jron (0.03%) and helium (1.5%) concentrations
are maintained and the burn puise is virtu-
alily unlimited. For a more realistic value
of n = 0.5, the performance is marginal and
Pnet > 0 requires a low plasma-edge tempera-
ture (60 eV) in addition to substantial sup-
plemental beam heating (PB = 44 MW), If the
plasma-edge temperature is 200 eV, a very
high charged particle removal efficiency {n
= (,9) and some supplemental beam heating
(PB = 15 MW) are required to achieve Pnec >
0. Thus, it appears that the success of a
divertor or other impurity control mecha-
nisms based ubon charged particle removal
depends critically upon the achievement of
high particle removal efficiency and upon
the operation of the plasma with a Tow edge
temperature. These calculations have not
accounted for the significant reduction in
energy* of those charged particles which

cross the divertor sweep-out region before

*
Private communication from A. Mense, ORNL,
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striking the wall. This might improve the
performance of divertors relative to the pre.
dictions of Fig. 8, )
Combining a low-Z surface with a charged
particle removal mechanism reduces the criti-
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cal dependence upon high particle reniova]
efficiency. Performance obtainable with
beryllium and silicon-carbide surfaces .are’
shown in Fig, 9, for a range of charged
particle removal efficiencies.” With a
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FIGURE 9.

beryllium surface, n > 0.5 suffices to
achieve very long burns,

The quantitative results discussed above
depend upon the particular reactor model and
values for the sputtering coefficients used
in the calculations, as well-as upon the
various assumptions in the calculational
model, and are subject to change as under-
standing of the various processes improves,
However, the general qualitative features
should be relatively independent of the
reactor model and the data. )
TECHNOLOGICAL FEASIBILITY OF FIRST-WALL
SURFACE MODIFICATIONS

On the basis of fabricability, vacuum
properiies, and economic impact, fusion reac-
tor first walls constructed of transition
metal alloys such as stainless steel are
However, as indicated by the

favored, 53)
previous calculations, satisfactory plasma
performance can only be attained with very
Tow incident particle energies and an effi-
cient divertor and/or supplemental heating.
The unacceptable plasma performances were
caused primarily by the high radiative losses
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400-500°C for stainless steel.

Effect of Divertors on Power Performance
for Low-Z Coated Walls

produced by the high-Z transition metal

impurities. An additional factor that will
further degrade plasma performance will be
the substantial erosion of the wall by the

(1-5,54-58) For anti-

blistering phenomenon,
cipated conditions, erosion rates of struc-
tural materials such as niobium or stainless
steel by blistering are greater than those
by physical sputtering.(54f58) These erosion
rates are temperaturé-dependent and peak at
the temperature ranges of interest, viz.,
(57-58)
Although complete agreement on the contribu-
tion of the blistering phenomenon has not
been reached because of uncertainties in in-
cident particle energies and particle energy
distribution, the data obtained by monoener-
getic bombardments may be a reasonable repre-
sentation of the 3.5-MeV contribution of the
alpha-particle wall current. Effects produced
by this component are probably independent of
the other low-energy effects. An erosion rate
greater than 10-1 atom/ion may be expected for
stainless steel after a few days operation,

(56,57) This contribution substantially



exceeds that produced by He++ sputtering at
the low energies (<100 eV) and approaches
the sputtering yields of 0" and T at Tow
energies. Possible synergistic effects such
as sputtering and vaporization of blister
skins have not been investigated and, al-
though likely to be detrimental, cannot be
assessed at this time. Therefore, the con-
clusions presented in the previous section
for the plasma performance with a stainless
steel wall are probably quite optimistic.

Several concepts for modifying the first-
wall surface are qualitatively assessed in
this section: (a) a low-Z material coating
on a structural substrate; (2) a separated
monolithic low-Z material liner; (3) a car-
bon ¢loth lincry and (4) a low-sputter mate-
rial coating on a structural substrate.

1. Low-Z Coating

The low-Z coating on a structural metal
substrate has been proposed as a viable solu-
tion to the impurity control probiem in
EPR.(53) This concept utilizes the transi-
tion metal (stain]qss steel) substrate for
structural support and the low-Z coating to
protect the plasma from the high-Z transition
metal atoms. Major considerations in this
concept are the flexibility in first-wall
design provided hy the variety of low-Z
coating materials that are considered feasi-
‘ble and the variety of coating procedures
available. The coating selection and prepa-
ration can be optimized on the basis of its
surface characteristics, and the substrate,
which provides the structural support, can
be selected primarily on the basis of desira-
ble bulk properties.

Fabrication should not be much more dif-
ficult than for the simple metal wall dis-
cussed above. A substantial technology base
exists for applying a variety of coatings to
a number of substrate materials. Much
of this technology has been obtained rccently
under space and fission reactor programs.
Although plasma spraying, chemical vapor
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deposition, chemical bonding, and sputtering
can all be used to coat most of the materials
considered,(sg) the plasma spray process
appearé.to be the most appropriate for the
present applicatior. Deposition rates neces-
sary to obtain the desired coating thicknesses
(~100 um) can be achieved. The porosity and
grain size can easily be varied in the plasma’
spray process to obtain optimum microstruc-
tures.(59'6]) Graded coatings, which can

also be prepared by the plasma spray process,
may be desirable for better coating adherence.
However, additional development work and
modification of existing coating technology
may be required to 6ptim1ze selected proper-
ties for the present application. Since the
coating material 1s not required to serve as

a structural member, a wider variety of mate-
rials may be feasible. Materials requirements
are minimized, since only thin coatings are
being considered. As a result, materials

cost and availability of more exotic mate-
rials are less restrictive for coatings than
for low-Z monolithic structures.

The possibility of in situ coating may
provide additfonal benefits for fabrication
and repair of first-wall systems. Remote
coating preparation by plasma spray, chemical
vapor deposition, chemical bonding, and sput-
tering are all considered feasible, since the.
required environments can he attained in the
vacuum chambers. However, further development
work is required to develop an in situ coating
technolony.

The plasma performance calculations indi-
cated that, on the basis of predicted physical
sputtering and reflection coefficients, net
power could be achieved in the EPR with
several low-Z liner materials. However,
other potential sources of wall impurities
such as blistering and thermal evaporation
were not considered in these calculations.
Significant erosfon rates from a blistering
phenomenon can occur under certain condi-

tions. In some cases the blistering yields



exceed those from physical sputtering.(sq'se)

However, the blistering phenomenon is
strongly affected by the microstructure of
the target materia].(62’63)
produced by helium bombardment are much less
for sintered material, both beryllium and
'a1uminﬁm. than for cast or sheet material,
Microstructures similar to those of sintered
products can be obtained by selected coating.
procedures, e.q., plasma spray techniques,
in which grain size and porosity can be
adjusted over significant ranges. It appears
that erosion by the blistering phenomenon can
be maintained at acceptable levels by appro-
priate choice of coating parametérs.A

Depending on the proposed operating tem-
perature and coating material, thermal vapori-
_zation may also contribute to impurity effects.
Thin coatings on a convectively cooled sub-
strate tend to minimize this contribution by
maintaining the low-Z material at lower tem-
peratures than are attained with sebarated
Tiner concepts. Also, more refractory-type
low-Z materials such as B,C and beryllium
oxide can be used if necessary to alleviate
this problem,

Two types of impurity effects may be
important with regard to the selection of
the liner material. One relates to the
~ presence of high-Z impurities in the coating
that can reach the plasma by normal erosion
phenomena and the second relates to absorbed
gases on the wall that may be removed by
photodesorption. Since a minimal amount of
low-Z material is required for the coating
concept, high quality base material can be
effectively used to minimize high-Z concen-
trations. Predominant impurities typically
picked up during coating preparation are.
oxygen and nitrogen, Since these elements
are fairly low-Z, moderate amounts are not
prohibitive. A major source of plasma impuri-
ties in present day physics machines is the
desorption of gaseous impurities from the low
temperature (room or cryogenic temperature)

Erosion rates
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first walls. This problem will be considera-
bly different for power reactors in which the
first-wall is operated at elevated tempera-
tures. For example, beryllium reacts chemi-
cally with oxygen at elevated temperatures
to form a very stable compound. At elevated
temperatures selected coating materials wi]]
chemically react with theljmpuritjes, e.g.,
beryllium with oxygen, to form stable com-
pounds which will reduce the tendency for
plasma contamination by gaseous impurity
desorption. This effect, which is a major
source of impurities in low-wall temperature
devices, may not be of significant importance
for power reactors. '

Vacuum properties of coated walls should
not differ substantially from those of a
metal wall; in fact, sputter coating of walls
in present day physics machines is used to
produce clean walls. High helium genera-
tion rates are typical of low-Z materials.
Since steady-state release rates are reached
in rather short times, this produces another
impurity source. This effect is not signifi-
cant for thin coatings, however, as discuséed“
below, it may be significant for thick low-Z
Tiners.

The mechanical integrity of the low-Z
coating is an important consideration as it
relates to the reliability, lifetime limita-

~ tion, and failure mechanisms of the coating.

An advantage of the coating concept is that
the substrate provides the structural sup-
port. As a result, micro-cracking of the
coating caused by swelling, gas production,
or differential thermal expansion'may not
seriously deqrade the effectiveness of the
coating as long as it adhered to the sub- '
strate. By judicious selection of coating
material and coating preparation, optimum
properties can be obtained to accommodate
these effects. For proposed coating thick-
nesses of a few hundred micrometers, 1ife-
times of three to five years are predicted’
on the basis of sputtering erosion rates in



the EPR.
significant fraction of sputtered first-wall

However, evidence exists that a

material is redeposited on the wall.

The failure mechanism of most concern for
the coatings is flaking or loss of adherency
over significant areas.
spalling of the coating is not tolerable,
since exposure of more than a few percent of

Excessive flaking or

a high-Z substrate surface, e.g., stainless
steel, would probably be unaccebtable. This
would expose the plasma to excessive high-Z
impurity from the substrate. Enhancement of
the plasma impurity source would result from
vaporization of the loose coating due to loss
of heat transfer capability. Any loose par-
ticulate material collected at the bottom of
the vacuum vessel would 1ikely revaporize
during each cycle because of the lack of
heat removal capability. This problem may
be alleviated if the flakes are vaporized
and subsequently vapor-deposited on the wall
at the end of a burn cycle. In either case,
a capability for recoating appears essential,
and an in situ coating capability may have
important consequences,
2. Low-Z Separated Monolithic Liner

With respect to effects on plasma perfor-
mance, a low-Z separated liner has much in
common with the low-Z coating discussed above.

The major differences relate to the techno-

logical aspects of fabricability -and mechani-
cal integrity.
advantages and disadvantages of the separated
liner in comparison with the coating will be

Therefore only the significant

discussed.

Although fabrication, installation, and
repair of separated liners appears to be more
difficult than that for coatings, several
possibilities have been proposed that appear

technologically feasible. (65-67

A major
difference from the coating relates to the
much larger quantity of material required,
which has a significant impact on cost and
materials availability if the more exotic

Tow-Z materials are used. Since a separated
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liner must provide a degree of its 6Wn struc-
tural support, the materials selection is
probably more limited, and since most concepts
operate with radiatively cooled separated
liners, problems inherent to high temperature
operation will be encountered.

In most cases the impurity control capa-
bility 'of a separated liner should be simi-
lar to ‘that for a coating of the same mate-
rial, since the physical sputtering and
ref]ection coefficients should be the same
in both cases. If chemical sputtering is
important, as in the case of carbon or graph-
ite, the wall temperature becomes critical.
A separated liner will probably operate at
temperatures ahnve the chemical sputtering
range for carbon, while the operating tem-
perature of a coating is probably near the
peak of the chemical sputtering range., It
is assumed that monolithic separated struc-
tures of the sintered product type can be
used to maintain "blistering” erosion rates
at acceptable levels. However, this require-
ment may further limit the selection of
materials. )

Impurity contributions from thermal vapori-
zation will be more critical for the stand-
-otf liner than for the coating because of
the inherentiy higher operating temperature
of the radiatively cooled liner. Decreases
in thermal conductivity of the Tiner mate-
rial as a result of thermally induced or
radiation-induced micro-cracking will lead
to higher surface temperatures that may
subsequently cause excessive thermal
vaporization. Lower thermal conductivities
characteristic of materials with substantial
porosity, which is required to fa;ilitate
gas release and to minimize blistering, will
also affect the operating temperature
limitations.

Additional impurity effects produced by
binders, which are commonly used in many
sintered ceramic liner materials, must be

considered. Helium generation in thick



low-Z liners may also produce significant
effects if complete helium release occurs
at high temperatures, as expected. For
example, the helium generation rate in an.
ISSEC(68) could exceed the helium generation
rate from the fusion reaction. However, this
is not expected to be excessive for liners
less than 1 cm thick.

The fusion reactor vacuum requirements
will be greater for a separated, monolithic
liner of either the bumper or shingle type,
since the total surface area in the vacuum
vessel will be substantially increased, i.e.,
probably a factor of three or four. The
pumping problem may be further complicated
by the geometric consideration, viz., the
thin annulus behind the liner which is con-
nected to the toroidal chamber.

Several problems relating to the relia-
bility and mechanical integrity appear to be
more severe for the separated liner than for
the coating concept. Since the liner must
provide its own structural support, micro-
cracking and dimensional instabilities
caused by thermal and neutronic effects may
lead to prehature failure. Accelerated
deterioration of the liner caused by higher
temperatures and more severe thermal cycling
may also occur as a result of reduced ther-
mal conductivity of the liner material dur-
ing operation. Erosion of the liner by
sputtering, blistering, etc., should not
seriously affect the useful litfetime of the
liner.

The failure mechanisms associated with
the monolithic separated liners appear to be
more critical than those of the coating con-
cept with respect to the effect on reactor
operation and subsequent repair and mainte-
nance, Fracture of a liner section not only
could expose the plasma to substantial areas
of high-Z vacuum wall, but the fractured
remnants could be a source of excessive plas-
ma contamination caused by overheating and
vaporization. Repair and maintenance of the

87

separated liner plates would probably be mofé
difficult than in situ recoating.
3. Carbon Curtain Liner

Since .the carbon curtain liner has much in
common with the separated monolithic liners,
only those factors that are unique to the cur-
The fabrication con-

tain will be discussed.
siderations with respect to technological
feasibility, materials cost, and materials
availability are all favorable for this con-
cept. However, methods of attachment of the -
curtain have not been analyzed in detail.
Since carbon is particularly susceptible to
chemical sputtering, high-temperature opera-
tion, with its attendant problems, is manda-
tory. Gross differences in the behavior of
carbon cloth after bombardment by helium and
hydrogen have been obsenved.(zo'zs’eg)

Thermal vaporization of graphite may be
critical for this concept because of thermal
conductivity effects related to the geometric .
considerations. Low thermal conductivity '
through the cloth related to strand-to-strand
heat transfer coefficients for the large num-
ber of fibers (of the order of a thousand per
thread bundle) may create excessive tempera-
tures at the plasma surface, leading to
vaporizatidn.

Vacuum properties of the graphite.cloth
will require additional pumping capability
relative to a mefal or Tow-Z coated wall.
Initial outgassing will be much more diffi-
cult than for some of the other concepts,
because of the additional surface area and
structure of the cloth.

Mechanical integrity limitations and un-
attractive failure modes may limit the use-
fulness of this concept. Although substan-
tial variation in the degradation of graphite
cloth from neutron and ion bombardment has
been reported in the literature, severe

: degradatioh of the cloth has been reported

for several conditions.(21‘25’69)' It ‘is

well known that neutron radiation effects in
graphite are strongly dependent on the type



of structure. The structure of the graphite
filaments is similar to structures in which-
radiation-inducéd swelling and damage is
large. Light ion irradiation can also lead
to severe degradation of the cloth fibers,
A major concern with the graphite cloth con-
cept is the mode of failure. Degradation and
fraying or breaking of the filiments as a
‘reshlt of neutron and ion bombardment may
cause accelerated deterioration of the cloth
and enhanced contamination of the plasma.
Frayed or broken filaments protruding toward
the plasma region will have a reduced heat
transfer capability and will probably over-
heat and vaporize, further increasing plasma
contamination, This potential for enhanced
degradation of the cloth 1iner resulting from
accelerated damage of frayed or fragmented
pieces hanging in the plasma region is a
major concern relating to the viability of
this concept.
4, Low-Sputter Coating

As indicated by the light ion sputtering
curves in Fig, 2, some materials, particu-
larly tungsten, have much lower sputtering
coefficients at low incident particle ener-
gies than do the other materials. Tungsten
also has a.relatively high threshold energy,
e.g., 217 eV for D+,(]0) for light ion
sputtering. As a result, the feasibility of
a low-sputtering first-wall surface has been
assessed. Although the light-ion sputtering
coefficients are very low at ion energies be-
low 1 keV, the allowable plasma impurity

levels of these high-Z ions are extremely low.

Therefore, impurity contributions from other
sources such as blistering and neutron sput-
tering, which were negligible for the low-Z
surfaces, become more important for this
concept.

Tungsten is considered to be the prime
candidate for the low-sputtering surface.
Because of fabrication difficulties with
tungsten, viz., welding and machining, the
most appropriate near-term approach for this
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concept is a thin tungsten coating on a stain-
1éss steel substrate. This approach minimizes
the quantity of material required and allevi-
ates many of the fabrication and joining dif-
ficulties. Several coating procedures such
as plasma spray, chemical vapor deposition
(CvD), and sputtering have been used for
gpplying tungsten coatings.(sg) As in the
case of the Tow-Z coatings, the plasma spray
or detonation gun processes »60 are pre-
ferred in order to obtain appropriate micro-
structures to minimize b]istering.(62'63)
Most of the other technical considerations
and the failure mechanisms will be similar
to those discussed above for the low-Z coat-
ings, Since tungsten has favorable high-
temperature properties, thermal vaporization
should be minimal. The maximum temperature
1imitatjons will probably be established by
the substrate. A low-sputtering tungsten
coating appears as technologically feasible
as a low-Z coating; however, the low-Z coat-
ing seems preferable from a plasma contami-
nation point of view, A major consideration
is the substantial increase in sputtering
yield with an imcrease in incident fon energy.
The plasma performance becomes extremely
unfavorable for the tungsten liner if inci-
dent ion energies exceed a few hundred eV.
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The Tokamak‘Engineering Technology Facility (TETF)] is a neutral beam

driven D-T machine with a major radius (R) of 3 m and a plasma current (1)

p

of 1.4 MA based on the counterstreaming-ion-torus mode of operation. It
can be used to demonstrate fusion reactor technology required’for the
Experimental Power Reactm‘2 and to serve as a radiation test facility.

PLASMA PHYSICS AND REACTOR PERFORMANCE
The TETF plasma will be fueled and heated
by Dand T neutral beams, injected parallel

and antiparallel, respectively, to the
toroidal magnetic field. These beams are
used to stack large densities of oppositely
traveiing D and T iohs, which together with
neutralizing electrons, form a CIT (counter-
streaming-ion torus) plasma.3 This system
of counterstreaming ions has a large fusion
reactivity, even for rather modest injection
energies, because of nearly head-on nuclear
collisions between D and T ions. This mode
of operation offers the most powerful means
of generating a large fusion-neutron flux in
a small-sized tokamak with modest confine-
ment parameters.

Ideal CIT operation is attainable only
if the inward diffusion of low-energy neu-
trals and ions to the reacting regicn is
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small compared with the rate of energetic
particle injection by the neutral beams.3
With an increasing population of low-
energy ions, the reactor performarce is
degraded; in the limiting case, the plasma
must operate in the TCT (two component

torus) mode, fueled and heated by D and T

injection. For injection energies ~ 60 keV,.

the ideal CIT has a Q (fusion power/in-
jection power) about six times that of the
TCT. The key to achieving optimal reactor
performance is adequate pumping of the neu-
tral ges in the scrape-off channel outside
the discharge, in order to minimize the in-
flux of recycled plasma.

The present desian specifies plasma 4
operation in the transition regime between
the ideal CIT and TCT modes. Injection of
15 1 of 60 kev D° beams and 15 M of 90
keV T° beams maintains a plasma of <> =

e



4 x 1013 cm™3 and T, = 4.5 keV with energy
confinement of ntp = 2.6 x 1012 sec/cm3,
The Q value is 0.70, or 45% of the ideal
CIT value.
eters are Bt = 4.0 T, vertical elongation

Other important plasma param-

Aspecl raliv, A - Ro/d
Safety factor, q(a)

Bp (excluding alphas)
Maynelic Fleld vn daxls, Bt
Plasma current, Ip

Energy confinement, N> T
Electron density, ang>
Electron temperature, <Te>
Q

Beam Power

60 keV D°
90 kev T°

Thermal Power
14 MeV neutron power flow to wall
14 MeV peak neutron current

A1l fueling is carried out by the in-
jected beams, and the flux swing of the
ohmic current transformer allows a burn
time of ~ 1 min, with a duty cycle of
n'75%. The nominal burn cycle is given
in Table 2.
possible when a significant portion of the

Even longer burn times are

plasma current is driven by the stireaming
ions. '
REACTOR LAYOUT _

The reactor, which weighs 2000 tons, is
assembled inside the TETF facility.
section of the torus is shown in Figure 1

A cross

and principle geometrical parameters are
given in Table 3. The elliptical/oval-

shaped plasma has a minor radius of 0.55m
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$A1.5 and Ip = 1.4 MA, The 14 MeV neutron
production rate during the burn is 7.3 x 1018
sec1, which leads to a peak neutron current
of 7.1 x 1012 n/cm?/s.
parameters are summarized in Table 1 for

Plasma performance

operation in the CIT mode.

- TABLE 1. TETF Plasma Performance Parameters

5.45
3.0
3.6
1,07
1.4 MA

2.6 x 1077 sec/cm?
4.0 x 10!3 cm3

4.5 keV

0.7

15 M
15 M4

51 MY
0.130 MV/m2
7.1 x 1012 n/cm?/sec

and an elongation ratio of < 1.5.
Surrounding the plasma is a type 316
stainless stecl first-wall vacuum vessel
consisting of twenty-four oval-shaped
toroidal segments 2.2 m high by 1.7 m wide.
These twenty-four segments are flanged and
bolted together to form an irregular torus
whose major diameter is 6 wm., The inner
surtace ot the vessel is coated with a low-
Z material.
wide by 0.8 m high, has becn provided within
First
wall vessel segments have been designed to

An experimental volume, ~ 0.20 m

the vessel in.the cuater wall region:

be removed and replaced with relative ease
to extend the flexibility of the reactor as



TABLE 2. Burn Cycle Sequence

Inject gas and form target plasma at

Ip ~ 500 kA 0-0.5s
Begin injection, raise Ip to 1400 KA,
attain equilibrium plasma 0.5-2s
Burn (continuous injection) 2 - 44 s
Shut-off beams and ramp-down plasma
current 44 - 46 s
Exhaust torus to 107 torr and charge
OH transformer primary 46 - 60 s
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TABLE 3. Geometrical Parameters

Major radius, R0
Plasma

radius, a
elongation
scrape-off region
volume

Vacuum chamber

nominal dimensions (oval)
nominal wall area

test rcgion on outside
nominal volume

Magnet shield thickness
inside
outside
top and bottom
Toroidal-field coils (12)

bore (pure-tension "D")
thickness (including cryostat)

Support cylinder thickness
Central core radius, A

air core
including Cu OH coils

a test facility. A1l surfaces of the vessel
are water cooled.

Shield blocks, ~ 1 m thick, surround the
first wall vessel. The blocks are of a
slab-type geometry. Ten pieces are used to
shield two adjacent first wall seqments for
a total of 120 major blocks for the entire
reactor. Inner and outer shield block
arrangements are different. The inner
blocks located between the tirst wall and
the center core of the reactor are made
of alternate lavers of stainless steel and
B,C to give high radiation attenuation in
the limited space. The outer shield blocks
are dominantly lead mortar and are water
cooled using a separate cooling system. Re-
moval of Llhe shield blocks has been simpli-
fied to accommodate experiments and first
wall replacement. The outer shielding
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3.0m

0.55 m
0
0.2 m
30.7 m3

1.5mx 2.25m
131 m?
v0.2mx 0.8m
58.5 m3

S o
b
w
=3

blocks can be modified to house many types
of experiments with a minimum cost.
TOROIDAL FIELD COILS

Toroidal-field coils surround the reac-
tor first wall and shield block assembly.
Each coil is approximaté]y 7 m high by
4.7 m wide and ~ 0.6 m thick, weighing
~n 35 tons. The TF coils are supported by
an inner cryogenically-cooled cylindrical

support spindle common to all TF coils
and a lower support leg extending down
and outward %o the reactor building floor.
The TF coil system includes load dump re-
sistors, torque support frame, cryogenic
and power supply systems. Superconducting
toroidal fieid coil parameters are shown
in Table 4.
POLOIDAL FIELD COILS

The ohmic heating (OH) coil system con-
sists of twelve ring coils and a central




TABLE 4. TETF.Superconducting Toroidal-Field Coil Paraméters

Materials .

superconductor
stabilizer
insulator
support

Coil dimension

bore (puré-tension "D")
thickness (including cryostat)

Number of coils

Field ripple, maximum’

Access between coils, maximum
Operating temperature

Peak field

Suberimposed ac field
Operational current (10 T)
Average current density (10 T)
Ampere-turns

total
per coil

Stored energy

total
per coil

solenoid. A1l coils are water-cooled

copper. The 6 m high central coil, weighing
~ 45 tons, is positioned in the center of
~the TF coil inner support spindle. Four
thin riny Loils are located above and four
coils below the central coil. Two sets

of larger ring coils circumscribe the

reactor TF coils from above and below the

midplane; the largest being 11 m in diameter.

The outer OH coils are supported and re-
strained in the maynet support/torque frame,
The

inner ¢oils are supported throuygh Lhe cen-

which is attached to the reactor floor.

tral pedestal foundation.

Twelve equilibrium=field (EF) coils com-
plete the magnet coil system. Eight coils
are clustered adjacent to the inner OH coil
sctsy four above and faur below the reactor,
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NbTi

Cu -
fiberglass epoxy:
316 stainless steel

3.65.m x 6.0 m I
0.55 m

12

0.99%

2m

3%/4.2%
107/87
0.2-0.47
10,000 A

12650 A/cm?

59.5 MA-turns
4.96 MA-turns

3100 MJ
258 MJ

while four Jarger ving coils are distributed
symmetrically around the outer extremities
of the TF coils.
is the outer EF coil whose diameter is-13 m
and whose weight is 58 tons. The tF coils,
like the OH coils, are of water-cooled

The largest reactor coil

copper design and are supported and re-
strained by thé same magnet support/torque
structure. Ancillary systems include the
power suppiy, switch gear, power leads and
water ~oolant systém_ Water-cooled coppef
poloidal field coil parameters are shown

in Table 5.

VACUUM PUMPING

A large vacuum system is required to
limit plasma recycling. Twenty-four 0.75 m
diameter ports are located symmetrically

around the first wall between TF coils both
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TABLE 5. "TETF Water-Cooled Copper Poloidal-Field Coil Parameters

Equilibrium-field Coils

Conductor
material Cu
volume 20.4 m3

current density
Power dissipation

1500 ~ 750 A/cm?

instantaneous 21.5 My

cycle-averaged 15 MW~
Inductive stored enerqy 68 MJ
Qperational current 30 KA
Operational voltage . 5 kv
Ampere-ne Lers f 153 x 108
Volt-sec to plasma 7.8 volt-sec
Field at plasma . 0.28 T
Number of coils 12

Ohmic-heating Coils

Conductor

material Cu -

volume 6.3 m?

current density 2534 A/cm?
Maximum peak field 6.37 T
Power dissipation

beginning of cycle 54 My

end of cycle 77 MW
Inductive stored energy 116 M}
Operational currenf 30 kA
Operational voltage 5 kv
Ampere-meters 321 x 106

Volt=sec tu plasua

startup
burn

Number of coilé

4.2 volt-sec
5.0 volt-sec

12 plus solenoid

above and below the reactor centerline. larger cryosofption pumps. The pumps are

Each of the ports extends outward into an operated one at a time allowing for on-
line regeneration of the off-cycle unit.
Isolation valves are provided to allow for
In addition to

the cryosorption pumps, a series of blowers

annular shield plug volume containing a

quick-closing valve in its ouier extremity.
Trapped gases will flow through the this regeneration purpose.
annulus provided around the centered shield
plug and out into a removable.Y-shaped ex- and diffusion pumps are supplied for ini-

tension duct to two 25,000 1iter/seE_or tiating the pumpdown in the first-wall
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torus from atmospheric conditions. The ‘de-

sign provides a method to accumulate fuel
from a1l components including any leakage

of fuel from the vacuum system during any
of the operational procedures. Mainte-
nance and repair of all vacuum components
is accomplished through isolation, removal
and fep1acement using special remote-
qperafed flange connections, valves and

Jifting dollies.

All.major vacuum-equipment will be lo-
cated within the reactor containment sheil,
with the exception of the helium com-
pressors. This is a safety measure to
.minimize hazards.

NEUTRAL BEAMS

" Eight neutral beam injector units, each
containing two ion sources, ring the
reactor. The beams are aimed iangentia11y
into the plasma in a symmetrical pattern of
clockwise and counterclockwise direction.

Each beam enters on the centerline of the
vacuum vessel at an angle of ~ 45° to the
line of tangency through an 0.55 m wide by
0.8 m high rectangular opening,‘grazing
the 1qside plasma toroidal centerline.

The injector duct is shielded as it leaves
the reactor. Each injector is éttached
to the reactor with an isolation valve.
Each beam line consists of a source,
accelerator, separator, neutralizer and-
ancillary vacuum and energy recovery

_equipment. Two lines are stacked in each
injector and they aim into the torus from 6°
above and 6° below the median plane. The
beam length to the reactor first wall is
~ 7 m. Table 6 shows neutral beam in-
jection system parameters., ‘

PONER SUPPLIES

Major power supply equipment:is located
in the adjacent building. However, hookup

is made with special lead lines and step-up
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~ seconds for heating.

" be able to reach 30,000 A in 2

transformer units placed at the base of

the injector units. A neutral-beam test
facility is located on the reactor floor
within the reactor containment shell. This
area, enclosed by radiation shielding,
contains remote maintenance and hookup
equipment and a permanent power supply.

The powier supplies for the OH coils and
EF coils are based on normal conducting
copper windings with an optional super-
conducting design. An important feature
is that the level of powers for both coils
are within the range of operation for
pulsing directly off the power line,

The OH coil provides 4.2 V-s to heat

the plasma and 5.0 V-s to maintain plasma

current during the burn phase, and is

‘charged to 30,000 A in one direction prior

to heating and discharged to zero in two
After crossing zero
field, the coil current is increased slowly
A full

5.0 V-s requirement during burn requires

to maintain the plasma current.
a coil current of 35,700 A. Resistive
power loss in the coil reaches 53.9 MN at
30,000 A.
The power supply envisioned to meet these

The coil time constant is 3.35 s.

requirements is a phase-controlled, poly-
phase SCR rectifier driven.direc’ly off
the power linc.,  The main constituents of
the power supply are the polyphase trans-
former, the SCR rectifier banké, the SCR
reversing switches and an-optional filter.
The EF coil is designed to operaté at.
30,000 A and store 68 MJ of energy. The
peak resistive power loss in the coil is
21.5 MY, but because the magnet must
S, thc.
possibility exists for drawing as much as
79.3 M4 from the line.
for which EF coil power is increasing

However, the time

roughly corresponds to the time that the



TABLE 6. TETF Neutral Beam Injection System

Neutral beam power (M)
Neutral beam energy (keV)
Number of injectors

Number of ion sources per
injector

Ion beam current per source (A)
Beam composition (X+/X;/X§)

Plasma emission current denaity
(A/cm?)

Type of grid

Tritium to torus (wn/hr)
Gas efficiency

Pulse length

Overall neutral injector .
efficiency

OH coil is feeding energy. back into the
Tine. The system is designed to take
advantage of the energy balance to reduce
the peak power demand during this 2 13
period.

After the EF coil reaches full rurrent,
the cuil voltage can he reduced to just
satisfy resistive power requirements.
Again, the power supply would be a phase-
controlled, SCR rectifier type without the
reversing circuits. The peak charginy
Voltage required by the EF cil power
supply is 2650 volts. '

The TI coil puwer supply represents
no major design difficulty. Its size is
entirely debendent on how rapidly the
coil is Lo be charged. A 70 KW supply
will charge the coil in twenty-four hours
and the 425 KM supply will charge the
coil in four hours.

The neulrdl-beam power supply must pro-
vide approximately 22.5 MW at 60 kV for -
the D beams and 22.5 MW at 90 kV for the
T beams. The power is taken off the

0.75/0.18/0.07

DO TO
15 _ 15
60 90
4 4
2 4 2
69- 26

0.75/0.18/0.07

0.300 n,745
multi-aperture multi-aperture
- 'u].fl
0.45 0.45
dc’ dc
0.56 - 0.59. 0,56 - 0.59

electrical grid. Polyphase SCR rectifiers
are the most likely choiée for developing
these voltages. Spark protection probably
can be provided by vacuum switch tubes for
these voltage ranges. A high frequency
polyphase 5CR reclifier with a saturated
Lime delay transformer (STDT) could be
considered as an alternative to the ahbove
system, A

Characteristics of these power supplies
are summarized in Tahle 7. ‘
TRITIUM HANDLING . '

_ Essentially all of the tritium entering

the torus during operation of the TETF is

~delivered by the 7° neutral injectors.

Maintaining a feed rate to the torus of
~ 15 gram/hour requires that ~ 120,
gram/hour be supplied to the 1° neutral
injection system, Coupling these feed
rates with other considerations related
to injector pump turn-around times,
processor hold-ups and reserve storage
requirements has led to an estimated
tritium inventory for the TETF of ~ 650



TABLE 7. TETF Power Supply Parameters

Power pulsed directly off-line

power
voltage

OH coil system (copper coils)
type
peak voltage

EF coil system (copper coils)
'type
peak voltage

TF coil system

100 MY
132 kv

polyphase SCR
rectifier
2150 volt

polyphase SCR
rectifier
2650 volt

© 70 kW

Neutral beam injection system accelerators

type

D injection {60 kV)
T injection (90 kV)

grams, TETF fuel recycle and brocessing
is based on four T° neutral injectors, each
equipped with two interchangeable gas
pumping systems that are turned over for
regeneration on an hourly basis. The
tritium inventory within each injector is
cleaned up twice a day by one of three
parallel exhaust processing systems.
Pumping and processing for the four p°
neutral injectors is carried out in
essentially the same manner as described
above for the T° injection systems. The
plasma exhaust is processed by a separate
system and is turned around once a day.
Each of the three processing syétcms (for
the T° injectors, p° injectors and the
plasma exhaust) contains: a purification
train to remove'nonrhydrngencous impurities
and a cryogenic distillation cascade to
carry out the required hydrogen isotope
separations. Characteristics of the
tritfum systems are summarized in Table 8.
The TETF first wall consists of a type
316 stainless steel vacuum vessel made up
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polyphase SCR
rectifier

22.5 M

22.5 MW

of tWenty-four oval cross section toroidal
" The - ‘
twenty-four segments are flanged together '

segments, 2.2 m high and 1.7 m wide.

to form an irregular torus with a major
diameter of 6 m. The walls of the chamber
are formed from two parallel layers of
integrated cooling panel (overall thickness
< 2 cm/panel) that are welded tc the mafing
end flanges of each segment and cross braced
with lateral spars for additional support.
The surféce of the inner cooling panel
facing the plasma is coated with a Tow-12
material to minimize degradation of p1asma
performance by sputtered high-Z materials.
Both of the first-wall panel layers are
cooled with water and the maximum tempera-
ture reached at any point in the vacuum-
vessel is < 400°C.
of highest flux the strength properties
of the 316 stainless steel structure.wil)

Even in the regions

be satisfactory for a period in excess
of five years.
The TETF shield consists of a series
of slab-type blocks surrounding the vacuum
vessel. The inner shield biocks (between



the vacuum vessel and interior straight
section of the D-shaped TF coil) are com-
posed of stratified layers of stainless
steel and B,C in a configuration designed
to maximize the radiation attenuatioh '
in an 0.9 m thick zone. The upper,

lower and outer shield blocks are

TABLE 8. TETF Tritium System Characteristics

Injection system requirements

70 injection rate to plasma
T  input rate to injectors
Tritium inventory per injector

Inyéntohy disposition

Injector systems (4)

Processors for injector recycle (3)
Plasma exhaust and processing system (2)
Contingency reserve storage (1)

-Total
Tritium consumption rate

Tritium accumulation in first wall H 0 coolant
aftor 1 year of uperallon

15 gm/hr
120 gm/hr
15 gm

120 gm
- 45 gm
360 gm
120 gm

~ 650 gm
880 gm/yr

103 - 104 Ci

combosed of a 1.05 m Lhick zone of stain-
less- steel, lead mortar and a ]imited
amount of B,C.

Characteristics of the -first wall and
magnet shield are summarized in Table 9.
The nuclear performance is summarized in
Table 10.

TABLE 9. TETF First wall and Magnet Shield Parameters

First Yall

Material
Thickness
Construction

Coolant

tamporature (inlet/exit)

pressurc ’
Maximum temperature in SS
Maximum Al through coolant panel
Maximum AT during burn cycle
Maximum thermal strain variation

fully restrained _
restrained against bending
Magnet Shield

Material
Thickness

insidu

outside

top and bottom

Coolant :
Maximum structural temperature

100

low-Z coated 316 SS

4 cm

2 layers of integrated
coolant panel

H,0

38Y%/< 100°%

< 2000 psi

290°c

150°¢

140°C

$S/B,C/Pb-mortar

9 m
5m
5m

0
1.0
1.0
H,0
<2

00°c-



TABLE 10.  Summary of the Nuclear Performance of the TETF First

Wall and Shield

Average neutron wall loading
"Assumed duty factor

First Wall .
Average fusion neutron current to wal]
Maximum neutron fluence (0-15 MeV)
Maximum gamma-ray fluence (0-15 MeV)

Surface heating (plasma and beam ions,
neutrons and radiation)

Maximum nuclear heating
Atomic displacement
Heljum production
Hydrogen production’

Specific radioactivity (curies/cm3
after 5 years of operation)

Maximum Values in TF Coil

Neutron fluence
Gamma-ray fluence

Radiation-induced resistivity in Cu
stabilizer (1 Md-yr/m?)

Dose to mylar {1 Md-yr/m2)
Nuclear energy deposition per coil
Total nuclear energy deposition (12 coils)
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0.2 MW/m?
"50%

8.86 x 10'2 n/cm?/s
2.25 x 102! n/an?/yr
4,94 x 102% photon/cm?/yr

25 W/cm?

2.1 W/em3
1.1 dpa/yr
21 appm/yr
52 appm/yr

20

2.1 x 10'® n/em2/yr
2.9 x 1015 photon/cm?/yr

6.6 x 1079 g-cm
1.0 x 108 rad
11 watt
132 watt

o |
&



" REVIEW OF THE ANL PROGRAM ON LIQUID LITHIUM -
PROCESSING AND TRITIUM CONTROL TECHNOLOGY*

W. F. Calaway, E. H. Van Deventer, B. Misra,
C. J. Wierdak** and V. A. Maroni

]

ARGONNE NATIONAL LABOKATORY

Bench-scale gxperiments are currently in progress at ANL to rembve
tritium and other nonmetallic elements (H, D, C, N, and 0) from molten
salts. Results are reported for sparying exbériments in which protium
and deuterium at concentrations of 2 to 10 wppm have been recovered from
LiC1-KC1 and LiF-LiC1-LiBr solutions using HC1 as the sparge gas. These
results give firm evidence that a folten salt extraction process has the
potential to maintain tritium Tlevels in liquid 1ithium fusion reactor
blankets at or below 1 wppm. Initial experimental tests on electrochem-
-ical evolution of protium and deuterium using s$pecially prepared porous
graphite electrodes are also presented. A lithium processing test loop
(LPTL) is described which will be used to study the molten salt extrac-
tion concept on a larger scale. In a second project at ANL, experiments
to measure hydrogen permeation through selected materials are continuing
in an effort to develop barriers to tritium higration. Results are pre-
sented for experiments performed on metal]urﬁica]]y bonded aluminum
bronze/304-SS multiplexes and on Haynes alloy 188 in the temperature
range 200 to 700°C and with hydregen (prutium) dviving pressures of
from 0.3 to 200 Torr. A hiyh resistance to permeation has been observed
for aluminum bronze which is attributed to impurity coatings on the '
metal surface. The hydrogen permcability of Haynes alloy 188 was- found
to be in the same range as that of most conventional austenitic alloys.
Experiments examining the thermal conductivity of multiplexes are also
described. :

INTRODUCTIGN .

" As demonstration of -ustained D-T fusion
approaches, 1t is bhecoming increasingly wore
fmperative to develop the support technology
required to transform proof-of-theory plasma
experiments into practical power generating
devices. An important aspcct of this trans-

formation'wi11 be demonstfation of technology

- to contain and control tritium in fusion re-

actor systems. From an.economic viewpoint,
it is essential to minimize costly tritium
inventories. This will require efficient
recovery of tritium from the fusion reactor

‘blanket where it is.bred. In addition, for .

*Work performed under the auspices of the U.S. Energy Research and Development Administration.
**Student Aide from I1linois Institute of Technology



D-T fusion power reactors to become the clean
and safe energy source which has been envi-
sioned, the tr%tium released to the environ-
ment will have to be maintained at very low
levels. This too dictates minimizing tri-
tium inventories as well as devising methods
of inhibiting tritium migration.

An experimental research program is in
progress at Argonne National Laboratory to
evaluate and develop selected aspects of the
required tritium technology. The projects
currently being pursued are (1) permeation
experiments to develop barriers to tritium
migration through reactor structures and (2)
developmental work on reactor blanket puri-
fication systems which can maintain Tow tri-
tium inventories. To examine permeation bar-
riers, studies are being conducted on pro-
posed reactor structural materials, multi-
layer metal laminates, and impurity coatings
on metals. Reactor blanket purification has
focused on a molten salt extraction process
for liquid lithium. Recent progress in
these endeavors is presented below.

LIQUID LITHIUM PROCESSING
Because liquid lithium is a leading candi-

date for first generation fusion reactor
blankets, initial studies have -concentrated
on schemes for removing tritium from Viquid
1ithium. This has proven tu be a formidable
task since 1ithium has great tenacity for

(1) and since it will prob-

hydrogen isotopes
ably be necessary to maintain tritium levels
in the Tithium blanket at s1 ppm.(2:3) A
method under developmer: at ANL" which shows
promise in achieving the required low tri-
tium level is the molten salt extraction
process.(a's) Besides being well suited for
tritium control, this procesé has the addi-
tional advantage of simulfaneous]y removing
other nonmetallic impurities (e.g., H, D, C,
N, and 0) from the Tithium blanket, thus min-
imiziny the corrosive effects of 1ithium.
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Studies previously conducted at this lab-
oratory found that tritium (present as LiT)
is preferentially extracted from liquid
lithium to selected molten salts when the
two liquids are contacted.(a) Based on
this study, a processing scheme was proposed
whereby tritium could be removed from a
liquid 1ithium fusion reactor blanket by
(1) contacting a portion of the Tithium.from
the blanket with a molten salt, (2) resepa-
rating the salt and metal phases, and (3)
returning the purified lithium to the blan-
ket while reprocessing the salt to recover
the tritium. In development of this pro-
cess, the present and most immediate task
has been to experimentally verify the salt
reprocessing step. To this end, bench-scale
experiments are being conducted to evaluate
gas sparging and electrochemical techniques
as possible methods for removing deuterium
and protium (used as substitutes for tritium)

(5) In addition, an en-

from molten salts.
gineering scale 1ithium processing test
loop (LPTL) has been designed which will

allow experimental examination of molten

salt and other blanket processing procedures

on a larger scale.
Gas Sparging Studies
Sparging experiments have been performed

- to recover both protium and deuterium from

molten salts using HC1 as the reactive gas
and either LiC1-KC1 or LiF-LiC1-LiBr as the
salt medium. In the experiments, Li and LiD
{or LiH) are dissolved in a pot of molten
salt. The lithium metal is introduced to
similate the anticipated condition of the
salt when it returns from the lithium con-
tacting nperation in an actual processing
system. - A quantity of HC) equimolar to the
Li plus LiD present in the salt is bubbled
through the molten solution in a closed
Toop producing the reactions,

LiD + HC1 »+ LiCl1 + HD (1)



Li + HC1 » LiC1 + 1/2 H,. (2)

Since hydrogen is practically insoluble in
the molten salts under study, it enters the
vépor phase above the salt when liberated
by sparging. The rate and extent of the
reactions are followed by monitoring the
hydrogen isotopes in the gas stream above
the salt using a hass spectrometer. De-
tails, of the experimental procedure are
given elsewhere.(s’e) '

Initial experiments examined recovery
of deuterium frum LiCI-KC1 eutectic as a
function of such parameters as (1) the con-
centration of LiD, (2) the roncentration of
Li, (3) the amount of HC1, and (4) the salt
temperature. Results which typify this
series of experiments are given in Fig. 1,
where the concentration of HD above the salt
(as'dctermined mass spectroscopically) is
recorded with time. As seen in Fig. 1 and
as found in all experiments with LiC1-KC1,
addition of LiD to the salt caused HD gas to
be generated spontaneously before the sparge
gas was introduced. At a later time, addi-
tional RD is generated as HC1 is added to

MOLTEN SALT-LiCI/KCI EUTECTIC

the system. Once the reactions have reached
completion, the gas stream is directed
through a hot titanium bed which getters out
the hydrogen isotopes as shown in Fig. 1 by
the return of the HD signal to its original

‘base‘line. The spontaneous génerat%on of

HD is unexpected and was at first attributed
to residual acidity or impurities in the

(5) However, when excess metallic

system.
Tithium, which should tie up impurities and
chloFide, is added to the sdalt, as in Fig.

1, the spontaneous generation of HD.persfsts.
In fact. no amount of Li or LiD appears tn
alter this spontaneous conversion. .Also
typica]lof these sparging experiments is a
low HD recovery efficiency. Generally, less
than 50% of the deuterium added to the salt
is recovered as HD. For the experiment in
Fig. T, only 38% was recovered.

To explore both the spontaneous genera-
tion and poor recovery of HD, experiments
were performed where protium was sparged
from the molten salt with HC1. Results from
these experiments revealed the following:

(1) rEQOVery'nf H, was significantly improved

" SALT TEMPERATURE =500°C T
QUANTITY OF SALT-1,000¢ (18 moles) {INSERT TITANIUM BED
; 11(550°C) . g
L
—d 'g.-
a
z
~”m
4]
125 T<'>rr-1 HCI (68 m molg)\-.\ =
]
175 mg 1 iD(19m mule)} ~
+33mg Li (4.7m mole)J\ =
N [&]
; &z
| 0 | A 1 1 N 1 Il 1
0 I 2 374 6 8 10

RELATIVE TIME, hours

FIGURE 1. Results of a Typical Gas Spargihg Experiment to Recover
Deuterium from a Solution of LiD in LiC1-KC1 Eutectic -
H
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{compared to the HD recoveries) being in the
range of 70 to 100%; and (2) the amount of
H2 spontaneous]y generated represents,
within experimental error, all of the protium
added in the form LiH. That is, 100% of
the hydride added to the molten salt spon-
taneously converts to H2' This suggests
that 02 was formed in the LiD experiments
. and that the observed HD concentration was
controlled by the amount of H2 available
for the exchange reaction
D, + H, ¥ 2HD. (3)

The reason for the spontaneous generation
of 02 and H2 is believed to be associated
with the molten salt which was selected.
It has_previously been recognized that me-
talli¢ ‘1ithium can reduce the potassium

cation in LiC1-KC].(7’8) It also appears

MOLTEN SALT-LiF/ LiCl/-LiBr

SALT TEMPERATURE - 500°C

QUANTITY OF SALT - 900¢
(15moles)

200 Torr- 4 HCI (109m moles)
15.5mg LiH (1.95m moles)

' 59.9mg Li (8.6m my

that lithium hydride can reduce potassium
-cations by the reaction ’
LiH + KCT 2 LiC1 + K + 1/2 H,. (4)
The potassium generated by the above reac-
tion vaporizes; thus, the salt is a sink
for 1ithium and any hydride in the salt
will decompose. The implications of the
above reaction do not favor the use of
LiC1-KC1 eutectic in any 1ar§eéscale ex-
traction process since significant amounts
.of potassium metal would dissolve in the .
' liquid lithium stream returning to the
reactor blanket.
Experiments were,'fherefore, initiated
on a molten salt which contains no potassium.
An all-lithium halide solid solution (9.5
w/o LiF, 22.1 w/o LiC1, and 68.4 w/o LiBr)
was prepared and experiments to recover LiH

TITANIUM BED INSERTED
(550° C)

NORMALIZED MASS 2 {H,) INTENSITY —

W
| 1 | 1 L_
' 0 | 2

RELATIVE TIME, hours

FIGURE 2. Resu]fs of a Typical
~ Protium from a Solution of LiH i
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from this salt were performed. Results for
one such experiment are given in Fig. 2.
Note that spontaneous generation of H2 did
not occur when LiH was added to this salt.
The hydride remained in the salt until it
was sparged with HC1. Recovery efficiencies
for extraction of LiH from the all-lithium
cation salt were typically in the range 70
to 100% for hydride concentrations of 5 to

2 wppm. For Fig. 2, the recovery was 84% of
the 2 wppm hydride concentration in the salt.
A156 note that the protiuf cafie out of thiS
salt an order of magnitude faster than when
using LiC1-KC1.

-is consistent with the recovery rate expected

This very rapid extraction

for the sparging reactions [eqs. (1) and (2)].

In the LiC1-KC1 experiment, the rate of
_spontaneous generation of hydrogen isotopes
probably represents the rate of vaporization
of potassium after its reduction.(g) The
secondary rise upon addition of HC1 in the
LiC1-KC1 experiments is controlled by the
rate of isotopic exchange of the hydrogen
isotopes [eq. (3)].

Using the all-1ithium salt, extraction’
of LiD was also examined. In these experi-
ments, the three mass peaks of interest (Hz,
HD, and 02) were continually scanned by the
" mass spectrometer. Results for one such ex-
periment are given in Fig. 3. In the exper-
iment shown, 100 Torr-2 of.D2 added to the
cover gas was reacted with lithium added to
the salt (not shown in Fig. 3). The first
Vithium additions did not lower the 02 cover
gas concentration presumably due to the
lithium reacting with HCl1 or impurities in
the salt.
duced the D2 concentrations to background

Further additions of 1ithium re-
levels. (An experiment such as this was un-
successful when LiC1-KC1 eutectic was used

as the molten salt medium.) At time, t =15
minutes in Fig. 3, the LiD previously formed
was sparged out of the salt with 400 Torr-2
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FIGURE 3. Recovery of 0.1 g LiD from 900 g
LiF-LiC1-LiBr at 500°C. At time, t =15
min, :400 Torr-¢ of HC1 was added to the
sparge stream, and at t = 50 min, the gas
stream was directed through a hot titanium
bed. ' T

of HC1. As is seen, H2, 4D, and 02 are all
generated from the sparging reactions. The
relative.heights of the three molecular iso-
topes confirm that they are equiiibrated

via eq. (3). The amount uf deuterium ex-
tracted either as HD or D2 is 96% of the
original amount added to the salt. This

represents, within experimental error, total

- recovery of the deuterium.

The extraction of LiH and LiD from a
fiolten salt. (L1F-L1C1-L1Br) by sparginy has
been successfully demonstrated as described
above. " Removal appearé to be complele with-
out adding excess HC1. The complication of
having the salt saturated with metallic
lithium does not inferfere with the recovery
process beyond requiring additional amounts
of HC1 to react out the metal. In short,
gas sparging has proven to be a viable tech-
nique for removing hydrogen isotopes from
molten salts at the <5 wppm level. With
further'optimization and refinement of the



processing methodology, it is reasonable to
expect that the steady state levels can be
reduced to <1 wppm hydrogen isotopes in the
corresponding Tithium circuits.
Electrochemical Studies

) Experiments are presently under way to
develop the methodoloay for electrochemical
exfraction‘df hydrogen isotopes from hydride
solutions in moliten salts. The advantages

of the electrochemical method over the

sparging method are (1) reduction of inter-
ference from the metallic lithium dissolved
in the molten salt and (2) elimination of
the need to handle a corrosive sparge gas
such as HCl1. The experimental apparatus
used for these studies is essentially the
same as for the sparging expefiments. Argon
is circulated in a closed 1oop through the
molten salt while deuterium concentrations

in the argon stream are monitored with a

.

[//ELECTROOE CURRENT

mass spectrometer. A hollow porous electrode

- is used both as the gas bubbler and the anode

of the cell so that the D2 generated by elec-
trolysis is swept out of the salt by the cir-
culating argon before the lithium which sat-
urates the salt can back‘react with the DZ’
The cathode is a stainless steel rod. Exper-
jments are performed by applying a constant
voltage across the cell and then adding 5 to
10 mg of LiD to LiF-LiC1-LiBr molten salt
{(~900 g). Present plans are to test three
different types of porous electrodes: (1)
a porous graphite electrode, (2) a porous
graphite electrode with a ceramic coating,
and (3) a porous metal electrode made of
sintered 316L stainless steel. To date, both
types of graphite electrode have been exam-
Typical results for the uncoated and

(9)

ined.
coated electrodes are given in Figs. 4 and
5, respectively.

MOLTEN SALT-LiF/LiCl/ LiBr
SALT TEMPERATURE - 500°C
QUANTITY OF SALT -900g
ELECTRODE VOLTAGE - 0.9V

\

> 6.5mg LiD TITANIUM BED IN LINE
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FIGURE 4. Results of a Typical Electrochemical Experiment to Evolve

Deuterium using a Graphite Electrode
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When the uncoated graphite electrode is
used and the applied potential is at or be-
low 0.8 volts, no significant change in
either the current through the salt or the
D2 concentration in the argon stream is
detected when LiD crystals are dropped into

the molten salt. However, when LiD is added

with 0.9 volts or more across the electrodes, -

both the current and D, concentration in-
crease, as shown in Fig. 4. Note that the
shape of both curves are consistent with. -
what s expected for the electrochemical
The current increases -
sharply when the LiD is added and then de-
creases as the deuteride ion is depleted

evolution process.

from the salt. The D2 gas concentration
grows in more slowly and levels off as the
electrolysis progresses. Recovery efficien-
cies (as D, and HD) are typically 25 to 50%
for these experiments. No buildup of LiD

is occurring in the salt, which implies tﬁat
the deuterium is coming out in some other
molecular form. This supposition is sup-
ported by the observance of a decrease in
the recovery efficiency as the electrode
potential increases. Two possible mechaniams
for the loss of D, are (1) decomposition of
the salt allowing the D2 ;o react to form
DBr, and (2) interaction of D, with the
graphite electrode to produce hydrocarbons
{e.g., Co, or CZDZ)'

When using a ceramic-coated graphite
electrode, D, is genérated only above 2.5
volts, but the D, recovery efficiency is
greatly improved. For the

1mgnt shown in Fig. 5, 93%

particular exper-
of the deuterium
was recovered as DZ', This high recovery
efficiency is typical of extraction experi-
ments carried out down to 1 wppm deuterium.
In comparing the experimental results for
the two electrodes, an obvious feature is
the different rates at which 02 is generated.

The coated electrode generates D2 much faster

108

MOLTEN SALT- Lif/Li CI/LiBr
SALT TEMPERATURE-500°C
f QUANTITY OF SALT - 900q
= ELECTRODE VOLTAGE-2.5V
g :
@
o
(8]
w
o
o
[+4
-
O
w
-
W
ADD 9.7 mg LiD INSERT TITANIUM BED
b
[
&
z
(7]
-
z :
)
3 /,_,4
- . .
(]
a
. L 1 | A 1. ]
0 20 40 60 80 . 100

REL ATIVE TIME, minutes

FIGURE 5. Results of a Typical Electrochem-
ical Experiment to Evolve Deuterium using-a
Ceramic-Coated Graphite Electrode

than the uncoated, possibly because the
ceramic layer inhibits back reaction of the
D, with Li in the salt. However, the ceramic
most likely stahilizes a polarization layer
around the electrode which accounts for the
much higher potential required to liberate
the 02 compared to the uncoated electrode.

It is apparent from-the electrochemical
experiments which have becn completed to
date that back reaction of 02 with the lith-
fum which saturates the molten salt can be,
successfully prevented using a sparged elec-
trode. Recovery of hydrogen isotopes down
to 1 prm is easily achieved as has- been



demonstrated. Problems which have been en-
countered are most likely attributable to
the use of graphite as the electrode mater-
ial. It is reasonable to anticipate even

better performance with the stainless steel -

electrode now under study. If this is real-
jzed, electrochemical evolution will, in
all probability, be the preferred method
for Yecovery of hydrogen isotopes from
molten salt extractants.
Lithium Processing Test Loop

with the successful demonstration of

bench-scale experiments for (1) the extrac-
tion of tritium from lithium to molten salts
and (2) the recovery of hydrogen isotopes
from selected molten salts, plans to build

a facility which integrates these experi-
ments into an extraction processing system
have begun. A multipurpose 50-gallon forced
circulating lithium processing test loop
(LPTL) has been designed which will (1) test
the effectiveness of semi-continuous molten
salt extraction using one vessel that acts
as a pseudo mixer-settler; (2) evaluate the
efficiency of an elevated temperature getter
trap (probably containing zirconium) and a
thermél]y regenerative cold trap (in series
with the getter trap) for removing nonmetal-
lic element impurities. from lithium; and (3)
develop impurity control, process, and mon-
itoring methodology for large liquid 1ithium
loop systems. Provisions are made in the
design for attachment of additional experi-
mentai test sections, e.g., monitoring de-
vices, other types of gettering materials,
and heat-exchanger mbck-ups. A simplified
schematic drawing of the processing loop is
shown in Fig. 6. The facility is being fab-
ricated from 304L stainless ste:1 and will
operate at or below 550°C. Construction of
the loop components is under way and opera-
tion is expected to begin in the Fall of
1977. C

H
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FIGURE 6. A Schematic Diagram of the Lith-
jum Processing Test Loop (LPTL) which is
being Constructed at ANL .

'DEVELOPMENT OF TRITIUM PERMEATION BARRIERS

An effort is currently under way at ANL
to explore methods for reducing tritium
permeation in near-term confinement experi-‘
ments and in future fusion power reactors.
The methods presently under study include
{1) multiplex metal structures containing
at least one layer of a material that is
relatively impermeable to hydrogen jsotopes
and (2) ceramic and other special coatings
on structural metal surfaces. The objec-
tives, general approach and experimental
procedures used in this program were de-
scribed in previous publications. (10,1)
A major f1nd1ng of the studies; carried out

to date has been that a]um1num bronze (10 w/o

A1, 4 w/o Fe, Bal. Cu), a conmercially
available high-strength corrosion-resistant
copper alloy, develops appreciable resis-
tance to hydrogen permpat1on on standing in
relatively clean environments at elevated
temperature. 10 Because of the substantial
technology base that exists with respect to
the preparation of mechanically and metal-
lurgically bonded copper/stainless steel
composites, current efforts are focusing on
the use of aluminum bronze as a permeation
inhibitor in stainless steel systems.



Development of Bronze Permeation Barriers

Recent experiments have been directed to-
wards examination of the permeation charac-
teristics of metallurgically bonded aluminum
bronze/304-SS multiplexes. Two such metal-
Turgical multiplexes, a 304-SS/aluminum
. bronze sample and a 304-SS/aluminum bronze/
304-SS sample, prepared by the ANL Materials
Science Division, were subjected to hydrogen
permeation using the a]]-ﬁeta] high-vacuum
system described in reférence 11. The hy-
drogen permeability of both samples was
found to drop from a value near that expected
for a comparably thick piuce of pure stain-
less steel to a value some 30 times lower
over a period of a few weeks. Examination
of the 304-SS/aluminum bronze/304-SS multi-
plex after permeation experimenté showed
that the sample had delaminated at both in-
terfaces and that, in spite of the completely

weld-enclosed nature of the interface regions

{see reference 10 or 11 for sample configura-
‘tion), both surfaces of the bronze inner
layer were visably oxidized. A similar de-
lamination of the 304-SS/aluminum bronze du-
plex is suspected to have occurred; hawever,
at the time of writing the sample had net
been dismantled for examination.

Results for the 304-SS/aluminum bronze
duplex are shown in Fig. 7. In the study
of this duplex, the sample was initially
oriented with the bronze layer facing the
downstream side of the permeation apparatus
(an eéxtremely clean environment in our sys-
tei), but after nearly two months of study,
the sample was re-ursed sv that the bronie
layer facedAthe upstream side. Little change
in permeation rate was observed for the re-
versed sample when results weré compared to
the lowest curve in fig. 7. 4

The observed reduction in hydrogen perme-
ation rate for the aluminum bronze multi-
plexes over the course of the permeation
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FIGURE 7. Hydrogen Permeation Data for the
304-SS/Aluminum Bronze Duplex

measurements was assumed tu be associated
with the delamination and subsequent sur-
face oxidation of the bronze. The cause
of the dclamination was attributed to (1)
1nadequale surface cleaning br1or to' the
bonding step and/or (2) reduction in metal-
Jurgical interface integrity due to the
" presence of aluminum. The studies do show
that."the low permeability of aluminum
bronze is not a bulk property of the alloy:
but rather is due to formation of surface
impurity layers -- probably aluminum oxide
or a ternary oxide. Current efforts in
this phase of the -barrier development stud-
jes are focusing on identification and
characterization of methods for applying
adherent coatings of aluminum bronze or
related aluminum base materials to stainless
steel.
Thermal/Mechanical Properties of Multiplexes

A.series of studies has been initiated




to measure the magnitude of thermal contact
resistance effects in mechanical and metal-
lurgical multiplexes.
apparatus based on the guard-heater principle

A thermal conductivity

was assembled and studies of (1) a mechani-
cally bonded 304-5S/Cu/304-SS multiplex
tubing and (2) a piece of 304-SS tubing hav-
ing the same dimensions as the multiplex
were’completed. The measured thermal conduc-
tivitfvof the 304-SS piece over the tempera-
ture range from 200 to 550°C was in reason-
ably good agreement with existing data. The
thermal conductivity of the 304-55/Cu/304-SS
tube started out at a value roughly half

that of the pure 304-SS tube but dropped
asymptotically to .a value approximately 20
times lower than that of the 304-SS tube

This drop
in thermal copductivity has been tentatively
attributed to the buildup of oxide layers

(at higher temperatures). at the two mechanical
Efforts

to find solutions for potential interface

over a period of about two weeks.

interfaces of the multiplex tube.

heat transfer resistance problems in muiti-
plex configurations are presently under way.
Cladding Concepts for Advanced Refractory

Alloys
Because vanadium-base alloys are leading

candidates as liquid 1ithium -containment
materials for lithium blanketed fusion power
reactors and in light of the results in ref-
erence 11, there is sufficient incentive to
search for cladding a]\oyé (for the exterior
surfaces of vanadium structures) that are
air-stable af elevated iemperathres (600 to
1000°C). The Haynes series of alloys offer
one potentially useful class of materials
for this application because their upper
opera}ing temperature limit in =ir is in
eXces§ of 1000°C. Assuming that the hydro-
gen permeability of vanadium in a Haynes
alloy/vanadium/1iquid 1ithium configuration

would remain relatively high(]1) over
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FIGURE 8. Hydrogen Permeation Data for

Selected Haynes Alloys

extended operating times, the question of °
further tritium permeation through the
cladding alloy becomes signifiéant. Figure
8 shows that results of a hydroqgen permea-
tion study carried out in our laboratory
(during the first guarter of calendar 1976)
for Haynes 188 (38 w/o Co, 22 w/o Cr, 22 w/o
Ni, 14.5 w/o W, 3 w/o Fe, 0.15 w/0C,0.15w/0
La). The results were obtained for upstream
hydrogen pressures in the range from 0.3 to
180 Torr and temperatures in the range from
200 to 720°C. Over this entire range of
temperatures and pressures, the rate of per-
meation was found to be proportional to the
half-power of the hydrogen driving pressure
(0.5 + 0.05) as shown in Fig. 9. The per-
meation curve for Haynes 25 as reported by
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webb {12)
parison purposes:.
ties of these alloys are in the same ‘range

is also included in Fig. 8 for com-
The hydrogen permeabili-

with most conventional austenitic alloys
(see, for example, references 10 and 12) and
can be represented by the following equations:
¢ (Haynes 188) = 545 exp(-15,040/RT),
cc(STP)-mm/cmeﬁhr-atm]fz
¢ (Haynes 25) = 327 exp(-15,100/RT),
1 cc(STP)-mm/cmz-hr--atm”2
Depending on the actual permeability of
vanadium in the clad configuration discussed
aboVe,'the rate of hydrogen permeation through
a Haynes 188 or 25 clad could approach that
which would vhitain it the vanadium were not
even present. At temperatures above 500°C,
the need for additional permeation barriers
in Haynes clad vanadium structures appears
to be essential. However, it is important
to note that the effects of air oxidation
on the exterior surfaces of the Haynes alloys
might lead Lo 1ncreaséd permeation resistance
if, for example, stable oxide layers can be

made to persist.
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TRITIUM PROCESSING AND CONTAINMENT TECHNOLOGY

FOR FUSION REACTORS:

PERSPECTIVE AND STATUS*

Victor A. Maroni

ARGONNE NATIONAL LABORATORY:

This paper reviews the status of selected tritium processing and contain-

- ment technologies that will:be required to support the development of the -

fusion energy program. Considered in order are the fuel conditioning and

recycle systems, the containment and ¢leanup systems, the blanket processing
systems, and two unique problems relating to tritium fnteractions in neutral
beam injectors and first wall coolant circuits. The major technical prob-

lem aress appear Lu 1le 1n the development of {J) high-capacity, rapid recycle
plasma chamber evacuation systems; (2) large-capacity (2100,000 cfm) air

handling and processing systems for atmospher%c detritiation; (3) tritium

recovery. technology for liquid lithium blanket concepts; (4) tritium com-

patible neutral injector systems; and (5) an 6vera11 approach to tritium

handling and containment that guarantees near zero release to the environment

" "at a bearable cost.

INTRODUCTION

The tritium hénd]ing and containment re-
quirements of both near-term and longer-
range fusion devices have heen undar study
for nearly a decade. Although still in its
infancy, the tritium technology program
that is evé]ving in support of the develop-
ment of fusion power is beginning to make
substantial progress in terms uf (1) defin-
ing the criteria for fusion reactor tritium
facilily opcrations and (2) identifying
tractible design solutions in a number of "
eminent problem areas. By coupiing this
progréss with the ralher sizeable tritium
technology base that already exists as a
result of other tritium related programs at
Savannah River Laboratory, Mound Laboratory,
Lawrcnce Livermore Labordlury, Los Alafos
Scientific Laboratory and other research

and Jevelupment centers, it is now possible

:to define in broad terms the scope of much

of the work that will Le reyulred to full-
fi1l the tritium handling and containment
requirements for the first generation of
DT burning fusion devices and for those

‘that lie beyond.

The purpose of this paper is threefold:

" (1) to provyidc some parspertive un the

nature of the tritium processing and con-
tainment prob]ems'turrent1y envisioned for
DT burning fusion devices, (2} to identify
the areas where major research and develop-

_ment ~fforts will be needed, and (3) to

highlight some of the more significant ad-
vances of recent years in terms of criteria
development and solution of problems. Al-
though many of the discussions contained
herein are conjeﬁtura] in nature and

*Work performed under the auspices of the U.S. Energy Research and Development Administration.
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representative of the author'§ view, a
great deal of the thought and virtually all
of the factual information were culled from
the references accompanying this paper and
from private communications to the author
by knowledgeable members of the controlled
thermonuclear research and tritium technol-
ogy communities within the USA. The dis-
cussions following this introduction con-
tain summaries of the technological require-
ments associated with (1) the mainstream
fuel cycle (with emphasis on DT burning de-
vices), (2) containment and cleanup systems,
(3) blanket processing systems, and (4) sev-
eral unique problem areas associated with
systems that interface with the tritium
handling systems. Table 1 contains an out-
lined summary of research and development
items for each of the discussion areas.
Table 2 contains a summary of the focus
of work in selected ongoing research and
development activities within the USA that
is directly supportive of or relevant to
the fusion tritijum technology program.
THE MAINSTREAM FUEL CYCLE

The most important near-term tritium

handling problems, and perhaps the most
neglected to date, are those that involve
the mainstream of the fuel cycle for DT
burning fusion reactors. Because only a

few percent of the fuel delivered to the
plasma chamber is actually consumed during

a typical burn cycle (tokamaks, mirrors, or
theta-pinches), it is absolutely essential
that the unburned fuel be recycled from an
economic viewpoint alone. The principal
functions of the mainstream fuel recycling
system are (1) to provide for evacuation of
the plasma chamber in a way that permits ac-
cumulation and consolidation of all the un-
burned fuel in an easily recycleable form;
(2) to reduce particulate debris (from
plasma wall interactions) and non-hydrogenous

impurity element concentrations in the fuel

© to levels that are acceptable for refueling

purposes; (3) to remove protium (]H) from
the D-T mixture and to adjust the D/T ratios
to values required for direct refueling, en-
ergetic neutral injection, pellet fueling,
etc.; and (4) to provide the means for cir-
culation, compression, adjustment of physical
and chemical state, and interim storage of
the fuel. A summary discussion of each of
these functions is given below; more compre-
hensive discussions may be found in refer-
ences 1 through 8.

Plasma Chamber Evacuation Systems

Several recent studies(]'sjihave»provided
some perspective on the evacuation require-
ments for experimental tokamak reactors.
Clearly, there will be need to handle 1argé
gas loads (on the order of 5 Torr-liters per
thermal MW) in short time periods and to do
so repetitively with little or no interrup-
tion. The pumping equipment must be reliable
and maintainable, must opefate in a high
radiation environment, must be capable of
pumping 211 atomic and molecular species
present in the plasma chamber following a
burn cycle, must be sufficiently compact to
be accommodated by the reactors requisite
physical configuration, and must be redson-
ably economic in terms of capital and oper-
ating costs. Of course, the pumping systems
must also be compatible with and must provide
a high degree of containment for large quan-
tities of tritium.

Three busic types of high-speed, large-
capacity pumping methods have been consid-
ered for use in near-term experimental reac-
tors(]'z‘a): (1) dynamic evacuation using
diffusion or turbomolecular pumps, (2) get-
tering with active metals such as zirconium
aluminum alloy or titanium metal, and (3)
cryogenic evacuation using cryocondensation
or cryosorption pumps. The dynamic methods
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TABLE 1. Tritium Related Research and De-

velopment in Support of the Fusion Energy

Program

I. Fuel Conditioning and Recycle

“ A, Plasma Chamber Evacuation Technology
1. Identify and develop high-

capacity,Arapid recycle evacu-
ation methods.

v 2. Verify compatibility with tri-
tium and adequacy of tritium
containment, .

3. Establish interface-technology

with plasma chamber and with re-.

deneration systems.

4, Determine consequences of radi-
ation effects and maintenance
requirements .

B. Impurity Removal and Monitoring,

1. Analyze debris transport mech-
anisms and determine conse-
quences.

2. Develop debris separation and
handling technology.

3. Develop nonmetallic element
removal methodology.

4, Develop helium removal nethod-
ology.

5. Establish impurity monitoring
methods.

C. Hydrogen Isotope Enrichment

1. Define separations and enrich-
ment needs.

2. Identify usable enrichment tech-
nology. ‘

.3. Deterinine 0ptiMum processing
wodes (batch vs. vontinuous).

4. Develop low temperature isoto-
pomeric equilibration methods.

5. Establish cost/benefit factors
affecting alternative enrich=

. ment strategies.

6. Proof test instrumentation and

control systems for enrichment
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1.

assemblies.

D.. Hardware Development

Establish criteria for hardware
performance.

Identify hardware development
needs (e.g., valves, compressors,
pumps, traps). )

Verify compatibility with tri-
tium and adequacy of ‘tritium

containment.
E. Integrated Systems Tests (Fuel Cycle
Simulation)
1. Verify identification of all

processing steps.

Optimize processing sequence.
Determine hardware and component
intorfacing requirements.
Conduct fuel cycle simulation
studies. )

~II. Containment and Cleanup Systems

A. Primary Containment

1.

3.

Establish optimum structural
materials (e.g., permeation ree
sistant, noneeritt]ing).
Develop leak-free assembly tech-
nolagy for permanent and tempo-
rary connections.

Develop permeation barrier
methods (e.g., coatings, com-
posites) for both ambicnt and
elevated temperature operation.
Investigate permeation rates and -
mechanisms at low driving pres-
sure. ‘

B. Sec:ndary Containment

1.

2.

J.

4.

Identffy secondary containment
requirements.

Develop and test peripheral
jacketing methods.

Determine optimum flow patterns
and geometries.

Establish access and mainten- -
ance requirements.
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5. Analyze features of permanent
and portable enclosures (e.g.,
gloveboxes, fumehoods).

6. Develop purge processing tech-
nology.

C. Tertiary Containﬁent
1. Develop and test high-velocity
- air circulation and processing
systems.

2. Identify, characterize, and op-
timize oxidation catalysts, ad-
sorber beds, thermal economizers,
and regeneration prbcedures for
air detritiation systems.

3. Determine effects of major var-
jables (e.g., tempe}ature, humid-
ity, flow pattern, air mixing).

4. Develop methods to minimize re-
sidual contamination and out-
gassing following releases (e.q.,
short cleanup times, hydrophobic
coatings).

5. Investigate kinetics of reactions
involving tritiated species in
ambient atmospheres.

6. Establish cost/benefit factors
for alternative c]eénup strate-
gies.

i. Waste Dic<pnsal Technoloay

1. Develop strategies and method-
ology for maximum tritium recycle.

2. Establish technology for safe,
compact, low long-term release
tritiated waste disposal.

E. Integrated Systems Tests

1. Verify integrated operation of
the three levels of containment
(primary, secondary, and terti-
ary). 4

2. Carry out realistic deliberate-

. release experiments.'
111, Storage, Shibbing, and Safeguards
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A. Storage

1.

2.

Develop and test fuel storage
concepts. 

Establish criteria for storage
vault integrity.

B. Shipping

1.

2,

Establish standard$ for shipping
and verify compliance with fed-
eral regulations. .
Verify production capabilities.
Examine anticipated product

and shipping costs.

Determine prodﬁction scheduling
requirements and concomitant
programmatic impacts.

C. Safegquards

1.

Establish safeguards implica- .
tions for facility and shipping
operations.

Determine reactor surveillance
and site protection criteria.
Prepare safequards planning
logics for near-term and longer-
range devices and facilities.

IV. Blanket Processing Technology
A. Liquid Lithium Blanket Concepts

1.

Establish criteria for tritium
containment, inventory, and
recovery.

Identify and develop blanket
processing methodology.

Verify maintainability and re-
liability of blanket processing
systems.

B. Solid Blanket Concepts

1.

Verify adequacy of tritium re-
lease rates from solid blanket
materials.

Establish long-term performance
of solid blanket materials in
anticipated radiation environ-
ments. :
Develop and test tritium



TABLE 1 (Cont'd.)

V.

C.

recovery methods.

Molten Salt Blanket Concepts

1.

Determine chemical effects of
transmutation reactions that
produce tritium.

Develop and test tritium recov-
ery methods.

Verify maintainability and reli-
ability of blanket processing
systems.

Selected Additional Topics

A.

B.

C.

Instrumentation and Control Systems

1.

Develap fuel cyrle diagnostic
systems.

Develop breeder blanket diag-
nostic systems. .
Establish integrated tritium
facility maintenance, control,
and response strategies and
develop systems.

Verify performance of monitoring
and diagnostic methods in antic-
ipated power reactor radiation
environments.

Neutral Beam Injector Interfacing

1.

Identify important tritium inter-
actions in neutral injector
systems.

Establish tritium containment
criteria and develop containment
methods.

Determine impact of tritium con-
tainment on injector maintenance.

Coolant/Tritium Interactions

1.

Identify and characterize modes
of tritium insertion into cool-
ant systems.

Establish tritium buildup rates
for hydrogenous coolant concepts,
Develop methods for removal of
tritium from nonhydrogenous
coolants.

i 4. Examine effects of energetic tri-
tium implantation (first wall).

5. Examine effects of radiolysis in
tritium contaminated coolants.

6. Determine the mechanisms for,
and magnitudes of, tritium re-
leases from coolant circuitry.

‘studies of Watson and Fisher

generally reqﬁire fore-pumping and/or fore-'
collection systems, are large in size, and
may be questionable in terms of tritium
compatibility and containment. The getter
and cryogenié methods are committed to re-
ganerative operation; hence, where continu-
ous on-line pumping is necessary there would
undoubtedly be need for paralleling redun-
dant systems to permit simultaneous pumping
and regeneration.

In terms of all of the above considera-
tions,. cryosorption pumping at 4 K appears
to offer the best prospects for meeting
plasma chamber evacuation requirements in
both near-term and longer-range tokamak
reactors and in related devices with sim-
ilar evacuation needs. This contention is
gencrally well supported by the recent
(9,10) and. by
the earlier work of Stern et al.(]]']z)
Impurity Removal

The principal impurities identified thus
far that will in all Yikelihood be present
in the plasma exhaust of magnetic-confing—

ment fusion devices are fine particulate
solid debris and the nonmetallic elements
He, 0,'N, and C. Considerations of the
problems associated with the removal of
each type of impurity are summarized below.

The harsh radiation environment antici-
pated for the first wall of a fusion reactor
is likely to lead to a dislodging of size-
able quantities of fine particulate metal
and metal compounds. Although most of

this debris is expected to either settle
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Researth and
Development
Area

TABLE 2. Summary of Se]ectéd Tritium Research and Deve]opmenf
Actjvities in Support of the Fusion Energy Program

Laboratory and
Cognizant
Personnel

‘Mainstream Fuel
Cycle

Containment and
Cleanup Systems

Blanket Chem-
istry and
Blanket Pro-
cessing Tech- -
nology :

ORNL (J. S. MWatson,
P. W. Fischer, S.
D. Clinton et al.)

LLL (R. G. Hickman,
T. R. Galloway, V.
P. Gede et al.)

ML (L. J. Witten-
berg, W. R. Wilkes
et al.)

ANL (V. A. Maroni,
B. Misra et al.)

LASL (J. L. Ander-
son, R. H. Sherman
et al.)

LLL (T. R. Gallo-
way, A. E. Sher-
wood, M. F.

Singleton et al.)

ML (W. R. Wilkes,

L. J. Wittenberg,
- E. A. Mershad, J.

Kershner et al.)

LASL (J. L. Ander-
son, D. Carstens
et al.)

ORNL {J. S. Wat-
son, J. B. Talbot,
J. T. Bell, F. J.
Smith, G. M. Begun
et al.)

BNL (J. R. Powell,
R. H. Wiswall et
al.)

ANL (W. F. Calaway,
E. Vileckis, V. A,
Maroni et al.)

Univ. of Wisconsin
(E. M. Larsen, R.
G. Clemmer, D. K.
Sze et al.)

‘Nature of Work

Development of Cryopumping Technology
Analysis of Fuel Cycle Strategies

Fuel Cycle Strategies for Minor Devices
Tritium Gettering and Storage
Materials and Hardware Assessments

Surveys of Existing Technology
Hydrogen Isotope Separations
Metal Tritide Technology

Analysis of Fuel Cycle Strategies
Analysis of Enrichment Strategies

Fuel Cycle Strategies for 8-Pinches
Fuel Recycle in the INS

Analysis of Cleanup and Containment
Strategies

Tritium Oxidation, Adsorption, and
Gettering

Tritium Containment in Laser Fusion

Tritium Containment in the RTNS

Experiments with Air Detritiation
Systems

Analysis of Cleanup and Containment
Strategies .

Tritium Waste Treatment

Tritium Effluent Control

Studies of Liquid Metal Alloy Extraction
Concepts for Processing Liquid Lithium

Tritium Removal from Lithium Alloys

Tritium Sorption from Liquid Metals

Thermodynamic Studies of Hydrogen
Isotope Solutions in Lithium and
Lithium Alloys

Analysis of Breeder Blanket Strategies
Experimental Studies with Solid Blanket
Materials

Studies of Molten Salt Extraction
Concepts for Tritium Removal from
Liquid Lithium .

Thermodynamic Studies of Hydrogen
Isotope Solutions in Lithium and
Lithium Alloys

Development of Lithium Processing
Technology

Development of Liquid and Solid Blanket
Design Concepts
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Research and

Laboratory and

TABLE 2 (Cont'd.)

Development Cognizant :

Area Personnel Nature of Work References
Hydrogen Iso- LLL (P. C. Souers, Physicochemical Studies of Deuteriu 7, 49, 50
tope Permea- J. W. Pyper, R. G. Tritide (DT) .
tion_and Other Hickman et al.) Tritium Implantation Effects
22ﬂz}ggchem1ca1 Princeton Univ. Hydrogen Permeation at Low Pressures 21, 22, 43

(R. C. Axtman, Tritium Holdup Due to Coatings
- E. F. Johnson, Chemical Engineering Analyses of Tritium
H. K. Perkins in Molten Salts
et al.) .
ANL (E. Van Development of Permeation Barriers 23, 38
Deventer, V. Al using Multiplex Materials
Maroni, B. Misra Kinetics of Reactions Involving
el al.) Tritiated Species
ORNL {J. T. Bell, Tritium Permeation through Steam Generator 20, 35

Materials
Oxidation of Permeating Tritium
Sorption Pumping by Deep Beds

S$. D: Glinton,
J. D. Redman, F.
J. Smith et al.)

Sandia Livermore
(W. A. Swansiger
et al.)

N. C. State Univ.
(T. S. Elleman
et al.)

Hydrogen Isotope Permeation through Metals 25

Tritium Diffusion in Metals and Ceramics 24

out or reattach itself to the first wall,
plans.must be made to accommodate the migra-

debris that entered the pumps during the
torus pumping cycle. (Hopefully, most of
tion of some particulate material into the the debris will indeed carry through the

vacuum pumps and beyond them. Because the ~ vacuum pumps so that pump lifetimes can be

first wall will become highly radicactive extended.) Removal of this debris from

after only a few days of operétion even at the fuel recycle stream can probably be done
modest wall loadings (0.2 to 1.0 Md/m?),
the debris will also be highly radioactive

and maintenance of the vacuum pumps and

with some combination of electrostatic pre-
cipitators or millipore filters. If possi-
ble, the debris separation system should be
the eéquipiient inmediately downstream ot them located immediately downstream of the cryo-
will be subject to increased complexity. pumps (to the extent that this location

does not adversely extend regeneration times).
It is difficult to make accurate predictions
of the particle size, size distribution, .

and quantity of debris generated by a proto-
typal fusion device; hence, some experimen-
tation will ultimately be required in order
to test debris removal methods in flowing

hydrogen streams that simulate the main-

Large quantities of debris in the torus ex-
haust gases could have an adverse effect on
pump lifetime and performance, but any at-
tempt to microfilter the debris in advance
of the vacuum pumps (between the plasma
chamber and the pumps) would wore than
likely lead to unacceptably large conduc-
“tance losses. During cleaning or regenera-
tion of the vacuum system, the escaping

gases will probably fluidize some of the

stream of reactor fuel cycles.
The perpetual presence of helium,
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oxygen, carbon, nitrogen, and other nonme-
tallic impurities in the torus exhaust of
prototypal fusion devices will, for all
practical purposes, be unavoidable. In
keeping with the concept of fuel recycle,
and in order to reduce impurity levels in
the preburn fuel mixture as far as is pos-
sible, it will be necessary to provide for
continuous removal of nonmetallic elements
in the plasma exhaust. This should cer-
tainly be done in advance of the isotopic
enrichment step and perhaps done again in
advance of fuel storage so that the capac-
ity of the storage material is not reduced
by reaction with impurities.

Impurity removal can probably be carried
out in a relatively straightforward manner
using appropriately selected catalytic and/
or getter-type beds designed to (1) crack
water, hydrocarbons, and other hydrogenous
compounds and (2) actively remove the im-
purities by reaction to forin stable, non-
volatile, nonhydrogenous compounds. If the
getter bed is also employed to clear the
plasma chamber evacuation system, it should
be designed to sorb and release hydrogen
over a relatively narrow temperature range,
should be reasonably compact, and should be
readily disposable. It is expected that
these getter beds will have to reduce 0, N,
C and related nonmetallic impurities in the
fuel stream to the sub-ppm range. The he-
1ium present in the cryopump exhaust either
could be aliowed to carry over into the
enrichment system and be removed therefrom
as an inert/nonco.densible phase (providing
this carryover does not compromise the en-
richment operation) or could be -separated
from the hydrogen isotopes in zdvance of
enrichment using a permeable window. ' In
addition to the need to identify and test
getter bed materials (or combinations of
materials) for broad spectrum nonmetallic
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impurity removal, the relative merits of con-
tinuous versus various degrees of batch pro-
cessing of the plasma exhaust rehain to be
evaluated. References 13 and 14 contain sur-
veys and discussions of existing tritium get-
tering and storage experience.
Isotopic Enrichment

Isotopic enrichment of the hydrogen iso-

topes in the mainstream of the fuel cycle
will be needed to (1) reduce protium to ac-
ceptable levels, (2) adjust the D/T ratio

of the bulk fuel to values prescribed by the
cold fue]ihg criteria, and (3) separate iso-
topically pure D and/or T streams for ener-
getic neutral injection where this method of
plasma heating is employed. Although not
necessarily a part of the mainstream fuel

. cycle, there may also be need of a capability

to provide for enrichment of tritium from
high-level wastes containing large relative
amounts of protium. The methods employed for
each of the above isotopic enrichment pro-
cesses in DT burning reactors will depend to
a large extent on the relative isotopic con-
centrations involved, the magnitude of sep-
aration to be achieved, the quantity of fuel
to be enriched, and the total amount of tri-
tium to be handled. Although a variety of
methods have. been identified which could be
applied to hydrogen isotope enrichment (in-
cluding cryogenic distillation, chromato-
graphy, electrolysis, laser stimulated sep-
arations, and thermal difquion), the match-
ing of method with application will undoubt-
edly depend on economy and reliability. Con-
sidering the large spent fuel flow rate for
even experimental scale reactors (e.g.,
several kiluyrams per day of DT for tokamak
experimental power reactors(]’4)),cryogenic
distillation appears to be the most practical,
reliable, and economic method for mainstream
enrichment.

A number of recent studies have addressed

ey SO

s I M

LEon g i e (o e

ST

Ll

e

&

e

L e

g




the question of hydrogen isotope enrichment
for near-term fusion devices(]’4’]5’]6).
The general conclusions of these studies
havg been that cryogenic distillation meth-
ods would permit the requifed enrichments
to be made for most currently conceived de-
vices, including totally driven DT reactdrs
where a nearly complete separation of the
deuerium and tritium in the plasma exhaust
must be made. These separations generally
require from 3 to 6 columns with the number
of theoretical stages per column ranging
from 30 to 50. One or more equilibrators
to rc eatablish or aller Lhe {sotopoméric
equilibria among the six isotopomeric forms
of hydrogen (H2, DZ’ Ty HD, HT, DT) is
also usually needed, depending on the mag-

nitude of H/T and/or D/T separation required.

Power input levels to drive the distillation
cascade (including refrigeration and com-
pression power) are found to be only a small
fraction of the total plant reciﬁbu]ating
power (i.e., <<1%).
Fuel Storage

The identification of fail-safe fuel
storage methodoluyy will be essential to
the development of a minimum credible im-
pact tritium handling facility for DT fueled
fusion power plants because, in all proba-
bility, the major fraction of the tnitium
contained within such plants will be in the
storage reservoir. Although a comprehensive
design basis remains to be established for
these storage systems, it is reasonable to
assume that they will be disaster proof,
barricaded vaults containing parallel and
series arrangements of storage cells con-
structed in such a way that failure to op-
erate of one or perhaps several cells does.-
not constitute an unresolvable maintenance
problem. Plausible concepts for the stor-
age cells include (1) compressed gas cylin-
ders, (2) thermally regenerative metal
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hydrihe beds, and (3) cryostated liguid or
solid hydrogen storage tanks. Of these,
metal, hydride storage concepts are generally
regarded as being best suited to the storage
of large quantities of tritium. The storage
vaults would have at least three principal
access requirerents: (1) reception of puri-
fied and appropriately enriched recycle fuel,
(2) reception of incoming tritium from tri-
tium production facilities, and (3) release
of stored fuel to the fuel blending and de-
livery systems. References 1 through 7, 13,
14, and 17 discuss some strategies and meth-
ods for fuel storage that would be applicable
to most fusion reactor concepts.
Materials and Hardware

The selection, qualification, and speci-

fication of materials, fabrication practices,
and hardware items required to assemble fuel
handling and transfer systems will be an in-
tegral part of the fuel cycle development-
program for coming gernerations of fusion de-
vices. Included in this phase of the program
would be consideration of (1) structural
materials used in transfer lines, valves,
pumps, compressors, vessels, secondary con-
tainment systems, and related hardware; (2)
elastomers, gasket and sealing materials,

' lubricants, coating substances paints, and

nther materiale employed in nomstructural
applications; and (3) the general hardware
methodoloqy to be applied in tritiim transa
fer and compression operations.

For applications at ambicnt temperature,
the 18-8 stainless stcels are regnrded(la)
as being qualified for use in a high level
tritium envircenment. Welding is the pre-
ferred joining method, but junctions employ-
ing metal gasket seals could be used where
removable couplings are needed to connect
integrated sections of the fuel cycle. It
is generally recommended that joining methods
which employ polymer seals be kept to a



minimum and be restricted to low level tri-

(3,18) | Threaded seals

tium environments
are not considered to be suitable for tri-
tium service and should be avoided.

It appears advisab]e that hardware items
such as pumps, valves, or compressors which
require internally moving parts, nonetheless
be designed to have fully welded structures
rather than hermetric or fluid seals. Where
rotating or sliding seals are unavoidable,
the use of techniques employing magnetic-
coupling or concentric bellows drives is
recommended. A1l hardware items that are
not fully welded will probably require a
secondary containment shell with a proces-
sible atmosphere. Valves with all-welded
bellows-type construction are available for
use at gas pressures ranging from hard vac-
uum to 2500 psi and at temperatures up to
350°C. Valves of this type that are ade-
quate in size for most fuel cycle applica-
tions are available; but large, high conduc-
tance gate-type valves suitable for use at
the vacuum system/plasma chamber interface
will require some development. Several
types of fully welded diaphragm and bellows-
type pumps and compressors have been used
successfully for tritium transfer opera-
tions(lg) but the throughput rates could
stand considerable increase. In many cases
the long-term performances of these and re-
lated hardware items needs to be examined
under the conditions of radiation environ-
ment, magnetic fieid, and temperature that
are anticipated for their use in fusion de-
vices. References 3, 13, 18, and 19 con-
‘tain discussions of criteria for materials
and hardware selection, component design
definition, and fabrication methodology in
tritium systems.

CONTAINMENT AND CLEANUP SYSTEMS

Accepting the notion that extremely strict

tritium containment guidelines will be set

123

for future fusion power plahts and, in the
Tight of past and current experience with
tritium containment in ongoing programs at
laboratories in the USA and worldwide, it
seems prudent to consider at least three
levels of containment in fusion reactor
facilities. For the purposes of this paper;
these three levels will be identified as
primary, sécondary, and tertiary; where pri-
mary refers to the construction materials
and components in direct contact with tri-
tium, secondary refers to the various local
containment enclosures surrounding major
tritium handling hardware and components,
and tertiary refers to the large-volume room
air handling systems.

Primary Containment

As a part of the primary containment
level, consideration would be given to the
identification of materials, hardware, and
fabrication methods that offered (1) a high
degree of protection against'leakage and
permeation, (2) high component reliability
wifh minimum maintenance, and (3) adequate
containment without an excessive cost burden.
Among the materials selection criteria would
be the requirement that primary materials be
resistant to embrittlement and other forms
of deterioration that can occur in a tritium
environment. Resistance to permeation by
tritium will be important, particularly in
elevated temperature (>300°C) structures.
This will undoubtedly result in the need for
special permeation barriers such as multi-
plex materials, ceramic surface coatings,
and other related preparations. There have
been numerous studies in recent years con-
cerning the nature of hydrogen permeation
under anticipated fusion reactor conditions.
A series of reports(zo'zs) that provide some
perspective as to the general scope and
direction of currently ongoing programs is
included in the references to this paper.
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Secondary Containment

The secondary containment systems will
consist of integral jackets and other close
fitting enclosures around transfer lines,
valves, and othef fuel cycle hardware.
Gloveboxes, fumehoods, and portable en-
closures would also be utilized to house
entire tritium facility systems that re-
qui;e hands;on operation or maintenance at
regular intervals. In particular, portable
enclasures wonld be employed during all
routine and off-normal maintenance apera-
tions where a potential for tritium release
exists. In all cases, the atmosphere in
these secondary containment systems (be it
' air, nitrogen, argon, helium, etc.) would
be totally separated from breathing air
systems, would be monitored .continuously,
and would be processed to remove tritium on
whatever schedule is necessary to maintain
breathable air conditions in the reactor or
tritium facility buildings. References 3
and 13 contain some general information on
the scope of and experience with secondary
cantainment systems.

Tertiary Containment

Tertiary containment applies to the air
handling and detritiation systems servicing
the reactor hall and other facility rooms
where potential for either entry or egress
of tritium exists. Preliminary assessments
have shown that the requirements imposed
by the need to provide large-scale aluo-
spheric detritiation in even experimental
scale reactor buildings are a major concern
from the standpoint of (1) maintenance ac-
cess durind reactor down periods, (2) com-
pactness of tritium handling equipment, (3)
Timitations to the spread of tritium contam-
ination, and (4) overall tritium facility
costs. During the past year, several stud-
ies(]’3’27’29) have addressed the scope of
these requirements with respect to gas
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handling rates, exigencies of the cleanup
schedule, and the dominant features of the
cost/benefit algorithm. The essence of
these studies is summarized below.

Consider a large reactor hall of volume, -
VTOT,‘having a baseline tritium level, N°.
Assume that the room air is processed at a
volumetric flow rate, V, and that the pro-
cessor efficiency is €. The rate of tritium
removq] is given by

dN _ e VLN

T VTOT ‘ (N
The amount of time, t, it takes to reduce a
massive tritium release from the maximum
value following the incident, N', back to
N° is obtained by integrating Eq. (1) to
produce

N' ¥
1nN—°—eV t (2)

Values of V- for selected values of N'/N°,
€, and t are given in Table 3 for a room
with Vyor = 107 cu. ft. (+ FPR size)),

According to Engelhard Industries(zs),
tﬁe largest unit they have evaluated to date
called for 6 x 103 cfm at a cost of ~10% §
for the equipment. alone. Recause the tri-
tium released to the hall will rapidly soak
into the surfaces of the reactor hardware
and the building itself, it is advantageous
to have the capability for cieaning up
spills within hours after a release. If,
for example, the 1imit is set at 25 hours,
then the V requirements would be ~10 times
those for the two-day case in Table 3 and
would be 100 times greater than the maximum
size unit upon which tngelhard has made a
quote.

A second approach to the massive release
problem might be rapid cyclic flushing of
the reactor hall by alternately compressing
its conténts (reducing room pressure by a
factor n) and backfilling with clean air or

an alternative cover gas. If the compressed



TABLE 3. Analysis of Recycle Flow Scenario

V, cfm
(a) X -
Amount (ﬂ_) 1n(ﬂd) t = 2 days t = 14 days
Released N° N° 0.5 =¢ =0.9 0.5=¢=0.9
1 gn 104 9.2 6.4x10" 35x10" 9.1x10d 5.0x10°
100 gm 100 13.8 9.6x10° 53x10% 1.4x10% 7.6 x 103
10,000 gn 108 1.4 1.3x105 7.0 x10Y 1.sx10* 1.0 x10°

-

{a) Assuming N° = 5 pci/m3 and VTOT = 107 cu. ft. = 2.8 x 105 m3.

TABLE 4. . Analysis of Cyclic Flushing Scenario '

V' in cfm {(for pumpout time = t°/2)(b)

_ Amount (ﬂl)(a) ln(ﬂl) t = 2 days t = 14 days
Released N° N° 0.8 =n=0.99 0.8=n = 0.99
1 gn 10* 9.2  8.ox10® 63x10° 1.1x10% 9.0x10°
100 gm- 100 13.8 1.2x10° 9.7x10'  1.7x10f 1.4x10°
10,000 gn 108 18.4 1.6 x 10°  1.4x10° 2.2x10% 1.8x10°

5 3

(a) Assuming N° = 5 uCi/m3 and VIoT © 10" cu. ft. = 2.8 x 10° m”,

(b) t° = 4 hours.

gas could be stored at 14,000 psi in tanks

whose total volume is 105 cu. ft., the tanks

would then hold 10 room volumes of gas which
could be cleaned up over an extended time
period (several weeks) by a state-of-the

art sized scrubbing system. The cleaned up
gas could then be stored for subsequent
flushing operations. For the case where

the room is evacuated to 1/n of its normal
operating pressure and backfilled every t°
hours, one obtains Eq. (3).

dN _ n
-t N (3)
Integrating £q. (3) for the cases Lhat
were considered in Table 3 gives

N' _n_
e =t (4)

-The results for this type of atmospheric
cleanup are summarized in Table 4. (The
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ejector/compressor velocities, V', are based
on pump-out times that are equal to t°/2.)
In order to keep compressor requirements
within reasonable limits, it is‘necessary
that t be on the order of a few hnurs.
A value of to = 4 hours was selected for
the study shown in Table 4. (This is con-
sidered to be reasonable based on existing
experience at several NASA space testing in-
stallations.)

Comparison of the results in Tables 3 and

4 shows that there is no practical advantage

in terms of gas circulation requirements to
the evacuation approdch as compared to the
more conventional continuous scrubbing ap-
proach. The major concern with respect to
these massive tritium releases, i.e., soaking
of tritium into reactor hardware and building
surfaces, will have to be investigated in



considerable detail to determine what cleanup
durations are acceptable. Clearly, the re-
quirements of cleanup in two days or less
imposes large gas circulation requirements
and the assocated equipment can be expected
to scale accordingly.

A reasonable comprehensive analysis of
large-scale atmospheric detritiation for
fusion power plants has been presented by

Galloway et a].(27)

In their study, they
consider the question of large-scale cleanup
from the standpoint of catalyst perfarmance
and cdst. Instead of equating processing
requirements with removal efficient, e, as
was done above, they use first-order kinetic,
plug flow reactor design equations to repre-
sent catalytic bed perforwmance. This ap-
proach permits the evaluation of both perfor-
mance ‘and cost simu]tqneous]y( The method
described by Galloway et a1.(27) was used

in one EPR study(]) to determine air cleanup
requirements and costs. ‘The conclusions

were that cleanup of a 100 gm tritium release
to the atmosphere in a reactor hall having

a volume of 107 cu. ft. could be made in
abuu{ iWo days with a 10° ofm air handling
system having a capital cost of from 20 to

30 millfon dollars. 0vervieWs of afmospheric
cleanhup requirements and prospective strate-
gies for fusion devices are given in refer-
ences 1, 3, 6, 7. 8, 27, and 74, The status
of, and recent progress ih,'deve1opment work
on ambient and inert atmosphere cleanup'sys-

tems is discussed in references 30 through 33.

BLANKET PROCESSING
The capability to recover tritium from

breeder blankets at a rate equal to the
breeding rate and to maintain a minimal
blanket tritium inventory is essential to

the concepl of DT fueled fusion power plants.
Lithium in some form is still regarded as

the only substance capable of yielding a
breeding gain greater than unity in currently
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.. must still be verified.

conceived DT fusion reactors. The principal
materials options considered to date have
been liquid lithijum, lithium-containing al-
loys (e.g., Li-Pb, Li-Al, Li-Si) and ceram-
ics (e.g., Li-A1-0, Li-Be-0, Li-Si-0, Li20),
and molten salts (e.g., LiF, Li-Be-F). Com-
of the different tritium breed-
ing concepts have been made with respect to

pam‘sons(34

(1) required construction materials, (2)
breedﬁng ratio, (3) blanket tritium inventory,
{4) prospects for adequate tritium recovery,
and (5) casc of contaimment uf tritium within
the cpnfines of the blanket structure. These
comparisons generally indicate that ceramics
and molten salts currently offer the best
prospects for meeting anticipated blanket
handling and processing requirements and
that less development will, in all probability,
be required for ceramics and molten salts
than for liquid ‘lithium. Fewer facts are
available on solid-alloy blankets, but these
materials appear to approach the ceramics in
terms of inventory and recovery character- '
istics. "Although some encouraging progress
has been made in recent years, the develap-
ment of practical steady-state tritium-
recovery techniques for low concentrations
remains a major technical uncertainty for
Tiquid-1ithium blankets. Also, the magneto-
hydrodynamic compatihility nf Yiquid lithium
with magnetic=conflinement concepts (insotar
as pumping power requirements and perturba-
tions to plasma confinement are conéerned)
Nnnatheless, in
terms of breeding potential, heat transfer_
characteristics, lithium enrichment, and
augmentation of neturon production, liquid
Tithiun still possesses a number of advan-
tages over the other breeder material con-
cepts. )

The remainder of this section contains
a summary of the status of blanket process-
ing technology for the breeding concepts



outlined above. This summary was abstracted
from reference 34, and is representative of
the opinions delivered at a recent work-

shop (34)
b1anke§ technology.

Methods for Processing Liquid-Lithium Blankets

on the subject of fusion reactor

Methods for processing liquid-Tithium
blanfets have received a great deal of at-
tention. The most promising methods cur-
rently being considered are: (1) exothermic
solid getters (e.g., yttrium and zirconium},
(2) permeable metal windows (e.g., niobium-
or vanadium-base alloys), (3) liquid-alloy
getters formed from rare earth-transition
metal eutectics, and (4) molten-salt extrac-
tion (e.g., with LiC1-LiF or LiF-LiC1-LiBr).

(37) or batch

"Methods employing cold trapping
distillation have, for the most part, been
eliminated from further study since neither
approach appears capable of achieving tri-
tium inventories in liquid lithium that are
near the range of interest {i.e., <10 wppm).
Results of studies to determine the thermo-
chemical behavior of solutions of hydrogen
isotopes in liquid 1ithium have been sum-
marized in several recent pub]ications(36’37x

Exothermic getters. Thermodynamic data

indicate that solid hydride formers like

. yttrium and zirconium should be capable of

reducing tritium concentrations in liquid

Although limited

bench-scale data on extraction of tritium

"Yithium to 1 wppm or less.

from liquid alkali metals have not been en-
cnuraging,(35 further experiments under
carefully controlled conditions are recom-
mended. Major technical uncertainties that
need near-term exploration are potential
passifying effects of impurities {includiny
principally the nonmetallic elements O, N,
and C) and methods for regeneration of the
getter after loading with tritium. If
these studies are sufficiently encouraging,

subsequent investigations would have to
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examine {1) the getter solubility in lithium
and the potential for entrainment of degraded
getter in the lithium returning to the reac-
tor; (2) the effects on neutronics, corro-
sion, and mass transport; and (3) the effects

.of getter'composition and morphological char-

acteristics on extraction and recycle effi-
ciency. )

Permeable windows. Although the permea-
bility of hydrogen isotopes through most
metals normally occurs at a rate that is
more of a nuisance than anything else,
highly permeable metals (e.g., niobium or
vanadium) at elevated temperatues may be
used as window materials through which tri-
tium could be extracted from Tiquid 1ithium.
Ca]cu]ations using existing permeation data .
{collected at hydrogen pressures many times
higher than those anticipated in fusion reac-
tor blankets) generally indicate that tri-
tium concentrations in lithium in the range
from 1 to 10 wppm can be maintained with
large but reasonable window areas. Major
technical uncertainties in need of near-term
investigation relate to (1) “fogging" ef-
fects of impurities (e.g., 0, N, and C) and
mass-transported metals (in dissimilar metal
systems only) that may be deposited on the
upstream side of the window, (2) "fogging"
effects on the downstream side of the win-
dow, and (3) fundamental limitations asso-
ciated with surface kinetics. The possible
use of downstream recovery methods employing
either liquid getters or protective coatings
coupled with gaseous getters should eventu-
ally come under study. Llimitations imposed
by temperature effects on window integrity
will eventually nced study as well.

Liquid alloy getters. Recent work at
LASL(39) indicates that binary liquid eu-
tectics consisting of a rare-earth metal
(e.g., Ce, La, Y) and a transition metal

(Co, Ni, Fe, or Mn) make highly effective




getters for removing hydrogen isotopes from
liquid 1ithium. In principle, these liquid
alloys would be capable of maintaining tri-
tium concentrations in 1ithium blankets
well below 1 wppm. Current uncertainties
in this technique include mutual solubili-
ties of the getter alloy and 1ithium and
the difficulty in recovering tritium from
Compatibility of the
getters with stainless steel needs to be
Because of the potential

prumise of these liquid getters, near-term

the getter alloy.
investigated.

efforts should include examination of the
above-mentioned problems. Identification
of other low melting compositions (possibly
ternary and higher-order mixtures) is rec-
ommended.

Molten~salt extraction. MWork currently

(37,38) indicates that molten-

under vay at ANL
salt extraction may be a suitable means of
recovering tritium from liquid 1ithium.
Results to date shuw that adequate distribu-
tion coefficients (2 to 4 on a volumetric
basis in favor of the salt) can be achieved,
and potentially suitable methods for recavery
of tritium from the salt are being investi-
gated.
tenance of tritium levels as low as 1 wppm

in 1iquid Tithium. Areas requiring study in
the near future include (1) effects of mutual

This technique may permit the main-

solubilities on both neutronics and salt pro-
cessing, (2) compatibility of materials, (3)
siifvey ot suitable minimum-entrainnent con-
tacting and separating methods, and (4) dem-
onstration of suitable means.for recovering
teitdun from the Salt.(jg) .

Tritium Recovery from Solid Breeder Blankets

Ana]ytical(40’45) and experimentafldﬁ)

work on solid blankets has been restricted
mainly tu performance characteristics that
might influence tritium recovery, inventory,
and cdntainment. Results achieved in the

BNL program(4o) on ceramic breeding materials

have been reasonably encouraging with re-

" spect to steady-state recovery under minimum

inventory conditions (<<l wppm). Similar
regults for solid Li-alloys are less under-
stood, but efficient recovery at low inven-
tory is indicated. Important rear-term ex-‘
ploration of ceramic materials should in-
clude (1) determination of the effects of
irradiation to high burnups on dimensional
stability, tritium release rates, and chem-
iral stability toward the sweep gas, (2)
1nvesfigation of the dependence of perfor-
mance characteristics on morphology (particle
size, size distribution, pore structure,
etc.); and (3) compatibility with contain-
meni materials and with other companion sub-
stances, including moderators (B and C) and
neutron multipliers (Be and Pb). Effects of
chemisbrption, implantation, or chemical
fixation of tritium on interior blanket
structures should be examined in the context
of the "hands-on" maintenén;e expectalions
for minimum-activation designs. Eventually,
in-reactor testing of candidate solid
hreeder materials under rcalistic conditions
(including simultaneous breediny and . tritium
extraction) should be made. Design optimiza-
tion of sweep gas processing methods must
u]timate1y~be completed.

Tritium Recovery from Molten-Salt Blankets

Recovery of tritium from molten-salt
blankets appears to be reasonably straight-
forward,(az'qq) and inventories we]]'be]qw
1 wppm should be achieveable. Past analyses

of sparged and unsparged desorbers have in-

-dicate:: that efficient removal of tritium
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from the salt is readily attainable in forms
well suited for efficient regeneration.
These analyses require experiméntal demon-
stration under conditions which take proper
cognizance and control of (1) the oxidation
potential of the salt system, (2) interac-
tions between the salt and bounding walls,



and (3) the influence of magnefic fields in
promoting localized electrolysis.
UNIQUE PROBLEMS

In addition to the fuel circulation and
processing hardware and the various contain-
ment devices, there are a number of other
special systems that may be essential to
the operation of at least near-term DT
reactors and whose presence could lead to
significant interfacing problems with the
tritium handling systems. Two such systems
are neutral beam injectors and first wall
cooling circuits. Some considerations re-
lated to these special interfacing problems
are summarized below. As other essential
reactor systems that have a direct inter-
action with, or that have access to, the
tritium systems are identified, they too
must be carefully characterized in terms of
the magnitude and design impact of interfac-
ing requirements.’ ‘
Neutral Beam Injector Interfacing

Recent conceptual design studies have
shown that experimental tokamak and mirror
. reactors may require energetic particle in-
sertion to reach ignition.' As currently con-
ceived,(52’53) the neutral injector systems
that would be used to provide these energetic
particles represent a direct access to the
plasma chamber, and, hence, to the tritium
contained in it during a burn cycle. The
beam line, the neutralizer, and the acceler-
ator itself are all subject to tritium back-
flow from the plasma chamber. Thus, tritium
can enter the neutral beam pumping systems
and the neutralizer vapor circulation sys-
tem, and pass through the electrostatic
grid structure into the grid coolant. The
objective of neutral beam fnjector interface
studies should be to identify significant
tritium interactions and to evolve and test
designs that will permit the making of a
workable injector/reactor interface. This
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effort should include the determination of

* tritium containment criteria for neutral in-

jectors and the development of a maintenance
methodology for tritium contaminated injec-

tor systems.

Tritium Migration to the First—Wa11 Cooling

Water

The migration of tritium in and through
the thermally hot structures surrounding
the plasma of a DT burning reactor sﬁould
be the subject of a whole paper in itself,
since this migration will probably turn out
to be the major contributor to tritium
losses from any fusion power plant. In
this section, however, the only case that
will be addressed will be one in which the
first wall of a near-term experimental reac-
tor is cooled with a fluid that neither
contains breeding material nor interfaces
in any way with a breeder blanket; i.e.,
the only source of tritium entry into the
coolant fluid is by permeation of fuel from
the plasma chamber through ﬁhe first wall
structure and into the coolant channels.
Although a variety of coolant fluids and
structural materials could be considered
in the context of this discussion, only
helium and water contained in sﬁain]ess
steel first wall assemblies will be addressed
here for purposes of illustration.

The selection of water as a conlant for
the first wall blanket and shield of any
fusion device raises concern regarding the
consequences of tritium migration into and
through the cooling circuits. The problem
of tritium penneatfon through austenitic
construction materials has lonq been recog-
nized as a major area of concern for fusion
power plants. Although the principal focus
of attention to this problem has been on
migration of blanket tritium through heat
transfer circuits and eventually to the en-
vironment, the tritium in the plasma chamber



is also subject to migration; hence, the ab-
sence of a breeder blanket would not neces-
sarily obviate concern for tritium releases
resulting from the heat fransfer circuitry.
For purposes of analysis, permeation was as-
sumed to occur across the entire surface of
a first wall having a thickness of 5 mm and
an area of 6 x 106 cm2 (approximating pre-
sently conceived tokamak EPR's'’'’). The
total volume of the first wall cooling water
circuit was assumed to be 10° liters and the
tritium partial pressure in the plasma cham
ber was estimated at 10™" Torr. Existing
hydrogen permeation data for Type 316-SS
(data from reference 23 were used in this
case) were divided by v3 to correct for H/T
isotope effects. Results of calculations
made under these conditions are summarized

in Fig. 1 together with related data for
existing heavy water reactors. The concen-
trations of tritium in the first wall cooling
water circuit are found to be in the range of
those reached in the primary (DZO) circuit

of typical experimental heavy water reac-

(46-48) after a period of about two

tors
years., It is, therefore, rcasonable to
assume that the inventory of'tritipm in the
cooling water for the above case could be
managed using practices employed in existing
heavy water reactors. The drainage, consoli-
dation, and disposal of the entire first wall
cooling water inventory (10S liters) every
two to three years should pose no insurmount-
able problems, and is probably preferable
(from an economic viewpoint) to installing

a tritium extraction p1ant(46) for the first
wall coolant.

In the case of pressurized helium cooling,
the assumption is usually made that any tri-
tium entering the coolant stream would be
rapidly converted to HTO through reaction
with the low levels of HZO and 02 impurity
expected to be present in helium cireuits.
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This HTO could then be gettered or desiccated
out of the helium in a relatively straight-
forward manner, such that tritium buildup
beyond trace levels is not possible. For
the cases considered in Fig. 1, but with
helium cooling, the total tritium handled in
the helium scrubbing system would not exceed
10 gréms/year.
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FIGURE 1. Tritium Accumulation in the First
Wall Cooling Water Circuit. Material =
316-SS, Wall Area = 6 x 105 cm?, Wall Thick-
ness = 5 mm, Coolant Volume = 10% liters,
Tritium (T,) Pressure = 107" Torr.
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ISOTOPIC ENRICHMENT OF PLASMA EXHAUSTS FROM CONTROLLED
THERMONUCLEAR REACTORS BY CRYOGENIC DISTILLATION™

Balabhadra Misra and Victer A. Maroni
Chemical Engineering Divisioh

Argonne National Laboratory:
Argonne, I1linois 60439 -

The feasibility of recycling the spent fuels from presently conceived
tokamak-type power reactors via cryogenic distillation has been analyzed.
As an essential step in analyzing complex mixtures consisting of the six
jsotopomeric forms of molecular hydrogen in widely varying ranges of
concentrations, computer simulation of multicomponent distillation was
carried out using an exact method of so]ufion of the governing equations,
Two distinct fuel injection schemes were analyzed using a six-column
distillation cascade and a five-column distillation cascade, respectively.
The two systems.are: (1) 90% cold fuel injection with T/D ratio ~ 1.1
and neutral beam injection of deuterons (Do) compris%ng 10% of the de-
livered fuel, and (2) .injection of equal atomic fracpions of neutral
tritons (T°) and neutral deuterons (DO). 'The'reéulté of the analytjcal
studies show that the separation of the isotopomeric species- of hydrogen
can be carried -out to'any degree of purity by judicious selection of (1)
the design and operating parameters and (2) the number of distillation
cd]umns, appropriately interspersed with chemical equilibrators.

INTRODUCTION | fuel could be accomplished with existing
Since the mid-1960's, interest.jn the or reasonably extrapolated technology.
technological implications of energy pro- Although the aforementioned conviction
duction from controlled thermonuclear reac- may turn out to be largely correct, there
tions has escalated rapidly. Although the are several technical areas whefe much
scientific and engineering aspects of the ’ more detailed analysis remains to be per-
handling and recovery of tritium in D-T formed. One of these areas -- the question
(deuterium-tritium) fusion reactor breeder of meeting hydrogen isotope enrichment re-
blankets have received considerable atten- quifenents -- is the subject of this paper.
tion in recent years, little concentrated The estimated fue) burn=up rate during
effort has been focused on the technical " a typical burn cycle for most presently
features of the mainstream fuel processing conceived magnetically confined D-T fueled
and recycle systems. This neglect has " fusion power reactors 1s on the order of
stemmed, at least in part, trom a conviction a few percent of the inserted fuel; hence,
that the purification, circulation, con- based on economic considerations alone, it
ditioning, storage, and delivery of the is essential that the unburned fuel (the

- _
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plasma exhaust) be recycled. The gross
- composition of the total fuel delivered
to the plasma chamber, irrespective of the
number and/or kind of different fuel in-
sertion methods required, is expected to
be a mixture containing equal atomic frac-
tions of deuterium and tritium with very
little (< 1 atomic %) impurity. As a
resalt of (1) the principal thermonuclear
reactions {D-T) which produce “He, (2)
the side reactions (mostly D-D) which pro-
duce H and 3He, (3) the sputtering of
first wall material, (4) transmutation
reactions with the reactor structure, (5)
permeation of hydrogen through the coolant
containment, (6) ancillary chemical reac-
tions, (7) out-gassing of the structure,
and (8) probably some other less well de-
fined phenomena, the gases remaining ih
the plasma chamber after a burn cycle are
expected to contain a significant quantity
of impurity species in addition to the
unburned deuterium and tritium. The ex-
tent to which this spent fuel is suitable
for reuse without processing after one,
two, or perhaps a few burn cycles is a
moot point, for sooner or later impurity
removal must be undertaken, and the problem
of fuel decontamination reduces to one of
determining fractional processing rates.
The chemical and physical state of the
impurities in the plasma exhaust is also
subject to speculation at this time, but
it seems reasonable to assume that the nor-
mal ambient impurities (e.g., H, 0, N, C)
and perhaps some solid debris (dislodged
from the first wall by energetic particle
impacts) will accompany the unburned deu-
terium and tritium through the plasma
"amber evacuation systems. "
Several scenarios have been developed
for the fuel cycles of near-term conceptual
fusion power reactors, and a number of

these are reported in the 1iterature.1'5

It is not the subject of this paper to deal
with the entire fuel cycle of a prototypal
fusion reactor; hence, the reader should
refer to the above literature for de-
scriptiohs of fusion reactor fuel recycle
requirements and proposed methods. For
the purboses of the ensuing discussions,
the assumption is made that at some point
in the fuel cycle, all of the impurities
except protium (!H) and perhaps helium
have been removed from the recirculating
deuterium-tritium stream. It is at this
point that the processing steps which
satisfy hydrogen isotope separation re-
quirements for the fuel delivery systems
must be undertaken. Among the hydrogen
isotope separation methods -that are con-
sidered feasible for large-scale semi-
continuous enrichment, cryogenic dis-
tillation appears to be best suited to

the needs of the mainstream fuel recycle
systems for fusion power reactors. The
remainder of this paper deals with an
analysis of the application of cryogenic
distillation to a range of plausible iso-
tope enrichment requirements for near-term
D-T burning experimental fusion devices.
LESCRIPTION OF THE CALCULATIONAL METHOD

A variety of analytical techm‘ques6'8

have been used in the design of multi-
component distillation columns. While most
of these methods are adequate to fulfill

the needs of the chemica) process industries,
the exact method of solution by matrix al-

'gorithm appears to be most suitable for
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isotope separations. (The inaccuracies
inherent in empirical schemes and trial-
and-error solutions make the latter methods
largely incapable of achieving the level of
accuracy required in isotopic fuels anal-
ysis.) Hence, at the outset, it was de-

cided to proceed with analyses based. on an



exact method of solution of the governing

" equations to ensure that the accuracy .of
the analytical results would be Jimited only
by the accuracy of the thermodynamic and
phase equilibrium data.

A complex distillation column may con-
tain many feeds, side streams, and other
special features. The feed compositions
may vary widely and may be introduced
Development of

at any stage {or plate).
the computer simulation for a single dis-
tillation column was based on the general
Once the

features shown in Figure 1.

PARTIAL CONDENSER —_

F, ———e———— NF,

iv
Fo ——{t———INF

3 3
L
Vp L
////" NP e W
Qg \REBOILER
FIGURE 1. Schematic Drawing of a Complex

Distillation Column. (See Nomenclature
for detinition of symbois.)

. vapor flow may be assumed.

basic computer program that contained the
essential characteristics of a single
column was .developed, other special fea-

~ tures were added by appropriately modifying

the mathematical model. Several simpli-
fying assumptions, of necessity, were made
before the development of the mathematical
model was carried out. The ideal equilib-
rium stage concept in conjunction with

the laws .of conservation of mass ‘and

enerqy were utilized to descrihe the
functional relations among the various
components. These assumptions may be

stated briefly as follows: (1) The pressure
drop across’ the column is neyliyible su

that the ‘column may be assumed to operate
(2) Heat losses

are small so that the column may be assumed
to be operating adiabatically. (3) The
molar heat of vaporization of all compo-

at a constant pressure.

nents is the same so that constant molar
(This is not

a very restrictive assumption because tha
differences among the molar heats of vapori-
7zatinn of the siv isotopic species of
hydrogen are small.) (4) The vapors and
liquids of the isotopes form ideal mix-
tures. The last assumption is not unrealis-
tic for isotopes of the same element, es-
ATbU, Lthis
assumptﬁnn assures the validity of -the
laws of Raoult and Dalton; thus, the
equilibrium relationship between the vapor

pecially at low pressines,

mole fraction and liquid mole fraction

~may be represented by:

y; = K.X. (1)
P;

k., = 7 (2)

where

¥; < mole fraétion of component i in
vapor phase
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= mole fraction of combonent iin
1iquid phase

equilibrium constant for component
i between the two phases

Py = partial pressure of component i
p total pressure of the system

x
o
1

The composition of the feeds and the
rates of the feeds, the distillates, and
the side streams are assumed to be known.
For a given number of equilibrium plates
(NP), assumed feedplate (NF,, NF,, etc.)
and .side stream (NS) locations, and reflux
ratio (L/D), the functional relationship
between the various components-across the
distillation column can be expressed
mathematically as follows. For component
i, of a total of NC components, the law
of conservation of mass and phase equilib-
rium leads to NP (NP = number of theoreti-
cal stages) equations, each containing NP
terms. By denoting the plate number as j
and component number as i, the following
set of NP equations may be written:

-a]’] x]’i + a];z Xz,i +0+0+ ...

= by 4 (3-1)

R0 X,i T %2,2 %, T3 X t0 .
= by (3-2)

0% 23,2 %,i ~33,3%,i * 33,4 %4, * O
b - by 1 (3-3)
040+ oo *ayp Np1 *NE-1, i

" 2Np,NP XNp,i T Phe,l (3-NP)
where .

a, . are coefficients of xj i which
are functions of the distribution

constants and all internal and ex- ,

ternal flow rates of vapor and
1iquid, and
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pj,] are the constants of the linear
equations, which are functions of
rate of feed and feed composition.
The above set of NP equations may be
expressed in matrix algebra as follows:

AX = 8B (4)
where .
A = NP x NP coefficient matrix
X =NP x 1 solution vector
B=NP x1 column vector

The nature of the physical problem is such
that it leads directly to the tridiagonal
matrix represented by equations (3-1),
(3-2) ... (3-NP). It should be noted that
there are NC sets of independent equations
{one for each component) of the type repre-
sented by matrix equation (4). For a phys-
ical problem, since the determinant of the
NP x NP square matrix is non-singular, the

solution of equation (4) is given by
X =ATB " (s)

where A1 is the inverse of matrix A.
Hence, the solution of equation (4) re-
sults in NP values of compenent-i, one
value corresponding to each equilibrium
stage. Similarly, the solution of the
remaining sets of equations of type (4)
gives the mole fractions of the ther com-
ponents in the liquid mixture. Thus, the
mole fractions of all components at each
equilibrium ‘'staye are determined simultan-
eously. !

The correct solution is obtained when
the following criterion is satisfied (with
an acceptable degree of tolerance)

simul taneously at each stage.

NC NC
% ¥; = 1= % kix1 (6)



From this brief discussion, it is
apparent that successful solution cf the
above set of equations depends on develop-
ment of reliable convergence criteria.

For ideal mixtures, the equilibrium con-
stant, k, may be represented as a function
of pressure and temperature. Since the
column is assumed to operate at a constant
" pressure, the equilibrium constant is de-
pendent on temperature only. Existing
vapor pressure data9 for the six isoto-
pomeric molecular forms of hydrogen (H,,
HD, D74 DT, HT. Ta) were used to calculate
the equilibrium constants. For a typical
spent gas mixture, the vapor pressure data
for the range from 20 to 30 K were found to
be adequate to cover the entire range of
interest. For component i, ki may be

représented by an nth degree polynomial:

2

ki = O+ G qTy + 34T + -

+C TV (7

where C],i’ c2,i’ etc., are constants, and
Tj is the temperature of the liquid mixture
at plate j. Since the operating temperature
range for the column at pressures in the
range from 500 to 2000 Torr is quite limited,
a fourth degree polynomial was found to ade-

quately represent the data. A suhrautine

was written to obtain the polynomial fitting
coefficients for each componeht by least
squares methods. 'A typical set of fitting
coefficients used in this study is given in
Table ].(fgr P = 1000 Torr).

Before proceeding with the calculations,
initial values for the end temperatures of
the column were assumed, guided by the
saturation temperature corresponding to
the composition of the feed mipture. Addi-
tionally, the temperature drop across the
column was assumed to be a linear function
of the number of theurelical stages $o that
a set of starting values for the equilib-
rium constants could be estimated. To
accelerate the convergence, Newton-Raphson
interpolation techniques were applied to
estimate a set of new temperatures for
each plate during the successive iterative
steps.

The solution of a Set of linear equations
for.a typfca1 component involves very large.
numbers.
a 30 x 30 squére matrix for most of the

For example, the determinant of

hydrogen isotopes represented by equation
(4) is of the order of 1033,
the round-off errors, the main program, as

To reduce

well as all of the subroutines, were
Thus, the
propagation of round=off errors lhal are

written in double precision.

Fitting Coefficients for Distribution Constants at P = 1000 Torr

Fitting Coefficients

c I

Cy.1

‘4,1

5,1

TABLE 1.
Species‘ Value of 1 cl.i CZ,L
Hy 1 7.659677p-01% -6.0331370-02
HD 2 -3.348612D 00 5.975073D-01
HT 3 -8.368202D-01 1.927116D-01
D, 4 6.5509510-01 | -7.0909020-02
DT 5 -2.210739D 00 3.766744D-01
T, 6 ~6.398138D 00 1.030710D 00

=4, 640048004
-3.747318Dp-02

~1.259054D-02

-2.012363D-02

-5.778316D-02

5.194761D-03

-5.7399170-05
7.909861D-04
1.058304D-04

~4,188036D-04
2.002574D-04

1.156992D-03

1.101835p-05
2,763535D-06
9.1321070-06
1.410413D-05

8.059631D-06

-1.492615D-06

%p-01 corresponds to X10 .

1
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1ierent in conventional iterative solu-
tions is minimized. In order to ascertain
the validity of the matrix inversion method
adopted in solving equation (4), the solution
vectors were back substituted to see whether
the original constant vectors would be ob-
tained. For all the cases considered, no
error in the computafiona] techniques could
be found.

A detailed descriptién of the main
computer code, including FORTRANAIistings,
the supporting subroutines, and data input/
output options is given in Reference 10.

The versatility of the computer code

may be demonstrated by analysis of a num-
ber of cases, as summarized below.

RESULTS OF SINGLE COLUMN SENSITIVITY STUDIES

To study how enrichment of the spent fuel
proceeds across a distillation column, a
number of simplified cases with only a
single feed and no side stream draw-off

were analyzed. The composition of the
feed (spent fuel) was assumed to be repre-
sentative of presently conceived tokamak-
type reactors such as the ANL Experimental
Power Reactor (ANL/EPR).]’2 Several cases
were analyzed by varying the number of
theoretical stages, reflux ratio, feed
plate location, and operating pressure in
order to (1) study the behavior of dis-
tillation columns handling isotopes of hy-
drogen, and {2) detect any anomalous be-
havior of the computer code surh as failure
to converge. Some of these results are
sunmarized in Table 2.
Effect of Number of Theoretical Stages

As the number of theoretical stages is

increased, separation of the lighter frac-
tions from the heavier fractions is en-
hanced (see rows 3, 9, 10 and 11 in Table 2).
r example, if the number of theoretical
>wages is increased from 15 to 30, the
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deuterium atom concentration in the dis-

-tillate is increased from 75 to 83%. How-

ever, the atom percentage of protium re-
mains unchanged. This is due to the fact
that essentially all of the protium appears
in the distillate even when the column has
only 15 theoretical stages.
Effect of Reflux Ratio

The degree of separation of the lighter

constituents from the heavier constituents
increases as the reflux ratio is increased
(see rows 1 through 5 in Table 2). How-
ever, the increase in the degree of
separation becomes asymptotic as higher
and higher reflux ratios are‘emp]oyed.
Feed Plate Location ‘

The effect of the feed plate on degree
of separation depends on the feed compo-
sition. For the few cases analyzed by
varying the feed plate location for a feed
of fixed composition, the effect of the

feed plate location was found to be minor
(see rows 6 through 8 in Table 2).
Operating Pressure

As discussed in the previous sections,

for a fixed feed composition, the separa-

~tion of the more volatile fractions de-

pends on the number of theoretical stages,
reflux ratio, and the design characteris-
As the
nunber of theoretical stages and reflux
ratio are increased, the degree of separa-
tion of the move volatile fraction from
the less volatile fraction increases. In

tics of the distillation column.

many situations, however, the effects of
these two variables do not significantly
change the degree of separation. .Also,
increase in the number of equilibrium
stages, as well as increase in the reflux
ratio, results in increased liquid holdup
and operating cost. As shown below, simi-

lar results can be achieved by varying the



TABLE 2. "Summary of Operating Parameters and Analytical
Results for a Single Cryogenic Column

Atom Z Top Product Atom 7 Bottom Product

P Column No. of Feed Plate Reflux
arameter Pressure Plates Location Ratio H D T H D T
1000 Torr 20 15 5 6.8 72.4 20.8 0.08 38,9 61.0 A
10 7.0 80:0 13.0 0.02 35.5 64.3
Effect of .
Reflux 15 7.0 83.2 9.8 A0 36,4 65.6
Ratio 20 7.0 84.7 8.3 a0 - 33.8 66.2
- 25 7.0 85.5 7.5 0 33.4 66.6
Effect of 10 15 7.0 81.7 11.3 a0 35.0  65.0
Feed 15 7.0 83.2 9.8 a0 34.7 65.3
Plate . 20 7.0 83.0  10.0 0,02  34.4  65.5
- a
. 25 12 7.0 8.1 11.9 0.01 36.2 64.8 F
Elfece of
No. of 20 10 6.9 78.7 14,4 0.02 36.2 £3.8
Flaes 15 8 ¥ 6.9  75.4 17.7  0.06 37.6  62.3
v .
Suu Togy 3u 15 i3 7.0 86.2 5.8 AD 32.6 67.4
1000 Torr g 7.0 83.2 9.8 A0 3.4 65.6
Effect of ;
prezzurz 1500 Torr 7.0~ 81.0 12,0 ~0.01  35:3  64.7
2000 Torr 7.0 79.4 1.6 " 20.02 36.0 64,0
2500 Torr L 6.9 78.1 15.0  ~0.03 36.5 63.4
‘ /

aInput Composition =

" operating pressure, which is.cohceptua]ly
much simpler, '

To study the effect of pressure, a single
distillation column was used for simplicity.
The results tor a typical feed mixture at
pressures of 500, 1000, 1500, 2000, and
2500 Torr are summarized, respectively, in
rows ]2 through 16 of Table 2. The most
signifitant effect of pressure seems to be
on the atom fraction of tritium in the dis-
Lillate. The tritium fraction increases
from 7% to 15% when the pressure is in-
creased from 500 Torr to 2500 Torr, The
pressure has lesser effect on the other two
hydrogen isotopes. As the atom percent of
h}drogen in the bottom fraction is essen-
tially zero for all cases, the operating
pressure should have no effect on protium
fraction. The atom fraction of deuterium
in the distillate decreases from 86% to 78%

2.10 at. % H, 4§.95 at. % D, 48.95 ar.

% T.

as the .pressure is fincreased from 500 Torr
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to 2500 forr.

CRYOGENIC ENRICHMENT SCENARIO FOR A PROTO-
TYPAL FUSION POWER REACTOR

Before an enrichment scheme for typical
near-term power reactors can be developed,
the composition of the spent fuels a-~d the
purity requirements for the reinjectable
fuels must be established. The following
conposition of the spent gases may be con-
sidered as representative of a typical ex-
perimental power reactor such as the
ANL/EPR]’Z: protium 2.1 at. %, deuterium
48.95 at. %, and tritium 48.95 at. %. For
the presently conceived ANL/EPR fuelinjec-
tion scheme, the following are some of the
requirements for the light and the heévy
fractions: (1) The lightest fraction should
contain all of the protium atoms with as
lTittle tritium as possible so that it can



(it necessary) be sent to waste consoli-
dation and burial without further processing.
(2) One of the heavy fractions must contain
> 98 atom % deuterium so that it may serve

as the fuel for the neutral beam injector.
(3) The composition of the other heavy:
fractions should be such that the ratio

of tritium to deuterium atoms is approxi-
mately 1.1 so that the fuel composition
resulting from cold fuel and neutral in-
Jection has T/D 2 1.0.
the feed composition and reinjection require-
hents as listed above indicated that

An examination of

several distillation columns operating
'in cascade would be required. Figure 2
shows the six-column cascade developed

for the ANL/EPR. - It should be noted that
a large number of cascade arrangements

are possible to meet the above require-
ments and the Figure 2 represents an
adequate, but not necessarily an optimum,
separation scheme.

A second computer algorithm was de-
veloped and added to the computer code.
described above as a subroutine to analyze
multicolumn cascades. With flow schematics

as shown in Figure 2, convergence was ob-

served to be very slow and tedious. To
; - - - T0
- L - WASTE
10°% L<i0? Io+H=100 DISPOSAL
—H b Te<|
D=T .
10 Be — <1 L
D“T n @ !
I ! m— '
: i i——
a7 I '::T:Tiéﬂ_T_jl
2 ] '+ TO NEUTRAL
P E32 ?.if.e - INJECTOR
! l SUPPLY
FROM U*J‘ 52;48 @ - ‘&'
TORUS : .
VACUUM 0T D+T=100 Bl ::)ISY?SLEANTIICON
SYSTEMS H<<l ‘TO COLD FUEL, COLUMN
T/Dw= i RETURN OR
c "Stomace. | O-ITR
FIGURE 2. Cryogenic Enrichment Scenarioc for
the ANL/EPR.

avoid this difficulty, feed No. 3 (bottom

~ product from column No. 5) to cotumn No. ]
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was fixed after establishing its approxi-
mate composition during initial iterative
calculations. This speeded up the con-
vergence, although it was not possible to
exact1y match the composition of these two
1iquid mixtures. The analytical results
are summarized in Table 3.

Figure 2 shows that columns No. 1, 4
and 6 are the product columns, with columns
No. 2, 3 and 5 serving as intermediaries.
Since the deuterium content in the feed to
column No. 6 is 97%, the effect of the
operating parameters on column No. 6 was
minimal. Parametric investigations of the
effects of the operating variables carried
out for column No. 1 (see Table 2) show
that these variables generally have little
significant effect on the overall per-
formance of the cascade.

An examination of the bottom products
from columns Mo. 1 and No. 6 (see Table 3)
shows that the compositions of these two
streams essentially satisfy requirements (2)
and (3) above. However, the distillate from
column No. 4.could not be directly dis-
charged into waste consolidation and burial
without further reprocessing because of
its high tritium content. An attempt was
made to reduce the tritium content in the
distillate from column No. 4 by varying
the number of theoretical stages, reflux
ratio and operating pressure. The tritium
content could not be reduced to acceptable
levels because of (1) the presence of some
tritium at HT and (2) carryover of a portion
of the DT into the distillate (because DT
is more volatile than T,). Hence, all of
the protium atoms cannot be removed easily
by distillation alone withouf carryover of

some tritium atoms. An examination of the



TABLE 3.

Summary of‘Operating Parameters for tge
TEPR Cryogenic Distillation Cascade

Total Top Preduct . Bottom Product
Colunn Feed Feed Feed Composition (at %) Total Atomic Percentages Total - Atomic Percentages
Kumber® Plate (moles) H D T Moles H ‘D T Moles H D T
1 10 100 4,12 49.57 46.31 18 21.9 63.0 15.1 82 0,2 46.6 53.2
15 '
20
2 15 23 17.35 70.57 12.08 13 30.3 50.0 19.7 10 0.5 97.3 2.2 4
- 20
3 10 23 38.51 34.86 26.63 8 50.9 31.1 18.0 15 31.9 36.9 31.2
15 .
20
4 15 8 50.9 31.1 18.0 3 53.0 45.9 J.1 5 49.7 22.3 28.0
B 15 15 31.9 36.9 "31.2 5 48.7 4.6 46.7 10 23,5 53.0 23,5
5 15 15 0.5 97.3 21.7 5 1.0 97.9 1.1 3 0 96.7 3.3
o 15 8 50.8 29.2 20.0 3 96.1 4.5 0 5 2.2 44.8 32.7
430 Theoretical stages per column; column pressure 1000 Torr, except for column No. 1 operating at 500 Torr.
bSee Fig. 2 for location in cascade.
Cafter chemical equibration at 300 K.
equilibrium relationship among the six Hy + DT Z HT + HD (1)
§p¢§ies of hydrogen isotcpes shows that it D, + HT 2 DT + HD - (12)
is feasible to separate the protium atoms T, + HD 2 HT + DT (13) .

without carryover of tritium atoms by
means of a chemical equilibration followed
by cryogenic distillation as described
below.

The 1sotapameric campnsitinn nf the
equilibrium feed mixture that distills
from the top of column No. 3.can be altered
by shifting the equilibria among the
various molecular hydrogen species. In
the 1iquid state, the chemical equilibria
among the six species are essentially
frozen. By warming up the mixture to room
iemperature in a chemical equilibrator,
especially in the presence of . a catalyst
(e.g., palladium on asbestos), new equi-
likria among the six species can be es-
tablished, as described by the following

equations.
Hy, + D, 2 2HD (8)
Hy + T, 2 2HT (9)
D, + T, 2 20T (10)
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Equation (10) shows that DT can be split in-
to T, and Dy, and cquation (12) shows that
by adding D, to HT, a more volatile compo-
nent, |ID, i3 produced which can be separutbd
from less volatile DT. Thus, chemical cqui-
1ibration followed by cryogenic distillation
can lead to removal of essentially a‘l pro-
tium atoms without significant loss of
tritium atoms.

Althbugh there are six chemical equations
as shuwn dbbve, Lhere dre unly three inde-
pendent equations that need to be solved
to estimate a new composition of the feed
mixture. However, the combined equations
are nonlinear and, hence, are cumbersome
to solve. A subroutine was written to
solve these equations to establish the new
combosition of the feed mixture. The .
analyticaT results after chemical equili-
bration are shown in the bottom row of

Table 3.



"CRYOGENIC ENRICHMENT SCENARIO FOR MORE
STRINGENT ENRICHMENT REQUIREMENTS

Based on the studies presented in this
paper, it is apparent that the fuel en-

richment requirements of a fusion device
are largely determined by the fuel supply
stream(s) composition requirements. It

is also a reasonable assumption that most
D-T burning experimental reactors (tokamaks
or otherwise) will produce an exhaust sys-
tem composition that is not significantly
different from the one used above for the
ANL/EPR.
distillation analyses to a machine with

In order to extend the cryogenic

more stringent mainstream enrichment re-
quirements than the EPR, the case of a fully
injected tokamak reactor was considered.

The previously described Tokamak Engineering
Techno]ogy'Facthyn (TETF) was used as a
point of departure for this analysis, be-
cause the TETF has the requirement that all
deuterium and tritium atoms are delivered

to the plasma chamber in the form of iso-
topically separated energetic neutral
particle beams. The exhaust stream compo-
sition was taken to be 0.2 at. % H,, 0.8

at. % HD, 0.8 at. % HT, 27.7 at. % Dy,

42.8 at. % DT, and 27.7 at. % T,.

Since the I'; and T,fractions represent
less than 56% of the exhaust stream, com-
plete recycling of the spent fuel cannot
be accomplished by cryogenic distillation
alone. The other requirement, as in the
ANL/EPR, is to remove most of the protium
atoms without carryover oi significant
quantities of tritium atoms. To fulfill
the above reinjection requirements (i.e.,
separate streams of > 95% D, and > 95 T,),
one can qualitatively visualize the
following steps: (1) Separate the heaviest
component (T,) as the bottom product con-
taining a T, fraction > 0.95 with no
protium atoms present. (Based on the
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multi-component distillation program,
as discussed above, this can be accomplished
(2)

Remove a lighter productbcontaining most

with one or more distillation steps.)

of the D, molecules and the protium atoms.
(3) Distill this product further to
separate D, from protium- and tritium-

(4) Subject the
protium-bearing compounds to a chemical
equilibration followed by additional

bearing compounds.

cryogenic distillation to remove most
of the protium fraction with very little
carryover of tritium atoms.

Carrying out the above step$ will auto-
matically lead to 1liquid fractions that
are rich in DT, with lesser amounts of T,

~and Dy; hence, a second type of equilibra-

tion is now required to break up the DT
fraction as follows:

2T2D0, + T,

The data on the equilibrium constant for the
above reaction show that when a mixture
containing equal atomic fractions of D and

T is heated up (in the presence of an
appropriate catalyst to speed up the reac-
tion), the equilibrium mixture has the
following approximate composition (above

50 K, the equilibration temperature has

only a minor effect on the composition of
the equilibrium mixture):

D?_ = 25%
T, = 25%
DT = 50%

It may be observed that the composition
of the above mixture i§ very similar
that of the original feed and, hence, may
be returned to the first disti%]ation
column. ‘

Figure 3 represents a schematic of the
separation scheme derived for the TETF

type device. A fairly comprehensive



H+D = {00
<<

T
TO WASTE
CONSOLIDATION . l

coLs
EXTRA D
P=
CRYOGENIC 500
=DISTILLATION torr
COLUMN
coL 4
= ISOTOPOMERIC
=EQUILIBRATOR ° _ p-
500
FEED | tore
T+D 298
He? coL3
(0=1) A
= RETURN TO D°
1000 INJECTOR SYSTEM
torr D 297
H<<|
coL |
[
1000
torr A
coL 2
P=
1000
torr
] RETURN TO T°
T297 INJECTOR SYSTEM
H<<|
FIGURE 3. Cryogenic Enrichment Scenario

for ANL/TETF

parametric investigation to study the

effect of the operating variables was
carried out for the enrichment scheme repre-
sented in Figure 3. The analytical re-
sults for the five-column cascade shown in
An
examination of the composition of the bottom
product from column No. 4 will show that

Figure 3 are summarized in Table 4.

tritium-rich and deuterium~rich fractions
containing little or no protium atoms can
be obtained to meet the fuel recycle re-
quirements. Compparison of the top products
from column No. 5, with and without a chemi-
cal equilibrator, shows that a chemical
equilibrator reduces the tritium fraction

in the top product from 8.4% to 0.6%.

ESTIMATES OF REFRIGERATION POWER
REQUIREMENTS

A preliminary assessment of power input
demands for the types of distillation

cascades represented in Figures 2 and 3
showed that the cyclic heating and re-
frigeration associated with the operation
of equilibrators constituted the major
electrical driving power load.if the
equilibrators handled a sizeable fraction
of the total mass flow through the cas-
cade. An estimate of the refrigeration

power drawn by the equi]ibrdLQr Feeding

.into column No. 1 in Figurc 3 was made baosed

on the assumption that this equilibrator
is operating between 300 K and 20 K and
handles a total flow of 22 moles/hour of
an equimolar mixture of deuterium and
tritium. The heat capacity and latent
heat of vaporization of the DT mixture
were laken to be 29.1 joules/mole-K and
For the
case of an ideal, thermodynamically re-
versible Tiyuefication process, the re-
frigeration power demand was found to

be ~ 7 watt-hour/mole or ~ 1,55 kilowatt
for the 22 mole/hour flow rate. (The use
of a factor of 10 for the actual/ideal work

ratio is in line with the values of 4.7
13

1385 joules/mole, respectively.

and 13 reported by Scott
faction of air and helium, respectively.
The overall power input to the cryogenic

for the 1ique~

~enrichment equipment for a fusion power

plant is unlikely to exceed 10 kilowatts
and, hence, will be a Very small fraction

- of the plant's total recirculating power
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based on current estimates.2
CONCLUSIONS

Mathematical simulation of multicompo-
nent distillation and computer solution of
the resultant equations were carried out.



TABLE 4. Summary of Operating Parameters for

ghe

TETF Cryogenic Distillation Cascade

Total . Top Product Bottem Product
.Column Feed * Feed Feed Composlition (at 2) Total Atonic Purcentagas Total Atomic Percentages
Numterd Plate (moles) K D T Moles H D T Moles B D T
1 15 iOO 0.49 49.64 49.87 50 1.0 74.9 24.1 50 0 24,4 75.
20 _
2 15 50 [ 26,4 75.6 27 0 42.5 57.5 23 0 3.2 9.
15 50 1.0 74.9 TR 25 2.0 93.9 4,1 25 0 55.9 44,
4 15 28 1.77 94.51 3.72 5 9.4 87.1 3.5 23 0.1 96.1 3
20 ‘
5 15 5 9.4 87.0 3.6 2 23.1 68.5 8.4 3 0.2 99.4 0.
s¢ 15 * 5.5 8.6 88.2 3.2 2.5 18.8 80.6 0.6 3 0 94,6 S.

230 Theoretical stages per column; pressure for columns 1, 2,

to 500 Torr.

bSee Fig. 3 for location in cascade.

‘ Cafter chemical equilibration at 300 K.

¢ Since the computational steps are based

“on an exact solution method, the accuracy

- of the analytical results is expected to

~ be limited only by the accuracy of the
thermodynamic and phase equilibrium data.
Althodgh the computer code was developed
specifically for enrichment of the spent
fuels from presently conceived tokamak-type
fusion reactors, the scope of this program
is much broader, in that it can be used
in the design and analysis of multicomponent
distillation for any liquid mixture, pro-
vided, of course, that the necessary thermo-
dynamic and phase equilibrium data are
available. The program is very efficient

so that a number of parametric investi-

gations to study the effects of design and

operating variables can be carried out even

with limited resources. The program does,

' however, require a fairly large computer
storage (approximately 250 K bytes).

Using this general purpose computer code
as a basis, a distillation cascade con-
sisting of six cryogenic columns was
developed and analyzed for the ANL/EPR.

The analytical results show that enrichment
of the spent fuel, sufficient to meet the
fuel injection requirements of the ANL/EPR,
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3 equal to 1000 Torr, pressutre for columns &4 and 5 equal

can be carried out in a straightforward
manner.

Similar analytical studies of spent fuel
enrichment for the ANL/TETF show that
complete recycling of the fuel for a
totally beam-driven device is possible with
an enrichment system'cohsisting of only five
distillation columns and two chemical
equilibrators.

The most important conclusion that may.
be drawn from the study of the two sys-
tems is that, in addition to heeting fuel
injection requireménts, separation of the
isotopomeric species of hydrogen can be
carried out to any degree of purity by
judicious selection of (1) the design and
operating parameters (e.g., number of
theoretﬁéa] stages, reflux ratio, operating
pressure, etc.) and (2) the number of dis-
tillation columns, appropriately inter-
spersed with chemical equilibrators.
Generally speaking, most of these con-
clusions are in accord with an earlier .
study by Ni]kes.|2
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NOMENCLATURE

aj i Coefficients of linear equation
k]
bj 1 Constants of the linear equation
1]
A : NP x NP coefficient matrix
a, - , Members of matrix A
1,50
B ' NP x 1 column matrix

.Polynomial fit coefficients

Dys D, ' . 4 _ Distillate &ﬁd side stream flow rates
Fis Fos Fy | Feed rates

'i, I : : Component designation

J, d ~ ! Equilibrium stage or plage number

k = Equilibrium constant for component i

between the liquid and vapor phases

L Liquid flow rate.

L/D o ’ Ref]ux‘ratio

n Degree of polynomial

NP Number of theoretical stages, or plates

NF], NEZ, NF3 | Feed plate numbers ’

NC Number of components in the feed mixture

NS‘ o Side stream plate number

Api - _ ' Vapor pressure of component i

p . ‘ Total pressure of syﬁtem

QC’ QB . | : ) Heat.f]ow rates fqr the total condenser and

reboiler, respectively

Tj Temperature of liquid mixture on plate j

) Vabor flow rate

W Bottom product remnval rate

X NP x 1 solution matrix-

Xe s Mole fraction of cémponent i in liquid phase
J’T , o ~on plate j

Yi s : :‘ ) Mole fraction of componenf i in vapor phase
J»1 _on plate j .
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MULTIDIMENSIONAL NEUTRONICS ANALYSIS OF MAJOR PENETRATIONS IN TOKAMAKS

M. A. Abdou, L. J. Milton, J. C. Jung, and E. M. Gelbard
ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS 60439

The blanket/shield system in tokamaks must provide for large size pene-

trations that can cause substantial streaming of nuclear radiation.

Mq?ti-

dimenional neutronics calculations are used to examine the gross effects of
major penetfations and their special shieldina requirements. The study
shows that it is feasible to shield against the effects of penetrations.
However, the special shields for evacuation, neutral beam, and radio-
frequency ducts occupy a substantial fraction of the reactor interior and

their cost represents a significant cost item.

I. INTRODUCTION

The hlanket/shield system in a Tokamak
Experimental Power Reactor(]'4) {EPR), and
in future tokamak fusion reactors as well,
is required to accommodate a variety of pene;
trations including those for vacuum pumping,
neutral beam and/or radio frequency (rf)
heating, and experimental and maintenance
access. These penetrations occupy typically
~5-10% of the blanket/shield volume. Pene-
trations such as those for. vacuum pumping
and neutral beam heating represent large
void regions (~0.5-1 m2 in cross-sectional
area) which extend from the first wall
(directly visible to the plasma neutrons),
radially through the blanket/shield, and on
out between the toroidal-field (TF) coils.
The functional requirements ot the heutral
beam ducts exclude any possibility of intro-
ducing any significant bends in the duct.
‘Sharp bends in the evacuation ducts greatly
reduce the efficiency of vacuum pumping and
they force the designer to increase the size
of the ducts. ]

The need to guard against the potential
problems that can be created by radiation

*Work supported by'the U. S. Energy Research
and Development Administration.

streaming assisted by the presence of these
penetrations, is obvious. The blanket/shield
system provides, in general, about six orders
of magnitude attenuation of nuclear radiation
in order to protect the TF coils and auxili-
ary systems located on the exterior of these
coils from excessive radiation damage, nuc-
lear heating, and induced activation., The
volume fraction of the major penetrations
indicate that these penetrations would cause
more than 1% of the neutrons to escape into
the exterior of the primary (bulk) shield.
Thus the additional special penetration
shield will have to provide roughly four
orders of magnitude of attenuation for neu-
trons streaming in the presence of penetra-
tions. Therefore, the special shields for
penetrations represent a very significant
part of the shielding system in EPR and are
expected to remain equally important in
future tokamak reactors. The design of a
penetration shield is more difficult, how-
ever, thaﬁ the desian of the primary bulk

(1) treatment of
penetrations requires three-dimensional neu-

shield in two respects:

tronics analysis; and (2) the geometry of
the reactor imposes severe restrictions on
the availability of space for penetration

148



shields, above and beyond the space restric-
tions on the bulk shield, Moreover, as will
bg shown later in this paper, the neutral
beam ducts can be shielded on the sides only.
Thus, there is always a straight-through path
for the neutrons, a path leading to the beam
injector and onto the exterior of the
reactor.

The pénetrations in a tokamak reactor can
be classified, in general, into two types:
(1) major penetrations; and (2) normal pene-
trations. The major penetrations are those
penetrations that are large in size and
their functional requirements do not permit
substantial modifications in their shape.
These major penetrations include, for exam-
ple, the evacuation, neutral beam, and rf
ducts. On the other hand, the normal pene-
trations are small and are ameanable to sub-
stantial shaping of their path inside the
blanket/shield. Among the penetrations in
this category are, for example, the coolant
channels, clearances between shield blocks,
and some of the small penetrations for diag-
nostics. This classification is of great
importance with respect'to the development
of a strategic procedure for the design of a
reactor. The effects of normal penetrations
can be regarded as moderate perturbations on
the performance of the system. Thus,
although the impact of these normal penetra-
tions should be anticipated qualitatively in
the early stages of the design, their
detailed design and analysis can be deferred
untii later stages of the overall reactor
des’ign process without much penalty. On the
other hand, the effects of'the major pene-
trations and their special shields on many
of the reactor components is so great that
these effepts must be factored into the
design as early as possible. By treating
the major penetra;ions and their special
shields as an integral part of the reactor
system, many of the tradeoffs and conflicts
can be resolved at early stages of the '

1

design. This paper presents some results of
a neutronics study on the effects of major
penetrations in tokamaks and analysis of
their special shield requirements. More
detailed information is qiven'1p Refs. 3 and
4,
I1. CALCULATIONAL MODEL

Any penetration analysis depends to a
great extent on many specific details of the
reactor geometry and characteristics. The

preliminary reference design for EPR docu-
mented in Refs. 1 and 2 was used for the
initial parts of the penetration scoping
study. This reference design has a major
radius, R, of 625 cm and a circular plasma
cross section With a minor radius, a, of 210
cm,  There are 16 TF coils; each has a D-
shaped vertical cross section with a horizon-
tal bore of 7.7 m and a vertical bore of 11
m. A horizontal cross section of a TF coil
is 0.60 m thick and 0.90 m wide. The. blan-
ket and primary shield consist of alternating
zones of stainless steel (SS) and boron car-
bide (B,C). A small seament of the blanket/
shield at the inner side of the torus is 1.0
m thick while the rest of the blanket/shield
is 1.31 m thick. In the reference design,
as in any tokamak reactor, the inner segment
of the blanket/shield cannot be utilized for
placement of any major penetrations. = These
are generally accommodated on the top, bot-
tom, and outer side of the torus. Therefore,
the specific details of the inner segment of
the blanket/shield will be ignored for the
purpose of this work, and the blanket/shield
is assumed to surround the plasma with a
uniform thickness of 1.31'm. The inner
radius of the first wall is 2,40 m, There
are 32 vacuum ducts in the design, and each
is cylindrical with an 0.85.m diameter. Two
vacuum ducts are located at the top and bot-
tom of the torus, equally spaced between
each pair of the TF magnets. A cylindrical
neutral beam duct with an 0.85 m diameter is
located. between each pair of TF magnets,
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centered around the midplane, and its axis
is nearly tangential to the -toroidal mag-
netic axis.

The neutronics analyses were carried out
using a three-dimensional geometric model
with the continuous energy Monte Carlo Code
vin(®) and nuclear data from enofse-1v. (6)
Three-dimensional geometries are best
treated at present with the Monte Carlo
method. These calculations are inherently
machine- and man-time consuming, making a
thorough three-dimensional analysis of the
full reactor geometry very Eost1y. There-
fore, a somewhat simplified three-dimen- .
sijonal geometric model, which is less costly
but incorporates the basic features of the
reactor geometry and accounts for all first-
-order effects of penetrations, was
developed as described in detail in Ref. 3.

Figure 1 shows a schematic of the geomet-
ric representation for analysis of the
If the
toroidal magnetic axis is assumed to be a

vacuum ducts and their shields.

straight line, then Fig. 1 represents a cross
section in the x-z plane where the Z-axis is
taken along the toroidal magnetic axis and
the x-axis 15 parallel to the poloidal axis
and passes through the plasma centerline,

The system is symmetric around the midplane.
A cross-section view in the x-y plane would
show the blanket and the bulk shield as a
set of concentric circles surrounding the
circular plasma and scrape-off regions with
one cylindrical vacuum duct at the too and
another at the bottom. Figure 2 shuws 4
schematic of the geometric representation for
the analysis of the neutral beam ducts and
their shields. A set of orthogonal coordi-
nate systems (x,&,z) is also used here. The
z-axis, as in Fig. 1, represents the toroidal
magnetic axis, but the x-axis in the midplane
and the y-axis is parallel to the poloidal
axis. The axis of the beam duct is in the
midplane (x-z plane) and makes an angle 6,
with the x-axis. Note that in both Figs, 1
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FIGURE 1. Schematic of Geometrical Repre-
sentation for Analysis of Vacuum Ducts and
Their Shields '

and 2 the minor radius, r, for a point, is
simply r = /x2 + y2,

In Figs. 1 and 2 some spatial zones are
indentifiad hy numbers that will be uscful
§n jater discussions. Zone 1 represents the
plasma region and Zone 2 the scrape-off
region. Zones 3-16 and 31-44 constitute the
blanket-bulk shield. The wall of the pene-
tration duct is represented as 1 cm thick
tube of stainless steel that extends from
the first wall to the exterior of the TF
coils. The portion of the penetration duct
inside the blanket and bulk shield is
defined as Zone 21 and the corresponding

portion of the duct wall is Zone 23. The
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of Neutral Beam Penetrations and Their Shields

part of the penetration duct outside the
blanket-bulk shield is Zone 22 and the cor-
responding portion of the duct wall is

Zone 24. The neutral beam and evacuation
duct extend far beyond the TF coils in a
detailed design. A neutral beam duct gener-
ally extends ~2.5 m beyond the TF coils and
leads to the large size chamber of the beam
injector. Many components are located in-
side the beam injector, such as the neutrali-
zer, bending magnets, cryosorption panels,
An evacuation
An evacuation

ion source, and accelerator.
duct leads to a vacuum pump.
duct can be bent before it is connected to a
vacuum pump, but at the expense of a reduc-
tion in the pumping efficiency. If the ver-
tical bore of the magnet is large enough,
the vacuum duct can be bent external to the
bulk shield and before it reaches the TF
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coils.
radiation streaming into the beam injectors
and vacuum pumps, a 5 cm thick stainless
steel disc was placed as an "end cap" on the
penetration duct and is shown as Zone 25 in
Figs. 1 and 2. The TF coils composition is
homogenized as 50% SS + 50% Cu. These coils
are divided into poloidal concentric rings,
each 5 cm thick (depth). Each ring is
divided into two zones. One zone is bound
between two planes located at y = -100 and

y = +100 and the other zone constitutes the
rest of the ring. The first 5 cm ring con-
sists of Zones 18 and 28 and the second 5 cm
ring consists of Zones 19 and 29 with Zones
18 and 19 as the regions closer to the pene-

In order to quantify the level of

tration duct.
ITI. ANALYSIS OF UNSHIELDED PENETRATIONS
Calculations for seven design sets, A-G




were made. Each set examines one or more
aspects of the penetrations and their shield.
This section is devoted to an analysis of the
unshielded penetrations. Although it is
clear that special shielding has to be pro-
vided to counteract the penetration effects,
this analysis of unshielded penetrations is
useful in providing insight into. the require-
ments of such special shielding. Various
schemes for shielding the penetrations are
examined in the next section.

Design Set A includes three cases {1, 2
and 3), all of which have no penetrations,
j.e. the blanket-bulk shield is solid and
continuous everywhere. The variahle parame-
ter here is the blanket-bulk shield thick-
ness, which is 131, 111, and 91 cm for cases
1, 2, and 3, respectively. The blanket and
bulk shield composition for case 1 is that
shown in Fig. 1. Cases 2 and 3 are obtained
by eliminating outer parts of the shield
with the appropriate thickness. The inner-
most radius of the TF coils in all cases is
430 cm. Table 1 shows the total neutron
fluxes (normalized to 1 MW/m? neutral wall
loading) at several key locations and the
neutron leakage per DT neutron. In Table 1
and other tables in this paper, the percen-
tage values in parentheses after each flux

or leakage value represent the statistical
error (i.e. the standard deviation) as esti-
mated by VIM, These results show that in-
creasing the thickness of the bulk shield by
20 cm reduces the level of nuclear radiation
at the TF coils by a factor of >15. The
tolerahle level of nuclear radiation at the
TF coils is generally determined from a
tradeoff study of the conflicting require-
ments of the various reactor components and
an optimization procedure to minimize the
overall cost of the reactor per unit power
output.(2’7) One constraint that cannot be
violated, however, is that the radiation
level at the TF coils must not exceed a level
that permits the components of the supercon-
ducting magnet to function properly without
excessive radiation damage and nuclear
energy deposition. The magnet protection
criteria depend on the design of the magnet
and the specific superconducting and stabi-
1izing materials. The radiation levels of
cases 1 and 3 cover the range of acceptable
levels for tokamak reactor designs that are
of practical interest at present.(2’7)
Design Set B consists of cases 4, 5, and
6 which are similar to designs 1, 2, and 3,
respectively, except for incorporating a
cylindrical penetration duct that is 0.85 m

IABLE |. . Neutron Fluxes Normalized to a Neutron Wall Loading

of 1 MW/m2 for Design Set A

Case No,: 1
Thickness of Bulk Shield, cm 131
Uiameter of Penetration Duct none

No. of Histories 20,000

%18
¢19
b28
629
b25
Neutron Leakage per DT Neutron

9.93(6) (+18%)
/1.28(6) (+18%)
9.93(6) (+18%)
7.28(6) (+18%)
9.90(6) (+18%)
1.16(-7)(+14%)

2 3
111 91
none none
16,000 16,000

1.85(8) (+14%)
1.23(8) (+15%)
1.85(8) (+14%)
1.23(8) (+15%)
1.85(8) (+14%)
1.91(-6)(+13%)

3.19(9) (+13%)
2.20(9) (+14%)
3.19(9) (£13%)
2.20(9) (+14%)
3.20(9) (+13%)
2.93(-5)(+11%)
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in diameter, as shown in Fig. 1. Results
for cases 4, 5, and 6 are shown in Table 2,
Comparison of results in this table with
results shown in Table 1 for Design Set A
shows that:

(1) The presence of penetrations causes a
strong spatiai variation of the TF coil neu-
tron fluxes in the poloidal direction (i.e,
along the circumference of the D-shape).

The ratio of the neutron flux in regibn 18,
$15, to that in region 28, ¢,5, is ~12. The
penetrations also cause large variations in
the toroidal direction across the TF coils.

(2) ‘The penetrations increase the neutron
flux in the TF coils by several orders of
magnitude. .

" {3) Increasing the bulk thickness of the
blanket-bulk shield from 0.91 to 1.31 m re-
duces the neutron flux at the magnet by a
factor of ~300 in the absence of penetra-
tions but by only a factor of ~3 when pene-
trations are present,

(4) The large-size penetrations assist a
greater number of neutrons at high energy to
reach the TF coils. This causes the increase
in the transmutation, atomic displacement,
and nuclear heating rates at the TF coil due
to the presence of penetrations to be.gener-
ally higher than the increase in the total
neutron' flux.

(5) The neutron leakage per DT neutron in
the presence of penetrations is ~2-3%, while
in the absence of penetrations it varies from
1.2 x 1077 for the 1.31 m bulk shield to
3 x 10-5 for the 0.91 m bulk shield.

(6) The neutron flux at the end cap, Zone
25, is ~1.2 x 10'3 n/cm? sec. (For compari-
son, the neutron flux at the first walil is
7.6 x 10'*.) This means that auxiliary sys-
tems located at the end of the penetration
duct receive a significantly high dose of
radiation.

The large-size penetrations enable a large
numder of neutrons-and photons to reach mag-
nets in two ways: (1) by creating possible
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i
direct line-of-sight from the plasma region
to the magnets; and (2) increasing the popu-
Jation of the neutrons and photoné in the
blanket/shield regions in the vicinity of
the void penetration where they can travel
into the magnets through short paths in the
blanket/shield. This second effect, gener-
ally called penetration-assisted radiation
streaming, becomes more dominant as the size
of the void penetration is decreased and the
line-of-siaht streaming is reduced. Both
direct and assisted streaming are sensitive
to the size of penetration for a given reac-
tor configuration, as shown next.

Table 3 shows the neutron fluxes and
leakage for cases 7 and 8 compared with case
4 discussed above. The diameter of the
cylindrical penetration is varied from 0.85
m in case 4 to 0.42 m in case 7, and to 0.20
m in case 8. The results in Table 3 show
that the neutron fluxes at the TF coils are
reduced by more than an order of magnitude
when the cross section area of the void pene-
t;ation is reduced by a factor of 4. From
the very limited number of cases in Tahle 3,
it can be tentatively concluded that the
total neutron flux at the TF coils is
roughly proportional to the square of the
cross section area of the void penetration.
Thus the neutron flux at the TF coils is
approximately proportional to d“, ‘where d is
the characteristic dimension of the penetra-’
tion cross section {e.g. d is the diameter
of a circular cross section or the side
length of a square cross section). These
correlations are brought up here dnly to
demonstrate qualitatively the great depen-
dence of radiation streaminq on the size of
penetrations. The qeometry of the system .
and the shape of the penetration are also
important. For example, a penetration with
a rectangular cross section with one side

‘much larger than tﬁe other side is likely to

result in less radiation streaming than
another penetration with the same cross



TABLE 2. Total Neutron Fluxes Normalized to a Neutron'Na11'Loading
of 1 MW/m2 for Design Set B

Case No.: 4 5 6
Thickness of Bulk Shield, cm 3 m 91

Diameter of Penetration Duct,‘cm 85 .85 85

Orientation of Penetration perpendicu]ar(a) perpendicular perpendicular
Penetration Shield Composition none none none

No. of Histories 20,000 10,000 110,000

d13 4,08(12) (+9%) 6.19(12) (£17%) 1.03(13) (9%)
$19 2.67(12) (%) 4.13(12) (£19%) 7.77(12) (+8%)
$2g 3.42(11) (27%) 7.01(11) (28%) 1.14(12) (£14%)
$00 1.90(11) (211%) 4,00{11) (£13%) 6.84(11) (216%)
051 1.59(14) (13%) ' 4.59(14) (:4%) 1.50(14) (£6%)
ba2 2.22{(13) (:6%) 2.16(13) (11%) 2.37013) (:8%)
$n3 1.48(14) (13%) 1.50(14) (:4%) 1.27(14) (+5%)
don 1.63(13) (18%) 1.47(13) (£10%) 1.83(13) (+9%)
by, _ 1.19(13) (+10%) f.14(13) (+17%) . 1.83(13) (1127)
Neutrun Leakage per DT Neutrun 1.97(-2) (:16%) 2.54(-2) (+8%1) 3.18(-2) (+8%)

(a) Axis of duct is perpendicular to the toroidal axis as shown in Fig. 1.

TABLE 3. Toté] Neutron Fluxes Normalized to a Neutron Wall

JApLe J Loading

of 1 MW/m2 for-Design Set C,
Lase NO.: 4 7 8
Thickness of Bulk Shield, cm 131 131 13
Diameter of Penetration Duct. ¢m 85 42 20
Pengtration Shield Composition . none none none
No. of Histories : 20,000 20,000 50,000
é18 4,08(12) (+92) 3.51(11) (£18%) 1.10{10) (£56%)
d19 2.67(12) (:11%) 1.85(11) (:25%) 8.04(9) (+70%)
428 3.42(11) (+7%) 2.56(10) (+34%) 2.50(9) (+65%)
G 1.90(11) (11%) 1.86(10) (+32%) 2.03(9) (+79%)
b 1.80014) (+3%) - i.26010) (6) 8.65(13) (:7%)
PP 2.22(13) (+6%) 6.18(12) (124%) 7.62(11) (+65%)
¥o3 '1.48(14) {+3%) 1.14(14) (+7%) 8.85(13) (+7%)
By 1.63(13) (=8%) 3.61(12) (=27%) 5,16(11) (=61%)
$as 1.19(13) (10%) 4,30(12) (+43%) 5.35(11) (2100%)
Neutron Leakage. per DT Neutron 1.97(-2) (:6%) 1.181(-3) (#20%) 8.26(-5) (+45%)
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section area but with a square cr circular

- cross section., Both direct and assisted
streaming are strongly dependent on the size
and shape of the penetration.

Comparing ¢, as well as 65, for the
three cases in Table 3 shows that the neu-
tron fluxes along the walls of the penetra-
‘tion vary also with the penetration size.
The neutron fluxes in the portion of the
duct walls inside the blanket-bulk shield
increase by ~30% when the diameter of ‘the
duct is doubled. The variation in the neu-
tron fluxes in the portion of the duct walls
outside the blanket-bulk shield with the
size of the duct is much more pronounced.
These results indicate that the spatial
variation in response rates such as gas pro-
duction and nuclear heating along the duct
walls depends on the size of penetration
and 1is generally stronger for smaller-size
penetrations, .

IV. SHIELDING OF MAJOR PENETRATIONS

The effect of major void penetrations can
be classified into two categories, The
first category includes the effects on reac-
tor components external to the bulk shield
due to a dramatic enhancement of radiation
streaming. The effects on the penetration
walls and blanket-bulk shield in the vicin-
ity of the penetrations are included in the
second category. Effects in the first cate-
gory can be guarded against by incorporating
efficient penetration shields, as examined
in-this section.

There are several shielding schemes which

might be used to protect reactor components
external to the bulk shield from enhanced
radiation streaming caused by large-size
penetrations, These are{

(1) Movable Shield Plug -- If the func-
fiona] requirements of a penetratinn permit
that the penetration be closed during the
plasma burn, then a shield plug can be moved
at fhe beginning of each pulse to close
completely the penetration'region embedded
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in the bulk shield.
(2) Local Component Shield -- Reactor

components affected by radiation can be sur-
rounded by a shield capable of reducing the
radiation level in the cdmponent to a toler-
able level. :

(3) Bulk Shield Extension -- The bulk
shield can be extended into and in between
the TF coils, and onto the outside as

necessary.

(4) Local (Exterior) Penetration Shield --
Each penetration is surrounded as:. it emerges '
from the bulk shield by an'apbfopriate Tocal
shield. This shield must suffice to reduce
the radiation level at the TF coils and at

all other auxiliary systems located in the
reactor building to a permissible level.
Each of these shielding approaches has
its own merits and disadvantages. The mova-
ble shield plug is the easiest to define in
terms of nuclear requirements, since it needs
to have the same dimensions as the penetra-
tion itself and it can be of a composition
similar to that of the blanket-bulk shield.
The most important advantage of the movable
shield plug is that, in contrast to all other
approaches, it completely eliminates the
penetration effects and restores the effec-
tiveness of the bulk shield. It also
requires the smallest inventory of shielding
materials of the four options. Whether a
movable shield plug is less costly and is
more favorable than the othér shielding
schemes has yet to be determined from
detailed studies including engineering and
reiiability considerations. A movable
shield plug weighs several thousands of kilo-
grams for the size of penetration discussed
in this work. It also requires incorporating
mechanical and electrical components as well
as automatic control system, all of which
must have high quality performance. More-
over, failure of these componénts has to be
anticipated and.the consequences must be

assessed and factored into the design.



There is a finite probability that the mova-
ble shield plug will fail to close the pene-
tration before initiation of the plasma burn.
In such situations, a significant number of
neutrons and photons would stream through
the penetration. Repair of a major failure
in the shield plug would have to be made
remotely and would involve a down-time
period for the reactor. However, in view of
many disadvantages associated with other
shielding schemes, a movable shield plug has
to be considered as a serious candidate for
penetration shielding. A movable shield
plug should be considered only, of course,
for penetrations whose functional require-
ments permit that they can always be closed
during the entire duration of thc plasma
burn, This immediately eliminates, for
example, a movable shield plug as a viable
approach for neutral beam ducts in beam-
driven devices and for divertors,

This study does not find the movable
shield plug to be a viable approach for the
neutral beam ducts for several reasons. One
specific reason for near-term devices up to
and including the tokamak EPR is that these
machines may have to be'operated in a beam-
driven mode, either to offset subignition
confinement or to prolonqg burn pulses. In
this case, the heam duct cannot be closed
during the time of plasma burn, For future
tokamaks beyond EPRs, the movable ‘shield

plug does not appear attractive for the neu-
tral beam ducts for reasons that include the
following:.

(1) During the plasma heating phase, the
neutral beam is injected for a finite period
of time and the fusion power increases
steadily. The total energy of the neutrons
emitted during the beam injection phase
depends on the characteristics of the design
but it is generally significant. Thus, radi-
ation streaming during the plasma heating
phase when the shield plug cannot be used is
very likely to be intolerable. The same

problem arises when the beam is used to
extend the burn pulse. )

(2) The neutral beam ducts have to provide
a straight-through path from the neutralizer
to the plasma chamber. Thus, the mechanical
movements of the shield plug to close the
neutral beam duct will involve rotational as
well as displacement movements. This will
involve time delay in closing the beam duct -
with the plasma already in the ignition
phase. Moreover, complicated patterns of
movements for placing the shield plug inside
the beam duct will magnify the risk of fail-
ure that will always be associated with
periodic mechanical movements of massive
weights on a short time scale.

The second apirvach Tur penelraltun
shielding is Tocal shielding of components
that are affected by radiation. This
approach can be easily rejected as the pri-
nary approach on the ground of the large
volumes of reactor components that have to
be shie]ded; it is, however, a useful supple-
mental shielding method for some small-size
equipment that is overly sensitive to nuclear
radiation. Simple extension of the bulk
shield is not an efficient technique for
reducing radiation levels.

‘The loqal penetration shield approach
takes full advantage of the specific shapes
of penetrations, and of the fact that the
penetrations may be located relatively long
distances apart. In this approach, each
penetration is surrounded as it emerges from
the bulk shield by local shielding. The
shapes and compositions of the local shields
can be carefully adjusted so as to conserve
space and minimize cost. With this local
penetration shield approach, the dimensions
of the bulk shield, for a given material

" composition, should be no greater than the

minimum required for the protection of the
TF coils in regions far away from the pene-
trations (i.e. in the complete absence of

any penetration effects). The local
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penetration shield approach requires exten-
sive nuclear analysis to determine the appro-
priate material composition and the optimum
geometrical shape for each particular type
of penetration. In this study; a modest
attempt is made to examine the gross fea-
tures of a local penetration shield.

Because of constraints on available space
for local penetration shields it is important
to find an effective shield material which is
not unduly expensive. Such a composition was
found in Refs. 2 and 7 for typical fusion
reactor spectra to be a mixture of stainless
steel and boron carbide. Design Set D in
Table 4 allows for a penetration shield whose
composition is 50% SS + 50% B,C in case 9,
all stainless steel in case 10, and all B,C
in case 11. The geometry of the system is
as shown in Fiqg. 1, with the inner radius of
the TF coils as 4.30 m. The penetration
shield is 0.30 m thick and extends from the
bulk shield to the end cap. The results in
Table 4 show that the 50% SS + 50% B,C pene-
tration shield in case 9 gives much better
overall attenuation than we find in cases 10
and 11, Comparing cases 9 and 11 shows that
the 50% SS + 50% B,C penetration shield
Towers the radiation level at the TF coils
and other components on the side of the
shield by about a factor of 7 compared with
"the al1-8,C penétration shield. However,
the radiation level in both cases is essen-
tially the same at the open ends. The prob-
lem is just that — open ends. Some neu-
trons, traveliing in the void duct, strike
the penetration shield adjacent to the side
of the duct, but others do not; many neu-
trons scatter from the side penetration
shield into the duct where they can travel
for a long path before they can make another
collision on the side shield. Thus, the
attenuation of neutron fluxes outward in the
void duct will tend to be weak. This effect,
as will be seen shortly, persists regardless
of the thickness of the penetration shield.

tion shield thickness and length.
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“in order to

Comparing case 9'in Table 4 with case 4
in Table 2 shows that the use of an 0.30 m
thick penetration shield results in a factor
of 40 reduction in the neutron fluxes at fhe
TF coils. However, in reference to case 1
in Table 1, the penetration shield needs sub-
stantial improvement to provide an additional
four orders of maanitude in attenuation in
order to completely eliminate the penetration
effects at the TF coils. Design Set £ in
Table 5 examines the effects of the penetra-
In cases

12, 13, and 14, only the first 15 cm of the

‘magnet depth are included in the caiculation

eliminate the computer time
consumed in
side the TF
1). Case 9
Table 5 for
tration shields in cases 12, 13, 14, and 9
have a 50% SS + 50% B,C composition. The
penetration shield in case 12 is 0.30 m
thick and covers only 0.55 m of the duct
length external to the-bulk shield. .The
penetration shield in case 13 has the same
length as that of case 12 but is 0.75 m
thick. The penetration shield in case 14 is
0.75 m thick in the region between the bulk
shield and inner surface of the magnet'then

tracking particles traveling in-
coils (i.e. in reqion 49 in Fiq.
of Table 4 is also shown in

comparison purposes. All pene-

narrows down to fully occupy the 0.34 m
thick region between the TF coils.

Results for cases 12 and 9 in Table 5
show that removing the portion of the pene-
tration shield between the TF coils increase
the neutron fluxes at the TF coil by a fac-
tor >2. Increasing the thickness of the
penetration shield to 0.75 m without shield-
ing the penetration seament which lies be-
tween the TF coils is an inefficient
approach, as can be seen on comparing the TF
coil Fluxes for cases i3 and 9. The results’
in Table 5 show that increasing the thickness
of the penetration shield from 0.30 m in case
9 to 0.75 m in case 14 (with- the pénetration

covered from the outer surface of the bulk



TABLE 4.

of 1 MW/m2 for Design Set D

Total Meutron Fluxes Normalized to a Neutron Mall Loading

Case No.: 9 10 11
Thickness of Bulk Shield, cm “131 131 131
Diameter of Penetration Duct, cm 85 85 85
Penetration Shield Composition -50% SS + 50% B,C -SS B,C
Dimensions of Penetration Shield ty,=t; = 30 cm t, - ty = 30 cm ty, =t; = 30 cm
: L+ 95 = 119 cm 2, + 9, = 119 ¢m 4y + 4, = 119 cm
No. of Histories 30,000 10,000 . 10,000
é18 9.69(10) (+20%) 1.83(12) (13%) 7.08{(11) (:119%)
d19 6.04(10) (+23%) 1.27(12) (223%) 3.30(11) (=20%)
028 9.97(9) (£18%) 1.78(11) (213%) 1.67(10) (=25%)
¢ag 7.37(9) (:22%) 1.14(01) (221%) 1.67(10) (227%)
da 1.68(14) (3%) 1.72(14) (+4%) 1.55(14) (:4%)
$2 3.37(13) (45%) 4.53(13) (10%) 2.32(13) (:8%)
023 1.53(14) (23%) 1.56(14) (+6%) 1.39(14) (+4%)
P 2.88(13) (19%) - -
¢25 1.67(13) (+7%) 2.25(13) (+11%) 1.17(13) (£17%)
Neutron Leakage per DT Neutron 4,04(-3) (+7%) 1.10(-2) (:8%) 4.44(-3) (+12%)
TABLE 5. Total Neutron Fluxes Normalized to a Neutron Wall Loading
of 1 MW/m2 for Design Set E ‘
Casa to.: 12 13 14 ] T
Thickness of Bulk Shield, cm 121 137 i31 13
Diameter of Penetration Duct 85 45 85 £5
Penetraticn Shield Composition S0% SS + 50% B,C 504 SS + 50% B.C 507 $5 + 50% B.C  50% S5 + 50% B.C
Dimenslons of Penetration Shietd = t; = 30 ca . t; = /5 cm ty = /b en ty=t,=30cm
o £ = 55 cm £y = 55 ¢em 2y = 59 ¢m 2y + 2 = 119 ¢m
t2=12,=0 ta = %y = 0 | to = 24 ¢cn ’
iz =15 cm .
No. of Histories 20,000 30,000 30,000 32,£00
$18 2.17(1) (221%) 1.31(11) (£12%) 1.32{9) (=793} 9.62(30} (=20%)
g 2.13(11) (£?73%) 1.80(11) (al6%) T.0R(0) (s85%) 6.04(10) (223%)
v2 2.11(10) {=263).  4.84(8) (:41%)  2.64(8) (z100%).  9.37(%) (:18%)
t29 1.06(10) (=342)  3.14(8) (s42%) ns(e) 7.37(3)  (:22%)
42} 1.58(14) (:4%) 1.52(14) (23%) 1.58(14) (=24) 1.52(14) (233)
%22 (2.46{13) (=5%) 2.48(13) (:5%) 2.91(13) (:3%) 3.37{13) (£5%)
o3 1.44(14) (:4%) 1.28(14) {3%) 1.41(18) (23%) 1.52(14) (23%2)
bau 2.02(13) (:62) 2.09(13) (:5%) 2.36(13) (:5%) 2.88(12) {:5%)
¢35 . 1.23(13) (=10%) 1.14(13) (=8%) 1.28(13) (=7%) 1.67(13) (27%)
Neutron Leakage per OT Heutron 9.60(-3) (:6%) - 9.18(-3) (6%) £.80(-3) (=5%) 6.04(-3) (:7%)

(a) NS = no score = ro neutrons reached this region in the histories run.
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shield to in between the TF coils) reduces
the neutron fluxes at the magnets by a fac-
tor of ~70. There is an important differ-
ence between the penetration shields in
cases 9 and 14 besides the different thick-
ness. In case 9 the penetration shield
covers the penetration fully, i.e, it
extends to the end cap. In case 14, how-
ever, the penetration shield covers only
those portions of the penetration which lie
between the bulk shield dnd the TF coils,
and extends in between the TF coils for only
0.15 m. Thus, the portion of the TF coils
{(0.15 m depth) included in the calculation
is protected from direct'1ine-offsight expo-
sure of any region inside the penétration
duct in both cases. However, in case 14 the
portion of the duct beyond. the TF coils is
left bare. This causes the neutron leakage
in case 14 to be about twice that in case 9.
A comparison of the neutron fluxes in zone
25, ¢35, and the neutron leakage for cases 9
and 14 reaffirms an important conclusion
obtained earlier in this section. Regardless
of how thick the penetration shield is made
to be, extending the pehetration shield to
surround the portions of the void duct be-
yond the TF coils is necessary in order to
protect auxiliary systems and equipment
located external to the TF coils.

On comparing the results for cases 14 and
1, oné sees that the attenuation obtainable
with thick penetration shield in case 14
(0.75 m thick and tapered off to 0.34 m in
between the TF coils) needs ‘to be improved
by an additional two orders of magnitudes in
order to completely eliminate the penetration
effects at the TF coils. Comparing the
results of case 14 in Table 5 with Case 3 in
Table 1 shows that if the magnet protection
criteria are satisfied by the attenuation
provided by the 0.91 m thick blanket-bulk
shield in the absence of penetrations, then
the penetration shield specified in case 14
is adequate to eliminate the penetration
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‘ effects at the TF coils. Thus, the size of

the penetration shield, as expected, depends
strongly on the tolerable radiation level at
the TF coils.

In cases 1 to 14 the width of the repeat-
ing segment, NS, which is the distance atong -
the z-axis between the two symmetry planes
shown in Fig. 1 was taken as 2.45 m. The
inner radius of the magnet, ro was taken in
these cases to be 4.30 m, If the outer minor
radius of the bulk shield is rg, then the
radial clearance, 4_ , betwegn the bulk
shield and the toroidal field coils is given
as A = ro =T Obviously, the penetraﬁion
effects and the design-of the penetration
shield should depend on W_ and by in addi-
tion to the dependence on other parameters
discussed earlier in this section and the
previous section. The value of ws depends
on the -major radius, the spacing between each,
pair of TF coils, and the coil width in the
vicinity of penetration. For a given ry, the
value of Bem depends on the actual shape of
the toroidal-field coils, and on the location
of the penetration. For a D-shaped TF coil,
A, is larger on the top and bottom of the
torus than on the outside at midplane.  Con-
versely, ws is smaller on the top and bottom
of the torus than on the outside at midplane.
This introduces a basic difference between
the geometric representation of the evacua-
tion ducts and that of the neutral beam ducts,
in addition to the difference in orientation
of the ducts. It will be recalled that the
axis of the evacuation duct is perpendicular
to the magnetic axis, while the neutral duct
axis is almost tangential to the magnetic
axis; In the following, the differences in
the neutronics effects of the two: types of
penetrations are examined.

In the EPR design'gfven jn Ref, 1, and

- used for guidance in geometric representation

nf this penetration scoping study, each TF-
coil has a D-shaped vertical cross section
with a horizontal bore of 7.7 m and a vertical



bore of 11 m. Thus, for the evacuation
ducts located at the top and bottom of the
torus, NS = 2,45 m and bp = 1.79 m. Design

Set F in Table 6 includes three cases: 15,
.16, and 17 for the evacuation ducts. Case
15 is for unshielded evacuation duct. It

should be noted that case 15 is similar to
case 4 in Table 2 exéept that b 18 0.59 m
in case 4 and 1.79 m in case 15. Comparing
the results for these two cases shows that
extending the vertical bore of the TF coils
actually increases the neutron fluxes at
the coils while the neutron leakage remains
approximately .the same. Case 16 in Table G
incorporates a penetration shield that is
0.75 m thick and extends 0.60 m beyond the

outer surface of the bulk shield. Thus ease

16 is essentially the same as case 13 except .

that & is 1.79 m in case 16 and 0.59 in
case 13. Again, a larger number of neutrons
can reach the TF coils when the magnet ver-
tical bore is increased if the penetration
shield is not extended to reach in between
the coils. Case 17 in Table 6 is the same
as case 16, cxcept that the penetration
shield length is increased froh 0.60 m in
case 16 to 1.0 m in case'17; This increase
of 0.40 m in the penetration shield length
reduces thc ncutron fluxes at the TF enils
by only a factor of ~2. Although the

volume of the penetration shield in case 17
is more than 60% larger than that in case
14, the radiation level at the TF coils in
case 17 is about a factor of 6/0 greater
than that in case 14, This again is due to
the fact that a portion of the evacuation
duct near and in between the TF coils 1s
left "bare" in case 17. A significant con-
clusion Lu be drawn, therefore; is that,

for all practical purposes, increasing the
bore of the TF coils cannot eliminate the
need for effective shielding surrounding the
evacuation duct in thc regions where it
passes between the TF coils. This is unfor-
tunate since to make room for such a shield,

" each pair of TF coils.
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it s necessary.that the clearance space be-
tween a pair of TF coils be >d + 2tps’ where
d is the duct diameter and t,g is the thick-
To satisfy
this requirement for a given major radius,
d, tpss and TF coil width, the number of TF
The resulting in-

ness of the penetration shield,

coils has to be reduced.
crease in the magnetic field ripple then
leads to enhancement of particle diffusion
from the plasma. To avoid this situation,

it seems that the vertical bore of the TF
coils has to be increased, and the increase
should be utilized in a different approach.
If the incrcase in the magnet vertical bore
is such that b, is significantly larger
than d + tps then the evacuation duct can be-
bent ac it emaerges from the bulk shield.
Thus, the vacuum pumps can be moved so that
they will no longer be visible to neutrons

in the primary portion of the evacuation
ducts, and at the same time both branches of
the duct can be completely surrounded on all
sides with penetration shield in order to
protect the TF coils. ,

Cases 18 through 21 in Table 7 examine
some of the neutronics aspects of the neu-
tral beam ducts with the geometric represen-
tation shown in Fig. 2. The width of the
repeating segment, W., in all these cases is
3.90 m, which leaves 3.0 m clearance between
The inner radius of
the magnet, rg, is 4.30 m in all cases.
Cases 18 and 19 incorporate no penetration
shield. 1In cdses 19, 20, and 21 Lhe axis of
the. beam duct makes a 55-deg angle with the
toroidal magnetic axis, i.e., 8, = 35° (see
Fig. 2). For comparison, the axis of the
beam duct in case 18 has a © 0°, i.e.

b

.this duct is perpendicular to the toroidal

magnetic axis. Thus, case 18 is similar to
case 4 except that NH is 3.90 m in case 18
and 2.45 m in case 4. When Lhe neutron

fluxes in both cases are normalized to the
same neutron wall loading, the results for

the two cases provide a useful comparison



Table 6.

of 1 MW/m2 for Design Set F

Total Neutron Fluxes Normalized to a Neutron Wall Loading

TABLE 7. Total Neutron Fluxes Normalized to

of T MW/2 for Design Set G.

Case No.: 215 16 17
Thiékness of Bulk Shie]d,(a'b) cm 13 131 13
Diameter of Penetration Duct, cm 85 85 -85
Penetration Shield Composition none 50% SS + 50% B,C 50% SS + 50% B,C
Dimensions of Penetration Shield  -- 5, = 60 cm 2, = 100 cm

-~ ty, =75 cm t, = 75 cm

-- 2, =1t =0 g, =t, =0
No. of Histories 20,000 20,000 " 20,000
¢18 4.87(12) (£10%) 1.79(12) (£11%) 8.93(11) (+9%)
$19 3.61(12) (+10%) 1.31(12) (£15%) 5.61(11) (£12%)
d2g 9.44(N1) (£7%) 2.60(11) (:9%) 1.13(171) (£10%)
29 6.12(11) (262) 1.44(11) (29%) 6.86(10) (:11%)
2 1.55(14) (+3%) 1.60(14) (4%) 1.51(14) (+4%)
by 1.58(13) (+7%) 1.62(13) (+7%) ©1.90(13) (+7%)
by 1.34(14) (132) 1.43(14) (14%) 1.32(14) (+41)
b2 1.12(13) (+6%) 1.23(13) (+7%) . 1.48(13) (17%)
by 6.69(12) (114%) 5.47(12) (212%) 6.02(12) (+13%)
Neutron Leakage per DT Neutron 1.99(-2) (+5%) 8.94(-3) (+7%) 7.05(-3) (+8%)
{a) Blanket/shield composifion is that shown in Fig. 1
(b) Basic geometry is as shown in Fig. 1. ’
(¢) Basic geometry is as shown in Fig, 2,

a Neutron Yall .Loading

Case No.: 18 19 20 21

Thickness of Bulk Shield,(@b) ¢n 131 13 131 13

Diameter of Penetration Duct, cm 85 85 85 85 .

Orientation of Penetration 8, =0 8, = 35° 6, = 35° €y © 35°

Penetration Shield Composition none none 50% SS + 50% B,C 50% SS + 50% B,C

Thickness of Penetration Shield -- -- 50 c¢m 70 ¢m

No. of Histories 20,000 20,000 40,000 40,000

918 7.54(11) (M%) 9.62(11) (£12%) 1.69(9) (+62%) 1.35(8) (:68%)
" 419 5.97(11) (+13%) 5.83(11) (z16%) 2.06(9) (+67%) 3.41(8) (:65%)

%28 1.18(11) (£13%)  Y.13(11) (217%)  2.20(9) (259%) 6.11(7) (264%)

429 7.30000) (:17%)  7.78(10) (18%)  9.20(7) (£75%) 3.43(7) (279%)

$25 1.45(13) (+12%) 8.21(12) (t?O%) 9.19(12)(£11%) ~.92(12) (+9%)

Neutron Leakage per DT Neutron

1.45(-2) (26%)

9.45(-3) (16%)

3.92(-3) (:6%)

4.00(-3) (+6%)

{a) Blanket/shield composition is that-shown in Fig.

(b) Basic geometry is as shown in Fig. 1.
(c) Basic geometry is as shown in Fig. 2.

1.
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between the effects of a penetration located
at the top (or the bottom) of the torus and
another that is located on the outside cen-
tered around the midplane. The neutron flux
at the end cap, ¢,5, is approximately the
same in both cases {the difference is within
the statistical uncertainty in Qhe Monte
Carlo calculations). Since the penetration
size is the same in the two cases but ws is
substantially different, it can be concluded
that the neutron flux inside the void pene-
tration is fairly independent of the ratio
of the void penétration volume to that of
the blanket-bulk shield. The dependence on
the penetration size was shown earlier in
Section III to be very strong. Comparing
$18s 19, d28, and ¢q for cases 4 and 18,
one finds that the radiation level at the TF
coils in case 18 is about a factor of 5
smaller than that in case 4, This means
simply that increasing the clearance between
the TF coils reduces the number of,neutrons
streaming into the TF coils. Thus, increas-
ing the clearance between the TF coils should
lead to an increase in the neutron leakage.
When the neutron leakage per DT neutron is
renormalized so that the DT neutron current

at the first wall is the éame in cases 4 and -

18, the neutron leakage in case 18 is found
to be indeed 30% higher than that in case 4.
With 8y = 0° in case 18 and 8, = 35° in

case 19, the results for the two cases
should provide an indication of the sensi-
tivity of the neutronics effects of the- beam
duct to the orientation of the beam duct
axis with respect to the magnetic axis. Ihe
differences in the neutron fluxes for the
two cases as shown in Table 7 are found to
be near the limits of the statistical uncer-
tainty. Additional computation to reduce
the statistical error was found unwarranted
as these results already indicate that the
neutronics effects of the beam ducts are not
overly sensitive to the orientation of the
beam axis with respect to the magnetic axis,

There are many compensating and counteracting

effects that tend to reduce the dependence

on 2. )
A penetration shield of 50% SS + 50% B,C

surrounds the beam duct in both cases 20 and

21 and extends from the outer bulk-shield

boundary to the end cap. The beam duct

shield is 0.50 m thick in case 20 and 0.70 m

- thick in case 21. The 0.50 m thick beam -

duct shield provides a factor of 570 reduc- -
tion in the maximum neutron flux, ¢;g, at
the TF coils. The 0.70 m thick beam duct
shield reduces ¢,5 by a factor of 12 rela-
tive to that with the 0.50 m thick shield.
Comparing, the results for case 21 with those
for case 1 shows that the 0.70 m thick beam
duct shield needs to be improved further in
attenuation effectiveness by about a factor
of 13 in order to reduce the maximum neutron
flux at the TF coil to that in the absence
of the beam duct. On the other hand, if the
radiation level at the TF coils obtainahle
in case 2 is acceptable, fhgn the 0.70 m
thick beam duct shield is sufficient to pro-
tect the superconducting coils against radi-
ation streaming caused by -the neutral beam
ducts. Note, however, that ﬁhe neutron
fluxes at the end cap and the nebtron leak-
age obtainable with the 0.70 m thick beam
duct shield are still very high. Thus, in
order to -protect other auxiliary systems
located outside the TF coils, this beam duct
shield should be extended {and tapered in
proportion with the reduction in the radia- -
tion level) to the chambers of the heam in-
jectors. lInside these chambers, the nutlear
heating in the crysorption panel is ~0.02
W/cm3 for 1 MW/m2 neutron wall loading and
the absorbed dose in the bending magnet in-
sulator is ~10'! rad/(MH-yr/m2).

The effects of radiation streaming on the
nuclear performance of the walls of the neu-
tral beam ducts and the bianket and shield
reqions in the vicinity of the ducts are
found to be large. The neutron heating in
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the water coolant at the inner edge (at the
first wall) of the beam duct wall is A0
W/cm3 and drops by less than a factor of 10
along the entire length of the beam wall in-
side the blanket-bulk shield. For compari-
son, the neutron heating drops along the
same distance but in regions far .removed
from the ducts by a factor of 5 x 10%, This
strong redistribution of neutrons and secon-
dary gammas requires that ~20 cm thick region
in the bulk shield surrounding the beam duct
be provided with an efficient heét removal
system similar to that-employed in the blan-
ket. In as much as the walls of the beam
ducts must meet the same requirements as are
imposed on the first wall, these duct walls
pose potentially serious praoblems similar in
magnitude and comp]exiiy ﬁo those imposed on
the first wall.

While this study shows that it is feasi-
ble to shield against the effects of pene-
trationé, the results also show that the
special shields for the evacuation, neutral
beam, and radio frequency ducts occupy a
substantial fraction of the reactbr interior
and their cost represents a significant cost
item.
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ION, PHOTON-SURFACE INTERACTIONS IN FUSION REACTORS+

M. Kaminsky

Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

The surfaces of major components of
thermonuclear fusion reactors such as the
first wall, beam limiters, or divertor wal]s
will be exposed to particle and photon bom-
bardment from orimary plasma radiations and
from secondary radiations. ‘lhe impact ot
energetic particles (e.g. ions, atoms) on
surfaces can cause such phenomena as physi-
cal and chemical spdttering, vaporization,
radiation blistering, particle impact in-
duced désorption, backscattering of imping-
ing particles, and nuclear recactions. The
impact of energetic photons on surfaces can
cause photo-desorption, photo-decomposition
of surface compounds, photo-catalysis,

photo-electron emission, and surface heating

due to photo-adsorption in near-surface
regions. Such atfects in turn ¢an (a) seéri-
ously damage and erode the bombarded surface
and (b) release major quantities of impuri-
t{es which can contaminate thé plasma.

A summary of some of the major surface
effects leading to plasma contamination and
surface erosion will be given. -

INTRODUCTION

For the development of fusion power four

major plasma confinement concepts are being
pursued in the USA at this time. ! Three

A concepts use magnetic fields to confine a
plasma for either pulsed or steady state
operation: _the tokamak, mirror, and theta-
pinch reactors. The fourth concept uses in-
‘ertially-confined fusion plasmas which are
produced by compressing, for example, small
size pellets of frozen deuterium-tritium to
very high density and temperature using in-

tense beams of photons(2’3) (e.g. lasers),

e]ectrons(a), or'ions.(s)

- It has been recognized(s'a) that during
the operation of present-day plasma machihes
and of future fusion reactors the inter-
action of plasma radiations such as ions
(atoms} and photons with exposed surfaces
ot COﬁbbﬁéﬁtS ¢an cause a variety of'surche
effects. In turn, such surface effects can
cauﬁe (a) the release of plasma contaminants,
and (b) the damage and erosion of the ir-
radiated surfaces, and thereby limit the .
operation of plasma machines and fusion
reactors. .

To determine the amount of plasma con-
taminants released from surfaces as well as
the thickness % of material removed in time t
it will be necessary to know both the yields
Suv (€, a) and rates Ruv (E, o) of the vari-
ou$ contaiiinant rélease and erosion pro--
cesses, respectively, for the projectile
species u‘as a function of projectile energy-
C and angle of incidence -a for the release
or erosion process v. In addition, it will
be necessary to know the flux ¢u (E, o) for
the projectile species u interacting with
the surfaces of exposed components. At this
time our knowledge of the yield values and
erosion rates for the various types of pro-
jectiles and their parameters is very
limited for the materials suggested for use
in fusion reactor applications. To what
extent such yiald values and erosion rates
will be affected by synergistic.effects due
to the simultaneous bombardment of surfaces
by high fluxes of energetic particles of
various types and photons is almost com-
pletely unknown. In addition, our present
knowledge of the important plasma parémeters

By acceptance of this article, the
publisher or recipient acknowtedges
the U.S. .Government's right to
retain a nonexclusive, royalty-free
license in and to any copyright

covering the article.
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general, one notices how the fluxes of
neutrons and helium projectiles increase

governing the escape of energetic particles
and photons and their contributions to the

fluxes ou (E, o) is also very fragmentary with increasing power level of a reactor.

for tﬁe various types of fusion reactors
envisioned, '

In the following a review of the types
of particle and photon radﬁations expected
in certain large size plasma devices and
fusion reactors will be given.

PLASMA RADIATIONS
For an estimate of the amount of plasma

contaminants and of the amount of material
removed in time t from irradiated surfaces
it is necessary to know the flux ¢, of a
particular projectile species u (e.g. in
D-T fuel operated fusion reactors: 0, T,
He, neutron, electron, photon) for a given
energy E (or energy spectrum) and angle of
incidence a (or angular distribution). It
is important to recognize that the ¢u (E, o)
- values for ions {atoms) and photons, for
example, depend not only on the particular
type of plasma device or fusion reactor
{e.g. tokamak reactor, mirror reactor,
theta-Binch reactor, inertially-confined
reactor), but also on its design parameters
(e.g. for tokamaks: major radius, plasma
radius, current and temperature, first wall
radius, toroidal‘and poloidal magnetic
fields), and on its operating conditions
{(e.g. pulsed, quasi-steady state, steady
state). The estimated flux value and mean
energy E of a particular species y can vary
by mahy orders of magnitude for a confine-
ment system of the same type (e.g. tokamak
systems) but of different design and oper-
ating conditions. Table I illustrates the
significant differences in the estimated
fluxes and mean energies of certain types
of particles and photons striking the first
wall of the following tokamak devices listed
in the order in which they may become oper-
ational: 1% (0RNL)(?), TFTR (Princeton)(1®)
TEPR-I1 (ANL design) , and UWMAK-1 (Univ.
of Wisconsin-Madison design-I)(]z). In
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Table I does not include the fluxes and
mean energies of particles and photons
impinging on the surfaces of other important
tokamak reactor components such as divertor-

collector surfaces (for divertor designs see

references -13, 14), the beam dump areas for

the neutral (or negative ion) beam injectors
(in two component tokamak systems), and beam
Timiters. '

For surface erosion phenomena ndt the
flux levels but the fluence levels are of
dominant importance. From Table I it be-
comes readily apparent that while the flux
level of the hydrogen isotopes in TFTR is
larger than inAEPR-I, the annual fluence
level is approximately three orders of mag-
nitude smaller -than in EPR-I; as will be
" discussed later this leads one to expect
that surface erosion of the first wall will
not be as serious in TFTR as in EPR-I.

Signiticant differences in the estimated
fluxes and mean energies of projectiles
however, exist not only between different
tokamak devices and reactors but also
between the reactors of different confine-
ment concepts. Table II lists some such
values for the first wall bombardment of
the following proposed machines: 'a D-T
mirror reactor (200 Mi,){'%), a D-T theta-
pinch reactor (RTPR: 1440 Mwe)(lé), and a
laser fusion test facility (LFTF: 100 MJ
yield per microexplosion, thermonuclear burn
time ~ 10 ps)(]7). A comparison of the
values for the estimated mean energies of
D, T and He projectiles for UWMAK-I
(Table 1) and the D-1 mirror reactor (Table
11) shuws differences of mure than one
order of magnitude. Since both plasma con-
taminant release processes and surface
erosion effects gepend strongly on the type
of projectile and its energy, significaht
differences on the influences of such pro-
cess and effects on the operation of a
UWMAK-1 type tokamak reactor and a D-T
mirror reactor will have to be expected.
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.Tables I and Il reveal also the signi-
ficant differences in the operating condi-
tions of the reactors and facilities listed,
especially the differences in the thermo-
nuclear burn times. It should be realized
that in contrast to the quasi-steady state
operation of EPR-1 or UWMAK-I (Table 1), the
Jaser induced pellet microexplosions
(~ 107! sec) in a laser fusion test facili
ty will result in thermal gradients from



non-uniform heating of surface regions due
to the sudden deposition of energy of
thermonuclear burn products; this in turn will
cause stresses. At this time our knowledge
of the type of surface phenomena occurring
during such a short time is too limited to
allow an assessment of their effect on sur-
face erosion and plasma contaminant release.
In estimating the projectile fluxes in
Tables I and II the assumption has been made
that the projectile radiations are spatially
isotropic and result in a uniform irradiation
of the exposed surfaces (e.g. first wall).
This assumption, however, is not generally
justified. For example, it has been pointed
out(lg’]g) that the wall loading profile in
a tokamak is complicated by the banana-1ike
orbits of the alpha particles, resulting in
a highly peaked wall loading as a function
of the poloidal angle. For a low-R8,
axisymmetric tokamak operating in the col-
lisionless regime, the 3.5-MeV alpha particle
losses to the first walls of such tokamak
devices as TFTR, EPR-I and UWMAK-I occur
either to the upper or lower half plane of
the particular device, depending on the di-
rection of the toroidal magnetic fie]d.(]a’lg)
The occurrence of peaked projectile impacts
in localized surface areas ("hot spots")
has been observed in operating tokamak
devices(zo), and has been ascribed to local-
ized plasma radiation release due to plasma
instabilities and/or to run-away electrons.
Furthermore, in detailed radiation transport
(21) that
first wall surfaces can be irradiated pre-
ferentially in certain areas by bremsstrah-

calculations it has been shown

lung if, for example, a finite stream of
impurities ("wedge incursion"-e.g. a leaking
vacuum vessel port as gas source) is allowed
to penetrate the plasma from one side and
to reach the center of it (see Figure 1).
The existing information on electromag-
netic irradiations of first wall surfaces
for the various plasma devices listed in
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FIGURE 1. The Effect of a Localized Impurity
Stream ("Impurity Wedge") Extending From the
Wall to the Plasma Center on the Bremsstrah-
lung's Flux on the First Wall Surface as a
Function of Poloidal Angle ¢ (e.g. relative
wall position of 0.5 corresponds to ¢=180°)
and Angle of Incidence. (Reference 21)

Table I and II is rather fragmentary. Re-
cently, the spectrum of synchrotron and
bremsstrahlung radiations for a tokamak
reactor system that is somewhat smaller in
size than UWMAK-II(ZZ) has been calculated
The following machine parameters were used:

(23)

plasma radius: 2.5m, first wall radius:
2.75m, aspect ratio: 3, toroidal magnetic
field on axis: 40 KG, an average electron
temperature and density of 10-keV and 10]4
particles cm'3, respectively. The toroidal
field is assumed to vary with major radius

R as 1/R across the cylinder. The spectrum
of the radiation deposited at a point on

the equatorial plane of the torus is shown
in Fig. 2. The authors point out that

the spectra shown will vary with poloidal
angle but the results given here can be
taken as characteristic of a tokamak fusion
reactor. One notices that the synchrotron
spectrum shown in Fig. 2 1is peaked at about
7wce (wce is the electron cyclotron fre-
quency) which is typically in the 8x10]] Hz
range (A ~ 0.3mm). The bremsstrahlung
spectrum is much broader, being nearly uni-

form up to energies near the maximum
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40 KG. (Reference 23)

electron temperature of 10-keV; at this
temperature the frequency is ~ 10]8 Hz
(A n-1.0 f\)

Finally, it should be pointed out that
Tables I and II 1list only certain types of
primary radiations impinging on first wall
surfaces. However, in actual fusion reactor
operations the surfaces will also be ex-
posed to secondary radiations from (n,y),
(ny, p), (n, o), and other nuclear reactions
and from secondary particles (e.g. secondary
jons and electrons) and photons (e.g. ener-
getic ion and electron induced x-ray
emission) in the presence of the external
magnetic confinement field.(6’8)

GENERAL CONSIDERATIONS REGARDING PLASMA
CONTAMINATION AND SURFACE EROSION
The contamination of plasmas from sur-

face released impurities will affect detri-
mentally the plasma characteristics in
several ways. lirstly, the addition of
high-Z impurity atoms (or ions) to a D-T
plasma will increase the effective charge

Zeff of the plasma, where Zeff is given by
o 2 . %
]+§(ni/nD,T)zi 1+?fizi
Lope = O * T < (D)
eff T?X(ni7ﬁb s T¥hfi21
i 2 i
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(24)

Here n; is the impurity atom (ion) density,
np,7 1S the D-T plasma density (assuming
nD=nT), Zi is the charge of species i, and
fi is the impurity fraction of species 1i.
An increase in the value of Zeff due to an
increase in the value of n; and/or Zi
results not only in enhanced plasma resis-
jvity, but also in distortions of plasma
density and temperature profi]es.(24’25)
Under certain plasma conditions heavy in
purities tend to diffuse toward the plasma
center and collect on the axis of the dis-
charges thereby seriously affecting the
steady-state aperation at a reactor.(?ﬁ'?7)
Secondly, 1ncreases 1in Leff cause Increds-
ing radiation losses which make the attain-
ment of ignition conditions more difficult.
For example, a value of leff=9 would pre-
vent ignition of a tokamak reactor of a
certain design unless additional power were

(24) If the impurities were purely

injected.
iron (Z=26), an iron impurity density of
1.8% of the D-T plasma density (fi=0.018)
would be sufficient to yield Zeffzg‘ The
plasma power loss due to the presence of
impurities occurs mainly via bremsstrahlung,
line, and recombination radiation. If these
losses are too high during start-up, they
prevent the ignition of the plasma as
mentioned above. If these losses increase
above critical values during the plasma
operation, they can cool the plasma temper-
ature below fusion reaction temperatures.
For example, for a hydrogen isotope plasma
(Z=1), the ratio R of the power losses due
Lo bremsslrahluny from the plasma with and
without a contaminant vl atomic number Zi

is given by (6.8)

= 2 2 = 13

where the symbols have the same meaning as
in equation (1). If one assumes that for
efficient and economic operation of a hydro-
gen isotope-fueled reactor the increase in
bremsstrahlung losses due to the presence



of an impurity should not exceed 20% (R=1.2),

Equation (2) can be solved for an upper

) limit‘?g fi,m For fully ionized iron f1 "
2.8x10 For impurity ions (atoms) which
are not fully stripped, the value of f
should be kept even smaller than the one
listed above. It is one goal-of surface
studies to identify those surface phenomena
which yield impurity fractions which are too
high for thé proposed operating conditions
of plasma devices and reactors.

For an estimate of the number n of
impurity atoms released from an irradiated
surface aréa A in time t, it is necessary
not only to know the flux ¢ (E, o), but
also the particle re]ease S (E, o) for a
To obtain the
.total number n it is necessary to sum the

particular release process v

yield values for the individual release pro-
cesses v (e.g. physical and chemical sput-
tering, blistering, vaporization) that can
be caused by each particular projectile

The number of atoms (ions) re-
(6)

species u.
leased is given by

n = §n1. = \ES[%(E, a) SW(E, a)] A-t. (3)
In order to obtain realistic estimates of n
it becomes clear from equation (3) that
realistic values of ¢u (E, a) and Suv (E, a)
need to be obtained. At present there
exists a lack of such ¢ (€, a)- and Sy
(E., a)-yalues for fusion reactor operating
conditions.

For an estimate of the volume V of
material removed in time t from an irradi-
ated surface area A it will be necessary to
know the f]ui

species u and the surface erosion yield Ruv

9, (E, a) of each projectile

(E, a) for the release processes v caused
by projectile species p. The volume V is

given by

V=g p Lo, (B o) R (E, @)] Atel ()

where.N is the number of atoms in a mono-
layer and A is the thickness of a monolayer

¢
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volume V for an area of A]=1cm2 is 0.0lcm™.

of the material under bombardment. One
should note that in some instances a Suv-
value (see equation 3) may be identical
with a Ruv-value (see equation 4) for a
particular projectile y and process v (e.g.
physical sputtering by He).

At the present a lack of realistic 9,
(E, a)-values does not allow realistic esti-
mates-of V-values. Some tolerable upper
1imits on V for the useful operation of
various components exposed to b]asma radi-
For example,
for a unit area of irradiation of A]=1cm2,
the thickness loss of a plasma container
wall should probably not exceed 20% of its

original thickness if it is to maintain its

ations will have to be found.

structural integrity. .If one assumes a
wall thickness of about 3mm and a desirable
wall lifetime of ~ 6 years, the maximum
permissible annual thickness loss is 0.1mm,
or the maximum permissible annual loss of 3

Equations (3) and (4) do not take into
account that under the simultaneous impact
of ions (atoms) and photons synergistic
effects may occur that lead to nonlinear
particle release and surface erosion pro-
cesses.
PLASMA CONTAMINANT RELEASE FROM SURFACES
UNDER TON AND PHOTON IMPACT

During the start-up period of a fusion
reactor the impact of energetic ions (atoms)

on surfaces will cause-plaqma contaminant
release predominantly by such processes as
desorption, physical and chemical'sputteré
ing, and vaporization (e.g. from "hot
spots"). The impact of energetic photons
during this period will cause impurity re-
lease by photodesorption, photoelectron
induced desorption, vaporization ("hot
spots") and possibly by photo-catalysis.
During the more extended thermonuclear
burn-period of a reactor, additional re-
lease processes such as blister rupture,

_gas re-emission of implanted gas from non-



blistered areas, and neutron sputtering

will contribute to the contaminant Fe]ease,!

with desorption playing a less important
role. '
Desorption .

It is now firmly established that the
desorption of adsorbed gases from surfaces
can occur under the impact of photons and
electrons (e.g. primary electrons from .
plasma region or secondary electrons caused
by ion, electron or photon impact, and
returned to the surface by a magnetic con-
fining field), and by thermal phenomena.(s’
8,28-31)

(6,8,28-31) ;.

though quantitative studies of this phenome-

impact can cause desorption

non have not been conducted vet to the hest
knowledge of this author. This lack of
information is probably due to the fact
that physical and chemical sputtering of
adsorbed gas species can mask the ion in-
duced desorption, although differences in
the energy distribution of the released
species (the mean energies of sputtered
species are expected to be higher than
those of desorbed'species) may allow a dis-
tinction of the relative contribution of

these two processes tu the observed particle

release.

For Tow energy photons in the 2-7 eV
range (visible and ultraviolet radiation)
the release of gases from surfaces of such
solids as Zn0, Fe, Ni, Zr, W, stainless

It is also widely agreed that ion

‘per photon at a photon energy of 6.7-eV.
More recently, photodesorption studies on
stainless steel surfaces (non-discharge '
cleaned) in the x-ray range (mean photon

under ultra-

energies varied from 18-24 keV)
: (33)

high vacuum conditions were conducted.
It was observed that €0, and 0, were the
dominant species, with additional species
such as CO, CH4, 0, H2 and HZO being present
in smaller concentrations. The quantum
yield for CO2 release was observed to de-
crease with increasing mean photon energy
(in contrast to the energy dependence ob-
served at low energies, ref. 32), and had
values ranging from 2-4x10"% motecules per
photon for two different degreased stainless

~ steel targets at a mean phutun eneryy of

steel, (dS, TiO2 and SnO2 have been reported

(for an extensive review see ref. 28). For

(32) irradiated

stainless steel with photons in the 2-7 eV

example, Lichtman et.al.

energy range under ultrahigh vacuum con-
ditions and found that the dominant desorb-
ing species was CO2 with smaller concentra-
tions of desorbing CO, CHy» H20 and H2 being
detectable. The quantum yield for CO2 re-
lease was observed to increase with increas-
_ing photon energy (see Fig. 3), and it had,
for example, a value of 5.5x10'3 molecules
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24-keV {see Fig. 3).
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FIGURE 3. Dependence of Quantum Yield (Mean
Quantum Yield) on Photon Energy (Mean Photon
Energy) in the UV (Ref. 32) and X-Ray Regions
(Ref. 33) for Release of COy from Degreased
stainless steel.

The authors pointed out that the energy de-
pendence of the photon adsorbtion‘coefficient
correlates well with the observed increase

in the quantum yield for CO2 release in the



5-7 eV photon energy range, and with the
cbserved decrease for the mean photon energy
from 18 to 24-keV. The authors more recent-
1y performed similar studies(34) on discharge
cleaned stainless steel surfaces and ob-
served a decrease in the CO2 release quantum
yield from 2x10
non-discharge cleaned surfaces to 6x10°

atoms per photon for the

atoms per photon for the discharge cleaned
"one. If one chooses the mean gquantum yield
value for CO? from non-discharge cleaned
stainless steel for a mean photon energy of
18 keV (7.5x10'4 molecules per photon) and
the relevant parameters of UWMAK-I design(lz)
{bremsstrahlung power loading of 28.2W cm )
a relatively high.CO2 gas release rate of
about ~ 1x10'3 sec”! from
stainless steel surfaces will result. In
this estimate it was assumed that the brems-
strahlung spectrum is typical for a tungsten
bremsstrahlung at 30 keV electron energy,
while in actuality the spectrum may be

-2
molecules cm

shifted to lower energies and lead even to
an increase in the above ment1oned gas re-
lease yields.

The desorption of both ions and neutrals
from surfaces under electron impact has been
widely studied (for reviews see ref. 30,31).
In the context of this paper it should be
realized that the impact of energetic ions
and photons on surfaces will cause the
emission of secondary electrons, which in
turn can strike the surface in the presence
of an external magnetic confining field.

In general, the cross sections for the
electron interaction with adsorbed-gas
species are of the same order of magnitude
" as the values for a similar interaction in
the gas bhase (e.g. for 100 eV electrons
impinging on a CO-covered Mo surface gave a
cross section for C0-desorption of ~ 10

cm ) (30)

Furthermore, the électron impact
on adsorbed molecules can cause the release’
of fragment species. The electron bombard-

ment of adsorbed CO can resu1t in the re-
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lease of 0" and co* ions, and this obser-
vation appears to be rather insensitive to
the substrate materials used (W, Nb, Re).

In contrast to the typical species observed
for photodesorption from degreased stainless

steel surfaces (e.g. Co,, C0) ,electron in-

duced desorption for electron energies vary-

ing from 0-4000 eV the most dominant ion
spec1es re]eased were H 0+, F+, and CO+

with H' and Ft giving the largest signals. (30)

‘In the opinion of this author desorption

phenomena will play an important role in
contaminant release during the start-up
period of reactors. '
Physical Sputtering

If energetic ions {atoms) impinge on
surfaces they initiate collision cascades
within the solid and cause in turn the

emission of atom and/or ions from the sur-

face regions. This process releases not

" only impurities into the plasma region but

also causes surface erosion. Since detailed

reviews of physical sputtering have appeared
(35-40)
elsewhere y
to fusion reactor applications will be made.
The physical sputtering yields (i.e., the
mean number of particles released from the
surface per. incident projectile) are pro-
portional to the energy deposited into

only a few points relevant

nuclear motion (proportional. to nuclear
stopping power) near the surface and in-
versely proportional to surface binding
energy.(4]'44) The yield depends on a
number of parameters such as the energy and
angle of incidence of the projectiles, the

- atomic mass of both projectiles and target

atoms, the temperature and the surface con-
dition.
hetween Sputtering theory and experimental

Unfortunately, the agreement

data is not satisfactory for the type of
light projectiles (D, T, He) expected in
fusion reactor operatiohs. In contrast to
heavy-ion sputtering (e.qg. Xe+) the sput-

tering with light ions is always influenced

by (1) large angle scattering, (2) a surface




correction, and (3) electronic stopping.
Figure 4 illustrates the energy-dependence
of the sputtering yields from niobium bom-
barded with helium and hydrogen isotope
jons. The theoretical values are based on ‘

Sigmund's theory(4])
(42-44)

with the appropriate
corrections. This procedure repre-
sents the dependgnce of yield on the pro-
jectile energy quite well, but gives yield
values which are consistently higher than
those observed experimentally. A reduction
of the calculated yields for D+ incident on
Nb by approximately a factor of ten leads
to a better agreement over the energy range
from 10° to 5x10% ev. A broad maximum
occurs between 4-5 keV for-helium and
between about 2-4 keV fyr Lhe hydrngph is0-
topes. For light target metals such as
beryllium, the corresponding maxima are
predicted(45 in the range from v 0-1 keV,
although experimental data are scarce for
this energy range.

In fusion reactor operations the surfaces
of components will be irradiated with light
ions having a broad energy distribution.
Average spullering yieids S (E) h}ve been
calculated by using a lethargy function
for a Maxwellian distribiition of deuterons
impinging on Be and Fe. The S (E)-curves
appear flattened in comparison to the S (E)-
curves for monoenergetic 1ons, and the max-
imum yield is slightly 1ower '

Sigmund’'s theory suggests that for not
too oblique angles of incidence o the yields
change approximately as (cos a)f, where f
is a constant which depends on the mass

ratio M2/M] of target to incident projectile.

For MZ/Ml <1, 1.7, for MZ/M] > 1, f
slowly decreases until it reaches a value
somewhat less than 1. While for-A* jons on
Cu the agreement between calculated and .
experimental values of S {a) is reasonably

(39), this is not the. case for lighter

good
(46

ions (e.g. 1.05 keV Ne® on Cu
The transit time for impurities leaving
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FIGURE 4. Sputtering yield for Niobium as

a Function of Incident Ion Energy The
Incident Ions are D*, He', and Nb*. The
solid curves have been calculated accordlng
to Sigmund's theory 41), using the appro-
priate corrections for backscattering,
electronii étggging, and the surface re-
flection. The dotted lines have been
interpolated between calculaled sputtering
threshold values and values calculated
according to Sigmund.

the surface and reaching the outer plasma
edge is determined by the energy distribution
of the sputtered species and the distance
between surface and plasma edge. Fur
detailed reviews of the energy distribution
of sputtered species the reader is referred
to references 36-39. Random cascade theory
predicfs that under appropriate conditions
the energy spectrum of sputtered atoms

: is the energy of

s
sputtered particle) at high energies. The

varies like ES- (€

effect of the surface binding enefgy V0
modifies the distribution at low energies,
the distribution passes through a maximum

in the region of ~ Vo and then falls linear-
ly to zero at Es=0' For systems such as At

on Au the agreement between theory and



experiment is quite good. (For 20 keV At
on Au a broad maximum exists between 3-5 eV.)
For light ions on heavy metals data are
badly néeded. The effect of neutron sput-
tering on plasma contamination will be
discussed in a different paper at this con-
ference.
Chemical Sputtering

Whenever incident projectiles react

chemically with atoms in the surface regions
(e.g. formation of volatile compounds,
changes in chemical composition of surface
layers) chemical sputtering can occur, con-

tributing to the release of surface contami- *

nants. For a more detailed review of
chemical interactions of projectiles with
surfaces the reader is referred to references
47, 48. In a fusion reactor, the reactive
ions will be mainly H', D', and T*. An
example of a potentially serious reaction
occurs when hydrogen interacts with the
carbon atoms of a graphite liner (“carbon
cloth concept"(49)) to form»hydrocarbons

" such as methane, ethane, propane and

acetyiene(so'sz)

The rate of reaction
varies markedly with temperature and also
with the type of carbon (e.g. pyrolytic,
glassy, reactor grade graphite). For
hydrogen'isotope ion bombardment of carbon

a maximum in the chemical sputtering yield
curve has been observed for a carbon temper-
ature of ~ 600°C at a H3+-ion-energy of

v 2.0 keV.
(S ~ 0.08 atom/ion) is more than one order

The observed yield va]ue(52

of magnitude higher than physical sputter-
ing theory would predict.
Evagorafion )

The release of plasma contaminants by
evaporation during fusion reactor operations
can become important when the energy of
plasma radiations is deposited on exposed
surfaces nonuniformily either in time
(flash evaporation-e.g. in fast-pulsed
reactors) or in space (local "hot spots").
Some typical vapor pressure curves for some
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"same temperature.

_ bubbles.

metals of potential interest for fusion
reactor components (e.g. V, Mo, Nb) have been
given previou$1y.v6 However, the formation
of volatile compounds under certain reactor
operating conditions may lead fo substantially
higher rates of ‘eévaporation than would be
predicted for the elemental metals at the
For example, the vapor
pressure of the molybdenum oxide Mo, 107
Torr at 565°C and 1072 Torr at 636°C (for Mo
the values would be < 107'% Torr for both
temperatures). Such high vapor pressures
wodld lead to intolerably high plasma con-
tamination.
Blistering - Gas Re-emission :

If energetic particies penetrate a lattice
they may displace lattice atoms from their
sites and create vacancies and interstitials.

When the incident particles have slowed down
sufficiently they may be trapped in the
lattice either interstitially or substitu-
tionally. When the implanted particles

have a low solubility in the lattice, they
can combine with the vacancies created by

the lattice displacements and nucleate gas
With increasing dose and/or temper-
ature such bubbles can coalesce and form
larger bubbles, the size of which depends on
particle energy and dose, and the.target

[f such

bubbles form in near surface regions and the

temperature and microstructure.

gas pressure is high enough, bubbles may
plastically deform the surface layers above

“them (form blisters), and when the deformation

is extreme, the surface layers may exfoliate
(blister rupture and flaking) tfor a detailed
review of radiation blistering see reference
53]. .

The release of gas bursts.by blister
rupture had been observed first mass spectro-
metrically during the irradiation of mono-
crystalline copper with 125-keV D+ ions.(54)
Extensive measurements of helium gas re-
emission from Nb, V, Mo, stainless éteel and
Pd during helium irradiation have been made



more recently (see reference 55 and the

references contained therein). Figure 5
shows an example of helium re-emission from
vanadium as a function of helium fluence

- for three dffferent irradiation tempera-

(55) For 400°C irradiation it can be

tures.
seen that abrupt changes in re-emission -
occurs after a certain doses are attained.
The sudden onset of re-emission, with a

peak value well in excess of 100% of the
incoming flux has been observed to occur at
nearly the same dose as that at which blister

rupture is observed optically.
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During 300-keV He* Implantation as a Function
of Dose at Three Different Implantation
Temperatures. (Reference 55)

Such release of gases with temperatures
approximately equal to the wall temperature
can contribute to plasma cooling.

“ SURFACE DAMAGE AND ERQSION CAUSED BY ION
AND PHOTON IMPACT
Energetic ions and photons striking the

surfaces of structural components of fusion
reactors can cause serious surface damage,
changes in the chemical composition of the
surface and in the surface topography, and
lead to serious surface erosion, thereby
Timiting the lifetime of the irradiated
components. With the exception of desorp-
tion processes all of the othér processes
mentioned above as contributors to plasma
contaminant release can also cause surface

damage and erosion. In addition, processes

174

such as photo-decomposition, surface em-

“brittlement, and radiation induced precipi-
" tates and fatigue cracks in surface regions

need to be considered. At this time our
knowledge of the surface erosion yijelds Ruv
(E, a) for the more dominant surface erosion
processes is very limited for materials and
operating conditions envisioned in fusion
reactors. In fact, only recently has the
importance of radiation blistering as a
potentially serioué surface erosion procesé
in fusion reactor operations been fully

d.(6’8) A brief review of recent

recognize
studies of some erosion processes with special
emphasis on radiation blistering follows.
Surface Erosion Sy Radiation Blistering

It has been painted out eartlior(6:8)pnat
radiation blistering could seriously damage

and erode surfaces of components exposed to

certain types of plasma radiations in fusion
reactors. For example, the b]isterihg
erosion yield for 304 stainless steel at
450°C for 100-keV helium bombardment to a
dose of 0.5 C/cm2 was ~ 3 atoms/ion, a value
which is nearly two orders of magnitude
larger than the estimated combined physical
sputtering yields for 25-kev 0¥, T* and
100-kev He*.(62)
erosion yield an annual thickness loss of

From the above quoted

about 1 _=0.05mm per year can be estimated

for a helijum-flux of 5x10]2 helium ions cm

sec‘], a yield value which would contribute

2

to about half the maximum allowable annual
thickness loss for a 3mm thick stainless
steel first wall with a desired lifetime of
~ 6 years.

Only a brief summary of the major para-
meters affecting the blistering process will
be given here, since a major detailed review

will appear elsewhere, (53)

The solubility and diffusivity of the
implanted gas in solids are two of the im-
portant parameters affecting the blistering

process. In general, hydrogen isotopes have



higher solubility and diffusivity in metals

than inert gases such as helium.
4(63)

Therefore,
it has been observe that for metals
such as Nb, helium irradiation caused more
of a blistering effect than deuterium under
irradiation conditions in which the samples
received actually a higher deuteron dose,
which should have favored deuterium blister-
ing. In non-metals, for example, in certain
ceramic coatings, the deuterium permeability
(determined by solubility and diffusitivity)
can be considerably smaller than for helium.
Recent irradiations of ceramic coatings

with deuterons and helium ions under identi-
cal irradiation conditions show a more
pronounced blistering effect by the impact
of deuterons than for helium ions for sam-

ples held at room temperature.(64)

The depth profile of ions implanted in a
solid as well as the energy deposited into
damage are functions of the projectile energy
and affect the formation of gas bubbles and

subsequent blisters significantly. An in-

30 keV 40 keV

. OSHT ]

FIGURE 6.

crease in the projectile energy tends to
increase the blister diameter, blister skin
thickness, and the critical dose for blister
appearance, but appears to decrease the
number of blisters formed per unit area of
irradiated surface ("blister density").
Figure 6 illustrates the increase in blister
diameter and skin thickness for niobium
irradiated at room temperature with increas-
ing energy of helium ions in the energy range
from 30 to 80 keV.(®8) This general trend
has been observed to exist for the energy
range from 10-1500 keV.(Gs'ss)

For an estimate of the volume of surface
materials lost by blister exfoliation the
knowledge of the skin thickness and the area
from which it has been lost is necessary.

For the helium ion energy range from 30 to
1500 keV a good correlation between the cal-
culated projected ranges (using Lindhard,
Scharff, Schiotts(75) and Brice's formal-
ism(76)) has been observed for niobium, as
illustrated in Figure 7. It appears that

for niobium the skin does not separate from

60keV 80 keV

OS54

Scanning electron micrographs of annealed polycrystalline

niobium irradiated at room temperature to a dose of 0.5 C/cm? with
4Het jons at energies of (a)-(c) 30-keV, (d)-(f) 40-keV, (g)-(h) 60-keV,

and (i)-(k) 80-keV.

Blister skin thickness and crater depth are

shown in (b)-(c) (30-keV), (e)-(f) (40-keV), (h) (60-keV) and (k)

(80-keV). (Reference 65)
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FIGURE 7. Calculated projected ranges of

ZHe¥ jons in niobium as a function of pro-
jectile energy. The dotted curve was
calculated according to Lindhard et.al.

(Mat. Fys. Medd. Dan. Vid. Selsk. 33, (1963)
no. 14, and the solid curve according to
Brice (Phys. Rev. A6, (1972) 1791). Measured
skin thickness values are indicated by 1
(Reference 66), and X (Reference 65).

the bulk material in the region of maximum
lattice damage but near the region where
the implanted gas has a maximum and high
stresses in the material exist.
It has been pointed out(67’68) that at
low ion energies (e.g. 1-5-keV He+ ions)
physical sputtering will become the dominant
surface erosion process and will reduce or
eliminate surface blistering.
Flux_and Dose

A distinction is often made between the
critical dose Cb needed to form gas bubbles
in the bulk of the material during irradia-
tion, and the critical dose Cbl for the
appearance of blisters on the surface.(53)
For example. for vanadium irradiated at
500°C with 240-keV He ions, a critical dose
Cb=1x10]7 jon cm™2 e
sulting in bubbles with diameters > 40 A.

has been observed, re-

For higher irradiation temperature of 600°C
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. < 6.3x10

this value decreases significantly to 7x10]4

ions cm'z. ror room temperature irradiation
of niobium with 500-keV He+ ions the critical
dose for blister appearance was Cb] N 2x10]8
jons cm'z, and at 900°C it decreased to

16 jons em~2.

This trend.can be
understood if one considers the dependence
of the critical pressure for blister appear-
ance on the yield strength, oy, and the
values of blister radius and thickness, r
and t, respectively [Pcr=(4 0-y tz)/3 rz].
Since the yield strength oy of most metals
decreases with an increase in temperature,
for conslanl values of r and t, the value
fur Pcr wl11l decrease correspondingly.

Once the Cb]-values have been exceeded,
the dose values will affect the blister dia-
meter, blister density and the exfoliation
of the blister skin.(53) It should be
mentioned that some authors (e.g. ref. 68)
observed that room temperature irradiation
of Nb with 15-keV He+ ions to a dose of
].5x10]8 ions cm2 produced blisters, but
that an increase in dose to 6x10]9 ions/crﬁ2
produced roughened surfaces on which blisters
could not be identified. Biersack'6%)
irradiated Nb with 6 keV He' ions to very
high doses (I.leU20 fons em2 - 5x10°) 1ons
cm'a) and observed the extremely roughened
surfaces shown in Figure 8. To what extent
differential sputtering (due to some
potential carbon contamination on the sur-
tace) and blistering contribuled Lu the
observed crosion is not clear according to
the author.(sg)

The blister density and the critical dose
for blister appearance has been ubserved to
be affected by the flux in some cases,(53)
where the balance between gas trapping and
gas release is critical.

The target temperature affects the aver-
age blister diameter, blister density and
the exfoliation of blister skin (which

determines the erosion yield) significantly.



FIGURE 8. Scanning electron m1crographs of po]ycrysta111ne nigbium
Surfaces jrradiated with 6 keV Het:

9 (b) dose of 1,25x1020 He+/cm2 at 800°C, and (c) dose of 1.25x1020
/cm2 at 1200 L, (Reference 67)

(a) dose of 5x1020 Het/cm? at

FIGURE 9. Scanning electron micrographs of annealed polycrystalline
vanadium surface after irradiation with 0.5-MeV 4He' ions to a total
dose of 1.0 C/cm (a) at room temperature, (b) at 600 + 20°C, and

(c) at 900 + 20°C. (Reference 70)

Figure 9 i]]ustrates(70) this for the ir-

radiation of annealed polycrystalline
vanadium with 0.5-MeV 4He+ ions to a total
dose of 6.3x1018 ions cm'z, at room temper-
ature, 600°C and 900°C. One notices that
the exfoliation at 600°C is much larger than
at room temperature or 900°C. The erosion
yields have been estimated for a number of
metals and alloys irradiated with helium
ions as a function of temperature,and

Figure 10 shows a plot of some of the avail-
able data.(53) The observed change of
erosion yield with temperature has been
related to the temperature dependence of the
yield strength of the irradiated material,
the changes in the gas kinetic pressure in
the bubble with temperature, and the helium
release through the surface at high temper-
atures. The maximum in the erosion yield
occurs where the temperature is high enough
for the surface to be deformed easily, but
low enough so that the helium release from
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FIGURE ]0.# Erosion rates for different metals
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and alloys as a function of irradiation temper-
ature for different projectile energies and
total doses. (Reference 53)



the surface region is still very small (for
a more detailed discussion see ref. 53).
Physical and Chemical Sputtering

Both physical and chemical sputtering

will contribute not only to the release of -
plasma contaminants but also to surface
damage and erosion. At this time consider-
ably more information is already available

on physical sputtering yields than for chemi-
cal sputtering yields for ion (atom) impact
on surfaces. In this context the physical
sputtering yield S‘ can be equated with the
surface erosion yield Ru for physical sput-
tering by the projectile type u. Figure 4
showed the sputtering yield S as a function
of particle energy for D+, He' and Nb* dons
incident on niobium under normal incidence.
For D and He'-jon energies in the range
from 102-103 eV, and for > 50 keV the yield
values are low enough, so that surface
erosion would not be a significant problem
unless the ion fluxes ¢ were very high (see
equation 4). The situation is different
for heavier mass ions.
Figure 4 the niobium self sputtering yields
are orders of magnitude higher than the 0"
and He* yields for niobium for energies in

the range from 104 to 105 eV. Clearly one

As one can see in

would want to reduce the number of energetic
neutral niobium atoms which leave the wall
as sputtered neutrals, thermalize with the
plasma, and return to the surface as ener-
getic neutral atoms. Similar considerations
apply for other heavy mass impurities which
may be released from the surface and return
to it as energetic neutrals.

Differential sputtering, i.e. the sput-
tering of a surface which consists of dif-
ferent components each of which has a dif-
ferent sputtering yield causes surface
roughening. This not only leads to a signi-
ficant enlargement of the surface area but
affects also photo-and particle reflection
processes.

The information on chemical sputtering
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erosion rafes for relevant fusion reactor
materials and operating conditions is ex-
tremely scarce and for discussions of the
topic the reader is referred to references
47, 48.

Evaporation, Surface Embrittiement, Fatigue-

life
Thermal evaporation is a potential source
of surface erosion due to local heating of
surfaces ("hot spots") by plasma radiations
or due to pulse evaporation if the plasma is
dumped into the first wall at the end of a
burn cycle. Furthermore, the skins of
blisters, which are in poor thermal contact
with the rest of the bulk due to the trapped
gas, can be heated by radiation from the
plasma to temperatures which substantially
increase thermal evaporation. Intense x-ray
irradiation of insulator surfaces has been
shown to cause cracking, flaking, and evapor-
ation, due to the steep temperature gradients
which can build up in near surface regions.(7])
Reactive gases such as hydrogen and
deuterium implanted in certain metals can
cause an embrittlement of the surface regions.
It is also expected that fatigue cracks may
develop at the surface of stressed components
under plasma radiations. Data are badly
needed to explore if such embrittlement and
fatigue précesses will contribute signifi-
cantly to surface damage and erosion under
fusion reactor operating conditions.
POTENTIAL SOLUTIONS TO REDUCE PLASMA CON-
TAMINATION AND SURFACE EROSION

Reductions in the release of plasma con-

taminants may be achieved by selection of
materials with low vapor pressure and low
physical and chemical sputtering and blister-
ing yields. Some studies center around the
development and use of materials (including
coatings) that have a low atomic number Z.
For example, it has been suggested(49) that
a curtain of woven graphite cloth placed
between the plasma and the metal vacuum wall
can help to prevent particles released from



the wall (e.g. by neutron sputtering) from
re-entering the plasma. In addition, such a
curtain can help prevent erosion of the wall
by processes such as blistering and physical
sputtering by intercepting most of the ions
and neutral atoms leaking from the plasma.
Although surface damage to graphite fibers
has been observed when irradiated with
100-keV He+ ions at room temperature, such
damage is greatly reduced at elevated temper-
atures (e.g. 800°C) which might be attained
in fusion reactor operations. The chemical
interaction of hydrogen with graphite fibers
has been observed to lead to serious surface
erosion(72), however, for temperatures rang-
ing from ~ 850°C-1000°C the chemical erosion
process of graphite is greatly reduced (see
discussion in section on chemical sputtering).
It was also recently discovered(ss'so)
that blister rupture (and the concomitant
release of gas bursts) could be drastically
reduced in materials with a small grain size
and a dispersed second phase, such as sin-
tered beryllium powder and sintered aluminum
powder (SAP 895). The erosion yield for
SAP 895 (sintered aluminum powder with a
nominal 10.5% dispersed A1203) is estimated
to be 3 orders of magnitude less than in
annealed aluminum for 100-keV helium ion
irradiation to a total dose of 1.0 C cm'2 at
room temperature.(ss) A reduction in surface
erosion has been observed in sintered beryl-
lium powder compared to vacuum cast beryllium
irradiated with 100-keV helium ions at room
temperature (to a dose of 1 C cm'z) and at
600°C (to a dose of 0.5 C cm'z), see Figure
There appear

to be two main reasons for the observed re-

11 (taken from reference 72).

duction in surface exfoliation due to blister-
(1) the trapping of
small gas bubbles at grain boundaries and

ing in sintered metals:

oxide particles; and a yield strength which
is greater than for non-sintered metals,
It
appears feasible to deposit beryllium (as a

especially at elevated temperatures.
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VACUUM CAST SINTERED

FIGURE 11.
berylTium irradiated at room temperature and

Scanning electron micrographs of

at 600°C with 100-keV Het ions: (a) Vacuum-
cast beryllium at room temperature (1 C/cmé);
(b) Vacuum-cast beryllium at 600°C (0.5 C/cmé);
(c) Sintered beryllium at room temperature

(1 C/cm ) and (d) Sintered beryllium at 600°C
(0.5 C/cm2). (References 60, 72)

low-Z material) with a favorable micro-
structure on stainless steel by plasma spray-
ing for potential fusion reactor appli-
cations.(72)

A substantial reduction in surface erosion
due to radiation blistering has been observed
in metals such as Al, stainless steel, V, and
Nb at temperatures above 0.4-0.5 Tm, where

T _is the melting point in K. Irradiation

m
at this temperature leads to a porous sur-
This

type of surface tends to inhibit blistering

face containing micron-size holes.

even under high-dose conditions which nor-
mally cause rupture or flaking. In

fusion reactor operations, however, the
maintenance of structural components (which
are exposed to plasma radiations) at temper-
Therefore,
Cold
working of a metal has been observed to re-

duce e;os;on by blistering in certain
74

atures > 0.4 Tm may be a problem.
other solutions have been searched for.

cases. The increased dislocation density
and the large number of subgrains in a cold-
worked material can give rise to a dispersion

of the trapped gas (e.g. helium) and prevent



the coalescence of this gas into larger
bubbles.
a cold-worked material is higher than in the

Furthermore, the yield strength in

This leads to re-
duction in blister rupture.

same material annealed.

For theta-pinch reactors the use of high
resistivity first walls has been suggested to
prevent electrical breakdown between the
plasma and blanket segments during the short
implosion-heating stage. Some protective,
glassy ceramic coatings on thin metal sub-
strates have been developed for use in fusion
reactors (D. Keefer, Atomics International).
During the irradiation of such coatings (e.g.
52.3% 5102, 40.5% Ba0, 7.2% A1203 on a Nb-1%
Zr substrate) with 100 and 250-keV He' and
ot
formation could be observed (see Figure 12),

ions at room temperature some blister

however, no helium or deuterium blisters
were observed at 300°C under otherwise
jdentical irradiation conditions.(61:64)
The absence of blisters at high temperatures
is thought to be due to the sharp increase

in permeation rate with temperature ob-
served for both helium and deuterium in most
glasses.(53)

Other studies are based on design improve-
ments of components (e.g. better cooling of
system components such as beam limiters, beam
dumps of injectors) which receive high plasma
power depositions, in order to reduce ex-
cessive contaminant release (e.g. via sput-
tering and vaporization).

Still other studies deal with improved
methods for removing most of the released
plasma contaminants before they can reach the
plasma region (e.g. divertor methods, ioni-
zation sheaths in near wall regions, and gas
purge methods in pulsed plasma operations).
Divertors may also help to reduce the pro-
bability for the occurence of hot spots due
to charged-particle impact in localized
areas, and also to reduce the impact of heavy
impurity ions on the surface from which they
were initially released.
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FIGURE 12.
ceramic coatings on Nb-1% Zr alloy after ir-

Scanning electron micrographs of

radiation to a total dose of 0.6 C/cmé with:
(a) 100-keV D* ions at R.T.; (b) 100-keV He*
jons at R.T.; (c) 250-keV D* ions at R.T.;
(d) 250-keV He* ions at R.T.; (e) 100-kev D*
jons at 300°C; (f) 100-keV He* ions at 300°C.
(References 61, 72)
CONCLUSIONS

The need for ahtaining reliahle yield
values for the various particle emission and
surface erosion processes for the relevant
plasma parameters and materials considered
for fusion applications has become clear.
At this time most of the relevant information
on yield values is scarce and has been ob-
tained with single radiation sources using
mainly monoenergetic beams. In fusion
reactor operations, however, the surfaces
will be bombarded simultaneously with various
types of ions and photons having broad energy

and angular distributions. This may give



rise to the occurrence of synergistic
effects. Therefore, studies of simultaneous,
multiple particle and photon irradiations of
surfaces are needed. Only with the proper
jdentification and understanding of the most
deleterious effects will it become meaningful
to develop methods to reduce, and possibly
eliminate, serious plasma contamination and
wall erosion.
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RADIATION-ENHANCED PRECIPITATION IN A V-10 wt % Ti ALLOY*

S. C. Agarwal and A. Taylor
Materials Science Division
Argonne National Laboratory

Argonne, I1linois

60439

A V-10 wt % Ti alloy was irradiated with 2.7 MeV SV at 650°C to doses

of 2-60 dpa.

No void swelling was observed at any dose.

The irradiation

resulted in an enhancement of a precipitation process similar to that
The precipitates in irradiated

observed in unirradiated materials.

specimens were found to have the NaCl-type cubic crystal structure with

a lattice parameter of TiO.

The orientation relationship between the

matrix and the precipitates was the same as that observed under thermal

equilibrium conditions in unirradiated materials.

INTRODUCTION
Vanadium-base alloys containing Ti and

Cr are potential candidate materials for the
CTR first wall. Addition of Ti or Cr to
vanadium not only improves its strength but
also suppresses void formation and the
attendant swelling, a major problem asso-
ciated with CTR first-wall operation.
Santhanam et a].(]) studied V-1 wt % Ti
irradiated with 3-MeV S1V* jons at 700°C to
doses between 2.5 and 55 displacements per
atom (dpa). At low doses (<22 dpa), the
microstructure consisted of a high density
of coherent precipitates with no voids.

At higher doses, however, voids were ob-
served near grain boundaries and in areas
denuded of precipitates. The precipitates
were reported to be platelets with {100}
habit. It is likely that the reduced void
swelliny observed in V-Ti allays may be
due to the precipitates which form during
irradiation. Similar behavior has also

t observed in studies of void swelling
in unalloyed vanadium.(2’3) The most

1ikely origin of the observed irradiation-

*Work supported by the U.S. Energy Research
and Develooment Administration.
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induced phases in V-base alloys is the
interstitial impurity content of the mat-
erial. This has recently been confirmed
for unalloyed vanadium.(4)

The Ti content in V-base alloys that
are of interest for CTR applications is
1ikely to be of the order of several per-
cent. Since both V and Ti have strong
affinities for interstitial impurities
and tend to form interstitial compounds ,
it is difficult to obtain these alloys in
the form of homogeneous solid solutions,
which is necessary if irradiation-induced
precipitation effects are to be character-
ized. Although the V-Ti phase diagram
indicates a body-centered-cubic (bcc) solid
solution ~80 wt % Ti at ~700°C, an increase
in Ti content with an increase in the
solubility of oxygen in V-Ti alloys can
lead to the formation of oxides. The pur-
poses of the present study were to establish
the identity of irradiation-induced phases
in V-Ti systems and to examine the suppres-
sion of void swelling at various dose
levels.

EXPERIMENTAL

Vanadium and titanium were obtained in
the form of 6-mm-dia rod from MRC. The



supplier's analysis showed that the inter-
stitial impurity content of vanadium was

0, 15 ppm; C, 120 ppm; and N, 16 ppm (all
compositions are in ppm by weight). A
V-10 wt % Ti alloy ingot was prepared by a
combination of inert-gas arc melting and
levitation melting techniques. The ingot
thus obtained was then cold rolled into
0.02-cm-thick sheet. A ribbon of the
cold-rolled V-10 Ti (20 by 0.4 by 0.02 cm3)
was then homogenized at 1300°C for 4 h in a
dynamic vacuum of ~10~8 torr followed by
quenching with He gas cooled with 1iquid
N,. It can be ciear]y seen from Fig. 1
that the above combination of preparation
techniques has been advantageous in obtain-
ing the V-10 Ti in the form of homogeneous
solid solution. Figure 1(a) is an optical
micrograph of the cold-rolled sheet showing
dendritic structure with some solute segre-
gation. Figure 1(b) shows the precipita-
tion that occurs when the alloy is
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homogenized at 1200°C for 15 h in an eva-
cuated quartz capsule backfilled with 0.5
atm of ultrahigh-purity argon and then
quenched in water at the ambient tem f
Figure 1(c) shows the improvement achieve
in obtaining a homogeneous solid solution
when the homogenization was carried out b
direct resistance heating at 1300°C for 4
in a dynamic vacuum of ~10-8 torr followe
by quenching with He gas at the 1iquid-N2
temperature.

Examination of unirradiated specimens
the above V-10 Ti alloy by TEM confirmed
the absence of precipitates. Specimens
(3-mm-dia disks) of the homogenized alloy
were prepared for irradiation by standard
methods described in detail e]sewhere.(s)
Sixteen specimens in a 4 by 4 array were

then irradiated with 2.7-MeV 51V+z1'ons to

dose levels of 2-60 dpa at 650°C in the Al
4-MeV dual-beam irradiation facility usin

standardized procedures previously

e AT i e Ay SR T S S S st
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FIGURE 1. Microstructures of V-10 wt % Ti Alloy. (a) As cold
rolled. (b) Annealed for 15 h at 1200°C in an evacuated quartz
capsule backfilled with 0.5 atm of ultrahigh-purity argon and
water quenched. (c) Annealed for 4 h at 1300°C in a high-
vacuum furnace in a dynamic vacuum of ~10-8 torr followed by
quenching with He gas cooled with 1iquid N,



described.(s) During the 7-h irradiation,
the total gas pressure decreased from

| 108 to 5 x 1078 torr.
wnw./Sis showed approximate partial pressures
of ~3 x 10-9 torr for water and ~4 x 10-8
torr for carbon monoxide, dioxide, and

Residual-gas

nitrogen.

Following irradiation, specimens for TEM
examination were prepared by sectioning the
specimens to a depth of 27000 & below the
irradiated surface and then thinning from
the back side to perforation. The section
depths were determined with an interference
microscope to within +300 A. Deposited
energy densities as a function of depth,
calculated from Brice Codes RASE3 and
DAMGZ,(s) were converted to displacements
per atom using a threshold energy of 40 eV.
For 2.7-MeV V* irradiation, the depth of
maximum damage was 8300 A, with a corres-
ponding damage density per ion of 63.8 eV/A.
RESULTS AND DISCUSSION

The characteristic microstructural feature

of the irradiation zone was a fine precipi-
tation. No voids were detected in the
irradiated V-10 Ti specimens for the entire
range of doses studied (2-60 dpa nominal).
Beyond the irradiated zone of a high-dose
specimen, the microstructure contained only
a very fine unresolved feature with poor
contrast in the bright-field. No additional
spots or streaks, in the selected area
diffraction (SAD) patterns were observed.
However, a high density of dislocations and
platelet precipitates was observed in all
irradiated specimens. Figure 2(a) shows
nracipitates and dislocations for 5-dpa
:imens. The corresponding SAD pattern,
given in Fig. 2(b), confirms that the foil
is in exact [111] orientation of cubic
crystals. Perhaps the unresolved structure

observed in the control specimen is an early -
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stage of precipitation under thermal equi-
1ibrium conditions and profuse precipita-
tion in the irradiated specimen is due to
enhancement of precipitation by ion irradi-
ation. Under equilibrium conditions, in th
temperature range 600-700°C, fully develope
Ti0 with the NaCl-type structure is known t
form in V-base Ti alloys after aging for

several days.(7)

FIGURE 2. (a) Bright-field Micrograph
Showing Dislocations and Precipitates in
V-10 Ti Irradiated to ~5 dpa at 650°C.

(b) SAD of Fig. 2(a) in exact [111] orien-

tation. Mag. 58,000X

The morphology of the precipitates
observed in the irradiated specinens was
In Fig. 2(b), the
precipitates observed in the irradiated

examined in some detail.

specimens do not show any diffraction



features on SAD patterns in exact {111}
foil orientation. However, in exact {100}
foil orientation, streaking is observed in
(100] directions. The streaking becomes
profuse for the high-dose specimens, as
shown in Fig. 3. The intensity of the
streaks increases as the dose level in-
creases [Figs. 3(a)-3(d)]. Figure 3(e),
which is a dark-field image obtained from
the streak marked "A" in Fig. 3(d), clearly
confirms the platelet nature of the preci-
pitates. Thus, the precipitate in V-10 Ti
appears to form coherently with bcc V-rich
solid solution and has a {100} hahit. The
increase in intensity of the streaks with
dose, Figs. 3(a)-3(d), suggests a dependence
of volume fraction of the precipitate on
dose. '

Figufe 4(a) shows SAD in an orientation
tilted ~5° from the exact {111} bcc
orientation [Fig. 2(b)]. Now additional
precipitate spots can be seen near the
matrix (bcc) spots. These spots were
analyzed and were found to originate from
a {110}-type orientation of NaCl cubic
lattice. The composite SAD pattern in
Fig. 4(a) can be explained on the basis of
a pattern generated by superimposing (111)
bcc pattern on (110) NaCl pattern with
(1ol . || [001]y.aq- The diffraction
paltern thus generated is shown in Fig. 4(b)
and closely resembles the pattern in
Fig. 4(a). The composite diffraction pat-
terns in Figs. 4(a) and 4(b) represent only
one of the three possible orientations of
the precipitates. The lattice parameter
computed from the d-spacings in Fig. 4(a)
gave a value of ~4.20 R, which is in good
agreement with the 4.19 + 0.06 & value for
Thus, the
precipitates observed in the irradiated
specimens appear to be Ti0 with NaCl-type

Ti0 reported in literature.(7)

cubic crystal Tattice. The orientation

relationship between the bcc matrix and i
Ti0 platelets was found to be

(001), .V || (001)y,cqTi0
[1101,.cV || 0101y, TiO.

To examine the dose dependence of pret
pitation, the TEM specimens were brought

~ the orientation given in Fig. 4(a) and ti

the precipitate spot marked "A" in Fig. ¢
was used for imaging the precipitates in
dark-field. Because of the high dislocat
densily, precipitates could be clearly se
only in the dark-field image. Figures 5
5(d) show the precipitate structures for
nominal dose levels of 5, 15, 30, and
55 dpa, respectively. As the dose incres:
the precipitate density increases system-
atically and is quite high for the 55-dpsz
specimen [Fig. 5(d)]. However, no appre-
ciable change occurred in the precipitate
size with dose. The vulume fraction of t
precipitate has not been measured. Thus,
it appears that 650°C V¥ irradiation of
V-10 Ti results in precipitation of TiO.
The precipitation process is enhanced by
irradiation, which is reflected in the
dose dependence of the precipitate densit
Work to determine the interstitial campos
tion of the irradiated layer. is in progre
IL shuuld be noted that no voids are
formed in this alloy in contrast to a pec
swelling of ~0.4% at 14 dpa found for
unalloyed vanadium at the same temperatur
The mechanisms responsible for the void-
swelling suppression remain to be elucida

CONCLUSIONS

.1. Interstitial impurity pick u| i
alloy preparation of V-Ti alloys can be
significantly reduced by carefully choosi
the preparation methods and environments.

(3N

)
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tion of Ti0 in V-10 Ti.
3. The crysté] structure and orienta-
relationships of the Ti0 precipitates
~he irradiated V-10 Ti are the same as
those observed in unirradiated .material in
which Ti0 has been precipitated thermally.
4, Addition of 10 wt % Ti to vanadium
completely suppresses void swelling.
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HELIUM INTRODUCED BY ION BOMBARDMENT AND TRITIUM DECAY*

R. F. Mattas, H. Wiedersich,
Materials Science Division
Argonne National Laboratory
Argonne, I1linois 60439

D. G. Atteridge, A. B. Johnson, and J. F. Remark
Battelle, Pacific Northwest Laboratory
Richland, Washington 99352

The tensile properties of V-15 wt % Cr-5 wt % Ti containing 25-35 appm
He have been investigated from 600 to 800°C. Helium charging was accom-
plished by the "tritium trick" and both thin-sheet and cylindrical

specimens were tested, Specimens containing helium showed decreases
in elongation at temperatures of 700°C and above, but the cylindrical

specimens with or without helium exhibited considerably greater

. ‘elongations than the sheet specimens under corresponding conditions.

A comparison of the tensile properties of the sheet specimens charged by

the "tritium trick" with the properties of Cyclotron-injected sheet

specimens from a previous study indicates that the Cyclotron-injected

specimens exhibited greafer ductility than the épecimens charged by the
"tritium trick." The onset of gross embrittlement occurred between

700 and 750°C in both cases.

INTRODUCTION . .
Alloys of the transition metals vanadium,

niobium, and molybdenum are candidates for
fusion reactor first-wall structural mate-
ria]s.(]) An impediment to their use is,
however, the lack of knowledge of the long-
term mechanical-property changes that occur
in reactor environments. Little is known
about the effect of internal helium on the
mechanical ﬁroperties of transition metals
at elevated temperature. These materials,
when exposed to fusion radiation, are
expected to accumulate from 25 to 75 atomic
parts of helium per million matrix atoms
(appm) per year through {(n,a) reactions.

*Work supported by the U.S. Energy Research
and Development Administration.

The helium which is essentially insolubl
in metals, is removed from the lattice.h,
the formation of bubbles in the material
and/or by diffusion out of the material.
The bubbles that form at grain boundarie
can accelerate grain-boundary sliding,

- which begins to operate as a deformation

mechanism near one half the melting poin
(]/2Tm). In addition, tensile stresses
at elevated temperatures can produce bub
growth and coalescence along grain bound
aries. - The result is premature intergra
lar cracking and failure at elevated
temperature.

The simulation of fusion reactor con-
ditions is vital to predict the effects «
helium embrittiement on mechanical prope
ties. The mechanical-property data from



Joint ANL/FNL Investigatiion OoT nonreactcor
helium-implantation methods will be dis-
cussed in the present report. Both of the
s ation techniques developed to date,

_.y helijum ion injection and helium pro-
duction by tritium decay, were included in
the present study. The former method con-
sists of injection of high-energy helium
jons into relatively thin samples. The
latter method consists of diffusion of
tritium into the sample, the decay of tri-
tium to 3He, and removal of the remaining
tritium by hot vacuum extraction. (2-4) A
detailed description of this helium-
charging technique, known as the "tritium
trick", is given e1sewhere.(4)'

Each simulation method has advantages and
disadvantages. Both techniques are capable
of introducing large quantitfes of helium
into metals in a short period of time, but
neither technique matches the displacement
damage to helium .production ratio expected
in fusion reactors. The atdm displacement
damage during ion. bombardment is orders of
magnitude less than expected in fusion
reactors for an equivalent production of -
he]1um,(4) whereas the tritium decay re=
action yields essentially no atom d1sp1ace-
ment damage. The greatest disadvantage of
the ion-bombardment technique is the
inherent specimefi thickness 1imitatisn”

(v mils) -due to the-limited.penetrating ==

power -0of the helium. Essentiai]y no size’

limitation is imposed by the tritiuntrick =
nethods s1nce-dafﬁus1oa—processes—are«usedsé«-—
to.distributesthe<tritiunzin the:metalz=iThe = =%

najorodisadvantage=of the-tritium=trick _= :-

nethdd-iS thezdifficuTtyepcountered.iin=. .

ct ng—mater1a]s-wrth—#ow wtritiumssolusEza—s. -

bilities=:High=pressurescharging:(upito == o=
1007atm) tmistrbe used=far=lowisolubitity =y -

naterials, ‘such as stainléss-steels,~in. -

order to obtain sjgnificant he]1um produc~- -
tion rates.

The environments encountered in the two
simulation procedures and in fast reactors
are likely to result in different helium
bubble distributions.
found to nucleate nonhomogeneously on inter-

Helium bubbles were

nal structural defects and on grain bound-
aries in commercial-purity niobium charged
with helium by the tritium trick.(5) The
resultant bubble distributions in ion bom-
barded material are a strong function of the

specimen bombardment temperature, with low

specimen temperatures yielding homogeneous
bubble distributions and high specimen tem-
peratures yielding nonhomogeneous bubble
distributions more typical of helium bubble
distributions produced in nuclear
reactors.(a)
The present ANL/PNL program was initiated
to compare the results of the two helium
charging techniques on the same material.
The material studied, V-15Cr-5Ti, is a
high-strength, creep-resistant alloy, the
mechanical properties of which have been
previously investigated with specimens
helium charged by ion bombardment.(Z’s) .
Vanadium alloys exhibit high tritium solu-
bilities and thus are amenable to helium

charging by the tritium trick.

. EXPERIMENTAL PROCEDURE

.- The"V=15Cr-5Ti alloy used in this study - -

is from the same stock as that used in the -
previous helium ion-bombardment study.(s)
Both=thin—sheet-and-cylindrical-specimens.-=-
were—fabricdted from thisimaterial- ".The__;»
sheet: spec1mens-‘w1th—af0—01—x—0 2_x-1.0in.

-test;sectaon,;wereﬁdup11gates-omxghose;used_"

in theiéarliéﬁiﬁnvéstigatﬁbh?iwhichiéleWed::

0.11 ia."dia."x 0.75 in. test sect1on,

: a]]owedra-comparisdn-between~thewth1nxsheet;;;



The specimen config-
" urations are compared in Fig. 1. All mat-
erial was annealed for 1 h at 1250°C. This
anneal treatment was used in the original

and "bulk" geometries.

ijon-bombardment experiment.

_r o.nz"
175" " 3us"
1
: o)
: Fasad
FIGURE 1. Sheet and Cylindrical Specimen

Gcometries

A1l helium charging for this program was
performed at PNL by the tritium-trick tech-
The charging cycle was essentially
the same as reported earlier for vanadium.(4)

nique.

The bésic‘charging method is outlined as
follows:
' (1) absorption of tritium gas by the
vanadium alloy specimens at 400°C;

(2) decay at room temperature of a por-
tion of the tritium to 3He; and

(3) removal of the excess tritium from
the helium-implanted specimen by hot vacuum
extraction at 750°C. ~
Five sheet specimens and three cylindrical
specimens were helium implanted during this"
program.

Both--the--sheet- and~cy11ndr1ca1 ~SPeCimensSe=z -

.-vere tested -following-;the--same.procedures ...s- -
‘Used-in the original-ion-bombardment: inveS~—=

tigationrgs) Wﬁ]l"specjmens_were tested at .. .

temperatures-and-helium.concentrations.com==_=_.. .

parable:to-thosesofithezoriginal-studyw==s:=r-

Al1 terisile tests were-carried out:in. an == ...

Instron tensile test machine in vacuum at a
strain rate.of 0.02/min. .After .the.samples. ..
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were placed in the tensile grips and the
vacuum chamber was evacuated; the furnace
was heated quickly to the test temperature.
The samples were allowed to equilibrat
10-15 min for the foil specimens and 3. ...n
for the cylindrical specimens before the
test was started. The total time between
furnace startup and shutdown varied from

30 to 45 min.for the sheet specimens and
from 45 to 60 min for the cylindrical
specimens. The sample temperature, moni-
tored by thermocouples in contact with the
gauge length, varied between 2 and 4°C

The
specimens were tested in a vacuum of
2-3 x 10-5 torr with a thin sheet of
conium’around the sample to act as a getter

after equilibrium was attained. sheet

zir-

{This foil was not used in the original .
study.(g)]
tested at a pressure of <1 x 1073 torr
without a foil getter. '

The cylindrical specimens were

The samp]é appear-

“ance after testing was unchanged from that

before the test.
TEST RESULTS AND DISCUSSION
Ten sheet and four cylindrical samples -

were tested in the present tritium trick
study. [ive of the ten sheet samples and
three of the four cylindrical samples con-
tained ~35 appm helium. Twelve sheet
samples were tested in the ion-bombardment
study,-with five of--the twelve containing:..
25 appm helium.:..The tensile test. results.
for the three specimen batches are pre-
sented in Table 1 as a function of test

temperaturesforTthe:different heliumZamss =+

impTantationitechiniguessands=specimensz A
geometniesﬁthhef?esuLtsxpresented:fﬁéfﬁf"y
Table1:will: be 'discussed=ini the:following -

sections=z=The ‘first-sectidn-"consists:
comparisonzofi-thes mechanlcal—propert1es.or_
sheet specimens-charged-by ion bombardment -

and the tritium trick; the second section

“consists of a“comparison between the two- -



TABLE 1.‘ E]evated-temperafure Test Results for
V-15 wt% Cr-5 wt% Ti with and without Helium

Test Calculated - . Strength (ksi) Elongation Reduction
emperature Helium 0.2% . In Area
C) Content Yield Ultimate Uniform Total (%)
Foil specimens‘helium implanted by ion bombardment(a)
650 0.0 51.2 83.7 1.2 n.4 75.0
700 0.0 - 49.0 85.6 13.3 13.5 69.0
25.0 49.9 86.6° 12.7 - 13.2 58.0 .
750 0.0 29.6  84.0 13.9 15.5 64.2
) 25.0 49.0 79.9 7.4 7.6 25.4
800 ' 0.0 45.7 . 77.2 1.9 15.7 53.1
' 25.0 47.5 68.6 4.4 4.5 15.7
850 0.0 42;5 _ 65.1 .9.6 18.2 54.0
25.0 47.4 59.5 2.9 3.2 15.9
900 0.0 37.7 56.2 7.8 16.4 49.7
. 0.0 38.7 A 7.2 24.6
25.0 8 51.5 2.3 2.3 17.1

40.

Sheet specimens helium implanted by tritium decay

600 0.0 53.0 89.0 - 141 14.1 . 68.0
- 27.5 55.0 87.0 10.8 .-10.8 64.0
650 ‘ 0.0 52.0 86.0 15.5 - 15.9 68.0
27.0 54.0 . 87.0 10.3 10.3 62.0
700 0.0 50.0 88.0 15.5 . 15.9 58.0
: 29.0 54.0 69.0 3.8 3.8 37.0
750 - 0.0 51.0 82.0 13.5 15.7 48.0
38.0 51.0 65.0 3.2 3.2 30.0
800 . 0.0 43.0 72.0  13.2 - 20.1 . 28.0
- 39.03.4- - 43.0° - 54,0~ - 1.35= -1.3 - - 7.5
Cylindrical-specimens-helium implanted by tritium decay -
700 S 38.0 53.2 88.0 10.6 12.4
7507=2 ... 0.0==¥ oo w9802 - 150054 -26.2=ee. L
29,05 e - 75.00is o 77w 10004 D 13.100 0
Ceny T 3030755 L4207 - 64.00-C . 6.1 T 6.6 . 11.2

‘ay.i cinlRefir 8
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charged helium; and the third section con- elongation, the authors believe these
tains a comparison of all sheet specimen . values are within the data scatter obs
data with the cylindrical specimen data. between the two sets of controls = t
SHEET SPECIMENS temperatures and therefore do not i
Tensile tests of the control, jon- any significant effect on the mechanic
bombarded, and tritium-trick charged speci- properties by the charging and extract
~men$ were performed in the temperature ' of deuterium and the accompanying therr

range from 600 to 900°C. The mechanical . cycling. _ '

properties for both sets of control speci- . ‘The mechanical propefties correspont
mens are compared in Fig. 2. The properties " to the two helium charging techniques :
of both sets of specimens are in close presented as a function of test temper:
agreement as a function of temperature. in Fig. 3. The average mechanical proj
R e e —— ties of the control specimgns arc also

y ,, plotted in the figure for comparison.

methods result in substantial decrease

B . Ut .
or ﬁj_“‘ﬁﬂ}\\\\ﬁ%\N(\D L is evident that both helium-charging
o _ ) O~ L ! ' . L. ,

-]
o
I

2 7T 8‘___—0“—-‘f8-~§~9 : elongation at test temperatures of 750
[ ————
. T O~
x = a0f I -
s o o
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- FIGURE -2i - Elevated-temperature=Tests Resu]t i
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n .:.- . s - 600.:37 650 =il 700 TE- 750 —-te- 800 e
; zontrols:were as-annealed:sheets.éxcepts s _ ST TEnPERATURE o) s -

forTthei750°CT tritiumstrick control ;=whichzzs - T R
was- deuferium charged in & simulatéd-tris«s=:
tium charging time-temperature cycle. FIGURE 3. Elevated-temperature Tensile

i . o Vo Test Results for V-15Cr-5Ti Sheet Spec]
Although the 750°C control exhibits Containing Helium



o abuve, wiLll tne i1ndiviadual neljum-
arged specimens exhibiting essentially no
itference between uniform and total elonga-
I 1lues. - The tritiated specimens con-
i.....tly exhibited lower elongation values
1an the jon-bombarded specimens, whereas
1e_ion-bombarded specimens exhibited con-
idErab]y higher ultimate strengths than the
ritiated specimens. The yield strength
rom the two helium-charging methods are
omparable within the experimental scatter
and evident for the control specimens

Fig. 2).

The enginéering stress-strain curves for
:he 750°C control and helium-charged speci-
iens are compared in Fig. 4. At low strains
(11 the curves match quite closely, whereas
't high strains, the ion-injected sample
:xnhibits a somewhat higher work-hardening
‘ate and the tritium-trick charged sample
'xhibits a somewhat lower work-hardening
-ate than the control sample. The average
iork-hardening rate of all ion-bembarded
specimens, as determined from Table 1 by
-he difference between the yield and ulti-
ate strengths divided by the uniform elong-
ition, is consjderab]y greater than that of
ihe‘respective tritium-trick charged and
ontrol samples. A1l samplesy tested at or
elow 750°C exhibited a yield point, whereas
hose tested at or above 800°C did not.
racture of the tritium-trick charged
pecimans generally occurred in a more

irregular manner..than fracture.of either the ... .

ion-injected or control samples, as shown-by—- -

in Fig. 4. )
preliminary. SEM study of -the specimen.—-.-
racture. surfaces indicates that a:cunsissw=:
ent. fracture morphology pattern occursy-.
hich is a Tunction of specimen elecngation
ralues and independent of -test temparature.
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FIGURE 4. Engineering Stress-strain Curves

- for Helium-charged and Control Sheet Speci-

mens Tested at 750°C

.No intergranular fracturing was present in
-any of the control specimens nor in any of

the helium-containing specimens that
exhibited uniform elongations of 10% or
greater; tnis includes the 700°C ion-
bombarded specimen and the 600 and 650°C

tritium-tricked specimens. Intergranular

fracture was found in the 750°C ion-

bombarded specimen and the 700°C tritium-
trick specimen (7.4 and 3.8% uniform elong-
ation, respectively). Some ductile rupture
fracture area was still present in the
800°C ion-bombarded specimen (4.4% uniform
elongation) and the 750°C tritium-trick
specimen (3.2% uniform elongation), whereas
the 900°C jon-bombarded specimen and the'

- 800°C tritium-trick specimen exnibited-
almost complete intergranular failure

(2.3 and 1.3% uniform elongation, respecs
tively). A comparison of the fracture .

surfaces of the control-and-tritium-trick

"charged specimens tested at 800°C is shown

in:Fig. 5. = .

The differences hetween.the.specimen.---
elongations-associated with the two.chargin
methods may be due to one of several fac-

tors. The greater degree of eidritilement
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Tested at 800°C

observed in the specimens charged by the
tritium trick may be due to the lack of

atom displacement damage during helium

charging, since radiation damage is present

in the ion-bombarded specimens. Another

reason for the differences in elongation

between the two charging methods may be the

specimens charged by the tritium trick.
However, this appears unlikely in view of

the large difference in elongation at 700°C

with a rather small difference in helium

cencentration. Another factor may be the

pretest thermal cycle seen by the tritiated

specimens.

difterent pretest bubble distributions in

the tritiated specimens when comparad with

the jon-bombarded specimens, which may
account for the resultant:-difference in-~

etongations.

AT

-t

Ie

higher helium concentration in the

This thermal cycle may produce

on ditferences may.be different impurity

r—

10

‘A final reason for the elong-- -

levels in the specimens... Refractory metals.:.

quickly absorb .interstitial dmpurities- (0,-::

C, N) at elevated temperatures, and dif-

ferences in the environments of the tw

charging techninues and in the vacuum con="

- oy

TR e
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Fracture Surfaces of Sheet Specimens Containing 0 and 39 appm He

ditions during tensile testing could res
in significant fupurity differences. In
stitial tinpurities have a marked effect
strength and ductility of refractory met.
and hence, impurity difierences may infli
ence the test results. It should be not
that SEM analysis rcvealed that the cont
specimens for the original ion-bombardne
study did not exhibit surfacc grain-houn
separation, whereas those in the present
study exhibit considerable surface grain
houndary decchesion.

SHEET AND CYI TNRRICAL SPECIMENS CHARGED |

TRITIUM TRICK

Tne tensile test data plotted in Fig.

compare the high-temperature mechanical

properties of sheet and cylindrical spec
mens charged to 35 appm helium by the

tritium trick. It is evident that both

specimen configurations give the same yie
strengtns, and yield strength is ess =~ 'a’
unafiected by 35 appm helium.- Cens 2t
differences occur in other properties, w
the cylindrical specimens exhibiting con-
siderably greater elcngation and ultimate

strengtn values then the sheet specimens.
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Test Results for Sheet and Cylindrical
V-15Cr-5T1 Specimens Helium Charged by
Tritium Decay

lowever, the general trends of all miechani-
al properties agree,-i.e., the yield
trength is essentially unaffected by the
resence:of helium, and.the ultimate-.::.

trengths and elongations are.decreased by 1.

he presence of heljum.

The effects of specimen gecmetry are
h in Fiqgu:7, which compares the engi- -
e g stress-strain curves of the control --.

at '«
The cylindrical specimens exhibit

nd helium:charded Specimens tested
50°C.

onsiderable-differences between the
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FIGURE 7. Engineering Stress-strain Curves
of Sheet and Cylindrical Samples Tested at
750°C

uniform and total elongation, whereas the

sheet specimens show almost no differences

Also

at larger strain (24%), the sheet specimens

between total and unitorm elcngation.

show a decrease in the strain hardening-
rate compared with the equivalent cylindri-
cal specimens, which results in plastic
instabilities at reduced plastic strains.
The helium-charged cylindrical specimen at
750°C also exnibits a decrease in the strain
hardening rate with respect to the control
spacimen. The increased ductility of the
cylindrical specimens over the thin sheet
specimens is consistent with similar tests

(9)

Also, the yield strength of the stainless

in "pure" Type 316 stainless steel.

steel samples was shown to be independent of
specimen. yeomelry.__ .
COMPARISON OF CYLINDRICAL _SPECIMEN DATA WITH
ALL SHEET SPECIMEN DATA--2

It is evident, from Table 1 and Figs. 3 -

and 6, that both-helium-charging techniques -
for sheet-samples;—as well+as both-specimen::
geometries “for “samples “charged- by the: triz=:
tium trick, result in decreased elongations,

wnen compared with the control samples.



These aatz2, nowever, indicate wnat tne use
- of shcet specimens consistently results in
a marked decrease in the elongation values
compared with the cylindrical specimens, as
the sheet specimens exhibit 1ittle or no
elongation beyond uniform elongation.
Limited data indicate that the total elong-
ation of the helium-charged cylindrical
samples decreases at a slower rate as the
temperature increases when compared with
the sheet speciuens. Only in the case of
the ion-bombardiment éxperiment'do the
helium-charged samples show an increased
strain-hardening rate greater than the
contirol samples.

The authors believe, hcowever, that the
consistency between helium-chargiig methods
and specfﬁen configurations in predicting
the susceptiSﬁ]ity of V-15Cr-5Ti to helium-
indi:ced mechanical-property degradation is
the important result of the present siudy.
The fact that diff

sheet and cylindrical specimens is not sur-

ference exist between the

crising in view. of the previcusly reported
resu1ts.(9) The absolute mechanical-
oroperty values tor a given material will
nave to be developed using standard ASTM
specimens, buf correct yield strengths and
conservative elongation trends can certainly
Ee ecbtained using sineet spec1mens. Relatively
comparzble trend Tines can also be develcped
using either the tritium trick or the ion-

nelium charaing method.

exnibits a reduction in
uniform and total elongation at low helium~
contents (25-35 appm) when tested at e2le-

vated temperatures regardless of implanta-
ticn method or spacimen configuration.: ...
in V-15Cr-5Ti1 is: =

ina7fected by the halium concentrations up

2. Yield stirength

—

t0 35 appm, the specimen conficuration, or

ihie halium implantation method.

3. In sheet samples, specimens charge

by the tritium trick exhibit lower ductil

ity than those charged by ion injection.

The onset of gross embrittlement dur

tensile testing occurs betweesn 700 ai _
750°C.

4. Cylindrical specimens, with or witl

out helium, exhibit Tlarger elongations th

sheet specimens under corresponding con-

ditions.
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~ GRASS-CODE CALCULATION FOR THE BEHAVIOR OF HELIUM
IN AUSTENITIC STAINLESS STEELS*

Che-Yu L1

CORNELL UNIVERSITY

Jeffrey Rest, Steven Danyiuk, and Roger B. Poeppel

ARGONNE NATIONAL LABORATORY

The CRASS code develeped to calculate fission-gas behavisr in ceramic
fuels has been adapted for CTR applications and can be used to calculate

the helium behavior in metals. The results show that the code, after

wodification to account for the eéxpérimentally observed bulk pores in

austenitic stainless steels, models the grain-boundary bubbles in a

INTRODUCTION
Austenitic stainless steels are émong

the wmost proﬁising candidate materials for
the first wall of the near-term Tokamak re-
aégoz. The nuclear fission programs have
generated extensive data for these steels
under irradiation conditions. In the CIR,
ﬁigh-helium Eonéentrations'aré.expected to
develop in these steels as a result of
:Eransmﬁtation reactions that occur when
"14-MeV neutrons interact with the first
wall, Thé significant difference in the

microstructures produced under fast-neutrom
" dxradiation with and without high helium
'genexation is the presence or absence of

(1)

pores on the graiﬂ boﬁndaries. Grain-
bouidaiy pures are known o eiuse intex-
granular. fracture aﬁd severely redﬁce the .
:ductility of a material, Therefore, it is
tesse?tial that tﬂe number density aua.size -

distribution of grain-boundary pores pro—

*Work supported by the U.S. Energy Research
. and Development Adainistration. = -

‘reasonable manner. The bulk pores are likely to be voids at large sizes.

duced in simulation exﬁeriménts be similar
to those produced in the CIR so that a
proper assessment of the mechanical proper-
ties of first-wall materials can be made.
Current models for void nucleation and
growth do not take inte account the exis-
tence of pores on grain boundaries. The
purpose of the present work is to demon-
strate how the GRASS code can be used to
"examine the behavior of helium in austeni-
tic stainless steels, emphasizing the evo-
lution of grain-boundary pores.

The CRASS codc was developed at Argonne
National Laboratory to model the formation
and migration of fission-gas bubbles in

o]
(2,3) It treats four classes

.ceramic fuels,
‘of'éas bubbles, i.e., (a) free in the bulk,
. (b) trapped on dislocations, (c) trapped
ocn grain boundaries, and (d) residing along
the grain edges (triple points). In the
:fission;éas calculation, we assume the

bubbles contain sufficient gas atoms such

O [



" that the surface tension is balanced by thev
The growth of bulk bubbles

18 the result of bubble coalescence caused
Biased

wotion, for example, can be produced by

gas pressure.
by random and biased bubble motion.

the existence of a temperature gradient
that causes a bubble to move up the gradi-
ent, A bubble is assumed to be trapped
when it contacts the grain boundary. The
grain-boundary bubbles will grow by co—
alescing with other bubbles on the grain
boundary and with incoming bubbles from
the bulk,

code has been modified to model a metallic

In the present work, the GRASS
first wall. Biased bubble motion due to
the temperature gradient, re-solution of
gas bubbles, and other features related to
the behavior of ceramic fuels are sup-~
pressed. When helium behavior in austeni-
tic stainless steels is modeled, the
helium-generation rate, the estimated

helium bubble diffusivity, the dependence

of the diffusivity on the bubble size,
and the grain size of the material are in-
cluded in the model. The output of the
code calculations includes the number
density and size distribution of helium in
the bulk and on the grain boundaries.

We shall first review briefly the
methods of calculation used in the GRASS - -
code. The required modifications and in=
put for modeling helium behavior in austen-
itic stainless steels at elevated temperé—
tures will be introduced. A poretis con-~
sidered a bubble if the helium pressure is
balanced by the surface tensionm and is con-
sidered a void if the helium presﬁure is
insufficient to balance the surface ten—
sion. We shall siow that the GRASS code
adequately models the helium bubbles on
the grain boundaries.. The GRASS code
calculations suggest that when bulk pores

‘are large they are voids, even when the
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only one gas atom.

helium-production rate 1s high. The appli-
cation of the present model to the evalua-
tion of radiatién-damage simulation experi-
ments in CTR research will be discussed.
GRASS CODE

The detailed description of the GRASS
code has been presented elsewhere.(z’a)
Coalescence by random walk in the grain
matrix will be described to {llustrate the
type of computation involved. The basic
equations for lattice bubble coalescence in
GRASS are the same as those employed by

)

Gruber, but the calculational procedure

is more approximate, In general, the de-
termination of the bubble-size distributsion
requires the simultaneous solution of an
extremely large set of coupled nonlinear
integré-differential equations for bubbles
from a few angstroms (single gas atom) to
many microns in radii. For calculational
procedures (i.e., reasonable code running
times), thé bubbles are classified by an
average size, where size is defined in terms
of the number of gas atoms per bubble. The
bubble classes are ordered so that the

first class refers to bubbles that contain
If Si denotes the aver-
age number of atoms per bubble for bubbles
in the ith class (called i-bubbles hence-
forth), then_the bubble:§ize classes are de-~
fined by

S (1)

Sy = mSy

where m > 2, 4 > 2, and S; = 1. In the

1
R
lattice, the probability per unit time Pij

of an i-bubble coalescing with a j-bubble,

where Ehe bubble§ move by random migration,

is given by

R ol 2
= + +
Pij = Af(Ri,_ Rj)(D1 Dj)'
where Ri is the average i-bubble radius
(cm), and Di is the average lattice i-

i
bubble diffusion coefficient (cmZ/s). The.

“‘(2)



.80 that each pairwise coalescence is

" counted only once,

rate °f.C°alescence'Ci of i-bubbles with ~

j-bubbles is given by

3

R re e __—..-.—.__..—_-..A - - -
' Cij - Pijrifj, e » (3)

where Fi‘is the number density of 1-bub—::f
~bles.. For 4 = j, Cij becomes

..... e T g R L2 R —— o\
STy . 1’22?11?1 . %)

VWhen an i-bubble and a
J-bubble coaleace (1 > j), the resultant
bubble can either be in the irh clace er in
the 1 + 1 class, aceording to Eq. (1). We
define Tijk
coalescence between an i and a j-bubble

If, on

the average, the total number of.gas atoms

to be the probability that a
results in a k-bubble, where 1 = k.

remains constant, it follows that

Tijksk + (1 - Tijk)sk+l = S1 + SJ, ()
or
s Sl Sl B
L™= s -5 ¢ (6
b k+1 k

and the probability that the coalescence
results in a k + 1 bubble is given by

S R e} e
k+l k :
\

The array Tijk is the probability that an’

" i-bubble becomes a k-bubble as a result of

i{ts coalescence with a j-bubble. The rate

Nik at which 1-bubbles become k-bubbles is -
‘given by L e ST
L Ny = ICT, (B
PR RS | .
The j-bubble is assumed to disappear; gas
‘atoms are absorbed into the i-bubble. The
‘rate XJ of disappearance is given by | _ - -
X, = IC,T,,. FON
3 1>3 13143k e

- The migration of the fission gas from the

"grain matrix to the grain boundary is

treated in the GRASS code as diffusion of
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_case with a temperature of 500°C.

’;al is 30 ynm,

° equation,

(3)

single atoms only. Once on the grain
boundary, the fission gas can migrate and
coalesce.

- The choice of a functional relatiomship
between ‘the diffusivity of gas bubbles and
their radii depends on the model for

bubble motion, i.e., diﬁfusion or reaction-
In GRASS code, the bubble

diffusivities are assumed to have a size

rate limited.

dependence

D, = D, (R, /R )™, (10)
where Dn is the diffusivity of a bubble
with radius Rn, DA is the atomic diffusiv-~
ity of helium in stainless steel, RA cor-
responds to the radius of a bubble con-
taining a single gas atom, and x is chosen
to fiﬁ experimentally determined values of
bubble diffusivities,

The rate of change of the bubble number

density F, can be written as a sum of

ternms suci as Nij's and xj;; ;;d the rate
of helium atom production. ™’ The
equations of the %i's thus form the set of
differential equations from which the .evo-
lution of the bubble~size distributiom can
be computed.

HELTIUM IN AUSTENITIC STAINLESS.STEEL

The computations, using the GRASé code

in the present wurk to model thé helium in
austenitic steels, are for the isothermal
The '

_helium-production .rate is a constant

500 ppm/yr. The grain size of the mater-

The helium pressure within
the bubble is assumed to be balanced by
the surface tensidn, which 1is taken to be
2000 ergs/cmz. The gas law used is a
‘modified form of the van der Waals
(2,3)

The diffusivity of helium bubbles in
austenitic stainless steel is estimated,

based on the data reported by Walker.(&)



The experimcncal data for bubble sizes
'smaller than 65 A are used, The dependence
of the bubble diffusivity on the bubble

(10)
The

activation energy for bubble diffusivity

?adius i1s calculated according to Eq.

with the exponent x estimated as 2.9,

1s “estimated to be 2 eV, however, the
activation energy is assumed to be 1 eV for
bubbles diffusing along grain boundaries.
The diffusivity of a bubble in the grain
matrix containing 100 helium atoms is
1.4 x 1071 cn®/s at 500°C. The bubble
- diffusivity 1is assumed toAbe higher on the
grain boundary. The difference is calcu-
lated by assuming that the value of‘DO
(preexponential constant) differs by a

factor of 106 at room temperature.

In the GRASS code, the probability of
coalescence between two single atoms cal-
culated according to Eq. (2) is modified
by a factor fN, which has a value of 1.0 or
smaller to accountAEor the probability that
two single atoms drift apart after colli-
sion,

The computation is performed for ranges
of values of the factor fN discussed above
and the bulk and grain-boundary diffusiv-
ities Db and ng This is to ensure that
the results of the code computation do not
rppresent “the consequences of a set of
arbitrarily ‘chosen values, o

Typical results of the code cpmputatipﬁj
are shown in Fig, 1, These results are
obtained with fN = 1.0, and with the_values
of Db and D . calculated as described in

this sectioﬁ? This set of parameters will

be designated henceforth as the fN(Ref),

D, (Ref),. and D,
The calculated results shown in Fig., 1

3.

(Ref), respectively., -~
are for an irradiation time of 6.8 x 10

It is seen that the bulk bubbles are, for

the most. part, extremely small and show a
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‘bubbles are much larger.
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Figure 1. Typical GRASS code output for

the Number Density of Grain-boundary and
Bulk Bubbles vs Bubble Radius. For this
calculation, the helium~generation rate was
500 ppm/yr, and the diffusivity of a bulk
bubble con§a1n1ng 100 helium atoms was

1.4 x 1071 cm?/s. The calculated data
are for an exposure time of 6,8 x 103 h,
The bulk and grain-boundary bubble-size
distributions peak at 25 and 350 A, re-
spectively., For cowmparison, the corres=-
ponding HFIR data give an average bulk bub~
ble radius of ~250 A and an average grain-
boundary bubble radiug_of %600 A, with a
number density of ~10 /cm3 for the latter,

peak at 25 R witﬂ a corresponding nﬁmber
density of 3.8 x 1015/cm3. Few bulk bub-
Sles larger than the peak size are shown
to exdst (Fig. 1). Tﬁe grain-Soundary

: ' Eheir size dis-
tribution is qualitatively similar to that
of the bulk bubbles and peaks at 350 A
with a corresponding number density of

2.8 x 10™/ca’,

Table 1 is a summary gﬁhghg_;e§glts of

NUMBER BULK BUBBLES [em3



‘TABLE 1.7 GRASS-code Outpye
after ~6.8 x 10
N ?b._w'wm_ 3 ng Peak
oo T ’ Radius
. _ —— e et ettt e e ) .
1.0 - _ ... Ref . .. . . Ref_ ._. _ ‘25
01 TIUTT. L Ref T T TTTReE T T TT2s
0 01 T T Ref 7T 7T TRefTTTTTTTTT 25
o.001 Ref Ref " 25
0.001 - 10 x Ref “Ref - _ 57
0.00L 1000 x Ref " Ref 57
~0.001 Ref 100 x Ref 25
U.v01 Ref 0.01 ¥ Ref 25
other calculations with different input
values of fN, Db’ and ng. The results
show qualitatively the same size distribu-
tions as those in Fig., 1. In Table 1, the

of Bulk and CGrain-boundary Bubble Distribution
h of Irradiation at 500 ppm/yt He Production Rate

Bulk Bubbles

Grain-boundary Bubbles

‘peak radius and the peak number density

7

after 6,8 x 10’ h of irradiation are given.

It is oceen fruw Fly, 1 and Table 1 that

the results of the calculation are not

'strongly influenced by the values of the

input parameters.

However, specimens ir-

radiated in HIFR show a significantly
different size distribution for the bulk

‘bubbles.

For an irradiation of ~1 hr in

HIFR that producéq a total helium content

of 1790 ppm with a vary1ng hellum—genera—

tion rate, the average hulk and 8'°iﬂ~
boundary bubble radii are ~250 and A600 A

and trhe cotrcaponding number dénsities are

‘~10

14 and NlO /cm 0 :nspectively.

With the range of input parameters used

in the present wot&, we expect to model ’

the heliunm bubble behaviot on grain bound-

.aries.

However, vith & reasvunable dssump-

tion for the value of bulk bubble diffusi-.’
vity, ve do not expect that the calculated

. 204

gas pressure, .

Peak Peak Peak
No. Density Radius No. Density

(em™3) . (48} (cm™3)
-3.8 x 1015 350 . 2.8 x 1011
2.9 x 1015 990 3.7 x 1011
2.0 x 1015 990 4.8 x 1011
1.2 x 10153 990 5.7 x 1011
‘2,5 x 10%4 990 8.2 x 1031
3.6 x 1012 990 9.8 x 1011
1,2 x 1015 2000 5,9 x 1030
1,2 x 1033 350 5.0 x 1012

pulk bubble size will be large enough to
agree with tha experimental dJaca of CIR
interest, Physically, this is because
the large bubbles have low diffusi-
vities. For example, after an exténded
postirradiation anneal, at tempgraturdc
significantly higher than one half of the
absolute melting temperature, the average
diameter of diglk helium bubbles in aluminum
is <100 A (8

qualitatively supports the results of the

This experimental result

present calculations,

The calculated number density and size
distritution of grain-boundary cavlities
are in agreement with those observed in

HFIR experiments, These results indicate

" that the GRASS code can be used tn raleu-

late the evolution of grain-houndary
cavities in a metal with a high helium-
generation.rate.' The prestnt results

also suggest that the grain-boundary cavi-

ties observed in HFIR experiments are

"likely to contain sufficient gas atoms so

that the surface tension is balanced by



The previous discussion suggests, how-
gyer, that coalescence due to bubble motion
alone is not sufficient to account for the
size of the bulk cavities and they are
probably voids rather than helfum bubbles.

Therefore, the calculation of the growth

‘rate of cavities in the bulk under condi-

tions that correspond to the HFIR irradi-
ations will réquire additional mechanisms.,
DISCUSSION

The two topics to be discussed are:
(1) the significance of the present work
on the design of Vvarious radiation-damage
simulation experiments for CIR research,
agd (2) the required modifications to the
GRASS code to model the bubble‘and void

growth simultaneously. e

Simulation Experiments

It {s seen from the present work that
the bubble diffusivities both in the bulk
and on the grain boundary play an important
role in controlling the number density and

the size of grain-boundary bubbles as well

" as the number density of the bulk pores

even though the latter may become voids at
large sizes. Typically, in simulation ex-

periments that are accelerated tests, the

‘neutron flux and the helium—injection rate

ate'proportional and greater than expected
in a CTR,

these experimenté.bécadse'eveh-though.the

Caution shonld be exercised in

éxperiments may be carried out at higher
temperafures compared to those of expected
CTR conditions, the temperature dependence

of bubble diffusivity (v2 eV) will not

allow the diffusivity to increase propor-

completely satisfactory.

tionally with the neutrou-flux. The latter

usually increases by a factor of ~1000. =~
One would expect that codes such as GRASS
will have to be used in data extrapolation

when the experimental conditions are not
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The heliun-bubble diffusivity can be in-
fluenced by the segregation of impurities

(2,3)

at ‘the bubble surface, This type of

segregation has been investigated, for
example, by Okamoto and his co-workers.(7)
Quantitative information is required on
the effects of flux level on the extent of
segregation, and therefore the bubble
:diffusivity, to fully understand the
sigﬁificance of the data from simulation
experiments.

Other factors such as the time depen-=
dence of the helium-generation rate aﬁd
the ratio of grain size to specimen thick-
ness should also be considered in detail in
the design of simulation experiments.
Modifications to. GRASS Code

Bulk pores grow by two mechanisms: (1)
the coalescence of cavities and (2) the
absorption of vacancies. The growth rate
of small pores is controlled by coalescence
of pores while the growth rate of large
pores is controlled by absorption of vacan-—
cies. The small pores are essentially gas
bubbles while thé large pores are voids.
As the small pores grow by coalescence
they attain a critical size beyond which
vacancy absorption dominates the growth
rate. They then grow as voids rather than
as bubbles.

The growth by vacancy absorption results
from the vacancy supersaturation produced
by displacenment damage. One can estimate
the gfow;h rate by using various void-
groch models for fast-neutron irradia-

(8,9) The rate of growth by coal-

tion.
escence with other helium bubbles can bé
estimated by the sum of the terms as

(3). The critical size be-

yond which the pore becomes a void can beA

given in Eq.

deternined by comparing the two rates

described above. It is expected that the

e e e e e e



eritical size will vary slowly with time
because the vacaney supersaturation will
change with the microstructural evolution
‘(size and number density of point defect
ainks).
- The growth of voids can result from.the

- coalescence with helium bubbles (including

" helium atoms) and from vacancy absorp-

- tiom.

the T

For coﬁvenience of computation, it
is desirable to define a new pore size
classification based on volume because
when two vyids or a void and a bubble
The

new void classes are defined by the vol-

¢oalesce their volume is conserved,

umes V, where the V, are calculated from a

i i
N defined by Eq. (1).
equivalent to

One may define a new T!

gas law and the S

1ik
13k in Eq. (5). The new T! i3

calculated by assuming that, on the average,

ijk °*n be

the total volume is conserved, We can
write
] = V .
TipnVe ¥ Q- TV = Yy H Yy OD)

Equations (6)-(8) will still be applicable,

with the substitution of Tijk s by Tijk
and Si'q by V. 's.
~ The rate N' at which i-voids become

: ik
‘(1 + 1) .voids can be calculated from the

modified Eqs, (7) and (8) and the rate of

_Vvacaney absorption . T T

r151v12/3
N = t c, . T!. - (12) .
vhere k = 1 + l, and the second term is
the rate of vacancy absorption-with <y the
rate constant that also contains the a- - -

1C))

tomic volume and a geometrical factor.
One can use the Nik's and xj's to con-
struct a set of differential equations
from which the evolution of the void-size
distriﬁution can be calculated, For the

bulk cavities smaller than the critical

T 206

size and the grain-boundary bubbles, the
existing GRASS-code formulation will still
be applicable. The grain-boundary bubbles
have been found to be pinned te grain-
This possibilicy
can be easily modeled in the GRASS-code

calculation.

Boundary precipitates.

SUMMARY

The GRASS code has been adapted to
model the helium behavior in metals under
anticipated CIR conditions, The cude has
been used to estimate the size and number
density of grain-boundary bubbles in
austenitic stainless steels, The code must
be modified to model cthe evuluilun of Lulk
pores that become voids, The significance
of the results of the present work pertin—.
ing to the design of radiation-damage simu-
lation experiments for CTR research has

been discussed.
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